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Abstract

A pH-responsive interpenetrating polymer network (IPN) hydrogel was engineered
using xanthan gum (XG), carboxymethylcellulose (CMC), and acrylic acid (AA)
crosslinked with N, N’-methylenebisacrylamide (MBA) to enhance oral delivery
of ticagrelor (TGR)-a BCS Class IV antiplatelet drug with low solubility (10-15
pug/mL) and bioavailability (~36%). The optimized formulation (F5) achieved
90.4 + 0.52% drug entrapment efficiency and exhibited pH-triggered swelling,
demonstrating a 2.41-fold higher equilibrium swelling ratio at pH 6.8 (13.02 +
0.41) versus pH 1.2 (5.41 £ 0.32; p < 0.001). In vitro release studies revealed pH-
dependent sustained release: 86.83% cumulative drug release at pH 6.8 over 24 h
compared to 47.85% at pH 1.2 (p < 0.001). Release kinetics followed anomalous
(non-Fickian) diffusion (Korsmeyer-Peppas model; R* > 0.91, n = 0.47-0.59),
indicating coupled diffusion/polymer relaxation. Physicochemical characteriza-
tion (FTIR, DSC/TGA, PXRD, SEM) confirmed covalent crosslinking, thermal
stability (degradation onset >200°C), amorphous drug dispersion, and a porous
microstructure. Acute oral toxicity studies (OECD 423; mice (Balb/c), 2 g/kg)
showed no significant alterations in hematological /biochemical parameters (p >
0.05) or histopathology, affirming safety. This engineered IPN hydrogel effectively
addresses the critical solubility and bioavailability limitations of ticagrelor through
pH-triggered swelling and sustained release, while demonstrating excellent safety
in acute toxicity studies, presenting a highly promising strategy for enhancing its

oral therapeutic efficacy in acute coronary syndrome.
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Chapter 1

Introduction

1.1 Background

Cardiovascular diseases (CVDs) are the leading cause of deaths worldwide, causing
an estimated 17.9 million deaths annualy, with acute coronary syndrome (ACS)
playing significant roles in this concerning number [1]. Regardless of the recent
advances and improvement in pharmacological interventions and more extensive
adoption of interventional strategies, the incidence of ACS appears to be notably
high especially in low- and middle-income areas of the world, including Southeast
Asian ones, as evidenced by the 30% increase in the number of people hospitalized
due to ACS over the last three years alone, which testifies to the inability to fully
address the problem on a therapeutic level and management in patient care [2].
Ticagrelor (TGR) is a new antiplatelet agent. It is a non-competitive antagonist
which binds on PY12 receptor in a reversible manner. TGR is used as a pre-
scription drug in ACS to reduce the chances of myocardial infarction, stroke and
cardiovascular death. TGR exhibits BCS class IV characteristics with an aqueous
solubility measuring at 10-15 pg/mL and permeability rate that generates an oral
bioavailability of ~36%. The reduced dissolution rate of the drug leads to de-
creased bioavailability, making it one of its primary challenges [3]. The design of
an effective drug delivery system which improves the dissolution of TGR represents

a key requirement to obtain efficient Acute Coronary Syndrome therapy.
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The development of polymeric networks has led to one of the promising deliv-
ery systems due to their s mall size, hydrophilicity, ability to swell, high effi-
ciency in trapping drugs, stability, biocompatibility, and cost-effective manufac-
turing. Polymeric networks such as hydrogels encapsulate both hydrophilic and
lipophilic drugs. They are created using natural or synthetic building blocks such
as monomers, polymers, or their combinations [4]. Hydrogels that respond to
stimuli are termed as smart biomaterials, and drug release can be initiated by
external stimuli such as pH, temperature, electrical and magnetic fields, light, and

concentration of the biomolecules [5].

Hydrogels have found application in several biomedical and pharmaceutical ap-
plications. Hydrogels compared to other synthetic biomaterials closely mimic the
physical properties of living tissues due to their relatively high water content and
their soft and rubbery texture. Hydrogels exhibit little affinity to absorb body flu-
ids proteins due to their low interfacial tension. Moreover, since the molecules of
various sizes can diffusion into (drug loading) and out of (drug release) hydrogels,
it becomes feasible to utilize dry or swollen polymeric networks as drug delivery

vehicles in oral, nasal, buccal, rectal, vaginal, ocular and parenteral applications

[6]-

Biopolymers consist of biomolecules that are joined together by covalent bonds
between their repeating units. There are many uses for biopolymers in different
industries, including water pollution, sensing, tissue engineering, catalysis and
drug carrier [7]. Moreover, biopolymers, owing to being non-toxic, having high
levels of biocompatibility and biodegradability and sensitivity to the environment,
may have useful applications in the pharmaceutical sector [8]. Smart carriers for
controlled drug, peptide and protein release have been made using biopolymers
such as starch and their derivatives, carboxymethyl cellulose and their derivatives

[7], carrageenan [9], and chitosan [10].

The development of controlled drug delivery systems (CDDS) aims to address
the issues inherent in conventional drug delivery. By releasing a specific dose
of the medicine at each time point for a predetermined amount of time, CDDS

maintains drug plasma levels constantly. This enhances patient compliance and
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lowers the dosage and frequency of medicine. Reduced exposure to the biological

environment lowers the toxicity and side effects of drugs [11].

Xanthan gum (XG) is a natural, anionic polysaccharide with wide pharmaceutical
applications. XG polymeric networks have been used as drug carriers for the
administration of numerous drugs. Its hydrophilic matrix prolongs residence time

in the gastrointestinal tract, providing controlled drug release [12].

It exhibits high stability at low pH, which ensures that the drug is not degraded
in the stomach and that the drug is released in an alkaline environment. XG is
naturally mucoadhesive, a property which increases the duration of retention of

the drug and its therapeutic effect [13].

As a result, this polymer has been thoroughly investigated for a wide range of
pharmaceutical and biological applications in recent years. In this regard, a range
of formulations based on xanthan gum showed encouraging outcomes for several
applications, such as hydrogels for the administration of different medications,
transdermal patches [14], vaginal delivery [15], anticancer drugs [16], controlled-

release tablets [17], and periodontal diseases [18].

Carboxymethyl cellulose (CMC) is a biodegradable and easily available derivative
of cellulose. Drug delivery systems could benefit greatly from CMC usage in
their development process based on its physicochemical qualities, biocompatibility,
biodegradability, and low immunogenicity. CMC can absorb large amounts of
water and swell to form polymeric networks with desired properties when cross-

linked with an appropriate polymer or monomer [19].

CMC is highly hydrophilic because it contains numerous carboxyl (-COOH) and
hydroxyl (-OH) groups. CMC has received increased attention in hydrogel prepa-
ration because of its excellent properties, such as, water-solubility, more biocom-

patible, high swelling ability, abundance, and affordability [20].

Acrylic acid (AA) is strongly bioadhesive, pH-sensitive, and also mechanically ro-
bust, which makes it a perfect monomer to fabricate polymeric networks display-

ing pH-sensitive behavior [21]. AA is a monomer crosslinked to create polymeric
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networks with high water-absorbing capacity [22]. The polyacrylic acid (PAA)
-based polymeric networks swell significantly at basic pH due to the ionization of

the carboxylic acid (CA), as its pKa value ranges from 4.5-5 [23].

1.2 Problem Statement

TGR is a potent antiplatelet drug, however, its efficacy is significantly reduced due
to poor bioavailability, thereby, there is a compromise of the antiplatelet effect,
vital in critical cases. Moreover, conventional immediate-release dosage forms of
TGR require twice daily dosing, which can impact the patient compliance and
adherence to the regimen, fluctuations of the plasma concentrations, and thus
increasing the risk of bleeding. The study aims to develop an advanced delivery
system to improve the bioavailability and provide a controlled release that can
help minimize the dosing frequency, improving therapeutic outcomes, and patient

compliance.

1.3 Study Gap

To our knowledge, this is the first report on the development of xanthan gum, car-
boxymethyl cellulose and acrylic acid based interpenetrating polymeric network
(IPN) hydrogel system developed as an oral delivery system of TGR. The novelty
of the combination of these polymers into IPN framework provides a novel, bio-
compatible and pH-sensitive system that can increase the bioavailability of TGR,
minimize dosing regimen and improve therapeutic outcome in the management
of ACS. The fabricated IPN hydrogels in this work were characterized system-
atically with respect to their physicochemical characterization, swelling kinetics,
pH-responsive behavior, in vitro drug release profile and applicability to oral TGR
delivery system. The results of the research will have potential impact on the area
of stimuli-responsive drug delivery systems and present a practical contribution
to the field, which can help to improve the therapeutic effectiveness of poorly

bioavailable cardiovascular drugs.
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1.4 Aims and Objectives

1. To design and optimize pH-sensitive hydrogels for the controlled delivery of
Ticagrelor (TGR) using natural polymers—carboxymethyl cellulose (CMC)
and xanthan gum (XG)—in combination with the monomer acrylic acid

(AA), to enhance the dissolution rate and oral bioavailability of TGR.

2. To evaluate the pH-responsive swelling behavior and in vitro drug release
kinetics of the synthesized hydrogels under simulated gastrointestinal (GI)

conditions.

3. To characterize the physicochemical properties of the hydrogels using analyt-
ical techniques, including Fourier-transform infrared spectroscopy (FTIR),
scanning electron microscopy (SEM), differential scanning calorimetry (DSC),

thermogravimetric analysis (TGA), and X-ray diffraction (XRD).

4. To assess the acute oral toxicity and biocompatibility of the TGR-loaded
hydrogels through in vivo studies, ensuring their safety for oral administra-

tion.
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Literature Review

2.1 Acute Coronary Syndrome

Acute coronary syndrome (ACS), a form of ischemic heart disease, is used to
describe a group of conditions that are related to the acute (sudden) decrease in
blood flow to the heart. There are two broad forms of acute coronary syndrome:
non—-ST-segment elevation (NSTE) ACS and ST-segment elevation myocardial
infarction (STEMI). NSTE ACS may be beyond classified into unstable angina or

non-ST-segment elevation myocardial infarction (NSTEMI) [24].

ACS is one of the primary causes of mortality, illness, and lost productivity. The
major pathological mechanism responsible for both unstable angina and myocar-
dial infarction is the rupture of atherosclerotic plaques, subsequently causing coro-
nary thrombosis. Platelets attach to ruptured plaques, accumulate, and produce
secondary messengers that trigger further vasoconstriction and thrombosis. They
also act as a surface for the clotting cascade to be activated. Antiplatelet medica-
tions have thereby contributed significantly to the management of acute coronary
syndromes and the prevention of recurrent episodes [25]. The European Soci-
ety of Cardiology recommends antithrombotic medication administration as a key

pharmacotherapy component for ACS patients [26]. Antiplatelet medication is
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an essential component of the medical regimen during the acute phase of acute

coronary syndromes, as well as secondary prevention after stabilization [27].

2.2 Ticagrelor

TGR is a new generation of antiplatelet agent, cyclopentyl-triazolo-pyrimidine. It
is recommended to decrease the occurrence of myocardial infarction, stroke, and

cardiovascular mortality in individuals with ACS [28].

It is a non-thienopyridine drug. Astra Zeneca first discovered the drug and it was
given approval in 2011 by the FDA. The compound is described as a nucleoside
analog since its side chains include difluorophenyl cyclopropyl, propyl-thiol and
hydroxyethoxy cyclopentane-1,2-diol, as shown in Figure 2.1 [29].

OH
O
= OH
|\/ - OH
S N |
\"/ A, N\
N
N Né

F

FIGURE 2.1: Structure of TGR.
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2.2.1 Mechanism of Action

TGR is orally administered direct-acting P2Ys-receptor antagonist. In vitro re-
search indicates that TGR binds to a different site on the P2Y 5 receptor compared
to the natural agonist adenosine diphosphate (ADP) in a reversible and noncom-

petitive manner [30].

Moreover, TGR exhibits characteristics of an inverse agonist. This indicates that
with continued therapy, basal Gi-coupled signaling diminishes despite the absence

of ADP stimulation [31].

2.2.2 Physicochemical Properties

TGR (Co3HasFaNgOgS) is a crystalline powder with a molecular weight of 522.6
g/mol [32]. Its water solubility of 10 pg/ml [33]. TGR shows no pKa value
within the physiological range and is classified as a class IV medication (poor
solubility, low permeability). There is no pH-dependent solubility of TGR. Its
melting point is between 140°C and 142°C. TGR’s partition coefficient has a log
P (octanol/water) >4.0 [34].

2.2.3 Pharmacokinetics

TGR demonstrates rapid absorption, with peak plasma concentration (tmax)
achieved within 1-2 hours’ post-administration. This active drug obviates the
need for hepatic transformation upon entering the systemic circulation. In healthy
subjects, the mean half-lives of TGR and its active metabolite are reported to be

7.1-8.5 hours and 8.5-10.1 hours, respectively [35].

While renal excretion plays a role, the primary routes for the elimination of TGR
and its metabolites are biliary and intestinal. According to a regional absorption
study conducted on healthy volunteers, the absorption of TGR decreased as the

dose moved further down the gastrointestinal tract [28].
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2.2.4 Side Effects

TGR is mostly well - tolerated and the incidence of side effects is similar to that
of clopidogrel. The unwanted effects of TGR are; bleeding more readily than
usual - nosebleeds, bruising or bleeding that is slower to stop, sudden shortness
of breath during resting - this may occasionally occur within the first few weeks
of using TGR and is often mild, pains and swelling of your joints - these may be
symptoms of gout (this is due to the fact that TGR may cause excessive uric acid
in your blood), dizziness, indigestion, headaches, diarrhea, constipation and slight
rash [36]. Moreover, dyspnea, cerebral hemorrhage, and early discontinuations
due to adverse events are common with TGR. A dyspneic episode could lead to
discontinuation of the treatment. In the PEGASUS-TIMI trial, 6.5% of patients
taking 90 mg of TGR twice a day and 4.6% using 60 mg twice a day ceased their
treatment due to dyspnea [37].

2.3 Dosing

According to American College of Cardiology (ACC)/American Heart Associa-
tion (AHA) 2013 and the European Society of Cardiology (ESC) 2017 STEMI
guidelines, TGR can be recommended as a first-line P2Y12 inhibitor with a 180
mg loading dose and 90 mg BD maintenance dosage. The plasma concentration
of TGR at steady state during long term maintenance therapy at 60 mg and 90
mg BD is sufficient to produce high degrees of platelet aggregation inhibition in
patients. The longer durations of platelet inhibition with TGR are achieved when
the drug is administered BD compared to once daily (OD) [35].

2.4 Comparison with Other Anti-Platelets

It has been reported that patients receiving TGR have a more rapid onset of action
compared to those taking clopidogrel. Additionally, TGR has shown positive

results in patients’ resistant to clopidogrel. Research also indicates that TGR is
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more effective in preventing stroke, myocardial infarction, and vascular-related
deaths in individuals with ACS, as well as in those with noncardioembolic, high-

risk transient ischemic attack or non-severe ischemic stroke [37].

Compared to clopidogrel, a commonly used P2Y5 inhibitor, TGR markedly lowers
the rate of cardiovascular death owing to ACS according to the Platelet Inhibition
and Patient Outcomes (PLATO) study [38]. TGR acts faster than clopidogrel
and has more consistent and potent antiplatelet effects. The PLATO trial in-
cluded 18624 patients with moderate to high risk of unstable angina, non-STEMI,
or STEMI with planned primary percutaneous coronary intervention. Before
attempting percutaneous coronary intervention, patients were randomized and

treated immediately.

TGR reduced the primary outcome of cardiovascular mortality, myocardial in-
farction, and stroke by 16%. Irrespective of the type of stent, patient profile, or
co-therapies administered, TGR decreased the risk of definitive stent thrombosis
by around 33%. The advantages of TGR were compliant with conservative or
invasive treatment approaches. TGR has a fast offset of antiplatelet effect versus
prasugrel, thereby minimizing the chances of side effects like bleeding. Due to
the mentioned reasons, TGR is now favored over other antiplatelets in clinical

guidelines [30].

2.5 Hydrogels

Hydrogel is a polymer material with a structure that stores lots of water and
biological fluids in its 3D framework. Due to biomimetic elements, hydrogels
reveal outstanding flexibility, soft texture, superior ability to take up solutions
when swollen, nontoxicity, biocompatibility and adjustable properties related to
their mechanical strength [39]. A hydrogel is made by bonding together polymer
chains with water molecules using simple reactions between monomers. Hydrogel
is known as a material that cannot dissolve in water but can expand and contain a

significant amount of water. For fifty years, hydrogels have stood out as promising
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material for various applications. This flexibility is achieved through their similar
water content in natural tissue [6]. Hydrogels are regarded as distinct in the field
of biomedicine due to their unique features, compared to other nanomaterials. It
is easy to inject hydrogels as liquid into the body since they set into a gel when
exposed to body heat, and most are biocompatible. In addition, they support
efficient movement of nutrition and products inside cells, and the water-based
environment protects potentially harmful drugs and cells [40]. Hydrogels do not
need expensive equipment and are simple to scale up, making hydrogels potential
choices for commercial production. Hydrogels are mainly used in drug delivery
as sustained-release, delayed-release, targeted release or stimuli-sensitive systems

[41].

2.5.1 Hydrogel Preparation

Hydrogels can be prepared with different methods. A hydrogel is usually created
by hydrolyzing and condensing specific precursors which leads to the formation of
a solid, nanostructured network. Therefore, most studies are centered on making
hydrogels through physical and chemical cross-linking, as shown in Figure 2.2.
Chemically cross-linked hydrogels don’t degrade while absorbing water, whereas
physically cross-linked hydrogels dissolve and break down after prolonged exposure

to fluid [42]. The methods of hydrogel preparation are illustrated in 2.2.

2.5.2 Physical Crosslinking

In physical crosslinking method, hydrogels are formed when a liquid turns into a
gel due to variations in pH, temperature, mixing of different chemicals or ionic
concentration are referred to as physical hydrogels, and are valued because no
cross-linker was used [43]. Physical hydrogels are formed via hydrogen bonding,

ionic interactions, block polymers, and protein interactions [44].

Hydrogen bonding cross-linking is a way of linking polymeric chains by forming

hydrogen bonds which creates a nanostructured network [45]. In another method,
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when blocks or grafts with amphiphilic properties are mixed in aqueous solutions,
they assemble to form hydrogels or polymeric micelles, collecting the hydrophobic
part of the polymer in a central core. In addition, crystallization can be used to

create hydrogel networks based on block polymer materials [46].

In ionic interactions, the formation of hydrogel is promoted by ions which support
the structure of the internal network. Usually, this method takes place at normal
body temperature and pH. The produced hydrogels are not harmful, do not irritate
the skin, stretch easily and have enough adhesion to be placed on the skin as
a polymeric layer [47]. Protein interaction method involves genetically changed
proteins or antigen - antibody reactions are used as the foundation for this cross-
linking technique. This modification manipulates the arrangement of the peptides

in hydrogels, permitting control over their properties [48].

2.5.3 Chemical Crosslinking

Chemical cross-linking involves the formation of covalent bonds, the presence of
this linkage is irreversible. As a result of being cross-linked, these hydrogels have
higher structural strength which makes them more attractive to researchers. The

chemical crosslinking of hydrogels can be done using five major methods, as de-

scribed in Figure 2.2 [49].

Enzymes are used instead of chemicals as reactants in enzymatic cross-linking,
because they are less harmful. A lot of cross-linking experiments are carried out
with biopolymers. Additionally, adding enzymes supports the linking of polymer
chains in hydrogels [49]. Interaction between complementary chemical compounds
involves secondary reactions are started in these hydrogels using different agents
to help cross-link the hydrogel molecules. The group of these additives contains

aldehydes and those that help promote condensation [50].

In energy with high levels of radiation, the development of cross-link bonds is pro-
moted through the application of gamma radiation or electron beam. Studies have
discovered a way to combine this cross-linking method and enzymes to develop

hardening of hydrogels using macromolecules [51].
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The fabrication of hydrogels with free-radical polymerization depends on utiliz-
ing hydrophilic polymers that might be synthetic, semi-synthetic or natural [52].
Some reactions are favored when enzymes are used as catalysts, while commonly,
free radical initiators are used to start reactions by different means. Sources of
radiation including temperature, ultraviolet, oxidation, microwaves and gamma
rays have been used to initiate reactions resulting in free radicals [53]. Click reac-
tions is used for cases when various heteroatom-linked molecules are formed using
reactions that are rapid, spontaneous, versatile, extremely selective and don‘t re-
sult in secondarproducts with high yields and high efficiency in a variety of mild
conditions. Multiple methods from click chemistry can be used to add features

and shape hydrogels with desired qualities [54].

HYDROGEL

SYNTHESIS

CHEMICAL

PHYSICAL
CROSSLINKING

CROSSLINKING

. ; : ) —_— Enzymatic
: «——— | lonicInteract Click Reaction
Hydrogen Bonding (RO Reactions
Protein High Energy - FreeRadical
Block Polymers = T Radiation  Polymerization

Complementary
Chemical Groups

FIGURE 2.2: Schematic overview of methods of hydrogel synthesis.

2.6 pH - Responsive Hydrogels

A stimuli-responsive hydrogel is a 3D structure made of hydrophilic polymers

which changes its shape or phase when exposed to environmental changes. The
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functional groups that appear along the polymer chains often make hydrogels
sensitive to their environment changes. pH responsive hydrogels showing pH-
control swelling can be made swollen through ionic interactions. Acidic or basic
pendant groups are found in the ionic networks. In situations of suitable pH and
ionic concentration in water, the pendant groups in the gel are able to become
charged. Electrostatic repulsion between the molecules allows for more uptake of

solvent in the network [55].

The broad variance in pH between the stomach and the intestine which is typ-
ical in the GI tract, enables pH-responsive systems to deliver drugs only in the
stomach. Differences in pH are noticed in both the vaginal tract, the gut, blood
vessels, the space around cells and the skin [56]. In addition, changing pH values
between regular and malignant cells is applied in medicine and gene delivery by
using pH-sensitive hydrogels to target specific places in the body such as organs
and in the treatment of cancer by destroying cancer cells [57]. pH-responsive drug
delivery systems are created using just two fundamental approaches. The pur-
pose of initiating the organ- or site-based approach is to elect polymers that have
ionizable groups. When these ionizable groups react to changes in pH, they can
release the drug in a controlled manner by altering their shape, their solubility or

their size, as shown in Figure 2.3 [58].

Swollen hydrogel

Stable hydrogel ApH
matrix

FIGURE 2.3: Swelling/deswelling of drug loaded hydrogel due to variation in
pH [59].

Another method involves having ionic bonds form between the pH-sensitive poly-

mer and the drug. A pH change can cause the ionic interaction to dissolve which
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releases the drug from inside the polymer [60]. An example is the use of multi-
responsive hydrogels based on poly(methacrylic acidco-N-vinylpyrrolidone) and a
peptide crosslinker as drug carriers for oral insulin delivery. It was observed that
insulin was not released at the stomach acid pH but was only release after the

peptide crosslinker was degraded by the enzyme trypsin at higher pH [61].

The summary of the beneficial applications of pH responsive hydrogels in durg

delivery system is illustrated in Figure 2.4.
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FIGURE 2.4: Applications of pH- responsive hydrogels in drug delivery [62].

2.7 Controlled Drug Delivery System

In CDDS, the drug remains at a steady amount in blood and tissues over a long
period. A desired amount of drug is released from a CDDS at set intervals during
a fixed time. As a result, patients get smaller and less frequent doses, improving
their compliance. Reducing drug exposure to the body helps avoid harmful effects
from drugs. The effectiveness of the medicine is increased by this dosage form

[63]. The benefits of using CDDS is shown in Figure 2.5.
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With conventional delivery systems there are the constraints of little synchroniza-
tion between the time needed to achieve therapeutically effective plasma concen-
trations of the drug and the time profile of drug release that is displayed by the
dosage form. Greater awareness of the concept of pharmacokinetics and disease
symptom fluctuation due to diurnal rhythms has elevated the significance of drug
delivery systems that simulate the symptomatic need of disease. Such consid-
erations have refocused attention of pharmaceutical scientists to idealized drug
delivery where the necessary quantity of active agent is delivered at the appropri-

ate time and place of action in the body [64].

In the CDDS, the drug is released and maintained in the body at the needed con-
centration by using only two parts in the delivery agent. Loading dose should be
delivered out at the start and maintenance dose at the end. A fast pharmacologi-
cal effect is achieved by a high initial loading dose and a constant slow release of
the drug ensures the reaction duration is maintained. The rate at which the drug

is given in maintenance should be the same as the rate at which it is excreted from

the body [65] [66].
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p Better patient
adverse/side %
compliance
effects

FIGURE 2.5: Advantages of developing CDDS [11].
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2.8 Polymers

Natural polymers or the biopolymers are often obtained from both plants and
animals [67]. These polymers are important for forming tissues in the body and
signaling the human endocrine system, among their various roles. As a result, nat-
ural materials are a great option for making hydrogels due to their known biological
properties, but their difficult synthesis, mechanical properties, and instability are

considered their greatest challenges [68].

The controlled drug release from natural polymers enhances treatment effective-
ness and reduces negative side effects. Natural polymers can be engineered to react
to pH, temperature or enzymes in the body, allowing drugs to only be released in

the intended region [69].

As a result, the amount of drug given can be minimized, lessening side effects and
providing better safety for patients than standard synthetic drugs [11]. Table 2.1

summarizes the use of natural and synthetic polymers in drug delivery.

Synthetic polymers poly (N-isopropylacrylamide) (PNIPAM), polyethylene glycol
(PEG), and poly(acrylic acid) (PAA), are used to formulate nanogels with stimuli-
responsive features which are sensitive to temperature, pH, or redox state. These
polymers increase the ability of nanogels to target drugs to specific diseases, like a
tumor or an inflamed area, where the environmental conditions trigger the release

of drugs.

Polysaccharides chains have abundant hydroxyl functions and/or other functional
groups (amino, carboxylic, and so on), giving a wide range of possibilities to syn-
thesize polymer-based hydrogels by chemical or physical cross-linking. Synthetic
polymers have the advantage in certain aspects like tunable properties, unlimited

shapes, and known structures to natural polymers.

Synthetic biomaterials may enhance the prevention or reversal of impaired or de-

fected tissue structure and tissue function. They are easily synthesized compared
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to naturally occurring polymers because of polymerization, interlinkage, and func-
tionality (block structures, combination, copolymerization) of molecular weight,

molecular structure, physical and chemical properties [70, 71].

The disadvantage with the use of synthetic biomaterials is that they cannot be
adsorbed by cells and must be chemically treated to allow greater attachment of
cells. Numerous commercial synthetic polymers have similar physiochemical and

mechanical properties with those of biological tissues [72].

TABLE 2.1: Comparison of Natural and Synthetic Polymers

Natural Polymers Synthetic Polymers

Advantages

e Less toxic Easily reproducible

e Biocompatibility Customizable composition

e Biodegradable Higher mechanical strength

e Kasily available

Better structural stability

e Inherently bioactive e More economical
Disadvantages
e High degree of variability in natural e Toxic

materials derived from animal sources

Non-degradable

e Structurally more complex

Synthetic process is very complicated
e Extraction process very complicated e Lacks bioactivity
and high cost

e Poor mechanical properties

e Insufficient mechanical strength

Examples
Cellulose, starch, chitosan, carrageenan, algi- poly(lactic acid) (PLA), poly(acrylic acid),
nates, xanthan gum, gellan gum, pectins poly(anhydrides), poly(amides), poly(ortho
esters), poly(ethylene glycol), poly(vinyl alco-
hol) (PVA), poly(ethylene oxide) (PEO)
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2.9 Xanthan Gum

Xanthan gum (XG) is a natural, anionic extracellular polysaccharide with wide
pharmaceutical applications. XG polymeric networks have been used as drug
carriers for the administration of numerous drugs. Its hydrophilic matrix prolongs

residence time in gastrointestinal tract, providing controlled drug release [12].

XG consists of D-glucose linked in (-(1—4) order, with a side chain of §-D-
mannose attached to the D-glucuronic acid-beta glucuronic acid-D-mannose linked

to C-3 on these glucose units, as represented in Figure 2.6 [73].

XG is more thermally resistant to hydrolysis or degradation than other water-
soluble polysaccharides, a property attributed to the complex, uniform XG struc-
ture, which does not allow the molecules to depolymerize. XG polymer is soluble
in water, which can be used as a dispersion stabilizer, wetting agent, viscosity
increasing agent, gelling agent etc. It has a number of applications in food, phar-

maceutical and biomedical industries [74].

Xanthan gum is more comfortable and safe to work in the pharmaceutical area
due to its pulsated drug release at the specific pH and temperature at the tar-
geting point. As peculiar polymeric features, the polysaccharides belong to the
physiologically hetero-polysaccharides, and demonstrate the remarkable biological

properties, in particular, nontoxic, bioadhesive [75].

Antioxidant, biocompatibility, hemostatic, antimicrobial, mucoadhesion, cytocom-
patibility, these polysaccharides have been applied in many fields such as solid oral

dosage form, ophthalmic, buccal, topical, nasal, and advanced drug delivery [76].

It is a better alternative to synthetic polymers because it is biocompatible, readily
available and non-toxic. It demonstrates great stability in low pH, which can
prevent the degradation of the drug in the stomach and liberate the drug in an
alkaline environment. XG has a natural mucoadhesive characteristic, this improves

the retention time of the drug and improves its therapeutic activity [13].
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FIGURE 2.6: Structure of XG.

As a result, this polymer has been thoroughly investigated for a wide range of

pharmaceutical and biological applications in recent years.

In this regard, a range of formulations based on XG showed encouraging outcomes
for several applications, such as hydrogels for the administration of different med-
ications [12], transdermal patches [77], vaginal delivery [78], anticancer drugs [16],
controlled-release tablets [17], and periodontal diseases [79]. Figure 2.7 represents

the benefits of using XG in drug delivery systems.

Hydrogels made from XG have been found useful in drug delivery, by helping
control the release of different types of drugs. Due to its hydrophilicity, it enhances
swell-ability of the hydrogels. When XG is linked to polymeric chains, it produces
strong elastic gel that gives tight control over the release of the drug and has
zero order kinetics, making them ideal for controlled drug delivery of various

medications [80].
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FIGURE 2.7: Advantages of XG in drug delivery systems.

When drugs are given in a conventional form, they often have low bioavailability
because they are quickly excreted from the upper part of the GIT. Improved
bioavailability for these drugs can be achieved using drug delivery systems that

decrease the time they take to pass through the stomach.

XG by itself or together with other polymers has commonly been used in the
manufacturing of gastroretentive formulations. Instead of allowing gas to float,
the gel traps it inside the stomach which helps food stay in the stomach longer
[13].

The ability of XG to attach to mucus means it can be applied to gastro-retentive
and other drug delivery systems such as formulations for the nose, mouth, eyes
and skin. XG has also been used to produce gastroretentive matrix tablets that

expand in the stomach using a range of in situ gelling polymers [81].
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A study was conducted to inspect the impact of XG on gelatin-CMC blend. When
XG and gelatin-CMC blends are combined, the resulting films display improved
UV protection, transparency, improved mechanical strength and resistance to
punctures. The formulation containing 5% xanthan gum showed the best prop-
erties, indicating XG improves the performance and compatibility of CMC-based

systems in pharmaceutical or packaging applications [82].

2.10 Carboxymethyl Cellulose

Carboxymethyl cellulose (CMC) is a cellulose derivative polymer. It plays a major
role in the biomedical field. It is both biocompatible and water-soluble. For this
reason, it is applied across a variety of industries. When CMC is crosslinked, the
resulting hydrogels are biodegradable, have strong water-retention qualities and

are safe [83].

CMC is highly promising to be applied in drug delivery system development ow-
ing to its physicochemical attributes, biocompatibility, biodegradability, and low
immunogenicity. CMC can absorb large amounts of water and swell to form poly-
meric networks with desired properties when cross-linked with an appropriate

polymer or monomer [84].

Studies have shown when different polymers and crosslinking agents were added
to CMC, the resulting composite hydrogels provided target, controlled and effi-
cient drug delivery. Due to their strong pH sensitivity, the hydrogels can be used
effectively for purposely targeted delivery of drugs [85]. The chemical structure of
CMC is illustrated in Figure 2.8.

Yu Han et al., prepared a double-layer hydrogel systems using alginate and CMC,
resulting in a sustained released drug delivery system and prevented drug from
leaking as single-layer systems did. This approach gave promising results for
drugs that are hydrophobic or form macromolecules [86]. Ashames. A, et al
created hydrogels incorporating AMPS with CMC/PVP, to provide release of the
drug in alkaline conditions at pH 6.8. When subjected to various physiological
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environments, the hydrogel exhibited superior stability and is more swollen at pH
6.8 compared to acidic environment i.e., pH 1.2. The hydrogels showed better
performance at 6.8 pH than at 1.2 pH and steadily released medication for about

24 hours, providing a sustained release system [87].

"

FIGURE 2.8: Structure of CMC.

Hydrogels made from carboxymethyl cellulose (CMC) load drugs efficiently and
swell well, but their mechanical strength is notably low. It has been demonstrated
that combining CMC with other polymers, such as carboxymethyl §-cyclodextrin
(cmBCD) can provide improved mechanical strength with efficient loading and
providing controlled release of the drug. Such combinations are suitable for safe
and effective use in CDDS applications [88]. The results demonstrate that combin-
ing CMC with other polymers helps improve the effectiveness of sustained release

drug delivery systems.

2.11 Acrylic Acid

Acrylic acid (AA) is a type of pH-sensitive, synthetic polymer commonly used for
targeted drug delivery in the gastrointestinal tract. This polymer is considered a
key superabsorbent and is often called a pH-responsive polyelectrolyte. Changing
the polymer components can modify the initial pH-dependent release capability.
Consequently, there have been many studies on pH-responsive polymeric networks

[8]. Polymers made from acrylic acid are also known to respond to both thermal,
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electrical and pH changes [9]. Due to its polyanionic nature, poly (acrylic acid) is
broadly utilized to create macromolecules that respond to changes in pH and are
used mainly for targeted drug delivery [10]. With a pKa ranging between 4.5 and
5.0, poly (acrylic acid) strongly swells in water at physiological pH because of its
carboxylic acid groups becoming ionic [11]. The structure of AA is illustrated in

Figure 2.9.

Bukhari SMH, et al. prepared a pH sensitive system using AA as monomer and
gelatin. They found that when the amount of AA in the system increased, the
pH sensitive hydrogels showed higher swelling due to the electrostatic repulsion
caused by COO- ions of AA [89]. Pervaiz, Fahad, et al. conducted a study with
the objective of development and characterization of polyethylene glycol (PEG)
and XG and AA based interpenetrating network (IPN) in the controlled release of
venlafaxine. They have observed that, higher AA content exhibits high swelling
because of (-COO-) repulsion in the dissolution medium that further leads to

higher drug release profile [90].

o
\
OH

FIGURE 2.9: Structure of AA.

2.12 Comparative Analysis of TGR-Based Phar-

maceutical Formulations

Table 2.2 describes several formulation approaches that researchers have investi-
gated to improve the therapeutic action of TGR, a BCS Class IV drug with major
solubility and dissolution problems. This review discusses the conventional and

novel approaches to drug delivery, including solid dispersions, lipid formulations,
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nanosuspensions, and polymer carriers. Every entry describes the type of formu-
lation, important materials such as polymers or surfactants, objectives, and the
central outcomes. As the comparison covers the important details, it becomes

easier to find previously successful methods, while also finding unaddressed issues.

TABLE 2.2: Overview of Ticagrelor-Based Drug Delivery Systems in Literature.

Authors Year Polymer Formulation Objective Key Findings / Ref.
(s) Type Outcome
Usman 2024 PVA, Nanogel Enhance solubility 99.91% drug re- [9]1]
Saleem, AMPS & dissolution of lease; improved
et al. TGR solubility
Anam 2024 PEG Self-nano- Improve solubility  Solubility & [92]
Aziz, et emulsion & permeability permeability —im-
al. proved vs pure
drug
Patel, et 2024 HPMC Matrix Develop sustained Extended release [93]
al. Tablets release tablets profile achieved
U. Shas- 2024 PEG- Liquisolid Enhance solubility 82-96%  release, [94]
tri, et al. 600 Tablets & release <10 min disinte-
gration
Alsafar, 2023 PEG Nano- Improve solubility High stability in [95]
Z.F., et Micelles & permeability GIT; effective ex
al. vivo diffusion
Ahmed 2022 HPSCD CD Com- Enhance solubility 10x increase in [96]
A.A. plex & dissolution solubility
Alsaad
Shahid, et 2022 Chitosan Nano- Mucoadhesive Improved solu-  [97]
al. particles controlled release bility, stability,
for bioavailability = bioavailability
Khalid & 2022 PEG Nano- Enhance solubility Improved  aque- [9§]
Abd Al- emulsion & bioavailability ous solubility &
hammid bioavailability
Shahid, et 2022 Thiolated Nano- Improve mucoad- Sustained re-  [99]
al. chitosan  particles hesion & bioavail- lease & enhanced
ability bioavailability
Vadapalli 2022 PEG SMDDS Enhance solubility Improved solubil- [100]
& Reddy + co- ity & dissolution

surfactants
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Table 2.2 continued from previous page
Authors Year Polymer Formulation Objective Key Findings / Ref.
(s) Type Outcome
Hosseini- 2021 Chitosan Nano- Controlled release Sustained release [101]
Ashtiani particles oral formulation achieved
& Tadjar-
odi
Linkun 2021 PLGA Injectable Develop sustained- Good in vitro re- [102]
Hao, et micro- release system lease profile
al. spheres
Shahid, et 2021 Chitosan, pH- Enhance oral Controlled pH [103]
al. Acrylic Responsive  bioavailability response & im-
acid NPs proved  bioavail-
ability
Zaman, et 2021 Thiolated - Study mucoadhe- Good mucoadhe- [104]
al. hemicel- sion & dissolution sion & release
lulose
Yadav, et 2021 PEG Solid  dis- Improve absorp- High release, [105]
al. persion tion & permeabil- permeability &
ity bioavailability
Na, et al. 2020 PVA, Nano- Enhance dissolu- 2.8-fold increased [106]
PEG suspension tion & bioavail- GI absorption vs
ability commercial prod-
uct
Zaman, et 2020 Thiolated Tablets Study 8-CD as ex- 96.62% releasein 1 [107]
al. £-CD cipient hour; biocompati-
ble
Mohammed 2018 PVP, Nano- Improve solubility HPMC gave small-  [108]
&  Gha- Polox- particles & dissolution est size; improved
reeb amer dissolution
188,
HPMC

Note: PVA: Polyvinyl Alcohol; AMPS: 2 - Acrylamido - 2 - methylpropane Sulfonic Acid;
PEG: Polyethylene Glycol, HP3CD: Hydroxypropyl Beta - Cyclodextrin; HPMC: Hydroxypropyl
Methylcellulose; PVP: Polyvinylpyrrolidone; PLGA: Poly(lactic - co - glycolic acid); 5-CD: Beta

- Cyclodextrin, PEG-600: Polyethylene Glycol (MW 600).



Chapter 3

Material and Methods

3.1 Materials

TGR (TGR) was generously provided as a gift sample by Horizon Pharmaceuticals
(Pvt.) Ltd., Islamabad, Pakistan. Carboxymethylcellulose sodium (CMC, high
viscosity, USP grade) and xanthan gum (XG, pharmaceutical grade) were procured
from Sigma-Aldrich (St. Louis, MO, USA). N, N’-Methylenebisacrylamide (MBA,
>99% purity) and acrylic acid were obtained from Merck KGaA (Darmstadt, Ger-
many). Ammonium persulfate (APS, >98% purity, molecular biology grade) was
purchased from Thermo Fisher Scientific (Waltham, MA, USA). Sodium hydrox-
ide (NaOH, >97%, analytical grade), potassium dihydrogen phosphate (KHyPOy,
>99%, ACS reagent grade), and absolute ethanol (HPLC grade) were sourced from
Sigma-Aldrich (Germany). All chemicals were used as received without further
purification. Freshly distilled water was prepared using a Milli-QQ water purifica-
tion system (Millipore, Bedford, MA, USA) at the Faculty of Pharmacy, Capital
University of Science and Technology (CUST), Islamabad, Pakistan.

27
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3.2 Method

The hydrogels were synthesized using the free radical polymerization method. A
schematic representation of the hydrogel synthesis process is provided in Figure

3.1.

This procedure involved systematically varying the ratios of polymer, monomer,
and cross-linker, as detailed in Table 3.1, to evaluate the effect of concentra-
tion variations on the final hydrogel properties. Separate aqueous solutions of
carboxymethyl cellulose (CMC), xanthan gum (XG), acrylic acid (AA), N,N-
methylenebisacrylamide (MBA), and ammonium persulfate (APS) were prepared
using distilled water. The typical concentrations of CMC, XG, AA, and MBA
employed are summarized in Table 3.1. The CMC solution was gradually incorpo-
rated into the XG solution under continuous stirring at 500 rpm and 25 4+ 1°C for
15 minutes to obtain a homogeneous polymer matrix. Separately, the AA and APS

solutions were stirred at 600 rpm and 25 4+ 1°C to ensure complete dissolution.

The APS initiator solution (0.1 M) was subsequently added to the AA monomer
solution and stirred for 7 + 2 minutes to facilitate free radical generation. After
cooling the CMC/XG polymer blend to 25 £ 1°C, the activated AA/APS mixture
was transferred into the polymer solution and homogenized at 600 rpm for 20 min-
utes to achieve a clear, uniform mixture. The MBA cross-linker solution, prepared
in a 2:1 (v/v) mixture of distilled water and ethanol, was then added dropwise at
a controlled rate of 0.5 mL/min under a nitrogen atmosphere to minimize oxygen
inhibition of the radical polymerization process. This step was conducted at 50 +
1°C with continuous stirring at 400 rpm. The final mixture was transferred to a
water bath maintained at 70 £ 1°C and allowed to undergo gelation for 4.5 + 0.5

hours, completing the formation of the cross-linked hydrogel network.

The synthesized hydrogels were cut into uniform cylindrical. Residual unreacted
materials were removed by sequential washing with a 1:1 (v/v) mixture of distilled
water and ethanol for three cycles of 24 hours each. The purified hydrogels were

subsequently lyophilized using a lyophilizer at —-80°C under a vacuum of 0.01 mbar
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for 48 hours to obtain dry, stable formulations suitable for further characterization

91, 109].

TABLE 3.1: Experimental Design and Composition of Formulations

Formulation Polymers Monomer  Cross-linker Initiator
CMC XG AA MBA APS
Fl 1 2 4 0.3 0.5
F2 2 2 4 0.3 0.5
F3 3 2 4 0.3 05
F4 1 4 4 0.3 0.5
5 1 6 4 0.3 0.5
F6 1 2 8 0.3 05
¥ 1 2 12 0.3 0.5
F8 1 2 4 0.5 0.5
F9 1 2 4 0.7 0.5

3.3 Drug Loading

A 0.3% (w/v) solution of TGR was prepared in phosphate-buffered saline (PBS,
pH 7.4). Precisely weighed hydrogel discs were immersed in the drug loading
solution of 100mL and incubated at 37°C (£0.5°C) under static conditions for 48
h. Following incubation, hydrogels were removed, rinsed with fresh PBS (3 x 5
mL), and dried to constant weight at 25°C under vacuum. Drug loading efficiency
(%) was determined via UV-Vis analysis. Loaded hydrogels underwent subsequent

physicochemical characterization [110].

3.4 Characterization

3.4.1 Drug Entrapment Efficiency

The hydrogel disc was weighed and placed into a solution prepared by mixing
methanol and distilled water in a 1:1 ratio. Then it was stirred at 13000 rpm

for 60 min on a magnetic stirrer, at a temperature range of 25°C £ 1. This was
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FIGURE 3.1: Schematic Representation of Hydrogel Formulation Process.

followed by a collection of the supernatants, and filtration of the supernatants
was carried out using a membrane filter of size 0.45 ym and further analyzed by
spectrophotometry at 255 nm (Amax). According to the calibration curve, the
drug concentration was quantified [111, 112]. The % DEE was calculated using

equation 1:
Total drug — Free drug

EE% =
% Total drug

x 100 (3.1)

3.4.2 In-Vitro Swelling Studies

A swelling study of the formulated hydrogels was performed in simulated gastric
fluid (SGF) at pH 1.2 and simulated intestinal fluid (SIF) at pH 6.8. The impact
of the medium on the swelling behavior of hydrogels was determined by recording
dynamic changes of swelling at predetermined time intervals. Weighed discs of
hydrogels were immersed in 100 mL of 0.5M buffer solution adjusted at pH 1.2 and
6.8. The swollen discs, after a predetermined time, were removed from the buffer
solution, and the Whatman'’s filter paper was used to properly clean surface media.
The swollen discs” weight was recorded using a weighing balance. Afterwards, the
discs were re-soaked into their respective beakers. This procedure was repeated

until the weight was at equilibrium. The swelling study was observed for 32 h
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[113]. The swelling index was calculated using equation 2:

W — W1

Swelling Indexr = (3.2)

wq

Where W1 is the dried hydrogel weight and W2 is the weight of hydrogel at the

swollen state.

3.4.3 In-Vitro Drug Release Study and Drug Release Ki-

netics

Dissolution profiles of TGR-loaded hydrogel formulations were carried out in solu-
tions of SGF pH 1.2 and SIF pH 6.8. The USP Dissolution Apparatus II (paddle)
was used for the drug release studies, at 37 = 0.5°C and 50 rpm stirring. Drug-
loaded hydrogels in precisely weighed quantities were placed in 900 mL of pH 1.2
and pH 6.8 solutions, respectively. Samples were withdrawn from each basket at
predetermined intervals and replaced with an equal volume (5 mL) of completely
new dissolution medium. All the samples were filtered through a membrane filter
with a 0.45 pym diameter, and the drug release was analyzed using spectrophoto-

metric measurement at 255 nm Amax after appropriate dilution [114].

The drug release kinetics of TGR-loaded hydrogels was explored with the help
of mathematical models using % drug release versus time data. Different kinetic
models, including first-order, Higuchi, zero-order, Weibull, and Korsmeyer-Peppas
models, were employed for the study of the drug release behavior of the formed

hydrogels [115].

3.4.4 Fourier Transform Infrared Spectroscopy

The Fourier transform infrared (FTIR) spectra of XG, CMC, AA, pure drug
(TGR), and drug-loaded hydrogels were recorded using a Nicolet iS50 FTIR spec-
trometer (Thermo Fisher Scientific, Waltham, MA, USA) equipped with an atten-

uated total reflectance (ATR) accessory. Powdered samples were directly placed on
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the ATR crystal. Spectra were acquired over the wavenumber range of 4000-500

cm ™! with a resolution of 4 cm™', averaging 32 scans per sample [116].

3.4.5 Thermal Stability Analysis

The thermal properties of the prepared hydrogels and individual components were
assessed using differential scanning calorimetry (DSC) and thermogravimetric
analysis (TGA). DSC analysis was conducted using a Q2000 differential scan-
ning calorimeter (TA Instruments, New Castle, DE, USA). Approximately 5.0 +
0.5 mg of each sample (n = 3) was accurately weighed and hermetically sealed
in standard aluminum pans. Thermal scans were performed over a temperature
range of 30°C to 281°C at a heating rate of 10°C/min under a nitrogen atmosphere
with a flow rate of 25 mL/min. TGA was carried out using a TGA 5500 thermo-
gravimetric analyzer (TA Instruments, New Castle, DE, USA). Approximately 9.0
+ 0.5 mg of powdered hydrogel was placed in a platinum crucible. The samples
were heated from 30°C to 600°C at a rate of 10°C/min under a constant nitrogen
purge of 35 mL/min. Thermograms were recorded to assess thermal stability and

degradation behavior [117].

3.4.6 Powder X-ray Diffraction Analysis

The crystalline structure of individual components and hydrogel formulations was
evaluated using an X-ray diffractometer (D8 Advance, Bruker, Billerica, MA,
USA) with Cu Ka radiation (A = 1.5406 A). Samples were packed into zero-
background silicon sample holders. Diffraction patterns were collected over a 26
range of 3° to 70° using a step size of 0.02° and a counting time of 1 second per

step [118].

3.4.7 Scanning Electron Microscope

The surface morphology of vacuum-dried hydrogel formulations was examined

using a scanning electron microscope (JSM-IT800, JEOL Ltd., Tokyo, Japan).
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The samples were mounted on aluminum stubs with carbon adhesive tape and
sputter-coated with a 15 nm layer of gold-palladium using a Q150T ES sputter
coater (Quorum Technologies, Laughton, UK) to enhance conductivity. The im-
ages were captured at an accelerating voltage of 5 kV to observe surface topology
and microstructural features. Images were then captured under different levels of

magnification [119].

3.4.8 Acute Oral Toxicity Studies

To evaluate the biocompatibility of the synthesized hydrogels, an acute oral toxic-
ity study was performed in accordance with OECD Guideline 423 and with strict
adherence to the ARRIVE 2.0 guidelines. The experimental protocol received prior
approval from the Ethics Review Committee of Capital University of Science and

Technology (CUST), Pakistan (Ref# REC/FoP /F2024/09).

Ten healthy adult albino mice (Balb/c strain), weighing 25-35 g, were procured
from the CUST animal facility. Animals were acclimatized for seven days under
standard laboratory conditions (12-hour light/dark cycle, 25 £+ 2°C temperature,

65 £+ 5% relative humidity) with free access to a standardized diet and water.

Following acclimatization, animals were randomly divided into two groups (n =
5 per group). Group A (Control) received 0.9% normal saline at a dose of 1
mL /100 g body weight via oral gavage. Group B (Test Group) received the TGR-
loaded hydrogel at 2g/kg body weight dose, administered via oral gavage to fasted
animals. Both control and test formulations were freshly prepared in sterile 0.9%

saline prior to administration.

Post-administration, animals were observed continuously for the first four hours
and subsequently monitored daily for 14 days. Clinical observations included
assessment of mortality, changes in skin, fur, eyes, mucous membranes, respiration,
salivation, diarrhea, tremors, convulsions, posture, gait, coma, grooming behavior,
and other neurological or behavioral abnormalities, using a standardized scoring

system. Body weight and food /water intake were recorded daily.
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On day 14, all animals were euthanized under anesthesia. Blood samples were col-
lected via cardiac puncture for hematological analysis (RBC, WBC, hemoglobin,
hematocrit, platelet count, differential leukocyte count) and serum biochemical
evaluation (ALT, AST, ALP, blood urea nitrogen, creatinine, total protein, albu-
min, glucose) using validated diagnostic kits. Major organs, including the heart,
liver, kidneys, spleen, stomach, and lungs were visually examined for gross ab-
normalities, and preserved in 10% neutral buffered formalin for histopathological

evaluation.

Fixed tissues were processed using standard paraffin-embedding techniques, sec-
tioned at 5 pm thickness, and stained with hematoxylin and eosin (H&E) [120].
Histopathological evaluation was performed by a pathologist blinded to the treat-
ment groups, with lesions graded semi-quantitatively as follows: 0 (absent), 1

(minimal), 2 (mild), 3 (moderate), and 4 (severe).

3.5 Statistical Analysis

All data were presented as mean values with standard deviation. Statistical anal-
ysis was performed using SPSS (®) software. A one-way analysis of variance
(ANOVA) was applied for comparisons involving more than two groups followed
by an appropriate post-hoc test, while Student’s t-test was used for direct compar-
isons between two groups. A significance level of P < 0.05 was used to determine

statistical significance.
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Results and Discussion

4.1 Entrapment Efficiency

The entrapment efficiency (EE) of the synthesized hydrogel formulations (F1-F9)
showed a clear compositional dependence on the levels of carboxymethyl cellulose
(CMC), xanthan gum (XG), acrylic acid (AA), and the crosslinking reagent N,N-
methylene bisacrylamide (MBA), which is expressed in Table 4.1 and Figure 4.1.
One-way ANOVA of statistical analysis between formulations indicated that there
were significant differences between the formulations percent encapsulated drug
(p = 0.0069), demonstrating that polymer architecture and crosslinking density
played a crucial role in drug encapsulation. Formulation F1, which had 1% CMC
and 2% XG@G, had a moderate % EE of 73.10 £ 0.93%, which acted as a baseline.
The% EE exhibited a slight elevation to 76.60 4+ 0.80 percent only when the
concentration of CMC was raised to 2% in F2, which indicated that CMC at
moderate concentrations provide minor structural contributions. An additional
increase in CMC up to 3% in F3 showed a considerable decline in %EE value to
a relatively low 70.20 £ 0.62, due to the high viscosity given by the high CMC
content, which would hinder uniform diffusion and distribution of the drug in the
hydrogel matrix [121]. Conversely, formulations F4 and F5, with XG concentration
elevated to 4 and 6 percent, respectively, whereas CMC, AA, and MBA were kept
at a constant level, demonstrated a significant difference in %EE, 84.70 £ 0.76

35
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and 90.40 £ 0.52, respectively. The maximal %EE achieved in F5 was perhaps
as a result of the best addition of XG, which increased porosity, hydration, and
swelling potential; hence the high drug entrapment seen in Figure 4.1 clearly [122].
Similarly, %EE was significantly affected by the concentration of AA, as observed
in formulations F6 and F7 upon the increase of AA to 8% and 12%, resulting
in values of %EE at 80.50 + 0.73 and 87.30 £+ 0.50, respectively. Higher AA
concentrations improved entrapment, which was attributed to an increase in ionic
crosslinking, swelling-mediated porosity, and the consequent ability to retain the
drug well and provide effective entrapment. The %EE of F7, however, showed
less %EE than F5 despite its AA being elevated, indicating that the role of XG in
network formation and drug entrapment was greater than that of AA alone. An
inverse relationship between MBA concentration and %EE was also highly evident
in formulations F8 and F9, where higher percentage amounts of crosslinker (0.5%
and 0.7%, respectively) decreased the %NEE to 65.60 + 0.68 and 62.80 + 0.61,
respectively. This was probably due to the excess crosslinking that formed a high-
density rigid polymer network with limited free volume and swelling capacity that

limited the amount of drug to be entrapped [121].

These results were comparable to the earlier reported results, as higher levels
of over-crosslinked hydrogel matrices showed lower porosity and a low loading
capacity of drugs. The general outcome showed that the formulations with the
maximum swelling and porosity, like F5 and F7, had the best %EE, whereas
formulas showing high viscosity levels (F3) or over-crosslinked networks (F8 and
F9) displayed reduced entrapment efficiency. All these findings underlined the
significance of optimizing the polymer and crosslinker ratio to have a desirable
balance between mechanical stability, swelling characteristics, and drug retention,
thus to develop optimal hydrogel-based drug delivery systems with a maximized

entrapment capacity and functionality [123].

TABLE 4.1: Entrapment Efficiency (% EE) of Hydrogel Formulations.

Formulation % EE

F1 73.1 £ 0.93
F2 76.6 &+ 0.80
F3 70.2 £+ 0.621
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Table 4.1 continued from previous page

Formulation % EE

F4 84.7 £ 0.76
F5 90.4 + 0.52
Fé6 80.5 £ 0.73
F7 87.3 £ 0.50
F8 65.6 + 0.68
F9 62.8 £ 0.61
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FIGURE 4.1: % Drug Entrapment Efficiency of Hydrogel Formulations (F1-F9).

4.2 In-Vitro Drug Release and Drug Release Ki-

netics

In vitro drug release profiles of the prepared hydrogel formulations (F1-F 9) were
evaluated systematically under simulated gastric fluid (SGF, pH 1.2) and simu-
lated intestinal fluid (SIF, pH 6.8) to determine the pH-sensitive characteristic of
these formulations. The difference observed between the release of the different
formulations of the drug and under varied pH conditions was significant (p <

0.05), which confirmed the pH-sensitive behavior of the hydrogels prepared. Drug
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release at the acidic pH (1.2) varied between 20.56% =+ 0.42 (F9) and 48.75% =+
0.51 (F5), and at pH 6.8 there was a significant increase in drug release, varying
between 50.27% =+ 0.63 (F9) and 86.83% =+ 0.45 (F5), as shown in Figure 4.2.
These data are given as mean SD values because the experiments were done in

triplicate (n = 3) to make it statistically valid.

The highest drug release was observed with F5 (86.83% =+ 0.45), then F7 (84.79%
+ 0.49), and F4 (80.21% =+ 0.57) than any other formulation at the physiologic
condition of pH 6.8. Conversely, formulation F9 showed the lowest releasing effect
at both pH levels because it contained a higher concentration of crosslinker MBA
(0.7% w/w) which increased the density of the tightened crosslinked hydrogel

structure and therefore limited drug diffusion [124].

Comparative analysis of formulations showed significant increments in drug release
when xanthan gum (XG) content was increased from 2 g (F1) to 6 g (F5) at both
pH levels, and this can be explained by increased swelling capacity with increasing

polymer content [125].

Likewise, a difference in concentration of acrylic acid (AA) had a linear effect
on drug release. F7 with higher AA concentration offered better drug release as
expected because of increased ionization as well as swelling in the presence of

alkaline conditions [126].

On the other hand, formulations F8 and F9, which held higher concentrations of
MBA (0.5% w/w, and 0.7% w/w, respectively), indicated limited drug release,
especially at pH 6.8, as illustrated by the inverse correlation between crosslink

density and the rate of drug release [124].

Interestingly, even with a higher amount of CMC, F3 had lower drug release
(28.18% =+ 0.46 at pH 1.2 and 60.17% =+ 0.52 at pH 6.8), perhaps because of the
lesser amount of XG and the corresponding effect on the swelling dynamics, which
reflects the strong impact of polymer balance on drug release behavior. The drug
release trends shown in Figure 4.2 show well the pH-responsive release behavior
of hydrogels, where lower release is observed in the gastric conditions and the

increased drug release occurs at the intestinal pH conditions. This would be due
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to the deprotonation of carboxylic acid groups at an increased pH, which causes

electrostatic repulsion of the network and subsequent drug diffusion [127].
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FIGURE 4.2: Percent drug release of formulations (F1 - F9) (a), SGF pH 1.2
(b), and SIF pH 6.8.

The in vitro drug release kinetics of the prepared TGR-loaded hydrogel formula-
tions (F1-F9) were systematically investigated under simulated gastric (pH 1.2)
and intestinal (pH 6.8) conditions using five established mathematical models,

namely zero-order, first-order, Higuchi, Weibull, and Korsmeyer-Peppas, shown in
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Table 4.2. The applicability of each model in describing the experimental release
profiles was assessed based on the coefficient of determination (R?) and statistical
comparisons of model fitting using analysis of variance (ANOVA) of the residual

sums of squares, followed by post-hoc testing.

Among these, the Korsmeyer-Peppas model consistently demonstrated the best fit,
with R? values ranging from 0.8574 to 0.9956 at pH 1.2 and 0.9335 to 0.9901 at
pH 6.8, alongside statistically significant differences in goodness-of-fit compared
to each of the other individual models (p < 0.001). Furthermore, the release
exponent (n) values obtained for these formulations were between 0.40 and 0.55

at pH 1.2 and 0.47 to 0.59 at pH 6.8 [103].

For hydrogel matrices exhibiting cylindrical geometries, n values exceeding 0.45 are
indicative of anomalous (non-Fickian) transport mechanisms, wherein drug release
is governed predominantly by a combination of Fickian diffusion and polymer
chain relaxation or erosion. These findings suggest that drug release proceeds via
a coupled process involving an initial swelling phase, driven by water penetration
and polymer matrix relaxation, followed by diffusion of TGR through the hydrated
polymer network [128]. The Higuchi model provided significantly better fits than
the Weibull, zero-order, and first-order models (p < 0.01), with R? values ranging
from 0.7438 to 0.9379 at pH 1.2 and 0.9122 to 0.9763 at pH 6.8, further supporting
the presence of a substantial diffusion-controlled component within the overall

release process.

In this case, TGR transport is primarily facilitated by concentration gradients
established within the hydrated hydrogel matrix, consistent with classical Fick-
ian diffusion principles. The Weibull model, being empirical in nature, exhibited
variable fitting performance, with R? values ranging from 0.5202 to 0.7726 at
pH 1.2 and 0.6935 to 0.7921 at pH 6.8. While certain formulations, such as F5
(R? = 0.7921) and F8 (R? = 0.7769) at pH 6.8, demonstrated the highest R?
values within the Weibull model, the overall statistical comparison revealed sig-
nificantly inferior fitting compared to both the Korsmeyer-Peppas and Higuchi
models (p < 0.05), suggesting the limited mechanistic insight provided by this

empirical approach. The zero-order model, which theoretically describes ideal
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constant release kinetics, exhibited moderate R? values ranging from 0.5776 to
0.8142 at pH 1.2 and 0.7311 to 0.8986 at pH 6.8, with statistically significant dif-
ferences in goodness-of-fit relative to the Korsmeyer-Peppas model (p < 0.001),
indicating that complete zero-order release behavior was not achieved. The first-
order model demonstrated the poorest fit among all models tested, with R? values
ranging from 0.2301 to 0.3295 at pH 1.2 and 0.2975 to 0.4987 at pH 6.8, and
these differences were confirmed as statistically significant (p < 0.001), clearly
indicating that the drug release process is largely independent of the remaining
TGR concentration within the matrix. Collectively, these results unequivocally
demonstrate that TGR release from the developed hydrogel matrices is governed
predominantly by anomalous transport mechanisms, characterized by a syner-
gistic interplay between polymer swelling, chain relaxation, and drug diffusion
through the hydrated network. The pronounced hydrophilic nature of the poly-
meric constituents facilitates rapid water absorption, leading to matrix expansion
and polymer disentanglement, which in turn enhances both polymer relaxation
and diffusion-mediated TGR transport. These findings are in close agreement
with previous reports on hydrophilic polymer-based hydrogel systems, wherein
swelling-induced matrix modifications and complex non-Fickian release behavior

constitute the primary mechanisms governing drug release profiles [128].

TABLE 4.2: Drug Release Kinetics Modeling of Drug-Loaded Hydrogels (F1-
F9).

Sample pH Zero order First order Higuchi Weibull Korsmeyer-

Code kinetics kinetics model Model Peppas Model
R? R? R? R? R? n
1.2 0.7236 0.2495 0.8461 0.7689 0.9956 0.45
o 6.8 0.7971 0.3372 0.9249 0.7005 0.973 0.5
1.2 0.5776 0.2301 0.7438 0.5202 0.9918 0.4
"2 6.8 0.7311 0.2975 0.9122 0.6981 0.9789 0.47
1.2 0.8142 0.3295 0.9379 0.7206 0.9629 0.45
"3 6.8 0.8601 0.4056 0.9589 0.7335 0.9774 0.49
1.2 0.6187 0.2588 0.858 0.6258 0.9417 0.46
i 6.8 0.8022 0.3358 0.9235 0.6935 0.9335 0.59
Py 1.2 0.7159 0.2375 0.8595 0.7726 0.9925 0.55

6.8 0.8707 0.3384 0.9691 0.7921 0.9901 0.56
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Table 4.2 continued from previous page

Sample pH Zero order First order Higuchi Weibull Korsmeyer-

Code kinetics kinetics model Model Peppas Model
R? R? R? R? R? n
1.2 0.6679 0.2385 0.8408 0.576 0.9168 0.49
re 6.8 0.8594 0.437 0.962 0.7702 0.9845 0.51
1.2 0.6971 0.2461 0.8492 0.7102 0.955 0.52
7 6.8 0.8986 0.4987 0.9763 0.7498 0.9825 0.533
1.2 0.6365 0.2735 0.8115 0.5635 0.8574 0.48
e 6.8 0.8373 0.3794 0.9596 0.7769 0.9753 0.47
Fo 1.2 0.7695 0.3065 0.9106 0.5772 0.9604 0.53
6.8 0.8404 0.4479 0.9452 0.7273 0.9775 0.55

4.3 Swelling Study

4.3.1 Effect of pH

The systematic study was carried out to explore the potential of intestinal-targeted
delivery of hydrogel formulations (F1-1F9) by assessing the pH-dependent swelling
response of hydrogel formulations under physiological condition simulations. Fig-
ure 4.3 shows an overall trend observed in all formulations to show a very high
swelling ratio in simulated intestinal fluid (SIF, pH 6.8) than the simulated gastric
fluid (SGF, pH 1.2), and this variation with pH was found to be statistically sig-
nificant (paired t-test, p = 0.0029, p < 0.05). The formulations with the highest
swelling ratio were formulation F5, which consists of 1% carboxymethyl cellulose
(CMC), 6% xanthan gum (XG), and 4% acrylic acid (AA) with a swelling ra-
tio of 12.41 £+ 0.20 at pH 6.8, followed by F7 that contained 12% AA with a
swelling ratio of 11.33 £ 0.25 and F4 that had 4% XG (10.38 + 0.13). These
findings are clear indicators that increments of ionizable polymers, e.g., XG, AA
increases the swelling capacity of hydrogels in basic environments. By contrast,
the formulation F9 that had the highest concentration of crosslinkers (0.7% N,N-
methylenebisacrylamide, MBA) showed the lowest swelling (3.60 4+ 0.16 at pH
6.8), which is 48.5% lower than that of the base formulation F1 containing 0.3%

MBA. The given pH-dependent swelling behavior is attributed to the transition
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of ionization in the hydrogel structure. At intestinal pH (6.8), carboxylic acid
groups (-COOH) contained in AA and XG are deprotonated to form negatively
charged carboxylate anions (-COO-), which cause electrostatic repulsion between
the polymer chains in the network leading to swelling and facilitate uptake of water
[129]. This process is further enhanced by deprotonation of pyruvyl (-CO-CHj)
and O-acetyl (-OCOCH;3) functional groups included in XG at pH greater than 6.0,
which contribute to increasing charge density and hydrophilicity of the network
[130]. However, at gastric pH (pH 1.2), these functional groups remain mainly
protonated, resulting in a lower degree of ionization and negatively charged func-
tional groups repelling, giving rise to a condensed network structure and reduced

swelling [131].
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¢) Mean Swelling Index at pH 1.2 and
pH 6.8
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FIGURE 4.3: Swelling index of TGR-loaded Formulations (a), at pH 1.2 (b), at
pH 6.8 (c), mean swelling Index.

Formulation composition analysis showed well-defined structure-function relation-
ships to govern swelling behavior. As the XG concentration went up (2 to 6
percent XG; F1 and F5), there was a 77.5% increment in swelling at pH 6.8,
attributable to a higher accessibility of hydrophilic, ionizable moieties along the
matrix. Likewise, it was also observed that raising the AA content up to 12% (F7)
raised the swell by 62.1% due to the increase in the anionic charge density that
leads to the expansion of the network. Conversely, an increase in CMC content
(1% F1 and 3% F3) led to a 33.9% reduction in swelling, possibly by creating
steric hindrance between non-ionizable chains of cellulose, hence hindering net-
work relaxation. Additionally, higher crosslink density, which was achieved by
increasing MBA concentration from 0.3% (F1) to 0.7% (F9), caused a 48.5% re-
duction in polymer against available bonds (72.1% against 120.6%), as reflected by
the decrease in swelling; thus, showing that by increasing the density of crosslinks,
physical restriction of polymer chain movements and solvent infiltration inhibits
swelling. All these findings indicate that the swelling characteristics of the formed
hydrogels can be accurately tuned based on the concentration of XG, AA, and
MBA and are considered a rational design scheme towards the pH sensitivity re-

quired in site-specific, intestinally targeted drug delivery.
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4.3.2 Effect of Reactant Composition on Swelling

4.3.2.1 Effect of polymers

The effect of different polymer concentrations to the swelling behavior of the fab-
ricated hydrogels was systematically studied. A swelling ratio was significantly
increased when the concentration of the xanthan gum (XG) was increased to 6 g,

as shown in Figure 4.4.

In particular, F5 (6 g XG) showed the best swelling capacity, then F4 (4 g XG)
and F1 (2 g XG), and the trend of their swelling capacities is represented as F5
> F4 > F1. This tendency is explained by the presence of higher hydrophilicity
due to higher XG content, because XG possesses increases the density of hydroxyl
(-OH) groups in the polymeric network F1 [132]. These hydrophilic moieties,
coupled with electrostatic repulsion between ionized carboxylate groups in a basic
medium, contribute to the expansion of these networks and facilitate greater water

uptake [90].

Statistical analysis confirmed a significant difference in swelling index across the

varying XG concentrations (p < 0.001).

Similarly, carboxymethyl cellulose (CMC) concentration effects on swelling behav-
ior were examined. One-way ANOVA indicated that there is a statistically sig-
nificant difference between the formulations containing different content of CMC

(F1-F3, p < 0.05).

The extent of swelling of hydrogel was also found to be coupled with the acces-
sibility of hydrophilic carboxyl (-COOH) sites in the network. Remarkably, the
F3, which had the highest concentration of CMC, portrayed a reduction in the
swelling. This decrease is explained by higher density of crosslinking at elevated

CMC content that limits the entrance of free water into the hydrogel matrix.

Therefore, the available space to absorb water into the network is restricted by the
too extensive crosslinking of the, reaction and always leads to the reduced swelling

capacity under all types of parameters in testing [133].
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FIGURE 4.4: Influence of % w/w of CMC, AA, XG, and MBA on swelling index
of TGR-loaded hydrogel.

4.3.2.2 Effect of Monomer

The effect of acrylic acid (AA) concentration on the swelling behavior of the
fabricated hydrogels was methodically determined. Other formulation variables
were held constant, and the level of AA was varied. As shown in Figure 4.4, as the
concentration of AA increased in an incremental manner, a corresponding increase
in the swelling ratio of the hydrogels was observed as well, with F7 > F6 > F1.
Such is the character of the intrinsic pKa of AA, which is less than 4.2. Below pH 4
(acidic condition), maximum electrostatic repulsion between carboxylic groups of
AA is not formed in the polymeric network, and therefore, the resulting swelling is
restricted [134]. Tonization of carboxyl groups, however, takes place under neutral

to slightly alkaline conditions (pH 6-8) producing negatively charged carboxylate
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ions. Such ionization causes an electrostatic interaction of repelling forces between
the polymer chains, leading to significant network expansion and improved water

uptake, which ultimately facilitates effective swelling and drug release [135].

The findings established that there was a strong statistical correlation between
AA concentration and swelling index (p < 0.0001) and the crucial effect of AA
content in controlling the swelling behavior of the hydrogel system. Formulation
F7 having 12 g of AA, was the formulation that showed the maximum swelling
amongst the various tested formulations. In contrast, the swelling and release of
drugs were lower at acidic pH as a result of the predominance of non-dissociated
carboxylic groups and stable hydrogen associations between AA and the polymer

matrix restricting network swelling [89].

4.3.2.3 Effect of Crosslinker

N,N,methylenebisacrylamide (MBA), the cross-linking agent, controls the three-
dimensional network formation by covalently cross-linking functional groups of the
polymer chains. Statistical analysis showed a strong quadratic regression between
MBA concentration and swelling index (p < 0.0001, polynomial regression). Fig-
ure 4.4 demonstrated that an optimal MBA concentration (0.3 g in F1) provided
the highest network efficiency, giving maximum swelling (6.99 £+ 0.18) and gela-
tion by balanced crosslinking. Further increase in formulations F8 (0.5 g MBA;
3.72 £ 0.21) and F9 (0.7 g MBA; 3.60 &+ 0.16) demonstrated significant decreases
in swelling capacity (Tukey post-hoc: p<0.001 vs F1), up to 47% and 48%, re-

spectively.

The cause of this inverted relationship is the over-crosslinked network [136], which
causes a decrease in the average mesh size (12.3 nm F1 to 12.3 nm- F9) using
Flory-Rehner calculations. The ensuing network stiffness limits the mobility and
water move-ability in the chain and reduces the equilibrium water absorption by
more than 40% at physiologic pH. Consequently, swelling entropy is substantially
diminished despite complete gelation, demonstrating the critical balance between

structural integrity and functional expandability [137]. After thorough statistical
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analysis of the efficiency of the drug entrapment, the kinetics of the swelling, and
the release profile of the drugs, formulation F5 was selected for further character-

ization.

4.4 Fourier Transform Infrared Spectroscopy

The structural characteristics of TGR, the polymeric excipients (xanthan gum,
XG; carboxymethyl cellulose, CMC; acrylic acid, AA), and the resultant TGR-
loaded hydrogel system were investigated using Fourier Transform Infrared (FTIR)

spectroscopy, as depicted in Figure 4.5.

The spectrum of XG exhibited characteristic vibrational modes indicative of its
polysaccharide structure: a broad peak at 3284 cm™! attributed to H-bonded O-
H stretching, C-H stretching at 2895 cm™!, ester carbonyl (C=0) stretching at
1726 cm™!, the asymmetric stretch of the pyruvate carboxylate group (COO™) at
1600 cm™!, C-H bending at 1417 ecm™!, and C-O stretching of primary alcohols
at 1020 cm~!. Further confirmation of its polysaccharide nature was provided by
prominent absorptions within the 920-1100 cm ™! region, assigned to C-O and C-C
stretching vibrations [138].

The FTIR spectrum of TGR revealed defining functional groups: N-H and O-
H stretching vibrations at 3380 and 3290.61 cm™!, aliphatic C-H stretching at
2911.63 cm ™!, N-H bending modes at 1610.58 cm ™! and 1520 cm ™!, methyl bend-
ing at 1430 cm ™!, C-OH stretching at 1217.35 cm™!, and C-O stretching vibrations
at 1102 and 1075 cm™! [139].

Acrylic acid (AA) displayed a broad hydroxyl (O-H) stretch at 3071 cm™!, the
characteristic carbonyl (C=0) stretch of the carboxylic acid group at 1700 cm™?,
and C=C stretching at 1611 cm™* [140].

The CMC spectrum featured key peaks corresponding to O-H stretching influ-
enced by intermolecular and intramolecular hydrogen bonding at 3263 cm™!, anti-
symmetrical C-H stretching at 2906 cm ™!, and asymmetric (1600 cm™!) and sym-

metric (1415 cm™!) stretching vibrations of the carboxylate anion (COO™) [141].
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Analysis of the TGR-loaded hydrogel system confirmed the successful integration
of all components (CMC, XG, AA, TGR) into the formulation.

A broad, intense absorption band spanning 3200-3672 cm ™! was observed, corre-
sponding to overlapping O-H stretching vibrations primarily from the hydrophilic
polymers (XG, CMC, AA), signifying extensive hydrogen bonding within the poly-

meric network.

Critically, the persistence of characteristic TGR peaks at 3380 cm™!, 3290.61
cm™ !, 1610.58 cm™t, 1512 em™t, 1417 em™?t, 1197 em™!, and 1057 cm™! within
the composite spectrum affirms the absence of significant chemical interaction
between the drug and the polymeric matrix, suggesting TGR’s structural integrity

was maintained upon encapsulation.

The region between 1615 cm™! and 1717 ecm ™! contained complex C=0 stretching
vibrations, encompassing contributions from the carboxylate groups of CMC, the
carboxylic acid/carboxylate functionalities of AA, and carbonyl groups inherent

to TGR.

Peaks within 920-1100 cm~! were consistent with C-O and C-C stretching modes
of polysaccharide glycosidic linkages, predominantly originating from XG. Cru-
cially, evidence for covalent crosslinking within the hydrogel network was pro-
vided by a discernible shift in the carbonyl stretching frequency associated with

the acrylic acid monomer.

The characteristic C=0 stretch of pure AA at 1700 cm™!, indicative of the car-
boxylic acid (COOH) group, shifted to 1717 cm™! in the crosslinked hydrogel

formulation.

This shift is diagnostic of the conversion of carboxylic acid groups into ester link-
ages (COOR) during the crosslinking reaction, thereby confirming the formation
of ester bonds between the polymeric components (CMC, XG) and the acrylic

acid monomer.

This covalent crosslinking is fundamental to establishing the stable three-dimensional

network structure essential for the hydrogel’s functionality.
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FIGURE 4.5: FTIR spectra of XG, CMC, AA, drug (TGR), and drug-loaded

formulation.

4.5 Powder X-Ray Diffraction

The crystallinity and structural organization of carboxymethyl cellulose (CMC),
xanthan gum (XG), pure drug (TGR), unloaded hydrogel, and drug-loaded hy-
drogel were comprehensively evaluated through powder X-ray diffraction (PXRD)

analysis, as depicted in Figure 4.6.

The PXRD pattern of pure TGR exhibited well-defined and sharp diffraction
peaks at 260 values of 12.3°, 17.7°, 20.6°, and 23.6°, confirming its highly crystalline
nature. These distinct peaks reflect the long-range molecular ordering and rigid
lattice structure inherent to the crystalline drug substance, in agreement with

previously reported data [106].

In contrast, XG displayed broad and diffuse halos with characteristic peaks at
approximately 20 = 20.3° and 28.9°, indicative of its largely amorphous structure.

The absence of sharp diffraction signals and the presence of a broad amorphous
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halo suggest a lack of long-range order, which is typical for polysaccharides such

as XG [142].

The diffraction pattern of CMC revealed a broad peak centered at 20 ~ 21°,
accompanied by a minor peak at 20 ~ 10.09°. The presence of a peak around
20 = 10° is characteristic of semi-crystalline domains within the CMC structure,
commonly attributed to the specific degree of substitution and hydration state of

the polymer, consistent with literature reports.

The broad nature of the peak at 21° further confirms the predominantly amorphous

nature of the CMC employed [33, 143].

The unloaded hydrogel exhibited a diffuse and broad diffraction pattern with no
sharp peaks, characteristic of an amorphous three-dimensional polymeric network.
This amorphous nature is desirable for hydrogel-based drug delivery systems, as

it facilitates uniform drug dispersion and enhances matrix swelling behavior.

Notably, the PXRD pattern of the drug-loaded hydrogel demonstrated a significant
attenuation of the characteristic crystalline peaks of TGR, with only faint traces

of the original diffraction signals observed.

The substantial reduction in peak intensity, coupled with the absence of well-
defined crystalline reflections, indicates a marked decrease in the crystallinity of

the encapsulated drug.

This transformation from a crystalline to a partially amorphous state is attributed
to the molecular entrapment and homogeneous dispersion of TGR within the hy-
drogel matrix. Such amorphization is known to improve the apparent solubil-
ity and dissolution profile of poorly water-soluble drugs, thereby enhancing their

bioavailability.

Collectively, the PXRD data confirms the successful incorporation of TGR into
the hydrogel system, with a concomitant reduction in crystallinity, supporting
the potential of the formulated hydrogel as an effective carrier for controlled drug

delivery.
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FIGURE 4.6: Powder X-ray diffraction patterns of a) TGR, b) CMC, ¢) XG,
and d) TGR- loaded formulation.

4.6 Thermal Stability Analysis

The thermal stability and decomposition behavior of XG, CMC, pure drug (TGR),
unloaded hydrogel, and drug-loaded hydrogel were systematically evaluated using

thermogravimetric analysis (TGA), as illustrated in Figure 4.7.

The TGA thermogram of pure XG demonstrated high thermal stability, with an
initial weight loss of approximately 14%, attributed to the evaporation of adsorbed
moisture and volatile components below 100°C. A two-step decomposition process
was observed, wherein the first major weight loss occurred between 212°C and
299°C, followed by a significant degradation phase from 325°C to 547°C, result-

ing in an overall mass reduction of approximately 81% [144]. These findings are
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consistent with the known decomposition behavior of polysaccharides, involving

cleavage of glycosidic linkages and breakdown of the polymer backbone [145].

The thermogram of TGR exhibited minimal weight loss (~3%) up to 241°C, pri-
marily due to residual moisture evaporation. A pronounced degradation phase was
observed between 241°C and 500°C, corresponding to the thermal decomposition

of the crystalline drug structure, with an overall mass loss of approximately 53%

[146).

For CMC, an initial weight loss of 10-15% was recorded between 30°C and 120°C,
attributed to moisture release. A prominent degradation event occurred between
230°C and 350°C, associated with the breakdown of the cellulose backbone and
the decomposition of carboxymethyl functional groups, resulting in a total mass
loss of approximately 40-50%. Residual char formation of approximately 30%
at 500°C reflects partial carbonization of the polymer matrix, consistent with

previous literature reports [147, 148].

The unloaded hydrogel exhibited an initial weight loss below 100°C, primarily
due to moisture evaporation. Subsequent weight loss between 200°C and 350°C
reflected the thermal degradation of the polymeric network. The relatively lower
residual mass compared to the loaded hydrogel indicated reduced structural in-

tegrity and thermal stability.

In contrast, the drug-loaded hydrogel exhibited improved thermal stability, as
evidenced by an initial 10-12% weight loss below 70°C due to moisture evapo-
ration, followed by a gradual degradation phase between 200°C and 350°C. This
weight loss was attributed to the decomposition of polymeric components and par-
tial drug transformation. Beyond 400°C, further degradation was observed, likely
corresponding to the breakdown of drug-polymer interactions and the complete
degradation of the matrix. Notably, the drug-loaded hydrogel retained a higher
residual mass compared to the unloaded formulation, indicative of enhanced ther-

mal stability.

The improved thermal stability of the drug-loaded hydrogel is attributed to molecular-

level interactions between the drug and polymer matrix, such as hydrogen bonding
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and physical complexation, which restrict polymer chain mobility and delay the
onset of degradation. These findings confirm the successful encapsulation of TGR
within the hydrogel network and the formation of a structurally stable, thermally

robust drug delivery system [149].
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FIGURE 4.7: TGA thermograms (a) TGR, (b) CMC, (¢)XG, (d) TGR-loaded
hydrogel and (e) Unloaded hydrogel.

The thermal behavior and physical state of xanthan gum (XG), carboxymethyl
cellulose (CMC), pure drug (TGR), unloaded hydrogel, and drug-loaded hydrogel
were systematically investigated using differential scanning calorimetry (DSC), as

shown in Figure 4.8.

The DSC thermogram of pure XG exhibited a broad endothermic peak centered
around 84°C, attributed to the evaporation of adsorbed moisture. The absence
of a distinct melting transition further confirmed the amorphous nature of XG,
consistent with its polysaccharide structure. An onset of thermal degradation
was observed at approximately 233.97°C, corresponding to polymer backbone de-
composition, in agreement with reported literature on XG thermal degradation

[150).
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The thermogram of CMC revealed an initial endothermic event between 60°C and

90°C, associated with moisture loss.

Minor thermal transitions beyond 222°C were observed, likely arising from struc-
tural rearrangements and partial degradation of the polymer. These thermal char-
acteristics reflect the semi-crystalline nature of CMC, influenced by its degree of

substitution and hydration state [151].

The DSC thermogram of pure TGR exhibited a sharp endothermic peak at approx-
imately 140°C, confirming its crystalline nature and characteristic melting point.
Additionally, a distinct exothermic peak at 332°C was observed, corresponding to

drug decomposition and phase transition processes.

The unloaded hydrogel exhibited a broad, low-intensity endothermic peak, pri-
marily corresponding to the release of loosely bound water. The absence of sharp
transitions in the thermogram is indicative of an amorphous, crosslinked hydrogel

matrix, wherein polymer network interactions mask distinct thermal transitions.

In contrast, the DSC thermogram of the drug-loaded hydrogel did not display the
characteristic melting peak of TGR at 140°C, nor the exothermic decomposition
peak at 332°C. The complete disappearance of these drug-specific thermal events
suggests the successful molecular dispersion of TGR within the hydrogel matrix

and a significant reduction in crystallinity.

This transition of the drug from a crystalline to an amorphous or molecularly
dispersed state is a desirable outcome for enhancing drug solubility and bioavail-

ability.

Furthermore, the absence of the drug melting peak indicates strong intermolecu-
lar interactions, such as hydrogen bonding, between the drug and the polymeric
matrix, contributing to the overall thermal stability of the developed formulation

[152].

Collectively, the DSC results confirm the effective encapsulation of TGR within the
hydrogel, leading to amorphization of the drug and the formation of a thermally

stable polymeric network suitable for controlled drug delivery applications.
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FIGURE 4.8: TGA thermograms (a) TGR, (b) CMC, (c) XG, (d) TGR-loaded
hydrogel and (e) Unloaded hydrogel.

4.7 Scanning Electron Microscopy

The surface representation and the microstructural attributes of the lyophilized-
hydrogel samples were thoroughly analyzed through Scanning Electron Microscopy
(SEM). Figure 4.9 shows the representative SEM micrographs at different mag-
nifications. The images also show a geometrically intricate, three-dimensional,
percolating microporous structure with a high level of spatial heterogeneity, a
hallmark characteristic to the process of lyophilization [153]. Under low /interme-
diate objectives (500 X to 1.00 K X; WD: 8.0-8.5 mm; EHT: 20.00 kV; C 20x
detector), the hydrogel showed asymmetric pore geometries with irregular and
lobate boundaries as well as non-uniform pore size distribution. The porous di-
ameters were quite different, and interlinked throats were of the order of 0.5 to
2.0 M, providing percolating diffusion routes essential to controlled drug release
[154]. The nanoscale pitting and fibrils on the pore walls were also observed under
high-magnification imaging, which helps to increase the huge specific surface area
of the matrix. Local microstructural flaws, such as crumpling of the surface at
strut intersections, minor cracks, were observed, which are mostly related to the
sublimation of ice crystals raised when freeze-dried. Nevertheless, these artifacts

did not affect the main structure of the network architecture. These microcracks,
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although usually contained, can provide some initial burst release effect—effect that
needs to be considered in optimization of the formulation [155]. Notably, minor
charging artifacts manifested as localized brightness at higher magnifications, de-
spite the application of a uniform 15 nm gold sputter coating, likely resulting from

the inherent hydrophilicity of residual polymeric components.

The hierarchical porous structure is a determining factor in the regulation of the
functional properties of the hydrogel. The high connectivity between the pores
allows capillary driven immersion of water and an efficient rate of water uptake,
which is key to drug loading and subsequent drug release. In addition, tortuous
and heterogeneous diffusion pathways in the matrix permit longevity of diffusion-
controlled release of therapeutic agents, which is the key requirement of developing
tunable and responsive drug delivery systems. Ultimately, all of these microstruc-
tural characteristics highlight the prospects of the fabricated hydrogel system as a

viable material ready to be advanced in controlled-release biomedical applications.
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FIGURE 4.9: SEM Micrographs of CMC/XG Hydrogel.
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4.8 Acute Oral Toxicity Studies

The biological safety and systemic tolerability of optimized hydrogel formulation
(F5) were evaluated by conducting acute oral toxicity study followed by OECD
Test Guideline 423. The treated group received the labelled F5 drug-loaded hy-
drogel to a single oral dose of 2 g/kg body weight and the control group was
given the same amount of physiological saline. Clinical manifestation of toxicity,
mortality, behavioral changes, and pool changes in body weight, food and water
consumption and general appearance were evaluated during a 14-day observation
period in all animals. During the whole observation, there were no deaths, and
no evidence of any toxicity was observed in both groups. No abnormalities in be-
havioral responsiveness such as locomotor activity, grooming behavior, response
to touch, corneal reflexes, and, most importantly, no manifestations of lethargy,
tremors, convulsions, piloerection, salivation and gastro-intestinal distress (vomit-
ing and diarrhea) were observed amongst the animals, as shown in Table 4.3. Both
groups showed normal physiological pattern in body weight gain and maintained

food and water intake, further suggesting no presence of a systemic toxicity [156].

TABLE 4.3: Clinical Observations.

Time Control Group Experimental Group
Body Weight (g)

Day 1 27.93 + 2.5 29.23 £ 1.2

Day 7 29.38 + 2.6 30+ 0.5

Day 14 31 +2.0 32+0.6
Observation Parameters

Mortality — —

Body weight changes + +

Locomotor activity + +

Grooming behavior + +

Food intake + +

Water intake + +

Salivation - —

Corneal response + +

Touch response + +

Convulsions/tremors ~ — -

Lethargy - —
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Note: + and — sign indicates presence and absence of specified observation, respectively.

At day 14, all the animals were euthanized by exsanguination to carry out the
complete hematological, biochemical and histopathological analyses. Hematolog-
ical findings, demonstrated in Table 4.4, indicated that all the parameters of red
blood cell count, hemoglobin concentration, hematocrit, mean corpuscular vol-
ume, mean corpuscular hemoglobin, platelet count, and leukocyte differentials
were found within the normal physiological limits in both groups, and there was

no statistically significant variation (p > 0.05).

These outcomes demonstrate that the oral administration of the F5 hydrogel did

not have an adverse impact on the hematopoiesis.

These outcomes demonstrate that the oral administration of the F5 hydrogel did
not have an adverse impact on the hematopoiesis. Biochemical examination also
indicated that there were no hepatic or renal toxicity, because major indicators
such as serum urea, creatinine, alanine aminotransferase (ALT), aspartate amino-
transferase (AST), alkaline phosphatase (ALP), albumin, triglycerides, bilirubin,
cholesterol, and glucose concentrations were within physiological limits, and had
no significant difference between treated and control animals (p > 0.05), as shown

in Table 4.5 [157].

Histological analysis of vital organs such as the liver, kidneys, heart, lungs, spleen
and stomach were the comparable as the control group, and showed no signs of de-
generation of cells, inflammatory infiltrate, necrosis and any structural anomalies,

as given in Figure 4.10 [104].

Combined with the insignificance of the hematological and biochemical data, the
lack of microscopic lesions in organs accompanied by the good systemic biocom-
patibility of the F5 hydrogel formulation at the tested dose comprises the evidence

of its excellent systemic biocompatibility.

Overall, clinical and hematological, biochemical and histopathological considera-
tions confirmed the biological safety of the F5 hydrogel after an acute dose of oral
administration, justifies further preclinical testing of the system as a controlled

drug delivery system.
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TABLE 4.4: Hematological Analysis.

Parameter Control Group Treated Group
(Mean + SD) (Mean + SD)
WBC (x103/uL) 6.5+ 0.6 71407
RBC (x108/uL) 78 £ 0.5 8.2+ 04
Hb (g/dL) 14.2 + 0.8 14.9 + 0.6
HCT (%) 42.1 £ 24 44.3 £ 2.1
MCV (fL) 45.0 + 1.8 50.2 & 1.7
MCH (pg) 162 + 1.1 16.7 + 0.9
Platelets (x103/uL) 750 & 65 709 + 58
Lymphocytes (%) 75.4 £ 3.5 78.1 £ 4.0
Neutrophils (%) 20.7 & 2.9 19.4 £ 2.7
Eosinophils (%) 2.81 & 0.8 1.8+ 0.4
TABLE 4.5: Biochemical Blood Analysis.
Parameters Control Group Treated Group
(Mean + SD) (Mean + SD)
Urea (mg/dL) 44.5 + 3.2 47.7 + 2.8
Creatinine (mg/dL) 0.4 4+ 0.06 0.6 = 0.04
ALT (U/L) 54.2 + 4.1 58.7 £+ 3.6
AST (U/L) 121.5 £ 5.3 130.2 £ 4.9
ALP (U/L) 98.4 £+ 6.7 85.3 £ 7.1
Albumin 3.8 £ 0.3 4.0 £ 0.2
TG (mg/dL) 90.5 £ 7.8 94.3 +£ 6.5
Bilirubin (mg/dL) 0.8 £ 0.1 0.6 £+ 0.08
Cholesterol (mg/dL) 155.6 + 12.3 1424 + 11.7
Glucose (mg/dL) 120.2 + 10.1 110.5 £ 9.4

t-test; p > 0.05 indicates no significant difference

Note: Data expressed as Mean + SD (n = 5). Statistical analysis performed using Student’s
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Chapter 5

Conclusion and

Recommendations

5.1 Conclusion

This study successfully engineered a pH-responsive interpenetrating polymer net-
work hydrogel composed of xanthan gum, carboxymethyl cellulose, and acrylic
acid for targeted oral delivery of TGR. Comprehensive characterization confirmed
covalent crosslinking through FTIR analysis (ester bond formation at 1717 cm™1),
ensuring physical drug entrapment without chemical degradation, while thermal
studies (TGA/DSC) revealed enhanced matrix stability with degradation onset
>200°C. Critically, the hydrogel exhibited pH-dependent functionality, demon-
strating a 2.41-fold higher equilibrium swelling ratio at intestinal pH 6.8 (13.02
+ 0.41) versus gastric pH 1.2 (5.41 £+ 0.32; p < 0.001), which facilitated sus-
tained drug release achieving 86.83 + 0.45% cumulative delivery over 24 h through
anomalous diffusion kinetics (Korsmeyer-Peppas n = 0.56). These properties di-
rectly address TGR’s limitations as a BCS Class IV drug—low solubility (10-15
pug/mL) and bioavailability (/36%)—Dby protecting the drug from gastric degrada-
tion, enabling intestine-specific release, and providing zero-order kinetics suitable

for once-daily dosing. Coupled with excellent acute safety profiles (OECD 423, 2

62
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g/kg), this platform shows significant potential for clinical translation pending in

vivo bioavailability validation.

5.2 Future Recommendations

The obtained pH-sensitive hydrogel formulation of TGR has exhibited encourag-
ing in vitro properties; nevertheless, there are a number of important issues that
should be considered in future studies. First, the performance of the hydrogel sys-
tem needs confirmation in physiological conditions and should undergo significant
in vivo pharmacokinetic and pharmacodynamic studies. The oral bioavailability,
systemic circulation kinetics, targeted site release, and overall pharmacotherapy
of TGR, when applied through this hydrogel matrix should be established in these

studies.

Moreover, the toxicity and prolonged biocompatibility studies are required for suf-
ficient data on safety and tolerance of the hydrogel system, or the adverse impacts
that may be manifested with repeated administration. Since the formulation is
administered orally, emphasis must be placed on the gastric compatibility of the

formulation and potential mucosal interactions.

Moreover, real-time and accelerated stability testing should be performed accord-
ing to ICH recommendations in order to determine the shelf life and storage con-
ditions of the final product. Such studies will assist in the viability of a usable
dosage form that can prevail through fluctuating environmental conditions in the

transportation and storage process.

Another area of future research could focus on modifying the hydrogel net-
work to allow for dual or multi-drug loading, potentially enabling combination
therapy strategies. This could involve co-delivery of TGR with other antiplatelet
agents, anticoagulants, or drugs that improve cardiovascular outcomes. The syn-
ergistic effects of such combinations could be studied to determine whether lower
doses can be used without compromising therapeutic outcomes, thereby reducing

the risk of side effects.
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Moreover, investigation on possible modifications the surface of the hydrogel with
targeting ligands, e.g. peptides or antibodies, could augment adhesion to the
mucosa, achieve a site-specific delivery to the small intestine or the cardiovascular
tissue. The design can also be modified to incorporate the multi-stimuli-responsive
behavior where the hydrogel is responsive not only to pH but also to the enzyme
or temperature variations that can further improve the delivery of the drugs in a

controlled and targeted manner.

At the patient-centric level, this can be made by designing user-friendly dosage
forms, e.g. orally disintegrating tablets containing hydrogel microspheres or, cap-
sules containing hydrogel microspheres that can help to achieve improved patient
adherence and acceptance, especially in the patient population of elderly, or chil-

dren.

Lastly, clinical trials must be undertaken to validate the performance of a hy-
drogel system in human beings, and should conceptualize on how to promote the
drug bioavailability, minimize its dosing interval, and develop patient compliance.
Eventually, positive findings in the pre-clinical experiments are expected to provide
the basis of clinical trial which is important to evaluate the safety, effectiveness,
pharmacokinetics and the final therapeutic value of the hydrogel formulation in
humans. Regulatory channels and scale-up production process ought to be ana-

lyzed as well to enable the eventual commercialization.
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