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Abstract

Colorectal cancer remains one of the leading causes of cancer-related mortality

worldwide, underscoring the urgent need for advanced drug delivery systems that

enhance therapeutic efficacy while minimizing systemic toxicity. In this study,

pH-responsive hydrogel-based polymeric carriers were developed and character-

ized for the delivery of capecitabine (CT), a chemotherapeutic drug used to treat

colorectal cancer. Hydrogels were synthesized by crosslinking synthetic (cellulose

acetate phthalate) and natural (pectin, guar gum) polymers to confer pH-sensitive

behavior. A total of eleven formulations (F1–F11) were evaluated for encapsula-

tion efficiency (EE%), swelling behavior, and in vitro drug release under simulated

gastrointestinal conditions (pH 1.2 and 7.4). Among these, the optimized formu-

lation F5 demonstrated superior performance, achieving EE% values of 62.00 ±

0.85% at pH 1.2 and 86.49 ± 0.94% at pH 7.4, indicating effective gastric pro-

tection and enhanced colonic targeting. Swelling studies confirmed pH-dependent

expansion, with a swelling index of 76.70% at pH 7.4 and negligible swelling at

pH 1.2. In vitro release studies showed sustained CT release over 24 hours, with

62% release at pH 1.2 and 86% at pH 7.4. The release kinetics followed the

Korsmeyer–Peppas model (R² = 0.996, n = 0.565), suggestive of anomalous (non-

Fickian) transport. Physicochemical characterizations confirmed successful drug

encapsulation and polymer compatibility via FTIR, while SEM analysis revealed

a porous hydrogel architecture. Furthermore, DSC and XRD analyses indicated

the amorphous dispersion of CT within the polymeric matrix. Acute oral toxicity

studies conducted in mice demonstrated the hydrogel’s biocompatibility, with no

significant alterations in hematological, biochemical, or histopathological parame-

ters. These findings establish formulation F5 as a promising colon-targeted drug

delivery system for capecitabine, capable of enhancing therapeutic outcomes, re-

ducing dosing frequency, and minimizing systemic toxicity. This study supports

the potential of pH-responsive hydrogels as effective platforms for colorectal cancer

therapy.
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Chapter 1

Introduction

1.1 Overview of Colorectal Cancer and Thera-

peutic Challenges

1.1.1 Epidemiology and Burden of Colorectal Cancer

Colorectal cancer (CRC) is a critical health problem worldwide, being one of the

most widespread and fatal cancers. It impacts people of all ages and begins in

the colon or rectum. It is the third most commonly diagnosed cancer, and it

comes second in the list of the most cancerous deaths with about 1.9 million

new cases and 935,000 deaths in the year 2020 (WHO, 2021). This disease is more

prevalent in developed countries, such as the US, Canada, Australia, and European

nations [1]. Colorectal cancer is increasingly becoming a prominent public health

challenge in Pakistan, with rising incidence rates in the past decades. Recent

epidemiological studies show that colorectal cancer constitutes 4-5% of the total

cancer burden in Pakistan, which places Pakistan among the top five countries in

the world with the highest prevalence rate of this disease among men and women.

Pakistan’s estimated age-standardised incidence rate (ASIR) for colorectal cancer

is approximately 7.5 per 100,000 population [2]. This is commonly associated

with lifestyle risk factors including: smoking, excessive red or processed meat

1
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consumption, lack of fibre consumption, obesity, no physical activity, alcohol, and

smoking. However, even in developing countries, there is now a surge in cases.

This has been associated with an increase in non-communicable diseases, such

as cancer. Nonetheless, there is considerable promise in the form of pH-sensitive

hydrogels, which provide novel and innovative approaches to resolving this global

concern [3].

CRC primarily affects individuals aged 50 and above, but recent cases have also

been detected in people younger than 50. It is particularly troubling as younger

patients tend to have more advanced-stage disease during diagnosis. It poses

immense strain on the healthcare systems owing to the expensive treatments,

hospital stays, and prolonged recovery periods. Apart from the pain, there is so

much emotional distress to the patients and families involved. Screening programs,

like colonoscopy and stool-based tests, are designed to help detect CRC at an

early stage, which improves the chances of better outcomes. Unfortunately, these

services are not readily available in rural or low socio-economic areas, resulting in

delayed detection and poorer outcomes [4].

The alarming burden of CRC placed on the healthcare structures underscores the

urgent need for a reduction in drug delivery systems. An ideal delivery system

would avoid other organs, enabling direct transport to the colon while allowing

for controlled release of medication to minimise some side effects and improve the

efficacy of treatment. The creation of such systems should be a higher-priority

area of study [5].

Colorectal cancer (CRC) involves the transformation and abnormal proliferation

of rectal and large bowel tissue cells and is considered one of the most widely di-

agnosed malignancies among men and women. Cancer cells can potentially spread

to distant areas of the body, causing new metastatic cancer [6].

Adenocarcinoma, squamous cell carcinoma, extranodal NK/T cell lymphoma, not

otherwise specified, large B cell lymphoma, and MALT lymphoma are the major

subtypes of CRC. In adults younger than 50, CRC develops more often and is

occasionally identified when the patient is still in their 20s. A medical consultation
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is the first step in diagnosing the disease, which includes a physical exam and

checking a family’s medical history. Most treatments use a combination of surgery,

radiation therapy, and chemotherapy to eliminate the tumor [7].

Carcinoma, due to tumors that occur in the cells covering the length of the rectum

and colon, is known as colorectal cancer. The term ”colon” encompasses several

parts, including the ascending colon or right colon, which is where the appendix

is located, the transverse colon, the descending or left colon, and ultimately the

sigmoid colon, which contains a large amount of stool. The final portion of the

large bowel before stool is released into the anus is the rectum [8]. By causing

necrosis and tissue breakdown in the colon wall, CRC can elicit cancer obstruction.

The number of infections, mortalities, and disabilities from CRC is predicted to

rise because of these factors. Community awareness and knowledge about the

causes and effective treatments for diseases, as well as any available preventive

measures, can make a significant difference. Many factors can increase the risk

of CRC occurring, but the risk can be mitigated by a strategy of early detection,

diagnosis, and selection of a therapy that matches the patient’s needs [9].

1.1.2 Clinical Challenges in Current CRC Therapies

Colorectal cancer is typically treated with a combination of surgery, chemotherapy,

radiation, and targeted therapy. If the cancer is diagnosed early, surgery alone

canbe sufficient to clear the tumor. But in most cases, the disease is found at an

advanced stage, and the patients need further treatments, such as chemotherapy

or radiation. Chemotherapy uses strong medications to kill or slow the growthof

cancer cells. 5-fluorouracil (5-FU), oxaliplatin, and irinotecan are the generaldrugs

for CRC [10]. These drugs are generally injected, but some can be ingested.

Chemotherapy can be successful, but it is highly toxic because it damages healthy

cells, too. Patients frequently feel nauseous, lose their hair, become tired, and

have a compromised immune system. These side effects can be difficult to control,

particularly for elderly patients and those with other health conditions [11].
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Chemotherapy drugs do not always reach the tumor in high enough amounts. A

significant portion of the drug is absorbed or destroyed before it reaches the colon.

This means the patient must take a larger dose, which raises the level of drugs in

the body and increases the chances of side effects. This is especially pertinent with

drugs that are already known to produce dangerous or toxic side effects. Tumors

can also, and often do, become resistant to chemotherapy, or the cancer may return

after a short period (rebound cancer) [12]. Radiation therapy is another option

for mainly rectal cancer. Radiation therapy works by using high-energy rays to

kill cancer cells. While radiation can and does work by damaging the DNA of

cancer cells enough that they cannot repair themselves, it also damages healthy

DNA and tissues. Radiation therapy affects nearby healthy tissues, which is often

a significant downside to the treatment. Targeted therapy and immunotherapy are

currently being explored as potential enhancements to existing treatments. These

treatments are meant to ”train” the body’s immune system to work harder against

the cancer cells or to directly target only the cancer cells while sparing nearby

healthy tissue. Less immune-suppressing, less risky, and less weighty treatment

would be a huge step forward [13].

1.2 Chemotherapy and Targeted Therapies

Nowadays, in addition to surgery, which continues to be an irreplaceable treat-

ment for colorectal carcinoma, the role and importance of systemic chemotherapy

are gradually increasing [14]. The commonly used chemotherapy agents include

fluorouracil, capecitabine, raltitrexed, tegafur, irinotecan, and oxaliplatin, among

which biochemical application-based fluorouracil is the most widely used. With

the continuous deepening of the study on the pathogenesis of colorectal cancer,

many new chemotherapeutic agents that can specifically target biological markers

such as vascular endothelial growth factor and epidermal growth factor receptor

in the pathogenesis process of colorectal carcinoma have successively entered the

stage of clinical use and have shown the ability to change the pattern of the col-

orectal cancer treatment concept [15].
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The role of chemotherapy in the treatment of colorectal carcinoma may be reflected

in the following aspects: neoadjuvant chemotherapy can reduce the size of preop-

erative local tumors and the lymph node infiltration rate of surgical specimens,

thus improving the surgical curability rate; perioperative systemic chemotherapy

is helpful to eliminate surgical micro metastasis and inhibit angiogenesis; adjuvant

chemotherapy regimens implemented after surgery can eliminate postoperative mi-

cro metastases, reduce the possibility of recurrence and metastasis, and improve

disease-free and overall survival rates; for advanced colorectal carcinomas that are

not suitable for surgical resection, systemic chemotherapy and targeted drug pro-

tocols for tumors are highlights in these cancers’ chemo-based interventions [16].

The commonly used chemotherapy drugs for colorectal carcinoma and their main

action mechanisms are as follows: chemotherapy drugs for treating colorectal can-

cer. Combination chemotherapy is commonly used clinically to achieve the effect

of comprehensive killing of tumor cells and reducing drug resistance [17].

1.3 Stimuli-Responsive Drug Delivery: pH as a

Key Trigger for Colon Targeting

Scientists are developing new methods to deliver drugs with greater accuracy.

One such method, known as a stimulus-responsive drug delivery system, releases

medication only when it detects specific conditions within the body, such as pH

changes, temperature fluctuations, enzyme presence, or pressure shifts. The con-

ditions mentioned above serve as ”triggers” to activate the release of the drug.

In the context of colon-targeted drug delivery, pH is not just a valid trigger; it’s

a game-changer [18]. The varying pH levels of the digestive tract can be used

to construct systems that remain solid in both the stomach and small intestine

yet dissolve in the colon, representing a significant leap forward in drug delivery

innovation. In these systems, we use materials that dissolve at high pH levels.

One example is Eudragit S100, a commonly used polymer that remains stable in

acidic conditions but dissolves at a pH above 7. This means that the drug inside



Introduction 6

remains protected during its journey through the upper digestive system and is

only released when it reaches the colon. Using pH as a trigger for drug release in

systems targeting the colon offers many advantages [19].

However, it is a straightforward system to set up because only one polymer is

needed to mix with the drug at a specific point in time. This can be achieved in

various forms, such as tablets, capsules, or hydrogels. Indeed, these are inexpensive

and simple to manufacture, and they can easily be modified to fit various drugs.

Furthermore, they prevent the medications from releasing too early, while ensuring

the drugs have sufficient potency to reach the colorectal cancer site before being

used up [20].

1.4 Hydrogels as Smart Carriers for Colon-

Targeted Chemotherapy

Hydrogels are soft, flexible materials that can absorb a significant amount of water.

They are made from polymers that form a three-dimensional structure. Hydrogel

products already include contact lenses and wound dressings. Over the past few

years, the use of these versatile materials in medicine has increased significantly,

particularly for drug delivery applications [21]. One type of hydrogel used in

medical applications is sensitive to pH, swelling, and shrinking in response to the

pH of its environment. For applications in the colon, the pH-sensitive hydrogel

is designed to remain compact in the stomach and small intestine but to swell

and release its payload in the colon [22]. Hydrogels can carry both water-loving

(hydrophilic) and water-hating (hydrophobic) drugs. They can be formed from

natural materials, like chitosan, or from synthetic ones, like polyacrylic acid. In

treating cancer, hydrogels can serve as a delivery mechanism that releases a drug

slowly over time, keeping its concentration in the body at a stable level. This,

of course, is advantageous compared to administering the medicine in a series of

bolus doses [23]. The benefits of hydrogels include the absorption of the drug at the

intended site in the colon, enhanced retention time in the colon, and the possible
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use of biodegradable hydrogels in colorectal cancer therapy. Site-specific, sustained

release of the drug from hydrogels can be achieved when they are designed to

respond to local conditions (e.g., pH). Additionally, the use of chemotherapy drugs

carried by hydrogels is also possible in the same therapy [24].

1.5 Rationale and Objectives of the Present

Study

1.5.1 Rationale for Developing pH-Sensitive Hydrogels

Colorectal cancer (CRC) remains a major global health concern, characterized by

high mortality rates and limited treatment efficacy, particularly in advanced stages.

Conventional drug delivery systems often fail to achieve targeted localization of

chemotherapeutic agents within the colon due to premature drug release, degrada-

tion in the gastric environment, or systemic absorption in the upper gastrointesti-

nal tract. These limitations result in subtherapeutic drug concentrations at the tu-

mor site and increased systemic toxicity. To address these challenges, pH-sensitive

hydrogels have emerged as a promising drug delivery platform [25]. These sys-

tems remain stable in the acidic environment of the stomach and the mildly acidic

pH of the small intestine but undergo swelling and drug release in the alkaline

pH of the colon. This mechanism ensures site-specific delivery, thereby enhancing

therapeutic efficacy while minimizing off-target effects [26]. The development of

hybrid hydrogels composed of both natural (e.g., pectin, guar gum) and synthetic

(e.g., cellulose acetate phthalate, methacrylic acid) polymers further improve the

biocompatibility, mechanical strength, and controlled-release properties of the sys-

tem. Such polymeric networks offer enhanced stability, pH-responsiveness, and

tunable degradation profiles, making them suitable for colon-targeted delivery of

anticancer agents like Capecitabine. Given the limitations of current treatment

approaches and the growing interest in localized drug delivery technologies, this

study is designed to develop and evaluate a pH-sensitive hydrogel formulation for
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site-specific and sustained release of Capecitabine. This strategy is expected to

optimize therapeutic outcomes and reduce systemic toxicity, thereby improving

the overall safety and efficacy of CRC management [27].

To our knowledge, this is the first study of a CAP-pectin-guar gum ternary hydro-

gel system that harnesses the complementary advantages of natural and synthetic

polymers, while eliminating the need for toxic crosslinking agents and simplifying

the fabrication process.

The designed hydrogel system is intended to minimize premature drug release

in the upper gastrointestinal tract, enable controlled and sustained capecitabine

release within the colon, and ultimately reduce dosing frequency and systemic side

effects.

This colon-targeted delivery platform holds promises for enhancing patient com-

pliance, therapeutic efficacy, and overall quality of life in CRC patients.

1.5.2 Research Objectives and Hypothesis

This research has the following main objectives:

1. Design and formulate a hydrogel system incorporating Capecitabine using a

combination of pectin, guar gum, cellulose acetate phthalate, and acrylic acid.

2. Address the challenges of Capecitabine, such as limited solubility, short half-life

by enhancing drug delivery through the hydrogel.

3. Investigate the role of each polymer in the formulation to ensure effective pH-

responsive behavior and controlled drug release.

4. Characterize the physicochemical properties of hydrogel, including swelling

behavior, mechanical strength, and drug release profile.

5. Conduct in vitro studies to analyze the release kinetics of Capecitabine under

various pH conditions.
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6. Evaluate the biosafety of the formulated hydrogel system by conducting oral

acute toxicity study via OECD guidelines.

The proposed pH-sensitive hybrid hydrogel, composed of both natural and syn-

thetic polymers, is expected to facilitate site-specific and sustained delivery of

Capecitabine to the colon. This targeted delivery system is anticipated to enhance

drug bioavailability, overcome limitations related to solubility and short half-life,

and reduce systemic toxicity. Furthermore, the hydrogel is expected to demon-

strate a favorable safety profile, as confirmed through in vitro release kinetics and

oral acute toxicity studies conducted in accordance with OECD guidelines.



Chapter 2

Literature Review

2.1 Advances and Limitations in Oral Chemother-

apy for Colorectal Cancer

In the last couple of decades, treating colorectal cancer (CRC) has heavily relied on

chemotherapy techniques. Most drugs are administered via injections at hospitals,

which can be both uncomfortable and time-consuming for patients. To address

these challenges, researchers have developed oral chemotherapy medications.

These can be taken orally, which means patients do not have to visit hospitals for

treatments. An example of such medicines is capecitabine, which is widely used

for treating colorectal cancer (CRC). Its mode of action involves transforming

into an active compound that fights cancerous cells within the body and directly

attacks the tumor cells [28]. As advantageous as these medications may seem, oral

chemotherapy poses numerous complications.

Several factors detract from their overall efficacy. One of its most prominent

issues is low bioavailability, meaning only a small portion of the medicine enters

circulation and reaches the cancerous tissues. Many medications disintegrate in

the stomach due to harsh acids or digestive enzymes, thus posing barriers that can

prevent the entire drug dose from traversing the upper digestive tract unscathed.

10
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Even if the drug is absorbed, it might reach the colon before it is typically absorbed

in the small intestine, which is the typical site for most cancers.

Another dilemma relates to first-pass metabolism, which happens when a drug is

broken down by the liver before it has a chance to enter the systemic circulation.

The liver has the capability of modifying or synthesizing the medication, and in

doing so, reduces its efficacy. This means that, often, the doses must be increased,

which has a negative impact, including side effects such as fatigue, vomiting, di-

arrhea, and suppression of the immune system. These side effects can diminish a

patient’s life experience and at times, lead to therapy stopping midway.

To rectify the problems mentioned above, scientists have considered strategies to

shield oral formulations from early breakdown. Some of them utilize medically

approved coatings, such as enteric coatings or capsules, that dissolve at higher pH

levels. These instruments aim to shield the therapeutics from gastric acids and

deliver them to the distal parts of the gut.

Still, even these systems do not always work because the levels of acid in the

stomach and the rate of food transit in the intestines are different from individual

to individual. Hence, there is no guarantee that every patient can be that the

drug will reach the colon. Therefore, it is clear that a better solution is needed

that ensures the drug remains safe as it travels through the digestive system and

then releases it specifically in the colon [29].

2.2 Colon-Targeted Strategies: pH Sensitive Sys-

tems in Focus

To improve the treatment for colorectal cancer, researchers have created methods

for colon-specific drug delivery that administer medication straight to the colon.

This method, colon-targeted drug delivery, is essential because the medication can

be given precisely where the tumor is located. This technique reduces injury to

healthy tissues and enables lower dosage, which is less likely to produce adverse
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effects [30]. There are three primary types of colon-targeted drug systems: time-

release, enzyme-activated, and pH-sensitive systems. The first type, time-based

systems, releases the drug after a predetermined time has passed. The notion is

that if the drug is held intact for several hours, it will eventually reach the colon.

However, this approach has not been too successful. The rate at which food

or medication moves through the digestive tract differs from one individual to

another. For instance, a person who consumes a large meal is likely to take

much longer to empty their bowel than someone hungry. When combined, the

medication may be released either too early or too late as a consequence [31].

The second approach relies on the action of colon bacteria and their enzymes.

Some components, like starch, pectin, or guar gum, which are not utilized by

the bacteria until they reach the colon, are included in these enzyme-responsive

systems. The drug is released when the material is degraded. This approach works

well when the patient has a robust gut flora.

However, in cancer patients or those who have taken some antibiotics, the bacterial

count may be suboptimal, which affects the reliability of the system [32]. The third

and most advanced is the one that utilizes a pH-sensitive system. This method

takes advantage of the fact that pH, which measures how acidic or basic something

is, varies in different parts of the digestive system [33].

The stomach is very acidic at about 1–3 pH. The small intestine is less acidic,

with a range of pH 5 to 6.5, while the colon is weakly alkaline with a pH of 6.8

to 7.8. Scientists can use materials that only dissolve at a specific pH in order to

design the drug formulation for protection in the stomach and small intestine and

dissolution and release in the colon [34].

Materials like Eudragit S100, hydroxypropyl methylcellulose phthalate, and cel-

lulose acetate phthalate are used for this purpose. These polymers remain solid

in acidic environments but dissolve when the pH reaches approximately 7.0 [35].

Laboratory studies and clinical trials have demonstrated that pH-sensitive sys-

tems are more consistent and easier to control than time-based or enzyme-based
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systems [36]. Hence, they are a preferred choice for colon cancer drug delivery

today [37].

2.3 pH-Responsive Hydrogels: Swelling Behav-

ior and Drug Release Kinetics

One exemplary class of pH-sensitive systems is Hydrogel. Hydrogels are soft,

sponge-like structures prepared from polymers that have the capability of absorb-

ing large quantities of water or any other fluid. The greater segment of hydrogels

is utilized in dense drug delivery systems. For these hydrogels, the size and shape,

as well as the dimension of such systems, transform based on the pH level of the

pH regulators in question. This remarkable feature is essential in controlling the

specific site and timing of drug release. In the case of acidic surroundings, such

as the stomach, pH-sensitive hydrogels remain in a compressed and tight form to

prevent drugs from leaking out [38]. When hydrogels advance towards the small

intestine and later into the colon, where the basic PH becomes higher, the material

commences swelling, thereby enabling the drug to be released separately in that

region. Such mechanisms are described as swelling-based drug release methods

[39].

The swelling of a hydrogel and the rate of drug release are dependent on mul-

tiple factors, such as the polymer type, cross-linking degree, and gel thickness.

High cross-linking yields more rigid hydrogels that swell less and release drugs

at slower rates, while lower cross-linking leads to softer hydrogels that swell and

release drugs quickly. The release kinetics of the drug from hydrogels are studied

using simple mathematical models [40]. The slow movement of molecules within

the puffed gel structure is described by the Higuchi model concerning drug re-

lease [41]. This model also incorporates drifting due to both swelling and erosion,

using the Korsmeyer-Peppas model, thus providing an understanding of the con-

trolling mechanisms behind the release. Through these models, researchers can

construct appropriate hydrogels that release the drug at the right time and level
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[42]. Achieving efficiency for colon cancer with hydrogel requires three attributes.

To begin with, the hydrogel must maintain its stability in the stomach in order

to prevent the premature loss of the medicine. It must also swell partially in the

small intestine. Lastly, it must swell completely in the colon for the drug release.

Monitoring these factors can greatly reduce the side effects while using lower doses

of the drug, which improves the overall results of the treatment [43].

2.4 Natural and Synthetic Polymers in Hydrogel

Design

A useful approach to hydrogels with more pH-responsive properties for colon-

targeted drug delivery systems could be the blend of natural and synthetic poly-

mers. Among synthetic polymers, cellulose acetate phthalate (CAP) has a promi-

nent position because it is widely used in pharmaceutical formulations as an enteric

coating material. CAP is stable and insoluble in acidic conditions like the stomach,

which avoids the premature release of the drug. It, however, is suitable for higher

pH regions like those in the small intestine and colon, which is where site-specific

drug release can happen. This property of CAP is advantageous for formulations

meant to bypass the upper gastrointestinal (GI) tract and be released selectively

in the lower GI tract, including the colon [44]. To further enhance the biocompat-

ibility and functionality of the hydrogel, natural polymers such as pectin and guar

gum are incorporated into the matrix. These biopolymers not only improve the

environmental safety and degradability of the hydrogel but also contribute unique

physicochemical characteristics that support colon-targeted drug delivery. Pectin,

an anionic polysaccharide derived primarily from plant cell walls, contains ioniz-

able groups (e.g., carboxyl groups) that exhibit pH-sensitive swelling behavior [45].

In the neutral to slightly alkaline environment of the colon, these groups become

ionized, leading to hydrogel swelling and facilitating the controlled release of the

encapsulated drug. Moreover, pectin participates in the hydrogel network forma-

tion through electrostatic interactions and hydrogen bonding, thereby reinforcing
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the structural integrity of the matrix [46]. Guar gum, a galactomannan polysac-

charide extracted from guar beans, further enhances the mechanical strength and

cohesiveness of the hydrogel. Though it is a nonionic polymer, it contributes to

matrix stability and viscosity. Its mucoadhesive properties are especially advanta-

geous for prolonged retention at the target site within the colon, enabling sustained

and localized drug delivery. This attribute is essential for increasing the bioavail-

ability of poorly absorbed drugs and reducing systemic side effects [46]. The in-

clusion of acrylic acid (AA), a pH-sensitive monomer, significantly augments the

responsiveness of the hydrogel to pH changes along the GI tract. MAA contains

carboxylic acid groups that remain protonated and uncharged in acidic environ-

ments, thereby limiting water uptake and swelling in the stomach. However, upon

reaching higher pH conditions, such as those in the colon, these carboxyl groups

ionize to form carboxylate anions. This ionization induces substantial swelling

of the hydrogel matrix, promoting the controlled and site-specific release of the

encapsulated drug. MAA thus provides an additional layer of pH-triggered con-

trol, complementing the properties of CAP and the natural polymers [25]. The

rationale behind this multi-polymeric system is to design a hydrogel with robust

pH-sensitivity, mucoadhesiveness, and biodegradability, tailored for colon-specific

drug delivery. By combining the enteric properties of CAP, the biocompatibility

and swelling behaviors of pectin and guar gum, and the sharp pH-responsiveness

of MAA, the hydrogel can effectively protect the drug from premature release in

the stomach and small intestine. At the same time, it ensures a sustained and

targeted release upon reaching the colon. This innovative hydrogel system holds

significant therapeutic potential. It addresses several critical challenges in oral

drug delivery, including drug degradation in the stomach, poor drug absorption,

and frequent dosing. By minimizing premature release and enabling prolonged,

localized delivery in the colon, such systems can enhance therapeutic efficacy, re-

duce dosing frequency, and ultimately improve patient adherence and outcomes in

the treatment of chronic colonic diseases such as ulcerative colitis, Crohn’s disease,

and colorectal cancer [25]. Table 2.1 depicts polymers that were used for hydrogel

preparation.
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Table 2.1: Polymers Used for Hydrogel Preparation

Polymers Used Properties Mechanism of pH-Responsiveness Findings/Applications Reference

Cellulose Acetate Ph-

thalate (CAP)

Synthetic polymer, Enteric coating

properties, Acid-resistant, and dis-

solves at higher pH

Remains intact in stomach (pH 1-

3). Dissolves in intestinal/colonic pH

(≥6.8)

Ideal for preventing gas-

tric drug release

[44]

Ensures targeted colonic

delivery

Pectin (anionic

polysaccharide)

Biocompatible Electrostatic interactions in hydrogel Enhances controlled drug

release in the colon

[45]

pH-sensitive Swellable in colonic

pH

Ionizable groups (COOH) deprotonate

at higher pH, increasing swelling

Improves crosslinking

Guar Gum (neutral

polysaccharide)

Mucoadhesive Forms a cohesive hydrogel matrix Improves sustained drug

release

[46]

Biodegradable Prolongs GI retention via muco-

adhesion

Enhances colon-targeted

delivery

Enhances mechanical stability

Acrylic Acid (AA) pH-sensitive monomer Non-ionized (low pH, stomach) Controls drug release via

pH-dependent swelling

[47]

Continued on next page
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Table 2.1: Polymers Used for Hydrogel Preparation (Continued from Previous Page)

Polymers Used Properties Mechanism of pH-Responsiveness Findings/Applications Reference

Carboxyl group ioniza-

tion

- Ionized (high pH, colon), caus-

ing swelling

CAP-Pectin Hybrid Hy-

drogels

Combines synthetic & natural

polymers

CAP prevents gastric release Improved colon-

targeting efficiency

[48]

pH-responsive degradation Pectin swells in the colon Decrease burst release

Guar Gum-MAA Hydro-

gels

pH- and enzyme-responsive MAA ionization at high pH - Sustained drug re-

lease in the colon

[49]

Higher swelling at colonic pH Guar gum provides muco-

adhesion

- Enhanced bioavail-

ability

Dual-Crosslinked (Physi-

cal/Chemical) Hydrogels

Pectin-CAP-MAA network pH-dependent swelling Enhanced drug reten-

tion in the colon

[50]

Improved mechanical strength Enzyme-triggered degradation Reduced systemic side

effects
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2.5 Overview of Existing Formulations

Hydrogels can be made from natural polymers, synthetic polymers, or a combina-

tion of both. These are mainly derived from plants or animals, and thus, are less

likely to cause adverse reactions in the body [51]. Research approaches to studying

colorectal cancer are evolving and will continue to advance with increased collab-

oration between researchers in the laboratory and clinicians [52], who can then

apply these laboratory findings to patient management. Some possible existing

areas of research on hydrogels are discussed in more detail in Table 2.2 [53].

While alginate/guar gum interpenetrating networks show pH dependent swelling,

they do not retain drugs well in acidic media, which compromises gastric protec-

tion necessitating additional stabilization strategies. Although metallic crosslink-

ers are useful for maintaining drug release, nanocomposite hydrogels that use these

crosslinkers present biocompatibility issues because of the possibility of cytotoxi-

city from leaching inorganic species.

Cellulose acetate phthalate-based hydrogels enable pH-triggered release but fail to

achieve sufficient mucoadhesion for prolonged colonic retention, limiting their ther-

apeutic efficacy. Alternative approaches, such as graft copolymer-based networks,

offer controlled release kinetics but rely on complex synthesis routes involving

cytotoxic initiators or harsh reaction conditions, hindering clinical translation.

To bridge these gaps, an ideal delivery platform must simultaneously fulfill three

key criteria:

(i) robust acid resistance to prevent premature drug release in the stomach, enabled

by pH-responsive polymers with high crosslinking density or dynamic shielding

mechanisms;

(ii) strong mucoadhesive performance, achievable through bioinspired polymer de-

signs that enhance interactions with colonic mucosa; and

(iii) scalable, biocompatible fabrication using GRAS (Generally Recognized as

Safe) materials or aqueous-based processing.
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Table 2.2: Overview of Existing Formulations

Sr. Formulation Type Method of Formu-

lation

Major Polymers Limitations Reference

1 pH-responsive hydro-

gels for delivery of

capecitabine

pH-sensitive hydrogel Free radical polymer-

ization

Tamarind gum, β-

cyclodextrin, poly

(methacrylic acid)

Limited in vivo tumor

model validation

[54]

2 Capecitabine-loaded

nanocomposite hy-

drogel against murine

4T1 Breast cancer

cells

Nano-composite Crosslinking (N, N’

MBAAm)

PVA, clay nanoparti-

cles

Further biocom-

patibility testing

of crosslinkers is

required

[55]

3 IPN hydrogel micro-

spheres

Interpenetrating net-

work hydrogel

Emulsion crosslinking Chitosan, poly ethy-

lene oxide -g- acry-

lamide

Need for further im-

provement because

the burst release was

observed.

[56]

4 Control Delivery of

capecitabine through

Smart co-polymeric

hydrogels

pH-sensitive copoly-

mer hydrogel

Free radical polymer-

ization (FRP)

Poly (acrylamide-co-

acrylic acid)

Premature release at

gastric pH due to high

swelling.

[57]



L
iteratu

re
R
eview

20

Table 2.2: Overview of Existing Formulations (continued)

Sr. Formulation Type Method of Formu-

lation

Major Polymers Limitations Reference

5 IPN Mucoadhesive

hydrogel beads

hydrogel beads Ionotropic gelation

Method

Sodium alginate, Gel-

lan gum, HPMC.

Variable floating time,

need stability study

and improvement

[58]

6 pH-responsive hydro-

gel for controlled de-

livery

Grafted co-polymer

hydrogel

FRP (Free radical

polymerization)

Tamarind gum, High synthetic com-

plexity, scalability is-

sues

[59]

β-cyclodextrin

7 Quince seed mucilage,

β-CD, Mmt-Na+ hy-

drogel for controlled

delivery

pH-sensitive

Nanocomposite

hydrogel

Crosslinking Quince seed mucilage,

β-CD, montmoril-

lonite.

mechanical strength

limited

[60]
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Table 2.2: Overview of Existing Formulations (continued)

Sr. Formulation Type Method of Formu-

lation

Major Polymers Limitations Reference

8 Tamarind gum, β-CD-

co-poly(MAA) hydro-

gel for control delivery

Grafted pH-

responsive hydrogel

Free radical polymer-

ization

Tamarind gum, β-

Cyclo-dextran, MAA

Not suitable for long-

term therapy because

of Potential mucosal

irritation

[61]

9 Thermo-reversible hy-

drogel for delivery of

capecitabine

Thermosensitive

hydrogel

Physical crosslinking Poloxamer, HPMC Drug loading effi-

ciency is low and

needs improvement,

gelation temperature

sensitivity of gelation

[62]

10 Chitosan/agarose-g-

poly-(MAA) hydrogel

pH-responsive poly-

meric blend

Copolymerization Chitosan, agarose,

MAA

Structural instability

due to a large swelling

ratio

[63]
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2.6 Bridging the Gap: Natural and Synthetic

Hybrid Hydrogels

Hydrogels can be derived from both natural and synthetic sources. Natural poly-

mers, such as chitosan, pectin, alginate, and guar gum, are derived from both flora

and fauna. These substances are biocompatible, non-harmful, and metabolizable,

and even adhere decently to the walls of the intestine, helping to retain the med-

ication at the target site [64]. On the other hand, natural polymers tend to be

weak and do not possess sufficient mechanical strength to carry out their intended

purpose for a sustained period. Furthermore, their properties can change based on

their origin [65]. The labs manufacture polyacrylic acid and polyethylene glycol,

which are types of synthetic polymers. These materials are strong and stable, and

their design can be modified to regulate the speed of drug release [66].

Natural or synthetic polymers and copolymers that possess ionizable groups are

possible pH-sensitive carriers to deliver drugs site-specifically [67]. Polymers for

oral colon-targeting systems can work as the hydrophobic barrier coatings of

biodegradable preparations [68]. However, there are concerns regarding their safety

in large quantities, and their byproducts can be harmful at times. Furthermore,

synthetic materials may not be amenable to human tissues, hence lowering their

efficiency [69]. The advantages of the use of pH-sensitive materials in formulations

are mostly unmatched by known techniques based on conventional production

technologies [70].

To address these challenges, researchers are designing hybrid hydrogels made of

both natural and synthetic parts. These hydrogels offer advantages from both

sides: the natural portion is biocompatible and biodegradable, whereas the syn-

thetic portion adds structural integrity and control. Such hybrid materials can

improve safety and effectiveness for controlled drug delivery systems. Some re-

cent studies highlighted the advantages of hybrid hydrogels for targeted delivery

of drugs to the colon. One example is the combination of chitosan, a natural poly-

mer, with Eudragit, a synthetic polymer which gellifies only at elevated pH values,
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thus suitable for use in colon-targeting. The systems exhibited better stability and

reduced premature leakage while maintaining a sufficiently controlled drug release

profile. While these findings are encouraging, there are still many unanswered

questions. Patients may have inflamed tissues, varying pH levels, or altered gut

bacteria, all of which can impact the behavior of the hydrogel [71]. This is the gap

we intend to fill by fabricating a novel pH-responsive hybrid hydrogel based on

safe, inexpensive, and workable materials. It will also be evaluated for the ability

to transport and release cancer drugs when and where they are needed. If suc-

cessful, this approach may lead to better treatment outcomes, lower side effects,

and improved quality of life for patients with colorectal cancer [72].

2.7 Hydrogels: Properties and Types

Hydrogels are physically or chemically crosslinked polymer networks that can re-

tain a significant amount of water, up to thousands of times their dry weight,

due to their interconnected three-dimensional structure [73]. A key requirement

for hydrogels used in medical applications involves exhibiting mechanical strength

and maintaining their three-dimensional structure.

In the past few decades, different types of hydrogels have been introduced, and

several strategies for their development have been attempted [50]. Hydrogels can

be broadly classified into two categories: natural origin hydrogels that include

protein, polysaccharide, or polypeptide-based hydrogels, and synthetic origin hy-

drogels that include synthetic polymers or protein-synthetic hybrid hydrogels [74].

The different types of hydrogels’ chemical composition and structural character-

istics are critical to providing different functions. For instance, the swelling be-

havior, biodegradability, and mechanical properties of hydrogels are dictated by

their formulation, and these are impacting factors for their possible use in drug

delivery systems [75]. Hence, understanding the composition of hydrogels will pro-

vide a strong foundation for developing hydrogels tailored for specific therapeutic

delivery systems [76].
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Whether in solution or crosslinked form, the properties of a hydrogel are primarily

determined by its chemical composition. Aqueous solutions containing very low

concentrations of hydrogels are used to gain insight into the nature of hydrogels in

unswollen and swollen states [77]. The swelling ratio of hydrogels can be manipu-

lated by varying the proportion of hydrophilic versus hydrophobic groups in their

structure. The ratio of hydrophilic to hydrophobic moieties can also provide a

regulatory mechanism for controlling mesh size in the hydrogel network following

its crosslinking [78].

In this context, hydrophilic units can be varied to dominate in the hydrogel net-

works, resulting in a porous microstructure. In contrast, a lower proportion of

hydrophilic functionality may result in a hydrophobic network, which can thereby

restrict water within a hydrogel matrix [79]. In particular, the mechanical strength

of hydrogels can be widely tuned by changing the hydrogel mesh size or density

of the network, which is mediated by altering molecular weights and crosslinking

densities.

It is worthwhile to mention here that, unlike synthetic polymers, natural hydrogels

have the distinctive advantage of having a degree of biodegradability. Addition-

ally, other synthetic monomer units have been synthesized to form a variety of

biodegradable, responsive hydrogels, illustrating the potential of hydrogels for use

in future generations of drug delivery technologies [80].

2.8 Structural Characteristics

Hydrogels, specifically crosslinked polymer networks containing large quantities of

water, possess a range of structural and morphological properties that contribute

to their unique and highly functional behaviors [81]. This structural framework

exists at various scale levels, with network architecture and crosslinking density,

porosity, and agglomeration of polymer chains and precipitates impacting both the

mechanism and profile of drug release [82]. The creation of hydrogel beads for drug

delivery technologies can lead to particles with unique sizes and shapes, resulting
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in interactions with biological tissues that endow them with specific properties.

For example, investigating loading and release by hydrogel carriers of comple-

mentary shapes and sizes might result in a better understanding of inter-particle

relationships with potential relevance to the transport mechanism [83].

The crosslinked nature of hydrogels can dictate the areas of maximum swelling

within the hydrogel network. This influences the rate of drug release observed, as

regions of increased swelling behave most similarly to mucous swelling. Lightly

and highly crosslinked formulations usually display a shallow swelling edge and

central swelling, respectively

[84]. Furthermore, the mechanism of network swelling owes much to the bond

architecture within the network, with networks of hydrogen bonding leading to

synergistic contract-swell regions. The capability of hydrogels to be porous affords

them specific responsive properties that aid in their application as drug delivery

vehicles [85]. Porosity and pore size dictate the overall surface area of the network,

whereas pore volume and tortuosity will impact the rate at which a drug can be

diffused out of a loaded hydrogel [86].

Many of the properties of hydrogels can be modified, offering a wide range of

design principles to enhance performance in a variety of applications, including

drug delivery [87]. Over the last decade, micro- and nanoparticles modified with

an abundance of sophisticated morphologies have been the focus of extensive re-

search. The compositional and structural design of hydrogels through selection of

processing conditions permits control over their size and shape, as well as through

post-fabrication processing [88]. Hollow structures with tailorable dimensions can

also be achieved using template-based methods. The importance of hydrogel bead

stability, burst release minimization, and the influence of gel strength on release

have been studied extensively. It is essential for gel stability testing in release stud-

ies to make direct measurements of swelling behavior and mechanical properties

as part of physiological behavior analysis [65].

As such, several of the tissue-engineering studies report on some determination of

structural properties, as optimization of a range of structural factors may result
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in overall better in vivo performance, including investigations into zwitter-ionic

networks [89]. Adequate structural characterization of hydrogels was seen as not

only crucial throughout the development process, to enable the formulation of

weak pH networks, but also an essential factor in mechanistic release studies,

where network architecture must be established in order to mechanistically account

for release kinetics. The importance of hydrogel architectures whether particles,

amorphous gels, or otherwise when pairing controlled porous morphologies and

natural pro-chondroitin cationic glycosaminoglycans that bear negatively charged

sulfate groups was also demonstrated [90].

Hydrogels have been employed in a broad range of applications and have demon-

strated substantial promise in the development of new drug delivery systems. Hy-

drogel applications in drug delivery are frequently classified based on desired out-

comes such as controlled drug release, targeted drug delivery, or the ability to

combine imaging and therapy [91]. Drug-loaded hydrogels have found clinical ap-

plications, with numerous others in different stages of clinical trials for various

diseases, thus underscoring their potential as drug depots [92]
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Materials and Methods

3.1 Materials

Capecitabine (CT) has been generously gifted by Shandong Linix Pharmaceuti-

cal Co., Ltd., China. Cellulose acetate phthalate, pectin, guar gum, and acrylic

acid were sourced from Sigma-Aldrich, Germany. N, N’-methylene bis-acrylamide

(MBA) and ammonium persulfate (APS) were sourced from Merck, Germany. For

the preparation of simulated gastrointestinal fluids, hydrochloric acid (HCl) was

purchased from Merck Marker Co. Ltd. For the simulated intestinal fluid prepa-

ration, sodium phosphate, monobasic (KH2PO4) and sodium hydroxide (NaOH)

were obtained from Sigma-Aldrich, Germany. The ethanol (C2H5OH) used for

solubilizing Capecitabine was obtained from Riedel-de Haen, Germany.Fresh dis-

tilled water was prepared using a water distillation assembly located in the Faculty

of Pharmacy at Capital University of Science and Technology (CUST).

3.2 Method

Guar gum and pectin were dissolved in 50 mL of distilled water under continuous

stirring at 500 rpm and subsequent heating at 50°C for better hydration and uni-

form swelling. For uniformity, the dispersion was kept under stirring at 600 rpm

27
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for 30 minutes. Cellulose acetate phthalate (CAP), being water-insoluble, was dis-

solved separately in 10 mL of ethanol by magnetic stirring at 40°C until dissolution.

The CAP solution was then slowly added into the hydration polymer dispersion

under continuous stirring to prevent precipitation and ensure uniform distribu-

tion. Acrylic acid (AA) was added slowly into the polymer blend while stirring

at 55°C for proper interaction with the polymeric backbone. N,N−methylene

bisacrylamide (MBA), being the crosslinking agent, and ammonium persulfate

(APS), as the free radical initiator, were dissolved separately in 5 mL of distilled

water and added dropwise into the reaction medium under constant stirring at

700 rpm. The reaction medium was stirred at 60°C in a nitrogen atmosphere to

prevent oxygen inhibition of the radical polymerization. The reaction mixture

was refluxed at 70°C for 4–5 hours to provide a complete polymerization and sta-

ble hydrogel network. Gelation was indicated by the increase in viscosity over

time. Upon polymerization, the hydrogel was left to cool at room temperature

and purified by repeated washing using distilled water and 70% ethanol for the

removal of unreacted monomers and other impurities. The purified hydrogel was

freeze-dried. The hydrogel obtained upon drying was stored in a desiccator under

vacuum awaiting further characterization [61]. The scheme of formulation, differ-

ent concentrations of guar gum, pectin, CAP, AA, MBA, and APS, is shown in

Table 3.1. A schematic representation of the process of hydrogel preparation is

shown in Figure 3.1.

Table 3.1: Proposed Formulation Scheme for Hydrogel with Varying Concen-
trations of Guar Gum, Pectin, CAP, Acrylic Acid (AA), MBA, and APS

Formulation
Code

Guar gum
(g)

Pectin
(g)

CAP
(g)

AA
(g)

MBA
(g)

APS
(g)

F1 0.5 1 0.25 10 0.4 0.2
F2 1.0 1 0.25 10 0.4 0.2
F3 1.5 1 0.25 10 0.4 0.2
F4 0.5 2 0.25 10 0.4 0.2
F5 0.5 3 0.25 10 0.4 0.2
F6 0.5 1 0.5 10 0.4 0.2
F7 0.5 1 0.75 10 0.4 0.2
F8 0.5 1 0.25 13 0.4 0.2
F9 0.5 1 0.25 16 0.4 0.2
F10 0.5 1 0.25 10 0.6 0.2
F11 0.5 1 0.25 10 0.8 0.2
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Figure 3.1: Schematic Representation of Hydrogel Preparation and Drug
Loading Process

Figure 3.2: Structural Representation of a Crosslinked Hydrogel Network
Incorporating Guar Gum, Pectin, and CA
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3.3 Drug Loading

To assess drug loading under various pH settings, hydrogel discs (8.00 ± 0.05 mm

diameter, 2.00 ± 0.03 mm thickness, 0.87 ± 0.02 g, n = 3) were immersed in

capecitabine solution (1.0% w/v) prepared separately in simulated gastric fluid

(pH 1.2) and phosphate buffer (pH 7.4). Following loading, the discs were pro-

cessed in the following order: (i) washed three times for 30-second in 10 mL

deionized water to eliminate drug that had adhered to the surface; (ii) blotting

between Whatman® Grade 1 filter papers; and (iii) drying in a lyophilizer for

48 hours at vacuum conditions (-55°C, 0.01 mbar) to ensure complete removal of

moisture and structural stabilization [93]. For additional analysis, the dried discs

were stored in vacuum desiccators at 25°C and less than 10% relative humidity.

3.4 Drug Entrapment Efficiency

Encapsulation Efficiency (EE%), in vitro drug release, and swelling studies were

conducted using standardized protocols to ensure experimental reproducibility.

Hydrogel discs with consistent dimensions (8.00 ± 0.05 mm in diameter and 2.00

± 0.03 mm in thickness) were prepared for all studies. A digital caliper was used

to confirm dimensional accuracy. Using a calibrated analytical balance, a standard

disc weight of 0.87 ± 0.02 g (n = 3 batches) was used to ensure uniformity across all

experimental groups. Only discs meeting the predefined dimensional requirements

were employed for subsequent evaluations.

Drug Entrapment Efficiency (DEE) was calculated by grinding drug-loaded hy-

drogels of a standard weight in a mortar and pestle. The ground hydrogels were

transferred to 100 mL of 0.2 M phosphate buffer solution at pH 7.4 for 24 hours.

Sonication will then be performed for 20 minutes for CT extraction. Polymer de-

bris was discarded by centrifugation at 300 rpm. Fresh solvent was used for the

removal of any drug attached to the polymeric debris [94]. Clear supernatant was

measured for Capecitabine content using a UV-visible spectrophotometer with a
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λmax of 330 nm. The Drug Entrapment Efficiency (DEE) is calculated based on

the formula as indicated in equation 1:

%DEE =

(
Amount of drug entrapped

Total amount of drug initially used

)
× 100 (3.1)

3.5 In Vitro Drug Release Study and Drug Re-

lease Kinetics

Dissolution profiles were assessed to evaluate the release behavior of capecitabine

(CT) from the prepared hydrogels using the United States Pharmacopeia (USP)

Dissolution Apparatus Type II. A dissolution medium volume of 900 mL—simulated

gastric fluid (SGF) at pH 1.2 and simulated intestinal fluid (SIF) at pH 7.4—was

maintained at 37 ± 0.5 °C to mimic physiological conditions.

To assess the release of CT from the hydrogels, dissolution profiles were evaluated

using USP Method II with a total of 900 mL of dissolution media at 37 ± 0.5 °C.

Body fluid conditions were simulated. For proper stirring, the paddle was set to

50 rpm. Gastrointestinal conditions were simulated using SGF with 1.2 pH and

SIF with 7.4 pH. Samples were filtered, and do not forget to record the extraction

yield. Samples of the dissolution media were withdrawn at predetermined time

points—0.5, 1, 1.5, 2, 3, 4, 6, 8, 10, 12, 14, 16, 18, 20, 22, and 24 hours—and

analysed quantitatively.

CT was analysed with UV spectroscopy below 330 nm, where its maximum ab-

sorbance peaks. During attendance at each sample withdrawal, fresh buffer was

added to maintain sink conditions throughout the entire assay. Thus ensuring a

continuity within the testing period [95].

Various mathematical models of the cumulative drug release over time were applied

to investigate the Villagio hydrogel release kinetics. The primary focus was on zero

order and first order models, Higuci, Hixson-Crowell as well as Korsmeter Peppas
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Model. The best fit was determined from the correlation coefficients (R²) along

with several other statistical parameters providing a descriptive understanding of

the drug release getaway released from the hydrogel system [96].

3.6 Swelling Studies

The initial weight (W0)of the dry hydrogel samples was recorded as 0.87 g ± 0.02

g. The samples were then placed in a reservoir where they could not dry out,

provided there was sufficient volume to prevent premature drying, and allowed

to swell at controlled time intervals (1 hour, 2 hours, and 24 hours). After the

desired time had passed, the samples were removed from the fluid, patted with

filter paper to remove excess moisture, and weighed again to measure the swollen

hydrogel mass (W1) using a calibrated balance [97]. The swelling ratio (q) was

calculated using the following formula as indicated in equation 2 :

q =

(
W1 −W0

W0

)
× 100 (3.2)

Where,

W1 = Weight of swollen hydrogel

W0 = Weight of the dry hydrogel

3.7 Fourier Transform Infrared Spectroscopy

Fourier-transform infrared (FTIR) spectroscopy was conducted with an FTIR

spectrometer equipped with attenuated total reflectance (ATR) technology.

Sample preparation for analysis will consist of carefully blending the sample with

potassium bromide (KBr) in a ratio of 1:99 and grinding cautiously to ensure

uniformity. The powder mixture will subsequently be compressed for 2 minutes
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at a pressure of 5 tons to create translucent KBr discs of a diameter of around 13

mm. Spectra were taken in the range of wavenumber from 4,000 to 400 cm¹, and

data acquisition and processing were achieved with OPUS software [98].

3.8 Scanning Electron Microscopy

The surface morphology and internal structure of the hydrogels synthesized were

analyzed using scanning electron microscopy (SEM). The hydrogel samples were

freeze-dried before the imaging process to remove any residual moisture and pre-

serve the integrity of the three-dimensional network structure. The dried samples

were sputter-coated with a thin gold film to provide surface conductivity and re-

duce charging effects under the electron beam. The coated hydrogels were mounted

on aluminum stubs using conductive adhesive tape, and SEM images were taken

at different magnifications for surface topography characterization [99].

3.9 Diffraction Scanning Calorimetry

The thermal stability and phase transitions of pure capecitabine and capecitabine-

loaded hydrogels were analyzed using differential scanning calorimetry (DSC). For

this, around 5–10 mg of each sample was accurately weighed and loaded into stan-

dard aluminum DSC pans. DSC scans were recorded within the temperature range

of 30°C to 300°C at a controlled heating rate of 10°C/min under a continuous flow

of nitrogen gas (50 mL/min) to establish an inert atmosphere and avoid oxidative

degradation. The equipment will record the heat flow concerning any endothermic

or exothermic process, such as melting, crystallization, or glass transition, that is

accompanied by an increase in temperature [100]

3.10 Acute Oral Toxicity Study

The acute oral toxicity study was conducted at the Faculty of Pharmacy, Capital

University of Science and Technology (CUST), Islamabad, Pakistan, in compliance



Materials and Methods 34

with OECD Guideline 423. Ten healthy adult female albino Wistar mice (9–10

weeks old; mean weight 21 ± 2 g) were obtained from the Animal Facility Center

of CUST.

The animals were housed under controlled environmental conditions (temperature:

25 ± 2°C; relative humidity: 65 ± 5%; 12-hour light/dark cycle) with ad libitum

access to water and a standardized diet.

Female mice were selected for their heightened sensitivity in toxicological assess-

ments. The mice were acclimatized for 7 days prior to dosing and randomly divided

into two groups (n = 5/group).

Clinical observations, including behavioral changes, food/water intake, and phys-

iological parameters, were recorded for 14 days post-administration. This experi-

ment also followed the Guide for the Care and Use of Laboratory Animals and the

Animal Welfare Act [100]. The Pharmacy Research Ethics Committee, Faculty of

Pharmacy, CUST, also approved (REC/FoP/F2024/02) the study protocol.

3.11 Dose Preparation and Administration

The Capecitabine (CT) hydrogel formulation having maximum drug loading effi-

ciency and optimum cumulative release profile was selected to conduct the acute

oral toxicity test. The OECD 423 Guidelines, namely the fixed-dose procedure for

the determination of acute oral toxicity, were used to conduct the test.

Group A (Control Group): Given 0.9% normal saline in the dose volume of 1

mL/100 g body weight orally through gavage.

Group B (Treatment Group) administered the optimized hydrogel formulation (5

g/kg body weight) via oral gavage. To maintain a safe dosing volume, the 5 g/kg

dose was divided into three equal fractions, administered at 30-minute intervals.

The hydrogel was suspended in normal saline to achieve the target dosing volume

of 1 mL/100 g body weight according to OECD guidelines [100].
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3.12 Clinical Observations

All animals were observed individually after dosing, with particular attention given

to the first four hours, followed by daily observations for 14 days. Clinical obser-

vations included physical alterations, such as changes in the skin, fur, mucous

membranes, and eyes.

Changes in behavior were observed, like episodes of salivation, tremors, diarrhea,

sleep abnormalities, and coma. Neurological effects were also recorded, especially

stereotypic acts like repeated grooming, repeated circling, and posture and gait

alterations.

Food and water intake were observed daily, measured in grams per animal per day

and milliliters per day, respectively.

3.13 Biochemical and Hematological Test

On day 15, the animals were anesthetized using ketamine (100 mg/kg body weight,

intraperitoneally) in combination with xylazine (10 mg/kg, intraperitoneally) and

then euthanized via cervical decapitation. Blood samples were collected through

cardiac puncture from the posterior vena cava and stored in EDTA-coated tubes

for hematological analysis [101].

3.14 Histopathological Examination

Post-sacrifice, vital organs (heart, liver, kidneys, spleen, intestine, and stomach)

were carefully excised, flushed with ice-cold saline, and weighed. A gross exami-

nation was conducted to detect any abnormalities or lesions.

The organs were then fixed in 10% formaldehyde solution for 48 hours, embedded

in molten paraffin wax, and sectioned into 5 µm slices for hematoxylin and eosin

(H&E) staining to assess histopathological changes.
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3.15 Statistical Analysis

All data were presented as mean values with standard deviation. Statistical

analysis was performed using SPSS® software. A one-way analysis of variance

(ANOVA) was applied for comparisons involving more than two groups, while Stu-

dent’s t-test was used for direct comparisons 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 Encapsulation Efficiency

The encapsulation efficiency (EE%) of different hydrogel formulations was evalu-

ated at pH 1.2 and pH 7.4 to assess drug retention and potential release behavior

under acidic and physiological conditions. The results are summarized in Table

4.1.

Table 4.1: Encapsulation Efficiency (EE%) of Hydrogel Formulations at pH
1.2 and pH

Formulation
EE% (pH 1.2)

Mean ± SEM

EE% (pH 7.4)

Mean ± SEM

F1 54.000 ± 0.630 80.000 ± 0.710

F2 55.920 ± 0.730 81.000 ± 0.730

F3 58.270 ± 0.820 82.000 ± 0.720

F4 70.000 ± 0.600 95.000 ± 0.550

F5 62.000 ± 0.850 86.490 ± 0.940

F6 49.380 ± 0.540 76.120 ± 0.810

F7 45.400 ± 1.040 73.290 ± 0.570

F8 60.000 ± 0.870 84.000 ± 0.580

F9 67.610 ± 0.730 89.740 ± 0.650

F10 64.740 ± 0.940 86.740 ± 0.450

F11 40.360 ± 0.630 71.060 ± 0.700

37
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Different formulations had different levels of drug retention, according to the EE%

data. The range of EE% in SGF (pH 1.2) was 40.36% (F11) to 70.00% (F4). The

maximum EE% in F4 (70.00 ± 0.60%) indicates ideal cross-linking density and

polymeric interaction, which probably leads to better drug entrapment. Other for-

mulations showed a notable EE%, suggesting relatively stable polymer networks,

including F9 (67.61 ± 0.73%), F10 (64.74 ± 0.94%), and F5 (62.00 ± 0.85%).

The significantly lower EE% of F6 (49.38 ± 0.54%), F7 (45.40 ± 1.04%), and

F11 (40.36 ± 0.63%), on the other hand, may have resulted from less than ideal

polymer ratios, decreased cross-linking, or excessive porosity that impairs drug

retention in acidic environments [102]. All formulations showed an improvement

in EE% at pH 7.4, which is indicative of improved drug retention and polymer sta-

bility under physiological conditions. As demonstrated by its robust network and

effective drug loading, F4 once again achieved the highest EE% (95.00 ± 0.55%),

outperforming other formulations by a significant margin (p ¡ 0.01, ANOVA with

Tukey’s post hoc test). While their values were still statistically lower than F4,

other high-performing formulations were F9 (89.74 ± 0.65%), F10 (86.74 ± 0.45%),

and F5 (86.49 ± 0.94%).

Possibly as a result of weak polymer–drug interactions or intrinsic structural flaws

that promote premature drug diffusion, formulations F7 (73.29 ± 0.57%) and

F11 (71.06 ± 0.70%) showed the lowest EE% at pH 7.4. Tukey’s post hoc test

validated F4’s dominance (p < 0.01), and statistical analysis (one-way ANOVA)

confirmed significant inter-formulation differences at pH 1.2 (p < 0.05) and pH 7.4

(p < 0.001) [103].

4.2 In Vitro Dissolution and Drug Release Ki-

netics

The in vitro release behavior of capecitabine-loaded hydrogel formulations (F1–F11)

was evaluated in simulated gastric fluid (pH 1.2) and simulated intestinal fluid (pH

7.4) to simulate physiological conditions. The results are shown in Figure 4.1A,



Results and Discussion 39

B & C and Table 4.2. Drug release was significantly influenced by the pH of

the medium and the formulation composition. Overall, a slower and limited re-

lease was observed at pH 1.2, while a faster, sustained release was evident at pH

7.4 across all formulations, indicating clear pH-sensitive behavior of the hydrogel

matrix.

Figure 4.1: In Vitro drug release profiles of Capecitabine-loaded hydrogel
formulations at (A) pH 1.2, (B) pH 7.4, and (C) Cumulative mean drug release
at both pH 1.2 and pH 7.4. Data are presented as mean SD(n = 3). Statistical

significance between groups was assessed by one-way ANOVA (p < 0.05).
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Table 4.2: In vitro drug release kinetics of capecitabine-loaded formulations
(F1-F11) at pH 1.2 and 7.4 using Zero-Order, First-Order, Higuchi, and Ko-

rsmeyer–Peppas Models

Formulations
Zero Order First Order Higuchi Korsmeyer-Peppas

pH R2 K R2 K R2 K R2 K n

F1
1.2 0.969 0.697 0.768 0.116 0.995 2.525 0.996 2.411 0.530

7.4 0.956 4.193 0.789 0.092 0.993 14.651 0.991 14.425 0.508

F2
1.2 0.931 0.600 0.670 0.113 0.978 2.327 0.978 4.393 0.167

7.4 0.883 3.290 0.501 0.224 0.967 11.900 0.993 19.108 0.264

F3
1.2 0.949 0.608 0.699 0.115 0.989 2.437 0.988 4.223 0.213

7.4 0.895 3.455 0.521 0.228 0.972 12.286 0.974 17.918 0.316

F4
1.2 0.874 1.280 0.594 1.158 0.967 4.381 0.965 8.711 0.158

7.4 0.951 5.090 0.566 0.246 0.993 16.707 0.986 21.742 0.373

F5
1.2 0.970 0.760 0.760 0.122 0.994 2.720 0.995 2.676 0.514

7.4 0.971 4.088 0.595 0.233 0.995 13.999 0.996 12.295 0.565

F6
1.2 0.960 0.739 0.721 0.125 0.995 2.844 0.994 3.653 0.371

7.4 0.946 3.837 0.572 0.231 0.992 13.611 0.988 17.459 0.379

F7
1.2 0.906 0.624 0.669 0.129 0.990 2.978 0.983 4.250 0.312

7.4 0.952 2.970 0.607 0.218 0.987 11.899 0.986 20.961 0.236

F8
1.2 0.930 0.952 0.634 0.145 0.988 3.715 0.988 7.417 0.150

7.4 0.948 4.653 0.766 0.120 0.993 14.971 0.975 16.441 0.454

F9
1.2 0.807 1.030 0.605 0.141 0.923 3.390 0.878 6.792 0.137

7.4 0.801 5.443 0.412 0.249 0.988 15.048 0.964 21.501 0.338

F10
1.2 0.968 0.767 0.735 0.126 0.995 2.870 0.996 2.924 0.494

7.4 0.956 4.005 0.560 0.236 0.994 14.242 0.996 14.201 0.509

F11
1.2 0.936 0.744 0.677 0.130 0.989 3.019 0.988 5.379 0.204

7.4 0.963 3.606 0.594 0.226 0.995 12.394 0.995 14.402 0.435
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The protonation of carboxylic groups at pH 1.2 was responsible for the limited

drug release (20–40% over 12 hours), which limited the swelling of the hydrogel.

The burst release kinetics of formulation F4 (Korsmeyer–Peppas n = 0.158) indi-

cated matrix erosion brought on by excessive swelling caused by pectin. On the

other hand, F5 (3 g pectin, 0.25 g CAP) showed Fickian diffusion (n = 0.514, R2

= 0.995), which is an indicator of a stable polymeric network with controlled re-

lease controlled by concentration-driven diffusion. Ionization of functional groups

promoted increased swelling at pH 7.4, which resulted in sustained drug release

(70–95% over 24 hours). A combined mechanism of diffusion and polymer chain re-

laxation was demonstrated by F5’s anomalous transport (n = 0.565, R2 = 0.996).

In contrast, F4’s lower pectin content (2 g) caused it to swell quickly, which led

to an early release of the drug (n = 0.373), making it suboptimal for sustained

delivery [104].

The encapsulation efficiency (EE%) (45.40–49.38% at pH 1.2) and release behavior

(n = 0.312–0.371) of formulations with a higher CAP content (F6–F7: 0.5–0.75 g)

were lower, most likely as a result of hydrophobic aggregation that compromised

network stability. Similarly, higher MBA concentrations (F10–F11: 0.6–0.8 g) re-

sulted in brittle and excessively cross-linked matrices, which decreased the EE%

(40.36–64.74%) and inhibited diffusion (R2 ¡ 0.99 for Higuchi model at pH 1.2).

The moderate EE% (67.61–89.74%) and poor release kinetics (n = 0.137–0.338) of

F9, which contained 16 g of acrylic acid, could have been caused by non-uniform

swelling behavior linked to an excessive monomer content. The Korsmeyer–Peppas

model best described release kinetics across all formulations, suggesting a hybrid

mechanism combining diffusion and polymer relaxation. While protonation at pH

1.2 limited porosity and restricted drug mobility, ionization at pH 7.4 mechanis-

tically linked the pH-responsive behavior by increasing mesh size and diffusivity.

The composition of the polymer was important; a higher pectin content (F4: 2

g; F5: 3 g) increased the EE% but necessitated balanced CAP loading to prevent

excessive swelling. However, excessive CAP or MBA caused network instability,

which decreased drug retention and control release [26]. Despite having the highest

encapsulation efficiency (95.00 ± 0.55 percent at pH 7.4), Formulation F4 showed
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an erosion-dominated release profile (n = 0.158), which could result in a reduced

therapeutic window and early drug expulsion. Because Formulation F5 performed

better across all important parameters for colon-targeted drug delivery, it was

chosen as the best option.

Notably, F5 displayed a pH-dependent sustained release profile, with 86% at pH

7.4 over 24 hours. This contrasts sharply with the rapid, pH-independent release

behavior of commercial capecitabine formulations such as Xeloda®. Immediate-

release formulations like Xeloda® are known to exhibit rapid dissolution, releasing

over 90% of the drug within 2 hours in both gastric and intestinal media.This ac-

celerated release contributes to upper gastrointestinal absorption, often leading to

dose-limiting toxicities—such as diarrhea and hand-foot syndrome—and necessi-

tates frequent high-dose regimens (1, 250mg/m2 twice daily).

In contrast, F5 controlled and pH-sensitive release behavior, governed by anoma-

lous transport kinetics (n = 0.565), reflects a combination of Fickian diffusion and

polymer matrix relaxation. This release mechanism promotes retention in the up-

per GI tract while allowing selective drug release in the colonic region, potentially

minimizing systemic toxicity and reducing dosing frequency.

The superior performance of F5 is attributed to its rationally designed polymeric

matrix. Cellulose acetate phthalate offers enteric protection, while pectin and

guar gum facilitate swelling-mediated, controlled release in the colonic pH en-

vironment features absent in conventional immediate-release systems. Literature

supports that such pH-responsive delivery systems can enhance therapeutic indices

by 40–60% in preclinical models compared to standard oral formulations [14].

Although F5 exhibited a slightly lower encapsulation efficiency (86.49 ± 0.94%)

than F4, this was offset by its significantly improved pH-responsive release char-

acteristics, essential for effective colonic targeting. F5 is positioned as a promising

candidate due to its overall performance, which includes encapsulation efficiency,

swelling behavior, and release kinetics. The F5 controlled-release mechanism is

further supported by the Korsmeyer–Peppas model, enhancing its potential for

clinical uses targeted at lowering systemic side effects and dosing frequency [25].
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4.3 Swelling Dynamics of Hydrogels

4.3.1 Influence of Polymers, Monomers, and Crosslink-

ing Agents on Swelling Behavior of Hydrogels

Hydrogel swelling behavior is dictated by three key factors: (1) the hydrophilic-

hydrophobic balance of polymers, (2) polymer concentration, and (3) crosslinking

density.

These factors collectively regulate water absorption, network expansion, and me-

chanical stability. Figure 4.2 illustrates this mechanism, depicting how the hydro-

gel’s covalently crosslinked interpenetrating network (Guar Gum, Pectin, CAP,

AA, MBA) dynamically responds to pH changes:

4.3.2 Effect of Guar Gum Content on Swelling Proper-

ties

Hydrogel swelling is strongly influenced by the guar gum content; as the guar

gum concentration rises, the swelling decreases, as shown by the trend F1 >

F2 > F3, as shown in Figure 4.2. Through hydrogen bonding, guar gum, a

polysaccharide rich in hydroxyls, improves water absorption. Because there are

a lot of free hydroxyl groups that form hydrogen bonds with water and create a

porous network, F1 (0.5 g guar gum) has the highest swelling index (75.49 at pH

7.4). Because polymer chain entanglements prevent solvent penetration, F2 (1.0

g guar gum) exhibits less swelling (72.16). Because too much guar gum raises

crosslinking density and forms a rigid, compact network that significantly restricts

water uptake, F3 (1.5 g guar gum) has the lowest swelling (65.48) [49].

This is consistent with the Flory-Rehner theory, which states that swelling capacity

and free volume decrease with increasing polymer concentrations. At pH 1.2, the

hydrophilic contributions of guar gum predominate, and electrostatic repulsion
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is suppressed by protonating carboxyl (-COOH) groups from pectin/acrylic acid,

which results in minimal swelling [46].

4.3.3 Effect of Pectin Concentration on Swelling Kinetics

The hydrogel’s swelling behavior is critically controlled by the pectin concentra-

tion, as shown by the trend F4 > F5 > F1 at pH 7.4, as shown in Figure

4.2. Using hydrogen bonds and electrostatic interactions, pectin, a polysaccharide

abundant in carboxyl (-COOH) and hydroxyl (-OH) groups, promotes hydrogel

swelling. Significant water absorption is caused by electrostatic repulsion and os-

motic pressure created by the ionization of carboxyl groups at pH 7.4. Because of

balanced network porosity and optimal ionization, F4 (2.0 g pectin) has the highest

swelling index (78.63%), allowing for effective water absorption while preserving

structural integrity [104]. The dense yet responsive network effectively retains the

drug in acidic conditions and facilitates controlled release in intestinal pH, which

is consistent with its superior encapsulation efficiency (EE% = 70.00 ± 0.60 at

pH 1.2; 95.00 ± 0.55 at pH 7.4). Because of steric hindrance and polymer chain

entanglement, which restricts solvent diffusion, F5 (3.0 g pectin) shows somewhat

less swelling (76.70%). Despite this, its sustained release kinetics and moderate

EE% (62.00 ± 0.85 at pH 1.2; 86.49 ± 0.94 at pH 7.4) point to a stable but

less porous matrix that is excellent for prolonged intestinal delivery. The lowest

swelling (75.49%) and EE% (54.00 ± 0.63 at pH 1.2; 80.00 ± 0.71 at pH 7.4) are

seen in F1 (1.0 g pectin), which indicates weaker drug retention and insufficient

carboxyl groups for strong electrostatic repulsion [105].

4.3.4 Effect of Cellulose Acetate Phthalate on Swelling

Behavior

Hydrogel formulations exhibit the following swelling trend: F1 > F6 > F7, as

shown in Figure 4.2. A hydrophobic polymer with acetate and phthalate groups,

CAP lowers water affinity and, consequently, swelling characteristics. Because
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of the predominance of hydrophilic interactions, the swelling index at pH 7.4 is

high (75.49%) at 0.25% CAP (F1). Swelling decreases to 56.43% when CAP is

raised to 0.5% (F6), and water absorption remains even lower at 0.75% (F7).

This supports Huggins’ theory, which states that greater hydrophobicity prevents

solvent diffusion. Because of CAP’s natural hydrophobicity, which overrides pH

effects, all formulations containing CAP show minute swelling (< 6%) at pH 1.2

[106].

4.3.5 Effect of Acrylic Acid on Swelling Behavior

The effects of different AA contents (10%, 13%, and 16%, respectively) were ex-

amined for Formulations F1, F8, and F9. As the concentration of AA increased,

the swelling index increased proportionately (F1 : 75.49% < F8 : 78.26% <

F9 : 80.49%) as shown in Figure 4.2. Ionizable -COOH groups from AA pro-

duce -COO sites when they ionize, which improves electrostatic repulsion between

polymer chains and raises osmotic pressure. This promotes greater solvent up-

take and helps the hydrogel network grow [45]. The findings are in line with the

polyelectrolyte swelling theory, which credits increased hydrophilicity and charge

density with better swelling behavior. It should be remembered, though, that

excessive charge accumulation can ultimately result in counterion condensation,

which lowers the swelling efficiency brought on by charge screening [47].

4.3.6 Effect of Crosslinker on Swelling Behavior

The hydrogels’ swelling behavior displays an inverse relationship between N, N-

methylene bisacrylamide (MBA) concentration, and solvent uptake, following the

trend F1 > F10 > F11 (see Figure 4.3). By changing the crosslink density, MBA

functions as a crosslinking agent that modifies the hydrogel matrix’s structural

integrity. Because of its moderate crosslinking, which preserves network flexibility

while maintaining enough porosity for water absorption, F1 (0.4 g MBA) has the

highest swelling index (75.49% at pH 7.4). The increased crosslink density in F10
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(0.6 g MBA) limits the mobility of the polymer chains, lowering the swelling index

to 62.04% at pH 7.4. Excessive crosslinking in F11 (0.8 g MBA) results in a stiff

and compact network that severely restricts solvent penetration and slowers the

swelling index to 57.62% at pH 7.4 [49]. The Flory–Rehner theory, which believes

that a higher crosslink density inhibits solvent uptake by decreasing network flex-

ibility and free volume, is supported by this inverse correlation. Because of the

protonation of carboxyl (-COOH) groups (from pectin/acrylic acid) and the pre-

dominance of hydrophobic interactions (from CAP), which overcome hydrophilic

contributions regardless of MBA concentration, all formulations show only modest

swelling (3–6%) at pH 1.2 [107].

Figure 4.2: Effect of Acrylic Acid, Guar Gum, CAP, Pectin, and MBA on the
swelling index (q) of the hydrogel formulations at pH 7.4 and pH 1.2. Values

are represented as mean ± SD (n=3)
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4.3.7 Effect of pH on Swelling

Figure 4.3 indicates how the hydrogel formulations’ swelling behavior demon-

strated a distinct pH dependence, confirming their suitability for pH-responsive

drug delivery. Controlled by thermodynamic and kinetic principles, the pH-

responsive swelling behavior of the hydrogel formulations results from a complex

interaction between osmotic-driven network restructuring, solubility transitions of

functional excipients, and ionization-dependent polymer chain interactions. Pro-

tonation of the carboxyl (-COOH) groups in pectin and acrylic acid (AA) in acidic

media (pH 1.2) removes ionizable charges, reducing electrostatic repulsion between

polymer chains and promoting intramolecular and intermolecular hydrogen bond-

ing. The hydrophobic domains of undissolved cellulose acetate phthalate (CAP),

which form a compact, glassy state below its pKa ( 5.5) and serve as a physical

barrier to solvent permeation, further reinforce this conformational collapse. Wa-

ter penetration is limited by the resulting decrease in free volume and osmotic

pressure (as determined by the Gibbs free energy equation, ∆G = ∆H − T∆S),

which results in minimal swelling indices (3.38 ± 0.25 to 5.89 ± 0.18). Together,

the steric hindrance of CAP and the predominance of hydrophobic interactions

stabilize the collapsed network, ensuring gastric protection [108].

At physiological pH (7.4), deprotonation of carboxyl groups generates negatively

charged (-COO) moieties, inducing electrostatic repulsion that overcomes hydro-

gen bonding, thereby expanding the mesh size of the hydrogel network. Concur-

rently, CAP undergoes ionization and dissolution, transitioning from a hydropho-

bic glassy state to a soluble, hydrophilic phase, which eliminates steric constraints

and enhances solvent accessibility.

The Donnan equilibrium effect amplifies osmotic pressure, driving rapid water

influx and network relaxation. Hydrophilic components like guar gum, with its

high density of hydroxyl (-OH) groups, synergize with ionized AA/pectin to form

hydrated channels via bound water clusters, further augmenting swelling (51.74

± 1.6 to 80.49 ± 0.8). Statistical modeling using regression analysis revealed

a strong correlation between swelling indices and pH, with an R² of 0.926 and
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overall significance (p < 0.001). One-way ANOVA followed by Tukey’s post-hoc

test confirmed that swelling at pH 7.4 was significantly higher than at pH 1.2

across all formulations (p < 0.05), in alignment with the proposed ionization-

driven swelling mechanism.

Although formulation-specific deviations emerged, statistical modeling (ANOVA,

R2 = 0.926, p¡0.001) validated pH as the principal variable. Through uncontrolled

electrostatic repulsion, excess pectin (F4: 2 g) or AA (F9: 16 g) broke structural

coherence, resulting in non-Fickian burst release (Korsmeyer-Peppas n < 0.4),

which is a sign of erosion-dominated kinetics. High crosslinker concentrations

(F10–F11: 0.6–0.8 g MBA), on the other hand, increased crosslink density, de-

creased solvent diffusivity, and consequently decreased swelling (< 62.041.1).

The most optimal formulations (such as F5: 3 g pectin, 0.25 g CAP) produced

a metastable balance: pH-selective swelling (76.70 ± 1.2) with Fickian diffusion,

which is controlled by concentration gradients (Fick’s first law), was made pos-

sible by controlled ionization and CAP dissolution, while moderate crosslinking-

maintained network integrity.

Following zero-order kinetics (R2 = 0.995), this balance between electrostatic

expansion and crosslink-imposed restraint guaranteed minimal gastric drug leakage

(EE% = 62.00 ± 0.85 at pH 1.2) and sustained intestinal release (86.49 ± 0.94%

EE%, n=0.565 at pH 7.4).

Using gastrointestinal pH gradients to spatially target a therapeutic release paradigm

that is consistent with the observed correlation between swelling dynamics and re-

lease profiles, the pH-triggered transition from a CAP-stabilized glassy matrix to

a hydrophilic, ionized network is an example of a stimuli-responsive drug delivery

mechanism.

These results highlight how important it is to balance crosslink density, excipient

solubility, and polymer ionization to create hydrogels with programmable pH-

responsive behavior [109].
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Figure 4.3: Swelling index of hydrogel formulations at pH 1.2 and pH 7.4 over a
24-hour period. Data are presented as mean ± SD (n= 3). Error bars represent
SD. Statistical significance was determined by one-way ANOVA (p < 0.05)

across different formulations (F1–F11)

4.4 Fourier-Transform Infrared Spectroscopy

To ensure compatibility of the structure and the drug with the excipients, the

FTIR spectra of all ingredients and the final formulation was evaluated, focusing

on functional group presence to confirm lipid-excipient compatibility.

The FTIR spectra corresponding to fully functionalized polymers depict that the

expected constituent parts are present along with necessary reactions in the re-

sulting polymer framework(s), which is evidenced with the optimized blend of

hydrogels shown in Figure 4.4.

The presence of acrylic acid (AA) within the structure was confirmed through

FTIR due to the broad O-H stretching absorption band from 3200-3400 cm−1

along with characteristic C=O stretching of carboxyl at 1705 cm−1.



Results and Discussion 50

Similar to this, the FTIR of Capecitabine (CT) revealed strong bands at 1240

cm−1, which is C-N stretching, and at 1650 cm¹, which is C=O stretching of the

amide group, both of which demonstrate the molecular structure of the drug.

These results demonstrate the effective incorporation of excipients in the polymeric

matrix by confirming the presence of significant functional groups that are in

charge of hydrogel formation and drug encapsulation [91].

To identify the structure of cellulose acetate phthalate (CAP) it was analyzed by

FTIR revealing peaks at 1735 cm-1 due to the C=O stretching of the ester bond

and 1160 cm-1 due to C-O-C stretching [48].

In FTIR analysis of guar gum (GG) the most prominent feature was the broad

O-H stretching peak around 3400 cm-1, typical of polysaccharides.

As to N,N’- Methylenebisacrylamide (MBA), its function as a cross-linker was

characterized through the noted sharp peaks at 1655 cm−1 and 1550 cm-1 which

correspond to the amide I (C=O stretching) and amide II (N-H bending) bands,

respectively [49].

From the FTIR spectra of pectin (PEC) there are the well distinguished peaks at

3400 cm-1 for O-H stretching as well as 1610 cm−1 for asymmetrical stretching of

the carboxylate (-COO-) group, thus suggesting PEC is a polysaccharide [110].

The FTIR spectrum of the optimized hydrogel formulation showed absorption

bands characteristic of the functional groups of all the individual components

with minor shifts in wavenumber and variation in peak intensities.

The characteristic peaks of AA, MBA, and CAP were preserved, but broadening

of the O-H stretching region at 3200–3400 cm−1 and shifts in C=O stretching

in 1700–1720 cm−1 imply successful polymerization and hydrogen bonding in-

teractions in the hydrogel matrix, implying effective encapsulation of CT in the

polymeric network.
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Figure 4.4: FTIR spectra of Capecitabine (CT), Acrylic Acid (AA),
Guar Gum (GG), Cellulose Acetate Phthalate (CAP), Pectin (PEC), N, N-

Methylenebisacrylamide (MBA), and optimized Hydrogel Formulation
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4.5 X-ray Diffraction

An X-ray diffraction (XRD) analysis was carried out to investigate the crystalline

nature of individual components and the final hydrogel system.

The PXRD spectra presented in Figure 4.5 demonstrate the distinct diffraction

patterns of Capecitabine (CT), Pectin (PEC), Guar Gum (GG), and Cellulose

Acetate Phthalate (CAP), indicating their semi-crystalline to crystalline nature.

In contrast, the optimized hydrogel formulation exhibited a broad, diffused halo,

suggesting a significant reduction in crystallinity, which confirms successful molec-

ular dispersion of the drug within the hydrogel matrix. This amorphization is

advantageous for enhancing drug solubility and release performance.

The diffractogram of pectin (PEC) showed a sharp crystalline peak at 22.1°, thus

establishing its semi-crystalline nature.

Capecitabine (CAP) showed intense and sharp diffraction peaks at 10.5°, 14.8°,

18.2°, and 22.7°, thus establishing its highly crystalline nature. XRD pattern of

guar gum (GG) showed a broad halo at 18.5°, establishing its highly amorphous

nature.

Cellulose acetate phthalate (CAP) showed diffraction peaks at 13.2° and 19.6°,

establishing partial crystallinity [101]. The diffractogram of the final hydrogel

system showed a broad and diffuse pattern, lacking the sharp diffraction peaks of

CAP, establishing loss of crystallinity during hydrogel formation.

The failure of distinct crystalline reflections of CAP within the polymeric matrix

establishes dispersion at the molecular level, establishing successful encapsulation.

The drug conversion from crystalline to amorphous nature in the hydrogel ma-

trix establishes enhanced solubility and dissolution behavior, essential to ensure

controlled and sustained release of the drug. The overall loss of crystallinity, as

established through peak broadening and reduced intensity, further establishes the

formation of a crosslinked polymeric network with uniform dispersion of the drug

[111].
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Figure 4.5: XRD spectra of Capecitabine (CT), Pectin (PEC), Guar Gum
(GG), Cellulose Acetate Phthalate (CAP), and Optimized Hydrogel Formu-
lation. Peak assignments: CT (10.5°, 14.8°, 18.2°, 22.7°), PEC (22.1°), GG
(18.5°), CAP (13.2°, 19.6°). The hydrogel shows a diffuse pattern, confirming

amorphization

4.6 Scanning Electron Microscopy

The surface morphology of the optimized Capecitabine-loaded hydrogel formula-

tion was extensively analyzed using scanning electron microscopy (SEM) to evalu-

ate its structural integrity, porosity, and surface characteristics, which are critical

factors influencing its pharmaceutical performance. As depicted in Figure 4.6,

the SEM micrographs of optimized hydrogel formulation at varying magnifica-

tions reveal a highly porous, sponge-like structure characterized by well-defined,

interconnected pores distributed uniformly throughout the hydrogel matrix. This

porous architecture plays a pivotal role in enhancing the water absorption and

swelling behavior of the hydrogel, which are essential for its controlled drug re-

lease capabilities. The lyophilization method used in the preparation of hydrogels

helps in creating an interconnected porous network.
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This method enhances the surface area and porosity of the structure by leaving

behind a network of voids and channels through the sublimation of ice crystals

from frozen hydrogel under reduced pressure. The permeable structure of the hy-

drogel matrix is beneficial because it facilitates rapid penetration and diffusion of

water, thus increasing swelling indices and providing multiple pathways for the

controlled and sustained release of capecitabine. Furthermore, the SEM Images

taken with higher magnifications show a smooth and continuous polymeric sur-

face, which does not reveal any crystalline drug particles. This is evidence that

Capecitabine was encapsulated within the hydrogel network. A controlled and

consistent therapeutic effect results from the drug’s evenly distributed molecular

level within the polymeric matrix and prevents premature release. The lack of dis-

tinct drug crystals on the surface supports this reasoning. The hydrogel’s strong

and flexible structural integrity portrays its potential application in targeted and

sustained drug delivery systems.The morphological characteristics seen in the SEM

analysis validate the successful creation of a hydrogel system with the appropri-

ate porosity and encapsulation efficiency, confirming its appropriateness for use in

pharmaceutical applications meant to improve Capecitabine’s bioavailability and

therapeutic efficacy [99].

Figure 4.6: Scanning electron microscopy (SEM) images of the optimized
hydrogel at increasing magnifications: (A) 30×, (B) 100×, (C) 250×, (D) 1000×,

(E) 2500×, and (F) 5000×. Red arrows highlight porous networks.
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4.7 Differential Scanning Calorimetry

Differential Scanning Calorimetry (DSC) analysis was performed to investigate the

thermal behavior, crystallinity, and potential interactions between Capecitabine

and the polymeric components of the optimally formulated hydrogel.

Cellulose acetate phthalate (CAP) showed a thermogram with a wide endother-

mic transition between 100°C and 150°C which might indicate moisture loss, or

transition of glass to rubbery states (Tg). A slight peak at 400°C which was

noted on the thermogram of CAP is the start for thermal degradation. Sharp

endothermic peaks with 330°C and 350°C associated with its melting point con-

firm Capecitabine’s crystalline structure as well as its thermal stability. Pectin

showed exothermic peak ranges between 400-450°C, suggesting thermal degrada-

tion which is typical of natural polysaccharides, and an endothermic peak below

150°C, attributed to moisture evaporation. Guar gum displayed similar thermal

profile of polysaccharide degradation and exothermic peaks around 450°C after

initial endothermic transition below 150°C [112].

The thermogram of the unloaded hydrogel formulation exhibited broad, shifted

peaks indicating the interactions between polymeric components that help form

a stable matrix. The lack of melting point of capecitabine on this formulation

suggests that the drug was indeed not used. Its broad transitions indicative of

an amorphous structure support the formulation’s ability for potential controlled

drug release. On the other hand, the drug loaded hydrogel formulation seemed

to lose or significantly diminish the melting peak of Capecitabine around 350°C.

This suggests that the drug was successfully incorporated, transformed from a

crystalline to an amorphous form. The endothermic transitions of the drug loaded

formulation between 300°C and 400°C are likely due to some form of interaction,

perhaps hydrogen bonds, between the drug and the polymer matrix. These ther-

mal changes together with the loss of melting point of capecitabine suggest that

drug is molecularly dispersed within the polymer matrix. This phenomenon en-

hances the formulation’s stability, indicating a homogeneous system that ensures

controlled drug release. The combination of pectin, guar gum, and CAP creates a
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matrix that is stable and functional capable of sustaining drug release over an ex-

tended time. The formulations are suitable for standard manufacturing processes

because they maintain thermal stability up to 300°C [113].

Figure 4.7: DSC thermograms of Capecitabine, Pectin, Guar Gum, Cellulose
Acetate Phthalate (CAP), and the optimized unloaded and loaded hydrogel
formulation. Y-axis scales vary to enhance the visibility of thermal events for

each sample.
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4.8 Acute Oral Toxicity Study

The acute oral toxicity study was conducted to evaluate the safety profile of the

optimized hydrogel formulation. No mortality or overt signs of toxicity were ob-

served in the treated group throughout the 14-day observation period, confirming

the biocompatibility of the hydrogel as shown in. Fig 4.7. Regular body weight

measurements at defined intervals showed no statistically significant differences

(p > 0.05) between the treated and control groups, suggesting the absence of

treatment-related metabolic disturbances [114].

Clinical parameters, including locomotor activity, grooming behavior, and food

and water intake, remained within normal physiological ranges, further supporting

the lack of adverse effects on neurological or metabolic functions depicted in Table

4.3.

Hematological analysis indicated that hemoglobin levels, total leukocyte counts,

differential leukocyte counts, and platelet counts were within the normal physiolog-

ical range, demonstrating that hydrogel administration did not induce hematopoi-

etic abnormalities, as shown in Table 4.4. Statistical analysis of hematological

and biochemical parameters revealed no significant differences between control

and treated groups (p > 0.05, Student’s t-test). Similarly, biochemical markers of

liver function, including alanine aminotransferase (ALT), aspartate aminotrans-

ferase (AST), and alkaline phosphatase (ALP), remained comparable between the

treated and control groups, ruling out any hepatotoxic effects. Renal function

tests, including creatinine and urea levels, were also within reference limits, indi-

cating no impairment in renal function. Histopathological examination of major

organs (liver, kidneys, heart, spleen, stomach, and intestines) revealed preserved

tissue architecture without structural abnormalities (Figure 4.8), cellular degen-

eration, or inflammatory infiltrates, further confirming the hydrogel’s non-toxic

nature The absence of systemic toxicity, hematological or biochemical alterations,

and histopathological abnormalities supports the hydrogel’s safety for oral admin-

istration and its suitability for further preclinical investigations [44].
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Table 4.3: Clinical Observations in Acute Oral Toxicity Study

Parameter Group A

(Control)

Group B

(Treated)

*Scale

Body

Weight (g)

Day 1: 25.5

± 1.2 Day 7:

26.5 ±1.0 Day

14: 27.8 ± 1.3

Day 1: 25.2 ±

1.1 Day 7: 26.0

± 1.2 Day 14:

27.5 ± 1.2

0: Normal increase

(expected growth)

Food

Intake

(g/day)

Day 1: 4.5 ± 0.2

Day 7: 5.5 ± 0.3

Day 14: 6.0 ±

0.4

Day 1: 4.6 ± 0.3

Day 7: 5.4 ± 0.2

Day 14: 5.9 ±

0.3

0: Normal intake

(no reduction)

Water In-

take (mL/-

day)

Day 1: 5.2 ± 0.4

Day 7: 6.0 ± 0.5

Day 14: 6.5 ±

0.6

Day 1: 5.3 ± 0.3

Day 7: 5.9 ± 0.4

Day 14: 6.4 ±

0.5

0: Normal intake

(no reduction)

Locomotor

Activity

Day 1: Normal

Day 7: Normal

Day 14: Normal

Day 1: Normal

Day 7: Normal

Day 14: Normal

0: Normal activity

(no changes)

Grooming

Behavior

Day 1: Normal

Day 7: Normal

Day 14: Normal

Day 1: Normal

Day 7: Normal

Day 14: Normal

0: Normal grooming

behavior

Salivation

Day 1: Absent

Day 7: Absent

Day 14: Absent

Day 1: Absent

Day 7: Absent

Day 14: Absent

0: Absent

(no salivation)

Piloerection

Day 1: Absent

Day 7: Absent

Day 14: Absent

Day 1: Absent

Day 7: Absent

Day 14: Absent

0: Absent

(no piloerection)

Convulsions

Day 1: Absent

Day 7: Absent

Day 14: Absent

Day 1: Absent

Day 7: Absent

Day 14: Absent

0: Absent

(no convulsions)

Lethargy

Day 1: Absent

Day 7: Absent

Day 14: Absent

Day 1: Absent

Day 7: Absent

Day 14: Absent

0: Absent

(no lethargy)
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Scale Definition: 0 = Normal;

1 = Mild Change (no significant impact on health or behavior);

2 = Moderate Change (observable effect, but still tolerable);

3 = Severe Change (significant impact on health or behavior)

Table 4.4: Biochemical Blood Analysis in Acute Oral Toxicity Study

Parameter
Group A (Control)

*(Mean ± SD)

Group B

(Treated)

*(Mean ± SD)

Normal

Range

Hemoglobin (g/dL) 13.5 ± 0.4 13.7 ± 0.3 12.0–15.0

WBC (10³/mm³)

White Blood Cells

7.2 ± 0.5 7.4 ± 0.4 5.0–10.0

Platelets (10³/mm³) 250 ± 12 255 ± 10 150–400

ALT (U/L)

Alkaline Phosphatase

32.4 ± 2.3 31.8 ± 2.1 10–40

AST (U/L)

AST

28.5 ± 1.8 29.0 ± 1.7 10–50

ALP (U/L)

ALP

72.0 ± 3.4 73.2 ± 3.1 40–120

Creatinine (mg/dL) 0.8 ± 0.05 0.81 ± 0.04 0.6–1.2

Urea (mg/dL) 22.1 ± 1.2 21.8 ± 1.3 15–40

Glucose (mg/dL) 92.3 ± 3.5 91.5 ± 3.2 70–110
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Results are expressed as mean ± standard deviation (SD); n = 5 animals per

group. All comparisons between treated and control groups showed no statistically

significant differences (p > 0.05 by Student’s t-test). Abbreviations: WBC - white

blood cells; ALT - alanine aminotransferase; AST - aspartate aminotransferase;

ALP - alkaline phosphatase.

Figure 4.8: Histopathological evaluation of vital organs from control and
treated groups. All organs exhibited preserved tissue architecture with no signs
of cellular damage, inflammation, or structural abnormalities (H&E staining,

40× magnification).
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Conclusion and Future

Recommendations

In this study, acrylic acid, cellulose acetate phthalate, guar gum, and pectin were

successfully used to create a pH-responsive hydrogel system for the oral drug de-

livery of capecitabine. XRD analysis confirmed the drug’s amorphous dispersion

inside the hydrogel matrix, while FTIR spectroscopy demonstrated the chemical

compatibility among the polymeric components. A highly porous structure was

identified by SEM, which is crucial for attaining controlled drug release and im-

proved swelling properties. The pH-dependent swelling behavior of the developed

formulations ensured site-specific and controlled drug release under physiological

settings. The formulation’s biocompatibility was also validated by in vivo acute

oral toxicity study, which showed no significant alterations on histopathological,

biochemical, or hematological parameters. These findings collectively underscore

the potential of the developed pH-responsive hydrogel system as a promising and

clinically viable platform for the oral delivery of capecitabine, with the advan-

tages of improved therapeutic efficacy and enhanced patient compliance. Based

on these encouraging results, several directions are suggested for future work to

build up on this research. To begin with, in vivo efficacy studies in suitable mod-

els of colorectal cancer should be performed to validate the therapeutic efficacy of

the hydrogel under physiological conditions, such as targeting, bioavailability, and

61
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anticancer effects. Secondly, consideration should be given to the mucoadhesive

properties of the hydrogel system because increased adhesion to colonic mucosa

could further enhance localized drug retention and therapeutic efficacy. The scal-

ability of manufacturing should also be investigated through process optimization

and stability evaluation under a range of environmental conditions with the goal

of ensuring product reproducibility, scalability, and shelf life. Additionally, the

versatility of the formulated hydrogel system may be explored by co-delivering

several drugs, such as other anticancer agents or biologics, to test its applicability

in combination therapy against multidrug-resistant or advanced-stage colorectal

cancer. Formulating the hydrogel into patient-convenient oral dosage forms like

capsules or coated tablets will improve acceptability as well as ease of delivery,

especially in elderly or chronically sick patients. Finally, investigation into the

interaction of the hydrogel with gut microbiota would give valuable information

on its biodegradability, its possible impact on the microbial balance, and long-

term safety, all of which are essential for use in a clinical setting. With ongoing

research and development, this pH-sensitive hydrogel system has great potential

for enhancing targeted drug delivery in the treatment of colorectal cancer and can

potentially be a platform technology for delivering numerous therapeutic agents

to the colon.
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