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ABSTRACT 

The present research aims to create a pH-responsive hydrogel based on carboxymethyl tamarind 

kernel gum (CMTKG), polyacrylamide (PAM), and polyethylene glycol (PEG) for the regulated 

delivery of etophylline using the free radical mechanism. To achieve the expected characteristics 

of the hydrogels, the formulation was customised by varying the quantity of the biopolymer, 

initiator, and crosslinker. The consequence of these changes on the swelling ratio was also 

examined. Attenuated Total Reflection-Fourier Transform Infrared Spectroscopy (ATR-FTIR), 

Powder X-ray Diffraction (PXRD), Scanning Electron Microscopy (SEM), and Thermogravimetry 

Analysis (TGA) were used to analyse the produced hydrogel. Studies on drug release and swelling 

were carried out at pH 1.2 and 7.4 to examine the hydrogel’s sensitivity to pH. Results of swelling 

and drug release show that increased swelling and drug release were seen at pH 7.4 in contrast to 

pH 1.2, which suggests that the formed polymeric network behaves differently depending on the 

pH. The regulated release profile of etophylline was validated by drug release kinetics, with the 

best-fitting model being the Korsmeyer-Peppas model with Fickian diffusion serving as the drug 

release mechanism at pH 1.2 and non-fickian diffusion at pH 7.4. So, CMTKG/PAM/PEG 

hydrogel can be used as a potentially effective material for the regulated pH-dependent release of 

etophylline. 
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CHAPTER 1 

INTRODUCTION 

1.1 Hydrogel 

The hydrogel, which is a three-dimensional polymeric network of synthetic and natural polymers, 

is capable of retaining huge amounts of water instead of dissolving in water[1] . A pore-forming 

polymer structure, consisting of hydrophilic functional groups like amines, carboxylic acids, 

hydroxyls, sulphonyls, etc., which are connected to the polymeric backbone, provides a very good 

capacity for the absorption of water and biological fluids[2] . It is well known that hydrogels 

possess excellent biocompatibility, biodegradability, porosity, mechanical strength, and soft 

rubbery nature, making it a promising choice for the administration of a number of therapeutic 

agents as compared to other carrier systems[3] . 

There are two basic categories of hydrogels, smart and stimuli-responsive. Smart and stimuli-

responsive hydrogels are defined as hydrogels that respond to a variety of physical or chemical 

stimuli, including electric fields, ionic strength, temperature, pH, light, etc[2][4].. In order to 

deliver targeted drugs in the most efficient manner, pH-responsive hydrogels are the most 

commonly used hydrogels. By changing in the amount or shape of the pH-responsive hydrogels 

with slight changes in external stimuli, the pH-responsive hydrogels can adapt to the pH values of 

bio-fluids, making them suitable for biomedical applications that require them to adjust to a variety 

of pH values. Through the use of pH-sensitive hydrogels, we have been able to develop an oral 

release system that can be used for delivery of drugs under controlled conditions[5]. 

1.2 Poly(acrylamide) (PAM) 

A polymer known as polyacrylamide (PAM) is a pH-sensitive, non-toxic polymer that has brilliant 

biocompatibility and is widely explored in drug delivery applications. It contains CONH2 group, 

which has the property of promoting swelling under pH-dependent conditions and also enable the 

release of the drug. A PAM is composed of a basic amide group that forms the hydrogen bond 

with the drug. As a result, the loading and release capacity of the drug is enhanced. In addition to 



x 
 

maintaining their shape and mechanical strength, PAM-based hydrogels also have a high 

mechanical strength[6]. A wide range of natural and synthetic polymers have been used to make 

composite hydrogels with excellent properties. Such polymers include carboxymethyl cellulose, 

polyethylene glycol, carboxymethyl tamarind kernel gum, etc[7]. 

1.3 Poly(ethylene glycol) PEG 

Another type of nontoxic, water-soluble, and pH-sensitive polymer is poly(ethylene glycol), also 

known as PEG. Among the many applications of PEG hydrogels, there have been numerous 

studies demonstrating their compatibility with other polymers due to the fact that they contain a 

functional hydroxyl group at the end of their polymeric chains. The excellent ligand binding 

properties of PEG-based hydrogels have made them more and more popular as drug carriers. Due 

to its enhanced solubility and biocompatibility, PEG can be used as an effective drug delivery 

material for a wide variety of applications, such as drug delivery systems. Its property of fast 

clearance from the body makes it a good applicant in drug delivery systems[8]. It also has the 

advantage of not having significant side effects, making it a safe choice for medical treatments. 

Furthermore, its low cost makes it an attractive option for medical applications[9]. 

1.4 CarboxyMethyl Tamarind Kernel gum (CMTKG) 

The Tamarindus indica L. plant is one of the cheapest sources of biopolymers on earth, and it also 

produces quite a bit of plastic. A number of biopolymers are derived from the sap of the Tamarind 

tree, including Tamarind kernel gum (TKG). There are chemical modifications carried out on 

tamarind kernel gum (TKG), leading to carboxymethyl tamarind kernel gum (CMTKG), which is 

characterized by many properties that include high drug loading capacity, hydrophilicity, stability, 

as well as wide pH tolerance[10]. The polymer is pH-sensitive, meaning it swells or deswells based 

on the pH of the medium, making it an excellent candidate for site-specific drug delivery, due to 

its ability to swell or deswell as pH changes[11]. 

1.5 Etophylline as a model drug 

There are several types of bronchodilators, such as etophylline, which are used to treat diseases 

such as chronic obstructive pulmonary disease, asthma, and chronic bronchitis. In order to make 

sure that the lungs are relaxing and making the bronchioles wider, it relaxes the muscles of the 
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lungs. To avoid this complication, it is necessary to develop a new formulation strategy that will 

ensure superior oral bioavailability as well as reduce patient discomfort due to unpleasant injection 

delivery because of the poor oral absorption of etophylline[12].  

The purpose of this study is to synthesize CMTKG/PAM/PEG hydrogel and Etophylline loaded 

CMTKG/PAM/PEG hydrogel for the pH-dependent release of Etophylline from these hydrogels. 

It has been determined that the developed hydrogels have been characterized using ATR-FTIR, 

SEM, PXRD, and TGA. In addition, the impact of biopolymers, crosslinkers, and initiators on the 

swelling behavior of Etophylline loaded hydrogels was analyzed in pH 1.2 and pH 7.4. We used a 

variety of models to assess drug release kinetics, including Hixson-Crowell, Higuchi, Zero-Order, 

Korsmeyer-Peppas, and First-Order. 

CHAPTER 2 

EXPERIMENTAL 

2.1 Materials 

It is our great pleasure to receive CMTKG which has been generously provided by Hindustan Gum 

and Chemicals Ltd. in Bhiwani, Haryana. There were five types of compounds used in this 

experiment: N,N'-methylenebis(acrylamide) (MBA, Merck, Germany), Acrylamide (AM, CDH, 

Delhi), Polyethyleneglycol (PEG, High Purity Laboratory Chemicals Pvt. Ltd., Mumbai, India), 

Potassium persulphate (KPS, Fischer Scientific, Bombay) and Etophylline (UnicurePvt. Ltd., U.P., 

India) which were all used exactly as received. 

2.2 Synthesis of CMTKG/PAM/PEG and Etophylline loaded CMTKG/PAM/PEG hydrogels 

CMTKG/PAM/PEG hydrogels were prepared by mixing an aqueous solution of PEG, AM, and 

CMTKG separately, followed by the addition of PEG, AM, and CMTKG to the solution. A 

continuous stirring was carried out during the addition of KPS, and MBA. A test tube was filled 

with the resultant solution, which was then placed in a water bath at a temperature of 60°C. 

Hydrogel pellets were extracted, cut into pellets, and dried at 50°C for 48 hours in an oven after 

they had been extracted[6]. 
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As far as the synthesis of CMTKG/PAM/PEG hydrogel loaded with etophylline is concerned, the 

same procedure was followed with the exception of a few minor alterations. It should be noted that 

as MBA and KPS were being introduced into the process, Etophylline was also being added, with 

the rest of the procedures remaining the same as shown in Fig.1. Different Etophylline-loaded 

hydrogel formulations were synthesized by using varying percentages of CMTKG, KPS, and MBA 

to produce different formulations using the same process[13]. 

 

Fig 1 Schematic diagram for the synthesis of Etophylline-loaded hydrogels 

Table 1Amount of reactants required in the formulation of hydrogels and their swelling ratio 
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Sample 

 

CMTKG 

    (g) 

AM  

(g) 

PEG  

(g) 

KPS 

(mg) 

MBA 

 (mg) 

Etophylline 

(mg) 

Swelling Ratio (%) 

pH 7.4 pH 1.2 

P-1 0.1 2.4 0.1 32 20 50 740 734 

P-2 0.2 2.4 0.1 32 20 50 777 773 

P-3 0.3 2.4 0.1 32 20 50 805 778 

P-4 0.4 2.4 0.1 32 20 50 820 799 

P-5 0.5 2.4 0.1 32 20 50 864 849 

P-6 0.5 2.4 0.1 22 20 50 714 703 

P-7 0.5 2.4 0.1 27 20 50 755 750 

P-8 0.5 2.4 0.1 37 20 50 782 768 

P-9 0.5 2.4 0.1 42 20 50 779 768 

P-10 0.5 2.4 0.1 32 25 50 804 771 

P-11 0.5 2.4 0.1 32 30 50 727 622 

P-12 0.5 2.4 0.1 32 35 50 650 569 

P-13 0.5 2.4 0.1 32 40 50 648 538 

P-14 0.5 2.4 0.1 32 20 00 855 842 

2.3 Swelling analysis 

As a result of the gravimetric method, we performed swelling studies on all synthesized hydrogels. 

In this study, completely dry hydrogel discs were soaked in pH 1.2 and pH 7.4 solutions for a short 

time and extra fluid was blotted with filter paper after each dip. After being soaked in the solutions 

for a short time, swollen hydrogel discs were removed, weighed, and then heated again. The 

equation was used to measure the amount of swelling that occurred when a sample of material was 

submerged in a solution[3]. This measure was used to calculate the absorption capacity of the 

material, which is an important factor in determining its suitability for a particular application. 

Swelling ratio(%) = (Wf - Wi)/Wi                                         (1) 

Where, Wf   and Wi  are the final and initial weight of the hydrogel respectively. 

2.4  Etophylline Efficiency and Encapsulation Efficiency 

As a result of this study, the composition P-5 was chosen as an example of the composition that 

might be used to test the loading and encapsulation efficiency of Etophylline, since it shows the 

highest swelling in both buffer solutions. In order to determine the pH of the buffer solution, 100 

ml of buffer solution with a pH of 7.4 was dipped with the hydrogel pellet (0.1g) for 24 hours. In 
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order to determine the absorbance of the sample after it had been drawn, a UV-visible 

spectrophotometer was used (Model: Cary 300 UV-Vis) at λmax273 nm[14]. Etophylline loading 

and entrapment efficiency (%) was determined by the given equations. 

Drug Loading (%) =  
𝐷𝑟𝑢𝑔 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 𝑖𝑛 ℎ𝑦𝑑𝑟𝑜𝑔𝑒𝑙 𝑑𝑖𝑠𝑐𝑠 ×1𝑜𝑜

𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 ℎ𝑦𝑑𝑟𝑜𝑔𝑒𝑙 𝑑𝑖𝑠𝑐𝑠
                (2) 

Drug Encapsulation efficiency(%) = 
𝐷𝑟𝑢𝑔 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 𝑖𝑛 ℎ𝑦𝑑𝑟𝑜𝑔𝑒𝑙 𝐷𝑖𝑠𝑐𝑠 ×100

 𝑇ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙 𝑑𝑟𝑢𝑔 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 𝑖𝑛 ℎ𝑦𝑑𝑟𝑜𝑔𝑒𝑙 𝑑𝑖𝑠𝑐
             (3) 

2.5 In-vitro Release Analysis of Etophylline 

It was determined that formulation P-5 exhibits the greatest swelling among all the formulations 

that were studied in terms of drug release by HCl-KCl buffer and phosphate buffer saline. For the 

determination of the release pattern of Etophylline in a 100 ml solution of pH 1.2 and 7.4 at 37°C, 

weighted hydrogel discs (0.1g) were soaked in 100 ml of pH 1.2 and 7.4 and after a certain interval 

of time, 3 ml of the solution was collected and a fresh buffer of equivalent volume was added to 

the solution to maintain volume. Using a UV-visible spectrophotometer (Model: Cary 300 UV-

Vis), Etophylline release was measured at a wavelength of 252 nanometers (max 273). The 

procedure was conducted in triplicate and a calibration curve was drawn to determine drug content 

.This procedure was done because the pH levels and temperature of the buffer can affect the rate 

of release of Etophylline from the hydrogel discs. By testing the drug release in different pH levels, 

we can get a better understanding of how the release is affected. The calibration curve is used to 

compare the drug content in the hydrogel discs at different pH levels. This helps to determine how 

much of the drug is being released at each pH level and if the release rate is affected by changes 

in pH. By testing the drug release in different pH levels, we can get a better understanding of how 

the release rate is affected and optimize the drug delivery system accordingly[15]. 

2.6 Kinetic Modeling of Etophylline 

Various models were used to analyze the kinetics of Etophylline's release from a synthesized 

hydrogel based on the release data. Here the Hixson-Crowell, Higuchi, Zero-Order, Korsmeyer-

Peppas, and First-Order models were used to analyze how Etophylline releases from a synthesized 

hydrogel. In order to determine which model is the best fit, the coefficients of determination (R2) 

values from each model were compared, and the model that has the highest R2 value closer to 1 
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was assumed to be the best fit model. This is because the coefficient of determination (R2) value 

is a measure of how well the model fits the data. The closer the R2 value is to 1, the better the 

model fits the data[16].  

2.7 Characterization 

A Bruker D8 diffractometer was used at 2Ɵ to perform PXRD measurements between 5 and 70°C 

using CuKα radiation. An ATR-FTIR spectrophotometer, Nicolet iS50 FTIR, was used to obtain 

the ATR-FTIR spectra. An N2 atmosphere was used during the thermogravimetric analysis with a 

heating rate of 10°C/min from 30°C to 850°C, using Perkin Elmer TGA 4000. With the aid of 

SEM (JEOL Japan mode: JSM 6610LV) the surface morphology was observed. The Bruker D8 

diffractometer was used to measure the phase transformation behavior of the sample at different 

temperatures by obtaining the PXRD spectra. The ATR-FTIR spectrophotometer was used to 

analyze the chemical composition of the sample. Finally, the SEM was used to observe the surface 

morphology of the sample. 

CHAPTER 3 

RESULT AND DISCUSSION 

3.1 Proposed Mechanism of synthesis of Etofylline loaded CMTKG/PAM/PEG hydrogel  

At 60°C, there is first a breakdown of the initiator KPS, which leads to the production of the sulfate 

radicals. During the process of cleavage, a sulphate radical was introduced into the reaction system, 

which subsequently caused the release of acrylamide radicals as a result. In Scheme 1e, this 

acrylamide molecule attacks the other acrylamide molecule which is loaded on the 

CMTKG/PAM/PEG hydrogel, and subsequently the chain propagation step occurs which leads to 

the formation of polyacrylamide. The CMTKG and PEG molecules provide a hydrophilic and 

porous structure that enables the Etophylline molecules to form hydrogen bonds with the PAM 

molecules, creating a stable hydrogel matrix that holds the Etophylline molecules in place. The 

MBA radical provides a cross-linking agent to strengthen the hydrogel matrix, further increasing 

its stability and efficacy[21]. The CMTKG and PEG molecules form a hydrophilic network which 

allows the entrapment of water molecules between them. This creates a porous matrix that allows 

for the Etophylline molecules to form hydrogen bonds with the PAM molecules. The MBA radical 
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then enhances this network and serves as a connecting agent between the different molecules, 

creating a more robust matrix that helps to keep the Etophylline molecules in place, resulting in a 

more effective and stable hydrogel. 

 

 

Scheme 1 Proposed mechanism of Etophylline loaded CMTKG/PAM/PEG hydrogel 



xvii 
 

3.2 Swelling Studies  

According to Table 1, the swelling ratios of all the developed hydrogels were measured for pH 1.2 

and pH 7.4 at both pH 1.2 and pH 7.4 at the time of development. In Figure 2, it is shown that the 

presence of biopolymer, initiator, and cross-linker content of the hydrogel has a significantly 

positive impact on its swelling[25]. This indicates that the higher the biopolymer, initiator, and 

cross-linker content of the hydrogel, the greater the swelling ratio at both pH 1.2 and pH 7.4. This 

suggests that these components play a key role in determining the hydrogel's swelling properties. 

 

 

 Fig 2 Impact of (a) biopolymer, (b) cross-linker, and (c) initiator content on the swelling ratio of 

developed hydrogels 
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3.2.1 Impact of Biopolymer 

The impact of CMTKG content on the swelling ratio is depicted in Fig. 2. The swelling of hydrogel 

increases as the CMTKG content increased from 0.1 to 0.5 gm, due to the deprotonated COO- 

across the polymeric network[24]. These like charged COO- groups repel one another, which 

promotes chain relaxation and enhances free space in the network, leading to an increase in 

swelling. This indicates that there is an optimal concentration of biopolymer needed for the 

hydrogel to be able to swell properly and not become too thick and difficult to work with[17]. 

Beyond that optimal concentration, the hydrogel is unable to swell properly due to the increased 

repulsion between the negatively charged COO- molecules. This repulsion between like-charged 

molecules is especially strong due to the electrostatic force, and at higher concentrations, this force 

causes the biopolymer chains to be pushed apart, resulting in less free space in the network and 

consequently, a decrease in swelling[36].  

A comparison of the swelling properties of formulation P-5 against the swelling properties of other 

hydrogel samples is shown in figure 3.  The swelling evidence for the P-5 formulation was greater 

in pH 7.4 due to the deprotonation of carboxylic acid, which then causes the formation of COO-  

which repeal each other, resulting in a relaxation of the polymer network and the consequent 

increase in swelling[18]. While, at pH1.2 hydrogen bonds between PAM, CMTKG, and PEG exist, 

which decreases its swelling ability. This is because the hydrogen bonding leads to the formation 

of crosslinks between the polymers, which makes the network more rigid and reduces its ability to 

swell[17].. 
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Fig 3 Swelling curve of Etophyline loaded CMTKG/PAM/PEG hydrogel (P-5) in pH 1.2 and pH 

7.4 

3. 2.2 Impact of Crosslinker 

A decrease in the swelling ratio was observed with the increase in MBA content as shown in Figure 

2. It was found that when the MBA concentration of a hydrogel is exceeded by 20 mg, the 

crosslinking density of the hydrogel reduces, due to reduction in the mesh size, resulting in a 

decrease in swelling of the hydrogel.  A hydrogel with a water content of less than 20 mg tended 

to form jelly when MBA levels decreased below that threshold[17].  

3.2.4 Impact of Initiator 

As illustrated in Figure 2, the cross-linker concentration was kept at 20 mg, the KPS content was 

changed, and swelling results were then analyzed. When the initiator content is increased, there is 

an increase in swelling ratio at first, but then a decrease in swelling ratio shortly afterwards[22]. 

The highest swelling was detected at 32mg of the initiator's content, but the swelling decreased 

significantly below 32 mg. The reason for this phenomenon is that the soluble monomer is 

unreacted, resulting in a loose polymer network, which subsequently results in swelling declining. 

When the initiator content is above 32 mg, the swelling will decrease because colliding free 

radicals will form between monomers, causing oligomers to be generated as a result of the 

collision[23]. Therefore, oligomeric components became more soluble as a result of the 
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solubilization process and swelling of the polymeric network was greatly diminished as a 

result[17] 

CHAPTER 4 

CHARACTERIZATION 

This figure illustrates the PXRD analysis of Etophylline, CMTKG/PAM/PEG hydrogel, and 

Etophylline-loaded CMTKG/PAM/PEG hydrogel, obtained as described earlier. It was found that 

Etophylline has a crystalline structure based on its PXRD curve, which showed two sharp peaks 

at 10.12, 12.32, 14.04, 17.32, 21.48, 24.76, and 29.4 which indicates that Etophylline has a 

crystalline structure[12]. Using a PXRD curve of the CMTKG/PAM/PEG hydrogel, we observed 

a broad band, which indicates that the hydrogel is an amorphous one. On the other hand, in a 

PXRD curve corresponding to Etophylline-loaded CMTKG/PAM/PEG hydrogel, the etophylline 

is not detected anywhere in the crosslinked polymer network, which indicates that the etophylline 

has completely distributed itself throughout the crosslinked polymer network[3].  
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Fig 4 PXRD pattern of Etophylline, CMTKG/PAM/PEG hydrogel (P-14), andEtophylline-loaded 

CMTKG/PAM/PEG hydrogel (P-5) 

In this figure, we are illustrating the spectra of the ATR-FTIR spectra of the developed 

CMTKG/PAM/PEG hydrogel, the hydrogel compound that was processed with etophylline, and 

the hydrogel compound that was prepared with MBA. 5. The band at 3324cm-1 and 3181cm-1 in 

CMTKG/PAM/PEG hydrogel, and the band at 3330cm-1 and 3183cm-1, respectively, has been 

assigned to the overlapping stretch of the -OH and -NH molecules in CMTKG/PAM/PEG hydrogel 

loaded with Etophylline. As far as COO-symmetric stretching is concerned, the peaks are located 

at 1318 and 1324cm-1 for the CMTKG/PAM/PEG hydrogel and the Etophylline-loaded 

CMTKG/PAM/PEG hydrogel, respectively, while asymmetric stretching is located at 1598 and 

1600 cm-1 for these materials. CMTKG/PAM/PEG hydrogel and Etophylline-loaded 
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CMTKG/PAM/PEG hydrogel exhibit symmetric C-H stretch peaks at 2938cm-1 and 2932cm-1, 

respectively, indicating C-H stretch peaks of CMTKG/PAM/PEG hydrogel and Etophylline-

loaded CMTKG/PAM/PEG hydrogel, respectively. In contrast, the COO- asymmetric vibration 

bands correspond to peaks at 1567cm-1 and 1569cm-1, respectively . Moreover, as a result of the 

C-O-C group peak attribute being observed on both the CMTKG/PAM/PEG hydrogel, as well as 

the Etophylline-loaded CMTKG/PAM/PEG hydrogel, it has been found that 1106cm-1 is positive 

for both groups[18] . 

As shown in the ATR-FTIR spectrum of MBA, a peak attribute to C-N occurred at 1311cm-1, 

which shifted to 1318cm-1 and 1324cm-1 in the CMTKG/PAM/PEG hydrogel and Etophylline-

loaded CMTKG/PAM/PEG hydrogel, respectively, indicating a decrease in conjugation as a result 

of the cross-linking. This shift in frequency is due to the increase in conjugation as the hydrogel is 

cross-linked. The peak attribute to C-N in the ATR-FTIR spectrum of MBA indicates the presence 

of an amide bond, which is broken as the hydrogel is cross-linked, leading to a decrease in 

conjugation and a shift in the peak frequency[19].           
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Fig 5 ATR-FTIR spectrum of CMTKG/PAM/PEG hydrogel, Etophylline-loaded 

CMTKG/PAM/PEG and MBA 

It was as a result of this that cross-linked CMTKG/PAM/PEG hydrogels were developed. A 

CMTKG/PAM/PEG hydrogel containing etophylline showed no additional peak as compared to a 

hydrogel without etophylline, suggesting only a physical or weak interaction between the drug and 

the hydrogel (hydrogen bonding), this means that the drug is not chemically bound to the hydrogel, 

and is likely to be released in an environment-dependent manner. The weak interaction between 

the drug and the hydrogel also means that the drug can be released from the hydrogel in a controlled 

manner, allowing for greater control over the rate of drug release. 

This figure illustrates the four stages of decomposition that are followed during the thermal 

degradation of CMTKG/PAM/PEG hydrogel and Etophylline-loaded CMTKG/PAM/PEG 



xxiv 
 

hydrogel as shown in Fig.6. Since the first stage is between 30-260°C, weight loss ranging between 

14.9% and 19.1% indicates that water is vaporizing in CMTKG/PAM/PEG hydrogel and 

Etophylline-loaded hydrogel respectively. The four stages of decomposition are indicative of the 

chemical degradation that occurs in the hydrogel when exposed to elevated temperatures[35]. The 

vaporization of water in the first stage is due to the hydrolysis of the polymers and the removal of 

the associated water molecules[33]. 

 In the second stage of hydrogel formation, the carboxymethyl and hydroxyl groups in the 

polymeric backbone are lost, with weight loss of 13.25% and 13.02%, respectively, between 260 

and 334°C for CMTKG/PAM/PEG hydrogels and Etophylline-loaded CMTKG/PAM/PEG 

hydrogels, indicating the loss of these groups in the polymeric backbone. This is due to the thermal 

decomposition of the polymeric backbone, which is brought about by the breaking of the carbon-

oxygen bonds that hold the carboxymethyl and hydroxyl groups in place. This results in a decrease 

in the overall weight of the hydrogel. In the third step of the process, there was a weight loss of 

37.04% and 38.35% in CMTKG/PAM/PEG as well as the Etophylline-loaded CMTKG/PAM/PEG 

hydrogel after 334°C and 455°C, respectively, since the crosslinking present in 

CMTKG/PAM/PEG has disappeared. At 455-750°C, the weight loss was observed to be about 

26.46 % and 23.84 %, respectively, due to the complete degradation of CMTKG/PAM/PEG and 

Etophylline-loaded CMTKG/PAM/PEG hydrogels respectively. A study was conducted to 

determine whether Etophylline-loaded CMTKG/PAM/PEG hydrogel exhibited comparable 

thermal stability to unloaded CMTKG/PAM/PEG hydrogel, indicating that physical interaction 

between Etophylline and the polymer network was the only factor responsible for thermal 

stability[13].   
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Fig 6 TGA curve of the CMTKG/PAM/PEG, Etophylline- loaded CMTKG/PAM/PEG hydrogel 

(P-5) 

SEM micrographs of the hydrogels comprised of CMTKG/PAM/PEG and Etophylline-loaded 

CMTKG/PAM/PEG are shown in the following Fig. 7. It is important to note that the surface of 

the CMTKG/PAM/PEG hydrogel is very rough and porous, which enables it to effectively load 

the Etophylline molecule into a matrix. SEM micrographs of Etophylline-loaded 

CMTKG/PAM/PEG hydrogel, on the other hand, show a more smooth and  less porous surface as 

compared to the loaded hydrogel, presumably because the introduced drug occupies the porous 
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hydrogel matrix, rather than filling it with molecules[20]. 

  

Fig 7-SEM images of CMTKG/PAM/PEG hydrogel and Etophylline-loaded CMTKG/PAM/PEG 

hydrogel 

4.1 Loading of Drug and Encapsulation Efficiency 

A CMTKG/PAM/PEG hydrogel (P-5) containing Etophylline was used to determine the drug 

encapsulation efficiency and loading percentage. According to our analysis, the drug encapsulation 

efficiency (%) is observed to be 62.96%, while the drug loading efficiency (%) is 16.23%. This 

suggests that the hydrogel was able to effectively encapsulate the drug, and that there is a good 

balance between the total amount of drug encapsulated and the amount of drug that is actually 

released [32]. 

4.2 In-vitro release studies of Etophylline 

A 24-hour release study of Etophylline-loaded CMTKG/PAM/PEG hydrogel (P-5) at 37°C  was 

carried out in-vitro in pH 1.2 and pH 7.4 buffer solutions . The results of this study are shown in 

Fig 8. The amount of drug released was higher at pH 7.4 as compared to pH 1.2 due to the 

deprotonated COO-ions that were present there. There is a strong repelling tendency between 

deprotonated COO-groups at pH 7.4, which leads to an expansion of the polymeric chain and, as 

a result, swelling increases, which leads to increased drug release as well[28]. It is thought that 

this carboxylated ion protonates at pH 1.2, which leads to the formation of a hydrogen bond 

between CMTKG, PEG, and PAM. Consequently, a shrinking polymeric network causes another 



xxvii 
 

increase in swelling and drug release due to a reduction in the polymeric network. Moreover, the 

study indicates that there is a pH-dependent channel for releasing Etophylline from 

CMTKG/PAM/PEG hydrogels that contain Etophylline as a drug. The protonation of the 

carboxylated ion at a pH of 1.2 causes a hydrogen bond to form between CMTKG, PEG, and PAM. 

This bond weakens the polymeric network, causing it to shrink and resulting in an increase in 

swelling as well as drug release[27]. The pH-dependent channel provides a controlled release of 

Etophylline from the hydrogels, allowing for a more efficient delivery of the drug[6]. 

 

Fig 8Etophylline release profile from CMTKG/PAM/PEG hydrogel (P-5) in pH 1.2 and pH 7.4 

4.3 Kinetic modeling of Etophylline  

The release kinetics of Etophylline loaded CMTKG/PAM/PEG (P-5) hydrogel have been 

investigated using a number of different kinetic models, such as Zero-order, Hixson-Crowell, First-

order, Higuchi, and Korsmeyer-Peppas as shown in Table 2. According to the results of this study, 

the Korsmeyer-Peppa model of release data fits very well to the release data at both pH. A value 

of R2 of 0.9966 with an n value of 0.8440 was observed for pH 7.4, indicating that hydrogels 

followed non-Fickian diffusion, which implies that drug diffusion, as well as polymeric chain 

relaxation, both occurred, as reflected by Figure 9. At pH 1.2, however, we found that the R2 value 
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was 0.9857, and the n value was 0.3487, which suggests that hydrogels follow the Fickian diffusion 

principle, which means that only drug diffusion is observed in the hydrogels[13] 

.

 

Fig 9 Kinetic release modelling plot of Etophylline as per Korsmeyer-Pepppas model in pH 1.2 

and pH 7.4 

Table 2 Kinetic modeling data of Etophylline employing various models 
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    Model Mechanism Equation         pH 7.4          pH 1.2 Ref. 

n R2 n R2 

Zero Order Rate is 

independent of 

drug 

concentration 

Wt = W∞+ W0t - 0.990

6 

- 

 

0.953

2 

[29] 

Higuchi Fickian diffusion 

followed 

F = Wt/W∞ = kHt ½ 

kH = kinetic 

constant 

- 0.961

2 

 

- 0.978

0 

[20] 

First Order The amount of the 

drug and its 

release rate is 

directly 

proportional. 

LogWt=LogW∞+ 

𝑘𝑡

2⋅303
 

k = rate constant 

- 0.779

2 

- 0.861

5 

[30] 

Hixson-

Crowell 

Erosion (W0)
1/3-(Wt)

1/3= 

kHC.t 

kHC = Hixson 

Crowell constant 

- 0.895

1 

- 0.864

1 

[30] 

Korsmeyer

–Peppas 

1.Fickian 

Diffusion 

(n < 0.5) 

2. Non-Fickian 

Diffusion 

(0.89 ≥ n ≥ 0.5) 

3. Case II 

transport 

(n>0.89) 

F = Wt/W∞ = ktn 

k = kinetic 

constant 

n = diffusion 

exponent 

0.844

0 

0.996

6 

0.348

7 

0.985

7 

[30] 

 

4.4 Conclusion 
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In this study, we synthesized a pH-responsive CMTKG/PAM/PEG hydrogel containing 

Etophylline[34]. MBA (crosslinking agent) and KPS (initiator)[31]. ATR-FTIR, PXRD, SEM, and 

TGA have been used to characterize the hydrogel formula, as well as ways in which it can be 

improved[29]. Based on the kinetic modeling of the Etophylline released data, the Korsmeyer-

Peppas model fit well in both pH and followed the fickian diffusion mechanism in pH 1.2 as well 

as the non-fickian diffusion mechanism in pH 7.4 and followed the non-fickian diffusion 

mechanism[30]. The Korsmeyer-Peppas model is a mathematical expression which describes the 

phenomena of drug release from a drug delivery system[26]. The model takes into account various 

parameters, such as the amount of drug released, the diffusion coefficient, and the porosity of the 

drug delivery system. By using the Korsmeyer-Peppas model to analyze the Etophylline released 

data, it was found that the synthesized CMTKG/PAM/PEG hydrogel could be used to effectively 

control the release of Etophylline in the colon and thus achieve the desired results. 
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