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ABSTRACT 
Nateglinide is an anti-diabetic agent that experiences modest first-pass metabolism and poor aqueous solubility. 

This paper explores the preparation, characterization, and evaluation of interpenetrating polymer network 

composite hydrogels of chitosan and poly(meth(methacrylic)) acid as a potential carrier for the drug. 

Interpenetrating polymer network composite hydrogels of chitosan and poly(meth(methacrylic) acid incorporating 

nateglinide were prepared using N,Nꞌ-methylene bisacrylamide and glutaraldehyde as cross-linkers. The 

polymerization of chitosan, entrapment of the drug, and its interaction in prepared hydrogels were checked by 

FTIR spectroscopy, DSC, and powder XRD studies. The hydrogels were evaluated for their swelling behavior and 

in vitro drug release. The morphology of the hydrogels before and after dissolution was studied using SEM. The 

hydrogels showed a 93.29 ± 4.65% yield and 91.28 ± 2.22% drug loading. The hydrogels exhibited pH-sensitive 

swelling behavior. The in vitro release profile confirmed that the drug release depended on the swelling of 

hydrogels and showed a biphasic release pattern. Chitosan-poly(meth(methacrylic)) acid interpenetrating polymer 

network hydrogel, with its biodegradable nature and pH-sensitive release of nateglinide, is an attractive option to 

be further explored for targeted controlled drug delivery formulations for the drug. 

Keywords: Chitosan-Poly(meth(methacrylic)) Acid hydrogel; Interpenetrating Polymer Network; Nateglinide; 

Biodegradable; pH-Sensitive. 

 

INTRODUCTION 

Nateglinide (NAT) is used for the treatment of type 2 

diabetes. This blood-glucose-lowering drug belongs to the 

meglitinide class1. NAT has been classified to belong to 

Class II per the Biopharmaceutical Classification System2 

as it has good intestinal permeability but inadequate water 

solubility of 0.061 mg/mL3. In addition to selectively 

blocking beta-cells of the pancreas, it has a short half-life of 

1.5 to 2.5 hours4. Rapid intestinal absorption is observed 

with NAT. In the physiological intestinal environment, 

where pH is approximately 6.5, the compound is 

predominantly ionized due to its pKa value of 3.15. Over a 

dose range of 62 - 240 mg, the drug displays linear 

pharmacokinetics, with no dose-dependent time to peak 

concentration6. CYP2C9 and CYP3A4 are the primary 

cytochrome P450 enzymes involved in its biotransformation 

in the liver 7. After oral administration of 120 mg of the drug 

10 minutes before a meal, peak plasma concentrations of 

10.08 g/mL are reached in approximately 0.5 - 1.0 hours8. 

The short half-life and variable bioavailability of this drug 

may be due to its poor solubility in water, both of which 

could be improved by sustaining its release over time. 

Interpenetrating polymer networks (IPN) have been 

around since 1914, when Aylsworth invented the first one9. 

IPN refers to a network composed of at least two polymers, 
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one synthesized in the presence of the other. A physical 

crosslinking network is formed when polymer chains in the 

second system entwine with polymer chains in the first 

system 10. Since each polymer retains its unique properties, 

synergistic improvements in characteristics such as strength 

or toughness are observed. Additionally, it's important to 

note that IPNs differ from polymer blends in that they 

exhibit swelling behavior without dissolution in solvents, 

and they effectively suppress creep and flow. 

As a consequence of exhibiting superior performance 

compared to conventional individual polymers, 

Interpenetrating Polymer Networks (IPN) have witnessed a 

surge in applications. Their advanced properties have 

garnered significant attention in the pharmaceutical industry, 

especially in the realm of drug delivery. With the ability to 

create nontoxic, biocompatible, and biodegradable polymer 

networks, IPNs are gaining prominence for delivering 

bioactive molecules, particularly in the context of controlled 

and targeted drug delivery. The versatility of IPNs is evident 

through the multitude of molecules produced via this 

approach, all aimed at enhancing targeting and bioavailability 

11–14. Over the years, formulators have focused fabricated 

these IPNs into various dosage forms 15–23. They have also 

made them smarter by making them respond to stimuli such 

as magnets 24, temperature 25, pH 26, ions 27, electrons 28, and 

light 29.  

A hydrogel is a polymeric material capable of holding 

large amounts of water in its three-dimensional network due 

to its hydrophilic nature30. Despite its ability to swell and 

retain moisture, a hydrogel does not dissolve in water. The 

hydrophilic functional groups attached to the polymer 

backbone contribute to its water-absorbing properties, while 

crosslinking between network chains imparts resistance to 

dissolution31. Hydrogels derived from natural polymers, 

such as chitosan, have garnered significant attention due to 

their biocompatibility and the ease of preparing newer 

derivatives. However, unmodified chitosan faces challenges 

such as low mechanical strength and limited control over the 

release of entrapped molecules, stemming from its 

hydrophilic nature and excellent solubility in an acidic 

medium. Therefore, using modified chitosan hydrogels for 

the controlled delivery of bioactive molecules is beneficial 

32,33. One such modification is the formation of 

Interpenetrating Polymer Networks. Chitosan-

Poly(meth(methacrylic)) Acid (C-PMMA) hydrogels are an 

example of IPN exhibiting good mechanical strength and 

pH-sensitive swelling behavior 34. These hydrogels have 

been explored for the controlled release of drugs like 

amoxicillin 35, meloxicam 35, and metronidazole 36, to name 

a few. The current paper investigates the synthesis, 

characterization, and evaluation of this IPN as a potential 

carrier for the slow release of NAT. 

 

RESULTS  

Characterization of chitosan 

Chitosan's molecular weight and N-deacetylation 

percentage were measured as 3.5 × 105 Da and 84.6%, 

respectively. 

High performance liquid chromatography analysis 

It was observed that NAT's retention time was 5.3 min, 

with a single, sharp peak being obtained. The method was 

linear in the range of 2.5 to 20 µg/mL. According to the 

calibration curve, the slope was 80440, and the intercept 

was -43720. The correlation coefficient was 0.9984.  

Synthesis of chitosan-poly(meth(methacrylic)) acid 

IPN hydrogel, yield calculation and drug loading 

C-PMMA IPN was synthesized through a solution co-

polymerization/crosslinking reaction, employing potassium 

persulfate (KPS) as a redox initiator to initiate 

polymerization. The results, including yield and drug loading 

for various samples, have been tabulated in Table 1.  
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Table 1: Yields and drug loading obtained for different formulations of hydrogels 

Formulation Yield (%) n = 3 ± SD Drug loading (%) n = 3 ± SD 

K1 93.29 ± 4.65 91.28 ± 2.22 

K2 95.38 ± 2.63 89.95 ± 2.91 

K3 94.13 ± 3.46 92.88 ± 3.02 

K4 92.58 ± 2.11 93.47 ± 2.78 

 

Swelling studies 

IPNs' swelling properties depend heavily on their gel 

structure, crosslinking density, and surrounding medium 

composition37. The percentage swelling index for the 

hydrogels under different pH conditions is depicted in 

Figure 1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. % Swelling Index for C-PMMA IPN hydrogels containing NAT (n = 3) 

 

In vitro drug release studies and release kinetics 

Figure 2 shows the cumulative release of NAT from 

C-PMMA IPN hydrogels at different pH conditions. In all 

four hydrogels, only K1 released NAT almost entirely after 

12 h; therefore, it was considered an optimized 

formulation. 
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Figure 2. % Cumulative Drug Release (CDR) under different pH conditions for NAT from C-PMMA IPN hydrogel 

 

The release of the drug followed zero-order kinetics 

(R2 = 0.9965) for the middle three hours (from hours two 

to five) when the dissolution media used was phosphate 

buffer pH 7.4. It displayed Korsmeyer Peppas non-Fickian 

diffusion (diffusion coupled with erosion) kinetics with n 

> 0.5 at the higher pH of 6.8 (R2 = 0.9932, n = 0.6406). 

According to our studies, the pH-dependent C-PMMA IPN 

hydrogel system does assist in the controlled release of 

NAT in the colon, which could contribute to improved oral 

bioavailability of the drug.  

FTIR spectroscopic study 

The FTIR spectra of chitosan, C-PMMA IPN 

hydrogels and NAT are given in Figure 3. 
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Figure 3: FTIR spectra of (a) Chitosan, (b) blank C-PMMA IPN hydrogels, (c) NAT, and (d) NAT-loaded C-

PMMA IPN hydrogels 

 

Differential Scanning Calorimetry study 

DSC analysis was performed to characterize the 

thermal behavior of chitosan, C-PMMA IPN, and NAT in 

the hydrogel formulation. The endotherms obtained are 

shown in Figure 4.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4: DSC thermogram of (a) Chitosan, (b) Blank C-PMMA IPN, (c) NAT, and (d) NAT-loaded C-PMMA IPN 

formulation 
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Powder X-Ray diffractometry study 

The X-ray diffractograms of chitosan, blank C-PMMA 

IPN, NAT, and NAT-loaded C-PMMA IPN are shown in 

Figure 5. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5: X-ray diffractogram of (a) Chitosan, (b) Blank C-PMMA IPN, (c) NAT, and (d) NAT-loaded C-

PMMA IPN formulation

Scanning electron microscopy study 

A surface morphology study was conducted on an 

optimized hydrogel containing NAT before and after 

dissolution. The surface morphology showed a translucent 

non-porous membrane (Fig. 6a). Following dissolution, 

the surface morphology revealed the presence of open 

channel-like structures (Fig. 6b).  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6: SEM of C-PMMA IPN containing NAT (a) Before dissolution and (b) After the dissolution 

 

  



Fabrication of Interpenetrating …                                                                                  Daxaben Kothiya , Subhash Vaghani 

- 759 - 

Determination of unreacted glutaraldehyde and 

methacrylic acid 

The gas chromatography study conducted to quantify 

glutaraldehyde levels in the formulations revealed that 

only 4.1 ppm of the crosslinker remains. Furthermore, the 

unreacted monomer accounted for 1.54 mg. These two 

values confirmed that the proportion of unreacted material 

was small enough not to affect the toxicity or stability of 

the formulation.  

 

DISCUSSION 

Synthesis of chitosan-poly(meth(methacrylic)) acid 

IPN hydrogel, yield calculation and drug loading 

Aqueous solutions of KPS decompose into sulphate ion 

Aqueous solutions of KPS decompose into sulfate ion 

radicals, which further react with water to produce 

hydroxyl radicals. In this scenario, chitosan acts as a weak 

reducing agent, forming chitosan radicals in response to 

these hydroxyl radicals, leading to further polymerization 

propagation38. NH3
+ groups in chitosan and COO- groups 

in poly(meth(methacrylic)) acid can interact 

electrostatically to form polyelectrolytes39. As a result of 

the presence of a solvent, heat is dissipated. After 

preparing the hydrogels, they were washed with distilled 

water to remove the monomer, oligomer, crosslinking 

agent, initiator, soluble and extractable polymer, and other 

impurities. 

Swelling studies 

The intrinsic pKa of chitosan is 6.5, below which NH2 

groups are ionized, i.e., they are in the –NH3
+ form. At pH 

levels above 4.5, carboxylic groups in methacrylic acid 

become ionized 40. Due to the combination of anionic and 

cationic groups, the prepared hydrogels were amphiphilic. 

Additionally, anions crosslink with chitosan. In acidic 

conditions (pH = 1.2), acid groups are not ionized, and 

swelling is mainly controlled by protonated amino groups (–

NH3
+) attached to the C2 carbon of the chitosan 41. Within 

these hydrogels, poly(meth(methacrylic)) acid might help 

protonate amines from chitosan, causing electrostatic 

repulsion between chains of polymers 42. Due to the 

polymer's charges, chitosan chains are electrostatically 

repelled from each other, and a higher osmotic pressure is 

created inside the gel. Gel swelling balances the difference 

in osmotic pressure between the network's internal and 

external solutions 41. However, the swelling was not 

observed in the present case due to high crosslink densities 

due to glutaraldehyde. Poly(meth(methacrylic)) acid ionizes 

above pH 4.5, resulting in higher swelling. Chitosan amino 

groups were ionized at pH 6.8, and ionic bonds dissociated. 

This led to the increased swelling ratio of the hydrogel due 

to the electrostatic repulsion of COO- ions from 

poly(meth(methacrylic)) acid. A similar phenomenon was 

seen in the ileocecal phase of the study 41. A hydrogel's 

maximum swelling level is determined by the balance 

between contractile and repulsive forces within the network. 

There is a possibility of the complex dissolving if there is a 

high level of swelling. If we maximize the number of 

electrostatic interactions between two oppositely charged 

polymers, the grade of network complexation will be 

maximized. As a result, the network will become more 

stable, reducing swelling/eroding behavior in hydrogels. 

Due to its tighter structure, the network will be able to 

control the release of drugs 43. The C-PMMA IPN hydrogels 

were made by crosslinking chitosan with glutaraldehyde; 

therefore, the amino groups present were meagre. 

Furthermore, the degree of swelling is inversely 

proportional to the crosslinking; therefore, the degree of 

swelling would decrease at all pH values compared to plain 

chitosan hydrogels.  

In vitro drug release studies and release kinetics 

C-PMMA IPN are hydrophilic that can absorb water 

and swell in an aqueous environment. When the IPN come 

into contact with a surrounding medium, such as a 

physiological solution, they absorb water and increase in 

size. The swelling of the IPN creates pores and channels 

within the polymer matrix 12. As the C-PMMA IPN swell, 

the drug molecules start to diffuse out of the IPN in 

response to a concentration gradient. The rate of diffusion 
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is influenced by factors such as the molecular weight and 

size of the drug molecules, the degree of cross-linking of 

the polymer, and the nature of the surrounding medium 44. 

NAT is released biphasically in response to pH changes in 

the hydrogel. The polymer used is a pH-responsive one 

which is soluble at pH 6 and above. Thus, the polymer did 

not swell or solubilize at pH 1.2 which mimicked the acidic 

conditions of the stomach 45. C-PMMA IPN hydrogels are 

amphiphilic since they contain both anionic and cationic 

groups. Chitosan's protonated amino groups were mainly 

responsible for controlling the swelling of these hydrogels; 

under acidic conditions, this effect was negligible. As a 

result, drug release in the first two hours in SGF was also 

insignificant. However, as pH increased, swelling 

increased, resulting in an increase in drug release from the 

hydrogel 46. In addition to diffusion, the drug release from 

C-PMMA IPN can also be affected by polymer 

degradation. PMMA is known to undergo hydrolysis under 

certain conditions, resulting in the breakdown of polymer 

chains. The degradation of the polymer can lead to the 

release of encapsulated drug molecules. The rate of 

polymer degradation depends on factors such as pH, 

temperature, and the presence of enzymes or other 

catalysts 47. Overall, the drug release from C-PMMA IPN 

involves a combination of swelling, diffusion, and 

polymer degradation. These factors collectively contribute 

to the pH-dependent controlled and sustained release of 

drugs from the polymer matrix, allowing for precise 

modulation of drug delivery kinetics 48. 

FTIR spectroscopic study 

FTIR spectrum of chitosan revealed a broad absorption 

band in the 3500 and 3100 cm-1 range, centered at 3400 cm-

1, due to O–H stretching vibration, N-H extension vibration 

and the intermolecular H-bonds of the polysaccharide 

moieties (Fig. 3a). Axial stretching of C–H–bonds were 

observed corresponding to a band at 2881 cm-1. A peak at 

1676 cm-1 is attributed to the axial stretching of C=O bonds 

of the acetamide group which indicated that the sample was 

not fully acetylated. A band at 1557 cm-1 owing to the 

angular deformation of the N–H bonds of the amino group 

was observed. A band at 1370 cm-1 due to the symmetrical 

angular deformation of CH3 and the amide III band at 1320 

cm-1 were also noted. The band in the range 1156-898 cm-1 

corresponding to the polysaccharide skeleton, including the 

vibrations of the glycoside bonds, C–O and C–O–C 

stretching was observed 49,50. 

In C-PMMA IPN hydrogels (Fig. 3b), an additional 

peak around 1720 cm-1 was observed which represented 

carboxylate ion. Negatively charged carboxylate ion and 

positively charged NH3
+ co-existed in C-PMMA IPN 

hydrogels 51. New peaks at 1530-1540 cm-1 were found in 

the blank IR spectra of C-PMMA IPN hydrogels probably 

due to the ionic interaction between chitosan and the acids. 

Glutaraldehyde was used as cross-linking agent for 

chitosan, hence an additional peak at 1680 cm-1 was 

observed indicating the formation of Schiff’s base as a 

result of the reaction between the carbonyl group of 

glutaraldehyde and amine group of chitosan chains 

ensuring the proper formation of the IPNs 52,53. 

The FTIR spectrum of NAT (Fig. 3c) revealed peaks at 

3184.25 cm-1 due to NH stretching; at 3064.68 cm-1 and 

2948.96 cm-1 attributed to alkyl and phenyl stretching, 

respectively; 2655.68 cm-1 due to N+ stretching; 1685.68 cm-

1 due to C=O stretching; 1525.59 cm-1 and 1385.23 cm-1 due 

to symmetric and asymmetric stretching of NO2 group; 

1470.5 cm-1 and 1385.23 cm-1 due to bending of geminal 

methyl group and at 781.12 cm-1 and 703.97 cm-1 due to out 

of plane bending of 5 and 3 adjacent hydrogen of the 

aromatic ring 54. All these peaks were exhibited in the FTIR 

spectrum of optimized C-PMMA IPN hydrogel containing 

NAT also (Fig. 3d), which confirmed the presence of the 

drug in the hydrogel without any significant alteration of the 

functional group owing to reaction with other ingredients of 

the hydrogel. 

Differential Scanning Calorimetry study 

At 104.02 °C, pure chitosan displayed a broad melting 

endotherm (Fig. 4a). IPN C-PMMA (Fig. 4b) exhibited 

melting endotherms at 236.99 °C. Amidation between 
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chitosan and poly(meth(methacrylic)) acid may explain 

the higher glass transition temperature (Tg). The 

carboxylate groups and carboxyl groups in the C-PMMA 

IPN react when heated to 200 °C, producing amide bonds 

between the ammonium groups and non-protonated amino 

groups of chitosan 34. NAT exhibited a sharp endotherm at 

140.90 °C (Fig. 4c), which matches its melting point 55. In 

C-PMMA IPN, NAT did not show sharp melting 

endotherms (Fig 4d), indicating either an amorphous form 

of the drug or a solid solution.  

Powder X-Ray diffractometry study 

Chitosan's XRD pattern presented the most intense 

diffraction intensity in the broad peak between 17 and 23 

degrees, which reflected the semicrystalline nature of the 

material (Fig. 5a), as reported by the literature 56. 

According to Figure 5b, there is no sharp crystalline peak 

in the diffraction pattern of the blank C-PMMA IPN, 

which indicates its amorphous nature. NAT's diffraction 

pattern (Fig. 5c) showed characteristic peaks at 8.16°, 

11.54°, 13.14°, 15.22°, 15.98°, 19.76° and 21.06°, 

indicating its crystalline nature 57. NAT-loaded C-PMMA 

IPN formulations are devoid of all sharp peaks, as seen in 

the diffractogram (Fig. 5d). As a result, it was determined 

that the drug was amorphous in the final formulation. 

Scanning electron microscopy study 

The open channel-like structures could be due to the 

ionization of carboxyl groups and dissociation of ionic 

crosslinks between chitosan and poly(meth(methacrylic)) 

acid, which is consistent with swelling results. 

 

EXPERIMENTAL SECTION 

General Experimental 

Methacrylic acid was sourced from Sigma Aldrich, 

USA. Chitosan was donated by Central Marine Fisheries 

Research Institute (Cochin, India). NAT was obtained as a 

gift sample from Zydus Research Centre, Ahmedabad 

(India). N,N-methylene-bis-acrylamide and Potassium 

persulfate were purchased from S.D. Fine Chem. Ltd., 

India and Ranbaxy Fine Chemicals Ltd., India, 

respectively. All other chemicals and reagents such as 

acetonitrile, methanol, phosphoric acid used were of 

analytical grades and used as received. 

 

Characterization of chitosan 

In a solvent containing 0.1 M acetic acid and 0.2 M NaCl 

maintained at 25 °C, the average molecular weight of 

chitosan was determined by Mark-Houwink viscometry 49.  

The degree of N-deacetylation was determined by 

FTIR using the following relationship: 

%𝑁 − 𝑑𝑒𝑎𝑐𝑒𝑡𝑦𝑙𝑎𝑡𝑖𝑜𝑛 = 100 [1 − (
𝐴1655

𝐴3398
) (

1

1.33
)]  (1) 

 

In this case, A corresponds to the absorbance at the 

given wave number, whereas 1676 and 3400 cm-1 

correspond to amide and chitosan primary amino groups, 

respectively. In the case of fully N-acetylated chitosan, 

factor 1.33 represents the A1676/A3400 58. 

High performance liquid chromatography analysis 

In this study, High Performance Liquid 

Chromatography (HPLC) measurements were conducted 

using Shimadzu's LC 2010 AHT system, equipped with a 

UV/ Visible detector. We analyzed the samples on a 

Kromasil C18 column (250 x 4.6 mm ID, 5 m pore size) 

equipped with an auto integrator. In the mobile phase, 

0.067 M monobasic potassium phosphate, acetonitrile and 

methanol in a 60:30:10 % v/v ratio. The flow rate was 1.0 

mL per minute at 50 °C for 15 minutes at a pressure of 

1500 PSI. A wavelength of 210 nm was used to detect 

NAT with a retention time of 5.3 minutes 59. This study 

used a calibration curve based on concentrations ranging 

from 2.5 µg/mL to 20 µg/mL to evaluate all samples (with 

20 µL injection volume).  

Synthesis of chitosan-poly(meth(methacrylic)) acid 

IPN hydrogel, yield calculation and drug loading 

C-PMMA IPN hydrogels incorporating NAT were 

prepared using N, Nꞌ-methylene bisacrylamide (MBA) and 

glutaraldehyde as crosslinkers in the presence of redox 

initiator, KPS. To prepare a methacrylic acid monomer 

solution, 2.8 g of methacrylic acid were dissolved in 0.1 M 
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acetic acid (5 mL). Next, we carried out the polymerization 

reaction in flasks by dissolving 1 g of chitosan in 2% acetic 

acid (40 mL), followed by adding a monomer solution of 

methacrylic acid. NAT was added to this solution. To 

initiate the reaction, KPS (108 mg) was added, followed by 

MBA (4 mg) and glutaraldehyde (0.15 mL). The 

polymerization flask was placed in a thermostatic bath at an 

elevated temperature of 120 °C for one hour. After allowing 

the mass to cool to room temperature, it was filtered and 

washed several times with distilled water to remove 

unreacted chemical contaminants 60. The formulae for the 

trials for the preparations of IPN are given in Table 2.  

 

Table 2: Formulae for C-PMMA IPN hydrogels 

Ingredients Formulations 

K1 K2 K3 K4 

Chitosan (g) 1.0 1.0 1.0 1.0 

Methacrylic acid (g) 2.8 2.8 2.8 2.8 

KPS (mg) 108 108 108 108 

MBA (mg) 4.0 4.0 4.0 4.0 

Glutaraldehyde 25% (mL) 0.15 0.15 0.15 0.15 

NAT (g) 0.5 1.0 1.5 2.0 

 

The yields of the resultant hydrogels were calculated 

using the formula: 

 

% Yield = (
A

B
) × 100                    (2) 

 

Where A is the actual weight of the hydrogel and B is 

the theoretical weight of the hydrogel. 

 

Crushed hydrogel samples containing 10 mg of NAT 

were used to determine drug loading. After weighing and 

transferring the hydrogel samples to a 10 mL volumetric 

flask, the volume was filled with methanol. Keeping the 

solution aside allowed the insoluble matter to settle. Next, 

a 10 mL volumetric flask was filled with 5 ml of 

supernatant clear liquid, which was then diluted with 

mobile phase to volume and mixed. Using the predefined 

HPLC method, ten μl of the solution was assayed. The 

concentration of NAT was calculated, and drug loading 

was determined using the following formula: 

 

% Drug Loading = (
X

Y
) × 100                   (3) 

 

X is the actual concentration of NAT in the hydrogel, 

and Y is the theoretical concentration of NAT in the 

hydrogel. 

 

Swelling studies 

Hydrogels were soaked in buffer solutions, and 

incubated at 37°C under 150 rpm, and their swelling 

behavior was measured. In the first step, dry hydrogels 

were immersed in 0.1 M HCl solution at pH 1.2 for two 

hours (gastric phase). After that, the hydrogels were 

transferred to a sodium phosphate buffer solution at pH 7.4 

and were allowed to stand for three hours (small intestine 

phase). In the final step, they were transferred to a sodium 

phosphate buffer solution at a pH of 6.8 for seven hours 

(colonic phase) 61,62. Samples were removed from the 

swelling medium at certain intervals and blotted with filter 

paper to remove excess moisture. To calculate the 

percentage of swelling, SI, at each time, we used the 

following expression 41 : 

 

%SI = [
𝑊𝑡−𝑊0

𝑊0
] × 100     (4) 

 

Wt and W0 are the sample weights at time t and in the 

dry state, respectively. 

 

In vitro drug release studies and release kinetics 

In vitro dissolution studies of NAT from hydrogels 

were conducted using a USP XXIV dissolution rate test 

apparatus (type II, model TDT-08 L, Electrolab, Mumbai, 

India) fitted with a paddle (100 rev/min) at 37 °C. 

Dissolution was conducted in 250 mL simulated gastric 

fluid (SGF, pH 1.2) for two hours, in 900 mL phosphate 

buffer solution (PBS, pH 7.4) for three hours, and then in 
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900 mL PBS (pH 6.8) for 12 hours. A sample equivalent 

to 90 mg of NAT was taken for in vitro drug release studies 

63,64. An aliquot of five mL was withdrawn at 

predetermined times, filtered through a 0.45-µm 

membrane filter, diluted, and analyzed using the 

previously described HPLC method. Using the calibration 

curve, the % CDR was calculated. 

Based on the results of in vitro release studies, various 

kinetic equations were fitted to determine the likely 

mechanism of the release of drugs from prepared 

hydrogels. The kinetic models used in this study were zero 

order, first order, Higuchi, and Korsmeyer-Peppas models. 

For each model, rate constants were calculated.  

Fourier-transformed infrared (FTIR) spectroscopic 

study  

By analyzing the FTIR spectra recorded for chitosan, 

NAT, C-PMMA IPN, and optimized formulation, we 

evaluated the changes in polymer structure after forming 

hydrogels, crosslinking and the drug-polymer interactions. 

An FTIR spectrophotometer (FTIR-8400 S, Shimadzu, 

Japan) was used to record the spectra using KBr pellets in a 

scanning range of 400-4000 cm−1 at a resolution of 2 cm-1. 

Differential scanning calorimetry (DSC) study 

NAT, C-PMMA IPN, and optimized formulation, were 

scanned using an automatic thermal analyzer (DSC 60, 

Shimadzu, Japan) equipped with time domain spectroscopy 

tread line software. The experiments were conducted using 

sealed aluminium-lead pans. At a scanning rate of 10 

°C/min, the samples were heated from 50-300 °C. 

Powder X-Ray diffractometry (PXRD) study 

The powder X-ray diffraction study was carried out to 

characterize chitosan, NAT, C-PMMA IPN and the 

optimized formulation. X-rays were generated using a 

Philips X'Pert 3040/60 in Almelo, Netherlands, capable of 

emitting CuKα radiation (λ=1.54178Å). Data was 

collected in continuous scan mode at 0.01° steps at 2θ in 

the scanning range of 5–50°. 

Scanning electron microscopy (SEM) study 

To examine the surface morphology of the optimized 

formulation, scanning electron microscopy was used 

before and after dissolution. A dried film was first 

mounted on a stub using double-sided adhesive tape. Then, 

a scanning electron microscope (JEOL, JSM-5600 LV, 

Japan) was used to observe the films after they had been 

coated with gold to determine their surface characteristics. 

Determination of unreacted glutaraldehyde and 

methacrylic acid 

Gas chromatography was used to determine the amount 

of unreacted glutaraldehyde. To prepare the standard 

solution, glutaraldehyde (100 mg) was diluted to 10 mL 

with N, N-di-methyl pyrrolidone (NMP). First, a 0.2 mL 

sample was diluted to 10 mL with NMP, after which 0.1 

mL was withdrawn and further diluted to 10 mL with 

NMP. A volume of 5 mL of the resulting standard solution 

was injected into a gas chromatograph (2014, Shimadzu). 

One gram of blank C-PMMA IPN was dissolved in five 

mL NMP and injected into the headspace of a gas 

chromatograph. The amount of unreacted glutaraldehyde 

was obtained using the following equation: 

 
6

10
1

5

10

1.0

10

2.0

10

1.0


stdAUC

sampleAUC

  (7) 

 

The titrimetric analysis determined the amount of 

unreacted methacrylic acid65. A blank formulation 

containing C-PMMA was immersed in 100 mL of distilled 

water for 48 hours to dissolve the unreacted monomer. 

Afterward, it was filtered and diluted with distilled water 

to a total volume of 100 mL. One drop of phenolphthalein 

was added to this solution, and it was titrated against a 

0.001 N sodium hydroxide solution. Each milliliter of 

NaOH was equated with 0.08609 mg of methacrylic acid.  

 

CONCLUSION  

NAT was entrapped in the IPN hydrogel by 

crosslinking chitosan with poly(meth(methacrylic)) acid 

without significant changes in its chemical composition, as 

evident from the characterization of the hydrogel. In vitro 

drug release studies and swelling studies of hydrogels 
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show a direct correlation between swelling and drug 

release from the hydrogel. The NAT hydrogel delivers its 

drug biphasically from the hydrogel, with minimal drug 

release under acidic conditions in the stomach, followed 

by continuous release under alkaline conditions in the 

colon. Consequently, this hydrogel would be ideal for 

releasing NAT into the colon after bypassing the stomach. 

As NAT is delivered to the colon specifically, the drug's 

metabolism would be reduced to a great extent, which is 

the leading cause of the low bioavailability of NAT. 

Accordingly, we conclude that the C-PMMA IPN 

hydrogel may be an effective carrier for NAT to increase 

its oral bioavailability. Because hydrogels are nontoxic 

and biodegradable, they represent a promising drug 

delivery system as a cost-effective, straightforward dosage 

form. 
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 تصنيع هلام قائم على الشبكة البوليمرية المتداخلة لإطلاق ناتيغلينيد المستهدف للقولون 

 
 *2، سوبهاش فاغاني1داكسابين كوثيا

 
 .مدير صيدلية باورهاوس، دالاس، الولايات المتحدة الأمريكية 1
2 

CMDهارفين، أنكليشوار، الهند ، مختبرات. 
  

 ملخـص
ناتيغلينيد هو عامل مضاد لمرض السكري الذي يعاني من هضم متواضع في المرور الأول وذوبان مائي ضعيف. تستكشف 

ن وحمض البولي الورقة الحالية إعدادًا وتوصيفًا وتقييمًا لشبكات البوليمر المتداخلة المركبة للهيدروجيلات المركبة من الكيتوزا
البولي  . تم تحضير شبكات البوليمر المتداخلة المركبة للهيدروجيلات من الكيتوزان وحمض)الميثاكريليك( كحامل محتمل للدواء

م فحص البلمرة من ميثيلين بيساكريلاميد وغلوتارالديهيد كعوامل ربط. ت -N,Nꞌ)الميثاكريليك( التي تتضمن ناتيغلينيد باستخدام 
 XRDومسحوق  FTIR  ،DSCة عن طريق التحليل الطيفي الشيتوزان ، فخ الدواء وتفاعله في الهلاميات المائية المعد

 الدراسات للمسح الضوئي للمسح الضوئي للمسح الضوئي. تم تقييم الهيدروجيلات لسلوكها في الانتفاخ وإطلاق الدواء في
ائد أظهرت الهيدروجيلات نسبة ع SEMالكشف الخارجي. درست مورفولوجيا الهيدروجيلات قبل وبعد الانحلال باستخدام. 

%. أظهرت الهيدروجيلات سلوك انتفاخ حساس لقيم  2.22±  91.28% ونسبة تحميل الدواء تبلغ  4.65±  93.29تبلغ 
ر. أكد ملف الإطلاق في المختبر أن إطلاق الدواء يعتمد على انتفاخ الهيدروجيلات وأظهر نمط إطلاق ثنائي الطو   .pHال 

الميثاكريليك( المتداخل للشبكة البوليمرية مع طبيعته القابلة للتحلل والإطلاق الحساس لقيم ال حمض البولي )-هلام الكيتوزان
pH بشكل أوسع لصياغات توصيل الدواء المستهدفة والمحكومة للدواء لناتيغلينيد خيار جذاب يجب استكشافه. 

حمض البولي )الميثاكريليك( ؛ شبكة البوليمر المتداخلة ؛ ناتيجلينيد ؛ قابلة للتحلل ؛ حساس -هلام الكيتوزان الكلمات الدالة:
 .pHلقيم ال 
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