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Abstract 

This study presents the development and evaluation of a gelatin/polyethylene glycol/zinc oxide (Gel/PEG/ZnO) 

hydrogel matrix designed for controlled drug delivery applications. The hydrogel was synthesized through the physical 

blending of gelatin and PEG, followed by chemical crosslinking using glutaraldehyde and the incorporation of zinc 

oxide nanoparticles (ZnO) to enhance structural stability and antibacterial activity. 

Swelling behavior was investigated under simulated gastric (SGF, pH 1.2) and intestinal (SIF, pH 6.8) conditions, 

revealing significant pH sensitivity. The hydrogel exhibited a maximum swelling percentage of 1450% in SIF and 

680% in SGF, confirming its suitability for intestinal-targeted drug release. Cephalexin was loaded into the hydrogel 

matrix, and in vitro drug release studies indicated a sustained release profile, achieving 99.89% release in SIF over 

24 hours. Kinetic modeling demonstrated the best fit with the Higuchi model, indicating a diffusion-controlled 

mechanism. 

FTIR analysis confirmed successful polymer interaction and drug incorporation, while SEM imaging revealed 

morphological changes consistent with drug loading. 

Antibacterial testing showed a 20 mm inhibition zone against Staphylococcus aureus, confirming the synergistic effect  

of ZnO and cephalexin. These findings suggest that the Gel/PEG/ZnO hydrogel is a promising candidate for pH- 

responsive, prolonged-release antibiotic delivery systems. 

 KeyWords: Gelatin, polyethylene glycol (PEG), ZnO nanoparticles, controlled Drug delivery, Cephalexin.  

 

1 INTRODUCTION 

Medical treatments have extended life and improved health since ancient times. Recently and soon, drug 

delivery will shift. Biomedical engineers have invented unique clinically employed technologies and aided 

in comprehending biological barriers to medication delivery, such as drug dispersion and circulation in 

the body and drug transport across tissues and cells[1]. 

Medical advancements in recent decades have come from controlled-release drug delivery devices. 

Pharmaceutical release is managed by these systems to reduce administration frequency and maintain 

efficacy. Controlled-release formulations can deliver the drug slowly, zero-order, or first-order, or provide 

a fast initial dose followed by a controlled release time[2]. 

Nanotechnology is one of the best ways to achieve this goal by developing nanostructures with better 

medication delivery capabilities. Nanotechnology's molecular-level manipulation of material properties 

has garnered attention because it enables the development of very effective and accurate drug carriers. In 

addition to medication delivery, these nanostructures are being studied for electronics, magnetic 

materials, optoelectronics, catalysis, and biomedical engineering. Targeted ways provide medications to 

sick cells using various strategies. These systems use cell surface receptors, pH gradients, and magnetic 

fields to optimize drug accumulation at the targeted region and reduce systemic exposure. Medication 

delivery systems require interdisciplinary expertise from pharmaceutical sciences, material science, 

bioengineering, and medical research. Scientists and researchers are constantly improving these systems 

to improve patient comfort, toxicity, and pharmaceutical efficacy[3 -9]. 

Protein-based polymers can be used in biopolymer devices for drug delivery due to their high drug 

binding, low cytotoxicity, biodegradability, and abundance. Specific cells readily absorb them. Because 

polypeptide main sequences contain functional groups, their protein structure allows surface 

modifications. The gut digests proteins easily[10]. 

Collagen-derived gelatin is biocompatible and biodegradable. After biodegradation, low-antigenicity 

animal metabolites create collagen. Environmental variables including pH, temperature, and biological 

stimulation affect gelatin. Gelatin capsules offer medicine since 1834. Increase medication consumption, 

control dosage, and improve use and storage. As nanomaterials progressed, hydrogels, gelatin 
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nanospheres, nanogels, and nanofibers replaced small capsules. Drug delivery carriers made of gelatin are 

common in the pharmaceutical industry[11, 12]. 

 

2 MATERIALS AND METHODS 

2.1 Materials 

Cephalexin (C16H17N3O4S·H2O, MWT = 365.41 g/mol) was procured from Calyx Chemicals 

Pharmaceuticals Ltd (India). Soy Protein Isolation from Shandong Wonderful Biotech Co., Gelatin was 

procured from Geltech Co., polyethylene glycol (PEG) from Jungwoo Co., and ZnO nanoparticles from 

NHTNM Co. Glutaraldehyde, Central Drug House Co., Hydrochloric Acid (HCl), J.K. Baker, 

Netherlands, Sodium Hydroxide Meru Chem Pvt. Ltd. Utilize deionized water for the preparation of all 

solutions. 

2.2 Gelatin Hydrogel Polymeric matrix preparation 

To formulate the gelatin-based hydrogel, one gram of gelatin was initially dissolved in ten milliliters of 

deionized water. An equivalent mass of polyethylene glycol (PEG) was then gradually incorporated, and 

the mixture was stirred continuously for twenty minutes to achieve homogeneity. The pH of the solution 

was raised to approximately 11 using a 5 M sodium hydroxide solution to promote gelatin solubilization 

and enhance polymer compatibility. Subsequently, 0.1 grams of zinc oxide (ZnO) nanoparticles were 

introduced and uniformly dispersed through sustained agitation. Glutaraldehyde (1 mL) was then added 

dropwise to initiate crosslinking, and stirring was maintained for an additional hour to allow sufficient 

time for covalent bonding between the functional moieties of gelatin and PEG. The final solution was 

cast into a Petri dish and left at ambient temperature until full gelation and drying occurred. The same 

process was repeated using reduced gelatin quantities (0.7 g and 0.3 g) to generate hydrogel variants 

exhibiting differing swelling capacities. Among these, the mixture comprising 0.7 g gelatin, 0.3 g PEG, 

and 0.5 mL glutaraldehyde produced the most structurally consistent and stable hydrogel. 

2.3 Drug-loaded Hydrogel Polymeric matrix preparation 

A quantity of 0.01 g of cephalexin was accurately weighed using a precision electronic balance and 

incorporated into the components of the hydrogel polymeric matrixes . The mixture was stirred 

thoroughly at room temperature for 30 minutes to ensure uniform drug distribution. Subsequently, the 

formulation was cast into Petri dishes and left to dry at ambient conditions. The same steps were followed 

for the gelatin-based hydrogel polymeric matrix. 

2.4 Preparation of Simulated Gastric Fluid (SGF): 

Based on data obtained from the Encyclopedia of Medicines, a non-enzymatic simulated gastric fluid 

(SGF) was prepared. Two grams of sodium chloride (NaCl) were dissolved in 500 mL of distilled water 

under continuous stirring. Subsequently, 10 mL of concentrated hydrochloric acid (HCl) was added, and 

the volume was adjusted to 1000 mL with distilled water. The final solution simulates the acidic 

conditions of gastric fluid, with a target pH of approximately 1.2. 

2.5 Preparation of Simulated Intestinal Fluid (SIF): 

Following the guidelines of the American Academy of Dermatology, a non-enzymatic simulated intestinal 

fluid (SIF) was prepared. Initially, 8.6 grams of monopotassium phosphate (KH₂PO₄) were dissolved in 

250 mL of purified water. Subsequently, 190 mL of a 0.2 M sodium hydroxide (NaOH) solution was 

added, and the total volume was adjusted to 1000 mL with purified water. This buffer solution mimics 

the pH and ionic environment of intestinal fluid, typically around pH 6.8. 

2.6 Analysis of the Swelling Ratio of the Prepared Polymeric Matrix 

The swelling behaviour was assessed by submerging the laboratory-synthesized hydrogel samples in water 

solutions at ambient temperature (27 °C).After 24 hours, the samples were extracted and delicately wiped 

using filter paper to remove excess surface moisture. The swelling ratio of each hydrogel was then 

determined using the following formula [13-15]: 

 
SR = 𝐰𝐬−𝐰𝐝 × 100% ................ (1) 

𝐰𝐝 

 

Where (SR) represents the swelling ratio of the hydrogel sample, Wd represents the weight of the dry 

sample, while Ws denotes the swollen weight . 

 

 

2.7 Assessment of Drug Release Percentage from the Hydrogel Polymeric Matrix 
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Cephalexin release from the hydrogel matrices was evaluated by immersing the samples in simulated 

gastric and intestinal fluids under stable laboratory conditions. At regular time points, aliquots of the 

surrounding medium were collected and analyzed using UV-Visible spectrophotometry, measuring 

absorbance at 261 nm, the drug’s specific wavelength. This procedure enabled the calculation of 

cumulative drug release, expressed as a percentage relative to the initially loaded amount, providing a 

clear profile of the release behavior over time.The percentage of drug released was calculated using the 

following equation [16,17]: 

 

Release % = 
𝐜𝐨𝐧𝐜𝐞𝐧𝐭𝐫𝐚𝐭𝐢𝐨𝐧 𝐨𝐟 𝐝𝐫𝐮𝐠 𝐫𝐞𝐥𝐞𝐚𝐬𝐞𝐝 𝐰𝐢𝐭𝐡 𝐓𝐢𝐦𝐞 

× 100 % …… (2) 
𝐜𝐨𝐧𝐜𝐞𝐧𝐭𝐫𝐚𝐭𝐢𝐨𝐧 𝐨𝐟 𝐝𝐫𝐮𝐠 𝐥𝐨𝐚𝐝𝐞𝐝 

2.8 Characterizations 

2.8.1 FTIR Measurement 

FTIR spectroscopy was employed to investigate the molecular composition of the unloaded polymeric 

matrix and its cephalexin-loaded counterpart. This analysis aimed to detect characteristic functional 

groups and examine any interactions between the drug and matrix components. For measurement, each 

sample was blended with finely ground potassium bromide (KBr) and compressed into transparent pellets. 

Infrared spectra were collected within the range of 600 to 4000 cm⁻¹, allowing for detailed evaluation of 

the relevant vibrational features. 

2.8.2 SEM Measurement 

Scanning electron microscopy (SEM) was applied to analyze the surface architecture and morphological 

features of the polymeric matrix prior to and following cephalexin incorporation. This method provided 

high-resolution visual data that helped identify physical alterations linked to drug loading, including shifts 

in surface texture, particle size distribution, and overall structural consistency. 

2.8.3 Antibacterial Tests 

The antibacterial properties of the hydrogel formulations were evaluated through the agar well diffusion 

assay against two bacterial strains: Staphylococcus aureus (Gram-positive) and Escherichia coli (Gram- 

negative). Bacterial suspensions were prepared using sterile saline and adjusted to a final concentration 

of 1.5 × 10⁸ CFU/mL. Turbidity was standardized using a 0.5 McFarland reference to ensure 

reproducibility. Each bacterial culture was uniformly spread over Mueller-Hinton agar plates with sterile 

swabs. Wells were then filled with the hydrogel test formulations, and the plates were incubated at 37 °C 

for 24 hours. After incubation, the diameter of the clear zones around each well was measured in 

millimeters to determine the extent of bacterial growth inhibition, thereby indicating the antimicrobial 

effectiveness of each sample. 

 

3 RESULTS AND DISCUSSION 

3.1 FTIR Analysis and Discussion of Gel/PEG/ZnO Polymeric Matrix Before and After Cephalexin 

Loading 

The gelatin/PEG/ZnO nanoparticle-based hydrogel system, chemically crosslinked using glutaraldehyde, 

was analyzed using Fourier-transform infrared (FTIR) spectroscopy to investigate structural features and 

drug incorporation behavior before and after the loading of cephalexin, as shown in Figures 1 and 2. The 

FTIR spectrum of the unloaded formulation (G1) revealed a broad and intense absorption band around 

3290.56 cm⁻¹, corresponding to O–H and N–H stretching vibrations, which are indicative of extensive 

intermolecular hydrogen bonding within the polymer network composed of gelatin and PEG [18,19]. In 

the region 2937.59–2881.65 cm⁻¹, characteristic C–H stretching vibrations of methylene groups were 

observed, attributable to the PEG chaians [20]. 

Gelatin protein backbone was confirmed by the presence of amide I and amide II bands, with a prominent 

peak at 1651.07 cm⁻¹ corresponding to C=O stretching (amide I) and another at 1539.20 cm⁻¹ attributed 

to N–H bending (amide II), both typical of collagen-derived biopolymers [21, 22]. These bands reflect the 

integrity of gelatin’s secondary structure within the hydrogel. Several additional peaks were present in the 

range 1200–600 cm⁻¹, which can be attributed to C–O stretching vibrations from PEG, Zn–O stretching 

, and other matrix-related interactions [23].Specifically, bands around 1145–1026 cm⁻¹ relate to C–O– 

C ether vibrations , while absorption near 842.95 cm⁻¹ and 690.86 cm⁻¹ confirm the presence of Zn–O 

bonds, indicating the successful incorporation of ZnO nanoparticles into the hybrid network. 

Following cephalexin incorporation (G2), significant spectral alterations were observed that clearly 

demonstrate the interaction between the drug and the hydrogel components. A distinct new absorption 

peak at 1766.80 cm⁻¹ was identified, corresponding to the C=O stretching vibration of the β-lactam ring 
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in cephalexin. This confirms the successful integration of the drug into the polymer matrix. Additionally, 

a peak emerged at 1692.62 cm⁻¹ , which likely represents additional carbonyl functionality from the 

carboxyl or β-lactam moieties of cephalexin. The amide I and II bands also showed slight increases in 

intensity , suggesting enhanced hydrogen bonding interactions between cephalexin and the matrix 

polymers, possibly involving gelatin amide groups and PEG hydroxyls. 

In the fingerprint region (1200–600 cm⁻¹) , minor shifts and increased absorbance were detected, 

particularly between 1283.52 and 1030.27 cm⁻¹ , which may be associated with C–N and C–O stretching 

vibrations of cephalexin engaged in hydrogen bonding or dipolar interactions with the matrix. 

Additionally, the Zn–O band at ~842 cm⁻¹ remained consistent in position but slightly increased in 

intensity, while a new signal near 690.37 cm⁻¹ may indicate interaction between cephalexin and ZnO 

nanoparticles. These modifications in the spectral profile point to intermolecular interactions, including 

hydrogen bonding, dipole–dipole forces, and possibly weak electrostatic attractions between cephalexin 

and the gelatin/PEG/ZnO nanocomposite. 

gelatin/PEG/ZnO nanocomposite. 
 

 

 

Figure (1) FTIR spectrum of the Gel /PEG/ZnO hydrogel matrix before cephalexin loading 

 

. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure (2) FTIR spectrum of the Gel/PEG/ZnO hydrogel matrix after cephalexin loading. 

3.2 Study of swelling ratios of prepared polymeric compositions 

The swelling properties of the prepared polymeric nanocomposite hydrogels were evaluated by immersing 

the samples in distilled water for 24 hours under ambient conditions. Swelling ratio serves as a crucial 
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parameter in assessing the hydrogel ability to absorb water and is directly related to its potential as a 

controlled drug delivery system. The 0.3PEG:0.7Gelatin hydrogel reached a maximum swelling ratio of 

1132%, while the 1PEG:1Gelatin and 0.7PEG:0.3Gelatin compositions recorded 738% and 233%, 

respectively. This enhanced swelling behavior of gelatin-based hydrogels, as shown in Figure 3, can be 

attributed to gelatin intrinsic hydrophilic nature and greater capacity for hydrogen bonding with water 

molecules. The presence of additional polar functional groups in gelatin, such as amide and carboxylic 

moieties, promotes greater water absorption . 

The superior swelling performance of gelatin-based matrices indicates their potential advantage in drug 

delivery applications where rapid hydration and high fluid uptake are desirable. Moreover, the data 

underscore the tunability of hydrogel properties through compositional modifications, offering design 

flexibility for targeted biomedical applications. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figures (3) Swelling ratio of Gel/PEG/ZnO 

 

3.3 Study the effect of the crosslinking agent on the swelling ratio of the polymeric matrix 

The swelling characteristics of gelatin samples were examined by incorporating varying quantities of 

glutaraldehyde. The samples lacking a crosslinking agent exhibited no swelling and instead disintegrated 

in the water solution. This results from the elevated solubility of gelatin, and PEG. Consequently, a 

crosslinking agent is essential in any polymeric matrix comprising gelatin to improve their mechanical 

characteristics and diminish their solubility in aqueous solutions. It was noted that expanding the 

quantity of crosslinker rendered the samples more stiff and accelerated their aggregation; however, the 

swelling ratios diminished. This behaviour is natural, as the elevated crosslink density obstructs water 

infiltration into the polymeric matrix [24,25]. The findings indicated that the ideal added volume was 0.5 

ml for gelatin matrices, at which the samples attained the highest swelling ratio. This demonstrates that 

the crosslinking forces did not impede swelling, while the dimensional stability and integrity of the 

samples were preserved, as illustrated in Figure (4) . 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure (4) Impact of crosslinking agent on the swelling ratios of polymeric matrix 

 

3.4 Swelling Behavior of Polymeric Matrices in Simulated Gastrointestinal Conditions 

To evaluate the pH-responsive behavior of the synthesized polymeric hydrogels, the swelling performance 

of Gelatin/PEG (Gel/PEG) matrices was assessed in simulated gastric fluid (SGF, pH ~1.2) and simulated 
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intestinal fluid (SIF, pH ~6.8). These media were selected to mimic the physiological conditions of the 

human gastrointestinal tract and assess the suitability of the hydrogels for oral drug delivery applications. 

The results, presented in Figure (5), reveal that the hydrogel systems exhibited marked pH-sensitive 

swelling , confirming their responsiveness to environmental pH variations. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure (5) Swelling ratios of polymeric matrix in simulated gastric fluid 

and intestinal fluid 

The Gel/PEG matrix displayed a considerably hight swelling response across both media. In SGF, the 

swelling ratio reached 678%, and in SIF, it increased further to an impressive 1205%. The enhanced 

swelling behavior of the gelatin-based system is attributable to gelatin’s highly hydrophilic nature and the 

abundance of ionizable functional groups (e.g., –COOH and –NH₂), which exhibit strong hydration 

potential. Furthermore, gelatin flexible polymer chains and less compact network architecture allow for 

more efficient solvent penetration and matrix expansion. The underlying mechanism of swelling in 

hydrogel involves the diffusion of solvent molecules into the polymeric network, where they interact with 

hydrophilic moieties on the polymer chains. Rather than dissolving completely, the hydrogel undergoes 

a phase transition into a gel-like state characterized by partial chain mobility and significant volumetric 

expansion [26].These findings demonstrate that Gel/PEG system is capable of pH-triggered swelling, an 

essential feature for site-specific drug delivery in the gastrointestinal tract. positioning it as a more 

promising candidate for applications requiring high fluid uptake and rapid drug release in the intestinal 

environment. 

3.5 Kinetic study of polymeric matrix swelling 

The swelling behavior of hydrogel-based drug delivery systems is a critical determinant of their 

performance, as it directly influences both the rate of drug release and the degradation kinetics of the 

polymer matrix. The absorption of water by hydrogels causes them to swell, which facilitates drug 

diffusion through the hydrated polymer network. This process is closely governed by the physicochemical 

properties of the hydrogel, including crosslink density, porosity, and hydrophilicity, as well as 

environmental conditions such as pH and temperature. 

 

To gain a deeper understanding of the water diffusion mechanisms in the prepared hydrogel matrices, 

kinetic modeling was employed. The time-dependent swelling process was evaluated using empirical 

models, including the power law model (Korsmeyer–Peppas equation) and the second-order swelling 

kinetic model. 

The first model applied was a semi-empirical power law expression used to describe water diffusion into 

the hydrogel network[25]: 

=  ………(3) 

Where: 

Wt: is the amount of water absorbed at time t 

Wmax: is the equilibrium water uptake (maximum swelling), 
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K: is the swelling rate constant, 

n: is the diffusional exponent, which characterizes the mode of water transport and provides insight into 

the underlying diffusion mechanism: 

n ≤ 0.5 : Fickian diffusion, governed predominantly by solvent diffusion with minimal polymer relaxation. 

0.5 < n < 1 : Anomalous (non-Fickian) transport, involving a combination of diffusion and polymer 

relaxation. 

n = 1 : Case II transport, where the release is dominated by polymer chain relaxation rather than solvent 

diffusion. 

This model is particularly suitable for analyzing initial swelling behavior and distinguishing between 

diffusion-limited and relaxation-controlled processes within the hydrogel matrix[26]. 

In addition to the power law model, a second-order kinetic model was employed to further evaluate the 

swelling dynamics, particularly for long-term behavior. The second-order swelling equation is expressed 

as[26,27]: 

 ……..(4) 

A is a constant defined by the following equation: 

 …….(5) 

Plotting the relationship between t/Wt and time yields a straight line with a slope of 1/W∞. The 

constant k can be ascertained from the intercept of the linear equation, as per Equation (3.4). 

This model assumes that swelling is controlled by the availability of free water and the polymer’s ability 

to absorb it over time [28,29]. 

3.6 Swelling Kinetic Study of Gel/PEG/ZnO polymeric Matrix 

A detailed kinetic study was conducted to assess the swelling behavior of the gelatin/polyethylene glycol 

hydrogel matrix loaded with ZnO nanoparticles. Over a period of 390 minutes, the swelling ratio was 

quantified at defined time intervals to evaluate the hydrogel fluid uptake capacity and hydration 

dynamics. The results are presented in Tables (1) and (2) and visualized in Figures (6) and (7) 

The swelling ratio increased progressively over time, reaching a maximum of 1205.37% at 390 minutes , 

indicating a highly absorbent hydrogel structure with considerable swelling potential. These high values 

are consistent with gelatin’s strong hydrophilic character and the open network structure of the matrix, 

which enables substantial solvent diffusion. 

To further understand the kinetic mechanism governing this behavior, the experimental data were fitted 

to both first-order(Korsmeyer–Peppas power law model ) and second-order swelling models, and the 

corresponding rate constants and regression coefficients (R2) were determined (Table 3.4). The first-order 

kinetic model produced a regression coefficient of R2 = 0.96873 with a rate constant of 0.003 min⁻¹, 

indicating a strong linear relationship and good model fit. In contrast, the second-order model yielded a 

much lower R2 value of 0.65122, suggesting that it does not adequately describe the swelling dynamics of 

the Gel/PEG system. 

The swelling mechanism evaluated using the Korsmeyer–Peppas power law model yielded a diffusional 

exponent (n) value of 1.00915, this value is nearly equivalent to the theoretical threshold for Case II 

transport (n = 1) [30-31], implying that the swelling process in the Gel/PEG/ZnO matrix is dominated 

not by diffusion alone, but by polymer chain relaxation dynamics. This mechanism is typical of 

hydrophilic polymer systems that undergo substantial volumetric expansion, where solvent uptake leads 

to a time-independent, constant-rate swelling phase. 

 

 

 

 

 

Table (1) Swelling ratios, swelling degree and water content values of the Gel/PEG polymeric matrix 

Time Wt swelling 

ratio 

swelling 

degree Dh 

water 

content 

First order  second 

order 

  (Ws-Wd)/ 

Wd*100 

wet 

weight/dry 
weight 

Ws-Wd LN 

Time(Ln t) 

LN(Wt/Wmax 

) 

t/w 
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-0.5 

-1.0 

-1.5 

-2.0 

-2.5 

    

 

   

 

0 3.91       

30 8.64 120.97 2.21 4.73 3.40 -2.30 3.47 

60 11.16 185.42 2.85 7.25 4.09 -1.87 5.38 

90 15.35 292.58 3.93 11.44 4.50 -1.42 5.86 

120 22.93 486.45 5.86 19.02 4.79 -0.91 5.23 

150 29.21 647.06 7.47 25.30 5.01 -0.62 5.14 

180 36.56 835.04 9.35 32.65 5.19 -0.37 4.92 

240 42.93 997.95 10.98 39.02 5.48 -0.19 5.59 

300 45.77 1070.59 11.71 41.86 5.70 -0.12 6.55 

360 49.39 1163.17 12.63 45.48 5.89 -0.04 7.29 

390 51.04 1205.37 13.05 47.13 5.97   

 

Table (2) Rate constants and Regression cofficient for the swelling kinetics 

of the Gel/PEG polymeric matrix 

Model Regression Coefficient R2 Rate Constant 

First Order 0.96873 0.003 

Second Order 0.65122 1.43×10-5 

 

 

 

 

 

 
Plot LN(Wt/Wmax) Vs Ln t 

Intercept -5.8096 ± 0.33941 

Slope 1.00915 ± 0.06853 

R-Square (COD) 0.96873 
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Figure (6) First-order kinetic model for the swelling behavior of the Gel/PEG polymeric matrix. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure (7)The second-order kinetic model for the swelling behavior of the Gel/PEG polymeric 

matrix 

 

3.7 Kinetic Study for the Drug Release from the Polymeric Matrix 

To elucidate the mechanism of drug release from the developed polymeric hydrogel matrices, kinetic 

modeling was employed using zero-order, first-order, and the Higuchi diffusion model. These models are 

commonly applied in pharmaceutical sciences to predict and interpret release profiles, optimize 

formulation parameters, and design controlled delivery systems. 

The zero-order model assumes a constant drug release rate, independent of the concentration of the drug 

within the matrix. It is expressed by the following equation [32]: 

0 t……(6) 

X denotes the value of the drug release at time t , K is the zero-order release rate constant. 

The first-order kinetic model describes a release mechanism in which the rate is proportional to the 

concentration of the drug remaining in the matrix. 

ln Ct = ln C° − k1t  …….(7) 

C0 is the initial drug concentration, Ct is the concentration at time t and k1 is the first-order release rate 

constant.In this model, the release rate decreases exponentially with time, often observed in systems where 

diffusion is concentration-dependent. 

Additionally, the Higuchi model was applied to assess whether the drug release was controlled by diffusion 

through a porous matrix. The simplified form of the Higuchi equation is given by : 

 
𝑓𝑡=𝑄= 𝑘𝐻𝑡1/2 ……(8) 

Q is the cumulative amount of drug released at time t, and kH is the Higuchi release constant. 

3.8 Examine the drug release from the polymeric matrix 

The in vitro release behavior of cephalexin from the synthesized polymeric hydrogels was investigated 

under physiologically relevant conditions, specifically in simulated intestinal fluid SIF and simulated 

gastric fluid SGF. The results revealed a significantly enhanced drug release profile from the 

Gel/PEG/ZnO matrix , as shown in Figures 8 and 9 . 

In the Gel/PEG system, cephalexin release extended over a period of 24 hours, with a cumulative release 

of 99.89% in SIF and 44.24% in SGF. The reduced release observed in SGF is attributed to the acidic 

gastric environment, which can suppress swelling in hydrophilic matrices and influence drug solubility. . 

These results highlight the influence of matrix composition and network swelling properties on the drug 

release kinetics.The superior performance of the Gel/PEG matrix is associated with its higher swelling 

capacity, particularly under neutral to mildly basic conditions such as those simulated in SIF. Enhanced 

water uptake promotes polymer chain relaxation and facilitates diffusion of the encapsulated drug, 

resulting in nearly complete release. 
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A consistent trend was observed in matrix, with drug release efficiency being lower in SGF than in SIF. 

This behavior confirms that the hydrogel matrices exhibit pH-sensitive characteristics. The acidic pH of 

SGF induces contraction of the polymer network or protonation of functional groups, limiting matrix 

expansion and drug diffusion. In contrast, the more alkaline environment of SIF promotes matrix 

relaxation, increased porosity, and higher drug mobility [33, 34]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure (8)Release ratio of Gel/PEG-encapsulated cephalexin in SIF 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure (9)Release ratio of Gel/PEG-encapsulated cephalexin in SGF 

3.9 Mechanism of Drug Release from the Polymeric Matrix 

The primary mechanism governing drug release from the synthesized polymeric hydrogels in this study is 

diffusion-controlled transport. In such systems, drug molecules migrate from within the polymeric 

network into the surrounding release medium through a concentration gradient. This type of mechanism 

is particularly relevant for hydrogel-based delivery systems, where the polymer matrix acts as a physical 

barrier that modulates the rate and extent of drug release. 

Diffusion occurs as the active compound moves through the hydrated, three-dimensional polymer 

structure, navigating between polymer chains that form the structural framework of the hydrogel. These 

polymer chains inherently limit the mobility of the drug due to physical entrapment, steric hindrance, 
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and intermolecular interactions. As the matrix becomes hydrated, it swells and expands, creating aqueous 

channels that facilitate molecular diffusion toward the external environment. 

Although swelling and matrix erosion are often concurrent processes in hydrogel-based systems, the drug 

release mechanism in the current study was predominantly swelling-controlled diffusion, with erosion 

being excluded. This conclusion is supported by post-release observations confirming that the polymeric 

matrices retained their structural integrity throughout the release period. No significant disintegration or 

fragmentation was observed, indicating that matrix erosion did not contribute to the release mechanism. 

In this formulation strategy, the drug was uniformly dispersed within the polymer network, forming a 

homogeneous matrix system. Upon exposure to the release medium, the matrix absorbed fluid and 

swelled, which in turn facilitated drug diffusion through the swollen hydrogel network. As illustrated in 

Figure 10, the drug release process can be described as a two-step mechanism: initial swelling of the 

hydrogel followed by diffusion of the drug from the interior of the matrix into the external environment 

[35]. 

Figure (10) potential drug release mechanisms by diffusion, swelling, and erosion of the polymeric 

matrix[35] 

3.10 Kinetic Analysis of Drug Release from the Polymeric Matrix 

The release kinetics of cephalexin from the Gel/PEG polymeric matrix were systematically evaluated in 

both simulated intestinal fluid (SIF) and simulated gastric fluid (SGF). Tables 3 through 5 summarize the 

kinetic parameters calculated using three established models zero-order, first-order, and Higuchi while 

Figures 11 through 16 present the corresponding release profiles. 

In SIF, the Gel/PEG/ZnO matrix exhibited an extended and nearly complete drug release, reaching a 

cumulative percentage of 99.89% within 24 hours. Among the applied models, the Higuchi model 

demonstrated the strongest correlation (R2 = 0.812) with a diffusion constant (kH) of 0.0466, indicating 

that diffusion through the hydrated matrix dominated the release process. The zero-order and first-order 

models provided lower correlation coefficients of 0.665 and 0.637, respectively, suggesting that the release 

rate was neither strictly constant nor directly dependent on drug concentration remaining in the matrix. 

The superior alignment with the Higuchi model implies that cephalexin release from the Gel/PEG/ZnO 

system is predominantly governed by a diffusion-controlled mechanism. This behavior is typical of 

hydrophilic matrices, where drug molecules migrate through the swollen polymeric network into the 

external environment. The consistent release rate per hour (~4.2 ppm/h) throughout the 24 hour period 

supports the sustained and controlled release characteristics of the system. 

In SGF, the matrix demonstrated a lower yet substantial release percentage of 44.24% over the same 

duration. Notably, the Higuchi model again exhibited the best fit, with a correlation coefficient (R2) of 

0.924 and a rate constant (kH) of 0.066. This finding is indicative of diffusion-based release behavior even 

under acidic conditions, although at a slower rate due to reduced matrix swelling. The zero-order and 

first-order models yielded slightly lower correlation values (R2 = 0.817 and 0.801, respectively), reinforcing 

the observation that release was primarily diffusion-controlled rather than erosion- or degradation-driven. 

The results indicate that Gel/PEG hydrogels are highly responsive to environmental pH, with a 

significantly enhanced drug release profile in intestinal conditions. The strong correlation with the 

Higuchi model across both pH environments supports the hypothesis that drug release occurs through a 
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swelling–diffusion mechanism. Furthermore, the high release efficiency and kinetic predictability of the 

Gel/PEG/ZnO matrix position it as a promising candidate for the development of sustained oral drug 

delivery systems. 

 

Table (3) Rate constants and Registration coefficients values for the release kinetics of cephalexin in 

Gel/PEG polymeric matrix in different media 

Medium Zero Order  First Order  Higuchi Model 

 R2 K0 R2 K1 R2 KH 

SIF 0.665 0.0061 0.637 0.00006 0.812 0.0466 

SGF 0.817 0.0098 0.801 0.00009 0.924 0.066 

 

 

Table (4) Kinetic Parameters of Cephalexin Release from Gel/PEG Matrix in SIF 

Time Cumulative 

Drug 

Release 

(ppm) 

Amount 

Released 

per Hour 

Release% First Order  Higuchi 

 Qt (Ct/Ci)*100% Ci/(Ci-Ct) Ln Ci/(Ci-Ct) t^1/2 

1 3.99 3.99 3.99 1.04155817 0.040717833 1 

2 8.03 4.04 8.03 1.04210088 0.041238748 1.414213562 

3 12.11 4.08 12.11 1.04253545  1.732050808 

4 16.2 4.09 16.2 1.04264415 0.041759934 2 

5 20.31 4.11 20.31 1.04286161 0.041968485 2.236067977 

6 24.45 4.14 24.45 1.04318798 0.042281392 2.449489743 

7 28.6 4.15 28.6 1.04329682 0.042385716 2.645751311 

8 32.77 4.17 32.77 1.04351456 0.042594398 2.828427125 

9 36.95 4.18 36.95 1.04362346 0.042698755 3 

10 41.14 4.19 41.14 1.04373239 0.042803122 3.16227766 

11 45.33 4.19 45.33 1.04373239 0.042803122 3.31662479 

12 49.52 4.19 49.52 1.04373239 0.042803122 3.464101615 

13 53.71 4.19 53.71 1.04373239 0.042803122 3.605551275 

14 57.9 4.19 57.9 1.04373239 0.042803122 3.741657387 

15 62.09 4.19 62.09 1.04373239 0.042803122 3.872983346 

16 66.29 4.2 66.29 1.04384134 0.042907501 4 

17 70.49 4.2 70.49 1.04384134 0.042907501 4.123105626 

18 74.69 4.2 74.69 1.04384134 0.042907501 4.242640687 

19 78.89 4.2 78.89 1.04384134 0.042907501 4.358898944 

20 83.09 4.2 83.09 1.04384134 0.042907501 4.472135955 

21 87.29 4.2 87.29 1.04384134 0.042907501 4.582575695 

22 91.49 4.2 91.49 1.04384134 0.042907501 4.69041576 

23 95.69 4.2 95.69 1.04384134 0.042907501 4.795831523 

24 99.89 4.2 99.89 1.04384134 0.042907501 4.898979486 



International Journal of Environmental Sciences 

ISSN: 2229-7359 

Vol. 11 No. 21s, 2025 

https://theaspd.com/index.php 

3227 

 

 

 

 

 

 

 

 

      

 

 

 

 

 

 

 

      

 

 

 

 

 

 

 

     

 

 

 

 

 

 

 
Plot Qt Vs Time 

Intercept 4.07822 ± 0.0145 

Slope 0.00671 ± 0.00101 

R-Square (COD) 0.6653 

 

 

 

 

 

 

 

 

 

 

Figure (11) Zero-order kinetic model for the release of cephalexin from Gel/PEG into SIF 
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Intercept 0.04167 ± 1.635 

Slope 6.8177E-5 ± 1.1 

R-Square (COD) 0.63764 

 

 

 

 

 

 

 

 

 

Figure (12) First-order kinetic model for the release of cephalexin from Gel/PEG into SIF 
 

 

 

 

 
Plot Qt Vs √Time 

Intercept 4.00545 ± 0.0 

Slope 0.04662 ± 0.0 

R-Square (COD) 0.81276 

 

 

 

 

 

 

 

 

 

 

Figure (13) Higuchi-order kinetic model for the release of cephalexin from Gel/PEG into SIF 
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Table (5) Kinetic Parameters of Cephalexin Release from Gel/PEG Matrix in SGF 

Time Cumulative 

Drug 

Release 

(ppm) 

Amount 

Released 

per Hour 

Release% First Order  Higuchi 

 Qt (Ct/Ci)*100% Ci/(Ci-Ct) Ln Ci/(Ci-Ct) t^1/2 

1 1.64 1.64 1.64 1.01667344 0.016535969 1 

2 3.32 1.68 3.32 1.01708706 0.016942721 1.414213562 

3 5.04 1.72 5.04 1.01750102  1.732050808 

4 6.79 1.75 6.79 1.0178117 0.017654935 2 

5 8.57 1.78 8.57 1.01812258 0.017960325 2.236067977 

6 10.38 1.81 10.38 1.01843365 0.018265809 2.449489743 

7 12.21 1.83 12.21 1.01864113 0.018469516 2.645751311 

8 14.04 1.83 14.04 1.01864113 0.018469516 2.828427125 

9 15.89 1.85 15.89 1.0188487 0.018673265 3 

10 17.75 1.86 17.75 1.01895252 0.018775155 3.16227766 

11 19.61 1.86 19.61 1.01895252 0.018775155 3.31662479 

12 21.47 1.86 21.47 1.01895252 0.018775155 3.464101615 

13 23.34 1.87 23.34 1.01905635 0.018877056 3.605551275 

14 25.22 1.88 25.22 1.01916021 0.018978967 3.741657387 

15 27.1 1.88 27.1 1.01916021 0.018978967 3.872983346 

16 28.98 1.88 28.98 1.01916021 0.018978967 4 

17 30.86 1.88 30.86 1.01916021 0.018978967 4.123105626 

18 32.76 1.9 32.76 1.01936799 0.019182819 4.242640687 

19 34.66 1.9 34.66 1.01936799 0.019182819 4.358898944 

20 36.57 1.91 36.57 1.01947191 0.019284761 4.472135955 

21 38.48 1.91 38.48 1.01947191 0.019284761 4.582575695 

22 40.4 1.92 40.4 1.01957586 0.019386714 4.69041576 

23 42.32 1.92 42.32 1.01957586 0.019386714 4.795831523 

24 44.24 1.92 44.24 1.01957586 0.019386714 4.898979486 
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Intercept 1.71986 ± 0.01424 

Slope 0.00988 ± 9.96363E- 

R-Square (COD) 0.81711 

 

 

 

 

 

 

 

 

 

Figure (14) Zero-order kinetic model for the release of cephalexin from Gel/PEG into SGF 
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Plot Ln Ci/(Ci-Ct) Vs Ti 

Intercept 0.0174 ± 1.54777E 

Slope 9.7787E-5 ± 1.061 

R-Square (COD) 0.80167 

 

 

 

 

 

 

 

 

 

Figure (15) First-order kinetic model for the release of cephalexin from Gel/PEG into SGF 
 

 

 

 

 

 
Plot Qt Vs √Time 

Intercept 1.62136 ± 0.0 

Slope 0.06607 ± 0.0 

R-Square (COD) 0.92461 

 

 

 

 

 

 

 

 

 

 

 

Figure (16) Higuchi-order kinetic model for the release of cephalexin from Gel/PEG into SGF 

 

3.11 SEM Measurement for polymeric matrix 

Scanning Electron Microscopy (SEM) was employed to evaluate the morphological characteristics of the 

Gel/PEG/ZnO polymeric matrix, both before and after the incorporation of the model antibiotic drug, 

cephalexin. Micrographs were obtained at a magnification scale of 200 nm to observe nanoscale surface 

features and morphological transitions resulting from drug loading. In the Gel/PEG matrix (Figure 17), 

the SEM images prior to drug loading show a smooth and moderately aggregated surface with minimal 

topographical complexity. Post-drug loading, the morphology becomes notably more heterogeneous, with 

observable crystalline formations, irregular particle shapes, and increased surface roughness. These 

structural transformations imply effective drug integration into the matrix via either surface entrapment 

or internal encapsulation mechanisms. Such morphological shifts serve as strong indicators of successful 

drug loading and suggest enhanced interaction between the polymer and the cephalexin molecules 

[36,37]. 

Overall, the pronounced morphological changes in the matrix at the nanoscale provide visual 

confirmation of drug incorporation and greatly support the functionality of Gel/PEG systems as potential 

candidates for controlled drug delivery platforms. 
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Figure (17). Scanning Electron Microscopy (SEM) micrographs of the Gel/PEG/ZnO polymer 

matrix at 200 nm magnification: (A) prior to drug loading (B) after drug loading 

 

3.12 Antibacterial Activity Assessment of Gelatin-Based Polymeric Matrix 

The antibacterial potential of gelatin-based nanocomposite systems was assessed using the agar well 

diffusion method, as illustrated in Figure 18. The antimicrobial evaluation focused on two bacterial 

strains: Staphylococcus aureus (Gram-positive) and Escherichia coli (Gram-negative). Three different 

sample formulations were prepared to examine the contribution of each component gelatin, polyethylene 

glycol (PEG), zinc oxide (ZnO) nanoparticles, and cephalexin toward antibacterial performance. 

Bacterial suspensions were standardized to a concentration of 1.5 × 10¹ CFU/mL using sterile 

physiological saline and calibrated against the 0.5 McFarland turbidity standard for consistency. Mueller 

Hinton Agar (MHA) was autoclaved and poured into sterile Petri dishes under aseptic conditions. After 

B 
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the surface of the agar was inoculated with the test organisms, wells were created using sterile cork borers, 

and 100 μL of each test formulation was introduced into the wells. Plates were incubated at 37°C for 24 

hours, and the diameters of the zones of inhibition were measured in millimeters (mm) to determine 

antibacterial efficacy [38-41]. 

The formulations used in this study were: 

1Gel: Gelatin + PEG + ZnO nanoparticles + Cephalexin 

2Gel: Gelatin + PEG 

3Gel: Gelatin + PEG + ZnO nanoparticles 

The antimicrobial efficacy results are tabulated in Table 6: 

Table (6) Inhibition zone diameters (mm) of gelatin-based nanocomposites against S. aureus and E. coli 

 ( S.a ) ( E.c ) 

1Gel 20 - 

2Gel 13 - 

3Gel 10 - 

 

 

As indicated in Table 6, antibacterial activity was only observed against S. aureus, with no inhibition 

recorded against E. coli. Among all samples, 1Gel exhibited the highest antibacterial effect, yielding a 20 

mm inhibition zone. This can be attributed to the synergistic antibacterial mechanisms of ZnO 

nanoparticles and cephalexin. ZnO disrupts bacterial cell membranes and induces oxidative stress via 

reactive oxygen species (ROS), while cephalexin interferes with bacterial cell wall biosynthesis. Reduced 

inhibition in 2Gel and 3Gel underscores the necessity of both active agents for optimal antibacterial 

performance, as depicted in Figure 19. 
 

Figure (18) Antibacterial activity of gelatin-based polymeric nanocomposites against Staphylococcus 

aureus (left) and Escherichia coli (right) using the agar well diffusion method. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure (19) Comparative bar graph representing the inhibition zone diameters of gelatin-based samples 

against Staphylococcus aureus . 

 

CONCLUSIONS 

  

 
 

 

 

 
 

 

 

 
 

Inh
ibt

ion
 z

on
e 

dim
ete

r (
mm

) 



International Journal of Environmental Sciences 

ISSN: 2229-7359 

Vol. 11 No. 21s, 2025 

https://theaspd.com/index.php 

3232 

 

 

1. the polymeric nanocomposite matrix, Gel/PEG/ZnO, were successfully synthesized and crosslinked 

using glutaraldehyde. 

2. FTIR spectroscopy confirmed the successful incorporation of cephalexin and highlighted key 

functional group interactions within the polymeric networks. 

3. The swelling behavior of the matrix was pH-dependent, with Gel/PEG exhibiting greater swelling 

ratios, particularly in simulated intestinal fluid. 

4. Drug release kinetics followed a predominantly diffusion-controlled mechanism, best described by the 

Higuchi model. 

5. SEM analysis revealed significant surface morphological changes after drug loading, confirming 

successful encapsulation and interaction within the polymer structure. 

6. Antibacterial testing demonstrated that the Gel/PEG/ZnO nanocomposite had enhanced activity 

against Staphylococcus aureus, attributed to the combined effect of ZnO nanoparticles and cephalexin. 

7. Overall, the developed polymeric systems exhibit promising characteristics for use as controlled-release 

drug delivery platforms, particularly for oral antibiotic administration. 
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