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Chitosan hydrogels are recognized as promising wound dressings as they can mimic extracellular matrix, retain moisture 
and deliver therapeutic agents. In this study, chitosan hydrogel enriched with chondroitin sulphate (CS) and ferulic acid (FA) 
is prepared to improve wound healing and antibacterial effects. The characterization studies were conducted to measure the 
hydrogel mechanical strength, swelling capacity, moisture retention and polymer-therapeutic agents compatibility. In vitro 
release studies were conducted and a revealed sustained CS release of 98.95% within 48 h, while FA shown limited diffusion 
of 3.48%. Antibacterial properties of the prepared hydrogel was tested against Staphylococcus aureus and revealed 15.0 mm 
±0.8 mm inhibition zone (n = 3), suggesting antibacterial effect. The ability of the prepared hydrogel to improve fibroblast 
cells migration and wound closure was measured using scratch assay. Moreover, the potential interactions between the 
bioactive compounds and proteins associated with wound healing pathways was measured using molecular docking.  
The combination of CS and FA within the chitosan hydrogel suggested a promising strategy for enhancing tissue 
regeneration, wound management and public health. 
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Skin is the largest organ of the body and serves as the 
primary barrier against microbial invasion, 
environmental exposure, and physical injury1. Wound 
healing occurs in a series of biological events that can 
be broken down into haemostasis, inflammation, 
proliferation, and tissue remodelling2. In chronic 
wounds like diabetic ulcers, burns and pressure sores, 
the major healthcare problem is delayed or impaired 
healing which may lead to infection, excessive scar 
formation, and in severe cases amputation3. In 
developing countries, chronic wounds affect 1 to 2% 
of the population, and diabetic foot ulcers affect 
nearly 25% of the global diabetic population4,5. The 
high prevalence of chronic wounds also represents a 
high economic burden for wound treatment and 
management, with the global wound care market 
predicted to reach USD 29.6 billion by 20266. 

Ideally, a wound dressing should maintain moisture 
at the wound site, allow for gas exchange, minimize 
microbial contamination, promote cell growth, and 
deliver therapeutic agents in a controlled manner7,8. 
Hydrogels have been extensively studied in wound 

management due to their high water content, 
biocompatibility, and ability to mimic ECM structures 
involved in tissue repair9. They can also absorb wound 
exudates, maintain hydration, and serve as a physical 
barrier to external contaminants10. However, the 
addition of appropriate bioactive compounds remains 
essential for their enhanced therapeutic efficiency. 

Chitosan (CHI) is one of the most researched 
natural polymers for wound healing applications  
due to its biodegradability, antimicrobial activity, 
haemostatic properties, and ability to stimulate 
fibroblast proliferation11. For instance, previous 
reports indicated that CHI-based wound dressings 
may reduce healing time by as much as  
30% compared to traditional wound dressings12. 
Chondroitin sulphate (CS), another glycosaminoglycan 
naturally found in connective tissues, has also been 
incorporated into hydrogel systems as it is capable  
of promoting extracellular matrix remodelling, 
modulating cellular interactions, and enhancing the 
mechanical properties of the material13. Preliminary 
studies showed that CS-based biomaterials enhanced 
wound healing rates by up to 40% in preclinical 
studies14. 
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Another compound of interest in wound healing 
formulations is ferulic acid (FA), which possesses 
antioxidant, anti-inflammatory, and antimicrobial 
properties15. FA has been previously reported to 
reduce oxidative stress markers by nearly 50% and 
decreased bacterial growth by approximately 60%16, 
scavenge ROS, inhibit lipid peroxidation, and inhibit 
the release of pro-inflammatory cytokines17, which all 
may enhance wound healing responses. 

Both CS and FA are typically combined into 
topical formulations, as they offer complementary 
biological activities, and CS concentrations are 
typically 0.1% to 1.0% and FA concentrations are 
typically 0.01% to 0.1% in most formulations,  
with 0.3% CS and 0.05% FA chosen in the present 
work to achieve suitable stability, solubility, and 
biocompatibility with retained therapeutic effects. The 
developed hydrogel combines CHI for antimicrobial 
and regenerative functions, CS for extracellular 
matrix-related support, and FA for antioxidant  
and anti-inflammatory activities. Considering the 
increasing prevalence of chronic wounds, 
development of improved biomaterials for wound 
treatment remains important. Therefore, this study 
was conducted to prepare and characterize chitosan-
based hydrogels enriched with CS and FA and to 
evaluate their physical, chemical, and biological 
properties in relation to wound healing and 
antibacterial activity. 

Materials and Methods 
 

Reagents and cell Culture  
Chitosan (Sigma-Aldrich, Germany), Chondroitin 

sulphate (Sigma-Aldrich, Germany), Carrageenan 
(Sigma-Aldrich), Ferulic acid (Merck, Germany), 
Phosphate-buffered saline (PBS) (Hampshire, 
England), Glycerol (Zulat pharmacy SDN BHD, 
Malaysia), Sartolon polyamide filter (Gottingen, 
Germany), Mueller Hinton Agar (Madrid, Spain), 
Nutrient broth (Merck, Germany), MRC-5 - CCL-171 
(ATCC, USA), Fetal Bovine Serum (FBS) (Gibco, 
USA), streptomycin/penicillin solution (Gibco, USA), 
trypsin/EDTA (Gibco, USA), Eagle's Minimum 
Essential Medium (EMEM) (ATCC, USA). 
 

Preparation of CHI /κ-CR/CS/FA Hydrogel Film  
Hydrogel films were prepared using two separate 

solutions. First, 1% kappa-carrageenan (κ-CR) was 
dissolved in 30 mL distilled water and heated at 50°C 
for 20 min or until completely dissolved. Another 
solution containing 1% CHI, 0.7% CS, and 0.033% 
FA was prepared in a separate beaker and stirred 
continuously at 50°C for 10 min to obtain a uniform 
mixture. After that, the two solutions were mixed 
together and glycerol was then added in 0.83% 
concentration as a plasticizer. The mixture was  
then stirred for 15 min to obtain complete 
homogenization18. The prepared hydrogel solution 
was poured into petri dishes and dried in an oven at 
50°C for 24 h to produce solid hydrogel films (Fig. 1). 

 
 

Graphical abstract 
 



INDIAN J. BIOCHEM. BIOPHYS., VOL. 63, JULY 2026 
 
 

812

Different concentrations of CHI, κ-CR, CS, and FA 
were evaluated during the formulation optimization 
studies to investigate their effects on swelling 
behaviour, mechanical properties, water vapor 
transmission rate, and moisture retention capability 
(Table 1). 
 

Film Thickness 
Film thickness was measured at five randomly 

selected positions on the hydrogel film using a digital 
micrometer. Mean thickness values and their standard 
deviations were calculated and reported19. 
 
Swelling Ratio 

Dried hydrogel films were cut into 2 cm × 2 cm 
squares and placed in 250 mL of phosphate-buffered 
saline (PBS, pH 7.4) at 25°C and removed at 
predetermined time intervals. Surface moisture was 
blotted with tissue paper, and the swollen films were 

weighed. The swelling ratio was calculated as 
follows: 
 

Swelling ratio (%) =
𝑊௦ − 𝑊ௗ

𝑊ௗ

𝑥 100 

 
where Wd is the initial weight of dry film samples 

and Ws is the weight of swollen film samples20. 
 
Mechanical Properties 

The tensile strength (TS) and percentage elongation 
(%E) at break were measured using a texture analyzer 
(electrodynamic fatigue testing machine, 1.5 KN). 
Dumbbell-shaped hydrogel membranes were placed 
between clamps, stretched at a rate of 5 mm/min until 
rupture. TS and %E were calculated using21. 
 

Ts =
𝑚𝑎𝑥𝑖𝑚𝑢𝑚 𝑙𝑜𝑎𝑑 𝑎𝑡 𝑏𝑟𝑒𝑎𝑘

𝑡𝑟𝑎𝑛𝑠𝑣𝑒𝑟𝑠𝑒 𝑠𝑒𝑐𝑡𝑖𝑜𝑛 𝑎𝑟𝑒𝑎
 

 
 

Fig. 1 — Preparation of κ-CR/ CHI /CS/FA hydrogel film 
 

Table 1 — Since different batches of hydrogel films are going to be prepared, a composition table is prepared below 
Formulation CHI κ-CR CS FA Glycerol 

F1 0.5% 1% 0.7% 0.1% 0.83% 
F2 0.75% 1% 0.7% 0.066% 0.83% 
F3 1% 1% 0.7% 0.033% 0.83% 
F4 1% 0.5% 0.7% 0.016% 0.83% 
F5 1% 0.75% 0.7% 0.01% 0.83% 
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%E =
𝐸𝑥𝑡𝑒𝑛𝑠𝑖𝑜𝑛 𝑜𝑓 𝑙𝑒𝑛𝑔𝑡ℎ 𝑎𝑡 𝑟𝑢𝑝𝑡𝑢𝑟𝑒

𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑙𝑒𝑛𝑔𝑡ℎ
 𝑋 100 

 

Water Vapor Transmission Rate 
Water vapor transmission rate (WVTR) was 

measured using the bottle method. Cylindrical bottles 
filled with 10 mL distilled water were sealed with 
hydrogel membrane discs and secured using Teflon 
tape. The bottles were placed in an oven at 35°C for 
24 h22. WVTR was calculated by: 
 

WVTR =
𝑊𝑖 − 𝑊𝑡

𝐴 𝑋 24
 𝑋 10଺𝑔𝑚ିଶℎିଵ 

 

Moisture Retention Capability 
Moisture retention capability was assessed by 

weighing hydrogel samples, then drying them at 40°C 
for 6 h and reweighing23. The percentage moisture 
retention was calculated using: 
Moisture retention capability (%) = 𝑤𝑡/(𝑤𝑖 𝑥 100) 
 

Fourier Transform Infrared Spectroscopy 
FTIR spectra of dried hydrogel films (100-200 µm 

thickness) were recorded using an FTIR-8400S 
spectrometer (Shimadzu Europe) from 450 to 4000 
cm⁻¹. Spectra were normalized, and characteristic 
vibration bands were identified24, 25. 
 

In vitro Drug Release Study  
The in vitro release of CS from hydrogel films was 

studied using Franz diffusion cells with PBS (pH 7.4, 
37°C). At specific time intervals, samples were 
collected, replaced with fresh PBS, and analysed by 
UV spectroscopy at 260 nm26. Drug release data were 
fitted to: Zero-Order (𝑄௧ = 𝑘଴𝑡, constant release), 
First-Order [𝑄௧ = 100൫1 − 𝑒ି௞೟௧൯, concentration-
dependent], Higuchi (𝑄௧ = 𝑘ு√𝑡, diffusion-
controlled), and Korsmeyer-Peppas (𝑄௧ = 𝑘௣𝑡௡, 
polymer interaction-based)27–29. The R² values were 
calculated to identify the best-fitting model for CS 
and FA release behavior. 
 
Antibacterial Tests 

To determine the antibacterial activity of CHI-
based hydrogels containing CS, a well diffusion 
method was employed, with Mueller-Hinton Agar 
medium for bacterial growth and freshly grown 
overnight cultures of gram-positive bacteria  
(S. aureus) adjusted to 1×10³ CFU/mL using turbidity 
measurements and plated with 100 μL of suspension 
in 16 mL of solidified nutrient agar plates using a 
sterile agar punch to create wells of approximately  
6 mm diameter. The wells were spaced such that 
diffusion zones did not overlap between wells to 

avoid overlapping inhibition zones, and the hydrogels 
were loaded into the wells using a sterile pipette and a 
volume sufficient to fill each well completely. The 
CHI-based hydrogels enriched with CS at the highest 
concentration and control were tested for their 
antibacterial activity at different concentrations of the 
drug. The plates were incubated at 37°C for 24 h to 
allow for diffusion of the hydrogel components into 
the agar and subsequent growth inhibition30. 
 
Molecular Docking 

AutoDock Vina-Extended SAMSON (version 
4.0.3) was used to perform molecular docking, using 
the interactions of the native ligands as a binding site 
for 4H1Q and 5A0C, which were cleaned  
and optimized, and all ligands were minimized  
(Et = 0.025 kcal/mol). The water molecules were 
removed, and the flexible docking was performed to 
generate 10 poses for each docking session. The 
highest ranked pose for each ligand was visualized 
and analyzed for protein-ligand interactions, including 
hydrogen bonding and non-covalent interactions, 
using the Ligand-Protein Interaction Analyzer 
extension in SAMSON31. 
 
Scratch Assay 

MRC-5 cells were plated in triplicate in a  
24-well plate and incubated at 37°C under a 
humidified atmosphere with 5% CO2 and 95%  
air to achieve a confluent monolayer; uniform 
scratches were made in the cell monolayer using a 
p-10 pipette tip and the cells were followed for 24 h 
as they filled in the scratched area; images were 
captured using a light microscope (Axio Vert.A1, 
Carl Zeiss, Germany), and wound healing was 
quantified by measuring the distance between the 
migrating cell boundaries using ImageJ 1.47 
software (National Institutes of Health, Bethesda, 
MD, USA). Wound healing was reported as a 
relative percentage change in the distance between 
the migrating cell boundaries from the beginning to 
the end of each treatment32-36. 
 

Statistical Analysis 
All experiments were repeated in triplicate 

unless otherwise indicated, and data are presented 
as mean ± standard deviation (SD). Statistical 
analysis was conducted using SPSS V27, and 
comparisons between groups were made using one-
way analysis of variance (ANOVA) followed by 
Tukey's post hoc test. Statistical significance was 
set at P< 0.05. 
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Results and Discussion 
 

Film Thickness  
Hydrogel film thickness depends on factors such as 

the polymer concentration, preparation method, 
casting volume, and drying conditions. To minimize 
thickness variations in this study, an equal quantity 
(25 g) of hydrogel solution was carefully cast into 
each petri dish. The resulting hydrogel films showed 
an average thickness ranging from 0.092 mm (F3) to 
0.118 mm (F1) (Fig. 2 & Table 2). 
 

Swelling Ratio 
To determine the suitability of the prepared 

hydrogel films for wound healing applications, their 
swelling ratio (SR) was measured in vitro. All 
prepared formulations (F1 to F5) which contained 
different concentrations of CHI, κ-CR, CS, FA and 
glycerol have shown SR values from 106.91% (F1) to 
225.39% (F5) (Fig. 3). F5 exhibited the highest SR  
of 225.39%, suggesting its capability for exudate 
absorption in chronic wounds management. The high 
SR value can be related to the lower concentration of 
κ-CR incorporated in F5, reducing the rigidity of film 
matrix and increase fluid uptake capability. Studies 

have suggested that higher SR values are preferred for 
wound dressings to maintain a moist environment to 
promote cellular proliferation and angiogenesis37.  
 
Mechanical Properties 

Ideal wound dressings should exhibit suitable 
mechanical properties, including tensile strength (TS) 
and elongation at break (%E), to mimic skin integrity 
and flexibility. Typically, natural skin shows a tensile 
strength ranging from 2.5 to 35 N and elongation at 
break between 70 to 78%. In this study, the prepared 
hydrogel films exhibited tensile strength values 
ranging from 8.36 ± 0.43 N (F4) to 11.06 ± 0.17 N 
(F3). These results indicate that the hydrogel films 
possess adequate strength to maintain structural 
integrity and sufficient flexibility to withstand natural 
deformation when applied as wound dressings. These 
findings are in line with those previously reported for 
classical chitosan-based hydrogels for wound healing 
(5 to 10 N [0.5 to 1.0 MPa] depending on formulation 
details38) that are likely due to the enhancement of 
polymer cross-linking and matrix integrity by the 
inclusion of chondroitin sulphate and ferulic acid. 
Additionally, elongation at break values ranging from 
41.58 ± 0.22% (F4) to 46.00 ± 0.92% (F3) (Table 2) 
demonstrate that the hydrogel membranes are flexible 
enough to follow irregular wound geometries without 
breaking, a requirement for dressing flexibility during 
patient movement. 

 
 

Fig. 2 — CHI/κ-CR/CS/FA hydrogel film 
 

Table 2 — Thickness, swelling ratio, tensile strength, and elongation at break (%) parameters for batches of hydrogel films (n = 5) 

Formulation code  Thickness (mm) Tensile Strength (N) Elongation at Break (%) 

F1 0.118 ±0.020 10.30 ± 0.29 45.67 ± 0.24 
F2 0.101 ±0.009 10.25 ± 0.40 44.24 ± 0.20 
F3 0.092 ±0.045 11.06 ± 0.17 46 ± 0.92 
F4 0.116 ±0.007 8.36 ± 0.43 41.58 ± 0.22 
F5 0.096 ±0.050 10.60 ± 0.05 45.08 ± 0.66 

 
 

Fig. 3 — Swelling ratios of the prepared hydrogel films 
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Water Vapor Transmission Rate  
Hydrogel films are useful for managing moisture 

levels at the wound site, and the WVTR is an 
important parameter. For example, in formulations  
F1 to F3, increasing the concentration of CHI from 
0.5% to 1% (while κ-CR was held constant at 1%) 
increased the WVTR, indicating that higher CHI 
levels increased film permeability. In contrast, 
formulations F4 and F5, which had constant CHI 
(1%) but with varying κ-CR concentrations, showed 
that lowering κ-CR to 0.5% (F4) had a significant 
decrease in WVTR, whereas a moderate increase to 
0.75% κ-CR (F5) increased WVTR but less than 
formulations F1 to F3. 
 

Moisture Retention Capability 
Moisture retention is important for the wound 

healing process because moisture loss decreases the 
temperature of the wound bed, increases metabolic 
rate, and impairs healing. In general, the WVTR is 
inversely related to the moisture retention capability 
of hydrogel membranes, and formulations F4 and F5, 
with lower WVTR, showed better moisture retention 
(Fig. 4a & b); formulations F1, F2, and F3, with 
higher concentrations of hydrophilic κ-CR, had higher 

WVTR, leading to reduced moisture retention 
capability. These results suggest that the hydrophilic 
polymer content needs to be carefully balanced to 
provide the optimal moisture environment for wound 
management. 
 

Fourier Transform Infrared Spectroscopy 
As seen in the FTIR spectra of the κ-CR, CHI, CS, 

FA, and glycerol hydrogel films (Fig. 5), significant 
molecular interactions between the formulation 
components were observed. A wide peak around 
3292.05 cm-1 suggests extensive hydrogen bonding, 

 
 

Fig. 4 — WVTR (A) and % moisture absorbance (B) from 
κ-CR/CHI/CS/FA Hydrogel Film 
 

 
 

Fig. 5 — FTIR spectra of κ-CR, CHI, CS, FA, and glycerol hydrogel films 
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perhaps between hydroxyl groups of the hydrogel 
constituents. The shifts in CH stretching vibrations at 
2939.15 cm-1 and 2849.17 cm-1 (methylene and 
methyl groups) are consistent with their different 
molecular environments arising from the proximity of 
the components. For instance, the amide peak of  
CHI shifted from 1654.55 cm-1 to 1648.07 cm-1  
and the carbonyl peak of FA shifted slightly from 
1733.86 cm-1 to 1731.83 cm-1, both consistent with 
hydrogen-bonded interactions. Furthermore, the 
sulphate vibration of CS moved from 1224.73 cm-1 to 
1222.26 cm-1, indicating ionic interactions between 
the negatively charged sulphate groups of CS and 
positively charged amine groups of CHI. The 
fingerprint region (below 1500 cm-1) also displays 
overlapping peaks, which reflects complex molecular 
interactions that contribute to structural integrity, 
swelling behaviour, mechanical stability, and 
controlled drug release, suggesting successful 
integration within the hydrogel matrix. 
 

In vitro Drug Release Study  
CS exhibited a steady, gradual release profile from 

the hydrogel, with an initial release of 8.22% at  
0.167 h and nearly complete release (98.95%) after  
48 h (Fig. 6), which is consistent with a Korsmeyer-
Peppas release pattern (R² = 0.967), indicating 
diffusion-driven release with possible polymer 
relaxation effects, and was confirmed by a high 
correlation with the Higuchi model (R² = 0.943) 

(Table 3). On the other hand, FA release was very low 
(initially negative, -0.14% at 0.167 h, probably 
because of initial absorption or adhesion), and only 
3.48% after 48 h. The release of FA had a weaker 
relationship with the kinetic models, and the 
Korsmeyer-Peppas model (R² = 0.735) fit best, 
suggesting that there is significant polymer-drug 
interaction limiting diffusion. Even with this limited 
release, FA may still contribute to the overall 
therapeutic performance of the hydrogel; in topical 
wound dressing applications, complete release of 
bioactive compounds is not always necessary, since 
localized activity at the wound interface can be 
enough to elicit antioxidant and anti-inflammatory 
effects, and the retained FA within the hydrogel 
matrix may provide long-term local protection against 
oxidative stress and inflammation. 
 

Antibacterial Tests 
Hydrogel films containing 0.3% CS and 0.05% FA 

were evaluated for their antibacterial activity against 
S. aureus using the agar well diffusion method  
(n = 3), and results showed a clear inhibition zone 
with an average of 15.0 mm ±0.8 mm inhibition zone 
(P< 0.05). These preliminary findings show that  
the hydrogel films containing CS and FA had a 
significant inhibitory effect against S. aureus, 
demonstrating the potential of the formulation as an 
antibacterial agent compared to previously reported 
CS/CHI-based hydrogels, which typically show zones 
in the range of 10-14 mm inhibition zone39. The 
synergistic antibacterial effect may result from the 
polycationic nature of the chitosan disrupting 
bacterial membranes, while FA contributes by 
inducing oxidative stress in microbial cells. While S. 
aureus is clinically relevant in wound infections, it 
does not fully represent the diverse microbial 
population found in infected wounds; thus, further 
studies will include a broader spectrum of wound-
associated pathogens to more fully evaluate the 
antimicrobial performance of the formulation. 
 

Protein-Ligand Docking and Interactions Analysis 
The molecular docking study identified 4H1Q and 

5A0C, two proteins directly involved in key 
biological processes related to wound healing and 
infection management. Protein 4H1Q (human  
matrix metalloproteinase-9, MMP-9) is involved in 
extracellular matrix remodelling, which is a vital step 
in wound repair and tissue regeneration. Protein 
5A0C is related to inflammatory responses and is 
important in wound healing. The interaction of CS 

 
 

Fig. 6 — In vitro release profiles of CS and FA 
 

Table 3 — R² values for kinetic model fitting of CS and FA 
release 

Release kinetics model CS, R² values FA, R² values 

Zero Order  0.872 0.615 
First Order 0.925 0.678 
Higuchi Model 0.943 0.702 
Korsmeyer-Peppas 0.967 0.735 
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and FA with these proteins can be assessed for their 
therapeutic potential in modulating wound healing 
pathways, as docking analyses for CS and FA showed 
multiple binding modes with different therapeutic 
implications (Table 4). For CS, strong interactions 
were observed with both proteins: The first binding 
mode with 4H1Q had high docking scores and 
minimal RMSD, a highly stable and precise 
interaction that will be necessary for effective 
therapeutic inhibition (Fig. 7c and Fig. 9a). The 
second mode had lower docking scores and higher 
RMSD values, which indicated alternative but 
therapeutically relevant binding conformations. 
Protein 5A0C showed similar trends, with the  
first mode having the best precision and stability  

(Fig. 7d and Fig. 9b), and the second mode  
having slightly lower affinity but still biologically 
relevant. 

FA interactions with protein 4H1Q showed strong 
binding and high affinity and stability, with low 
RMSD in the primary mode (Fig. 7a and Fig. 8a), 
indicating energetically favorable interactions that are 
required for biological activity; the secondary mode 
showed higher RMSD values, indicating less stability, 
but still significant, showing that the compound is 
flexible in its conformation in the binding site.  
For protein 5A0C, the primary interaction mode was 
stable (Fig. 7b and Fig. 8b), whereas the secondary 
mode showed lower affinity but may still be of 
biological interest. 

Table 4 — Summary of molecular docking outcomes conducted using AutoDock Vina software 

S. No Compound Name PubChem CID Protein PDB ID:4H1Q Protein PDB ID:5A0C 

   Score RMSD Score RMSD 
1 FA 445858 -7.00 0.000 -5.90 0.000 
2 FA 445858 -6.78 13.422 -5.80 10.398 
1 CS 24766 -8.67 0.000 -7.50 0.000 
2 CS 24766 -8.47 3.511 -7.47 1.665 
 

 
 

Fig. 7 — (a) FA interaction with 4H1Q; (b) FA interaction with 5A0C; (c) CS interaction with 4H1Q; and (d) CS interaction with 5A0C 
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Hydrogen bonds and hydrophobic contacts were 
shown to be important in stabilizing ligand 
interactions in protein active sites. In FA, crucial 
hydrogen bonds with TYR B:245, ARG B:249,  
THR B:251 (protein 4H1Q), and PRO B:100, SER 
B:221 (protein 5A0C), and important hydrophobic 
interactions stabilized binding (Fig. 8). Also, CS 
interactions were stabilized by essential hydrogen 
bonds with GLY A:186, TYR B:246 (protein 4H1Q), 
ASN A:57, and SER B:202 (protein 5A0C) and  
were further strengthened by large hydrophobic 

interactions, indicating extremely optimized binding 
conformations (Fig. 9). 

The range of RMSD values observed across 
different binding modes for both CS and FA can be 
attributed to the flexibility of the ligand, which can 
adopt a variety of conformations within protein 
binding sites, with lower RMSD values being 
indicative of high stability and biological relevance, 
while higher RMSD values may reflect alternative 
binding modes that are less energetically favorable 
but still could be pharmacologically active. This 

 
 

Fig. 8 — (a) Interaction map of FA with protein 4H1Q highlighting hydrogen bonds and hydrophobic interactions; and (b) detailed 
docking visualization of FA with protein 5A0C showing key molecular interactions 
 

 
 

Fig. 9 — (a) Molecular interaction map of CS with protein 4H1Q highlighting key binding residues; and (b) detailed docking 
visualization of CS with protein 5A0C showing crucial molecular interactions 
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information forms a solid basis for further structural 
optimization and therapeutic development of these 
bioactive compounds. The molecular docking analysis 
offers a preliminary computational prediction of 
potential interactions between the bioactive 
compounds and proteins associated with wound-
healing pathways. CS showed a binding energy of  
-8.67 kcal/mol with MMP-9 (4H1Q), which indicates 
potential interaction with matrix metalloproteinase-
related pathways that may be associated with wound 
healing, often elevated in chronic wounds, which can 
cause ECM degradation and delayed healing. 
Likewise, FA had favorable binding with pro-
inflammatory mediators (5A0C), which suggests that 
it may modulate local inflammation at the wound site. 
The ability of the hydrogel system to stabilize ECM 
via CS and reduce inflammation via FA may account 
for this biological activity and warrants further 
exploration of the system. These preliminary 
computational insights require experimental 
validation, such as enzymatic inhibition assays, 
inflammatory marker analysis, or in vivo wound 
healing studies, to confirm the proposed mechanisms. 
 

Scratch assay 
The scratch assay showed increased fibroblast 

migration and in vitro wound closure for all 
formulations (F1, F2, and F3) tested over 24 h (n = 3), 
demonstrating their ability to promote cell migration 
and tissue regeneration. At 0 h, there was no 
significant difference in scratch widths between the 
groups, and at 8 h, a significant decrease in scratch 
width was observed for F1, F2, and F3 (early 
promotion of cell migration), with slower closure in 
the control group (media). At 16 h, formulations F1 

and F2 were close to complete closure (>100%), with 
F3 also showing significant decrease (Fig. 10).  
At 24 h, formulations F1 and F2 reached  
closure percentages of 103% ±3% and 100% ±2%, 
respectively (P< 0.05). F3 (FA at 30 mg/mL alone) 
showed promise for use as a wound dressing (91% 
±4%) but was less than polymeric combinations.  
The control group remained the slowest, with 
approximately 75% ±3% closure (Fig. 11). Cell 
migration increased significantly in the treated groups 
(F1, F2, and F3) compared to the control (P< 0.05), 
with the F1 group having the highest percentage of 
closure (103% ±3%) likely because of the glycerol-
mediated hydration and increased cellular viability, 
whereas F2, which did not contain glycerol, achieved 
complete closure (100% ±2%), possibly due to the 
inherent effectiveness of the polymeric composition. 
These results demonstrate the potential of these 
hydrogels in wound management, and that F1 and F2 
may have the best therapeutic outcomes.  

These hydrogels exhibit combined mechanical, 
physicochemical, and bioactive properties, indicating 
great potential for clinical wound management, 
particularly in complex chronic wound environments, 
with added advantages of bioactivity (antibacterial 
and anti-inflammatory), sustained release, and ECM-
mimetic behavior compared to commercial hydrogel 
dressings. Its translational potential for clinical 
applications may be further elucidated through further 
in vivo validation. 

A few chitosan-based hydrogels containing natural 
bioactive agents like honey, garlic extract, and ferulic 
acid have been reported for wound healing 
applications, but most of them depend on a single 

 
 

Fig. 10 — Percentage of wound healing over time for MRC-5 cells treated with different formulations [F1, F2 without glycerol, F3 with 
30 mg/ml FA, and control (media only)] was measured at 0, 8, 16, and 24 h post-scratch (n = 3) 
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additive for antibacterial or antioxidant activity.  
The current hydrogel combines chitosan, chondroitin 
sulphate, ferulic acid, and κ-carrageenan, forming a 
multifunctional biomaterial to treat multiple stages  
of the wound healing process at once. Chitosan  
also offers antimicrobial activity and haemostasis, 
chondroitin sulphate mimics components of the 
extracellular matrix that aid fibroblast adhesion and 
tissue regeneration, ferulic acid provides strong 
antioxidant and anti-inflammatory effects to combat 
oxidative stress in chronic wounds, and κ-carrageenan 
enhances the mechanical stability and swelling of the 
hydrogel matrix to maintain moisture and manage 
exudates. The combined components offer a wider 
therapeutic functionality compared to previously 
reported chitosan-based hydrogels containing a single 
bioactive agent. The in vitro results indicate the 
wound healing potential of the hydrogel, but further 
studies in diabetic wound models are necessary to 
validate the therapeutic efficacy of this hydrogel 
under chronic wound conditions. 
 
Conclusion 

In this study, chitosan-based hydrogels enriched 
with chondroitin sulphate and ferulic acid were 
successfully developed and comprehensively 
characterized, demonstrating optimal fabrication with 
consistent thickness and favourable properties such as 
appropriate swelling ratios, mechanical characteristics 

closely matching human skin, and excellent moisture 
retention capabilities necessary for effective wound 
management, and confirmed by FTIR spectroscopy of 
the successful integration and interactions among the 
components, increasing structural integrity and 
bioactivity. Drug release profiles from controlled 
release studies showed sustained drug release profiles 
for long-term therapeutic effects, and antibacterial 
evaluations confirmed the possibility of decreasing 
infection at the wound site. In addition, molecular 
docking studies offered an understanding of the 
therapeutic mechanisms and suggested that structural 
modifications could further improve pharmacological 
performance. Moreover, results of scratch assay 
showed that all formulations (F1, F2, and F3) promote 
cell migration and accelerate wound closure in vitro. 
Collectively, these findings indicate that these 
bioactive chitosan-based hydrogels could be 
developed as potential advanced wound dressings. 
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Fig. 11 — Representative images of the scratch assay results for MRC-5 cells treated with different formulations at 0 h, 8 h, 16 h, 
and 24 h 
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