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The development of sustainable, bio-based polymeric materials with controlled release functionality is of growing interest for advanced 

wound-healing applications. In this study, a hyaluronic acid (HA) based nanogel sponge scaffold incorporating glutathione (GSH) loaded 

chitosan nanogels was rationally designed using ionic gelation followed by freeze-drying. This green and mild fabrication strategy enabled 

the stabilisation of the redox-active thiol functionality of GSH while generating a hierarchically porous HA sponge architecture. 

Comprehensive physico-chemical characterisation using UV-diffuse reflectance spectroscopy, FTIR, differential scanning calorimetry, zeta 

potential analysis, dynamic light scattering, scanning electron microscopy and transmission electron microscopy confirmed successful 

molecular integration, preservation of functional groups, nanoscale uniformity, interconnected porosity and satisfactory thermal and 

colloidal stability. The scaffold exhibited a controlled, diffusion-driven swelling profile, supporting sustained moisture retention under 

simulated wound conditions. In vitro anti-inflammatory evaluation demonstrated concentration-dependent inhibition of bovine serum albumin 

and egg albumin denaturation, along with significant red blood cell membrane stabilisation, with higher concentrations approaching the 

activity of the reference drug. These findings demonstrate that HA-GSH nanogel sponges represent a sustainably engineered, redox-

responsive polymer system capable of providing structural support, controlled molecular release and anti-inflammatory functionality. 

This study contributes to the advancement of bio-based polysaccharide materials and green nanogel synthesis related to health, responsible 

production and materials innovation. 
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INTRODUCTION 

 The rational design of multifunctional polymeric materials 

has become a central focus in contemporary materials chemistry, 

particularly for systems that integrate molecular stabilisation, 

controlled release and hierarchical structural organisation [1]. 

Among natural polysaccharides, hyaluronic acid (HA) has 

attracted significant attention due to its well-defined chemical 

structure, high density of hydroxyl and carboxylate groups and 

strong hydration capability arising from extensive hydrogen-

bonding networks [2]. These features make HA an attractive 

platform for constructing chemically tunable soft materials 

such as hydrogels, nanogels and porous sponges. However, from 

a molecular chemistry perspective, native HA lacks intrinsic 

redox-active functionality, limiting its applicability in systems 

where oxidative stability and chemical protection of labile mole-

cules are required. 

                                                           
This is an open access journal, and articles are distributed under the terms of the Attribution 4.0 International (CC BY 4.0) License. This 
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 Glutathione (GSH) is a low-molecular weight tripeptide 

characterised by a reactive thiol (–SH) group, which plays a 

critical role in redox chemistry through reversible oxidation–

reduction reactions [3]. The high nucleophilicity and oxidation 

sensitivity of the thiol group, however, present significant 

challenges in material integration, as GSH readily undergoes 

oxidative degradation in aqueous and oxygen-rich environ-

ments. From a chemical standpoint, effective incorporation 

of GSH into polymeric matrices therefore requires strategies 

that minimize thiol oxidation while maintaining molecular 

accessibility and release controllability [4]. Recent advances in 

the peptide engineering have highlighted the importance of 

overcoming biological barriers such as epithelial permeability, 

enzymatic degradation and controlled transport, emphasizing 

the need for biomaterial systems that can modulate barrier 

interactions while preserving bioactivity [5]. Nanogel chemistry 

offers a versatile approach for addressing these challenges.  
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 Chitosan-based nanogels, formed via ionic gelation, exploit 

electrostatic interactions between protonated amine groups and 

multivalent counterions to generate nanoscale polymer net-

works without the need for harsh chemical crosslinkers [6]. 

This mild synthesis route is particularly advantageous for 

encapsulating redox-sensitive molecules such as GSH, as it 

preserves molecular integrity while enabling spatial confine-

ment at the nanoscale [7]. The resulting nanogels function as 

chemically protective microenvironments, reducing thiol exp-

osure to external oxidants and allowing diffusion-controlled 

release governed by polymer relaxation and hydration dyna-

mics. Embedding such nanogels within a macroscopic polymer 

scaffold introduces an additional level of structural hierarchy. 

Freeze-dried HA sponges represent a chemically driven archi-

tecture in which ice-templated phase separation generates 

interconnected pore networks with high surface area and tun-

able porosity [8]. 

 From a materials chemistry perspective, this approach 

enables simultaneous control over molecular interactions at the 

nanometer scale and mass-transport behaviour at the micro-

meter scale. The integration of GSH-loaded chitosan nanogels 

into an HA sponge matrix therefore creates a composite sys-

tem in which hydrogen bonding, electrostatic interactions and 

thiol chemistry collectively govern stability, swelling and 

release behaviour. Despite increasing interest in HA-based 

hydrogels and nanogel systems, systematic studies that corre-

late molecular-level interactions, thermal behaviour, colloidal 

properties and hierarchical morphology in HA-GSH compo-

site sponges remain limited [9]. Recent studies on electro-

spun HA-GSH-PVA nanofiber scaffolds have further demon-

strated enhanced fibroblast migration and accelerated wound 

healing, highlighting the therapeutic relevance of HA-GSH 

composite systems in tissue regeneration [10]. In particular, 

there is limited chemistry-focused research explaining the 

effect of nanogel incorporation on polymer–polymer comp-

atibility, thermal transitions, optical response, and swelling 

kinetics in freeze-dried HA matrices. In this work, hyaluronic 

acid based nano-gel sponge scaffolds incorporating GSH-

loaded chitosan nanogels were developed using ionic gelation 

followed by freeze-drying to obtain a hierarchical composite 

material. The physico-chemical characterization using UV-

DRS, FTIR, DSC, zeta potential, DLS, SEM, and TEM was 

performed to establish structure–property relationships. The 

Swelling and stability studies were conducted to understand 

solvent-polymer inter-actions and network relaxation. The 

results demonstrate that HA-GSH nanogel sponges’ function 

as chemically engineered polymeric materials with contro-

lled redox functionality and tunable structural properties. 

EXPERIMENTAL 

 Chitosan (medium molecular weight) was used as primary 

polymer for nanogel formation, while reduced glutathione 

(GSH) served as the entrapped antioxidant molecule. Sodium 

tripolyphosphate (TPP) was employed as the ionic crosslinker 

for chitosan nanogel synthesis. Hyaluronic acid (HA), a bio-

compatible and hydrophilic polysaccharide, was used as the 

structural matrix for sponge scaffold fabrication [11]. Acetic 

acid (1% v/v) was utilised as solvent for chitosan dissolution 

and EDC/NHS coupling reagents were applied for optional 

scaffold crosslinking. All chemicals were of analytical grade 

and used as received without further purification. Double-

distilled water was used in all preparation steps to ensure the 

absence of ionic impurities. 

 Preparation of GSH-loaded chitosan nanogels: The 

chitosan nanogels were prepared using an ionic gelation method. 

Initially, 0.5 g of chitosan was dissolved in 100 mL of 1% 

(v/v) acetic acid and stirred overnight to obtain a clear polymer 

solution. Following complete dissolution, 100 mg of reduced 

glutathione (GSH) was added to the chitosan solution under 

continuous stirring to ensure uniform incorporation [12]. Nano-

gel formation was induced by the dropwise addition of 0.25% 

(w/v) TPP solution at a TPP-to-chitosan ratio of 1:5 while 

maintaining vigorous stirring at 800 rpm, resulting in spont-

aneous ionic crosslinking. The formed nanogels were collec-

ted by centrifugation at 10,000 rpm for 15 min, washed twice 

with distilled water to remove residual reagents and finally 

resuspended for further use [13,14]. 

 Fabrication of nanogel–HA sponge scaffolds: The HA-

based sponge scaffolds were fabricated by first dissolving 2 g 

of hyaluronic acid (HA) in 100 mL of distilled water under 

continuous stirring for 6 h to obtain a uniform polymer 

solution. The purified GSH-loaded chitosan nanogels were 

then incorporated into the HA solution and mixed for an addi-

tional 2 h to achieve a homogeneous nanogel–polymer blend. 

The resulting mixture was transferred into molds, frozen at 

-80 ºC for 12-24 h and subsequently lyophilised at -50 ºC for 

48 h to form porous sponge scaffolds. When required, struct-

ural reinforcement was carried out by immersing the scaffolds 

in an EDC/NHS crosslinking solution for 2-4 h, followed by 

thorough washing and a second freeze-drying cycle to ensure 

stability and removal of residual reagents [15,16]. 

 Characterisation: Optical properties were analysed by 

UV-DRS in the 200-800 nm range using a UV-vis spectro-

photometer with an integrating sphere. Functional group inter-

actions between PVA, HA and GSH were examined by FTIR 

(4000-400 cm–1). Thermal behaviour was evaluated using DSC 

in the range of 30-400 ºC at the heating rate of 10 ºC min–1 in 

nitrogen atmosphere). Surface charge and colloidal stability 

were determined by zeta potential measurements at 25 ºC. 

Hydrodynamic size distribution was analysed using dynamic 

light scattering (DLS) at 25 ºC with backscatter detection at 

173º. The surface morphology and gel architecture were exam-

ined using SEM (JEOL JSM-IT800) after platinum sputter-

coating and particle size distribution was analysed using 

ImageJ software. Internal structure and nanocomposite homo-

geneity were investigated by TEM (JEOL JEM-1010) using 

thin sections mounted on carbon-coated copper grids to observe 

dispersion and encapsulation of GSH within the HA matrix. 

 Swelling index: The swelling characteristics of the HA-

GSH nanogel sponge scaffold were evaluated to determine its 

fluid absorption capacity under simulated wound conditions. 

Pre-weighed dried scaffold samples were used for the study. 

Each scaffold was placed in 15 mL of acetate buffer (pH 5.5) 

and maintained at 37 ºC to mimic the mildly acidic and warm 

physiological environment typically present in inflamed or 

post-surgical wounds. At predetermined time intervals (0, 5, 

10, 15, 30, 45, 60 and 75 min), the samples were carefully 



1214 Panneerselvam et al.  Asian J. Chem. 

removed from the buffer, blotted gently with filter paper to 

eliminate surface moisture and weighed immediately to record 

the swollen weight [17]. All measurements were performed 

in triplicate to ensure accuracy and reproducibility. 

 Swelling index formula: 

  s d

d

Swelling index (
W W

100
W

%)
−

=   (1) 

where Wd = dry weight of the scaffold, Ws = swollen weight 

at each time interval. 

Anti-inflammatory activity 

 Bovine serum albumin (BSA) denaturation assay: The 

HA-GSH nanogel scaffold was evaluated for anti-inflam-

matory potential using the BSA denaturation assay. In this 

method, 0.45 mL of BSA was combined with 0.05 mL of HA-

GSH nanogel scaffold at varying concentrations (10, 20, 30, 

40 and 50 g/mL). The pH of the mixture was adjusted to 6.3. 

The solution was allowed to stand at room temperature for 10 

min and subsequently incubated in a water bath at 55 ºC for 

30 min. Diclofenac sodium served as the standard reference 

drug and DMSO acted as control. After incubation, absorb-

ance values were recorded at 660 nm using a UV-visible 

spectrophotometer [18]. The percentage of protein denatura-

tion was determined using the following equation: 

  
control sample

control

A A
Inhibition (%) 100

A

−
=   (2) 

 Egg albumin denaturation assay: For the egg albumin 

denaturation assay, 0.2 mL of fresh egg albumin was comb-

ined with 2.8 mL of 1X phosphate buffer. Varying concentra-

tions (10, 20, 30, 40 and 50 g/mL) of HA GSH nanogel 

scaffold were then added to the mixture. The pH was adjusted 

to 6.3. The reaction mixture was maintained at room tempe-

rature for 10 min, followed by incubation in a water bath at 

55 ºC for 30 min. Diclofenac sodium served as standard 

reference, while DMSO was used as control. After incubation, 

the absorbance of the samples was recorded spectrophotomet-

rically at 660 nm [19]. The percentage of protein denaturation 

was determined using eqn. 3: 

  
control sample

control

A A
Inhibition (%) 100

A

−
=   (3) 

 Membrane stabilisation assay: The in vitro membrane 

stabilisation assay is a commonly employed method for 

assessing the membrane-stabilizing potential of both natural 

and synthetic compounds. This assay evaluates the ability of 

a test substance to protect the cell membrane from damage 

and prevent the leakage of intracellular components. The 

materials required for the assay include human red blood 

cells (RBCs), phosphate-buffered saline (PBS), Tris-HCl 

buffer (50 mM, pH 7.4), various concentrations of HA GSH 

nanogel scaffold (10, 20, 30, 40 and 50 g/mL), centrifuge 

tubes and a UV-vis spectrophotometer [20]. 

 Preparation of RBC suspension: Fresh human blood 

was collected in a sterile tube containing an anticoagulant. The 

sample was centrifuged at 3000 rpm for 10 min at room 

temperature to separate the red blood cells (RBCs) from the 

plasma and other components. The supernatant was discarded 

and the RBC pellet was washed three times with PBS. The 

washed cells were then resuspended in Tris-HCl buffer to 

prepare a 10% (v/v) RBC suspension [21]. 

 Assay procedure: The prepared RBC suspension (1 mL) 

was transferred into each centrifuge tube, followed by the 

addition of varying concentrations of silver nanoparticles (10, 

20, 30, 40 and 50 g/mL). The contents were mixed gently and 

incubated at 37 ºC for 30 min. After incubation, the tubes 

were centrifuged at 2500 rpm for 5 min at room temperature 

to pellet the RBCs. The absorbance of the collected super-

natant was then recorded at 560 nm using a UV-vis spectro-

photometer [22]. The percentage inhibition of haemolysis 

was calculated using eqn. 4:  

  
control sample

control

OD OD
100

OD
Inhibition (%)

−
=   (4) 

where OD control is the absorbance of the RBC suspension 

without the test compound(s) and OD sample is the absorb-

ance of the RBC suspension with the test. 

 Statistical analysis: All experiments were performed in 

triplicate and the data are presented as mean ± SD. Statistical 

analysis was conducted in RStudio (R v4.x) using one-way 

ANOVA to determine differences among treatment groups after 

confirming normality and homogeneity of variance. All experi-

ments were performed in triplicate (n = 3) and the results are 

presented as mean ± standard deviation (SD). Statistical signi-

ficance was determined using one-way analysis of variance 

(ANOVA) followed by Tukey’s post hoc multiple comparison 

test. Differences were considered statistically significant at p 

< 0.05 and highly significant at p < 0.01.  

RESULTS AND DISCUSSION 

 The freeze-dried HA-GSH nanogel sponge scaffold, which 

was successfully prepared, exhibited a uniform white appear-

ance with a highly porous, interconnected three-dimensional 

structure formed during lyophilisation. The scaffold showed a 

lightweight and stable sponge-like morphology with smooth 

pore walls, indicating homogeneous incorporation of GSH-

loaded nanogels within the hyaluronic acid matrix. The well-

defined porosity suggests good fluid absorption, moisture 

retention and suitability for controlled release and wound-

healing applications.  

 UV-DRS analysis: As shown in Fig. 1, the UV-diffuse 

reflectance spectrum of the HA-GSH nanogel scaffold exhibits 

a prominent absorption peak at approximately 280.6 nm, 

which is attributed to n→* electronic transitions associated 

with carbonyl and carboxylate groups. This absorption region 

is characteristic of polysaccharide-based hyaluronic acid sys-

tems. The close correspondence of this peak with the reported 

absorption range of native HA (260-285 nm) indicates that 

the chromophoric structure of HA remains intact following 

nanogel incorporation and scaffold fabrication. The presence 

of glutathione further contributes to the spectral profile, as 

thiol-containing biomolecules are known to broaden or 

intensify absorption bands in the 260-300 nm region. This 

behaviour is consistent with the previously reported spectra 

of GSH-functionalised nanogels and antioxidant-enriched HA- 
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Fig. 1. UV-diffuse reflectance spectrum of HA–GSH nanogel 

 

based materials, confirming the successful molecular integra-

tion of GSH within the polymeric matrix. 

 In addition to the main UV absorption, a weak shoulder 

observed near 469.3 nm is attributed to low-intensity visible-

range light scattering rather than discrete electronic transitions. 

Such scattering effects are commonly reported in hydrated 

biopolymer nanogels and arise from microstructural hetero-

geneity within the polymer network. Furthermore, a broad 

diffuse feature centered around 988 nm appears in the near-

infrared region, reflecting enhanced light scattering associ-

ated with the freeze-dried porous architecture. This NIR scatt-

ering behaviour is indicative of internal porosity, refractive 

index fluctuations and density gradients within the HA-GSH 

nanogel scaffold. 

 FTIR spectral studies: As shown in Fig. 2, the FTIR 

spectrum of the HA-GSH nanogel scaffold exhibited charact-

eristic vibrational bands corresponding to both hyaluronic acid 

and glutathione, with subtle peak shifts indicating intermole-

cular interactions within the composite system. The broad O–H/ 

N–H stretching band observed at 3264.81 cm–1 appears slightly 

shifted and broadened compared to pure HA (typically 3400-

3200 cm–1) and pure GSH (~3350-3300 cm–1), suggesting 

enhanced intermolecular hydrogen bonding between HA 

hydroxyl groups, GSH amine groups and carboxyl functiona-

lities. The C–H stretching vibration at 2930.97 cm–1 corres-

ponds to the polysaccharide backbone and GSH methylene 

groups and shows minor positional variation relative to neat 

HA, indicating preservation of structural integrity without 

degradation. The prominent band at 1642.25 cm–1 (amide-I) 

arises from overlapping contributions of HA carboxylate C=O 

stretching and GSH peptide carbonyl groups; its slight shift 

compared to pure GSH (~1660-1650 cm–1) supports the 

hydrogen-bond-mediated interactions rather than new covalent 

bond formation. Similarly, the amide II band at 1553.06 cm–1 

confirms the presence and structural preservation of GSH 

within the matrix. The symmetric COO– stretching band at 

1404.32 cm–1, characteristic of HA, remains intact with slight 

variation, suggesting electrostatic interaction between HA 

carboxylate groups and protonated chitosan amines. The 

strong absorptions in the 1307-1024 cm–1 region correspond 

to C–O–C and C–O stretching vibrations of the HA glycosidic 

framework, with minor intensity changes indicating modifi-

cation of the hydrogen-bonding environment upon nanogel 

incorporation. The retention of low-frequency skeletal vibra-

tions (816-560 cm–1) further confirms preservation of the HA 

backbone structure. Thus, the FTIR results indicate the reten-

tion of chemical integrity and formation of a stable nanogel 

embedded sponge scaffold suitable for further applications. 

 Thermal studies: The thermal behaviour of the HA-GSH 

nanogel sponge scaffold was analysed using DSC, which 

showed two distinct thermal transitions typical of hydrated 

polysaccharide systems (Fig. 3). The first broad endothermic 

peak (30.28-130.00 ºC, peak at 90.74 ºC; H = 392.14 J/g) 

corresponds to the loss of bound water and relaxation of the  

 

 

Fig. 2. FTIR spectrum of HA–GSH nanogel 
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Fig. 3. DSC thermogram of HA–GSH nanogel 

 

hydrated polymer network, indicating strong hydrogen bonding 

and high water retention. The shift of the glass transition 

temperature to ~90 ºC compared to pure HA suggests reduced 

polymer chain mobility due to interactions between HA and 

GSH-loaded chitosan nanogels. 

 A second transition at higher temperature (181.72-209.68 

ºC, peak at 197.00 ºC; H = -14.63 J/g) is attributed to polymer 

rearrangement followed by the onset of thermal degradation. 

The presence of this transition at elevated temperature indi-

cates that nanogel incorporation does not compromise the 

thermal stability of the HA matrix. The DSC results confirm 

strong hydration behaviour, improved polymer–nanogel inter-

actions and adequate thermal stability of the HA-GSH nano-

gel sponge. 

 Zeta potential: The HA-GSH nanogel exhibited a zeta 

potential of +26.13 mV, indicating moderate electrostatic 

stability in aqueous dispersion. The positive surface charge is 

attributed to protonated amine groups of chitosan and thiol-

associated functionalities, resulting in a cationic surface. The 

measured conductivity of 1.713 mS cm–1 suggests suitable 

ionic strength of the dispersion medium, supporting stable 

particle dispersion (Fig. 4). This level of surface charge pro-

vides sufficient electrostatic repulsion, minimizing aggre-

gation and promoting uniform nanogel distribution within the 

HA matrix. These results confirm adequate colloidal stability 

and favourable surface electrostatic properties of the HA-

GSH nanogel. 

 
Fig. 4. Zeta potential plot of the HA–GSH nanogel 

 

 Dynamic light scattering (DLS): Dynamic light scatt-

ering (DLS) analysis was performed to determine the hydro-

dynamic size distribution of the HA-GSH nanogel system. 

The Z-average hydrodynamic diameter was 211.5 nm, which 

falls within the typical range reported for HA-based nanogels. 

The size distribution exhibited a multimodal profile with a 

polydispersity index (PDI) of 1.0, indicating broad size distri-

bution associated with hierarchical nanogel structures formed 

after freeze-drying. The dominant peak at 853.3 nm corres-

ponds to larger nanogel assemblies formed through secondary 

aggregation, while smaller peaks at 87.6 nm and 10.9 nm repr-

esent primary nanoscale nanogel populations (Fig. 5). The 

presence of both nano- and submicron-sized particles suggests 

coexistence of individual nanogels and loosely associated 

aggregate. 

 Swelling index: The HA–GSH nanogel sponge scaffold 

exhibited two-stage swelling behaviour (Fig. 6). Initially, a 

rapid decrease in swollen weight within the first 5 min is 

attributed to the release of loosely bound surface water from 

macropores during equilibration. Subsequently, a gradual incre-

ase in swelling from 5 to 75 min, reaching ~1.9 g, indicates 

diffusion-controlled water uptake through the interconnected 

porous network. However, the plateau observed after the pro-

longed immersion indicates structural stability without pore 

collapse, reflecting balanced interactions between HA chains 

and GSH-loaded nanogels, which further demonstrating the 

sustained hydration with good moisture retention capacity of 

the HA-GSH nanogel scaffold. 

 

 

Fig. 5. DLS correlogram (a) and hydrodynamic size distribution (b) of HA–GSH nanogel 



Vol. 38, No. 5 (2026)  Hyaluronic Acid Nanogel Sponges for Controlled Glutathione Release and Wound Healing 1217 

 
Fig. 6. Swelling profile of HA–GSH nanogel 

 

 Morphological studies: As shown in Fig. 7, the SEM 

micrographs of the HA-GSH nanogel sponge scaffold reveal 

a highly porous, interconnected 3D architecture characteristic 

of freeze-dried hydrogel–nanogel systems. At the lower magni-

fication, the scaffold exhibits a continuous network of large, 

open macropores with irregular yet well-defined boundaries. 

The uniform distribution of these pores throughout the matrix 

confirms effective ice-templated porosity formation during 

the freeze-drying process. Such pore architectures are comm 

only reported for HA-based sponges, where controlled free-

zing induces phase separation and generates interconnected 

channels that facilitate fluid transport and mass exchange [23]. 

 At higher magnifications, the pore walls appear smooth 

and continuous, with no evidence of cracking, fragmentation, 

or phase separation. This structural continuity indicates strong 

molecular compatibility between hyaluronic acid and GSH-

loaded nanogels, consistent with the observations in thiolated 

and antioxidant-modified polysaccharide scaffolds. The pre-

sence of thin, sheet-like polymer walls bridging adjacent pore 

cavities further suggests effective intermolecular crosslinking 

within the nanogel-embedded HA matrix. These bridging fea-

tures contribute to enhance the internal mechanical stability, 

a hallmark of well-crosslinked HA hydrogels and nanogel-

reinforced sponge architectures. 

 In addition, nanoscale surface flutters are also observed 

along the pore walls, which are attributed to the distribution 

of embedded GSH nanogels within the HA framework. Similar 

nanoscale texturing has been reported in HA-thiol hybrid 

scaffolds, where nanogel incorporation increases surface 

roughness and contributes to hierarchical microstructural 

organisation. Notably, no collapsed regions or compressed 

pore domains are observed, indicating that the scaffold retains 

its structural integrity throughout the lyophilisation process. 

 The TEM micrographs (Fig. 8) of the HA-GSH nanogel 

system reveal spherical to quasi-spherical nanoparticles with 

sizes predominantly in the range of 80-500 nm. The particles 

exhibit relatively uniform electron-dense contrast, indicating 

a compact internal polymer network. Smooth surfaces and 

clearly defined boundaries suggest good structural uniformity 

and homogeneous incorporation of GSH within the HA matrix. 

The presence of discrete yet closely distributed nanoparticles 

further supports the formation of stable HA-GSH nanogels 

with consistent nanoscale morphology. 

 

 

Fig. 7. SEM micrographs of HA–GSH nanogel 
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 In some regions, mild particle clustering is observed, 

which can be attributed to hydrogen bonding, surface adhe-

sion forces and residual moisture commonly associated with 

soft hydrogel nanogels. This limited aggregation does not indi-

cate instability but reflects the flexible nature of hydrogel-

based nanoparticles. The absence of collapsed or irregular 

structures, along with clear particle boundaries, confirms the 

preservation of the nanogel architecture during preparation 

and freeze-drying. 

In vitro evaluation 

Anti-inflammatory test  

 BSA denaturation assay: The BSA protein denaturation 

assay demonstrated that the HA-GSH nanogel scaffold exhi-

bits concentration-dependent anti-inflammatory activity. The 

inhibition of protein denaturation increased from approxi-

mately 38% at 10 g/mL to about 73% at 50 g/mL, indicating 

effective protection against heat-induced protein unfolding 

(Fig. 9). This behaviour can be attributed to hydroxyl and 

thiol functionalities of the HA-GSH system, which contribute 

to protein stabilisation [24]. 

 Comparison with the standard drug showed slightly higher 

inhibition values (≈82-85% at 50 g/mL); however, the HA-

GSH nanogel scaffold approached comparable activity at higher 

concentrations. The progressive increase in inhibition suggests 

formation of a protective hydration environment around protein 

molecules, reducing aggregation and thermal denaturation. 

Hence, these results confirm that the HA-GSH nanogel  

 
Fig. 9. Concentration-dependent inhibition of bovine serum albumin (BSA) 

denaturation by the HA–GSH nanogel 

 

scaffold possesses notable protein-stabilizing and antidena-

turation capability, supporting its potential for anti-inflamma-

tory and wound-healing applications [19]. 

 Egg albumin denaturation assay: The egg albumin dena-

turation assay demonstrated that the HA-GSH nanogel scaff-

 

Fig. 8. TEM micrographs of HA–GSH nanogel 
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old exhibits dose-dependent anti-inflammatory activity. The 

percentage inhibition increased from approximately 45% at 

10 g/mL to about 73% at 50 g/mL, indicating enhanced 

protection against heat-induced protein denaturation at higher 

concentrations (Fig. 10). This behaviour is attributed to the 

combined effect of hydroxyl-rich HA chains and thiol groups 

of glutathione, which help stabilise protein structure. 

 

 
Fig. 10. Dose-dependent inhibition of egg albumin denaturation by the HA–

GSH nanogel 

 

 The standard drug showed slightly higher inhibition 

(about 5-10% greater) across all concentrations; however, the 

HA-GSH nanogel displayed a steady increase in activity and 

approached comparable inhibition at higher doses (40-50 

g/mL). The observed effect is associated with the hydrated 

polymeric matrix and antioxidant activity of GSH, which 

reduce protein aggregation and preserve conformational stab-

ility [7,25]. 

 Membrane stabilisation assay: The membrane stabilisa-

tion assay demonstrated that the HA-GSH nanogel scaffold 

exhibits concentration-dependent protection against heat-indu-

ced hemolysis. The percentage inhibition increased from 

~50% at 10 g/mL to nearly 83% at 50 g/mL, indicating 

effective prevention of erythrocyte membrane lysis (Fig. 11). 

This behaviour is attributed to hydrogen bonding, hydration 

layer formation and thiol-mediated stabilisation associated 

with the HA-GSH system. 

 The standard drug showed slightly higher inhibition, reac-

hing about 90% at 50 g/mL; however, the nanogel scaffold 

closely approached comparable activity at higher concen-

trations (40-50 g/mL). The enhanced protection is due to the 

combined effect of the HA hydration shell and antioxidant 

activity of GSH, which reduce membrane damage and oxid-

ative stress and confirm significant anti-inflammatory poten-

tial of the HA-GSH nanogel scaffold and support its suitability 

for wound-healing applications [19,21]. 

 
Fig. 11. Concentration-dependent membrane stabilisation activity of the 

HA–GSH nanogel 

 

Conclusion 

 In this study, a hyaluronic acid (HA) based sponge scaff-

old incorporating glutathione (GSH) loaded chitosan nanogels 

was successfully developed using ionic gelation followed by 

freeze drying. The resulting HA-GSH nanogel sponge exhi-

bited a highly porous, interconnected 3D architecture with uni-

form pore distribution, well-defined nanoscale GSH-loaded 

particles and a positively shifted zeta potential indicative of 

colloidal stability. Comprehensive physico-chemical charac-

terisation using UV-DRS, FTIR and DSC confirmed the 

preservation of key functional groups, favourable polymer-

nanogel interactions and satisfactory thermal stability, while 

DLS, SEM and TEM analyses demonstrated homogeneous 

nanogel dispersion within the HA matrix. Functionally, the 

scaffold displayed a controlled and progressive swelling profile, 

supporting sustained moisture retention suitable for exude-

tive wound environments. In vitro anti-inflammatory evaluation 

including bovine serum albumin and egg albumin denatura-

tion assays as well as red blood cell membrane stabilisation, 

revealed a clear concentration-dependent inhibitory response, 

with higher nanogel concentrations approaching the activity 

of the reference drug. These results demonstrate that integra-

tion of GSH-loaded chitosan nanogels within an HA scaffold 

yields a unified platform capable of providing structural 

support, hydration and effective anti-inflammatory action 

key requirements for advanced wound-healing materials. 
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