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Abstract

This study focused on the development and characterization of bioactive polymeric patches based on
agar—chitosan and gellan—chitosan matrices, with and without naringin, aiming to identify
formulations with optimal physicochemical and biological performance. FTIR spectroscopy,
thermogravimetric (TGA), and differential scanning calorimetry (DSC) analyses confirmed effective
crosslinking, stable incorporation of the bioactive compound, and high thermal stability of the
patches. Antimicrobial testing against Staphylococcus aureus ATCC 33591 demonstrated that naringin-
loaded agar—chitosan films, particularly those with lower chitosan and glutaraldehyde content,
exhibited significant activity (MIC = 12.5 mg/mL; inhibition zone 27.67 + 0.58 mm). Biocompatibility
studies, including local skin irritation in rabbits and 28-day topical application in mice, showed no
adverse effects. Anti-inflammatory evaluation using the A-carrageenan-induced paw edema model
indicated modest activity of naringin under acute conditions. Overall, agar—chitosan films offered
tunable properties and reproducible bioactive incorporation, while gellan—chitosan films provided
mechanically robust matrices suitable for further optimization. The results highlight the potential of
agar—chitosan patches as biocompatible, structurally stable, and antimicrobial platforms for topical
and transdermal delivery of bioactive flavonoids.

Keywords: chitosan; gellan gum; agar; naringin; composite film; biopolymer film; wound healing;
drug delivery; transdermal patch; biomedical applications

1. Introduction

The skin is the largest organ of the human body and serves as a critical barrier against
environmental threats, including microbial invasion, mechanical injury, and chemical exposure.
Disruption of skin integrity initiates a complex healing process involving hemostasis, inflammation,
proliferation, and remodeling. Impaired wound healing, particularly in chronic and non-healing
wounds, presents a substantial clinical challenge due to the risk of infection, prolonged inflammation,
and delayed tissue regeneration. Conventional dressings such as gauze primarily offer physical
coverage but often fail to maintain a moist healing environment, support cellular activity, or protect
against microbial contamination, which are essential for efficient tissue repair [1-3].

Chitosan is a linear natural polysaccharide derived from the deacetylation of chitin, a structural
component of crustacean exoskeletons and fungal cell walls. It consists of randomly arranged
D-glucosamine and N-acetyl-D-glucosamine units linked by p-(1—4) glycosidic bonds. Due to its
biocompatibility, biodegradability, and low toxicity, chitosan has garnered significant attention in
biomedical applications. In wound care, it is extensively investigated because of its intrinsic
antibacterial properties, hemostatic activity, and ability to stimulate fibroblast proliferation and
extracellular matrix synthesis. Chitosan can be processed into various material forms, such as
hydrogels, films, membranes, and nanocomposites, enabling diverse wound dressing designs.
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However, its restricted mechanical strength, pH-dependent solubility, and relatively rapid
degradation limit its standalone use, prompting the development of composite systems with
enhanced structural and functional characteristics [4-9].

Blending chitosan with other natural polysaccharides such as gellan gum or agar is a promising
strategy to overcome these limitations. Gellan gum, an anionic microbial polysaccharide, forms
robust hydrogels with well-defined gelation behavior, while agar contributes structural stability and
water retention when incorporated into composite matrices. Polysaccharide composites combining
chitosan with gellan or agar have demonstrated improved mechanical integrity, moisture
management, and biocompatibility, offering potential advantages over single-component systems for
wound care applications [10]. Nonetheless, comparative studies systematically evaluating the
influence of distinct polysaccharide partners on the physicochemical and structural properties of
chitosan-based composites remain limited, highlighting the need for further investigation.

In addition to material composition, the functionality of wound dressings can be enhanced
through the incorporation of bioactive compounds. Flavonoids such as naringin, commonly found in
citrus fruits, exhibit antioxidant, anti-inflammatory, and antimicrobial activities that may support
tissue repair and collagen synthesis in wound environments. However, the poor aqueous solubility
and rapid metabolic clearance of naringin hinder its direct therapeutic use, necessitating
encapsulation or controlled release from polymer matrices to sustain local bioavailability [11-14].

Building upon our previous work on chitosan—polysaccharide composite films [15], in the
present study we focus on the comparative development and characterization of gellan—chitosan and
agar—chitosan films loaded with naringin, with an emphasis on structure—property relationships and
potential wound healing functionality.

2. Materials and Methods

2.1. Materials

Agar, gellan gum, and chitosan were used as polysaccharide components in this study. Agar,
(Sigma-Aldrich, Cat. No. 01916, Agar powder, CAS 9002-18-0, Darmstadt, Germany). Gellan gum,
GelriteR (Sigma-Aldrich, Cat. No. G1910, CAS 71010-52-1, Darmstadt, Germany). Chitosan (Sigma-
Aldrich, Cat. No. 448869, low molecular weight chitosan, CAS 9012-76-4, Darmstadt, Germany).
Sodium benzoate (Sigma-Aldrich, CAS No.: 532-32-1, Darmstadt, Germany). Naringin — (Dr.
Ehrenstorfer (DRE-C15495000), CAS 10236-47-2, LGC, Great Britain). Mueller-Hinton broth
(HiMedia Laboratories, India); Mueller-Hinton agar (HiMedia Laboratories, India); sodium chloride,
analytical grade (Mikhailovsky Plant of Chemical Reagents, Russia); ethanol, 96% (Talgar Spirit,
Kazakhstan); purified water.

2.2. Preparation of Polymer Films

Two series of polysaccharide-based films were prepared, namely gellan gum—chitosan (G1) and
agar—chitosan (A1) films. In both formulations, glutaraldehyde was added as a chemical crosslinking
agent primarily associated with the chitosan component, while gellan gum or agar served as
modifying polysaccharide constituents contributing to film formation and network organization
[16,17]. Sodium benzoate was added as a preservative to prevent microbial spoilage of the
biodegradable films, and naringin was incorporated as a bioactive compound.

2.2.1. Preparation of Gellan—Chitosan Films

Gellan gum (1.0 g) was dissolved in 50 mL of distilled water under continuous magnetic stirring
until a homogeneous solution was obtained. In parallel, chitosan (0.5 g) was dissolved in 50 mL of
distilled water under identical stirring conditions. The two polysaccharide solutions were combined
and stirred to ensure uniform mixing. Subsequently, sodium benzoate (0.25 g in 5 mL), and, when
required, naringin (0.25 g in 25 mL) were added sequentially under continuous stirring. Crosslinking
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of the polymer matrix was initiated by the addition of glutaraldehyde (5 mL) to the reaction mixture.
Stirring was maintained until a visually uniform composition was achieved. The resulting solution
was cast into Petri dishes and allowed to dry at room temperature for 48 h to obtain polymer films.
For films without naringin, the procedure was identical, except that the naringin solution was
omitted.

The synthesized hydrogels were subsequently exposed to further ionic cross-linking in 0.1 M
NaCl and 0.05 M CaCl2 solutions for 30 minutes to improve their structural integrity. Upon
completion, all specimens were meticulously rinsed in distilled water to eliminate unbound reagent
remnants.

2.2.2. Preparation of Agar—Chitosan Films

One gram of agar was dissolved in 50 mL of distilled water under continuous magnetic stirring
until fully solubilized. Chitosan was separately dissolved in 50 mL of distilled water under identical
conditions. Two agar—chitosan formulations were prepared: Sample A contained higher chitosan (0.5
g) and glutaraldehyde (5 mL), while Sample B contained lower chitosan (0.25 g) and glutaraldehyde
(2.5 mL). The concentrations of agar, naringin (0.25 g in 25 mL for bioactive films), and sodium
benzoate (0.25 g in 5 mL) were chosen based on preliminary experiments to achieve homogeneous
film formation, adequate bioactive loading, and reproducible structural integrity, in line with
common practices in the preparation of polysaccharide composite films [18]. Sodium benzoate served
as a preservative to prevent microbial spoilage, and naringin was incorporated as a bioactive
compound.

The agar and chitosan solutions were combined and thoroughly mixed, followed by the
sequential addition of sodium benzoate and, for bioactive films, naringin prior to crosslinking.
Glutaraldehyde was then added at the designated concentration for each sample, and the mixture
was agitated until a uniform polymer composition was obtained. The resulting solutions were cast
into Petri plates and allowed to dry at ambient temperature for 48 hours, yielding flexible polymer
films. Films without naringin were prepared using the same procedure, omitting the flavonoid. No
additional crosslinking with inorganic salts was required, as the hydrogels exhibited sufficient
structural stability. All samples were carefully washed with distilled water to remove unbound
residues.

2.3. Thermal Analysis

The thermal properties of the primary polymeric components, the bioactive additive, and a
representative polymer patch were evaluated using thermogravimetric analysis (TG) and differential
scanning calorimetry (DSC). The samples analyzed included pure agar, gellan gum, chitosan,
naringin, and an agar—chitosan—glutaraldehyde patch, selected to assess both the intrinsic thermal
behavior of the constituents and the effect of crosslinking on the polymer network. Approximately
5-10 mg of each sample was placed in an aluminum crucible and heated from room temperature to
600 °C at a rate of 20 °C/min under a nitrogen atmosphere. TG curves were used to quantify weight
loss and decomposition stages, while DSC curves were employed to identify thermal transitions such
as moisture loss, glass transitions, and melting events

2.4.. In Vivo Skin Irritation Assessment

Local skin reactions were monitored over 72 hours following patch application, with
assessments recorded at 2, 4, 6, 24, 48, and 72 hours, in accordance with OECD TG 404 guidelines.
Sterile water (1.0 mL) served as a negative control. The naringin-containing patches were cut into 1 x
1 cm sections using sterile scissors and applied to the skin every 2 hours during the 72-hour period.
Rabbits were individually housed under controlled conditions (22 + 3 °C, 50-60% relative humidity,
12-hour light/dark cycle) with free access to water and feed. All animals were experimentally naive
and, as they were housed on-site without prior transport, no acclimatization period was required.
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2.5.. In Vivo Anti-Inflammatory Activity

The anti-inflammatory activity of diclofenac and naringin was evaluated using the A-
carrageenan-induced paw edema model in laboratory rats (n = 25). Animals were randomly divided
into two groups: a control group receiving diclofenac as a reference non-steroidal anti-inflammatory
drug (NSAID), and an experimental group treated with naringin. Inflammation was induced by
subcutaneous injection of a 1% A-carrageenan solution into the plantar surface of the hind paw. Paw
thickness was measured at 1, 2, 3, 4, and 5 hours post-injection using a digital caliper, providing a
quantitative assessment of edema progression. This design allowed for direct comparison of the anti-
inflammatory efficacy of the tested compounds under reproducible inflammatory conditions.

2.6. In Vitro Antimicrobial Activity of Synthesized Wound-Healing Patches

The antimicrobial activity of the synthesized wound-healing patches was investigated using the
agar diffusion assay. Petri dishes were uniformly inoculated with a suspension of Staphylococcus
aureus ATCC 33591, prepared at a concentration of 1.5 x 108 CFU/mL. Sterile cotton swabs were
immersed in the bacterial suspension, gently pressed against the tube walls to remove excess liquid,
and streaked across the agar surface in three directions, rotating the plate by 60° between streaks to
ensure even distribution of the bacteria. Sterile cylindrical tools were used to create wells in the agar
corresponding to the locations of the patches. Each well was filled with 150 uL of the test sample. All
assays were performed in triplicate to ensure reproducibility. The inoculated plates were then
incubated at 37 + 1 °C for 18-24 hours to allow bacterial growth and to evaluate the inhibitory effect
of the patches. Following incubation, the zones of inhibition around each well were measured to
assess the antimicrobial efficacy of the synthesized materials.

3. Results and Discussion

3.1. Visual Evaluation of Polymeric Patches

The formation of homogeneous and mechanically stable polymer films is essential for
transdermal biopolymer patches, as proper gelation and crosslinking determine their
physicochemical properties, drug-loading capacity, and biomedical functionality [19,20]. Two
polysaccharide-based composite systems were prepared: gellan gum-—chitosan (G1) and agar—
chitosan (A1), including samples loaded with the bioactive compound naringin (Table 1).
Glutaraldehyde was used to chemically stabilize the chitosan component, while gellan gum and agar
contributed to network formation through intermolecular interactions and, in the case of gellan, ion-
mediated gelation. In the gellan—chitosan system, these conditions yielded a homogeneous and
continuous film with consistent thickness and a smooth surface, indicating successful gelation and
spatial crosslinking of the polymer network. This observation is consistent with previous findings
that gellan gum forms mechanically stable hydrogel matrices when combined with cationic
polysaccharides such as chitosan, due to electrostatic interactions and hydrogen bonding between
carboxyl and amino functional groups [21-24].

Table 1. Composition of formulations with different feed ratios.

Samples Gella(t:g)G wm Chitosan, (g) Agar, (g) Glutal('taiil)ehyde Naringine Na benzoate
Gl 1 0.5 - 5 - -
Al - 0.5 1 5 - -
GI-N 1 0.5 - 5 0.25 0.25
A1-N - 0.5 1 5 0.25 0.25

Conversely, the agar—chitosan system initially failed to form a cohesive film, remaining largely
liquid and structurally unstable. This behavior is attributed to the thermo-reversible nature of agar

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202603.1304.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 17 March 2026 d0i:10.20944/preprints202603.1304.v1

5 of 14

gelation, which requires careful control of temperature and polymer concentration for effective
network formation. By adjusting the synthesis conditions, including increasing temperature and
maintaining continuous agitation, the mixture achieved improved homogeneity. Under these
modified conditions, the agar—chitosan system produced a uniform and mechanically stable film
without phase separation or residual fluidity. These findings indicate that regulated thermal
processing enhances gelation and promotes intermolecular interactions in agar-based composites,
consistent with previous studies on polysaccharide films [25-27]. The resulting structural integrity
allows for subsequent physicochemical characterization and supports potential biomedical
applications, such as wound dressings and drug delivery (Figure 1).

TR

1) (G1-N) | {Al) (A1-N)

Figure 1. Photographs of polymer films after crosslinking.

Comparative analysis reveals that gellan—chitosan composites exhibit superior film-forming
capabilities under conventional conditions, whereas agar—chitosan films require optimized thermal
treatment to achieve comparable structural stability. The formation of homogeneous and
mechanically resilient films is essential for consistent functional performance, including swelling
behavior, controlled release, and adhesion properties.

3.2. Infrared Spectroscopic Evaluation of Polysaccharide-Based Composite Films

Fourier-transform infrared (FTIR) spectroscopy was used to probe the chemical structures and
intermolecular interactions in the prepared chitosan/polysaccharide composite films, both with and
without naringin incorporation. The spectra revealed distinct vibrational features corresponding to
chitosan and the polysaccharide components (gellan gum or agar), as well as features attributable to
the flavonoid naringin, thereby providing a molecular-level view of network formation and additive
integration (Figure 2).

Across all samples, a broad absorption band centered between approximately 3300 and 3350
cm™ was observed, arising from overlapping O-H and N-H stretching vibrations. In pure chitosan,
this broad feature reflects extensive hydrogen bonding involving hydroxyl and amino functionalities
along the polymer backbone, while in gellan and agar it corresponds to dense hydroxyl networks
inherent to polysaccharide structures. Notably, composites loaded with naringin exhibited a subtle
red shift of this band accompanied by increased broadening compared to the neat polymer matrices.
This behaviour is consistent with the formation of additional hydrogen bonds between the polymer
network and the multiple hydroxyl groups of naringin, indicating strong intermolecular interactions
that likely contribute to enhanced stabilization of the composite matrix.

In the 28852930 cm™ region, weak to moderate absorptions attributed to aliphatic C-H
stretching were present in all films, arising from glucosamine units of chitosan and saccharide rings
of gellan or agar. Small differences in band intensity among the composites suggest variations in local
polymer packing and hydrophobic environments resulting from polymer blending and cross
interactions, reflecting subtle conformational differences in the composite networks.

Characteristic bands associated with chitosan’s amide I and amide II vibrations were observed
near 1640-1655 cm™ and 1540-1555 cm™, respectively. The amide I band is dominated by C=0O
stretching of residual acetyl groups, whereas the amide II band arises from combined N-H bending
and C-N stretching. In naringin-loaded composites, the amide I band exhibited a slight shift to higher
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wavenumbers relative to the unloaded films, which suggests changes in the local electronic
environment of the chitosan backbone. This shift is indicative of hydrogen-bonding interactions
between amide functionalities of chitosan and the flavonoid, leading to modifications in the polymer
microenvironment upon additive incorporation. Such behaviour is consistent with earlier reports for
polymer—flavonoid systems, where additive binding alters band positions and intensities associated
with backbone motifs [28,29].

The region between 1020 and 1080 cm™, dominated by C-O-C and C-O stretching vibrations of
glycosidic linkages, exhibited prominent bands in all composite spectra. Compared to the neat
polymer films, composite systems displayed increased intensity and slight sharpening of these
absorptions, particularly in the chitosan/gellan composites. This trend suggests an enhancement in
network ordering and stabilization, potentially arising from synergistic hydrogen bonding and ionic
interactions between the cationic chitosan and anionic gellan gum chains. The observed spectral
changes in this region support the formation of a more cohesive and well-organized polysaccharide
network upon blending.

In the fingerprint region below 1000 cm™, several bands corresponding to saccharide ring
vibrations and C-H bending modes were evident. Peaks near 930-950 cm™ and 720-770 cm™ are
attributable to ring deformations and out-of-plane C-H bends of polysaccharide units. Importantly,
the naringin-containing composites exhibited additional weak absorptions in the vicinity of 1515—
1450 cm™, which can be assigned to aromatic skeletal vibrations and C-O stretching modes of the
flavonoid. These features provide clear evidence of successful naringin incorporation within the
polymer matrix and suggest a predominately non-covalent mode of interaction, governed by
hydrogen bonding and physical entrapment rather than chemical modification.

Taken together, the FTIR findings confirm that the principal backbone structures of chitosan and
the polysaccharide components are preserved in the composite films, while the introduction of
naringin results in defined spectral shifts and intensity changes indicative of specific intermolecular
interactions. The observed modifications in O-H/N-H stretching and amide regions point to
enhanced hydrogen bonding between chitosan, gellan gum or agar, and naringin, contributing to an
interconnected polymeric network. Increased intensity and resolution of glycosidic C—-O-C bands
further support improved network cohesion, which can be directly linked to anticipated
improvements in mechanical stability and water retention behaviour. These interpretations align
with existing literature on chitosan-based composite dressings, where intermolecular hydrogen
bonding and additive incorporation are recognized as critical determinants of structural integrity and
functional performance [30,31].

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 2. Fourier-transform infrared (FTIR) spectroscopy.

Although gellan—chitosan composites exhibited favorable film-forming properties, the focus of
the present study was on agar—chitosan matrices due to their tunable gelation behavior and
compatibility with bioactive incorporation. This choice ensured that subsequent thermal,
antimicrobial, and anti-inflammatory evaluations were performed on films with well-characterized
and reproducible structural features.

3.3. Thermogravimetric (IG) and Differential Scanning Calorimetry (DSC) Analysis

Thermal behavior of the prepared polymeric composites was evaluated by thermogravimetric
(TG) and differential scanning calorimetry (DSC) analyses, focusing on the crosslinked agar—
chitosan—glutaraldehyde patch loaded with naringin. Although individual components (agar, gellan
gum, chitosan, and naringin) were characterized in preliminary experiments to establish baseline
decomposition patterns, only the representative composite patch is presented in Figure 3, providing
a direct view of the thermal stability of the integrated system.

The TG profile of the crosslinked patch exhibited an initial mass loss below ~120 °C,
corresponding to evaporation of residual and bound water, which was less pronounced than in the
unprocessed polymers. This indicates that crosslinking effectively reduced the polymer network’s
free water content. The main thermal degradation occurred between 220 and 350 °C, reflecting
stabilization of the macromolecular network via covalent bonding induced by glutaraldehyde. Minor
weight loss above 350 °C likely corresponds to decomposition of residual organic components,
including naringin, without substantial residue at 700 °C.

DSC curves of the composite film showed broadened endothermic features, consistent with
overlapping thermal transitions of the constituent polymers and the crosslinked network. The
absence of new sharp transitions upon naringin incorporation indicates good compatibility between
the bioactive molecule and the polymer matrix, suggesting that the flavonoid does not disrupt the
thermal integrity of the network.

From a comparative perspective, preliminary TG/DSC data for individual components
demonstrate that agar primarily decomposes above 200 °C, gellan gum above 260 °C, chitosan
between 280-380 °C, and naringin in multiple stages, with glycosidic bond cleavage occurring
between 200-260 °C. These observations provide a reference for interpreting the composite behavior,
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highlighting that the crosslinked patch exhibits a single, consolidated degradation profile with
enhanced thermal stability relative to the separate polymers.

weight% DSC/(mW)
100
20
0
501
20
-40
0 -60
100 200 300 400 500 800 700 800
Temp/C
Instrument:ThermalAnalysis  File:
Experimentor: Mode:?7 Scanning Rate:20 C/min
Date/Time:10/10/2025 8:36:40 PM Crucible:Ce Crucible Temperature:700 C
Lab:SCCM Atmosphere:NC
Sample Name:Arap - Hitozan Glutarald_20251010204455 | Sample Mass:36.4mg
Remarks: Crucible Mass:333.1mg

Figure 3. TG and DSC curves of the representative agar—chitosan—glutaraldehyde patch.

Overall, the thermal analysis confirms that chemical crosslinking effectively reinforces the agar—
chitosan matrix, reduces moisture-related mass loss, and preserves the thermal resilience of the
polymer network. Both agar and gellan gum offer sufficient thermal stability for typical processing
conditions, with gellan providing slightly higher resistance, while the crosslinked composite
maintains thermal characteristics suitable for potential biomedical applications, including wound
dressings and transdermal drug delivery systems.

3.4. Safety and General Observations

During the study duration, all animals exhibited normal body weight and behavior, with no
indications of systemic toxicity or mortality, signifying excellent overall tolerance. In the subchronic
(28-day) investigation involving mice, the daily topical application of the naringin transdermal patch
did not influence body weight (27.93 + 4.76 g) or the mass of internal organs, including the liver (2.03
+ 049 g) and spleen (0.35 + 0.27 g), all of which remained within physiological parameters.
Furthermore, local irritation testing in rabbits revealed no erythema, edema, ulceration, or necrosis
at any observation point during the 72-hour period, yielding a main irritation index of 0. The data
together affirm that the naringin transdermal patch is safe, well-tolerated, and non-irritating upon
topical application.

3.4.1. Evaluation of Anti-Inflammatory Activity

The anti-inflammatory effect was evaluated using the A-carrageenan-induced paw edema
model, with measurements taken at defined intervals post-injection. At 1 hour (t;), paw thickness was
comparable across all groups, averaging 6-7 mm, confirming consistent induction of inflammation.

By the second hour (t;), animals treated with diclofenac exhibited a notable reduction in paw
edema (6-7 mm), whereas the naringin-treated group maintained higher paw thickness (7-9 mm),
suggesting a delayed or limited anti-inflammatory effect. This pattern persisted at subsequent time
points (ts—ts), with diclofenac sustaining low and stable edema, while naringin-treated animals
showed consistently elevated paw thickness (8-9 mm). Statistical analysis using one-way ANOVA
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revealed significant differences between groups from t, onward (p < 0.000001), and post-hoc Tukey
tests confirmed the superior efficacy of diclofenac at all measured intervals (Figure 4).

8.5

Edema (mm)

6.5

tl t2 t3 t4 t5 Period

Figure 4. Effect of diclofenac (1) and naringin (2) on A-carrageenan-induced paw edema in rats.

These findings demonstrate that the A-carrageenan paw edema model is highly sensitive to
NSAID intervention, allowing precise assessment of both standard drugs and novel bioactive
compounds. The limited effect of naringin may be attributed to restricted bioavailability or
insufficient potency under acute inflammatory conditions. Further investigations are warranted to
evaluate dose-dependent activity, potential enhancement strategies, or synergistic effects with
complementary agents. Overall, the quantitative comparison underscores the pronounced anti-
inflammatory activity of diclofenac relative to naringin, providing a clear benchmark for evaluating
the therapeutic potential of flavonoid-based interventions in acute inflammation models.

3.4.2. Subchronic (Sub-Acute) Toxicity of the Naringin Transdermal Delivery System

The subchronic toxicity of the naringin transdermal patch was assessed in outbred male white
mice (6-8 weeks old, body weight 25 + 2.5 g; n = 10 per group). Animals were maintained under
conventional vivarium conditions (22 + 2 °C, 50-60% relative humidity, 12:12 h light/dark cycle) with
unrestricted access to water and food (ad libitum). The test sample was administered topically to a 5
cm? area of the dorsal skin once daily for 28 consecutive days. On day 29, the animals were
euthanized, after which a macroscopic examination and weighing of the internal organs (liver,
spleen) were conducted.

The average body weight of the naringin-treated group was 27.93 = 4.76 g, exhibiting no
significant variation from the control group (p > 0.05). The liver mass measured 2.03 + 0.49 g, while
the spleen mass was 0.35 + 0.27 g; all values fell within normal physiological limits and exhibited no
indications of organ toxicity. The results demonstrate the lack of systemic toxicity after 28 days of
topical application of the naringin transdermal patch.

3.4.3. Localized Irritation of the Naringin Transdermal Patch

The local irritation potential of the naringin transdermal patch was evaluated in Chinchilla white
rabbits utilizing the skin application method as per OECD TG 404 guidelines. Patch pieces (1 x 1 cm)
were affixed to unbroken skin for a duration of up to 72 hours, with skin reactions assessed at 2, 4, 6,
24, 48, and 72 hours following application (Figure 5).
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No alterations in overall condition or abnormalities in body weight from physiological
standards were observed during the observation period. No local dermal reactions, such as erythema,
edema, ulceration, or necrosis, were noted, and the primary irritation index was recorded as 0. The
results demonstrate no local irritation after a single topical application of the naringin transdermal
patch.

B o2
i 20.08.2025

= Ne2
1 20.08.2025

S ¥yl
2% |

Figure 5. Assessment of skin reaction after 72 hours.

3.5. Antimicrobial Activity of Samples

The antimicrobial activity of chitosan-based films and composites, including polymer blends,
has been widely reported in the literature and is attributed to the inherent antibacterial properties of
chitosan and its interactions with bacterial cell membranes [32-35]. To further evaluate this activity
in the present study, the agar—chitosan films were tested against Staphylococcus aureus ATCC 33591
using both broth microdilution and agar diffusion methods. Two formulations were examined:
Sample A, containing higher chitosan and glutaraldehyde levels, and Sample B, with reduced levels
of these components, while both contained identical amounts of agar, naringin, and sodium benzoate
(Table 2).

Table 2. Antimicrobial activity of the samples.

Sample Test strain MIC (mg/mL)
Sample A Staphylococcus aureus ATCC 33591 25
le B
Sample Staphylococcus aureus ATCC 33591 12.5

The MIC results showed that Sample A exhibited a value of 25 mg/mL, whereas Sample B
demonstrated a lower MIC of 12.5 mg/mL, indicating enhanced antibacterial efficacy in the
formulation with reduced chitosan and glutaraldehyde content. Consistently, agar diffusion testing
revealed a growth inhibition zone of 16.0 + 1.73 mm for Sample A and a significantly larger zone of
27.67 + 0.58 mm for Sample B (Figures 6 and 7, Table 3). These findings suggest that the lower
crosslinking density in Sample B facilitated more efficient release of naringin, thereby enhancing
inhibition of S. aureus. Both formulations exhibited notable antimicrobial activity, confirming the
efficacy of the naringin-loaded agar—chitosan films.
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(a) (b)

Figure 6. Antimicrobial activity of naringin-loaded agar—chitosan patches against Staphylococcus aureus ATCC
33591: (a) Sample A (high chitosan/glutaraldehyde), (b) Sample B (low chitosan/glutaraldehyde).

@ . (b)

Figure 7. Evaluation of the antimicrobial activity of naringin-loaded agar—chitosan films against Staphylococcus
aureus ATCC 33591: (a) Sample A (high chitosan/glutaraldehyde), (b) Sample B (low chitosan/glutaraldehyde).

Table 3. Growth inhibition zones of S. aureus ATCC 33591 by the samples (mm).

Sample 1st replicate 2nd replicate  3rd replicate Mean + SD
Sample A 18.0 15.0 15.0 16.0£1.73
Sample B 27.0 28.0 28.0 27.67+0.58

4. Conclusions

In this study, agar—chitosan and gellan—chitosan composite patches, both with and without
naringin, were successfully developed and characterized for their physicochemical, antimicrobial,
and anti-inflammatory properties. FTIR analysis confirmed effective intermolecular interactions and
crosslinking in both polymer matrices, with characteristic shifts in functional group vibrations
indicating stable incorporation of the bioactive compound. Thermal analysis (TGA and DSC)
demonstrated high thermal stability of the patches, with agar—chitosan films showing enhanced
structural coherence following controlled thermal treatment, while gellan—chitosan films exhibited
robust mechanical integrity under standard conditions.

Antimicrobial evaluation against Staphylococcus aureus ATCC 33591 revealed that naringin-
containing agar—chitosan films were effective, with Sample B (low chitosan/glutaraldehyde)
demonstrating the highest activity (MIC = 12.5 mg/mL, inhibition zone 27.67 + 0.58 mm) and Sample
A (high chitosan/glutaraldehyde) exhibiting intermediate efficacy. Both formulations were well
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tolerated in topical applications, with no local skin irritation observed in rabbits, and subchronic
toxicity studies in mice confirmed the absence of systemic adverse effects. Anti-inflammatory testing
using the A-carrageenan-induced paw edema model indicated that diclofenac produced rapid and
sustained edema reduction, whereas naringin exhibited modest activity under the acute conditions
tested.

Overall, these findings demonstrate that both agar—chitosan and gellan—chitosan matrices are
suitable platforms for the incorporation of bioactive compounds, combining thermal stability,
structural integrity, and antimicrobial efficacy with excellent biocompatibility. Agar—chitosan films
offer tunable properties through adjustment of polymer and crosslinker concentrations, while gellan—
chitosan films provide mechanically robust matrices under standard preparation conditions. Despite
the limited anti-inflammatory effect of naringin in acute models, these composite patches show
significant potential for topical and transdermal applications, and further optimization of delivery
strategies may enhance the pharmacological performance of incorporated flavonoids.
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