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Abstract

Wound dressings with their physical characteristics that can maintain moisture and their active content which possesses antibacterial
and antioxidant properties, represent a crucial solution in addressing the delayed healing of diabetic wounds. For this purpose, in this
work we prepared hydrogel films made from a combination of carrageenan, chitosan, and curcumin, and subsequently evaluated
their performance for potential application as the diabetic wound dressings. There were three hydrogel film formulations fabricated
using 0.5% chitosan, 0.05% curcumin, and carrageenan at varying concentrations of 1%, 1.5%, and 2%, which were subsequently
designated as A1, A2, and A3, respectively. These films were examined for physical parameters, chemical profiles, antibacterial activity
against Staphylococcus aureus and Escherichia coli, and antioxidant activity (DPPH assay). The A2 film formulation demonstrated
optimal characteristics, as evidenced by a high swelling capacity of 1439.67 + 20.36%, an appropriate moisture content of 20.63 +
0.49%, a film pH of 6.23 + 0.31%, favorable degradation behavior of 93.27 + 1.36%, and a film thickness of 0.20 + 0.001 mm. This
formulation also demonstrated superior antibacterial activity against Staphylococcus aureus and Escherichia coli, accompanied by
strong antioxidant activity (ICso = 74.52 ppm). Such results indicate that the carrageenan/chitosan/curcumin hydrogel film, particularly
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formulation A2, is a promising smart hydrogel dressing candidate for diabetic wound applications.
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1. INTRODUCTION

Diabetes mellitus is a chronic metabolic disease with a global
prevalence that continues to rise significantly. In 2024, the
number of patients is estimated to reach 537 million people
and is projected to increase by 25% by 2080. This disease is
characterized by uncontrolled chronic hyperglycemia, which
can lead to serious damage to various vital organs such as the
heart, blood vessels, kidneys, eyes, and nervous system (Hos-
sain et al., 2024). One of the most threatening and complex
complications is diabetic wounds, which affect approximately
25% of patients during their lifetime and represent the leading
cause of non-traumatic amputations worldwide (Rizky et al.,
2024).

The healing of diabetic wounds faces highly complex mul-
tifactorial challenges, including resistant bacterial infections,
tissue necrosis, prolonged chronic inflammation, excessive pro-
duction of reactive oxygen species (ROS), and significant im-
pairment of angiogenesis (Gao et al., 2021; He et al., 2025).

The microenvironment of diabetic wounds is characterized by
unique pathological conditions such as high blood glucose levels
(hyperglycemia), low pH (acidosis), dramatically increased ROS
levels, and abnormal matrix metalloproteinase (MMP) activity
(Jin et al., 2026). These factors collectively and synergistically
hinder normal wound healing through several mechanisms,
including impaired fibroblast proliferation and migration, re-
duced collagen synthesis, vascular endothelial dysfunction, and
decreased levels of growth factors such as vascular endothelial
growth factor (VEGF). Hence, the risk of chronic infection
and complete healing failure increases significantly (Han et al.,
2025).

The limitations of currently available wound care solu-
tions further exacerbate the challenges associated with diabetic
wound healing. Conventional wound dressings are unable to
respond to the dynamic and specific characteristics of the di-
abetic wound microenvironment. Another limitation, sterile
gauze and traditional bandages tend to adhere strongly to newly
formed granulation tissue, causing painful secondary trauma
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during removal and failing to maintain optimal moisture levels
required for epithelial cell migration and new tissue formation
(He et al., 2025). Modern commercial wound dressings such
as foam dressings, alginate dressings (Sweeney et al., 2012;
Boateng et al., 2008), and silver dressings offer good exudate
absorption capacity but are generally passive (Nesporovi et al.,
2020), lacking adequate inherent antimicrobial properties and
responsiveness to physiological changes within the wound site.

Further analysis reveals that currently available wound dress-
ing systems are unable to release therapeutic agents in a con-
trolled manner or undergo adaptive material degradation in
response to changes within the diabetic wound microenviron-
ment. These limitations can lead to improper pharmacological
application, reduced therapeutic efficacy, wastage of wound
dressings, and may even trigger antimicrobial resistance (Chen
et al., 2023b). Chronic hyperglycemia and low pH conditions
(pH 5.5-6.5) in diabetic wounds also create a highly favorable
environment for the growth and proliferation of pathogenic
bacteria such as Staphylococcus aureus, Pseudomonas aeruginosa,
and Escherichia coli (Han et al., 2025). Such bacterial infections
further exacerbate the local inflammatory response, increase
oxidative stress through excessive ROS production, and sig-
nificantly impair the critical transition from the inflammatory
phase to the proliferative phase in the normal wound healing
process (Chen et al., 2023b).

Various innovative strategies have been explored to develop
bioactive hydrogel-based wound dressings capable of address-
ing the complex challenges associated with diabetic wound
healing. For instance, an oxidized carrageenan hydrogel modi-
fied with dopamine and zinc ions was designed, demonstrat-
ing superior antibacterial activity against E. coli and S. aureus,
as well as excellent self-healing ability (Khodaei et al., 2028).
Another finding, a multifunctional curcumin-based hydrogel
combined with chitosan and sodium alginate was fabricated,
exhibiting strong antimicrobial performance, potent antioxi-
dant and anti-inflammatory effects, and enhanced angiogen-
esis, which collectively accelerated diabetic wound healing in
a rat model (Ali et al., 2024). Introduced a nano-in-micro
strategy using chitosan-carrageenan microbeads incorporating
curcumin-loaded rhamnosomes, achieving highly effective an-
tibacterial activity against multidrug-resistant pathogens and
controlled drug release (Ali et al., 2024). Meanwhile, devel-
oped an injectable chitosan-carboxymethyl cellulose hydrogel
containing nano-curcumin, which demonstrated favorable rhe-
ological properties, sustained drug release behavior, and signif-
icantly improved diabetic wound closure (Shah et al., 2023).

However, most previous studies have primarily focused on
binary material combinations, such as carrageenan—chitosan or
chitosan—curcumin, and have not comprehensively explored
the potential optimal synergistic effects achieved through the si-
multaneous integration of all three bioactive components such
as carrageenan, chitosan, and curcumin, as a smart responsive
material for diabetic wound dressing. Such a tri-component
system is expected to create a more integrated therapeutic net-
work: carrageenan contributing to mechanical integrity and
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moisture retention, chitosan providing inherent antibacterial
and hemostatic properties, and curcumin delivering potent
antioxidant and anti-inflammatory effects (Madaniyah et al.,
2025). The cooperative interactions among these components
may enhance physicochemical stability, optimize drug reten-
tion and release kinetics, and amplify biological efficacy beyond
additive effects. In this work, we prepare and comprehensively
characterize the physicochemical properties and biological ac-
tivities of carrageenan—chitosan—curcumin hydrogel films as
stimulus-responsive smart materials for diabetic wound dress-
ing applications.

The study focuses on determining the optimal carrageenan
composition through physical performance tests, including
swelling capacity, degradability, and mechanical integrity, as
well as evaluating antibacterial and antioxidant activities through
in vitro assays. The selection of A1-A8 compositions was de-
signed to systematically evaluate the effect of carrageenan con-
centration as the primary polymer on the physicochemical and
functional properties of the hydrogel, while maintaining con-
stant concentrations of chitosan (0.5%) and curcumin (0.05%).
The carrageenan levels of 1% (A1), 1.5% (A2), and 2% (A3) rep-
resent a gradient of network density from low to high, which
directly influences the degree of crosslinking, swelling capacity,
mechanical stability, and controlled release behavior of the ac-
tive compound. This compositional variation was employed to
elucidate the structure-property relationships of the hydrogel
system and to determine the optimal formulation that achieves
a balanced performance in terms of flexibility, water retention,
and biological activity for wound dressing applications.

The integration of three biomaterials will provide synergis-
tic therapeutic effects to promote wound healing by ensuring
physical protection, regulating inflammation, preventing bacte-
rial infection, reducing oxidative stress, and promoting tissue
regeneration. The need of this work arises from multifunc-
tional wound dressings that are responsive to the dynamic mi-
croenvironment of diabetic wounds, including fluctuations of
pH and glucose levels, and adjust drug delivery and/or material
degradation accordingly. Thus, the development of stimulus-
responsive hydrogels based on natural biopolymers that are
safe, effective, and economically feasible represents a promising
strategy to improve clinical outcomes and reduce the substantial
economic burden associated with chronic wound complications.
Although the hydrogel films were prepared from naturally de-
rived biomaterials with previously reported biocompatibility,
detailed cytotoxicity and cell viability evaluations were not in-
cluded in the present study and should be investigated in future
work to further validate their biomedical applicability.

2. EXPERIMENTAL SECTION

2.1 Material and Instrumentations

The materials used in this study include carrageenan obtained
from PT. Kappa Carrageenan Nusantara (Pasuruan, East Java,
Indonesia; 7.64° S, 112.90° E), chitosan with a molecular
weight of 75-80% (sigma aldrich) dissolved in 2% (v/v) glacial
acetic acid from Emsure, curcumin extracted from Curcuma
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longa 1., using ethanol 987% (v/v) as the purity was confirmed by
LC-HRMS (the extraction method is provided in the supple-
mentary material), 2% PEG 400 as a plasticizer, 1 M KCI as an
ionic crosslinker, PBS (pH 7.4), 2,2-Diphenyl-1-picrylhydrazyl
(DPPH), and distilled water.

The resulted hydrogel films were characterized by ATR~-
FTIR spectroscopy (Shimadzu 84000s), FESEM-EDS (FEI
Quanta FEG 650 with Oxford Instruments X-act EDS de-
tector), Olympus CX38 stereo microscope equipped with an
Olympus EP50 camera. Particle size analysis (CILAS 1090

DRY) was used to investigate particle size of carrageenan TGA.

2.2 Film Hydrogel Preparation

Chitosan powder was dissolved in 2% acetic acid and stirred
at 200 rpm until homogeneous. Carrageenan powder was
dissolved in distilled water at 80°C and stirred at 200 rpm
until homogeneous, followed by the addition of 1 M KCI under
continuous stirring at 80°C. The chitosan solution was then
added to the carrageenan solution and stirred for 30 min at 200
rpm. The mixture was cooled to 40°C, and curcumin and PEG-
400 were added while stirring until fully blended. A total of 15
mL of the solution was cast into a 9 cm Petri dish and dried at
room temperature. The dried carrageenan/chitosan/curcumin
hydrogel film was peeled off and stored in a desiccator. In this
preparation, the carrageenan concentration was varied at 1%,
1.5%, and 2%, while chitosan (0.5%) and curcumin (0.05%)
concentrations were kept constant. These formulations were
referred to as Al, A2, and A3, respectively, based on their
carrageenan content.

2.3 Physical Characteristics

The physical characteristics of the hydrogel films analyzed in
this study include film thickness, pH, swelling behavior, mois-
ture content, and degradation. Film thickness was measured
using a digital micrometer by cutting the hydrogel film into 2
X 2 cm pieces. Measurements were performed in triplicate (n
= 3) to obtain the mean value and standard deviation.

The pH of the hydrogel film was measured using a pH me-
ter. Film samples (2 X 2 cm) were placed into vials containing
10 mL of distilled water and shaken at 100 rpm for 1 h. The
pH of the solution was then recorded, and measurements were
conducted in triplicate (n = 3) to obtain the mean and standard
deviation.

The swelling test was performed by cutting the hydrogel
film into (2 X 2) cm pieces and weighing the dry sample to
obtain the initial weight (Wo). The film was then immersed
in PBS solution (pH 7.4) and incubated for 1, 2, 4, 6, 12,
and 24 h. At each time interval, the sample was removed,
gently blotted with filter paper without applying pressure, and
weighed to obtain the swollen weight (Wt). Measurements were
repeated three times (n = 8) to calculate the standard deviation.
The swelling percentage was calculated using Equation (1).

W, -Ww,
Swelling ratio (%) = ———2 x 100% 1)

w,

© 2026 The Authors.

Science and Technology Indonesia, 11 (2026) 994-1015

The moisture content test was carried out by cutting the
hydrogel film into (2 X 2) cm pieces and weighing it to obtain
the initial weight (). The sample was then dried in an oven
at 105°C for 4-6 h until a constant weight was achieved and
subsequently weighed again to obtain the final weight (#}). The
measurements were performed in triplicate (n = 8) to obtain
the mean and standard deviation. The percentage of moisture
content was calculated using Equation (2).

W, -W,

Moisture (%) = ———L x 100% (2)

w,

The degradation test was performed by cutting the hydro-
gel film into 2 X 2 cm pieces and weighing it to obtain the
initial weight (/). The film samples were then immersed in
20 mL of PBS solution (pH 7.4) and incubated at room tem-
perature for 1, 3, 7, and 14 d. After incubation, the films were
removed, dried in an oven at 50°C until a constant weight was
reached, and then weighed to obtain the final weight (#}). The
measurements were carried out in triplicate (n = 3) to obtain
the mean and standard deviation. The degradation percentage
was calculated using Equation (3).

Degradation (%) = Wo=W:

77 x 100% 3)

2.4 Mechanical Characteristics

The mechanical characteristics of the hydrogel films analyzed in
this study include tensile strength and elongation at break. The
mechanical properties of the carrageenan/chitosan/curcumin
hydrogel films were evaluated by measuring tensile strength and
elongation at break using a universal testing machine (UTM).
Prior to testing, the hydrogel films (A1-A8) were cut into rect-
angular specimens with dimensions of approximately 10 mm
x 50 mm and conditioned at room temperature (25 + 2°C)
and relative humidity of 50 = 5% for 24 h to ensure uniform
moisture distribution. The thickness of each film was measured
using a digital micrometer at three different points, and the
average value was used for calculation. The specimens were
mounted between the grips of the testing machine with an
initial gauge length of 80 mm. The test was performed at a
constant crosshead speed of 10 mm/min until the film broke.
Tensile strength (MPa) was calculated using Equation (4):

Frx
Tensile strength = % “4)
where Fy .« is the maximum force at break (N), and A is
the initial cross-sectional area of the film (mm?). Elongation at
break (%) was calculated using Equation (5):

L-L,
Elongation at break = 7 x 100% )

0
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where L, is the initial gauge length (mm), and L is the length
at break (mm). All measurements were conducted in triplicate
(n = 3), and the results were expressed as mean + standard
deviation.

2.5 Chemical Characterization

2.5.1 Particle Size Analyzer

The particle size of carrageenan was analyzed using laser diffrac-
tion -based particle size analysis (PSA). A carrageenan sample
of 1 g was briefly sonicated for 60 s to minimize agglomer-
ation. Measurements were performed in triplicate, and the
particle size distribution was reported as D10, D50, D90, and
volume-weighted mean diameter with standard deviation.

2.5.2 ATR-FTIR

The functional group analysis of the hydrogel films was per-
formed using Fourier Transform Infrared Spectroscopy in
ATR mode (ATR-FTIR). The carrageenan powder sample and
hydrogel film samples (A1, A2, and A3) were placed directly
onto the ATR crystal, and the spectra were recorded in the
range of 4000—400 cm™'. The spectra were processed using
baseline correction and normalization to compare characteris-
tic vibrational bands, such as sulfate, -OH, and -C-O-C, with
the structure of carrageenan.

2.5.3 FESEM-EDS

The morphology and composition of the carrageenan and hy-
drogel films were analyzed using field-emission scanning elec-
tron microscopy (FESEM) combined with energy dispersive
X-ray spectroscopy (EDS). The samples were mounted on an
aluminum stub and coated with a thin layer of Au/Pd (5~ nm)
using a sputter coater to prevent charge accumulation. FESEM
was operated at an accelerating voltage of 5-15 kV, and im-
ages were captured at various magnifications to evaluate the
surface morphology and particle distribution. EDS analysis
was performed under the same voltage conditions to identify
the primary elements and provide semi-quantitative elemental

mapping.

2.5.4 Stereo Microscope

The hydrogel films were cut into pieces measuring approxi-
mately (0.5 X 0.5) cm using a sterile blade. Thin film samples
were mounted on a glass slide, while thicker films were placed
directly on the microscope stage. Observations were performed
using a 10X objective lens to obtain surface morphology im-
ages. Imaging was carried out using an EP50 camera attached
to the trinocular port and connected to a computer via the EP
view software.

2.6 Thermogravimetric Analysis

The thermal stability of the carrageenan/chitosan/curcumin
hydrogel films was evaluated using thermogravimetric analysis
(TGA). Approximately 5—10 mg of each dried hydrogel film
sample (A1-A3) was placed in a platinum crucible and ana-
lyzed using a thermogravimetric analyzer. The measurements
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were conducted under a nitrogen atmosphere with a constant
flow rate of 50 mL/min to prevent oxidative degradation. The
samples were heated from 30°C to 600°C at a heating rate of
10°C/min. The weight loss (%) was continuously recorded as a
function of temperature to determine the thermal degradation
behavior of the hydrogel films. The derivative thermogravimet-
ric (DTG) curves were also obtained to identify the maximum
degradation temperature (Tmax) of each decomposition stage.
All measurements were performed in triplicate to ensure repro-
ducibility, and the average values were used for analysis. The
thermal degradation stages were evaluated based on weight
loss regions corresponding to moisture evaporation, polymer
decomposition, and carbonization processes.

2.7 In Vitro Evaluation of Hydrogel Films

2.7.1 Antibacterial Activity Test

Antibacterial activity was evaluated using the agar well diffusion
method on Nutrient Agar (NA) against Staphylococcus aureus
(Gram-positive) and Escherichia coli (Gram-negative). Bacterial
cultures were refreshed on NA medium, then the inoculum
suspension was prepared in Nutrient Broth and adjusted to
a turbidity equivalent to McFarland standard 0.5 (= 1 x 108
CFU/mL). A volume of 100 uL of the bacterial suspension
was evenly spread over the surface of sterile NA plates using
a sterile cotton swab. Wells with a diameter of 6 mm were
created using a sterile cork borer and filled with 50 uL of the
hydrogel film sample solution at various concentrations.

The plates were incubated upside down at 37°C for 24 h.
Antibacterial activity was evaluated by measuring the diameter
of the clear zone (inhibition zone) around the wells using a
Vernier caliper in millimeters. All experiments were conducted
in triplicate, and the results were expressed as the mean +
standard deviation. Antibacterial effectiveness was determined
based on the inhibition zone diameter; the larger the inhibition
zone, the stronger the antibacterial activity.

2.7.2 Antioxidant Activity Test

Distilled water (8 mL) was pipetted into a test tube and mixed
with 1 mL of 0.2 mM DPPH solution. The A,,,x and ab-
sorbance were determined by placing the solution into a cuvette
and measuring it using a visible spectrophotometer within the
wavelength range of 400-600 nm. Hydrogel film samples at
concentrations of 10, 20, 30, 40, and 50 ppm were dissolved in
ethanol. A total of 8 mL of each sample solution was pipetted
and mixed with 2 mL of 0.2 mM DPPH solution, followed
by homogenization using a vortex mixer at room temperature.
The mixture was then incubated at 87°C for 80 min, and the
absorbance was measured using a visible spectrophotometer at
the previously determined maximum wavelength. Absorbance
values at each sample concentration were used to calculate the
antioxidant activity percentage (%) according to Equation (6).

Control Absorbance—

Sample Absorbance

% Antioxidant Activity = x100% (6)

Control Absorbance

Page 997 of 1015



Agustina et.al

After obtaining the antioxidant inhibition percentage (%),
the 1Cj5( value of each sample was calculated using linear regres-
sion analysis in Microsoft Excel. The regression equation was
used to determine the relationship between the hydrogel film
concentration and the percentage (%) of antioxidant inhibition.
Alower ICjg value indicates stronger antioxidant activity.

2.7.8 Percentage Release Curcumin

Hydrogel films (A1-A3) were cut into 2 X 2 cm and immersed
in 20 mL PBS (pH 7.4) at 37°C under gentle shaking (100
rpm). At predetermined intervals (1, 2, 4, 6, 12, 24, 48 h), 2
mL aliquots were withdrawn and replaced with fresh PBS. The
released curcumin concentration was analyzed using UV-Vis
spectrophotometry at A .y ~ 425 nm. All measurements were
performed in triplicate. The cumulative release of curcumin
was calculated based on the concentration obtained from UV-
Vis analysis using a calibration curve. The percentage of release
was determined by comparing the cumulative amount of re-
leased curcumin to the total drug content in the hydrogel. The
cumulative percentage of curcumin release was calculated using
Equation (7).

C,xV

0

x 100% (7)

% Release Curcumin =

where C, is the concentration of curcumin at time ¢, V" is
the release medium volume, and M, is the initial amount of
curcumin loaded in the hydrogel.

2.8 Analytical Statistic

All experiments were performed in triplicate (n = 3). Statisti-
cal analysis was conducted using one-way analysis of variance
(ANOVA) at a significance level of p < 0.05, followed by Dun-
can’s multiple range test, using IBM SPSS Statistics (version
25.0; IBM, Armonk, NY, USA). Significant differences among

groups are indicated by different superscript letters.

3. RESULTS AND DISCUSSION

3.1 Carrageenan characterization

The smart behavior of carrageenan as a sustainable material is
governed by the interrelationship between particle size, chemi-
cal structure, and microstructural morphology. Through inte-
grated characterization using particle size analysis (PSA), ATR-
FTIR, and FESEM-EDS, this study elucidates how these pa-
rameters collectively support the formation of adaptive hydro-
gel systems.

Particle size analysis revealed that carrageenan exhibits a
broad size distribution, with a median particle size (Dj5p) of
124.11 um and an average particle size of 140.38 ym (Fig-
ure la). This indicates the predominance of medium-to-large
particles. Although larger particles generally require longer hy-
dration times, once fully dissolved they promote the formation
of a more porous hydrogel network. Such porosity is beneficial
because it enhances water absorption capacity and facilitates
mass transport within the hydrogel matrix, which are essential
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characteristics of sustainable smart materials (Atgi¢ et al., 2019;
Chen et al., 2018).

The FTIR spectrum of carrageenan shows characteristic
absorption bands of sulfated polysaccharides. The broad band
at 83881.55 cm™! corresponds to —OH stretching vibrations,
indicating a highly hydrophilic structure with extensive hydro-
gen bonding that supports swelling and gel matrix formation
(Necas and Bartosikova, 2013; Vilchez et al., 2021). The band
at 1635.86 cm™! is attributed to C=0O stretching or bound wa-
ter, suggesting a stable polymer network with preserved helical
structure (Figure 1b).

The absorption at 1870.59 cm™! is associated with C—H
stretching or CHg deformation of the galactose backbone, con-
firming the 8-1,4 and a-1,3 glycosidic linkages of carrageenan.
The strong band at 1223.69 ecm™! corresponds to the asym-
metric stretching of sulfate (=SO3) groups, serving as a key
indicator of k-carrageenan (Rupert et al., 2022). The sulfate
substitution at the C-4 position of galactose is further con-
firmed by the band at 840 cm™!, which underlines the anionic
polyelectrolyte nature of carrageenan and its ability to form
ionic interactions with chitosan (Hidayaty et al., 2026). Ad-
ditionally, the band at 922 em™! indicates the presence of
3,6-anhydrogalactose, confirming double-helix formation as
the basis of gelation. Overall, these functional groups con-
firm the ability of carrageenan to form a three-dimensional
hydrogel network, interact electrostatically with chitosan, and
encapsulate curcumin, supporting its application as a smart
material for diabetic wound dressing systems.

Figure 1¢ shows FESEM-EDS analysis to assess the mor-
phological and elemental characteristics of carrageenan powder.
FESEM images show a heterogeneous lamellar morphology
with fibrous fragments, indicating that the polysaccharide is
dispersed as irregular flakes. BSE/SE imaging at 60x magni-
fication (500 um scale) demonstrates that the material con-
sists mainly of thin lamellar fragments with fibrous edges and
smaller particles occupying interlayer spaces, resulting in a
rough surface associated with aggregated polysaccharide chains.
The presence of localized fine-particle clusters suggests a broad
particle size distribution, including partially dispersed micro—
nano fractions (Campo et al., 2009; Necas and Bartosikova,
2013).

EDS analysis (Figure 1c) confirms that carbon (52.75%)
and oxygen (34.53%) are the dominant elements, consistent
with a polysaccharide matrix. The sulfur content (5.50%) veri-
fies the presence of sulfate groups (~OSOy) characteristic of
k-carrageenan, which are critical for gelation behavior and hy-
drophilicity. Potassium ions (6.18%) contribute to gel network
stabilization, while trace elements such as Cl, Na, and Mg likely
originate from residual salts or marine minerals.

Opverall, the lamellar and fibrous morphology supports the
formation of double-helix structures and ionic interconnec-
tions during hydration, leading to a porous hydrogel matrix
with high swelling capacity and controlled bioactive release.
These morphological features collectively govern swelling be-
havior and drug-release kinetics, confirming the suitability of
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Figure 1. Characterization of Carrageenan: Particle Size Analyzer (PSA) (a), FTIR Spectra (b), and FESEM EDX Analyzer (c)

carrageenan as a smart hydrogel-forming material.

3.2 Physical Characteristics of Film Hydrogel

The physical properties of the carrageenan/chitosan/curcumin
hydrogel films prepared using A1-A8 formulation were evalu-
ated to study crucial performance parameters of wound dress-
ing, such as film thickness, surface pH, swelling capacity, mois-
ture content, and hydrogel degradation rate. Differences in
carrageenan concentration in the formulations lead to different
physical properties influenced by variation in polymer matrix
density, water-retention capacity, and surface structural stabil-
ity.

This assessment underlies establishing the film’s application
to a moist, stable, and biocompatible wound healing microen-
vironment for diabetics. Overall, all formulations exhibited
physical values within the acceptable range for wound dress-

© 2026 The Authors.

ing materials, with characteristic differences that highlight the
influence of carrageenan concentration on hydrogel structure
and functionality. The physical characteristics of the hydrogel
films are presented in Table 1, and their visual morphology is
shown in Figure 2.

The physical attributes of the carrageenan/chitosan/cur-
cumin hydrogel films were determined with adherence to the
following three parameters: film thickness, moisture content,
and film pH. The three formulations, A1-A3, possessed dif-
ferent concentrations of carrageenan (1%, 1.5%, and 2%), while
the concentrations of chitosan (0.5%) and curcumin (0.05%)
were kept constant. Therefore, the differences in physical per-
formance are mainly attributed to the variation in carrageenan
content as the key structural polymer. Overall, all formulations
remained within the recommended physical property range for
wound-dressing hydrogel films (Boateng et al., 2008; Szliszka
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Table 1. Physical Characteristics of Hydrogel Film Formulations (A1-A3)

Parameter Al A2 A3 Standard
Film thickness (mm) 0.10 £ 0.001 0.20 + 0.001 0.30 + 0.002 0.05-0.30
Moisture content (%) 10.72+0.22 20.63 +0.49 20.95+0.81 10.00-30.00

Film pH 5.50 +0.35 6.23 + 0.31 6.00 + 0.50 5.5-6.5

et al., 2009).

The increase in film thickness from Al to A3 (Table 1)
demonstrates a linear relationship between carrageenan con-
centration and polymer network density. Higher carrageenan
content enhances double-helix formation and ionic crosslink-
ing between sulfate groups and K* ions, resulting in a more
compact and mechanically strengthened matrix (Amine et al.,
2019). The maximum thickness observed in A3 suggests a
stronger crosslinked network, although it may reduce film flex-
ibility and induce particle agglomeration.

In contrast, moisture content exhibited a different trend.
Al showed the lowest moisture level due to the reduced ca-
pacity of its less concentrated polymer network to retain water.
Meanwhile, A2 and A8 presented nearly double the moisture
content, consistent with the hydrophilic behavior of sulfated
groups (-OSOy), which readily bind water molecules via hy-
drogen bonding (Necas and Bartosikova, 2013). The moisture
content range of 20-21% falls within the optimal zone for
wound dressing materials, sustaining a moist healing environ-
ment without causing tissue maceration (Brett, 2006).

The pH values of the hydrogel films fall within the phys-
iological range of healthy skin (Table 1). Maintaining an ap-
propriate pH prevents irritation and supports the optimal an-
tibacterial activity of chitosan, which occurs in mildly acidic
conditions (pH < 6.5). The differences in pH were attributed
to the carrageenan content and carrageenan’s interaction with
chitosan, where higher concentrations of carrageenan provide
a stronger buffering capacity toward chitosan ammonium ions
(=NHY) Rinaudo (2006).

Regarding the physical characteristics of the films (Table
1 and Figure 2), it was found that increasing the carrageenan
concentration from 1% to 2% clearly influenced thickness, wa-
ter content, and surface homogeneity. The Al formulation
showed the lowest film thickness with low moisture content,
indicating a loose material structure and poor water-storage
capacity. The A2 formulation exhibited the most balanced
characteristics, with optimal thickness and moisture content,
pH values close to physiological skin conditions, stable poly-
electrolyte interactions, and acceptable water permeability. On
the other hand, formulation A3, containing the highest car-
rageenan concentration, produced the thickest film with the
highest water retention but also showed surface aggregation,
which may reduce flexibility and limit drug diffusion.

Opverall, the results demonstrate that increasing the car-
rageenan ratio enhances water-retention capacity and structural
stability, whereas formulation A2 provides the optimal com-
promise between mechanical strength, moisture condition, and
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physiological pH compatibility. This finding is consistent with
theories regarding carrageenan—chitosan polyelectrolyte hy-
drogel formation, where increased carrageenan concentration
promotes enhanced double-helix formation and K*-mediated
ionic crosslinking, leading to the formation of more compact
and mechanically reliable film structures (Amine et al., 2019).
Electrostatic attraction between carrageenan sulfate groups
(—SOZ) and chitosan ammonium groups (—NHg) also con-
tributes to the formation of a strong and continuous hydrogel
network (Chen et al., 2018). In formulation A2, the optimal
crosslink density and matrix porosity facilitate maximum water
retention and flexibility (Boateng et al., 2008). Curcumin re-
mains stable under mildly acidic conditions and interacts with
the hydrogel network through hydrogen bonding (Priyadarsini,
2014).

Therefore, the formulation containing 1.5% carrageenan
(A2) provides the most suitable performance for diabetic wound
dressing applications due to its simultaneous fulfillment of mois-
ture, structural stability, and skin-compatibility requirements.

Another critical physical characteristic of hydrogel films is
their ability to absorb exudate, expressed as swelling percentage.
The swelling analysis of formulations A1-A8 demonstrated
contrasting hydration behavior depending on differences in car-
rageenan concentration within the polymer matrix. Although
swelling increased with longer immersion time for all formula-
tions, the absorption characteristics were strongly influenced
by hydrophilic charge density, degree of ionic crosslinking, and
flexibility of the carrageenan—chitosan polyelectrolyte struc-
ture.

The high carrageenan content of A3 resulted in rapid initial
swelling due to the greater availability of hydrophilic groups. In
contrast, formulation A2 exhibited a gradual swelling pattern
and reached its maximum swelling capacity after 24 h, reflect-
ing a more stable and controlled network structure. Formula-
tion Al showed a continuous and moderate swelling pattern
throughout immersion. These differences suggest structural
variations within the hydrogel matrix that may influence the
diffusion and retention capacity of PBS ions as well as water
uptake. The swelling profiles of the three formulations are
presented in Figure 3.

Based on Figure 3, the water absorption capacity of the
hydrogel films was strongly influenced by carrageenan concen-
tration. Formulation A8 (2% carrageenan) exhibited the highest
swelling during the early-to-mid testing phase due to its high
density of negatively charged sulfate groups (-SOg), which fa-
cilitated extensive PBS uptake through osmotic swelling. How-
ever, the swelling rate gradually decreased during the later
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Figure 2. Stereo Microscopy Images of Hydrogel Films A1-A3 Before and After the Drying Process

phase, likely due to the formation of a denser polymeric net-
work caused by KCl-mediated crosslinking, which restricted
further expansion.

In contrast, formulation A2 (1.5% carrageenan) demon-
strated a gradual increase and reached the highest swelling
capacity after 24 h. This delayed-swelling behavior suggests a
more optimal network density, allowing progressive chain re-
laxation until maximum expansion was achieved. Formulation
Al (1% carrageenan) displayed moderate and relatively stable
swelling behavior, indicating a low-density network that rapidly
reached equilibrium but could not retain PBS as effectively as
A2 and A3.

These findings indicate that increasing carrageenan con-
centration does not produce a linear response in swelling per-
formance. The swelling behavior of polyelectrolyte hydrogels
is governed by charge density, crosslinking degree, and chain
flexibility (Hoare and Kohane, 2008). Carrageenan, as an an-
ionic polymer containing hydrophilic sulfate groups, strongly
attracts water molecules, while chitosan forms polyelectrolyte
complexes through electrostatic interactions (Ahmed, 2015;
Szliszka et al., 2009). Among the formulations, A2 provided
the best balance between network flexibility and charge density,
resulting in superior late-stage PBS absorption, making it a
promising candidate for hydrogel wound dressings requiring
prolonged hydration.

Degradation analysis was performed to evaluate the struc-
tural stability of the hydrogel films in PBS. Higher carrageenan
concentrations resulted in denser polymer matrices that de-
graded more slowly, whereas lower carrageenan concentrations
accelerated the degradation process. This behavior is impor-
tant in selecting the optimal formulation because degradation
characteristics directly influence moisture-retention ability and
the expected duration of wound-dressing application. The
degradation profiles of formulations A1-A3 are presented in
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Figure 4.

The degradation study of hydrogel films in PBS medium
(pH = 7.4) was conducted to analyze the structural stability
and degradation rate of the hydrogel films under physiological
conditions. This parameter is essential because hydrogel-based
wound dressings should maintain sufficient physical integrity
while gradually degrading in response to wound-exudate dy-
namics. Formulations A1 (1% carrageenan), A2 (1.5%), and A3
(2%), combined with chitosan (0.5%) and curcumin (0.05%),
were evaluated over 1, 8, 7, and 14 d. The results indicated
significant differences in degradation rates among the formula-
tions, mainly attributed to carrageenan concentration.

These differences correlate strongly with the density of the
hydrogel network. Carrageenan, an anionic polymer, forms gel
structures through double-helix associations and ionic crosslink-
ing with cations such as K*. At higher concentrations (A3), car-
rageenan produces a denser polymeric matrix that slows water
penetration and enhances resistance to structural disintegra-
tion. Conversely, the lower carrageenan concentration in A1l
results in a looser network that is more susceptible to fragmen-
tation. Since the chitosan concentration remained constant
across all formulations, the variations in degradation behavior
were primarily governed by carrageenan content.

The degradation profile demonstrated that A1 exhibited
the highest degradation rate at all observation times, reflect-
ing a porous and less compact network structure. In contrast,
A2 displayed moderate structural stability, while A3 exhibited
the lowest degradation rate, indicating the formation of the
most compact hydrogel network. Therefore, A3 may serve as
a suitable candidate for long-term moisture-retention wound
dressings, whereas A1 may be more appropriate for wound
dressings requiring frequent replacement. Curcumin and chi-
tosan contributed minimally to degradation differences because
their concentrations were maintained constant in all formula-
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tions. drogel networks and consequently reduce degradation rates

Overall, these results are consistent with hydrogel poly-
mer theory, where degradation behavior is strongly influenced
by polymer composition, crosslinking degree, water absorp-
tion capacity, and polymer—solvent interactions. Higher car-
rageenan concentrations promote the formation of denser hy-
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(Necas and Bartosikova, 2013; Rinaudo, 2006; Vilchez et al.,
2021). Therefore, hydrogel stability can be optimized through
appropriate regulation of carrageenan concentration, enabling
the design of wound dressings suitable for chronic wound ap-
plications such as diabetic ulcers.
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3.8 Mechanical Characteristics of Hydrogel Films

The mechanical properties of carrageenan/chitosan/curcumin
hydrogel films prepared using formulations A1-A3 were eval-
uated to investigate critical wound-dressing performance pa-
rameters, including tensile strength and elongation at break.
Mechanical characteristics are essential for determining the suit-
ability of hydrogel films as wound dressings, particularly regard-
ing flexibility, durability, and resistance to mechanical stress
during application and removal. Therefore, tensile strength
and elongation at break were systematically evaluated for for-
mulations A1-A3.

The obtained mechanical properties fall within the accept-
able range for hydrogel-based wound dressings. The mechani-
cal characteristics of the hydrogel films are presented in Table
2.

The results demonstrate that carrageenan concentration
significantly influences the mechanical behavior of the hy-
drogel films (Table 2). The tensile strength increased pro-
gressively from Al to A8, indicating that higher carrageenan
content enhances the structural integrity of the polymer net-
work. This behavior is attributed to the increased formation of
double-helix structures and stronger ionic interactions between
carrageenan sulfate groups (=SO;) and chitosan ammonium
groups (=NHZ), resulting in a more compact and rigid matrix,
as reported in previous studies (Campo et al., 2009; Necas and
Bartosikova, 2013).

In contrast, elongation at break exhibited the opposite trend,
where formulation A1 demonstrated the highest flexibility,
whereas A3 showed the lowest elongation value. This find-
ing suggests that increasing carrageenan concentration restricts
polymer-chain mobility, thereby promoting the formation of
a more brittle network structure (Liu et al., 2023; Rinaudo,
2006). Notably, formulation A2 demonstrated the most favor-
able mechanical performance, achieving a balanced combina-
tion of tensile strength and flexibility. Such balance is critically
important for wound-dressing applications because the mate-
rial must possess sufficient mechanical integrity to maintain its
structure while remaining flexible enough to conform to the
wound surface without causing discomfort or disrupting newly
regenerated tissue (Ahmed, 2015; Boateng et al., 2008).

These findings further confirm that formulation A2 pro-
vides an optimal compromise between mechanical strength and
elasticity, supporting its potential as an effective hydrogel-based
wound dressing.

3.4 Chemical Characteristics of Hydrogel Films

3.4.1 Functional Group Analysis

The chemical characterization results of carrageenan/chitosan/
curcumin-based hydrogel films obtained using ATR-FTIR
revealed notable spectral changes, indicating significant inter-
actions among the functional groups involved in the formation
of the composite hydrogel network for formulations A1-A3.
The FTIR spectra showed broadening of the O—H stretch-
ing band, variations in intensity and position of characteristic
sulfate peaks from carrageenan, and the appearance of amide
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and aromatic vibration bands. These spectral characteristics
indicate the existence of electrostatic interactions and hydro-
gen bonding between carrageenan and chitosan, as well as the
successful incorporation of curcumin into the polymer matrix.
These findings confirm the successful formation of a chemically
integrated and homogeneous composite hydrogel structure, as
presented in Figure 5.

ATR-FTIR analysis of carrageenan/chitosan/curcumin-
based hydrogel films was conducted to identify functional-
group changes and chemical interactions occurring during
the formation of the crosslinked polymer matrix. Based on
Figure 5, all spectra exhibit relatively similar transmittance
patterns. However, comparison between pure carrageenan
and formulations A1-A3 revealed peak shifts, intensity vari-
ations, and overlapping peaks, indicating electrostatic inter-
actions, hydrogen-bond formation, and compatibility among
the hydrogel components within the film matrix. Variations
in carrageenan concentration (Al = 1%; A2 = 1.5%; A3 = 2%),
while maintaining constant amounts of chitosan (0.5%) and
curcumin (0.05%), generated spectral patterns reflecting the
dominant contribution of carrageenan to sulfate-group inten-
sity and repeating galactose units, together with contributions
from chitosan amine groups and curcumin aromatic groups.

The FTIR spectrum of pure carrageenan shown in the ref-
erence graph displays distinct characteristic peaks, including
O-H stretching vibrations at 8400-8450 cm™!, C—H vibra-
tion at 2920 em™!, sulfate ester (S=0O) peak around 1220-
1250 cm™!, galactose-4-sulfate peak at 845 cm™!, and the
8,6-anhydrogalactose vibration at 980 cm™!. These four peaks
represent the main structural markers of k-carrageenan as re-
ported in the literature (Rupert et al., 2022; Vilchez et al.,
2021). When compared with films A1-A8, these peaks remain
visible but exhibit weakened intensity, broadening, or slight
shifts. This indicates that although the fundamental structure
of carrageenan remains intact, chemical interactions occur with
chitosan and curcumin within the film matrix.

In the spectra of A1-A3 (Figure 5), the region of 3600-
8000 cm™! shows a broad O-H stretching band, indicating an
intensive network of hydrogen bonding among carrageenan
chains, chitosan, and curcumin phenolic groups. The O-H
band in A8 appears slightly more intense and broader com-
pared to Al and A2, demonstrating that the higher carrageenan
concentration increases the density of hydrogen bonds and the
hydration of the matrix. Compared with pure carrageenan, this
band shows a slight shift to lower frequencies (~3340-3360
em™!), which indicates the presence of H-bonding interac-
tions between —OH groups of carrageenan, —-OH of curcumin,
and -NHg groups of chitosan protonated in an acidic medium
(Aranaz et al., 2021; Rinaudo, 20006).

In the region of 1650-1560 cm™!, peaks associated with
amide I and amide II vibrations of chitosan are observed. Al-
though the peak intensity is not dominant, it is still clearly
detected, indicating the contribution of chitosan to the film
structure. The presence of more pronounced amide bands in
Al suggests that at lower carrageenan concentrations, the amine
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Table 2. Mechanical Characteristics of Hydrogel Film Formulations (A1-A3)

Parameter Al A2 A3 Standard
Tensile strength (MPa) 0.85+0.07 1.42+0.09 1.95+0.11 0.5-2.5
Elongation at break (%)  68.4 + 3.2 52.7+2.8 34.9+2.5 30-100
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A3: Carrageenan 1%; Chitosan 0.5%; Curcumin 0.05%

A2: Carrageenan 1.5%; Chitosan 0.5%; Curcumin 0.05%

A1: Carrageenan 2%; Chitosan 0.5%; Curcumin 0.05%
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Figure 5. ATR-FTIR Spectra of Hydrogel Film Formulations A1-A3

groups of chitosan are not fully bound to the sulfate groups of
carrageenan, whereas in A3 these bands weaken due to stronger
electrostatic interactions between —~NH3 of chitosan and -SO}
of carrageenan, forming a more stable polyelectrolyte com-
plex (Atgié et al., 2019; Escarcega-Galaz et al., 2018). This
is consistent with the observation that increasing carrageenan
dosage reinforces ionic interactions and reduces the vibrational
freedom of amine groups.

The region of 15101420 cm™! shows shoulders and small
peaks characteristic of the aromatic ring of curcumin. Although
the intensity is low due to the curcumin concentration being
only 0.05%, its presence can still be observed, particularly in
Al and A2. In A3, this peak becomes more merged with the
carrageenan bands, indicating stronger hydrogen bonding and
potential vibrational shielding effects due to increased matrix
density. This is consistent with Priyadarsini (2014), who re-
ported that interactions between curcumin and hydrophilic
polymers may reduce the intensity of aromatic peaks due to
changes in the electronic environment.

In the fingerprint region (1200-800 cm™1), the three film
formulations exhibit significant changes. The sharp character-
istic S=O band of carrageenan at 1220-1250 cm™~! becomes
softened and broadened in all film formulations, particularly
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in Al. In A8, this peak appears stronger and more defined,
reflecting the more dominant proportion of carrageenan within
the matrix. The shift of this peak toward lower frequencies
(around 1210 em™!) in A1-A2 indicates the involvement of sul-
fate groups in ionic complexation with protonated chitosan, a
common phenomenon during the formation of polyelectrolyte
complexes (PEC) (Atgié et al., 2019; Chen et al., 2018). A sim-
ilar trend is observed at 845 cm™!, where the C—O-S sulfate
vibration shows reduced relative intensity after formulation,
confirming the presence of intermolecular interactions.

The peak at 930 ecm™! (8,6-anhydrogalactose) remains
clearly detectable in all formulations, indicating that the funda-
mental structure of carrageenan is not degraded during heating
and mixing. Its intensity is higher in A2 and A3, consistent
with the increased amount of carrageenan. Meanwhile, the C—
O-C peak at approximately 1070-1110 cm™~! shows increased
intensity and band broadening in the A3 film, indicating the
formation of a denser hydrogel network and a higher degree of
physical crosslinking. This phenomenon has also been reported
in other carrageenan—chitosan hydrogels, where broadening
of the C—O-C band is considered an indicator of increased
network density (Tashakkorian et al., 2020).

The ATR-FTIR spectra show a consistent trend: the higher
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Figure 6. Mechanistic Reaction Illustration Between Carrageenan, Chitosan, and Curcumin

the carrageenan concentration, the stronger the ionic and hy-
drogen -bond interactions that occur, resulting in more merged
functional group peaks and slight spectral shifts. Formulation
A1l (1% carrageenan) displays more distinct peak intensities;
A2 exhibits a transitional pattern, while A8 presents the most
compact and integrated spectrum, consistent with the forma-
tion of the densest hydrogel network. The ATR-FTIR analysis
indicates that the three hydrogel film formulations A1-A8 suc-
cessfully formed a stable composite matrix through electrostatic
interactions between =SO; groups of carrageenan and -NHZ
groups of chitosan, as well as hydrogen bonding involving —
OH of carrageenan, -OH/-~OCHg of curcumin, and =NHg of
chitosan (Figure 6). The presence of curcumin is confirmed by
the aromatic bands, although their intensity is low due to the
small dosage, yet they still demonstrate incorporation within
the matrix. Increasing carrageenan concentration results in
more integrated peaks, reinforcing the indication of a denser
PEC network. FTIR thus confirms that the three components
interact within a composite structure rather than merely form-
ing a physical mixture, and A8 provides the strong‘est evidence
of cohesive hydrogel network formation (LLupa et al., 2022).
Carrageenan acts as an anionic polymer prov1dmg sulfate
groups for ionic interactions; chitosan functions as a cationic
polymer supplying protonated amine groups in acidic media;
while curcumin serves as a bioactive agent interacting through
hydrogen bonding. The electrostatic complexation between
carrageenan and chitosan forms a polyelectrolyte network that
strengthens the film structure, while curcumin becomes en-
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trapped within the matrix through stabilizing non-covalent
interactions. The peak shifts and broadened FTIR bands in all
three formulations support the formation of an interpenetrat-
ing polymer network, consistent with natural polymer hydrogel
theory and the curcumin-binding mechanism in hydrophilic
systems. Therefore, ATR-FTIR confirms the chemical com-
patibility of the three components and the relevance of the for-
mulation as a stable smart-material system for diabetic wound
dressing applications.

3.4.2 Morphology and Elemental Mapping Analysis
Chemical characterization of the hydrogel film formulations
A1-A3 using FESEM-EDS was conducted to evaluate the sur-
face morphology and elemental composition, which reflect
the quality of the polymer matrix formation of carrageenan
—chitosan—curcumin at different formulation ratios. FESEM
analysis reveals the topography and structural homogeneity of
the hydrogel network, while EDS helps identify the distribu-
tion of key elements (e.g. C, O, S, Cl, Na, and K) with respect
to biopolymer and ionic crosslinker presence. The density,
surface regularity, and elemental distribution depend on the
concentration of carrageenan and influence the stability of poly-
electrolyte interactions and the incorporation of curcumin in
the matrix. This analysis provides preliminary understanding
of the chemical structure quality and uniformity of the films
formed in each formulation, as shown in Figure 7.
FESEM-EDS analysis of hydrogel films for formulations
Al, A2, and A3 revealed differences in surface morphology
and elemental distribution that reflect variations in the ratios
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of carrageenan, chitosan, and curcumin in each formulation.
In formulation A1 (1% carrageenan, 0.5% chitosan, 0.05% cur-
cumin), the FESEM images show a relatively heterogeneous
surface characterized by regions of material aggregation and
amorphous zones distributed unevenly. The surface texture
appears less compact with several micro-gaps, indicating that
the lower carrageenan content results in a hydrogel network
that is insufficiently crosslinked, reducing the strength of in-
termolecular bonding. Elemental distribution obtained from
EDS shows dominance of carbon (C) and oxygen (O), which
is typical of biopolymers, along with the presence of sodium
(Na), sulfur (S), and chlorine (Cl), originating from the sulfate
groups of carrageenan and residual ions from the preparation
process. Potassium (K) is also detected in moderate amounts,
consistent with the use of KCI as an ionic crosslinker during gel
formation. Elemental mapping in A1 demonstrates a relatively
uniform distribution of C and O, whereas S and Cl appear
localized in specific regions, suggesting heterogeneous inter-
actions between carrageenan and chitosan due to incomplete
matrix densification (Campo et al., 2009).

For formulation A2 (1.5% carrageenan), the FESEM im-
ages show a more homogeneous and denser surface compared
to Al. Thin layered structures appear more regularly arranged,
with smaller pore spacing and improved surface continuity.
This structural improvement indicates enhanced hydrogel net-
work strength due to increased carrageenan content, promoting
double-helix formation and gel aggregation (Reig-Vano et al.,
2021; Rinaudo, 2006). Compositional EDS shows an increase
in carbon to 62.75%, correlating with the increased polymer
matrix density. Sodium remains low (0.44%), while sulfur and
chlorine are present at stable concentrations, indicating that
the polyelectrolyte system between carrageenan and chitosan
is more uniformly established at this ratio. Elemental map-
ping demonstrates more homogeneous distribution of C, O, S,
and Cl, with sulfur-representing sulfate groups of carrageenan—
appearing more fully integrated into the network. This suggests
that the polymer ratio in A2 supports more stable physical inte-
gration, producing a surface with more consistent topography,
increased compactness, and reduced curcumin aggregation.

Formulation A8 (2% carrageenan) exhibits the most sig-
nificant morphological changes. The FESEM images display
a much denser surface, approaching a compact block-like or
granular structure with larger aggregate clusters. At higher
magnification, local crystallinity or dense domains can be ob-
served, formed as a result of the high carrageenan concentration
promoting excessive double-helix formation and inter-helix
aggregation. Although the structure appears more solid, some
regions show uneven surface texture, indicating that excessively
high carrageenan content can reduce flexibility and compro-
mise the homogeneity of the hydrogel network. EDS data
informs an elemental character still predominated by C and O,
with remaining ions Na, S, Cl, and K present at levels compara-
ble to those in A1-A2. However, elemental mapping indicated
a higher density of S- and Cl-rich regions associated with car-
rageenan, corresponding to a more compact carrageenan gel
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network (although less homogeneous than in A2). This irreg-
ularity may arise from excessive crosslinking that impedes an
even diffusion of curcumin and chitosan into the matrix.

Morphological and chemical composition analysis through
FESEM-EDS shows that the density, homogeneity, and struc-
tural integrity of the hydrogel film are significantly affected as
the carrageenan content increases from Al to A3. Formulation
Al shows a less compact surface and a very diverse elemental
distribution, while A2 has the best stability, homogeneity, and
distribution, providing the best polymer ratio for the hydrogel
matrix formation. Formulation A3 produces a highly dense
but less uniform structure, suggesting the occurrence of car-
rageenan crosslinking saturation. Therefore, empirically, A2
demonstrates the best suitability for wound dressing applica-
tions as it provides a combination of homogeneous structure,
more uniform curcumin distribution, and the most stable poly-
electrolyte interaction. These findings are consistent with the
theory that an ideal hydrogel network should possess uniform
micro-porosity, a surface that is not overly dense, and evenly
distributed elements to maintain moisture, allow oxygen diffu-
sion, and support controlled drug release (Atgié et al., 2019;
Szliszka et al., 2009). Hence, according to experimental evi-
dence, the highest performance in controlling porosity, chemi-
cal stability, and biological interaction effect on diabetic wound
dressing could be attributed to the A2 formulation.

Quantitative pore size or porosity distribution analysis was
not conducted because the carrageenan/chitosan/curcumin hy-
drogel films are composed of natural polymeric materials with
fragile hydrated structures that are highly susceptible to de-
formation during conventional porosity characterization pro-
cedures involving vacuum, degassing, or gas adsorption treat-
ment. Such conditions may alter the native morphology of
the hydrogel network and produce non-representative pore
characteristics. Therefore, FESEM analysis in this study was
focused on qualitative observation of surface morphology and
structural compactness of the hydrogel matrix.

3.4.3 3D Morphology Analysis
Hydrogel films of A1-A3 formulations were examined micro-
scopically with an Olympus CX83 microscope combined with
an EP50 camera after five months of storage to capture the
stability of the surface (surface stability, matrix homogeneity,
and potential biological changes during storage). In general,
comparisons of those micrographs indicated differences in the
structural density and smoothness of the formulations; how-
ever, there was no morphological evidence of microbial growth
or biological degradation. Variations in appearance among the
formulations were primarily related to the carrageenan com-
position, which influences gel network density, whereas the
surface characteristics remained stable without the presence
of foreign structures such as bacterial colonies. The three-
dimensional morphology, structural stability, and biological
evaluation of hydrogel films A1-A8 are presented in Figure 8.
Microscopic observations using an Olympus CX33 mi-
croscope combined with an Olympus EP50 digital camera en-
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Figure 7. FESEM-EDS Morphology of Hydrogel Films

abled clear visualization of the surface structure of carrageenan—
chitosan—curcumin hydrogel films at 10x magnification. Im-
ages of formulations A1, A2, and A3 reveal significant differ-
ences in matrix density, pore distribution, and surface homo-
geneity, closely related to the variation in carrageenan con-
centration (1%, 1.5%, and 2%). In formulation Al, the sur-
face appears highly porous, rough, and heterogeneous, with
large cavities and dark regions indicating non-uniform poly-
mer network formation, consistent with the low carrageenan
concentration that is insufficient to form a stable gel network.
The enlarged image shows a hollow, irregular pore structure,
demonstrating a loosely compacted hydrogel matrix. Biolog-
ically, such morphology tends to be more vulnerable to the
intrusion of foreign particles; however, no bacterial growth was
observed.

Unlike A1, the A2 film exhibits a more compact, homoge-
neous structure with fine porosity, reflecting more optimal poly-
electrolyte interactions between carrageenan and chitosan (Tian
et al., 2019). The smoother surface and smaller pore distribu-
tion indicate the formation of a more stable three-dimensional
hydrogel network. The magnified image shows tighter poly-
mer aggregation, absence of large dark regions, and reduced
surface roughness. This pattern suggests a well-developed and
stable polymer system that does not provide space for micro-
bial colonization. Under magnification, there were no bacterial
morphological features such as cocci or bacilli, no round colony
formations, and no clustered structures typical of microorgan-
isms, confirming the absence of microbial growth (Gerardi
etal., 2024).
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Formulation A8, with the highest carrageenan concentra-
tion, exhibits the most compact and glossy surface, character-
ized by a uniform fine-granular texture. The distribution of
bright and dark spots in the image reflects light scattering from
the polymer matrix, which is strongly interconnected through
a dominant coil-helix mechanism at higher carrageenan con-
centrations. The magnified view shows a highly homogeneous
and dense matrix with no indication of large cavities or foreign
aggregates. No structures resembling microorganisms such
as bacilli, cocci, or biofilms, which typically appear as small
rounded shapes, clusters, or mucous-like masses under light
microscopy (Gerardi et al., 2024; Sharma et al., 2023) were
observed. The compact and smooth surface is theoretically
consistent with enhanced antibacterial potential of the com-
posite system, as chitosan and curcumin within a more stable
matrix maintain better-protected bioactivity.

None of the three formulations exhibited morphological
characteristics of microbial contamination, such as bacterial
cell shapes, biofilm structures, colony granules, mucous net-
works, or blurry aggregated regions. The color remained con-
sistently yellow-gold due to curcumin, without changes toward
brownish or blackish tones that typically indicate microbial
degradation. The absence of sharply bordered dark spots or
rounded structures measuring 0.5—2 um further supports the
absence of bacterial colonies (Xie et al., 2018). Across all films,
the surface morphology indicated minimal degradation, and
no polymer damage patterns associated with microbial activ-
ity were detected. After five months of storage, no microbial
contamination was found in any of the A1-A3 formulations.
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Figure 8. 3D Morphology of Hydr

Despite the absence of bacterial growth in all formulations,
only formulation A2 maintained a morphology comparable
to that depicted in Figure 7b throughout the storage period
(refer to supplementary material Video S2). This observation
suggests the superior structural stability of the film associated
with formulation A2. Conversely, formulations Al (refer to
supplementary material video S3) and A3 (refer to supple-
mentary material video S4) exhibited discernible alterations
during storage, evidenced by the emergence of liquid on the
film surface. This indicates a diminished structural stability in
comparison to formulation A2.

3.4.4 Thermogravimetric Analysis

Thermal analysis using TGA and DSC was conducted to evalu-
ate the thermal stability and phase transitions of hydrogel films
A1-A3 composed of carrageenan (1-2%), chitosan (0.5%), and
curcumin (0.05%). The TGA curves exhibited a stepwise weight
loss pattern corresponding to moisture evaporation followed
by polymer matrix degradation, where increasing carrageenan
concentration from Al to A3 resulted in enhanced thermal
stability with higher residual mass. Meanwhile, DSC analysis
revealed an increase in transition temperatures and thermal en-
ergy (AH), indicating stronger intermolecular interactions and
a more compact hydrogel network at higher carrageenan con-
tent. The shifts in 7,4, degradation peak temperature (T},e,k),
and glass transition temperature (Ty) in A3 compared to Al
confirm that increasing carrageenan concentration improves
matrix compactness and thermal resistance. Overall, these
findings demonstrate that polymer composition plays a critical
role in determining the thermal characteristics and structural
stability of hydrogel films as potential wound dressing materials,
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as presented in Figure 9 and Table 3.
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Figure 9. Thermogravimetric Analysis of Hydrogel Film
Formulations (A1-A3)

Table 3. Differential Scanning Calorimetry of Hydrogel Film
Formulations (A1-A3)

Parameter Al A2 A3
Tepna(CC) — water loss 92.3 101.5 104.2
AH (J/g) 182.4 210.6 225.1
Tpeak degradation ((C)  243.7  251.8  258.6
Tg (°C) 138.5 145.2 149.7
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Thermal analysis using TGA and DSC revealed that the
carrageenan/chitosan/curcumin hydrogel films exhibit a typical
multi-stage degradation behavior consistent with polysaccharide-
based systems (Ahmed, 2015; Hoare and Kohane, 2008). The
TGA curves showed three main degradation stages, including
initial water loss (80-120°C), primary polymer decomposition
(200-320°C), and carbonization at higher temperatures, which
are commonly observed in natural polymer-based hydrogels
(Necas and Bartosikova, 2013; Rinaudo, 2006). The weight
loss profile demonstrated that increasing carrageenan concen-
tration improved thermal resistance, as reflected by lower mass
loss in the main degradation stage and higher residual mass in
A8 compared to Al. This trend is consistent with the forma-
tion of a denser polyelectrolyte network due to stronger ionic
interactions between sulfate groups of carrageenan and pro-
tonated amine groups of chitosan, which enhances structural
integrity and thermal stability (Chen et al., 2023a; Rinaudo,
20006).

The DSC results further supported this observation, where
the endothermic peak associated with bound water shifted to
higher temperatures (A1 < A2 < A3), indicating stronger water—
polymer interactions and improved network cohesion (Ahmed,
2015). Additionally, the increase in glass transition temper-
ature (Ty) from Al to A8 confirms reduced chain mobility
and enhanced structural rigidity due to increased crosslink-
ing density (Hoare and Kohane, 2008). These findings are in
agreement with the swelling and degradation results, where A3
exhibited the highest structural density and slowest degradation,
while A1 showed the lowest stability due to its looser network
structure, consistent with the correlation between crosslinking
density, water retention, and degradation behavior in hydrogel
systems (Chen et al., 2018; Necas and Bartosikova, 2013).

Despite the superior thermal stability observed in A8, for-
mulation A2 demonstrates the most balanced physicochemical
performance, combining sufficient thermal resistance with op-
timal swelling capacity and controlled degradation behavior.
The moderate Ty and degradation profile of A2 indicate an
ideal network density that allows efficient water retention and
controlled release of bioactive compounds without excessive
rigidity. This balance is crucial for wound dressing applications,
where both structural stability and functional adaptability are
required. Therefore, the combined TGA and DSC analyses
reinforce that A2 provides the most suitable compromise be-
tween thermal stability, mechanical integrity, and biological
functionality, supporting its selection as the optimal formula-
tion for diabetic wound dressing applications.

8.5 In Vitro Evaluation of Hydrogel Films

3.5.1 Antibacterial Activity Assay

In vitro antibacterial activity tests were conducted on hydrogel
films from formulations A0 to A3 to assess their efficacy in in-
hibiting the growth of Staphylococcus aureus and Escherichia coli,
prevalent bacteria associated with wound infections. Notably,
all three formulations demonstrated discernible inhibitory ef-
fects, with the intensity of inhibition correlating positively with
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the concentration of carrageenan. Specifically, formulation A2
exhibited the most pronounced inhibition zone, followed by
formulation A3, A1 and formulation AO. These differences
reflect the influence of the film matrix structure on the diffu-
sion of chitosan and curcumin as active antibacterial agents, as
well as the stability of bioactive compound release under testing
conditions. A general overview of the antibacterial effectiveness
of the three formulations is presented in Figure 10.

The in vitro antibacterial assay against Staphylococcus aureus
(Gram-positive) and Escherichia coli (Gram-negative) demon-
strated clear differences in antibacterial response among hy-
drogel film formulations A0, A1, A2, and A3. Based on the
inhibition zone graph, formulation A2 produced the largest
inhibition diameter against both bacterial strains, followed by
A8, Al and AO. The variation in antibacterial effectiveness
between the two bacteria is consistent with the characteris-
tics of their cell walls. S. aureus (Gram-positive) is generally
more sensitive to chitosan and curcumin due to its thick pep-
tidoglycan layer, which is permeable to cationic and phenolic
molecules. In contrast, E. coli possesses an outer lipopolysac-
charide (LPS) membrane that is more resistant to hydrophilic
compounds, resulting in smaller inhibition zones compared
to S. aureus. However, A2 still exhibited a significant increase
in inhibition against both strains, indicating the success of the
formulation in enhancing curcumin diffusion and improving
chitosan—carrageenan interaction with microbial membranes
(Rabea et al., 2003; Yallapu et al., 2012).

Chitosan in all formulations functions as the primary an-
tibacterial agent through a direct-contact mechanism. Pro-
tonated amine groups interact with negatively charged bacte-
rial membranes, disrupting membrane permeability and caus-
ing leakage of intracellular contents. Although the amount
of chitosan is constant across formulations, its effectiveness
is influenced by the carrageenan matrix, which regulates the
availability of active chitosan surfaces. In formulation A2, the
denser hydrogel network enhances chitosan distribution, en-
abling more uniform membrane contact with bacteria and re-
sulting in stronger growth inhibition (Kong et al., 2010; Rabea
etal.,, 2003).

The obtained data indicate that formulation A2 provides
the highest and most stable antibacterial activity. Formulation
Al tends to produce a looser hydrogel network due to the low
carrageenan concentration, resulting in faster and less stable
curcumin release and less homogeneous chitosan distribution.
Formulation A8, shows a moderate improvement in antibacte-
rial effectiveness. In contrast, formulation A0, which consists
only of carrageenan and chitosan without the addition of cur-
cumin, shows minimal antibacterial activity. This is because,
although chitosan possesses inherent antibacterial properties,
its effect alone is relatively limited and less effective compared
to when combined with an active compound such as curcumin.
Moreover, the absence of curcumin in A0 results in no syner-
gistic interaction that could enhance antibacterial performance.
However, A2 achieves an optimal condition of polymer inter-
action, producing a compact film matrix, uniform component
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Figure 10. Qualitative Antibacterial Activity of AO-A3 Film Formulations Against E. coli (a) and S. aureus (b), Along with the
Quantitative Comparison of Inhibition Zone Diameters for Both Bacteria (c)

distribution, and synergistic and more efficient release of ac-
tive agents. Therefore, the antibacterial assay results not only
illustrate the magnitude of the inhibition zone, but also reveal
how polymer structure and component interactions determine
the biological performance of the hydrogel films (L.upa et al.,
2022; Xing et al., 2019).

Theoretically, the antibacterial activity of carrageenan/chi-
tosan/curcumin hydrogel films originates from the synergistic
antimicrobial mechanisms of chitosan and curcumin, facili-
tated by carrageenan as the structural regulator of the gel ma-
trix. Chitosan acts as a cationic polymer capable of interacting
with negatively charged bacterial membranes, disrupting mem-
brane integrity and inducing cytoplasmic leakage. Curcumin
functions as a phenolic agent with the ability to damage mem-
branes, inhibit protein biosynthesis, and generate bactericidal
free radicals. Carrageenan determines mechanical structure
and release profiles of active agents through polyelectrolyte
interactions with chitosan. A denser matrix, as seen in for-
mulation A3, enhances curcumin retention and extends its
diffusion period, resulting in more stable and effective antimi-
crobial action. This mechanism aligns with literature report-
ing that carrageenan/chitosan/curcumin composite hydrogels
possess strong potential as bioactive wound dressings due to
their combined antibacterial, anti-inflammatory, and moisture-
maintaining properties (Szliszka et al., 2009; Tashakkorian
et al., 2020).

MIC and MBC analyses were not conducted because the
antibacterial system was developed as an intact crosslinked
hydrogel film rather than a soluble antimicrobial agent. Since
the antibacterial performance depends on swelling behavior
and diffusion of active compounds from the polymer matrix,
agar diffusion testing was considered more representative for
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evaluating the antimicrobial activity of the hydrogel dressing
in its actual application form.

3.5.2 Antioxidant Activity Assay

In vitro antioxidant activity assays were conducted on hydrogel
film formulations AO-A3 to assess the scavenging capacity of
each carrageenan—chitosan—curcumin composition. This eval-
uation is crucial for determining the biomaterial’s efficacy in
mitigating oxidative stress in diabetic wounds. Variations in
carrageenan concentration significantly impact the density of
the hydrogel network, the release rate of curcumin, and the
interaction efficiency with DPPH radicals. Consequently, these
factors lead to variations in inhibition values and 1C5y among
the formulations. In general, increasing film concentration
enhances the percentage of inhibition; however, formulation
A2 demonstrates the most optimal performance due to a bal-
anced matrix structure and more efficient curcumin release
compared with Al and A8. An overview of the antioxidant
potential of the three hydrogel films as candidates for bioactive
wound dressings can be seen in Figure 11.

The in vitro antioxidant activity assay of carrageenan /chi-
tosan /curcumin-based hydrogel films was conducted to evalu-
ate the ability of the three formulations (AO: 1% carrragenan
and chitosan 0,5% no curcumin was added; A1: 1% carrageenan;
A2: 1.5%; A3: 2%; with constant chitosan 0.5% and curcumin
0.05%) to scavenge free radicals using the DPPH method. Vari-
ations in carrageenan composition were hypothesized to in-
fluence curcumin release capacity and the formation of the
polymer network, thereby directly affecting antioxidant perfor-
mance. The percentage of inhibition increased with increasing
film concentration for all formulations, although the increasing
pattern and ICj( values varied. Formulation A2 exhibited the
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lowest 1C5g value (74.52 ppm), followed by A3 (133.6 ppm),
Al (162.38 ppm) and A0 (283.76), indicating that A2 possessed
the strongest antioxidant activity among the three formulations,
whereas A1 was the lowest. These results further affirm that the
structural density of the hydrogel matrix significantly affects the
release of curcumin to form an effective bond with DPPH free
radicals. Thus, the carrageenan composition has fundamental
implications for optimum antioxidant activity of natural-based
hydrogel films to achieve high antioxidant activities.
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Figure 11. Antioxidant Activity of Hydrogel Film Formulations
A0-A3

Inhibition patterns show differences in curcumin mobility
as well as the chemical stability of the matrix and their free
radicals reactivity due to different carrageenan ratios. At low
carrageenan concentration (A1), curcumin will rapidly be re-
leased without sufficient amount of molecules in the reaction
environment to produce any significant effect at low film con-
centrations. Curcumin then becomes more entrapped in the
hydrogel network at relatively high carrageenan concentration
(A3), necessitating significantly higher concentrations of the
material for an increased antioxidant response. Formulation
A0 (carrageenan—chitosan without curcumin) exhibited the
highest 1Cj( value (approximately 283.76 ppm), indicating
the lowest antioxidant activity among all formulations. This
finding suggests that, although the base matrix components (car-
rageenan and chitosan) possess inherent free radical scavenging
abilities, their effectiveness remains limited in the absence of
an active antioxidant compound such as curcumin. Therefore,
A0 can be considered a control formulation representing the in-
trinsic antioxidant activity of the carrageenan—chitosan matrix.
However, without the incorporation of curcumin, its antioxi-
dant performance is significantly lower. These results highlight
that the presence of curcumin, along with the optimization of
carrageenan ratios, plays a critical role in enhancing the antiox-
idant performance of the hydrogel film system. A2 reaches an
optimal balance of matrix compactness and porosity, leading
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to the controlled and efficient release (Chen et al., 2023a; Lupa
etal.,, 2022).

Overall, we find that the formulation A2 is the best hydrogel
structure to optimize curcumin-based antioxidant performance.
The lowest ICj5¢ value demonstrated the best efficacy of A2
for neutralizing DPPH free radicals, and it is found in the
literature that hydrogel systems including moderate polymer
content impart an improved antioxidant bioavailability (Li et al.,
2017; Song et al., 2022). Such a formulation is very promising
as a bioactive wound dressing, according to the significance of
antioxidants for the management of oxidative stress in diabetic

wounds (Guo and DiPietro, 2010; Sidhu et al., 1998).

3.5.3 Percentage Release Curcumin

The analysis of curcumin release percentage from hydrogel
films indicates that variations in the composition of carrageenan-
chitosan-curcumin significantly influence the drug release pro-
file within the hydrogel-based delivery system. Formulations
Al (1% carrageenan, 0.5% chitosan, 0.05% curcumin), A2 (1.5%
carrageenan, 0.5% chitosan, 0.05% curcumin), and A3 (2%
carrageenan, 5.5% chitosan, 0.05% curcumin) exhibit distinct
release behaviors, reflecting differences in polymer network
structure and density. In general, increasing carrageenan con-
centration tends to produce a denser hydrogel matrix, thereby
slowing curcumin diffusion, whereas lower concentrations re-
sult in a faster but less controlled release. The interplay between
polymer composition governs the balance between drug reten-
tion and diffusion, which is essential for achieving an effective
and sustained release system in wound dressing applications.
Overall, the release patterns of all formulations demonstrate a
controlled and progressive mechanism, influenced by polyelec-
trolyte interactions and the swelling capacity of the hydrogel
matrix, as described in Figure 12.
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Figure 12. Percentage Release Curcumin Film Hydrogel A1-A3

Based on the analysis of the curcumin release profile and hy-
drogel characterization data, formulation A2 (1.5% carrageenan)
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Table 4. Comparison of Hydrogel System for Wound Healing Applications

Researcher Hydrogel System Preparation Advantages Limitations
Method
(Khodaei et al,, Carrageenan + ox- Chemical Self-healing and high Lacks natural antiox-
2023) idized polymer + crosslinking antibacterial activity idant agents
dopamine + Zn?*
(Sharma et al, Chitosan + CMC + Injectable hydro- Controlled release and Not film-based and
2023) nanocurcumin gel accelerated wound heal- limited mechanical
ing stability
(Ali et al., 2024) Chitosan— Nano-in-micro  Effective against resis- Complex synthesis
carrageenan mi-  system tant bacteria and no film forma-
crobeads + curcumin tion
(Zhang et al., 2025)  Chitosan + alginate + Composite hy- Antibacterial, antiox- Does not include car-
curcumin drogel idant, and promotes rageenan
angiogenesis
This study Carrageenan + chi- Casting and ionic  Tri-component system, Currently limited

tosan + curcumin

crosslinking

stable film, antibacterial to in vitro studies;
and antioxidant proper-
ties, high swelling ca-
pacity, potential smart
dressing

in vivo evaluation
planned

exhibits the most optimal release behavior within 24 hours,
reaching approximately 887%, which reflects a balance between
an adequately rapid initial release and a sustained, controlled
diffusion phase. In comparison, Al demonstrates an exces-
sively rapid release (~92%), while A3 shows a relatively slower
release (~72%). Thus, A2 provides the most stable and consis-
tent release kinetics, supported by a homogeneous hydrogel
structure, balanced porosity, and optimal polyelectrolyte in-
teractions between carrageenan and chitosan. These findings
indicate that increasing carrageenan concentration does not
necessarily enhance drug release performance; instead, there
exists an optimal point at which the hydrogel network density
effectively regulates diffusion without excessively restricting it.
Therefore, formulation A2 can be considered the most suitable
candidate for diabetic wound dressing applications that require
sustained curcumin release during the first 24 hours of the
healing phase.

The release of curcumin from carrageenan—chitosan -based
hydrogels is governed by a combination of Fickian diffusion and
polymer matrix relaxation mechanisms, in which the hydrogel
network structure serves as the primary regulator of the release
rate. Carrageenan, as an anionic polymer, forms a gel network
through double-helix associations and ionic crosslinking, while
chitosan, as a cationic polymer, establishes polyelectrolyte com-
plexes that reinforce the network structure and regulate drug
molecule mobility. Within this system, curcumin is entrapped
through hydrogen bonding and hydrophobic interactions, mak-
ing its release dependent on the swelling degree and pore size
of the hydrogel (Ahmed, 2015; Hoare and Kohane, 2008).
At a moderate carrageenan concentration (A2), an optimally
dense network is formed, allowing effective water penetration,
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polymer chain relaxation, and gradual curcumin diffusion, re-
sulting in a stable release profile over 24 hours. In contrast,
a loosely structured network (A1) leads to rapid release due
to unrestricted diffusion, whereas an overly dense network
(A8) restricts diffusion due to limited pore space. Therefore,
modern hydrogel theory emphasizes that the balance among
network density, swelling capacity, and molecular interactions
is a critical determinant of the efficiency of hydrogel-based drug
delivery systems, particularly for chronic wound applications
such as diabetic ulcers that require controlled and sustained
therapeutic release.

3.6 Comparative Studies of Hydrogel Films
Biopolymer-based hydrogels, including carrageenan, chitosan,
and curcumin, have been extensively developed for wound
dressing applications due to their biocompatibility and multi-
functional properties. However, most studies have predomi-
nantly focused on binary systems, while investigations of ternary
systems (carrageenan—chitosan—curcumin), particularly in the
form of hydrogel films, remain limited and insufficiently ex-
plored. A comparative summary of previously reported hydro-
gel films is presented in Table 4.

In contrast, this study develops a ternary biopolymer-based
hydrogel film to achieve synergistic mechanical, antibacterial,
and antioxidant properties within a single system. This ap-
proach enhances structural stability and enables more con-
trolled release of bioactive compounds, highlighting its poten-
tial as a smart wound dressing for diabetic wounds. In this
regard, the novelty of this work lies in: (i) the development
of a ternary natural biopolymer-based hydrogel film; (ii) the
integration of mechanical, antibacterial, and antioxidant func-
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tionalities within a single platform; (iii) the optimization of
carrageenan composition to achieve a balanced hydrogel struc-
ture, with formulation A2 exhibiting the most favorable per-
formance; and (iv) a comprehensive evaluation of physical,
chemical, and biological properties in an integrated manner.

4. CONCLUSION

This study successfully developed carrageenan/chitosan/cur-
cumin hydrogel films as stimulus-responsive smart materials
for diabetic wound dressings, demonstrating promising physic-
ochemical characteristics and bioactivity. Characterization con-
firmed k-carrageenan in its potassium salt form with an opti-
mal S/K ratio for gelation, heterogeneous particle distribution
influencing hydration kinetics, and distinctive spectroscopic
markers supporting the formation of a stable three-dimensional
network. Among the three formulations, A2 with 1.5% car-
rageenan exhibited the most optimal balance, with a thickness
of 0.20 mm, moisture content of approximately 20%, physio-
logical pH, controlled swelling kinetics reaching 1439%, and
slow degradation indicating superior mechanical stability. The
compact and homogeneous microstructure of A2 supports the
controlled release of bioactive agents. Film A2 demonstrated
the highest antibacterial activity against Staphylococcus aureus
(8.47 mm inhibition zone) and Escherichia coli (8.77 mm), as
well as the strongest antioxidant activity with an 1Cjs( value of
74.52 ppm. The synergy between carrageenan as a hydrophilic
matrix, chitosan as an antimicrobial agent, and curcumin as an
antioxidant results in a multifunctional system that integrates
antimicrobial protection, oxidative stress mitigation, and exu-
date management to address the complex pathophysiology of
diabetic wounds.
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