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Abstract: Silk sericin (SS) and curcumin (Cur) possess significant antioxidant properties, making
them highly beneficial for wound healing applications. This study aimed to develop SS–Cur-loaded
sodium alginate/polyvinyl alcohol (SA/PVA) films crosslinked with calcium chloride, creating a
biomaterial with enhanced stability and antioxidant properties. Wound dressings containing SS-Cur
were fabricated by mixing SA and PVA at different ratios of 1:1, 1:2, 1:4, and 1:6. The resulting
films were then crosslinked with calcium chloride in an ethanol solution to enhance film integrity.
These films were characterized using several techniques, revealing that the presence of ethanol
in calcium chloride affected film properties, including the gel fraction, swelling, film thickness,
and FTIR analysis. The presence of ethanol in calcium chloride revealed the highest drug content
in the SA/PVA films. In vitro release studies demonstrated sustained release of SS-Cur from all
formulations. Cytotoxicity and antioxidant activity tests showed that SS–Cur-loaded SA/PVA films
with ethanol in calcium chloride increased cell viability and enhanced antioxidant effects in L929
cells. In conclusion, this study demonstrates that the presence of ethanol in the crosslinking solution
improved the functionality of SS–Cur-loaded SA/PVA films, making them promising candidates for
wound healing and soft tissue regeneration.

Keywords: sericin; curcumin; sodium alginate/polyvinyl alcohol (SA/PVA) films; calcium chloride
crosslinking; wound healing

1. Introduction

Physical damage to the skin, such as cuts, abrasions, trauma, and burns, disrupts the
body’s largest organ and exposes underlying tissues to potential infections [1]. The process
of wound healing restores the integrity of the skin, but complications such as chronic
wounds can arise, particularly in individuals with underlying health conditions [2,3].
The development of novel wound dressing materials using biomaterials has emerged as
a promising approach to enhancing the healing process [4]. These advanced dressings
are designed to provide optimal conditions for healing by maintaining a moist environ-
ment, protecting against infections, or delivering therapeutic agents directly to the wound
site [4,5]. The integration of biomaterials into wound dressings represents a significant
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advancement in medical technology, offering potential improvements in the treatment and
management of various types of wounds.

Moist dressings, such as thin films, hydrogels, foams, hydrocolloids, and composites,
play a critical role in wound healing by maintaining a moist environment at the wound
site [6]. Among these, hydrogels are particularly promising due to their ability to regulate
moisture levels, promote gas exchange, and absorb excess exudates effectively [6]. However,
some traditional options have drawbacks: hydrocolloid dressings may lead to irritant
or allergic contact dermatitis in certain patients [7,8], while foam dressings have been
associated with malodorous discharge similar to the odor from hydrocolloids [8]. As
a result, hydrocolloid and foam dressings are generally not recommended for infected
wounds or those with heavy drainage [9].

Special attention has been given to sodium alginate (SA) and polyvinyl alcohol
(PVA). Alginate, a natural polysaccharide derived from brown seaweed, offers excep-
tional benefits in wound care due to its high absorbency, biocompatibility, and ability to
form hydrogels [5,10–13]. PVA, a synthetic polymer known for its film-forming properties,
mechanical strength, and flexibility, complements alginate by enhancing the structural
integrity and durability of the wound dressing [12,14–16]. Unlike hydrocolloid and foam
dressings, SA/PVA films are highly compatible with bioactive compound loading, enabling
controlled, sustained drug release [6]. Together, alginate and PVA create a synergistic
effect, resulting in advanced dressings that effectively manage wound exudates, promote
a conducive healing environment, and provide a barrier against microbial invasion. This
innovative combination holds great promise for improving the efficacy of wound care.

Antioxidants play a pivotal role in wound healing by neutralizing reactive oxygen
species (ROS), which are highly reactive molecules that can cause significant cellular dam-
age [17]. Incorporating ROS-scavenging compounds into wound dressings significantly
enhances the healing process of skin wounds [18,19]. Drug-incorporating biomaterials, such
as antioxidant compounds, provide antioxidant protection and offer additional benefits,
such as anti-inflammatory and antimicrobial effects, to provide a valuable opportunity in
wound application [18,20–22]. Wound dressings composed of silk sericin (SS) and curcumin
(Cur) are considered alternative topical wound healing materials. The antioxidant effects of
SS and Cur play a crucial role in wound healing by neutralizing harmful free radicals and
reducing oxidative stress, which can otherwise impede the healing process. SS, a protein
derived from the silkworm Bombyx mori, is recognized for its excellent biocompatibility and
notable antioxidant properties due to its ability to scavenge free radicals and protect cells
from oxidative damage, making it a valuable component in biomedical applications [23].
Similarly, Cur, the active compound found in turmeric, is renowned for its antimicrobial
properties and powerful antioxidant activity, which helps to mitigate oxidative stress and
inflammation [24,25]. The synergistic effect of sericin and curcumin has been explored in
both in vitro and in vivo studies, demonstrating their combined effectiveness in inflam-
matory conditions [26]. The combination of SS and Cur was most effective in reducing
IL-1β levels and inducing IL-4 and IL-10 expression in lipopolysaccharide (LPS)-stimulated
McCoy cells compared to SS or Cur alone [26]. Additionally, the combined treatment signif-
icantly reduced paw thickness and circumference in mouse models of hind paw edema,
indicating enhanced anti-inflammatory effects over SS or Cur treatment alone [26]. Wound
dressings that incorporate SS and Cur represent an innovative approach to wound care,
offering a dual-function system that supports rapid and effective wound healing while
providing a protective barrier against infection and further injury.

The objective of this research was to develop SS–Cur-loaded SA/PVA films by crosslink-
ing with calcium chloride in an ethanol solution at various ratios to achieve optimal for-
mulations. The physicochemical properties of the films were investigated, including film
morphology, gel formation, swelling behavior, and FTIR analysis. Additionally, the an-
tioxidant capacities and release characteristics of SS and Cur were measured. This study
aims to provide valuable insights into the development of advanced wound dressings that



Polymers 2024, 16, 3197 3 of 18

combine the beneficial properties of SS and Cur, offering enhanced film stability, controlled
release, and antioxidant protection for improved wound healing outcomes.

2. Materials and Methods
2.1. Preparation of Films
2.1.1. Synthesis of SS–Cur-Loaded SA/PVA Films

In the first step, polyvinyl alcohol (PVA) (degree of polymerization 1700–1800, hy-
drolysis 98–99%, 0531500500, Labochemie, Jehangir villa, Mumbai, India) was dissolved in
deionized (DI) water by stirring at a constant temperature of 80 ◦C for 4 h. Sodium alginate
(SA) (alginic acid sodium salt (medium viscosity), Sigma-Aldrich, St. Louis, MO, USA)
was similarly dissolved in DI water by stirring at a constant temperature of 25 ◦C for 2 h.
After homogenous solutions were achieved, PVA and SA were mixed at weight ratios of
1:1, 1:2, 1:4, and 1:6 (SA:PVA) at 25 ◦C to obtain the SA/PVA solution. Next, silk sericin
(SS) (sericin was extracted from a Bombyx mori cocoon [27]) was added to the well-stirred
SA/PVA solution. Subsequently, curcumin (Cur) (10 mg/mL) (28260, Fluka, Steinheim,
Germany) in an ethanol solution was added, and the mixture was stirred at a constant
temperature of 25 ◦C for 1 h to ensure complete dissolution of SS and Cur in the SA/PVA
solution. The final solution was then dropped onto a polypropylene plate (8.5 × 8.5 cm2,
15 g/plate) and dried uniformly at 40 ◦C for 24 h.

2.1.2. Calcium Chloride-Crosslinked SS–Cur-Loaded SA/PVA Films

The resulting films were then crosslinked using a 0.1 M calcium chloride solution
(Qrec, Auckland, New Zealand) mixed with ethanol (99.9%, Qrec, New Zealand) at various
concentrations (0, 10, 20, and 30%). The crosslinking solution was poured over the dry film
mold and soaked at 25 ◦C for 1 h. This process allowed the calcium chloride and ethanol
mixture to crosslink with the film. After soaking, the residual calcium chloride solution
was decanted and replaced with reverse osmosis (RO) water. This step was repeated three
times for 15 min each to remove excess calcium chloride. The films were then dried at
40 ◦C for 24 h to obtain calcium chloride-crosslinked SS–Cur-loaded SA/PVA films. The
formulations of these crosslinked films were prepared according to the ratios outlined in
Table 1.

Table 1. Composition of the chemical concentrations in the synthesis of calcium chloride-crosslinked
sericin–curcumin-loaded SA/PVA films.

Ratio SA:PVA SA (%wt) PVA (%wt) SS (%wt) Cur (%wt) Total Volume (mL)

1:1 1 1 1 0.04 50
1:2 1 2 1 0.04 50
1:4 1 4 1 0.04 50
1:6 1 6 1 0.04 50

2.2. Characterization of SS–Cur-Loaded SA/PVA Films
2.2.1. Gel Fraction

Analysis of the gel fraction percentage of the modified films was conducted according
to a previous study [28]. Film samples measuring 1 × 1 cm2 were dried in an oven
(Memmert brand, model BE. 400, Memmert Company, Schwabach, Germany) at 50 ◦C for
24 h. The dried samples were then soaked in DI water at 37 ◦C for 72 h. After soaking, the
samples were removed from the water and dried again in the oven at 50 ◦C for another
24 h. The gel fraction percentage was calculated using the following equation:

%Gel f raction =
Weight o f dried sample after soaking

Initial weight o f dried sample
× 100
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2.2.2. Swelling Properties

The swelling properties of the SS–Cur-loaded SA/PVA films were determined by
calculating the difference between the dry weight and the wet weight of the film samples.
Initially, the dried film samples were weighed and then immersed in Dulbecco’s Modified
Eagle Medium (DMEM) solution at 37 ◦C for 24 h. After immersion, the swollen samples
were carefully removed, blotted with filter paper to remove excess DMEM, and immediately
weighed. The swelling percentage was calculated using the following equation:

%Swelling =
Weight o f swollen sample − Initial weight o f dried sample

Initial weight o f dried sample
× 100

2.2.3. Scanning Electron Microscopy (SEM)

The morphology and thickness of the SS–Cur-loaded SA/PVA films were character-
ized using scanning electron microscopy (SEM-JSM-IT500HR, JEOL, Tokyo, Japan). The
thickness measurements were analyzed with ImageJ software version 1.4.3.

2.2.4. Attenuated Total Reflectance Fourier Transform Infrared Spectroscopy (ATR-FTIR)

ATR-FTIR spectra were recorded using a Fourier Transform Infrared Spectrometer
(INVENIO S, Bruker, Ettlingen, Germany). The spectra were captured between 400 and
4000 cm−1 with a spectral resolution of 4 cm−1. Data were generated based on the acquired
spectra and presented as absorbance-versus-frequency plots (Y–X plots). Measurements
were performed at room temperature.

2.2.5. Thermal Properties

The thermogravimetric properties of the films were studied using a Simultaneous
Thermal Analyzer (STA) (Netzsch STA 449F3, Selb, Germany). Samples weighing between
4 and 6 mg were placed in aluminum pans and tested under a nitrogen atmosphere.
Measurements were conducted from 35 ◦C to 800 ◦C at a constant heating rate of 10 ◦C/min.

2.2.6. Determination of Drug Content in SA/PVA Films

The drug content in the SA/PVA films was determined by placing film samples
(1 × 1 cm2) in 1 mL of a PBS buffer solution (pH 7.4) and incubating them in a shaking
water bath (Lab Tech brand, model LSB-030S, Daihan Labtechasia PTE, Gyeonggi-do,
Republic of Korea) at 37 ◦C and 100 rpm for 24 h. After this incubation period, 1 mL of each
sample was collected to determine the amount of drug and replaced with 1 mL of a fresh
PBS solution. The films were then incubated at 80 ◦C for 2 h to completely dissolve the film.
The amount of Cur was analyzed by UV spectrophotometry at 430 nm, using a standard
curve of curcumin for calibration. The SS protein content was measured with a BCA protein
assay kit (Pierce BCA Protein Assay kit 23225 23227, Thermo Scientific, Rockford, IL, USA)
at an absorbance value of 562 nm, compared to a standard curve. The drug content in the
films was calculated using the following equation:

Drug loading in f ilm =
Total amount o f measurable drug (µg)

Weight o f initial dry f ilm (mg)
× 1000

2.2.7. Estimation of Curcumin and Sericin Release In Vitro

To quantify the amount of drug released from the films, samples (1 × 1 cm2) were
placed in 1 mL of Tris buffer in 2% tween 20 and 4% ethanol (pH 7.4) and incubated in a
shaking water bath (Lab Tech brand, model LSB-030S, Daihan Labtechasia PTE, Namyangju,
Republic of Korea) at 37 ◦C and 100 rpm for 0–72 h. At specified time intervals, 1 mL
aliquots of the sample were removed, and an equal volume (1 mL) of fresh Tris buffer was
replaced to maintain a constant volume of dissolution medium. The amount of curcumin
and sericin released was analyzed using a UV spectrophotometer at wavelengths of 430 nm
and 562 nm, respectively, compared to standard curves.
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2.3. Biological Properties
2.3.1. Cell Culture

L929 mouse fibroblasts were grown in Dulbecco’s Modified Eagle’s Medium (DMEM)
supplemented with 10% (v/v) fetal bovine serum (Gibco, Paisley, UK) and 1% gentamycin
(Gibco, Grand Island, NY, USA). The cells were maintained in an atmosphere of 5% CO2 at
37 ◦C.

2.3.2. Cell Cytotoxicity Test

The effect of the films on cell viability was measured using the methylthiazolyldiphenyl–
tetrazolium bromide (MTT) assay. Films were incubated in serum-free media at 10 mg/mL
for 24 h. This extract, containing the leach-out products from the membrane, was filtered
through a 0.22-µm filter and used for cell viability testing. L929 cells were seeded in a
96-well plate at a density of 1 × 104 cells/well and incubated for 24 h at 37 ◦C in a 5% CO2
humidified atmosphere. After incubation, the medium in each well was replaced with
100 µL of varying treatments for 24 h. Following treatment, the MTT assay was performed
according to standard protocols, and the absorbance at 570 nm was read on a microplate
reader (Varioskan, Thermo Fisher, Waltham, MA, USA).

2.3.3. Intracellular Antioxidant Activity

L929 cells were seeded in a 96-well plate at a density of 1 × 104 cells/well and
incubated for 24 h with various treatments of film extracts. Subsequently, the cells were
treated with DCFDA (20 µM), a common ROS marker, at 37 ◦C for 30 min in the dark. After
washing the cells with a 1X PBS solution, they were treated with H2O2 (0.8 mM) for 1 h. To
detect ROS production, fluorescence intensity (excitation at 485 nm and emission at 527 nm)
was measured using a microplate reader (Varioskan, Thermo Fisher, Waltham, MA, USA).

2.4. Statistical Analysis

All analyses were performed in triplicate to determine mean values and standard
deviations (SD) using GraphPad Prism 9 software. Significant differences among mul-
tiple groups were assessed using one-way ANOVA, with a p-value < 0.05 considered
statistically significant.

3. Results
3.1. Physical Properties of the Films

Figure 1A shows an optical image of the SS–Cur-loaded SA/PVA films after crosslink-
ing with calcium chloride at various ratios. The preparation of SS–Cur-loaded films from
SA, PVA, and the addition of ethanol in calcium chloride showed that increasing the PVA
ratio and ethanol concentrations significantly affected gel formation. The gel fractions
of the SS–Cur-loaded SA/PVA films at different ratios are confirmed in Figure 1B. Films
with SA:PVA ratios of 1:4 and 1:6 crosslinked with calcium chloride exhibited substantial
swelling and lacked the stability of a smooth sheet, whereas films with SA:PVA ratios of 1:1
and 1:2 achieved the desired gel fraction value. As shown in Figure 1C, films with SA:PVA
ratios of 1:1 and 1:2 presented a lower water swelling ratio compared to films with a higher
PVA content. Additionally, crosslinking with calcium chloride in the presence of increased
ethanol concentrations resulted in a decreased percentage of water swelling, possibly due
to the enhanced stability of the film structure.
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Figure 1. Physical properties of SS–Cur-loaded SA/PVA films crosslinked with calcium chloride: (A) 
visual appearance, (B) gel fraction, and (C) gel swelling ratio of SS–Cur-loaded SA/PVA films at 
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20, and 30%). Data are presented as the mean ± S.D (n = 4). * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001, **** p ≤ 
0.0001. 

Figure 1. Physical properties of SS–Cur-loaded SA/PVA films crosslinked with calcium chloride:
(A) visual appearance, (B) gel fraction, and (C) gel swelling ratio of SS–Cur-loaded SA/PVA films
at different SA:PVA ratios crosslinked with calcium chloride at different ethanol concentrations (0,
10, 20, and 30%). Data are presented as the mean ± S.D (n = 4). * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001,
**** p ≤ 0.0001.
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3.2. Morphology and Thickness of the SS–Cur-Loaded SA/PVA Films

Figure 2 illustrates the structural images of SS–Cur-loaded SA/PVA films with SA:PVA
ratios of 1:1 and 1:2. The surface of the SA:PVA 1:2 films appears rougher than that of the
1:1 films. The thickness of the films can be adjusted by varying the SA:PVA ratio and the
concentration of ethanol used during crosslinking. The addition of ethanol to the calcium
chloride solution significantly affects the film thickness. The results indicate that the film
thickness of SA:PVA 1:1 crosslinked with 10% ethanol in calcium chloride was the greatest.
However, as the ethanol concentration increased to 20–30%, the film thickness decreased.
By contrast, the SA:PVA 1:2 ratio crosslinked with 20% ethanol presented the thickest films.
A summary of the film thickness measurements is provided in Table 2. These findings
highlight the influence of both the SA:PVA ratio and the ethanol concentration on the
morphological characteristics and thickness of the films.
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Figure 2. SEM images of SS–Cur-loaded SA/PVA films crosslinked with calcium chloride at SA:PVA
ratios of (A) 1:1 and (B) 1:2, crosslinked with calcium chloride at different ethanol concentrations (0,
10, 20, and 30%).

Table 2. Film thickness of SS–Cur-loaded SA/PVA films crosslinked with calcium chloride.

Film Type
Film Thickness (µm)

SA:PVA 1:1 SA:PVA 1:2

Without Ethanol 25.83 ± 1.15 22.38 ± 1.03 #
10% Ethanol 32.24 ± 1.08 * 29.86 ± 1.88 *,#
20% Ethanol 26.63 ± 0.97 33.68 ± 2.04 *,#
30% Ethanol 22.54 ± 0.85 * 22.39 ± 1.19

* indicates statistical significance compared with and without ethanol; # indicates statistical significance between
SA:PVA 1:1 and SA:PVA 1:2 at the same ethanol concentrations.

3.3. FTIR Analysis of SS–Cur-Loaded SA/PVA Films Crosslinked with Calcium Chloride

The chemical properties of the SS–Cur-loaded SA/PVA films crosslinked with calcium
chloride at different ratios were analyzed using ATR-FTIR, as shown in Figure 3. Both the
SA:PVA 1:1 and 1:2 films crosslinked with calcium chloride exhibited peaks at 1080 cm−1,
indicative of the crosslinking of alginate. Crosslinking with calcium chloride at various
ethanol concentrations resulted in an intense G block peak at 932 cm−1. Additionally,
an amide I band of sericin appeared in all formulations, attributed to the C=O peaks
of alginate, which affect the combination of signals. The characteristic peaks of Cur at
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1426 cm−1 and 1151 cm−1 were also present in the films. These FTIR results confirm the
successful incorporation and interaction of SS and Cur within the SA/PVA films.
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3.4. Thermal Properties of SS–Cur-Loaded SA/PVA Films Crosslinked with Calcium Chloride

The thermal properties of SS–Cur-loaded SA/PVA films crosslinked with calcium
chloride at various ratios were investigated using thermogravimetric analysis (TGA) and
a Simultaneous Thermal Analyzer (STA). The thermodynamic stability of the modified
films is illustrated in Figure 4. The results indicated that SA:PVA 1:1 films crosslinked with
different ethanol concentrations exhibited similar weight loss profiles across formulations.
In contrast, the thermal stabilities of the films improved significantly for the SA:PVA 1:2
ratio with the addition of ethanol. The SA:PVA 1:2 films crosslinked with calcium chloride
without ethanol solutions experienced the highest rate of degradation. However, the films
crosslinked with calcium chloride in ethanol solutions (10%, 20%, and 30%) displayed
similar thermal degradation patterns, demonstrating enhanced stability. The multiple
decomposition stages observed between 150 and 350 ◦C (attributed to SA, PVA, SS, and
Cur) confirmed the presence and interaction of SS and Cur within the SA/PVA films. These
findings highlight the beneficial impact of ethanol in the crosslinking process, contributing
to the improved thermal stability of the sericin–curcumin-loaded SA/PVA films.
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3.5. Drug Content and Release Profile of SS and Cur

The drug content of SS and Cur in the films was analyzed to evaluate the loading
capacity of the SA/PVA films. The results indicated that incorporating 10% ethanol in
the crosslinking process led to the highest loading capacity of both SS and Cur in the
SA/PVA films (Figure 5A,B). In terms of drug release, the in vitro profiles revealed that
increasing the ethanol concentration in the SS–Cur-loaded SA/PVA films affected the
release behavior differently depending on the SA:PVA ratio. Specifically, for the SA:PVA
ratio of 1:1, higher ethanol concentrations resulted in a slower release rate of Cur compared
to films crosslinked without ethanol (Figure 5E). However, with an SA:PVA ratio of 1:2, the
ethanol concentration had minimal impact on the Cur release rates (Figure 5F). Conversely,
the release of SS from the films demonstrated that the presence of ethanol enhanced the
release of SS (Figure 5C,D). However, there was no significant difference between the films
with and without ethanol at 72 h.
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3.6. Cytotoxicity Evaluation of SS–Cur-Loaded SA/PVA Films Crosslinked with Calcium Chloride

The cytotoxicity of various formulations of calcium chloride-crosslinked SS–Cur-
loaded SA/PVA films was assessed using L929 cells, as shown in Figure 6. SS–Cur-loaded
SA/PVA films crosslinked with calcium chloride at concentrations of 3.75, 7.5, 15, 30, and
60 µg/mL were tested in L929 cells for 24 h. The results indicated that films with an SA:PVA
ratio of 1:1 crosslinked with calcium chloride without ethanol exhibited higher toxicity
than those with a 1:2 ratio. Additionally, films crosslinked with calcium chloride in ethanol
solutions at concentrations of 10%, 20%, and 30% demonstrated reduced cytotoxicity. This
indicates that the presence of ethanol in the crosslinking process mitigates the cytotoxic
effects of the films.
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3.7. Inhibition of H2O2-Induced ROS in L-929 Cells

The SS–Cur-loaded SA/PVA films crosslinked with calcium chloride demonstrated
significant antioxidant activity, as illustrated in Figure 7. The SS–Cur-loaded SA/PVA films,
whether crosslinked with or without ethanol, effectively reduced ROS levels, presenting
their protective effect (Figure 7A). Furthermore, an increase in cell viability was observed
in L-929 cells treated with SS–Cur-loaded SA/PVA films crosslinked with calcium chloride
following H2O2 induction, compared to cells treated with H2O2 alone. Notably, the SA:PVA
ratios of 1:1 crosslinked with calcium chloride in ethanol at 30 µg/mL were more protective
than those without ethanol in preventing cell death. The MTT assay results (Figure 7B)
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confirmed this finding, indicating that these films crosslinked with calcium chloride in
ethanol solutions effectively mitigated oxidative stress-induced damage.
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4. Discussion

Wound dressings with excellent properties have been developed to enhance wound
healing capabilities. Various natural and synthetic polymers have been utilized in their
manufacture. Among these, PVA (polyvinyl alcohol) is one of the oldest and most fre-
quently studied synthetic polymers due to its favorable wound dressing properties, such
as hydrophilicity, biocompatibility, biodegradability, chemical resistance, adhesion, non-
toxicity, cost-effectiveness, and high mechanical properties [29–32]. However, PVA alone
has limitations in instability and is insufficient for use in wound dressings due to its
lack of exudate absorption capacity, low elasticity, and inability to deliver drugs effec-
tively [29,33,34]. To address these limitations, previous studies have developed PVA-based
dressings by incorporating other polymers such as dextran, chitosan, gelatin, or hyaluronic
acid [35–38]. This study focuses on combining PVA with SA (sodium alginate) to overcome
these issues. SA is recognized for its excellent biocompatibility, high absorbency, and ability
to form hydrogels, making it suitable for advanced wound management [39]. Additionally,
SA possesses hemostatic properties and provides a moist environment conducive to wound
healing. The integration of PVA with SA aims to combine the advantageous properties of
both materials, resulting in an advanced wound dressing with enhanced functionality [12].

Our study fabricated a film composed of SA and PVA with ratios of 1:1, 1:2, 1:4, and 1:6
(wt/wt%). Ionic crosslinking significantly affects the physical and mechanical properties of
the films. Among various ionic crosslinking agents, calcium ions (Ca2+) have been shown
to provide the greatest tensile strength, highest elongation, and best light transmission in
alginate film [40]. Furthermore, crosslinking alginate with Ca2+ impacts its drug release
profiles [41] as well as its mechanical and biochemical properties [42]. Adding ethanol to the
calcium chloride solution further improves the mechanical properties of alginate films [43].
To enhance film properties in this study, the resulting films were crosslinked with calcium
chloride in 10%, 20%, and 30% ethanol solutions. Our study is the first study to explore
the advantages of ethanol in a calcium chloride solution in both chemical, physical, and
biological properties. The films with SA:PVA ratios of 1:4 and 1:6 crosslinked with calcium
chloride, with or without ethanol, exhibited instability (Figure 1). At these higher PVA
ratios, the films became too flexible and lacked sufficient structural integrity. The lower
amount of alginate might not have been enough to form a stable network within the film,
leading to excessive moisture absorption, swelling, and instability [44]. Optimal mechanical
strength requires a balance between the flexibility provided by PVA and the rigidity
provided by alginate. Moreover, our results showed that varying ethanol concentrations
affected gel formation and swelling behavior (Figure 1B,C). The gel formation of SS–Cur-
loaded SA/PVA films increased with higher ethanol concentrations. Ethanol facilitates
ionic interaction between SA, PVA, and calcium ions, promoting the gelation process and
contributing to an increase in film thickness (Figure 2). It also reduces surface tension
and improves calcium ion diffusion into the SA/PVA matrix, resulting in a more uniform
and robust gel formation [43,45,46]. Additionally, ethanol crosslinking affects the swelling
behavior of PVA [47]. Ethanol serves as a cosolvent that can reduce the water content
around calcium ions during the crosslinking process. Calcium ions (Ca2+) act as crosslinker
in sodium alginate/polyvinyl alcohol (SA/PVA) gels by forming ionic bonds with the
carboxyl groups on the alginate chains, creating a network that strengthens the gel. Ethanol
lowers the polarity of the solution, making calcium ions more available to interact with
the polymer chains rather than being surrounded by water molecules. The SS–Cur-loaded
SA/PVA films in ratios of 1:1 and 1:2 showed desirable properties, leading to their use in
further experiments.

FTIR analysis explored the structural and chemical interactions within SS–Cur-loaded
SA/PVA films crosslinked with calcium chloride, confirming the presence of SS, Cur, and
the crosslinking agents. Our result indicated the peak at the position 1080 cm−1, indicating
the formation of calcium alginate gel [48]. Crosslinking with calcium chloride in various
ethanol concentrations resulted in an intense G block at 932 cm−1 [49]. Peaks related
to the amide I band of sericin (C=O stretching around 1600 cm−1) [50] appeared in all
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formulations, similar to the C=O stretching of carboxyl groups in alginate [51]. Peaks at
2900 cm−1 (C-H stretching) of PVA was observed in the SA/PVA films with increasing
ethanol concentration [52]. Peaks associated with C-O-C stretching (around 1151 cm−1)
indicated the presence of Cur [53]. Combined peaks from SA and PVA, with additional
peaks or shifts, indicated the presence of SS and Cur (Figure 3).

Thermal stability is a crucial property that directly affects other characteristics, such
as mechanical strength, durability, and shelf life [54]. The addition of various agents
alters thermal stability [32]. All composite films composed of SA and PVA at a ratio of 1:1
exhibited similar thermal behavior in the TGA curves. However, the SA to PVA ratio of
1:2 without ethanol showed higher thermal degradation than all formulations containing
ethanol in calcium chloride (Figure 4). These results suggest that incorporating ethanol
into formulations with a higher PVA content enhances the thermal stability of SS–Cur-
loaded SA/PVA films. The improved thermal performance of these films, crosslinked
with calcium chloride in the presence of ethanol, can be attributed to the interactions
between SA, PVA, and ethanol in calcium chloride, which create a more stable composite
material. PVA’s inherent thermal stability is further supported by the presence of ethanol,
which helps to form a more thermally resistant network [55]. Moreover, adding ethanol to
calcium chloride improved the mechanical properties of alginate films [43]. These factors
collectively improve the thermal performance of SS–Cur-loaded SA/PVA films crosslinked
with calcium chloride in the presence of ethanol.

An evaluation of the drug release profiles of SS–Cur-loaded SA/PVA films revealed
distinct behaviors for SS and Cur in the presence of ethanol (Figure 5). Incorporating drugs
into SA/PVA films effectively controls their release due to the environmental conditions and
electrostatic interactions between the drugs and the films [56,57]. In this study, electrostatic
interactions play a pivotal role in controlling the release of SS and Cur from SA/PVA films.
The interactions between the negatively charged SA and the positively charged calcium
ions used in crosslinking create a dense polymer network, which slows the diffusion of
the drug molecules, particularly Cur, by stabilizing the matrix. The different Cur release
profiles in the presence or absence of ethanol were observed in films composed of SA and
PVA at a 1:1 ratio. Ethanol enhances the crosslinking process, resulting in a more controlled
initial release of Cur. This is likely due to the denser and more stable polymer network
formed in the presence of ethanol, which slows down the diffusion of Cur. Conversely,
the presence of ethanol in the calcium chloride solution did not significantly affect the
SS release profile compared to formulations without ethanol. This indicates that, while
ethanol plays a crucial role in modulating the release of hydrophobic compounds like Cur,
its impact on the release of hydrophilic compounds such as SS is minimal. These findings
highlight the selective influence of ethanol on the release kinetics of different bioactive
agents in SA/PVA films.

To evaluate the potential of SS–Cur-loaded SA/PVA films crosslinked with calcium
chloride as a wound dressing material, their biocompatibility and antioxidant capacity
were assessed in L929 cells. SS and Cur are known for their strong antioxidant activi-
ties [58–62]. Antioxidants play a crucial role in wound healing by neutralizing ROS. Thus,
ROS-scavenging biomaterials are promising for wound care management [20]. Many
plant-derived compounds have been reported to possess both wound healing and antiox-
idant properties. However, their bioavailability is often limited, making it necessary to
integrate antioxidants into biomaterials to maintain their activity and enhance wound
management [20]. Our results indicated that ethanol-mediated crosslinking increased cell
viability (Figure 6). The improved crosslinking density results in a stable polymer network,
which not only controls the release of bioactive compounds but also minimizes the harmful
degradation of byproducts. Interestingly, incorporating antioxidants into SA/PVA films
maintained the antioxidant capacity of SS and Cur, especially in the presence of ethanol,
in the H2O2-induced oxidative stress model (Figure 7). A previous study has shown that
SS decreases ROS production with decreased inflammatory factors COX-2, iNOS, tumor
necrosis factor-α, and interleukin-1β in H2O2-induced HaCaT cells [63]. Cur has also been
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shown to protect against H2O2-induced oxidative stress in human dermal fibroblasts by
enhancing the expression and activities of antioxidant enzymes [58]. By neutralizing ROS,
SS–Cur-loaded SA/PVA films crosslinked with calcium chloride create a more favorable
environment for wound healing. However, additional benefits such as anti-inflammatory
and antimicrobial effects should be further studied.

5. Conclusions

In conclusion, SS–Cur-loaded SA/PVA films crosslinked with calcium chloride in
the presence of ethanol exhibit a synergistic combination of bioactivity, stability, and func-
tionality, making them strong candidates for advanced wound healing applications. The
addition of ethanol in the crosslinking process notably enhances the mechanical integrity
and thermal stability of the films, enabling controlled, sustained release of SS and Cur.
This sustained release supports ongoing antioxidant activity, which is crucial for miti-
gating oxidative stress and promoting a conducive environment for tissue regeneration.
Furthermore, the incorporation of bioactive agents such as SS and Cur provides intrinsic
therapeutic effects, enhancing biocompatibility and offering antioxidant properties essential
for effective wound management. Beyond wound healing, these films show promise for
broader applications, including the treatment of skin diseases. This study underscores the
unique advantages of SA/PVA film matrices as versatile, biofunctional wound dressings
that could significantly advance the field of skin tissue repair and care.
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