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Abstract

Gauze is a traditional wound dressing. However, it often adheres to the wound and is not highly absorbent. To
address the limitations of traditional dressings, biopolymers are commonly considered suitable materials for
wound-dressing applications. Silk fibroin (SF) is an interesting polymer known for its good water absorption,
but it has poor mechanical properties. In this study, chitosan (CS) was selected to improve the mechanical
properties of SE. SF/CS sponges were prepared with glycerol as a plasticizer at different ratios of SF to CS:
100/0, 75/25, 50/50, 25/75, and 0/100 (w/w of dry substances) using a freeze-drying process. Their
physicochemical properties were investigated, including chemical structure, morphology, mechanical properties,
swelling ratio, water uptake, and porosity, as well as cell viability. According to the results, all SF/CS sponges
had suitable pore sizes (28—61 um). The sponges exhibited high water uptake (90-96%) and swelling ratios
(900-2,100%). The addition of CS greatly enhanced the mechanical properties of the sponges. Notably, SF/CS
sponges at ratios of 50/50, 25/75, and 0/100 showed increases in tensile strength (0.49—0.65 MPa) and elongation
at break (71-190%). However, the 0SF/100CS sponge was found to have limitations due to its low porosity
(<60%). In addition, the MTT assay confirmed that none of the SF/CS sponges exhibited cytotoxicity. In
summary, SF/CS sponges at 50/50 and 25/75 ratios showed potential as biomaterials for wound dressings,
offering advantages in water uptake, mechanical properties, swelling ratio, porosity, and non-cytotoxicity.
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1. Introduction

Among all human organs, the skin is the largest. It is susceptible to damage from various acute injuries and
chronic diseases, including abrasion wounds, incised wounds, burn wounds, diabetic ulcers, and venous ulcers.
Without appropriate treatment, these can be challenging to heal and may affect vital organs, potentially leading
to serious complications or even death [1]. Wounds typically undergo a natural self-healing process. Wound care
is a crucial aspect of medical practice and is present in every hospital. The primary goal of wound dressings is to
promote optimal, rapid healing. A variety of materials are currently used for wound care, including gauze, film,
hydrogel, hydrocolloid, sponge, and non-woven fibers. Gauze is one of the most commonly used dressings due to
its low cost. However, it often adheres to the wound, lacks effective water absorption capabilities, and does not
possess antibacterial properties. In wounds with excessive fluid production, it is crucial to use a dressing that
effectively manages exudate while maintaining the proper moisture balance. The selection of dressings depends
on the volume of wound exudate. Wounds characterized by moderate to high exudate, including large venous



ulcers, pyoderma gangrenosum, burn wounds, and blisters, benefit from dressings with strong absorption
capabilities, which also help prevent maceration of the surrounding healthy tissue [2]. Although gauze may be
widely used, it is not ideal for wounds that produce excessive fluid. To overcome the limitations of conventional
dressings, researchers have explored and developed various enhanced alternatives. Effective wound dressings
should regulate moisture levels, demonstrate excellent water absorption, permit gas exchange, and minimize the
risk of bacterial infection [3]. Sponges are appropriate for wounds with high and moderate exudate, provided they
do not stick to the wound bed or interfere with epithelialization [2]. As previously mentioned, to overcome the
shortcomings of gauze, this research aims to develop a sponge-form wound dressing made from natural polymers
that enhances water absorption for use in wounds with exudate. Silk has been used by humans for over 4,000
years [4]. Silk fibroin (SF) is a natural polymer, specifically a protein fiber extracted from silkworms and other
insects that produce fibers [5]. Silk consists of two main components: fibroin, which forms the core of the fiber,
and sericin, the protein that serves as the outer covering [7]. Numerous studies show that SF displays excellent
biocompatibility, is non-irritating, non-polluting, non-toxic, and biodegradable [3]. Additionally, SF has been
found to promote cell migration and proliferation, processes directly linked to accelerated wound healing [12].
Some studies also highlight the anti-inflammatory properties of SF peptides. For example, research by Kim et al.
(2011) [13] demonstrates that these peptides exhibit anti-inflammatory activity in a mouse edema model of
inflammation [14]. Due to these characteristics, SF is widely used in various fields, including biomaterials and
tissue engineering. However, it has limitations, particularly low elasticity and flexibility, which may limit its
application [3, 6]. To address these limitations, many researchers have developed SF composites by combining
them with other materials, such as carboxymethyl cellulose and chitosan (CS), to improve their mechanical
properties [6, 8].

CS is a natural biological material [9], a biopolymer composed of glucosamine and N-acetylglucosamine. It is
derived from the deacetylation of chitin [10]. CS is widely used in pharmaceuticals, cosmetics, and wound
dressings because of its properties, which support hemostasis, promote wound healing, and provide
biocompatibility and biodegradability. Additionally, it has antibacterial properties and possesses excellent
mechanical strength [11].

Currently, numerous reports describe the use of silk fibroin/chitosan (SF/CS) blends for wound dressings.
However, due to the various forms of SF/CS, such as nanofibers [15], films [16], and hydrogels [17], limitations
in water absorption remain. Film-based materials typically possess dense structures with limited porosity, which
restrict fluid uptake [30]. Although hydrogels can absorb water, their high intrinsic water content may compromise
mechanical stability under conditions of excessive exudate [30]. Nanofibrous mats, despite their high surface area,
often exhibit small pore sizes and limited thickness, which may constrain total fluid absorption capacity [16]. In
contrast, sponge-type dressings feature a three-dimensional interconnected macroporous structure [5], facilitating
efficient capillary-driven fluid absorption and exudate retention [30]. This architecture promotes uniform fluid
distribution while preserving structural integrity. Therefore, the aim of this research is to develop SF/CS sponges
specifically designed for wound-dressing applications, emphasizing high water absorption to manage exudate
wounds while also satisfying the necessary mechanical and physical properties. Additionally, the study compares
the properties of these sponges with those of an ideal wound dressing to ensure they meet established criteria.
This research involves the preparation of SF/CS sponges in various ratios using a freeze-drying process. The
chemical interactions between SF and CS are examined using Fourier-transform infrared (FTIR) spectroscopy.
Furthermore, the sponges’ morphology, swelling properties, water uptake, porosity, and mechanical properties
are characterized, and the cytotoxicity of the SF/CS sponges is evaluated.

2. Materials and methods
2.1 Materials

Silk cocoons of Bombyx mori (Luang Saraburi) were sourced from Huai Thalaeng, Nakhon Ratchasima. CS,
with over 90% deacetylation and a mean molecular weight of 890 kDa, was purchased from Marine Bio Resources
Co., Ltd (Samutsakhon, Thailand). Sodium carbonate (Na.COs, analytical grade), calcium chloride (CaCls,,
laboratory grade), and glycerol (analytical grade) were sourced from KEMAUS (Cherrybrook, N.S.W. 2126,
Australia). Acetic acid and ethanol were purchased from Carlo Erba Reagents (Milano, Italy). Sodium hydroxide
(NaOH, analytical grade) was purchased from QReC (New Zealand). SnakeSkin dialysis tubing with a molecular
weight cut-off (MWCO) of 10,000 Daltons was sourced from Thermo Scientific Inc. (lllinois, USA).



2.2 Methods
2.2.1 Preparation of silk fibroin solution

Silk fibroin (SF) was obtained following the procedure reported by Ajisawa [18]. Briefly, the cocoons of
Bombyx mori were cut into small pieces and degummed by boiling in a solution of 0.02 M Na,COg3 at 100 £ 2 °C
for 30 minutes to remove sericin. The fibers were then rinsed with distilled water and dried overnight at 60 °C.
The degummed silk fibers were dissolved in a mixed solution of CaCl,, ethanol (CH3CH,OH), and water (H20)
in a molar ratio of 1:2:8 at 70 °C for 4 h and then filtered to remove any undissolved components, resulting in an
SF solution. To remove impurities, the SF solution was dialyzed in distilled water for 72 h using SnakeSkin
dialysis tubing with a 10,000 MWCO. After dialysis, the solution was centrifuged twice for 20 minutes at 4 °C
and 9,000 rpm to remove residual impurities.

2.2.2 Preparation of silk fibroin/chitosan sponges

A CS solution was prepared by dissolving 2% (w/v) CS in 2% (v/v) acetic acid. Then, 2% (w/v) SF was added
to the solution to create mixtures with varying SF-to-CS ratios of 100:0, 75:25, 50:50, 25:75, and 0:100. Each
SF/CS mixture was combined with 30 PHR glycerol as a plasticizer and homogenized using a magnetic stirrer.
The SF/CS solution was transferred into a silicone mold and frozen at -20 °C overnight, then lyophilized for 48
h. The dried specimens were subsequently removed from the silicone mold and immersed in 90% ethanol for 1 h
to induce crystallization (B-sheet formation), followed by immersion in 1M sodium hydroxide and rinsing with
distilled water until neutral pH was obtained. The sponges were then further lyophilized for 48 h (Gamma 2-16
LSC plus, CHRIST).

2.2.3 Thickness measurements

The thickness of the SF/CS sponges was determined using a thickness gauge. Measurements were taken from
five random positions on each sample, and the average value was calculated to represent the sponge thickness
[19].

2.2.4 Fourier-transform infrared spectroscopy (FTIR)

An FTIR spectrophotometer (Bruker Tensor 27, Billerica, MA, USA) was used to examine the chemical

interactions between SF and CS. All sample spectra were measured at a 4 cm™! resolution within the wave range
of 4000400 cm™ [19].

2.2.5 Morphology

Field-emission scanning electron microscopy (FESEM; Carl Zeiss Auriga, Oberkochen, Germany) with gold
coating was employed to examine the morphology of the SF/CS sponges. The pore size of the sponge was
determined by randomly selecting 100 pores from the SEM images and utilizing image analysis software
(ImageJ). Each sample was tested in triplicate to ensure repeatability [20].

2.2.6 Swelling ratio and water uptake ratio

The SF/CS sponges were sectioned into 2.5 x 2.5 cm pieces, and their dry weight (Wg) was recorded.
Subsequently, the sponge samples were submerged in 10 mL of phosphate-buffered saline (PBS) solution at room
temperature. After a certain period, the sponges were carefully removed, placed on tissue paper to remove any
excess solution, and then weighed again (Ww). The water uptake ratio was determined using the following
Equation (1):

Water uptake ratio (%) = % *100% 1)

The procedure was repeated at intervals of 1, 2, 4, 8, 12, 16, 20 and 24 h. The swelling ratio was then calculated
using the following Equation (2):
Swelling ratio (%) = “=4  100% )
a

The values presented represent the averages calculated from three separate measurements. (n = 3, + SD) [10,
20].



2.2.7 Porosity measurement

Porosity of the sponges was assessed through alcohol displacement with ethanol [21]. The samples were
submerged in 2 mL of ethanol for 24 h [22] and then removed and weighed. The porosity was calculated using
the following Equation (3):

Porosity (%) = % +100% ©)

Where: W, = Weight before immersing in ethanol
W, = Weight of the samples following immersion in ethanol
p = Density of alcohol
V = Known volume of ethanol use

2.2.8 Mechanical properties

To assess the tensile properties, SF/CS specimens, each measuring 1 ¢cm in width and 10 cm in length, were
prepared. These specimens were subjected to testing using a universal testing machine (Stable Micro System
TA.XT plus C Texture Analyzer), operating at a crosshead speed of 10 mm/min with a 5 kN load cell and a 30
mm gauge length, all conducted at room temperature. Average values of tensile strength, Young’s modulus, and
elongation at break were obtained from five specimens (n = 5).

2.2.9 Cytotoxicity study

The SF/CS sponges were cut and placed into 96-well plates. The 96-well plates were then sterilized by
exposing them to ultraviolet (UV) light for 30 minutes. The cytotoxicity was evaluated by determining the
viability of human fibroblast cells following a 24-hour incubation in the SF/CS sponge extract. An MTT assay
(3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl tetrazolium bromide) was performed on days 1, 3, and 7 to evaluate
cell viability. Cells were seeded in 96-well plates containing culture medium (DMEM high glucose supplemented
with 10% fetal bovine serum, 1% penicillin/streptomycin, and 1% L-glutamax). 10 uL of MTT solution was added
to each well, followed by 90 pL of culture medium. Plates were gently swirled to ensure uniform MTT
distribution. Following a two-hour incubation at 37 °C with 5% CO,, the formation of purple formazan crystals
was observed using an inverted microscope (ZEISS, Germany). Each well’s MTT solution was gently aspirated,
and 100 pL of dimethyl sulfoxide (DMSO; PAN BIOTECH) was introduced to dissolve the formazan crystals.
Plates were gently swirled and shaken at low speed for 10—15 minutes using a shaker (FINEPCR, Korea). The
microplate reader (TECAN, Switzerland) was used to record absorbance at 570 nm, with a reference wavelength
of 630 nm. As shown in Equation (4), cell viability (%) was calculated by measuring and comparing the
absorbance of sponge-cultured cells with that of the control.

0.D. of treatment
——— x100 4
0.D. of control

Cell viability (%) =

2.2.10 Statistical analysis

Statistical analyses were performed using one- or two-way ANOVA as appropriate, followed by Tukey’s post
hoc test. Welch’s ANOVA with the Games—Howell test was used when variance homogeneity was not met. Data
are presented as mean + SD, with p < 0.05 considered significant.

3. Results and discussion

The SF/CS sponges, with a thickness of 5 + 1 mm, were successfully fabricated using the freeze-drying
method. These sponges are robust, non-brittle, and can be handled without deformation, making them ideal for
further evaluation of their mechanical, physicochemical, and cytotoxic properties.

3.1 Fourier-transform infrared spectra

The FTIR spectra of the 100SF/0CS, 75SF/25CS, 50SF/50CS, 25SF/75CS, and 0SF/100CS sponges are shown
in Fig. 1. The positions of the absorption bands indicate the conformation of silk protein. The 100SF/0CS sponge
exhibited absorption bands at 1622 cm™ (amide I, C=0 stretching) and 1511 cm™ (amide II, N-H bending and C-
H stretching), corresponding to the -sheet conformation, indicating the crystalline portion. Furthermore, the
amide III absorption band was observed at 1230 cm™ (N-H stretching and C=0 bending), indicating a random-
coil conformation (amorphous region) [23, 24, 25]. This shows that the SF sponge consists of both -sheet and



random-coil structures. The 0SF/100CS sponge exhibited absorption bands at 1648 cm™ (C = O stretching), 1582
cm™ (NHz stretching), 1151 em™ (C-O-C stretching), and 1065 and 1035 cm™ (C-O stretching) [20, 26].

The SF/CS sponges exhibited shifts in the peaks of both SF and CS, with the intensity and positions of the
amide I, amide Il, and amide 11 peaks slightly altered depending on the SF/CS blending ratios. For example, the
spectra of 25SF/75CS revealed that the amide I, 11, and 111 peaks of SF shifted from 1622 to 1629 cm™, 1511 to
1532 cm™, and 1230 to 1260 cm™, respectively. The shift in the SF/CS peaks indicates good compatibility,
suggesting an interaction between the SF and CS molecules.
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Figure 1 FTIR spectra of 100SF/0CS, 75SF/25CS, 50SF/50CS, 25SF/75CS, and 0SF/100CS sponges.
3.2 Silk fibroin/chitosan sponge morphology and pore size

The SF/CS sponges had pore sizes ranging from 28-61 um, as shown in Fig. 2. The pore size of the sponges
significantly increased with increasing SF content (p < 0.05). SEM images of cross-sections of SF/CS sponges at
various ratios (Fig. 3) revealed that all SF/CS sponges were highly microporous with interconnected channels.
The SF/CS sponges demonstrated a larger pore size compared to 0SF/100CS. In general, fibroblasts can cover
pores measuring 50 um or less [27]. These results indicate that all SF/CS sponges have suitable pore sizes for
wound-dressing applications.
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Figure 2 Pore diameters of SF/CS sponges. Different letters indicate statistically significant differences among
groups (p < 0.05).



(A)
100SF/0CS

(B)
75SF/25CS
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50SF/50CS
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Figure 3 Morphology of SF/CS sponges, fabricated by various ratios: (A) 100SF/0CS, (B) 75SF/25CS, (C)
50SF/50CS, (D) 25SF/75CS, and (E) 0SF/100CS at different magnifications (50x and 100x).

3.3 Swelling ratio, water uptake ratio, and porosity
Water uptake, swelling capacity, and porosity are crucial parameters for wound-dressing performance, as they

directly affect the effectiveness of wound healing and recovery. An optimal wound dressing should effectively
absorb excess exudate from the wound bed. Materials with high water absorption capacity and hydrophilic



properties facilitate the diffusion of nutrients, bioactive molecules, cells, and waste products [28]. According to
the ideal wound-dressing requirements, the swelling ratio, water absorption, and porosity should typically fall
within the ranges of 100-900%, >70%, and 60-90%, respectively [9, 28]. All SF/CS sponges exhibited high
swelling ratios (900-2100%), as shown in Fig. 4. Statistical analysis at the equilibrium time (24 h) revealed
significant differences among all compositions (p < 0.05), with swelling capacity decreasing progressively as CS
content increased (100SF/OCS > 75SF/25CS > 50SF/50CS > 25SF/75CS > 0SF/100CS). The statistical analysis
was performed exclusively at the equilibrium time point (24 h), and no statistical comparisons were conducted at
earlier time points. This trend indicates that increasing CS content reduces the water-holding capacity of the
scaffold. Similarly, water uptake values ranged from 90-96%, and one-way ANOVA demonstrated significant
differences among compositions (p < 0.05) (Table 1). The gradual reduction in water uptake with increasing CS
content was consistent with swelling behavior, suggesting that polymer composition strongly influences fluid
absorption properties. Porosity values ranged from 55-83%. Statistical analysis also confirmed significant
differences among groups (p < 0.05), with higher SF content associated with greater porosity. Notably, the
0SF/100CS sponge exhibited significantly lower porosity than the other compositions, which may explain its
reduced swelling performance. The observed decreases in swelling ratio and water uptake with increasing CS
content may be attributed to reduced pore size and a denser polymer network, limiting water penetration and
retention. Larger and more interconnected pores facilitate greater fluid absorption, explaining the superior
performance of SF-rich compositions. Overall, all SF/CS sponges—except the 0SF/100CS formulation—
demonstrated swelling behavior, water uptake, and porosity within or exceeding the desirable range for wound-
dressing applications, highlighting their suitability for effective exudate management.
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Figure 4 Swelling ratio of SF/CS sponges, prepared with different blending ratios of SF and CS, evaluated at
various time intervals (1, 2, 4, 8, 12, 16, 20, and 24 h). Different letters indicate significant differences among
compositions at the equilibrium time point (24 h) (p < 0.05).

Table 1 Water uptake ratio and porosity of SF/CS sponges

Samples Water Uptake Ratio (%) Porosity (%)
100SF/0CS 95.51 + 2.20° 83.24 +3.86*
75SF/25CS 94.98 + 1.49% 72.07 +3.89°
50SF/50CS 92.90 + 3.20™ 66.89 + 2.28"
25SF/75CS 92.20 + 1.423 63.01 + 2.34%
0SF/100CS 90.03 +1.17° 55.26 + 1.80¢

Data are presented as mean + SD (n = 3). Different superscript letters indicate statistically significant differences
among groups (p < 0.05).

3.4 Mechanical properties

A wound dressing must be both flexible and durable, ensuring it remains stable and strong enough to
consistently cover the wound throughout the healing process [28, 29]. The ultimate tensile strength, elongation at
break, and Young’s modulus of the SF/CS sponges are summarized in Table 2. Statistical analysis revealed
significant differences among the different compositions in tensile strength, elongation at break, and Young’s
modulus (p < 0.05). The 100SF/0CS sponge exhibited the lowest tensile strength (0.036 MPa), elongation at break
(9.87%), and Young’s modulus (3.71 MPa). As the CS content increased, the tensile strength and elongation at



break gradually increased from 0.036 MPa to 0.650 MPa and from 9.87% to 190.83%, respectively. However, the
Young’s modulus of the SF/CS sponge was highest at a 25/75 ratio, followed by 50/50, 75/25, 0/100, and 100/0.
The maximum ultimate tensile strength, elongation at break, and Young’s modulus of Kaltostat (a commercial
dressing made from natural polymer calcium alginate) were reported to be 0.04 MPa, 68%, and 0.24 MPa,
respectively [30]. These results indicate that all SF/CS sponges meet the requirements for ultimate tensile strength
and Young’s modulus. Nevertheless, elongation at break was found to be suitable for wound-dressing applications
in SF/CS sponges with ratios of 50/50, 25/75, and 0/100.

Table 2 Mechanical properties of SF/CS sponges

Samples Ultimate Tensile Strength (MPa) Elongation at Break (%) Young’s Modulus (MPa)
100SF/0CS 0.036 + 0.003* 9.87 +0.542 3.71+0.90%
75SF/25CS 0.310 +0.010° 45,01 +2.48° 6.87 +0.15®
50SF/50CS 0.490 + 0.030° 71.59 +3.43° 7.19+0.07%®
25SF/75CS 0.560 + 0.050° 83.03 +11.30° 7.94+0.13°
0SF/100CS 0.650 + 0.020¢ 190.83 + 9.86¢ 5.11 +0.15¢

Data are presented as mean + SD (n = 5). Different superscript letters within the same column indicate statistically significant
differences (p < 0.05).

3.5 Cytotoxicity

The cell cytotoxicity test is an important process for evaluating certain chemicals and materials prior to use in
medical applications to determine their potential to destroy living cells [31]. Fibroblasts are the host cells in the
skin and connective tissue, playing a crucial role in wound healing, tissue repair, and overall maintenance of the
extracellular matrix. The cytotoxicity test ensures that products or materials intended for human use are safe and
helps reduce the risk of side effects or harm. Additionally, it can help minimize the need for animal
experimentation. The viability of fibroblasts on SF/CS sponges was assessed using the MTT assay. Fibroblast
viability was evaluated after incubation in the medium extracted from the SF/CS sponges. The fibroblast viability
was assessed at 1, 3, and 7 days, with values of approximately 80-96%, 85-109%, and 70-94%, respectively (Fig.
5). Two-way ANOVA revealed significant effects of time and sample composition, with no significant interaction
between the two factors, indicating that the effect of composition on cell viability was consistent across time
points. Post hoc comparisons further showed that significant differences among compositions were observed at
day 7 (p < 0.05), with no significant differences detected on days 1 or 3. The cell viability of SF/CS sponges was
lower than that of the control group at all time points, except for the SF/CS sponge with a ratio of 0/100, which
showed higher viability than the control group on day 3. The observed results may be due to the uneven
distribution of seeded fibroblasts on the sponges and overconfluence by day 7. Nevertheless, cytotoxicity tests
were conducted in accordance with ISO 10993-5 to evaluate cytotoxic potential. The developed material must
demonstrate at least 70% cellular viability. In summary, the SF/CS sponges were found to be non-cytotoxic, as
evidenced by cell viabilities greater than 70% [31, 32].
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Figure 5 Fibroblast viability after incubation in media extracted from SF/CS sponges for 1, 3, and 7 days. Data
are presented as mean £+ SD (n = 3). Asterisks indicate statistically significant pairwise comparisons among all
groups (*p < 0.05, **p < 0.01, ***p < 0.001).



4. Conclusion

SF/CS sponges were fabricated using a freeze-drying process, with a thickness of 5 + 1 mm. Higher SF content
led to larger pore sizes, higher swelling ratios, greater water uptake, and higher porosity. Except for 0SF/100CS,
all sponges demonstrated excellent water absorption, making them suitable for exudate wounds. CS significantly
enhances the mechanical properties of the sponges. SF/CS sponges with 50/50 and 25/75 ratios show great
potential for wound dressings due to their physicochemical properties and biocompatibility. These optimized
sponges hold promise for further in vitro antibacterial studies and in vivo investigations into inflammatory
responses and wound healing.
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