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The treatment of complex wounds, particularly those arising from conditions such as diabetes or trauma, presents
a significant clinical challenge. These wounds often necessitate long-term care for soft tissue and bone repair,
creating an urgent need for multifunctional wound dressings. This study introduces a chitosan-silica hybrid
dressing enhanced with bioactive glass (BG), specifically designed to address this need. The hybrid material
achieves molecular bonding through coupling agents, with the organic chitosan component providing swelling
and hemostatic effects, while the inorganic silica and BG release ions (Si**, Ca®™), promoting tissue regeneration
and bone healing. With a controlled degradation profile (lasting 3 to 6 months in-vitro), the dressing is ideal for
chronic wound management. Experimental results demonstrate excellent biocompatibility, no inflammatory
response, and strong hemostatic properties due to the positively charged chitosan and cations. Adding BG
significantly enhances bone regeneration, positioning this chitosan-silica hybrid as a promising solution for the
simultaneous repair of soft tissue and bone.

1. Introduction

Traditional wound dressings, such as gauze, breathable films, foams,
hydrogels, hydrocolloids, and bandages, were originally designed to
absorb exudate and maintain a moist environment, providing an
essential barrier against microbial invasion [1]. While these dressings
support the natural physiological healing process, their role is primarily
passive, offering minimal contribution to wound repair beyond protec-
tion and exudate management [2,3]. Their ease of application and
removal makes them convenient for clinical use, but they fall short in
promoting complex healing processes, especially for more severe or
chronic wounds [4]. The emergence of next-generation bioactive wound

dressings seeks to address these limitations by actively participating in
the wound regeneration process. These advanced dressings, often
incorporating natural polymers such as alginate, chitosan, chitin, and
collagen, have demonstrated significant potential in enhancing soft tis-
sue repair [5,6]. By leveraging the intrinsic bioactive properties of these
materials, bioactive dressings can create a more conducive environment
for cellular growth, inflammation control, and the overall acceleration
of tissue repair processes [7]. Hydrogels, in particular, have gained
significant attention due to their tunable mechanical properties,
biocompatibility, and capacity to provide sustained release of bioactive
agents. However, while these natural polymers excel in soft tissue
regeneration, their capacity to support bone tissue healing remains
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limited. Bone tissue formation is a more complex and prolonged process,
requiring the deposition of inorganic ions like calcium and phosphate to
initiate the mineralization needed for bone formation. This involves a
highly orchestrated series of cellular interactions that lead to the
development of bone apatite, a process that natural polymers alone may
not adequately support. Recent advancements in wound dressing tech-
nology have focused on creating multifunctional dressings that can
address soft tissue and bone regeneration.

The development of wound dressings and scaffolds for tissue
regeneration has long relied on hydrogel-based systems due to their high
water content, biocompatibility, and adaptability [8] Hydrogels, with
their tunable degradation rates, have also been explored as vehicles for
delivering bioactive molecules and inorganic components such as
bioactive glass (BG) or ceramics to enhance bone regeneration [9].
However, conventional chitosan-based hydrogels typically employ dy-
namic covalent crosslinking (e.g., imine bonds from furfural or glutar-
aldehyde) [10,11], secondary photoinitiated mechanisms (e.g, UV-
triggered PEG-NHS reactions) [12], which yield elastic and adhesive
materials suitable for short-term applications. These dynamic or
reversible crosslinking strategies are inherently susceptible to hydrolytic
degradation in aqueous or physiological environments, leading to rapid
mechanical deterioration and limited structural longevity [6,8]. Even
when reinforced with secondary curing or functional agents such as
hydrogen sulfide-releasing moieties or photothermal compounds, their
compressive strength commonly remains below 200 kPa, restricting
their applicability in load-bearing or long-duration wound healing sce-
narios [12].

In contrast, organic-inorganic hybrid systems, particularly those
employing silane coupling agents like (3-Glycidyloxypropyl)trimethox-
ysilane (GPTMS), form covalently bonded silica networks within the
organic polymer matrix. Unlike traditional composites, these hybrids
achieve molecular-level integration, resulting in a single-phase material
with controlled, homogeneous degradation [13,14]. Previous studies
have shown that incorporating <10 wt% SiO: into a gelatin or chitosan
matrix via silane coupling significantly improves structural stability
[15], as the silane epoxide groups bond with the organic chains while
the methoxysilane moieties undergo polycondensation to form a robust
silica framework [14]. This architecture avoids the weak points and
rapid breakdown observed in purely organic systems [16]. Moreover,
the incorporation of bioactive glass provides a sustained release of
biologically active ions such as Si** and Ca®*, which can promote both
soft tissue healing and bone regeneration [17] For instance, GPTMS-
crosslinked chitosan-silica hybrids supplemented with tetraethyl
orthosilicate (TEOS) and BG have demonstrated compressive moduli
approaching 400 kPa, maintaining shape fidelity and ion release under
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physiological conditions for over three months. Compared to hydrogels
that often disintegrate within days to weeks, these hybrid materials offer
superior mechanical resilience and functional longevity, making them
highly promising for the treatment of complex or chronic wounds
requiring dual tissue and bone regeneration [18].

In this study, we present a BG-containing chitosan-silica hybrid
dressing, designed to address the challenges of prolonged treatment for
both soft and hard tissue repair, as illustrated in Fig. 1. By incorporating
BG, the multifunctional dressing not only promotes soft tissue healing
but also supports the bone regeneration process. The hybrid structure
ensures a controlled degradation rate, extending the dressing's effec-
tiveness and allowing for the simultaneous regeneration of both soft and
hard tissues. This makes it a promising solution for treating complex
wounds, such as those associated with osseous injuries or chronic dia-
betic wounds.

2. Materials and methods
2.1. Materials

All chemicals and solvents were purchased from J.T. Baker (USA),
unless otherwise specified. Dulbecco's Modified Eagle's Medium
(DMEM) and alpha-medium (a-MEM) were obtained from Invitrogen,
Thermo Fisher Scientific, USA. Chitosan (medium molecular weight
(Mw), > 75 % deacetylated), TEOS, GPTMS, 3-[(Ethylimino)methyl-
idene]amino-N,N-dimethylpropan-1-amine (EDQ), N-Hydrox-
ysuccinimide (NHS), and Cell Counting Kit-8 (CCK-8) were acquired
from Sigma, USA.

2.2. Preparation of chitosan-silica hybrid

Chitosan undergoes an initial reaction with GPTMS. Initially, 0.6 g of
chitosan is added to 20 mL of deionized (DI) water with 0.2 mL of acetic
acid solution, stirred at 400 rpm for approximately 10 min until no
impurities are observed. Subsequently, 0.5 mL of GPTMS is added, and
stirring is continued for another 10 min. Following this, 0.0825 g of EDC
and 0.04125 g of NHS are added and mixed for 4 h. Afterward, an
organic solution is obtained. Separately, inorganic solution is obtained
by mixing 0.045, 0.09, or 0.135 mL of TEOS in 0.89 mL of deionized
water with 0.3 mL of 0.5 M hydrochloric acid (HCI), stirring at 400 rpm
for 1 h. Gradually add the inorganic solution dropwise into a beaker
containing the organic solution and stir for 1 day. Afterward, leave itin a
dialysis bag for 3 days and freeze-dry to obtain the sample. The materials
have TEOS/chitosan (T/C) concentrations of 10 wt% TEOS to 90 wt%
chitosan (10 T/C), 20 T/C, and 30 T/C, respectively.
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Fig. 1. This study synthesized a chitosan-silica hybrid using a coupling reaction, forming covalent bonds between chitosan and the silica network, and incorporated
bioactive glass to create a multifunctional dressing for complex wound applications.
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2.3. Preparation of bioactive glass containing chitosan-silica hybrid

This study utilized BG with synthetic components previously
employed in research and employed the sol-gel synthesis method [19].
In summary, TEOS, calcium nitrate tetrahydrate, and triethyl phosphate,
with a molar ratio of Si: Ca: P = 60: 35: 5, were dissolved in 1.00 g of 0.5
M HCI, 30.00 mL of 95 % ethanol, and 30.00 mL of DI water. The
mixture was stirred at room temperature for 1 h to create a homoge-
neous precursor solution. The solution was then sealed with a lid and
placed in a 60 °C oven for aging for 24 h. The precursor solution un-
derwent a sol-gel transition, resulting in a gel-like state. The lid was
opened to allow solvent evaporation in a 60 °C oven for an additional 24
h. The solid precursor was transferred to a furnace (Muffle Furnace DFH-
20, DENGYNG, Taiwan) and sintered with a heating rate of 10 °C/min,
calcination at 650 °C for 1 h. The power was then shut down, allowing
the material to cool to room temperature in the furnace. The sintered BG
was subjected to ball milling (Spex SamplePrep 8000 M Mixer Mill, USA)
using a mixture of zirconia balls with diameters of 2 and 10 mm at a
rotation speed of 1425 rpm for 12 h. The resulting mixture was then
sieved through a 150 pm mesh to obtain BG powder.

For the chitosan-silica hybrid mixed with BG, a 30 T/C ratio was
chosen for further experimentation. 5 wt% of BG (30 T/C-5%B) was
mixed into 30 T/C immediately after the additional hydrolyzed TEOS in
the chitosan solution, as mentioned in Section 2.2. The subsequent steps
were identical to those for 30 T/C. After freeze-drying, the samples were
ready for further experimentation.

2.4. Material characterization

For material characterization, chitosan-silica hybrids were examined
for both chemical and physical properties. The chemical structures of the
chitosan-silica hybrids were assessed using attenuated total reflection-
Fourier-transform infrared spectroscopy (ATR-FTIR, Spotlight 200i
Sp2 with AutoATR System, Perkin Elmer, USA). The measurements were
conducted within a range of 4000 to 500 cm™*. Additionally, 'H nuclear
magnetic resonance (NMR, 400 MHz Spectrometer, JEOL, Japan) was
employed to demonstrate changes in the chemical structure before and
after the coupling reaction. Precursors were dissolved in deuterated
chloroform CDClj3 to achieve a final concentration of 10 mg/mL for NMR
analysis.

Freeze-dried scaffolds, shaped as 1 cm® cubes, were utilized for
swelling, water retention, and degradation experiments. In the swelling
test, the initial weight of the freeze-dried scaffold (Wqyy) was recorded,
and the sample was then immersed in phosphate-buffered saline (PBS).
The weight of the wet scaffold (Wy,.t) was measured at different time
points. The swelling ratio (%) was calculated as follow:

(Wwet - Wdry)
(Wary)
For water retention, dried scaffolds were weighed (Wgay) and

immersed in deionized water for 1 h. The weight of the wet scaffolds

(Wyet) was measured at different time points up to 8 h. Water retention
(%) was calculated as follow:

Swelling ratio (%) = x 100%

(Waer = Way)
( Wary )

The degradation test involved soaking dried scaffolds in PBS at 37 °C
for a specific duration and measuring the weight loss afterward. The
initial weight of the dried scaffolds (W) was recorded. After immersing
the samples in PBS for various durations, the samples were retrieved at
different time points, and the weight of the freeze-dried scaffolds (W;)
was measured to obtain the degraded weight. The degradation rate (%)
was calculated as follow:

Water rentetion (%) = x 100%
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(Wo —W1)

x 100%
(Wo)

Water rentetion (%) =

To screen silicon ion release during degradation, inductively coupled
plasma-optical emission spectrometry (ICP-OES, Optima 8000, Perki-
nElmer, USA) was employed to test the degradation solution. Ther-
mogravimetric analysis (TGA, STA7300, HITACHI, Japan) was utilized
to determine the individual weight percentages of organic and inorganic
compounds. The surface morphology, microstructure, and element dis-
tribution of the scaffold were investigated using scanning electron mi-
croscopy (SEM, Phenom XL G2, Thermo Scientific, USA) with energy
dispersive X-ray (EDX, JEOL, JEM2100F) detector, after sputtering the
samples with Au. Finally, the surface charge of the scaffold was evalu-
ated using a Zeta sizer (Nano series, Malvern, Taiwan).

2.5. Cell viability

All cell lines were procured from American Type Culture Collection
(ATCC, USA). L929, a mouse fibroblast cell line, and rat bone marrow
mesenchymal stem cells (rBMSCs) were chosen as models for investi-
gating cell-material interactions. L929 cells were cultured in DMEM,
while rBMSCs were cultured in minimum essential a-MEM, both at 37 °C
in a 5 % CO; environment. rBMSCs, being stem cells, were also used for
testing alkaline phosphatase activity (ALP) as a potential osteogenic
biomarker. In this study, the biocompatibility of chitosan-silica hybrids
was initially assessed using the L929 cell line. Samples were labeled as
chitosan, 10 T/C, 20 T/C, and 30 T/C. The optimal condition, 30 T/C,
was selected for further experimentation, including 30 T/C-5%B. These
samples were co-cultured with rBMSCs for cell viability and additional
cellular response evaluations.

Cell biocompatibility tests were performed using a CCK-8 assay on
L1929 and rBMSCs cell lines. Samples were sterilized with ultraviolet
(UV) light for 30 min and then placed in 15 mL centrifuge tubes at
concentrations of 0 (control), 0.5, 1, 2.5, and 5 mg/mL in culture me-
dium for sample extraction preparation at 37 + 1 °C for 72 + 2 h. The
evaluation adhered to the International Organization for Standardiza-
tion (ISO 10993-12:2012) guidelines for the biological evaluation of
medical devices. Each well plate was seeded with 2.5 x 10* cells con-
taining 200 pL of the extraction medium for two days. After washing the
well plate three times with PBS, a mixture of 200 pL CCK-8 reaction
reagent and clean medium (in a ratio of 1:9) was added to each well in
the dark for 2 h in the 37 °C incubator. Following the completion of the
reaction, the clean medium was transferred to a new 96-well plate, and a
multimode microplate reader (MMR, VarioskanTM FLASH, Thermo,
USA) was used to measure the absorbance (abs.) at a wavelength of 450
nm. Cell viability (%) was calculated as follow:

(Abs.of sample — Abs.of blank)

100%
(Abs.of control — Abs.of blank) x 100%

Cell viability (%) =

2.6. Alkaline phosphatase activity (ALP) test

The substrate buffer solution was for degradation rate ted by
combining 0.1856 g of 4-nitrophenol powder, 0.4845 mL of 2-amino-2-
methyl-1-propanol, and 0.0407 g of magnesium chloride hexahydrate
(MgCly-6H20) in 100 mL DI water. Subsequently, the substrate buffer
was diluted to a specific concentration for ALP standard measurement,
ranging from 20,000 to O pM, using DI water. The concentration of the
ALP standard was assessed using UV-vis (SP-8001, Yoyu, Taiwan) at an
abs. of 450 nm. For the ALP experiments, rBMSCs at a density of 5 x 10*
cells were co-cultured with the extracted solutions, as described in
Section 2.5, for 1, 3, 7, and 14 days. The co-culture o-MEM medium was
collected and mixed with 500 pL of 0.1 % Triton X-100 dissolved in 0.1
M Tris buffer. The mixture was evenly blended by ultrasonication for 10
min. A 50 pL aliquot of the prepared solution was mixed with 200 pL of
the substrate buffer and allowed to react for 60 min in a 96-well plate.
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The reaction was terminated by adding 100 pL of 1 N NaOH solution.
Finally, the ALP activity was measured using UV-Vis at 405 nm.

2.7. Cell migration wound healing assay

The in-vitro wound healing assay aimed to mimic cell migration at a
wound site, with faster cell migration and coverage of the entire wound
area indicating accelerated wound healing. Extracts from chitosan-silica
hybrid scaffolds, collected as mentioned in Section 2.5, were used as the
sample extraction medium. In a 6-well plate, 1 x 10*/mL 1929 cells
were cultured using clean medium for 24 h to ensure homogeneous
coverage of the plate surface by the cells. After removing the clean
medium, the wells were washed with PBS three times, and 1 mg/mL of
the sample extraction was added. A horizontal scratch, spaced 5 mm
apart, was made in each well using a 1000 pL tip, along with a vertical
cut following the marked line when the cell density exceeded 90 %. The
plate was then placed in a 37 °C, 5 % COs incubator for 0, 4, 8, 12, and
24 h. Pictures were taken at each time point using an optical microscope
to observe the progression of cell migration. The migration area was
calculated using Image J software.

2.8. In-vivo wound closure test

All animal experiments and care were ethically approved by Labo-
ratory Animal Center of Taipei Medical University (LAC-2022-0203) and
Chang Gung Memorial Hospital, Linkou (IACUC No: 2023030305) (n =
3 for each group), Taiwan, using 6-week-old Sprague Dawley (SD) rats.
Experimental groups included a control group with wounds left un-
treated, a group treated with 30 T/C dressing, and a group treated with
30 T/C-5%B (n = 3 for each group). To prepare the anesthetic, Zoletil 50
and Rompun 20 were mixed in a 1: 2 ratio and injected intraperitoneally
into the SD rats at 0.1 mL of anesthetic solution per 100 g of rat weight.
The backs of the SD rats were shaved, and the planned surgical site was
cleaned with 70 % ethanol. A circular wound with a diameter of 2.5 cm
was cut on the rat's back using a surgical scalpel and scissors. Samples,
shaped as 2.5 cm disks with a thickness of 1 mm, were placed on the
wound site. Subsequently, an artificial skin (TegadermTM film, 3 M
health care, USA) was applied over the wound, and an o-ring was placed
and sutured together with the surrounding skin to securely affix the
sample to the wound site. Wound healing progress was observed on days
7, 14, and 21, and Image J software was utilized to analyze the wound
healing area. Finally, euthanasia was performed using CO,, and the skin
at the wound site was harvested and fixed in formalin. Toson Technol-
ogy Co. Ltd. conducted Masson's trichrome staining procedures in
Taiwan. Optical microscopy was then employed to capture images of the
stained samples.

2.9. In-vivo hemostasis studies

The in-vivo hemostasis study used the rat liver puncture method [20].
Rats were administered anesthesia via intraperitoneal injection, and the
sacrifice steps followed the same procedure as outlined in Section 2.7.
The abdominal region of the rat was incised along the lower edge of the
rib arch to expose the liver using sterilized surgical tools. A 47 mm
diameter Whatman® polycarbonate filter was placed beneath the liver.
Liver injury was induced using a 5 mm diameter biopsy punch, creating
a wound about 5 mm in depth. In the blood loss experiments, the filter
and all samples, including gauze, 30 T/C, and 30 T/C-5%B, were pre-
weighed to 1 g and prepared for the experiment. After inducing the
injury, samples were applied to the wound site with minimal pressure,
and the resulting mass was immediately recorded. Bleeding times were
also recorded simultaneously.

2.10. In-vivo cranial defect experiment for bone regeneration

The cranial defect experiment was employed to assess bone
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regeneration. Rats were categorized into three groups: the control group
with an empty defect, 30 T/C, and 30 T/C-5%B. The anesthesia process
and related hair removal steps followed the previously outlined pro-
cedure, and the surgical site was disinfected using 70 % ethanol. A 5 mm
skull defect was created using a microdrill, with physiological saline
used during the procedure for cooling and maintaining eye moisture.
Samples, shaped as 5 mm in diameter and 1 mm in height, were pre-
pared to fit into the skull defect. No additional fixation materials were
used, and absorbable sutures were employed to close the wound. Skull
repair progress was observed on 2 and 4 weeks post-surgery, and com-
puter tomography (CT, nanoScan® PET/CT) was utilized to display the
cranial repair status. ImageJ was then used to reconstruct 3D models and
calculate bone volume/total volume (BT/TV) ratio. After the final round
of CT scanning, euthanasia was performed using CO3, and the bones
around the skull defect were extracted and fixed in formalin. Hema-
toxylin and Eosin (H&E), as well as Masson staining procedures, were
carried out by Toson Technology Co. Ltd. in Taiwan. Subsequently,
scanning images were used to analyze the stained samples.

2.11. Statistical analysis

The data collected in this study underwent statistical analysis using
Origin software. Group differences in numerical values were assessed
through the Tukey test. All experiments adhered to a completely random
design. Significant differences in the data were denoted as *p < 0.05,
highly substantial differences as **p < 0.01, and very highly significant
differences as ***p < 0.001. In cases where the differences between two
sets of data were not important, it was indicated as p > 0.05.

3. Results and discussion
3.1. Chemical characterization of chitosan-silica hybrid

In terms of the chemical characterization of the chitosan-silica
hybrid, Nuclear magnetic resonance spectroscopy (NMR) results are
presented in Fig. 2(a) and (b) to observe changes in chemical structures
before and after the coupling reaction. Fig. 2(a) displays the corre-
sponding chemical shifts of GPTMS as labeled. The key aspect is the
identification of the ring-opening reaction of GPTMS, achieved by
monitoring the peaks labeled ‘g’ at 2.5 ppm and ‘g’ at 2.7 ppm, repre-
senting the epoxy group as indicated in the blue zone. Following the
ring-opening reaction [20], the NMR results of the chitosan-silica hybrid
in Fig. 2(b) indicate a significant decrease in peak intensities at 2.5 and
2.7 ppm, suggesting successful opening of the epoxy ring on the GPTMS.
Additionally, the hybrid NMR results suggest the presence of acetyl and
CHj groups, indicating successful conjugation of GPTMS with chitosan.
On the other hand, the peaks corresponding to the silanol groups are
highlighted in the yellow zone, demonstrating significant changes due to
the polycondensation reaction of the silanol groups with the hydrolyzed
silica network by TEOS.

The hybrid materials have been synthesized by controlling TEOQS/
chitosan (T/C) concentrations of 10 wt% TEOS to 90 wt% chitosan (10
T/C), 20 T/C, 30 T/C, and 30 T/C with 5 % BG (30 T/C-5%B) respec-
tively. In Fig. 2(c), the Fourier transform infrared spectroscopy (FTIR)
detection results show a broad band around 1040 and 1070 cm?,
indicative of Si-O-Si signals, is observed for TEOS [21]. However, in
chitosan, within the similar range of 1030 and 1070 cm™?, two wave-
length ranges show C—O skeleton vibrations, with the most prominent
characteristic peaks overlapping with them. Subsequently, at 1150
cm™, there is the presence of -G-O-C- of glycosidic linkage, along with
characteristic absorption bands at 1640 cm ™! (C=N stretching vibration
of the imine group), 1546 em ! (-NH; bending), and 1382 cm~! (C=N
bending) [21-23].
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Fig. 2. (a) The 1H NMR spectrum data of GPTMS shows the positions marked as
a-g' corresponding to the chemical structure of GPTMS. (b) The 'H NMR
spectrum of the chitosan-silica hybrid displays the chemical structure, with
yellow and blue regions corresponding to the emphasized peak shifts in (a). (¢)
FTIR spectra display the data for the TEOS precursor and chitosan-silica hybrid
materials with varying TEOS ratios. 'C' represents pure chitosan, while '10T/C'
indicates a hybrid with 10 wt% TEOS relative to chitosan, with a similar no-
tation applied for other TEOS concentrations.

3.2. Physical properties characterization of chitosan-silica hybrid

After undergoing the coupling reaction, the chitosan-silica hybrid
transitions from a relatively loose morphology to a more compact
scaffold. A SEM was used to observe changes in surface morphology, and
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EDX was utilized for elemental mapping to determine the distribution of
elements. As depicted in Fig. 3, the chitosan sample exhibits a loose
structure, forming a mesh-like network with interconnected fibers. With
an increasing amount of SiOy, the 10 T/C sample retains partial fibrous
and layered structures. In the 20 T/C sample, the fibrous structure
gradually diminishes, transitioning into a complete sheet-like structure.
Finally, the 30 T/C sample shows significant stacking and thickening
between layers. The elemental mapping results indicate that no Si
element is detected in pure chitosan. In contrast, the chitosan-silica
hybrid demonstrates a clear and uniform distribution of Si on the sur-
face. For the 30 T/C-5%B sample, which incorporates 5 wt% BG, par-
ticulate BG is visible on the material surface. In the early stages of
synthesis, the acidic environment accelerates the diffusion of BG ions
into the chitosan-silica hybrid matrix, resulting in a uniform distribution
of Ca and P ions on the surface. During the subsequent synthesis process,
dialysis is used to neutralize the environment, preserving the activity of
the BG. The dispersion of Ca and P ions within the chitosan matrix
potentially aids in direct cellular interaction.

In this study, the chitosan-silica hybrid was utilized as wound dres-
sing. Apart from successfully employing a coupling agent to form co-
valent bonds between chitosan and silica, chitosan itself underwent 1-
Ethyl-3-(3-dimethylaminopropyl)carbodiimide/N-Hydroxysuccinimide
(EDC/NHS) treatment to generate chitosan conjugates. The principle of
this treatment is as follows: firstly, the carboxylic acid group is activated
by EDC to produce an O-acylisourea group; then, it is converted into a
more stable active NHS-activated carboxylic acid group to form a pri-
mary amine (R-NHjy) with a carboxylic group (-COOH), ultimately
resulting in the formation of an amide bond (CONHy), thereby facili-
tating conjugation between chitosan molecules. This reaction signifi-
cantly increases chitosan aggregation, thereby enhancing its swelling
ratio [24]. In a previous study by Reyes-Peces et al. [25], GPTMS was
also used to react with chitosan and silica to form a hybrid; however,
they did not conjugate chitosan itself, resulting in only a modest 3.5-fold
increase in swelling ratio. In contrast, in this experiment, as shown in
Fig. 4(a), while pure chitosan becomes a mud-like substance after
absorbing water, making it difficult to maintain its shape, the EDC/NHS
crosslinking and coupling reactions transform the material into a soft
and rubbery state [26], enabling precise measurement of its swelling
ratio. The chitosan-silica hybrid samples exhibited a swelling ratio of
approximately 17-19 times their dried weight. However, the standard
deviations of all samples overlapped, making it difficult to determine
which sample demonstrated the optimal swelling ratio. The swelling
ratio experiment also revealed that water absorption behavior ap-
proaches saturation approximately 5 min after immersion in phosphate-
buffered saline (PBS). Another important indicator of a wound dressing
is water retention. When tissue fluid exudes from the wound, creating a
moist environment at the wound site facilitates cell movement around
the wound, aiding in cell repair. Therefore, many studies produce
wound dressings in bilayer form to increase water retention [27]. 30 T/C
exhibits a more complete layered structure compared to 10 T/C; more-
over, the layers are not entirely solid, providing more water contact area
and slightly enhancing the water retention rate compared to thinner
fibers. On the other hand, the chitosan transitions into a viscous gel-like
state, which helps water molecules remain more tightly retained within
the structure. Compared to materials without specifically designed
water-retaining structures, in experiments close to room temperature,
collagen retains about 20 % after approximately 12 h, sodium ligno-
sulfonate hydrogel retains approximately 64 % after around 6 h [28],
and polyvinyl alcohol (PVA) based hydrogel retains approximately 65 %
after about 7 h at 40 °C [29]. Although the chitosan-silica hybrid does
not exhibit significant advantages in water retention, the material can
still maintain over 46 % water retention after 8 h of experimentation, as
shown in Fig. 4(b).

In terms of degradation rate, the results of the in-vitro experiments
show that the chitosan-silica hybrid exhibits a slow degradation rate. In
the 28-day in-vitro degradation experiment shown in Fig. 4(c). The
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Fig. 3. (a—e) shows the SEM surface morphology of the chitosan-silica hybrid samples: (a) pure chitosan, (b) 10T/C, (c) 20T/C, (d) 30T/C, and (e) 30T/C-5%B. (f-j)
represent the EDX elemental mapping corresponding to (a-e). It can be observed that with increasing TEOS content, the 30T/C dressing exhibits a thicker material
compared to pure chitosan. The EDS elemental mapping indicates a homogeneous distribution of the Si element (cyan). Notably, in (j), the Ca element (green) and P
element (blue) are also homogeneously distributed on the surface, suggesting the presence of Ca and P ions and BG distribution.

degradation behavior of chitosan varies with its degree of deacetylation
[30]. Even chitosan with a deacetylation degree higher than 70 % can
degrade slowly in a lysozyme-containing environment [31]. Although
chitosan exhibits slow degradation rates over short periods, after
approximately 6 to10 days, it becomes more soluble in water due to the
protonation of its amino groups, which accelerates structural degrada-
tion and compromises stability [32]. Clinical studies have also observed
that chitosan-based wound dressings are prone to cracking when dry and
tend to become excessively gel-like in moist wound environments,

altering their material properties and potentially reducing their effec-
tiveness [33]. Similarly, in this study, chitosan was observed to dissolve
in aqueous environments, forming a mud-like texture that renders it
unsuitable as a stable wound dressing. In contrast, the material devel-
oped in this study, utilizing EDC/NHS crosslinking and coupling re-
actions, demonstrated highly uniform degradation characteristics.
During the 28-day degradation experiment, no sudden acceleration of
degradation occurred. Furthermore, the material did not exhibit brit-
tleness in dry conditions and maintained its structural integrity without
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Fig. 4. (a) Swelling ratio, (b) water retention, (c) degradation, and (d) silicon ion release of chitosan and chitosan-silica hybrid. The above experiments were
conducted by soaking samples in PBS. (e) Zeta potential for surface charge evaluation, and (f) TGA analysis for samples to evaluate organic and inorganic ratio.

forming uneven agglomerates when immersed in PBS. The degradation
experiments for samples with low silica content, 10 T/C, showed
approximately 24 wt% degradation after 28 days, while the 20 T/C
sample showed 23 wt%, and the 30 T/C sample showed 20 wt%.
Simultaneously, the release of silicon ions also increased with increasing
silica concentration. In the 28-day degradation experiment, approxi-
mately 40 ppm of silicon ions were released from the 10 T/C sample, 99
ppm from the 20 T/C sample, and 226 ppm from the 30 T/C sample in
Fig. 4(d). Although in-vitro experiments demonstrate slow degradation
of the hybrid material, its degradation may accelerate in the more
complex environment of an actual lesion. This could be influenced by
individual variability and enzymatic activity, which may hasten mate-
rial breakdown, potentially compromising the stability of the dressing.
[2]. Additionally, Zeta potential was used to detect the surface charge of
the material as shown in Fig. 4(e). Before measurement, the samples
were soaked in PBS for 2 days to obtain the eluate. The chitosan showed
a slightly positive charge of approximately 1.14 + 0.48 mV. The surface
charge of the samples increased with 10 T/C, 20 T/C, and 30 T/C,

ranging from 5.84 + 0.11, 5.88 + 0.36, to 7.18 + 0.02 mV, respectively.
This is speculated to be due to the significant increase in surface charge
caused by the hydrolysis of SiO5 on the surface, leading to the generation
of Si** ions in water. Based on the results of the above experiments, 30
T/C was selected for the incorporation of BG for the final biological
experiments. Thermogravimetric analysis (TGA) was used to detect the
concentration of inorganic materials within the samples. After high-
temperature combustion, the chitosan left approximately 15 wt% of
difficult-to-burn carbon compounds. Therefore, the remaining weight of
22 wt% for 30 T/C and 25 wt% for 30 T/C-5%B was determined to be the
content of SiO; and BG, approximately 7 wt% and 3 wt%, respectively.

3.3. Cell viability and ALP activity

Cell viability was assessed using L929 cells for the preliminary ex-
amination of chitosan and chitosan-silica hybrid, as shown in Fig. 5(a).
At a sample concentration of 1 mg/mL, all sample groups exhibited good
cell viability. However, when the concentration of chitosan was
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increased to 2.5 mg/mlL, cell number began to decrease, from 149.6 +
4.6 % at 0.5 mg/mL to 80.1 + 1.2 %. Although cell viability remained
above 80 %, it was evident that high concentrations of chitosan affected
cell growth. On the other hand, in Fig. 5(b), rat bone mesenchymal stem
cells (rBMSCs) were used to assess cell viability for the 30 T/C and 30 T/
C-5%B samples. The results revealed a similar trend, with cell viability
decreasing as sample concentration increased, reaching 69.1 + 6.6 %,
69.8 + 2.7 %, and 74.1 + 6.8 % for C, 30 T/C, and 30 T/C-5%B,
respectively, at a concentration of 5 mg/mL. Pure chitosan is well-
known as a natural, non-toxic material that is safe for consumption
and can be decomposed by gastric acid and enzymes in the gastroin-
testinal tract [34]. However, while chitosan is often reported as non-
cytotoxic in various studies, this is contingent on factors such as Mw
and concentration [35]. It is generally considered safe at concentrations
in the pg/mL range, but previous research has shown that at higher
concentrations in the mg/mL range, it can lead to necrotic or autophagic
cell death. This may be attributed to the positively charged chitosan
being phagocytosed by cells, resulting in cell membrane damage and
subsequent enzyme leakage [36]. In contrast, the more complete
structure of 30 % T/C prevents phagocytosis, thereby reducing cell
death. Additionally, the incorporation of 5 % BG in 30 T/C enhances its
properties. BG rapidly releases alkaline ions upon contact with water,
creating an alkaline environment [37]. This, combined with the hybrid's
reinforcing effect, stabilizes the material's structure, contributing to its
higher bioactivity. Alkaline phosphatase (ALP) is a widely recognized
early marker of osteogenic differentiation, reflecting the commitment of
rBMSCs toward the osteoblastic lineage. In this study, ALP activity was
used to evaluate the osteogenic potential of bioactive glass-containing
materials, as ALP is responsible for generating inorganic phosphate to
support initial matrix mineralization. Consistent with previous findings
by Meng et al. [38], ALP expression is upregulated during early differ-
entiation and is sensitive to variations in BG composition, particularly
calcium content. Therefore, ALP serves as a reliable and responsive in-
dicator of osteogenic induction, especially during the early phase of
differentiation. In Fig. 5(c), ALP activity was tested by co-culturing the
materials with rBMSCs for 1, 3, 7, and 14 days to observe trends in ALP
activity. There are many factors influencing ALP activity, among which
chitosan-silica hybrids exhibit higher ALP activity than chitosan. Pre-
vious studies by Schroder et al. [39] indicated that co-culturing silica/
silicate with Sa0S-2 human osteosarcoma cell line and RAW 264.7
macrophage cells at concentrations ranging from 0 to 100 pM can alter
the expression of OPG and RANKL genes, thereby inhibiting the differ-
entiation and growth of RAW 264.7 into osteoclast-like cells while
promoting osteoblast differentiation [39] As shown in Fig. 4(d), 30 T/C
released a certain amount of Si species at different time points, and other
studies have also mentioned that the presence of Si** can increase the
gene expressions of osteogenesis and cementogenesis, as well as ALP
activity [40]. In Fig. 4(e), the zeta potential results also correspondingly
showed higher positive charges in the eluate. For the 30 T/C-5%B
sample, ALP activity exceeded that of 30 T/C, possibly due to the
presence of not only Si*" but also Ca®* ions released by BG, along with
mineralized nodules formed by PO3~ and CO%™, which combinatorically
regulate osteoblast OCN expression and biomineralization [41]. These
in-vitro results also support subsequent cranial defect experiments.

3.4. Wound healing assay

Wound healing involves a highly complex process simplified into
four stages: 1. Hemostasis, 2. Inflammation, 3. Proliferation, and 4.
Remodeling [42]. However, wound healing requires various cells to
participate in activities. Wound healing assays necessitate significant
cellular involvement, particularly during the initial stages of wound
formation, where fibroblasts must establish thorough cell-surface in-
teractions before accelerating migration into the cell-free area. The
faster the cell migration speed, the quicker cell-cell as well as cell-matrix
interactions can form within the first hours of wound healing,
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highlighting the crucial importance of wound dressing in facilitating
interactions between cells and the wound site [43]. In Fig. 6, it is evident
that in the control group, cells slowly move toward the central cell-free
area after 4 h of experimentation. In contrast, both chitosan and
chitosan-silica hybrids exhibit a small number of cells in the blank area.
At the same time, 30 T/C-5%B shows a significant number of cells
already moving toward the central blank area, with fibroblast filopodia
extending in all directions. This demonstrates good interaction between
cells and the material, promoting radially uniform cell outgrowths and
distribution of nuclei [44]. Subsequent experiments at 12 and 24 h
further illustrate that 30 T/C and 30 T/C-5%B contribute to cell
migration.

3.5. In-vivo wound healing experiment and histological analysis

In Fig. 7(a), an in-vivo wound healing experiment was conducted,
where materials were directly applied to the wound site and fixed
without any further treatment to observe wound healing progress. The
results of the 7-day experiment indicate that the chitosan-silica hybrid
has not fully degraded at the wound site. By day 14, significant wound
closure was observed; subsequently, all groups exhibited complete
wound closure by day 21 of the experiment. In the animal experiments,
Fig. 7(b) shows that the chitosan-silica hybrid group exhibited slight
improvement in wound healing compared to the control group.
Although the chitosan-silica hybrid did not demonstrate significant skin
repair effects, an improvement in wound healing was observed on days 7
and 14.

Subsequently, samples from each time point were subjected to
Masson's trichrome staining to analyze collagen, connective tissue, and
surrounding soft tissue repair, as depicted in Fig. 7(c). It was notably
observed in the 7-day samples that the control group exhibited more
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cells and cytoplasm at the wound site. In comparison, the samples from
the 30 T/C and 30 T/C-5%B groups demonstrated more pronounced
collagen formation and angiogenesis at the wound site, indicating faster
wound repair progress. By day 14 of the experiment, the control samples
exhibited the formation of numerous small blood vessels. However, the
other two samples showed blood vessel formation by day 7, with larger
blood vessels and more pronounced collagen formation observed by day
14. The results from these histological sections are consistent with the
direct observation of wound closure process. Both 30 T/C and 30 T/C-
5%B have demonstrated efficacy in assisting wound healing.

3.6. Liver injury hemostasis study

Hemostasis is one of the crucial functions of wound dressing. As
mentioned earlier, the primary key to wound repair lies in hemostasis,
which involves a complex physiological process, from the initial platelet
response causing platelet adhesion to collagen in blood vessels, forming
a blockage and subsequent clotting [45], to the body's response to the
wound stimulus, releasing thromboxane and epinephrine, leading to
vasoconstriction and reduced bleeding, involving a series of coagulation
factors [46].

This study used gauze as a control group to compare the effects of
chitosan-silica hybrid on hemostasis, as shown in Fig. 8. Gauze took
124.5 + 10.6 s to absorb 973.0 + 34.6 mg of blood before hemostasis,
compared to 68.5 £+ 10.6 s and 53.5 + 13.4 s for 30 T/C and 30 T/C-5%
B, which absorbed 609.0 + 25.5 mg and 247.3 + 21.7 mg of blood,
respectively, before hemostasis. 30 T/C-5%B exhibits a significantly
better hemostatic effect. Chitosan, silica, and BG play essential roles in
the hemostasis process. Previous studies have indicated that chitosan
application to the wound site can increase the secretion of hyaluronic
acid [47] while also attracting platelets and plasma proteins around the
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Fig. 6. In-vitro wound healing assay was conducted to observe cell migration behavior in the presence of material extraction, simulating cell interaction between the
wound and the material. The red dashed line represents the scratch region generated using a 1000 pL pipette tip to observe cell migration speed after co-culture for 0,

4, 8,12, and 24 h.
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Fig. 7. (a) In-vivo wound healing experiment involved cutting samples into circular wounds with a diameter of 2.5 cm. Samples were observed at 0, 7, 14, and 21
days to assess their wound healing and degradation performance. (b) Wound healing trend graph. (c) Tissue histological analysis from the experimental groups
observed in (c) were stained with Masson's trichrome stain to examine the regeneration of collagen and connective tissue. Yellow arrows indicate newly formed

blood vessels.

wound to induce blood clotting and vasoconstriction at the injured site
[48]. Furthermore, as a naturally positively charged polymer, chitosan
enhances coagulation by attracting negatively charged cells in the
blood, such as red blood cells and platelets. Additionally, when the
chitosan-silica hybrid comes into contact with blood, it generates more
positive charges, as shown in Fig. 4(e), which aids in enhancing the
clotting process. In previous studies, dynamic degradation experiments
were conducted on various BGs. When exposed to Tris buffer solution,
all BGs rapidly released Si, Ca, and P ions, showing a sharp maximum at
early time points (approximately 50 to 100 s) [49]. Therefore, it is hy-
pothesized that in the case of 30 T/C-5%B, the presence of numerous
cations, such as Si*" and Ca?*, in the chitosan-silica hybrid matrix en-
hances the coagulation process [50,51].

3.7. Cranial defect experiment and histological analysis

Fig. 9 displays the computed tomography (CT) reconstructed images
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of skull defects at 2 and 4 weeks, with the area reduction calculated
using Image J software. In the 2-week CT images, it is evident that the
defects in the control and 30 T/C groups did not show significant BV/TV
ratio, approximately 8.8 + 2.4 % and 7.2 + 3.3 %, respectively. How-
ever, in the 30 T/C-5%B group, irregular new bone formation is
observable at the edge of the bone defect, achieving a 60.3 + 3.8 % in
area. In the 4-week experiment, slight new bone or partially mineralized
collagen tissue formation is observed around the control group, ac-
counting for approximately 30.6 + 8.1 %. The 30 T/C group shows a
26.2 + 7.8 %, but due to individual differences, there was no significant
bone regeneration differences observed compared to the control group.
Although 30 T/C demonstrated better performance in soft tissue wound
healing compared to the control, it did not provide significant assistance
in bone healing. On the other hand, the 30 T/C-5%B samples, incorpo-
rating a certain amount of BG, exhibited relatively faster bone healing,
reaching 77.1 + 6.7 % new bone formation after 4 weeks. Previous
studies have indicated that BG, due to its composition containing a large
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Fig. 8. The liver injury hemostasis experiments have been performed using the SD rat model. The SD rat liver was moved from the abdominal cavity and placed on a
47 mm filter with a 5 mm diameter biopsy punch, creating a wound approximately 5 mm in depth. Subsequently, (a) gauze, (b) 30T/C, and (c) 30T/C-5%B dressing
were gently placed on the wound without additional pressure applied, and hemostasis was observed. Concurrently, (d) blood weight and (e) bleeding time

were recorded.

amount of Ca and P ions, creates a locally high concentration of ions
when implanted in the body, leading to the differentiation of mesen-
chymal stem cells into osteoblasts, thereby depositing and mineralizing
new bone [17,52].

Subsequently, the samples underwent histological staining (Hema-
toxylin and eosin (H&E) staining and Masson's trichrome staining), as
shown in Fig. 10. No significant inflammatory response was observed in
any of the samples. Corresponding to the H&E and Masson's trichrome
staining results within the yellow and green circles in figures, in the 2-
week samples, slight collagen aggregation and a trend toward ossifica-
tion were observed in the 30 T/C samples, while significant new bone
formation was observed around the skull defect in the 30 T/C-5%B
samples. Conversely, the control group tissues tended to grow from the
edge of the skull defect. By the 4-week, the 30 T/C samples were
encapsulated by fibrous tissue, with evident infiltration of blood cells
into the material structure, along with some new bone formation and
more collagen aggregation. On the other hand, the 30 T/C-5%B samples
exhibited significantly more complete bone formation, growing around
the skull defect as a layer of new bone formed from collagen and fibrous
tissue. Although gaps remained between the bones, the integrity of
ossification was high, with the material interior filled with cells, pri-
marily mineralizing collagen tissue, and a high degree of fibrous tissue
and blood vessels surrounding the material. These results indicate that
chitosan-silica hybrid, after incorporating BG, can significantly aid in
bone repair.
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4. Conclusions

This study introduces a multifunctional wound healing material in
the form of a chitosan-silica wound dressing. Through a coupling reac-
tion, the dressing forms a covalent bond between chitosan and silica
networks, enhancing its structural stability and reducing degradation.
Pre-treatment of chitosan with polymerization maintains its swelling
ability and combines with its inherent positive charges and silica
network hydrolyzed Si*' ions, further enhancing hemostasis. In wound
healing experiments, the chitosan-silica hybrid demonstrates significant
efficacy, while the incorporation of BG accelerates bone regeneration.
This dressing holds promise for addressing chronic wounds involving
soft tissue and bone defects, providing properties such as hemostasis,
lower inflammatory response, wound healing assistance, bone remod-
eling, and slow degradation, suitable for a wide range of applications.
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(c) and (f) represent the 30T/C-5%B group. CT reconstruction images are shown for 2 weeks (W2) and 4 weeks (W4) after implantation of the materials.
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Fig. 10. The histological analysis of the cranial defect repair experiment. (a-f) H&E staining and (g-1) Masson's trichrome staining. The yellow and green dashed
lines in the images indicate corresponding locations. It can be observed that 30T/C exhibits a higher density of collagen accumulation and is trending toward
ossification. In the samples of 30T/C-5%B, more collagen aggregation and a significant amount of new bone formation can be observed.
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