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Enhancement of Wound Healing Efficacy by
Chitosan-based Hydrocolloid on Sprague Dawley Rats
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Abstract. Background/Aim: Chitosan-based functional
materials have attracted considerable attention worldwide
for applications in wound healing, especially in skin wound
healing, due to their efficiency in hemostasis, anti-bacterial,
and skin regeneration. Various chitosan-based products have
been developed for skin wound healing applications, but
most of these face limitations in either efficacy or cost-
effectiveness. Therefore, there is a need to develop a unique
material that can handle all of these concerns and be utilized
for acute and chronic wounds. This study investigated
mechanisms of new chitosan-based hydrocolloid patches in
inflammatory reduction and skin formation by using wound-
induced Sprague Dawley Rats. Materials and Methods: Our
study combined a hydrocolloid patch with chitosan to
achieve a practical and accessible medical patch that would
enhance skin wound healing. Our chitosan-embedded patch

#These Authors have contributed equally to this study.

Correspondence to: Sun-Young Nam, Ph.D., Department of Plastic
and Reconstructive Surgery, Seoul National University Bundang
Hospital, Seongnam, Republic of Korea. Tel: +82 1077112423,
email: 99261 @snubh.or; Chan-Yeong Heo, MD, Ph.D., Department
of Medical Device Development, Seoul National University, Seoul,
Republic of Korea. Tel: +82 317877222, email: lionheo@snu.ac .kr
anti-

Key Words: Wound healing, chitosan, inflammation,

inflammation, tissue regeneration.

= This article is an open access article distributed under the terms and
@@@@ conditions of the Creative Commons Attribution (CC BY-NC-ND) 4.0
BY NC ND

international license (https://creativecommons.org/licenses/by-nc-nd/4.0).

has shown a significant influence by preventing wound
expansion and inflammation increment on Sprague Dawley
rat models. Results: The chitosan patch significantly
increased the wound healing rate and accelerated the
inflammatory stage by suppressing pro-inflammatory
cytokines activity (e.g., TNF-a, IL-6, MCP-1, and IL-1§3).
Moreover, the product was effective in promoting skin
regeneration, demonstrated by the increase in the number of
fibroblasts through specific biomarkers (e.g., vimentin, a-
SMA, Ki-67, collagen I, and TGF-f1). Conclusion: Our
study on the chitosan-based hydrocolloid patches not only
elucidated mechanisms of reducing inflammation and
enhancing proliferation, but also provided a cost-effective
method for skin wound dressing.

The human skin provides a barrier against external
influences, while functions as sensory detection, fluid
homeostasis, immunological surveillance, and thermo-
regulation (1, 2). When wounded, it loses effectiveness and
is more susceptible to pathogenic diseases. Typically, the
body may repair damaged skin through a multiphase,
multifactorial process that requires favorable conditions.
Hemostasis, inflammation, proliferation, and skin remodeling
are the four steps of this physiological wound-healing
mechanism (3, 4). During the hemostasis stage, following
blood vessel constriction and platelet aggregation, the
coagulation system becomes active. Insoluble fibrin is
created from fibrinogen and forms clots to control bleeding.
During the inflammation stage, inflammatory cells eliminate
bacteria and necrotic tissue. In the proliferation stage,
epithelial cells multiply and move to develop epithelial tissue
that covers the wound, and the tissue gap is filled with
granulation tissue. The newly formed epidermis and dermis

1052



in vivo 37: 1052-1064 (2023)

will regenerate during the last remodeling stage to complete
the skin repair process (5).

The wound healing process could be impeded by various
factors; from local factors (decreased oxygen, wound
infection, foreign body), to systemic factors (age and sex,
low vascularization, diseases, obesity, immune deficiency)
(6). When the healing process is interrupted, tissues close
unsuccessfully and become chronic wounds (7). Chronic
wounds are a significant and growing burden on healthcare
systems that affect more than 40 million patients globally,
significantly limit the workforce, and are expected to cost
more than $15 billion yearly by 2022. This leads to the need
to develop cost-effective wound dressing capable of
establishing a moist wound environment, avoiding
secondary infections, non-adherence to damaged tissues,
absorbing excess exudate, and promoting tissue
regeneration. Dressings should be comfortable for the
patient, reduce pain, diminish scar formation, and have an
extended shelf-life (8, 9). To meet these demands, different
kinds of modern wound dressings have been developed such
as transparent film dressing, foams dressings, hydrogels-
based dressings, hydro-conductive wound dressings, and
hydrocolloids (10-12). Nevertheless, currently, none of them
can universally address all the requirements and be
considered an ideal wound care product. For instance,
transparent film dressings provide a moist environment and
a barrier to external bacteria contamination, allowing gas
exchange, but cannot absorb exudate, so they are unsuitable
for heavily exuding wounds. Foam dressings, as opposed to
transparent film dressings, have excellent liquid absorption
while still can ensure thermal insulation and gas exchange
(13). However, they may provoke skin irritation and
maceration along the wound periphery if factors including
density, thickness, tensile strength, and elongation of freeze-
dried foam are not properly adjusted (14). Therefore, there
is a need to develop a novel material that can address all
these issues and can be used for different types of wounds,
from acute to chronic.

A hydrocolloid dressing comprises two layers: an external
layer of polyurethane against water, oxygen, or bacteria, and
an internal layer of hydrophilic colloidal particles which
absorb wound exudate and protect and promote the newly
formed granulation tissue (14). Previous studies have
demonstrated that hydrocolloid dressings have the ability to
accelerate the healing process by enhancing autolysis and
endogenous removal of necrotic tissues. In addition, the
hydrocolloid external layer, in contrast to hydrogels, can
more effectively cover the wound and serve as a barrier
without the need for additional dressings (7). Having many
advantages as a potential base material in wound healing,
using hydrocolloids in conjunction with a biomaterial can
reduce inflammation, promote wound healing, allowing
synergistic treatment results, and enhance functionalities.

There exist many literature reports on the use of naturally-
derived polymers that has bacteriostatic action and actively
enhance tissue regeneration (15). Among them, chitosan and
its derivatives are promising polymers for wound-healing
applications due to their hemostatic, anti-bacterial, and
fungistatic qualities, as well as their effectiveness in healing
capacity (16, 17). Specifically, chitosan can be primarily
used in the first three phases of the wound healing process.
In the beginning, it aids in halting bleeding by encouraging
platelet and erythrocyte aggregation and inhibiting
fibrinolysis during the hemostasis stage (18). Secondly,
during the inflammation stage, chitosan can assist in clearing
bacteria from the wound by altering cell wall rigidity, and
disrupting it (19), chelating metal ions that are beneficial to
the microbial cell (20, 21), interacting with microbial DNA
(22), and forming a dense polymer film on the surface of the
cell to reduce the nutrient and oxygen uptake (23, 24).
Finally, chitosan can encourage the release of cytokines that
promote the development of granulation tissue and accelerate
skin proliferation, such as TGF-B1, PDGF, and IL-1, IL-8,
in the proliferation stage (25). The wound is then repaired,
and the skin is remodeled to complete the healing process.

In this study, we utilized chitosan as a potential candidate
to develop a brand-new hydrocolloid dressing that promotes
wound healing and is suitable for numerous types of wounds.
It was applied to Sprague-Dawley rat skin wounds to
investigate the contribution and effect of this patch on the
wound healing process by a range of immunological studies,
such as immunofluorescence (IF) staining, western blots,
enzyme-linked immunosorbent assay (ELISA), and
hematoxylin and eosin (H&E) staining.

Materials and Methods

The Chitosan Hydrocolloids were from CGBio company (Seoul,
Republic of Korea). The patch was created according to the
instructions in a pending patent.

Rat skin wound healing experiments. Animal experiments were
approved by the Institutional Animal Care and Use Committee of Seoul
National University Bundang Hospital (approval number: BA1608-
206/045-02). Nine-week-old Sprague Dawley adult male rats weighing
between 200 and 350 grams were kept in groups of 2 with free food and
drink accession. The rats were maintained in a controlled environment
under specific-pathogen-free (SPF) conditions, with 12h light/dark cycle,
relative humidity of 55%, and a temperature of 24°C. On the day of
surgery, rats were divided into two groups at random: control (n=6) and
chitosan hydrocolloid (chitosan HC) (n=6).

Both groups were anesthetized with Isoflurane. An electric hair
clipper shaved the dorsal hair to create the surgical region and then
disinfected this with Betadine. Full-thickness excisional wounds
were created by 10 mm biopsy punch-modified tools in the Sprague
Dawley rat’s dorsal side. For 13 days, the control group did not
receive treatment, whereas the chitosan HC was applied to cover the
wound of the chitosan group, and the wound was sealed by
commercial film dressing every day.
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Measurement of the wound area. The kinetics of wound closure was
imaged with a digital camera from days 0, 3, 7 10, and 13 after all
the wound dressings were removed. The percentage of wound
healing was calculated by the following equation:

Percentage of wound healing (%)=(A(-A,)/Agx100%

Where A presents the initial wound area post-surgery (day 0), and
A, presents the wound healing area on an nth day after surgery.
Image] software was used to measure the wound area based on the
photographs. The average time for wound closure was calculated
using six rats from each group.

Histological analysis. On day 13, after wound healing was
photographed, 6 rats in each group were sacrificed. The biopsied
tissues were embedded in paraffin after being fixed in 10%
formaldehyde for 24 h at 40°C. The thicknesses of sections of 5 um
were prepared to investigate the histological analysis of the wound
healing sections with different methods. The sections were stained
with hematoxylin and eosin (H&E) staining to measure the
granulation tissue thickness and the thickness of the epidermis. The
sections were stained with MT staining for measurement of collagen
fiber production and collagen intensity.

H&E  staining. The tissue sections were performed by
deparaffinization in xylene for 3 min with two times before
rehydration in a different reducing concentration of ethanol
following such as 100% ethanol for 3 min with two times, 95%,
90%, 80%, and 70% ethanol for every 3 min and finally washed
with distilled water for 3 min two times. The tissue sections were
stained for 5 min with Hematoxylin, rinsed in distilled water for 3
min 2 times to remove the excess stain, and then incubated for 10-
15 seconds in Bluing reagent. The tissue sections were then washed
with distilled water, followed by incubation in Eosin Y solution for
3 min, and dehydrated in three changes of 100% ethanol every 3
min. Finally, tissue sections were mounted with synthetic resin and
coverslipped. The result of H&E staining was quantified by using a
microscope.

MT staining. The staining of tissue slides was performed following
the manufacturer instructions through deparaffinization and
rehydration and then stained by Masson’s trichrome staining kit.
Specifically, tissue slides were incubated with Bouin at room
temperature overnight and rinsed with distilled water until the tissue
slides were completely clear. After that, tissue sections were stained
with Weigert’s Hemamotoxylin for 10 min, rinsed with distilled
water, and immersed in Biebrich scarlet acid solution for 10 min.
Subsequently, the tissue samples were first cleaned with distilled
water, then stained for 10 min in phosphomolybdic-phosphotungstic
acid solution and for 10 min in aniline blue solution. The samples
were rinsed with distilled water and then incubated for 3 min in
acetic acid. Finally, followed by dehydration with different
concentrations of ethanol such as 100% ethanol in 3 min, 95%
ethanol in 2 min, and followed 10 min in Xylene. The tissue slides
were mounted with 1 drop of mounting medium. The collagen fibers
production and collagen intensity were observed by microscope and
quantified by ImageJ software.

Immunofluorescent staining. The tissue slices were deparaffinized
and hydrated, and then the non-specific binding sites were blocked

by adding 4% BSA in PBS at room temperature for an hour. Next,
the sections were incubated with fist antibodies against vimentin,
a-SMA, TNF, IL6, MCP-1, IL-1f, and Ki-67 overnight at 4°C.
After washing with PBS, the second antibody, Alexa Flour 488 goat
anti-mouse, was incubated on the tissue sections in the dark for 1 h
at RT, followed by nuclear labeling with 4’,6-diamidino-
2phenylindole (DAPI VECTASHIELD) for fluorescence imaging
and keep at —20°C. Imaging of the fluorescent signals was then
performed using a confocal microscope. The images were analyzed
using Imagel] software to measure the intensity of the above
biomarkers, including inflammatory cytokines and proliferation.

ELISA. The wound tissues from control and chitosan groups on day
13 post-surgery were obtained and snap freeze in liquid nitrogen.
The samples were homogenized in PROPREPTM Protein Extraction
Solution and centrifuge at 14,000xg for 15 min at 4°C to collect the
supernatants. These protein solutions were used to assess TNF-, IL-
6, IL-1, and MCP-1 cytokine expression levels in wound tissues by
ELISA Kits following the manufacturer’s suggested protocol.

Western blot analysis. The western blot experiment was conducted
for a-SMA, collagen I, and TGF-f1 expression from the wound
tissue in the proliferation phase. The protein was extracted as
described above. A standard BCA method was used to determine
protein concentration, and the protein samples were prepared for
immunoblotting on a nitrocellulose membrane. After blocking with
5% nonfat dry skim milk, mouse anti-a-SMA, anti-GADPH mouse
anti-collagen I, mouse anti-TGF-B1 were incubated with the
membranes as primary antibodies at 4°C overnight. After that, the
secondary antibody, an (H+L)- HRP conjugate was used for 2 h.
The protein expression levels were visualized by ChemiDoc™
Imaging System (Bio-Rad Laboratories) ImageJ] program was used
to test the expression of target proteins and normalized them to the
beta-actin expression.

Determination of nitrite production in wound lysates. Nitrite and
NO oxidation products in wound lysates were determined by using
the Griess-modified reagent. A mix of 50 pl of 1x Griess-modified
reagent and 50 pl of protein extract (30 mg/ml) was incubated at
room temperature for 15 min. A series dilution of nitrite standard
solutions was prepared 2-time dilution with ranges from 0 to 50 uM
for a standard curve. The absorbance was measured at the
wavelength of 504 nm.

Determination of cellular ROS production in wound lysates. The
ROS production was performed by DCF-DA Kits. 30 mg/ml in 100
ul of protein extract from control and chitosan hydrocolloid groups
containing 20 pM of DCF-DA solution was incubated at 37°C, 5%
CO, for 45 min in the dark. The fluorescence intensity was
detected by fluorescence spectroscopy with excitation/emission at
485/535 nm.

MTT assay. Chitosan hydrocolloid was cut into 1.5 c¢cm? and
immersed in 15 ml of cell medium for 48 h for cell culture. An
intensity of Raw 267 .4 cells 6x10% well/cell was grown into a 24
well-plate for 24, and 48 h. The MTT assay method examined the
vitality of non-treated and treated cells with Chitosan hydrocolloid.
Briefly, cells were cultured with media supplementing 0.5 mg/ml
MTT at 37°C, 5% CO, for 4 h. After that, all media was taken out,
and the plate was rinsed with 1x PBS. 200 pl of Dimethyl sulfoxide
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Figure 1. Acceleration of wound healing by chitosan-embedded patch in rats. (A) Progressive visualization of wound healing with untreated chitosan
embedded patch group (control) and treated chitosan embedded patch group (chitosan). (B) Progressive wound closure size. (C) Hematoxylin and
eosin (H&E) staining of wound areas on day 13, scale bar 1,000 um. (D) H&E staining of epidermal layers of wound areas on day 13, scale bar
50 um. (E) Masson’s trichrome (MT) staining of wound areas on day 13. (F) Quantitative wound width value of the control versus chitosan group
on day 13. (G) Quantitative epidermis thickness gap of the control versus chitosan group on day 13. (H) Quantitative result of collagen density of
the control versus chitosan group on day 13. The presented values are the experimental results on 6 rats for each group. Data are shown as the

mean+SEM. *p=<0.05, **p=<0.005, ****p=<0.0001.

was used to suspend the formazan product. Then, the absorbance
was measured at 570 nm wavelength.

Statistical analysis. The data were displayed as mean
valuexstandard of the mean bar from repeating three to five
independent experiments using GraphPad Prism software and
statistical analysis was performed by comparison between groups.
A p-value less than 0.05 was considered statistically significant in
the unpaired #-test.

Ethics statement. Institutional Review Board Statement: The animal
study protocol was approved by Bundang Seoul National University
Hospital’s Institutional Animal Care and Use Committee (approval
number: BA-1802-241-014-08).

Results

Macroscopic and microscopic visualization and observation
of the wound healing process. The macroscopic images of
wound healing on rats following day 0, day 3, day 7, day 10,
and day 13 were captured and depicted as shown in Figure
1A. The figure displayed the decrease in wound size of other

untreated groups (control group) and chitosan embedded
patch treated group (chitosan group). However, there existed
a faster rate of wound healing after day 3 in the chitosan
group. Figure 1B demonstrates the quantitatively faster
healing rate, with an obvious decrease in the wound size of
the chitosan group compared to that of the control group
from day O to day 13. The fresh epidermal and granulation
tissues on day 13 were sectioned and performed H&E and
MT staining to evaluate the microscopic alteration of the
wound recovery of the control and chitosan groups, shown
in Figure 1C-E. The cross-sectional analysis of H&E staining
clearly represented a reduction in wound width of the
chitosan group (2,449+£318 um) in comparison to those of
the control group (3,965+398 um) (Figure 1F). A significant
increase in epidermal thickness was also observed, from the
control group (61.9+8.3 um) to the chitosan group
(109.6+8.7 um) (Figure 1G). In addition, the collagen
formation was investigated by MT staining showing a
significantly higher content of collagen deposition in
chitosan-treated samples than those of the control ones by
the intense and evenly distributed appearance of blue stains
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Figure 2. Reduction of inflammatory response by the chitosan-embedded patch. Comparison of pro-inflammatory biomarkers expression extracted
from wound areas on day 13, in which (A) Nitric oxide (NO) production by nitrate assay, (B) Reactive oxygen species (ROS) level by ROS assay,
and (C) Tumor necrosis factor alpha (TNF-a), (D) Interleukin 6 (IL-6), (E) Monocyte chemoattractant protein 1 (MCP-1), (F) Interleukin 1 beta
(IL-1B) by ELISA. The presented values are the experimental results on 6 rats for each group. Data are shown as the mean+SEM. *p=0.05,

**p=<0.005, ***p=<0.001.

inside the models (Figure 1E). The statistically quantitative
analysis of collagen formation exhibited the blue density of
the chitosan group was approximately 41.9+1.9% which was
more elevated than the value of the control group,
21.1£0.5% (Figure 1H).

Inflammatory phase acceleration and inflammatory response
of the wound healing process. As shown in Figure 2A, the
NO production level in the control group was elevated to
58+6.4 uM/ml, and the level of NO in the chitosan group
was only 23.3+8.7 uM/ml. The reactive oxygen species
(ROS) production level revealed a significant decrease in the
chitosan group [(3.81+0.6)x10°] compared to the control
group [(5.24+0.4)x10°] (Figure 2B). In addition, ELISA
assays were performed when the healing process was
completed (day 13) to evaluate and measure the expression
of pro-inflammatory cytokines, which assessed the ability to
ease inflammation of the chitosan-embedded patch (Figure
2C-F). In Figure 2C, the level of TNF-a remarkably declined
in the chitosan group (24.0+6.7 pg/ml) compared to the
control group (75.0+£12.6 pg/ml). Additionally, a similar
trend existed in the expression of IL-6, IL-13, and MCP-1
(Figure 2D-F).

Immunofluorescence staining was conducted to elaborate
further on the inflammatory acceleration and responses of

pro-inflammatory cytokines in both the control and chitosan
groups, as shown in Figure 3A-D. A quantitative analysis of
staining results showed a significant decrease in pro-
inflammatory cytokines intensity of the control group
compared to that of the chitosan group, as shown in Figure
3E. Specifically, the intensity of TNF-a was 28.7+1.7 in the
control group and decreased to 19.9+0.8 in the chitosan
group. The intensity of IL-6 was 27.7+1.8 in the control
group and also decreased to 13.7+1.1 in the chitosan group.
The intensity of MCP-1 was 16.5+£0.9 in the chitosan group,
and significantly higher in the control group at 27.7+1.3. A
similar trend was also observed in the intensity of IL-1f3, in
which the control group was 18.9+0.9 dropping to 13.9+0.6
for the chitosan group. Furthermore, M1 macrophage
demonstrated by F4/80 and inducible nitric oxide synthase
(iINOS) markers also presented significantly higher levels in
the control group in comparison to the chitosan group
(Figure 3F-H).

We examined the cytotoxicity of the chitosan-embedded
patch to RAW 246.7 cell line in 24 and 48 h by using the
MTT assay. For the chitosan group, the RAW cell was grown
over time with incubation of the media secreted from the
chitosan patches. The data showed a negligible change of
OD intensity between the control and chitosan group in both
24- and 48-h samples, along with a considerable increase in
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Figure 3. Reduction of inflammatory response by the chitosan-embedded patch using immunofluorescence (IF) staining. IF staining results of
biomarkers from wound areas on day 13, in which: (A) Tumor necrosis factor alpha (TNF-a.), (B) Interleukin 6 (IL-6), (C) Monocyte chemoattractant
protein 1 (MCP-1), and (D) Interleukin 1 beta (IL-18). (E) Comparison of extracted fluorescent intensity of these biomarkers. (F) IF staining results
of F4/80 and inducible nitric oxide synthase (iNOS) from wound areas on day 13. Comparison of extracted fluorescent intensity of (G) F4/80 and
(H) iNOS. Scale bar=50 um. The presented values are the experimental results on 6 rats for each group. Data are shown as the mean+SEM.

*44p<0.00] .

OD intensity from 24 h to 48 h, proving the non-toxicity of
the chitosan patches (Figure 4A). To evaluate the
immunogenic reactions in vitro and the capability of chitosan
to suppress inflammation, we utilized lipopolysaccharides
(LPS) as a pro-inflammatory reagent extracted by gram-
negative bacteria to infect cells. We described the
inflammatory responses in the four groups: control, LPS,
chitosan hydrocolloid (chitosan HC) patch, and chitosan
HC+LPS. The graphs in Figure 4B and C depicted
concentrations of TNF-o and IL-6 in those treated
conditions, respectively. Both of them showed an obvious
increase when treated with LPS reflecting an effective
inflammatory stimulation. In contrast, a positive effect of the
chitosan HC could be observed as there was a decrease in
the concentration of both these pro-inflammatory cytokines
(e.g., TNF-a and IL-6) in the (chitosan HC+LPS) groups
compared to those in the LPS group. In addition to the
chitosan HC patch, we also evaluated the anti-inflammatory
of chitosan powder (chitosan P) by using 30 and 300 pg/ml
chitosan low molecular weight to RAW 246.7 cell line

(Figure 4D and E). The in vitro experiments with chitosan P
displayed a similar incline toward the investigation with
chitosan patch, providing further evidence for the
inflammatory suppression ability of chitosan.

Proliferation phase acceleration and remodeling alteration
of the wound healing process. To evaluate the proliferative
acceleration of the chitosan-embedded patch, we employed
immunofluorescence (IF) staining for various proliferation
markers. The representative IF images shown in Figure 5A,
C, and E correspond to vimentin, Ki67, and a-SMA,
respectively. In Figure 5B, there displayed an unprecedented
higher in the intensity of vimentin in the chitosan group,
which was almost 30% as much as that of the control group.
Moreover, other cell proliferation markers (e.g., Ki67 and o-
SMA) also demonstrated a statistically significant increase
from the control group to the chitosan group, as shown in
Figure 5D-F.

Furthermore, western blotting assays were performed to
provide a comprehensive assessment of the proliferation
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Figure 4. Anti-inflammatory properties of the chitosan embedded patch and chitosan powder in RAW 246.7 cells. (A) Cytotoxicity evaluation on
the chitosan embedded patch by 3-(4, 5-dimethylthiazolyl-2-2,5-diphenyltetrazolium bromide) (MTT) assay. ELISA results of (B) Tumor necrosis
factor alpha (TNF-a) and (C) Interleukin 6 (IL-6) expressions in various conditions for our chitosan hydrocolloid (chitosan HC) patch. ELISA
results of (D) TNF-a and (E) IL-6 expression in various conditions for chitosan powder (chitosan P). The presented values are the experimental

results of 3 trials for each group. Data are shown as the mean+SE,

phase. The result of the immunoblot assay of proteins
presenting cell migration and differentiation was shown in
Figure 6A. The western blotting results presented a
considerable difference between the two groups of samples.
Vimentin, a-SMA, collagen 1, and TGF-f1 were all
expressed a higher level in the chitosan group in comparison
to the control group (Figure 6B). Remarkably, we revealed
a dramatic increase in expression of TGF-f1
(0.9571+0.1417), a marker that may reflect the capability of
myoblast cells to stimulate tissue formation, in the chitosan
group appearing almost 3.65 times as high as it in the control
group (0.6069+0.1035). Furthermore, collagen formation
during wound recovery, which manifests the remodeling
occurrence of extracellular matrix in gowning tissue, was
also demonstrated by a significant increase in collagen I
protein expression in the chitosan group (Figure 6B).

In addition, M2 macrophages were chosen to access more
insight into the proliferative aspects near the end of the
wound healing process. These macrophages are anti-
inflammatory factors that suppress the inflammatory process
by secreting anti-inflammatory cytokines to the surrounding

. p>0.05, **p=<0.005, ***p=<0.001.

cellular environment. The analysis was conducted using IF
staining of Agrl and CD163 biomarkers, as shown in Figure
6C-E. According to the findings, the Agrl and CD163
intensity significantly increased in the chitosan group
compared to the control group (Figure 6D and E).

Discussion

Hemostasis, inflammation, proliferation, and remodeling are
the four phases that occur sequentially throughout a wound
healing process (26, 27). Since the remodeling phase in
which scar formation occurs may take a few years, we
focused on investigating the hemostasis, inflammation, and
proliferation stages of wound healing which happen in a
short time of injuries and surround most of the wound
healing process.

The hemostasis process, along with the coagulation of
blood clots around the wound scratches, was continuously
observed in non-treated (control) and chitosan-embedded
patch-treated (chitosan) groups (Figure 1). Starting from day
3, significant differences between wound areas, wound width
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Figure 5. Proliferative acceleration of wound healing by the chitosan-embedded patch. Immunofluorescence (IF) staining images of (A) Vimentin,
(B) Ki-67, and (C) Alpha smooth muscle actin (a-SMA). Quantitative analysis of the fluorescent intensity of (D) Vimentin, (E) Ki-67, and (F) a-
SMA. Scale bar=50 um. The presented values are the experimental results on 6 rats for each group. Data are shown as the mean+SEM. **p=<0.005,

*#*p<0.001 .

and epidermal thickness of the control and chitosan group
suggested the dash ability to promote wound alteration of our
product on rat model in a short period. Denser epidermal
thickness and smaller wound width of the treated group
indicated that wound reconstruction in that group was better
than the control group. In addition to the wound morphology,
collagen density in the treated group was also significantly
higher than in the control group. These results suggested our
chitosan-embedded patch promotes and supports intensely
and effectively hemostasis during wound healing.

Nitric oxide (NO) displays a perspective wound
reconstruction agent because of its capability to regulate and

manage inflammation, cell proliferation, collagen deposition,
and bacterial eradication (28-30). The activation of iNOS
causes large amounts of NO to be generated in activated
macrophages, promoting inflammation and defense against
bacterial infections (31-33). The release of NO level in
chitosan embedded patch treated group was remarkably
lower than that of the control group, demonstrating a
suppressive impact of chitosan embedded patch against the
inflammation response during wound healing.

Reactive oxygen species (ROS) play a crucial role in
triggering the immune response, attributing its function to
immunity by regulating the secretion of pro-inflammatory
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Figure 6. Acceleration of wound healing by the chitosan-embedded patch. (A) Western blotting of proteins in wound areas on day 13. (B) Quantitative
analysis of these proteins. (C) Immunofluorescence (IF) staining images of Arginase 1 (Agrl) and CD163 markers on day 13 wound areas. The
quantitative intensity of (D) Agrl and (E) CD163. Scale bar=50 um. The presented values are the experimental results on 6 rats for each group.

Data are shown as the mean+SEM. "p>0.05, *p<0.05.

cytokines (34). ROS act as a signaling or mediator molecule
depending on the level of ROS in the microenvironment.
Elevated ROS levels result in inflammation due to the
induction of oxidative stress that diminishes the antioxidant
ability and damages the cell membrane and cellular
components, leading to chronic impairment in cellular
functions and further triggering apoptosis and necrosis (35,
36). In our study, the release of ROS in the chitosan group
was significantly lower than in the control group, implying
the ability to repress ROS production, which aided the
inflammatory acceleration process.

Pro-inflammatory cytokines (e.g., IL-6, TNF-a, IL-1§,
and MCP-1) generally affect cell growth, proliferation,
migration, and immune activation that carry immune
signaling between cells during tissue repair (37, 38).
However, overexpression of pro-inflammatory cytokines in
cells may result in increased oxidative stress and deactivation
of the epidermal proliferation of endothelial cells, which

causes a permanent wound (39, 40). Appropriately, our
ELISA results demonstrated a noticeable decline in pro-
inflammatory cytokine release in chitosan-embedded patch-
treated groups compared to the control group. When
macrophages were activated by inflammatory factors
surrounding the wound, iNOS expression increased, resulting
in high levels of NO, TNF-a, and IL-6 (41, 42). In addition,
immunofluorescence staining data represented an
amplification in fluorescent signals of inflammatory
cytokines in the control group, which contrast declined in the
chitosan group, contributing shreds of evidence to the anti-
inflammatory function of our chitosan-embedded patch. The
data suggested the potential capability to alleviate pro-
inflammatory cytokines to promote the sequential wound
phase of our product.

Lipopolysaccharide (LPS) is an agent extracted from
gram-negative bacteria and applied in various in vitro
experiments to assess immunogenic reactions with
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dramatically increase in the manifestation of pro-
inflammatory cytokines (43, 44). In accordance with in vivo
tests, the in vitro experiments demonstrated the anti-infection
of chitosan in terms of “patch” and “powder” against LPS-
induced inflammation in cells. The release of cytokines was
downregulated in the LPS-induced group treated with
chitosan embedded patch. Chitosan solution of 30 and 300
pg/ml in represented the same trend that the expression of
inflammatory cytokines decreased when increasing chitosan
concentration. As a result, both chitosan-embedded patches
and chitosan powder showed a capacity of suspending in
vitro cellular-induced inflammation, thus partially proving
their ability against bacterial infection. Owning to the ease
of use, the chitosan-embedded patches would be a potential
product for wound healing treatments regarding anti-
inflammation.

Fibroblast proliferation is one of the most critical factors
in evaluating wound healing circulation, which is recruited
during the expression of many growth factors (45, 46).
Vimentin has been suggested to be involved in cell migration
and extracellular matrix interaction, which is highlighted in
fibroblast proliferation in wound healing (47, 48). Vimentin
thus controls cell-adhesion development, maturity, and
adhesive ability, allowing cells to adjust their connection to
collagen, and manage the growth of cell expansion and its
movement through connective tissues (49-51). Our data (e.g.,
IF staining and western blotting) demonstrated a higher
expression of vimentin in the chitosan patch-treated group
than in the control groups, indicating the cascade of
fibroblast migration cultivates ECM after wound recovery.

Though the release of transforming growth factor-f31
(TGF-B1) may exaggerate extracellular matrix formation
leading to scar formation, it has been considered a principal
factor in evaluating wound healing due to its competencies
in activation, migration, and proliferation of fibroblasts to
occlude a wound (52, 53). Transformation of fibroblast to
contractile myofibroblast (activated form) results in the
formation of granulation tissue ascribed to the release of
TGF-f1, thus causing the release of alpha-smooth muscle
actin (0-SMA) (54, 55). In this study, western blotting data
demonstrated a considerable increase in TGF-f1 content,
thus leading to the rise in contractile a-SMA in the chitosan-
embedded patch-treated group compared to that of the
control group. The data in both IF staining and Western blot
of growth factors complemented each other and accentuated
the success of our product in cultivating wound recovery.

Fibroblasts ascribe to collagen deposition, which degrades
in the initial state of an injury to regulate pro-inflammatory
cytokines later on signals and promotes fibroblast
proliferation and angiogenesis (56, 57). In addition, collagen
is a complex macromolecule that constitutes the ECM and
facilitates the process of tissue regeneration and repair (58,
59). Herein, there was a great incline in the content of

collagen I in the chitosan group compared to that of the
control group (Figure 6B). As a result, it could be concluded
that our chitosan patch product significantly impacted
invigorating cell migration onto the wound to achieve a
practical proliferation stage, repairing ECM to support
granulation tissue formation.

Macrophages are critical participants in wound recovery
as they supply provisional signaling molecules engaging in
the proliferative phase of the healing process (60, 61).
Macrophages can be classified as M1-type and M2-type
depending on their activation state and function (62). M1
macrophages are considered to secrete pro-inflammatory
cytokines participating in the immune response to accelerate
the inflammation phase (63). In contrast, M2 macrophages
are activated in the proliferative phase to release anti-
inflammatory cytokines and growth factors to promote tissue
repair (64). The significant decline of F4/80, a marker of M1
macrophages, and a remarkable rise in the intensity of
CD163, a marker of M2 macrophages, in the chitosan group
clarified the competency to refrain from inflammation and
promote the spread and migration of fibroblast cells to
reconstruct the ECM.

Conclusion

In conclusion, we evaluated the ability of our chitosan-
embedded patch to promote wound healing, which was
presented by the suppression of pro-inflammatory cytokines
along with the increase in proliferative biomarker content.
Specifically, a set of biomarkers including pro-inflammatory
cytokines was investigated regarding protein concentration
by western blotting, optical density by ELISA, and
fluorescence density by IF staining, confirming the positive
impact of the chitosan-embedded patch on accelerating the
inflammatory phase. In addition, our chitosan patch
attenuated oxidative stress by lowering the level of ROS and
NO in the treated group, which triggers cell protection and
skin regeneration in the proliferation stage. Furthermore, we
also demonstrated the capability of the chitosan patch in
promoting proliferation completion, elaborated by the
elevation in activated fibroblast growth via signals of
vimentin, Ki-67, and o-SMA markers. As a result,
extracellular matrix (ECM) was induced to recover, as
observed by ECM markers such as collagen I and TGF-f1,
as well as M2 macrophage recruitment enhancement. Our
study on the chitosan-based hydrocolloid patch not only
provides an effective product for skin wound healing, but
also contributes to understanding the mechanisms for future
wound healing product development.
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