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Effects of different cellulose membranes regenerated
from Styela clava tunics on wound healing

SUNG HWA SONG', KEUM YONG SEONG', JT EUN KIM!, JUN GO', EUN KYOUNG KOH', JT EUN SUNG!,
HONG JOO SON!, YOUNG JIN JUNG', HYE SUNG KIM?, JIN TAE HONG® and DAE YOUN HWANG'

lDepartment of Biomaterials Science, College of Natural Resources and Life Science/Life

and Industry Convergence Research Institute, Pusan National University; 2College of Nanoscience and Nanotechnology,

Pusan National University, Miryang-si, Gyeongsangnam-do 627-706; 3College of Pharmacy,
Chungbuk National University, Cheongju, Chungbuk 361-763, Republic of Korea

Received November 6, 2015; Accepted February 23, 2017

DOI: 10.3892/ijmm.2017.2923

Abstract. The aim of this study was to investigate the thera-
peutic effects of three different cellulose membranes (CMs)
manufactured from Styela clava tunics (SCTs) on
the healing of cutaneous wounds. We examined the
physical properties and therapeutic effects of three CMs regen-
erated from SCTs (referred to as SCT- CMs), including normal
CM (SCT-CM), freeze-dried SCT-CM (FSCT-CM) and
sodium alginate-supplemented SCT-CM (ASCT-CM) on skin
regeneration and angiogenesis using Sprague-Dawley (SD) rats.
FSCT-CM exhibited an outstanding interlayered structure, a
high tensile strength (1.64 MPa), low elongation (28.59%) and a
low water vapor transmission rate (W VTR) compared with the
other SCT-CMs, although the fluid uptake rate was maintained
at a medium level. In the SD rats with surgically wounded
skin, the wound area and score of wound edge were lower in
the FSCT-CM-treated group than in the gauze (GZ)-treated
group on days 3-6 and 12-14. In addition, a significant attenu-
ation in the histopathological changes was observed in the
FSCT-CM-treated group. Furthermore, the expression level of
collagen-1 and the signaling pathway of transforming growth
factor (TGF)-p1 were significantly stimulated by the topical
application of FSCT-CM. However, no signs of toxicity were
detected in the livers or kidneys of the three SCT-CM-treated
groups. Overall, our data indicate that the FSCT-CM may
accelerate the process of wound healing in the surgically
wounded skin of SD rats through the regulation of angiogenesis
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and connective tissue formation without inducing any specific
toxicity.

Introduction

Medical dressings have been widely applied in the treatment
of external cutaneous wounds, such as abrasions, lacerations,
avulsions, puncture wounds, contusions, blisters, incisions,
burns, split graft donor sites and ulcers (1). Among the many
properties of dressings, the water vapor transmission and water
retention properties are considered key factors for regulating
the moisture balance in the wound area (2). Specifically, these
factors should provide a moderate atmosphere by transpiring
excess exudates promptly and retaining adequate moisture to
promote tissue regeneration (3). To satisfy the above conditions
of dressings, a versatile class of polymers has been extensively
applied as their flexibility during synthesis or modification
of polymers can enable the matching with the physical and
mechanical properties of various tissues or organs in the
human body (4). Among these, polymers with good physical,
mechanical and chemical properties have been investigated
as substrates for wound healing (5). Polyurethane (PU) is
frequently applied to wound dressings due to its good barrier
properties and oxygen permeability, while chitin/chitosan have
shown positive effects on wound healing as they are biocom-
patible, biodegradable, non-toxic, anti-microbial and hydrating
agents (6,7). Moreover, hydrated hydrogel sheets have shown
good coherency, transparency, flexibility, high oxygen perme-
ability and good skin adhesion (8), whereas non-woven fabrics
can be readily conditioned to serve as an excellent dressing
material as they contain high porosity and a large surface area
with no dust, are easily processable and have a readily modifi-
able surface mechanism (9).

Various types of cellulose have been extensively applied to
the treatment of skin wounds as part of the development of new
materials. Crystalline cellulose membranes (CMs) have been
directly applied to the skin wounds of Wistar rats for 26 days to
evaluate the effects on healing. These membranes contribute to
the maintenance of the humidity of the wound, decrease pain,
and ease the visualization and control of the evolution of the
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lesion (10). The hydrocolloid membrane cellulose containing
Styela clava tunic (SCT) powder (HCM-SCT) has been shown
to accelerate the repair process of acute wounds in Sprague-
Dawley (SD) rats through the stimulation of re-epithelization,
collagen deposition and angiogenesis (11). Furthermore, the
oxidized regenerated cellulose (ORC) collagen has been
shown to significantly stimulate diabetic wound closure,
resulting in a measurable improvement in the histological
appearance of wound tissue (12). In our previous studies,
cellulose film was successfully prepared using pure cellulose
powder obtained from SCTs after completing dissolution in
N-methylmorpholine-N-oxide (NMMO)/H,O (87/13 wt%) (13)
or [Amim]Cl ionic liquid composed of 1-methylimidazol and
3-chloro-1-propene (14). This film exhibited good biocompat-
ibility and degradability, as well as a therapeutic effect on the
wounded skin of SD rats (14,15). However, there have been no
attempts to date (to the best of our knowledge) to develop and
invest in novel membranes with enhanced porosity to promote
the repair of surgical wound skin.

In the present study, we compared skin regeneration and
angiogenesis in the surgical wounds of SD rats after the appli-
cation of three different SCT-CMs for 14 days. The results of
the present study provide novel evidence that FSCT-CM may
be considered as a wound dressing material which may be used
to accelerate the process of wound healing in the injured skin
of SD rats through the regulation of angiogenesis and connec-
tive tissue formation.

Materials and methods

Preparation of three SCT-CMs. SCT powder was prepared as
previously described (14). Briefly, to remove sediments and
debris, 33 g of SCTs in 10% NaOH aqueous solution (990 ml)
were boiled at 100°C for 2 h after being collected from the beach
of the South Sea in Gosung-gun, Korea. The SCT samples were
subsequently washed with distilled water 3 times, after which
they were boiled in 5% CH;COOH solution at 100°C for 2 h
to neutralize the NaOH solution, then washed with distilled
water 3 times. SCT was subsequently bleached by separate
boiling and washing in 10% H,0, solution. After a final wash
with distilled water, SCT was dried at 100-120°C for 2-3 h,
then ground in a pin mill machine (Daehwa, Yongin, Korea).
The milling for SCT powders was conducted by a proprietary
commercial process consisting of passing through a combina-
tion of 30 mesh sieves for 10 min once, and then 120 mesh
sieves for 10 min 2 times.

Three types of SCT-CMs were also prepared using a modi-
fied version of the method described in a previous study (14).
To manufacture SCT-CM (the first type), 3 g of SCT powder
was completely dissolved in 100 ml of [Amim]Cl ionic liquid
composed of 1-methylimidazole and 3-chloro-1-propene (1:1.20
of molar ratio) at 80°C. Additionally, another cellulose solvent,
N-methyl-2-pyrrolidone (NMP) was added followed by stirring
at a high speed for 24 h to accelerate the dissolution of SCT.
These solutions were then cast onto the glass plate of an auto-
matic film coating apparatus (DAO-CO 02; Dao Technology,
Hwaseong, Korea) to yield a thickness of approximately 3 mm.
Following the removal of air bubbles under a vacuum oven, the
glass plates bound with CM were immediately immersed in
methanol and washed with distilled water. Finally, CMs with
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a thickness of approximately 3 mm were collected by drying
at room temperature for 24 h. FSCT-CM (the second type of
CM) was prepared from SCT-CM through dehydration in a
lyophilizer (FDU-540; Tokyo Rikakikai Co., Tokyo, Japan)
following incubation at -130°C for 24 h. Furthermore, to
prepare ASCT-CM (the third type of CM), SCT powder was
completely dissolved in 100 ml of 8% sodium alginate solu-
tion (Sigma-Aldrich Co., St. Louis, MO, USA) with 0.976 g/ml.
Following immersion in 10% (w/v) CaCl, solution for 24 h, these
composites were cast onto the glass plate of an automatic film
coating apparatus to give a thickness of approximately 3 mm.
Following the removal of air bubbles under a vacuum oven, the
glass plates bound with CM were immediately immersed in
methanol and washed with distilled water, after which CMs
with a thickness of approximately 3 mm were collected by
drying at room temperature for 24 h.

Finally, the three different types of SCT-CMs in our study
were prepared as membranes with 70% moisture content by
dipping in 1X phosphate-buffered saline (PBS) solution immedi-
ately before application onto the skin of SD rats. Gauze (GZ) used
as a negative control was prepared under the same conditions
after sterilization.

Analysis of the physical properties of the three SCT-CMs. To
analyze the morphological features of the three SCT-CMs,
samples were frozen at -70°C for 24 h, after which they were
dehydrated in a lyophilizer for 3 days. These dried SCT-CMs
were then coated with platinum (Pt) using a sputter coater (Jeol
JXA-840A; Jeol, London, UK) for 120 sec under an argon
atmosphere, after which they were observed by scanning elec-
tron microscopy (SEM) (Stereoscan 250 MK III; Cambridge
Instruments, London, UK) at 15 kV. After capturing the
SEM image, the gap length and the pore diameter in inside of
SCT-CMs was measured using Leica Application Suite (Leica
Microsystems, Wetzlar, Germany).

The mechanical properties, including tensile strength,
elongation, fluid uptake rate and water vapor transmission
rate (WVTR) of the three SCT-CMs were measured by the
methods described in a previous study (14). To perform the tensile
strength and strain analysis, the three SCT-CMs were dried
at 105°C for 12 h and then cut to an appropriate size (1x5 cm).
Two properties of these samples were analyzed (40 kV, 30 mA)
at room temperature under a velocity of 20 mm/min using a
United SSTM-1 testing machine (United Calibration Corp.,
Huntington Beach, CA, USA) with a 445 N load cell.

Additionally, the swelling behavior of the three SCT-CMs
(1x5 cm size) was investigated by the immersion in 30 ml of
1X PBS (pH 7.4) at 37°C. At 7 time points (0.167, 0.5, 2, 4, 8,
16 and 24 h) after the immersion, each sample was removed
from the solution, the excess of water at surface withdrawn and
their weight immediately determined. The fluid uptake rate
was the calculated using the following equation, as previously
described (16): fluid uptake rate (%) = [(W, - W)/W)) x100],
where, W, and W, represent the wet and dry weight of the film,
respectively. Five samples were used for each condition.

Furthermore, to determine the moisture permeability of
the three SCT-CMs, the WVTR was measured according to
the American Society for Testing and Materials (ASTM) stan-
dard (17). Each sample from the three SCT-CMs was cut into
a disc with a diameter of 50 mm and mounted on the mouth of
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a cylindrical cup with a diameter of 40 mm containing 30 ml
of water. The sample was placed into an oven (FO-600M;
Jei Tech, Seoul, Korea) and maintained at 37+2°C and 35+5%
relative humidity. At 7 different time points (1, 2, 4, 8, 16,
24,48 and 72 h) after the drying of the SCT-CMs began,
their weight was immediately determined and the WVTR
was then calculated using the following equation: WVTR (g/
m?*h) = [(W, - W)/A/24) x10°, where, W, and W, represent the
weight of the initial time, the time ‘t” and the area ‘A’ at different
periods of time. Five samples were repeatedly measured 3 times
for each condition.

Design of animal experiment. The animal protocol used in
this study was reviewed and approved by the Pusan National
University-Institutional Animal Care and Use Committee
(PNU-TACUC,; approval no. PNU-2014-0520). Adult male
SD rats were purchased from SamTako BioKorea (Osan,
Korea) and handled at the Pusan National University
Laboratory Animal Resources Center accredited by the Korea
Food and Drug Administration (accredited unit no. 00231) and
AAALAC International (accredited unit no. 001525). All rats
were provided with a standard irradiated chow diet (Purina
Mills, Seoungnam, Korea) ad libitum, and were maintained in
a specific pathogen-free state under a strict light cycle (lights on
at 06:00 h and lights off at 18:00 h) at a temperature of 23+2°C
and a relative humidity of 50+10%.

An in vivo wound healing assay was developed in which
7-week-old SD rats (n=40) were assigned to one of 4 groups
as follows: a GZ-treated group (n=10); a SCT-CM-treated
group (n=10); a FSCT-CM-treated group (n=10); and a
ASCT-CM-treated group (n=10). Each group was then further
divided into 2 different groups: 7 days (n=5) and 14 days (n=5).
The animals were anesthetized by an intramuscular injection
of Zoletile (50 mg/kg body weight) and Rompun (5 mg/kg
body weight), after which the back skins were shaved with an
electrical razor and 70% ethanol was applied. A round wound
with a diameter of 8 mm and a depth of 2-4 mm was formed by
removing the cutaneous tissue in the back shoulder region using
a biopsy punch (Kasco Com, Sialkot, Pakistan). The incision
wound on each rat was then sterilized with 70% ethanol, after
which it was covered with a 5x4x0.3 mm piece of GZ, SCT-CM,
FSCT-CM or ASCT-CM. The pieces of GZ and the three types
of CMs were replaced with new pieces every 3 days. During
replacement, the condition of the wound skin was observed and
photographed using a Canon® digital camera, while the body
weight was measured using an electronic balance (Mettler
Toledo, Greifensee, Switzerland). On days 7 and 14, all rats
were subjected to euthanasia using carbon dioxide, and samples
of damaged skin were collected for further histological analysis
and western blot analysis. Additionally, blood serum and liver
and kidney organs were collected from the abdominal veins
and the abdominal cavity to analyze the toxicity of the three
SCT-CMs.

Macroscopic analyses of surgical wounds. Photographic data
were utilized for the measurement of the wound size (%),
which was calculated as follows:

Wound size (%) = W

0
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where W, is the wounded area at time ‘t’ and W, is the
wounded area at the initial time. A multiple comparisons test
was performed for the statistical clarification of the differ-
ences between groups. In addition, the analysis of wound color
(1, red; 2, pink; 3, pale; 4, cyan) and wound edge (1, without
granulation tissue; 2, little granulation tissue; 3, much granula-
tion tissue) were scored as previously described (10).

Serum biochemistry. On days 7 and 14, all SD rats in each
group were fasted for 8 h, after which blood was collected
from the abdominal veins of rats and incubated for 30 min at
room temperature. Serum was then obtained by the centrifuga-
tion of blood and serum biochemical components, including
alkaline phosphatase (ALP), alanine aminotransferase (ALT),
aspartate aminotransferase (AST), blood urea nitrogen (BUN),
and creatinine (CRE) were assayed using an automatic serum
analyzer (Hitachi 747; Hitachi, Tokyo, Japan). All assays were
measured using fresh serum and conducted in duplicate.

Histological analyses. The skin in the region in which GZ
and the three SCT-CMs had been placed was collected and
fixed with 10% formalin for 48 h, embedded in paraffin
wax, and then sectioned into 4-ym-thick slices. The skin
sections were subsequently stained with hematoxylin and
eosin (H&E; Sigma-Aldrich Co.), after which they were
examined under a light microscope (Leica Microsystems) for
the presence of edema and inflammatory cell accumulation.
Additionally, the thickness levels of the epidermis, including
the stratum germinativum (SG), stratum spinosum (SS) and
stratum granulosum (SGR), as well as the number of neutro-
phils and macrophages (cells/0.16 mm? of field) and blood
vessels (cells/1.4 mm? of field) were measured using Leica
Application Suite (Leica Microsystems). In addition, the livers
and kidneys collected from all experimental rats were processed
using the same methods applied to treat the skin tissue. After
staining with H&E, pathological changes in the liver and kidney
sections were examined using Leica Application Suite (Leica
Microsystems).

Mast cells in the skin sections were detected by staining
with toluidine blue (Sigma-Aldrich Co.) as previously
described (18). The number of cells per 0.01 mm? of observed
field in skin tissue sections was then measured using Leica
Application Suite (Leica Microsystems).

Western blot analysis. Skin tissue isolated from a subset of
groups was homogenized using a PRO-PREP™ Solution kit
(Intron Biotechnology, Sungnam, Korea) supplemented with
half of a protein inhibitor cocktail tablet (Roche, Penzberg,
Germany), after which it was centrifuged at 13,000 rpm for
5 min. The prepared proteins were then electrophoresed
through a 10% sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) gel, after which they were trans-
ferred onto a nitrocellulose membrane (Amersham Biosciences,
Corston, UK) for 2 h at 40 V in transfer buffer (25 mM Trizma-
base, 192 mM glycine, and 20% methanol). The efficiency
of the transfer and equal protein loading were determined
by staining the membrane with Ponceau, while the gel was
stained with Coomassie blue (both from Sigma-Aldrich Co.).
Appropriate dilutions of primary antibodies, rabbit poly-
clonal antibodies against anti-vascular endothelial growth
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factor (VEGF) (1:3,000, 500-P131; PeproTech, Rocky Hill, NJ,
USA), anti-collagen (1:1,000, ab292; Abcam, Cambridge, UK),
anti-JNK (1:1,000, #9252), anti-phospho-c-Jun N-terminal
kinase (JNK; 1:1,000, #9251), anti-p38 (1:1,000, #9212), anti-
phospho-p38 (1:1,000, #9211), anti-phospho-extracellular
signal-regulated kinase (ERK; 1:1,000, #9101) anti-
Smad?2/3 (1:1,000, #5678) (all from Cell Signaling Technology,
Danvers, MA, USA), anti-ERK (1:1,000, sc-94; Santa Cruz
Biotechnology, Inc., Santa Cruz, CA, USA), rabbit monoclonal
antibodies against anti-phospho-Smad2/3 (1:1,000, #8828;
Cell Signaling Technology) and mouse monoclonal antibodies
against 3-actin (1:3,000, A5316; Sigma-Aldrich Co.) were added
to the membranes and allowed to hybridize overnight at 4°C.
After the antibodies were removed, the membrane was washed
3 times in solution composed of 10 mM Trizma-base (pH 7.6),
150 mM NaCl, and 0.05% Tween-20 for 10 min. The primary
antibody-conjugated membranes were then incubated with
horseradish peroxidase-conjugated anti-secondary antibody
for 1 h at room temperature. The membrane was then washed
again as described above and developed using an enhanced
chemiluminescence detection system (Amersham Bioscience).
Finally, the results were quantified using the Image Analyzer
System (Eastman Kodak 2000MM; Eastman Kodak,
Rochester, NY, USA) and expressed as the fold increase over
the control values. All results were confirmed by two indepen-
dent researchers conducting the experiments at least twice.

Enzyme-linked immunosorbent assay (ELISA) for transforming
growth factor (TGF)-f1. The concentrations of total TGF-f1
in serum were measured using the Legend Max Total TGF-f1
ELISA kit (BioLegend, San Diego, CA, USA) according to the
manufacturer's instructions. Briefly, the capture antibody-coated
wells in Nunc C bottom immunoplates supplied in the kit were
washed 3 times with washing solution. The serum samples and
standards were then added to the wells, after which the plates
were incubated at room temperature for 2 h. After washing
3 times, TGF-P1 detection antibody solution was added to each
well followed by incubation at room temperature for 1 h with
shaking. The wells were then washed with washing solution,
after which HRP-conjugated detection antibodies were diluted
5,000-fold with conjugate diluent (50 mM Tris, 0.14 M NaCl,
1% BSA, 0.05% Tween-20, pH 8.0) and transferred to each well.
The plates were subsequently incubated at room temperature
for 30 min, then washed 3 times with washing solution. An
enzyme reaction was initiated by adding substrate solution and
incubating the plate at room temperature in the dark for 30 min.
Finally, the reaction was terminated by adding a stop solution,
and the absorbance at 450 nm was measured within 30 min using
a microplate reader (Molecular Device, Sunnyvale, CA, USA).

Statistical analysis. One-way ANOVA (SPSS for Windows,
Release 10.10, Standard Version; SPSS, Inc., Chicago, IL, USA)
was used to identify significant differences between the GZ and
the three SCT-CM-treated groups. In addition, differences in
the responses of the SCT-CM- and other two SCT-CM-treated
groups (FSCT-CM and ASCT-CM) were evaluated using
a post-hoc test (SPSS for Windows, release 10.10, standard
version; SPSS, Inc.) of the variance and significance. All values
are reported as the means + SD, and a P-value <0.05 was
considered to indicate a statistically significant difference.
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Results

Physical properties of the three SCT-CMs. The surface and
fracture surface morphology of the three SCT-CMs was
observed by SEM. Two distinct type structures were detected
on the fracture surface the three SCT-CMs. The first structure
consisted of randomly arranged fibrils with a variety of empty
spaces present in the internal matrix of both the SCT-CM
and FSCT-CM, although some differences in the ultrawave
structures were observed between both CMs. The gap length
of the interlayer on the fracture surface was greater (75%) in
the FSCT-CM compared with the SCT-CM (Fig. 1A, B and D).
The second type, which consisted of a large number of small
pores distributed in the same area, was only observed with the
ASCT-CM. The average pore diameter of the ASCT-CM was
1.67 ym (Fig. 1C and D). However, no specific differences or
unique features were observed upon surface morphological
analysis (Fig. 1A-C, inset on the top left corner of the image).
Therefore, these results suggest that the FSCT-CM had a highly
interlayered structure and a variety of empty spaces that could
respond to high water absorbance and capacity.

The tensile strength of the FSCT-CM (1.64+0.51 N/mm?)
was approximately 993 and 115% greater than that of the
SCT-CM (0.15+0.01 N/mm?) and ASCT-CM (0.76+0.06 N/
mm?), although the level of elongation was only higher
in the ASCT-CM (94.17+12.67%) compared with the
SCT-CM (31.14+4.37%) and FSCT-CM (28.59+2.28%) (Fig.2A
and B). Moreover, in the analysis for moisture regulatory
ability, the three SCT-CMs exhibited different properties as
regards the fluid uptake rate and WVTR. The fluid uptake rate
of the FSCT-CM was maintained at a constant level (approxi-
mately 120%), whereas that of the SCT-CM remained at a very
low level. However, the fluid uptake rate of the ASCT-CM
rapidly increased to 210% within 8 h and was maintained at
a constant level (Fig. 2C). In addition, the WVTR of the three
SCT-CMs exhibited a similar pattern during the experimental
period, although that of the FSCT-CM was maintained at a lower
level than the other two CMs. Until the time point of 24 h, the
WVTR of the three CMs was rapidly enhanced; however, these
levels slowly decreased to 102 (SCT-CM), 83 (ASCT-CM)
and 69 g/m*h (FSCT-CM) within 72 h (Fig. 2D). Taken
together, the above-mentioned results provide evidence that the
FSCT-CM has good physical properties and may thus be used
as a dressing for surgical wounds on the skins of mammals.

Effect of the three SCT-CMs on the wound healing process. To
determine how stimulation with the three SCT-CMs affects the
healing process of the wounded skin, the closing rate of a round
area 8 mm in diameter and 2-4 mm in depth was measured
for skin covered with one of the three SCT-CMs for 14 days.
We noted that the most significant changes in the wound area
occurred during days 3-6 and 12-14. In the FSCT-CM sample,
the relative area of the wound decreased to 0.3+0.06 from
1.0+0.08 at 14 days, while only a 0.77+0.01 change in the same
sample was observed during the first 6 days. Similar results
were also observed in the SCT-CM-treated group, although the
decrease rate varied in both groups. In other words, the wound
closing rate was 12.5-37.5% greater in the FSCT-CM and
SCT-CM sample than in the GZ sample during the first 3-6 days.
The closing rate of the FSCT-CM sample remained the fastest
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Figure 1. Scanning electron microscopy (SEM) images of the three Styela clava tunic-cellulose membranes (SCT-CMs). The ultrastructure of the fracture
surface of (A) SCT-CM, (B) FSCT-CM and (C) ASCT-CM was observed by SEM at x1,000 magnification as described in the Materials and methods. The images
in upper left corner represent the ultrastructure of the surface. (D) The gap length of interlayer in SCT-CM and FSCT-CM and pore size (ym) of each ASCT-CM
was measured was measured using Leica Application Suite as described in the Materials and methods. Three to five films per group were assayed in duplicate by
SEM. ?P<0.05 compared to SCT-CM; "P<0.05 compared to FSCT-CM. FSCT-CM, freeze-dried SCT-CM; ASCT-CM, sodium alginate-supplemented SCT-CM.
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4, cyan) and edge (1, without granulation tissue; 2, little granulation tissue; 3, very granulation tissue) were defined as the sum of the individual scores. Five or six
wounds were assayed in triplicate using wound area analysis. Date are reported as the means + SD. *P<0.05 relative to the gauze (GZ)-treated group. FSCT-CM,

freeze-dried SCT-CM; ASCT-CM, sodium alginate-supplemented SCT-CM.

among the samples until the final observation after 14 days, at
which point the wound skin was completely repaired in all the
treatment groups (Fig. 3A and B). However, the ASCT-CM-
treated group did not exhibit any significant alterations when
compared with the GZ-treated group. Additionally, the wound
color score was significantly higher in all the treatment groups
at 14 days than at 7 days. Among these groups, the highest
level was detected in the FSCT-CM-treated group (Fig. 3C-a).
Furthermore, the score of the wound edge only decreased in
the FSCT-CM-treated group compared with the GZ-treated

group, although the SCT-CM- and ASCT-CM-treated groups
maintained a constant level (Fig. 3C-b). Taken together, these
results suggest that the enhanced ability of the skin to heal the
wound and regenerate tissue could be reasonably attributed to
the FSCT-CM.

Effect of the three SCT-CMs on tissue regeneration in the
wounded skin. The alteration was determined based on the
recovery of the epidermis, dermis and hyperdermis of the skin
tissue of the rats over the designated period of time (i.e., 7 and



{2] SPANDIDOS
) PUBLICATIONS

7 days

INTERNATIONAL JOURNAL OF MOLECULAR MEDICINE 39: 1173-1187, 2017

1179

14 days

FSCT-CM

ASCT-CM

Figure 4. Histologic analyses after Styela clava tunic-cellulose membranes (SCT-CMs) application. Hematoxylin and eosin (H&E) stained sections of subcutaneous
tissue surrounding the three SCT-CMs applied to SD rats at different time points were observed using a light microscope at magnifications of x40 (a-h), including x10
in the corner of each image and x400 (i-1). In addition, the infiltration of mast cells in the slide sections of skin tissue were detected by toluidine blue staining followed
by observation at x400 magnification (m-p). The arrow heads indicate infiltrated mast cells in the dermis of the skin. The double-headed arrows indicate a length of
re-epithelization in the epidermis of the skin. FSCT-CM, freeze-dried SCT-CM; ASCT-CM, sodium alginate-supplemented SCT-CM; GZ, gauze.

14 days). To examine the therapeutic effects of the three
SCT-CMs on the histological structure of surgical wounds on
the skin, the thickness of the epidermis and dermis, as well
as the number of blood vessels and mast cells were monitored
in the GZ-, SCT-CM-, FSCT-CM- and ASCT-CM-treated rats.
After the first 7 days post-surgery, the thickness of the total
epidermis was significantly enhanced by approximately 35.9%
in the FSCT-CM-treated group compared with the GZ-treated
group, while it was maintained at a constant level in the
SCT-CM- and ASCT-CM-treated groups. At 14 days post-
surgery, both the FSCT-CM- and SCT-CM-treated groups
had a thinner epidermis than the GZ-treated group, although
a larger decrease was detected in the FSCT-CM-treated
group; nevertheless, the rate of change was reflected in the
stratum basal and stratum granulosum (Fig. 4 and Table I).
In addition, the inflammatory reaction was measured by
counting the immune cells in the dermis region. A significant
decrease in the number of immune cells was detected in the
FSCT-CM-treated group compared with the GZ-treated group,
while a constant level was maintained in the other groups.
Furthermore, a similar pattern in the number of mast cells was
also observed. Only the FSCT-CM-treated group exhibited a
decrease of approximately 41.0% in the number of mast cells at
7 days post-surgery, while a decrease of 48.4% was measured
at 14 days post-surgery (Table I). Taken together, these results
suggest that the use of the FSCT-CM enhanced tissue regenera-
tion, including increasing epidermal thickness, promoting the

formation of blood vessels, and suppressing the inflammatory
response in the skin tissue of SD rats.

Effect of the three SCT-CMs on angiogenesis in the wounded
skin. To evaluate the effects of the three SCT-CMs on angiogen-
esis in the dermis of wounded skin, we measured the number
of blood vessels and the expression level of VEGF in a subset
of groups for different times. The number of blood vessels in
the dermis was only higher in the FSCT-CM-treated group
compared with the GZ-treated group at 7 days post-surgery,
while the levels remained constant in the SCT-CM- and
ASCT-CM-treated groups. However, the level rapidly
decreased in at 14 days post-surgery (Fig. 5SA). In addition, the
expression of VEGF, an important signaling protein involved
in both vasculogenesis and angiogenesis, was similar to the
number of blood vessels at 7 and 14 days post-surgery. A high
level of VEGF expression was measured at day 7 post-surgery
in the FSCT-CM-treated group, although a constant level was
maintained in the other groups. However, this level markedly
decreased in the same group at 14 days post-surgery (Fig. 5B).
Therefore, the results of the present study indicate that the use
of the FSCT-CM stimulates angiogenesis by enhancing the
expression of VEGF.

Effect of the three SCT-CMs on the formation of connective
tissue in wounded skin. To evaluate the effects of treatment
with the three SCT-CMs on the formation of connective tissue
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Table I. Alterations of the histopathological properties of wounded skin treated with SCT-CMs.

SONG et al: THERAPEUTIC EFFECTS OF CELLULOSE MEMBRANES REGENERATED FROM Styela clava TUNICS

Histopathological analysis

Items Day GZ SCT-CM FSCT-CM ASCT-CM
Epidermis
Thickness of total 7 23.14+2 .44 24 .85+1.92 31.44+3.13* 21.89+2.63
epidermis (xm) 14 67.52439 64.34+4 .95 32.53+3.34* 61.92+3 41
Thickness of stratum 7 NID NID NID NID
basal (SB) (#m) 14 29.49+3 .65 26.28+3.63 13.91+£3.74* 25.07+3.27
Thickness of stratum 7 NID NID NID NID
spinosum (SS) (xm) 14 30.29+1.91 29.07+2.67 11.07+2.82* 23.8+2.98*
Thickness of stratum 7 NID NID NID NID
granulosum (SG) (um) 14 8.47+1.31 4.59+0.35a 8.68+0.69 5.02+0.93*
Thickness of 7 1656.75+94 .97 1002.92+13.01° 1515.08+18.74* 1813.49+37 .48°
dermis (p#m) 14 1365+56.69 1450.75+23.34° 1246.75+32.92* 1544 .25+41.25°
No. immune cells 7 41.67+£3.79 43.67£3.21 34.67+4.51 412
(cells/0.16 mm?) 14 25.33+2.52 30+5.57 15.33+£3.52 24.67+1.53
No. mast cells 7 57.67+£2.52 52.33+9.87 34+6.08* 66.33+7.37
(cells/0.01 mm?) 14 22.75+3.77 31.75+£3.3% 11.75+2.99* 29+5.83

Data represent the means + SD from 3 replicates. “P<0.05 compared to the GZ-treated group. NID, not identified; SCT-CM, Styela clava tunic-

cellulose membranes; FSCT-CM, freeze-dried SCT-CM; ASCT-CM, sodium alginate-supplemented SCT-CM; GZ, gauze.
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Figure 5. Analysis for angiogenesis. (A) The number of blood vessels in hematoxylin and eosin (H&E)-stained sections of subcutaneous tissue surrounding the
three Styela clava tunic-cellulose membranes (SCT-CMs) applied to SD rats at different time points was measured using Leica Application Suite as described
in the Materials and methods. The arrows indicate the newly formed blood vessels in the subcutaneous tissue. (B) Western blot analysis of VEGF in the
homogenate mixture prepared from the wound skin was detected using the specific primary antibody. The value was defined as 1 [gauze (GZ)-treated group] for
the acquisition of other relative values. Data represent the means + SD from 3 replicates. *P<0.05 compared to the GZ-treated group; "P<0.05 compared to the
level in same group on day 7. FSCT-CM, freeze-dried SCT-CM; ASCT-CM, sodium alginate-supplemented SCT-CM.
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Figure 6. Analysis of collagen-1 expression and tumor growth factor (TGF)-f31
concentration. (A) Western blot analysis of collagen-1 in the homogenate
mixture prepared from the wound skin was detected using the specific pri-
mary antibody. The value was defined as 1 [gauze (GZ)-treated group] for the
acquisition of other relative values. (B) Concentration of TGF-1f in the blood
serum. The ELISA kit used in this experiment can detect TGF-1f at 7.8 to
500 pg/ml. Data represent the means + SD of 3 replicates. *P<0.05 compared
to the GZ-treated group; "P<0.05 compared to the level in the same group
on day 7. FSCT-CM, freeze-dried SCT-CM; ASCT-CM, sodium alginate-
supplemented SCT-CM.

in the wounded skin, we measured the expression level of
collagen and the concentration of TGF-1 in a subset of groups
at different times. At 7 days post-surgery, there was no signifi-
cant alteration in the expression of collagen-1 in any of the
group subsets. However, these levels were rapidly increased in
the FSCT-CM-treated group at 14 days, while they decreased
in the ASCT-CM-treated group (Fig. 6A). Furthermore, to
determine whether the overexpression of collagen was accom-
panied by an increase in the concentration of TGF-f31, the the
TGF-B1 concentrations in the serum of the rats in the group
subsets were compared. Overall, the concentration of TGF-31
was very similar to the expression of collagen-1, although the
level in the ASCT-CM-treated group differed slightly. At 7 days
post-surgery, a significant decrease in the TGF-f1 concentra-
tion was detected in the ASCT-CM-treated group, whereas
the level remained constant in the other groups. At 14 days
post-surgery, the level increased significantly in the FSCT-CM-
and ASCT-CM-treated groups compared with the GZ-treated
group (Fig. 6B). Overall, these findings indicate that the use of
the FSCT-CM induced an increase in collagen levels via the
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regulation of TGF-B1 concentration during the later stages of
the wound skin repair process.

Molecular mechanisms underlying skin re-epithelialization
and wound repair with the use of the three SCT-CMs.
Re-epithelialization of wounded skin is accompanied by the
secretion of epidermal growth factors (EGFs), fibroblast growth
factor (FGF) family members, TGF-f3, and some chemokines,
which stimulate fibroblasts and increase the expression of
smooth muscle actin in response to wound contraction and
collagen synthesis (19). Among these, the TGF-f1 signaling
pathway includes Smad2/3 in the Smad-dependent pathway
and the MAP kinase protein in the Smad-independent
pathway (20,21). To investigate the molecular mechanisms of
re-epithelialization in wounded skin occurring after the use of
the three SCT-CMs, changes in the regulatory factors of the
TGF-p1 signaling pathway consisting of the Smad-dependent
and -independent pathway were measured by western blot anal-
ysis in the group subsets. In the case of the Smad-dependent
pathway, the expression of p-Smad2/3 at 7 days post-surgery
was higher in the FSCT-CM-treated group than in the GZ-,
SCT-CM- and ASCT-CM-treated groups. However, a different
pattern was observed at 14 days post-surgery. The expression
of p-Smad2 was lower in the SCT-CM-treated groups than in
the GZ-treated group, although the lowest level was observed
in the ASCT-CM treated group. However, the expression of
p-Smad3 was higher in the SCT-CM-treated groups than in the
GZ-treated group (Fig. 7). In the case of the Smad-dependent
pathway, alterations in the phosphorylation of downstream
regulators in the MAP kinase pathway were also detected in
the three SCT-CM-treated groups. The expression level of
p-JNK and p-p38 reflected the expression level of p-Smad2 and
p-Smad3 well. The highest level of both proteins was detected
in the FSCT-CM-treated group at 7 days post-surgery. However,
at 14 days post-surgery, a high level of p-JNK and p-p38 was
detected in the three SCT-CM-treated groups compared with
the GZ-treated group, although the highest level was observed
in the ASCT-CM-treated group. Moreover, the FSCT-CM-
treated group exhibited a higher level of p-ERK than the other
groups at 14 days post-surgery (Fig. 7B-e). Therefore, these
results suggest that the use of the FSCT-CM may significantly
accelerate angiogenesis through the stimulation of the TGF-p1
signaling pathway during the early stages of wound healing.

Toxicity of the three SCT-CMs. To investigate the toxicity
of the three SCT-CMs toward the livers and kidneys of the
SD rats, alterations in body weight, metabolic enzymes and
histopathology were investigated in blood serum and liver
and kidney tissue using serum biochemical analysis and histo-
logical analysis. No significant alterations in body weight over
14 days were detected in any of the three SCT-CM-treated
groups when compared with the GZ-treated group (Table II).
Liver toxicity analysis revealed no increase in the levels of the
three liver toxicity indicators, specifically ALP, AST and ALT,
between the three SCT-CM-treated groups and the GZ-treated
group at either time point, although significantly higher levels
of AST and ALT were detected in the ASCT-CM-treated group
on day 7 (Table III). The results of kidney toxicity analysis
were similar to those observed in the liver toxicity analysis.
Specifically, the BUN and CRE levels in serum did not increase
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Figure 7. Analysis of the downstream signaling pathway of tumor growth factor (TGF)-f1. (A and B) Western blot analysis of Smad2/3, JNK, p38, ERK
and PB-actin in the homogenate mixture prepared from the wounded skin was detected using specific primary antibodies. The value was defined as 1 [gauze
(GZ)=treated group] for the acquisition of other relative values. Data represent the means + SD from 3 replicates. “P<0.05 compared to the GZ-treated group;
°P<0.05 compared to the level of the same group on 7 days. FSCT-CM, freeze-dried SCT-CM; ASCT-CM, sodium alginate-supplemented SCT-CM.

Table II. Alterations in body weight of the SD rats following
the application of the SCT-CMs.

Day Gz SCT-CM FSCT-CM  ASCT-CM
0 25931237 262.9+15.07 262.6+13.07 267.8+10.05
3 267.5+1632 270.2+13.21 2603134 270.5+13.89
6  2823+17.84 288.5+11.34 267.9+14.11 284.6+14.59
9 295+33.85 311.6£21.73  291+15.62 298.4+10.33
12 310.842943 324.6+2329 301+£18.08 308+14.2

Data represent the means + SD from 3 replicates. SCT-CM, Styela
clava tunic-cellulose membranes; FSCT-CM, freeze-dried SCT-CM;
ASCT-CM, sodium alginate-supplemented SCT-CM; GZ, gauze.

significantly in the three SCT-CM-treated groups, regardless of
the exposure time (Table I1I). To investigate histological altera-
tions, liver and kidney sections were stained with H&E and
observed microscopically. No significant pathological changes
were detected between the liver and kidney tissue of the rats in
any of the groups (Fig. 8), suggesting that the use of the three
SCT-CMs for a short period of time did not induce toxicity to
the livers and kidneys of the SD rats.

Discussion

Cellulose and its derivatives have been applied as drug coating
materials, blood coagulants, artificial kidney membranes,
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Table III. Alterations in the serum levels of the biochemical markers, ALP, AST, ALT, BUN and CRE.

Day Items GZ SCT-CM FSCT-CM ASCT-CM

7 ALP 333+91.92 365.33+17.95 357+55.58 337.33+57.84

AST 93+2.83 98.67+£8.5 87.67x12.42 125.5+37.48*
ALT 49+1 .41 61.67+5.13 55+15.72 79+14.14*
BUN 18.73+£3.84 20.17+2.66 17.95+1.75 20.48+1.85
CRE 0.7£0.01 0.68+0.06 0.68+0.03 0.59+0.1

14 ALP 328+43.26 361.4+86.71 1403 4+132.94* 380.25+66.09
AST 86.8+10.21 77.4+7.99 83.33+£15.53 98.75+£27
ALT 49 4+5.55 51.6+10.14 60.2+19.5 62.5+13.48
BUN 20.14+2.12 20.64+1.54 21.04+2.06 20.78+1.81
CRE 0.66+0.05 0.63+0.03 0.61+£0.04 0.6+0.06

Data represent the means = SD from 3 replicates. “P<0.05 compared to the GZ-treated group; "P<0 compared to the level in the same group
on day 7. SCT-CM, Styela clava tunic-cellulose membranes; FSCT-CM, freeze-dried SCT-CM; ASCT-CM, sodium alginate-supplemented
SCT-CM; GZ, gauze; ALP, alkaline phosphatase; AST, aspartate aminotransferase; ALT, alanine aminotransferase; BUN, blood urea nitrogen;

CRE, creatinine.

FSCT-CM SCT-CM

ASCT-CM

Figure 8. Toxicity analysis of Styela clava tunic-cellulose membranes (SCT-CMs) application. Liver and kidney tissue of SD rats was prepared on a histological
slide, and cellular morphology was viewed at x400 magnification. Data represent the means + SD from 3 replicates. “P<0.05 compared to the gauze (GZ)-treated
group; "P<0 compared to the level in the same group on day 7. FSCT-CM, freeze-dried SCT-CM; ASCT-CM, sodium alginate-supplemented SCT-CM. Kc,

kupfer cell; He, hepatocyte; Th, terminal hepatic vein; Gm, glomeruli; Px, proximal convoluted tubules; Dt, distal convoluted tubules.
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antitumor drugs, blood-compatible materials and supports
for immobilized enzymes in various medical fields (22,23).
CM has recently received a great deal of attention as a novel
biomedical material for the treatment of various wounds as it
does not require special treatment for the elimination of risk
factors, such as immune response and viral risk following
chitosan treatment (24,25). Therefore, in this study, we
attempted to obtain additional evidence of the potential for
SCT-CM medical applications and then investigated the thera-
peutic effects and toxicity of the three SCT-CMs in surgical
wounds of rat back skin. The results of the present study clearly
demonstrated that the FSCT-CM promoted the improvement
of wound skin symptoms, re-epithelization, granulation tissue
formation and angiogenesis without exerting any toxic effects.

In wound dressing, the porous, sponge and multilayer
structure provide several benefits, including absorbing large
amount of exudate, increasing the efficiency of drug release,
good contacting ability and strong adhesion to the wound
surface (26). In this study, two different types of structures
on the fracture surface were observed in the SEM image of
the three SCT-CMs. The multilayer structure on the fracture
surface of the SCT-CM and FSCT-CM was very similar with
that of the SCT-CF20-F prepared with 3% SCT in [Amim]Cl in
a previous study (26). However, the porous structures detected
in the ASCT-CM (1.67 um in diameter) were observed in many
regenerated cellulose films and membranes although their
pore size was varied in each one. Regenerated cellulose film
prepared by coagulating with sulfuric acid displayed a porous
structure calculated to be 186 and 80 nm in diameter on the
free surface and fracture surface (27). In addition, regenerated
cellulose hydrogel films presented a fibrous internetwork and
porous structure with diameter of approximatel 20 nm (28).

The enhanced physical properties, including tensile
strength and elongation are required to satisfy the requirements
of a wound dressing. In a previous study, the tensile strength
of the regenerated cellulose film with plasticizers prepared
with 5% cellulose in [Amim]Cl was increased to 70-80 Mpa
although elongation was approximately 6% (29). However, in
this study, the three SCT-CMs prepared in similar conditions
with those of the previous study exhibited an increased level
of tensile strength and elongation. In particular, the FSCT-CM
exhibited the highest strength and lowest elongation level
among the three SCT-CMs. These differences in the value
of tensile strength and elongation could be caused by adding
platicizer.

WVTR among various physical properties of wound
dressing tightly correlated with the speed and time required
for wound repair in the skin tissue. The excessively high level
of WVTR value stimulates the scare formation in the wound
area as the wound can dry rapidly. However, the wound repair
process can be impeded by accumulating exudates, resulting in
an enhanced risk of bacterial infection when the WVTR level
is too low (30). Generally, the WVTR value was measured as
8.5 g/m?h in the normal skin although this value was approxi-
mately 11.6 g/m*h in the injured skin (31). In this study, the
FSCT-CM exhibited a stable value on the fluid uptake rate
and WVTR compared with the SCT-CM and ASCT-CM. The
WVTR value of the FSCT-CM gradually increased to approxi-
mately 72 g/m?*/h within 24 h and then maintained this level
from 24 to 72 h. These levels were also higher, being 8.5-fold
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those of normal skin (8.5 g/m?/h) (31) and higher, being 3-3.2-
fold those of 23-25 g/m?/h of regenerated cellulose/collagen
composite hydrogel films showing good equilibrium-swelling
ratio, air permeability and water retention properties (28).
However, this level of FSCT-CMs was significantly lower than
wound dressings available on the market such as Geliperm
(375.39 g/m?/h; Geistlich Ltd., Wolhusen, Switzerland) and
Vigilon (390.01 g/m?/h; Bard Ltd., West Sussex, UK) (32).

The results presented herein demonstrated that the use
of the SCT-CM and FSCT-CM stimulated wound closure in
surgically-injured skin of SD rats. The enhancement of the
wound closure rate, as well as the regeneration of normal tissue,
including a decrease in the wound edge, was strongly detected
within 3-6 and 12-14 days of surgical injury (Fig. 4). These
results were consistent with the results of several previous
studies, showing that the topical application of several cellulose
mixtures significantly increased the rate of wound healing over
that of vehicle-treated groups in animals and humans. The
diameter of the wound area was shown to decrease in hydrocol-
loid membrane (HCM)-SCT-treated SD rats when compared
with the GZ-treated group (11). Moreover, the topical applica-
tion of ORC/collagen was found to accelerate diabetic wound
closure in C57BL/KsJ (db/db) mice and humans with diabetic
foot ulcers (12,33). However, several opposing results in the
investigations of wound closure have been recently reported.
Specifically, the percentage of wound contraction was lower
in crystalline CM-treated Wistar rats than the 0.9% sodium
chloride-treated group (10). Therefore, we hypothesized that
these differences in wound repair may be caused by differ-
ences in the manufacturing process or additives, even though
cellulose was used as a basic building material.

Another conclusion of this study is that SCT-CM treatment
applied to the back skin of SD rats stimulated the regeneration
of surgical wound tissue. Similar results have been reported for
surgical wounds on SD rats treated with HCM-SCT or ORC.
Application of HCM-SCT into surgical wound skin acceler-
ated wound reepithelization, development of young granulation
tissues, and decreasing epidermis thickness when compared
with that of the GZ treated group (11). The thickness of the
epidermis at 14 days was rapidly recovered to a normal level
in the FSCT-CM treated group. Therefore, we propose that
FSCT-CM treatment for a longer period of time should be
investigated to determine if the skin regeneration is complete.

Immune cells and mast cells are known to participate in
the three phases of skin wound healing, inflammatory reac-
tion, angiogenesis and extracellular-matrix reabsorption (34).
Therefore, the infiltration of these cells into the dermis of
wounded skin is considered a key indicator of inflammatory
reaction against the wound dressing materials. Surgical wounds
treated with ORC have been shown to have a significantly lower
number of infiltrated inflammatory cells when compared with
the control group at 5 days post-surgery (35). In addition, a
decrease in the infiltration of mononuclear cells was measured
in skin wounds treated with crystalline CM at days 14, 21
and 26, even though a constant level was maintained until
day 7 (10). In the present study, the number of inflammatory
cells and mast cells markedly decreased in the FSCT-CM-
treated group at days 7 and 14, while a decrease in the number of
mast cells was detected in the SCT-CM treated group at day 14.
The results for the later stages agree completely with those of
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Table IV. Summary of the properties of the three SCT-CMs applied as wound dressings.

Classification Contents SCT-CM FSCT-CM ASCT-CM
Preparation Materials SCT SCT SCT with sodium alginate
Drying conditions Drying at room Freeze-drying after Drying at room
temperature drying at room temperature for 24 h
for 24 h temperature for 24 h
Physical properties Morphologic Randomly Randomly arranged Many small pores
analyses properties arranged fibrils fibrils
Mechanical
properties
Tensile strength Low High Medium
Elongation Medium Low High
Fluid uptake rate Low Medium High
WVTR Low Medium High
Efficacy analyses Wound closing Medium High Low
Re-epithelization Medium High Low
Angiogenesis Low High Low
Inflammation Medium Low High
Connective tissue Medium High Low
regeneration
Toxicity analyses Hephatotoxicity None None None
Nephrotoxicity None None None
Applicability for Regular Excellent Unsuitable

wound dressing

SCT-CM, Styela clava tunic-cellulose membranes; FSCT-CM, freeze-dried SCT-CM; ASCT-CM, sodium alginate-supplemented SCT-CM;

WYVTR, water vapor transmission rate.

the two aforementioned studies, even though the results for the
early stage differed.

The wound healing of skin may contribute to angiogenesis
through the production of microvessels that transport nutrients
and oxygen to growing dermal cells (36). Several functional
extracts, including angico extract (Anadenanthera colub-
rina var. cebil) have been shown to induce a significant increase
in the number of blood vessels during the healing of rat skin
at 7 and 14 days post-surgery, although such an increase was
not measured in the cellulose-treated animals (37). Alterations
in the levels of VEGF, one of the major regulatory cytokines
involved in angiogenesis, have been detected in surgical wound
repair in skin. In a previous study, the group treated with
HCM-SCT exhibited an 18.8% decrease in VEGF expression
when compared with the GZ-treated group at 11 days post-
surgery (11). Moreover, a decrease in the expression of VEGF
was observed in the group treated with microbial cellulose on
day 14 after skin excision, although it was higher in the same
group on day 7 (38). In the present study, the number of blood
vessels and the expression level of VEGF were higher in the
FSCT-CM-treated group than the other groups on day 7, while
their levels were lower on day 14. These results are in complete
agreement with those of previous studies, although the relative
ratio of increase or decrease differed.

Collagen is a key component of the extracellular matrix
that plays an important role in all phases of surgical wound

healing (39). The altered deposition of collagen has been
observed in surgically wounded skin treated with several
therapeutic compounds and SCT mixture. In a previous
study, collagen deposition was higher in the dorsal incision
wound treated with total ginseng saponin than in the control
group (40). Moreover, the expression of collagen was upregu-
lated significantly in the surgical skin wounds of rats treated
with HCM-SCT on day 11 (11). In the present study, the expres-
sion of collagen was only higher in the FSCT-CM-treated
group than the other groups on day 14, although a constant level
was maintained on day 7. These results were similar to those of
previous studies.

TGF-p1 signaling plays a crucial role in re-epithelialization,
inflammation, angiogenesis and granulation tissue formation
during wound healing (41). This signaling mediates their effects
through both the Smad-dependent and Smad-independent
pathway (20,42). The activation of the Smad-dependent
pathway via stimulation with TGF-f1 can induce the synthesis
and secretion of collagen, leading to increased scar forma-
tion (43,44). In addition, the concentration of TGF-f1 in serum
has been shown to change in response to treatment with cellu-
lose complex. Specifically, an approximately 266% increase
in the TGF-f1 concentration was previously measured in SD
rats treated with HCM-SCT on day 11 when compared to the
GZ- or HCM-treated groups (11). The results of this study
are in agreement with those of previous studies, although the
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final analysis point and level of increase differed (Fig. 6). The
correlation between the Smad-dependent pathway and cellu-
lose wound dressing on healing has not been reported in any
previous studies, at least to the best of our knowledge. In the
present study, the expression of p-Smad2/3 in the FSCT-treated
group was higher on days 7 and 14 than that of the GZ-treated
group. Therefore, the present study provides novel evidence
that FSCT-CM may accelerate the wound healing of surgically
wounded skin through the regulation of the TGF-p1 signaling
pathway.

Finally, several studies have suggested that SCT complexes
and derivatives do not show any toxicity in mammalian
systems. Specifically, SD rats treated with HCM-SCT for
11 days did not induce any specific toxicity based on body
weight or metabolic enzymes of the liver and kidney (11). In
addition, the concentration of metabolic enzymes representing
liver and kidney toxicity in the serum of SCT-CF-treated SD
rats was maintained at a constant level relative to the vehicle
implanted group (14). In this study, most indicators of liver and
kidney toxicity were maintained at a constant level in the three
SCT-CM-treated groups throughout the experimental period.
These results are in agreement with the finding that SCT
derived materials were not correlated with animal toxicity.

Taken together, the results of our study demonstrated that the
topical application of the three SCT-CMs for 2 weeks induced
the acceleration of the healing of surgical wounds, including
tissue regeneration, connective formation and angiogenesis.
Among these, FSCT-CM exerted the greatest therapeutic
effect on surgical wound healing of the back skin of SD rats.
Moreover, this study provides insight into the molecular action
of FSCT-CM in a rat model of surgical wound healing using
SD rats (Table IV). Finally, this study demonstrated that the
three SCT-CMs do not induce any significant toxicity toward
the livers and kidneys of SD rats. Overall, our results provide
a rationale for the future development of FSCT-CM with other
functional compounds for topical application to cutaneous
wounds.
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