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Combination of resveratrol-containing collagen with adipose
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Chih-Chien Wang1 | Chih-Hsin Wang2 | Hsiang-Cheng Chen3 | Juin-Hong Cherng4,5,6 |

Shu-Jen Chang3 | Yi-Wen Wang4 | Adrienne Chang7 | Jue-Zong Yeh8 | Yi-Huei Huang9 |

Cheng-Che Liu10

1Department of Orthopedic Surgery, Tri-Service
General Hospital, National Defense Medical
Center, Taipei, Taiwan (R.O.C.)
2Department of Plastic and Reconstructive
Surgery, Tri-Service General Hospital, National
Defense Medical Center, Taipei, Taiwan (R.O.C.)
3Division of Rheumatology/Immunology/Allergy,
Department of Internal Medicine, Tri-Service
General Hospital, National Defense Medical
Center, Taipei, Taiwan (R.O.C.)
4Department and Graduate Institute of Biology
and Anatomy, National Defense Medical Center,
Taipei, Taiwan (R.O.C.)
5General Clinical Research Center for New Drug
Trial, Tri-Service General Hospital, National
Defense Medical Center, Taipei, Taiwan (R.O.C.)
6Department of Gerontological Health Care,
National Taipei University of Nursing and Health
Sciences, Taipei, Taiwan (R.O.C.)
7Department of Chemistry, New York University,
Abu Dhabi, United Arab Emirates
8Department of Pharmacy Practice, Tri-Service
General Hospital, National Defense Medical
Center, Taipei, Taiwan (R.O.C.)
9Biomedical Engineering Program, Graduate
Institute of Applied Science and Technology,
National Taiwan University of Science and
Technology, Taipei, Taiwan (R.O.C.)
10Department of Physiology and Biophysics,
Graduate Institute of Physiology, National
Defense Medical Center, Taipei, Taiwan (R.O.C.)

Correspondence
Cheng-Che Liu, PhD, Department of Physiology
and Biophysics, Graduate Institute of Physiology,
National Defense Medical Center, R6104,
No. 161, Section 6, Minquan East Road, Neihu
District, Taipei 11490, Taiwan. (R.O.C.)
Email: chencheliu2002@gmail.com

Repair and regeneration of craniofacial tissues is particularly challenging because
they comprise a complex structure of hard and soft tissues involved in intricate
functions. This study combined collagen scaffolds and human adipose stem cells
(hASCs) for oral mucosal and calvarial bone regeneration by using resveratrol
(RSV), which affects the differentiation of mesenchymal stem cells. We have eval-
uated the effect of collagen scaffold-containing RSV (collagen/RSV) scaffolds
both in vitro and in vivo for their wound healing and bone regeneration potential.
Scanning electron microscopy and immunostaining results reveal that hASCs
adhere well to and proliferate on both collagen scaffolds and collagen/RSV scaf-
folds. Oral mucosal lesion experiments demonstrated that the collagen/RSV scaf-
fold is more effective in wound closure and contraction than the collagen scaffold.
The micro-computed tomography (μCT) images of calvarial bone display regener-
ating bone in defects covered with hASCs on collagen/RSV scaffolds that are
more visible than that in defects covered with hASCs on a collagen scaffolds.
RSV was more effective at inducing hASC differentiation on the collagen scaf-
fold, suggesting that collagen/RSV scaffolds can provide useful biological cues
that stimulate craniofacial tissue formation.
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1 | INTRODUCTION

Defects in craniofacial tissues resulting from trauma, con-
genital abnormalities, oncological resection, or progressive
deforming diseases present formidable challenges to sur-
geons.2,3 Restoration of these tissues is therefore a subject
of clinical, scientific, and engineering investigations.4 Cra-
niofacial tissues often need repair because of structural defi-
ciencies, but replacing the craniofacial structure is difficult
because of its complex functions, which is based on an intri-
cate three-dimensional (3D) structure consisting of soft and
hard tissues.2 Surgical treatment of periodontal and other
craniofacial defects is, therefore, unpredictable and, in many
cases, does not restore full function to the tissues. Conse-
quently, structure, function, aesthetics, and pain associated
with the process of bone repair and regeneration must be
taken into consideration. This need gives rise to treatment
challenges that are often more complex than those for other
parts of the body.

Hard tissues such as the craniofacial skeleton and teeth
are formed by the extracellular matrix (ECM). The ECM is
composed of collagen and elastic fibres and is regenerated
by specific osteoblast and osteoclast interactions.5 Presently,
massive bone defects can be treated with synthetic or natu-
ral biomaterials that promote the migration, proliferation,
and differentiation of bone cells. However, these cells lack
the osteogenetic and osteoinductive properties of bone auto-
grafts; consequently, researchers have begun turning to tis-
sue engineering in search of alternative solutions.6

The basic premise of tissue engineering is that con-
trolled manipulation of the extracellular microenvironment
can enable control over the cells’ ability to organize, grow,
and differentiate into a functional ECM and become new
working tissue. This is a complex process that requires auto-
crine, paracrine, and endocrine signals; positional cues, cell-
matrix interactions; mechanical forces; and cell-cell contacts
that mediate the formation of 3D tissue. To engineer func-
tional tissues, host and donor cells must be provided with
appropriate spatial and temporal cues, which enable the
growth, differentiation, and synthesis of an ECM with suffi-
cient volume and functional integrity. There have been
many advances in oral and craniofacial tissue engineering in
the last decade arising from combinations of biomaterials,
stem cells, and recombinant growth factors, including

in vitro and in vivo engineering of craniofacial bone,7,8 cra-
nial sutures,1 periodontium,9 oral mucosa,10 tooth-associated
structures,11 and the temporomandibular joint.12 Clinical
studies have successfully used collagen scaffolds to treat
oral cavity disease and have shown good haemostasis,
adherence, and significant epithelialisation at 1 and
3 months for lesion sites covered with collagen scaffolds.

Adipose-derived stem cells (ASCs), which are typically
obtained via lipoaspirate, can be expanded in culture and
differentiated into a variety of cell types. There are numer-
ous strategies for adipose tissue engineering and culture in
which core tissue engineering principles are optimised using
appropriate cells, scaffolds, and microenvironments.13,14

The scientists have shown that human adipose stem cells
(hASCs) seeded on a silk fibroin-chitosan scaffold enhance
wound healing and are capable of differentiating into fibro-
vascular, endothelial, and epithelial components of restored
tissue.15 ASCs are widely used in craniofacial reconstruc-
tion, particularly in engineering adipose and bone tissues.
Moreover, ASCs and osteoinductive proteins have been
hypothesised to augment bone regeneration.16,17 In a Ger-
man study, human-derived ASCs were combined with bone
chips from the iliac crest and then used to regenerate a large
calvarial defect to near complete continuity in a 7-year-old
patient.18 Because human ASCs are multi-potent, available
in large quantities per individual, and transplantable in an
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autologous setting, they can be an ideal cell source for oral-
tissue engineering.

When the mucosa is injured, cell apoptosis and DNA
damage occur. Simultaneously, the damage induces inflam-
matory signal pathways such as those involving tumour
necrosis factor alpha and interleukin 6, which activate
inflammatory cells that clean the affected area. Wound
repair is a complex process involving the orchestrated inter-
action of multiple growth factors, cytokines, chemokines,
and cell types. Inflammatory cells inside the wound area
produce hydrogen peroxide (H2O2), generating reactive
oxygen species (ROS) that induce the expression of growth
factors such as transformation growth factor beta and
platelet-derived growth factor, which synthesise collagen
and blood vessels for wound healing.19 An excess of ROS
or a lack of cell antioxidants (catalases, dismutase, peroxi-
dases, and glutathione) contributes to oxidative stress,
which, in turn, damages mitochondrial DNA, proteins, and
scaffolds and leads to cell death and tissue damage. Further-
more, the ROS generated by both neutrophils and macro-
phages play a central role in conferring resistance to wound
infection.20,21 Blood coagulation, activated complement
pathways, and activated parenchymal cells at the wound site
generate numerous amounts of vasoactive mediators.22

Resveratrol (RSV) is found in various plants, including
grapes, berries, and peanuts. It is also present in wines,
especially in red wines.23 RSV, an antioxidant and pro-oxi-
dant, was first discovered in food in 1940. Through animal
experiments, its anticancer and anti-inflammatory func-
tions, as well as its benefits in decreasing blood sugar and
its positive effects on the cardiovascular system, have
gradually been discovered. RSV can maintain the concen-
tration of intracellular antioxidants. RSV-based treatment is
also associated with a well-defined hyper-proliferative epi-
thelial region, high cell density, enhanced deposition of
connective tissue, and improved histological architecture.
In addition, a reciprocal relationship exists between osteo-
genesis and adipogenesis, that is, the RSV and isonicotina-
mide have recently been shown to enhance osteogenesis,
while the nicotinamide has been found to enhance adipo-
genesis through the activation of SIRT1. Moreover, the
bone-protective effects of RSV agonist on the SIRT1 gene
have highlighted this compound as a candidate for osteo-
porosis therapy.23 Considered together, these studies
describe an RSV mechanism that promotes the osteogene-
sis of hASCs by upregulating RUNX2 gene expression via
the SIRT1/FOXO3A axis.24 The pharmacological enrich-
ment of hASCs for osteoprogenitors could thus potentially
provide a novel treatment for critical bone defects and for
regenerative medicine.25–27 The present study investigated
the effects of RSV in combination with a collagen scaffold
on hASC differentiation through in vitro and in vivo
experiments on engineering tissue for the craniofacial
structure.

2 | MATERIALS AND METHODS

2.1 | Materials

Type I acid-soluble collagen from calfskin (Cat. No. C3511),
resveratrol (MW 228.2; Cat. No. R5010), and Masson’s tri-
chrome staining reagent (Cat. No. HT-1079 + HT-15) were
obtained from Sigma Chemicals Co. (St. Louis, MO). Poly
(ε-caprolactone) (PCL, MW 50 000; CAPA 6500) was
obtained from Solvay Interox, Warrington, UK. The induc-
tion medium was first added and then topped with 5 × 104

cells evenly spread in 6 plates containing osteogenic differ-
entiation cultivation liquid (Dulbecco’s modified Eagle’s
medium, DMEM), 10% foetal bovine serum (FBS), 0.1 μM
dexamethasone, 50 μM ascorbate-2-phosphate, 10 mM
β-glycerophosphate, and 1% antibiotic/anti-mycotic.

2.2 | Preparation of collagen/RSV and collagen
scaffolds

Collagen solution (0.25% wt/vol) was prepared by dissol-
ving type I collagen in 1% acetic acid; aliquots (8 μg/mL)
of RSV were prepared by dissolution in 100% EtOH. The
2 solutions were mixed together to form a collagen/RSV
matrix. Dissolution was facilitated by stirring with a mag-
netic stirrer at room temperature. Aliquots (0.275 mL) of
the collagen/RSV solution were placed in a 7-mL glass vial
and frozen at −20�C for approximately 60 minutes. The fro-
zen samples were placed in a freeze dryer (Kingming,
ROC) at −45�C under a 300 mbar vacuum for 24 hours.
Aliquots (0.5 mL) of 2.5% wt/vol PCL/dichloromethane
solution were then added to the collagen mats to prepare
1:20 wt/vol collagen/RSV biocomposites. The vials were
kept closed for 30 minutes before the lids were removed to
allow overnight solvent evaporation. The procedure for the
preparation of collagen scaffolds is similar to that of colla-
gen/RSV scaffolds (ie, without RSV condition).

2.3 | Control release analysis

The amount of RSV released from the fabrics was obtained
after 150 minutes of immersion in RSV (pH = 7) solutions
and was measured under conditions similar to human body
fluids. Collagen/RSV scaffolds that had absorbed RSV were
immersed in 50 mL of artificial saliva solution (Biotene,
Laclede Inc., CA, USA). The solutions containing the fab-
rics were shaken and maintained at human body tempera-
ture (�37�C) and sampled at 0, 2, 4, 5, 10, 15, 20, 30,
60, 90, 120, and 150 minutes. RSV concentration was mea-
sured by spectrophotometry at its maximum absorbance
wavelength (350 nm) using a calibration curve. The entire
procedure was executed at body temperature to simulate
in vivo conditions, and the solutions were shaken to maxi-
mise the fabric’s absorption of the extract. All assays were
made in triplicate.
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2.4 | Coculture stem cells

2.4.1 | Isolation and purification of human adult oral
adipose stem cells

Adipose tissue was collected by clinical routing surgery as
certified by the Institutional Review Board of Tri-Service
General Hospital, Taipei, Taiwan. Approximately 1 to 3 mL
samples were isolated from adipose tissue and incubated
with transfer buffer (0.1 M phosphate buffered saline, 1%
penicillin/streptomycin, 0.1% glucose) and transferred
immediately to our lab. The tissue was then cut into 1-mm
diameter sections and transferred into 10 mL DMEM con-
taining 0.1% collagenase for 1 day in a 37�C incubator. Tis-
sue sections were then transferred to a DMEM/10% FBS
(GIBCO, Thermo Fisher Scientific, Massachusetts) solution
for 24 hours. Cells were collected by centrifugation at 500g
for 5 minutes. The resulting pellet was suspended in a kera-
tinocyte serum-free medium (K-SFM, Gibco) containing 5%
FBS and antioxidants N-acetyl-cysteine and L-ascorbic acid-
2-phosphate. Fifteen cells were then placed in a 25 cm2

flask and incubated under 5% CO2 at 37�C. After 2 to
4 days of incubation, depending on the cell’s growth rate,
the primary cells were collected after changing the medium.
Under this growth condition, each generation took up to
2 to 3 days to reach confluency.28,29

2.4.2 | Epithelial differentiation

The distinct pieces of collagen/RSV scaffold with a diame-
ter of 13 mm2 were stored in 24-well plates under sterile
conditions, and they were sterilised by ultraviolet
(UV) irradiation for 18 hours before use. Human adult stem
cells (density = 4 × 105 cells/cm2) were cultured using epi-
thelial medium. We have added the keratinocyte induction
medium on to the 6 plates with 5 × 104 cells per well. The
cultivation liquid was replaced every 7 days. After culturing
the biocomposites for 14 days (n ≥ 3 individual experi-
ments), samples were prepared for histological, immunohis-
tochemical, and scanning electron microscopic analyses.
Cell cultures were also monitored by using specific stains
and antibodies against stem cells (Oct-4 and Nestin) and
keratinocytes (CK-14 and Involucrin).

2.4.3 | Osteogenic differentiation

The procedure for the preparation of bone biocomposites is
similar to that of epithelial cell biocomposites. That is, after
collagen/RSV scaffolds were sterilised by UV irradiation
for 18 hours, the human adult stem cells (density of
4 × 105 cells/cm2) were cultured in stem cell to osteocyte-
inducing medium. The bone biocomposites were cultured
using osteogenic differentiation. We have used 6 plates con-
taining evenly added 5 × 104 cells per well and osteogenic
differentiation cultivation liquid. The cultivation liquid was
replaced every 2 days. After 2 weeks, we observed the
plates with Alizarin red and von Kossa stain. We have used
the following to prepare the osteoinduction formula:

DMEM, 10% FBS, 0.1 μM dexamethasone, 50 μM
ascorbate-2-phosphate, 10 mM β-glycerophosphate, 1%
antibiotic/anti-mycotic. We have used a keratinocyte induc-
tion medium of 6-well plates containing evenly added
5 × 104 cells per well. The cultivation liquid is refreshed
every 7 days. The medium was prepared using the keratino-
cyte induction formula: K-SFM, calcium chloride, bovine
pituitary extract, epidermal growth factor, 1% antibiotic/
anti-mycotic.

2.5 | In vivo studies

2.5.1 | Animal model of tough defect surgery

An oral mucosal defect (approximately 5 mm × 3 mm) was
surgically treated in the Sprague-Dawley rats using a scalpel
on the underside surface of the tongue after intra-muscular
anaesthesia. Then, the epithelial cell biocomposites were
attached with biocompatible mucilage. After the surgical
procedure, the rats were sacrificed at 3 days (N = 3),
1 (N = 3) and 2 (N = 3) weeks after surgery.

2.5.2 | Rat in vivo crucial-sized calvarial defect procedure

Eight-week-old male Sprague-Dawley rats were used to test
the effects of collagen/RSV scaffold on hASCs-based bone
regeneration for repairing calvarial defects. Cells and scaf-
fold constructs were implanted under anaesthesia by an
intra-peritoneal injection of chlorahydrate (40 mg/100 g).
The hair over the calvarium was shaved and cleaned with a
depilator. A midline calvarial incision was made, and a 5-
mm hole was drilled through the calvarial bone using a tre-
phine burr. Extreme care was taken to avoid damaging the
dura mater. The rats (2 × 12) with calvarial defects were
randomly allocated to 4 groups (3 rats/group) according to
scaffold type. Rats with critical-sized (5 mm) calvarial
defects were implanted with either collagen scaffolds, colla-
gen/RSV scaffolds, hASCs-cultured collagen scaffolds, or
hASCs-cultured collagen/RSV scaffolds in the defect site.
The wounds were sutured after implantation with nylon 3-0
sutures. All rats survived and had no wound infections
throughout the experiment. The rats were sacrificed at
3 days (N = 3), 1 (N = 3), and 2 (N = 3) weeks after sur-
gery. Calvarial specimens were harvested and then evalu-
ated radiographically and histologically.

2.6 | Histological analysis

2.6.1 | Scanning electron microscopy (SEM)

The samples of biocomposites were fixed with 3.5% glutar-
aldehyde and washed in 0.33 M sucrose buffer at 4�C. After
soaking in 1% osmium tetroxide, the samples were washed
in 0.33 M sucrose buffer, followed by distilled water, and
were then dehydrated in an ethanol/isoamylacetate gradient
at 4�C. After reaching the drying critical point, the samples
were attached to aluminium stubs and sputter coated with
gold prior to examination with the HITACHI S-3000N
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scanning electron microscope with an acceleration voltage
at 10.0 kV.

2.6.2 | Immunohistochemistry

After fixing with 4% paraformaldehyde, the samples were
sliced by cryosection. Each section (20 μM) was treated with
0.2% Triton X-100 for 15 minutes, washed thrice with phos-
phate-buffered saline (PBS), blocked with 10% normal goat
serum, and incubated with a primary antibody for 2 hours at
room temperature. The primary antibodies used were Oct-4
(1:1000 dilution, polyclonal rabbit; ABGENT, San Diego,
CA), Nestin (monoclonal mouse), Involucrin (polyclonal rab-
bit), and Osteocalcin (polyclonal goat) diluted to a ratio of
1:500 (Santa Cruz Biotechnology, CA). After washing thrice
with PBS, the sections were incubated for 1 hour at room
temperature with secondary antibody fluorescein isothiocya-
nate (FITC)-conjugated anti-rabbit, anti-mouse, or anti-goat,
depending on the primary antibody (1:1000 dilution; ANA-
SPEC, Fremont, CA). For visualisation of the nucleus, sec-
tions were incubated for 15 minutes with a 1:5000 dilution
of Hoescht 33342 in PBS (Invitrogen, Thermo Fisher Scien-
tific, Massachusetts). Fluorescent images were obtained with
an epifluorescent microscope equipped with a SPOT-RT dig-
ital camera (Diagnostic Instruments, Detroit, MI).

2.6.3 | Flow cytometry

hASCs were added PBS for 5-minute shaking after they
were collected from membranes by 0.25% trypsine-EDTA
and FBS. hASCs were fixed with alcohol acetic acid solu-
tion (95% alcohol + 5% acetic acid) for 5 minutes. Then,
hASCs were rinsed with PBS and punched with 0.05%
NP-40 (diluted with PBS) for 10 minutes. After being
rinsed with PBS, hASCs were blocked with 2% FBS for
10 minutes. After that, hASCs were added the primary
antibody (except negative control) and kept in the fridge
(40�C) overnight. The primary antibodies used in the
experiment are Oct-4 and Osteocalcin. Then, the hASCs
were rinsed with PBS and added the fluorescence anti-
body for 2 hours. The fluorescence antibodies that
were used in this experiment are anti-rabbit-FITC and
anti-goat-Rhodamine. After being rinsed with PBS,
hASCs were fixed with 1% paraformaldehyde and ana-
lysed by flow cytometry machine (BD FACSCalibur, BD
Biosciences, New Jersey).

2.6.4 | Alizarin red staining

The cultivation liquid was first removed and the sample was
washed with PBS. Next, the sample was fixed for
30 minutes with 4% paraformaldehyde and washed again
with PBS. The sample was stained with Alizarin red S solu-
tion until it turned reddish orange between 30 seconds and
5 minutes. Deionised water was then used to wash it several
times to remove the staining liquid, and the sample was
placed under microscope for observation.

2.6.5 | von Kossa staining

The cultivation liquid was removed and the sample was
washed once with PBS. Afterwards, the sample was fixed
for 30 minutes with 4% paraformaldehyde and washed
again with PBS. Sections were incubated with 1% silver
nitrate solution in a clear glass coplin jar and placed under
ultraviolet light for 20 minutes (or in front of a 60-100 W
light bulb for 1 hour or longer). The sections were then
rinsed several times with distilled water, and non-reacted
silver was removed with 5% sodium thiosulphate for
5 minutes. Finally, deionised water was used to wash it sev-
eral times to remove the staining liquid, and the samples
were placed under microscope for observation.

2.6.6 | Masson’s trichrome staining

The paraffin-embedded blocks were cut into 5-μm-thick
sections and stained using a Masson’s trichrome stain kit
(Sigma Aldrich, Laborchemikalien GmbH, Hanover, Ger-
many) according to the manufacturer’s instructions (collage-
nous materials stained blue, whereas nuclei, fibres,
erythrocytes, and elastins were stained red/pink).

2.6.7 | In vivo micro-computed tomography (μCT)
At 3 months post-implantation, calvarial specimens were
harvested and radiographically imaged using in vivo μCT
(SkyScan 1172; Bruker Micro-CT, Kontich, Belgium) and
scanned at 65 kV/385 mA source voltage/current, with a 1-
mm aluminium filter. The pixel size (resolution), rotation
step, and exposure time were 35 μm, 0.6� over 360�, and
400 ms, respectively. The μCT analysis was performed with
a software programme (CTAN, SkyScan; Bruker Micro-
CT). Appropriate magnification was used throughout the
observation, and the micrograph results were compared
among groups; 3D images of the defect area were con-
structed using a CTVol Software Version 2.6, allowing for
imaging rendering and visualisation.

2.7 | Ethical consideration

Rats were purchased from the Animal Laboratory Center
for National Defense Medical Center, Taipei, Taiwan, and
the in vivo experiments were performed with the approval
of the National Defense Medical Center of Animal Care and
Use Committee.

3 | RESULTS

3.1 | Stem cell morphology and distribution in
scaffolds

Figure 1 displays SEM images of collagen scaffolds and
collagen/RSV scaffolds. Upon isolation and purification of
the hASCs, the stem cells were seeded on both scaffolds.
After a 14-day incubation period, SEM analysis revealed
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that the seeded cells grew on and adhered well to the
scaffolds, covering their pores. This result implies that
both scaffolds are biocompatible for ex vivo stem cell
attachment. By comparing the SEM images of a collagen

scaffold (Figure 1A,E,I), hASCs on a collagen scaffold
(Figure 1C,G,K), a collagen/RSV scaffold (Figure 1B,F,J),
and hASCs on a collagen/RSV scaffold (Figure 1D,H,L),
we observed that the surface of the collagen/RSV scaffold

FIGURE 1 Scanning electron micrographs of
a collagen scaffold (A, E, I), human adipose
stem cells (hASCs) seeded on a collagen
scaffolds (C, G, K), a collagen/RSV scaffolds
(B, F, J), and hASCs seeded on a collagen/
RSV scaffolds (D, H, L). Red arrows indicate
cells. The surface of the collagen/RSV
scaffolds is rougher and more creased than that
of the collagen scaffolds. Both scaffolds
exhibit excellent cell compatibility. Scale
bar = 100 μm (A–D); 20 μm (E–H); 5 μm
(I–L)
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is rougher and more creased than that of the collagen
scaffold. Both scaffolds exhibit high compatibility with
hASCs.

3.2 | RSV release test

Collagen scaffolds containing RSV were prepared and sub-
jected to controlled release analysis using a collagen scaf-
fold as the control. The scaffolds were immersed in a 50-
mL solution of artificial saliva for 150 minutes and sampled
at 30-minute intervals. The RSV concentration in the sam-
ples was measured by spectrophotometry at 350 nm using a
calibration curve. Figure 2 shows that the collagen/RSV
scaffold released over twice as much RSV as the blank col-
lagen scaffold did.

3.3 | Cell phenotype assessment

Immunocytochemical staining revealed the expression of
Oct-4, Nestin, CK-14, and Osteocalcin. For nucleus visuali-
sation, sections were incubated with Hoescht 33342 in
phosphate-buffered saline. Fourteen days after differentia-
tion, some cells exhibited epithelial cell and osteocyte mor-
phological characteristics. Immunostains of hASCs cultured
on collagen/RSV scaffolds exhibited a greater degree of cell
differentiation than on collagen scaffolds in both media.
Immunocytochemical staining showed that these cells
expressed the epithelial marker CK-14 (Figure 3E,F) and
the bone formation marker Osteocalcin (Figure 3G,H). We
also observed retention of the stem cell markers Oct-4
(Figure 3A,B) and Nestin (Figure 3C,D) after biocomposite
formation.

3.4 | Flow cytometry analysis

hASCs grown in collagen scaffold (Figure 4A,C) and colla-
gen scaffold/RSV (Figure 4E,G) with stem cell medium
culture and immunofluorescent staining with Osteocalcian.
The dot plots on hASCs for the double staining of Oct-4
and Osteocalcian. The fluorescence intensity of each FITC-
labelled Oct-4 is non-represented on the X-axis, and the per-
centages represent the bone differentiation of hASCs in each
scaffolds (Figure 4B,D,F,H).

3.5 | Osteogenic differentiation

We carried out a histological analysis using Alizarin red
and von Kossa staining to visualise the mineralisation of
hASC osteogenic differentiation in the collagen scaffolds
and collagen/RSV scaffolds. When cultured in osteogenic-
inducing medium, calcium deposits were found on both col-
lagen scaffolds and collagen/RSV scaffolds, as shown in
Figure 5A,B. The results showed statistical significance at
P < .001 for comparison of collagen scaffolds and colla-
gen/RSV scaffolds vs 24-well plates.

3.6 | Healing of oral mucosal lesions

After confirmation of induction, we applied the collagen
scaffolds and collagen/RSV scaffolds in a rat model of ton-
gue defects. Figure 6A-C depicts the steps for epithelium
flap removal. We observed and recorded wound healing
daily. For both the collagen scaffold (Figure 6D-F) and col-
lagen/RSV scaffold (Figure 6G-I) graft, an epithelium-like
layer covered the wound. After 14 days, the wound became
smooth and almost completely healed.

FIGURE 2 Controlled release analysis results
for RSV from collagen scaffolds in artificial
tissue fluid as artificial saliva. The RSV-
containing collagen scaffolds released over
twice as much RSV as did the RSV drip in the
collagen scaffolds after 60 minutes. (Sample
number: 3 wells; number of analysed
images: 5)
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FIGURE 3 Representative scanning electron
microscopy micrographs of (A) collagen
scaffold + hASCs and (B) collagen/
RSV + hASCs. Differentiation potential of
hASCs via scaffold induced for 14 days. All
blue depicts cell nuclei stain (Hoechst 33342);
green and red depicts expression of linage
specific marker. (C, D) Neurogenesis (Nestin),
(E, F) epithelial differentiation (Involucrin),
(G, H) chondrogenesis (SOX9), (I, J)
osteogenesis (Oseocalcian). Red arrow
indicated hASCs existent)

FIGURE 4 The osteogenetic characteristics of hASCs grown in collagen scaffold and collagen/RSV for 1 and 2 weeks. (A, C, E, G) Immunofluorescent
staining of Osteocalcian was visualised with the HiLyte Fluor 594-labelled secondary antibody, which is shown in red. Nuclei that were counterstained with
Hoechst 33 342 are shown in blue. (B, D, F, H) The flow cytometric analysis of embryonic stem cell-associated protein expression and osteigenesis marker.
Representative dot plots for the double staining of Oct-4 and Osteocalcian. The fluorescence intensity of each FITC-labelled Oct-4 is not represented on the
X-axis; the percentages represent the bone differentiation of hASCs in each scaffolds
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In the histological analysis of tongue defect healing, we
observed wound healing by Masson’s trichrome staining and
compared the immunofluorescence staining 14 days after
surgery. Figure 7A-C displays the lesion control group, as
well as the collagen scaffolds and collagen/RSV scaffolds.

The red arrows in Figure 7 pinpoint the lesion site. The col-
lagen deposit is clearly visible in the collagen and collagen/
RSV scaffold groups. For the collagen/RSV group, the
wound displays reepithelialisation and multi-layers denser
than those seen in the other 2 groups. Immunofluorescence

FIGURE 5 Mineralisation evaluation of
hASCs grown in collagen scaffold and collagen
scaffold/RSV for 1 and 2 weeks. Measurement
of nodule area (μm2) represents mineralization
deposition in each scaffold. (A) Calcium
deposition of hASCs cultured in each scaffold
in Alizarin red staining. (B) Phosphate
deposition with von Kossa staining

FIGURE 6 Tongue mucosal wound healing.
The debridement procedure of collagen
scaffold and collagen/RSV scaffold covering
the rat tongue (A-C). Both the collagen
scaffold (D-F) and collagen/RSV scaffold (G-
I) showed good coverage of the underside of
the tongue defect (D, G) 3 days, (E, H) 7 days,
(F, I) 14 days after surgery. (Sample number:
5 of each group)
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staining confirmed the presence of both keratinocyte markers
CK-14 (Figure 7D) and Involucrin (Figure 7E) that were
expressed on the regrowth area of the defect margins.

3.7 | Reconstruction of rat calvarial defects

Sprague-Dawley rats that had undergone calvarial defect
surgery were sacrificed at 3 months and were evaluated
radiographically. Calvarial defects in the rat models reveal
that osteoinduced hASCs on collagen/RSV scaffolds pro-
vide the most effective means of regenerating bone. The
μCT images show bone regeneration after 3 months for
hASCs and osteoinduced hASCs on collagen and collagen/
RSV scaffolds. One group was used to compare collagen
and collagen/RSV scaffolds. For the other groups, the left
hole without a scaffold was used as a control. The rendered
and visualised μCT images indicate that the collagen/RSV
scaffold is more effective at bone regeneration than that of
the collagen scaffold (Figure 8A). Further comparison of
the results showed improved bone mineralisation in the case
of the seeded stem cells (Figure 8B,C) and osteoinduced
stem cells (Figure 8D) on the collagen/RSV scaffold.
Among the 3 cases (Figure 8B-D), the hASCs on a colla-
gen/RSV scaffold displayed the best results (Figure 8C).
Furthermore, it is also noted that the collagen scaffold case
showed more bone fill than that of the empty site, which
indicated its comparatively better performance over the non-
treatment case.

4 | DISCUSSION

RSV stimulates osteoblastogenesis and inhibits osteoclast
activation in vitro. A previous work25 reported that RSV
stimulates mRNA expression of Osteocalcin and Osteopon-
tin in immortalised osteoblast-like hMSC-TERT cells in a

dose-dependent manner. Mizutani et al26 demonstrated that
RSV enhances the proliferation and differentiation of
mouse osteoblastic MC3T3 cells. We prepared a novel bio-
composite that combines RSV and collagen by using a
freeze-dry protocol for the first time. The results in our
in vitro study demonstrate that the collagen/RSV scaffold
is an effective biomaterial for oral and cranial tissue recon-
struction. Both collagen and collagen/RSV scaffolds
showed high compatibility with hASCs, but the latter scaf-
fold was twice as effective as the former in releasing RSV.
Figure 1 shows that hASCs strongly adhered to and prolif-
erated on both scaffolds. Furthermore, there was increased
cell adhesion, as well as restricted cell growth and spread,
on the scaffold surfaces used for tissue engineering. This
result suggests that the collagen/RSV scaffold is more
effective at wound healing than the collagen scaffold
because it is biocompatible and releases a higher concentra-
tion of RSV, which, in turn, aids in wound contraction and
closure.

Immunohistochemical analysis showed greater cell dif-
ferentiation on collagen/RSV scaffolds than on collagen
scaffolds under both stem cell- and osteogenesis-inducing
media. The increased cell differentiation on collagen/RSV
scaffolds may be attributed to the higher concentration of
released RSV compared with that on collagen scaffolds in
the same period, which promote the osteogenesis of hASCs.
Both scaffolds displayed positive expression of calcium
deposits, implying that the hASCs cultured on both scaf-
folds had differentiated in the osteogenesis-inducing
medium (Figure 5A). Hence, both scaffolds could poten-
tially be used in the treatment of critical bone defects. How-
ever, as the immunohistochemical analysis showed greater
cell differentiation on collagen/RSV scaffolds than on colla-
gen scaffolds, the collagen/RSV scaffold is probably more
effective for this purpose. Notably, hASCs were seeded in
stem cell medium only for 1 week, and they were 0.24%

FIGURE 7 Histological observation of a
tongue defect in a rat model. Wound edges
with Masson’s trichrome stain for the lesion
control group (A), collagen scaffold covered
group (B), and collagen/RSV scaffold covered
group (C) 14 days after surgery.
Immunohistochemical stains of CK-14 (D) and
Involucrin (E) at the wound edge of the
collagen/RSV scaffold covered group 14 days
after surgery. Red arrows indicate the defect
margins. Scale bar = 50 μm (A–C) and
100 μm (D, E)
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positive with Osteocalcin marker on collagen scaffolds and
0.60% on collagen/RSV scaffold because RSV supported
osteogenic differentiation of hASCs (Figure 4). There are a
few hASCs that demonstrated the presence of Oct-4 marker
when they were seeded on collagen scaffolds and collagen/
RSV scaffold under stem cell medium culture. However,
the percentage of hASCs displayed positively with Osteo-
calcin on collagen scaffolds and collagen/RSV scaffold
increased from 0.24% to 0.68% and from 0.60% to 2.23%
under the stem cell medium culture, respectively. Thus, the
collagen/RSV scaffold enables a more effective application
of RSV-based treatments because it allows the 2-fold
release of RSV, which amplifies osteogenesis, even though
both scaffolds display good biocompatibility with hASCs
and promote osteogenesis.

In vivo experiments on oral mucosal lesion demon-
strated that the collagen/RSV scaffold is more effective in
wound closure and contraction than the collagen scaffold
(Figures 6 and 7). We chose a 14-day experiment to com-
pare the histology using Masson’s trichrome staining

(a method for visualising collagen and proteoglycans),
which we confirmed by in vivo immunofluorescence. Colla-
gen deposits were abundant in the collagen and collagen/
RSV scaffold groups. The wound that had been treated
using the collagen/RSV scaffold exhibited denser, epithelia-
lisation and multi-layers compared with those of the other
2 groups. Immunofluorescence images confirm the expres-
sion of keratinocyte markers, Involucrin, and CK-14 on the
regrowth area of the defect margins in the collagen/RSV
group.

The μCT images show regenerating bone in defects
covered with hASCs on a collagen/RSV scaffolds that are
more visible than that in defects covered with hASCs on
collagen scaffolds (Figure 8). This supports our previous
finding that the collagen/RSV scaffold is more effective at
regenerating bone than the collagen scaffolds. We therefore
conclude that the collagen/RSV scaffold seeded with osteo-
genically differentiated hASCs would be more effective in
the treatment because hASCs induce osteoblasts before
implantation. This effect, with the aid of RSV, would

FIGURE 8 In vivo μCT images of a rat
model for calvarial defects scanned at
3 months: defects treated with (A) a collagen
scaffold (left) and a collagen/RSV scaffold
(right). (B) An empty defect (left) and hASCs
on a collagen scaffold (right); (C) an empty
defect (left) and an hASCs on a collagen/RSV
scaffold (right); and (D) empty defect (left)
and osteoinduced hASCs on a collagen
scaffold (right)
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result in a higher percentage of osteogenesis. RSV reduces
levels of pro-inflammatory cytokines, thus inhibiting PAP
and P2-receptor signalling through MAPK, cJun, and JNK.
It promotes an anti-inflammatory response27,30 by inhibit-
ing PG synthesis through the inhibitory effect of
cyclooxygenase-1 with RSV.31 We thus believe that colla-
gen/RSV scaffolds facilitate epithelium repair, while RSV
inhibits proliferation and increases differentiation of osteo-
blasts from stem cells. Therefore, the strong anti-
inflammatory effects of RSV offer a potential treatment for
craniofacial degenerative diseases.

5 | CONCLUSIONS

Using collagen/RSV biocomposite scaffolds in stem cell dif-
ferentiation, we demonstrate for the first time that RSV is
highly biocompatible and yields high differentiation rates of
stem cells and osteogenesis in epithelium-inducing media
in vitro. hASCs cultured in vitro on the collagen/RSV scaf-
fold exhibited calcium deposits, which is further evidence
of RSV’s ability to promote osteogenesis. The in vivo
results also indicate the high biocompatibility of collagen/
RSV scaffolds and their great effectiveness in promoting
epidermal wound healing. In addition, RSV-induced osteo-
genesis of hASCs and osteoinduced hASCs seeded on the
collagen scaffolds led to near-complete bone regeneration
and coverage of calvarial defects. Results of this experiment
therefore suggest that RSV-containing collagen biomaterials
are more effective than collagen scaffolds at enhancing the
epithelial and osteogenic differentiation of hASCs. This
study developed a feasible procedure for future clinical
applications using collagen/RSV scaffolds for tissue engi-
neering for craniofacial defect reconstruction.
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