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Osteogenically differentiated cell sheet techniques using mesenchymal stem cells (MSCs) are available to 
stimulate bone regeneration. The advantage of the cell sheet technique is delivering live cells effectively 
into the focal region. We developed a novel osteogenic cell sheet technique by adding gelatin to osteogenic 
cell medium. Gelatin-induced osteogenic cell sheets (GCSs) were compared to conventional osteogenic cell 
sheets (OCSs). Undifferentiated MSCs (UCs) were used as a control. The morphology of these cell sheets 
was evaluated microscopically and histologically. The time-dependent cell proliferation rate was estimated 
by DNA quantification. The expression of osteogenic gene markers and the number of calcium depositions 
were assessed by quantitative real-time polymerase chain reaction and Alizarin red S (ARS) staining, respec-
tively. GCSs were thicker and stronger than OCSs. GCSs showed a significantly higher cell proliferation rate 
compared to OCSs (p < 0.05). GCSs exhibited significantly higher upregulation of BMP-7 mRNA compared 
to OCSs (p < 0.05). Both GCSs and OCSs showed negative ARS reactivity on day 10, but only GCSs showed 
positive ARS reactivity on day 21. With this technique, we observed active cell proliferation with abundant 
ECM and upregulation of osteogenic bone markers, and our results suggest that GCSs could be promising for 
therapeutic applications in bone regeneration.
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INTRODUCTION

Cell sheet techniques have been recently developed to 
maximize transplanted cell survival and retention rates 
in vivo. The most useful advantage of cell sheet tech-
nique is delivering live cells effectively into the focal 
region. These techniques have been applied to several 
organs such as periodontal tissue, cornea, esophagus, 
and heart1–3. Additionally, osteogenically differentiated 
cell sheets have been applied in various ways to improve 
osteogenesis and bone healing: this includes direct trans-
plantation into segmental bone defects and subcutaneous 
implantation in vivo4–8.

L-Ascorbic acid 2-phosphate (Asc), a stable oxidation-
resistant derivative of ascorbic acid, has been used as 
a supplement for producing cell sheets via stimulating 
extracellular matrix (ECM) production9,10, which can eas-
ily be detached from cell culture dishes with a cell scraper. 
Making osteogenically differentiated cell sheets using 
Asc and dexamethasone (Dex) has several disadvantages 
such as edge folding of the cell sheet during culture6, 

which implies poor-quality cell sheets. In addition, this 
cell matrix sheet requires at least 10 days to form the 
appropriate amount of matrix for in vivo applications11.

Gelatin, a denatured collagen derived from skin tissue, 
has been used in many tissue-engineering applications 
because of its attractive characteristics of biocompatibil-
ity and biodegradability. Gelatin contains the arginine–
glycine–aspartic acid (RGD) sequence, which is essential 
for stable relationships between the cells and the sur-
rounding ECM12. The RGD sequence also enhances cell 
adhesion through interactions with integrin13,14. Therefore, 
gelatin, in the form of Gelfoam™, has recently been used 
as a scaffold material for the regeneration of tissues such 
as cartilage15,16. Pure gelatin dissolved in normal saline 
remains in a liquid form at 37°C. We assumed that lique-
fied gelatin in cell growth medium might positively affect 
cell proliferation and matrix formation.

We hypothesized that the addition of gelatin to cell 
growth medium could promote the formation of osteo-
genic differentiating cell matrix sheets by stimulating cell 
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proliferation and enhancing differentiation. The purpose 
of this study was to evaluate the functional properties of 
gelatin-induced osteogenic cell sheets (GCSs) and com-
pare these to those of conventional osteogenic cell sheets 
(OCSs).

MATERIALS AND METHODS

Isolation and Cultivation of Canine Adipose-Derived 
Mesenchymal Stem Cells (ADSCs)

Canine ADSCs were isolated according to a procedure 
described in a previous report17. Briefly, adipose tissue  
was collected aseptically from subcutaneous fat of the  
gluteal region of 3-year-old beagle dogs. All animal  
experimental procedures were approved by the Insti-
tutional Animal Care and Use Committee (IACUC) of 
Seoul National University (SNU-141210-1) (Seoul, 
Republic of Korea). Approximately 1 g of adipose tissue 
was washed with Dulbecco’s phosphate-buffered saline 
(DPBS; Gibco, Grand Island, NY, USA), finely minced, 
and digested with 1 mg/ml collagenase type I (Sigma-
Aldrich, St. Louis, MO, USA) for 2 h at 37°C. The sam-
ples were washed with DPBS and then centrifuged at 
980 ́  g for 10 min. The stromal vascular fraction pellets 
were then resuspended with DPBS and filtered through 
a 100-µm nylon mesh. The samples were incubated 
overnight in low-glucose Dulbecco’s modified Eagle’s 
medium (DMEM; HyClone, Logan, UT, USA) supple-
mented with 10% fetal bovine serum (FBS; HyClone) in 
a 5% CO

2
 humidified atmosphere at 37°C. The residual 

red blood cells and unattached cells were removed by 
washing with DPBS after 24 h. After achieving conflu-
ency, the cells were subcultured to 90% confluency at 
48-h intervals with medium changes. Cells at passage 3 
were used for experiments.

Cell Seeding and Harvesting

Mesenchymal stem cells (MSCs; 5 ́  105 cells) were 
cultured in a 100-mm culture dish in basal medium 
consisting of low-glucose DMEM supplemented with 
10% FBS and 1% penicillin/streptomycin (HyClone) 
in a 5% CO

2
 humidified atmosphere. After the cells 

reached 70%–80% of confluency, the basal medium was 
replaced with a different medium according to the experi-
mental conditions. The undifferentiated MSCs (UCs) 
were cultured to 100% of confluency in basal medium. 
The conventional OCSs were cultured in high-glucose 
DMEM containing 10% FBS, antibiotics, 50 µg/ml Asc 
(Sigma-Aldrich), and 0.1 µM Dex (Sigma-Aldrich). 
GCSs were cultured in high-glucose DMEM containing 
10% FBS, antibiotics, 15 µg/ml Asc, 0.1 µM Dex, 10 mM 
 b-glycerophosphate (Sigma-Aldrich), and 0.02 g/ml gel-
atin powder (Sigma-Aldrich). Both types of cell sheets 
were harvested at 1, 3, 5, 7, and 10 days of culture.

Morphological Examination and Histology

Morphological changes during cell culture were mon-
itored and imaged using a phase-contrast microscope 
(Evos; Thermo Fisher Scientific, Waltham, MA, USA). 
OCSs and GCSs could be easily detached from culture 
plates. The sheets were fixed in 4% paraformaldehyde 
(PFA; Wako, Tokyo, Japan) for paraffin-embedded his-
tological analysis. Sections were cut perpendicular to the 
cell sheet to a thickness of 5 µm, rehydrated, and stained 
with hematoxylin and eosin (H&E; Sigma-Aldrich).

Cell Proliferation Assay and Growth Curve

Considering the characteristics of MSC sheets, DNA 
quantification was selected to assess the cell proliferation 
rate. Canine MSCs were cultured in six-well plates in the 
OCS and GCS media. Total double-stranded DNA was 
isolated using the DNeasy Blood & Tissue Kit (Qiagen, 
Hilden, Germany) using the manufacturer’s protocol. 
On days 0, 3, 5, 7, and 10, DNA content was measured 
using a nanophotometer (model 1443; Implen, Munich, 
Germany). Total DNA concentrations were proportional 
to total cell counts.

RNA Isolation and Real-Time Quantitative PCR

Total RNA was extracted using a Hybrid-R RNA 
Extraction Kit (GeneAll Biotechnology, Seoul, Republic 
of Korea). A single pool of complementary DNA was 
synthesized using a PrimeScript II First-Strand cDNA 
Synthesis Kit (Takara, Otsu, Japan) from 1,000 ng of total 
RNA as a template. Real-time polymerase chain reac-
tion (RT-PCR) was performed using an ABI prism 7000 
Sequence Detection System (Applied Biosystems, Foster, 
CA, USA). Ampigene quantitative (q) PCR Green Mix 
(Enzo Life Science, Farmingdale, NY, USA) was used 
to detect gene expression. The mRNA expression levels 
of each gene were normalized to those of glyceralde-
hyde 3-phosphate dehydrogenase (GAPDH) as a reference 
gene. Expression levels were determined with the DDCt 
method18. The primer sequences of target genes are shown 
in Table 1 and included transforming growth factor-b 
(TGF-b), runt-related transcription factor 2 (Runx2), axis 
inhibition protein (Axin2), b-catenin, bone morphogenetic 
protein 7 (BMP-7), alkaline phosphatase (ALP), osteopon-
tin (OPN), and osteocalcin (OCN). All PCR results from 
GCSs and OCSs were compared to those of UCs.

Alizarin Red S Staining

Samples cultured in six-well plates were washed with 
DPBS and fixed in 4% PFA for 10 min at room tempera-
ture (RT). Subsequently, those samples were washed with 
distilled water, and 2% Alizarin red S (ARS; pH 4.2) was 
applied to each well. The plates were then incubated for 
20 min with mild shaking. After aspirating the dye, the 
wells were washed with distilled water19.
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Statistical Analysis

All measurements were analyzed by SPSS version 23.0 
(IBM, Armonk, NY, USA). The Kruskal–Wallis test was 
used to analyze the differences between groups, and the 
Mann–Whitney U-test was used to confirm these differ-
ences. Statistically significant values were defined as 
p < 0.05. Data are presented as the mean ± standard devia-
tion (SD).

RESULTS

Morphological Changes in OCSs/GCSs

Using phase-contrast microscopy, UCs were shown to 
exhibit spindle-shaped morphology with clearly defined 
cell margins. After spindle-shaped UCs reached 70% 
confluency (Fig. 1A and D), the basal medium was 
changed to different media (OCSs or GCSs) according to 
the experimental schedule. Subsequently, spindle-shaped 
cells progressively changed to thick and cuboidal mor-
phologies in each experimental media.

MSCs of GCSs and OCSs were attached to each other, 
and it was difficult to distinguish cell boundaries. The 
majority of cells in GCSs showed cuboidal cell shapes 
(Fig. 1B and E), and cells in OCSs showed a mixture of 
cuboidal and spindle shapes (Fig. 1C and F). After devel-
oping these cell sheet structures, OCSs and GCSs main-
tained their matrix form during the experimental period.

Histology of Cell Sheets

Cell sheets were easily peeled off from the culture 
plates using cell scrapers at day 10 of culture and were 
subjected to histological examination of their cross sec-
tions. H&E staining of GCSs showed three to four layers of 
MSCs with abundant ECM formation between the cells 
(Fig. 2A). Meanwhile, H&E staining of OCSs showed 
one to two layers of MSCs, which were thinner than those 
of GCSs (Fig. 2B).

Enhanced Proliferation in Gelatin Cell Sheets

The total number of cells on cell sheets was calculated 
proportionally from the total amount of DNA extracted 
from the cell sheets. DNA quantification revealed sig-
nificantly higher cell proliferation in GCSs compared to 
OCSs, even though the number of cells seeded in each 
well was the same on day 0. The cell numbers were sig-
nificantly increased during the first 3 days in both GCSs 
and OCSs compared to those on day 0 (p < 0.05) (Fig. 3). 
The cell number for GCSs continued to increase steeply 
even after day 3, whereas that for OCSs remained 
constant after day 3. The cell numbers for GCSs were 
significantly higher than those of OCSs on each day 
(p < 0.05) (Fig. 3).

The Expression of Osteogenic Markers in Cell Sheets

There was no noticeable difference in TGF-b mRNA 
expression between GCSs and the UCs, but upregulation 
of TGF-b expression was identified in OCSs after 7 days 
of culture (p < 0.05) (Fig. 4A). Similarly, Runx2 mRNA 
expression in GCSs was not statistically different, but 
progressive upregulation of Runx2 was shown in OCSs 
from 3 days of culture, when compared to that of the UCs 
(p < 0.05) (Fig. 4B). Significantly increased expression of 
Axin2 mRNA was observed from day 3 of culture in both 
GCSs and OCSs (p < 0.05) (Fig. 4C); however, Axin2 
levels were markedly higher in GCSs compared to OCSs 
on each day (p < 0.05). For both GCSs and OCSs, similar 
trends of b-catenin mRNA upregulation were observed 
from day 3, when compared to that of UCs (p < 0.05) 
(Fig. 4D). b-Catenin expression in GCSs peaked at day 5, 
whereas that in OCSs peaked at day 7. Upregulation of 
ALP mRNA expression in GCSs and OCSs was observed 
from 3 days of culture (p < 0.05) (Fig. 4E). BMP-7 mRNA 
expression in GCSs and OCSs was upregulated from 
day 1 of culture compared to that of UCs and consistently 
increased thereafter. The expression of BMP-7 in GCSs 

Table 1. Primers for Quantitative Real-Time Polymerase Chain Reaction

Gene

Primer Sequence (5¢-3¢)

Forward Reverse

TGF-b CTCAGTGCCCACTGTTCCTG TCCGTGGAGCTGAAGCAGTA
Runx2 TGTCATGGCGGGTAACGAT TCCGGCCCACAAATCTCA
Axin2 ACGGATTCAGGCAGATGAAC CTCAGTCTGTGCCTGGTCAA
b-Catenin TACTGAGCCTGCCATCTGTG ACGCAGAGGTGCATGATTTG
BMP-7 TCGTGGAGCATGACAAAGAG GCTCCCGAATGTAGTCCTTG
ALP TCCGAGATGGTGGAAATAGC GGGCCAGACCAAAGATAGAG
OPN GATGATGGAGACGATGTGGATA TGGAATGTCAGTGGGAAAATC
OCN CTGGTCCAGCAGATGCAAAG GGTCAGCCAGCTCGTCACAGTT
GAPDH CATTGCCCTCAATGACCACT TCCTTGGAGGCCATGTAGAC

TGF-b, transforming growth factor-b; Runx2, runt-related transcription factor 2; Axin2, axis inhibition 
protein 2; BMP-7, bone morphogenetic protein-7; ALP, alkaline phosphatase; OPN, osteopontin; OCN, 
osteocalcin; GAPDH, glyceraldehyde-3-phosphate dehydrogenase.
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Figure 1. Morphology of canine adipose-derived mesenchymal stem cells (ADSCs) in different mediums. A phase-contrast micro-
scope was used. Magnification: 40× (A–C), 100× (D–F). Scale bars: 200 µm. (A, D) Undifferentiated MSCs (UCs) cultured in 
basal medium. (B, E) Gelatin-induced osteogenic cell sheets (GCSs) cultured in basal medium containing 15 µg/ml L-ascorbic acid  
2-phosphate (Asc) and 0.1 µM dexamethasone (Dex) and 0.02 g/ml gelatin powder at day 10. (C, F) Conventional osteogenic cell 
sheets (OCSs) cultured in basal medium containing 50 µg/ml Asc and 0.1 µM Dex at day 10.

Figure 2. Hematoxylin and eosin (H&E) staining of the cross sections of gelatin-induced osteogenic cell sheets (GCSs) and conven-
tional osteogenic cell sheets (OCSs). Scale bars: 200 µm. (A) GCS on day 10 of culture showed three to four layers of mesenchymal 
stem cells (MSCs) with abundant extracellular matrix (ECM). (B) OCS on day 10 of culture showed one to two layers of MSCs.
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showed a steep increase at day 5, and levels from day 3 
were significantly higher than those of OCSs (p < 0.05) 
(Fig. 4F). OCN expression increased from day 3 in both 
GCSs and OCSs (p < 0.05) (Fig. 4G). Expression of 
OPN mRNA was upregulated from day 3 in GCSs and 
from day 5 in OCSs, compared to that of UCs (p < 0.05) 
(Fig. 4H).

Alizarin Red S (ARS) Staining

No ARS staining was detected after 10 days of culture 
for either OCSs or GCSs. ARS reactivity was observed at 
21 days of culture for GCSs only (Fig. 5).

DISCUSSION

A high concentration of Asc in the culture medium 
helps cells to form cell sheets through abundant ECM 
formation6,20,21. Previously, we studied the therapeutic 
application of conventional OCSs containing 50 µg/ml of 
Asc11. However, these OCSs had some drawbacks during 
culture periods, such as edge folding6 and cell aggregation 
within the cell sheets. In addition, this strategy required at 
least 10 days for the formation of appropriate cell sheets 
for in vivo applications11.

In the present study, GCS medium contained 15 µg/ml of 
Asc, which was insufficient for building cell matrix sheets. 
However, even with a lower concentration of Asc, GCSs 
showed a strong cell sheet quality. Upon histological eval-
uation, GCSs not only had more cell layers and a greater 

amount of ECM than OCSs but also showed a higher cell 
proliferation rate. Furthermore, the required amount of 
time for sheet development was shorter for GCSs. Cells in 
GCSs started to form a matrix sheet from day 3 of culture, 
but OCS cells formed a matrix sheet from day 5.

The duration of sheet formation and the thickness of 
the sheet depend on the number of cells and amount of 
ECM produced by cells. Activated Wnt signaling is asso-
ciated with increased cell proliferation and the stimula-
tion of osteogenic differentiation22. The Wnt pathway 
enhances MSC proliferation with minimal effects on 
the prevention of apoptosis23. b-Catenin and Axin2 are 
essential components of the canonical Wnt pathway. 
Axin2 negatively regulates canonical Wnt signaling by 
promoting b-catenin degradation and is part of a multi-
protein complex containing other kinases and scaffolding 
proteins24. In GCSs, a highly upregulated Axin2 mRNA 
expression was shown compared to that of OCSs along 
with an increased b-catenin mRNA expression, which 
implied activated Wnt signaling. In addition, RGD pep-
tides in gelatin stimulate cell adhesion and help prolifera-
tion of connection-dependent cells25. Gelatin added to the 
cell medium might provide MSCs with a sufficient adhe-
sive area for cell proliferation. Significantly higher cell 
proliferation in GCSs seemed to be related to activated 
Wnt signaling and the RGD peptide sequence of gelatin.

Spindle-shaped UCs become cuboidal as they commit 
to the osteoblastic lineage26. On the basis of microscopic 

Figure 3. Cell proliferation rates on gelatin-induced osteogenic cell sheets (GCSs) and conventional osteogenic cell sheets (OCSs). 
The cell number for GCSs increased steeply even after day 3, whereas that for OCSs remained constant after day 3. Each point rep-
resents the mean ± standard deviation (SD). * and # a statistically significant difference compared to the cell number on day 0 and 
between GCSs and OCSs on each day, respectively (p < 0.05).



120 KIM ET AL.



CANINE OSTEOGENIC MESENCHYMAL STEM CELL SHEETS 121

evaluation at 10 days of culture, cuboidal cells were pre-
dominant in GCSs, whereas a mixture of both cuboidal 
and spindle cells was observed in OCSs. The changes in 
BMP-7 and Axin2 mRNA expression in GCSs were sig-
nificantly greater than those of OCSs. Increased BMP-7 
expression can indicate mature osteoblast differentiation 
and can promote calcium deposition27. Especially in rela-
tion to the significant increase in BMP-7, the proportion 
of osteogenically differentiated cells compared to undif-
ferentiated cells might be higher in GCSs than in OCSs.

Osteogenesis consists of three phases including osteo-
genitor proliferation, matrix maturation, and matrix min-
eralization28. During the early stage of bone formation, 
the coordination of Runx2 and BMP/TGF-b signaling is 
important and can induce osteoprogenitor proliferation 
and stimulate uncommitted progenitors to differentiate into 
osteoblasts29,30. The functions of Runx2 include direct-
ing MSCs to an osteoblast lineage and stimulating the 
expression of bone matrix protein genes such as ALP31. 
Osteopontin is another early osteogenic marker32.

In OCSs, Runx2 expression was upregulated from 
day 3, followed by the upregulation of TGF-b from 
day 5. BMP-7 and ALP expression levels were upregu-
lated from days 1 and 3, respectively, and thereafter con-
stantly increased. In GCSs however, the expression levels 

of Runx2 and TGF-b remained relatively low compared 
to those of OCSs, even though ALP and BMP-7 expres-
sion levels progressively increased. This suggested that 
MSCs in GCS and OCS media might have induced dif-
ferent pathways to become osteogenically differentiated 
cell sheets.

The canonical Wnt/b-catenin pathway is another essen-
tial signaling pathway for bone regulatory events such 
as bone formation, remodeling, and osteoblastic dif-
ferentiation33. The relationship between Wnt signaling 
and osteogenic differentiation in MSCs is controver-
sial. Wnt/b-catenin activity has been reported to commit 
mouse MSCs into an osteoblastic lineage34,35. However, 
some studies have observed that the canonical Wnt path-
way has both stimulatory36 and inhibitory37 effects on the 
osteogenic differentiation of MSCs.

b-Catenin mRNA expression in GCSs and OCSs was 
similarly upregulated, but Axin2 mRNA expression was 
different. Even though both GCSs and OCSs had sig-
nificantly increased Axin2 expression levels compared 
to the control, the levels in GCSs were substantially 
higher compared to those of OCSs. This result implies 
that Wnt/b-catenin signaling was activated more so in 
GCSs. Considering overall osteogenic marker expres-
sion levels, osteogenic differentiation in GCSs could be 

FACING PAGE
Figure 4. Osteogenic gene marker expression profiles of undifferentiated mesenchymal stem cells (UCs; black color), gelatin-induced 
osteogenic cell sheets (GCSs; gray color), and conventional osteogenic cell sheets (OCSs; white color) at 1, 3, 5, 7, and 10 days. Serial 
mRNA expressions relative to glyceraldehyde 3-phosphate dehydrogenase (GAPDH) were evaluated using quantitative real-time 
polymerase chain reaction (RT-PCR) for (A) transforming growth factor-b (TGF-b), (B) runt-related transcription factor 2 (Runx2), 
(C) axis inhibition protein 2 (Axin2), (D) b-catenin, (E) alkaline phosphatase (ALP), (F) bone morphogenetic protein-7 (BMP-7), 
(G) osteocalcin (OCN), and (H) osteopontin (OPN). Each bar shows the mean ± standard deviation (SD). * and # a statistically signifi-
cant difference compared to UCs, and between GCSs and OCSs on each day, respectively (p < 0.05).

Figure 5. Alizarin red S (ARS) staining of conventional osteogenic cell sheets (OCSs) and gelatin-induced osteogenic cell sheets 
(GCSs) in 21 days of culture. Scale bars: 200 µm. ARS reactivity was observed only in GCSs.
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attributed to Wnt/b-catenin signaling rather than Runx2/
TGF-b signaling.

Osteocalcin is a late bone-related marker that is only 
secreted by mature osteoblasts and indicates terminal 
osteoblast differentiation38. In both GCSs and OCSs, 
upregulations of osteocalcin were observed compared to 
UCs. After maturation of the ECM, mineralization follows 
via the deposition of calcium and phosphate39. Mineral 
depositions in both types of sheets, at day 10, were insuf-
ficient to be stained by ARS; however, ARS reactivity 
was observed after further culture of GCSs, specifically 
at day 21. Cells in both types of sheets after 10 days of 
culture might differentiate into the matrix maturation 
phase, which precedes the matrix mineralization phase.

Though Runx2 induces early osteoprogenitor differ-
entiation and proliferation, it inhibits the mineralization 
of osteoblasts in the later phase of osteogenesis31. The 
Runx2 expression level of GCSs was similar to that of 
UCs, while the level of OCSs was significantly increased 
from day 3 of culture. Cells in GCS medium might have  
less exposure to Runx2 signals than cells in OCS medium, 
which can promote the mineralization in GCSs. Therefore, 
the different degree of mineralization between the two 
sheets seemed to be related with the level of expression 

of Runx2.
BMP-7 expression in GCSs was particularly high, com-

pared to that of OCSs, and ARS reactivity was observed 
only in GCSs. These results imply that the osteogenicity 
of GCSs might be superior to that of OCSs. The results of 
this study indicate that the addition of gelatin to the osteo-
genic medium has positive effects on early cell matrix 
formation and induces a high level of cell proliferation 
and an outstanding osteogenic differentiation program 
in MSCs through the activation of the Wnt pathway and 
interaction with RGD sequences. Another report also 
showed that RGD peptides could accelerate osteoblast 
proliferation and bone formation40.

GCSs exhibited superior osteogenic transdifferentia-
tion capabilities and a remarkable cell proliferation rate, 
compared to those of conventional OCSs. With this method, 
we could overcome the drawbacks of OCSs, including 
their relatively weak cell sheet quality. In addition, we 
observed that GCSs have a stronger matrix compared to 
OCSs, which is an important advantage for in vivo appli-
cations. Our results prove that GCSs are promising for 
bone regeneration applications.
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