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ABSTRACT: Due to the indispensable role of periosteum in bone defect healing and regeneration, a promising method to
enhance osteogenesis of bone grafts by using an engineered biomimetic periosteum would be highly beneficial. The stromal
microenvironment of periosteum is composed of various highly organized extracellular matrix (ECM) fibers, so an aligned
natural ECM sheet, derived from the human dermal fibroblast cell sheet, may be advantageous when applied for artificial
periosteum fabrication. Human mesenchymal stem cells (hMSCs) have been used to replace the osteoprogenitor cell population
in native periosteum due to hMSCs’ great osteogenic potential and fast in vitro expansion capacity. The objective of this work is
to investigate if the natural ECM sheet and the substrate alignment can promote in vitro osteogenesis of hMSCs. The
conventional cell culture substrates collagen I-coated polydimethylsiloxane (PDMS) and tissue culture plastic (TCP) were used
as controls. It was found that the ECM sheet significantly increased alkaline phosphatase activity and calcium deposition. The
enhanced osteogenic potential was further confirmed by increased bone-specific gene expression. The ECM sheet can bind
significantly higher amounts of growth factors including ANG-1, TGF-β1, bFGF, and VEGF, as well as calcium phosphate
nanoparticles, which contributed to high osteogenesis of the hMSCs on ECM sheet. However, the alignment of the substrates did
not show significant influence on osteogenic activity and growth factor binding. These results demonstrated the great potential of
hMSC-seeded ECM sheet as a biomimetic periosteum to improve critical sized bone regeneration.
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■ INTRODUCTION

The most commonly used bone grafts for treatment of critical
sized bone defects are decellularized bone allografts.1 Compared
to engineered hard tissue scaffold such as bone cement, an
allograft has excellent mechanical strength and fracture
resistance. However, the healing and remodeling of an allograft
is quite limited due to the lack of viable osteogenic and
angiogenic cells.2 Bone decellularization procedures remove the
periosteum, which could result in over 60% decrease of new bone
formation.3 Periosteum is a membrane that covers outer surface
of all bones. It consists of two distinct layers: the outer layer
contains collagen fibers, fibroblasts, and microvessels; the inner
layer contains osteoprogenitor cells that contribute to normal
bone growth, healing, and remodeling.4 It has been widely
recognized that periosteum has remarkable regenerative capacity
and plays an essential role in bone graft healing and remodeling.5

Thus, a biomimetic periosteum covering an allograft surface may
provide similar healing response.

The outer fibrous layer of native periosteum is predominantly
composed of collagenous matrix interspersed with elastic fibers
and fibroblasts.4 Histology studies also revealed that the fibers
are axially aligned suggesting the anisotropic structure of peri-
osteum.6 We have previously derived a natural extracellular
matrix (ECM) sheet, from human dermal fibroblast cell sheet,
which possesses a nanofibrous structure with abundant collagen
and elastin fibers.7 The fiber diameter is around 80 nm, similar
to the size of collagen nanofibers found in native bones.8 In
addition, an aligned ECM sheet can be fabricated using a nano-
grated substrate to simulate the organized collagen fiber arrays
present in native bones. The aligned ECM sheet has superior in
vitro immunoregulatory properties compared to unaligned
ECM.7 Besides their similar collagenous composition and
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structure to periosteum, ECM sheet contains other proteins
and proteoglycans which are present in native periosteum.9

Several studies have shown that cell-derived ECM can provide
an osteogenic-inductive environment for bone regeneration.
ECM synthesized by undifferentiated mesenchymal stem cells
(MSCs) in vitro on plastic flasks has been shown to facilitate cell
proliferation and enhance the osteogenic capacity of freshly
reseeded MSCs.10 Titanium fiber meshes decorated with rat
bone marrow stromal cells significantly improved the deposition
of mineralized matrix byMSCs.11 Incorporation of MSC-derived
ECM on polyurethane foams greatly upregulated mRNA
expression of typical osteoblastic genes.12 Besides ECM derived
from MSCs, fibroblast-derived matrix, preosteoblast and endo-
thelial cell-derived matrix were also found effective in increasing
osteogenic marker expression.13,14

The inner layer of periosteum is mainly composed of osteo-
progenitor cells. MSC is one type of osteoprogenitor cell that has
been extensively studied in bone tissue engineering. MSCs can be
easily harvested from various tissues such as bone marrow,
adipose tissue, and skin. They have the ability to differentiate into
multiple cell lineages including osteoblasts, adipocytes, and
chondrocytes under their respective inductive environment.15 In
addition, MSCs can secrete a large amount of trophic factors,
such as vascular endothelial growth factors (VEGF), trans-
forming growth factor beta (TGF-β), and stromal cell derived
factor-1 (SDF-1), to facilitate tissue regeneration.16 Further-
more, MSCs have low immunogenicity and can be extensively
expanded in vitro.17 These superior properties make MSCs an
excellent cell source for tissue regeneration, especially for bone
repair. Most studies have chosen MSCs to construct engineered
periosteum. A biomimetic periosteum composed of prevascu-
larized and premineralized MSC sheets were wrapped around a
biodegradable macroporous beta-tricalcium phosphate (β-TCP)
scaffold to improve vascularization.18 Polyethylene glycol-based
hydrogels seeded with 50:50 MSCs and osteoprogenitor cells
were used as periosteum to successfully improve allogenic bone
graft healing in vivo.19 Another study applied osteo-induced,
MSCs-seeded, small intestinal submucosa (SIS) for allograft
implantation to treat segmental bone defect.20 However, these
engineered periosteum still had different problems such as long
preparation time, limited vascularization, and cell penetration
ability. A biomimetic tissue-engineered periosteum with similar
structure and function to native periosteum is desired for more
efficient bone regeneration. The cellular construct consisting of
MSCs and fibroblast-derived ECM sheet may serve the purpose.
The objective of the present work is to evaluate the in vitro

osteogenic potential of human MSCs (hMSCs) cultured on an
ECM sheet compared to other conventional substrates. A tissue
engineered periosteum, mimicking the native bone alignment,
may benefit the bone repair and remodeling process. Thus,
the influence of alignment of the substrates was also considered.
The cell growth and organization on different substrates were
characterized. Osteogenic properties of hMSCs including
alkaline phosphatase activity, ECM mineralization, and gene
expression were compared in different cultures. The osteo-
genesis-related growth factors and calcium present in the micro-
environment were analyzed to help understand the underlying
mechanism.

■ MATERIALS AND METHODS
Production of Fibroblast Cell Sheet-Derived ECM. Polydime-

thylsiloxane (PDMS) substrates with (aligned) and without nano-
pattern (flat) (the gratings were 130 nm in depth and 350 nm in width)

were coated with bovine collagen I to facilitate cell adhesion, following
our previous publication.21 Human dermal fibroblasts (ATCC,
Manasass, VA) between passages 3 and 5 were seeded on the PDMS
at a density of 10 000 cells/cm2. The cells were cultured in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with 20% fetal
bovine serum (FBS), 20% Ham F12, 500 μM sodium ascorbate, and
1% penicillin/streptomycin (Life Technologies, Rockville, MD). The
culture was maintained by changing medium twice per week and cells
were allowed to proliferate for 6 weeks. The fibroblast cell sheet was
decellularized following our previous publication.7 Briefly, samples were
placed into the first decellularization solution, which contained 1 M
NaCl, 10 mM Tris, and 5 mM EDTA (Sigma, St Louis, MO). The cell
sheet was shaken for 1 h at room temperature and rinsed thoroughly
with phosphate buffered saline (PBS). The cell sheet was then placed in
a second decellularization solution containing 0.5% SDS, 10 mM Tris,
and 5 mM EDTA (Sigma), and shaken for 0.5 h at room temperature.
After PBS wash, the sample was rinsed in DMEM medium with 20%
FBS for 48 h at room temperature and rinsed again with PBS.

hMSCs Culture and Differentiation. Bone marrow-derived
hMSCs were provided by Texas A&M University Health Sciences
Center. The hMSCs were obtained following a method reported in our
previous publication.21 Briefly, bone marrow aspirates of about 2 mL
were drawn from healthy donors ranging in age from 19 to 49 years
under an Institutional Review Board approved protocol. Plastic adherent
nucleated cells were separated from the aspirate and cultured as previ-
ously described. The decellularized ECM sheet (aligned and unaligned)
were sterilized with 70% ethanol and rinsed with PBS. Passage 5 hMSCs
were seeded on the ECM at the density of 5000 cells/cm2 and cultured
in complete culture medium (CCM) containing alpha-MEM supple-
mented with 20% FBS, 1% L-glutamine, and 1% penicillin/streptomycin
(Life Technologies). Cells were also seeded on collagen I coated PDMS
(aligned and flat) and tissue culture plastic (TCP) for comparison. At
day 7 and day 14 samples were fixed, the F-actin was stained with
rodamine phalloidin, and DAPI. The immunofluorescence staining was
viewed by Olympus Fluoview FV-1000 confocal fluorescence
microscopy (Olympus America, Center Valley, PA).

After 3 days of culture in CCM, the cells were transferred to
osteogenic-inducing medium (bone differentiation medium, BDM) or
adipogenic-inducing medium following a method reported previously
for an additional 14 days.22 The BDM is composed of CCM sup-
plemented with 10 nM dexamethasone, 20 mM β-glycerolphosphate,
and 50 μM L-ascorbic acid 2-phosphate. The adipogenic-inducing
medium is composed of CCM supplemented with 0.5 μM dexametha-
sone, 0.5 μM isobutylmethylxanthine, and 50 μM indomethacin.
Another set of samples was continuously cultured in CCM for the same
period of time as the control. At day 7 and day 14 after induction began,
samples were washed with PBS and collected for DNA analysis. At day 7
and day 14, the cells in osteogenic-induction culture were assayed to
determine alkaline phosphatase (ALP) activity and calcium deposition
following the previously published methods.22 The calcium amount was
by determined with ion coupled plasma (ICP) mass spectroscopy
(Leeman Laboratories, Lowell, MA). Briefly, the samples were
completely dissolved by 12 M HCl and diluted 10 times for ICP
analysis. The calcium amount was normalized to DNA amount in order
to diminish cell number difference. Von Kossa staining was also per-
formed to visualize the mineralization of ECM. At the same time points,
the cells in adipogenic-induction culture were stained with Nile red to
detect lipid vacuoles. The data was pooled for statistical analysis; n = 3
for each sample.

Growth Factors Assay. An enzyme-linked immunosorbent assay
(ELISA) was performed to quantify the amount of growth factors
present in the cell culture environment. Growth factors embedded in the
hMSC sheets were extracted as previously described.23 Briefly, each
tissue sheet from a 12-well plate was soaked in 1 mL of urea-heparin
extraction buffer consisting of 2M urea and 5 mg/mL heparin in 50 mM
Tris with protease inhibitors [1 mM phenylmethylsulfonyl fluoride
(PMSF), 5 mMbenzamidine, and 10mMN-ethylmaleimide (NEM)] at
pH 7.4. The extraction mixture was rocked at 4 °C for 24 h and then
centrifuged at 12 000g for 30 min at 4 °C, and the supernatants were
collected. Osteogenesis related growth factors angiopoietin-1 (Ang1),
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transforming growth factor-β1 (TGF-β1), vascular endothelial growth
factor (VEGF), and basic fibroblast growth factor (bFGF) were deter-
mined using ELISA kits (R&D Systems, Minneapolis, MN) according to
the manufacturer’s instruction. Values of optical density were measured
spectrophotometrically (Molecular Devices, Sunnyvale, CA) at 450 nm
and correction wavelength was set at 540 nm. In each experiment, three
identical samples of each condition were examined and all samples and
standards were measured in duplicate.
Scanning Electron Microscopy (SEM). The samples were

prepared by incubation of different substrates (ECM, collagen I -coated
PDMS, and TCP) in either CCMor BDM for 14 days. Then the samples
were fixed in 4% paraformaldehyde, washed with PBS, and dehydrated
through a graded series of ethanol. Finally the samples were dried in
hexamethyldisilazane (Sigma), sputter-coated with a 5 nm platinum
coating, and viewed using a Hitachi S-4700 field emission scanning
electron microscope (Hitachi America, Troy, MI).
Reverse Transcription Polymerase Chain Reaction (RT-PCR).

After 14 days of induction culture in differentiation medium, total RNA
from different cultures were isolated using the Rneasy Mini kit (Qiagen,
Valencia, CA). Reverse transcription (RT) was performed using 8 pg of
total RNA with RT reaction mixture, which contains primers specific for
target genes that were purchased from sigma and normalized toGAPDH
as an endogenous control. RT-PCR reactions were performed on
StepOnePlus RT-PCR system (Applied Biosystems, Foster City, CA),
using SYBR1 Green PCR Master Mix. The amplification reactions were
carried out for up to 35 cycles. Fold variation in gene expression was
quantified using the comparative Ct method: 2(CtTreatment−CtControl). The
primer sequences for target genes are listed in Table 1.

Statistics/Data Analysis. Experiment results were expressed as
means± standard deviation (SD) of the means of the samples. Student’s
t test (Microsoft Excel) was used for comparisons and statistical
significance was accepted at p < 0.05.

■ RESULTS

Cell Proliferation on Different Substrates. The morphol-
ogy of cells grown on different substrates was shown in Figure
1A. On day 7, cells on aligned ECM and aligned PDMS showed
clear orientation; while cells on unaligned ECM, flat PDMS,
and TCP showed random organization. On day 14, a high density
of cells was observed on all substrates. The cells on aligned
substrates still showed preferred orientation. Although some
cells on unaligned substrates showed certain degree of alignment
in local area, the overall orientation was not organized. The
cell proliferation on different substrates was demonstrated in
Figure 1B. On day 7, cell numbers on ECM (both aligned and
unaligned) were much lower than those on PDMS (both aligned
and flat) and TCP. In addition, cell numbers on aligned sub-
strates (aligned ECM and aligned PDMS) was significantly
higher than those on the corresponding unaligned substrates
(unaligned ECM and flat PDMS). On day 14, the cell numbers
on all substrates were comparable. The cell numbers on aligned
ECM and PDMS were slightly higher than those on the
corresponding unaligned substrates, but there was no significant
difference.

Table 1. Primer Sequences Used for PCR

common name gene ID forward sequence reverse sequence

GAPDH GAPDH 5′-ACAGTTGCCATGTAGACC 5′-TTTTTGGTTGAGCACAGG
Sox-2 SOX2 5′-ATAATAACAATCATCGGCGG 5′-AAAAAGAGAGAGGCAAACTG
PPARG PPARG 5′-TCATAATGCCATCAGGTTTG 5′ - CTGGTCGATATCACTGGAG
CEBPA CEBPA 5′-AGCCTTGTACTGTATG 5′-AAAATGGTTTAGCAGAG
osteocalcin BGLAP 5′-TTCTTTCCTCTTCCCCTTG 5′-CCTCTTCTGGAGTTTATTTGG
osteonectin SPARC 5′-AGTATGTGTAACAGGAGGAC 5′-AATGTTGCTAGTGTGATTGG
OCT-4 POU5F1 5′ - GATCACCCTGGGATATACAC 5′ - GCTTTGCATATCTCCTGAAG
Rex-1 ZFP42 5′-GAATTCAGACCTAACCATCG 5′-TGAGCACTACTAGAGTGAAG

Figure 1. hMSC growth on different substrates. (A) Cell nucleus and F-actin staining. Arrows indicate cell alignment direction. Scale bar: 100 μm. (B)
DNA quantification at day 7 and day 14. *p < 0.05. By day 14, the cell growth is comparable on all of the substrates.
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Growth Factor Presence in the Microenvironment. The
growth factors related to osteogenesis were quantified and shown
in Figure 2. Overall speaking, the growth factors extracted from
the ECM sheet were much higher than other substrates. For
osteogenic-induced hMSCs, both the total and normalized
ANG-1 amounts were much higher than those in the noninduced
hMSC cultures (Figure 2A). Additionally, the ANG-1 level in
ECM (both aligned and unaligned) cultures was around
10 times higher than that in PDMS (both aligned and flat)
cultures and around 3 times higher than that in TCP cultures at
day 7. The difference became smaller on day 14, which showed
that the ANG-1 level in ECM culture was around 3 times higher
than that in PDMS cultures. Comparing all the aligned and
unaligned substrates, the ANG-1 level had no significant
difference. For noninduced hMSCs, the ANG-1 level in the

ECM (both aligned and unaligned) cultures was around 20
times higher than that in PDMS (both aligned and unaligned)
cultures and around 13 times higher than that in TCP cultures.
Despite the decrease on day 14, the ANG-1 amount in the ECM
culture was still around twice higher than that in PDMS culture.
In addition, the ANG-1 content in aligned substrates (aligned
ECM and aligned PDMS) was higher than the correspond-
ing unaligned substrates (unaligned ECM and PDMS) except
PDMS on day 14; however, the difference was not significant.
The overall trend of TGF-β1 level was similar to that of

ANG-1. The TGF-β1 amount in ECM cultures was significantly
higher than that in PDMS and TCP cultures for both osteogenic-
induced and noninduced hMSCs cultures (Figure 2B). Fur-
thermore, all the induced cultures contained a much higher
amount of TGF-β1 than the noninduced cultures. Similarly, the

Figure 2.Quantification of different growth factors in both noninduced and osteogenic-induced culture on different substrates. (A) ANG-1; (B) TGF-β1;
(C) bFGF; (D) VEGF. *p < 0.05, **p < 0.01 compared to PDMS and TCP on day 7; &&p < 0.01 compared to PDMS and TCP on day 14. ECM samples
contained the highest amount of growth factors.
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Figure 3. ALP activity (A) and calcium deposition (B) from hMSCs in both noninduced and osteogenic-induced cultures on different substrates.
** p < 0.01 compared to PDMS and TCP on day 7; &&p < 0.01 compared to PDMS and TCP on day 14. ECM samples demonstrated the highest ALP
activity and calcium deposition amount.

Figure 4. Calcium adsorption on different substrates (ECM, PDMS, and TCP) without cells in both osteogenic-induction medium (BDM) and
complete cell medium (CCM). (A) Surface morphology of the substrates at day 14. Scale bar: 1 μm. (B) ICP quantification of calcium. **p < 0.01
compared to PDMS and TCP on day 7; &&p < 0.01 compared to PDMS and TCP on day 14. There was much more calcium adsorbed on the ECM
scaffold.
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b-FGF (Figure 2C) and VEGF (Figure 2D) levels in ECM
cultures were significantly higher than those in PDMS and TCP
cultures, for both osteogenic-induced and noninduced hMSC
cultures. However, unlike the ANG-1 and TGF-β1, the induced
cultures contained lower amounts of bFGF and VEGF compared
to the corresponding noninduced cultures. Again, there was no
significant difference between aligned and the corresponding
unaligned samples. And among all the growth factors present in
the induced culture, the ANG-1 level in ECM substrates was
dramatically higher than the levels of TGF-β1, b-FGF, and
VEGF.
ALP and Calcium Deposition of hMSCs. The ALP activity

assay in Figure 3A demonstrated that on day 7 all samples
exhibited comparable ALP expression. On day 14, the ALP level
was much higher on ECM sheet than on other substrates. And
the cells on aligned ECM showed significantly higher ALP
activity than those on unaligned ECM. However, no significant
difference was observed between aligned and flat PDMS
samples. The ALP activity of undifferentiated hMSCs on dif-
ferent substrates was low, as expected. The cells on ECM (both
aligned and unaligned) showed slightly higher ALP activity than
the other samples.
Quantification of calcium deposition in both induced and

noninduced cell cultures (Figure 3B) revealed that ECM cul-
tures contained significantly higher calcium amount than those
maintained on PDMS and TCP. However, still no significant
difference was found between aligned and unaligned substrates
in both induced and noninduced cultures. Overall, induced
cultures contained approximately 100 times higher of calcium
than noninduced cultures.

Calcium Adsorption on Different Substrates. According
to the results from cell proliferation, growth factor analysis, ALP,
and calcium quantification, the alignment of the substrates did
not play a critical role in neither regulation of in vitro hMSCs
growth nor osteogenic differentiation on these substrates. There-
fore, the following experiments focused on comparison of sub-
strates with different composition (ECM, collagen I-coated
PDMS, and TCP). The substrates themselves can absorb calcium
from the medium, which could be one of the reasons leading to
enhanced osteogenic potential. Calcium adsorption on ECM,
PDMS, and TCP without cells on day 14 was demonstrated in
Figure 4. The under microsized particles were observed in both
BDM and CCM culture (Figure 4A). These were possibly
calcium phosphate (CaP) and protein crystals. Energy dispersive
spectroscopy analysis revealed that calcium peaks in BDM
samples were much stronger than CCM samples (data not
shown). There were considerably more and finer CaP particles
deposited on BDM-ECM than all other samples. The amount of
CaP particles on BDM-PDMS appeared larger than on BDM-
TCP. The CaP should be crystalline since amorphous CaP easily
transforms into crystalline phase in aqueous medium.24 The
quantification of calcium adsorption in Figure 4B revealed that
when incubated in induction medium (BDM), the three
substrates adsorbed similar amount of calcium on day 7. While
on day 14, ECM adsorbed around three times higher of calcium
than PDMS and TCP. The calcium amount in BDM-ECM
was significantly higher than that in CCM-ECM. From day 7 to
day 14, the calcium amount increased around 4.5 times in BDM-
ECM; whereas the calcium amount did not change significantly
in CCM-ECM.

Figure 5. Gene expression (A) and Von Kossa staining (B) of osteogenic-induced hMSCs cultured on different substrates at day 14. **p < 0.01. Scale
bar: 100 μm. ECM samples showed significantly higher expression of osteogenesis-related genes and more mineralization.
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Osteogenic and Stemness Gene Expression. The ex-
pression of osteogenic and stemness-related genes (Figure 5A)
from hMSCs cultured in osteogenic induction medium was
normalized to endogenous gene (GAPDH) as well as to the
corresponding control culture. Osteocalcin was significantly up-
regulated in ECM samples (approximately 2 times higher than
PDMS and TCP samples). Osteonectin was highly expressed in
ECM samples (approximately 5 times higher than PDMS sam-
ples and 22 times higher than TCP samples). Osteonectin
expression in PDMS samples was also significantly higher than in
TCP samples. OCT-4 and SOX-2 are frequently used as markers
for undifferentiated stem cells. ECM samples had the lowest
expression of these two markers, while PDMS samples main-
tained highest stemness marker expression. Von Kossa staining
(Figure 5B) also showed more advanced osteogenesis in ECM
samples with darker mineral deposition.
Adipogenic Differentiation. The expression of adipogenic

and stemness-related genes (Figure 6A) from hMSCs cultured in
adipogenic differentiation medium was normalized to endoge-
nous gene (GAPDH) as well as to the corresponding control
culture. Adipocyte-specific genes PPARG and CEBPA were
upregulated in all cultures, but ECM samples had significantly
lower increase than PDMS and TCP samples. The stemness
markers OCT-4 and Rex-1 also demonstrated that the ECM
samples had the lowest expression. The Nile red staining
(Figure 6B) was correspondent with gene expression. The ECM
samples had significantly less lipid vacuoles formation than
PDMS and TCP samples.

■ DISCUSSION

A flexible cellular constructs with osteogenic and angiogenic
potential can serve as periosteum to fit around bone graft of any
size or shape for enhanced bone regeneration. The hMSC-
seeded, fibroblast-derived ECM sheet could be a promising
candidate for engineered periosteum. First, the ECM mimics
the complex ECM microenvironment of native periosteum.
It was found that collagen I and vitronectin were the two most
important ECM molecules in promoting osteogenesis through
α1β1 and αvβ3 integrin binding.25 Second, there are many active
binding sites in ECM sheet for entrapment of various growth
factors and calcium. For example, ECM component heparin
sulfate proteoglycans have specific binding for bFGF, fibronectin
specifically binds TGF-β.26,27 These growth factors play
important roles in major signaling pathways responsible for
osteogenesis.28 Third, the ECM sheet can support the growth of
MSCs, which have great osteogenic differentiation ability. The
live osteogenic cells that are capable of producing new bone are
the necessary components for engineered periosteum. Although
the native periosteum showed anisotropic structure and me-
chanical properties,29 the alignment of the substrates did not
significantly influence the in vitro osteogenic differentiation of
hMSCs and growth factor storage in our study.
Our fibroblast-derived ECM sheet culture showed lower

cell numbers at day 7 compared to PDMS and TCP cultures
(Figure 1B). This phenomenon was different from the results of
other studies that found decorating stromal stem cell derived
ECM on synthetic substrates can promote cell proliferation.30

The lower cell proliferation in our study was probably caused
by the different stiffness of the substrates. Previous studies also

Figure 6.Gene expression (A) and Nile red staining (B) for adipogenic-induced hMSCs culture on different substrates at day 14. **p < 0.01. Scale bar:
10 μm. ECM samples showed much lower expression of adipogenesis-related genes and fewer lipid vacuoles.
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demonstrated that stiffer matrix could enhance endothelial
cells and breast cancer cells proliferation.31,32 The ECM sheet is
around 35 μm thick and much softer than collagen I coated
PDMS and TCP, which may lead to low cell growth rate at the
beginning. However, the cell proliferation on ECM sheet kept up
with other substrates by day 14, which may be attributed to the
greater amount of growth factors in the ECM sheet promoting
cell growth. Besides the influence on cell proliferation, the matrix
stiffness also affected the differentiation of hMSCs. Rigid
substrates tends to induce the osteogenic differentiation of
MSCs.33−35 However, in our study, the cells on softer substrates
(ECM) sheet showed much higher ALP activity (Figure 3A) and
calcium deposition (Figure 3B), which indicated that the envi-
ronmental cues other than the rigidity of the substrates exerted
larger influence on hMSCs. In addition to soluble chemical cues
existing in the osteogenic induction medium, the growth factors
present in the microenvironment also can regulate the differ-
entiation of hMSCs. Generally speaking, ECM sheets can
efficiently bind significantly higher amounts of growth factors
than the other substrates. All of the four growth factors were
involved in the two indispensable processes: angiogenesis and
osteogenesis. ANG-1 is widely recognized as an angiogenic factor
to promote microvessel stabilization.36 ANG-1 was also reported
to have a significant function in regulating osteogenesis.
Osteoblasts overexpressing ANG-1 can enhance bone mass in
vivo.37 The immobilization of integrin-binding sequence of
ANG-1 on titanium can significantly promote osteoblast differ-
entiation, bone matrix deposition, and mineralization.38 TGF-β1
was reported as a proangiogenic factor that improves ECmigration
and proliferation or vessel maturation.39 TGF-β pathways
are also one of the major signaling cascades responsible for
osteogenesis. The disruption of TGF-β pathways can cause various
bone disorders.28 The osteogenic differentiation medium
stimulated the hMSCs to secret around 10 times higher ANG-1
than those in normal cell culture medium (Figure 2A). The
osteogenic-differentiated cultures also expressed higher levels of
TGF-β1 than noninduced cultures (Figure 2B). The high local
concentration of ANG-1 and TGF-β1 will benefit the bone
generation. VEGF and bFGF are two of the most well-known
angiogenic factors capable of stimulating new blood vessel
formation.40 bFGF is also an autocrine growth factor controlling
in vitro bone formation.41 Significant higher levels of bFGF in
ECM samples (Figure 2C), in both induced and noninduced
cultures, indicated that the microenvironment was more beneficial
to stimulate bone cell replication. Due to the fact that angiogenesis
and osteogenesis are closely correlated to bone growth, repair, and
remodeling; significantly higher levels of VEGF in ECM samples
would benefit osteogenesis in vivo (Figure 2D).
Calcium ion signaling pathway plays another important role in

osteogenesis.28 The increase of cytoplasmic Ca2+ led to increase
of several growth factors which further signal cells for osteo-
genesis.42 Thus, accumulation of calcium ions through CaP
particle deposition can enhance osteoblastic activation and
mineralization capacity of osteoprogenitor cells. Our ECM sheet
clearly demonstrated significantly higher calcium accumulation
capacity in both CCM and BDM (Figure 4B). Especially on day
14, the calcium content in BDM-ECM samples reached around
600 μg per scaffold, around three times higher than other
substrates. Most of the ECM proteins are negatively charged
including specific calcium-binding glycoproteins fibulins and
thrombospondins, which facilitated the adsorption of Ca2+ from
medium. The nanofibrous structure of ECM sheets also served
as nucleation sites for CaP nanocrystal growth. The CaP-rich

material is important in directing the phenotype ofMSCs in bone
tissue engineering applications.
The osteogenic gene expression profile further confirmed that

hMSCs on an ECM sheet indeed had much higher osteogenic
potential than the cells on other substrates, though the stemness
significantly decreased (Figure 5A). Osteocalcin is a late stage
bone marker genes, and osteonectin is a bone marker gene vital
for calcium binding and bone mineralization. Both marker
genes were significantly upregulated in ECM samples than
other samples, which suggested that hMSCs cultured on ECM
progressed more toward the osteogenesis path that the other
cultures. This was also supported by decreased expression of
stemness gene markers OCT-4 and SOX-2 that are critically
involved in self-renewal of undifferentiated stem cells. How-
ever, the adipogenic potential of hMSCs on ECM scaffold was
seriously inhibited (Figure 5B), which implied that the ECM
microenvironment is more beneficial for osteogenic differ-
entiation, but not for adipogenic induction. Taken together, the
in vitro data suggest that it is reasonable to use osteogenic-
differentiated hMSCs to construct periosteum on ECM sheet.

■ CONCLUSIONS
In summary, fibroblast-derived ECM sheets support hMSC
growth and significantly influence hMSC differentiation, whereas
the alignment of the substrate does not. The significantly higher
amount of growth factors ANG-1, TGF-β1, bFGF, and VEGF in
ECM sheets, as well as the accumulation of calcium phosphate
on the ECM sheet surface, may be responsible for promoting the
osteogenic differentiation of hMSCs. The adipogenic differentiation
of hMSCs in ECM scaffolds was suppressed. The collagenous com-
position, nanofibrous structure, as well as osteogenesis-promoting
microenvironment of fibroblast-derived ECM sheets would be
beneficial for engineering artificial periosteum.
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