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ABSTRACT: Treatment of large bone defects using synthetic
scaﬀolds remain a challenge mainly due to insuﬃcient
vascularization. This study is to engineer a vascularized bone
graft by integrating a vascularized biomimetic cell-sheetengineered periosteum (CSEP) and a biodegradable macroporous beta-tricalcium phosphate (β-TCP) scaﬀold. We ﬁrst
cultured human mesenchymal stem cells (hMSCs) to form cell
sheet and human umbilical vascular endothelial cells (HUVECs) were then seeded on the undiﬀerentiated hMSCs sheet to form
vascularized cell sheet for mimicking the ﬁbrous layer of native periosteum. A mineralized hMSCs sheet was cultured to mimic
the cambium layer of native periosteum. This mineralized hMSCs sheet was ﬁrst wrapped onto a cylindrical β-TCP scaﬀold
followed by wrapping the vascularized HUVEC/hMSC sheet, thus generating a biomimetic CSEP on the β-TCP scaﬀold. A
nonperiosteum structural cell sheets-covered β-TCP and plain β-TCP were used as controls. In vitro studies indicate that the
undiﬀerentiated hMSCs sheet facilitated HUVECs to form rich capillary-like networks. In vivo studies indicate that the
biomimetic CSEP enhanced angiogenesis and functional anastomosis between the in vitro preformed human capillary networks
and the mouse host vasculature. MicroCT analysis and osteocalcin staining show that the biomimetic CSEP/β-TCP graft formed
more bone matrix compared to the other groups. These results suggest that the CSEP that mimics the cellular components and
spatial conﬁguration of periosteum plays a critical role in vascularization and osteogenesis. Our studies suggest that a biomimetic
periosteum-covered β-TCP graft is a promising approach for bone regeneration.
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Periosteum has an important role in bone regeneration.22
Periosteum is a membrane that covers the outer surface of bones.
It mainly consists of distinct two layers: an outer ﬁbrous layer and
inner cambium layer. The ﬁbrous layer contains collagen,
ﬁbroblasts, and blood vessels that provide nourishment to the
inner bone, while the inner cambium layer contains progenitor
cells that provide a rich source of osteogenic cells for the healing
of bone fractures.23−25 Studies have indicated that periosteum
can increase the rate and quantity of bone formation and improve
the vascular invasion ability in large segmental defects.26 If a
vascularized periosteal sleeve is present, more vessel invasion and
thus bone formation in an implanted bone graft can be
achieved.27,28 In the absence of periosteum, bone resorption
often occurs.29 However, the supply of autograft periosteum is
limited.30−32 To overcome the limitation of autograft periosteum, synthetic tissue-engineered periostea have been developed, using osteoinduced rabbit bone marrow mesenchymal
stem cells (MSCs) and porcine small intestinal submucosa
(SIS),33 or using an acellular human dermis, which is capable of

1. INTRODUCTION
Current treatments of bone reconstructions in orthopedic and
craniomaxillofacial surgery,1 including autografts and allografts,
are limited by either donor tissue availability, morbidity, and
infection of second surgery or immune rejection risks.2,3 Many
studies have used synthetic bioceramic scaﬀolds as an alternative
for the repair of bone defects.4−8 However, the repair and
reconstruction of synthetic bone grafts for large bone defects
remain challenge due to insuﬃcient vascularization in addition to
limited osteoinductivity and osteogenesis in vivo once
implanted.9−11 To overcome this problem, several approaches
were developed to increase the rate of vascularization in a scaﬀold
after implantation, including the loading of growth factors (such
as VEGF, PDGF) on an implanted bone scaﬀold,12−15
monoculture of endothelial cells, and coculture of endothelial
cells and bone-forming cells,16−19 or inserting a vascular bundle
in scaﬀolds.20,21 However, these approaches still suﬀer from
insuﬃcient neo-vascularization in the scaﬀolds and a slow
invasion rate of host vasculature in vivo or anastomosis for large
bone grafts. Therefore, a new strategy for accelerating
vascularization and functional anastomosis is still highly
desirable.
© 2014 American Chemical Society
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Figure 1. Step-by-step procedures for preparing cell sheet/β-TCP composite grafts. Preparing three cell sheet/β-TCP grafts including OM/UM/βTCP, OM/HUVEC-UM/β-TCP, and HUVEC-UM/OM/β-TCP (A). (B) Macroscopic view of an hMSCs sheet on a dish (I) and a porous β-TCP
scaﬀold (II). SEM image demonstrates the morphology of β-TCP pores (III). Point forceps were used to wrap the cell sheet onto a β-TCP scaﬀold (IV),
thus generating a HUVEC-UM/OM/β-TCP graft (V). SEM images show a very dense extracellular matrix of cell sheet on a β-TCP scaﬀold (VI, VII).

supplying cells and osteoinductive proteins.34 However, these
tissue-engineered periostea demonstrated limited vascularization
ability. Recent studies have reported the signiﬁcant progress in
engineered periostea by corporating MSCs into hydrogel or
decelluralized allografts.35−39 However, developing a novel
tissue-engineered periosteum with high vascularization ability
and similar function and structure of native periosteum would be
still needed, and it should enhance the vascularization and
osteogenesis ability of an implanted graft.
In this study, we used a new strategy for boosting
vascularization of an implanted bone graft through constructing
a biomimetic cell-sheet-engineered periosteum (CSEP) and
combining it with a biodegradable porous beta-tricalcium
phosphate (β-TCP) scaﬀold. We hypothesized that the
prevascularized biomimetic CSEP can promote the vascularization of the porous β-TCP scaﬀold and that the porous scaﬀold
can provide structural support to the CSEP during handling and
implantation. To this end, we used hMSCs and HUVECs as cell
sources to form relevant cell sheets which mimic the ﬁbrous layer
and cambium layer of native periosteum. The hMSCs was chosen
to form cell sheet matrix due to its stabilization ability for newformed blood vessels as a pericyte and the osteogenic

diﬀerentiation potential.40,41 HUVECs were seeded on an
undiﬀerentiated hMSCs sheet (UM) to generate a prevasculairzed cell sheet (HUVEC-UM, biomimetic ﬁbrous layer), and
hMSCs were also cultured in osteogenic medium to form an
osteogenic mineralized cell sheet (OM, biomimetic cambium
layer). We ﬁrst detached and wrapped the OM cell sheet onto a
β-TCP scaﬀold followed by a prevascularized HUVEC-UM cell
sheet, thus generating a biomimetic CSEP on the β-TCP scaﬀold
(mostly like periosteum-covered bone structure). We fabricated
three groups of double cell sheet layers with β-TCP scaﬀolds:
Group 1 contained an outer HUVEC-UM layer and inner OM
layer that is in contact with the β-TCP core (HUVEC-UM/OM/
β-TCP, periosteum/bone-like group); Group 2 contained an
outer OM layer and an inner HUVEC-UM layer that is in contact
with the β-TCP core (OM/HUVEC-UM/β-TCP, nonperiosteum/bone-like group); and Group 3 contained an outer OM
layer and an inner nonprevascularized UM layer (OM/UM/βTCP, nonprevascularized group). Group 4 was the plain β-TCP
scaﬀolds without any cell sheets wrapped. In vitro prevascularization ability and in vivo animal studies were performed to
characterize the vascularization and osteogenic potentials of
these grafts.
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covered scaﬀold was then placed onto this prevascularized HUVEC-UM
strip. This HUVEC-UM layer was then wrapped via rolling onto the
OM/scaﬀold. Thus, a biomimetic prevascularized periosteum was
formed on the porous β-TCP scaﬀold. For comparison, a reverse
structural membrane (ﬁrst wrapping HUVEC-UM sheet on the β-TCP
and then OM sheet was wrapped on the HUVEC-UM-covered β-TCP)
was fabricated using the same method. As controls, a nonprevascularized
OM/UM sheet-covered β-TCP group (without HUVECs) and a
scaﬀold-only group were also prepared. A schematic graph in Figure 1
illustrates the procedure and related names of groups. To obtain the
same layer number of the rolled cell sheets on the scaﬀold, the width and
length of each cell sheet were kept same in all the groups (Figure1).
2.7. Cell Migration. To investigate whether cells can migrate from
the cell sheet into the scaﬀold, the HUVEC-UM/OM/β-TCP complex
was ﬁxed with 4% paraformaldehyde after 3, 7, and 14 days of culture and
stained with DAPI (5 μg/mL) for 1 min. The ﬂuorescent staining was
imaged by ﬂuorescent microscopy (Zeiss). Scanning electronic
microscope (SEM) was also used to observe the migration of cells
from the peripheral cell sheet into the center of the scaﬀold. At the
designated time points, the graft was ﬁxed by 2.5% glutaraldehyde and
sequentially dehydrated in aqueous solutions of increasing ethanol
concentrations. A FEI XL30 Sirion SEM was used to observe cells on the
scaﬀolds after the composite scaﬀolds were coated.
2.8. In Vivo Implantation. Four groups including HUVEC-UM/
OM/β-TCP, OM/HUVEC-UM/β-TCP, OM/UM/β-TCP, and plain
β-TCP scaﬀolds were prepared for in vivo implantation. The grafts were
subcutaneously implanted in nude mice. In this study male
immunodeﬁcient nude mice (6−7 week old, 20−25 g body weight,
Charles River Laboratories, Sulzfeld, Germany) were used for all
surgeries. Four groups were implanted into four separate subcutaneous
dorsal pockets per animal. 25 μg cefazolin/g and 0.1 μg buprenorphine/
g mouse were administrated, and after surgery, one mouse per cage was
housed. This in vivo animal study was approved by the Administrative
Panel on Laboratory Animal Care (APLAC) of Stanford University.
Each experimental time point and condition was replicated in 4 mice.
Implants were harvested after 2, 4, and 8 weeks for histological analysis.
2.9. Histology and Immunohistochemistry Staining. After 2, 4,
and 8 weeks, the mice were euthanized and the implants were retrieved,
ﬁxed in buﬀered formalin (10%) for 24 h, and decalciﬁed in 50 mM
EDTA for 1 week. The EDTA solution was changed every day. After
extensive washing, the decalciﬁed complex was gradually dehydrated in
ethanol solutions and embedded in paraﬃn, and 7 μm-thick sections
were sliced. To show the presence of luminal structures containing red
blood cells, conventional hematoxylin and eosin (H&E) staining was
carried out on paraﬃn sections. The microvessels formed in the grafts in
vivo were quantiﬁed by evaluation of 8 random ﬁelds (under 40×
magniﬁcation) of H&E stained sections from four individual mice. The
luminal structures containing red blood cells were deﬁned as
microvessels. The density of these microvessels was reported as the
average number of erythrocyte-ﬁlled microvessels per mm2 and
expressed as mean values ± the standard deviation. For investigating
whether the prevascularized human blood vessels in vitro can be
anastomosed with host vasculature in vivo, immunohistochemistry of
human anti-CD31 were performed. To further conﬁrm the migration or
proliferative survival of implanted human cells in vivo, immunohistochemistry staining of antihuman vimentin was also performed.
Sections were deparaﬃnized and unmasked by an antigen retrieval
solution at 95−100 °C, and then, the sections were blocked by goat
blocking serum (5%) for 30 min. Rabbit antihuman CD31 antibody
(Clone EP3095 for human microvessel detection; 1:500; Millipore) and
mouse antihuman vimentin antibody (ab8069, 1:400, abcam) were
used. Biotinylated goat antirabbit and antimouse secondary antibodies
(1:200; Vector Laboratories) and DAB substrate kit (Vector
Laboratories) were used, followed by hematoxylin counterstaining and
permanent mounting. An intact CD31-expressing lumen containing red
blood cells was deﬁned as a functional perfused blood vessel
anastomosed with host vasculature. The density of this kind of lumen
was reported as the average number of CD31+ lumen per mm2 and
expressed as mean values ± the standard deviation (n = 4).

2. MATERIALS AND METHODS
2.1. Preparation of Porous β-TCP Scaﬀolds. A template-casting
method, as previously described, was used to prepare the porous β-TCP
scaﬀolds.42 Brieﬂy, a β-TCP ceramic slurry was prepared through mixing
β-TCP powder, carboxymethyl cellulose powder, surfactant (Surfonal),
and dispersant (Darvan C) in distilled water. A 96 well plate was used as
a mold to load paraﬃn beads and heated to form a template. The β-TCP
ceramic slurry was then cast into the mold and subsequently dehydrated
in a series of ethyl alcohol solutions. After removal of the dehydrated
green body from the mold, the green body was sintered in an electric
high temperature furnace at 1250 °C for 3 h. The pore morphology of
the β-TCP scaﬀolds was characterized by scanning electron microscopy.
The average porosity of the scaﬀold fabricated by this method is around
80%.43−45 The scaﬀolds used in this study were about 3 mm in diameter
and around 4 mm in length.
2.2. Cell Culture. hMSCs from Lonza Inc. (Allendale, NJ) were
cultured in basal media consisting of Dulbecco’s Modiﬁed Eagle media
(DMEM, Invitrogen, U.S.A.) with 10% FBS, 1% L-glutamine (200 mM),
1% antibiotic-antimycotic solution under standard conditions (5% CO2,
95% humidity, and 37 °C). Passage 6−9 of hMSCs was used for all the
experiments in this study. HUVECs constitutively expressing GFP were
a generous gift from the late Dr. J. Folkman, Children’s Hospital,
Boston.43 HUVECs were cultured in endothelial basal medium (EBM-2,
Lonza) with endothelial growth supplement SingleQuots (EGM-2,
Lonza) in a 5% CO2 atmosphere at 37 °C.
2.3. Production of Prevascularized Cell Sheet. To engineer a
prevascularized cell sheet in vitro, hMSCs were seeded on a cell culture
dish at a cell density of 9 × 104/cm2 and cultured in DMEM
undiﬀerentiated medium. After cells reached conﬂuence, the DMEM
medium received an addition of 50 μg/mL ascorbic acid and 30 mM
glucose, which promotes the production of extracellular matrix. After 14
days of culture, undiﬀerentiated hMSCs can form a thick cell sheet layer
that was designated as UM. Then, a cell suspension of HUVECs was
seeded onto the surface of the UM sheet at a cell density of 5 × 104/cm2.
Afterward, EBM-2 culture medium was added to the growing cells for 7
days. Medium was changed every 3 days.
2.4. Immunoﬂuorescent Staining of HUVEC-UM Cell Sheet.
To characterize the HUVECs on the UM sheet (HUVEC/UM),
immunoﬂuorescent staining was performed. Expression of plateletendothelial cell adhesion molecule (PECAM-1, or CD31), an
endothelial-speciﬁc adhesion protein of HUVECs, was assessed by
immunoﬂuorescent staining. At the end of days 3, 5 and 7, the HUVECUM sheets were washed three times in PBS. A 5% goat serum-PBS buﬀer
solution was used to block the cell sheet samples for 1 h at room
temperature, and then primary antibody mouse antihuman CD31
(89C2, Cell Signaling Technology, dilution 1:3200) in 1% BSA-PBS was
added into the sample, followed by incubation overnight at 4 °C. After
washing with PBS, a secondary antibody goat−antimouse (Alexa Fluor
594, Invitrogen, 2 μg/mL) in 1% BSA-PBS was added and incubated in
the dark for 1 h at room temperature. Finally, the cell nuclei were
counterstained with DAPI (5 μg/mL) for 1 min and then extensively
washed with PBS. The ﬂuorescent staining was imaged by ﬂuorescent
microscopy (Zeiss). All 3-dimensional images taken by confocal
microscope were reconstructed using Volocity software.
2.5. Production of Osteogeneic Cell Sheet. Besides producing
the prevascularized HUVEC-UM sheet, an osteogenic hMSCs sheet
(designated OM) was fabricated at the same time. hMSCs were cultured
in osteogenic medium containing 10% FBS, 10 mM β-glycerophosphate, 10 nM dexamethasone, and 50 μg/mL ascorbic acid and 30 mM
glucose for 21 days. To characterize the osteogenic properties, alizarin
red staining and von Kossa staining were performed.
2.6. Production of Cell Sheet/β-TCP Complex. To obtain
biomimetic periosteum-covered β-TCP scaﬀolds, an OM sheet strip
(around 5 mm width and 60 mm length) was cut in a 100 mm culture
dish, and then, a porous β-TCP scaﬀold was placed on the OM sheet
strip. The OM cell sheet was then detached by sharp pointed forceps,
lifted, and wrapped onto the scaﬀold via rolling. Afterward, a
prevascularized HUVEC-UM strip (around 5 mm width and 60 mm
length) was also cut in an another 100 mm culture dish. The OM9624
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Figure 2. HUVECs on an undiﬀerentiated hMSCs sheet formed numerous networks. Networks started at day 3 (A), and elongated to form many
lumens at day 5 (B) and day 7 (C). Arrows indicate lumens. Immunoﬂuorescent staining images of CD31 show several networks on the hMSCs sheet at
day 7 (D, 10× magniﬁcation; E, 20× magniﬁcation); 3D-reconstructed confocal images display lumen formation (F). Asterisks show the lumens.
Alizarin red staining (G) and vov Kossa staining (H) show the mineralized matrix of osteogenic hMSC cell sheet.
2.10. Osteogenesis Assays. Microcomputed tomography (MicroCT; Imtek MicroCAT II; Knoxville, TN) at a resolution of 80 μm
was used to scan the change in bone volume with implantation time.
Live mice were scanned at 2, 4, and 8 weeks. Images were further
analyzed by GE MicroView2.2 (General Electric Co.). The gray
threshold value of the samples at week 2 was used as the starting time
point. Based on this threshold, the Hounsﬁeld Units (HU) of the same
samples in the same mouse at the designated time points was calculated.
The increase percentage of the HU at 4 and 8 weeks is designated as the
increase volume ratio of the newly formed bone and the degradation of
the scaﬀold, related to 2 weeks (n = 4) (see Supporting Information).
To further identify the osteogenic capability of the grafts,
immunohistochemistry staining of osteocalcin and tartrate-resistant
acid phosphatase staining (TRAP) of osteoclast activity were carried out
on paraﬃn sections.
2.11. Statistical Analysis. All the values were reported as mean
values ± SD and statistically analyzed using one-way ANOVA analysis. If
the p-value obtained from the test was less than 0.05, the diﬀerence was
considered statistically signiﬁcant.

cell sheets had an enriched extracellular matrix (ECM) after 14
days of incubation (Figure 1B, VI and VII).
3.2. Characterization of the Vascularized Cell Sheet
and Mineralized Cell Sheet. Immunoﬂuorescent staining of
CD31 was performed to investigate the in vitro angiogenesis of
the HUVEC-UM sheet. Fluorescent images in Figure 2 indicate a
progressive capillary morphogenesis. At an early stage (day 3),
the HUVECs connected and aligned with each other and formed
networks (Figure 2A). With time, the networks became rich. A
large number of vacuoles formed at day 5 (Figure 2B) and day 7
(Figure 2C). The presence of cell-lined lumens was further
investigated by confocal microscopy examination (Figure 2D−
F). The confocal images show the establishment of a large
number of lumens at day 7 (Figure 2D and E). 3D reconstructed
image further indicates that the formation of lumen structures
(Figure 2F). These results indicate that the hMSCs sheet
provides a suitable environment for cell-mediated formation of
lumen-containing capillary networks in vitro. Alizarin red
staining and vov Kossa staining results show the formation of
mineralized matrix in the osteogenic cell sheet (Figure 2G and
H).
3.3. Cell Migration from Outer Cell Sheet to Inner
Scaﬀold. We further studied cell migration from the peripheral
cell sheet into the scaﬀold. After the cell sheets were wrapped on
the scaﬀolds and cultured for 3, 7, and 14 days, the cell sheet/
scaﬀold grafts were ﬁxed and stained by DAPI (Figure 3A). The
DAPI stained all the cells, including hMSCs and green

3. RESULTS
3.1. Fabrication of the Cell Sheet/Scaﬀold Grafts. Figure
1 shows the schematic for making the cell-sheet/β-TCP scaﬀold.
Four groups of samples, including HUVEC-UM/OM/β-TCP,
OM/HUVEC-UM/β-TCP, OM/UM/β-TCP, and plain β-TCP
scaﬀolds, were prepared (Figure 1A). Figure 1B shows the entire
process of fabrication, including a cell sheet (Figure 1B, I), a
scaﬀold (Figure 1B, II and III), the wrapping (Figure 1B, IV) and
the ﬁnal graft (Figure 1B, V). SEM observation indicates that the
9625
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Figure 3. Fluorescent images of DAPI staining, GFP-HUVECs, and SEM images show cell migration. Cells migrated into the periphery of the scaﬀold
but did not reach its center at day 3. With time, cells started to migrate further from the periphery toward the center at 7 days and 14 days (A); SEM
images show a very dense cell sheet wrapped on the β-TCP scaﬀold and the morphology of ECM. Cells migrated from the peripheral cell sheet into the
β-TCP scaﬀold at day 3 and day 14 (B).

ﬂuorescent protein-tagged HUVECs (GFP-HUVECs). GFP
ﬂuorescent images show the migration of HUVECs. All the
ﬂuorescent images show that cells in peripheral cell sheets
migrated into the pores of the scaﬀold along the struts of scaﬀolds
with time. At day 3, cells were seen on the peripheral struts closer
to the cell sheet. However, in the central region of the scaﬀolds,
there were no cells present. After 7 days, many cells migrated into
the inner struts of the scaﬀold. At day 14, many cells appeared on
the struts of both peripheral and central areas (Figure 3A). These
results suggest that cells migrated from the cell sheet into the

pores and spread into the inner struts of the scaﬀolds. SEM
results conﬁrm this migration (Figure 3B). SEM images also
show the cell sheet with rich ECM surrounding the scaﬀolds, and
the cells resided on the inner struts of the scaﬀolds.
3.4. Vascularization of Cell-Sheet/Scaﬀolds In Vivo.
Hematoxylin/eosin (H&E) staining reveals that the formation of
blood vessels in the implants varies among the four groups
(Figure 4). A blood vessel is deﬁned as a lumen containing
erythrocytes. In the plain scaﬀold group, few blood vessels were
seen. Few cells from the host tissue inﬁltrated into the pores of
9626
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Figure 4. H&E staining results reveal that cells grew into the β-TCP scaﬀold and OM/UM/β-TCP groups at 2, 4, and 8 weeks, but few blood vessels
were observed. However, many blood vessels containing red blood cells were seen in prevascularized groups, HUVEC-UM/OM/β-TCP and OM/
HUVEC-UM/β-TCP (A). Magniﬁed image from HUVEC-UM/OM/β-TCP group at 2 weeks shows murine blood cells in a blood vessel lumen (B). A
quantitative assay shows the microvessel densities of fours groups at 2, 4, and 8 weeks (* p < 0.05, n = 4) (C).

UM/OM/β-TCP group has signiﬁcantly higher density of blood
vessels in the implants (98 ± 19 vessels/mm2) compared to that
in the OM/HUVEC-UM/β-TCP group (55 ± 15 vessels/mm2)
(Figure 4C). At 4 weeks after implantation, the vessel density of
the periosteum-like HUVEM-UM/OM/β-TCP group (45 ± 9
vessels/mm2) is still slightly higher than that in the OM/
HUVEC-UM/β-TCP group (37 ± 6 vessels/mm2), and the
vessel densities of these two prevascularized groups are
signiﬁcantly higher than those in nonprevascularized and plain
scaﬀolds (p < 0.05). However, the diﬀerence in the vessel
densities of the four groups continues to decrease over time. At 8
weeks after implantation, there is no signiﬁcant diﬀerence among
the four groups (Figure 4C).
3.5. Anastomosis of Preformed Networks with Host
Vasculature. The formation of functional perfusable blood
vessels was evaluated by immunohistochemistry staining of
human CD31 (hCD31). The microvessels stained positive for
hCD31 and those containing murine erythrocytes were counted
to be functional perfusable blood vessels. Human CD31-positive

the scaﬀold at 2 weeks after implantation, but at 4 and 8 weeks,
more cells penetrated into the scaﬀold pores (Figure 4A). In the
OM/UM/β-TCP group, more cells grew into the pores of the
composite scaﬀolds compared to the plain scaﬀold group,
probably both host cells and human cells from the cell sheet.
Similarly to the plain scaﬀold group, few blood vessels were seen
(Figure 4A). However, in the HUVEC-UM/OM/β-TCP group,
a higher vessel density was observed. Numerous blood vessels
containing erythrocytes were uniformly distributed throughout
the implants at 2, 4, and 8 weeks. Compared to that in the
HUVEC-UM/OM/β-TCP group, the blood vessels in the OM/
HUVEC-UM/β-TCP group were sparsely distributed. A
magniﬁed image from HUVEC-UM/OM/β-TCP group in
Figure 4A clearly shows that the blood vessel lumen contains
many blood cells (Figure 4B). Quantiﬁcation of blood vessels
shows that at 2 weeks after implantation, the vessel density of
OM/UM/β-TCP groups without prevascularization (24 ± 14
vessels/mm2) is slightly higher than that in the plain scaﬀold (20
± 16 vessels/mm2), and that the periosteoum-like HUVEM9627
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Figure 5. Immunohistochemistry staining of human CD31 shows that many antihuman CD31 positive-expressing lumens were seen in HUVEC-UM/
OM/β-TCP and OM/HUVEC-UM/β-TCP (black arrows), but there was no expression in plain β-TCP scaﬀolds and the nonprevascularized OM/
UM/β-TCP group (A). A magniﬁed image from HUVEC-UM/OM/β-TCP group at 2 weeks shows that the preformed human blood vessel lumen
(brown color, red arrow) carried murine blood cells (semitransparent round ball, blue arrow) (B). The density of the CD31 positive-expressing lumens
was higher in HUVEC-UM/OM/β-TCP than that in OM/HUVEC-UM/β-TCP at 2, 4, and 8 weeks (* p < 0.05, n = 4) (C). Immunoﬂuorescent double
staining shows the expressions of antihuman CD31 (green) and antimouse CD31 (magenta) in nonprevascularized and prevascularized scaﬀold group.
The overlap or partial overlap of the two colors implies the anastomosis of the preformed human capillaries with the host vasculature (yellow, white
arrow) (D).

the β-TCP and the OM/UM/β-TCP groups, there is no hCD31positive expression (Figure 5A). In the HUVEC-UM/OM/βTCP group, numerous lumens containing murine erythrocytes

lining lumens were identiﬁed as blood vessels formed by
implanted human HUVECs. Lumens with negative hCD31
expression were identiﬁed as invading murine blood vessels. In
9628
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Figure 6. Immunohistochemistry staining of antihuman vimentin shows that many positive-expressing human cells were seen in cell sheet/β-TCP
groups from 2 weeks, 4 weeks, to 8 weeks. Human cells migrated from cell sheet to the inner core of β-TCP scaﬀolds. Host mouse cells (negative
expression) also migrated into the plain β-TCP scaﬀolds.

are observed at 2 weeks after implantation (Figure 5A). At 4 and
8 weeks after implantation, these intact lumens carrying
erythrocytes are still seen, but the density decreases. For the
OM/HUVEC-UM/β-TCP group, at 2 weeks after implantation,
intact lumens containing murine erythrocytes are also apparent,
but the number is signiﬁcantly lower than that in the HUVECUM/OM/β-TCP group (Figure 5A). A magniﬁed image of
HUVEC-UM/OM/β-TCP group in Figure 5A clearly shows that
an intact human lumen contains murine erythrocytes (Figure
5B). Quantiﬁcation of the microvessel density of hCD31
positive-expressing lumens reveals statistically signiﬁcant diﬀerences between the HUVEC-UM/OM/β-TCP group (61 ± 24
vessels/mm2) and the OM/HUVEC-UM/β-TCP group (26 ±
20 vessels/mm2) at 2 and 4 weeks (Figure 5C). These results
prove that prevascularized cell sheets were able to form extensive
vascular networks in vivo and that those prevascularized
networks could anastomose with the mouse vascular system
and functionally deliver blood. Furthermore, the HUVEC-UM/
OM/β-TCP group with biomimetic periosteum-like structure
could form notably more functional blood vessels, compared to
the OM/HUVEC-UM/β-TCP group (nonperiosteum-like
structure) (p < 0.05, Figure 5C). Double immunoﬂuorescence
staining with antihuman CD31 and antimouse CD31 indicates
that there are positive expressions of mouse CD31 in the
nonprevascularized scaﬀold group (Figure 5D) but there are not
expressions of human CD31. In prevascularized scaﬀold groups,
both of human and mouse CD31 positive expression were
observed. Some overlap points or lumens where both human and
mouse CD31were present can be seen in the periosteum-like
groups, which suggested that the preformed blood vessels
anastomosed with the host vasculature. These results validate our
hypothesis that the prevascularized periosteum-like structural

cell-sheet layer signiﬁcantly promotes the formation of functional
microvessels within the graft.
A speciﬁc antihuman vimentin antibody was used to indicate
the survival and migration of human cells from the implanted
engineered cell sheet into the inner β-TCP scaﬀold. Results of
immunohistochemistry staining show that vast number of human
cells migrated into the entire area of the scaﬀolds (Figure 6). βTCP alone group shows that host mouse cells migrated into the
pores of the scaﬀold (negative antihuman expression). These
results indicate that macropores of the scaﬀold facilitate the cell
migration and further functional tissue development.
3.6. Evaluation of Ectopic Osteogenesis In Vivo. Figure
7 shows the change of mineral content of the implanted cellsheet/scaﬀolds. Micro-CT analysis indicates that the mineral
volume of the plain scaﬀolds signiﬁcantly decreased during the
period of 8 weeks because of biodegradation. At 8 weeks after
implantation, the mineral volume of the β-TCP scaﬀold
decreased by 12.83 ± 0.05% of its original mineral content.
For both the OM/UM/β-TCP and OM/HUVEC-UM/β-TCP
groups, there was a slight decline in the total mineral volume
during the period of 8 weeks. This suggests that the rate of
calciﬁcation of new osteoid matrix was slightly slower than the
degradation rate of the scaﬀolds. However, in the HUVEC-UM/
OM/β-TCP group, there is signiﬁcant increase in total mineral
volume over time. The mineral volume increases 2.24 ± 0.02% at
4 weeks after implantation and 5.50 ± 0.02% at week 8. This
result suggests that there is a greater quantity of new calciﬁed
osteoid matrix than the degradation of the scaﬀold.
Immuohistochemistry staining of osteocalcin further indicates
more bone matrix in the HUVEC-UM/OM/β-TCP and OM/
HUVEC-UM/β-TCP groups than other groups at 2, 4, and 8
weeks after implantation (Figure 8A). Tartrate-resistant acid
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found in the other groups (Figure 8B) at 2 weeks. Afterward,
there was no osteoclasts activity observed in all the groups (data
not shown).

4. DISCUSSION
In this study, we found that the biomimetic periosteum-covered
β-TCP graft demonstrated signiﬁcant vascularization and
osteogenic potential, compared to the nonperiosteum/bonelike grafts. This result implies that spatial conﬁguration of the
biomimetic CSEP on the porous β-TCP scaﬀold has signiﬁcant
role in promoting the angiogenesis and osteogenesis. The spatial
conﬁguration of the CSEP is similar to the structure of native
periosteum and shows associated function of periosteum.
We engineered this periosteum-like membrane based on a cell
sheet engineering technique and integrated the membrane with a
biodegradable porous β-TCP scaﬀold to form a periosteumcovered bone-like graft. Cell sheet engineering technique
provides a potential to mimic the structure of periosteum. In
this study, we used sharp pointed forceps to physically peel oﬀ
and detach cell sheets from a culture dish instead of using a
thermosensitive culture dish. Through this simple detaching
technique, we ﬁrst wrapped a mineralized hMSCs sheet on a

Figure 7. Quantitative assay shows that HUVEC-UM/OM/β-TCP
induced higher bone volume than all other groups at 4 and 8 weeks (* p
< 0.05, n = 4).

phosphatase staining (TRAP) staining shows the positive
activities of osteoclasts in HUVEC-UM/OM/β-TCP and OM/
HUVEC-UM/β-TCP groups, but no osteoclasts activity was

Figure 8. Immunohistochemistry staining of osteocalcin shows a denser osteocalcin matrix in HUVEC-UM/OM/β-TCP compared to those in other
three groups at 2, 4, and 8 weeks (A); TRAP staining shows osteoclastic activity in the HUVEC-UM/OM/β-TCP and OM/HUVEC-UM/β-TCP at 2
weeks (B).
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porous β-TCP scaﬀold, which mimicked the inner cambium layer
of the native periosteum, followed by wrapping a prevascularized
HUVEC/hMSC sheet onto the mineralized OM-covered
scaﬀold, which mimicked the outer ﬁbrous layer of the native
periosteum.23−25 The mechanical support of a rigid porous βTCP scaﬀold is beneﬁcial the sequential wrapping of two cell
sheets and their integration, thus generating a biomimetic
periosteum-covered bone-like graft. This strategy circumvents
the limitations of using synthetic polymeric ﬁlms or acellular
human dermis in constructing a tissue-engineered periosteum.
Synthetic polymeric ﬁlms need cellularization for vascularization,
and acellular human dermis also need revascularization.46,47
Recently, more studies have reported the new progress in
engineering periostea,35−39 while in this study we used cell sheet
to engineer biomimetic periosteum for vascularization. Single
cell sheets can be further integrated with biodegradable porous
scaﬀolds to form thick 3D constructs with biomimetic structure,
which can provide robust tissue function and regeneration
abilities.48−54 Therefore, cell sheets combined with porous
scaﬀolds has the potential to construct a tissue-engineered
periosteum/bone-like graft with a more native structure and
similar function.
The in vitro study results indicated that HUVECs migrated
and formed robust networks on the undiﬀerentiated hMSCs
sheet. This implied that the cell sheet with rich ECM and intact
proteins provide a microenvironment for cell migration, growth,
and further neo-vascularization.10,11,55 Similar results can be
found in Soucy’s study, which reported that a ﬁbroblast-derived
matrix promoted vasculogenic behavior of endothelial cells.56
This result is very encouraging because HUVECs on the hMSCs
sheet induced the development of blood vessel networks, and at
the same time hMSCs may promote the stability of the new
vessels and also provided an osteoblast source for bone formation
when implanted in vivo.57,58 The simultaneous migrations of
both hMSCs and HUVECs from the outer CESP into the porous
scaﬀold facilitate vascularization and osteogenesis. In our in vivo
studies, H&E examination further conﬁrmed that the grafts with
a prevascularized sheet formed more blood vessels and attained a
higher vessel density, compared to the plain scaﬀolds and OM/
UM/β-TCP without the prevascularized cell sheet. This implies
that the prevascularized cell sheet promoted the vascularization
of the tissue-engineered grafts. Furthermore, we found that a
greater number of functional perfused human blood vessels
containing red blood cells formed in the periosteum-like group
(HUVEC-UM/OM/β-TCP) than that formed in the nonperiosteum-like group (OM/HUVEC-UM/β-TCP). This is
probably a result of spatial structure of periosteum-like graft
versus nonperiosteum-like graft. The outer prevascularized cell
sheet layer of periosteum-like graft probably is closer to and
easier to connect with the host vasculature, while in the
nonperiosteum-like graft, the outer OM layer probably
obstructed or slowed down the vessels from the inner
prevascularized layer to reach and connect with the host
vasculature, even though the thickness of the outer OM layer
was at the scale of micrometers. There was a signiﬁcant increase
in new calciﬁed osteoid matrix volume in the periosteum-like
graft compared to the nonperiosteum-like graft and the others,
suggesting the osteogenic capability of the CSEP. Therefore, this
in vivo result suggests that CSEP mimics cellular components
and the spatial structure of periosteum, potentially leading to a
similar function.29,59
From H&E staining results we found that the vascular density
declined from 2 to 8 weeks in all the groups. This result may be

related to early immune response due to foreign implants, which
caused the invasion of a large amount of vasculature at the early
stage.60,61 However, after the immune responses vanished and
the newly formed vessels maturated, the number of vessels
decreased.62 Sun et al. observed a decrease of neovascular volume
at the fracture site, and the relative number of erythrocytes
decreased from 2 to 8 weeks.60 Raines et al. found a decrease of
neovascular volume in the marrow cavity after 2 weeks.63
Risselada et al. also observed a time-dependent decline pattern of
blood vessels.62 Another study also showed that a larger number
of vessel occurred from periphery to the cortex at the early stage,
but they decreased in the later stages.64 Our result is similar to
these studies. Meanwhile, from the beginning of ossiﬁcation to
well-deﬁned ossiﬁcation, the metabolic activity of vessels also
shows remarkable decay,65 which may also decrease the
osteoclast activity. This may be the reason that we observed
the osteoclasts activities at 2 weeks and then disappeared
afterward in our study. These results suggest that using
autologous cells to develop cell sheet grafts may help avoid
immune rejection responses.
The combination of CSEP and porous ceramic scaﬀold shows
very encouraging results in vascularization and osteogenic
potential and may bring very promising applications in
reconstruction surgery. The porous scaﬀold provides structural
support to the cell sheets and facilitates transplantation and
handling in clinic use, while the cell sheets provide superior
angiogenesis compared to grafts using only a porous synthetic
scaﬀold. However, more studies need to be performed to
investigate the anasotomosic mechanism of the prevascularized
periosteum-like cell sheets with host vasculature to improve the
in vitro prevascularization strategies. Although we preliminarily
investigated the osteogenic potential of this CESP/β-TCP in
ectopic subcutaneous sites, the osteogenic ability of this graft in
orthotopic site will still need to be fully investigated and
strengthen the ﬁndings of this study, and in that case, autograft or
decellularized bone allograft may be involved as controls when
implanted in situ bone defect. Also, in future studies, autologous
cells from immunocompetent animals may be considered to be
used to develop new periosteum/bone-like grafts for the
applications of bone regeneration.

5. CONCLUSION
We constructed a biomimetic periosteum using hMSCs and
HUVECs based on cell sheet engineering technique, and
wrapped the CSEP on a porous, biodegradable β-TCP scaﬀold.
This in vitro prevascularized biomimetic periosteum promoted
the in vivo vascularization of β-TCP scaﬀold and possesses
osteogenic potential. The cell sheet-ceramic complex with
periosteum/bone-like structure provides a promising strategy
not only mimicking the spatial conﬁguration of native
periosteum but also promoting the vascularization and
osteogenic potential of bone grafts.
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