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Abstract

The induced membrane has been widely used in the treatment of large bone defects but continues
to be limited by a relatively lengthy healing process and a requisite two stage surgical procedure.
Here we report the development and characterization of a synthetic biomimetic induced membrane
(BIM) consisting of an inner highly pre-vascularized cell sheet and an outer osteogenic layer using
cell sheet engineering. The pre-vascularized inner layer was formed by seeding human umbilical
vein endothelial cells (HUVECS) on a cell sheet comprised of a layer of undifferentiated human
bone marrow-derived mesenchymal stem cells (hnMSCs). The outer osteogenic layer was formed
by inducing osteogenic differentiation of hMSCs. In vitro results indicated the undifferentiated
hMSCs cell sheet facilitated the alignment of HUVECSs and significantly promoted the formation
of vascular-like networks. Furthermore, seeded HUVECs rearranged the extracellular matrix
produced by hMSCs sheet. After subcutaneously implantation, the composite constructs showed
rapid vascularization and anastomosis with the host vascular system, forming functional blood
vessels in vivo. Osteogenic potential of the BIM was evidenced by immunohistochemistry staining
of osteocalcin, tartrate-resistant acid phosphatase (TRAP) staining, and alizarin red staining. In
summary, the synthetic BIM showed rapid vascularization, significant anastomoses, and
osteogenic potential in vivo. This synthetic BIM has the potential for treatment of large bone
defects in the absence of infection.
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1. Introduction

The treatment of large bone defects caused by trauma or infection remains a substantial
clinical challenge in modern orthopedics. Currently available treatments mainly include
vascularized bone transfer [1], cancellous autografting [2], and bone transport [3]. Most
recently a two-stage induced membrane technique pioneered by Masquelet and colleagues
has received extensive attention [4, 5]. This technique involves the temporary implantation
of a polymethyl methacrylate (PMMA) cement spacer into the bony defect which induces
the formation of a bioactive membrane. 4 to 8 weeks after cement spacer implantation, the
spacer is removed and a cancellous autograft is placed into the membrane. This technique
has shown great promise in the management of large bone defects with case reports of
successful treatment [4, 6, 7], even greater than 20 cm [8]. Several mechanisms of action are
thought to facilitate bone healing in these difficult situations. The presence of the membrane
itself compartmentalizes the bone graft, separating it from the surrounding muscle. Previous
research has demonstrated that this compartmentalization of bone defects improves bone
healing and limits graft resorption [9]. In addition, pluripotent stem cells are present in the
membrane along with various growth factors such as vascular endothelial growth factor
(VEGF) and bone morphogenetic protein-2 (BMP-2) [10], which are known to be important
in fracture healing. Studies have also demonstrated that the membrane is well vascularized
and a large number of vessels are present in the fibrous inner layer [11, 12]. These studies
suggest that the induced membrane plays a role in osteogenesis as well as vascularization of
the bone graft [10, 11].

However, there are some limitations using the induced membrane technique for bone
regeneration. Patients have to undergo at least two surgical procedures to implant the
PMMA cement spacers and then remove them in addition to any additional procedures
required to treat frequently associated soft tissue injuries. The temporary implantation of the
PMMA does not guarantee the induction of a robust and appropriately proportioned
membrane, and the biologic viability of the membrane appears to degrade over time,
peaking 4 weeks after PMMA spacer implantation [10, 13]. One alternative approach to
addressing these limitations is to use tissue engineering techniques to create a synthetic
bioactive membrane that mimics the structure of an induced membrane. The synthetic
membrane could contain and compartmentalize an autogenous or synthetic bone graft to
optimize healing. Theoretically, this synthetic membrane could facilitate single-step
reconstruction of large bone defects when combined with appropriate internal fixation and
autogenous bone graft or synthetic bone scaffold [14]. Successful development of such a
synthetic membrane has the potential to decrease the number of procedures required for the
reconstruction of large bone defects while optimizing the biologic microenvironment at the
fracture site and accelerating healing. Other synthetic membranes fabricated from
bioresorbable polylactide [14], collagen barrier [15] or polylactide [16] have been reported
for use in reconstruction of segmental bone defects. However, these synthetic membranes
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lack both the multiple layered structures and the osteo and angiogenic capacity of a
biologically induced membrane.

A novel cell sheet engineering technique developed by Okano and colleagues has proved
effective for engineering tissues such as cornea, skin, myocardium, and mucous membrane
[17-19], and has also been used to create an osteogenic cell sheet for bone tissue [20-22].
More recently, the pre-vascularization of cell sheet-based constructs has been proposed as a
way to circumvent vascularization of 3D thick grafts [23]. Therefore, cell sheet engineering
technique has the potential to create a complex 3D synthetic biomimetic induced membrane
(BIM).

The purpose of this study is to determine the feasibility of using a cell sheet engineering
technique to fabricate a BIM with a similar biological profile to the biologically induced
membrane. We first produced a pre-vascularized inner layer by seeding human umbilical
vein endothelial cells (HUVECSs) on an undifferentiated human bone marrow-derived
mesenchymal stem cells (hnMSCs) sheet, and then an osteogenic outer layer by inducing the
osteogenic differentiation of hMSCs. These two cell sheet layers were wrapped together to
form a BIM with similar structural configuration to a biologically induced membrane (Fig.
1). We hypothesized that this pre-vascularized BIM would rapidly anastomose with host
vasculature and demonstrate potential osteogenic properties. To this end we prepared a pre-
vascularized BIM and characterized its in vitro pre-vascularization abilities and in vivo
functional vascularization in the subcutaneous site of mouse. At the same time, we
characterized the osteogenic potential of this BIM.

2. Materials and methods

2.1. Cell culture

A MSCGM™ BulletKit™ was utilized to culture hMSCs. The hMSCs have been shown to
express CD105, CD166, CD29 and CD44 more than 90% of the time while expressing
CD14, CD34 and CD45 less than 10% of the time (Lonza Inc.). The hMSCs can
differentiate into adipogenic, chondrogenic, and osteogenic lineages [24]. The hMSCs were
cultured in MSCBM (Lonza), which is a non-differentiating growth medium containing 10%
fetal bovine serum (FBS) and 1xglutamine-penicillin-streptomycin (GPS; Invitrogen).
HUVECs which continuously express GFP were provided from the late Folkmann
laboratory at Children’s Hospital (Boston) and cultured in EBM™ (endothelial basal
medium) and an EGM™ (endothelial growth media) SingleQuots™ Kit (Lonza). The cell
medium was changed every 3 days. Cells below passage 9 were used in all the experiments.

2.2. Production and characterization of pre-vascularized cell sheets

To make the pre-vascularized composite cell sheet, hMSCs were first cultured in a cell
culture dish at a cell density of 9x10%/cm? in MSCGM medium. After the cells reached
confluence, the medium was changed to MSCGM with the addition of 50 pg/ml ascorbic
acid and 30 mM glucose to promote the production of extracellular matrix [25]. After 14
days of culture, hMSCs formed a thick cell sheet, referred here as UM.
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HUVECs were cultured in EBM-2 and trypsinized after confluence. At day 14 a HUVEC
cell suspension was seeded onto the surface of the hMSCs sheet at a cell density of
5x10%/cm?. After a designated incubation period, the morphology of the cell sheets were
observed under a fluorescent microscope and images were captured. We named this
HUVEC/hMSC cell sheet layer HUVEC/UM and intended for it to function as the inner pre-
vascularized layer. To investigate the patterns of HUVECs pre-vascularized networks on the
UM sheet, immunofluorescent staining was performed. Platelet-endothelial cell adhesion
molecule (PECAM-1, or CD31), an endothelial-specific adhesion protein and a specific
marker of HUVECs, was used to assess HUVECs pre-vascularized networks. After the
sheets were washed three times in PBS, a 5% goat serum-PBS buffer solution was used to
block the cell sheet samples for 1 hour at room temperature, and then primary antibody
mouse anti-human CD31 (89C2, cell signaling technology, dilution 1:3200), mouse anti-
human CD90 (550402, BD Bioscience, dilution 1:50), and mouse monocolonal smooth
muscle actin (a-SMA, sc-53015, Santa Cruz Biotechnology Inc, dilution 1:200) in 1% BSA-
PBS were added into the sample followed by incubation overnight at 4 °C. After washing
with PBS, a secondary antibody goat-anti-mouse (Alexa Fluor® 594, 2 ug/ml, Invitrogen) in
1% BSA-PBS was added and incubated in the dark for 1 hour at room temperature. Finally,
cell nuclei were counterstained with DAPI (5 pg/ml) for one minute and then extensively
washed with PBS. The fluorescent staining was imaged by a confocal microscopy (Zeiss).
HUVECs seeded on the well plate were used as a control.

2.3. Production and characterization of mineralized cell sheet

To mimic the structure of a biological induced membrane that contains potential bone-
forming cells, an osteogenic hMSCs layer (OM) was synthesized. To obtain this mineralized
layer, hMSCs were cultured in osteogenic medium which contained MSCBM supplemented
with 10% FBS, 10 nM dexamethasone, 10 mM f-glycerophosphate, 50 pg/ml ascorbic acid
and 30 mM glucose. After culturing for 21 days, the mineralization properties were
characterized by alizarin red and Von Kossa staining.

2.4. Production and characterization of a 3D BIM construct

To fabricate a 3D BIM construct, a sterilized silicone rubber cylinder was placed on the pre-
vascularized HUVEC/UM sheet, and the HUVEC/UM sheet was gently peeled off and
rolled onto the rubber cylinder using a cell scraper and a sharpened point forceps (Fig. 1).
The silicone rubber was purchased from Rubber Sheet Roll Co. and the diameter was 1.5
mm.

After the cell sheet was rolled onto the rubber, the construct with a multi-layered sheet
consisting of HUVEC/UM was placed onto the OM cell sheet. The OM cell sheet was rolled
onto the pre-rolled HUVEC/UM sheet. This multi-layered BIM was referred to as OM/
HUVEC/UM. As a control, a cell sheet without HUVECs was designed using the same
technique, and was referred to as OM/UM. This procedure is illustrated in Fig. 1.

For observing the cross-section of the cell sheets, the HUVEC/UM cell sheets on the rubber
cylinder were fixed with 4% paraformaldehyde and immersed in serial sucrose solution from
10% sucrose and 15% sucrose in PBS for 3 h each at room temperature, and then immersed

Bone. Author manuscript; available in PMC 2015 July 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Renetal.

Page 5

in 20% sucrose in PBS overnight at 4 °C [26]. Afterwards, the treated samples were frozen
in Tissue-Tek O.C.T. compound, and then 7 um thick sections were cryoprocessed. An
immunofluorescent staining was performed on the sections as described above. Also,
hematoxylin and eosin (H&E) staining and F-actin staining was performed by conventional
methods.

2.5. In vivo implantation

The Administrative Panel on Laboratory Animal Care of Stanford University (APLAC)
approved this in vivo animal study. The pre-vascularized OM/HUVEC/UM constructs and
non-pre-vascsularized OM/UM constructs were prepared as described in Fig. 1 and
incubated for 24 h in mixed medium (osteogenic medium:EBM-2 = 1:1) before
implantation. The next day, the composite cell sheet constructs were surgically implanted
into the subcutaneous tissues of nude mice. In this study male immunodeficient nude mice
(6-7 week old, 20-25 g body weight, Charles River Laboratories) were utilized. Two cell
sheet constructs (OM/HUVEC/UM and OM/UM) were implanted into two separate
subcutaneous dorsal pockets per animal. 25 pg cefazolin/g and 0.1 pug buprenorphine/g mice
were administrated, and the mice were put in separate cages after surgery. Each
experimental time point and condition was performed with 4 mice. The implants were
harvested after 1 and 2 weeks for histological analysis and evaluation of vascularization.

2.6. Histology and Immunohistochemistry assays

After 1 and 2 weeks, the mice were euthanized and the implants were retrieved, fixed in
buffered formalin (10%) 24 h, embedded in paraffin, and sliced into 7 um-thick sections. To
evaluate the presence of luminal structures containing red blood cells, conventional H&E
staining was carried out on the sections. For immunohistochemistry, sections were de-
paraffinized and digested by an antigen retrieval solution, then the sections were blocked by
blocking serum (5%) for 30 minutes at room temperature. Rabbit anti-human CD31
antibodies (Clone EP3095 for human microvessel detection; 1:500; Millipore,) were used.
Biotinylated goat anti-rabbit secondary antibodies (1:500; Vector Laboratories) and DAB
substrate kit (\Vector Laboratories) were used followed by hematoxylin counterstaining and
permanent mounting. The microvessels formed in the constructs in vivo were quantified by
evaluation of 8 random view fields (under 40xmagnification) of the stained sections that
came from 4 individual mice (2 fields per mouse). Luminal structures containing
erythrocytes were defined as microvessels. The density of each microvessel was reported as
the average number of erythrocyte filled microvessels and expressed as mean values*the
standard deviation. The quantitative assay of human lumens containing murine erythrocytes
was also performed according to the same method.

2.7. Osteogenic staining

To identify the osteogenic potential within the synthetic BIM, immunohistochemistry
staining for osteocalcin, tartrate-resistant acid phosphatase (TRAP) and alizarin red staining
were carried out on the 7 um-thick sections. TRAP staining of osteoclasts was performed
using Leukocyte acid phosphate kit (Sigma) with fast red violet according to the
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manufacture’s instruction. Immunohistochemistry staining of osteoclacin and alizarin red
staining were preformed as described above.

2.8. Statistical analysis

All the in vitro experimental groups were carried out in triplicate. In the in vivo studies, four
samples per group were performed. Two-way ANOVA analysis was used to analyze the
differences between groups. A p value of less than 0.05 was used to define a significant
difference.

3. Results

3.1. Cell morphology on cell sheet

The morphology of the hMSCs sheets after confluence and the cell morphology of HUVECs
seeded on the hMSCs sheet were observed under a microscope. After 3 days, hMSCs
reached confluence and continued to grow and formed a dense cell sheet. Fig. 2A shows a
very dense sheet of hMSCs cultured in undifferentiated medium after 14 days. Observational
results indicated that HUVECSs started to migrate on the hMSCs cell sheet 2 hours after
seeding (data not shown) and continued to form a large number of cell-to-cell alignments
after one day. This migration of HUVECs made the hMSCs cell sheet matrix rearrange,
leading to the formation of aligned microgrooves at day 3 (Fig. 2B). However, when
HUVECs were seeded on a tissue culture plate, this alignment morphology was not
observed (Fig. 2C). HUVECs on the hMSCs sheet started to form cords at day 3 (Fig. 2D).

3.2. Immunofluorescent staining and H&E staining

To study the vascularized pattern of HUVECs on the undifferentiated hMSCs sheet in vitro,
immunofluorescent staining for CD31 expression, a specific endothelial marker for
vascularization, was performed. The immunofluorescent images taken at 3, 7 and 14 days
revealed a progressive process of lumen morphogenesis. At day 3, HUVECs migrated to
induce focal fusion and form small lumens (Fig. 3A). As time increased, more HUVECs
elongated and aligned dynamically, resulting in the formation of larger intracellular vacuoles
(Fig. 3B). During this initial accumulation of these vacuoles, some of vacuoles started to
coalesce. By day 14, larger elongated branches were observed and cells formed intracellular
luminal structures (Fig. 3C). However, HUVECSs alone cultured on the tissue culture plate
did not demonstrate the formation of networks. To observe the cross-section of the pre-
vascularized cell sheet, H&E staining on frozen sections was performed. The thickness of
the pre-vascularized cell sheet was about 20 pm (Fig. 3G). Immunofluorescent staining for
CD31 on frozen sections showed the positive expression of CD31 appeared in the interval of
hMSCs nuclei, which suggested that the HUVECSs seeded on the hMSCs sheet remodeled
the matrix of the hMSCs sheet and embedded into the matrix of the hMSCs sheet after 7
days (Fig. 3H).

To further explore the vascularized patterns, immunofluorescent staining for CD90, which is
a surface protein marker of hMSCs, but is not expressed in HUVECS, was performed. Sheet
of only hMSCs showed expressions of CD90 in a random pattern. However, hMSCs sheet
with seeded HUVECSs showed an aligned arrangement of CD90 expression around the
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HUVECs in Fig. 4, which was consistent with the observation in Fig. 2c and d. To evaluate
if hAMSCs have the potential as pericytes when co-culturing with HUVECS in endothelial
EBM-2 medium, immunofluorescent staining for a-SMA was performed on the frozen
sections. At the early stage (3 and 7 days), there was no obvious expression of a-SMA
observed. After 14 days, slight expression of a-SMA was observed, suggesting that hMSCs
have little ability to differentiate into myoblasts under the current experimental conditions

(Fig. 4).

3.3. Characterization of osteogenic cell sheet

To evaluate if a mineralized hMSCs sheet can be obtained after 21 days of incubation in
osteogenic medium as an outer layer of a construct, alizarin red and Von Kossa staining
were performed. Results showed extensive mineralized nodule formation due to high
calcium deposition (Fig. 5A,B), confirming that hMSCs cultured under these conditions can
mineralize to form a mineralized osteoblast cell sheet.

3.4. Characterization of the composite structure before implantation

After detachment from the plates, the sheets could be easily handled with forceps to roll
around a rubber cylinder with a diameter of 1.5 mm. Then the composite structure
containing a pre-vascularized cell sheet inner layer and osteogenic cell sheet outer layer was
continuously cultured in mixed medium (osteogenic medium:EBM-2 = 1:1) for 24 hours
(Fig. 6A). H&E staining showed the composite structure consisted of multiple layers of
sheets, and the cells in each layer showed the same aligned direction and were embedded
into the matrix of each layer (Fig. 6B). F-actin staining was used to evaluate if the cells
between two layers could grow together to contact each other. The results indicated that an
abundance of actin fibers were present in the cytoplasm of the cells. The cells in different
rolled layers can cross and expand to contact each other within and between different layers,
in turn facilitating the merging of different cell sheet layers (Fig. 6C). Immunofluorescent
staining for CD31 showed that lumen structures appeared among the multilayered constructs
(Fig. 6D). This expression of CD31 in the cross-sections clearly demonstrated the lumens
formation in the multiple cell sheets.

3.5. Histological identification of vascular networks in implanted construct

To investigate whether the construct’s structure with an inner pre-vascularized layer and
outer osteogenic layer could support the formation of vascular networks in vivo, we
surgically implanted the construct into immunodeficient mice (Fig. 7A). Prior to
implantation, all the constructs were cultured in a mixture medium for 1 day and OM/UM
served as control. At 7 and 14 days after implantation, the composite cell sheet constructs
were removed and H&E staining was performed on paraffin sections to show the presence
of blood vessels. These blood vessels were identified as lumen containing red blood cells. In
OM/UM without HUVECs, few blood vessels were observed at 7 and 14 days (Fig. 7B,D).
However, numerous blood vessels containing erythrocytes were observed to be distributed
throughout the OM/HUVEC/UM implants (Fig. 7C,E). Our quantification of the
microvessel density revealed a statistically significant difference between the OM/
HUVEC/UM and OM/UM (Fig. 7G). At 7 days after implantation, the average microvessel
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density of the construct with HUVECs was 67+25 vessels/mm?2 compared to 2+6
vessels/mm? in those without HUVECs. At 14 days after implantation, the average density
in the HUVECs construct was 46+10 vessels/mm?2, compared to 7+8 vessels/mm? in the
construct without HUVECs. Vessel density within the HUVECs constructs was not
significantly different between days 7 and 14.

3.6. Immunohistochemistry identification of functional perfused vessels

To assess the ability of the vessels formed in vitro to anastomose with host vasculature and
form functional perfused blood vessels in vivo, immunohistochemistry staining was carried
out using a monoclonal rabbit anti-human CD31. At day 7 and day 14, numerous hCD31-
positive blood vessels were present in the OM/HUVEC/UM constructs (Fig. 8B,D). Murine
erythrocytes infiltrated the lumen, indicating the formation of functional blood vessels (Fig.
8E). The above result is critical, for it implies that the lumens generated in a pre-
vascularized cell sheet succeeded in anastomosing with host vascular system to form
functionally perfused blood vessels. In contrast, there were no human blood vessels detected
in the implants of OM/UM (Fig. 8A,C).

The density of anastomotic vessels that were hCD31-positive in the intact lumens containing
murine erythrocytes was calculated from the immunohistochemistry staining images. In the
OM/HUVEC/UM group, the density of lumens was 59+10 vessels/mm? after 7 days and
46+4 vessels/mm? after 14 days (Fig. 8F). There was no significant difference between these
two time points.

3.7. Characterization of osteogenic potential

To determine whether this biomimetic structure has an osteogenic potential in ectopic
implantation, immunohistochemistry staining of osteocalcin, TRAP staining for osteoclast,
and alizarin red staining for calcium matrix were performed. Immunohistochemistry staining
of osteocalcin showed an enhanced concentration of osteocalcin in OM/HUVEC/UM (Fig.
9B) compared to that in the OM/UM construct (Fig. 9A). Sporadic TRAP positive staining
were observed in both the OM/HUVEC/UM group and the OM/UM group (Fig. 9C,D),
indicating osteoclast activity in the induced membrane [27, 28]. There was robust calcium
matrix deposition in OM/HUVEC/UM (Fig. 9F) compared to the construct without
HUVECs (Fig. 9E). These results further indicated that the OM/HUVEC/UM has potential
for promoting osteogenesis compared to the OM/UM group without pre-vascularization.

4. Discussion

In this study we fabricated a synthetic BIM using a cell sheet engineering technique. We
found that the pre-vascularized BIM rapidly anastomosed with host vasculature to form
perfused functional vessels, while non-pre-vascularized cell sheets did not. The BIM also
demonstrated more osteogenic properties compared to the non-pre-vascularized cell sheets.
Our results suggest that the pre-vascularization of the BIM plays an important role in the
vascularization, functional anastomosis, and osteogenesis in vivo. This BIM could represent
an alternative approach to the treatment of a large bone defects.
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Previous studies have demonstrated that induced membranes have a highly vascularized
inner layer [11], which our synthetic BIM successfully mimicked. We produced a pre-
vascularized HUVEC/UM inner layer in the BIM. Our study demonstrated that the
undifferentiated hMSCs sheet strongly promoted the network formation of HUVEC, but
when endothelial cells were cultured on a tissue culture plate without the hMSCs sheet
substrate, HUVECSs were randomly distributed (Fig. 2). This implies that the rich ECM
derived from hMSCs provides an important organizational cue for cell migration, network
formation, and alignment of HUVECs. These processes facilitate pre-vascularization of cell
sheets in vitro and also explain previously observed cellular interactions between HUVECs
and hMSCs in co-cultures [29, 30]. The endothelial cells also re-arranged the matrix of
hMSCs sheet in an aligned direction. Our observations are consistent with those of Soucy et
al, who thought that endothelial cells could reconstruct or modify the surrounding ECM
environment, which is also crucial to the process of tube formation [31]. The interaction
between ECM produced by hMSCs and HUVECs may collectively contribute to tube
formation, and the further vascularization in vivo. Additional research is needed to better
understand these complex relationships.

These pre-vascularized networks formed in vitro anastomosed with the host vascular system
in vivo after implantation. The synthetic BIM demonstrated capillary-like structures and
indicated the in vitro, pre-formed, vascular-like network rapidly integrated with the host
vasculature and formed functional blood vessels. This was likely a result of both host
vasculature invasion and vascular bed formation [32] as well as host vasculature connecting
with the pre-vascularized networks created in vitro. It appears that hMSCs play an important
role in the process as they have previously been demonstrated to function as pericytes [23,
33]. These perivascular cells can express angiogenic factors [34], which induce host blood
vessel invasion and stabilization. Studies have shown that biologically induced membranes
produce angiogenic growth factors (VEGF, TGFp1) and osteoinductive factors (BMP-2)
after 4 weeks [10, 35]. However, as our purpose is to develop a BIM and characterize its
vascaularization and osteogenesis potential in vitro and in vivo, we did not investigate
whether the BIM secreted growth factors. Studies have reported that endothelial cells secrete
BMP-2 and MSCs produce aniogenic factors [36, 37]. The VEGF and other cytokines
produced by this BIM may stimulate the host vasculature to infiltrate the construct while
simultaneously promoting the anastomosis of pre-formed networks with the host vasculature
to form functional perfused blood vessels [38, 39]. In addition to a highly vascularized inner
layer, previous studies of induced membranes have identified an outer layer that contains
large amounts of collagen bundles parallel to the membrane surface [10]. We mimicked this
outer layer by fabricating an osteogenic cell sheet made of differentiated and mineralized
hMSCs (osteoblasts-like). Our result demonstrates the osteogenic potential of pre-
vascularized BIM. However, there is no quantitative data to indicate a significant difference
in the mineralized matrix between these two groups. We have not yet identified the crystal
phase of the mineralized matrix or quantified the amount of the mineral matrix in vivo
versus in vitro. We plan to perform these osteogenesis studies in segmental bone defects in
the future.
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There are several limitations of this BIM in this study. Although the biologic properties of
this cell-sheet-engineered BIM are promising, the mechanical properties may not be
sufficient for clinical applications. In this study, an inert rubber was used to construct and
support the three-dimensional structure. At the same time, utilizing inert rubber allowed us
to avoid any biological effects of the supporting material itself. When used clinically,
additional support, such as that derived from a bioactive porous bioresorbable polymer or
ceramic scaffold may be necessary to address this issue. Furthermore, the synthetic BIM
described in this study is intended for reconstruction of a sterile bone defect and not for
infection. An appropriate debridement to eradicate infection is still necessary prior to
addressing the bone defect. Also, the primary purpose of this study was to develop a novel
BIM and characterize its vascularization and osteogenesis. In situ orthotopic studies in bone
defects will be necessary to investigate the osteogenesis of this synthetic BIM and learn
more about potential clinical efficacy. Moreover, additional qualitative and quantitative
studies will be necessary to better understand osteogenesis.

Despite these limitations, the BIM described in this study has the potential to improve the
treatment of large bone defects. The BIM could be used to encapsulate and augment
autogenous bone graft in a large defect while allowing patient and surgeon to avoid the
additional surgery required for the placement of a PMMA spacer to induce a membrane.
Additional studies are indicated to expand the clinical applications of this BIM.

5. Conclusion

We fabricated a synthetic BIM that has the potential to improve the treatment of critical
bone defects. The synthetic BIM with an inner pre-vascularized layer and outer osteogenic
layer demonstrated rapid vascularization, functional anastomosis properties, and osteogenic
potential in vivo. Additional research is needed to evaluate the efficacy of this membrane in
enhancing the healing and reconstruction of critical bone defects.
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Fig.1.
The schematic of the fabrication of a compound construct OM/HUVEC/UM (A) and

OM/UM (B) based on cell sheet engineering.
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Fig.2.
Light microscopy images of hMSCs cultured in MSCGM for 14 days showing that hMSCs

formed a dense cell sheet (A). HUVECs aligned on the hMSCs sheet after 3 days (B).
Fluorescent images show that HUVECs cultured on the well-plate display normal cell
morphology (C) but the images demonstrate an aligned arrangement after 3 days on the
hMSCs cell sheet (D). White arrows indicate intracellular vacuoles formation (Scale bar=
100 pm).
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Immunofluorescent staining images of CD31 indicated a progressive process of lumen
formation when HUVECSs were cultured on the hMSCs sheet for 3, 7, and 14 days (A-C),
and fluorescent image of HUVECS cultured on the well-plate for 3, 7, and 14 days (D-F).
H&E staining (G) and immunofluorescent staining (H) were performed on each cross-
section. HUVECs were seeded on the hMSCs sheet and observed for 7 days. White arrow
indicates nuclei, asterisks indicate lumen formation. a-f: Scale bar= 100 pum. G-H: Scale
bar=50 pm.
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Fig. 4.
Immunofluorescent staining images of hMSCs sheet with CD90 on day 3, 7, and 14 (A,C,E),

and hMSCs sheet with HUVECs seeded (B,D,F). Fluorescent image of a-SMA when
hMSCs sheet was continuously cultured for 3, 7, and 14 days (G,I,K), and when HUVECs
were cultured on the hMSCs sheet (H,J,L). Red: CD90 and a-SMA; Blue: DAPI. Green:
HUVEC. Scale bar= 100 um.
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Alizarin red staining

Fig. 5.
Alizarin red staining (A) and Von Kossa staining (B) images indicated a large number of

calcium nodes (A: red) and calcium matrix deposition (B: black) after 21 days incubation
(Scale bar= 100 pm).
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Fig. 6.

Aggross view display of the composite cell sheets on a silicone rubber cylinder (A) (Scale
bar= 1 mm). H&E staining showed the composite structure layers sheets (B) (Scale bar= 100
pum). F-actin staining indicated that the cells between two layers could grow together to
connect with each other (C). Immunofluorescent staining for CD31 showed that lumen
structures appeared among the multilayered constructs (D) (Scale bar= 50 um).
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Fig. 7.
H&E staining of removed implants in vivo. Schematic figure shows the timeline of

implantation: the constructs with HUVECs named OM/HUVEC/UM as experiment group,
and a same rolled cell sheet constructs without HUVECs named OM/UM as a control. The
implants were retrieved after 7 and 14 days in vivo (A). Representative images of H&E-
stained sections from OM/HUVEC/UM and OM/UM implants, revealing the presence of
numerous blood vessels containing murine erythrocytes (B-E). The overall view of a
representative implant under skin is shown in (F). The extent of the vascular-network
formation was quantified by measuring the microvessel density (G). The data are presented
as mean + SD. Significant difference between the OM/HUVEC/UM and OM/UM are shown
as ** (**p<0.01, n=8) (Scale bar= 50 pm).
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Fig. 8.
Immunohistochemistry staining images of CD31 for implants in vivo. Images of the

engineered microvessels stained positive for human CD31, murine erythrocytes infiltrated
into the lumen, which indicated the formation of functional blood vessels (A-D). A local
magnification of a lumen containing murine erythrocytes is shown in (E). The percentage of
human-CD31-expressing blood vessels (n=8) (F) (Scale bar= 50 pm).
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Fig. 9.
Immunohistochemistry staining images of osteocalcin for OM/UM (A) and OM/

HUVEC/UM constructs (B). Osteoclast activity is shown through TRAP staining for in
OM/UM (C) and OM/HUVEC/UM constructs (D) (black arrow). Alizarin red staining for
mineralized calcium nodes in OM/UM (E) and OM/HUVEC/UM constructs (F) (Scale bar=
50 pm).
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