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The use of processed bone allograft to repair large osseous defects of the skull has been limited, given that it lacks
the osteogenic cellularity and intrinsic vascular supply which are essential elements for successful graft healing
and, at the same time, the areas to be targeted through tissue-engineering applications. In this study, we investigated the effect of predifferentiated rat adipose tissue-derived osteoblastic cells (OBs) and endothelial cells
(ECs) on calvarial bone allograft healing and vascularization using an orthotopic critical-sized calvarial defect
model. For this purpose, thirty-seven 8 mm critical calvarial defects in Lewis rats were treated with bone allografts
seeded with no cells, undifferentiated adipose tissue-derived stem cells (ASC), OBs, ECs, and OBs and ECs
simultaneously. After 8 weeks, the bone volume and mineral density were calculated using microcomputed
tomography and the microvessel formation using immunohistochemical staining and imaging software. The
amount of bone within the 8 mm defect was significantly higher for the allografts treated with ECs compared with
the allografts treated with OBs ( p = 0.05) and simultaneously with the two cell lineages ( p = 0.02). There were no
significant differences in bone formation between the latter two groups and the control groups (allografts treated
with no cells and undifferentiated ASC). There were no significant differences in bone mineral density among the
groups. The amount of microvessels was significantly higher in the group treated with ECs relative to all groups
( p = < 0.05). Our results show that the implantation of ASC-derived ECs improves the vascularization of calvarial
bone allografts at 8 weeks after treatment. This cell-based vascularization strategy can be used to improve the
paucity of perfusion in allogenic bone implants. However, in this study, the treatment of allografts with OBs alone
or in combination with ECs did not support bone formation or vascularization.

Introduction

T

he restoration of critical-sized osseous defects of the
craniofacial skeleton after traumatic injury or surgical
resection remains a challenge to the reconstructive surgeon.
Whenever possible, these defects are reconstructed with
vascularized autologous bone which contains osteogenic
cells (osteogenic properties), has chemotactic factors that facilitate the recruitment of osteoprogenitor cells (osteoinductive properties), provides the optimal physical conditions for
the bone to regenerate (osteoconductive properties), and has
adequate blood supply to support graft viability; characteristics that explain its efficacy for bone reconstruction.1

However, harvesting autologous bone is not always feasible,
especially when the tissue is limited or when the procedure
poses prohibitive health risks for the individual. In these
circumstances, the use of processed bone allograft is considered an acceptable substitute.2 However, its use has been
associated with limited graft viability after implantation and
also with failure to remodel and incorporate with the host
bone, resulting in failure rates of 40% within 10 years, which
has halted its widespread use in spite of its ready availability.3,4 Although allogenic bone preserves its osteoconductive
properties after processing, it lacks the osteogenic cells and
osteoinductive growth factors needed to synthesize new
bone. After implantation, the allograft is slowly resorbed and
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OSTEOGENESIS AND VASCULARIZATION OF ALLOGENIC BONE IN CALVARIAL DEFECTS
simultaneously replaced with new viable bone.4 This process
is called creeping substitution and may involve only 20% of
the graft in 5 years, as demonstrated by studies conducted on
retrieved allografts.5 Furthermore, allogenic bone is not
vascularized and, thus, relies on the diffusion of oxygen and
nutrients from the surrounding blood vessels until a capillary network is established. The diffusion capacity is limited
to only 150 200 mm, and, therefore, the paucity of vascularization poses a major limitation to the allograft viability after
implantation as well as to their potential size.6,7
With the discovery of adipose tissue-derived stem cells
(ASC), the field of tissue engineering has become a promising therapeutic strategy that addresses the limitations of allogenic bone reconstruction. Adipose tissue-derived stem
cells not only differentiate into osteoblastic cells (OBs) or
endothelial cells (ECs), but also are obtainable in large
quantities and provide an excellent cellular source for engineered constructs.8–11 Studies in several animal models
have demonstrated that the implantation of osteoprogenitor
cells and OBs can improve the osteogenic and osteoinductive
potential of allogenic bone, which occurs likely secondary to
the production of growth factors and bone morphogenetic
proteins (BMPs) that reciprocally stimulate OBs to form
mineralized bone matrix.5,12–15 In addition, in order to improve the blood supply of such grafts, angiogenic strategies
have been developed and include the direct application of
angiogenic growth factors such as vascular endothelial
growth factor (VEGF) and fibroblast growth factor as recombinant proteins or by gene therapeutics.16,17 However,
growth factors are only one of the several factors involved in
angiogenesis, which ultimately depends on the migration
and formation of endothelial and mural cells.18 Recently, cellbased therapies using endothelial progenitor cells (EPCs) or
ECs have been successful in inducing the formation of microcapillary structures in vivo when implanted in a variety of
scaffolds.16,19–22 Given that bone matrix is the most osteoconductive scaffold for tissue-engineering applications,23 if
we can augment the osteogenic potential of allogenic bone by
adding OBs and, at the same time ECs, then, we could potentially overcome a main limitation of allogenic bone repair.
Therefore, the objective of the present study is to investigate
the effect of in vitro predifferentiated rat adipose-tissue derived OBs and ECs on bone allograft healing and vascularization using an orthotopic critical-sized calvarial defect
model. We hypothesized that treating processed bone allografts with OBs and ECs independently will improve their
osteogenic and angiogenic potential, respectively, and (2)
that treating bone allografts with OBs and ECs simultaneously will convey a synergistic effect on allograft healing.
Materials and Methods
Adipose-derived stem cell isolation and culture
The study protocol was approved by the University of
Texas Health Science Center at San Antonio Animal Use
Committee. Under general anesthesia using isoflurane, adipose tissue excised from the perinephric and peritesticular fat
pad of ten 8-week-old Lewis rats was washed with sterile pH
balanced Hank’s balanced salt solution (HBSS) (Invitrogen),
finely minced using sharp dissection, placed in sterile HBSS
containing 25 mL of 1% bovine serum albumin (BSA) and
0.075% collagenase (type I; Sigma-Aldrich), and then allowed
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to agitate at 37C for 1 h. An equal volume of Dulbecco’s
modified Eagle medium and nutrient mixture F-12 media
(DMEM/F-12) (Invitrogen)with 10% fetal bovine serum
(FBS) (Gibco Invitrogen) was added for collagenase neutralization.The digest was filtered twice through 100 mm
nylon mesh cell strainers and centrifuged at room temperature for 5 min at 600 g. The supernatant was removed, and
the cell pellet was resuspended in media consisting of
DMEM/F-12, 10% FBS, 100 U/mL penicillin, and 100 mg/mL
streptomycin (Mediatech; Cellgro). Cell counts were determined with a hemocytometer. The cells were plated in 75 cm2
vented tissue culture flasks at a density of 1 · 106cells per
flask and incubated at 37C with 5% CO2. The average cell
yield was 1 · 106 cells/gm of adipose tissue. After isolation,
the cells were cultured for a 5 7 day period and were used
for differentiation after the third passage.
Osteogenic induction and characterization
After the third passage, the cells were cultured in an osteogenic medium (OM) consisting of DMEM, 10% FBS, 1%
penicillin/streptomycin (Mediatech; Cellgro), 0.1 mM dexamethasone, 10 mM b-glycerol phosphate, and 50 mM ascorbic
acid; the OM was changed every third day for 21 days. Immunocytofluorescence studies were performed to detect the
induced osteoblastic phenotypes. The induced OBs were
fixed in 4% paraformaldehyde, permeated with 0.2% Tween
in phosphate-buffered saline, and incubated in 1% BSA and
10% goat serum for 1 h at 37C. A primary antibody to osteocalcin was then added in blocking solution (sc-23790;
Santa Cruz Biotech), and cells were maintained at 4C
overnight. The bound antibodies were detected by incubation for 1 h at 37C with a secondary antibody conjugated to
Alexa 488 fluorochrome (A11055; Invitrogen) along with
Hoechst 33258 (Invitrogen). The cells were visualized in an
Olympus FV1000 confocal microscope (Olympus). Images
were sequentially acquired and analyzed using FV10-ASW
version 2.1.
The presence of calcium deposits was demonstrated by
von Kossa staining. After fixation in 3.7% paraformaldehyde
(Sigma) for 30 min, the cells were incubated with 5% silver
nitrate solution (Gibco) under ultraviolet light for 60 min.
Endothelial induction and characterization
After the third passage, the cells were cultured in a vasculogenic medium consisting of DMEM, 10% FBS, 1% penicillin/streptomycin, and 50 ng/mL recombinant rat VEGF-C
(Promocell, Heidelberg, Germany). The media were changed
every other day for 8 days before implantation in the bone
allografts. The VEGF-C was added fresh to stock media before each media change. Immunocytofluorescence studies
were performed to detect the induced endothelial phenotypes. After fixation, permeation, and blocking as previously
described, the primary antibody to CD31 (MAB1393; Millipore, Billerica, MA) was added to the cells at 4C overnight.
The bound antibodies were detected by incubation for 1 h at
37C with the secondary antibody conjugated to Alexa 568
(A11036 or A11004; Invitrogen) along with Hoechst 33258
(Invitrogen). The cells were visualized in an Olympus
FV1000 confocal microscope (Olympus). The images were
sequentially acquired and analyzed using FV10-ASW
version 2.1.
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Bone allograft construct preparation and implantation
Eight-millimeters · 2-mm sterilized and decellularized
banked allografts from previously harvested Lewis rat calvaria were used for the bone constructs. In order to sterilize
and decellularize the grafts, these were soaked in a 0.5 mg/
mL gentamicin solution for 30 min, sonicated for 30 min, then
incubated in a 70% ethanol for one hour, and allowed to air
dry in a laminar flow hood for graft sterilization. Before
implantation, the processed bone constructs were placed into
24-well plates containing 1 mL of different media according
to the anticipated treatment group: OM, endothelial media
(EM), a 1:1 mixture of OM and EM, and DMEM-F12 medium
(Invitrogen) and incubated at 37C with 5% CO2 for 2 days.
At the time of seeding, the cells were resuspended to a
concentration of 20,000 cells/mL before being added drop
wise to the bone allograft surface. A total of 2 · 105 second
passage ASC and predifferentiated OBs and ECs were seeded onto the allografts independently. When OBs and ECs
were co-seeded, a total of 1 · 105 cells of each cell lineage
were implanted (1:1 cell ratio). The cells were allowed to
incubate for 30 min at 37C with 5% CO2 before adding
500 mL of the respective culture media to each well, followed
by incubation at 37C with 5% CO2 for 2 days. Subsequently,
the rat calvarias were exposed using a midline scalp incision,
and the skin and periosteum were laterally reflected. An 8mm defect was created using an 8-mm trephine burr, leaving
the dura mater intact. The allograft construct was implanted
into the calvarial defect, and the scalp was approximated
using absorbable sutures. The critical-sized calvarial defects
were treated with the bone allografts previously seeded with
(1) no cells (n = 10); (2) undifferentiated ASC (n = 10); (3) adipose tissue-derived OBs (Osteo, n = 10); (4) adipose tissuederived ECs (Endo, n = 10); and (5) adipose tissue-derived
OBs and ECs simultaneously (Osteo-Endo, n = 10). At 8
weeks postoperatively, the rats were euthanized, and their
calvaria were harvested for radiographic and histological
examination.
Microcomputed tomography analysis
The samples were scanned using microcomputed tomography (mCT) SkyScan 1076 (Skyscan) at a 100 kV source
voltage and a 100 mA source current with no filter used and
at a spatial resolution of 8.77 mm. The reconstructions were
performed using NRecon software (Skyscan), and this resulted in grayscale images that spanned a density range from
0.96 to 2.57 g/cm3 corresponding to gray scale values from 0
to 255. DataViewer (Skyscan) was used to reslice the mCT
images along coronal and sagittal axes that were used to
reorient the mCT slices to be perpendicular to the cranialcaudal axis of the calvaria, and mCT thresholding was performed to include only ossified tissues. The thresholds were
selected as the histogram minima between the peaks representing the formalin in which the sample was scanned
and the bone volume of the sample. The geometric mean of
the threshold for all 100 samples in the study was used to
determine the upper and lower threshold for binarization as
32 and 250. The region of interest (ROI) was chosen by creating a volume that spanned 8 mm around the defect generated in the calvaria and repaired with allograft to include
the entire defect generated. Additional analyses were performed by choosing concentric ROI 7 mm and 9 mm in di-
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ameter as well as the remainder of the native calvaria. All
ROI comprised the full thickness of the calvaria. Since there
is no discernible difference between the density of implanted
allograft and regenerated bone, these could not be distinguished independently and are reported as total ossified
tissues within the defect. The total volume of bone in this
three-dimensional (3D) volume was computed using CTAn
software (Skyscan) from the binarized data. The mean bone
density of the ossified tissues within these 3D volumes were
calculated before binarization as the mean grayscale value of
all pixels between the chosen thresholds.
Histological evaluation of vascularization
After mCT, the specimens were fixed in 10% neutral
phosphate-buffered solution formalin, demineralized in
ethylenediaminetetraacetic acid solution, dehydrated in a
series of alcohol washes, and embedded in paraffin. The
specimens were sectioned in the coronal plane in the center
of the bone scaffolds at a thickness of 6 mm and stained with
hematoxylin and eosin for visualization through conventional qualitative bright-field microscopy analysis. For
quantification of blood vessels, three sections per animal
stained with a rat-specific anti-CD34 antibody (R&D Systems
AF4117/Goat pAb) and counterstained with hematoxylin
were analyzed. Microscopic pictures were randomly taken at
10-fold magnification including three central and three peripheral areas per section for a total of six pictures. To determine the microvascular density (mean number of
capillaries per mm2), the number of structures with lumen
surrounded by CD34-positive cells was manually counted. A
histomorphometric analysis of the tissue area on the pictures
was performed using Image J (NIH). Image collection and
quantification were performed by one author blinded to the
treatment groups.
Statistical analysis
Analysis of variance with a Tukey correction for multiple
comparisons using Statistical Analysis Software (SAS Institute) was performed for all acquired mCT and microvessel
quantification data. All data are presented as the
mean – standard deviation. In all statistical evaluations,
p < 0.05 was considered statistically significant.
Results
Cell culture and characterization
The cell colonies incubated in osteogenic or endothelial
medium were observed after the primary passage. The differentiating cells established specific morphologies; cells in
OM displayed an osteoblast-like spindle morphology (Fig.
1A), and cells in endothelial medium displayed a characteristic cobblestone morphology (Fig. 1B). Osteoblast calcium
mineral deposition was observed as darkly stained mineralized nodules with von Kossa staining, indicating normal
osteoblast function in a conditioned culture (Fig. 1C). In
addition, the capacity of the osteogenic-wise induced cells to
express osteocalcin was demonstrated by immunocytofluorescence (Fig. 1D). The differentiation ability of ECs induced from adipose tissue was determined by the expression
of endothelial marker CD31 using immunocytofluorescence.
The endothelial-wise-induced cells expressed CD31 (Fig. 1E),
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FIG. 1. Morphology and
characterization of differentiated OBs and ECs. The OBs exhibited a spindle cell
morphology (A), and the ECs
exhibited a typical cobblestone
morphology (B), magnification
20 · . Von Kossa staining visualized ossification nodules of
induced OBs, indicating normal
osteoblast function (C). The expression of osteocalcin was detected in osteogenic-wise
induced cells (D). The expression of CD31 was detected in
endothelial-wise induced cells
(E). OBs, osteoblastic cells; ECs,
endothelial cells. Color images
available online at www
.liebertonline.com/tea

indicating the induced cells having a normal endothelial
phenotype.
Gross examination
In total, 37 animals survived and completed the study: (1)
no cells (n = 9); (2) undifferentiated ASC (n = 8); (3) adipose

tissue-derived OBs (Osteo, n = 5); (4) adipose tissue-derived
ECs (Endo, n = 7); and (5) adipose tissue-derived OBs and
ECs simultaneously (Osteo-Endo, n = 8).No evidence of infection, wound dehiscence, or implant extravasation occurred postoperatively or on harvesting of the calvarial
implants after 8 weeks in the animals that completed the
study.
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lCT analysis
When quantifying the bone volume in the ROI through
mCT, the amount of bone within the 8-mm defect area was
significantly higher for the Endo group compared with both
the Osteo and the Osteo-Endo groups (24.7 – 7.3 mm3 vs.
16.3 – 3.7 mm3, p = 0.05 and 16.6 – 5.7 mm3, p = 0.02, respectively) (Fig. 2). There were no significant differences in bone
formation between the allografts treated with OBs alone
(16.3 – 3.7 mm3) or in combination with ECs (16.6 – 5.7 mm3)
and the allografts treated with no cells (19.6 – 2.8 mm3) and
undifferentiated ASC (20.5 – 4.3 mm3).
In order to radiographically evaluate the degree of bone
allograft integration at the allograft boundaries, the amount
of bone volume within the 7-mm ROI was subtracted
from the 8-mm ROI, which demonstrated no statistically
significant differences in peripheral allograft integration
among the treatment groups (No cells 0.32 – 0.16 mm3;
undifferentiated ASC 0.38 – 0.29 mm3; Osteo 0.33 – 0.3 mm3;
Endo 0.47 – 0.15 mm3; Osteo-Endo 0.3 – 0.23 mm3). In addition, when subtracting the amount of volume within the
8-mm ROI from the 9-mm ROI, there were no statistically
significant differences among the groups, indicating a
similar calvarial host bone resorption in all of them (No
cells 8.37 – 4.12 mm3; undifferentiated ASC 8.39 – 2.5 mm3;
Osteo 4.72 – 3.92 mm3; Endo 4 – 2.14 mm3; Osteo-Endo
8.36 – 4.7 mm3). With regard to the bone mineral density,
there were no significant differences in bone mineral density among the groups (No cells 1.29 – .04 g hydroxyapatite
(HA)/cc; undifferentiated ASC 1.29 – .07 g HA/cc; Osteo
1.30 – .06 g HA/cc; Endo 1.28 – .07 mg HA/cc; Osteo-Endo
1.29 – .10 g HA/cc), as seen in Figure 3. Figure 4 shows a
representative mCT of the implants at 8 weeks after implantation.

FIG. 3. Bone mineral density measured in gram HA/cc
within the 8 mm allograft-filled defect area at 8 weeks after
implantation. The results were presented as median, 25%
quartiles, and 75% quartiles. HA, hydroxyapatite.

Immunohistochemical evaluation
To confirm the contribution of ECs to vascularization of
the implants, paraffin sections were immunohistochemically
analyzed using rat-specific antibodies against the panendothelial marker CD34 (Fig. 5). The quantification of
CD34-positive vessels in the central and peripheral areas of
explanted allografts demonstrated a significantly higher
amount of blood vessels in the implants treated with ECs
alone (83.5 – 22.5 vessels/mm2) relative to all groups (Fig. 6).
In contrast, the implants in the Osteo-Endo group (34.7 – 21.8
vessels/mm2) had relatively low amounts of blood vessels,
similar to the implants in the Osteo group (36.3 – 16.2 vessels/mm2). The amount of vessels in the control groups were
45.1 – 12.9 vessels/mm2 for the allografts without cells and
45.8 – 7.0 vessels/mm2 for the allografts treated with undifferentiated ASC.
Discussion

FIG. 2. Bone volume quantification measured in mm3
within the 8 mm allograft filled defect area at 8 weeks after
implantation. The results were presented as median, 25%
quartiles, and 75% quartiles; outliers are indicated by open
dots. ASC, adipose tissue-derived stem cells.

The advantages of bone allograft recovered from deceased
donor sources include its availability in various shapes and
sizes, no donor-site morbidity, and avoidance of the need to
sacrifice host structures. However, processed calvarial allogenic bone lacks osteogenic, osteoinductive, and angiogenic
potential. These components are essential for successful graft
healing and integration. In this project, we used in vitro
predifferentiated rat ASC-derived ECs and OBs to investigate (1) whether treating cadaveric calvarial bone allografts
with OBs and ECs independently improves their osteogenic
and angiogenic potential, respectively, and (2) whether the
coimplantation of these two cell lineages conveys a synergistic
effect on bone allograft healing in a critical-sized orthotopic
calvarial defect. We used an in vivo immunocompetent rat
model, as it is a generally accepted model for allograft research12,24 that can demonstrate the putative clinical application of engineered bone allografts.
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FIG. 4. Representative microcomputed tomography images of allograft-treated, critical-sized calvarial
defects at 8 weeks after implantation.
Allograft bone seeded with (A) no
cells, (B) undifferentiated ASC, (C)
adipose tissue-derived OBs, (D) adipose tissue-derived ECs, and (E) adipose tissue-derived OBs and ECs
simultaneously. Color images available online at www.liebertonline
.com/tea

As hypothesized in our study, the implantation of ASCderived ECs improved the vascularization within bone
allograft implants at 8 weeks after treatment. This is demonstrated by the significantly higher microvessel density in the
group treated with ECs relative to all groups. The angiogenic
effect appeared to have a positive effect on osteogenesis, as
demonstrated by the presence of greater bone volume in the
allografts treated with ECs alone relative to all other groups.
Of note, the Osteo and Osteo-Endo groups did not support
bone formation, which is contrary to our second hypothesis.
Studies have demonstrated that ECs, regardless of their
source or origin (adipose tissue, bone marrow, umbilical
vein, or peripheral blood), have the potential to induce the
formation of microvessels in engineered biomaterials without the need of exogenous growth factors.16,25–28 This angiogenic effect is likely influenced by the up-regulation

of factors such as VEGF,29 cytokines (e.g., granulocyte
macrophage-colony stimulating factor or stromal cell derived factor-1),30,31 and hormones such as estrogen,32 which
lead to the recruitment of ECs and accelerate angiogenesis.33
In our study, we demonstrated that ASC-derived ECs alone
are suitable as a vascularization strategy for allogenic bone
implants, as evidenced by the significantly greater microvessel density in those allografts that received ECs compared
with all groups (Fig. 6). Furthermore, the amount of bone
was considerably higher in these allografts relative to the
ones in the Osteo and Osteo-Endo groups (Fig. 2) and, thus,
this finding suggests that at least during the early stage of
bone formation, vascularity is essential and perhaps the most
important factor in allograft healing.
Taking into consideration that the corresponding volume
of the 8-mm · 2-mm sized allograft is 100 mm3, our mCT
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FIG. 5. Representative histological section showing blood
vessels (arrows) immunostained with rat-specific CD34 antibody and counterstained with hematoxylin. Magnification
10 · . Color images available online at www.liebertonline
.com/tea
analysis demonstrated not only that the allografts treated
with ECs had close to 25% (24.7 mm3) of bone present at 8
weeks, but also that bone formation did not happen at the
expense of peripheral integration but throughout the allograft. In contrast, the healing of human bone allografts occurs mainly at the periphery with only 15% to 20% of
allograft replaced with new bone after 5 years.34 Both limi-

FIG. 6. The quantification of CD34-positive blood vessels
demonstrated significantly more microvessels in the implants treated with ECs alone relative to all groups. The results were presented as median, 25% quartiles, and 75%
quartiles; outliers are indicated by open dots.
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tations have precluded their widespread use. In this regard,
we recognize that in our study, the bone volume within the
allografts is limited and, thus, the clinical relevance of this
observation warrants further investigation.
One interesting observation is that the allografts in the
Endo group were not treated with predifferentiated OBs and,
thus, it is reasonable to assume that the bone formation in
these constructs was secondary to the effect of invading host
OBs or osteoprogenitor cells. In this context, it has been
demonstrated that ECs contribute to bone formation by
producing growth factors such as BMP-2, endothelin-1, and
insulin-like growth factor, which can influence the proliferation of autogenous OBs and the differentiation of osteogenic
precursor cells derived from the dura mater of the rats.16,35–37
Furthermore, it is likely that the increased vascularization
observed in these allografts improved oxygenation, nutrient
delivery, and waste material removal, promoting an appropriate environment for local and invading cells to survive
and function after implantation. This, in turn, can explain the
presence of a greater bone volume in the allografts treated
with ECs alone relative to all groups in our study.
The expected osteogenic effect in bone allografts treated
with ASC-derived OBs and the synergistic effect of ASC-derived OBs and ECs in combination on bone allograft healing
was not observed in this study. These results were in contrast
to studies in various animal models that have demonstrated
an enhanced osteogenic effect after treating bone allografts
with adipose tissue or bone marrow-derived mesenchymal
cells (MSCs) or OBs.13,14,38–40 However, with the exception of
the study by Lee et al.13 where the allograft used was cortical
diaphyseal bone treated with Gelfoam containing bone
marrow MSCs, most studies used cancellous bone allografts,
which are intrinsically more porous and osteoinductive than
cortical calvarial bone.41 We used cortical bone in our experiment, because it provides strength and the ability to plate
the bone in thereconstruction of large defects as opposed to
cancellous bone, which is weaker and clinically more difficult
to use in certain applications such as for long bone or mandible reconstruction.42 Of note, in the study by Lee et al., the
authors recognized that it is difficult to incorporate MSCs into
dense cortical bone and attributed their success to the creation
of the effect of artificial periosteum made by Gelfoam.13
The porosity of a scaffold is considered a key element in
bone tissue engineering, as it facilitates vascular and cellular
invasion, which are crucial for cell viability after implantation.43 Thus, the lack of porosity of the calvarial bone could
have led to insufficient oxygen diffusion and vascular permeability within the allografts, which, in the absence of viable ECs that support an angiogenic response (as in the Endo
group), compromised the viability of the transplanted OBs
after implantation. In this regard, Follmar et al. reported
similar results after treating cortical fibular bone allografts
with ASC to repair large bone defects in rabbits and attributed their results to a lack of vascularization.44 A study that
further underscores the importance of adequate allograft
perfusion was recently performed by Runyan et al., who
demonstrated an improved osteogenic effect in vascularized
mandible allografts treated with ASC, whereas those with
inferior vascularization showed increase resorption.34
The allografts in the Osteo-Endo group behaved similar to
the allografts treated with OBs alone in terms of osteogenic
and angiogenic activity, which further suggests that the
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potential effect of ECs was not present in the coimplantation
group. This result was in contrast to other reports where the
coimplantation of ECs and OBs in engineered constructs
demonstrated a synergistic osteogenic and vasculogenic effect in such cocultures compared with monocultures in threedimensional synthetic biomaterials.16,19,21,26,27,35 This result
was also in contrast to recent findings by Koob et al., who
demonstrated a synergistic effect on neovessel formation in
decalcified bovine cancellous bone allografts treated with
ECs and MSCs in critical-sized defects.39 It should be noted,
however, that these studies have used different scaffold
materials, bone defect models, and cell populations. In addition, some of these studies have used EPC, which have a
greater doubling ability than mature ECs and display a
higher potency to sprout out when cocultured with OBs.45–47
Although there may be advantages to certain cell lineages,
each may have different advantages in its clinical applicability and at present, the superiority of one cell line over
another is yet to be established. In this study, we used ASCderived OBs and ECs, because adipose tissue constitutes a
very convenient cellular source, as it is relatively easy to
obtain in large quantities, contains a large number of stromal
stem cells, can be obtained in significantly greater quantities
compared with the bone marrow or blood. Further studies
comparing the yield of cells from different lineages may be
helpful in elucidating the best model for use in the clinical
setting.
Presently, it has not been entirely elucidated what ratio of
OBs to ECs would be ideal to populate allogenic bone. Ma
et al. recently reported that a 1:1 MSCs/ECs ratio is ideal to
obtain osteogenic and angiogenic differentiation for cocultures in vitro.7 In our experimental model, we used a 1:1 ratio
of OBs and ECs, and in this case, we could not demonstrate a
significant effect of either cell lineage. We chose this cell ratio
in order to have equal influence by both cell lineages; however, recent studies suggest that a greater EC to OB cell ratio
is necessary to successfully establish a viable construct with
both cell lines. In this regard, Fuchs et al. cocultured OBs with
ECs in a ratio of 3:2 onto silk fibroin scaffolds for approximately 4 weeks and demonstrated an increase from 60% to
89% in OBs and a decrease from 40% to 11.5% in ECs over
time.19 Recently, Unger et al. demonstrated that the ratios of
ECs to OBs between 5:1 and 10:1 resulted in the presence of
both cells types after one week on three-dimensional scaffolds, whereas the ratios of 1:1, 1:5, or 1:10 resulted in little or
no ECs present after one week.16 This result is supported by
the findings of Koob et al., who successfully induced an angiogenic effect by using a 5:1 ratio of ECs and OBs in allogenic bone implants.39
Although we did not employ a cell labeling method that
tracks the fate of the implanted ECs, we suspect that a
combination of the relatively low numbers of transplanted
ECs which survived after coimplantation and the lack of
scaffold porosity likely underlies the lack of a significant
osteogenic effect in this group. It is possible that the evaluation of osteogenesis at later time points may yield different
results, given that bone allografts are intrinsically osteoconductive and with time undergo bone formation through
creeping substitution or the migration of host osteogenic
cellular elements. Likewise, is possible to observe changes in
allograft vascularization that can occur through a complex
host-derived mechanism mediated by cytokines, adjacent
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cell interactions, and proteolytic enzymes that modify regulatory molecules, cell surface molecules, and the extracellular
matrix.2
Although we were able to improve the vascularization in
bone allografts, therapeutic approaches that improve other
major biological deficiencies, those being lack of osteogenicity and osteoinducction, are still needed. Recently, advances
in gene delivery techniques have made possible the use of
BMPs in combination with osteogenic cells to treat bone allografts with encouraging results in allograft healing and
integration.5,34,48,49 A combination of these therapies is a
promising strategy that improves the osteogenic and osteoinductive potential of structural bone allografts.
In summary, our results show that the implantation of
ASC-derived ECs improves the vascularization within bone
allografts at 8 weeks after treatment in vivo. Our findings
support a growing body of evidence in support of cell-based
therapies using ECs to improve the vascularity of engineered
bone constructs.
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