
Vascularization Strategies for Bone Regeneration

LAXMINARAYANAN KRISHNAN, NICK J. WILLETT, and ROBERT E. GULDBERG

Parker H. Petit Institute for Bioengineering and Bioscience, George W. Woodruff School of Mechanical Engineering, Georgia
Institute of Technology, 315 Ferst Drive, Atlanta, GA 30332-0363, USA

(Received 23 October 2013; accepted 2 January 2014; published online 28 January 2014)

Associate Editor Gang Bao oversaw the review of this article.

Abstract—The functional regeneration of thick vascularized
tissues such as bone and muscle is complicated by the large
volume of lost tissue, challenging biomechanical environ-
ment, and the need to reproduce the highly organized
structure of both the native tissue extracellular matrix and
its vascular support system. Stem cell or progenitor cell
delivery approaches, for example, continue to be plagued by
low viability and engraftment in part due to the initial
absence of a vascular supply. Recognition of diffusion
limitations in thick tissues has prompted regenerative strat-
egies that seek to accelerate establishment of a functional
vasculature. The successful design of robust regeneration
strategies for these challenging clinical scenarios will rely on a
thorough understanding of interactions between construct
design parameters and host biological and biomechanical
factors. Here, we discuss the critical role of vascularization in
normal bone tissue homeostasis and repair, vascular network
adaptation to the local biomechanical environment, and the
future directions of revascularization approaches being
developed and integrated with bone regeneration strategies.

Keywords—Vascularization strategies, Functional adapta-

tion, Bone regeneration.

INTRODUCTION

Vascularization plays a critical role in the healing
and functional regeneration of many types of damaged
or diseased tissues. Nonhealing bone and muscle de-
fects, for example, typically consist of large three-
dimensional regions that lack initial vascularization,
creating a locally hypoxic environment. The survival of
cells injected into such defects or implanted within
biomaterial constructs is remarkably poor due in part to
diffusion limitations. This is not surprising given that

bone cells are typically located within a few hundred
microns of a vascular supply. Perfusion bioreactors can
successfully overcome diffusion limitations and main-
tain cell viability throughout porous biomaterial con-
structs in vitro.90 However, if not adequately supported
by a vascular network that can rapidly connect with
host vessels and perfuse even the center of such thick
constructs, a loss of cells within the construct interior
upon transplantation in vivo is inevitable. Though
promoting cell viability is a driving motivation for
developing effective revascularization strategies, it is
important to recognize that vascular perfusion also
plays a key role in the recruitment of local and circu-
lating progenitor cells to the site of healing. Several
strategies are being developed to promote rapid revas-
cularization of large tissue defects, including delivery of
angiogenic growth factors, co-transplantation of vas-
cular cells, and cultivation of pre-vascularized con-
structs.46 While the primary goal is to satisfy tissue
metabolic and oxygen demands during regeneration, it
must be recognized that early vascular structures will
adapt and remodel over time in response to functional
demands. For mechanically loaded tissues such as those
in the musculoskeletal system, both local tissue strains
and hemodynamic factors will induce adaptive changes
in the vascular network structure and newly-formed
tissue organization. Vascularization strategies must
therefore permit adaptation of neovascular structures
to the dynamic mechanical microenvironment. A dee-
per understanding of the relationship between vascu-
larization and tissue adaptation is therefore essential for
the design of future revascularization strategies to
promote and accelerate the functional regeneration of
bone and muscle tissues.

This review discusses a forward-looking framework
of new vascularization approaches for bone regenera-
tion. We first discuss the homeostatic and regenerative
relationships between circulatory and soft tissue
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support, mechanical loading, and bone regeneration.
This framework provides the platform to discuss new
strategies to promote revascularization and regenera-
tion of large bone defects: delivery of growth factors,
transplantation of cells, and cultivation of pre-vascu-
larized constructs. Vascular endothelial growth factor
(VEGF) and bone morphogenetic protein (BMP-2) are
discussed as potent examples of bioactive factors used
in bone regeneration. Other reviews have focused in
great detail on cell and scaffold based vascularization
or bone regeneration strategies.2,51,70 Here, we limit the
discussion to progenitors and cells commonly used in
clinical and animal studies including bone marrow and
adipose derived cells, endothelial cells, and periosteal
cells. Several unanswered questions exist in tissue
vascularization approaches: the choice of cells, the
timing of their addition, the use of pre-formed vessel
elements, or the influence of a dynamic mechanical
environment pre- or post-implantation. In this review
we establish a broad framework to consider these
questions as they pertain to bone regeneration strate-
gies. This is an expansive field with many new and
interesting directions that are being explored on many
scales—this review largely focuses on new develop-
ments that have been tested in vivo.

CIRCULATORY SUPPORT AND MECHANICAL

LOADING IN BONE HOMEOSTASIS AND

REPAIR

Calcium homeostasis and structural stability are the
two most important functions of bone. Remodeling is
a continuous process in the adult skeleton that exists in
a balance between resorption and new bone deposi-
tion. Bone tissue is extremely well vascularized pro-
viding an intraosseous blood flow rate as high as 5–
20 mL/min per 100 g bone.54 Blood vessels of the
skeletal system have highly defined topologies and are
critical for maintenance of bone function. Minor
injuries to bone such as the majority of simple fractures
typically heal well, however defects beyond a critical
size of approximately 2–3 cm in humans require aug-
mentative treatment and represent a significant chal-
lenge for orthopaedic surgeons. Several factors like
local vascular support from the surrounding muscle
tissue, periosteum, and mechanical loading, play a
critical role in bone function and repair.

Bone Blood Supply and Homeostasis

Long bones have overlapping anastomotic circula-
tions to maintain homeostatic blood flow and support
regeneration even when faced with interruptions to
flow. In addition to the main diaphyseal nutrient

arteries, long bones are supplied by epiphyseal, meta-
physeal, and periosteal circulations that extensively
anastomose with the muscle vasculature (Fig. 1).54

Osteons, the basic unit of cortical bone, consist of a
haversian canal with a centralized vascular supply and
concentric mineralized lamellae containing highly net-
worked osteocytes. Along with transport of nutrients
and metabolites, blood vessels function as conduits for
inflammatory and regenerative cells,40 and vessel
associated pericytes have been shown to be multipo-
tent.20 It is thus reasonable to expect that dynamic
adaptations of bone to environmental changes are
associated with changes in its vascularity.

In health, the adult skeleton maintains a balance
between resorption and deposition of new bone.
Multiple cells like osteoblasts, osteoclasts, and vascular
endothelial cells of the terminal vessel structure called
a vascular bud take part in the formation of structures
called basic (bone) multicellular units (BMUs) with a
capillary at its center (Fig. 2). Their proximity allows
for communication between endothelial cells, osteo-
blasts, and osteoclasts and facilitates an intricate cou-
pling mechanism between the processes of bone

FIGURE 1. Arterial blood supply of a typical long bone
showing the major arteries and their possible anastomotic
areas. From Laroche et al.54 Copyright � 2002 Elsevier Mas-
son SAS. All rights reserved.

Vascularization Strategies for Bone Regeneration 433



resorption and formation.73 Continuous mechanical
regulation of the mineralized extracellular matrix
density and organization is another integral compo-
nent of bone homeostasis. The dependence and adap-
tation of bone to dynamic load bearing is well
established. Osteocytes within the lacunae-canalicular
structures serve as bone’s mechanosensors that ulti-
mately signal to osteoblasts and osteoclasts to guide
the deposition and resorption of bone.29,86

Vascular Response to Injury and Fracture Healing

Vascular adaptation to mechanical factors and in-
jury are not well understood, but it is clear that the
ensuing hypoxia is a major regulator of both the
revascularization and tissue healing response. After
moderate to severe blunt trauma, there is a rapid
reduction in functional capillary density, local vaso-
constriction, and an increase in capillary permeability.3

An acute ischemic environment is established during
the intervening period from injury to re-establishment
of adequate tissue perfusion. The close connections
between the bone and muscle vascular systems ensure
that many collaterals and anastomoses contribute to
the blood supply to the healing bone post injury.
Though bone is considered to have a high tolerance to
transient hypoxia,4,56 a continuing or pervasive lack of
vascular support is severely detrimental to bone heal-
ing as evidenced by the high incidence of amputations
in lower limb fractures with vascular injuries.35

Fractures, surgical osteotomies, or distraction
osteogenesis are normally accompanied by a large
transient increase in local blood flow, which stays
elevated for several weeks post injury, especially in the
healing callus.5,39 This increase in blood flow results
from both angiogenic and arteriogenic vascular growth
mechanisms within the overlapping parts of the vas-
cular plexuses perfusing the bone.10,76 Hence, it is not
surprising that bone trauma with concomitant vascular
injury has a higher risk of non-union as evident from a
mouse model of non-stabilized tibial fracture and hind
limb ischemia (Fig. 3).63 Further, anti-angiogenic
therapy inhibiting the early vascular response results in
fibrous unions without significant endochondral ossi-
fication or periosteal reaction.41,81 A lack of vascular-
ization within the first week can result in non-union
after osteotomy and even subtle reductions in blood
within the healing callus negatively influence the
mechanical properties of the healing bone, suggesting
that the timing of revascularization and vascular
remodeling are critical in bone regeneration.14,39

Influence of Surrounding Soft Tissue on Bone
Regeneration

Functional interactions between bone and muscle
are not fully understood but muscle clearly plays a
critical role in bone homeostasis and regeneration.
In addition to being a source of vascularizing ele-
ments, myoblasts from neighboring muscle tissue can

FIGURE 2. BMU and coupling of endotheilal cells, osteoclasts and osteoblasts. Endothelial cells (1–6) at the advancing end of the
vascular bud and the stalk cells maintain a differential gene expression profile allowing for osteoclastic (Oc) resorption, prolif-
eration and activation of osteoblasts (Ob), followed by quiescence when endothelial cells are in proximity to the osteoblasts.
Panels a–c describe a snapshot in the progression of this differential control. Rv.Z—reversal zone. From Parfitt et al.73
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differentiate down an osteogenic lineage and contrib-
ute to bone repair, especially in open fractures with
bone and muscle injury.61,62 Not surprisingly, trans-
position of muscle tissue over injured bone improves
healing in tibial fractures,88 while volumetric loss of
adjacent muscle tissue severely impairs bone regener-
ation and compromises the end stage biomechanical
properties of the regenerated bone.94 Recent evidence
from a distraction osteogenesis model showed an in-
crease in expression of the arterial marker Ephrin B2
(EphB2) in the defect and the surrounding muscle
which parallels BMP-2 expression.64 This apparent
increase in EphB2 may be a function of the hemody-
namic status as a result of the increased vascular vol-
ume or simply indicate a shift to a more mature
network after the increase in vascular volume after the
distraction process. Importantly, vascular cells at the
osteotomy site and the surrounding muscle expressed
BMP-2.64 Thus, a larger and more complex synergistic

interaction between bone and muscle tissue can be
envisaged that includes stimulating angiogenesis, sup-
porting the formation of collaterals that can anastomose
with intraosseous circulation, and contributing progeni-
tors and growth factors to support bone regeneration.

Mechanical Environment Guiding Bone Regeneration

The importance of the mechanical environment in
bone repair and regeneration has long been recognized.
Ambulatory rodents, with medullary pin stabilized
femoral diaphyseal fractures, show earlier periosteal
response and improved biomechanical properties
compared to immobilized controls.79 As early as
2 weeks after tibial osteotomies, regional blood flow
increases to 19–50 mL/min per 100 g of bone when
stabilized by semi-rigid fixators. This is four-fold
higher than that for rigid fixators, and is accompanied
by a higher periosteal callous reaction at 6 weeks.91

Such observations have shifted the paradigm in treat-
ment of fractures from prolonged rigid immobilization
to techniques involving limited loading and early
ambulation (‘functional weight-bearing’). The time
dependent effects of mechanical loading on bone repair
have also been observed in critically sized defects and
may be related to the time course of vascular ingrowth.
Defects treated with a healing dose of BMP-2 progress
to non-union when subjected to early axial functional
loading. In contrast, a delay in loading of just 4 weeks
stimulates improved healing both in terms of bone
formation and biomechanical function.12,13 Interest-
ingly, these adaptive responses are accompanied by
spatial differences in bone formation that may be
correlated to patterns of vascular growth between the
proximal and distal ends of the defect seen even in
defects stabilized by a stiff plate (Fig. 4).10,13

VASCULARIZATION STRATEGIES IN BONE

REGENERATION

Early restoration of functional vasculature can have
many advantages in bone regeneration, including rapid
access to metabolites, inflammatory cells, and stem
cells.28 Vascularized autologous bone grafts are
advantageous for bone repair as they heal rapidly at
the graft-host interface allowing for early integration
and structural strength at the defect site97; however,
they have very limited availability necessitating alter-
native interventional techniques. Larger defects benefit
from combined use of devitalized bone with vascular
pedicle bone grafts as this combined treatment option
still has the benefit of enhanced neovessel formation
and bone defect healing.68 For even more complicated
multi-tissue injuries with open fractures, muscle or

FIGURE 3. Microfil vascular perfusion casts in a non-stabi-
lized tibial fracture model with hind-limb ischemia in mice.
After 10 days of injury, microfil perfused vessels were not
seen at the fracture site. An increase in number of vessels was
noted at 14 and 21 days post injury, but fracture healing was
impaired compared to controls. Scale bar: 2 mm (bright yel-
low—microfil containing vessels). From Lu et al.63
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fasciocutaneous flaps can be used to cover the fracture
site16; however, the accompanying morbidity and lack
of adequately accessible flaps have similarly prompted
the need for alternate strategies. Future directions to
enhance vascularization in bone and muscle regenera-
tion are largely aimed at enhancing early vascular
support by the delivery of pro-angiogenic growth fac-
tors, stem cells, or pre-vascularization of tissue engi-
neered constructs. Since the vascularization and
regeneration progresses in a mechanically active envi-
ronment, adequate consideration must be given to the
role of biomechanical stimuli in these processes.

Growth Factors and Other Biologics

Growth factor delivery to treat bone injuries has
been used to promote combined angiogenesis and
osteogenesis. Several growth factors, such as VEGF,
FGF, IGF, BMP-2, and PDGF, have been used as
therapeutic agents to induce angiogenesis and improve
fracture healing.42,47 The angiogenic growth factor
VEGF has been the focus of many studies aimed at
enhancing angiogenesis. Delivery of VEGF via scaf-
folds or gene transfer has been shown to increase local
vascularity and improve fracture repair, whereas inhi-
bition of VEGF was shown to impair bone regenera-
tion.40,85 The timing of delivery and availability of

angiogenic factors is a critical consideration for suc-
cessful tissue regeneration. Whereas prolonged release
of VEGF at relatively low levels from an alginate
scaffold can promote functional neovascularization,57

constant high levels of VEGF can induce leaky vessels
with limited progression to mature networks.58,98

While it is clear that VEGF can enhance angiogenesis
which is necessary for bone regeneration, it can also
have a direct effect on osteogenesis by recruiting and
promoting both osteoblast and osteoclast activity.23,84

There is also an interdependent relationship
between VEGF and the osteogenic growth factor,
BMP-2. BMP-2 is commonly delivered in bone repair
and acts as a potent mitogen and morphogen that can
recruit stem cells and induce osteogenic differentiation;
in addition, it is a potent inducer of VEGF production
in osteoblasts.24 Co-delivery of both growth factors,
BMP-2 and VEGF, has been shown to accelerate the
early healing phase and enhance bone formation.74

The BMP–VEGF axis in bone healing seems connected
by a pattern of temporal feedback between the bone
healing and vascularization growth factor signal cas-
cades. Further understanding of this relationship and
optimization of the control over this relationship will
continue to be a direction for future work.

Synthetic peptides, offer an alternative, yet prom-
ising direction to exploit the relationship between

FIGURE 4. MicroCT image of microfil perfused vasculature in rat things showing both bone and vessels (a) Control femur with
surrounding vessels, (b) 8 mm femoral segmental defect (#—marks defect limits in femur) and vasculature at 3 weeks post surgery.
(c) A closer view of the spatial inhomogeneity of vessels in the defect region between the proximal and distal regions of the healing
segmental defects stabilized by a stiff plate showing higher vascular volume and connectivity at the proximal end. From Boerckel
et al.13
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angiogenesis and osteogenesis. Of particular interest is
TP508, a 23 amino acid synthetic peptide representing
a portion of the receptor-binding domain of the
human thrombin molecule, which may competitively
bind to high-affinity non-proteolytically activated
receptor components to exert its signaling effects.36

This peptide is currently in clinical trials but animal
studies have already shown TP508 to increase the
number and size of local vessels, promote an earlier
resolution of inflammatory phase, and improve frac-
ture healing.60,93 The modulation of inflammation and
pro-angiogenic roles of TP508 are thought to improve
the early response to injury, including cell recruitment,
to promote the natural healing and regenerative
response.78,93

Regardless of the specific bioactive molecule the
idea to modulate host or implanted cell function via
controlled spatiotemporal delivery strategies has
gained considerable recent momentum.27,44 This
structured release of factors is involved in maintaining
the chemotactic gradient driving cell migration, pro-
liferation, and phenotypic maturation.6,74 Large scale
use of single or multiple growth factor regimes remains
hamstrung by several shortcomings including: the lack
of clear dose–effect ratio demonstrations, the choice of
appropriate factors or combinations thereof, the tim-
ing of delivery, regulatory approval hurdles, and finally
identification of optimal delivery vehicles. The use of
implanted cells, even to act as a source of these growth
factors, can be an alternate strategy to growth factors
alone due to the ability of the cells to participate
effectively in the regulatory feedback control mecha-
nisms.

Cell based Therapeutics

Stem cell-based therapies are another promising
avenue for the treatment of bone defects. In clinical
scenarios of bone injury with the need for volumetric
tissue replacement, stem cell therapies offer the
potential to regenerate both bone and vascular tissue.
The two natural choices for cells in rebuilding large
bone defects are the cells found in physiological
proximity during normal repair—bone marrow
derived stem cells (BMSCs) and periosteum derived
cells. Culture expanded BMSC seeded scaffolds have
been used in numerous animal models and been shown
to promote bone formation.1,65,67 These BMSCs have
also been combined with an osteoinductive scaffold to
successfully treat a challenging clinical case of estab-
lished tibial non-union.7 Similarly, periosteum derived
cells can be used in scaffolds to achieve bridging of
large bone defects,45,75 including a clinical case of de-
layed repair.89 In addition to directly participating in
the formation of bone and vascular structures, the

delivered cells can recruit vascular and other support
cells to the region by paracrine influence.84

Different cell sources have been used with varying
success in bone regeneration15 but one roadblock to
the wider use of cell-based scaffolds is the question of
scale. Large numbers of cells are required for replace-
ment constructs that are of a clinically relevant size.
BMSCs and periosteal cells typically require culture
expansion for in vivo use and questions about the
proliferation and differential potential of BMSCs
persist.26,89 Because of these potential limitations there
has been considerable interest in the more numerous
and easy to harvest, adipose derived stem (stromal)
cells (ADSCs). ADSCs can be differentiated down the
adipogenic, endothelial, myogenic, chondrogenic, and
osteoblastic lineages under appropriate conditions.32,34

While ADSCs are inferior to BMSCs in their osteo-
genic potential,69 they have remarkable potential for
revascularization.50 Future directions may focus on
exploiting the revascularization potential of ADSCs
and combine it with osteogenic stimuli.

Large bone injuries often have poorly defined spa-
tial boundaries, which create a particular challenge for
retention of cells after delivery. Insights from cardio-
vascular cell delivery studies reveal that scaffold-free
direct cell delivery is associated with cell death, poor
engraftment, and localization in other unintended
sites.95 The use of scaffolds for cell delivery enhances
engraftment, but is still limited by cell death, local
inflammation, and hypoxia. Under conditions of
inflammation and hypoxia only a small percentage of
the delivered cells remain at the implanted site after
extended durations; however, it is unclear whether this
is due to cell death or host niche adaptations. While
survival of these stem cells (BMSCs) may be limited,
this cell-seeded scaffold therapy is sufficient to induce
new bone formation.33

Providing endothelial cells (EC), vascular support
cells and other regenerative cells together within cell
seeded scaffolds can serve to establish a stable vascular
network to support bone and muscle regeneration. For
example, EC and MSC co-cultures implanted in vivo
have been shown to increase vascularized bone for-
mation.31 It must also be noted that the choice of cells
used to create such co-seeded scaffolds and the timing
of their addition has a large bearing on the fate of the
engineered microvasculature. In co-culture studies,
different cell types are typically seeded together; how-
ever, the timing at which specific cell types are added to
nascent vessel structures may have an equally impor-
tant role. In collagen–glycosaminoglycan scaffolds, the
delayed addition of MSCs to a culture of ECs, after the
preliminary establishment of a nascent endothelial cell
network, improved formation of vessel like struc-
tures.66 The production of PDGF by EC networks was
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suppressed by the delayed addition of MSCs; this
suggested a shift towards early stabilization in the
nascent networks and recapitulates some of the normal
maturation signals. When implanted in vivo, the de-
layed co-cultures showed higher vascularity and re-
tained their EC–perivascular cell relationship. In
another study, scaffolds containing adipose derived
microvessels co-seeded with astrocyte precursors, on
implantation in vivo, resulted in microvessel networks
with niche characteristics like reduced vascular per-
meability.72 Future approaches building on the ability
to form and control the characteristics of vessel net-
works forming within the cell-seeded scaffolds may
improve construct vascularization.

Prevascularized Constructs

The immediate challenge of hypoxia and limited
vascular supply following injury may necessitate
strategies that contain preformed vasculature and can
rapidly re-establish perfusion. Perfluorocarbon com-
pounds, due to the increased solubility of oxygen in
them, find novel use in tissue engineering attempts at
reduction of hypoxia.9,48,83 Combining these com-
pounds with cell delivery vehicles can improve short
term local oxygen availability, cell survival, and bone
formation in bone tissue engineering applications.
However, the direct effect of perfluorocarbon com-
pounds versus any oxygen or carbon dioxide solubility
mediated effects are still being investigated.83 Further,
functional revascularization, especially in thick 3D
tissue engineered constructs may not necessarily be
established in the intervening period to sustain both
the oxygen and nutrient demands. Even growth factor
or cell seeded scaffold driven neovessel formation may
take days to re-establish effective perfusion post-
implantation in vivo. This is expected due to the time
taken in either recruitment of new vessels to invade the
implants or in the de novo assembly of seeded cells into
perfusion capable vessels. An interesting alternative is
to prevascularize the implants in vivo and subsequently
transfer them to the site of interest, like the myocar-
dium, to improve graft integration and function.30 This
technique has also been adapted to create vascularized
bone graft substitutes.8,19,49 Alternatively, in vitro
prevascularization approaches allow for vascular net-
works to be formed prior to implantation and can thus
limit the need for repeated surgical interventions and
can accelerate construct perfusion.

Strategies to create prevascularized tissue in vitro are
primarily two-fold: in vitro culture of cell seeded scaf-
folds (ECs, MSCs, fibroblasts, myoblasts, etc.) to allow
establishment of initial vascular network before
implantation, or use of pre-formed microvessels rather
than single cells to accelerate the angiogenic process.

In vitro culture of 1–2 weeks can allow co-cultures to
form early tubular networks,77 leading to early func-
tional anastomosis and perfusion compared to cell–
seeded constructs without a pre-culture period.18 When
implanted in vivo, such perfusion capable networks
may thus serve to maintain the viability of cells co-
implanted or co-cultured within this scaffold.59

Establishing perivascular cell coverage can stabilize
nascent vessel structures. Stable vessel structures can
be created in vitro by delayed addition of MSCs to an
EC network and can provide better vascularization
when implanted in vivo compared to ECs alone.66

Using existing microvascular elements to generate
prevascularized constructs may thus have an advan-
tage in re-establishing perivascular cell coverage and
provide arterioles, venules, and capillary structures to
participate in the formation of this new network.43,71,80

Irrespective of the differing approaches, the two
strategies converge to a final perfusion capable vessel
network that pervades the thick tissue replacement
constructs, prior to implantation.

An important determinant in our choice of vascu-
larization strategies must be the rapidity of reperfusion
and connection with the host circulation. The extent of
host vessel penetration or of implanted vessel struc-
tures moving across the construct boundaries is not
well understood. From the limited evidence available,
it appears more likely that vascular penetration into or
out of a construct is limited to short distances from the
construct boundaries.77,80,92 When collagen constructs
made with freshly harvested microvessels were imme-
diately implanted there was progressive graft perfusion
as well as vessel remodeling.71 However, when a nas-
cent network was first formed by a period of pre-cul-
ture and subsequently implanted, a clearly identifiable
and well-perfused vascular tree was observed within 2–
3 days following implantation.55,80 Interestingly, a loss
in smooth muscle cells from preformed microvessels
with short culture periods may produce an accelerated
angiogenic phase post implantation.55 Recently, it was
demonstrated that prevascularization of engineered
bone tissue grafts can increase new bone formation
compared to non-prevascularized grafts.92 Further
work with prevascularized constructs represents a
promising avenue in bone tissue engineering.

Biomechanical Influences on Vascularization and Bone
Regeneration Strategies

The relationship between angiogenesis, neovessels,
and the biomechanical environment is often over-
looked in vascularization strategies. The regenerating
musculoskeletal environment is dynamic and may
include angiogenesis, vascular remodeling, and chan-
ges in ECM mechanical properties by angiogenesis,
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mineralization or external loading. For example, col-
lagen scaffolds seeded with microvessels have an initial
decrease in stiffness followed by a subsequent increase
during in vitro angiogenesis.52 When these principles
are extrapolated to an in vivo scenario, it suggests that
vascular ingrowth into healing tissues or scaffolds
in vivo may potentially alter local tissue mechanics
thereby affecting function and recovery. Further,
mechanical loading can also dictate the orientation of
the newly formed vessels and the distribution of arte-
rioles, venules, and capillaries within the vascular bed
after the onset of blood flow (Fig. 5).17,53 Thick prev-
ascularized grafts intended for use in bone or muscle
reconstruction are likely to experience similar mechan-
ical perturbations in the form of tensile or compressive
loading and interstial fluid flow. Though not fully
understood, the interactions between angiogenesis,
microvascular networks, and the mechanical environ-
ment may have a significant impact on the regenerative
potential of vascularization efforts for bone and mus-
cle regeneration.

Axial mechanical loading in healing bone defects
may have a synergistic role with hemodynamic and

interstitial changes associated with the angiogenesis
supporting bone regeneration. Improvement in bone
healing by axial loading is associated with an early
increase in both cortical and medullary vasculature,
implicating the vasculature as a critical effector of this
improved regeneration.37,91 Further, during rigid or
distraction osteogenesis processes there is first an in-
crease in the size of the surrounding vessels followed by
formation of smaller vessels.64 Changes in luminal
shear, hoop stresses, and interstitial shear would result
as direct consequences of changes in the local blood
flow in maturing and remodeling networks. In turn,
endothelial cells exposed to shear or stretch would
have a subsequent increase in VEGF expression, which
is normally limited to the arterial side in vivo.25,38 As
described earlier, VEGF can promote osteoblast sur-
vival and increase mineralization.81,82,96 The correla-
tion of heightened expression of EphB2, an arterial
marker, and of BMP2, observed during regeneration in
distraction osteogenesis supports the co-regulation of
bone and vascular tissue development.64

There is an apparent role of mechanical stimuli in
the expression of osteogenic signals by vascular endo-

FIGURE 5. Fate of microvascular constructs with aligned microvessels (anchorage induced) after 30 days of subcutaneous
implantation. The schematic shows the microvascular constructs anchored by the long axis in a metal frame during in vitro culture
and the two configurations for implantation subcutaneously. (a) Aligned vascular constructs implanted subcutaneously without
the anchoring frame lost the imparted pattern, were perfused and showed good smooth muscle coverage (left column). (b)
Constructs implanted subcutaneously with the anchoring frame maintained their alignment but showed differences in microvessel
type (arterioles, venules, and capillaries) distribution (right column). From Chang et al.17 Copyright: The American Heart Asso-
ciation, Inc.
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thelial cells. Though the role of hemodynamic forces in
the expression of BMPs by vascular cells is not clearly
understood, it is known that high pressure can induce
BMP2 expression in arteries, suggesting a role for
mechanical factors like hemodynamic changes.21,22

Surprisingly, in a rodent model that combined a criti-
cally sized segmental bone defect with concomitant
hind limb ischemia, there was still BMP-2 mediated
mineralization and functional healing.87 Though the
total vascularity was unchanged between the groups
with and without ischemia at 12 weeks, there were
more interconnected networks with smaller diameter
vessels in the thigh with concomitant ischemia. More
importantly, when the defect was treated with a pre-
viously established non-healing dose of BMP-2, the
concomitant hindlimb ischemia actually produced
consistent bridging of critical sized femoral defects
(Fig. 6).11,87 Interpreted in the light of evidence from
distraction osteogenesis showing BMP2 expression by

vascular cells,64 a more complex interaction begins to
emerge in the osteogenic response relating angiogene-
sis, collateral vessel formation, and mechanical forces
including hemodynamic changes.

Early vascularization is a critical step in effective
bone regeneration and is responsive to the mechanical
environment. It has been shown that early axial load-
ing (compressive) of critically sized femoral defects
that were treated with a mineralizing dose of BMP-2,
resulted in a reduction of the vascular volume and
vessel inter-connectivity within the defect space even as
late as 3 weeks post-surgery.12,13 Not surprisingly, the
associated bone volume followed similar trends and
was lower in the axially loaded animals. This study, for
the first time, presented a clear association in which
early axial loading reduced defect region vasculariza-
tion and impaired osteogenesis. When the application
of loading was delayed in the same model—allowing
for the early angiogenesis and mineralized bridging

FIGURE 6. Effect of hind limb ischemia (HLI) on bone regeneration in a rat femoral segmental defect model. (a) Digital radio-
graphs and uCT reconstructions with mineral density mapping (color cross-sections) (b) of segmental defects (#—marks defect
limits in femur) treated with 0.5 lg (non-healing dose) of BMP-2 with or without hind limb ischemia (HLI). Mineralized bridging was
seen at 12 weeks in the HLI group even with the low non-healing dose of BMP-2. (c) At 12 weeks, terminal vascular perfusion with
microfil revealed highly interconnected vasculature in the thigh region (at the level of the defects) with hind limb ischemia though
total vascular volumes were comparable. From Uhrig et al.87
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phases to progress—it was found that the loading
improved bone formation compared to unloaded
controls. Interestingly, this delayed loading produced a
significant reduction in vascular connectivity with
increased vessel thickness and reduction in smaller
vessels.13 These studies demonstrate the significant
healing stage dependent interactions that exist among
the in vivo biomechanical environment, vascular in-
growth, and functional tissue regeneration.

CONCLUSIONS AND FUTURE DIRECTIONS

Bone is a remarkably resilient material that con-
tinuously remodels and repairs throughout life. When
a bone is fractured, a cascade of biological events is
initiated that typically progresses through inflamma-
tion, vascularization, and callous formation to suc-
cessfully heal the bone and restore biomechanical
function; however, when a defect is too large in a thick
vascularized tissue, such as bone, the endogenous
responses alone fail to repair and regenerate functional
tissue in this defect gap. Under these circumstances,
there is a need for interventional strategies that pro-
mote rapid vascular ingrowth and subsequent tissue
regeneration. To this extent, progress has been made
on several avenues of investigation to accelerate tissue
revascularization. Growth factors and biologics are
one of the more established techniques that have been
used to induce both neovascularization and osteogen-
esis. Future directions will address the current need for
better spatiotemporal release and dose control in the
delivery of single or multiple growth factors. Cell based
strategies have also been used to repair large volu-
metric tissue loss as these cells have the potential to
provide both a source of growth factors and regener-
ative cells. New lines of investigation have utilized
these stem cells, specifically bone marrow and adipose
derived cells, for their potential to form prevascular-
ized musculoskeltal tissues. In addition to serving as a
source of growth factors, these cells can promote vessel
assembly within implanted constructs. While delivery
of growth factors and cells may serve to eventually
promote tissue formation, these techniques do not
address the fact that a delay in re-establishing blood
perfusion leaves the centers of implanted construct
highly susceptible to severe hypoxia. Prevascularized
scaffolds offer an elegant solution by combining cell
delivery with vascular networks that exists through the
scaffold bulk. Upon implantation, the pre-developed
vessels in the scaffold can rapidly inosculate with the
host circulation to establish blood flow and maintain
implant viability and function. Regardless of the
revascularization strategy used, adequate consider-
ation of the local biomechanical environment is para-

mount to the design of effective tissue regeneration
approach as mechanical forces have a clear influence
on both vascularization and osteogenesis. Together
these new approaches represent the promising frontiers
in vascularization strategies, which will translate into
effective therapies for challenging cases of bone
regeneration.
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