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Abstract: The tremendous need for bone tissue in numerous clinical situations and the limited availability of suitable
bone grafts are driving the development of tissue engineering approaches to bone repair. In order to engineer viable bone
grafts, one needs to understand the mechanisms of native bone development and fracture healing, as these processes
should ideally guide the selection of optimal conditions for tissue culture and implantation. Engineered bone grafts have
been shown to have capacity for osteogenesis, osteoconduction, osteoinduction and osteointegration - functional connec-
tion between the host bone and the graft. Cells from various anatomical sources in conjunction with scaffolds and os-
teogenic factors have been shown to form bone tissue in vitro. The use of bioreactor systems to culture cells on scaffolds
before implantation further improved the quality of the resulting bone grafts. Animal studies confirmed the capability of
engineered grafts to form bone and integrate with the host tissues. However, the vascularization of bone remains one of
the hurdles that need to be overcome if clinically sized, fully viable bone grafts are to be engineered and implanted. We
discuss here the biological guidelines for tissue engineering of bone, the bioreactor cultivation of human mesenchymal
stem cells on three-dimensional scaffolds, and the need for vascularization and functional integration of bone grafts fol-

lowing implantation.
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INTRODUCTION

The field of tissue engineering has developed rapidly
over the last 15 years. There are numerous reports on various
tissues grown in vitro including bone, cartilage, ligament,
muscle and blood vessels. These achievements have been
facilitated by laudable accomplishments in multiple related
disciplines, but particularly by the rapid advancements in the
area of stem cell biology, along with our increasing under-
standing of how these cells respond to environmental cues.
One of the key objectives of bone tissue engineering is the
enhancement and guidance of osteogenic differentiation of
stem cells within three-dimensional (3D) scaffolds, in a way
that would enable to engineer in vitro clinically applicable
bone constructs.

Tissue engineered bone constructs have the potential to
alleviate the demand arising from the shortage of suitable
autograft and allograft materials for augmenting healing of
fracture critical-sized defects. Advancements in stem cell,
biomaterial and bioreactor technologies have enabled tre-
mendous progress in the quality of the grafts that can be
generated in vitro. However, there are still no widely ac-
cepted guidelines for determining the minimal requirements
(structural and functional) for engineered bone grafts, or
standard clinical models for evaluating graft performance.
This may be in part due to the wide variability in the types of
clinical defects seen, which may in turn influence the choice
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of scaffold material, cell source, delivery methods, and
therapeutic agents. Another challenge is that the size of bone
grafts that can be grown in vitro is considerably smaller than
the size of critical-sized defects.

Thus, this review attempts to discuss the biological and
clinical contexts in which bone tissue engineering should be
considered if it is to become a widely used therapeutic tool.
Firstly, the basic development and structure of bone are de-
scribed, as a basis for various tissue engineering approaches.
Then we examine the current approaches (autograft and al-
lograft technologies) used to address critical-sized defects in
clinical situations. Against this backdrop, the need for engi-
neered bone grafts and their minimum structural and biologi-
cal requirements that can induce bone regeneration will be
discussed. Various aspects of tissue engineered bone con-
structs are reviewed including clinically relevant cell
sources, scaffold properties, and bioreactor platforms used to
derive tissue engineered constructs, as well as studies in
animal models. We then review approaches for vascularizing
tissue-engineered bone constructs and provide perspective on
the major challenges that need to be overcome.

1. BONE REPAIR

Bone Structure and Mechanical Properties

Bone provides mechanical support for anchoring muscles
and facilitating movement, while protecting vital organs. The
primary functions of bone are based on its structural charac-
teristics. Flat bones and the outer part of long bones are com-
prised of compact (or cortical) bone which contains ~ 80 —
90% mineralized tissue providing the mechanical strength.

© 2008 Bentham Science Publishers Ltd.
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The ends of long bones are made up primarily of trabecular Development, Fracture Healing and Remodeling

(or cancellous) bone. In contrast, only 15 — 25 % of the tra- ) ) ) ) )
becular bone is mineralized. Thus, while trabecular bone ~ Bone is an incredibly complex organ with huge varia-
contributes to the mechanical strength, its primary role is tions of the skeletal shape in the different regions of the body
metabolic, as this bone functions as a reservoir of calcium [5]. The formation of skeletal elements is initiated with the
and phosphate ions [1]. The structure and geometry of trabe- process of cellular condensation, where dispersed mesen-
cular bone is described by a number of parameters including chymal cells migrate and proliferate as they become bound
the trabecular thickness, average spacing, number of trabecu- together by the expression of adhesion molecules [6]. Subse-
lae per unit length and connectivity density, which character- quent bone development occurs via one of two mechanisms:
izes the interconnectedness of the trabeculae [2]. endochondral ossification (the formation of a cartilage tem-

plate and its replacement by bone) or intramembranous ossi-
fication (direct differentiation of mesenchymal stem cells
into osteoblasts).

The mechanical properties of bone generally depend on
its structure and orientation. Due to different structural fea-
tures, macroscopically the cortical bone has much higher

compressive stiffness (12-20 GPa vs. 0.2-0.8 GPa) and Most of the bones in the body, including all long bones,
strength (100-230 MPa vs 2-12 MPa) than the cancellous form via endochondral QSSlﬁcatlon (Fig. 1)..In this process,
bone [3]. The specific organization of tissue microstructure mesenchymal condensation is followed by directed differen-
results in strong anisotropy in mechanical properties. For tiation of the precursor cells to pre-chondrocytes and chon-
instance, the Young’s modulus measured along the long axis drocytes, to create a cartilaginous anlage with a perichon-
of cortical bone is 17 GPa, much larger than that in the drium at the border. At the center of this model, where pri-
transverse direction (9.6 GPa) [4]. mary ossification begins, chondrocytes become hypertro-

Fig. (1). Bone Formation and Fracture Healing. Many of the processes occurring during long bone formation are recapitulated during
fracture healing. During bone formation, many of these processes occur concurrently but with distinct spatial distributions, while they occur
as a temporal sequence during fracture healing. Upper Panel: Initial Stages of Bone Formation Via Endochondral Ossification. Stage |
indicates formation of cartilaginous anlage via mesenchymal condensation and differentiation of progenitor cells into chondrocytes. During
Stage II, cells at the center undergo hypertrophy and express both angiogenic and osteogenic growth factors (circles). This stimulates vascu-
lar invasion (stage III) with accompanying chondroclasts and osteoblasts. The perichondrium is stimulated to form a bone collar (shaded
rectangle) and cartilage is replaced with trabecular bone. Subsequent bone lengthening (stage IV) results in the formation of a marrow cavity
which extends outwards to the ends of the long bone. Lower Panel: Stages of Fracture Healing. (Stage I) Damaged blood vessels in the
fracture region result in the formation of a hematoma. Growth factors associated with the hematoma are believed to recruit osteo-progenitor
cells and induce new-angiogenesis. Progenitor cell migrate to the fracture-site and form a chondrified (internal) callus to stabilize the region
(stage II). Meanwhile the periosteum and cortex form new bone via intramembranous ossification (external callus). (Stage III) The internal
callus then ossifies via endochondral ossification. In stage IV, the spongy bone is resorbed and mechanical continuity is established via re-
modeling of cortical bone.
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phic, mineralize their matrix and signal the migration of
chondroclasts and blood vessels through vascular endothelial
growth factor (VEGF). Blood vessels facilitate the influx of
hematopoietic cells which interact with the stroma, and form
the future bone marrow. Cells in the perichondrium are sig-
naled to become osteoblasts and to secrete collagen I-rich
matrix resulting in the formation of a bone collar [7]. Hyper-
trophic chondrocytes undergo apoptosis and are replaced by
osteoblasts that form the bone matrix. Secondary ossification
centers develop at the ends of the cartilage model, where
again, chondrocytes stop proliferating, hypertrophy and sig-
nal the influx of blood vessels and osteoblasts. In between
the primary and secondary ossification centers, zones of pro-
liferating chondrocytes (known as the growth-plate) enable
bone lengthening. Bone widening occurs via the proliferation
and subsequent intramembranous ossification of mesenchy-
mal cells at the surface (appositional growth).

Intramembranous (also called ‘dermal’) bone occurs pri-
marily with flat bones including the skull, scapula and man-
dible, and it involves the direct differentiation of mesenchy-
mal cells into pre-osteoblasts and osteoblasts [1]. The proc-
ess is not well characterized and it is still considered the de-
velopmental ‘exception’ since most bone forms via en-
dochondral ossification [7]. There are distinct differences in
the composition and structure of the bone matrix formed via
endochondral and intramembranous ossification [8] but re-
cent analysis have identified several shared molecular regu-
lators of the process [9]. Endochondral ossification is tightly
regulated by coordinated expression and interaction of sev-
eral molecules including Indian Hedgehog (Ihh), parathyroid
hormone related peptide (PTHrP), bone morphogenetic pro-
teins (BMPs), VEGF and fibroblastic growth factors (FGFs).
BMPs are part of a large family of proteins and have several
roles in skeletal development including the initiation of mes-
enchymal condensations [7]. In the endochondral ossifica-
tion process Ihh and PTHrP form a critical feedback loop
that mediate the balance between chondrocyte proliferation
and hypertrophy and regulate the thickness of the growth
plate [7,10]. During intramembranous bone formation,
BMPs as well as Thh and PTHrP are similarly required to
induce uncommitted mensenchymal progenitor cells along
the osteogenic pathway via a novel phenotype — a pre-
osteoblast which co-expressed chondrocytic and osteoblastic
markers simultaneously [9].

The remodeling process is required for the maintenance
of normal healthy bone. Initial bone formation results in an
irregular distribution of disorganized fiber bundles known as
woven bone. This is subsequently remodeled via the coordi-
nated interaction of osteocytes, osteoclasts and osteoblasts
into lamellar (layered) structures [1]. Osteoclasts are of he-
matopoietic origin and are the main cells responsible for
bone resorption. They are critical for remodeling processes
that occur in response to mechanical stimulation during bone
development as well as fracture healing. Upon activation,
osteoclasts resorb bone at the endosteal surface. This is fol-
lowed by bone formation by osteoblasts. The process be-
tween resorption and formation is tightly coordinated and
balanced in healthy bone.

Bone, when damaged, is unique in its ability to heal
without the formation of scar tissue. Fracture healing of long
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bones occurs via several stages (Fig. 1) and involves coordi-
nated responses of the bone marrow, bone cortex, periosteum
and the surrounding soft tissues, including regulation of cel-
lular proliferation, migration and differentiation [11,12]. The
process combines elements of endochondral and intramem-
branous ossification recapitulating many of the developmen-
tal steps. Initially, damage of blood vessels result in the for-
mation of a hematoma accompanied by an inflammatory
response. Many of the signaling molecules involved in the
regulation of new bone formation (FGFs, BMPs, PDGF
(platelet-derived growth-factor), VEGF etc.), are associated
with this inflammation [11]. Primary bone formation occurs
immediately at the cortex and periosteum, via intramembra-
nous ossification. The external soft tissues stabilize the frac-
ture by the formation of a callus, which subsequently under-
goes chondrogenesis. The callus is comprised of two com-
ponents: the hard callus formed by intramembranous ossifi-
cation and the soft (cartilaginous) callus. After the callus
forms, cell proliferation decreases, chondrocytes hypertro-
phy and begin to calcify the matrix. The calcified cartilage is
targeted by in-growing blood vessels in a process that is
highly similar to endochondral ossification. Chondroclasts
resorb the calcified cartilage and osteoblastic progenitors
begin the process of new bone formation, in which the me-
chanical continuity of the cortex is regained by subsequent
remodeling.

Current Clinical Treatments of Bone Defects

In general, bone expresses excellent ability for healing,
therefore the restoration of alignment and stable fixation
suffice for the reconstruction after trauma or disease in most
cases. Even relatively large bone defects may be bridged by
natural mechanisms of bone repair over callus and woven
bone. The bridging may be done acutely (typically in the
metaphyseal bone segment by filling the gap in open wedge
osteotomy) [13], or continuously (over the callus distraction,
by bone lengthening of the long bone diaphysis) [14]. Unfor-
tunately, such bridging is limited to bone segments that al-
low rigid fixation and encounter adequate vascular supply.
The major disadvantages of the callus bridging are technical
limitations and the long time needed for structural bone for-
mation to allow full weight-bearing.

However, in certain clinical situations the natural bone
repair may be too slow (e.g., following deformity corrections
with osteotomies or joint fusions) or inadequate (e.g., large
bone defects after comminutive fractures, resections of bone
tumors or tumor-like conditions, and endoprosthetic loosen-
ing), therefore some form of grafting is required. Cancellous
bone is typically used when the requirement is solely to fill
the defect to enhance bone formation. The cortico-cancellous
block is used in cases where the support of a structure is
required (e.g. cervical fusion and articular surface reconstruc-
tions). The autologous cancellous bone has the highest value
for the routine usage since, besides being osteoproliferative
and angiogenic, it is also safe, cheap and available to every
surgeon. Smaller quantities of cancellous bone can be har-
vested from the metaphysis adjacent to the reconstruction
site, but larger supplies are available from the pelvic girdle.
Yet, the harvest of autologous tissue can result in prolonged
pain and there is not enough material for extensive or multi-
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ple reconstructions. The structural cortico-cancellous grafts
are typically harvested from the anterior or posterior iliac
crest, which may result in serious cosmetic problems. A
special type of structural graft is the vascularized fibular graft,
which requires a microsurgical approach to connect the nutri-
ent fibular vessel to a vascular bundle adjacent to the site of
the defect. The operation causes a high degree of morbidity
at the donor site, and its usage is generally limited to the
tumor reconstructions [15-17].

The alternative solution for grafting is homologous bone
from human donors. All the living cells are destroyed during
the graft processing and stored in the tissue banks. This re-
duces the risk of disease transmissions and immunogenic
reactions. Therefore, the decellularized, homologous cancel-
lous bone has only osteoconductive and osteoinductive char-
acteristics, and it takes longer for a defect to be filled by na-
tive bone tissue. The homologous cancellous bone is often
mixed with autologous bone to improve the healing capac-
ity. To diminish the possibilities of disease transmission the
homologous bone can be used as a demineralized bone ma-
trix, which has the same limitations for usage. The osteoin-
tegration and revascularization of large cortical grafts is lim-
ited, and often they remain as non-vital sequesters [16].

2. TISSUE-ENGINEERED BONE GRAFTS
Functional Requirements

Surgical interventions utilizing autografts and al-
lografts have been shown to improve repair of bone defects in
various degrees. However, none of currently used grafts has
all the ideal characteristics: high osteoinductive and angio-
genic potentials, biological safety, low patient morbidity, no
size restrictions, ready access to surgeons, long shelf life, and
reasonable cost [16, 18]. The promise of tissue engineering
is to combine the advances in the fields of biomaterials and
cell biology towards bone grafts matching most or all of
these characteristics.

Because the primary function of orthopaedic tissues is
biomechanical in nature, the restoration of normal biome-
chanical function becomes the major goal of orthopaedic tis-
sue engineering [19]. Engineered bone constructs would pro-
vide physical and biological signals to simulate the natural
remodeling mechanism, leading to the complete integration
of bone grafts with the surrounding biological tissues and
possibly the eventual replacement of the constructs with na-
tive bone tissue. Tissue engineered bone constructs, there-
fore, should ideally have mechanical properties similar to
native bone during the entire process of tissue repair and
regeneration, especially when constructs are to be implanted
in load-bearing sites. Alternatively, scaffolds with inferior
mechanical properties can potentially be used if they should
allow for fast and strong bone formation. As the whole proc-
ess usually takes a long time (~1-2 years), it is important
that the degradation rate of constructs match with the cellular
rate of bone formation so that constructs can be mechanically
stable with relatively constant stiffhess and strength.

Bone Tissue Engineering

To date, the field of bone tissue engineering has been
focused on creating tissue grafts that have the capacity to
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enhance osteogenesis at the site of the bone defect. Con-
structs have been assembled in vitro by seeding cells with
osteogenic potential into biodegradable scaffolds, and either
directly transplanted in vivo to assess their bone forming
potential, or cultured in vitro to enable development of new
tissue and the formation of “mature” bone-like grafts. A va-
riety of culture protocols have been used, employing bio-
chemical osteoinductive signals (growth factors and/or cyto-
kines) and specialized dynamic culture systems — bioreac-
tors. These systems facilitate the homogenous tissue growth
by improving nutrient transport (in the absence of a vascular
network) and mechanical stimulation (shear-stress arising
from the flow of culture medium). Only recently, steps have
been taken toward recapturing the complex, non-uniform
tissue architecture found in native bone, and developing in-
herent vascular networks that would support long term sur-
vival and development of larger constructs upon in vivo im-
plantation.

Cells

Large numbers of cells capable of producing bone ex-
tracellular matrix are needed for the production of clinically-
sized engineered tissues. Mesenchymal stem cells, which
differentiate and form bone during normal development,
have long been the primary cell source for engineering bone
grafts. It has long been recognized that adult bone marrow
stem cells (BMSC) form multiple mesenchymal tissues in
vivo including bone [20, 21], and have utility for engineering
skeletal tissues. BMSC can be easily isolated from the mar-
row aspirate based on their ability to adhere and grow on
tissue culture plastics, and can reach up to 50 population
doublings in culture [22]. The quantity of stem cells initially
isolated varies between different patients and aspirate prepa-
rations, and reportedly declines with the patient age [23]. It
is most likely that the mesenchymal stem cells from bone
marrow aspirates, which drive the normal bone remodeling
and regeneration, are an excellent source of cells for bone
repair. Studies have shown that the cell culture substrate [24,
25], and the growth factors supplemented to cell culture me-
dium [26-28] help maintain the differentiation potential of
these cells during expansion. The need to utilize the right
cell phenotype for engineering of human tissues is widely
recognized, but the exact phenotypic characteristics are not
always well defined. For engineering and regeneration of
bone, the properties of choice include high biosynthetic ac-
tivity (critical for the further development and integration
with the host), expression of osteogenic markers (critical for
the development of “bona fide” bone tissue), and phenotypic
stability (critical for avoiding nonspecific tissue develop-
ment).

Another easily accessible, abundant source of autologous
osteogenic cells is the adipose tissue [29, 30]. Isolation pro-
tocols of adipose stem cells (ASC) include density gradient
centrifugation of the collagenase-digested lipoaspirate/min-
ced adipose tissue, and culture expansion of the adherent cell
population. ASC have been reported to undergo differentia-
tion into various lineages, including osteogenic, chondro-
genic and endothelial [29, 30]. Comparative studies of ASC
and BMSC cells have indicated both similarities and differ-
ences [31]. BMSC populations obtained from the bone mar-
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row of different donors share a common surface antigen ex-
pression pattern, including CD44, CD71, CD90, and CD105,
whereas the expression of hematopoetic and endothelial line-
age markers is low or absent [32-34]. While expression of
CD34 is negative for BMSC, there are different reports for
ADSC [29, 31, 35]. More work is needed to evaluate the
comparative differentiation potential of the two cell types,
and the optimal culture conditions required to achieve the
functional properties of terminally-differentiated cells are
still under investigation [29]. Other connective tissues are
being investigated as sources of multipotent cells that could
also be employed in bone repair. These include periosteum,
umbilical cord, cord blood and fetal tissues [23, 36].

Scaffolds

The scaffold is crucial for the successful engineering of
bone tissues as it provides a suitable environment for os-
teogenic cells to migrate, proliferate, differentiate, and pro-
mote new bone formation, and it also provides mechanical
competence during the bone regeneration [19]. There are a
few requirements to be considered in the design and con-
struction of 3D bone scaffolds. First, the scaffold must be
biocompatible and degrade with time into non-toxic prod-
ucts. It should also be highly porous and permeable for cell
seeding (in vitro) and infiltration (in vivo), nutrient transport,
tissue ingrowth, and vascularization. The scaffold should be
mechanically stable, having properties similar to those of the
native bone. Finally, an ideal bone scaffold should also be
osteoconductive (to recruit bone cells from the recipient),
osteoinductive (to differentiate stem cells into bone-forming
cells), and osseointegrative (to provide permanent and func-
tional attachment to native bone).

A wide range of natural or synthetic materials has been
investigated for bone tissue engineering as well as bone re-
pair in clinic settings. These materials can be mostly catego-
rized into three tiers: polymers, ceramics, and composites.
The natural polymer matrix consisting of type I collagen can
provide an excellent environment for osteoinduction and
osteogenesis, but it has low mechanical modulus and there-
fore cannot provide sufficient structural support for cells
inside [37]. In contrast, synthetic materials can, in principle,
be tailored to satisfy all the requirements. The copolymers
(PLGA) of poly(lactic acid) (PLA) and poly(glycolic acid)
(PGA) have been widely used synthetic polymeric materials,
because of their controllable degradation rate and mechanical
properties. Other polymers for bone tissue engineering in-
clude polyanhydrides, polycarbonates, polyphosphazenes,
polycaprolactone and polyfumarates [38]. Naturally pro-
duced ceramics such as corals have also been used for the
repair of bones such as the distal phalanx of a thumb [39].
Corals have good biocompatibility, well-interconnected po-
rous structure, and appropriate mechanical properties, but the
high dissolution rate has limited coralline calcium carbonate
in clinical applications, especially when the high load-
bearing capacity of bone grafts is required. Synthetic cal-
cium-based ceramics such as hydroxyapatite (HA) and hy-
droxyapatite-tricalciumphosphate are also osteoconductive
materials, but they are usually fragile when high porosity is
needed [40]. But when the bioactive calcium-based ceramics
are combined with polymers, scaffold mechanical properties
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as well as the osteoconductivity can be improved as demon-
strated by many composite-based scaffolds such as collagen-
HA-PLGA, chitosan-hydroxyapatite, PLA-polyethylenegly-
col (PEG), collagen-PLA-HA, and polycaprolactone (PCL)-
HA [41].

When necessary, bone scaffolds may be surface-modified
to enhance cellular attachment, migration, and osseointegra-
tion or be used to deliver cytokines, growth factors, and
genes for osteogenic induction and bone formation [42-46].
Several excellent reviews can be consulted for more detail on
these topics [38, 47-49].

In Vitro Cultivation

The potential for growing bone-like constructs from
BMSC was first explored in static culture [50, 51], and the
effects of various parameters (cell seeding density, scaffold
properties, culture medium composition) on tissue develop-
ment have been evaluated. Various osteogenic cell sources
and biodegradable scaffolds, including synthetic and natural
polymers [32, 52-55], ceramics [56] and composites [54, 57-
59] have also been tested in static culture. These studies
helped identify the importance of three-dimensional culture
environments for proper signaling (cell condensation, cell-
cell interactions and cell-matrix interactions) that can stimu-
late osteogenesis, but they also showed clearly that static
culture limits the development of bone constructs due to the
diffusional exchange of nutrients, oxygen and metabolites.

In order to achieve homogenous cellular growth and tis-
sue development inside large (millimeter to centimeter sized)
constructs, bioreactor cultivation systems with enhanced
mass transport capabilities have been investigated. In stirred
flasks and rotating bioreactors, medium convection in bulk
medium enhances mass transport at the surfaces of cultured
tissue constructs, whereas the transport in the construct inte-
rior remains by diffusion only. In stirred flasks, the scaffolds
are fixed in place, whereas in the rotating bioreactors, they
are cultured freely suspended in the culture medium [60-62].
In perfusion bioreactors, culture medium flows through the
interstitial spaces (pores) of the construct, which enables
local supply of oxygen and nutrients and removal of metabo-
lites, thus providing much better control of the cell microen-
vironment [63].

Goldstein and colleagues [64] compared rat BMSC
growth in four culture systems, and showed that perfusion
and rotating bioreactor cultures result in constructs with
more uniform cell distribution than stirred flasks and static
dishes. In a longer follow-up study [65], the culture in stirred
flasks was compared to rotating bioreactors and static cul-
ture, and exhibited the highest cell proliferation and os-
teogenesis. However, other studies have indicated more fa-
vorable osteogenic outcomes when using rotating bioreac-
tors, with significantly increased osteogenesis of human os-
teoblastic cell line [66], primary rat calvarial osteoblasts [67]
and human BMSC [68] compared to static culture. The posi-
tive effects have been attributed to a combination of im-
proved mass transport (depending on scaffold geometry) and
mechanical conditioning of the constructs [69].

Several studies have shown positive effects of perfusion
culture on bone development in vitro [63, 70-76]. In these



Tissue Engineered Bone Grafts

cases, improved transport through the scaffold interior and
fluid shear stresses to osteogenic cells are believed to better
mimic the native bone environment. It has been shown that
mechanical conditioning alone in the absence of dexametha-
sone, the standard osteogenic supplement, can induce os-
teogenic differentiation of BMSC in perfusion culture [72].
Recent results from our group indicate that employment of
high perfusion rates in concurrence with adjustment of per-
fusion chamber designs could potentially support in vitro
development of large custom-shaped bone grafts [77]. Addi-
tionally, bioreactor designs accommodating cell seeding, in
vitro expansion and perfusion culture have been proposed
[74,76,78].

In Vivo Models and Clinical Studies

One of the crucial aspects of bone tissue engineering is
the evaluation/prediction of the obtained constructs capacity
for bone healing. In order to assess osteogenesis, the con-
structs are often implanted into ectopic sites (e.g., subcuta-
neously), where bone formation does not occur naturally,
and the osteoinductive signals arise from the implant itself.
The outcome is a combination of the influences from sys-
temic factors, the osteogenic, osteoinductive and osteocon-
ductive properties of the implant, and the surrounding tissue
potential for ingrowth, vascularization and osteogenesis. For
the evaluation of human cell-based constructs, studies have
been performed in immuno-compromised rodent models [79-
82]. These have shown the ability of cultured osteogenic
cells to form bone tissue in vivo. Importantly, interspecies
differences in bone formation requirements have been noted
[83].

Implantation into orthotopic non-load bearing (e.g., rat
calvaria) and load bearing (e.g., femour, tibia) sites, where
the surrounding tissue itself has osteoinductive and os-
teogenic capacity, has also been used [84-86]. Studies have
indicated that maturation of the grafts by in vitro cultivation
enhances bone healing after implantation [32, 53], as com-
pared to implantation of the unseeded scaffolds and scaffolds
seeded with cells immediately prior to surgery. It has been
shown that the number of clonogenic BMSCs (and not the
total number of cells per scaffold) is positively correlated to
the bone forming potential [87]. Such parameters could be
used as a predictive measure for evaluation of the constructs
in the clinical setting.

The advantage of rodent models (besides the possibility
of testing human cells) is the miniaturization of critical-size
(non-healing) defects, which are in the range of < 1 cm, and
roughly correspond to the sizes of constructs that can cur-
rently be prepared in vitro. On the other hand, studies per-
formed in orthotopic sites of large animals, including skull
and mandibular defects [88-91], and large segmental defects
of long bones [92-95] have been limited to the use of autolo-
gous cells of the species under investigation. This work pro-
vided a proof of principle for rodent studies, as in many
cases the improvement of bone healing was observed follow-
ing the implantation of tissue engineered constructs.

Human clinical trials addressing tissue engineered grafts
in bone repair are limited only to case reports [96-98]. The
autologous bone marrow-derived mesenchymal stem cells
were loaded on ceramic, slowly absorbable scaffolds. The
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results confirmed safety of the products and demonstrated
integration of the constructs into the bone. More information
is awaited from the randomized trials, but there is no general
agreement on the best clinical model for the tissue engi-
neered bone.

3. VASCULARIZATION OF BONE GRAFTS

Vascularization following implantation is of critical im-
portance for the survival, integration and functionality of
engineered bone tissue, as it is for the development of native
bone [99]. In both cases, vascular supply is necessary to as-
sure efficient gas and nutrition exchange with all cells within
the tissue. At short distances (200 — 300 pum), the mass
transport requirements (for oxygen in particular) can be met
by molecular diffusion, while limitations of diffusional
transport over greater distances results in acellular regions
[64, 100]. Enhanced cell survival can be supported within
larger scaffolds (< 5 mm) by culturing bone constructs in
bioreactors [63, 68]. But for successful outcome of the im-
plantation of the construct in vivo, vascularization of the
graft needs to be considered. There are several approaches
being utilized in order to vascularize bone grafts, and gener-
ally one or combination of three major principles can be fol-
lowed (Fig. 2).

In Vivo Pre-Vascularization

Bone grafts can be implanted into environments rich in
vascular supply (subcutaneous, intramuscular, or intraperito-
neal sites), where the constructs can be invaded with new
vascular networks at their surfaces. However, formation of
new vessels within the implanted bone proceeds in random
patterns, and the transplantation to the site of interest is im-
possible without damaging the initial vascular network. Al-
ternative approaches have been described, including the ‘in-
trinsic’ vascularization which is discussed in several reviews
[101, 102]. Here, angiogenesis is induced via a vessel lo-
cated centrally in the graft: for example, the use of the ca-
rotid artery, jugular vein or saphenous bundle in osteocon-
ductive hydroxyapatite scaffolds seeded with BMSC resulted
in de novo bone deposition and neo-vascularization within
viable bone grafts which can be potentially transplanted to
orthotopic sites of interest [103]. Another vessel configura-
tion, the arteriovenous loop, has been employed to pre-
vascularize scaffolds derived from bovine cancellous bone.
Subsequently injected osteoblasts showed better survival
rates but they failed to produce new bone tissue [104]. On
the other hand, the combination of a vascular element and
osteogenic cells in coralline implants enhanced neo-
vascularization as well as osteogenesis when implanted in
ectopic intramuscular sites [105].

Utilization of Angiogenic Factors

Vascularization of an implanted graft can also be accel-
erated by the local delivery of angiogenic growth factors.
Growth factors, such as VEGF, PDGF and FGF play crucial
roles in angiogenesis [106]. Incorporation of these factors
into scaffolds and control of their local release rate and de-
livery regime present one possibility for accelerating the
vascular in-growth in vivo. The growth factors can be incor-



260 Current Stem Cell Research & Therapy, 2008, Vol. 3, No. 4

In Vivo Pre-
Vascularization

GF- Induced In Vivo
Vasularization

Fréhlich et al.

In Vitro Pre-
Vascularization

AV Loop

. :
\

/

1
1
1
- |
1
1
1

° .. AGF
T ET
‘ OGF

R‘ , llmmobilization l

EDERL

in scaffold

—— e o e o ool

Fig. (2). Approaches to Vascularizing Engineered Bone Scaffolds. Left: The arterio-venous (AV) loop is shown as an example of an in
vivo approach for pre-vascularizing scaffolds. Other methods include intramuscular or cutaneous implantation. The AV-loop method is ad-
vantageous in that it results in blood vessels with a generally consistent orientation and is less restricted by anatomical location. Center: One
cell-free approach is to immobilize angiogenic growth factors (AGF) and osteogenic growth factors (OGF) unto scaffolds and directly im-
plant into the site of interest. In this method, the growth factors induce migration of angiogenic and osteo progenitor cells and provide them
with the stimuli for neo-vessel formation and osteogenic differentiation. Right: Cell-based, tissue-engineering approach utilizes osteogenic
cells (OC) and endothelial cells (EC) in three-dimensional co-culture. This method includes an extended cultivation period to facilitate func-

tional organization of cells and differentiation into appropriate cell types.

porated in two methods: by mixing with the polymer parti-
cles of the scaffold itself (which later results in fast release),
or they can be encapsulated in microspheres to facilitate their
controlled release over longer periods of time [107]. Since
the development of tissues is orchestrated by the co-
ordinated interactions of multiple growth factors along spa-
tial and temporal gradients, allowing for the delivery of mul-
tiple growth factors with distinct release kinetics are of spe-
cial importance. Utilizing this approach, delivery of
(VEGF)-165 and (PDGF)-BB resulted in rapid formation of
a mature vascular network [108]. VEGF-releasing, bio-
mineralized PLGA scaffolds implanted in rat cranium de-
fects showed an increase in vascularization as well as in the
production of mineralized tissue, when compared with scaf-
folds without VEGF [109]. Vascularization can also be en-
hanced by the combination of angiogenic factors with cells:
VEGF-releasing PLG scaffolds in combination with mi-
crovascular endothelial cells resulted in the formation of
functional vessels one week after implantation in SCID mice
[110]. The combination of osteogenic (BMP-4) and angio-
genic (VEGF) factors together with bone marrow stromal
cells promoted bone formation at an ectopic site [111]. The
combined delivery of cells, osteogenic and angiogenic fac-
tors resulted in a significant increase in the quantity of re-

generated bone compared with any factor alone or any two
factors combined.

In Vitro Prevascularization of TE Grafts

Another promising approach to achieve vascularization
of tissue engineered bone grafts is seeding and co-culturing
endothelial and osteogenic cells into the bone constructs en-
gineered in vitro. As a source of endothelial cells, adult en-
dothelial cells can be used, but recently, adult mesenchymal
stem cells have also been shown to have the potential to dif-
ferentiate toward endothelial lineage [112-114]. Endothelial
cells have the potential to form new vessels within the scaf-
folds with the potential to anastomose with host vasculature
when implanted in vivo. It is important, however, that be-
sides endothelial cells, also the presence of other cell types
(smooth muscle cells, pericytes) is considered, since interac-
tion of different cell types is needed for functional vascula-
ture. Using this co-culture principle, human skin was engi-
neered in vitro using keratinocytes, fibroblasts and endothe-
lial cells and then transplanted into nude mice. The network
of in vitro engineered capillary-like structures successfully
anastamosed to the host’s vasculature [115]. Similarly, sur-
vival and vascularization of an in vitro engineered, pre-
vascularized muscle implant was improved after the trans-
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plantation [116]. Prevascularized constructs for use in bone
tissue engineering have also been generated in vitro using
various biomaterials (porous hydroxyapatite, porous calcium
phosphate, porous nickel-titanium and fibroin nets), seeded
with human dermal microvascular endothelial cells and pri-
mary osteoblasts or cell lines MG-63 [117]. The formation of
3D prevascular networks was also reported for human um-
bilical vein endothelial cells (HUVEC) grown in pellet co-
culture with human osteoprogenitor cells. However, upon in
vivo implantation anastomosis with host vasculature was
limited [118]. On the other hand, significant increase in bone
formation was observed when endothelial cells were trans-
planted at orthotopic site together with BMSC [119].

Endothelial cells not only contribute to form the vascula-
ture to provide nutrients to the bone but are also important in
terms of interaction with and differentiation of osteoprogeni-
tor cells. It was seen that the lifespan of endothelial cells was
prolonged when cells were cultured together with osteoblast
cells [117] and the presence of endothelial cells accelerated
the expression of an osteogenic phenotype in osteoprogenitor
cells, [118, 120-122]. However, it has also been reported that
endothelial cells can inhibit the differentiation of human
mesenchymal stem cells into mature osteoblasts [123] and
that the ability of HUVEC to form tubular structures was
decreased when co-cultured with osteoblasts [124]. Different
effects of co-culturing observed might be due to different
stages of cells’ differentiation or different culture conditions
used, what implies the need for further research in order to
understand and achieve good co-culture systems and condi-
tions. Also, different environmental cues can have important
effect on cell differentiation: for example, hypoxic condi-
tions stimulate angiogenesis in vitro [125], but have at the
same time neutral to negative effects on osteogenic differen-
tiation of mesenchymal stem cells [126-129]. The use of
perfusion culture conditions showed improved vasculogenic
properties after ASC were implanted in vivo [130].

Summary and Future Perspectives

In summary, bone is one of the tissues with excellent
capability for regeneration following injury. However, this is
the case only if the defect is below a certain critical size. The
needs of bone repair in many patients suffering from large
bone resections or significant trauma motivates the creation
of bone grafts using tissue-engineering approaches. Because
of the intrinsic capability of the bone tissue to re-establish its
complex hierarchical structure during regeneration, the tissue
engineering approaches are in many cases “biomimetic”. To
take advantage of the intrinsic ability of the cells to form
bone, osteogenic cells can be cultured on a scaffold serving
as a structural and logistic template for bone formation, in a
bioreactor providing the necessary molecular and physical
signals. Several areas of ongoing active research are directly
relevant to the translation of research results into the clinical
practice, including: development of bioreactor systems for
automated, standardized and scalable production of TE bone
grafts; scale up to large, clinically sized bone grafts with
capacity for further development and integration; evaluation
of engineered grafts in large animal models; rapid establish-
ment of functional blood flow through the implanted graft;
accommodation for patient to patient and site to site variabil-

ity.
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