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Preface

The science of bone replacement has greatly advanced in recent decades,
but replacing bone with bone tissue rather than with metallic components
remains in early development. The current volume, third in the series
Topics in Bone Biology, deals with problems inherent in inducing the body
cells to accomplish bone tissue repair, to degrade devices introduced to
provide initial mechanical support, and to attract and stimulate bone formation. It is therefore logical that Chapter 1, by Hicok and Hedrick, deals
with stem cells, i.e., pluripotential cells that may differentiate into cartilage
and bone cells. The chapter begins with a description of how stem cells may
be harvested; the limitations of autologous, embryonic, and adult stem
cells; and the need to expand the harvested cells in culture. The authors
then discuss the inﬂuences of the body environment on implanted cells and
on the scaffolds that need to be introduced. They emphasize the need for
adequate oxygenation and for rapid integration with the vascular system of
the host/patient. Stem-cell-engineered cartilage is discussed at some length,
along with the need for stem-cell-engineered ligaments and tendons. The
chapter concludes with an analysis of what needs to be learned to make
stem-cell-engineered bone tissue a reality.
In Chapter 2, Gerstenfeld and colleagues review osteogenic growth factors
and cytokines, soluble proteins that regulate postnatal bone repair. These
molecules are of importance because many are targets of efforts to promote
therapeutic bone healing and repair. Molecules discussed are the tumor
necrosis factor α (TNF-α) family of cytokines and their role in bone remodeling, the bone morphogenetic proteins (BMPs) and their role in signaling,
and angiogenic factors such as the vascular endothelial growth factor
(VEGF) and angiopoietin families, with detailed discussion of the role of
angiopoietins in bone development and tissue healing. The authors then
discuss parathyroid hormone (PTH) and parathyroid hormone-related
peptide (PTHrP): the differences between their paracrine and endocrine
effects, their signal transduction and nuclear effects, and their effects on
endochondral development and bone repair. A concluding section deals
with bone healing and the roles played by skeletal stem cells, cytokines,
and morphogenetic signals. This chapter, like all the others in this volume,
has an extensive reference list.
Transplantation of bone allografts is a common orthopedic practice,
but unless great care is taken, the allograft may give rise to infection
and its sequelae in the host/patient. Tuan and colleagues Moucha, Renard,
Gandhi, and Lin, in Chapter 2, discuss the harvesting and processing of
musculoskeletal grafts and the conditions that must be met for the graft
to be safe, i.e., not to cause inﬂammation, disease, or other harm to the
host. This means that the medical and social history of the donor must
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be known in order to avoid complications that might arise, for example,
as a result of transmission of the AIDS virus through the donor. The graft
itself must be sterilized, and the authors discuss the various possible procedures to achieve this aim. Freezing or gamma-irradiation may weaken
the graft, preventing adequate weight bearing initially. Infections due to
improperly sterilized grafts include human immunodeﬁcieny virus (HIV),
one of the most serious, other viruses such as hepatitis C virus (HCV), and
bacteria such as the Clostridium species. Factors that may affect performance and mechanical properties of the graft are discussed at the end of
the chapter.
Park, Temenoff, and Mikos, in Chapter 4, provide a general discussion of
biodegradable implants and the functional characteristics and requirements of such implants. Implants must have high mechanical strength and
stiffness if employed in sites subject to high loads, and the chapter discusses
various materials suitable for that purpose. Discussed also are nano- and
microparticles as means for delivering bioactive molecules to the site, the
use of hydrogels to entrap and release drugs, and the kinds of cells that can
be embedded in the scaffolds. The implants must be biodegradable and
biocompatible, have biological functionality, have suitable mechanical
properties, and be composed of appropriate materials, the requirements for
which are discussed in detail in the second half of the chapter.
Biodegradable scaffolds are highly desirable, but, as discussed in Chapter
4 and also in Chapters 6 and 7, they are not sufﬁciently developed for universal use. In Chapter 5, van den Dolder and Jansen summarize results
achieved with a nondegradable scaffold made of titanium ﬁber mesh. Titanium has excellent biocompatibility and, in spongelike form, has been used
extensively for tissue-engineering purposes. The authors review in detail
the properties that make for biocompatibility of titanium. They then discuss
other nondegradable metals, including tantalum and stainless steel. Like
biodegradable scaffolds, the nondegradable scaffolds are used to deliver
cells or extracellular matrix proteins to the defect site. Van den Dolder and
Jansen describe methods of cell seeding and review the effects of matrix
proteins on osteoblast differentiation in the titanium ﬁber mesh scaffolds.
The chapter concludes with a review of the cell-based and growth-factorbased approaches to in vivo bone engineering.
The next two chapters describe and review in detail the use of scaffolds
in bone tissue engineering. Betz, Yoon, and Fisher, in Chapter 6, discuss
the fabrication and properties of polymers used for scaffold construction,
including descriptions of curing methods and of the surface and mechanical properties of these scaffolds, as well as their biodegradation and biocompatibility. Polymer entanglement and cross linking, two major curing
methods, are described, as is polymer assembly. The chapter describes
several conventional fabrication methods (ﬁber bonding, phase separation,
and gas foaming, among others), as well as different types of prototyping,
including sheet lamination and laser stereolithography. This is followed by
a detailed analysis of the various polyesters and other synthetic polymers
and an extensive description of the properties that are desired in scaffold
design, as they relate to surface, macrostructure, and mechanical properties and their suitability in terms of biodegradation and biocompatibility.
Chapter 7 deals with injectable scaffolds, which ideally can be used to
replace hard or soft tissues. Such materials minimize the need for invasive
surgery and thus improve current methods. Migliaresi, Motta, and DiBenedetto discuss the properties that an injectable scaffold must have and then
describe injectable scaffolds that are ceramic-based, i.e., hydroxyapatite,
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tricalcium phosphate, biphasic calcium phosphate, and bioactive glasses.
These materials, developed some three decades ago, have porosity, so that
cells can be attracted or proteins inserted into the scaffold; the materials
therefore must be resorbable. To use these materials, the engineer must
impart a setting rate that is not too slow, so that the scaffold assumes
mechanical strength rapidly, but that allows the scaffold to be resorbed in
a time adequate for replacement of the implant by cells from the host. Soft
tissue can be effectively replaced by hydrogel-based scaffolds. The chapter
describes the many synthetic and natural hydrogels that have been used for
injectable scaffolds. As the authors state, for a scaffold to be injectable,
composite technology must be used creatively and the viscoelastic properties of the material must be understood, as must be the effect of the biological environment into which the scaffold is to be placed.
In Chapter 8 on Motion and Bone Regeneration, Ko, Somerman, and An
discuss the three stages of bone regeneration—healing, osteogenesis, and
osseointegration—and how regenerating bone responds to the signals
emitted by limb movement. Bone healing in turn involves three stages—
inﬂammation, reparation, and remodeling—and much of the chapter is
devoted to an analysis of how mechanical factors inﬂuence bone healing.
The authors show the relationships between cellular and organ events, how
movement is transduced to the bone cells, and how the resulting intracellular increase in mRNA of protooncogenes and bone matrix proteins in
turn affects bone healing and bone repair. A section of the chapter is
devoted to distraction osteogenesis, a technique for producing new bone,
and its application in principle in dentistry, inasmuch as tooth movement
is equivalent to distraction. The ﬁnal section, on bone and tooth implants,
building upon information presented in earlier chapters, analyzes the
effects of mechanical loading and bone repair, emphasizing that the correlation depends on the synergy between general boundary conditions and
speciﬁc bone properties.
In dentistry, functional tooth replacement has become a reality as a result
of the development of dental implants. Oates and Cochran, in Chapter 9,
describe the bone and periodontal ligament loss frequently encountered in
individuals with periodontal disease, a chronic infection. Bone implants
have been used, though not always successfully, to stop the fairly extensive
resorption of alveolar bone that occurs after tooth extraction. The chapter
discusses in detail bone formation around dental implants, methods for
speeding the rate of bone healing, how to regenerate bone in areas unsuited
for implants, and bone grafting materials. Traditionally implants have been
inserted some time after tooth removal, but there is great interest, as pointed
out by the authors, in implant therapy very soon after tooth extraction. This
may be possible, because healing in the tooth socket does not appear to be
signiﬁcantly affected by implant placement. Because space in the posterior
maxilla is limited, implant therapy at that site has been difﬁcult. Sinus
augmentation, as described at the end of the chapter, seems to be the solution. The authors conclude by pointing out that further progress in dental
practice, as in the recent past, will come from continued progress in bone
research.
Computers have found increasing use in two- and three-dimensional
design. In the last chapter, Melissa Knothe Tate illustrates the strength of
computational modeling to extend experimental ﬁndings to the design of
implants. An important aspect of modeling is that a given design can be
expanded in length or in mechanical properties with the help of the computer, and the resulting expanded design can then be tested. Knothe Tate
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describes how the theory of poroelasticity has been adapted to bone modeling and how pressure gradients that cause nutrients and waste to be moved
to and from cells have become part of the modeling approach. Similarly,
the need to take into account cyclic compressive loads in designing bone
replacements can be most readily met by appropriate modeling. In the
second half of the chapter, the author illustrates in ﬁgures and equations
the resolution of a variety of design problems. For example, a stochastic
model is shown that represents the exact conformation and organization of
the pericellular network, as well as reﬂecting microporosity. Other examples deal with the delivery of drugs to bone, ﬂuid velocity magnitudes in
the pericellular space, and the calculated and model-predicted permeability of a speciﬁc scaffold. There can be little doubt that computational modeling will ﬁnd increasing use in implant and scaffold design.
This book appears at a time when functional engineering of bone tissue
is ready to play a growing role in orthopedic and orthodontic practice. The
editors are grateful to the authors of this book for their critical and timely
discussion of this topic and for sharing their perspectives, so important to
the many patients in need of bone repair or replacement, whether the very
young, athletes, or the elderly. We also thank Springer-UK for their interest,
patience, and willingness to publish the needed illustrations.
Felix Bronner
Farmington, Connecticut
Mary C. Farach-Carson
Newark, Delaware
Antonios G. Mikos
Houston, Texas
October 2006
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Stem Cells and the Art of
Mesenchymal Maintenance
Kevin C. Hicok and Marc H. Hedrick

these cells to determine similarity to hES cells
generated via sexual reproduction has not yet
advanced far. Furthermore, teratoma formation by hES cells remains a safety issue, so that
large-scale clinical trials involving these cells
cannot be undertaken until the safety issue is
resolved.
Adults also have stem cells. Hematopoietic
stem cells in the bone marrow that can reconstitute the immune system have been known
and studied for many years [13]. Stem cells in
the liver allow rapid regeneration after liver
surgery; stem cells in the dermis undergo continuous cell division and differentiation to
replace skin cells; and mesenchymal stem cells
(MSCs) in bone provide osteoblasts for bone
remodeling throughout life. Until the mid1980s, these stem cells were thought to be committed to regenerating only the tissue in which
they resided and were believed to be unable to
differentiate toward cell fates not associated
with their germinal layer of origin. Their potential as “true” stem cells was therefore not realized. In the 1990s, the molecular mechanisms
involved in cellular differentiation began to be
understood more fully. Moreover, development
of in vitro differentiation assays helped cell
biologists and tissue engineers realize the therapeutic potential of these cells. This chapter
will review the successes, challenges, and future
prospects of using stem cells in the tissue
engineering of bone, cartilage, tendon, and
ligament.

1.1 Introduction
The most promising emergent medical technology of the early twenty-ﬁrst century is
stem-cell therapeutics. Traditionally, stem cells
possess two important characteristics: the
ability to undergo nearly unlimited self-renewal
and the capability to differentiate into many
(multipotent/pluripotent) or all (totipotent)
mature cell phenotypes. The existence of stem
cells and their ability to generate every tissue
of the body during embryonic development
has been known for many years. Transplant
experiments performed in the 1970s, in which
single stem cells were injected into early-stage
blastulas, produced a chimera of donor and
recipient cells in each organ of the resultant
animal [29, 47].
The isolation and propagation of human
embryonic stem cells (hES), however, has
been achieved only relatively recently [111].
Political, moral, and ethical concerns surrounding procurement of these cells from
embryos have held back their development as a
source of cells for therapeutics or tissue engineering. Research efforts in the ﬁeld of therapeutic cell cloning have skirted these issues by
providing alternative methods, such as somatic
cell nuclear transfer (SCNT), that generate
hES cells without the use of intact embryos
[46]. Until recently, the success rate of SCNT
was extremely low, and the characterization of
1

2

1.2 The Challenges of
Mesenchymal Tissue
Engineering
Unique challenges face those attempting to
reconstruct or repair damaged bone, cartilage,
ligament, or tendon. As the major support and
connective tissues in the body, they must sustain
high mechanical stress. All four tissues are
largely devoid of cells and are made up mainly
of extracellular matrix (ECM) proteins and
minerals. Cartilage, tendon and ligament cells
must all be able to survive in hypoxic conditions, because these tissues are largely avascular. As a result of this acellularity, these tissues,
when damaged, often heal slowly, if at all. Moreover, the body’s healing response diminishes
with age [24, 28, 55, 73, 79, 84, 86, 100].
The tissues that orthopedic surgeons employ
to repair damaged mesenchyme therefore have
great demands on them. Success in using autologous or allogenic graft materials for mesenchymal tissue repair has been mixed, depending
on the size and site of the wound or defect and
the age and health of the patient. Autologous
grafts for bone repair (the “gold standard” in
orthopedics) have been more successful than
autografts for cartilage, tendon, and ligament
[15, 119]. For example, Brittberg and colleagues
[15] reported positive results for 88% of patients
in a clinical study of femoral condyle cartilage
defect repair that used autologous chondrocyte-seeded grafts. On the other hand, the
results for patellar transplants were less impressive, with only one third of the patients having
a successful outcome [15].
Aside from the difﬁculties associated with
harvesting autograft material due to donor-site
morbidity and the difﬁculty of obtaining
enough donor tissue, a major deﬁcit of autografts has been their frequent failure to become
integrated with the surrounding host tissue.
Often the resultant chimeric tissue fails to
attain the properties of the original tissue, so
that secondary grafting procedures are needed.
Loading the graft material with mature phenotype cells has increased the amount of graft
integration; however, limitations in the number
of available autologous donor cells restrict the
size of the graft that may be used [106].
Stem cells constitute an exciting alternative
to the limitations of the current repair thera-
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pies. Stem cells can undergo more than 50
rounds of replication and thus provide an
abundant source of cells to repair or regenerate
large regions of tissue. Because stem cells can
differentiate into many different cell phenotypes, they can be used in situations where
multiple tissues must be generated to restore
organ function. In addition to providing a
source of mature phenotypes, culture-expanded
adult stem cells secrete paracrine factors that
support vascularization of new tissue. Furthermore, in instances where the cells themselves
do not differentiate or produce a requisite
factor for endogenous tissue healing or ex vivo
regeneration, stem cells can be used to deliver
gene therapy that in turn may enhance regeneration of the endogenous host tissue [12, 31,
92, 123]. These characteristics provide the mesenchymal tissue engineer with an abundant,
renewable, and ﬂexible source of cells that are
capable of generating adequate amounts of
ECM and of providing the enzymes, cytokines,
and growth factors for the remodeling processes that are needed for the integration of
implanted tissue.

1.3 Stem-Cell Repair of Bone
Recently stem cells of both embryonic and
adult origins have been utilized. However, most
early constructs utilized either endogenous or
culture-expanded bone marrow-derived mesenchymal stem cells (BM-MSCs). In fact,
orthopedic surgeons have, for many years,
unknowingly utilized endogenous stem cells
for bone repair. Early autograft transplant
studies revealed the healing potential of bone
marrow, soon recognized to contain a therapeutically valuable mesenchymal cell population capable of generating osteoblasts [30, 88].
However, the identiﬁcation and characterization of “stem” cells within this population has
been accomplished only in the last 20 years
[35, 90, 93].
When grown in vitro, these putative stem
cells were found to reside principally within the
adherent cell subpopulation. Researchers have
taken advantage of this adhesive property to
isolate and enrich the cells [16, 17, 30, 88,
90, 93]. This remains the principal way in
which MSCs are enriched for use in tissueengineering applications.
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To establish that stem cells are as multipotent, researchers have isolated single adherent cell clones that were then expanded in
culture [41, 90, 93, 99]. Initial in vitro studies
demonstrated that the BM-MSCs divide more
than 50 times and differentiate into smooth
muscle, osteoblastic, adipocytic, and chondrogenic phenotypes [90, 93] and, later, into
tendon, ligament, and even cardiomyocytes
(Fig. 1.1) [94, 124]. These cells can also be
induced to display characteristics of endoderm
and ectoderm tissues such as hepatic, neuro/
glial, endothelial, and epithelial markers [91,
97, 121]. Transplantation of labeled stem cells
produced chimeric mice and demonstrated
differentiation of the stem cells into cells of
endodermal, ectodermal, and mesodermal
origin [52].
The osteogenic potential of BM-MSCs has
been extensively characterized in vitro [16, 17,
90, 93, 99]. Under appropriate conditions these
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cells express genes from osteoblasts and synthesize proteins including type I collagen, bone
sialoprotein, osteocalcin, osteopontin, and
osteonectin. In vivo, BM-MSCs that are loaded
either onto allogenic demineralized or mineralized bone matrix or onto to synthetic
hydroxyapatite matrices generate osteoid tissue
[19, 18, 60, 61, 63, 85]. It was therefore obvious
that stem cells derived from human bone
marrow would be a source of osteoblasts for
bone tissue engineering.
In order for BM-MSCs to be used for generating tissue-engineered bone, two important
problems had to be solved. First, BM-MSCs are
quite rare; by some estimates there are as few
as one to two cells per million isolated mononuclear cells [19, 93, 99]. It was therefore necessary to develop methods to increase the number
of stem cells, while maintaining their osteopotential. This was accomplished by Bruder
and colleagues in 1996 [16, 17].

Figure 1.1. Adult adipose-derived stem cells (ADSCs) have the potential to differentiate into many different mature cell phenotypes. From top to bottom: Row 1: undifferentiated adult ADSCs in expansion culture, 10× phase objective. Row 2: ADSCs possess
the ability to differentiate into adipocytes (left), osteoblasts (middle), and chondrocytes (right). Row 3: ADSCs also possess the
ability to differentiate into neurons (left) and myocytes (right).
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Others searched for osteogenic stem cells in
tissues such as skin, muscle, and fat [5, 6, 33, 50,
51, 104, 112, 125]. Of these, adipose tissue
appeared to be the most promising, both economically and practically. Adipose tissue is
abundant and relatively easy to harvest, and the
number of stem cells that can be harvested from
it is two to three log units higher per number of
isolated cells than is the case for BM-MSCs.
When the number of these cells was increased,
they differentiated into osteoblasts that synthe-

Figure 1.2. Bone formation by adipose-derived stem cells
(ADSCs). Human ADSCs can generate new bone when implanted
subcutaneously into immunodeficient mice (A). The cells were
loaded onto hydroxyapatite scaffolds prior to implantation and
were retrieved after 6 weeks. The scaffolds were processed and
stained with hematoxylin and eosin. Noncultured ADSCs synthesized new bone (B with arrows) adjacent to the implanted
scaffold (S) in a rat critical size defect (B). In the only case reported
to date, primary ADSCs mixed with autograft were used to treat
severe cranial defects in a nine-year-old female patient. Axial CT
scans of her skull before surgery (C) and 3 months after surgery (D)
reveal that significant mineralization has occurred in the defect
site. Reproduced with permission from Lendeckel et al. [67].
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size bone matrix in vitro [37, 125] and in vivo
[23, 38, 40, 92] (Fig. 1.2A). Even though adiposederived stem cells (ADSCs) constituted an abundant alternative to BM-MSCs, it was necessary
to do some ex vivo expansion prior to utilizing
them in vivo [23, 38, 40, 92]. Recent data from
our laboratories suggest that freshly isolated
ADSCs may be loaded directly onto osteosupportive matrices and can form bone in vivo
(Fig. 1.2B). However, this treatment strategy
still needs rigorous testing.

Stem Cells and the Art of Mesenchymal Maintenance

1.4 Microenvironmental
Influences on Bone Formation
by Stem Cells
Several factors are critical to the successful formation of bone by stem cells. The osteopotential of a stem cell is signiﬁcantly inﬂuenced by
environmental signals that include soluble
growth and differentiation factors, as well as
cell–cell and cell–ECM interactions. When stem
cells are delivered either ectopically or into a
critical size defect model in a soluble vehicle
solution such as physiologically balanced
saline, relatively few stem cells are actually
found to multiply and differentiate into osteoblasts [60, 92]. One reason for this may be a lack
of adequate environmental signals to direct the
stem cells toward osteogenesis. However, when
the stem cells are allowed to adhere to a bone or
bonelike matrix, either alone or in the presence
of endogenous signals such as bone morphogenetic protein 2 (BMP-2), retinoic acid, dexamethasone, or 1,25-dihydroxyvitamin D3, bone
formation is increased [23, 38, 92].
Various natural and artiﬁcial scaffold materials have been utilized to serve as a delivery
vehicle for stem cells and to provide the cells
with appropriate cell–matrix interactions. Generally, these scaffolds are composed of either
autologous or allogenically derived bone,
demineralized bone matrix, coral, collagen,
calcium salts, or composites of these. Typically,
the more similar a scaffold is to natural bone,
the better it supports new bone growth. Thus,
scaffolds containing tricalcium or bicalcium
phosphate salts and hydroxyapatite appear to
be most effective in supporting stem-cell osteogenesis. Studies performed in a canine segmental defect model illustrate how adult stem cells
loaded onto an appropriate scaffold, a hydroxyapatite/β-tricalcium phosphate ceramic, can
repair large gaps within long bones [18]. Other
groups have utilized collagen-based scaffolds,
poly(lactic acid) (PLA) polymers, and hydrogels, with variable success; however, these
appear to be more suitable for cartilage formation [26, 38, 40, 61, 113].
Determining the optimal combination of
soluble factor and matrix signals that gives rise
to stem-cell osteogenesis is complicated. Stemcell response to these signals may be modeland species-dependent. The length of time for
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differentiation, the number of passages in
culture, the health status of the stem-cell donor,
and the tissue from which the cells have been
obtained are all variables that inﬂuence the
ﬁnal differentiation potential of the stem cells.
For example, culturing ADSCs on hydroxyapatite scaffolds in the presence of BMP-2 prior to
implantation appears to aid in bone formation
[23, 92], whereas in vitro stimulation of these
same cells on the same scaffolds with other
osteoinductive reagents, such as dexamethasone or 1,25-dihydroxyvitamin D3, may or may
not aid in bone formation [38, 40]. Hattori and
colleagues [52] demonstrated that human
ADSCs are superior to undifferentiated cells
for the formation of ectopic bone when seeded
onto atelocollagen matrices cultured in the
presence of dexamethasone, ascorbate, and
β-glycerol phosphate. Hicok and colleagues,
however, found that when dexamethasone and
1,25-dihydroxyvitamin D3 were used to predifferentiate ADSCs, there was no beneﬁt to
ectopic bone formation [40].
The age of the donor from which the stem
cells are derived may be important in determining the extent of predifferentiation required
for effective bone formation. Mendes demonstrated that MSCs derived from either young or
old donors, when implanted subcutaneously
into nude mice, formed ectopic bone without
dexamethasone pretreatment. However, dexamethasone signiﬁcantly increased bone formation in implants that contained cells from
individuals older than 50 years of age [78].
Other age- dependent factors, such as advanced
glycation end products from elderly or diabetic
recipients, inhibit stem cells from proliferating
and differentiating into osteoblasts [62].
The concentration of osteoinductive factors
and the length of exposure to them affect stemcell efﬁcacy both in vitro and in vivo. ADSCs
that were genetically modiﬁed to express either
constitutive BMP-2 or BMP-7 demonstrated
increased levels of osteoid formation in comparison with stem cells cultured with these molecules [92, 123]. Epigenetic modiﬁcation of the
stem cells may also be important, since compounds such as valproic acid, which has histone
deacetylase inhibitory activity, have been shown
to enhance osteogenesis of both adipose-derived
and bone marrow-derived stem cells [22].
Species-speciﬁc differences in the responsiveness of stem cells to their environment
further complicate our understanding of which
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combinations of extracellular signals are most
effective in inducing bone formation. Species
differences in the response of osteoblast progenitor cells to osteogenic stimuli are known
[21, 65, 69], but they need detailed characterization. Rat BM-MSCs readily adhere to and proliferate on an alginate gel surface, whereas
human cells fail to adhere, unless type I collagen or β-tricalcium phosphate is added to the
gel [64]. Srouji and colleagues [63] reported
that BM-MSCs, when predifferentiated prior to
transplantation in a rabbit tibia defect, gave
rise to radiographically signiﬁcant amounts of
bone, whereas, as mentioned previously, human
MSCs exposed to similar conditions did not
substantially increase bone formation [108].
Stem cells are exposed not only to chemical
stimuli and scaffold interactions, but also to
physical forces that act on these cells during
the engineering process and after transplantation. Limited studies have been performed;
however, application of physical force to the
cells prior to transplantation seems to modulate their differentiation into osteoblasts. When
human adult stem cells are exposed to either
constant or intermittent mechanical or sheer
stress, increased levels of osteogenic gene
expression and mineralized matrix formation
are observed [49, 59, 74, 77, 98].
Adequate oxygenation is critical to the successful generation and grafting of stem-cellderived bone. Prior to implantation, cells must
be adequately oxygenated so that they can
expand into multiple layers and migrate into
the inner surfaces of the delivery scaffolds.
Current culture systems cannot yet surpass the
150- to 200-µm limit of nutrient and oxygen
penetration. For large defects in human long
bones, for example, grafting tissues with thicknesses in the millimeter range would signiﬁcantly decrease the time required for bone
repair. To avoid cell necrosis, transplanted
stem cell/scaffold constructs must be integrated
rapidly into the recipient’s vascular system.
When growth factors such as vascular endothelial growth factor (VEGF), which stimulates
vascularization, were made part of scaffolds,
bone formation was found to be signiﬁcantly
enhanced [44, 66, 81].
Both adipose-derived and bone-marrowderived stem cells can induce new blood vessel
formation, because they synthesize physiologically signiﬁcant amounts of angiogenic cytokines, including VEGF, placental growth factor
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(PlGF), hepatocyte growth factor, and transforming growth factor β (TGF-β) [54, 57, 96].
Moreover, as in wound sites, these cytokines
increase in quantity when the cells are exposed
to hypoxic conditions [57, 58, 96]. When adult
stem cells are placed into models of hind limb
ischemia, collateral perfusion is increased [58].
Stem cells therefore not only can differentiate
into osteoblasts, but may also support vascularization of the new bone. Understanding how
this response is regulated is critical not only to
engineering bone, but also to the successful
utilization of stem cells in generating avascular
mesenchymal tissues such as cartilage. It must
be remembered that too high a level of oxygen
within cartilage can induce apoptosis [72].

1.5 Safety and Success
An important challenge for the tissue engineer
is to assess the safety of human stem cells when
they are used to form bone in vivo. Even in
severely immunocompromised rodent models
such as the NOD/SCID mouse, there appears to
be at least a low-level immunological response
to the MSCs, to the scaffolds onto which they
are seeded, or both [122]. This response depends
on differences in how the cells are isolated or
expanded in vitro prior to transplantation. It
has been argued that the safety of autologous
stem cells used for tissue engineering of bone
in preclinical studies should be an adequate
indicator of human stem-cell safety. Indeed,
human BM-MSCs not only are immunoprivileged but also can suppress immune function
[2]. In the end, however, the answer to this
question lies in the results of clinical trials yet
to be undertaken.
Notwithstanding the many as yet unanswered questions, the use of human stem cells
for bone repair has yielded encouraging initial
results. Culture-enriched autologous BM-MSCs
have been used to successfully treat refractory
atrophic and hypotrophic nonunion fractures
in a small phase I clinical trial in Spain [87].
Another case report from Germany describes
how autologous ADSCs were used in combination with bone marrow to treat a nine-year-old
girl who had sustained critical cranial defects
as a result of trauma. Signiﬁcant bone formation was demonstrated after only 3 months
[67]. Previous attempts at using autologous and
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allograft bone alone had failed to heal these
defects (Fig. 1.2C and D). As more clinical
trials are conducted, bone derived from stemcell grafts may make the challenges of autograft and allograft transplants a thing of the
past.

1.6 Stem-Cell-Engineered
Cartilage:
Microenvironmental Factors
Influence Stem-Cell
Chondrogenesis
As with bone, embryonic and adult-derived
stem cells can give rise to cartilage in vitro [27,
43, 56, 71, 93, 107, 116, 125, 126]. And similarly
to bone, the ability of stem cells to form cartilage in vitro depends on both physical and
chemical stimuli. These include growth and
differentiation factors, cell–cell interactions,
cell–matrix interactions, and inorganic chemical and physical factors such as oxygen tension
and the three-dimensional organization of
the cells. Unlike bone, however, the physical
elements of the cartilage microenvironment
appear to be more critical for stem cells to differentiate into chondrocytes than for stem cells
to become osteoblasts.
Three-dimensional interactions between
cells are required for chondrocyte differentiation and subsequent cartilage tissue formation.
When stem cells are plated as a monolayer, virtually no chondrogenesis results, even with
added growth factors such as TGF-β and BMP
[10, 27, 42, 45]. However, if the cells can establish three-dimensional polarity when cultured
as condensed cell pellets or seeded into semisolid matrices such as alginate or hydrogel,
they express proteoglycans and collagen isoforms, and a cartilage matrix is formed [11, 27,
71, 125]. The oxygen level in the culture is a
second, important physicochemical parameter
that affects chondrogenesis. Reducing the
oxygen level in the culture to that which characterizes the cartilage environment in vivo
enhances cartilage formation by ADSCs [14,
120], decreases cell proliferation, and increases
the secretion of the essential protein, type II
collagen, and of chondroitin-4-sulfate [120].
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Stem-cell differentiation toward a chondrogenic phenotype also depends on activation of
the TGF-β/BMP cell-signaling pathways [11, 71,
103, 126]. Thus, human ADSCs that had been
predifferentiated in the presence of TGF-β in
an alginate construct, when implanted subcutaneously, produced signiﬁcantly more cartilaginous matrix than cells not so treated [27].
Other signaling mechanisms involving the
parathyroid hormone-related peptide (PTHrP)
receptor, glucocorticoid receptor, hyaluronic
acid, and sonic hedgehog pathways have also
been found to stimulate stem-cell chondrogenesis [25, 27, 32, 103]. The relative importance of
growth and differentiation factors and of the
resulting signaling pathways is, however,
model-dependent. Therefore, the same developmental challenges that must be overcome to
generate bone also apply to stem-cell chondrogenesis [48].
Cartilage generation by stem cells also
depends on the type of substrate or scaffold
used. Conventional scaffolds are composed of
collagen and proteoglycans or other hydrated
organic molecules such as agarose, alginate, or
hydrogels. Some articular cartilage defects,
however, are repaired with the aid of constructs
that contain calcium/phosphate salts [11, 32,
36, 80]. As shown in Fig. 1.3, a large articular
cartilage defect in sheep was almost completely
repaired when autologous BM-MSCs were
loaded onto a β-tricalcium phosphate scaffold
[36].
Understanding the properties of the scaffolds or matrices in which the cells are delivered is especially critical for cartilage formation
in vitro and its implantation. The microenvironment within the scaffold must be such as to
support stem-cell growth and differentiation.
As discussed in other chapters of this volume,
the scaffold material itself must have physical
properties comparable to those of the host cartilage and last until enough new cartilage has
been produced to replace or supplement the
implanted scaffold. For the scaffold to be
replaced, it must be biodegradable.
Gelatin and agarose-based scaffolds have
been used most commonly. When stem cells
are seeded into scaffolds with nonosteogenic
matrices such as gelatin and agarose, the matrices undergo changes in stress and compression
that correlate with increased cartilage matrix
accumulation. [11] When ADSCs are loaded
onto gelatin scaffolds, their equilibrium

