Bone-Biomimetic Biomaterial and Cell Fate
Determination

ZuFu Lu, Jiao Jiao Li and Hala Zreiqat

Abstract Despite its remarkable capacity to undergo self-repair, bone tissue cannot
regenerate across critical-sized defects, and their successful reconstruction remains a
major clinical challenge. Current treatment options are limited and often associated
with a high incidence of complications, which may result in non-union or re-frac-
ture. There is a great and growing need for alternative techniques to replace, restore
or regenerate damaged or diseased bone. Biomaterials-based bone tissue engineering
via the use of synthetic bone substitutes represents a particularly promising alter-
native, which circumvents the drawbacks of conventional treatments. To achieve
successful reconstructive outcomes, synthetic bone substitutes need to be biocom-
patible and provide necessary signals to osteoprogenitor cells to control downstream
cell responses including adhesion, migration, proliferation and differentiation into
osteoblasts. One feasible approach to develop synthetic bone substitutes with such
biological properties is to mimic the innate physical and/or chemical properties of
bone. In this chapter, we discuss the design aspects of bone-biomimetic biomaterials
that provide the signals necessary for bone regeneration, and the underlying mecha-
nisms by which bone-biomimetic biomaterials determine the fate of mesenchymal
stem cells/osteoprogenitor cells. Protein adsorption to biomaterial surfaces and their
subsequent influence on cell adhesion and intracellular signal transduction will be
discussed in detail, with particular emphasis on the key molecules and signalling
pathways involved in directing the osteogenic development of cells.

Lu ZuFu and Li Jiao Jiao are equally contributed.

Z.Lu-J.J. Li- H. Zreigat (<)

Biomaterials and Tissue Engineering Research Unit, School of AMME,
The University of Sydney, Sydney 2006, Australia

e-mail: hala.zreigat @sydney.edu.au

Z.Lu
e-mail: zufu.lu@sydney.edu.au

J.J. Li
e-mail: jiaojiao.li@sydney.edu.au

© Springer International Publishing Switzerland 2015 119
H. Zreiqat et al. (eds.), A Tissue Regeneration Approach to Bone

and Cartilage Repair, Mechanical Engineering Series,

DOI 10.1007/978-3-319-13266-2_8



120 Z.Luetal.

Keywords Bone - Biomimetic biomaterial + Mesenchymal stem cells - Signalling
pathway - Integrin

1 Introduction

Bone tissue has innate regenerative ability and undergoes constant remodel-
ling throughout life. However, the repair and regeneration of critical-sized bone
defects requires clinical intervention and remains an unresolved challenge.
Accordingly, bone is the second most common transplanted tissue, and more than
500,000 bone-grafting procedures are performed annually in the United States
alone (Baroli 2009; Amini et al. 2012). The current gold standard for the treat-
ment of critical-sized bone defects is autologous bone grafting, but this proce-
dure faces major drawbacks including limited availability and second site surgery,
which leads to donor site morbidity in 20-30 % of cases (Schwartz et al. 2009).
Allogeneic bone grafts may be used as an alternative if insufficient autologous
bone graft material can be harvested, which is often the case for extensive bone
defects, but these are complicated by variable bioactivity and the risk of immune
rejection or disease transmission (Laurie et al. 1984; Quarto et al. 2001; Lord et al.
1988; Mankin et al. 1996). Therefore, there is a growing unmet clinical need for
new and effective alternatives to circumvent the drawbacks of autologous and allo-
geneic bone grafting in bone repair and regeneration (Crowley et al. 2013; Kosuge
et al. 2013). To address this need, a promising approach is to develop synthetic
bone substitutes composed of one or more biomaterials.

Successful regeneration of critical-sized bone defects in load-bearing applica-
tions requires the use of a scaffolding material that has the mechanical strength to
support bridging of the defect under load, has highly porous and interconnected
architecture to promote new bone growth across the entire defect and is biodegrad-
able at a controlled rate that is coupled to the rate of new bone formation with no
release of toxic or inhibitory products. More importantly, the scaffolding material
must also be biocompatible and capable of providing signals to direct the recruit-
ment and differentiation of mesenchymal stem cells (MSCs) and osteoprogenitor
cells, including adhesion, migration, proliferation and differentiation into osteo-
blasts. Recently, there has been increasing research focused on the development of
bone-biomimetic biomaterials which mimic the physical and chemical characteris-
tics of bone (Drevelle and Faucheux 2013; McMahon et al. 2013; Holzwarth and
Ma 2011; Liu et al. 2009; Roohani-Esfahani et al. 2010, 2011, 2013). By mim-
icking the native bone microenvironment, these novel bone-biomimetic biomateri-
als are designed to provide signals for the recruitment and differentiation of local
and systemic osteoprogenitor populations in order to achieve successful defect
reconstruction.

In this chapter, we will discuss two main aspects of cell fate determination using
bone-biomimetic biomaterials: (i) design aspects of bone-biomimetic biomateri-
als that provide the signals necessary for bone regeneration and (ii) the underlying
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mechanisms by which bone-biomimetic biomaterials determine the lineage com-
mitment and differentiation of MSCs/osteoprogenitor cells into osteoblasts, with
focus on the key molecules and necessary signalling pathways involved.

2 Biomaterial Design for Bone Regeneration

The minimal essential requirements for a biomaterial scaffold for bone regenera-
tion across a critical-sized defect, is its ability to act as a filler to bridge the defect
and as a carrier or guide through which cells can migrate to heal the defect. An
ideal bone scaffold possesses both osteoconductive and osteoinductive proper-
ties. An osteoconductive scaffold allows the attachment, growth and extracellular
matrix formation of bone-related cells on its surface and pores, while an osteoin-
ductive scaffold can actively induce new bone formation via biomolecular signal-
ling and recruitment of osteoprogenitor cells (Albrektsson and Johansson 2001).
Optimal bone regeneration relies on the ability of the biomaterial scaffold to com-
municate with osteoprogenitor cells and direct their migration, differentiation and
osteogenic activity. To achieve this aim, biomaterials have been developed using
design strategies to mimic both the physical and chemical characteristics of bone.

2.1 Designs to Mimic Physical Characteristics of Bone

Bone has unique physical characteristics in terms of architecture, topography and
mechanical properties, which fulfil its function and serve as important design tar-
gets for scaffold-based bone regeneration.

2.1.1 Designs to Mimic Architecture of Bone

A number of architectural characteristics including porosity, pore size and pore
interconnectivity of the scaffold make a significant contribution to bone regen-
eration outcomes. Critical-sized bone defects often require regeneration of
large amounts of cancellous bone, which is an interconnected network of small
bone trabeculae containing vasculature and bone marrow with 50-90 % poros-
ity (Sikavitsas et al. 2001). Scaffolds designed for bone regeneration gener-
ally attempt to match the porosity of cancellous bone (Karageorgiou and Kaplan
2005), and pore sizes within the range of 100-500 pum are considered as optimal
for encouraging cell attachment, migration and ingrowth throughout the scaf-
fold (Ikada 2006). In vitro and in vivo studies investigating osteogenic outcomes
in polymer scaffolds with a range of different pore sizes have established optimal
pore sizes of around 300 um for bone regeneration (Murphy et al. 2010; Oh et al.
2007). Numerical and experimental studies have also underlined the importance
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of scaffold porosity and interconnectivity in bone regeneration, which determines
the spatial distribution of new bone formation (Mastrogiacomo et al. 2006; Sanz-
Herrera et al. 2010). In vivo, higher porosity and pore sizes generally result in
greater bone ingrowth as the processes of bone formation and remodelling are inti-
mately linked to vascularisation. Scaffold architecture can therefore influence the
progression of osteogenesis, as small pores introduce hypoxic conditions which
tend to induce the formation of osteochondral tissue before osteogenesis occurs. In
contrast, larger pores promote rapid vascularisation leading to direct osteogenesis,
as higher oxygen tension favours the differentiation of MSCs into the osteoblast
lineage (Santos and Reis 2010).

Recently, several studies have indicated that scaffolds with multi-scale porosity,
consisting of both macropores (>100 pm) and micropores (0.1-10 um), can sig-
nificantly improve bone regeneration in vivo due to their microstructural imitation
of cancellous bone (Woodard et al. 2007; Pek et al. 2008; Lan Levengood et al.
2010). The mechanism of enhanced bone regeneration in the presence of scaffold
micropores has been elucidated as increased surface area for cellular interaction
in hydroxyapatite scaffolds with 2—-8 pm micropores (Woodard et al. 2007), multi-
scale osteointegration with micropores filled by osteogenic cells which proceed to
form osteoid and mineralised matrix in biphasic calcium phosphate scaffolds with
1-10 pm micropores (Levengood et al. 2010) and improved protein adhesion and
interfacial dynamics inducing osteoblastic differentiation of MSCs in collagen-
apatite nanocomposite scaffolds with 50-100 nm ultrafine pores (Pek et al. 2008).
Control of both macroporosity and microporosity is becoming a new paradigm in
the architectural design of bone scaffolds.

2.1.2 Designs to Mimic Topography of Bone

Bone has a nanocomposite structure consisting of an organic matrix (30 wt%)
mainly composed of collagen fibrils which are around 15 pm in length and
40-70 nm in diameter, and inorganic hydroxyapatite nanocrystals (70 wt%) which
are typically 20-80 nm long and 2-5 nm thick (Rogel et al. 2008; Zhang and
Webster 2009). Scaffold design for bone regeneration has aimed at mimicking the
nanoscale topography of bone, as the nanostructured extracellular matrix (ECM)
closely surrounds bone-related cells and is believed to play an important role in
regulating cell attachment, proliferation and differentiation. A range of nanofibrous
polymer scaffolds have been investigated for their efficacy in promoting bone
regeneration (Chen et al. 2006; Tuzlakoglu et al. 2005; Woo et al. 2007a), with the
expectation that they would mimic the morphological function of collagen fibrils
to create a more favourable microenvironment for osteogenesis. Compared to con-
trol scaffolds without nanofibrous structure, nanofibrous scaffolds were shown to
significantly enhance the manifestation of osteogenic markers in osteoprogenitor
cells, including both early markers such as alkaline phosphatase activity and runx2
mRNA expression (Tuzlakoglu et al. 2005; Woo et al. 2007a), and late markers
such as bone sialoprotein and osteocalcin mRNA expression (Chen et al. 2006;
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Woo et al. 2007a). Nanofibrous scaffolds also promoted a greater extent of miner-
alisation and more uniform distribution throughout the scaffold (Chen et al. 2006;
Woo et al. 2007a). Furthermore, one study has noted that osteoprogenitor cells cul-
tured on nanofibrous scaffolds exhibited increased expression of integrins associ-
ated with collagen, fibronectin and vitronectin (Woo et al. 2007a). Coupled with
the observation that nanofibrous scaffolds can selectively enhance protein adsorp-
tion including fibronectin and vitronectin (Woo et al. 2003), the nanofibrous struc-
ture may encourage the adhesion of osteoprogenitor cells and provide these cells
with an ECM which more closely resembles in vivo conditions, thereby inducing
increased bone formation. Other than mimicking the organic component of bone,
some scaffold designs have aimed at mimicking the mineral component by the
incorporation of hydroxyapatite nanocrystals, either dispersed in a polymer matrix
(Thein-Han and Misra 2009) or deposited on a ceramic scaffold as part of a coat-
ing (Roohani-Esfahani et al. 2010). Significant improvements in the attachment
and proliferation of osteoprogenitor cells and their differentiation into osteoblasts
were observed, which were attributed to the hydroxyapatite nanocrystals providing
a larger specific surface area for cell interactions, as well as causing changes in
cell morphology which induced osteoconductive signals.

Recently, some studies have explored the effect of precisely controlled nano-
topographies produced by lithography on the activities of osteoprogenitor cells
(Biggs et al. 2009; Dalby et al. 2006, 2007). Nano-sized surface pits and grooves
several hundred nanometres in depth have been found to profoundly affect cell-
surface interactions and modulate osteoprogenitor cell activities and functions.
Various nanotopographies were shown to direct cytoskeletal changes and allow
control of cell adhesion, growth and production of osteoblast markers including
osteocalcin and osteopontin (Biggs et al. 2009; Dalby et al. 2006). By producing
nanotopographies with differentiation of osteoprogenitor cellstures, it was also
possible to induce in vitro osteogenic differentiation of MSCs with mineral pro-
duction in absence of osteogenic supplements (Dalby et al. 2007). These studies
represent an important step in the topographical design of bone scaffolds to direct
in vivo bone regeneration outcomes.

2.1.3 Designs to Mimic Mechanical Properties of Bone

The mechanical properties of cancellous bone vary widely with density, with mid-
range values of 5-10 MPa for strength and 50-500 MPa for modulus which can
serve as design goals for biomaterials for bone regeneration (Yaszemski et al.
1996; Rezwan et al. 2006). The major challenge in designing biomaterial scaf-
folds for bone regeneration lies in matching the mechanical properties of bone to
satisfy the initial mechanical requirements of the bone defect (often load-bear-
ing) but without excessive mechanical properties sufficient to cause stress shield-
ing, while incorporating other necessary properties such as bioactivity, sufficient
porosity and adequate rate of degradation. Matching the mechanical properties
of bone with monolithic polymer or ceramic scaffolds has proven to be difficult.



124 Z.Luetal.

Polymer scaffolds generally lack mechanical competence for load-bearing applica-
tions, while ceramic scaffolds suffer from high brittleness and low flexural strength,
with the drawbacks of each exacerbated by the highly porous architecture required
for bone regeneration (Mistry and Mikos 2005). To improve the mechanical prop-
erties and also low bioactivity of polymer scaffolds, attempts have been made to
reinforce the polymer matrix with various fillers including hydroxyapatite particles
(Shor et al. 2007; Bhumiratana et al. 2011) and nanoparticles (Kim et al. 2006),
bioactive glass particles (Boccaccini and Maquet 2003) and nanoparticles (Hong
et al. 2008), carbon nanotubes (Shi et al. 2007) and polymer particles (Rockwood
et al. 2011). Mechanical properties of these reinforced polymer scaffolds were
significantly improved compared to the unreinforced controls, but were generally
still less than that of cancellous bone. For ceramic scaffolds, attempts have been
made to reduce brittleness and enhance mechanical performance mainly by rein-
forcement with coating layers of polymers and/or ceramics. Several biocompatible
and biodegradable polymers have been used to coat ceramic scaffolds, including
poly(lactic-co-glycolic acid) (PLGA) (Miao et al. 2007, 2008), poly(D,L-lactic
acid) (PDLLA) (Chen and Boccaccini 2006; Tian et al. 2008; Lu et al. 2008b; Zhao
et al. 2009), polycaprolactone (PCL) (Kim et al. 2004; Zhao et al. 2008; Roohani-
Esfahani et al. 2011), poly(3-hydroxybutyrate) (PHB) (Bretcanu et al. 2009) and
silk fibroin (Wu et al. 2010; Roohani-Esfahani et al. 2012; Li et al. 2013b). Some of
these polymer coatings have an additional ceramic component in the form of pow-
der or nanoparticles for bioactivity and further strength enhancement (Miao et al.
2007; Roohani-Esfahani et al. 2011). Polymer-coated ceramic scaffolds generally
showed significant improvements in mechanical properties, particularly in terms
of strength and toughness. These improvements can be attributed to a micron-scale
crack bridging mechanism (Pezzotti and Asmus 2001), where the polymer fills
existing cracks in the ceramic microstructure and lowers the chance of crack propa-
gation under load. The use of silk fibroin as a coating material for ceramic scaffolds
in bone regeneration is a recent advancement, and as a natural polymer, offers the
additional benefit of imparting some bioactivity to the coating.

Recently, some studies have explored the microstructural design of ceramic
scaffolds to produce more solid scaffold struts with few cracks and defects, which
results in high-strength ceramic scaffolds suitable for bone regeneration at load-
bearing sites without need for further modification. In one study, high strut densi-
fication and reduction in microporosity greatly increased the compressive strength
of glass—ceramic scaffolds (Vitale-Brovarone et al. 2009). Another study produced
a unique ceramic microstructure and composition consisting of bioactive grains
reinforced by a glass phase wetting the grain boundaries, with dispersed sub-
micron crystals which function in crack deflection (Fig. 1). The result is a high-
strength ceramic scaffold with improved toughness compared to conventional
ceramic scaffolds, and mechanical properties comparable to cancellous bone even
at 80-90 % porosity (Roohani-Esfahani et al. 2013). Such microstructural design
strategies hold promise for the development of biomaterial scaffolds which satisfy
the mechanical requirements for load-bearing bone regeneration without compro-
mising bioactivity and porous architecture.
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Fig. 1 a Unique microstructure of a high-strength Sr-HT-Gahnite ceramic scaffold, b com-
pressive strength of Sr-HT-Gahnite ceramic scaffolds match cancellous bone at 85 % porosity
(Roohani-Esfahani et al. 2013)

2.2 Designs to Mimic Chemical Composition of Bone

The extracellular matrix of bone consists of an organic phase comprising collagen
fibres and non-collagenous proteins, and a mineral phase comprising hydroxyapa-
tite crystals. Many scaffold design strategies for the regeneration of bone have
focussed on mimicking the chemical composition of its two phases.

2.2.1 Designs to Mimic Organic Phase of Bone

The organic phase of the bone extracellular matrix is composed primarily of type I
collagen fibrils. Collagen molecules are secreted by osteoblasts and self-assemble
into fibrils with a specific tertiary structure. The organic matrix also contains small
amounts of non-collagenous proteins which may function to regulate mineralisa-
tion, including osteopontin, bone sialoprotein, osteonectin and osteocalcin (Rho
et al. 1998). Biomimetic scaffold design strategies have explored the utilisation
and/or incorporation of the organic matrix components of bone to improve regen-
erative outcomes.

Collagen has been extensively studied as a scaffold material for bone regenera-
tion as it is the main component of the extracellular matrix. Collagen substrates can
provide a native surface for cell attachment, and may influence the morphology,
migration and even differentiation of cells (Kleinman et al. 1981). Collagen matri-
ces used for bone tissue engineering in the form of gels or sponges were able to
induce favourable osteoblastic differentiation in vitro and bone formation in vivo,
particularly when coupled with mechanical stimulation or growth factor release
(Ueda et al. 2002; Ignatius et al. 2005). However, a major drawback of using pure
collagen as a biomaterial for tissue repair is its high degradation rate, which leads
to rapid loss of mechanical properties (Puppi et al. 2010). To overcome this prob-
lem, various materials have been combined with collagen substrates both for stabi-
lisation and to improve scaffold properties for bone regeneration, including natural
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polymers, synthetic polymers, mineral crystals, or combinations of these. The col-
lagen—glycosaminoglycan scaffold consists of natural polymers and represents
a biomimetic structure which supported the growth of osteoprogenitor cells and
could direct the osteogenic differentiation of MSCs with subsequent mineralisation
(Farrell et al. 2006; Murphy et al. 2010). A collagen—PLGA scaffold represents a
natural-synthetic polymer hybrid and provided surface properties which promoted
the adhesion and proliferation of embryonic stem cells and osteoblasts (Lee et al.
2006). Collagen—apatite scaffolds consist of a collagen matrix mineralised with
calcium phosphate crystals, giving a biomimetic system that resembles the compo-
sition of native bone matrix. These scaffolds were osteoinductive and showed abil-
ity to heal critical-sized defects in mouse calvaria and pig tibia over 4 weeks and
6 months, respectively (Pek et al. 2008a; Xia et al. 2013). More complex systems
consisting of collagen combined with hydroxyapatite and a synthetic biocompat-
ible polymer were able to encourage the attachment, proliferation and osteogenic
activity of osteoprogenitor cells (Akkouch et al. 2011; Liao et al. 2004), as well as
bridge a radial segmental defect in the rabbit over 12 weeks (Liao et al. 2004). The
ability of collagen to directly affect cell behaviour in bone regeneration is dem-
onstrated by the binding of its specific motif, GFOGER, to o, integrin which is
involved in osteogenesis (Knight et al. 2000). Following on from this, the collagen-
mimetic peptide GFOGER has been used to coat synthetic scaffolds to promote
bone formation in a critical-sized segmental defect in rats (Wojtowicz et al. 2010).

Other strategies aimed at mimicking the organic matrix of bone have explored
surface modification of scaffolds using biomimetic peptides to enhance cell adhe-
sion and osteogenesis. Arg-Gly-Asp (RGD) is the most effective and frequently
employed peptide sequence for stimulating cell adhesion on synthetic scaffold
surfaces. It is present in many ECM proteins and promotes integrin-mediated cell
adhesion in multiple cell types, which in turn activates cell-ECM signal transduc-
tion to influence cell behaviour including migration, proliferation, differentia-
tion, apoptosis and survival (Ruoslahti 1996; Takada et al. 2007). RGD sequences
immobilised on a variety of polymer scaffolds including poly(lactic acid) (PLA)
(Hu et al. 2003), silk (Chen et al. 2003) and PCL (Zhang et al. 2009) enhanced the
attachment of MSCs and osteoprogenitor cells, leading to increased cell survival
and growth. Improved bone formation was also observed in some cases (Chen
et al. 2003; Hu et al. 2003). Considering that RGD peptides interact with multiple
cell types, peptide sequences that elicit more specific responses from selected cell
types for bone regeneration have been identified. For example, hydrogels modi-
fied with an osteopontin-derived peptide were able to modulate osteoblast pro-
liferation and migration, and the extent of modulation was dependent on peptide
concentration (Shin et al. 2004). Other than biomimetic peptides, a recent study
extracted non-collagenous proteins directly from the long bones of rats and inte-
grated them with nanofibrous gelatin scaffolds (Sun et al. 2013). The mixture of
non-collagenous proteins included bone sialoprotein, osteopontin and osteonectin,
and their incorporation into the scaffold led to significantly enhanced osteoblast
gene expression and mineralisation by osteoblasts, as well as improved reconstruc-
tion of a rat calvarial defect.
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2.2.2 Designs to Mimic Mineral Phase of Bone

The mineral phase of bone consists of plate-like hydroxyapatite crystals which
occupy discrete spaces within the matrix of collagen fibrils (Rho et al. 1998). Due
to their chemical similarity to the composition of bone mineral, calcium phosphate
ceramics have had a long history of application in bone regeneration. Calcium
phosphate-based scaffolds are inherently bioactive, and can encourage bone for-
mation in vivo via the formation of a hydroxyl carbonated apatite (HCA) layer
at the bone-scaffold interface (LeGeros 2002). This is thought to be caused by a
cell-mediated dissolution and precipitation process, where calcium and phosphate
ions are released from the ceramic into the microenvironment and encourages the
precipitation of HCA microcrystals. The extracellular matrix surrounding the scaf-
fold therefore becomes richly mineralised and creates a favourable environment
for bone formation. Furthermore, the high concentration of calcium ions adjacent
to the scaffold may exert a chemotactic effect on osteoblasts, while phosphate is
believed to play a critical role in bone matrix mineralisation (Chai et al. 2012).
The most commonly used calcium phosphate-based ceramics for bone regenera-
tion are synthetic hydroxyapatite, p-tricalcium phosphate (B-TCP) and biphasic
calcium phosphate (BCP).

Synthetic hydroxyapatite (Cajp(PO4)6(OH);) has a calcium to phosphate
ratio of 1.67 and is the closest in composition to bone mineral (Samavedi et al.
2013). Early uses of hydroxyapatite as a bone graft substitute showed good func-
tional recovery over long-term follow-up (Heise et al. 1990; Kitsugi et al. 1993).
However, synthetic hydroxyapatite has very low solubility, exemplified by lit-
tle degradation after more than 5 years of implantation in the long bone seg-
mental defects of three patients (Quarto et al. 2001; Mastrogiacomo et al. 2005).
Persisting hydroxyapatite at the implantation site interferes with bone formation
and is prone to mechanical failure. Furthermore, synthetic hydroxyapatite is osteo-
conductive but not osteoinductive (Habibovic et al. 2008). In comparison, p-TCP
possesses both osteoconductive and osteoinductive properties. B-TCP is the low
temperature phase of tricalcium phosphate (Ca3(PO4),) and has high degradabil-
ity, which allows rapid precipitation of a surface HCA layer in physiological solu-
tion (Samavedi et al. 2013). A range of studies have demonstrated the ability of
B-TCP scaffolds to promote bone formation in vivo, both in animal models (Dong
et al. 2002; Kondo et al. 2005) and in patients (Gaasbeek et al. 2005; Galois et al.
2002) with good short- and long-term regenerative outcomes. However, the rapid
degradation of B-TCP scaffolds in vivo accompanied by loss of scaffold integrity
may hinder bone formation (Hing et al. 2007). One study reported less than 5 %
of B-TCP scaffolds remaining after being implanted for 24 weeks in the cancel-
lous bone of sheep (von Doernberg et al. 2006). Excessive solubility may lead to
decoupling of scaffold degradation and bone formation, resulting in net bone loss
at the defect site due to imbalances in bone remodelling (Okuda et al. 2007). BCP
is a two-phase ceramic containing hydroxyapatite and p-TCP phases (obtained by
sintering calcium-deficient apatite at high temperatures), which combines the low
solubility and osteoconductivity of hydroxyapatite with the high solubility and
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osteoinductivity of B-TCP (Samavedi et al. 2013). The result is an osteoconductive
and osteoinductive ceramic with HA/B-TCP ratios typically adjusted within 20/80
to 40/60 for optimal degradation to match the rate of bone formation (LeGeros
et al. 2003). BCP scaffolds have induced superior in vivo bone formation in a
range of animal models compared to hydroxyapatite or B-TCP scaffolds (Arinzeh
et al. 2005; Bodde et al. 2007; Habibovic et al. 2008; Yuan et al. 2010). The oste-
oinductive properties of BCP ceramics have been demonstrated by in vitro and in
vivo studies investigating the interactions between BCP and MSCs. An in vitro
study showed that BCP surfaces were able to stimulate development of osteoblast
features in MSCs in expansion medium without osteogenic supplements (Miiller
et al. 2008). An in vivo study in a canine model also provided evidence for the
ability of BCP to induce the homing of MSCs from circulation to participate in
ectopic bone formation at the implant site without growth factor delivery (Song
et al. 2013).

An interesting set of design strategies to more closely mirror the chemical
composition of bone mineral is by making atomic substitutions in the structure of
hydroxyapatite, which also leads to improvements in bioactivity and degradabil-
ity. Cationic substitutions for calcium include zinc (Zn-HA), strontium (Sr-HA)
and magnesium (Mg-HA), while anionic substitutions for phosphate include sil-
icate (Si-HA). These ions represent essential trace elements in the human body
with ability to stimulate bone formation and/or reduce bone resorption (Shepherd
et al. 2012). Zn-HA showed enhanced osteoblast proliferation and differentiation
as a coating on porous titanium surfaces (Yang et al. 2012), as well as antimicro-
bial activity (Stani¢ et al. 2010). Sr-HA promoted osteogenic activity and min-
eralisation in osteoblasts and inhibited the proliferation of osteoclasts, and these
effects were more prominent at higher strontium contents (Capuccini et al. 2009;
Ni et al. 2011). Mg-HA demonstrated improved osteoconductivity and resorption
compared to stoichiometric hydroxyapatite as bone fillers in a rabbit model (Landi
et al. 2008). Si-HA was found to influence the differentiation of osteoblasts in
vitro depending on the level of silicon substitution (Botelho et al. 2006), and pro-
mote bone remodelling at the bone-implant interface in an ovine model with appo-
sition of organised collagen fibrils and apatite crystals (Porter et al. 2004). These
modified hydroxyapatite materials hold potential for use in bone reconstruction as
bioactive scaffolds imitating the mineral phase of natural bone.

3 Mechanisms of Cell Fate Determination
by Bone-Biomimetic Biomaterial

One essential goal in the design of bone-biomimetic biomaterials is to provide
osteoconductive and/or osteoinductive signals to osteoprogenitor cells and con-
trol their activity and fate to favour bone formation. Optimal bone regeneration
outcomes therefore rely on the ability of the biomaterial to communicate with
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Fig. 2 Cell fate determination by biomaterial substrate. There are four key steps by which the
biomaterial substrate determines cell fate: (/) biomaterial design, (2) protein adsorption on sur-
face, (3) cell adhesion and signal transduction and (4) cell fate determination

osteoprogenitor cells. Figure 2 illustrates the process by which a biomaterial sub-
strate can communicate with cells and subsequently determine cell fate. First,
there is rapid protein adsorption on the biomaterial surface once the biomaterial
comes into contact with serum-containing culture medium or body fluids such as
blood after being implanted into the body. Second, the adsorbed proteins selec-
tively bind to cellular receptors on the cell membrane. Third, the binding of extra-
cellular proteins to cell receptors specifically activates a cascade of signalling
events. Finally, the activated signals determine cell fate.

3.1 Protein Adsorption

Blood proteins have long been regarded as key factors in determining the in vivo
acceptance of implants (Rosengren et al. 2002; Horbett 1982). Upon in vivo
implantation, the biomaterial surface is almost immediately coated with various
proteins such as fibronectin from blood before cells sense the surface and attach to
it (Shin et al. 2012). This rapid protein adsorption implies that the cell-biomate-
rial interaction might actually occur between cells and the adsorbed protein layer
rather than directly with the material itself (Horbett 1982; Wilson et al. 2005).
Thus it is critical to understand the relation between nature of the biomaterial and
protein adsorption on its surface, which subsequently modulates cell behaviour
including cell attachment, growth, migration and differentiation. Much research
effort has been directed towards chemically and/or physically modifying bioma-
terial surface properties such as surface roughness (Deligianni et al. 2005; Wang
et al. 2013), wettability (Wei et al. 2009), and surface energy (Zhao et al. 2005;
Michiardi et al. 2007), to facilitate the adsorption of specific proteins that will
determine cell adhesion and signal transduction ultimately leading to control of
cell fate (Samavedi et al. 2013; Baxter et al. 2010; Wilson et al. 2005).

There are dozens of different proteins in blood, including albumin, globulins,
fibrinogen, vitronectin and fibronectin. Among these, fibronectin and vitronec-
tin are of particular interest, as they are also found in bone extracellular matrix,
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and can induce the reorganisation of actin microfilaments and promote cell adhe-
sion and spreading, which in turn modulates cell behaviour such as cell shape and
migration (Scotchford et al. 2003; Howlett et al. 1994). As a result, many studies
have attempted to increase the deposition of fibronectin and vitronectin to improve
the attachment, growth and osteoblastic differentiation of osteoprogenitor cells
(Tran et al. 2012; Brun et al. 2013; Alves et al. 2008; Woo et al. 2007b). For exam-
ple, nanoporous titanium surfaces have been designed to specifically increase the
adsorption of fibronectin and vitronectin, which promoted osteoblast attachment
and proliferation (Rivera-Chacon et al. 2013). Hydroxyapatite coated with iron
oxide nanoparticles also resulted in enhanced osteoblast proliferation and differen-
tiation by increasing fibronectin adsorption on the surface (Tran et al. 2012).

Apart from efforts on modulating the composition of adsorbed proteins, protein
conformation is another important aspect that researchers have been attempting
to address. Protein conformation includes the secondary, tertiary and quaternary
structures, which dramatically affect protein interaction with receptors on the cell
membrane leading to changes of material bioactivity. A number of studies have
attempted to alter the bioactivity of biomaterials by changing the conformation of
adsorbed surface proteins (Binazadeh et al. 2013, Depan and Misra 2013; Assal
et al. 2013; Vasita and Katti 2012). One study investigated the influence of protein
conformation adsorbed onto the surface of amorphous and crystallised bioactive
glass on stem cell adhesion and spreading (Buchanan and EI-Ghannam 2010). It
was found that the surface of amorphous bioactive glass led to significant expres-
sion of unordered secondary structure in the conformation of fibronectin, which
increased cell adhesion and spreading. In contrast, the surface of crystallised bio-
active glass resulted in exposure of the stable beta-sheet structure and alpha-helix
conformation of fibronectin, which limited cell adhesion and spreading.

3.2 Integrin Signalling

Cell adhesion to biomaterials normally occurs via binding of cellular receptors
to the ligands of the proteins adsorbed to the biomaterial surface. The adhesive
processes can then trigger a cascade of intracellular signalling events leading to
changes in cellular behaviour, such as migration, growth and differentiation.
Integrins, the most important and extensively studied cell adhesion molecules, are
a family of receptors characterised by transmembrane molecules composed of o
and B chains that assemble noncovalently as heterodimers. Currently, 8 § and 18
a subunits have been identified, which form 24 distinct aff integrin combinations
each with unique binding property. These combinations possess dual functionali-
ties of “outside-in” and “inside-out”, which are transducing signals in both direc-
tions through the cell membrane. “Inside-out” signalling occurs when integrins are
activated by intracellular signals, which leads to conformational changes and pro-
motes their binding affinity for extracellular ligands (Humphries et al. 2004). On
the other hand, “outside-in” signalling takes place when extracellular ligands bind



Bone-Biomimetic Biomaterial and Cell Fate Determination 131

to integrins and initiate integrin clustering, cell adhesion and downstream intracel-
lular signalling pathways (Cabodi et al. 2010; Schneider and Engelman 2004).

Over the past decades, a large number of integrin members have been identi-
fied in osteoprogenitor cells and osteoblasts, and their roles in mediating bone
formation are highly appreciated (Marie 2013). Among these, p1 integrins are
the most abundantly expressed by osteoprogenitor cells and serve as the pre-
dominant mediators for cell adhesion to bone ECM molecules including type I
collagen and fibronectin (Marie 2013). The critical role of B1 integrins in bone
formation is evidenced by a genetic functional study, which demonstrated that
transgenic mice with a dominant-negative B1 integrin subunit have reduced bone
mass, increased cortical porosity in long bones and thinner flat bones in the skull
(Zimmerman et al. 2000). Within the 1 subfamily, a5p1 and a2p1 integrins have
received considerable research attention for their roles in promoting osteoblast dif-
ferentiation, which is attributed to their binding affinity for fibronectin and type
I collagen (the predominant molecule in bone ECM). Functional studies demon-
strated that the osteoblast-fibronectin interaction is a critical event in the differen-
tiation of rat osteoblasts and involves the interaction between a5p1 and fibronectin
(Moursi et al. 1997; Damsky 1999). These results are in agreement with studies
demonstrating the roles of a5f1 in the osteogenic differentiation of human osteo-
blastic cells (Dedhar et al. 1987). The critical role of type I collagen-a2f1 integ-
rin signalling in osteoblastic differentiation has also been demonstrated in several
studies (Takeuchi et al. 1997; Schneider et al. 2001; Gronthos et al. 2001; Petrie
et al. 2008). For instance, a2f1 integrin—collagen interaction is required for the
induction of osteoblast-specific gene expression through a post-translational path-
way (Xiao et al. 1998). In addition, other integrin members, including a1p1, a4f1
allpl and avB3 also participate in osteoblastogenesis (Marie 2013; Martino et al.
2009).

Consistent with the key role of integrins in bone formation, studies have
found that the induction of relevant integrin signalling pathways is the underly-
ing mechanism by which bone-biomimetic biomaterials promote osteogenic dif-
ferentiation of osteoprogenitor cells (Lu et al. 2012; Lu and Zreiqat 2010a, b; Liu
et al. 2013a; Woo et al. 2007a). We recently demonstrated that scaffolds coated
with hydroxyapatite nanoparticles can promote the differentiation of MSCs into
osteoblasts by inducing a2f1 integrin signalling (Lu et al. 2012). On the other
hand, the critical roles of integrins for bone formation have inspired researchers
to pre-design scaffolding materials with tailored integrin-mediated signals to pro-
mote bone repair and regeneration. When a2p1 integrin-specific collagen-mimetic
peptide  glycine-phenylalanine-hydroxyproline-glycine-glutamate-arginine ~ was
coated onto titanium surfaces, this specific integrin-targeted coating not only pro-
moted in vitro osteoblast differentiation and mineral deposition in stem cells, but
also significantly improved peri-implant bone regeneration and osseointegration in
vivo (Reyes et al. 2007; Wojtowicz et al. 2010). a5p1 integrin signalling is another
key target which can be employed for bone regeneration (Hamidouche et al. 2009;
Martino et al. 2009; Keselowsky et al. 2005). The activation of endogenous a581
integrin using agonists such as a specific antibody has been shown to promote
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osteoblast differentiation and osteogenic capacity of MSCs (Hamidouche et al.
2009). The above findings demonstrate that control of integrin binding specificity
to elicit desired cellular activities is of great value in the design of informative bio-
materials for bone tissue repair and regeneration.

3.2.1 Integrin Downstream Signalling Pathways

Signal transduction occurs when an extracellular signalling molecule binds to cell
surface receptors and initiates a cascade of intracellular responses, which can then
be dramatically amplified. This signal amplifying process is well exemplified by
integrin-mediated intracellular signalling pathways. In general, integrin binding to
ECM proteins initiates integrin clustering, cell adhesion and activation of multiple
downstream intracellular signalling pathways, which ultimately determines cell
fate including migration, proliferation and differentiation. First, integrin cluster-
ing results in the binding of integrin cytoplasmic tails to a large complex of pro-
teins such as focal adhesion kinase (FAK), talin, paxilin, vinculin and a-actinin, to
form so-called focal adhesion complexes. Second, proteins in the focal adhesion
complexes are activated by phosphorylation, which creates docking sites for the
activation of other cytosolic protein kinases/phosphatases. Finally, focal adhesion
complexes serve as a bridge to connect ECM molecules to their downstream intra-
cellular signalling pathways.

FAK is one of the most important components of focal adhesion complexes
which are recruited by integrin clustering. The dependence of FAK phosphoryla-
tion and activation on integrin binding to their extracellular ligands has been dem-
onstrated in a variety of cell types (Schwartz et al. 1995). The binding of FAK
to cytoplasmic domains of chimeric integrin receptors can automatically activate
FAK via phosphorylation (Akiyama et al. 1994). In other words, information
coded within the cytoplasmic domain of integrins is possibly sufficient for FAK
activation. The activated FAK then phosphorylates and activates a variety of mol-
ecules, including Rho, Rac Src, phosphoinositide 3-kinase (PI3K), threonine—pro-
tein kinase (Akt) and mitogen-activated protein kinases (MAPK) (Marie 2013;
Thompson et al. 2012; Li et al. 2013a), which exert their biological functions of
regulating cytoskeletal organisation, cell migration, cell proliferation and differ-
entiation (Wozniak et al. 2004). Here we will specifically discuss three signalling
pathways: extracellular signal-regulated kinase (ERK/MAPK), Rho/Rock and
PI3K-Akt (illustrated in Fig. 3), which play crucial roles in regulating cell behav-
iour involved in osteogenesis.

ERK/MAPK Signalling Pathway
MAPK signal pathways, including ERK1/2, c-Jun N-terminal kinase (JNK) and

p38 MAPK (p38), are regulated by a diverse group of extracellular stimuli and
mediate a variety of cellular responses. In particular, ERK1/2 signalling has been
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Fig. 3 Integrin signalling modulation of cell fate. The binding of ECM ligands to integrins
triggers a cascade of downstream signalling pathways, mainly involving FAK-Rho/Rock, FAK-
PIBK/AKT and FAK-ERK/MAPK. Meanwhile, integrin signalling pathways promote the pro-
duction of endogenous growth factors and coordinate with endogenous/exogenous growth
factor-mediated signalling pathways to accomplish cell fate determination

shown to favour osteoblastic cell proliferation and differentiation (Binetruy et al.
2007; Geest and Coffer 2009). In bone, the ERK/MAPK pathway is a major
conduit for conveying signals from the extracellular environment to the nucleus,
and is also implicated in the response of bone to a variety of signals, including
hormone/growth factor stimulation, extracellular matrix—integrin binding and
mechanical loading (Zeng et al. 2013; Shi et al. 2012; Lu et al. 2008a; Lu and
Zreiqat 2010a, b). A study in transgenic mice found that skeletal size and calvarial
mineralisation are decreased in ERK1/2/MAPK knock-down mice but increased
in ERK1/2/MAPK induced mice, and the process of endochondral ossification in
diaphyseal regions of long bones is also drastically delayed with only early bone
collar formation being visible in ERK1/2/MAPK knock-down mice (Ge et al.
2007). In agreement with the key roles of ERK1/2/MAPK signalling in bone
development, different osteoconductive/osteoinductive components of bone ECM
can induce differentiation of osteoblasts from MSCs by activating ERK1/2/MAPK
associated signalling pathways, including type I collagen (Tsai et al. 2010),
fibronectin (Ding et al. 2006) and bone sialoprotein (Gordon et al. 2009). We pre-
viously demonstrated that p-TCP promotes the differentiation of human osteo-
blasts by activating ERK1/2/MAPK signalling (Lu and Zreiqat 2010a).

Rho/ROCK Signalling Pathway

RhoA, a member of the large Rho-family of GTPases, has been widely implicated in
integrin-mediated signalling (Schoenwaelder and Burridge 1999; Clark et al. 1998).
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RhoA can exert its biological function through one of its downstream effectors, the
Rho-associated protein kinase or ROCK, to control cell migration and differentia-
tion in response to different stimuli (Clark et al. 1998; Kalaji et al. 2012; Seo et al.
2011; Xu et al. 2012; Lu et al. 2008a, 2010). Cell migration is a key step in tissue
repair and regeneration and involves recruitment of progenitor cells to injury sites.
The involvement of Rho/Rock signalling pathway in mediating cell migration is evi-
denced during the development of various tissues including bone (Li et al. 2006;
Breyer et al. 2012; Ichida et al. 2011; Montanez et al. 2009; Benoit et al. 2009), and
Rho/ROCK signalling inhibition can increase cell movement into bone formation
sites in a mouse model of ectopic bone formation (Ichida et al. 2011). In addition,
a line of evidence suggests that Rho/Rock signalling plays a key role in directing
osteoprogenitor cells into the osteoblast lineage in different models of osteoinduc-
tion (Shih et al. 2011; Santos et al. 2010; Khatiwala et al. 2009). Using micropat-
terned substrates to progressively restrict cell spreading and flattening, Rho/ROCK
signalling has been shown to regulate BMP-induced signalling and osteoblast dif-
ferentiation of MSCs (Wang et al. 2012), and matrix stiffness has also been shown
to control the osteogenic phenotype of MSCs by affecting Rho/ROCK intracellular
signalling (Shih et al. 2011). The mechanism by which the Rho/ROCK signalling
pathway influences the differentiation of osteoblasts has been largely attributed to
its ability of assembling actin fibres and regulating cell shape (Guilak et al. 2009;
Mathieu and Loboa 2012). When MSCs are allowed to adhere, flatten and spread,
they undergo differentiation into osteoblasts; in contrast, the unspread and round
cells become adipocytes (McBeath et al. 2004).

PI3K-Akt Signalling Pathway

The PI3K-Akt signalling pathway can be activated by extracellular signals as
well as growth factors, and regulates many fundamental cellular processes includ-
ing cell growth, proliferation and survival (Cantrell 2001; Guntur and Rosen
2011). Following PI3K activation, the lipid product of phosphatidylinositol 3,4,5
triphosphate (PI3) recruits both Akt and PI-dependent kinase 1 (PDKI1) to the
plasma membrane. Akt is then phosphorylated on T308 by PDK1 and on S473 by
mTORC?2, leading to full activation (Guntur and Rosen 2011). Activated Akt, in
turn, regulates several downstream pathways including Runx2, the master tran-
scription factor for osteogenesis (Kita et al. 2008; Liu et al. 2013b). Recent studies
revealed that Akt and its downstream targets are critical regulators of bone forma-
tion and remodelling (Peng et al. 2003; Ulici et al. 2009). In vivo, Aktl knock-
out mice have shorter bones and delayed formation of secondary ossification
centres (Ulici et al. 2009). In vitro, osteoblasts lacking the negative regulator of
PI3K/AKT signalling have a strikingly decreased susceptibility to apoptosis and
accelerated differentiation capacity in association with markedly increased lev-
els of phosphorylated Akt (Vinals et al. 2002). The important role of the PI3K-
Akt signalling pathway in bone formation is also reflected by biomaterial surface
modification studies. For instance, collagen I surface treatment promotes the
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proliferation and osteogenesis of MSCs via activation of ERK and Akt pathways
(Tsai et al. 2010). Altered surface microroughness and hydrophilicity also affects
osteoblast proliferation and the early stage of osteoblast differentiation by activat-
ing the PI3K/Akt signalling pathway (Gu et al. 2013).

3.2.2 Crosstalk Between Integrin and Growth Factor Signalling

Integrins can determine cell fate by activating several signalling pathways inde-
pendently as discussed above, but they are also frequently coupled with growth
factor receptor-mediated signalling, including vascular endothelial growth factor
(VEGEF) receptor, transforming growth factor beta (TGF-f) receptor, insulin recep-
tor, type 1 insulin-like growth factor (IGF) receptor, BMP-2 receptor and others
(Fig. 3) (Schneller et al. 1997; Kisiel et al. 2013; Hudalla et al. 2011; Massuto
et al. 2010; Rapraeger et al. 2013). One recent study reported that the combination
of BMP-2 with a hydroxyapatite/fibronection hydrogel mediated integrin signal-
ling resulted in the formation of twice as much bone with better organisation of
collagen fibres, compared to delivering the growth factor in a non-functionalised
HA hydrogel (Kisiel et al. 2013). Research in the field all points to the fact that
integrin signalling pathways are able to modulate cell behaviour by inducing the
production of endogenous growth factors, which then exert autocrine and/or par-
acrine effects (Lu and Zreiqat 2010b; Lu et al. 2011; Hudalla et al. 2011; Moyano
et al. 2010; Liu et al. 2013a). We recently found that B-TCP scaffolds promote
osteoblastic differentiation by increasing endogenous BMP-2 production through
a process involving a2f1 integrin and MAPK/ERK signalling pathways (Lu and
Zreiqat 2010b). Similar results were shown in another study which demonstrated
that hydroxyapatite/chitosan scaffolds promote MSC adhesion, proliferation and
osteoblast differentiations by activating integrin-mediated BMP signalling path-
ways (Liu et al. 2013a). Thus, the substrate-integrin-endogenous growth factor
loop indicates the potential feasibility of designing a smart biomaterial for bone
tissue regeneration while avoiding the use of exogenous growth factors.

4 Summary, Conclusion and Perspectives

To circumvent problems associated with current clinical methods of bone recon-
struction, including autografting and allografting, the design and development
of synthetic biomaterial scaffolds has been an area of great interest. By mimick-
ing the physical and chemical characteristics of natural bone tissue, significant
achievements have been made in designing biomaterials that meet the require-
ments for bone repair and regeneration. One of the key requirements for ideal
bone scaffold materials is that they should have the properties to recruit MSCs and
osteoprogenitor cells and direct their differentiation into osteoblasts, which require
appropriate cell-biomaterial communication. Understanding and identifying the
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key molecules and signalling pathways involved in the cross-talk between bioma-
terials and osteoprogenitor cells will bring substantial benefit to the development
of ideal bone scaffold materials with excellent bioactivity.

In this book chapter, we have summarised various design strategies which aim
to optimise the osteoconductive and osteoinductive properties of bone scaffolds by
mimicking the physical and chemical characteristics of bone, namely architecture,
topography, mechanical properties and composition of its organic and mineral
phases. This was followed by detailed discussion of the underlying mechanisms by
which biomaterials determine cell fate. These include modulating protein adsorp-
tion on biomaterial surfaces, eliciting cell adhesion to biomaterials by binding to
specific cellular receptors, and triggering a cascade of downstream intracellular
signalling events. A range of key molecules (e.g. a2fp1 integrin and a5p1 integ-
rin) and signalling pathways (e.g. ERK/MAPK, Rho/Rock and PI3K-Akt) have
been identified as being critical in the determination of cell fate when cells come
into contact with a biomaterial intended for bone regeneration. The control of bio-
material binding specificity, such as binding to specific integrins to elicit desired
cellular activities, has become a powerful tool in the design of bone informative
scaffolding materials.

In the future, further exploration of developmental bone biology and the under-
lying mechanisms by which biomaterials communicate with relevant cells will
continually contribute to biomaterial- and cell-based strategies for bone repair and
regeneration. As increasing numbers of cell types, including osteoblasts, osteo-
clasts, MSCs, endothelial progenitor cells and macrophages, and their interactions
have been shown to be critical for bone regeneration (Pirraco et al. 2010), a sys-
tematic methodology might be needed in order to assess the effect of biomaterial
modulation on the behaviour of all of these cell types and their interactions. In
addition, it is also imperative to identify the signals in each cell type that are spa-
tially and temporally necessary for bone repair and regeneration, such that they
can be incorporated into the design of biomaterial scaffolds to achieve optimal
bone regeneration and thus functional repair of bone defects.
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