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AbstrAct
Conditions such as congenital anomalies, cancers, 
and trauma can all result in devastating deficits of 
bone in the craniofacial skeleton. This can lead to 
significant alteration in function and appearance 
that may have significant implications for patients. 
In addition, large bone defects in this area can pose 
serious clinical dilemmas, which prove difficult to 
remedy, even with current gold standard surgical 
treatments. The craniofacial skeleton is complex 
and serves important functional demands. The 
necessity to develop new approaches for craniofa-
cial reconstruction arises from the fact that tradi-
tional therapeutic modalities, such as autologous 
bone grafting, present myriad limitations and carry 
with them the potential for significant complica-
tions. While the optimal bone construct for tissue 
regeneration remains to be elucidated, much prog-
ress has been made in the past decade. Advances in 
tissue engineering have led to innovative scaffold 
design, complemented by progress in the under-
standing of stem cell–based therapy and growth 
factor enhancement of the healing cascade. This 
review focuses on the role of biomaterials for cra-
niofacial bone engineering, highlighting key 
advances in scaffold design and development.
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intrODuctiOn

the repair of complex craniofacial bone defects is challenging, and a suc-
cessful result depends on the defect size, the quality of the soft tissue 

covering the defect, and the choice of reconstructive method. The complex 
craniofacial skeleton is involved with various specific functions, such as 
protection of the brain and optic tracts, breathing, mastication, speech, and 
hearing. In addition to these functional requirements, the craniofacial unit is 
important for social acceptance and self-esteem (Adams, 1981). Hostile surgi-
cal environments (e.g., due to irradiation and infection) can further challenge 
craniofacial reconstruction.

Traditional surgical techniques for reconstruction have implemented 
autogenous, allogeneic, and prosthetic materials to achieve bone reconstruc-
tion. Autologous bone—the best option—is in limited supply, and available 
bone may neither be the type nor the complex shape required. Autologous 
bone grafting also mandates an additional surgical procedure, with associated 
donor site morbidity and risk of significant resorption (Neovius and Engstrand, 
2010). Furthermore, traditional techniques struggle to fully replicate normal 
form and function.

Biomaterials are defined as natural or synthetic materials used to replace 
part of a living system or function in intimate contact with living tissue. 
Biomaterials serve as matrices for tissue formation, and surface properties 
promoting cell adhesion, proliferation, and differentiation, as well as desir-
able mechanical strength and osteoconductivity, are all essential (Eldesoqi  
et al., 2013).

Tissue engineering approaches to regeneration utilize 3-dimensional (3D) 
biomaterial matrices that interact favorably with cells. The potential benefits 
of using a tissue engineering approach include reduced donor site morbidity, 
shortened operative time, decreased technical difficulty of the repair, and, 
most important, ability to closely mimic the in vivo microenvironment in an 
attempt to recapitulate normal craniofacial development (Ward et al., 2010). 
Recent advances in computer-aided design and computer-aided manufactur-
ing have begun to revolutionize craniofacial surgery, which is frequently 
confronted with the reconstruction of challenging 3D anatomic structures. 
Rapid prototyping technology, with widespread availability of high-resolution 
medical imaging, has allowed for the generation of contoured 3D prostheses 
for craniofacial reconstruction.

The purpose of this review is to highlight the evolving role of biomaterial 
incorporation into craniofacial bone reconstruction. Discussion focuses on 
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biomaterial scaffold design and development, highlighting inno-
vation and recent advances in fabrication. While human clinical 
applications are limited to date, great promise exists as our 
understanding of this dynamic area develops abreast of techni-
cal advances.

rOlE Of scAffOlDs

Scaffolds are mechanical constructs that can act as carriers for 
cells and growth factors (GFs). Ideally, the role of a biomaterial 
in reconstructive surgery is not to simply replace the missing 
section of bone but to also provide an osteoconductive environ-
ment by acting as a scaffold for bone regrowth (Hyun et al., 
2013b). The main function of a scaffold is to simulate the extra-
cellular matrix, which, as an active biological tissue, affects 
cellular adhesion, migration, proliferation, and differentiation 
(Petrovic et al., 2012). Mechanical properties of cortical and 
cancellous bone differ greatly; thus, the task of designing the 
aforementioned ideal bone scaffold is fraught with difficulty. 
Scaffolds must meet some essential biomechanical criteria, such as 
biocompatibility, adequate mechanical strength, bioresorbability, 

and sufficient porosity and transport properties (Bose et al., 
2012; Petrovic et al., 2012; Table).

tYpEs Of scAffOlDs

Biomaterials utilized in scaffolds can be divided into natural and 
synthetic polymers, bioactive ceramics and glass, hydrogels, 
and metals. Composite scaffolds are those made up of 2 or more 
materials—for example, a scaffold composed of both ceramic 
and polymer.

natural and synthetic polymers

Biodegradable polymers are widely used for scaffold develop-
ment due to controllable degradation, biocompatibility, and ease 
of processing (Yusop et al., 2012). These scaffolds are degraded 
by hydrolysis and gradually resorbed, allowing the supported 
tissue to gradually recover functionality. Biodegradable poly-
mers can be divided into 2 categories: natural—including poly-
saccharides (e.g., chitosan) and proteins (e.g., collagen)—and 
synthetic, such as poly(lactic acid).

table. The Elusive “Ideal” Scaffold 

biocompatibility
The manner in which a mutually acceptable coexistence of biomaterials and tissues is developed and sustained has been the focus of attention 

in biomaterials science for many years and forms the foundation of the subject of biocompatibility (Williams, 2008). Biocompatibility of 
a scaffold is defined as its ability to support normal cellular activity, including molecular signaling systems, without any local and systemic 
toxic effects to the host tissue (Williams, 2008; Bose et al., 2012). Properties of osteoinduction, osteoconduction, and vascular invasion are 
of great importance in biomaterial engineering. Osteoinduction is the ability to induce new bone formation through biomolecular signaling 
and recruitment of progenitor cells. Osteoconduction, however, occurs when the scaffold allows bone cells to adhere, proliferate, and form 
extracellular matrix on its pores and surface. Lastly, scaffolds need to encourage new blood vessel formation following placement to actively 
support the cells by providing nutrients, waste transport, and oxygen (Bose et al., 2012).

bioresorbability
Once implanted, an ideal scaffold should be able to degrade with time at a controlled and well-defined rate, allowing space for ingrowth of 

new bone. The degradation pattern of a scaffold should occur at an appropriate pace specific to the host tissue; for example, degradation 
occurring within 3 to 6 mo would be acceptable in the craniofacial skeleton, where there is lower mechanical demand, but inappropriate 
following spinal fusion (Bose et al., 2012). The ability of the scaffold to fully resorb and remodel completely is especially important for 
pediatric craniofacial applications, where the skull must be able to develop and mature during normal growth of the immature pediatric 
skeleton (Patel and Fisher, 2008; Ricci et al., 2012).

porosity
Interconnected porosity is another key factor in scaffold design. To facilitate diffusion of essential nutrients and oxygen for cell survival, pores 

should be interconnected and at least 100 µm in diameter (Bose et al., 2012). O’Brien and colleagues investigated the effect of mean pore 
size on osteoblast adhesion and early proliferation in collagen-glycosaminoglycan scaffolds and reported that pore sizes in the range of  
200 to 350 µm were optimum for bone tissue ingrowth (Murphy et al., 2010). Interestingly, multiscale porosity—for example, both micropores 
(<8 µm) and macropores (250-350 µm) present in one construct—was shown to be beneficial to osteoconduction and mechanical strength in a 
study of bone morphogenetic protein microsphere incorporation in hydroxyapatite scaffolds (Woodard et al., 2007).

It is well understood that porosity reduces compressive strength of the scaffold and results in increased difficulty in reproducible scaffold 
fabrication (Bose et al., 2012). However, recent advances in 3-dimensional printing techniques, such as robocasting, have enabled scaffold 
manufacture with highly controlled pore architecture and morphology (Ricci et al., 2012). A study from the National Institute of Dental 
and Craniofacial Research demonstrated that the combination of titanium dioxide with a hydroxyapatite-gelatin macroporous scaffold had 
comparable strength relative to natural calvarial bone in a study of rat critical-sized calvarial defects (Ferreira et al., 2013).

Mechanical strength
As a mechanical support, scaffolds must possess adequate mechanical stability to withstand the implantation procedure and the mechanical 

forces that are typically experienced at the scaffold-tissue interface, as well as resist collapse during a patient’s normal activities. The scaffold 
strength should ideally match that of the host bone. Note that dense bioceramic scaffold has a mechanical strength profile similar to that of 
cortical bone, while polymers are, in the majority, similar to cancellous bone. Ceramic-polymer scaffolds are typically weaker than cancellous 
bone but can confer advantages of increased biodegradability and flexibility, ameliorating the brittleness associated with ceramic scaffolds 
(Wahl and Czernuszka, 2006; Bose et al., 2012; Zhang et al., 2014).
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Synthetic biodegradable polymers can be produced under 
controlled conditions and therefore exhibit reproducible 
mechanical and physical properties. The use of synthetic biode-
gradable polymers in craniofacial surgery, especially regarding 
pediatric intervention, is well described (Ahmad et al., 2008). 
Biodegradable polymers confer advantages in pediatric applica-
tions, as they do not promote neighboring bone resorption; they 
may also be clinically beneficial during subsequent radiography, 
as, once resorbed, they do not obscure subsequent computed 
tomography scans (Ahmad et al., 2008).

bioactive ceramics and glass

Calcium phosphate bioceramics—including hydroxyapatite 
(HA), β-tricalcium phosphate, and biphasic calcium phos-
phate—are promising candidates in bone engineering, as these 
chemicals reflect the chemistry and structure of the native min-
eral components of bone extracellular matrix, 85% of which is 
composed of calcium phosphate. Importantly, HA has been 
shown to have a slower degradation profile than that of biphasic 
calcium phosphate, whereas β-tricalcium phosphate degrades 
too quickly when placed in vivo (Petrovic et al., 2012).

Porous calcium phosphate bioceramics are not without fault, 
however, as they are brittle and difficult to process and, in gen-
eral, have a slow degradation rate. Thus, Liu et al. (1998) stud-
ied the effect of combining the osteoconductivity of HA with the 
biodegradability of polymer and found significant improve-
ments in composite mechanical properties. By introducing 
chemical linkage between HA and polymer matrix, they were 
able to significantly enhance mechanical properties compared to 
other composite types. Indeed, the incorporation of HA nanopar-
ticles into polymer scaffolds has been shown to increase protein 
adsorption, cell attachment and migration, and osteogenesis 
(Kim et al., 2007). Building on this, Engstrand et al. (2014) 
described an eloquent computer-aided design method of using a 
mosaic of calcium phosphate bioceramic tiles supported by tita-
nium wires in the repair of complex cranial defects.

Recent results detailing the effect of trace impurity elements 
(e.g., SiO2, ZnO, Fe) added to calcium phosphate bioceramics 
indicate an enhanced ability to control dissolution rates as well 
as increase density, mechanical strength, and biocompatibility 
of bioceramics (Petrovic et al., 2012). Both Zn and Si doping 
can promote type 1 collagen gene expression and extracellular 
signal-regulated kinase secretion that positively regulates angio-
genesis, osteoblast differentiation, and morphogenesis (Ricci  
et al., 2012; Shie et al., 2012).

Glass-based scaffolds can be classified into 2 groups: glass/
glass-ceramic porous scaffolds and glass-polymer porous com-
posites (Mantripragada et al., 2013). Silicon found in glass has 
been shown to enhance angiogenesis and gene expression in 
osteoblasts that regulate osteogenesis and GF production. 
Silicon-substituted HA has greater bone ingrowth compared to 
HA alone. However, a disadvantage of bioglass is low fracture 
toughness and strength. Therefore, limitations exist in load-
bearing regions.

Hydrogels

Hydrogels—formed by the cross-linking of hydrophilic poly-
mers with a bridging agent, called a cross-linker—are capable of 
absorbing a large amount of water. The amount of water 
absorbed, though, depends on the type and concentration of the 
specific cross-linker used (Lee and Shin, 2007). Hydrogels not 
only serve as matrices for tissue engineering but are also capable 
of mimicking extracellular matrix topography and delivering 
bioactive agents that promote tissue regeneration (Lee and Shin, 
2007). For example, Cao et al. (2014) developed a composite 
polymerizable hydrogel incorporating recombinant human bone 
morphogenetic protein (BMP) and chitosan nanoparticles as a 
bone substitute.

Metals

Metals currently in use clinically include gold, stainless steel, 
cobalt-chromium, and titanium. Metals are inert alloplasts: they 
neither integrate with adjacent tissues nor induce new bone for-
mation, which is ultimately needed for long-term success. 
However, metals that degrade in the physiologic environment 
have been proposed as promising candidates for scaffold engi-
neering. These biodegradable metals may have superior mechan-
ical properties in comparison to biodegradable polymers (Yusop 
et al., 2012). In particular, magnesium alloys possess mechani-
cal properties that are very similar to those of bone yet retain the 
ability to naturally degrade when placed within an aqueous type 
of environment (Staiger et al., 2006). Efforts to design polymer-
magnesium composites are ongoing. Theoretically, the polymer 
matrix benefits from magnesium incorporation, as magnesium 
may confer higher mechanical strength and fracture toughness 
while the polymer may prevent premature degradation 
(Mantripragada et al., 2013). Furthermore, 3D fabrication tech-
niques, as discussed below, can be applied to metals in the quest 
for a porous scaffold with significant strength for use in load-
demanding regions of the craniofacial skeleton. Metallic 
nanoparticles have been incorporated into scaffolds with evi-
dence of increased mechanical strength, increased cellular adhe-
sion of osteoblasts and chondrocytes, and increased long-term 
osteoblast function, with notable improvements in collagen 
synthesis, alkaline phosphatase activity, and calcium deposition 
(Kim and Fisher, 2007; Tran and Webster, 2011).

composite scaffolds

Composite materials are composed of 2 or more biomaterials, in 
the form of copolymers, polymer-polymer blends, or polymer-
ceramic composites (Hyun et al., 2013a; Figure 1). Copolymers 
are defined as being derived from 2 or more monomeric species. 
By developing a copolymer system, one can potentially offer the 
best qualities of each material—balancing glass transition tem-
perature (temperature region where the polymer transitions from 
a hard, glassy material to a soft, rubbery material) and degrada-
tion potential (Amini et al., 2012). Furthermore, composite 
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biomaterials can capitalize on the advantages of each compo-
nent when properly balanced; for example, integration with 
poly(lactic-co-glycolic acid) can ameliorate brittleness associ-
ated with bioceramic materials alone (Zhang et al., 2014).

A successful biomaterial: the importance of 
Angiogenesis

Despite the variety of available scaffolds for bone reconstruc-
tion, bone-healing capacity is still dependent on 2 key attributes: 
the ability to recruit progenitor cells to the injury site and the 
presence of healthy vasculature near the injury site—both of 
which are attenuated in the face of traumatic injury and critical-
sized bone defects (He et al., 2013). Thus, the development of 
an efficient neovascularization method to sustain engineered 
implants is clinically important. This process requires cross talk 
between bone and the vasculature. As demonstrated by Kusumbe 
et al. (2014), osteoprogenitor cells and osteoblasts preferentially 
associate themselves with a subset of endothelial cells, which 
are a rich source of several GFs relevant for the survival and 
proliferation of osteoprogenitors. Furthermore, Kaigler et al. 
(2010) demonstrated that the addition of bone repair cells 
(BMSCs enriched for mesenchymal and endothelial pheno-
types) resulted in the formation of highly vascularized bone at  
6 wk after transplantation into a mandibular defect. In addition, 
scaffold microarchitecture plays a significant role in vascular-
ization. A pore size of 150 to 500 µm is recommended for scaf-
folds to support vascularization and blood vessel invasion 
(Muschler et al., 2004). GF- and cell-based therapy can be fur-
ther exploited to enhance vascularization, as detailed below.

fAbricAtiOn Of scAffOlDs

recent Advances in complex 3D scaffold Development

Craniofacial scaffolds must fit complex 3D anatomic defects, be 
porous enough to effectively deliver bioactive agents (e.g., 
recombinant proteins), and be dense and strong enough for a 

long-enough period to bear forces until the regenerate can 
assume this responsibility. An engineering process that can gen-
erate scaffolds fulfilling these 3 requirements must therefore be 
able to rigorously control both scaffold exterior shape and inte-
rior porous architecture (Kim, Shin, et al., 2012). Thus, a fabri-
cation approach should include design techniques that can 
utilize patient imaging data to create complex 3D shapes and, at 
the same time, optimize porous scaffold architecture to provide 
the right balance between load-bearing strength and delivery of 
biomolecules (Hollister et al., 2005). Cutting et al. (1986) first 
described the use of 3D computed tomography images in virtual 
surgical planning, and these principles have since been expanded 
to facilitate development of custom 3D scaffolds for craniofacial 
reconstruction.

Computer-aided design and computer-aided manufacturing 
can manipulate 3D computed tomography images of bone via a 
virtual reality force feedback device. Rapid prototyping is an 
engineering innovation that has been applied to regenerative 
medicine to build models that provide visual and tactile infor-
mation. Collectively, these technologies allow generation of 
scaffolds that are custom-made to fit unique bone defects 
(Figure 2). As craniofacial bone is irregular with a subtle 3D 
structure, consideration of an individualized bone defect is very 
important. Computer-aided design, computer-aided manufactur-
ing, laser scanning, and rapid prototyping technologies have 
therefore been applied with increasing frequency in craniomax-
illofacial surgery (Xu et al., 2010).

Controlled 3D structures can be fabricated through additive 
manufacturing techniques, also known as 3D printing. Additive 
manufacturing techniques can be broadly classified as follows: 
extrusion (deformation + solidification), polymerization, laser-
assisted sintering, and direct writing-based processes. For  
example, with extrusion 3D printing, a biomaterial (e.g., polycap-
rolactone) can be melted and extruded in a computer-controlled 
pattern to construct scaffolds, laying down layer on top of layer to 
create patient-specific customized scaffolds (Hollister, 2005). In 
addition, 3D printing can be used to regulate the internal architec-
ture of the scaffold and its gross geometry. Three-dimensional 
models of desired bone can be extracted from patient computed 
tomography scans, providing a blueprint for a personalized scaf-
fold that interfaces with the defect site and re-creates the complex 
anatomical features (Hollister, 2005; Figure 3).

Inkjet-based 3D printing has been employed to fabricate 
calcium phosphate scaffolds. This technique, however, fre-
quently requires high temperatures that preclude the incorpora-
tion of bioactive molecules and drugs during the 3D printing 
process that could stimulate bone regeneration or combat infec-
tion. Thus, efforts are underway to produce ceramic-polymer 
composites utilizing low-temperature 3D printing, where cal-
cium phosphate powder is bound by aqueous binder solutions 
delivered from the inkjets through a dissolution-precipitation 
reaction (Butscher et al., 2012).

Electrospinning: Emulating the native  
Extracellular Matrix

Electrospinning is an innovative technique for obtaining nanofi-
bers from polymeric solutions (Petrovic et al., 2012; Li et al., 

figure 1. Diagram of a highly osteogenic niche in a composite 
poly(lactic-co-glycolic acid)–hydroxyapatite scaffold. The potential 
exists to enhance bone differentiation by incorporation of gene 
therapy, DNA/RNA construct, and growth factors. Reproduced with 
permission (Hyun et al., 2013a).
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2014). The electrospinning process cre-
ates polymer nanofibers by applying a 
high voltage to a syringe filled with a 
polymer solution (Figure 4). Electrospun 
porous, nanofibrous scaffolds have sup-
ported various stem cells and differenti-
ated cells to regenerate many hard and 
soft tissues (Li et al., 2014). Nanofibrous 
scaffolds provide a more favorable envi-
ronment for cellular ingrowth and subse-
quent bone regeneration, as they have 
architectural, functional, and morpho-
logic similarities to collagen fibrils. This 
is due to their nanometer-order diameter, 
high porosity, and high surface-to- 
volume ratio (Kim and Fisher, 2007). 
Nanofibrous scaffolds also induce a 
more favorable environment for bone 
tissue formation due to enhanced cellular 
attachment and proliferation (Bhattarai 
et al., 2004).

biOMiMEtic scAffOlDs: 
innOvAtivE gEOMEtric cuEs 
fOr bOnE fOrMAtiOn

Biomimetism is the creative initiation of 
specific biological systems gaining 
inspiration from nature (Ripamonti  
et al., 2011). Recently, biomimetism has 
been recognized for its importance in 
scaffold design simply because an opti-
mal approach to achieve tissue regenera-
tion should be one that follows the 
natural tissue regenerative process. One 
must reflect on the shape of the basic 
multicellular unit of corticocancellous 
bone when designing a construct for 
bone tissue regeneration (Ripamonti  
et al., 2011). The basic multicellular unit 
is a long cylindrical structure that bur-
rows through the bone in a direction 
generally aligned with the long axis of 
the bone, with a leading cutting cone of 
osteoclasts and a closing cone lined by 
osteoblasts filling the cavity. An exciting and novel strategy to 
initiate the induction of bone formation is to create “smart” self-
inducing geometric cues within biomimetic scaffolds. Ripamonti 
et al. (2011) hypothesized that the induction of bone formation 
can be initiated without the exogenous application of osteogenic 
soluble molecular signals, by assembling repetitive concavities 
mimicking the basic multicellular unit within biomimetic con-
structs. Ultimately, induction of bone formation thus occurs 
without the exogenous application of soluble osteogenic-pro-
moting molecular signals (Wu et al., 2009; Ripamonti et al., 
2011; Appendix Figure).

EnHAncing rEgEnErAtivE cApAcitY Of 
biOMAtEriAls: grOWtH fActOrs

While biomaterials are the focus of this review, it is prudent to 
briefly emphasize the importance of GF incorporation into bio-
materials. Several GFs are known to enhance bone regeneration, 
including transforming GF beta family members, fibroblast 
GFs, vascular endothelial GF, and platelet-derived GF (Cillo  
et al., 2000). BMP-2 and BMP-7 have been described in clinical 
use for induction of bone formation in alveolar ridge and sinus 
augmentation and the repair of critical-sized defects of craniofa-
cial bones (Dickinson et al., 2008; Yuan et al., 2012; Hong et al., 

figure 2. Anatomically shaped scaffolds. Left: Isolated 3-dimensional geometries of the maxilla 
(top) and mandible (bottom). Right: 3-dimensionally printed porous polycaprolactone scaffolds. 
Reproduced with permission (Temple et al., 2014).

figure 3. Virtual surgical planning: implant and skull model fabricated through rapid 
prototyping technology. (A) The plaster piece in light blue is the initial design for the surgeon 
to review. The surgeon’s modification is marked on the skull model with a pencil. (b) The final 
design of the custom implant, which was fabricated with porous PMMA material (Biomed 
Microfixation). Reproduced with permission (Zhao et al., 2012).
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2013). Two main collagen-based products containing recombi-
nant BMP have been approved by the Food and Drug 
Administration for regenerative applications: Infuse Bone Graft 
(Medtronik and Wyeth, Watford, UK) and Osigraft (Stryker 
Biotech, Ontario, Canada), containing rhBMP-2 and rh-BMP-7, 
respectively.

GFs may be incorporated into constructs in a number of 
ways: by simply soaking the scaffold in a solution of GF for fast 
release, by incorporation and encapsulation into scaffolds, and 
by covalent immobilization for controlled and extended release. 
Conversely, GFs may be incorporated into seeded cells via 
molecular and genetic modification (Amini et al., 2012). The 
release profile for GFs added to scaffolds, however, is often not 
in tune with the process of healing and cellular demands, as the 
GF is most frequently released by passive diffusion or coupled 
to the rate of biomaterial degradation (Amini et al., 2012). GFs 
covalently linked to scaffolds may be released according to cel-
lular demands, in a closely controlled method (Zisch et al., 
2003). Importantly, controlled release of VEGF from scaffold 
leads to a more organized vasculature in comparison to the  
vasculature that arises from uncontrolled VEGF release (Ehrbar 

et al., 2004). Furthermore, addition of 
multiple GFs, which complement one 
other temporally and spatially, should be 
considered (Jain, 2005; Rouwkema  
et al., 2008).

EnHAncing rEgEnErAtivE 
cApAcitY Of biOMAtEriAls: 
stEM AnD prOgEnitOr cElls

Over the past decade, craniofacial bone 
tissue engineering modalities that couple 
stem cell–based therapy with biomateri-
als have been extensively studied, and 
this strategy has become one of the most 
promising methods in both animal and 
human studies (Kørbling and Estrov, 
2003; Figure 5). For this purpose, mul-
tiple progenitor cells have been studied 
for craniofacial bone tissue engineering.

Mesenchymal stem cells (MSCs) are 
increasingly applied in craniofacial tis-
sue engineering (Ueda et al., 2005), and 
the concept of critical-sized defect 
reconstruction using MSCs harvested 
from bone marrow has been validated in 
numerous animal models (Levi et al., 
2010; Chung et al., 2013). Several limi-
tations have made bone marrow–derived 
MSCs less attractive for craniofacial 
implementation—including donor site 
morbidity, the low frequency of MSCs 
within the bone marrow fraction, and 
concerns related to donor age–associated 
changes in cellular biology. Adipose-
derived stem cells are more accessible 
and represent a readily available, 

expandable building block for osseous regeneration (Kim, Ji,  
et al., 2012; Carvalho et al., 2014; Chung et al., 2013). Recently, 
our laboratory showed that it is possible to isolate a subpopula-
tion of adipose-derived stem cells with enhanced osteogenic 
potential (Chung et al., 2013). In addition, gene delivery into 
adipose-derived stem cells has shown excellent results in 
enhancing their osteogenic differentiation (Liao et al., 2014).

Endothelial progenitor cells (EPCs), first characterized by 
Asahara et al. (1997), have been shown to initiate and facilitate 
neovascularization and collateral vessel growth in ischemic tis-
sues (Eldesoqi et al., 2013; He et al., 2013). The combination of 
MSCs and EPCs in an injectable porous nano–calcium sulfate/
alginate scaffold was superior to MSCs alone when blood vessel 
density was examined in rat critical-sized calvarial defects (He 
et al., 2013). More recently, Seebach et al. (2012) demonstrated 
that early vascularization is improved in murine critical-sized 
bone defects by transplanted EPCs loaded onto β-tricalcium 
phosphate scaffolds, which not only formed new vessels directly 
but also acted indirectly to promote vascularization in the bone 
defect by release of chemotactic factors (e.g., VEGF) to recruit 
host EPCs.

figure 4. Methods of scaffold fabrication: examples of different technological approaches 
used to produce polymeric scaffolds for tissue engineering. (A) Highly porous scaffolds 
fabricated by gas foaming and salt leaching. (b) Electrospinning is an ultrathin fiber-forming 
technique that uses an electrostatic force. The applied voltage creates an electric field, which 
causes a jet stream of polymer solution by creating a force greater than the surface tension of 
the solution. The jet then bends and elongates due to electrical instability, causing a spiraling 
motion and smaller-diameter stream. The solvent then evaporates, leaving only a charged 
polymer nanofiber. The nanofiber is attracted to a grounded collector, where it solidifies into 
a nonwoven mat. The collector can also be rotated to produce a desired fiber orientation (Kim, 
Shin, et al., 2012a). (c) Rapid prototyping allows production of 3-dimensional porous 
scaffolds with defined and regular pore structures. (D) A tissue construct is prepared by 
modular assembly via multicellular spheroids with the aid of polymeric templates. Reproduced 
with permission (Kim et al., 2012a).
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As multiple types of stem cells have 
been recognized in the craniofacial 
region, it has been hypothesized that 
induced pluripotent stem cells may be 
the optimal building block for recon-
struction of complex defects (Takahashi 
et al., 2007; Jin et al., 2013; Fu et al., 
2014; Tang et al., 2014). Our laboratory 
group evaluated the ability of an osteo-
genic microniche consisting of an 
HA-coated, BMP-2-releasing poly-L-
lactic acid scaffold placed into a skeletal 
defect to guide in vivo differentiation of 
induced-pluripotent stem cells. In this 
setting, we found de novo bone forma-
tion and participation by implanted cells 
in skeletal regeneration, suggesting that 
local cues from the implanted scaffold/
cell microniche and surrounding mac-
roniche may act synergistically to pro-
mote cellular survival and in vivo 
acquisition of a terminal cell fate, thereby 
further suggesting a role for functional 
engraftment of induced pluripotent stem 
cells into regenerating tissue (Levi et al., 
2012).

criticAl clinicAl cHAllEngEs 
Of crAniOfAciAl bOnE 
rEcOnstructiOn

Numerous conditions can compromise the function and architec-
ture of the craniofacial skeleton: trauma, cancer, congenital mal-
formations, and progressive skeletal disease. When shifting 
rehabilitation strategies from prosthetic to regenerative, one must 
deal with the uniqueness of the craniofacial structures in their 
development and function. Indeed, craniofacial bone reconstruc-
tion is frequently complicated by hostile surgical environments, 
secondary to scarring, previous irradiation, osteomyelitis, and 
osteonecrosis. When one is contemplating surgery involving the 
oral cavity, one easily understands these complications when 
considering the impact of immunosuppressive therapy and the 
universal presence of myriad microorganisms that together pro-
vide a perfect environment for chronic infections such as osteo-
myelitis. As detailed throughout this review, there is a plethora of 
animal studies examining biomaterial use in calvarial bone regen-
eration; however, the majority of these studies fail to address the 
complexity associated with craniofacial reconstruction in the set-
ting of infection, irradiation, or osteonecrosis. Animal models 
simulating osteonecrosis of the jaw and infected/irradiated cal-
varial defects have been recently reported; thus, we hope that 
these advances will serve as an impetus for further exploration of 
bone regeneration in this complex clinical setting (Kinsella et al., 
2012a; Kinsella et al., 2012b; Kuroshima and Yamashita, 2013).

As radiation remains a common postoperative treatment for 
head and neck cancers, it is critical to determine whether new 
bone regenerative approaches are effective for healing craniofa-
cial bone defects challenged by therapeutic radiation. Krebsbach 

explored the effect of BMP-7 gene therapy for skeletal regenera-
tion in cranial defects compromised by postoperative radiother-
apy and reported that BMP-7 ex vivo gene therapy was capable of 
successfully regenerating bone in rat calvarial defects even after 
therapeutic radiation (Nussenbaum et al., 2003). BMP-2 therapy 
delivered via an absorbable collagen sponge has also been shown 
to be effective in reconstructing calvarial defects in the unfavor-
able irradiated calvarial wound (Yuhasz et al., 2014) and the chal-
lenging infected unfavorable wound (Yuhasz et al., 2014) but not 
in a calvarial wound complicated by dural compromise (Yuhasz 
et al., 2014). Further studies are required to identify additional 
biomaterials, cell-, and GF therapy that can be translated to the 
clinic to address these challenging clinical dilemmas.

When planning craniofacial reconstruction, surgeons must 
also address the regional environmental differences found in the 
craniofacial skeleton. As highlighted above, the many studies 
investigating bone regeneration in the noninfectious, clean envi-
ronment of the critical-sized calvarial defect do not address the 
full complement of challenges encountered. The oral cavity is a 
particularly challenging environment that is colonized by an 
impressive array of microorganisms, many of which can colo-
nize the implants often used in regenerative procedures, posing 
significant problems for the patient and the clinician. Periodontal 
bone regeneration, while complex and beyond the scope of this 
review, requires the combination of biomaterial scaffolds, and/
or GF- and/or cell-based therapy to achieve successful regenera-
tion of tooth-supporting structures, including cementum, peri-
odontal ligament, and alveolar bone. Even though modified 

figure 5. In vitro vascularization and mineralization of a polycaprolactone (PCL) scaffold. 
Adipose-derived stem cell aggregates were seeded with fibrin gel into PCL scaffolds and 
cultured in vascular or osteogenic medium for 14 d. (A) In vascular conditions, extensive 
vascular networks form within the pore spaces of the scaffold. (b) Vessels wrap closely around 
PCL fibers. Colors: CD31 (green, endothelial), aSMA (red, perivascular), NG2 (blue, 
perivascular). (c, D) In osteogenic conditions, mineral (black) is deposited throughout the pore 
spaces and along PCL fibers. Scale bars: 5,250 lm (A, B), 100 lm (C, D). Reproduced with 
permission (Temple et al., 2014).
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microsurgical approaches are shown to improve the outcome of 
soft and hard tissue in periodontal bone regeneration, the clini-
cal success for periodontal regeneration remains limited in 
many cases (Ramseier et al., 2012).

cOnclusiOn

Regeneration of tissue defects in the craniofacial skeleton 
requires a sound understanding of complex developmental pro-
cesses, molecular pathways, physiology, and remodeling char-
acteristics. Although it is difficult to mimic nature, recent 
scientific and technological findings show great potential to 
achieve bone scaffolds that encourage local and systemic bio-
logical functions, drawing us closer to the goal of repairing or 
reshaping bone to predetermined specifications, with precision 
not previously considered possible. Proper selection of scaffold 
material, geometry, porosity, and ability to release biomolecules 
at a desired rate will play critical roles in the future development 
of bone scaffolds. In the past 10 yr, craniofacial bone tissue 
engineering modalities that couple GF- or stem cell–based 
therapy with biomaterials have been extensively studied and 
have become one of the most promising methods in both animal 
and human studies. In the ongoing quest to improve bone tissue 
regeneration, symbiosis between surgeons and bioengineers is 
of the upmost importance. Much progress has already been 
accomplished by interdisciplinary collaboration in the past 
decade, and great promise lies just around the corner.
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