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Abstract

Bone disorders are of significant concern due to increase in the median age of our population.
Traditionally, bone grafts have been used to restore damaged bone. Synthetic biomaterials are now
being used as bone graft substitutes. These biomaterials were initially selected for structural
restoration based on their biomechanical properties. Later scaffolds were engineered to be
bioactive or bioresorbable to enhance tissue growth. Now scaffolds are designed to induce bone
formation and vascularization. These scaffolds are often porous, biodegradable materials that
harbor different growth factors, drugs, genes or stem cells. In this review, we highlight recent
advances in bone scaffolds and discuss aspects that still need to be improved.
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Bone scaffolds

Bone tissue engineering is a complex and dynamic process that initiates with migration and
recruitment of osteoprogenitor cells followed by their proliferation, differentiation, matrix
formation along with remodeling of the bone. Major advances in bone tissue engineering
with scaffolds are achieved through growth factors, drugs and gene deliveries. Bone
scaffolds are typically made of porous degradable materials that provide the mechanical
support during repair and regeneration of damaged or diseased bone [22]. Requirements for
an ideal scaffold are highlighted in Box 1.

Box 1
Requirements for an ideal scaffold

The biomechanical system of bone is complex so that the following requirements for an
ideal scaffold are diverse.

i.  Biocompatibility One of the primary requirements of any bone scaffolds is
biocompatibility a term which has been described in many ways.
Biocompatibility of a scaffold is described as its ability to support normal
cellular activity including molecular signaling systems without any local and
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systematic toxic effects to the host tissue [78]. An ideal bone scaffold must be
osteoconductive where the scaffold lets the bone cells to adhere, proliferate and
form extracellular matrix on its surface and pores. The scaffold should also be
able to induce new bone formation through biomolecular signaling and
recruiting progenitor cells, a property known as osteoinduction. Furthermore, an
ideal scaffold needs to form blood vessels in or around the implant within few
weeks of implantation to actively support nutrient, oxygen and waste transport

[1].

Mechanical properties The mechanical properties of an ideal bone scaffold
should match host bone properties and proper load transfer is important as well.
Mechanical properties of bone vary widely from cancellous to cortical bone.
Young’s modulus of cortical bone is between 15 and 20 GPa and that of
cancellous bone is between 0.1 and 2 GPa. Compressive strength varies between
100 and 200 MPa for cortical bone, and between 2 and 20 MPa for cancellous
bone. The large variation in mechanical property and geometry makes it difficult
to design an “ideal bone scaffold” [1].

Pore size A must have property for scaffolds is interconnected porosity where
pore size should be at least 100 wm in diameter for successful diffusion of
essential nutrients and oxygen for cell survivability [25]. However, pore sizes in
the range of 200 to 350 wm are found to be optimum for bone tissue in-growth
[79]. Furthermore, recent studies have indicated that multi-scale porous
scaffolds involving both micro and macro porosities can perform better than
only macro porous scaffold [43]. Unfortunately, porosity reduces mechanical
properties such as compressive strength, and increases the complexity for
reproducible scaffold manufacturing. Researchers have explored porous
scaffolds using polymers, ceramics, composites and metals. Strength of dense
bioceramic materials matches close to the cortical bone, and different polymers
to that of cancellous bone, however ceramic-polymer composite scaffolds are
typically weaker than bone. Porous metallic scaffolds meet the mechanical
requirements of bone, but fail to provide the necessary implant-tissue integration
and add the concern related to metal ion leaching [35].

Bioresorbability Bioresorbability is another crucial factor for scaffolds in bone
tissue regeneration [78]. An ideal scaffold should not only have similar
mechanical properties that of the host tissue, but also be able to degrade with
time /n vivo, preferably at a controlled resorption rate and eventually creating
space for the new bone tissue to grow. The degradation behavior of the scaffolds
should vary based on applications such as 9 months or more for scaffolds in
spinal fusion or 3 to 6 months for scaffolds in cranio-maxillofacial applications.
Naturally, design and manufacturing of multi-scale porous scaffolds having
ideal composition including targeted biomolecules, mechanical properties and
related bioresorbability are some of the key challenges today towards their
successful implementation in bone tissue engineering [1,50].

Biomolecule delivery

Scaffolds are also used to deliver biomolecules that can facilitate bone tissue engineering.
Biomolecules integrated into scaffolds are proteins / growth factors such as TGF-$, BMP,
IGF, FGF, and VEGF. These growth factors control osteogenesis, bone tissue regeneration
and ECM formation via recruiting and differentiating osteoprogenitor cells to specific
lineages [23]. Therefore, incorporating different growth factors and other biomolecules are
of special interest for bone tissue engineering. For example, IGF helps in migration of
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different bone cells required for bone healing while BMPs induces early stage proliferation
and differentiation of osteoprogenitor cells [9,10]. In animal models, it has been shown that
introducing specific biomolecules can enhance the union of nonunion type (a fracture that
does not heal by itself after several months) bone fractures [24]. The effective incorporation
of biomolecules and growth factors in scaffolds could reduce wound healing time and thus
help in patient recovery.

Angiogenesis in bone scaffolds

Bone is highly vascularized; therefore, the performance of a bone scaffold is dictated by its
ability to induce new blood vessel formation [25-27]. /n vivo conditions, supply of oxygen
and nutrients are essential for the survival of growing cells and tissues within scaffolds [27].
The inflammatory wound healing response induces spontaneous vascularization after
scaffold implantation [25], though it takes weeks to form a complex network of blood
vessels. Osteoconductive or osteoinductive bone scaffolds do not induce vascularization.
Moreover, improper and insufficient vascularization leads to oxygen and nutrient deficiency,
which may result in non-uniform cell differentiation and cell death [28]. VEGF can be used
to induce a complex network of blood vessels throughout a scaffold [25,29-32].

This review focuses on recent advances in biomolecule-incorporated scaffolds and their
osteogenic and angiogenic properties. We first discuss physical requirements of bone
scaffolds and their fabrication techniques. We then discuss /n7 vitro responses and /n vivo
osteoconductive properties of these scaffolds. Finally, we discuss the role of various
biomolecules delivery on osseointegration and angiogenesis in the bone tissue engineered
scaffolds. We conclude with critical issues and future developments of scaffolds for next
generation bone tissue engineering.

Design and fabrication of scaffolds

Bone is a natural composite of collagen and hydroxycarbonate apatite with 10 to 30%
porous hard outer layer i.e., cortical bone; and 30 to 90% porous interior i.e., cancellous
bone. Mechanical properties of bone vary widely from cancellous to cortical bone which
along with complex geometry makes it difficult to design an “ideal bone scaffold” (Box 1).
The key factors for an ideal scaffold for bone tissue engineering are - i) macro- (pore size
>100 pm) and micro-porosity (pore size < 20 wm); ii) interconnected open porosity for in
vivotissue in-growth; iii) sufficient mechanical strength and controlled degradation kinetics
for proper load transfer to the adjacent host tissue, iv) initial strength for safe handling
during sterilizing, packaging, transportation to surgery, as well as survival through physical
forces in vivo, and v) sterile environment for cell seeding [1,25].

Fabrication techniques

Among various fabrication techniques, SFF based techniques are probably the most widely
studied for fabricating three dimensionally (3D) interconnected porous scaffolds [2-4]. SFF
is a general approach in which 3D parts are printed layer-by-layer based on a computer
aided design (CAD) file. There are many commercial SFF techniques available for different
materials. Figure 1(a—b) show schematics of the 3D printing process. First a CAD file is
created according to the geometry and porosity of the scaffold (Figure 1a). The 3D printing
system has a deposition bed, a feed bed, a powder spreader, a print head and a drying unit
(Figure 1b). Figure 1c shows a 3D ceramic scaffold printer (R-1 R&D printer by ProMetal,
Ex One Company, Irwin, PA). Initially, the printer head sprays the binder on the loose
powder according to the specific CAD file, followed by lowering the deposition bed and
raising the feeder bed. A metallic roller then evenly spreads the powder over the binder
which then goes to the dryer. The process is repeated, layer-by-layer, until the specific part
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is built [33]. Ceramic parts can then be densified at high temperature to achieve higher
mechanical strength. Figure 1d shows 500, 750 and 1000 m designed pore sized ceramic
scaffolds before and after sintering [34]. Along with macro pores, the scaffolds were
characterized for micropores along the struts of the scaffolds (Figure 1e). SFF methods can
also be applied to metallic or polymeric materials.

LENS™ has been used to produce porous metallic scaffold using titanium, tantalum and
their alloys [5,6]. In this process, a high power laser locally melts metal powder particles
that are injected at the focal point of the laser on the substrate, and the liquid metal is used to
build parts layer-by-layer [5]. The process is repeated until a 3D porous scaffold is formed.
Other SFF techniques to prepare porous scaffolds have been discussed elsewhere [4].

Common practices to fabricate 3D composite scaffold are thermally induced phase
separation (TIPS), solvent casting / particle leaching, microsphere sintering and scaffold
coating [35][36]. Another approach, electrospinning the polymeric scaffold, shows great
promise. Here, polymer solution is injected through a needle under an electric field where a
spinning surface gives shape to the scaffold [36,37]. Although it was primarily designed for
polymeric scaffolds, ceramic-polymer composites were also successfully fabricated using
this approach [38-40].

In vitro and in vivo evaluation of bone scaffolds

The following summary highlights scaffolds made with different materials that have been
tested under /n vitroand /n vivo conditions.

Calcium phosphate (CaPs) based bioactive ceramic scaffolds

Being a major constituent of bone, CaPs have been extensively studied as scaffold material
for bone tissue engineering. Among different CaPs, the majority of research has been
focused on hydroxyapatite (HA), beta-tricalcium phosphate (B-TCP) or mixture of HA and
B-TCP, known as biphasic calcium phosphate (BCP). These materials have long been
studied to fabricate porous scaffolds for bone tissue engineering [41][35]. The polymer
replica method can be used to prepare BCP scaffolds (80 + 3% HA and 20 + 3% B-TCP)
with 70% interconnected porosity (68% pores are 400 iwm, and ~ 3% are 0.7um in size),
which successfully support new bone formation in immune-deficient male mice [42]. A
combination of macro-porosity (250-350 tm) and micro-porosity (2-8 pm) results in
lamellar and woven bone formation in HA scaffolds, a property absent in scaffolds without
micro-porosity [43]. Microwave sintered 3D printed B-TCP scaffolds with >60% porosity
not only facilitated osteoblast activity but also aided in new bone formation in the pores
[34]. High compressive strength of 10.95 + 1.28 MPa was reported considering ~ 50%
porosity by volume in CaP scaffold. The scaffolds also supported new bone formation when
implanted in rat femur as shown in Figure 2(a) [34].

Recent results on CaPs indicate dopant addition in scaffolds can control dissolution rates,
densification behavior, mechanical strength, and biocompatibility [33,44,45]. 0.5 % SiO,
and 0.25 % ZnO doping in B-TCP scaffold can result in a 2.5 fold increase in compressive
strength and up to 92% increase in cell viability by day 11 [33]. Figure 1(f) shows the
human fetal osteoblast (hFOB) cell attachment inside the macropores of a 3D printed Si/Zn
doped B-TCP scaffold [33]. The cells anchor to the micropores within the macroporous
struts. Both Zn and Si doping can increase type 1 collagen (COL1) gene expression and
extracellular signal regulated kinases (ERK) secretion that positively regulates angiogenesis,
osteoblast proliferation, differentiation and morphogenesis [46].
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Bioglass based bioresorbable scaffolds

Since the development of resorbable 45S5 Bioglass®, many different compositions have
been explored over the years [47]. When tested /n vitro, a 70% porous 3D bioglass scaffold
with 300 to 400 pm pore size showed hydroxy carbonate apatite (HCA) layer formation on
its surface that significantly enhanced osteoblast activity [48]. The HCA layer also adsorbs
protein and growth factors that facilitated new bone formations /77 vivo. [48]. In a recent
work, cobalt (Co) was introduced in meso-porous bioglass scaffold to induce hypoxia (low
oxygen pressure) that increased bone marrow-derived stem cells (BMSCs) proliferation,
differentiation, VEGF secretion, HIF-1a expression and bone related gene expression [49].

Polymeric scaffolds

Polymers can be both bioactive and biodegradable [50]. Commonly used natural polymers
for bone tissue engineering are collagen, fibrin, alginate, silk, hyaluronic acid, and chitosan
[51]. Flexibility in processing and ability to tailor the chemistry of polymers are added
advantages. Degradation of synthetic polymers such as poly(lactic acid) (PLA),
poly(glycolic acid) (PGA), and polycaprolactone (PCL) produces monomers which are
readily removed by the natural physiological pathway. Some polymers such as
poly(propylene fumarate) (PPF) show high compressive strength that is comparable to
cortical bone and their degradation time can be controlled over a wide range [52]. However,
the polymeric scaffolds show rapid strength degradation /7 vivo even with high initial
strength [53]. Degradation of certain polymers (PLA, PGA) creates a local acidic
environment that can also have adverse tissue responses.

Composite scaffolds

Composites are those that are made of two or more distinctly different materials such as
ceramics and polymers. Development of an interconnected CaP-polymer scaffold takes
advantages of both CaPs and polymers to meet mechanical and physiological requirements
of the host tissue. Polymer in CaP scaffolds increases toughness and compressive strength
similar to bone. Similarly, mechanical integrity and bioactivity of polymers can be improved
adding CaP. Figure 1(g) shows interconnected TCP scaffold coated with PCL that has been
fabricated using a sacrificial polymer foam [54]. A PGA/B-TCP (1:3 weight ratios) 3D
porous composite scaffold, prepared by solvent casting and particulate leaching method,
with 88.4 + 0.7 % open porosity having pore size 483.3 + 113.6 um can degrade up to 96.2
+ 3.3 % after 90 days of implantation in Sprague-Dawley male rats [23]. The HA/
poly(ester-urethane) (PU) composite scaffolds are also known to adsorb higher amounts of
bovine serum albumin (BSA), bovine fibrinogen and fetal calf serum (FCS) /n vitro
compared to PU scaffold [55]. The micro-computed tomography (iCT) reconstruction study
showed that a 200pm sized porous HA/PU scaffolds with 90 + 2 % volume fraction porosity
could be fabricated using traditional salt leaching /phase inversion process. Although there
was no significant difference in angiogenesis, HA/PU and PU scaffolds showed 49 and 55
cm cm~2 blood vessel growth in the border zones and between 0.4 and 3 cm cm~2 in the
center zones at day 14 after implantation in mice dorsal skinfold chamber model. Even a
surface modification of BCP porous scaffold with HA/PCL composite has shown to increase
the compressive strength by a factor of two [56]. Surface modification also encouraged
differentiation of primary human bone derived cells, with substantial upregulation of
osteogenic gene expression (Runx2, collagen type I, osteocalcin (OC) and bone sialoprotein)
and alkaline phosphatase (ALP) activity. TCP/PCL composite scaffolds are also studied for
possible protein delivery. Figure 2 (b) shows the release profile of BSA from a porous TCP/
PCL scaffold. A sustained release of BSA was noticed even after 2 weeks due to PCL
coating [54]. Polymer/Bioglass composite scaffolds also have shown promise in bone tissue
engineering. A nano composite of collagen and Bioglass have shown early mineralization

Trends Biotechnol. Author manuscript; available in PMC 2013 October 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Page 6

within 3 days of immersion in SBF along with increased ALP expression after 21 days of
culture [44].

Metallic scaffolds

Metals have high compressive strengths and excellent fatigue resistance. Porous metallic
scaffolds, predominantly made of titanium (Ti) and tantalum (Ta), have been studied as bone
replacement materials [5,57]. LENS™ processed 17 to 58 vol% porous Ti with an average
pore size of 800 um allowed strong osteoblast cell attachment and proliferation [6].
However, unlike CaP or polymeric scaffolds, biomolecules cannot be integrated into these
scaffolds and they are not biodegradable. Moreover, there are concerns related to metal ion
release. Surface modification techniques are often employed to improve bioactivity of Ti
scaffolds [58]. Recent developments in bioactive metals report an orthopaedic biodegradable
material substitute which can be used especially for load bearing applications [59]. The early
stages of /n vivo biocompatibility of magnesium (Mg) scaffolds have recently been
established [60].

Third generation scaffolds

Although CaP scaffolds allow new bone formation and biomineralization, next generation
scaffolds are predicted to be osteoinductive. Different approaches have been investigated to
make CaP scaffold osteoinductive, which includes but is not limited to modifying scaffold
chemistry, seeding bone marrow stem cells and incorporation of different growth factors
such as TGF-p, BMP, and VEGF in the scaffold. Osteoinduction is associated with both
materials compositions and porosity. Si-TCP/HA with 60% porosity showed better bone -
scaffold integration than 80% porous pure HA scaffold [61]. Both scaffolds were similarly
seeded with BMSC and ectopically implanted in immune-deficient mice.

Cell seeded CaP scaffolds can be as good as autograft, if not better, which is considered the
gold standard for bone substitute materials. BMSC seeded 70 + 5% porous BCP (80+£5wt%
HA and 20+5wt% B-TCP) and 100% B-TCP scaffold results in higher bone formation
compared to natural bone grafts [62]. Figure 2 (c) shows abundant bone formation when the
BCP scaffolds are seeded with BMSC [62]. Mesenchymal stem cells (MSCs) are used along
with collagen hydrogels to form bone-like tissue [63]. Interestingly, the tissue stiffness and
ultimate burst strength increased in a time dependent manner due to differentiation of MSCs
into osteoblast. Collagen hydrogel also increased OC secretion, Ca deposition, and Runx2/
osterix mRNA levels under /n vitro culture conditions [63]. Collagen-CaP cements were
used to carry human umbilical cord mesenchymal stem cells (hUCMSCs) for rapid bone
tissue engineering [64]. MSCs are also used in combination with endothelial cells to support
the complexity of bone dynamics in bone replacement scaffolds. A complex 3D vascular
network was noticed in decalcified processed bovine cancellous bone (allograft) when
implanted in mice seeded with both MSC and human umbilical vein endothelial cells
(HUVEC:S) [65].

Major advancements in bone tissue engineering are also achieved through growth factors,
drugs and gene delivery. Figure 3(a) and (b) shows that when nano-hydroxyapatite /
collagen/poly (L-lactic acid) scaffolds are loaded with BMP-2, new bone deposits faster than
pure scaffolds [24]. A 5pg/ml VGEF resulted in an increase in blood vessel density (counts/
mm?3) of 83.8 + 16.5 compared to 53.8 + 10.9 after 28 days in Balb/c mice, but also resulted
in a 3-fold increase in bone formed inside the macropores [30]. Enhanced vascularization
provided abundant osteoprogenitor cells to the defect site along with direct stimulating
effects on osteoblast migration and differentiation, leading to higher bone deposition. Figure
3 (c) shows prominent vessel formation after 28 days of implantation due to VEGF
incorporation in BCP scaffolds [30]. Recent studies with BMP-2 and VEGF co-loaded
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scaffold resulted in both enhanced vascularization and new bone formation [66-68].
Another growth factor, IGF, gained significant interest in fracture healing due to its ability
to stimulate proliferation and chemotactic migration of different bone regeneration cells
[10]. ESCs, which can potentially differentiate into all types of somatic cells, can be led to
osteogenic differentiation with the addition of IGF2 [11]. Bone replacement scaffolds are
often loaded with drugs and growth factors to treat bone defects along with introducing
osteoinductivity. Commonly used drugs include Gentamicin, VVancomycin, Alendronate,
Methothrexate, and Ibuprofen [69,70].

Although not very popular and efficient, gene therapy has also been explored to modulate
osteoinductive properties of growth and transcription factors [50][71][72]. Here, genes
encoding growth factor delivery to specific cells are used to express exogenous genes and
proteins in the surrounding tissues [73] [30]. Figure 2 (d) shows a schematic presentation of
CaP/polymer degradation /n vivo, the release of loaded VEGF and cellular uptake of VEGF
without a non-viral vector and a possible future angiogenesis [72]. Gene therapy showed
promising bone gap bridging results when a collagen sponge was seeded with BMP-9 gene
transfected MSCs and placed in mice [71].

Critical issues in bone tissue engineering scaffolds

Several /in vitroand /n vivo studies have demonstrated excellent biocompatibility and new
bone formation for a variety of bone scaffolds, however, some key challenges still remain: i)
biocompatibility and biomechanical strength in polymer scaffolds, ii) metal ion release,
limited bioactivity and biodegradation for metallic scaffolds and iii) toughness as well as
reliable and reproducible manufacturing techniques for ceramic scaffolds. Moreover,
controlling the degradation rate of any scaffold material to match that of the regeneration
rate of the replacing bone tissues requires better understanding and future development.

Several growth factors have been identified that have positive effects on osteogenesis and
angiogenesis. Appropriate dosage and release profiles are very important for optimized
biomolecule delivery. For example, BMP-2 induces osteoinductivity in a dose dependent
manner: pg quantities act as differentiation stimuli for direct endochondral ossification and
chondrogenesis of MSCs, while ng levels recruit stem cells through chemotaxis [51][74]
[75]. Similarly, slow and sustained release of VEGF can produce well-functioning blood
vessels whereas uncontrolled release of VEGF lead to malformed and non-functional blood
vessels [66,76]. Controlling the release of VEGF or other growth factors is one of the
primary concerns in bone tissue engineering.

Scaffolds are designed with interconnected porosity in which osteogenic and angiogenic
agents are added. However, organization of porosity in the scaffolds can play a significant
role in the quality of bone formation (Figure 3(d) and (e)) [77]. Ordered geometry of HA
foams deposited and led to self-assembly of collagen in the pores, which resulted in a
compact lamellar bone [77]. In comparison, an HA/collagen composite with a disordered
pore structure, initiates collagen deposition in a nematic phase and eventually yields a
woven isopotic bone [77]. Therefore, understanding related to effects of pore orientation on
quality and quantity of bone formation is needed to design optimally performing bone
scaffolds.

Concluding remarks and future direction

Research on bone tissue engineering over the past decade has inspired innovation in new
materials, processing techniques, performance evaluation and applications. Significant
progress has been made towards scaffold materials for structural support with desired
osteogenesis and angiogenesis abilities. Bioresorbable scaffolds with controlled porosity and
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tailored properties are possible today due to innovation in scaffold fabrication using
advanced technologies, e.g. SFF. One of the drawbacks of porous scaffolds is that,
independent of composition, it is mechanically weak. Porosity in most of these scaffolds is
uniformly distributed throughout the scaffold dimension. However, the scaffold may not
need to be uniformly porous. Natural bone does not have a uniform distribution of porosity:
it has higher porosity in the core with a strong and dense outer shell. A gradient distribution
of porosity from the center to the periphery of the scaffold can be achieved through complex
design and manufacturing that will ensure mechanical integrity and scaffold
interconnectivity.

We also need to develop new material combinations that are strong but can have, timed
bioresorption. Normally polymer-ceramic composite scaffolds are designed and fabricated
to address these issues. However, polymeric materials degrade faster than most of the
ceramic materials thereby making the scaffold degradation uneven which can also create
issues such as osteolysis. To achieve a uniform resorption of the scaffolds, degradation of
polymer and ceramic materials should match. One approach can be using amorphous
calcium phosphate (ACP) which degrades faster than its crystalline counterpart. Degradation
of ACP creates a calcium rich environment for faster apatite deposition. Alternatively slower
degrading polymeric scaffold materials can also be developed.

New frontiers of research should be directed towards better mimicking the natural process of
bone tissue regeneration such as coupling between angiogenesis and osteogenesis which
may require progenitor cell recruitment and differentiation. An orchestrated performance of
each of these biomolecules is required for successful development of bone tissue within the
scaffold. It is not only the combinational therapy of biomolecules that is required for
optimized bone tissue engineering, sequential and sustained delivery of the biomolecules are
also important. Scaffold pore size may play an important role in controlling the delivery
efficiency and rate of delivery. It may be possible that micropores in scaffolds are optimized
such that the capillary action will prevent the entrapped biomolecules from burst release.
Degradation of the scaffold will therefore release the biomolecules in a time dependent
manner, a much anticipated and essential requirement of the third generation scaffolds. A
sequential delivery of biomolecules can also play a significant role in modulating the natural
bone remodeling process. An initial release of angiogenic growth factor can induce new
blood vessels at an early stage of bone healing whereas later stage release of BMP, IGF can
induce the osteogenic properties. A combination of these factors can reduce the amount of
growth factors needed, and simultaneously enhance tissue integration /n vivo. However, the
mechanism of action to which these parameters may influence bone and the healing process
is still a mystery. Some knowledge towards specific signaling pathways and regulatory
factors can shed light towards our understanding mechanisms at the cellular and molecular
level for osteoblastic differentiation and ECM mineralization.

While it is difficult to mimic nature, recent scientific and technological findings show
potential to achieve bone scaffolds that would encourage local and systemic biological
functions. Proper selection of scaffold materials, their geometry, pore size and size
distribution and ability to release biomolecules at a desired rate will play critical roles in
future development of bone scaffolds. Effective optimization of those properties towards
scaffold development in the future can only be possible using interdisciplinary approaches at
multiple length-scales.
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Cortical bone

Cancellous bone

Osteoconductivity

Osteoinductivity

Solid freeform
fabrication (SFF)

Laser engineered net
shaping (LENS™)

45S5 Bioglass®

Transforming growth
factor-p (TGF-B)

Bone morphogenetic
protein (BMP)

Insulin-like growth
factor (IGF)

Page 9

the outer part of a bone that is dense with high strength (100
and 200 MPa) and high modulus (15 — 25 GPa). The primary
role of cortical bone is to provide structural support to body
and protect vital organs [1]

the inner part of a bone that hosts the bone marrow and
responsible for blood cell generation; often called “spongy
bone” due to its resemblance with a sponge or foam.
Cancellous bone is weak in mechanical properties: Young’s
modulus is between 0.1 and 2 GPa and the compressive
strength is between 2 and 20 MPa [1]

A materials property that lets the bone cells to adhere,
proliferate and form extracellular matrix on its surface and
pores [1]

A materials property to induce new bone formation through
biomolecular signaling and recruiting progenitor cells [1]

a generic term used to describe three dimensional layer-by-

layer printing of any object without any part specific tooling
from its computer aided design (CAD) file. The process has
been successfully used to fabricate polymer, ceramic, metal

and composite scaffolds for bone tissue engineering [2—4]

a layer by layer SFF process that uses a high power laser
(between 500 W and 2 KW) to melt metal powders to form
three dimensional structures based on CAD data. Laser is
focused onto a metal substrate to create a molten metal pool
where metal powder is externally fed into the metal pool in
controlled environment. Moving the substrate in the X-Y
direction creates a pattern and fill material in the desired area
forming a layer. The next layer is built on top of the previous
layer. This procedure is then repeated until the entire body is
produced. Apart from the macrostructure, the pore structure
can also be controlled in LENS processed parts [5,6]

High silica containing glassy bioactive / bioresorbable material
that was first proposed in 1969 as an alternative to
conventional bioinert materials for bone tissue repair [7]

protein superfamily related to bone that stimulates recruitment
and proliferation of mesenchymal cells, their differentiation
into osteoblasts and/or chondrocytes, and ECM production [8]

Critical in embryonic skeletal development, bone formation,
maturation and repair. Also known as “growth and
differentiation factors (GDFs)”. Activated BMPs induce the
transcription of specific genes intracellularly through Smad
proteins [9]

Regulates several key cellular processes, including
proliferation, movement and inhibition of apoptosis.
Expression of IGF regulates anchorage independent growth
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Fibroblast growth
factor (FGF)

Vascular endothelial
growth factor (VEGF)

Extracellular matrix
(ECM)

Alkaline phosphatase
(ALP)

Bone marrow-derived
stem cells (BMSC)

Mesenchymal stem cell
(MSC)

Human umbilical cord
mesenchymal stem
cells (hUCMSC)

Human umbilical vein
endothelial cells
(HUVEC)

Embryonic stem cells
(ESC)

Parthenogenetic ESCs
(PESC)
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and eventual activation of P13K (phosphatidylinositol 3-
kinase) [10,11]

Secreted glycoproteins that are sequenced in ECM and cell
surface by heparan sulphate proteoglycans. FGFs are released
from the ECM by heparinases and regulate cellular
proliferation, survival, migration and differentiation [12]

An angiogenic signal that increases the permeability of
endothelial cell to extravasate and lay down a provisional
ECM. VEGF is responsible to generating new blood vessels in
the tissue [13,14]

Self assembled macromolecules generally consisting of
collagens, non-collagenous glycoproteins, hyaluronan and
proteoglycans. It works as a reservoir for different cytokines
and growth factors [15,16]

An osteoblast differentiation marker [17]

Bone marrow stromal cells. These are adult stem cells isolated
from samples of bone marrow [18]

A multipotent cell line capable of differentiating in to
osteoblasts, chondrocytes, and adipocytic cells [19]

multipotent cell line capable of differentiating in to osteoblasts,
chondrocytes, and adipocytic cells [20]

Derived from umbilical vein and used to study angiogenesis
[20]

These cells are derived from embryos and are pluripotent and
can differentiate into all somatic cell types [20]

ESCs derived from human oocytes that is an alternative stem
cell source for tissue repair and regeneration [21]
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Figure 1.

(a) CAD image of a porous scaffold. Square channels are oriented at 0°/90° for succeeding
layers. The scale bar represents 1cm [33]. (b) Schematic drawing of the SFF 3D printing
process. In this process, a printer head sprays the binder on the loose powder bed according
to a specific CAD file. A layer of powder is then laid over the binder with a metallic rod
followed by binder drying. The process is repeated number of times to build the desired part.
(c) The ExOne (Ex One Company, Irwin, PA) 3D printer to create interconnected porous 3D
ceramic objects. (d) Digital photograph showing 3D printed TCP scaffolds after sintering.
The larger samples are for mechanical characterization and small samples for in vivo testing
[34]. (e) Surface morphology of 3D printed TCP scaffolds after microwave sintering at 1250
°C showing a porous scaffold strand. Inset scanning electron micrograph images shows the
presence of microporosity in the scaffold [34]. (f) Micrographs of hFOB cells showing the
cell morphology and adhesion behavior inside the macropores of 3D printed Si/Zn doped
TCP scaffolds after 7 days of culture. Osteoblast cells are indicated by arrow [33]. (g) SEM
morphologies of the TCP scaffolds coated with 2.5% PCL w/v in dichloromethane prepared
by lost mold method shows the interconnected porosity [54].
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Figure 2.

(a) Photomicrograph of the 3D printed TCP scaffolds of 350 um pore size showing
development of new bone formation after 2 weeks implantation in the rat femur. Modified
Masson’s Goldner trichrome staining of a transverse section: OB: old bone; NB: new hone;
MC: mesenchymal cell; NB: osteoid-like new bone [34]. (b) BSA release pro le from a
PCL-coated TCP scaffolds. It is evident that the presence of PCL helped in achieving a
sustained release of BSA [54]. (c) Micrographs showing bone formation and scaffold
degradation of a TCP scaffold loaded with BMSCs [62]. (d) Schematic representation
showing degradation behavior and delivery of VEGF from a CaP/collagen scaffold without
a non-viral vector. The concept is that the degradation of scaffold will release the plasmid
DNA along with CaP. Both CaP and DNA will form a complex that can be up taken by
targeted cell and express VEGF and lead to angiogenesis [72].
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Figure 3.

(a) and (b) represents photomicrograph of 12 weeks post-operative histological samples of
nano-hydroxyapatite/collagen/poly (L-lactic acid) and nano-hydroxyapatite/collagen/poly
(L-lactic acid)/BMP-2, respectively. BMP-2 loading results in larger area of new bone
formation (dark red regions) (magnification: x200) [24]. (c) Visualization of blood vessel
formation in effect of VEGF added BCP ceramics implanted into the cranial window for 2
days, using a vertical illumination fluorescence microscope. Plasma marker fluorescein-
isothiocyanate-labeled (FITC) dextran was used to study the microcirculation. Scale bars
represent 1mm [30]. Cellular interactions with (d) HA and (e) HA-collagen scaffolds
indicate the differences between cellular adhesion behaviors. Bars: 500 nm. The cells
anchored on the collagen nanofibers in HA-collagen scaffold [77].
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physical and mechanical properties of bone scaffolds

Table 1

Scaffold composition Porosity (%) Pore size (um) Compressive strength (MPa)  Ref
80 + 3% HA + 20 + 3% B-TCP 70 400 Not available [42]
HA 41 250-350 and 2-8 34422 [43]
B-TCP 50 400 10.95+1.28 [34]
B-TCP + 0.5% SiO, + 0.25% ZnO 46.44 698.35 + 3.48 10.21+0.11 [33]
33% HA + 67% Si- B-TCP + BMSC 60 - - [61]
80 £ 5% HA + 20 + 5% B-TCP + BMSC 70+5 1-1000 - [62]
Na,0-K,0-MgO-Ca0-B,03 - P,0s-SiO, 70 300-400 - (48]
Bioactive glass (Ca/p/Si=15/5/80 molar raio) 0.30 cm¥gm  300-500 and 4-5nm - [49]
6Na,0, 8K,0, 8MgO0, 22Ca0, 54B,03, and 2P,05 20 5-10 - [80]
PGA: B-TCP =13 88.4+0.7 483.3 £113.6 - [23]
HA: PU =1:5 90+2 200 + 16 - [55]
(40% HA + 60% B-TCP) coated with HA/PCL 90.8 550 2.1 [56]
TCP scaffold coated with 5% PCL 70 300-800 241 [54]
Porous Ti 17-58 800 24-463 [6]

Porous Ta 27-55 200-2000 100-746 [5]
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