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Toward Strong and Tough Glass and Ceramic Scaffolds

for Bone Repair

Qiang Fu,* Eduardo Saiz, Mohamed N. Rahaman, and Antoni P. Tomsia*

The need for implants to repair large bone defects is driving the development
of porous synthetic scaffolds with the requisite mechanical strength and
toughness in vivo. Recent developments in the use of design principles and
novel fabrication technologies are paving the way to create synthetic scaf-
folds with promising potential for reconstituting bone in load-bearing sites.
Here, the state of the art in the design and fabrication of bioactive glass and
ceramic scaffolds that have improved mechanical properties for structural
bone repair is reviewed. Scaffolds with anisotropic and periodic structures
can be prepared with compressive strengths comparable to human cortical
bone (100-150 MPa), while scaffolds with an isotropic structure typically
have strengths in the range of trabecular bone (2-12 MPa). However, the
mechanical response of bioactive glass and ceramic scaffolds in multiple
loading modes such as flexure and torsion—as well as their mechanical
reliability, fracture toughness, and fatigue resistance—has received little
attention. Inspired by the designs of natural materials such as cortical bone
and nacre, glass-ceramic and inorganic/polymer composite scaffolds created
with extrinsic toughening mechanisms are showing potential for both high
strength and mechanical reliability. Future research should include improved
designs that provide strong scaffolds with microstructures conducive to bone
ingrowth, and evaluation of these scaffolds in large animal models for even-

tual translation into clinical applications.

1. Introduction

Tissue and organ failures resulting from trauma, disease, or
aging have been reported to account for half of the annual
healthcare expenditures in the US.'! Among them, bone is
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the second most commonly transplanted
tissue with blood being the first.l”l Cur-
rent treatments such as transplantation
of tissues and organs, surgical repair, the
use of artificial prostheses or mechanical
devices, and drug therapy are effective
but suffer from limitations.l!l Autografts
with optimal osteoconductive, osteoinduc-
tive, and osteogenic properties remain the
gold standard for bone repair,®! despite
the disadvantages of donor site morbidity
and limited availability. Bone allografts
are alternatives but they suffer from pos-
sible transmission of diseases, immune
reaction, and uncertain healing to bone.
Tissue engineering approaches using
an osteoconductive scaffold loaded with
growth factors and osteogenic cells have
shown great potential for bone repair and
regeneration.'*71 Scaffolds play a crit-
ical role by serving as a template for the
delivery of growth factors and cell attach-
ment while providing a temporary sup-
port for the defect sites.

An implant for bone repair should have
a combination of properties that satisfy a
stringent set of requirements. Ideally, the
implant should be biocompatible,’® bio-
active, or biodegradable, with a degradation rate comparable
to the rate of new bone formation. The implant should have
a porous three-dimensional architecture capable of supporting
cell and tissue infiltration, transport of nutrients, and develop-
ment of capillaries.”) It must have the requisite mechanical
properties for supporting loads experienced by the bone to be
replaced.”-12l Considerable improvements in scaffold design,
fabrication, and evaluation are necessary to meet these strin-
gent requirements, particularly for applications in the repair of
load-bearing bone.

2. Design of Scaffolds: A Mechanical Perspective

A typical long bone of the limbs is composed of two types of
bone, each having a different structural organization: cortical
bone, also referred to as compact bone, and trabecular bone,
also referred to as cancellous or trabecular bone.["¥l Composed
mostly by an inorganic phase (hydroxyapatite) and an organic
phase (collagen), cortical bone has a unique combination of
strength and toughness. Cortical bone has a compressive
strength of 100-150 MPa in the long direction, and a flexural
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Figure 1. The prevailing toughening mechanisms in cortical bone.
Reprinted with permission. Copyright 2010, Annual Reviews, Inc.

strength of 135-193 MPa. The fracture toughness, K;., of cor-
tical bone (2-12 MPa m'/?) has an upper range that is much
higher than the values for most ceramics and inorganic glass
(typically K. = 0.5-5 MPa m'/2 for ceramics and 0.5-1 MPa
m?/2 for glass).

This exceptional combination of mechanical properties is
attributed to the hierarchical structure of bone, composed of
cascaded arrangements of building blocks at defined length
scales (Figure 1).1314 Structurally, bone is a composite mate-
rial, composed of collagen (35 wt% based on dry bone) for flex-
ibility and toughness; carbonated hydroxyapatite (65 wt%) for
structural reinforcement, stiffness, and mineral homeostasis;
and other non-collagenous proteins for support of cellular func-
tions.['31°] The architecture of bone, while complex in nature,
can be described in terms of up to seven hierarchical levels
of organization. These levels include: hydroxyapatite crystals
(1.5-4.5 nm) and mineralized collagen fibrils at a nanometer
scale; a fibril array, its corresponding array patterns and osteons
at a micrometer scale; and the cortical/trabecular bone and
whole bones at a macroscopic scale.l'*1¢l The origins of the
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high fracture-toughness of cortical bone are reported to be a
combination of intrinsic and extrinsic toughening mechanisms
(Figure 1).'Y The intrinsic toughness is due to a plasticity
mechanism, operating at a submicrometer scale, involving the
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Figure 2. Schematic representation of commonly applied methods for
the fixation of segmental defects in large animal models. A) plate fixation,
B) external fixator, and C) intramedullary nail.'® Reprinted with permis-
sion. Copyright 2009, Elsevier.

molecular uncoiling of collagen molecules, mineralized col-
lagen fibril sliding, and microcracking. The extrinsic tough-
ening mechanisms occur at length scales of =1-100 pum via
crack deflection/twist and crack bridging.'*17]

Inspired by the impressive properties of natural materials
such as cortical bone, researchers are making considerable
efforts to mimic the architecture and function of those mate-
rials to design new synthetic structures with similar perfor-
mance. The requirement for high mechanical strength in scaf-
folds to be used for repairing large segmental bone defect sites
is, without doubt, based on the configurations of the fixation
methods: plate fixation, external fixator, and intramedullar nail
(Figure 2).181 All three fixation methods require scaffolds to
carry a portion of the load (plate fixation and external fixator)
or almost the entire load (intramedullar nail) from the body
weight or daily activities. However, there is no general agree-
ment on the appropriate materials and their mechanical prop-
erties required for bone repair due to the complexities involved
in clinical implantation, bone/scaffold interaction, scaffold
degradation, tissue ingrowth, and complete healing. From a
mechanical perspective, scaffolds for bone tissue engineering
applications should have a strength that is similar to, or higher
than, that of the bone to be repaired. In addition, the scaffold
should have an elastic modulus similar to bone to reduce stress
shielding and adequate toughness to prevent its catastrophic
failure behavior.®#?1%2% However, the variability in the architec-
ture and mechanical properties of bone—combined with dif-
ferences in age, nutritional state, activity (mechanical loading),
and disease status of individuals—is a major challenge for the
design and fabrication of scaffolds at specific defect sites.

In general, the properties of a scaffold depend mostly on its
composition and microstructure. The biodegradable polymers,
ceramics, or metal alloys currently used as scaffold materials for
tissue engineering in orthopedic applications have a different
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mechanical response from bone. The use of biodegradable
polymer scaffolds for regeneration of load-bearing bones
is challenging due to their low mechanical strength.l1:22
Attempts have been made to reinforce the polymers with a
biocompatible inorganic phase, commonly hydroxyapatite
(HA).[2023.24 However, because of a lack of adequate adhesion
between the biopolymer and the inorganic phase, the desired
mechanical properties of the composite materials are unlikely
to be met.l”’l The lack of a matching degradation rate between
the polymer and the inorganic phase could also result in insta-
bility of the scaffold and migration of particles in vivo.?®) Com-
prehensive reviews on polymer-based scaffolds are available in
the literature.>21]

Significant efforts have been made to use bioceramics as
scaffold materials for large segmental bone defect repair,
owing to their excellent osteoconductive (bioactive ceramics)
and osteoinductive (bioactive glass) properties.>1827:28 Despite
increasing interest in this group of materials, their processing-
structure-property relationships have not been well studied.
This article focuses on the mechanical properties of this group
of inorganic scaffolds that could be potentially used to repair
loaded bone defects.

3. Scaffold Fabrication Routes

Although they are brittle, scaffolds fabricated from inorganic
materials of calcium phosphate-based bioceramics and bioactive
glass have appealing characteristics, such as high mechanical
strength under compression and excellent biocompatibility for
bone tissue engineering. Calcium phosphate-based bioceramics
such as hydroxyapatite (HA), Ca;o(PO4)s(OH),, P-tricalcium
phosphate (B-TCP), Ca3(POy,),, and biphasic calcium phosphate
(BCP), a mixture of HA and B-TCP, are composed of the same
ions as bone, and have received most attention for bone repair
applications. Silicon-substituted calcium phosphate has also
been used as scaffold materials due to their improved biological
performance compared to pure calcium phosphate.?”! Proper-
ties such as in vivo osteoconductivity, bioactivity, and resorb-
ability of this group of materials are dependent upon their Ca/P
atomic ratio, crystallographic structure, and porosity (or surface
area) and have been reviewed elsewhere.[3%31

Bioactive glass refers to inorganic glasses with special com-
positions that react with body fluids in vivo to form a surface
layer of hydroxyapatite that bonds strongly to hard and soft tis-
sues.B323% Several groups of glasses, based on silicate, borate,
and phosphate glass compositions, have been shown to be bio-
active.3234 The mechanism of bioactivity, and the in vitro and
in vivo evaluations of bioactive glasses for applications in tissue
engineering, have been reported in literature.?632333] The
ease of manipulating their structure and chemistry over a wide
range, by changing either composition or the processing his-
tory (thermal or environmental), makes bioactive glasses very
appealing as scaffold materials. Since the discovery of 45S5 bio-
active glasses by Hench,[%! bioactive glasses have been widely
researched and developed for bone repair applications.236-38]

A variety of techniques have been used for the fabrication
of bioactive glass and ceramic scaffolds, including sol-gel
methods, thermal bonding of particles, fibers, or spheres,
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Figure 3. Representative images of bioactive glass 13-93 scaffolds pre-
pared by different techniques: a) isotropic scaffold by a polymer foam
replication technique, b) anisotropic scaffold prepared by a freeze casting
technique, and c) periodic scaffold by a direct-ink writing technique.

polymer foam replication, foaming of suspensions, freeze
casting, and solid freeform fabrication (SFF). In general, inter-
connected pores with a pore size (diameter or width) larger
than =100 um are considered as a minimum requirement for
tissue ingrowth and function in porous scaffolds.'%1%3334 The
upper limit of pore size is set by the constraints associated
with the mechanical properties of the scaffolds and the dimen-
sions of the pores of the bones to be repaired.*! In addition to
porosity and pore size, the shape of the necks between adjacent
pores, microporosity in the solid phase, and the architecture
of the solid phase in the scaffolds are also important for bone
ingrowth and mechanical performances.

Despite the diversity of fabrication techniques, scaffolds can
generally be grouped into three types based on their microstruc-
ture: isotropic, anisotropic, and periodic. Typical microstruc-
tures of each group, prepared from 13-93 bioactive glass, are
shown in Figure 3. Fabrication techniques used to prepare the
scaffolds have been summarized in several published reviews
and are not repeated here 243334

Isotropic scaffolds are those with a random distribution of
pores in three dimensions (Figure 3a). The pore geometry can
be either nearly spherical or irregular, based on the specific fab-
rication technique. Typically, the sol-gel,?¥) polymer foam rep-
lication,***7) and foaming method produce scaffolds composed
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of spherical pores with interconnected porosity.*¥5% Scaf-
folds with irregular pores are generally prepared by thermally
bonding a mass of particles, short fibers, or microspheres.'->3
Depending on the specific technique, pore sizes in the range
10-800 um and a porosity of 24-96% can be achieved in scaf-
folds. For any given technique, the porosity and pore size can
be controlled by the size of the particles, the foaming proce-
dure, or the size of the porogen or template.

A typical feature of anisotropic scaffolds is the presence
of an oriented porosity or solid phase in the microstructure
(Figure 3b). In addition to the conventional extrusion,’>* fila-
ment winding,®! electrophoretic deposition,*®l wood replica-
tion,P”! and slip casting methods,’® unidirectional freezing
of suspensions is a relatively new technique that has been
developed for creating porous materials with an oriented
porosity.?%4 This technique overcomes limitations such as
difficulties in controlling the porosity, pore size, and the solid
phase associated with the conventional methods. By controlling
the processing parameters such as freezing velocity, solvent
composition, and particle concentration, HA scaffolds with uni-
directional pores of different morphology and ceramic struts of
various features can be obtained.[*®3] Typical pore sizes are in
the range of 10-40 pum for scaffolds with a lamellar structure
(pore width), and 50-150 pum for scaffolds with columnar struc-
ture (pore diameter), while the porosity can be in the range of
20-70%.

Periodic scaffolds typically have a microstructure with a
regular repeating pattern in at least one plane of the scaffold,
and they are commonly fabricated by solid freeform fabrication
(SFF) or rapid prototyping technique (Figure 3c).l'2¢+7] The
pore size, morphology, and porosity can be varied over a wide
range, but pores of size (width) 100-500 um and porosity in the
range 40-70% have been commonly studied.

4. Mechanical Properties

As described in the previous section, scaffolds with a wide
range of microstructures can be obtained depending on the
materials and fabrication techniques used. In this section, the
mechanical properties (compressive strength, flexural strength,
fracture toughness, fatigue, and reliability) of those isotropic,
anisotropic, and periodic scaffolds are reviewed with special ref-
erence to their processing-structure-property relationships for
improved mechanical performance. The data for ceramics and
bioactive glass scaffolds will be considered in separate sections
to provide a better understanding of the microstructural effects
on properties.

Most previous studies have focused primarily on the evalu-
ation of the strength and elastic modulus of porous bioactive
glass and ceramic scaffolds in compression. However, during
normal physiological activity, bone in load-bearing sites is sub-
jected to multiple loading modes as well as cyclic loading. Con-
sequently, the response of porous scaffolds in multiple loading
modes—such as compression, flexure, and torsion—and the
fatigue resistance of the scaffolds are relevant. Bioactive glass
and ceramic scaffolds are also brittle, so their resistance to frac-
ture (as determined by their fracture toughness), and evaluation
of their mechanical reliability using statistical analysis (Weibull
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statistics) are relevant to brittle materials. In addition to the
mechanical properties of the as-fabricated scaffolds, the degra-
dation of the scaffold material and its effect on the strength of
the scaffold in vitro and in vivo are important. The difference
in degradation rate of the scaffold materials (for example bioac-
tive glasses of different compositions) has a marked effect on
the decrease in mechanical strengths in simulated body fluid
(SBF) in vitro.*+%8 In vivo evaluation of true mechanical perfor-
mances of scaffolds is difficult due to infiltration of tissues into
their pores. Therefore, this article focuses on the mechanical
properties of the scaffold before implantation in order to better
assess the impact of the structure and processing on strength.

It should be noted that not all the mechanical data for porous
scaffolds reported in literature have been tested according to
methods specified by the American Society for Testing and Mate-
rials (ASTM). This is due to the fact that most of the ASTM test
methods are based on dense ceramic samples, while porosity is
required in scaffolds intended for bone tissue engineering. The
presence of porosity in scaffolds also makes it difficult to machine
them into standard test samples as specified by the ASTM.

4.1. Compressive Strength

Compression is the most relevant loading mode that a scaffold
would be subjected to in vivo, so compression testing is com-
monly used to evaluate porous scaffolds. Compressive strength
is measured on either cubic or cylinder specimens with two
parallel and flat loading surfaces according to ASTM.[*] Com-
pressive strength is also the most widely reported mechanical
property for porous scaffolds due to the ease of sample prepara-
tion and testing, and it serves as a preliminary screening test
for scaffold selection. A wide range of compressive strengths
has been reported for bioactive glass and ceramic scaffolds.

4.1.1. Compressive Strength of Bioactive Glass Scaffolds

Figure 4 shows data for the compressive strength of bioac-
tive glass scaffolds which were compiled from the litera-
ture.[40-42445262.66.70] Several interesting trends can be obtained
from these data. First, a wide range of the strength values, 0.2—
150 MPa for porosities of 30-95%, is observed (Figure 4a). Most
of the data fall within or near the range for trabecular bone.
However, a limited number of studies in recent years have
reported strengths in the range of cortical bone (100-150 MPa),
which indicates that bioactive glass scaffolds could be consid-
ered for loaded bone repair.

Second, the strength decreases with an increase in scaffold
porosity (Figure 4b). The influence of porosity, as well as the
size, geometry, and distribution of the pores, have been shown
to influence the mechanical strength of porous ceramics.’-74
An exponential relation between strength and porosity is often
observed in porous glass and ceramics:""7%

o = opexp (—kP) (1)

where o is the strength porous ceramics, oy is the strength of
fully dense material, k is an exponentially determined constant,
and P is the open porosity. A linear correlation for Inc versus P
is expressed as
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Figure 4. a) Compressive strength of bioactive glass scaffolds com-
piled from literature studies, and grouped based on their structures.
Purple: isotropic scaffolds; green: anisotropic scaffolds; pink: peroidic
scaffolds.[40-4244526266.70] b) |nfluence of porosity on the compressive
strength of bioactive glass scaffolds. The black dotted line indicates a
linear fitting by Rossi model,’? while red and blue dotted lines indicates
the upper and lower theoretical strength predicted by Gibson and Ashby
model.l””!

Ino=Inoy—kP 2)

Despite the difference in pore size and geometry, a simple
linear fit to the data for Inc versus P is obtained (Figure 4b).
From the slope and intercept of the curve both o, and k values
can be derived, which are 720 MPa and —7.4, respectively.

The compressive strength, o, of brittle cellular solids
(glass and ceramics) with close- and open-cells has been well
described by the Gibson and Ashby models:["!

pfoam
Psolid

Ofs V7 Psolid

+(1-9)

Gtheo =02 pfoam) 3/2

4)
= 0.2¢"*(1— P)¥?+ (1- ¢)(1— P) (close — cell)

Otheo =02 pfoam)3/2+ 1+ (ti/ t)z
Ofg Psolid 1— (ti/ t)2
4
1+ (5/1)? ()

= 0.2(1- P)*? > (open — cell)
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where oy, is the modulus of rupture of the struts of the foam,
¢ is the fraction of solid in the cell edge, pram and pgq are
the densities of the foam and the fully dense solid, respectively,
P is the porosity of the foam, and t;/t is the ratio of the cen-
tral void size of the struts to the strut size. All three types of
scaffolds (isotropic, anisotropic, and periodic) have the cellular
pore morphology defined by Gibson and Ashby,”! and can be
described using their model. An upper and lower theoretical
strength of the glass scaffolds can be predicted based on the
strength of two most commonly used glass compositions,
13-93 and 45S5.34 As a widely studied scaffold material, 13-93
glass favors the densification of glass struts, resulting in much
higher compressive strength than those prepared from 45S5
glass.?¥ The tensile strength of 13-93 fibers of 93-160 um
(comparable size to glass strut in scaffolds) is reported to be
440 + 151 MPa,"% while the tensile strength of 45S5 glass fiber
(165-310 um) is 88 + 32 MPa.l””] Therefore, upper theoretical
strengths are given by the 13-93 glass with close-cell porosity
while lower theoretical strengths are given by the 45S5 glass
scaffolds with open-cell porosity (Figure 4b). The strengths of
45S5-derived glass-ceramic scaffold are even lower than the
predicted values based on 45S5 glass.[*%* This is because 4555
glass crystallizes prior to sintering, which results in a partial
densification of its struts. The compressive strengths of the
majority of the glass scaffolds fall between these two theoret-
ical limits.

Third, irrespective of glass composition, the scaffold archi-
tecture (or microstructure) has a strong effect on strength
(Figure 4a). For the same porosity, scaffolds with an oriented
or periodic structure (green and pink regions, respectively)
show a much higher compressive strength than those with an
isotropic structure (purple region). As discussed above, ani-
sotropic and periodic scaffolds are generally fabricated using
freeze casting and solid freeform fabrication techniques.
These fabrication techniques create scaffolds with an oriented
or well-controlled periodic microstructure, which generally
leads to high mechanical strength when tested along the
pore orientation direction. Additionally, the struts in aniso-
tropic and periodic scaffolds are generally thicker and more
uniform than those in isotropic scaffolds. In anisotropic and
periodic scaffolds, struts have a uniform diameter of over
100 pm while those in isotropic scaffolds range from tens to
several hundred. These thicker struts may also contribute to
the higher strengths observed in the anisotropic and periodic
scaffolds.

The composition of the glass can also have a strong effect
on the mechanical properties of the scaffold. For example,
scaffolds of silicate 13-93 bioactive glass with a grid-like
microstructure (porosity = 48%) had an average compressive
strength of 142 MPa, which was more than twice the average
strength (65 MPa) of borate 13-93B3 bioactive glass scaf-
folds with a similar microstructure.l®! The lower strength of
the borate glass scaffolds is consistent with previous work in
which the compressive strength of silicate 13-93 and borate
13-93B3 scaffolds with a trabecular microstructure was com-
pared.* For the same microstructure, the difference in
strength between the silicate and borate scaffolds is related
to the strength of the Si—O and B-O bonds in the individual
glasses.
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Figure 5. a) Compressive strength of bioactive ceramic scaffolds com-
piled from literature studies, and grouped based on their structures.
Purple: isotropic scaffolds; green: anisotropic scaffolds; pink: peroidic scaf-
folds.[#6-49.61,63,65.78-80] b) |nfluence of porosity on the compressive strength
of bioactive ceramic scaffolds. The black dotted line indicates a linear fit-
ting by Rossi model,’Z while red and blue dotted lines indicates the upper
and lower theoretical strength predicted by Gibson and Ashby model.”’]

4.1.2. Compressive Strength of Bioactive Ceramic Scaffolds

In general, the compressive strength data for the bioactive
ceramic scaffolds (such as HA, B-TCP, BCP, and Actifuse) show
trends that are similar to those described in the previous sec-
tion for the bioactive glass scaffolds.[#0-#%:61.63.65.78-81] The major
features of the data on bioactive ceramics will only be discussed
briefly. First, the compressive strengths of the bioactive ceramic
scaffolds are in the range 0.01-145 MPa for porosity values of
31-96% (Figure 5a), indicating that these scaffolds could be
applied in loaded or non-loaded bone repair. Second, strength
decreases approximately exponentially with increasing porosity
(Figure 5b). A plot of Inc versus P, based on Equation 2, gives k
=9 and o, = 1075 MPa; the value of g, is in the range of com-
pressive strengths reported for sintered HA (500-1000 MPa),
and is much higher than that of B-TCP (460-687 MPa).?%
The upper and lower theoretical strengths are predicted based

Adv. Funct. Mater. 2013, 23, 5461-5476
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on Equations 3,4, respectively. Tensile strength of HA in the
range of 79-196 MPa is used for the strength prediction.’%
The majority of the compressive strength values for bioac-
tive ceramic scaffolds fall between these two theoretical limits
(Figure 5b).

Third, the microstructure of a scaffold has a strong impact
on its compressive strength. Scaffolds with oriented or periodic
microstructures show much higher compressive strengths than
those with isotropic microstructures (Figure 5a). For HA scaf-
folds with the same porosity (56%), oriented scaffolds prepared
by unidirectional freezing of suspensions had a compressive
strength of 65 MPa, compared to a value of 0.85 MPa for scaf-
folds with a “trabecular” microstructure prepared by a polymer
foam replication technique.*”3 Fourth, the material compo-
sition of the scaffold also has a strong influence on scaffold
strength. For periodic scaffolds with the same porosity of 40%
prepared using a direct ink writing technique, the compres-
sive strength of HA scaffolds (50 MPa) was almost three times
as high as that of B-TCP scaffolds (14 MPa).%! The higher
intrinsic fracture strength of the HA filament (68 MPa) com-
pared to that of the B-TCP filament (27 MPa) in the scaffolds
accounts for their difference in compressive strength.

To summarize at this stage, the compressive strength of both
bioactive glass and ceramic scaffolds falls within the range of
that for cortical and trabecular bone, indicating their potential
for applications in non-loading and load-bearing sites. The
compressive strength is strongly dependent on the porosity,
microstructure, and material composition of the scaffold. Scaf-
folds with an oriented microstructure or a periodic microstruc-
ture show much higher compressive strength than scaffolds
with an isotropic microstructure; and they can be considered
for repair of loaded as well as non-loaded bone.

4.2. Flexural Strength

The flexural strength of ceramic materials is determined by
three-point or four-point bending of beam-shaped specimens
according to testing procedures approved by the ASTM.F®Z
Because beam-shaped specimens are more difficult to prepare
than the cylindrical or cube-shaped specimens used in com-
pression tests, particularly for porous materials, only limited
data are available in the literature for the flexural strength of
bioactive glass and ceramic scaffolds. Flexural strength data for
bioactive glass scaffolds with isotropic and periodic microstruc-
tures are shown Figure 6a, while data for isotropic HA scaffolds
are shown in Figure 6b. Flexural strengths span almost two
orders of magnitude, in the range 0.4—41 MPa for bioactive glass
scaffolds, 8384 and 0.4-24 MPa for ceramic scaffolds.[5379:85
The flexural strength decreases with increasing porosity, but
dependence on porosity is not very strong in the porosity range
shown (=40-90%). Although some of the reported values are
in the range for human trabecular bone (10-20 MPa), all the
values are well below those for cortical bone (135-193 MPa).l34
Failure typically occurs in the regions of the scaffold that expe-
rience tensile stress during the bending test. Brittle materials
such as glass and ceramics are weak in tension, so they typically
have flexural strengths that are much lower than their typical
compressive strength.2%%] However, as similarly observed to be
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Figure 6. Flexural strength of a) bioactive glass, and b) ceramic scaf-
folds compiled from literature studies, and grouped based on their struc-
tures.[40:33.79.8435] pyrple: isotropic scaffolds; pink: peroidic scaffolds.

the case with compressive strength (Figures 4,5), bioactive glass
scaffolds with a periodic microstructure prepared by a direct
ink writing technique show a much higher flexural strength
than the scaffolds with an isotropic scaffold (Figure 6a).

4.3. Tensile Strength

The tensile strength of a ceramic material is tested on dumb-
bell-shaped specimens placed in the grips of a tensile testing
machine according to ASTM.B? Fabrication of tensile test
specimens is complex, usually requiring numerically controlled
machining and a large amount of sample material removal
from a cylinder, making it difficult to prepare samples from
porous scaffolds. As an alternative to the uniaxial tensile test,
an indirect measurement of tensile strength of brittle mate-
rials is conducted by diametral compression of discs and
annuli.®® A limited number of studies have been conducted
to investigate the tensile strength of porous calcium phosphate
ceramic scaffolds.l*#8788] The majority of the tensile strengths
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Figure 7. Tensile strength of isotropic bioactive ceramic scaffolds com-
piled from literature studies.[87:88

of the isotropic ceramic scaffolds (0.4-10 Mpa for porosity of
35-85%) fall within the range of trabecular bone (1-5 MPa), as
depicted in Figure 7. The values are well below those for cor-
tical bone (50-151 MPa).*4l Given that the isotropic scaffolds
are generally weaker than anisotropic and periodic scaffolds,
the latter two types of scaffolds will likely exhibit higher ten-
sile strength. Testing of the diametral tensile strength of peri-
odic glass scaffolds is under way in our lab. Further studies are
needed to find new strategies to improve the tensile strength of
both glass and ceramic scaffolds.

4.4. Mechanical Reliability (Weibull Modulus)

The strength of brittle materials (glass and ceramics) typically
has a considerable scatter due to variation in the size, position,
and orientation of the flaws responsible for failure. A quantita-
tive evaluation of uniaxial strength (compressive, flexural, and
tensile) data and the estimation of the failure probability (or the
reliability) are commonly performed using a Weibull statistical
analysis, as specified by ASTM.® The Weibull distribution is
given as a cumulative function:#%9

Pr=1—exp |:— (%)m] ()

where Py is the probability of failure at a stress o, oy is Weibull
characteristic strength, and m is the Weibull modulus (or the
shape parameter). The Weibull modulus, m, can be obtained
from the plot of In[-In(1 — p)] versus Ino, the slope of which
gives the m value. A higher Weibull modulus indicates a nar-
rower distribution in strength and therefore a more reliable
material. The characteristics strength, oy, is the strength that
corresponds to a Prof 63.2%, or a value of zero for In[-In(1 - p)].
To get an unbiased estimate of the failure probability, the rec-
ommended number of specimens is between 20-30.5%91]

A comprehensive investigation of bulk HA fractured in
biaxial flexure has been performed to understand the effect of
porosity on its strength and mechanical reliability.*? Porosity
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has a strong impact on the Weibull modulus (m), fracture
strength, and elastic modulus in sintered HA. A few studies
have used the Weibull distribution to evaluate the reliability of
porous glass and ceramic scaffolds.°>8%84 For periodic ceramic
(HA and B-TCP) scaffolds prepared using a direct ink writing
technique, a Weibull modulus in the range of 3.2-9.3 has been
reported in compression.[%>8% Bioactive glass (13-93) scaffolds
with a periodic microstructure prepared by a similar method
have a Weibull modulus of 6.0 and 5.3 in compression and
three-point bending tests, respectively. Isotropic glass-ceramic
scaffolds prepared from a CaO—-Al,0;-P,05 glass were reported
to have a Weibull modulus in the range 3-8 in four-point
bending tests.3

The fracture mode of bioactive ceramic scaffolds has been
analyzed using different modeling tools to improve both the
scaffold strength and reliability.8%93-%5] A two-scale model has
been used to investigate the mechanical behavior of periodic
HA and TCP scaffold.”?! The Sanchez-Palencia theory of peri-
odic homogenization was used to link the ceramic strut- and
scaffold-scales while the failure strength data of the ceramic
strut was analyzed using a Weibull distribution.’®% A finite
element modeling (FEM) on the stress field of periodic bio-
active HA and B-TCP scaffolds indicates a maximum ten-
sile stress located close to the joints of ceramic struts. These
stress concentration sites are responsible for crack initiation
and propagation in the scaffold under a compressive load and
strut failure due to brittle crushing.” In addition to the max-
imum tensile stress, the presence of the largest surface flaws
on the strut surface also contributes to crack initiation.[®! By
infiltrating the scaffold with a biodegradable polymer, both
the strength and mechanical reliability (Weibull modulus) are
significant improved due to the sealing of pre-existing surface
flaws on the ceramic strut and the partial transfer of stress to
the polymer.[¥

4.5. Toughness

Sudden and catastrophic failure at high stress levels in ceramic
materials limits their structural applications and remains an
engineering challenge.?%3%74 Porous scaffolds intended for
implantation in load-bearing bone defects are usually subjected
to loading from the body weight and daily activities; therefore,
in addition to strength and elastic modulus, other mechanical
properties such as fracture toughness and reliability are of cru-
cial importance.

A strong and tough scaffold with appropriate porosity is the
ideal candidate for applications in load-bearing sites. However,
in most engineering materials, strength and toughness are
mutually exclusive properties.”’] As discussed above, both bio-
active glass and ceramic scaffolds with anisotropic and periodic
structures have sufficient compressive strength to make them
appealing for applications in load-bearing sites (Figures 4,5).
However, their intrinsic brittleness or low resistance to crack
propagation limits their use in these applications.

Commonly, the resistance of a material to crack propa-
gation is measured in terms of an engineering parameter
called the fracture toughness, denoted Kic."*% As depicted
in Ashby’s plot for yield strength versus fracture toughness
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engineering metals, and metallic glasses. Yield-strength data shown for
oxide glasses and ceramics represent ideal limits.l® Reprinted with per-
mission. Copyright 2011, Nature Publishing Group.

(Figure 8), engineering oxide glass and ceramics are located at
the bottom right corner with high strength and low toughness,
while bulk metallic glass (BMG) is at the top right corner with
high strength and high toughness.””*’! From a mechanical
performance perspective, BMG is an attractive scaffold mate-
rial.l1%191] However, high fabrication cost and the presence of
elements known to cause adverse biological reactions currently
prevent the extensive use of amorphous metals in hard-tissue
prosthesis.'%!l On the other hand, an inherently low fracture
toughness (typically K;c = 0.5-5 MPa m'/? for ceramics and
0.5—-1 MPa m!/2 for oxide glass and ceramics) makes oxide glass
and ceramics very sensitive to the presence of small defects and
flaws (=10 pwm). They typically fail catastrophically when sub-
jected to tensile or flexural stresses far lower than their com-
pressive strength.[19219] A comprehensive quantification of the
“brittle behavior” or toughness of porous glass and ceramic
scaffolds is a prerequisite to their application in load-bearing
sites. Fracture toughness, work of fracture, and Weibull mod-
ulus are the widely accepted parameters for quantifying the
brittleness of ceramics.

Standard test methods for measuring the fracture toughness
of brittle materials are specified by the ASTM.'% Typically,
specimens in the shape of a beam containing a sharp notch or
a crack are loaded in three-point or four-point flexure. The low
strength of some bioactive glass scaffolds often exacerbates dif-
ficulties in machining porous specimens into standard test bars
with specific size and geometry.

Fracture toughness of brittle porous materials is analyzed
using a continuum linear elastic solution for the stress field in
front of a crack tip. The analyses assume that the crack depth
is much larger than the cell size.!%! The pore size in glass and
ceramic scaffolds is generally in the range of 100-500 pm. A
pre-crack length of over 1 mm (a few times of the cell size)
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is required to satisfy the conditions for applicability of linear
fracture mechanics.'% A propagating crack is modeled as
passing from cell to cell by transversely fracturing the strut.
The crack-tip blunting effect occurs as it passes through the
solid strut into an open pore.'%1%7] The fracture toughness
of brittle porous ceramics (isotropic structure) made of Al,O3,
Al,05-Zr0,, alumina-mullite,l'% SiC,'%) and cordierite has
been tested.19%1%] Only a few studies on the fracture toughness
testing of porous glass and ceramic scaffold are available in the
literature because of the difficulties in preparing large test spec-
imens from weak scaffolds.® Fracture toughness values in the
range of 0.2-0.6 MPa m'/? are obtained for an isotropic glass
(CaO—-Al,05-P,0s) scaffold (porosity: 58-70% and pore size:
100-300 pm).4 Although these values are much lower than
that for cortical bone (2-12 MPa m'/?), they are in the upper
range for trabecular bone (0.1-0.8 MPa m!/2).

A simple measure of the fracture toughness of porous scaf-
folds may be the work of fracture, ¥, that is, the total energy
consumed to produce a unit area of fracture surface during
complete fracture.''% Several studies have used the work of
fracture to evaluate the toughness of porous glass and ceramic
scaffolds.B>111112 However, the work of fracture can only be
used for comparisons within a given study. This is because it
is not a true material property and it may vary due to the dif-
ferences in sample dimension, sample geometry, and testing
conditions.

4.6. Fatigue Resistance

One of the primary causes of bone fracture in humans is repeti-
tive and cyclic loading of bone during daily living.''3! Stress
fracture, which is caused by prolonged and intense loading, and
fragility fracture, caused by a reduction of bone strength due to
osteoporosis, are both reported to occur in the trabecular bone
region.!¥ Therefore, in addition to the investigation of sudden,
catastrophic failure, investigation of fatigue resistance in scaf-
folds for load-bearing applications is essential for a safe design.
Fatigue in glass and ceramics is a term used to measure pro-
cesses that lead to degradation of mechanical properties over
time.""®! Two types of fatigue have been observed in glass and
ceramic materials: 1) slow crack growth resulting from stress-
corrosion cracking and 2) cyclic fatigue resulting from fatigue-
crack propagation.[1®l

4.6.1. Slow Crack Growth

Slow crack growth in glass and ceramics refers to propagation
of subcritical-sized cracks at low rates that can cause delayed
failure of ceramic materials when the flaw size reaches a crit-
ical value. Standard tests for measuring slow crack growth
under constant stress (static fatigue) and constant stress rates
(dynamic fatigue) for ceramic materials are specified by the
ASTM.'YI The analysis of subcritical crack growth—crack
propagation for stress intensity factor (Kj) lower than Kjc—is
of engineering importance for the safe design of structural
ceramics, particularly those in corrosive environments.”#
Stress-assisted reaction (stress corrosion crack growth) is the
principal mechanism for subcritical crack propagation in
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ceramics.”¥ Both bioactive glass and ceramics are sensitive
to slow crack growth.''8122 Slow crack growth in HA at very
low K; is believed to result from water absorption on the sur-
face crack and a corresponding decrease in surface energy.!!8l
Studies have confirmed that there is considerably less fatigue
resistance for HA in liquid solutions than in air.l"?*121] For bio-
active glasses, stress corrosion is caused and controlled by a
chemical reaction between water and the glasses, that is, the
water attack on the Si-O network.[?2123] The presence of open
porosity in a porous HA reduces fatigue resistance consider-
ably in comparison to that in dense ceramics.?” There is as of
yet no systematic understanding of the impact of microstruc-
ture and porosity on slow crack growth in bioactive glass and
ceramic scaffolds. Given that these scaffolds may be applied in
load-bearing sites in body fluid, a comprehensive evaluation of
their fatigue resistance under static and dynamic testing condi-
tions is necessary.

4.6.2. Cyclic Fatigue

Repetitive, cyclic fatigue related bone failure has been reported
clinically after prolonged or rigorous exercise.'!*l Fatigue per-
formance under cyclic compression and bending testing of
trabecular and cortical bones has been extensively investi-
gated,'?*12%] and the gradual loss of stiffness and strength
throughout cyclic loading resulting from fatigue damage accu-
mulation is hypothesized as the fatigue failure mechanism in
bone.l'?* Evidence shows that both glass and ceramic mate-
rials undergo mechanical degradation under cyclic fatigue
loading.”#11 The cyclic fatigue crack growth rate, da/dN, can
be quantified using a simple Paris power-law relationship of the
form:[126]

da m 6
iy = C(AK) (©)
where a is the crack length, N is the number of cycles of stress,
AK is the stress intensity range (AK = K, — Kinin), and C and
m are the fatigue growth exponent and coefficient, respectively.

To date, a limited number of investigations have been car-
ried out on the cyclic fatigue behavior of either dense or porous
bioactive glasses and ceramic materials.®”1?7) A comparison
study of fatigue crack growth in human enamel and HA sub-
jected to mode I cyclic load indicated that a significantly lower
driving force (=0.13 MPa m!/?) is required for crack initiation
in HA than in enamel (=0.35 MPa m'/?), and that both HA and
enamel exhibit similar sensitivity to crack growth (m = 7.9 and
7.7 for HA and enamel, respectively). However, the average
fatigue crack growth coefficient (C) of HA is significantly larger
than enamel (C = 2.0 and 0.00087 [mm/cycle] x [MPa m!/2|™
for HA and enamel, respectively). The lack of toughening
mechanisms such as microcracking, crack bridging, crack
deflection, and crack bifurcation in HA when compared to
enamel results in much less cyclic fatigue resistance in sintered
ceramic material.'*”) Another study on the cyclic fatigue resist-
ance of isotropic HA scaffolds was conducted using a diame-
tral compression test in Hank’s solution.®”) A decrease of 60%
in strength was observed in scaffolds fatigued in solution for
9 x 10° cycles. Fatigue crack growth plus stress corrosion in
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the liquid solution are believed to account for the decrease in
strength.®”] The cyclic nature of in vivo loading makes it essen-
tial to evaluate the cyclic-fatigue resistance of porous scaffolds.
The limited fatigue resistance of both dense and porous HA
highlights the significance of the development of strong scaf-
folds for application in load-bearing sites.

Based on the discussions of strength, toughness, reliability,
and fatigue resistance, it is clear that compressive strength
is not a controlling factor limiting application of some types
of (anisotropic and periodic) scaffolds in load-bearing sites.
Although there is no consensus on the required set of mechan-
ical characterization tests on scaffolds for bone regeneration,
the compiled strength data indicate that compressive strength
should remain a primary screening test for scaffold selection
but it should be supplemented with flexural and tensile strength
testing. The examination of the strength data using Weibull sta-
tistical analysis is important for the evaluation of mechanical
reliability. Additionally, toughness and fatigue resistance tests
can provide valuable information for scaffolds intended for use
in large loaded bone sites.

To date, applications for these scaffolds are still constrained
by the intrinsic low-fracture toughness of their constituent
materials. Further improvements on the toughness of scaffolds
utilizing extrinsic toughening mechanisms are being explored.
The properties of strong and tough natural biological materials
such as bone and nacre are inspiring new approaches in the
design of strong yet tough scaffolds for bone tissue engineering.

4.7. Bio-Inspired Toughening Mechanisms

Biological mineralized composites such as bone, dentin, and
nacre have a high resistance to crack propagation when sub-
jected to applied loads because they have a combination of high
strength and toughness.['8] As discussed above, extrinsic tough-
ening mechanisms, such as microcracking, crack bridging, and
deflection, are the primary factors contributing to the high frac-
ture toughness of human cortical bone (Figure 1).'4] Inspired
by the toughening mechanisms in biological materials, various
approaches have been taken to toughen scaffold materials and
to develop organic/inorganic composites. The first approach
comes from creation of a tougher scaffold material, toughened
by microstructure control and/or the addition of reinforcing
phase(s).[193129] Apatite-wollastonite (A-W) glass—ceramic is a
good example demonstrating the importance of the microstruc-
ture and reinforcing phase on its strength and toughness.!'3
Through careful control of the heat treatment, the parent glass
(MgO—-Ca0O-SiO,-P,05-CaF, system) can be crystallized into
an apatite—glass or apatite—wollastonite-glass system. With
the increasing crystalline phase content from 0 to 72 wt%, the
fracture toughness of the material increased from 0.8 to 1.2
and 2.0 MPa-m!/2, which in turn resulted in an increase of its
bending strength from 70 to 90 and 200 MPa. Crack deflection
by the formation of wollastonite crystals on the glass—ceramic
surface is reported to account for the significant increase in
fracture toughness.3!] Experiments designed to understand
of the toughening mechanisms in glass—ceramics were con-
ducted by initiating cracks in a controlled manner using the
Vickers indentation method.'3? Three types of glass—ceramics
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Figure 9. Toughening mechanisms observed in bioactive glass-ceramics:
a) scanning electron microscopy (SEM) image of the Vickers indentation
in a polished, unetched glass-ceramic, b) crack bridging, c) tortuous crack
path, and d) crack deflection by the presence of crystalline phase.l3%
Reprinted with permission. Copyright 2008, Elsevier

containing leucite, lithium disilicate, and apatite were inves-
tigated. Crack bridging and crack deflection were determined
to be the most potent toughening mechanisms (Figure 9),/13
and both were also found to be the key extrinsic toughening
mechanisms of bone (Figure 1).'*!] The formation of an
interlocking microstructure and the high crystalline content of
lithium disilicate glass—ceramics produced a crack deflection
toughening mechanism and also the highest fracture tough-
ness (2.7 MPa m!/2).1132 The combination of high strength and
toughness in glass—ceramics has generated wide interest for
development of new glass—ceramic materials.?213%l Although
the fracture toughness values (2-3 MPa m'/?) of most bioactive
glass—ceramics are in the lower range for cortical bone (2-12
MPa m'/?), they are definitely much tougher than either bioac-
tive glass or ceramics (Kic in the range of 0.5-1 MPa m!/2).11%3]
It should be noted that not all the glass—ceramic scaf-
folds can have a combination of high strength and tough-
ness.32 For example, the fracture toughness of sintered
45S5 glass—ceramics is not high (0.9-1.1 MPa m'/2 within the
range of values for glass 0.5-1.0 MPa m'/?),'3¥ and the iso-
tropic glass—ceramic scaffold derived from 45S5 glass has a
very low mechanical strength (0.5 MPa, porosity = 90%).140:42]
High toughness is only obtained in glass—ceramics with inter-
locking structure and high crystalline content, which provides
effective and efficient extrinsic toughening mechanisms.['3%
Considering the high strength achieved in both anisotropic
and periodic scaffolds (as discussed in Sections 4.1 and 4.3),
scaffolds made of glass—ceramics with extrinsic toughening
mechanisms may be strong candidates for load-bearing site
applications.

The second approach attempts to mimic bone structure,
which is mainly composed of organic fibrils and inorganic HA,
by coating a porous scaffold with a biodegradable polymer that
serves as an organic phase to toughen the inorganic portion. As
measured by work of fracture, significant increases in tough-
ness have been reported for isotropic scaffolds made of bioac-
tive glass and ceramics. By coating isotropic ceramic (alumina
and biphasic calcium phosphate) scaffolds with polycaprolactone
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(PCL), a seven- to 13-fold increase in work of fracture has been
reported.'™! Similar findings were also observed in isotropic
glass scaffolds toughened by biodegradable polymers poly(D,L-
lactic acid), poly(D,L-lactic acid) (PDLLA),®313] poly(3-hydroxy-
butyrate), poly(3-hydroxybutyrate (P(3HB)),'*?! alginate,? and
PCL.*Y Upon compression, polymer-toughened scaffolds exhibit
a “plastic” deformation with a gradual failure mode, rather than
“brittle” behavior with catastrophic failure.}* The primary energy
dissipation mechanism is believed to be polymer fibril extension
and crack bridging on the strut surface. However, enhanced
toughening by the use of a polymer coating is observed primarily
in isotropic scaffolds, which are generally much weaker than ani-
sotropic and periodic scaffolds. Despite the increase in the work
of fracture, their strength is much lower than that of cortical
bone and their brittleness is still maintained after the degrada-
tion of the polymer coating.[83111:112135136] Fyrthermore, from a
biological perspective, the presence of the polymer coating on
the bioactive glass and ceramics reduces the bioactivity of the
scaffold.12¢]

A third approach focuses on the creation of engineered
polymer/ceramic composites with a “brick and mortar” structure
similar to that of nacre (Figure 10a). In nacre, the “bricks” are
platelets of the mineral aragonite comprising around 95 vol%
of the structure and contributing to its high strength, while
the “mortar” is an organic biopolymer that provides extrinsic
and intrinsic toughening mechanisms.'*”] By infiltrating an
anisotropic Al,05 scaffold (fabricated using the freeze casting
technique) with an organic phase (poly(methyl methacrylate),
PMMA) shown in Figure 10b, the resultant composite scaf-
fold exhibits a similar mechanical behavior to that of nacre
(Figure 10c,d), resulting in a flexural strength of =200 MPa and
fracture toughness of 30 MPa m'/2, comparable to that of alu-
minum alloys.'3® This anisotropic composite scaffold meets
the mechanical requirements for applications in load-bearing
bone sites. The high toughness is due to the presence of sev-
eral extrinsic toughening mechanisms including microcracking,
crack bridging, and crack deflection. The drawback of the method
is the formation of a bulk scaffold, which does not have suffi-
cient porosity for the ingrowth of new tissue/bone. However, by
choosing a biodegradable polymer with a suitable degradation
rate, pores may be formed as the polymer degrades, while at the
same time new tissue/bone can infiltrate the scaffold, replacing
the original polymer to function as a new “lubricant” phase.

The fourth approach involves the development of inorganic/
organic hybrid scaffolds using a modified sol-gel process in
which a degradable polymer is introduced in the sol stage to
form interlocking polymer chains.?®13% The process enables
the formation of inorganic (silica) network around polymer
molecules, leading to molecular-level interactions. Due to the
presence of this fine-scale interaction, the bioactive hybrid
would have both bioactivity and toughness.*% A monolith of
sol-gel hybrid, “star-gel” composed of an organic core sur-
rounded by alkoxysilance groups is reported to have a tough-
ness of 2.8 MPa m'/2['] However, the strength of the hybrid
scaffold is generally within the range of trabecular bone and is
not suitable for applications in loading sites.[2¢!

As measured by the toughness, the available scaffolds are
much more “brittle” than cortical bone. Although recent work
has demonstrated success in development of anisotropic and
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Figure 10. Mechanical response and toughening mechanisms in the synthetic hybrid compos-
ites. a) SEM image of the structure of nacre. b) SEM image taken during an in situ R-curve
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d) Exceptional toughness for crack growth, similar to that of natural composites, and display
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periodic scaffolds with high mechanical
strength, challenges remain in the devel-
opment of new materials and methods to
toughen the bioactive glass and ceramic scaf-
folds for applications in load-bearing sites.

5. Biological Performance

The ability of bioactive glass and ceramic
scaffolds to support cell proliferation and
function in vitro and tissue ingrowth in
vivo has been shown in numerous stu
dies.?*3*1#2 In vivo evaluations of bioactive
glass and ceramic scaffolds have been con-
ducted in animal models including dogs,?®!
rabbits, 714 rats,33%] and in clinical prac-
tice..728 In a clinical study, isotropic HA
scaffolds seeded with bone marrow stroma
were implanted into long bone defects (4
cm in length) in patients (Figure 11).57] A
complete fusion between the implant and
the host bone was found 5-7 months after
surgery and good integration was main-
tained through all follow-ups (7 years post-
surgery). The study concluded that high
porosity and a high degree of interconnection
in HA scaffolds are required for vasculariza-
tion and new bone formation. However, the

Copyright 2008, American Association for the Advancement of Science.

6 months

7 years

Figure 11. On the preoperative X-ray image, a 4-cm-long gap of the prox-
imal tibia is shown. At 2 months, bone callus formation around the implant
was evident, but the radiolucent line of the bone-implant interface was still
detectable in the lateral view. At 6 months, formation of extensive callus
and peri-implant bone with a good integration between the implant and the
tibia was evident. At 2.5 years follow-up, complete bone-implant integra-
tion with no evidence of implant fractures was detected. CT scan analysis
at 7 years demonstrated complete healing of the gap, presence of a med-
ullary channel within the implant, and persistence of new bone formation
within the bioceramic scaffold pores.The HA ceramic was still present.l’]
Reprinted with permission. Copyright 2007, Mary Ann Liebert, Inc.
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low mechanical strength of HA scaffolds

is reported to be one of the most important
obstacles in the practice,”) underscoring the urgent need to
develop scaffolds with better mechanical properties before they
will be suitable for widespread clinical applications.

6. Conclusions and Future Directions

The fabrication, mechanical properties, and biological perfor-
mance of bioactive glass and ceramic scaffolds were reviewed
here with an emphasis on the mechanical behavior of scaffolds
for applications in the repair of loaded bone defects. Scaffolds
with isotropic, anisotropic, and periodic structures have been
produced with a variety of fabrication techniques and reported
in the literature. Their mechanical performance indicates that
strength is not a limiting factor in the use of bioactive glass and
ceramic scaffolds for load-bearing bone repair, an observation
seldom recognized by researchers and clinicians. Scaffolds with
anisotropic and periodic structures exhibit compressive strength
comparable to that of cortical bone (100-150 MPa), while the
strength of those with isotropic structure is in the range of tra-
becular bone (2-12 MPa). However, use of inorganic scaffolds
is still limited by their inherent brittleness (low fracture tough-
ness in the range of 0.5-1 MPa m'/?). With designs inspired by
those of natural biological materials such as cortical bone and
nacre, glass-ceramic, and inorganic/polymer composite scaf-
folds toughened by extrinsic mechanisms have demonstrated
great potential in achieving both high strength and toughness.
Future research should focus on development of strong yet
tough scaffolds using techniques that optimize structure, and

Adv. Funct. Mater. 2013, 23, 5461-5476



el
Mot oS
www.MaterialsViews.com

on the evaluation of these scaffolds in large animal models and
in clinical practice.
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