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Abstract

The repair and regeneration of large bone defects resulting from disease or trauma remains a
significant clinical challenge. Bioactive glass has appealing characteristics as a scaffold material
for bone tissue engineering, but the application of glass scaffolds for the repair of load-bearing
bone defects is often limited by their low mechanical strength and fracture toughness. This paper
provides an overview of recent developments in the fabrication and mechanical properties of
bioactive glass scaffolds. The review reveals the fact that mechanical strength is not a real limiting
factor in the use of bioactive glass scaffolds for bone repair, an observation not often recognized
by most researchers and clinicians. Scaffolds with compressive strengths comparable to those of
trabecular and cortical bones have been produced by a variety of methods. The current limitations
of bioactive glass scaffolds include their low fracture toughness (low resistance to fracture) and
limited mechanical reliability, which have so far received little attention. Future research
directions should include the development of strong and tough bioactive glass scaffolds, and their
evaluation in unloaded and load-bearing bone defects in animal models.
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1. Introduction
1.1 Background

In the last two decades, tissue engineering has emerged as a promising approach for the
repair and regeneration of tissues and organs lost or damaged as a result of traumatic
injuries, disease, or aging [1, 2]. Tissues such as skin [3-6], bone [7-9], and cartilage [10,
11] have been successfully regenerated (produced?). The approach has the potential to
overcome the problem of a shortage of living tissues and organs available for
transplantation. There are over 6.2 million bone fractures in the U. S. each year, and 10%
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fail to heal properly due to non-union or delayed union [12]. Osteoporosis currently affects
10 million people, and it is projected to increase to 14 million by 2020, resulting in health
care costs of over $25 billion per year [13]. Worldwide, an estimated 2.2 million bone graft
procedures are performed annually to promote fracture healing, fill defects, or repair spinal
lesions [14].

Autografts are the gold standard for treatment of bone defects but limited supply and donor
site morbidity are significant problems [15]. Bone allografts are alternatives to autografts but
they are expensive, and suffer from potential risks such as disease transmission and adverse
host immune response. Synthetic biomaterials would be ideal bone substitutes, but the
clinical success of procedures performed with available synthetic biomaterials does not
currently approach that for autologous bone. Most implants for bone replacement or fracture
repair in load-bearing situations are made from strong materials selected to provide
mechanical support, such as the Ti6Al4V or Co-Cr alloys used in total joint or knee
replacement or plates and screws for the repair of fractures in the long bones or craniofacial
region. Metallic implants have well-documented fixation problems [16—18], and unlike
natural bone, cannot self-repair or adapt to changing physiological conditions [19]. They are
stronger and stiffer than bone and promote bone resorption by shielding the surrounding
skeleton from its normal stress levels. As a consequence, the implant becomes loose over
time [20, 21].

The shortcomings of current treatments and the impact on health care costs have motivated
interest in the engineering of new bone substitutes. Critical to bone tissue engineering is the
scaffold, a porous structure that, ideally, must guide new tissue formation by supplying a
matrix with interconnected porosity and tailored surface chemistry for cell growth and
proliferation and the transport of nutrients and metabolic waste [22]. Designing the ideal
scaffold means balancing the need for large interconnected porosity for tissue ingrowth,
nutrient transport, and angiogenesis while controlling resorption rates and the required
mechanical properties (e.g., stiffness, strength, and fracture resistance) [22—-28]. These
characteristics are often coupled, resulting in the difficulties in design, characterization and
translation of the synthetic implants to clinical applications.

1.2 Scaffolds for bone tissue engineering

Currently, there are no clear design criteria for the mechanical properties of scaffolds
intended for bone repair, particularly those to be used in load-bearing defects. It is often
stated that the scaffolds should mimic the morphology, structure and function of bone in
order to optimize integration with surrounding tissues [22, 29, 30]. The variability in the
architecture and mechanical properties of bone, coupled with differences in age, nutritional
state, activity (mechanical loading) and disease status of individuals, provide a major
challenge in the design and fabrication of scaffolds for specific defect sites. Bone is
generally classified into two types: cortical bone, also referred to as compact bone, and
trabecular bone, also referred to as cancellous or spongy bone (Fig. 1) [31]. The mechanical
properties of bone vary between subjects, from one to another, and within different regions
of the same bone. Table 1 summarizes the compressive, flexural and tensile strength, elastic
modulus and porosities of both trabecular and cortical bones for reference [32—40].
Although the requisite mechanical properties of scaffolds for bone repair are still the subject
of debate, it is believed that their initial mechanical strength should withstand subsequent
changes resulting from degradation and tissue ingrowth in the in vivo bone environment
[30].

The properties of scaffolds depend primarily on the composition and microstructure of the
materials. Figure 2 shows material property chart depicting strength and elastic modulus of
natural and synthetic materials (typically with a dense microstructure containing no
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porosity) [41]. The mechanical response of bone is not matched by the biodegradable
polymers, ceramics, or alloys currently used in orthopedic applications, yet, scaffolds for
tissue engineering are commonly constructed from these materials. There are two kinds of
biodegradable polymer materials: synthetic, and naturally derived [42-47]. For the
regeneration of load-bearing bones, the use of biodegradable polymer scaffolds is
challenging because of their low mechanical strength. Attempts have been made to reinforce
the polymers with a biocompatible inorganic phase, commonly hydroxyapatite (HA) [30, 48,
49], but the success of that approach is uncertain. Brittle, scaffolds fabricated from inorganic
materials such as calcium phosphate-based bioceramics and bioactive glass can provide
higher mechanical strength than polymeric scaffolds. There is an increasing interest in
creating and evaluating scaffolds of these materials and the fabrication and properties of the
calcium phosphate based bioceramics have been extensively studied and reviewed in the
literature [30, 50-53].

1.3 Bioactive glass scaffolds

Since the discovery of 45S5 bioactive glasses by Hench [54], they have been frequently
considered as scaffold materials for bone repair [54-57]. Bioactive glasses have a widely
recognized ability to foster the growth of bone cells [58, 59], and to bond strongly with hard
and soft tissue [54, 55]. Upon implantation, bioactive glasses undergo specific reactions,
leading to the formation of an amorphous calcium phosphate (ACP) or crystalline
hydroxyapatite (HA) phase on the surface of the glass, which is responsible for their strong
bonding with the surrounding tissue [55]. Bioactive glasses are also reported to release ions
that activate expression of osteogenic genes [60, 61], and to stimulate angiogenesis [62—64].

The advantages of the glasses are ease in controlling chemical composition and, thus, the
rate of degradation which make them attractive as scaffold materials. The structure and
chemistry of glasses can be tailored over a wide range by changing either composition, or
thermal or environmental processing history. Therefore, it is possible to design glass
scaffolds with variable degradation rates to match that of bone ingrowth and remodeling. A
limiting factor in the use of bioactive glass scaffolds for the repair of defects in load-bearing
bones has been their low strength [49, 56, 57]. Recent work has shown that by optimizing
the composition, processing and sintering conditions, bioactive glass scaffolds can be
created with predesigned pore architectures and with strength comparable to human
trabecular and cortical bones [65, 66]. Another limiting factor of bioactive glass scaffolds
has been the brittleness. This limitation has received little interest in the scientific
community, judging from the paucity of publications that report on properties such as
fracture toughness, reliability (i.e., Weibull modulus), or work of fracture of glass scaffolds.

This article presents an overview of current developments in the creation of bioactive glass
scaffolds with the requisite structure and properties for bone tissue engineering, with a focus
on their mechanical properties. We have organized the review in the following manner.
First, we provide an overview of the fabrication techniques (methods) describing
technologies that have been commonly used to produce bioactive glass scaffolds. The
section titled “Mechanical properties of bioactive glass scaffolds” contains a detailed
analysis of the strength, fracture toughness and toughening approaches, while the section on
“in vitro and in vivo performance of bioactive glass scaffolds” presents a brief overview of
the response of bioactive glass scaffolds to cells and tissues. We conclude with
recommendations for future directions in the development of strong and reliable bioactive
glass scaffolds.
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2. Fabrication of bioactive glass scaffolds

In general, interconnected pores with a mean diameter (or width) of 100 um or greater, and
open porosity of >50% are considered to be the minimum requirements to permit tissue
ingrowth and function in porous scaffolds [29, 67, 68]. A variety of methods have been used
to fabricate bioactive glass scaffolds, including sol-gel, thermally bonding of particles, fibers
or spheres, polymer foam replication, freeze casting, and solid freeform fabrication. A brief
review of these fabrication techniques is presented next to give a general idea of the
methodology.

2.1 Sol-gel processing

The preparation of bioactive glass scaffolds by the sol-gel process typically involves the
foaming of a sol with the aid of a surfactant, followed by condensation and gelation
reactions, as described for the glasses designated 58S and 70S30C [69-73]. The gel is then
subjected to aging processes to strengthen it, drying to remove the liquid by-product, and
sintering to form porous, three-dimensional scaffolds (Fig. 3a). The scaffolds have a
hierarchical pore architecture, consisting of interconnected macropores (10-500 pm)
resulting from the foaming process, and mesopores (2—50 nm) that are inherent to the sol-
gel process. This hierarchical pore architecture is considered to be beneficial for stimulating
the response of the scaffold to cells, because it mimics the hierarchical structure of natural
tissues and more closely simulates a physiological environment. Because of the nanopores in
the glass network, sol-gel derived scaffolds have high surface area (100-200 m2/g); as a
result, these scaffolds degrade and convert faster to HA than scaffolds of melt-derived glass
with the same composition. However, these sol-gel derived scaffolds have low strength
(0.3-2.3 MPa) [72], and consequently they are suitable for substituting defects in low-load
sites only.

2.2 Thermal bonding of particles or fibers

In this process, the scaffold is formed by thermally bonding a loose and random packing of
particles (irregular or spherical in shape) or short fibers in a mold with the desired geometry
(Fig. 3b) [74-84]. Bioactive glass scaffolds with a wide range of compositions (e.g., 45S5;
A-W; 13-93) have been fabricated using this technique. In some studies, a porogen (such as
NaCl, starch, or organic polymer particles) is mixed with the bioactive glass particles as a
fugitive phase to increase the pore size and porosity of the scaffolds. The porogen is
removed by leaching or decomposition after forming the scaffold, but prior to sintering. The
technique offers the advantage of ease of fabrication without the need for complex
machinery. However, the key disadvantage of the method is the poor pore interconnectivity
at low porogen loading.

2.3 Polymer foam replication

The polymer foam replication method, first used many years ago to produce macroporous
ceramics [85], has seen considerable use in recent years to create porous glass scaffolds. In
this method, a synthetic (e.g., polyurethane, PU) or natural (e.g., coral; wood) foam is
initially immersed in a ceramic suspension to obtain a uniform coating on the foam struts.
After drying the coated foam, the polymer template and organic binders are burned out
through careful heat treatment, typically between 300-600°C, and the glass struts are
densified by sintering at 600—1000 °C, depending on the composition and particle size of the
glass.

The polymer foam replication technique can provide a scaffold microstructure similar to that
of dry human trabecular bone (Fig. 3c). Scaffolds of silicate, borosilicate, and borate
bioactive glass have been prepared using this method [86—-99]. The main advantage of this
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method is the production of highly porous glass scaffolds with open and interconnected
porosity in the range 40-95%. However, the strength of the scaffold is low, typically in the
range reported for trabecular bone, which limits its use to the repair of low-load bone sites.

2.4 Solid freeform fabrication

Solid freeform fabrication (SFF), also referred to as rapid prototyping or additive
manufacturing, is a term to describe a group of techniques that can be used to manufacture
objects in a layer-by-layer fashion from a computer-aided design (CAD) file, without the use
of traditional tools such as dies or molds. The technique can be used to build scaffolds
whose structure follows a predesigned architecture modeled on a computer. In that way, the
scaffold architecture can be controlled and optimized to achieve the desired mechanical
response, accelerate the bone-regeneration process, and guide the formation of bone with the
anatomic cortical-trabecular structure [27]. Several SFF techniques have been used for
scaffold fabrication, including: three-dimensional printing (3DP), fused deposition modeling
(FDM), ink-jet printing, stereolithography (SL), selective laser sintering (SLS), and
robocasting [27, 100].

Scaffolds with controlled internal architecture and interconnectivity are made with SFF from
a variety of biomaterials including biodegradable polymers (e.g., PLGA; PCL), and calcium
phosphate materials (e.g., HA; TCP), as well as composites of these two classes of materials
(e.g., PLGA/TCP) [100-105]. The fabrication of composite scaffolds containing bioactive
glass (e.g., PLA/45S5 glass; PCL/45S5 glass) using a robocasting SFF technique has been
reported [103], but there is little information on the production of bioactive glass scaffolds
using SFF methods. Recently, scaffolds of apatite-mullite glass-ceramics, 13-93, and 6P53B
glasses have been manufactured using freeze extrusion, selective laser sintering and
robocasting methods [65, 106, 107]. In the robocasting method, an aqueous paste of 6P53B
bioactive glass powder is extruded through a fine nozzle in filamentary forms and deposited
over the previous layer while maintaining the weight of the printed structures [65]. The
technique enables precise manipulation of the three-dimensional architecture (Fig. 3d), and
printing of lines as thin as 30 pm using micron-sized glass powders. The sintered glass
scaffolds, with an anisotropic structure, show a compressive strength (136 MPa) comparable
to human cortical bone, which indicates that these scaffolds have excellent potential for the
repair and regeneration of load-bearing bone defects [65].

2.5 Freeze casting of suspensions

For the production of porous glass and ceramic scaffolds, the freeze casting route involves
rapid freezing of colloidally-stable suspension of particles in a nonporous mold, and
sublimation of the frozen solvent under cold temperatures in a vacuum. After drying, the
porous constructs are sintered to remove the fine pores between the particles in the walls of
the macropores, which results in an improvement in the mechanical strength. Directional
freezing of the suspensions leads to growth of the ice in a preferred direction, resulting in the
formation of porous scaffolds with an oriented microstructure. The technique has been used
to produce porous polymer, glass, and ceramic scaffolds [66, 108—116]. A benefit of the
oriented microstructure is higher scaffold strength in the direction of orientation, compared
to the strength of a scaffold with a randomly oriented microstructure [117]. Hydroxyapatite
scaffolds have shown unusually high compressive strength in the orientation direction, up to
four times the value for similar materials with similar porosity but randomly arranged pores.
These strengths allow their consideration for load-bearing applications. Both 45S5 and 13-
93 glass scaffolds have been prepared using the technique [96, 111, 114]. However, oriented
scaffolds prepared from aqueous suspensions typically have a lamellar microstructure, with
a pore width in the range 10—40 um that is considered to be too small to support tissue
ingrowth.
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It has been shown that the addition of an organic solvent such as 1,4-dioxane to the aqueous
solvent) [97], or the use of an organic solvent such as camphene [66], results in a change of
the lamellar microstructure to a columnar microstructure and an increase in the pore width.
Bioactive glass (13-93) scaffolds with columnar microstructures and pore diameters of 100—
150 um have been prepared (Figs. 3e, 3f). In addition to their higher strength, these oriented
bioactive glass scaffolds have shown the ability to support cell proliferation and
differentiation in vitro, as well as tissue infiltration in vivo [114, 115].

3. Mechanical properties of bioactive glass scaffolds

3.1 Strength

While the mechanical properties of bioactive glass scaffolds have been widely reported in
the literature, most studies have focused on the mechanical response in compression loading
only, giving values of the compressive strength and, sometimes, the elastic modulus for
selected deformation rates. However, other mechanical properties, such as flexural strength
and modulus, fracture toughness (a measure of the ability to resist fracture when a crack is
present), reliability, and work of fracture, are also of crucial importance for the applications
of the scaffolds in load-bearing defects.

Data compiled from over 20 studies (Fig. 4) show the range of compressive strengths for
bioactive glass scaffolds with different compositions and fabricated using a variety of
methods. Table 2 provides details of the composition and pore characteristics of the
scaffolds. A few trends can be observed. First, the compressive strengths span almost three
orders of magnitude, ranging from 0.2 to 150 MPa for porosities of 30-95%. For the same
glass composition and scaffold microstructure (fabrication method), the strength increases
with a decrease in porosity, which is also commonly observed for other porous materials.
The data show that porous bioactive glass scaffolds can be fabricated with compressive
strengths comparable to the values reported for human trabecular and cortical bones (Table
1). This observation may be surprising to many researchers who often assume that bioactive
glass scaffolds suffer from low strength and are therefore not suitable for the repair of load-
bearing bone defects.

Second, the data show that the architecture (or microstructure) of the scaffold, which results
from the fabrication method, has a strong effect on the strength, regardless of the
composition of the glass. For the same porosity, scaffolds with an oriented pore architecture
show far higher compressive strength (along the pore orientation direction) than scaffolds
with a random or isotropic pore architecture. Among the common fabrication methods,
unidirectional freezing of suspensions and solid freeform fabrication provide greater ease for
the production of glass scaffolds with oriented pores. For example, Liu et al [66] created 13—
93 bioactive glass scaffolds by unidirectional freezing of camphene-based suspensions,
followed by thermal annealing to increase the pore diameter. They found that the
compressive strength along the pore orientation direction was 2—3 times the value in the
direction perpendicular to the pore orientation direction. In another study in which
robocasting was used to fabricate 6P53B bioactive glass scaffolds, Fu et al [65] reported a
compressive strength along the pore orientation direction which was 2.5 times the value in
the perpendicular direction. The strength of these scaffolds in the orientation direction (136
MPa) is in the range reported for human cortical bone. These “oriented” bioactive glass
scaffolds are likely to provide the requisite strength for the repair of load bearing
applications.

The strength-porosity data in Figure 4 show that for a given architecture (fabrication
method), the glass composition can also have a marked effect on the mechanical strength of
the scaffold. As an example, for scaffolds with approximately the same porosity (>80%)
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which were prepared by a polymer foam replication technique, the strength of 13-93
bioactive glass scaffolds (11 MPa) was almost 20 times the value for 45S5-derived glass-
ceramic scaffolds (0.5 MPa). This difference in strength resulted primarily from the
difference in sintering characteristics of the two glasses. 45S5 glass is prone to
crystallization (devitrification) at sintering temperatures above ~1000°C, which leads to the
formation of a predominantly combeite crystalline phase. This crystallization reduces the
tendency of 45S5 glass to densify by viscous flow sintering. As a result, voids remaining
from the burnout of the polymer foam are difficult to fill and may remain as triangular-
shaped pores in the struts (Fig. 5a); these pores within the glass struts lead to a reduction in
the strength of the scaffold. In comparison, as the sintering temperature of 13-93 glass is
below its crystallization temperature, viscous flow sintering can lead to complete filling of
the voids in the glass struts (Fig. 5b), leading to an improvement in the strength of the
scaffold.

The flexural strength of two groups of bioactive glass scaffolds prepared using a polymer
foam replication technique has been reported to span almost two orders of magnitude, in the
range 0.4 to 25 MPa for porosities of 50-88% (Figure 6) [118, 119]. These flexural strengths
are far lower than those reported for cortical bone (Table 1), but the value is comparable to
that of human trabecular bone (10 — 20 MPa). As previously discussed, when compared to
scaffolds prepared by the polymer foam replication technique, bioactive glass scaffolds
prepared by unidirectional freezing of suspensions and solid freeform fabrication commonly
have far higher compressive strengths. The mechanical response of these scaffolds in
flexural loading is currently being evaluated in our lab.

To summarize, recent studies show that strength is not a limiting factor in the use of
bioactive glass scaffolds for the repair of load-bearing defects. Optimization of the glass
composition, coupled with improved control of the pore architecture using methods such as
unidirectional freezing of suspensions and solid freeform fabrication, has resulted in the
creation of scaffolds with the requisite combination of strength and porosity.

3.2 Fracture toughness and reliability

Scaffolds implanted in load-bearing bone defects are usually subjected to cyclic loading;
therefore in addition to strength and elastic modulus, other mechanical properties such as
fracture toughness and reliability are also of crucial importance. As described above,
bioactive glass scaffolds can be created with the desired compressive strength for the repair
of load-bearing bone defects (Fig. 4). However, their use in these applications may be
limited by their intrinsic brittleness or low resistance to crack propagation. Commonly, the
resistance of a material to crack propagation is measured in terms of an engineering
parameter called the fracture toughness, denoted K. The K. values for ceramics and glass
are inherently low (typically K. = 0.5-5 MPa-m'/2 for ceramics and 0.5-1 MPa-m'/2 for
glass). Because of their low fracture toughness, ceramics and glass are very sensitive to the
presence of small defects and flaws (~ 10 um) and they can fail catastrophically when
subjected to tensile or flexural stresses far lower than their compressive strength [120, 121].
While the fracture of brittle ceramics has been widely studied [47, 122, 123], there has been
little effort to apply this knowledge to quantifying “brittle behavior” or toughness of porous
bioactive glass scaffolds. Brittle behavior is often quantified using one or more of the
following parameters: fracture toughness, Weibull modulus, and work of fracture.

Standard test methods for measuring the fracture toughness of brittle materials are specified
by the American Society for Testing and Materials (ASTM) [124]. Typically, specimens in

the shape of a beam (3 x 4 mm in cross section x 20—50 mm long), containing a sharp notch
or a crack produced as a result of loading, are loaded in three-point or four-point flexure. In
three-point flexure, K| is determined by the following equation:
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where a is the crack (or notch) length, W is the top to bottom dimension of the test specimen
parallel to the crack length (depth), g is the function of the ratio a/W for three-point flexure,
P,,.0x 1s the maximum force applied, Sy is the outer span is the specimens, B is the side to
side dimension of the test specimen perpendicular to the crack length. The corresponding
equation for four-point flexural loading is:
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where f is the function of the ratio a/W for three-point flexure and S; is the inner span.

The low strength of some bioactive glass scaffolds often provides difficulties in machining
of the porous specimens into standard test bars with specific size and geometry. However, as
previously discussed, strong and porous bioactive glass scaffolds can be created using solid
freeform fabrication and unidirectional freezing of suspensions [65, 66], alleviating the
machining difficulties associated with weak scaffolds.

Studies on the fracture behavior and reliability of porous scaffolds prepared from a CaO—
Al,O3-P,05 glass were characterized by measuring the fracture toughness of specimens
with different porosities in three-point bending at room temperature [119]. The beam-shaped
specimens, cut from porous scaffolds, were 20 mm long, and contained a notch (£ 70 pm
thick) of depth = 1.3 mm which was machined at the midpoint of one face. The K. values
were in the range 0.2-0.6 MPasm!/2 for samples with porosities of 50~75%, far lower than
the values reported for cortical bone (2—12 MPaem!/2).

The reliability or the probability of failure of brittle materials is commonly quantified by a
probability function proposed by Weibull [125], which is applicable to failure occurring
from critical flaws. The Weibull distribution is given as a cumulative distribution:

o—o)"

|
Ty )

Py(o)=1 - exp| =

where P(c) is the probability of failure at a stress o, 6 is a scaling constant, o, is the
threshold stress below which no failure occurs in the material, that practically can be taken
as zero for brittle ceramics, and m is the Weibull modulus. The Weibull modulus, m,
determines the reliability of the materials, with larger values corresponding to more reliable
materials. To evaluate Py the following equation is used:

n

Pi=——
TmN+1 (4)

where N is the total number of specimens tested and # is the specimen rank in ascending
order of failure stress. To get an unbiased estimate of the failure probability, the
recommended number of specimens is between 20 and 30 [126, 127].

The Weibull distribution has been used to evaluate the reliability of porous ceramic
scaffolds [104, 128, 129], but the evaluation of porous bioactive glass scaffolds has received
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little attention. In one study, the Weibull distribution was used to evaluate the reliability of
porous bioactive glass scaffolds (a CaO-Al,03-P,05 glass composition) in four-point
flexural loading[119]. The measured Weibull modulus, in the range 3-8, was comparable to
the values (3-9) reported for porous calcium phosphate scaffolds [104, 128, 129]. While the
Weibull modulus provides a useful parameter for evaluating the reliability of the porous
scaffolds, the requirement of a large number of test specimens may not be practical for some
studies.

A simple way to measure the fracture toughness of porous scaffolds may be the work of
fracture, y,,0f, 1.€. the total energy consumed to produce a unit area of fracture surface during
complete fracture [130]. Several groups have used the work of fracture to evaluate the
toughness of porous glass and ceramic scaffolds [118, 131-133]. However, the work of
fracture can only be used for comparison within a given study because it is not a true
material property and it may vary due to the differences in sample dimension, sample
geometry, and testing conditions.

While the compressive strength and elastic modulus of bioactive glass scaffolds have been
widely studied, the brittle behavior and reliability of these scaffolds have received little
attention. There is a need for more studies in this area because bioactive glass scaffolds are
being considered for the repair of defects in loaded bone.

3.3 Toughening of porous bioactive glass scaffolds

Cortical bone has a fracture toughness of 2—12 MPa-m!/2 (Table 1), far higher than the
values for the glass. Bone is a composite material, composed of collagen (35 dry wt%) for
flexibility and toughness, carbonated apatite (65 dry wt%) for structural reinforcement,
stiffness and mineral homeostasis, and other non-collagenous proteins for support of cellular
functions (Fig. 1) [31] [134]. The toughening mechanisms in bone are reported to be crack
deflection, microcracking, uncracked ligament bridging and collagen bridging of these,
crack bridging by collagen fibrils has been reported to play an important role in toughening
bone [135].

Inspired by the toughening mechanisms in bone, studies have been carried out to improve
the toughness of porous glass and ceramic scaffolds. One approach is to coat or infiltrate the
scaffold with a biodegradable polymer, providing an organic phase to toughen the inorganic
phase. By coating alumina scaffolds with Polycaprolactone, PCL, a 7-13-fold increase in the
work of fracture has been reported [131, 132]. In another study, they found that the work of
fracture of biphasic calcium phosphate scaffolds increased up to 10 times after coating with
the polymer. The significant increase in the toughness of these scaffolds is mainly attributed
to the crack bridging by PCL fibrils.

This approach of using a polymer coating has also been applied to the toughening of
bioactive glass scaffolds. Biodegradable polymers, such as poly(D,L-lactic acid), PDLLA,
poly(3-hydroxybutyrate), P(3HB), alginate, and PCL, have been used to coat bioactive glass
scaffolds [118, 133, 136—138]. Chen et al. studied the effects of PDLLA coating on the
mechanical properties of 45S5 bioactive glass-based scaffolds, and used the work of fracture
in three-point bending to quantify the brittle behavior of the scaffolds. The work of fracture
of scaffold coated with PDLLA was found to be 20 times higher than that for the scaffold
without the polymer coating (Fig. 7). A similar study it was reported showed that coating
scaffolds of the same glass with P(3HB) resulted in a doubling of the work of fracture [133].
Fu et al. [138] studied the effect of a PCL coating on the mechanical response of 13-93
bioactive glass scaffolds prepared by polymer foam replication method. The typical “brittle”
behavior and catastrophic failure of the uncoated scaffolds was not observed upon
compression the PCL-coated glass scaffold. Instead, the PCL-coated scaffolds showed a
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“plastic” response with a gradual failure mode (Fig. 8a). The main energy dissipation
mechanism was believed to be PCL fibril extension and crack bridging, as observed from
SEM images of the fractured scaffold (Figs. 8b, 8c). These toughening mechanism appear to
be similar in nature to those provided by collagen fibrils in cortical bone (Fig. 8d).

While studies have been performed to evaluate the toughening of bioactive glass scaffolds,
these studies have performed on scaffolds with a low strength. It is necessary to evaluate the
toughening of bioactive scaffolds with far higher strength (e.g., compressive strength of
100-150 MPa, comparable to the values for cortical bone), for applications in the repair of
load-bearing bone defects.

4. In vitro and in vivo response of bioactive glass scaffolds

The in vitro and in vivo responses of bioactive glass scaffolds are dependent primarily on
the glass composition and the pore architecture (microstructure) of the scaffolds. The ability
of bioactive glass scaffolds to support cell proliferation and function in vitro and tissue
ingrowth in vivo has been shown in numerous studies [90, 106, 139-142] [97, 115]. Fu et al.
[90] showed that 13-93 bioactive glass scaffolds prepared using a polymer foam replication
method supported the attachment and proliferation of MC3T3-E1 pre-osteoblastic cells both
on the surface and within the interior pores of the scaffold (Figs. 9a, 9b). Animal models
including dogs, rabbits and rats have been used for the in vivo evaluation of bioactive glass
scaffolds [97, 106, 115, 139-142]. In a rabbit tibia model, Goodridge et al. observed bone
ingrowth into the pores of an apatite-mullite glass-ceramic scaffold prepared by selective
laser sintering after implantation for 4 weeks [106]. Direct bonding between the scaffold and
newly formed bone was observed (Figs. 9¢c, 9d). Further investigations are needed to
evaluate the mechanical and chemical degradation of bioactive glass scaffolds and their
integration with host bone when implanted in load-bearing defect sites in animal models.

5. Conclusions and Future trends

The fabrication, mechanical properties, and in vitro and in vivo performance of bioactive
glass scaffolds were reviewed with emphasis on the mechanical behavior of the scaffolds for
applications in the repair of loaded bone defects. Bioactive glass scaffolds with compressive
strengths comparable to those of trabecular bone have been prepared using several methods;
these scaffolds have potential for the repair of non-loaded bone defects. Recently, bioactive
glass scaffolds with strengths comparable to those of cortical bone have been created, and
these scaffolds may have potential for the repair of loaded bone defects. The toughness and
mechanical reliability of bioactive glass scaffolds remain as limiting factors for applications
in loaded bone repair, but so far they have received little attention. The addition of a
biocompatible polymer coating is proposed as method for improving the toughness of
bioactive glass scaffolds, providing a crack bridging mechanism by the polymer layer for
energy dissipation. A focus of future work should be the creation of strong and tough
bioactive glass scaffolds using advanced fabrication techniques and their evaluation in
loaded and non-loaded bone defect sites in animal models.
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20 mm

Figure 1.

Hierarchical structure of bone in the human femur. (a) Section through a femur head
showing the shell of cortical (compact) bone (C) and the trabecular (spongy or cancellous)
bone (S) inside. (b) Back scattered electron (BSE) image of cortical bone, revealing osteons
(O) corresponding to blood vessels surrounded by concentric layers of bone materials. (C)
BSE image of a single trabeculae from the trabecular bone region. The arrows in both (b)
and (c) indicate osteocyte lacunae where bone cells have previously been living. (d) Further
enlargement showing the lamellar and fibrillar material texture around an osteocyte lacuna
(OC) as visible in scanning electron microscopy (see white arrow). The lamellae are formed
by bundles of mineralized collagen fibrils (insert). (From Ref. 31)
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Figure 2.
Material property chart showing Young’s modulus vs. strength (From Ref. 41)
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Figure 3.

Microstructures of bioactive glass scaffolds created by a variety of processing methods: (a)
sol-gel; (b) thermal bonding (sintering) of particles (microspheres); (c) ‘trabecular’
microstructure prepared by a polymer foam replication technique; (d) grid-like
microstructure prepared by Robocasting; (e) oriented microstructure prepared by
unidirectional freezing of suspensions (plane perpendicular to the orientation direction); (f)
Micro-computed tomography image of the oriented scaffolds in (e).
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Figure 4.

Compressive strength of bioactive glass scaffolds complied from over 20 different studies,
and grouped by fabrication methods. Gray: sol-gel, pink: thermally bonding of particles,
blue: polymer foam replication, green: freeze casting and purple: solid freeform fabrication.
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Figure 5.

Effects of glass composition on the microstructure of glass scaffolds: (a) 45S5-derived
glass-ceramic scaffolds with a triangle hole within the rod; (b) 13-93 glass scaffolds with
densified rods
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Figure 6.
Flexural strength of bioactive glass scaffolds complied from 2 different studies.
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Figure 7.
Stress-strain curve of toughened glass scaffolds (From Ref. 118)
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Figure 8.

PCL toughened bioactive 13-93 glass scaffolds. (a) Optical image of the uncompressed
(left) and compressed scaffolds (middle and right); (b) SEM image of the fracture surface of
the scaffold; (c) high magnification of (b) to show the crack bridging by PCL fibrils; (d)
crack bridging by collagen fibrils in human bone. (From Ref. 135)

Mater Sci Eng C Mater Biol Appl. Author manuscript; available in PMC 2012 October 10.



1duosnuey Joyiny Vd-HIN 1duosnuey Joyiny Vd-HIN

1duosnuepy Joyiny Vd-HIN

Fuetal.

Figure 9.

Cell and bone ingrowth in bioactive glass scaffolds. (a) Cell infiltration in bioactive 13-93
glass scaffolds; (b) Detailed cell morphology on the scaffold; (c) bone ingrowth in apatite-
mullite scaffold; (d) High magnification of (c) to show the direct contact of bone to glass
scaffold. (From Ref. 90 and 106).
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