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Abstract
This review focuses on recent advances in the development and use of bioactive glass for tissue
engineering applications. Despite its inherent brittleness, bioactive glass has several appealing
characteristics as a scaffold material for bone tissue engineering. New bioactive glasses based on
borate and borosilicate compositions have shown the ability to enhance new bone formation when
compared to silicate bioactive glass. Borate-based bioactive glasses also have controllable
degradation rates, so the degradation of the bioactive glass implant can be more closely matched to
the rate of new bone formation. Bioactive glasses can be doped with trace quantities of elements
such as Cu, Zn and Sr, which are known to be beneficial for healthy bone growth. In addition to
the new bioactive glasses, recent advances in biomaterials processing have resulted in the creation
of scaffold architectures with a range of mechanical properties suitable for the substitution of
loaded as well as non-loaded bone. While bioactive glass has been extensively investigated for
bone repair, there has been relatively little research on the application of bioactive glass to the
repair of soft tissues. However, recent work has shown the ability of bioactive glass to promote
angiogenesis, which is critical to numerous applications in tissue regeneration, such as
neovascularization for bone regeneration and the healing of soft tissue wounds. Bioactive glass has
also been shown to enhance neocartilage formation during in vitro culture of chondrocyte-seeded
hydrogels, and to serve as a subchondral substrate for tissue-engineered osteochondral constructs.
Methods used to manipulate the structure and performance of bioactive glass in these tissue
engineering applications are analyzed.
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1. Introduction
Tissue engineering has emerged as a promising approach for the repair and regeneration of
tissues and organs lost or damaged as a result of trauma, injury, disease or aging [1,2]. It has
the potential to overcome the problem of a shortage of living tissues and organs available for
transplantation. In the most common approach, a biomaterials scaffold with a well-defined
architecture serves as a temporary structure for cells and guide their proliferation and
differentiation into the desired tissue or organ. Growth factors and other biomolecules can
be incorporated into the scaffold, along with the cells, to guide the regulation of cellular
functions during tissue or organ regeneration [3–6]. The overall purpose of this scaffold-
based tissue engineering approach is to provide the temporary support structure for tissue
forming cells to synthesize new tissue of the desired shape and dimensions.

The last two decades have seen a dramatic growth in the field of tissue engineering. These
efforts have resulted in cell-based regeneration of individual tissues such as skin [7–10],
bone [11–13] and cartilage [14,15]. Recent work in cell-based restoration of multiple tissue
phenotypes by composite tissue grafts, such as osteochondral and fibro-osseous grafts, have
shown promising results for the tissue-engineered regeneration of complex anatomical
structures such as the synovial joint condyle, bone–tendon complex, bone–ligament junction
and the periodontium [16].

These advances would not have been possible without the innovative design and fabrication
of biomaterials and scaffolds. Biomaterials used for creating scaffolds are designed to meet
a set of stringent requirements that are either essential or desirable for optimized tissue
formation [17]. Scaffolds, as mentioned earlier, must provide a temporary structure for cells
to synthesize new tissue but must undergo degradation upon neogenesis of that tissue. The
architecture of the scaffold is critical for providing cells with an optimized
microenvironment to synthesize new tissue and to allow flow or diffusion of nutrients
between the cells and the surrounding environment. Recent advances in innovative materials
processing such as electrospinning, solid freeform fabrication (rapid prototyping) and
unidirectional freezing of suspensions offer considerable promise for tissue regeneration
using cell-based therapies [18–22].

The purpose of this article is to evaluate the role and impact of one particular subset of
biomaterials in tissue engineering applications, namely: bioactive glass for hard and soft
tissue regeneration. The focus is on recent developments of new bioactive glasses and their
conversion into scaffolds with the requisite anatomical shape and architecture. Methods that
can be used to manipulate the materials structure and the variables that affect the materials
performance in these tissue engineering applications are analyzed.

2. Scaffolds for tissue engineering
The ideal scaffold should (i) be biocompatible (not toxic) and should promote cell adhesion
and proliferation; (ii) exhibit, after in vitro tissue culture, mechanical properties that are
comparable to those of the tissue to be replaced; (iii) have a porous three-dimensional (3-D)
architecture to allow cell proliferation, vascularization and diffusion of nutrients between the
cells seeded within the matrix and the surroundings; (iv) degrade at a rate that matches the
production of new tissue, into nontoxic products that can be easily resorbed or excreted by
the body; and (v) be capable of being processed economically into anatomically relevant
shapes and dimensions, and be sterilized for clinical use.

Scaffolds for tissue engineering are commonly constructed from biodegradable polymeric
materials, synthetic or natural [23–28]. However, for the regeneration of load-bearing bones,
the use of biodegradable polymer scaffolds is challenging because of their low mechanical
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strength. Attempts have been made to reinforce the biodegradable polymers with a
biocompatible inorganic phase, commonly hydroxyapatite (HA) [29–32]. Although brittle,
scaffolds fabricated from inorganic materials such as calcium phosphate-based bioceramics
and bioactive glass can provide higher mechanical strength than polymeric scaffolds.
Biodegradable metals are currently under investigation [33], but their corrosion behavior in
vivo remains a key concern.

Calcium phosphate-based bioceramics, such as HA, Ca10(PO4)6-(OH)2, β-tricalcium
phosphate (β-TCP), Ca3(PO4)2, and biphasic calcium phosphate (BCP), a mixture of HA
and β-TCP that is composed of the same ions as bone, are the inorganic materials which
have received most attention for bone repair applications [34–37]. When compared to β-
TCP, HA resorbs slowly and undergoes little conversion to a bone-like material after
implantation [38,39]. However, for the same porosity, β-TCP scaffolds often have lower
strength than HA scaffolds, so their use in the repair of load-bearing bones may be
challenging. The use of BCP with different HA to β-TCP ratios allows manipulation of the
degradation rate [40], as well as other properties [41].

Bioactive glass and glass–ceramics are also used in bone repair applications and are being
developed for tissue engineering applications [42–45]. Bioactive glass has an amorphous
structure, whereas glass–ceramics are crystallized glasses, consisting of a composite of a
crystalline phase and a residual glassy phase. There has been heightened interest in the
science and biomedical application of bioactive glass over the last two decades, as
evidenced by the growing number of publications in the field (Fig. 1).

3. Bioactive glass
In a general sense, a bioactive material has been defined as a material that has been designed
to induce specific biological activity [46]. In a more narrow sense, a bioactive material has
been defined as a material that undergoes specific surface reactions, when implanted into the
body, leading to the formation of an HA-like layer that is responsible for the formation of a
firm bond with hard and soft tissues [47]. The ability of a material to form an HA-like
surface layer when immersed in a simulated body fluid (SBF) in vitro is often taken as an
indication of its bioactivity [48]. Furthermore, it has been suggested that this in vitro
bioactivity is an indication of the bioactive potential of a material in vivo [49]. However,
this narrow definition of bioactivity has been called into question recently [50]. Dicalcium
phosphate dihydrate, for example, shows the formation of an HA-like surface layer when
immersed in a SBF in vitro, but no direct bone bonding in vivo [51–53]. Furthermore, β-
TCP does not always lead to the formation of an HA-like material in an SBF despite its
extensive bonding to bone [54].

3.1. Silicate bioactive glass
Since the report of its bone-bonding properties nearly 40 years ago [55], the bioactive glass
designated 45S5, sometimes referred to by its commercial name Bioglass®, has been the
most widely researched glass for biomedical applications [44]. This glass is a silicate glass
based on the three-dimensional (3-D) glass-forming SiO2 network in which Si is fourfold
coordinated to O. The key compositional features that are responsible for the bioactivity of
45S5 glass are its low SiO2 content (when compared to more chemically durable silicate
glasses), high Na2O and CaO (glass network modifiers) content, and high CaO/P2O5 ratio
(Table 1).

The mechanisms of bioactivity and bone bonding of 45S5 glass have been widely studied,
and described in detail elsewhere [44,56,57]. Based on those studies, the bonding of 45S5
glass to bone has been attributed to the formation of a carbonate-substituted hydroxyapatite-

Rahaman et al. Page 3

Acta Biomater. Author manuscript; available in PMC 2011 June 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



like (HCA) layer on the glass surface in contact with the body fluid. Because this HCA layer
is similar to the mineral constituent of bone, it bonds firmly with living bone and tissue.
While some details of the chemical and structural changes are not clear, the HCA layer is
generally believed to form as a result of a sequence of reactions on the surface of the
bioactive glass implant, as described by Hench [44]:

Stage 1: Rapid ion exchange reactions between the glass network modifiers (Na+ and Ca2+)
with H+ (or H3O+) ions from the solution, leads to hydrolysis of the silica groups and the
creation of silanol (Si−OH) groups on the glass surface: e.g.

(1)

The pH of the solution increases due to the consumption of H+ ions.

Stage 2: The increase in pH (or OH− concentration) leads to attack of the SiO2 glass
network, and the dissolution of silica, in the form of silicic acid, Si(OH)4, into the solution,
and the continued formation of Si−OH groups on the glass surface:

(2)

While the solubility of silica is low, the products of 45S5 glass and glass–ceramic
dissolution in aqueous solutions have shown an increase in Si concentration [58], indicating
that dissolution of silica is an important mechanism. However, other mechanisms could also
contribute to the increase in Si concentration.

Stage 3: Condensation and polymerization of an amorphous SiO2-rich layer (typically 1–2
µm thick) on the surface of the glass depleted in Na+ and Ca2+.

Stage 4: Further dissolution of the glass, coupled with migration of Ca2+ and (PO4)3− ions
from the glass through the SiO2-rich layer and from the solution, leading to the formation of
an amorphous calcium phosphate (ACP) layer on the surface of the SiO2-rich layer.

Stage 5: The glass continues to dissolve, as the ACP layer incorporates (OH)− and (CO3)2−

from the solution and crystallizes as an HCA layer.

With the initial formation of an HCA layer, the biological mechanisms of bonding to bone
are believed to involve adsorption of growth factors, followed by attachment, proliferation
and differentiation of osteoprogenitor cells [59]. Osteoblasts (bone-forming cells) create
extracellular matrix (collagen), which mineralizes to form a nanocrystalline mineral and
collagen on the surface of the glass implant while the degradation and conversion of the
glass continues over time [60].

The biocompatibility of 45S5 glass has long been established [61]. As described above,
upon implantation, 45S5 bioactive glass undergoes chemical degradation, releasing ions
such as Na+ and Ca2+, and conversion to an HCA material. Silicon, presumably in the form
of silicic acid, Si(OH)4, is also released during the degradation by dissolution or by other
mechanisms, such as small pieces of silica-rich material eaten by phagocytes and excreted
out. The release of Si from 45S5 granules implanted in the muscle and tibiae of rabbits has
been studied to determine the pathway of silicon released during the degradation of the glass
in vivo [62]. By measuring the silicon released in urine and blood samples for up to 7
months post-implantation, and using chemical and histopathological analyses of bone tissue
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and several organs, it was found the silicon resulting from the 45S5 degradation was
harmlessly excreted in soluble form through the urine.

45S5 glass remains the gold standard for bioactive glass but, as a scaffold material, it has
several limitations. One limitation is the difficulty of processing 45S5 glass into porous 3-D
scaffolds. Porous bioactive glass scaffolds are commonly prepared by heating (sintering)
glass particles, already formed into the desired 3-D geometry, to bond the particles into a
strong glass phase containing an interpenetrating network of pores. Because of the limited
ability of 45S5 glass to sinter by viscous flow above its glass transition temperature (Tg),
and the narrow window between Tg and the onset of crystallization, severe difficulties are
encountered in sintering the particles into a dense network. Consequently the scaffold often
has low strength [63]. Commonly, the glass devitrifies during sintering to form a
predominantly combeite crystalline phase (Na2O−2CaO−3SiO2). While devitrification does
not inhibit the ability of 45S5 glass to form an HA-like surface layer, it has the effect of
reducing the rate of conversion to HA [64]. Another limitation of 45S5 glass is its slow
degradation rate and conversion to an HA-like material [56,57], which makes it difficult to
match the degradation rate of the scaffold with the rate of new tissue formation. The
conversion of the scaffold to an HA-like material is often incomplete, so therefore a portion
of unconverted glass containing SiO2 could remain in the scaffold, raising uncertainty about
the long-term effects of SiO2 in vivo.

A complication with the use of 45S5 glass and other bioactive glasses and other
biodegradable materials is that the local biological microenvironment can be influenced
significantly by their degradation. Increases in the concentration of ions, such as Na+ and
Ca2+, and changes in the pH occur as a result of the degradation, particularly in the early
stages when the degradation rate is fast [56,57,65,66]. The biological effects of these
changes are difficult to predict from in vitro experiments. Furthermore, the biological roles
of these soluble species, their toxicity and their removal are often not clearly understood.

A silicate bioactive glass designated 13–93 [67,68] is based on the 45S5 composition, but it
has a comparatively higher SiO2 content and additional network modifiers, such as K2O and
MgO, when compared to 45S5 (Table 1). Products of 13–93 glass have been approved for in
vivo use in Europe. Because 13–93 has better processing characteristics by viscous flow
sintering (larger window between Tg and the onset of crystallization), the glass phase in
porous 3-D scaffolds can be sintered to high density without crystallization. In vitro cell
culture showed no marked difference in the proliferation and differentiated function of
osteoblastic MC3T3-E1 or MLO-A5 between dense disks of 45S5 and 13–93 glass [69].
However, 13–93 glass degrades (and converts to an HA-like material) more slowly than
45S5 glass.

3.2. Borate bioactive glass
More recent work has shown that certain compositions in other glass-forming systems, such
as borate glass [70–74], are also bioactive (Table 1). Because of their lower chemical
durability, some borate bioactive glasses degrade faster and convert more completely to an
HA-like material, when compared to silicate 45S5 or 13–93 glass [56,57,65,66]. The
conversion of borate bioactive glass to HA appears to follow a process similar to that
described for 45S5 glass, but without the formation of a SiO2-rich layer [56,57].

Borate bioactive glasses have been shown to support cell proliferation and differentiation in
vitro [75,76], as well as tissue infiltration in vivo [77]. Borate bioactive glasses have also
been shown to serve as a substrate for drug release in the treatment of bone infection [78–
80]. A concern associated with borate bioactive glass is the toxicity of boron released into
the solution as borate ions, (BO3)3−. In conventional “static” in vitro culture conditions,
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some borate glasses were observed to be toxic to cells, but the toxicity was diminished in
“dynamic” culture conditions [81]. Scaffolds of a borate bioactive glass, designated 13–
93B3, with a composition obtained by replacing all the SiO2 in 13–93 glass with B2O3
(Table 1), were found to be toxic to murine MLO-A5 osteogeneic cells in vitro [77].
However, the same scaffolds did not show toxicity to cells in vivo and supported new tissue
infiltration when implanted subcutaneously in rats [77,82]. Borate glass pellets implanted in
rabbit tibiae produced boron concentrations in the blood far below the toxic level [80].

Recent work has shown the ability to control the degradation rate of bioactive glass by
manipulating its composition. For example, by partially replacing the SiO2 in silicate 45S5
or 13–93 glass with B2O3 (yielding a borosilicate bioactive glass), or fully replacing the
SiO2 with B2O3 (producing a borate bioactive glass), the degradation rate can be varied over
a wide range [56,57,65]. The ease of manufacture and the ability to control the degradation
rate of these borate-based glasses make them particularly useful for promoting the
regeneration of bone. By controlling the glass composition, it should be possible to match
the degradation rate of borate-based bioactive glass with the bone regeneration rate. Another
possibility is to exploit the compositional flexibility of glass so that it also can serve as a
source of many of the minor elements known to favor bone growth, such as Zn, Cu, F, Mn,
Sr and B. As the glass degrades in vivo, these elements are released at a biologically
acceptable rate.

3.3. Phosphate bioactive glass
Phosphate glasses, based on the P2O5 glass-forming network and CaO and Na2O as
modifiers (Table 1), have also been developed for biomedical use [83–87]. As their
constituent ions are present in the organic mineral phase of bone, these glasses have a
chemical affinity with bone. The solubility of these glasses can be controlled by modifying
their composition; therefore these glasses may have additional clinical potential as
resorbable materials.

4. Osteoconductivity and osteoinductivity of bioactive glass
Bioactive glass (45S5) has been shown to enhance new bone formation in vivo [88,89].
When implanted in the rabbit femurs, granules of 45S5 bioactive glass were found to
promote more rapid bone proliferation than (synthetic) HA [90]. HA is classified as
osteoconductive, because it supports new bone growth along the implant at the bone–
implant interface. However, 45S5 glass is considered to be osteoconductive as well as
osteoinductive, because it supports new bone growth along the bone–implant interface as
well as within the implant away from the bone–implant interface.

Since the stimulation of osteoinduction provides a desirable benefit for bone regeneration,
studies have been performed to understand the mechanism by which 45S5 glass induces this
response. The signals that 45S5 glass provides to cells in order to guide them to create new
bone have been investigated [91–93]. As described earlier, as 45S5 glass degrades it releases
Na+ and Ca2+ ions, and soluble silica, presumably in the form of Si(OH)4. It is believed that
a combination of some of these ions triggers cells to produce new bone [59]. In particular,
the concentrations of Ca2+ and Si(OH)4 are thought to be critical. However, the role of Si
has been called into question. A recent review showed no evidence of Si release from Si-
substituted calcium phosphates, and found no study linking the improved biological
performance of Si-substituted calcium phosphates to Si release [94]. Furthermore, recent
work has shown that certain compositions of borate bioactive glass enhance new bone
formation to a greater extent than 45S5 glass, although these borate glasses contain no Si
[95].
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5. Bioactive glass scaffolds for bone regeneration
The most common method for preparing porous bioactive glass scaffolds is to form glass
particles (or short fibers) of a “melt-derived” glass (produced using conventional glass
processing techniques) into a construct with the desired architecture and geometry; this
construct is subsequently sintered to bond the particles (or fibers) into a mechanically
reliable 3-D network with interconnected porosity. A method that is used far less frequently
is sol–gel processing of a solution. More recently, electrospinning of a solution or
processing of a viscous melt has been used to prepare pliable scaffolds of bioactive glass
consisting of nanofibers.

5.1. Melt-derived bioactive glass scaffolds
As summarized in Table 2, a variety of methods can be used to form the particles of a melt-
derived bioactive glass into a porous construct, producing different pore architectures (Fig.
2). For a given bioactive glass scaffold, the porosity, pore size and pore inter-connectivity
are critical parameters. In general, interconnected pores with a mean diameter (or width)
between neighboring pores of 100 µm or greater, and open porosity of >50% are generally
considered to be the minimum requirements to permit tissue ingrowth and function in porous
scaffolds [96,97].

As described earlier, one of the simplest methods for forming a scaffold is to thermally bond
a loose, random packing of particles or short fibers in a mold with the desired geometry [98–
101] (Fig. 2a and b). Common limitations include a fairly narrow porosity range (40–50%),
and the potential for constricted connectivity between neighboring pores. Another method is
to mix the bioactive glass particles with a fugitive phase (e.g. NaCl, or an organic material
such as starch) that is removed by dissolution or decomposition after forming but prior to
sintering. However, constricted connectivity between neighboring pores still remains a
problem here as well.

The polymer foam replication technique can provide a scaffold microstructure that is similar
to that of dry human trabecular bone (Fig. 2c). Scaffolds of silicate, borosilicate and borate
bioactive glass have been prepared with porosities in the range 60–90% using this method
[63,66,76,102,103]. In the case of 45S5 glass, the aforementioned crystallization leads to
glass–ceramic scaffolds with low strength (<1 MPa) (Table 2). However, silicate 13–93
glass and borate 13–93B3 bioactive glass scaffolds have higher compressive strength and
elastic modulus values, in the range reported for trabecular bone (strength, 2–12 MPa;
elastic modulus, 0.1–5 GPa).

Freezing of aqueous solutions and suspensions has been used to prepare polymeric and
ceramic materials with disordered macro-porous structures [104,105]. By carrying out the
freezing process in a controlled manner so that the ice grows in a preferred direction, porous
scaffolds with an oriented microstructure have been prepared [22,106–109]. A benefit of the
oriented microstructure is the higher scaffold strength in the direction of orientation,
compared to the strength of a scaffold with a randomly oriented micro-structure [22]. Porous
bioceramic scaffolds prepared from aqueous suspensions often have a lamellar
microstructure in which the small pore widths (10–40 µm) are unfavorable for supporting
tissue ingrowth. By modifying the composition of the aqueous solvent in the suspensions,
through the use of water–dioxane mixtures [108–110], or an organic phase (camphene) as
the sub-limable vehicle [111], bioactive glass (13–93) scaffolds with columnar
microstructures and pore diameters of 100–150 µm have been prepared (Fig. 2d and e). 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 [110,112].
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Solid freeform fabrication (SFF) or rapid prototyping methods provide the ability to produce
scaffolds with customized external shape and predefined internal microarchitecture. This can
be used to control the porosity, pore size and pore size distribution, as well asto create
structures to improve tissue ingrowth and diffusion of nutrients into the scaffold. SFF
methods involve building 3-D objects layer by layer from a computer-generated model using
computer-aided design (CAD) software [113]. Data obtained from computerized
tomography or magnetic resonance imaging scans can be used to create a customized CAD
model, and consequently a scaffold possessing the precise external dimensions required to
correct the damaged tissue site.

SFF has seen significant use in the fabrication of scaffolds from biodegradable polymers
(e.g. poly(lactic-co-glycolic acid) (PLGA), poly(caprolactone) (PCL)), and the method has
also been used to prepare scaffolds of calcium phosphate materials (e.g. HA, TCP), as well
as composites of these two classes of materials (e.g. PLGA/TCP) [114–116]. The fabrication
of composite scaffolds containing bioactive glass (e.g. PLA/45S5 glass; PCL/45S5 glass)
using a robocasting SFF technique has been reported [117]. Recently, the production of
silicate bioactive glass scaffolds using SFF methods, such as robocasting [118], freeze
extrusion fabrication [119] and selected laser sintering [120], has been reported. In the
robocasting method, the scaffold is formed by printing a concentrated suspension (an ink)
through a narrow-diameter nozzle onto a substrate using a robotic deposition device. After
drying, the as-formed construct is heated slowly (to 700 °C for 6P53B glass) to decompose
the organic phase and thermally bond the particles. Fig. 2f shows an example of a 6P53B
bioactive glass scaffold formed by the robocasting method. As shown, this scaffold has a
porosity of 60%, struts with a diameter of 500 µm, and pores of width 500 µm, but both the
porosity and pore width can be controlled by altering the thickness and spacing of the
extruded filaments. A notable feature of the scaffold is the dense 3-D network of the
bioactive glass and the uniform microstructure which, as described later, result in a high
compressive strength, comparable to that of cortical bone.

5.2. Sol–gel-derived bioactive glass scaffolds
A sol–gel process, involving the foaming of a sol with the aid of a surfactant, followed by
condensation and gelation reactions, has been used to prepare porous scaffolds of a few
bioactive glasses, such as the glass designated 58S, with the composition (mol.%): 60 SiO2,
36 CaO, 4 P2O5 [121]. The as-prepared scaffold has an overall microstructure similar to that
of dry human trabecular bone, but the pore structure is hierarchical, consisting of
interconnected macropores (>100 µm) resulting from the foaming process and nanopores
(less than several tens of nanometers) that are inherent to the sol–gel process [122]. This
hierarchical pore structure of the scaffold is beneficial for stimulating interaction with cells
as it mimics the hierarchical structure of natural tissues and more closely simulates a
physiological environment. Because of the nanopores in the glass, sol–gel-derived scaffolds
have high surface area (100–200 m2 g−1). 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 (2–3 MPa) [123], and consequently they are
suitable for substituting defects in low-load sites only.

5.3. Nanofibrous bioactive glass scaffolds
A recent development in scaffold-based tissue engineering is the use of an electrospinning
technique to create nanofibrous scaffolds of biodegradable polymers which mimic the
fibrous structure of the extracellular matrix [19,20]. The technique is also being applied to
the formation of fibers with submicron or nanoscale diameters, and to nanofibrous scaffolds
of bioactive glass [124,125]. Because of their high surface area, bioactive glass nanofibers
degrade rapidly and convert to HA. As in the case of sol–gel-derived bioactive glasses, the
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bioactivity of these glass nanofibers is maintained over a larger SiO2 compositional range
when compared to melt-derived glasses.

Nanofibrous scaffolds of bioactive glass have been prepared by electrospinning organic/
inorganic solutions (Fig. 3a). A mixture of tetraethyl orthosilicate and calcium nitrate, for
example, is typically used as the starting solution for the preparation of 70S30C glass (70
mol.% SiO2, 30 mol.% CaO) by the sol–gel process described above [124,125]. After the
electrospinning step, the as-prepared nanofibrous scaffolds are heated to 600–700 °C to
decompose residual organic or inorganic groups (e.g. ethyl, nitrate). Bioactive glass fibers
with diameters in the micron to sub-micron range, prepared from a melt-derived glass, are
available commercially (Fig. 3b). This material, which is very pliable and has a rapid
degradation rate because of its fine fiber diameter, has potential applications in the
regeneration of non-loaded bone defects and the healing of soft tissue.

6. In vitro characteristics of bioactive glass scaffolds
The in vitro characteristics of bioactive glass scaffolds, such as the degradation rate and
conversion to an HA-like material, mechanical response and response to cells, are dependent
primarily on the glass composition and the microstructure (architecture) of the scaffolds.

6.1. Degradation and conversion to hydroxyapatite
As previously described, the mechanisms by which silicate, borosilicate and borate bioactive
glass degrade and convert to an HA-like material have been the subject of several
investigations. While the general mechanistic features are believed to be understood
[44,56,57], the influence of the glass composition on the structure of the HA-like conversion
product remains unclear.

Typically, the kinetics of degradation of the glass and conversion to HA in vitro have been
evaluated by immersing the glass (in the shape of particles, a disc or a porous scaffold) in an
aqueous phosphate solution such as SBF at 37 °C, and measuring the weight loss of the
glass as a function of time [56,57,65,66] (Fig. 4a). In addition, the conversion product has
been characterized using structural, chemical and microchemical techniques. The
degradation is accompanied by the dissolution of ions and soluble species (e.g. Na+,
(BO3)3− and Si(OH)4, depending on the glass composition) into the solution, so there is also
a change in the pH (Fig. 4b) and the ionic concentration of the solution as a function of time.

Analysis of the kinetics indicates that the mechanism of conversion to HA depends on the
bioactive glass composition [66,126]. The reaction is pseudomorphic (the external
dimensions of the product are nearly identical to that of the starting material), starting at the
surface of the glass and moving inward. For a borate glass, such as 13–93B3, the conversion
is controlled by reaction at the interface and the kinetics can be described by a 3-D
contracting sphere model. On the other hand, the conversion of a silicate glass, such as 13–
93, is controlled initially by reaction at the interface (3-D contracting sphere model) and
later by diffusion of ions to the reaction interface (3-D diffusion model).

If the reaction time is sufficiently long for the product to crystallize, the X-ray diffraction
pattern of the converted materials often shows peaks that correspond to a reference HA,
Ca10(PO4)6(OH)2 [56,57,65,66]. However, microchemical analysis by energy-dispersive X-
ray spectroscopy methods, for example, often shows a calcium-deficient HA in which the
Ca/P atomic ratio is lower than 1.67, the value for a reference (or stoichiometric) HA.
Furthermore, the Ca/P ratio of the converted material often varies from the surface of the
reacted glass to the interior. Chemically, Fourier transform infrared spectra of the reacted
material often show resonances attributable to carbonate (CO3)2− groups [56,57,65,66]. This
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has generally been interpreted as indicating the formation of a carbonate-substituted HA, in
which some of the (PO4)3− ions in the HA are substituted by (CO3)2−, as a result of
dissolved CO2 in the aqueous phosphate solution. However, the presence of a fine second
phase of CaCO3 cannot be ruled out. Substitution of OH− in HA by (CO3)2− can also occur,
mainly in synthetic non-aqueous systems (1000 °C), but not in aqueous systems (25–100 °C)
or biological apatites [34].

6.2. Micro/nanostructure of glass conversion product
The product of the bioactive glass conversion commonly consists of a mesoporous structure
of nanophase particles with a high surface area [127]. Macroscopically, depending on the
bioactive glass composition, the product can be either partially converted, consisting of an
HA layer and an unconverted core (typical for slower-reacting silicate glasses such as 45S5
and 13–93), or fully converted to HA (typical for faster reacting borate glasses such as 13–
93B3). Since the amount of HA formed in a fully converted material is dependent on the
amount of Ca in the starting glass, and since the conversion reaction is pseudomorphic,
porous or hollow HA products can be formed [70,128–131] (Fig. 5).

Scanning electron microscopy (SEM) examination of the cross-sections of bioactive glass
conversion products has shown that, in some studies, the microstructure is not homogeneous
throughout the section [56,57]. Instead, a layered structure is observed (Fig. 6). As shown,
this layered structure can sometimes be quite complex, depending on the composition of the
starting glass. Commonly, the outermost (or surface) layer has the most compact packing or
lowest porosity. The mechanism for the formation of this layered structure is unclear. A
possible explanation is that the conversion reaction does not proceed in a continuous
manner. Instead, it starts and stops, presumably depending on the concentration of the
reacting ions from the glass and the solution.

6.3. Mechanical performance of bioactive glass scaffolds
A key property, particularly for scaffolds intended for the repair of loaded bone, is the
mechanical response. As previously discussed, scaffolds should have mechanical properties
comparable to those of the tissue to be replaced. 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. Cortical bone, found primarily in the shaft of long bones and as
the outer shell around trabecular bone, is much denser, with a porosity of 5–10% [132].
Trabecular bone, found at the end of long bones, in vertebrae and in flat bones such as the
pelvis, is much more porous, with porosity in the range 50–90% [133]. The mechanical
properties of bone vary between subjects, from one bone to another and within different
regions of the same bone. The mechanical properties are also highly anisotropic, as a result
of the oriented microstructure. However, based on the testing of large specimens, the
compressive strength and elastic modulus of cortical bone have been reported in the range
100–150 MPa and 5–15 GPa, respectively, in the direction parallel to the orientation axis
(long axis) [134–136]. The strength and modulus in the direction perpendicular to the long
axis are typically 1.5–2 times lower. A wide range has been reported for the elastic modulus
(0.1–5 GPa) and compressive strength (2–12 MPa) of trabecular bone [135,136].

The mechanical properties of porous scaffolds depend on the type of biomaterial, the
microstructure and the fabrication method. Table 2 shows the compressive strength of
bioactive glass scaffolds prepared by a variety of methods. This summary is not meant to be
exhaustive but, rather, to indicate representative examples. Bioactive glass scaffolds
prepared by methods such as polymer foam replication, gel-casting and sintering of particles
or short fibers typically have strengths comparable to that of human trabecular bone.
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Methods such as rapid prototyping and unidirectional freezing of suspensions have resulted
in the creation of porous bioactive glass scaffolds with compressive strength and elastic
modulus which are comparable to, or approach the values for, human cortical bone. These
scaffolds have potential application in the regeneration of load-bearing bones. Fig. 7
compares the mechanical response of 13–93 bioactive glass scaffolds formed by a polymer
foam replication technique [110], unidirectional freezing [111] and by freeze extrusion
fabrication (FEF), a rapid prototyping method [119]. Scaffolds prepared by the polymer
foam replication technique (porosity = 85%; pore size = 100–400 µm) initially show an
elastic response, followed by several peaks and valleys in the stress–strain curve. These
peaks and valleys may be related to progressive breaking of the solid glass struts in the
“trabecular” structure and compaction of the sample. Conversely, the constructs prepared by
uniaxial freezing (porosity = 50%; pore size = 60–80 µm) or by rapid prototyping (FEF)
(porosity = 50%, pore size = 100–500 µm) show a typical brittle response, consisting of an
elastic response followed by fracture.

6.4. Response of bioactive glass to cells
The composition of the bioactive active glass has a marked effect on its ability to support the
proliferation and function of cells in vitro (Fig. 8). Silicate bioactive glasses (45S5 or 13–
93), in the form of disks or porous scaffolds, are well known to support the proliferation and
differentiated function of osteoblastic cells, such as murine MC3T3-E1 cells and MLO-A5
cells, during conventional in vitro cell culture [69,102]. In contrast, borate bioactive glasses,
such as 45S5B3 and 13–93B3 (the borate equivalent of 45S5 and 13–93), have shown a
markedly lower ability to support cell proliferation and function [77,81]. This has been
explained to be a consequence of the faster degradation rate of the borate glass and to the
toxicity of the boron released into the culture medium. Borate glass leads to higher pH value
of the culture medium (Fig. 4). High concentrations of boron released from the rapidly
degrading borate glass also result in high local concentrations of boron in the medium,
particularly near the surface of the glass.

It has been shown that, either by creating a more “dynamic” culture condition in which the
system is gently shaken to mix the medium or by pre-reacting the borate bioactive glass in
an aqueous phosphate solution to convert a surface layer of the glass to HA, the ability of
borate bioactive glass to support cell proliferation and differentiation can be improved [80].
However, as described below, scaffolds of the same borate bioactive glass (e.g. 13–93B3)
appear to show no observable toxic effects when implanted in vivo.

7. In vivo characteristics of bioactive glass scaffolds
Particles and granules of silicate 45S5 bioactive glass, as described previously, have been
shown to enhance new bone formation in vivo [88–90]. Recent work has compared the
effect of the bioactive glass composition on its ability to support tissue ingrowth in vivo. Fu
et al. [77] implanted scaffolds, with the same “trabecular” microstructure (Fig. 2c) but with
different compositions (silicate 13–93, borosilicate 13–93B1, borate 13–93B3),
subcutaneously in the dorsum of rats, and evaluated the microstructure, microchemistry and
histology of the scaffolds 6 weeks post-implantation. The scaffolds were found to convert
faster to an HA-like material with increasing B2O3 content of the glass: both the borate 13–
93B3 and borosilicate 13–93B1 were fully converted to HA, whereas the silicate 13–93
scaffold was only partially converted. This conversion in vivo, as a function of bioactive
glass composition, is similar qualitatively to the conversion observed in vitro [77]. In
contrast to the in vitro behavior, in which the borate glass showed a lower ability to support
cell proliferation and function, all three groups of scaffolds showed the ability to support
tissue infiltration during the six-week implantation.
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Bi et al. [95] implanted scaffolds with a “fibrous” microstructure (Fig. 2b) and the same
three compositions (13–93, 13–93B1, 13–93B3) for up to 12 weeks in a non-healing rodent
calvaria defect model, and evaluated the ability of the scaffolds to support new bone
formation and heal the defect. Defects filled with particles of silicate 45S5 bioactive glass
(150–300 µm) and empty defects were used as positive and negative controls, respectively.
The results showed that new bone formation was markedly dependent on the composition of
the bioactive glass scaffolds. Fig. 9 shows hematoxylin and eosin (H&E)- and von Kossa-
stained sections of silicate 13–93 and borate 13–93B3 scaffolds after the 12-week
implantation. While all three scaffolds integrated well with the surrounding bone, a greater
amount of the 13–93B3 scaffolds was converted to an HA-like material and a larger amount
of new bone was formed within the 13–93B3 scaffolds. The borate 13–93B3 scaffolds were
completely converted to HA, and some fibers developed a hollow core in which new tissue
had infiltrated. Quantitative histomorphometric analysis showed that new bone formation in
the borate 13–93B3 scaffolds (~15%) after the 12-week implantation was almost twice that
for the silicate 13–93 scaffolds (Fig. 10). As a comparison, approximately half the size of a
critical defect in bone will heal over time in a rodent model without the implantation of a
scaffold.

In addition to the composition, the microstructure can also have an effect on the ability of
the bioactive glass scaffold to support new tissue formation. When implanted
subcutaneously for 4 weeks in the dorsum of rats, 13–93 bioactive glass scaffolds with an
oriented microstructure (porosity = 60%; pore diameter = 90–110 µm) (Fig. 2c) showed a
larger amount of tissue infiltration than “trabecular” scaffolds of the same glass (porosity =
85%; pore size = 100–500 µm) (Fig. 2b), despite the higher porosity and larger pore size of
the “trabecular” scaffolds [112]. The reasons for the enhanced tissue infiltration in the
oriented scaffolds are not clear. In a previous study [137], oriented poly(L-lactic acid)
(PLLA) scaffolds showed a better ability to support in vitro osteoblastic cell growth and the
formation of neo-tissue when compared to PLLA scaffolds with the same porosity but with a
random 3-D pore architecture. This enhanced neo-tissue formation in the oriented scaffolds
was attributed to the improved mass transport and/or cell–cell interaction. Furthermore, the
importance of pore orientation on the in vitro and in vivo performance of scaffolds is well
recognized in axonal and nerve regeneration [138,139]. However, differences in the surface
roughness could also contribute to the amount of soft tissue infiltrated into the trabecular
and oriented bioactive scaffolds.

Seeding with mesenchymal stem cells (MSCs) has also been found to enhance tissue
infiltration into bioactive glass scaffolds. In one study [112], “trabecular” 13–93 bioactive
glass scaffolds were seeded with rat bone marrow-derived MSCs, and implanted
subcutaneously in the dorsum of rats for 4 weeks. The as-prepared 13–93 bioactive glass
scaffolds (i.e. without MSCs) were used as a control. Histological evaluation (toluidine blue,
Goldner’s trichrome) showed that the amount of tissue infiltrated into the MSC-seeded
scaffolds was approximately three times that for the unseeded scaffolds.

Despite the promising characteristics of borate bioactive glass for bone regeneration, as
described above, the toxicity of the boron in vivo has been a concern, in view of the
common observation that boron concentrations above a threshold value can be toxic to cells
in vitro and in vivo [81,140]. Histological evaluation showed no adverse effects resulting
from the implantation of borate bioactive glass (13–93B3) subcutaneously in the dorsum of
rats [77,101] or in the calvaria of rats [95].

Further evaluation of borate 13–93B3 bioactive glass scaffolds in a rat subcutaneous
implantation model showed that the bioactive borate glass caused no tissue damage to the
kidney or the liver [82]. Five groups of rats (Sprague–Dawley) were evaluated: animals
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implanted with 4, 8, 12 and 16 scaffolds (n = 4 per group), plus the control group (no
implantation with borate bioactive glass scaffolds). Scaffolds with a “fibrous”
microstructure (Fig. 2b), each with a mass of 70 mg, were implanted for 4 weeks. Based on
previous subcutaneous implantation experiments, this implantation time was long enough
for the scaffolds to completely react and convert to an HA-like material in vivo. After the
animals were sacrificed, a kidney and a lobe of the liver were removed from each animal,
and sections of each organ were cut and stained with H&E. The sections were sent for a
blinded histological evaluation to Charles River Labs LLC (Shrewsbury, MA, USA), a
commercial company that provides research and laboratory animal support services. No
negative histological findings were found in the liver of any group, while the kidney had
only minor incidental changes often seen in adult rats. Based on these toxicology results,
borate bioactive glasses are non-toxic in the dynamic body environment of small animals, so
they could be considered to be promising candidate materials for tissue regeneration in vivo.

The treatment of chronic osteomyelitis (bone infection) remains a clinical challenge. When
loaded with the antibiotic teicoplanin, implants of borate bioactive glass showed promising
results for treating osteomyelitis in a rabbit tibia model [80]. In that work, osteomyelitis was
induced by methicillin-resistant Staphylococcus aureus (MRSA) in the rabbit tibia. After
debridement, the bone cavity was filled with chitosan-bonded pellets of borate glass
particles and teicoplanin powder. By 12 weeks post-implantation, the bioactive glass had
converted to a bone-like HA graft and supported new bone ingrowth into the tibia defects
(Fig. 11a–c). Furthermore, microbiological, histological and scanning electron microscopy
techniques showed that the implants provided a cure for the bone infection. In comparison,
animals treated with intravenous injection of teicoplanin for 4 weeks showed serious
infection and a large amount of fibrosis after 12 weeks (Fig. 11d and e), indicating that
intravenous teicoplanin was not effective for curing the infection.

Evaluation of the explants 12 weeks post-implantation using synchrotron X-ray
microcomputed tomography (SR microCT) showed good osteoconduction and
osteointegration of the bioactive glass implants in the bone cavity [141]. Three-dimensional
reconstruction of the tibia cavity showed new trabecular bone formed in the cavity
implanted with teicoplanin-loaded bioactive glass (Fig. 12a and b), but not in the empty
defects (Fig. 12c and d) or in the cavity implanted with teicoplanin-loaded CaSO4 (not
shown). SR microCT also showed the infiltration of vascular tissue in the bioactive glass
graft and in the newly formed trabecular bone. These results indicate that the combination of
a borate bioactive glass and appropriate drugs could provide an effective method for treating
osteomyelitis.

8. Bioactive glass in angiogenesis and soft tissue repair
While bioactive glasses have been extensively investigated for bone repair and regeneration,
there has been relatively little research on the application of bioactive glasses to the repair or
regeneration of soft tissues. However, recent work has shown the ability of bioactive glass to
promote angiogenesis (formation of blood vessels), which is critical to numerous
applications in tissue regeneration and the healing of soft tissue wounds.

Recent attempts to stimulate angiogenesis have focused on the delivery of growth factors,
such as vascular endothelial growth factor (VEGF) and basic fibroblast growth factor
(bFGF), gene therapy and cell-based therapy [142]. However, growth factors are expensive,
and the optimal delivery strategies are unclear. The ability of a bioactive glass to induce
angiogenesis could provide a robust alternative approach to the use of expensive growth
factors for stimulating neovascularization of engineered tissues.
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The beneficial effects of small concentrations of 45S5 bioactive glass for stimulating
angiogenesis has been shown in several recent studies, as reviewed recently [143].
Polystyrene surfaces coated with a low concentration (0.01–0.2 wt.%) of silicate 45S5
bioactive glass particles (<5 µm) were found to enhance the proliferation of fibroblast 208F
cells during in vitro culture for 24 h, when compared to the uncoated surfaces [144]. Culture
medium collected from fibroblasts grown for 24 h on surfaces coated with 0.01 wt.% 45S5
glass contained significantly higher concentrations of VEGF. Furthermore, coating
poly(glycolic acid) meshes with 45S5 glass was found to enhance neovascularization after
subcutaneous implantation of the scaffolds in rats for 28 and 42 days.

Human fibroblasts encapsulated in alginate beads with specific quantities (0–1 wt.%) of
silicate 45S5 bioactive glass particles (average size = 4 µm) secreted larger quantities of
VEGF for bioactive glass concentrations of 0.01 and 0.1 wt.%, but not for 1.0 wt.%,
indicating a dose-dependent curve for VEGF production which was dependent on the
concentration of loaded material [145]. Furthermore, conditioned medium collected from the
cell-seeded alginate beads containing 0.1 wt.% 45S5 glass particles increased endothelial
cell proliferation. Human fibroblasts cultured on tissue culture surfaces coated with 45S5
glass particles (<5 µm) secreted larger amounts of VEGF and bFGF, while conditioned
medium from the stimulated fibroblasts increased endothelial cell proliferation and tubule
formation [146].

Coating a VEGF-releasing biodegradable PLGA scaffold with 45S5 bioactive glass particles
resulted in an increase in endothelial cell proliferation in vitro, as well as greater
neovascularization in vivo when implanted for 2 weeks in critical size defects in the cranium
of Lewis rats [147]. By loading varying amounts of 45S5 bioactive glass into absorbable
collagen sponges, the proangiogenic potential of 45S5 bioactive glass was shown to be
related to the soluble products of the glass dissolution and the subsequent secretion of at
least one angiogenic induction factor (VEGF) by the stimulated cells (Fig. 13) [148].
Furthermore, the proangiogenic potential of the bioactive glass was dose dependent, as
observed previously [145]. In vivo, collagen sponges loaded with the optimum amount of
45S5 bioactive glass were found to enhance neovascularization 2 weeks post-implantation in
irradiated calvaria defects of Sprague–Dawley rats, when compared to the collagen sponge
without bioactive glass (control) [149]. This neovascularization induced by the local
delivery of bioactive glass was believed to be responsible for the significantly greater new
bone formation observed in the collagen/bioactive glass scaffolds 4 and 12 weeks post-
implantation.

In addition to silicate 45S5 glass, other bioactive glasses are under investigation for their
ability to promote angiogenesis. In a recent study [101], borate bioactive glass (13–93B3)
scaffolds have shown promising results for promoting angiogenesis in a rat subcutaneous
implantation model. Six weeks post-implantation, histomorphometric analysis of periodic
acid–Schiff (PAS)-stained sections was used to evaluate the formation of blood vessels in
the borate glass scaffolds (Fig. 14a). Red blood cells are stained light green, and can be seen
in the center of many of the blood vessels (indicated by the arrows). The material from the
original glass fibers of the scaffold is stained purple and labeled F, while soft tissue is
stained a light blue color. As described earlier, some borate 13–93B3 glass fibers can
develop a hollow core after conversion to an HA-like material. The scaffold section in Fig.
14b shows an H&E-stained section in which a fiber was cut perpendicular to the
longitudinal fiber axis. The fiber reacted with the body fluids, converted to an HA-like
material, and became filled with tissue and blood vessels (arrow). Fig. 14c shows a PAS-
stained section in which a fiber was cut along the longitudinal axis; a blood vessel
penetrated the hollow fiber and grew down the hollow core (arrow).
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A direct role of copper to promote angiogenesis has been known for nearly three decades
[150,151]. Copper (II) ions have been reported to stimulate the proliferation of endothelial
cells in a dose-dependent manner during in vitro culture [152], and the ability of Cu ions to
promote wound healing in rats has been linked to the up-regulation of VEGF by stimulated
cells [153,154]. These findings suggest promising new strategies for the use of bioactive
glass and other biomaterials to promote the desired vascularity in engineered tissues.

One approach is to exploit the compositional flexibility of glass, so that the bioactive glass is
the source of the Cu required for enhancing angiogenesis. As the bioactive glass degrades
and converts to an HA-like material, the Cu is released at the desired rate. “Fibrous”
scaffolds (Fig. 2b) of borate bioactive glass (13–93B3) doped with varying amounts of Cu
(0–1 wt.%) have recently been investigated to determine their ability to promote
angiogenesis in a rat subcutaneous implantation model [101]. One group of scaffolds was
seeded with rat bone marrow-derived MSCs, while the other group consisted of the as-
prepared scaffolds (unseeded). Six weeks post-implantation, quantitative histomorphometric
analysis of PAS stained blood vessels was used to evaluate the scaffolds (Fig. 15). As
shown, borate bioactive glass scaffolds seeded with MSCs or doped with 0.4 wt.% Cu, or a
combination of both (MSCs + 0.4 wt.% Cu), produced a significant increase in blood vessels
compared to the as-prepared 13–93B3 scaffolds.

9. Bioactive glasses in chondrogenesis and osteochondral tissue
engineering

While the ability of bioactive glass to promote osteogenesis is well known, recent work has
shown that the soluble products of bioactive glass degradation may also promote
neocartilage formation in vitro. When co-cultured with bovine chondrocyte-seeded agarose
hydrogels, porous scaffolds of a silicate 13–93 bioactive glass served as a medium
supplement for culturing tissue-engineered cartilage in vitro [155,156]. Constructs were
cultured in serum-free, chemically defined medium supplemented with TGF-β 3 (10 ng ml−1

for the first 14 days of culture) [157]. Two studies were performed to evaluate short-term (2
weeks) vs. long-term (6 weeks) effects of exposing the cell-seeded hydrogels to bioactive
glass (Fig. 16). In study 1, bioactive glass scaffolds were introduced to the culture medium
of agarose hydrogels on day 28 of culture, and mechanical and biochemical changes were
evaluated at 7 and 14 days after exposure. In study 2, bioactive glass scaffolds were added to
the culture medium immediately after cell encapsulation. The glass scaffolds were removed
after 14 days, the medium was replaced and the agarose hydrogels were cultured for a
further 4 weeks. Agarose hydrogels maintained in normal culture medium without bioactive
glass or cultured continuously with bioactive glass for the entire culture period (6 weeks)
served as controls.

Mechanical testing of the agarose constructs was performed in unconfined compression, as
described elsewhere [158]. After an initial tare load of 0.02 N, samples were loaded at a
strain rate of 0.05% s−1 to a strain of 10% to measure the elastic modulus (EY). The
dynamic modulus (G*) was measured by superimposing a 2% peak-to-peak sinusoidal strain
at 0.1 Hz. The constructs were digested in proteinase-K, and the glycosaminoglycan (GAG)
and collagen contents were determined and normalized to the tissue net weight [159].

Transient exposure of the agarose hydrogels to bioactive glass scaffolds resulted in higher
mechanical and biochemical properties than control samples (Fig. 17). In study 1, an
immediate rise in properties was seen after 7 days of exposure, with a further increase by
day 14. In study 2, significant increases in properties for constructs exposed transiently to
bioactive glass construct occurred by day 42. Peak construct values achieved in this study
were EY = 743 kPa, G* = 2.8 MPa, GAG = 7.6 wt.% and collagen = 6.2 wt.%. These values
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compare favorably with native bovine wrist cartilage [158]. The histology of transverse
slides showed more rapid and homogeneous extracellular matrix distribution for constructs
exposed to bioactive glass on day 28 (Fig. 18). Von Kossa stains for mineralization showed
no difference from control slides.

The effect of bioactive glass was observed only with transient exposure (2 weeks),
suggesting that there may be an optimum exposure time associated with these effects. Since
an immediate effect of the exposure to bioactive glass was observed in study 1, and a
delayed effect was observed in study 2 (weeks after exposure), the amount of elaborated
matrix present in the agarose hydrogel may be an important modulator in the observed
response to bioactive glass. One possible explanation is that, as the glass degrades in the
culture medium, its ionic degradation products act as supplements to the medium that
promote neocartilage tissue formation by modulating chondrocyte biosynthesis. These
results suggest potential benefits of 13–93 bioactive glass on chondral tissue formation in
engineered cartilage, in view of the well-known difficulty of regenerating cartilage and the
limited ability of engineered cartilage to achieve the mechanical and biochemical properties
of native cartilage [160].

Full-thickness articular cartilage defects often involve damage to the subchondral bone.
Furthermore, bone-to-bone interfaces are known to integrate better and faster than cartilage-
to-bone interfaces [161]. Tissue-engineered osteochondral grafts are therefore widely
regarded as one of the most promising techniques for repairing full-thickness articular
cartilage defects [162]. Numerous attempts have been made to develop cartilage–bone
bilayered grafts using multi-material strategies and a variety of methods [16]. Despite
several investigations examining the in vivo outcomes of tissue-engineered osteochondral
grafts, the effect of the subchondral support material on graft integration and cell survival
remains unclear.

Recent in vivo work has shown promising results for the use of silicate 13–93 bioactive
glass as a suitable substrate for tissue-engineered osteochondral grafts [163]. Cylindrical
plugs (3 mm in diameter × 6 mm) were made by bonding PEG hydrogel to three materials:
porous 13–93 glass, porous tantalum metal and rabbit allograft bone. The empty defect was
used a control. Chondrogenic-differentiated MSCs obtained from adult rabbit (New Zealand
white) allogenic bone marrow were suspended in the 1 mm thick hydrogel cap and bonded
to the three substrate materials before implantation into experimental defects in rabbit knees.
Examination at 6 and 12 weeks post-implantation showed that both 13–93 glass and
tantalum bonded to living bone, and supported viable cartilage cells at the articular layer.
Osseointegration of the glass and tantalum was superior to allograft (Fig. 19), and
transplanted cells expressed collagen type II collagen at 12 weeks post-implantation (Fig.
20).

10. Summary and future directions
While silicate bioactive glasses based on the 45S5 composition have been widely
investigated over the last 40 years, recently developed bioactive glasses based on borate and
borosilicate compositions are providing new opportunities for the application of bioactive
glass in tissue engineering. Concerns about the toxicity of borate glasses to cells and tissues
have been alleviated by results showing that borate glasses are non-toxic in small animals.
Furthermore, while the ability of bioactive glass to support osteogenesis is well known,
recent work has shown the proangiogenic potential of bioactive glass, which should provide
benefits for the application of bioactive glass to soft tissue repair.

Despite its brittleness, bioactive glass has a unique set of properties, such as the ability to
degrade at a controllable rate and convert to an HA-like material, to bond firmly to hard and
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soft tissues, and to release ions during the degradation process. These ions are known to
have a beneficial effect on osteogenesis and on angiogenesis, and recent results indicate that
they may also have a beneficial effect on chondrogenesis. Future research will take
advantage of the beneficial properties of bioactive glass, while seeking to limit the effects of
its brittleness through innovative scaffold design and processing, particularly when applied
to the repair of load-bearing bones.
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Appendix A. Figures with essential colour discrimination
Certain figures in this article, particularly Figures 2, 4, 7, 9, 12, and 14–20, are difficult to
interpret in black and white. The full colour images can be found in the on-line version, at
doi:10.1016/j.actbio.2011.03.016.
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Fig. 1.
Number of papers published per year in the field of “bioactive glass” (compiled from a
literature search in Web of Science carried out in December 2010).
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Fig. 2.
Microstructures of bioactive glass scaffolds created by a variety of processing methods: (a)
thermal bonding (sintering) of particles (microspheres); (b) thermal bonding of short fibers;
(c) “trabecular” microstructure prepared by a polymer foam replication technique; (d)
oriented microstructure prepared by unidirectional freezing of suspensions (plane
perpendicular to the orientation direction); (e) X-ray microCT image of the oriented scaffold
shown in (d); (f) grid-like microstructure prepared by robocasting. Glass composition: (a)
16CaO−21Li2O−63B2O3; (b–e) 13–93; (f) 6P53B.
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Fig. 3.
SEM images of nanofibrous bioactive glass: (a) borosilicate 13–93B1 glass with diameters
in the range 150–450 nm prepared by electrospinning of a precursor solution (courtesy of C.
Gao; Shinshu University, Japan); (b) bioactive glass with diameters in the range 100–800
nm, prepared from a melt-derived glass (courtesy of Mo-Sci Corp., Rolla, MO, USA).
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Fig. 4.
Degradation of bioactive glass scaffolds with a “trabecular” microstructure but with
different compositions: silicate 13–93; borosilicate 13–93B1; borate 13–93B3, in SBF. The
weight loss of the scaffolds (a), which provides a measure of the degradation of the scaffolds
and their conversion to a hydroxyapatite-like material, and the pH of the solution (SBF) (b)
are shown as a function of time. From Ref. [66].
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Fig. 5.
SEM images (low and high magnification) of the cross-section of porous or hollow HA
particles prepared by converting bioactive borate glass particles with different CaO
concentration in an aqueous phosphate solution at 37 °C: (a and b) porous HA microsphere
formed by converting 41.5CaO−14.6Li2O−43.9B2O3 glass microspheres for 6 days in 1.5
M K2HPO4 solution at 37 °C and pH 9.0; (c and d) hollow HA microsphere formed by
converting 16CaO−21Li2O−63B2O3 glass microspheres for 2 days in 0.02 M K2HPO4
solution at 37 °C and pH 9.0.
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Fig. 6.
Lower and higher magnification SEM images showing the layered structure of HA
microspheres formed by converting a bioactive glass with the composition 2Na2O−2CaO
−6B2O3 in an aqueous phosphate solution at 37 °C.
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Fig. 7.
Mechanical response (compressive stress vs. deformation) of bioactive glass (13–93)
scaffolds with: a trabecular microstructure prepared by a polymer foam replication
technique; an oriented microstructure prepared by unidirectional freezing of suspensions; a
grid-like microstructure prepared by freeze extrusion fabrication (a solid freeform
fabrication technique). The ranges of compressive strength values for trabecular and cortical
bone are shown in red.
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Fig. 8.
Ability of silicate 13–93, borosilicate 13–93B1 and borate 13–93B3 bioactive glass
scaffolds with a trabecular microstructure to support (a) proliferation and (b) differentiated
function of osteogenic MLO-A5 cells. Mean ± SD, n = 4. *Significant difference for glass
scaffolds with different compositions (p < 0.01). From Ref. [77].
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Fig. 9.
(Left) Von Kossa- and (right) H&E-stained sections of silicate 13–93 bioactive glass
scaffolds (a and b) and borate 13–93B3 bioactive glass scaffolds (c and d), after
implantation for 12 weeks in rat calvaria defects. B, bone; H, hydroxyapatite within scaffold.
From Ref. [95].
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Fig. 10.
Percent new bone regeneration in rat calvarial defects implanted with “fibrous” scaffolds of
silicate 13–93, borosilicate 13–93B1 and borate 13–93B3 bioactive glass, and with particles
(150–300 µm) of 45S5 glass (*p < 0.05). From Ref. [95].
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Fig. 11.
Radiographic images showing (a) experimental osteomyelitis in rabbit tibia induced by
MRSA; (b) teicoplanin-loaded borate bioactive glass (TBDC) pellets implanted into rabbit
tibia osteomyelitis model after debridement (group 1); (c) completely degraded TBDC
pellets in rabbit tibia 12 weeks post-implantation; (d) the cleared cavity and bone window
after debridement in group 2 animals (injected intravenously with teicoplanin); (e) evidence
of deteriorated infection in group 2. From Ref. [80].
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Fig. 12.
Synchrotron X-ray microCT shows three-dimensional reconstructed blocks of rabbit tibia
osteomyelitis model 12 weeks post-implantation: (a and b) defect filled with teicoplanin-
loaded borate bioactive glass, which converted to HA (blue) and formed new bone (light
purple), while promoting angiogenesis (red); (c and d) empty defect. From Ref. [141].
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Fig. 13.
Bioactive glass (45S5; BG) induces the production of VEGF by human microvascular
endothelial cells (HMVECs) cultured in indirect contact with the substrate. (A)
Quantification of VEGF gene-specific mRNA by HMVECs exposed to varying amounts of
BG. (B) HMVEC proliferation stimulated by BG–collagen sponges was inhibited by a
soluble VEGF antibody (*p < 0.05 vs control). From Ref. [149].
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Fig. 14.
Light microscopy images of borate 13–93B3 bioactive glass scaffold implanted for 4 weeks
in the dorsum of rats. (A) PAS-stained section, showing the material from the original glass
fibers F, with blood vessels (arrow) with red blood cells (bright green) inside; (B) H&E-
stained section showing a borate glass fiber that reacted with the body fluids, converted to
HA, became hollow, and was filled with tissue and blood vessels (arrow); (C) PAS-stained
section along the longitudinal axis of a fiber, showing a blood vessel inside the void of a
hollow fiber (arrow). From Ref. [101].
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Fig. 15.
Effect of doping borate 13–93B3 bioactive glass scaffolds (B3) with copper (B3-Cu1: 0.1
wt.% Cu; B3-Cu3: 0.4 wt.% Cu) and/or seeding with bone marrow-derived MSCs (B3msc;
B3-Cu1msc; B3-Cu3msc) on scaffold angiogenesis after six-week subcutaneous
implantation in rats. From Ref. [101].
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Fig. 16.
(a) Schematic of cell-seeded agarose incubated without or with a bioactive glass scaffold;
(b) timeline for exposure of cell-seeded agarose to bioactive glass (black).
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Fig. 17.
Mechanical and biochemical results as a function of time for chondrocyte-seeded agarose
hydrogel co-cultured transiently or continuously with bioactive glass. The results are
normalized to those for the agarose cultured without the bioactive glass. EY, equilibrium
elastic modulus; G*, dynamic elastic modulus; GAG, glycosaminglycan. From Ref. [156].
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Fig. 18.
Alcian blue- (GAG) and picrosirius red-stained (collagen) histology images of cell seeded
agarose cultured for 6 weeks; cell-seeded agarose cultured without bioactive glass (control)
and cell-seeded agarose exposed to bioactive glass for the last 2 weeks of culture only (BG
13–93 construct) (magnification 10×). From Ref. [156].
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Fig. 19.
Histology at 12 weeks post-implantation with: (A) control (empty defect); (B) rabbit
allograft; (C) trabecular tantalum; and (D) 13–93 bioactive glass. The best osteointegration
scores were obtained with bioactive glass and tantalum. From Ref. [163].

Rahaman et al. Page 43

Acta Biomater. Author manuscript; available in PMC 2011 June 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 20.
Collagen type II immunohistochemistry of the surface tissue at 12 weeks post-implantation
for (A) control (no defect), and for cell-seeded agarose bonded to (B) rabbit allograft, (C)
trabecular tantalum and (D) 13–93 bioactive glass. The surface tissue most closely
resembled hyaline cartilage with trabecular tantalum and bioactive glass substrates. From
Ref. [163].
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