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Abstract: Bioactive glass and glass-ceramics are used in
bone repair applications and are being developed for tissue
engineering applications. Bioactive glasses/bioglass are very
attractive materials for producing scaffolds devoted to bone
regeneration due to their versatile properties, which can be
properly designed depending on their composition. An im-
portant feature of bioactive glasses, which enables them to
work for applications in bone tissue engineering, is their abil-
ity to enhance revascularization, osteoblast adhesion, enzyme
activity and differentiation of mesenchymal stem cells as well
as osteoprogenitor cells. An extensive amount of research
work has been carried out to develop silicate, borate/borosili-
cate bioactive glasses and phosphate glasses. Along with
this, some metallic glasses have also been investigated for
biomedical and technological applications in tissue engineer-

ing. Many trace elements have also been incorporated in the
glass network to obtain the desired properties, which have
beneficial effects on bone remodeling and/or associated
angiogenesis. The motivation of this review is to provide an
overview of the general requirements, composition, struc-
ture-property relationship with hydroxyapatite formation and
future perspectives of bioglasses. Attention has also been
given to developments of metallic glasses and doped bio-
glasses along with the techniques used for their fabrication.
© 2013 Wiley Periodicals, Inc. J Biomed Mater Res Part A: 102A: 254-
274, 2014.
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INTRODUCTION
The natural or man-made materials, which are used to
replace or supplement the functions of living tissues, are
known as biomaterials." The imperative terminology for the
study of biological performance of materials includes: bio-
compatibility and biomaterials. The biomaterials should be
biocompatible that is in vivo harmony of biomaterial and
vice versa.’ In addition to this, biomaterials must possess
features like bioinert behavior, bioactivity, biostability, and
biodegradibilty.? Biomaterials are generally categorized as
(a) natural or synthetic polymers, (b) metals, (c) compo-
sites, and (d) ceramics (bioglasses) as shown in Figure 1.
Although the composition flexibility for polymers pro-
vides them with their unique characteristics, but their low
mechanical strength cannot withstand the stresses required
in many applications. Metals have high wear resistance,
strength and ductility. However, their high corrosion rate
and low biocompatibility are undesirable for living tissues,
and the high diffusion of metal ions may lead to allergic
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reactions.* Some composites have cross-linked elastomers
which give them high elastic moduli which in turn are bene-
ficial for biocompatibility. Ceramics generally posses good
biocompatibility along with resistance to corrosion and
compression. Unfortunately these materials are brittle and
maintain small resilience, high density and low fracture
strength. The use of biodegradable polymer scaffolds for the
regeneration of bones is limited and challenging. These
polymers lack a mechanically biocompatible hydroxyapatite
(HA) inorganic phase.”® The scaffolds which are fabricated
from calcium phosphate-based inorganic materials or bio-
ceramics such as bioactive glass usually provide a higher
mechanical strength.

Bioactive glass and glass-ceramics are also used in bone
repair applications and are being developed for tissue engi-
neering applications.” Bioactive glasses/bioglasses are very
attractive materials for producing scaffolds devoted to bone
regeneration due to their versatile properties, which can be
properly designed depending on their composition.!® The
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FIGURE 1. Schematic of classification of biomaterials.
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first bioactive glass was synthesized 40 years ago by Hench
et al'® and belonged to the Si0;-Na,0-Ca0-P,05 system
(Bioglass VR). In 1969, Hench et al. discovered that certain
glass compositions had excellent biocompatibility as well as
the ability to bond bone.'®'? The bioactivity of this glass
system can vary from surface bioactive to bulk degradable
that is, resorbed within 10 to 30 days in tissue."* The 45 S5
Bioglass W contains 45% Si0O,, 24.5% Na,0, 24.4% CaO, and
6% P,0s, in weight percent® The phase diagram as
proposed by Hench is given in Figure 2. Hench published
a very broad review describing the stages
involved during Bioglass synthesis along with biochemical/
biological/structural testing ultimately leading to its
commerecialization.*?

This invention led to a revolution in the development of
biomaterials and doped system of bioglasses for the human
body. Progressively this perspective explored inert materials
for implantation and to promote natural tissue regenera-
tion."*'® Ancient civilizations like Egyptians, Chinese, and
Indian used biomaterials for reconstructing the defective
parts of the body, but Bioglass has been in clinical use since
1985 in the form of a fine particulate for dental application
(Perioglas, NovaBone) to the present.'®

Broadly a bioactive material represents a material that
is designed for inducing target specific biological activity.”
More specifically, a bioactive material represents a material,
which follows a two-step process upon its implantation
inside the body. In the first step it undergoes specific sur-
face reactions especially with simulated body fluid (SBF)
and during the second step it forms a HA-like layer, which
is responsible for the interactions within hard and soft
tissues.'® The formation of a HA-like surface interaction
layer when immersed in a simulated body fluid (SBF)
in vitro is an imperative criteria to decide the biological

various

JOURNAL OF BIOMEDICAL MATERIALS RESEARCH A | JAN 2014 VOL 102A, ISSUE 1

[Color figure can be viewed

k,f-m ) Short -
modulus, ) term
of / \ durability

in the online issue, which is available at

activity of a biomaterial in vivo.1921 However, some materi-
als like dicalcium phosphate dehydrate show in vitro forma-
tion of an HA-like surface layer when immersed in a SBF
but no direct bone bonding in vivo.**** In contrast to this,
B-TCP does not always lead to the formation of an HA-like
material in a SBF in spite of the fact that it shows extensive
bonding to bone.**

Recently, for bone replacement, the attention has been
inclined toward materials exhibiting chemical and crystallo-
graphic similarity to natural bone mineral hydroxyapatite
(HA), fluorapatite, and other calcium phosphates in addition
to their biodegradability.?® Calcium phosphate-based biocer-
amics, such as HA, Ca;g(PO4)s(OH),, B-tricalcium phosphate
(B-TCP), Ca3(P0O4),, and biphasic calcium phosphate (BCP),
and a mixture of HA and B-TCP are inorganic materials

A"=TBone Bonding

B = Non-bonding (reactivity too low)

C = Non-bonding (reactivity too high)
D= Non-bonding (non glass foming
S = Soft tissue bonding

E = Bioglass® composition

510,

6% P,0,

FIGURE 2. Ternary compositional diagram given for 45% Si0,-24.5%
Na,0-24.5% Ca0-6%P,05 glass by Hench for bone-bonding.™
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composed of the same ions as bone and have received most
attention for bone repair applications.*®?” HA resorbs
slowly and undergoes little conversion to a bone-like mate-
rial after implantation, but possess a higher mechanical
strength in comparison to other calcium phosphates.?®
The use of BCP with different HA to B-TCP ratios allows
control over the degradation rate, in addition to other
properties.??3°

Bioglasses should be designed in such a way so that
they provide appropriate structural compatibility without
any detrimental effects on living tissues.>! By tailoring the
initial composition of bioglass and upon changing the proc-
essing conditions that is melt quenching or sol-gel, we can
design target and application specific bioglass."®**** An im-
portant feature of bioactive glasses, which enables them to
work for applications in bone tissue engineering, is their
ability to enhance revascularization, osteoblast adhesion,
enzyme activity, and differentiation of mesenchymal stem
cells.'®?1323% 1n addition to this, they can also act as prom-
ising filler materials/coatings for polymer structures.3>*°
However, while using bioglasses for producing porous scaf-
folds, dental materials, or filler materials, the properties of
bioglasses due to the form of their powders/particles of
various shapes and sizes and granulates of different sizes
should be considered. The risk of toxicity must also be
taken into consideration while designing the compositions
of bioactive biomaterials so that the release of elements is
lower than their biologically safe levels and hence exhibit
no or negligible cytotoxicity.

A significant amount of research work has been carried
out to develop silicate, borate/borosilicate bioactive glasses,
and phosphate glasses. Some metallic glasses have also
been investigated for biomedical and technological applica-
tions in tissue engineering. To this extent, many trace ele-
ments have also been incorporated in the glass network to
obtain the desired properties, which have beneficial effects
on bone remodeling and/or associated angiogenesis. This
has amplified the interest in the field of biomedical applica-
tion of bioactive glasses over the last four decades. This is a
field of intense research, which is clearly manifested in the
increasing number of publications in the field of bioglasses,
their properties and applications. This paper is presented
mainly to provide an overview of requirements, composi-
tion, the structure-property relationship with hydroxyapatite
formation and future perspectives of bioglasses. Attention
has also been given to developments of metallic glasses and
doped bioglasses along with the techniques used for their
fabrication. The authors do not intend to imply that bio-
glasses are the only suitable material for biomedical
applications.

DESIRED PARAMETERS FOR BIOGLASSES/
GLASS-CERAMICS

Bioactive glass exhibits an amorphous structure, whereas
glass-ceramics are crystallized glasses. Glass ceramics are
obtained through a process in which the glass is heated at a
fixed temperature and duration in controlled atmosphere.
Upon controlled heat treatment of the glass, a glass-ceramic
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is formed which exhibits superior mechanical properties
with respect to its parent glass like viscous behavior, tough-
ness and hardness. However, in the case of 45S5 glass, the
crystallization leads to a decrease in the mechanical
strength of glass-ceramic scaffolds with low strength (<1
MPa).® In contrast, silicate 13-93 glass and borate 13-93B3
bioactive glass scaffolds have a higher compressive strength
and elastic modulus values.

Crystallization enhances the mechanical and flexural
strength of glass leading to its high fracture strength. Glass
ceramics consist of crystalline phases embedded inside an
amorphous glassy matrix. The crystallization of glasses
affects the bioactivity of glass as shown by many research-
ers.*®*% According to the reports by Filho et al.*® and Li
et al,’” the crystallization in bioactive glass leads to
decreased level of bioactivity, which probably makes it an
inert material. This indicates that while the glass ceramic is
mechanically stronger than amorphous glass, at the same
time the bioactivity is greatly reduced. This competition
between strength and bioactive behavior has been
addressed after the discovery of the Na-containing glass, 45
S5BioglassW. This glass has been sintered to obtain a
mechanically strong crystalline phase inside a residual
glassy matrix. At body temperature this crystalline phase
transforms into an amorphous calcium phosphate while in a
biological environment and remains biodegradable as well
as bioactive.*>*° It has also been observed that the healing
profile of bone matches the biodegradation profile of the 45
S5BioglassW. This desirable property is a unique feature of
this 45 S5 Bioglass W and has not previously been found in
any other material like hydroxyapatites, alloys, polymers or
calcium phosphates. Lefebvre et al. and Huang et al. investi-
gated and modeled the sintering behavior of Bioglass.”"*?

Following are listed some of desired parameters for
bioactive glasses/glass-ceramics to function as a suitable
biomaterial:*->’

1. Biocompatibility of bioglasses is an indispensable prop-
erty. They should be non-toxic and hence promote cell
proliferation in addition to cell adhesion.

2. For making scaffolds, almost every bioglass requires a
thermal heat treatment, which leads to nucleation and
growth of crystalline phases embedded in a matrix of
glass. These crystallized phases must not induce cyto-
toxic effect or hamper any bioactive process inside the
cell/tissue.

3. When these glasses are in contact with SBF, there must
be a formation of a hydroxyapatite layer.

4. It should not exhibit any inflammatory response, demon-
strate cytotoxicity or immunogenicity. Tissue scaffolds
provide a temporary structure for cells to synthesize new
tissue and they must exhibit neogenesis, however they
must degrade into nontoxic products, which can be easily
resorbed or be excreted by the body. Moreover, both the
surface and the bulk material must be sterile.

5. The bioglass must posses required mechanical properties
to withstand any kind of pressure or strain in order to
prevent any structural failure during handling of the
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TABLE I. Role of Elements in Human Body

Name of the Element

Role

Calcium Constituent of bones and teeth, regulation of nerves, enzyme activation, neuromuscular excitability

Phosphorous Constituent of teeth, bones, adenosine triphosphate and nucleic acids

Sodium Principal cation of extracellular fluid, Regulates plasma volume, maintains osmotic pressure,
transmission of nerve impulses, absorptive processes for bile salts and amino acids

Potassium Principal cation in extracellular fluid, regulation of osmotic pressure, glycogenesis, muscle contraction
of cardiac muscles

Chlorine Fluid and electrolyte balance, principal anion in extracellular fluid and gastric juice

Magnesium Component of enzyme system with thymine pyrophosphate cofactor. Constituent of bones and teeth,
activator for phosphate transferring enzymes

Chromium Maintains the configuration of RNA molecule, active ingredient in glucose tolerant factor

Cobalt Constituent of vitamin B.,, cofactor of enzymes involved in DNA biosynthesis

Copper Essential for hematologic and neurologic systems, formation of myelin sheaths in nervous systems,
constituent of many enzymes, helps in iron absorption

lodine Component of thyroid hormones

Iron Required for hemoglobin, component of enzymes for cellular respiration, myelination of spinal cord,
synthesis and packaging of neurotransmitters

Manganese Cofactor of hydrolase, decarboxylase, involved in glycoprotein, part of enzymes required for urea
formation and pyruvate metabolism

Molybdenum Part of metalloenzymes, helps in cellular metabolism

Selenium Constituent of glutathione peroxidase, part of defense system protecting organisms from harmful
free radicals, oxidant with vitamin E

Silicon Calcification of bone, component of mucopolysaccharides, component of connective tissues, cross
linking agent, helps in resiliency of connective tissues

Zinc Cofactor for many enzymes, cell replication, metabolism of vitamin A and E, tissue repair and
wound healing

Fluorine Increases hardness of bones, increases enamel remineralization, prevents dental caries

Sulfur Required for amino acid, connective tissue, skin, nails and hair

Strontium Helpful in calcification of bones and teeth, bone healing, bone resorption

Nickel Maintenance of membrane structure, control of prolactin

Boron Helps in bone formation

Barium Bone opacifier

material and during the patient’s normal routine activ-
ities. The bioglass scaffolds must exhibit, mechanical
properties that are comparable to those of the tissue to
be replaced for better compatibility.

6. For bone engineering, bioglass should posses controllable
interconnected porosity to support vascularization so as
to direct cells to grow into the required physical
structure. A typical porosity of 90% along with a pore
diameter of at least 100 pum is required for proper vascu-
larization of the tissue.

7. The architecture aspect of a bioglass scaffold should have
a porous three-dimensional (3D) structure for cell prolif-
eration, vascularization and diffusion of nutrients. This
provides a regulated microenvironment for new tissue
synthesis.

8. For commercialization, the bioglass should be cost-effec-
tive while still maintaining the desired features.

Hence, all these criteria are desirable to obtain suitable
bioglasses for the biomedical and technological applications.

ELEMENTS REQUIRED BY HUMAN BODY

The human body requires some elements as they are vital
constituents of organs or body parts. In addition, they are
required for maintenance of acid-base balance and regula-
tion of body fluids. For understanding the biological signifi-
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cances of these elements inside the human body, it is neces-
sary to obtain an insight of their relative abundance in
biological cells/tissues. Human body tissue consists of up to
90% water.® Carbon, hydrogen, nitrogen and oxygen are
the major constituents of proteins, amino acids, deoxyribo-
nucleic acids (DNA) and ribonucleic acids (RNA). Hence
these elements are regarded as the basic building blocks.
The remainder of the elements required for the body can be
divided into macroelements and microelements. Macroele-
ments include calcium, phosphorus, sodium, chlorine, potas-
sium and so forth are required >100 mg/dL and microele-
ments like copper, iron, zinc, sulfur, magnesium, chromium,
strontium and so forth are required up to <100 mg/dL.>9%®
The deficiencies of these elements can cause major public
health problems especially in developing nations, whereas
their high concentrations can be toxic. All the elements
required by human tissues are listed in Table I along with
their significance. These elements are also important com-
ponents of bioglasses. Hence for uninterrupted working of
these bioactive glasses (scaffolds), it is necessary for glass
to degrade in vivo so that the trace elements in scaffolds
must be released below the toxic level.

Calcium and phosphorus function as major constituents
while magnesium as a minor constituent for bone, teeth and
adenosine triphosphate (ATP). Calcium is required for mem-
brane permeability, muscle contraction and neuromuscular

257



-
(b)

Temperature ———o

FIGURE 3. (a) Structure of glass and (b) enthalpy-temperature diagram.®® [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

excitability. Phosphorus is also involved in the synthesis of
phospholipids and phosphoproteins. Its deficiency may
cause De-Toni Fanconi syndrome or osteomalacia whereas
its increase content can lead to chronic nephritis and hypo-
parathyroidism. Hypothyroidism includes low Ca/P ratio.®’
Magnesium is also an active component of several enzymes
having thymine pyrophosphate as a cofactor and its defi-
ciency can lead to deeply depressed tendon reflexes. Stron-
tium and barium also belong to the same alkaline earth
metal oxide group of calcium and magnesium. The field
strengths of Mg"?, Ca?", Sr*", and Ba?" are 0.45, 0.33, 0.30,
and 0.24, respectively. Oxides of barium increase the surface
adherence by reducing surface tension.”® Basically, it is a
very strong modifier and is associated with providing non-
bridging oxygen (NBOs) to the glass structure, which may
enhance the formation of the apatite layer.”" Barium crystals
are also used as an opacifier in bone cements and radio-
opaque bioactive RSA glasses.”*”* Strontium has shown
positive effects during treatment of osteoporosis.®?™

Other elements like silicon, zinc, copper, iron, and so forth
also play a vital role for the normal functioning of the human
body. Silicon is a biological cross-linking agent contributing
to the structure and resilience of connective tissues.”>”® Si-
licic acid is the physiological form of silica, which interacts
with aqueous aluminum to form hydroxyl aluminosilicates
having low toxicity.”” Zinc acts as a cofactor and constituent
of many dehydrogenase enzymes, which are necessary for
macronutrient metabolism as well as cell replication.®® Me-
tabolism of vitamin A and E are dependent on zinc. Along
with playing a vital role in plasma component and insulin, it
also helps in developing taste buds, anti-inflammation, heal-
ing wounds and tissue repair®®®® It binds specific DNA
regions to monitor genetic control of cell proliferation.”®
Copper is also a constituent of many oxidase enzymes and
helps in iron absorption.”® It is imperative for hematologic
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and neurologic systems as it forms myelin sheaths. Copper
containing proteins are known to be erythrocuperin in red
blood cells, hepatocuperin in liver and cerebrocuperin in
brain.®® Though its deficiency is associated with anemia due
to reduced ferroxidase function, cardiac hypertrophy and car-
diac failure but its excess causes Wilson disease and liver
poisoning. Copper is reported to help in formation of bones
but Zhang et al. reported that Cu®" at a concentration of
10 °M inhibits osteoclast activity.2®®? Copper is reported to
trigger endothelial cells towards angiogenesis®® and hence
acts as an angiogenic agent. Copper and angiogenesis growth
factor FGF-2 exhibited synergistic stimulatory effects on
angiogenesis in vitro®* Cu promotes the differentiation of
mesenchymal stem cells towards the osteogenic lineage.?>®#®
Iron (Fe) is an important constituent of succinate dehydro-
genase and heme of hemoglobin (Hb), myoglobin, and cyto-
chrome.”® It is required for myelination of white matter of
cerebellar folds in brain. Along with this, it is a cofactor for
many enzymes of neurotransmitter system.87 Fe is trans-
ferred as transferrin, stored as ferritin/hemosiderin and lost
in sloughed cells.®” Iron deficiency causes anemia whereas its
excessive accumulation causes hemosiderosis, neurologic dis-
orders like Alzheimer’s disease, Parkinson, and neurodegen-
eration.?® In summary, the level of all these elements must
be optimized inside the human body for healthy functioning.

TYPES OF BIOGLASSES

Glass is an amorphous solid, without long-range order.
Glasses are typically brittle, and often optically transparent.
Glasses and crystals have the same building blocks (cation
polyhedra) arranged in a different pattern; for example,
glasses have broader distributions of bond angles. The
atoms in glass are arranged in a random manner more simi-
lar to that of a liquid because glass is essentially a super-
stiff liquid as shown in Figure 3(a). Every glass exhibits

89,90
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FIGURE 4. Glass and its components. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

time-dependent glass transformation behavior. This behavior
occurs over a temperature range known as the glass trans-
formation region. As indicated by the enthalpy temperature
diagram [Fig. 3(b)], the glass transformation occurs over a
range of temperatures and cannot be characterized by any
single temperature. According to Zachariasen’s criterion of
glass formation:®*°

1. No oxygen atom may be linked to more than two cations
(A).

2. The number of oxygen atoms surrounding the cations
must be small (e.g., less than six)

3. The oxygen polyhedra shares corners with each other,
but do not share edges or faces.

4. The polyhedra are linked in a three-dimensional network.

5. Cooling rate ~ 10° K/s is required.

Figure 4 indicates the components of glasses and their
role. The generic name of the glass is generally derived
from its network former. One of the major challenges of tis-
sue engineering has been concerned with the design and
development of materials and their bioresorability after per-
forming their function so that the tissue can be remodeled
to its natural form again. Hence, it is important to get
insight into the glass and its structural design. From the
compositional aspect of glasses that is the main oxide pres-
ent in glass and various other oxides as dopants, some of
the reported bioactive glasses and their structural compo-
nents are described as follows:

Silicate glasses

Although the basic tetrahedra (Si04)* are present in most
silica structures, the connectivity varies widely into 1-, 2-,
and 3-dimensional arrangements. Both ionic and covalent
natures of the Si-O bond contribute to the preference for
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(Si04)*" tetrahedron formation in both crystalline and
glassy silicas. In addition, each O anion is coordinated by
two Si cations, corresponding to corner sharing of the oxide
tetrahedra, preventing the close-packing of anion layers and
resulting in relatively open structures.®?° Silicon plays a
significant role in bone mineralization along with gene acti-
vation. Consequently, substitution of silicon for calcium into
synthetic hydroxyapatites is the current area of investigation
for many research groups.’’*® The intracellular and extrac-
ellular response of bioactive glass depends upon the release
of soluble ionic forms of Si, Ca, P, and Na, from glass surface.
The 45 S5 Bioglass W is a silica-based composition, which
has shown increased secretion of vascular endothelial
growth factor in vitro.*® SCK is Na,O-free silica-based bioac-
tive glass used for making scaffolds in which the bioactivity
phenomena involves H"/K™ exchange process.”* The 13-93
glass proposed by Fu et al.”® remained amorphous even af-
ter heat-treatment confirmed from X-ray analysis. The 13-93
glass has more facile viscous flow behavior than bioglass,
and fewer tendencies to crystallize.”® The 13-93 glass scaf-
folds fabricated are shown in Figure 5(a,b) shows the nee-
dle like structure of hydroxyapatite formed on the surface
of 13-93 glass after dipping in SBF solution for 6 days.
Silicate bioactive glasses (45S5 or 13-93) are well
known to support the proliferation and differentiated func-
tion of osteoblastic cells such as murine MC3T3-E1 cells
and MLO-AS5 cells, during conventional in vitro cell culture.®®
Goel et al. synthesized alkali free system diopside.”” The
system showed considerably smaller weight loss in compari-
son to 45 S5 composition. In addition, during the 12 hr of
immersion in SBF, highest level of bioactivity was also
observed. The sintered glass was found to be amorphous.
Silica spheres along with organic ligands find suitable appli-
cations in immunoarrays and detection of biological
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FIGURE 5. (a) 13-93 glass scaffold (b) formation of hydroxyapatite needles on the surface of 13-93 glass after 6 days in SBF.%®

molecules.’® Silica is also attracting attention of researchers
in the field of nanomedicine and drug delivery.”® Kokubo
and Takadama found these materials to produce good pros-
thetic devices.’®? Silica-based star gels were developed by
Du-Pont Corporation in 1995. These are organic-inorganic
hybrids with unique structure of organic core surrounded
by flexible arms. These arms terminate into alkylosilane

groups.'??

Borate/borosilicate glasses

Brink”® proposed the first borosilicate glasses for biomedi-
cal applications in 1990. In order to get the desirable bioac-
tive properties, the relative proportion of B,03; was tailored.
Borate glasses are very reactive and have lower chemical
durability, hence they convert more completely and rapidly
to HA than their silica counterparts.'°>'%? Huang et al.'%?
replaced SiO, with B,03; in steps and found substantial
increase in the conversion of the glass to HA in aqueous
phosphate solutions. The conversion mechanism of bioactive
glass to apatite is similar to that of silicate 45 S5 glass, with
the formation of a borate-rich layer, similar to the silicate-
rich layer of the former.' The complete degradation rate of
the glasses can be controlled within a wide range of time
periods by replacing silica with boron. In addition to this,
the sintering behavior of borate/borosilicate glass is more
controlled than silicate glasses.!?*1%* The 45 S5 silicate
compositions have been widely investigated over the course
of many years but borate- and borosilicate-based composi-
tions have recently been explored.>*>'°® Boron is a trace
element, which is required for bone health.1°¢1°8 Borate
glass leads to higher pH value of the culture medium. In
vitro, borate glasses support cell proliferation along with
differentiation whereas in vivo they are reported to enhance
tissue infiltration.'°®'1% However, (BO3)3~ ions are associ-
ated with the toxicity. Some of the reports indicate that cer-
tain compositions of borate glasses exhibited cytotoxicity
under static conditions during in vitro culture testing
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whereas no considerable toxicity was detected under more
dynamic culture conditions.!°1192111 Before tissue culture,
borate-based glass can be partially converted to hydroxyap-
atite so as to reduce the toxic effects. Other alternatives
include dynamic cell culture or dilution of the phosphate so-
lution®*? for reducing toxicity of the medium. Borate glasses
rapidly release high concentrations of boron resulting in
high level of local concentrations of boron near the vicinity
of the glass. However, the boron concentrations detected in
the blood around borate glass pellets implantation in rabbit
tibiae were found to be at an acceptable level.!'* Hence
borate-based glasses offer opportunities to regulate and tai-
lor the degradation rate of synthetic biomaterials. For the
first time in 2005, Scaffolds were derived from borate
glasses using soft pressing and sintering treatment.*!®!!*
The 13-93B2 glass is of prime interest these days as it is
one of the most promising materials for making foam-like
scaffolds.”” Polymer foam replication was used to success-
fully produce 13-93B2 glass scaffolds.”® These scaffolds pos-
sessed microstructure nearly identical to human trabecular
bone. The peculiar bioactive properties of sponge-derived
borate glass scaffolds, as well as their mechanical behavior
and structural similarity to trabecular bone, make them
very promising candidates for clinical applications as bone
grafts.'*>117 Below a threshold concentration (0.65 mM),
borate ions released into the culture media due to conver-
sion of the glass to HA did not hinder the proliferation of
bone marrow stromal cells. Moreover, extracts of the scaf-
fold dissolution products supported the proliferation and
function of murine MLO-A5 cells. The in vitro bioactivity of
the glass was confirmed from the hydroxyapatite (HA) layer
on the glass surface after immersion of the scaffolds in a
dilute phosphate solution (0.02M K,HPO,) for 7 days.
Though conversion of the scaffolds in the aqueous phos-
phate solution resulted in a weight loss of 13.0%, an
increase in the pH of the solution from 7.0 to 8.7 after 30
days was observed. The as-prepared scaffolds had a
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FIGURE 6. (a) GC-CEL2 scaffold and (b) GC-ICEL2 scaffold.”™® [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

compressive strength of 6.4 = 1.0 MPa, which decreased to
1.5-2.0 MPa after 15 to 30 days immersion in the phos-
phate solution. The mechanism of conversion of 13-93B2
scaffolds in HA after soaking in dilute phosphate solutions
has been recently investigated in detail by Liu et all*51%7
However, as demonstrated by Liu et al.,, the progressive ma-
terial degradation carries a significant drop in the 13-93B2
scaffold strength (from 6.2 to 2.8 MPa after soaking for 15
days in phosphate solution). Silica free 13-93B3 borate glass
scaffolds were reported to be toxic for murine MLO-A5
osteogeneic cells in vitro''® but the same scaffolds were
harmless to cells in vivo and supported new tissue infiltra-
tion upon subcutaneous implantation in rats.

Phosphate glasses

Phosphate-based glasses were proposed in 1980 in which
P,05 acts as network former oxide. These glasses contain a
phosphate [PO,4] tetrahedron structural unit, which is highly
asymmetric in nature. This asymmetry is the origin of their
low durability, along with the ease of P-O-P bonds hydra-
tion."*?*20 Phosphate glasses have great potential as regener-
ative medicine because their solubility is strongly composi-
tion dependent. Hence, their dissolution rate is tailored by
adding appropriate metal oxides, such as TiO,, CuO, NiO,
MnO, and Fe,05 to the glass composition.'?**?> Phosphate
glasses have been widely investigated as controlled release
vehicles of antibacterial ions such as silver, copper, zinc, and
gallium along with 3D construction of muscular tissues.'®
Phosphate glasses can also be spun to fabricate glass fibers.
This special feature of phosphate based glasses provides the
ability to be used in soft-tissue engineering as guides for
muscle or nerve repair. Therefore, some developments and in
vivo tests have been performed on phosphate glass nerve
guides, such as tubes or meshes."””*?® These tests yielded
positive results and these glasses have been regarded by
some as “smart materials” for soft-tissue engineering. For
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hard tissue engineering, the phosphate glasses are regarded
as bone tissue regenerative materials in the form of bulk or
powders in conjunction with polymers in composite materi-
als. Vitale-Brovarone et al. manufactured phosphate glass-ce-
ramic scaffolds'?>*3° using ICEL2 powders as glassy inor-
ganic phase as shown in Figure 6(ab). GC-ICEL2 scaffolds
were found to be resorbable as they underwent a process of
continuous dissolution after soaking in water, Tris-HCl, and
SBF. Moreover, GC-ICEL2 scaffolds were found to be bioactive
because HA layer was observed to form on their trabeculae
after soaking in SBFE. In addition to this, bone marrow stro-
mal cells which were cultured on the scaffold materials
exhibited regulated metabolic activity and proliferation as
well as differentiation. Abou Neel et al. studied Na,0-CaO-
SrO-P,05 system and presented its physical and structural
characterization as a bone regenerative material.'** Figure 7
presents degradation rate and release of ions as a function of
composition of glass used by Abou Neel et al. Substitution of
Na,0 with SrO from 0 to 5 mol % produced a significant
increase in density, glass transition temperature, and degra-
dation rate of these glasses. This increase in degradation rate
was further supported by the levels of cations and anions
released from these glasses, which in turn changes the pH of
the surrounding medium. Sr*' was found to be directly
related to the amount of SrO in the glass and not to the deg-
radation rate. Successful fabrication of 3D trabecular scaffolds
from phosphate glass using H,0, foaming is also reported.'*?
Changing thermal treatment conditions and H,0, concentra-
tion could vary the percentage of crystallinity, pore content,
and size. The phosphate glass as reinforcing phase in b-TCP-
based scaffolds (b-TCP/PG1) composite scaffolds exhibited
superior mechanical properties (up to 6 MPa) with respect
to pure b-TCP scaffolds (up to 2.3 MPa). This may be attrib-
uted to the fact that glass must have acted as a viscous
binder during the sintering process, hence strengthening the
final scaffold structure.’*?
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FIGURE 7. Degradation rate and ion release as a function of composition by Abou Neel et al.”*' [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]

Doped glasses

The composition of glass is modified using “dopants” or
additional additives in the glass composition to make it bio-
active, bioresorable, and/or biodegradable."**'3* The prop-
erties of bioactive glasses have been modified by doping
with elements such as Cu, Zn, In, Ba, La, Y, Fe, Cr, and Sr."**
38 In addition, bioactive glass compositions doped with sil-
ver have been shown to elicit antibacterial properties while
maintaining their bioactive function.’*® In addition to SiO,,
B,03, and P,0s, various amounts of other oxides may be
incorporated in the glass composition to endow particular
properties to the glass for example, CaO, K,0, Na,O, and
MgO are useful to adjust the pH of surroundings, ZnO, CuO,
AgO, and TiO, allow the release of proper ions that can
impart antibacterial properties to the material. Alumina has
high bioinertness, high abrasion resistance and high hard-
ness, which makes it suitable material for dental and bone
implants."*® Al,05 is helpful to strengthen the mechanical
properties of glasses. Zinc®®®® and magnesium'*! are
known to exert a stimulatory effect on osteoblast prolifera-
tion, differentiation, and bone mineralization ability. Stron-
tium incorporation in the bioactive glasses can stimulate
osteogenesis, accelerate bone-healing processes and reduce
bone resorption.*® The drug strontium ranelate has been
reported to increase the fracture-healing ability of rat bones
in terms of callus resistance. The group treated with only
strontium ranelate showed a significant increase in callus
resistance compared with the untreated control group. On
adding dopants, the X-ray imaging contrast increases. Iron is
considered useful for the cancer treatment because of its
magnetic properties. Singh and Bahadur®*® doped a borosili-
cate glass composition with iron and found that only the
samples having 10-15% Fe,03; showed the formation of an
apatite layer on glass. Compositions having less than 5%
Fe,03 did not yield any apatite. For treatment of cancer,
Luderer et al,**? also incorporated Fe,05 in aluminoborosi-
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licate glasses. Recently Singh et al.'®® also studied the effect

on Al Y, La, and Cr on the bioactive behavior of calcium bor-
osilicate glasses. Yttria and chromium based glasses showed
apatite formation after soaking in SBF solution. Though
chromium is known to increase load resistance, at the same
time yttria increases the devitrification resistance of glass.
Recently, our research group has also elucidated the study
on barium zinc alumino-borosilicate glasses.”? It was
observed that for Al,03 >5%, the formation of brushite and
whitlockite was apparent, though no hydroxyapatite forma-
tion could be observed on the glass surface.

Vitale-Brovarone et al.}*? developed the SiO,-Na,0-CaO-
MgO (SNCM) glass system using three different organic
starches (corn, potatoes, and rice) to make the scaffolds by
their starch consolidation. The glass-ceramic possessed resid-
ual amorphous phase enriched with Mg*" ions and Na,Ca,
(Si03)3 as the major crystalline phase. Excellent in vitro bio-
activity was observed due to Mg?" enriched amorphous
phase and good bioactivity index of Na,Ca,(SiO3)3. In
addition to this, the scaffolds showed interesting mechanical
properties as well as a certain degree of resorption. The
13-93/13-93B1/13-93B2 and 6P53B compositions are doped
with Mg0.>'** The sintered 6P53B glass scaffolds show a
porosity (60%) in the range of trabecular bone, whereas
compressive strength of (136 *= 22 MPa) is obtained which
is comparable with human cortical bone. Titania doped glass
compositions based on the P,05-Ca0-Na,0-TiO, system
have shown controlled solubility.!***® In addition to this,
the chemical composition is close to the bone mineral phase.
It further demonstrates that this glass has an advantage over
polymeric scaffolds due to the fact that the glass can posi-
tively affect the material-cell interaction. According to reports
by Branda et al.,134 the dopants like La, In, Ga, and so forth
decreased the bioactive behavior of glasses though indium
doped glasses exhibit higher HA formation on their surface
as compared with other glasses as indicated in Figure 8.

A REVIEW OF BIOACTIVE GLASSES
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FIGURE 8. SEM micrograph of (a) gallium doped (b) Indium doped glass sample soaked in SBF for 7 days."*

Metallic glasses

The bulk metallic glasses (BMG) possess unique properties of
superior strength, high elastic strain limit, high fracture
toughness, and low young’s modulus.'*”"**° These glasses are
biodegradable in vivo without hydrogen evolution. Zirconium
based metallic glasses has found applications in biomedical
engineering as zirconium has high mechanical strength and
fracture toughness.'>**>2 Hiromoto et al.'®**>% have re-passi-
vated ZrgsCuq75NijpAr75 amorphous alloy in Hanks’ solution
and found lower metal dissolution during the re-passivation
process. Morrison conducted cyclic polarization studies of
Zr41,Ti;38NijoCuyzsBesz s in phosphate buffered saline solu-
tion and compared the corrosion resistance with conven-
tional biomaterials like 316L steel and Ti-6Al-4V alloy.'>*1%°
It was observed that BMG possess superior properties than
conventional biomaterials. Horton and Parsell confirmed the
biocompatibility of Zr-10Al-5Ti-17.9Cu-14.6Ni by viability of

cells on the cell surface.**® The main drawback of BMG is the
inclusion of nickel. Nickel causes an allergic response and is
possibly carcinogenic.'®**® Hence many researchers have
been trying to develop Ni-free metallic glasses. Jin and
Loffler™™ developed (Zr,Cuigo x x)so(FesoAlgo)zo (x = 62-81)
glasses, which have shown remarkably good biocompatibility
with the cell. Zirconium oxide formed on the surface of the
bioglass presumably helps in controlling the dissolution of
toxic ions. A series of MgZnCa glasses'®*'°! have been devel-
oped by Loffler SWISS group. These glasses exhibit high ten-
sile strength. Huazhong group of China is also focusing on
the studies of nickel free BMG glasses.'®*'¢* The hydroxyapa-
tite formation on ZrgosCujgsFesAgsTiss BMG after immer-
sion in SBF for 5 and 10 days are shown in Figure 9(ab),
respectively. In addition, when the immersion time exceeded
5 days, the apatite phase became porous as shown in Figure
9(b). Sometimes zirconium contains traces of radioelements.

FIGURE 9. SEM images of MAO-treated Zr60.5Cu19.5Fe5AI9.5Ti5.5 BMG after immersion in SBF for (a) 5 and (b)10 days."®®
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These effects of radioelements and its cytotoxicity were
investigated using gamma rays on zirconium head and no cy-
totoxicity was reported.md“165

45S5 Bioglass-titanium bulk and scaffold composites
For biomedical applications, 45S5 bioglass is the most
widely used glass for over 40 years. The reactions on the
glass surface induce release as well as exchange of critical
concentrations of silicon, calcium, sodium, and phosphorus
ions. These further lead to favorable extracellular and intra-
cellular responses enhancing the bone formation pro-
cess.>1%13 The 45S5 bioglass has shown increased secretion
of vascular endothelial growth factor (VEGF) and its gene
expression in vitro.>>3®%® The 4555 granules have been
implanted in the tibiae and muscles of rabbits to determine
the pathway of silicon released during the degradation of
glass in vivo.'®” After 7 months of postimplantation, histo-
pathological analyses of tissues indicated the excretion of
silica through urine in soluble form. Though 45S5 is the
standard bioactive material but it has certain limitations
like its slow degradation rate and conversion to hydroxyap-
atite like material.'®"'%? Hence the rate at which new tissue
formation takes place is not in equilibrium with the rate at
which scaffold derades. Hence, unconverted glass containing
Si0, remains in scaffold, which can have effects for, long
term. A new glass 13-93 has been formulated based on
45S5 composition except its higher silica content as well as
K,0 and MgO as additional modifier atoms.’®*®® The 13-93
composition has better processing characteristics, yet its
degradation is slower than 45S5 along with no marked dif-
ference in their bioactivity. However, some titania based
composites have allowed the development of mesoporous
scaffold with high bioactivity, as well as enhanced biome-
chanical behavior.'*'7° Titanium composites show high
compressive strength, improved densification and enhanced
biocompatibility. Novak et al. fabricated'”? TiO, foam-like
scaffolds with pore size of the order of 300 nm with 95%
porosity using the foam-replication method. PDLLA or
PDLLA/Bioglass_coatings were developed to improve the
structural integrity. A few micron PDLLA coating improved
the compressive strength of scaffold seven times. In addition
to this, composite coating involving Bioglass particles
enhanced the bioactivity as is clear from the formation of
dense hydroxyapatite layer on the surface of the foams
upon immersion in SBF for 1 week. This makes rutile TiO,
scaffold suitable for the applications in bone tissue
engineering.

Pazo et al.'”? developed a method for producing bioac-
tive coatings on Ti-Titanium based prosthetic implants to
improve their adhesion with bone. The presence of small
amount of TiO, in parent glass composition yielded reduced
reactivity as well as broader firing range. This group used
simple enamling technique to develop durable silicate glass
coatings on Ti6Al4V substrates.'”? In order to increase the
bioactivity of these coatings, hydroxyapatite and/or bioglass
particles were incorporated into them. Saiz et al.'”* further
found that higher silica coating on Ti6Al4V did not form ap-
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atite but were more resistant to corrosion, lower coefficient
of thermal expansion and slow crack growth.

TECHNIQUES FOR FABRICATION OF BIOGLASSES
The most common techniques for the production of bioac-
tive glasses are traditional melt quenching routes and the
sol-gel technique.””%*#%°° In melt quenching technique,
glass is prepared by taking required stoichiometric amounts
of different constituent oxides or carbonates of high purity
(99.9%). These constituents are first mixed together by ball-
mill in an acetone medium. The powder obtained after ball-
milling is melted at high temperatures in a high resistance
furnace depending upon the composition chosen. The melt
is then poured into molds to produce rods/cylinders or any
other desired shape of interest. The melt can also be
quenched in air using copper plates to obtain frits. The
quenched glass is then annealed at 500°C to remove the in-
ternal stresses from the glasses.”®”" Sometimes, the glass-
forming batch is heated before the melting process in order
to release the combined water of hydration or hydroxyl
groups. Glasses containing less than 10% alkali oxide are
difficult to melt due to their high viscosities. Generally, the
silica content should be less than 60 mol % to allow the
glass to bond with bone if it is obtained by melt quenching.
Whereas, by using the sol-gel method for glass making, HA
layer formation and bone bonding can be obtained with
glasses having up to 90 mol % silica.*® Metallic glasses are
also prepared by melt-spinning, atomic evaporation and RF
sputtering, among other methods, to obtain dimensions up
to 100 pm. in order to obtain bulk dimensions, conventional
mold-casting is used. The set-up used by the HUST group is
shown in Figure 10.°°

A sol-gel process has been used to prepare porous scaf-
folds of a few bioactive glasses, such as the glass-designated
58S, with the composition (mol %): 60% SiO,, 36% CaO,
4% P,05."® Though the prepared scaffold possessed a simi-
lar microstructure as that of dry human trabecular bone,
the pore structure consisted of interconnected macropores
(>100 pm) resulting from the foaming process and nano
pores (less than several tens of nanometers). This may be
attributed to the fact that these pores are inherent to the
sol-gel process.)”® The process involves hydrolysis, poly-
merization, gelation, drying, and a dehydration process. Sol
(or solution) evolves towards the formation of a gel-like
diphasic system (with the aid of surfactant) containing both
a liquid phase and solid phase. Its morphology can range
from discrete particles to continuous polymer networks.
Nano pores present in the glass prepared from a sol-gel-
method yield a high surface area. Consequently, this leads to
degradation and a faster conversion of these glasses to HA
than scaffolds of melt-derived glass with the same composi-
tion. In addition, the sol-gel method provides high purity
glasses with more homogeneity. Moreover, a lower process-
ing temperature is required. However, these sol-gel-derived
scaffolds have low strength (2-3 MPa) and consequently
they are suitable for substituting defects in low-load sites
only.

A REVIEW OF BIOACTIVE GLASSES
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FIGURE 10. (a) schematic of casting and (b) set-up of soak mold casting.'®® [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

The fabrication method has a great impact on determin-
ing the structural properties of the biomaterial. The me-
chanical strength, pore size and pore inter-connectivity are
critical parameters for bioactive glass scaffolds. Intercon-
nected pores with a mean diameter (or width) between
neighboring pores of 100 um or greater, and open porosity
of >50% are the criteria for tissue growth.'”® One method
for forming a scaffold is to thermally bond a random pack-
ing of loose particles in a mold of the desired geome-
try.293118 Byt this method does not provide the desired po-
rosity range and connectivity. Mixing the bioactive glass
particles with some organic material and then removing it
before the sintering process is also a useful method, but
does not fully resolve the pore size issues. However, silicate,
borosilicate and borate bioactive glass have been prepared
with porosities in the range 60-90% using polymer foam
replication method.’®**>**® This method usually produces
scaffolds similar to human trabecular bones. Disordered
macro-porous structures of polymers and bioceramics can
be produced by freezing of aqueous solutions and suspen-
sions.’”” Porous scaffolds with an oriented microstructure
have been prepared by optimized and controlled freezing
technique as it leads to preferred direction of ice-
growth.”>'® An oriented microstructure is more beneficial
than the random microstructure as it can provide higher
strength in the direction of orientation.!’® Sponge replica-
tion is a very advantageous processing technique for making
scaffolds, as it is relatively inexpensive and quick. The main
drawback of using this technique is the lower mechanical
strength of the scaffolds. Scaffolds produced by the polymer
burning-out method show higher mechanical strength than
that obtained through sponge replication.'**''* An electro-
spinning method is also used to produce nano-fibrous bioac-
tive glass scaffolds.”® These glasses have high surface area,
even more than sol-gel derived glasses. In addition to this,
the composition of silica can be varied over a larger compo-
sition range.

JOURNAL OF BIOMEDICAL MATERIALS RESEARCH A | JAN 2014 VOL 102A, ISSUE 1

HYDROXYAPATITE FORMATION

Hydroxyapatite is a calcium-deficient, carbonated phosphate
surface layer developed on the surface of bioactive glass
when in contact with SBF through interfacial and cell-medi-
ated reactions. This layer mimics the chemical and crystallo-
graphic characteristics of bone, which allows it to chemi-
cally bond to host bone.**3® In fact almost two-thirds of a
bone is hydroxyapatite (Caio(P0O4)s(OH);). Hydroxyapatite
formation is highly bioactive glass composition dependent.>”
1% The proposed structure for HA is shown in Figure 11
indicating its hexagonal symmetry with lattice parameters a
=95 and ¢ = 6.8 A'”° For a material to be regarded as
bioactive, biologically active carbonated hydroxyapatite
(HCA) must form on its surface.®> Hydroxyapatite is the most
stable phase among various calcium phosphates. It is stable
in body fluid and when fired up to 1200°C and does not
show decomposition.'*® HA is osteoconductive as it sup-
ports bone regeneration along the implant at the bone-
implant interface. However 45S5 bioglass is considered to

FIGURE 11. Proposed structure of hydroxyapatite."”® [Color figure
can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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TABLE Il. Calcium Phosphates along with their
Ca/P Ratios'”®

Calcium Phosphate Chemical Formula Ca/P

Calcium metaphosphate Ca(PO3), 0.5

Calcium phosphate Ca(H,P0Oy4)2-H,0 0.5
monohydrate

Tetracalcium phosphate CayH,Pg04o 0.67
diacid

Heptacalcium phosphate Cay (PsO16)2 0.7

Calcium pyrophosphate Cay P,05-2H,0 1
dehydrate

Calcium phosphate Cay; P,0O4 1

Dicalcium phosphate CaHPO, 1

Dicalcium phosphate CaHPO,4-2H,0 1
dihydrate

Octacalcium phosphate Cag H, (PO,)g-5H,0 1.33

Tricalcium phosphate
Calcium phosphate
Hydroxyapatite
Tetracalcium phosphate

Ca3(PO4)2 1.5

Caqg - xH2x(PO4)s(OH), -
Ca10(PO4)6(OH)2 1.67
Ca1o O(PO4)2 2.0

be osteoconductive as well as osteoinductive as it not only
supports the regeneration at the interface but also away
from the interface.’®® In addition to bioactive glasses, hy-
droxyapatite and some other calcium phosphates also show
an excellent ability to bond to bone, although the composi-
tional properties of biological apatite that is material to be
substituted should be evaluated. Biological apatites like
enamel, bone and dentine and so forth exhibit a wide com-
positional range in their sublattices as compared with stoi-
chiometric hydroxyapatite. First of all, the size of biological
apatite crystals is smaller than 500 A. Biological apatites are
endowed with carbonate in their structure and calcium defi-
ciency leading to the non-stoichiometric phases. They also
possess low crystallinity and large amounts of lattice
defects. The presence of carbon in apatite is the cause of
lattice distortion leading to crystalline defects and micro-
stresses in the network. These stresses and defects play a
vital role in the solubility of apatite. Hence, the synthetic
apatites should exhibit small particle sizes along with the
presence of CO®~ ions. At high temperatures, the carbonate
ion occupies OH™ (mainly in synthetic aqueous systems)
and they are known as A type apatites whereas in biological
apatites the carbonates occupy P0O,> as a result of dissolved
CO; in the aqueous phosphate solution and are known as B
type apatites.'”® There is one more fundamental criteria,
which is very helpful in determining the stoichiometry, acid-
ity, and solubility of apatites that is Ca/P ratio. Higher Ca/P
ratio yields lower acidity and solubility and vice versa. The
Ca/P ratio of the converted material generally varies from
the surface of the reacted glass to the interior. Ca/P ratios
for some of the calcium phosphates is listed in Table IL
Clinical investigations indicated that implanted hydroxyapa-
tites and calcium phosphates are virtually inert and remain
within the body for 6 to 7 years post-implantation.'8
Though the degradation rates of amorphous HA are high, it
does not possess enough mechanical strength to build a 3D
porous network. Hench proposed the following set of inter-
actions and reactions to explain hydroxyapatite formation.'*
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Ion exchange reactions

In the first step, exchange of ions between the H™ from the
solution and the glass network modifiers (Na™ and Ca®*")
leads to formation of silanol groups as a consequence of hy-
drolysis of the silica groups. This process results in a net
increase of pH of the solution due to the increasing OH™
ions. The reaction mechanism follows the equation:

—Ca*"+H" »Si———-0—-——H+Ca®"
(1)

Si———0——

Dissolution of silica

The silica network is attacked due to an increase in pH. The
dissolution of silica occurs resulting in the formation of si-
licic acid leads that is Si(OH), on the surface of glass as fol-
lows:

Si———0———Si+H,0>28i———0H (2)

These silanol groups play a vital role as the nucleation
centers of the apatite formation. At this stage, network dis-
solution leads to the formation of insoluble form of silica.
The dissolution process is controlled by an interface reac-

tion with a linear t' dependence as follows:'8182

dc/dt = kS(C. — C) 3)

where C is concentration of silica in solution, C, is equilib-
rium concentration of silicon, S is surface of solid phase, k
is rate constant, and t is time. This reaction also dominates
at high pH range during static solution conditions.

Formation of silica rich/calcium phosphate layer

A silica gel layer of 1 to 2 pum thickness is formed on the
surface of the glass due to a polymerization process.®> The
precipitation and migration of calcium ions from the super-
saturated solution onto the surface of ceramics occurs fol-
lowed by the incorporation of OH™ /P04~ anions from the
solution to form a mixed hydroxyl amorphous calcium phos-
phate (ACP) layer follows the silica polymerization. Hence,
the concentrations of Ca®" and Si(OH), are critical parame-
ters to determine hydroxypatite formation.

Formation of hydroxyapatite

The incorporation of (OH)™ and (CO3)?*~ from the solution
continues, which ultimately converts the ACP layer to an HA
layer. After the HA layer is formed the adsorption of growth
factors, attachment, proliferation and differentiation of
osteoprogenitor cells are the biological mechanisms of
bonding to bone. In addition to this, adsorption of adhesion
proteins (e.g., fibronectin, vitronectin, etc.) is necessary con-
dition for cellular attachment. The formation of HA is pseu-
domorphic as it starts at the surface of the glass and moves
inward."*® Figure 12 shows how the hydroxyapatite layer
increases with soaking time duration'®® on glass scaffolds.
The spheres grow with the soaking time and after 7 and 14
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FIGURE 12. Scanning micrographs of the G-OHAp/700°C surface before and after soaking in SBF for different time periods.'®®

days they aggregate, causing densification and difficulty of
separation.

The release of Si from 45S5 granules implanted in the
muscle and tibiae of rabbits has confirmed the pathway of
silicon released during the degradation of the glass in
vivo.'™ In addition, the chemical and histopathological anal-
yses of silicon released in urine and blood samples for up
to 7 months postimplantation was conducted from 45S5
degradation and it was found that it was harmlessly
excreted in soluble form through the urine. In contrast,
some studies showed no evidence of Si release from Si sub-
stituted calcium phosphates.'®* The degradation kinetics for
glass and conversion to HA in vitro has been evaluated by
immersing the glass in an aqueous phosphate solution such
as SBF at 37°C and measuring the weight loss of the glass
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FIGURE 13. pH variation of glass dipped in SBF with time.”" [Color
figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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as a function of time.”>3>13¢ The degradation and dissolu-
tion of ions and soluble species like silanol groups into the
solution result in change of the pH as well as concentration
of the solution as a function of time. The variation in pH
with time for some borosilicate glass compositions dipped
in SBF has been shown in Figure 13. Along with pH varia-
tion, there is also a variation observed in resonance peaks
of Fourier Transform Infra-red spectroscopy (FT-IR),
because the infrared absorption spectra of the glasses gives
information about the possible changes of vibration spectra
due to the process of structural rearrangement during deg-
radation of the glass composition after soaking as shown in
Figure 14(a,b).?*® The broad band centered at 3438 cm ! is
assigned to the hydroxyl group (-OH) or the silanol group
(Si-0-H). The glass sample GY after dipping in simulated

34488
294,

®)

Transmission

FIGURE 14. FT-IR spectra showing changes in GY glass after (a) 0 hr
dipping and (b) 600 hr dipping in SBF solution.™®
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FIGURE 15. Change in band-gap of BZA glass after and before dip-
ping in SBF solution.””

body fluid (SBF) solution shows the broad hump at 3500
cm ' due to the OH™ group. On the other hand, there is no
peak in that region in sample GY before dipping in simu-
lated body fluid (SBF) solution. There is another peak at
700 cm~?, which again shows the presence of OH™ ions as
shown in Figure 14. As the layer formation involves a set of
reactions like dissolution, precipitation and ion exchange
between glass and SBF, some compositional changes in the
glasses must have taken place during the ion exchange pro-
cess leading to change in their optical properties. Our group
has conducted the band gap measurements and found
appreciable change in the band gap of samples before and
after soaking in SBF solution as shown in Figure 15. After
dipping, BZA glasses show sharp decrement in the band
gap. Basically, the change in the optical band gap is attrib-
uted to the structural changes due to the different site occu-
pancies by cations. For the formation of an apatite layer in
borate glasses a similar mechanism is followed as followed
by silica glasses except no silica rich layer is formed. Borate
bioactive glasses have been reported to support cell prolif-
eration and differentiation in vitro and in vivo. Even certain
compositions of silica free borate bioactive glass enhance
new bone formation to a greater extent than 45S5 glass.”®
Phosphate glasses have also shown chemical affinity with
bone as the constituent ions are present in the organic min-
eral phase of bone.”® Similar to silicate glasses, the ion
exchange reaction takes place with Na-H ion exchange sub-
sequently followed by phosphate network breakage due to
the cleavage of P-O-P bonds. Current research is focused on
the resorption ability of phosphate glasses as the bioactive
behavior of these glasses has been low in comparison to
that of silicate and borate glasses. Hence the solubility of
these glasses needs to be optimized in order to implement
them as bioresorable bioactive materials.

CYTOTOXICITY OF DISSOLUTION PRODUCTS
Bioglasses should be tested for their biocompatibility with
the physiological environment upon their implantation.®*%
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Critical levels of the ions released by bioactive glasses regu-
late genes in osteogenic cells, which initiate a self-repair
mechanism for tissue regeneration.’?>'8¢ In other words,
dissolution products of bioactive glasses should not be det-
rimental to the tissues of the host. Bioglasses have been
implanted in many mammalian species including dogs, mon-
key, mice, and baboons and no evidence of toxic effects
have been found."®” 8% Xynos et al.”® investigated the effect
of ionic products of 4S5S dissolution on the gene -expres-
sion profile of human osteoblasts for 1176 genes. Murphy
et al.'®@ 1% investigated the ion release profiles for Nova-
bone, BT111 and BT112 glass compositions. For Novabone,
Si** jon released from 1 to 48 ppm with respect to time,
which indicates their potential for bone-graft applications.
Studies have shown that silica has stimulatory effects on
osteoblasts if its release level is between 0.1 and 100
ppm.”>°1 A cellular receptor of silicon and its role in bone
homeostasis still needs to be addressed.’>®® Reports indi-
cate a decrease in trabecular bone loss in ovariectomised
mice and increase in eggshell thickness of hen.'? Calcium
also increases osteoblast activity in the range 13.1 to 90
ppm.”® Sodium in plasma is 3200 ppm, hence the released
amount does not show much significant physiological effects
except for imparting degradability and control over release
of other constituent ions.'®'®> For bone grafting purpose,
strontium concentrations ranging from 8.7 to 87.6 ppm
have shown stimulatory effects whereas zinc concentration
above 6.5 ppm has revealed cytotoxic responses.'*>'?* The
cytotoxicity tests conducted for zinc have shown an
increased concentration of zinc ions.!”®> Human MG-63
osteoblast was incubated with bioglasses having a variation
in zinc content. The ions increased the release of LDH in
extracellular medium, which is regarded as an index of cyto-
toxicity as well as increased PPP activity. Several studies
also indicate mitochondrial dysfunction in zinc cytotoxic-
ity.'>* NADPH oxidase gets activated in cortical neurons,
which further generates ROS generation in these cells.® Ito
et al.'®® found that the growth rate in mouse osteoblastic
MC3T3-E1 cells decreased considerably when zinc exceeded
1.2%. Bioglass containing zinc more than 5% also exhibited
cytotoxic effects on human osteoblasts. Endothelial, retinal
and peripheral blood lymphocytes have undergone oxidative
damage triggered by zinc.'®”'°® For practical biomedical
applications, glass compositions needs to be developed
which exhibit slower release of zinc from glass matrix.

CELL MICROENCAPSULATION

A substantial amount of research has focused on immune-
isolation technologies in order to reduce transplant immu-
nogenicity. These technologies reduce the chance of graft
rejection upon transplantation of biologically active mole-
cules.?2%%1 Cell entrapment devices, aggregation systems,
and cell microcapsules are the common immunoisolating
devices, which have been improved over several years.?’°
Cell microcapsulation technology is the preferred system for
transplantation as it can treat multiple diseases in the ab-
sence of immunosuppression.?’? Microencapsules consist of
biologically active materials within a polymeric matrix,
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which are further surrounded by semi-permeable mem-
brane.?°2°% The membrane provides bidirectional diffusion
of oxygen, nutrients and waste. Microcapsules posses higher
surface/volume ratio, which is helpful for nutrients and oxy-
gen permeability.?** In addition to this, the membrane pro-
tects the biologic cell from the immune system of host as
well as mechanical stress. Overall, this contributes to reduc-
tion in chronic administration of immunosuppressants,
which is mandatory for organ transplants.”’° The prime
requirement for clinical implementation of cell microencap-
sulation technology is biocompatibility of matrix material so
that it should not interfere with cell function or trigger the
immune system of patient. Alginates are the most potential
candidates for encapsulation technology. Alginates form
three-dimensional structure upon their reaction with multi-
valent ions. Alginates are anionic polysaccharides composed
of guluronic (G block) and mannuronic (M block) units
intermixed with each other. Some barium alginate gels have
been found to improve the mechanical stability whereas sili-
con capsules have resulted in control of diffusion proper-
ties.2>2%¢ Some polycations like PLL, PLO, and PMCG have
also been employed to coat the microcapsule.?” Leoni and
Desai microfabricated PTFE based on the immune-isolation
biocapsule concept where PTFE is used to support the vas-
cularization for encapsulated cells.>*® Recently, enzymati-
cally tailored alginate with increased resistance toward os-
motic swelling and improved biocompatibility has been
reported.?°® Clinically, cell microencapsulation has been
used to develop bioartificial organs, treat mendelian disor-
ders caused due to gene product deficiency, cancer treat-
ment, and various other disorders. Scientists have intro-
duced islet immobilization in macrocapsules to develop
artificial pancreas.204 Furthermore, it will decrease the insu-
lin dose required by diabetic patients and subsequently
reduce the complications associated with hypoglycemia.
Hasse et al.?*® have developed barium chloride hardened al-
ginate capsules enclosing allogenic parathyroid tissue to
treat hypoparathyroidism. There was 50% reduction in
patient’s calcium and vitamin D replacement therapy. Xu
et al.*" have focused on the treatment of cancer by devel-
oping microencapsulated cells capable of expressing induci-
ble nitric oxide synthase (iNOS). It triggered the Fas ligand
and other similar proteins, which activated apoptotic path-
ways ultimately causing tumor suppression in mice. Also,
there have been attempts by many research groups to treat
degenerative diseases of central nervous system (CNS) like
armyotrophic lateral sclerosis, chronic pain, Parkinson’s dis-
order and Hutington’s disease.”’? Hence, cell encapsulation
is a non-viral approach in which cells and tissues can be im-
mobilized and multiple diseases can be cured, but biosafety
and toxicity needs to be addressed for achieving long-term
performance goals.

CHALLENGES AND FUTURE SCOPE

The major challenge is to develop bioglasses that are both
mechanically strong and biocompatible. Unfortunately, there
is competition between mechanical strength and bioactive
behavior specially biodegradability. Some mechanically

JOURNAL OF BIOMEDICAL MATERIALS RESEARCH A | JAN 2014 VOL 102A, ISSUE 1

REVIEW ARTICLE

strong materials like crystalline hydroxyapatite, polymer
composites and Ti alloys are virtually inert, while biode-
gradable materials amorphous hydroxyapatite and glasses
tend to be mechanically fragile. According to the reports of
Filho et al.*® and Li et al,*’ the crystallization in bioactive
glass leads to decreased level of bioactivity, which probably
makes it an inert material. For bone engineering at load-
bearing sites, annealing has been done during processing of
45 S5 BioglassW in order to obtain crystalline phases em-
bedded in a residual glassy phase.*® But in the case of 4555
glass, the crystallization leads to a decrease in mechanical
strength of the glass-ceramic scaffolds with low strength
(<1 MPa). Hence, the optimization of mechanical strength is
also an issue, which needs to be addressed. Though devitri-
fication does not hinder the ability of 45S5 glass to form
HA-like surface layer, it reduces the rate of conversion to
HA. Ideally, bioglass needs to be degradable because biode-
gradation would avoid the harmful effects of a foreign entity
and its gradual replacement with the new bone (in scaf-
folds). The degradation rate of 45S5 glass is very slow and
hence a large amount of glass would remain unconverted to
an HA layer. The rate at which glass degrades is slower
than the rate at which new tissue is formed. This uncon-
verted glass remains inside the scaffold and therefore in
vivo stability remains an issue. This point implies a deep
insight into all of the detrimental effects that can be poten-
tially induced in the human body due to the ions released
by bioglass in SBF. lons like silicon, zinc, magnesium, stron-
tium and calcium released by bioactive glasses can exert a
gene control regulation along with osteoblastic cell prolifer-
ation, differentiation, and bone mineralization. The proper
design of bioactive glasses is an imperative criterion as the
hydroxyapatite formation and tissue engineering is composi-
tion dependent. Hence, while designing a glass, it is impor-
tant to dope it with elements, which provide a target and
application specific approach. In addition, the bioglass
should not hamper the biological functioning of other
organs.

Many issues such as testing, sterilization, packaging and
international standards for the production of bioglasses for
clinical use are required to make the bioglass commercially
viable. Fabrication process for making 3D scaffolds from
bioglass 45S5 also involves some difficulty. Porous bioactive
glass scaffolds are commonly prepared by sintering of glass
particles of desired 3D geometry and then bonding these
particles into a strong glass phase with interpenetrating net-
work of pores. The glass stability region for 45S5 glass is
very narrow due to the small temperature interval differ-
ence between glass transition temperature and onset of the
crystallization temperature. Hence the viscous flow of the
glass has to overcome the high density and cannot be sin-
tered properly leading to a decreased strength of the scaf-
fold. In contrast, 13-93 glass products are widely used in
vivo in Europe due to its large sintering interval, which ena-
bles the glass phase in porous 3-D scaffolds to be sintered
to high density without crystallization. However, 13-93 glass
degrades (and converts to an HA-like material) even more
slowly than 45S5 glass. The pH of solution changes rapidly

269



during the initial stage of bioglass degradation as it releases
ions into the solution leading to a change in the concentra-
tion as well as the local environment. The effect of this pH
concentration on the human body along with the biological
roles of these soluble species and their toxicity are a matter
of concern. Even the process of their removal is not clearly
understood as the biological effects of these changes are dif-
ficult to predict only from in vitro experiments. Sterilization
is an issue regarding scaffold commercialization and safe
clinical use as the retention of the original properties after
sterilization might be a problem for polymer/glass compos-
ite scaffolds. In fact, although bioglass was demonstrated to
be an excellent bioactive material for promoting bone tissue
regeneration, all porous bodies produced from it exhibited
relevant brittleness and poor mechanical strength. The tox-
icity of the borate glass system due to release of borate ions
has been an issue, but the toxicity of borate glasses to cells
and tissues have been addressed showing that borate
glasses are non-toxic in small animals. In addition to the
osteogenesis capacity of bioactive glasses, some glasses
have revealed proangiogenic potential which provides bene-
fits to soft-tissue repair.

Despite its brittleness, bioactive glasses have a unique
set of properties, such as the ability to degrade at a control-
lable rate and convert to an HA-like material, to bond firmly
to hard and soft tissues, and to release ions during the deg-
radation process which can promote bone cell growth.
These ions elevate osteogenesis and angiogenesis, as well as
chondrogenesis. Future research is focused on limiting the
detrimental effects of its brittleness through innovative scaf-
fold design and processing, particularly for repair of load-
bearing bones, keeping in mind the beneficial properties of
the bioactive glass. Advanced studies on the interactions
between the host cell and the biomaterial, as well as cell
gene expression, and their response to biomaterials should
be undertaken in order to understand surface topology, ac-
tivity of cells and adhesion dynamics at the nanoscale. Com-
plete in vitro biological, biochemical, morphological charac-
terizations should be conducted in order to investigate
advanced functionalities when used in drug delivery
systems.
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