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Foreword

Bioglasses are an intriguing and challenging class of biomaterials, which present
important technological application, involving health and life.

The results of the elaboration of this book, which involve historic concepts,
evolution and knowledge consolidation, and directions for the future of the
developed glass materials and its application as a biomaterial, are a precious con-
tribution not only for researchers, but for students that intent to start or are
developing their studies as well as for professionals from correlated areas.

The contribution of authors from different places of the world, allowed the
covering of current issues presented in 13 consistent chapters, which allow the
general comprehension of each explained subject and encourage the continuing to
learn more about the development and application of these always innovative
materials.

At the end of this book, we are certain that this is an important work and a great
gift to all material science community.

Frank Ferrer Sene

José Roberto Martinelli (in memorian)
Materials Science and Technology Center,
Energy and Nuclear Research Institute,
Séo Paulo, Brazil
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Editor’s Notes

The aim of this book is to provide an in-depth understanding about the main
technological breakthroughs in biocompatible glasses and their applications.
Recently, thanks to the scientific progress in biology, materials science, and com-
putational simulation, it has been observed significant evolution in the knowledge
concerning glass structure, mechanism of reactions, and biological response of
biocompatible glasses.

This book was didactically organized; therefore, even a layperson will easily be
introduced to the fascinating biocompatible glasses world, since the basic concepts
are shown over the initial chapters, being followed by more advanced topics.

The first two chapters refer to the history of biomaterials focused on bioactive
glasses. Concepts regarding tissue engineering, tissue regeneration, and bioactivity
are explored as from the advent of bioactive glasses. The history of these materials
is presented taking into consideration not only the most common compositions, but
also those recently developed. These two chapters offer the basic concepts needed
to understand very specific and advanced issues in the field of biocompatible
glasses. On third, fourth, and fifth chapters, it is established a relationship between
concepts of chemical composition and structure of bioactive glasses and their
bioactivity properties, including both experimental and theoretical approach. In
addition, on the sixth chapter, it is given a deep description about preparation and
properties of the different forms of bioactive glasses, in which suggestive appli-
cations related to microstructure are addressed. From Chapters “45S5 Bioglass
Based Scaffolds for Skeletal Repair” to “Glasses for Treatment of Liver Cancer by
Radioembolization”, these applications are discussed from bone regeneration
(Chapter “45S5 Bioglass Based Scaffolds for Skeletal Repair”) to cancer treatment
(Chapter “Biocompatible Glasses for Cancer Treatment”). Chapter “Glasses for
Treatment of Liver Cancer by Radioembolization” highlights the usage of bio-
compatible glasses for cancer treatment by radioembolization due to the importance
of this issue in the field of glasses. Many of these applications have used glasses as
biomaterial, however, these glasses have compositions that exceed the usual ones of
bioactive glasses. These specific glasses are reviewed on Chapters “Vitreous
Materials for Dental Restoration and Reconstruction” and “Glasses for Treatment of
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Xiv Editor’s Notes

Liver Cancer by Radioembolization.” Chapter “Biocompatible Glasses for
Controlled Release Technology” shows how bioactive glasses can be used as
technologies for controlled release such as drug delivery systems. This chapter also
shows how these glasses can be used to improve the aforementioned applications.
Finally, on Chapter “Future Applications of Bioglass” future perspectives and
applications of biocompatible glasses are addressed.

The usage of glass materials for biomedical applications goes beyond the use of
common bioactive glasses, such as the Bioglass 45S5%. Other glasses like borate
and phosphate have been explored, as well as those doped with therapeutic ions.
Then, this book have authors who use the term bioglass, bioactive glass and bio-
compatible glasses as synonym. Particularly, in Chapters “45S5 Bioglass Based
Scaffolds for Skeletal Repair” and “Vitreous Materials for Dental Restoration and
Reconstruction,” bioglass is generically used for glasses made of quaternary,
ternary or binary systems similar to Bioglass 45S5®. On Chapters “Biocompatible
Glasses for Cancer Treatment” and “Biocompatible Glasses for Controlled Release
Technology,” the authors used the term biocompatible glasses, which is a more
comprehensive term including not only silicate glasses like bioactive glasses, but
phosphate and borate glasses which also show bioactivity and biocompatibility
properties. On Chapters “Bioactive Materials: Definitions and Application in Tissue
Engineering and Regeneration Therapy,” “Structure and Percolation of Bioglasses,”
“Bioactive Glasses: Advancing From Micro to Nano and Its Potential Application”
and “Future Applications of Bioglass” the term bioactive glass is used as synonym
of bioglass. On the other hand, on Chapters “An Introduction and History of the
Bioactive Glasses,” “The Evolution, Control, and Effects of the Compositions of
Bioactive Glasses on their Properties and Applications,” “What Can We Learn
From Atomistic Simulations of Bioactive Glasses?” and “Special Applications of
Bioactive Glasses in Otology and Ophthalmology,” the term bioactive glass is used
as synonym of biocompatible glass. These terms are exchangeable because
bioactivity is synonym of biocompatibility, and both terms are strongly related one
to each other along bioactive materials history.

In conclusion, it is expected that the reader can have the knowledge needed to
understand biocompatible glasses under a critical point of view, and be able to use
this expertise to conduct its own scientific research in this field, contributing to the
scientific community by developing materials for new applications not yet covered
in this book.

Enjoy it!

Santo André, Brazil Juliana Marchi



Bioactive Materials: Definitions
and Application in Tissue Engineering
and Regeneration Therapy

Jon Whitlow, Arghya Paul and Alessandro Polini

Abstract The field of biomaterials has been evolving at an astonished rate in the
last decades, leading to the design of bioactive materials, materials able to elicit
specific and predictable cells and tissues responses. This chapter will go through the
key milestones achieved during this exciting development with special emphasis on
the meaning of material-driven bioactivity and its importance in the optimization of
highly performing tissue regeneration and regeneration therapy methodologies. An
overview on the history of bioactive glasses (bioglasses) (please consult the
Editor’s note in order to clarify the usage of the terms bioglass, bioactive glass and
biocompatible glass) and their biological properties will describe the huge potential
of these materials in regenerative medicine applications. Finally, an introduction on
stem cells and their role in the physiological development of tissues and organs will
be given, shedding light on therapeutic synergistic approaches based on the use of
bioactive materials and stem cells.

1 Biomaterials History

According to the American National Institute of Health “any substance or combi-
nation of substances, other than drugs, synthetic or natural in origin, which can be
used for any period of time, which augments or replaces partially or totally any
tissue, organ or function of the body, in order to maintain or improve the quality of
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2 J. Whitlow et al.

life of the individual” can be intended as biomaterial. This definition is largely
accepted but it is far from being fully comprehensive (e.g., orthodontic brackets and
surgical instruments are not included). The last decades have shown how the idea of
biomaterials can be differently interpreted and giving a sharp definition is extremely
difficult [1]. The main reason relies on the huge dynamicity of the biomaterials
research, developed rapidly in the last fifty years.

Although the above mentioned concept of biomaterials has been developed in
the modern age, their use dates to more than 2000 years ago when Egyptians,
Romans, Chinese, and Aztecs used to employ largely available materials, such as
wood, gold and ivory, for repairing craniofacial defects. Poly (methyl methacrylate)
(PMMA), a non-degradable polyacrylate, can be considered the first biomaterial of
the modern age. Its excellent tissue biocompatibility was accidentally studied in
World War II military pilots that experienced intraocular implantation of PMMA
fragments during aircraft crushes, opening the way to the use as biomaterial for
contact lenses, orthopedic fillers and medical devices. Since then, the field has
matured swiftly with increasing focus on how biomaterials interact with the body
(Fig. 1).

At the beginning of the modern biomedical research (during the 1960s and
1970s), biomaterials were chosen among (bio)inert, often synthetic, materials able
to evoke (nearly) no tissue response, similarly to the case of PMMA. Their main
function was largely structural: they needed to provide mechanical integrity in a
reproducible way and avoid a massive immune response, which could potentially

Regenerative
potential
-~
Biomaterials
research

Clinically used
materials

Biomimicry

Biocompatibility

> Time

Fig. 1 Summary of the development of biomaterials field in the modern age: different generation
of biomaterials focused on different fundamental aspects. Figure reprinted with permission from
the publisher [2]
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affect the device performance and patient health [3]. During the development of this
first-generation biomaterials, the typical approach was based more on a trial and
error basis rather than a scientific hypothesis driven method, mostly due to a very
limited knowledge regarding how materials and biological components (cells, tis-
sues, body) could interact. The aim was to obtain a material with the right com-
bination of chemical and physical properties in order to match the body target [4].
A plethora of different materials were studied as part of medical implants and
devices, such as hip replacements, dental restoratives, contact lenses and vascular
stents. For example, metals such as stainless steel and, later, passivated
cobalt-chromium alloys replaced carbon and vanadium, often suffering by corro-
sion, while as polymers we witnessed a switch from nylons and polyesters to
not-degradable polymers, such as polytetrafluorethylene (PTFE), PMMA, poly-
ethylene and silicones. Overall, inert materials, i.e., having very limited biological
activity, were chosen in order to minimize the immune response and prevent body
rejection: they caused the formation of a thin, acellular fibrous capsule, with no or
limited adhesion with the surrounding tissues [5]. Due to their robust use in routine
surgical procedures and vast knowledge of their interaction with body tissues, some
of these materials are still applied today.

The molecular biology revolution of the 1970s brought new tools and infor-
mation to better understand the foreign body response and, therefore, the field of
biomaterials was positively affected. Second-generation biomaterials were mostly
designed to be bioactive, showing ability to trigger specific biological responses at
the biomaterial-tissue interface in a controlled way [5]. Mainly orthopedic and
dental fields exploited the use of bioactive materials, such as bioactive glasses,
ceramics, glass—ceramics and composites, to guarantee a bioactive implant fixation
and bone tissue regeneration (larger description of the bioactivity concept will be
provided in the following paragraph). In addition, this phase mainly focused on
resorbable biomaterials: the chemical degradation of the foreign biomaterial at the
biomaterial-host tissue interface was replaced by neo-tissue with, ultimately, no
distinct differences between the implant site and host tissue [4]. However, survival
analysis regarding some of these biomaterials used in skeletal prosthetic devices
and synthetic heart valves reported that a third to half of them failed within 10 to
25 years, leading to the need of a revision surgery [4]. This drawback is related to
the main difference between the highly dynamic living tissue and the relatively
static synthetic biomaterials, which fail to respond actively to changes of the
microenvironment. This consideration stimulated the development of more
biology-based biomaterials.

The advancements in genomics and proteomics in the 1990s and 2000s con-
siderably modified the concept of biomaterials leading to a new (third) generation
where the concept of bioactivity and resorbability were merged [4]. Scientists
focused on modification of resorbable materials at the molecular level, by adding
distinct moieties able to modify specific cell functions. Cell proliferation, differ-
entiation and production/organization of extracellular matrix (ECM) components
were affected towards the final goal of tissue regeneration. Specific molecules
fundamental for the development of functional tissues started to be incorporated in
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commercial products, like in the case of bone morphogenetic proteins for osteo-
genic implants.

Aimed at meeting increasingly high clinical and patient expectations, scientists
developed the current (fourth) generation of biomaterials that includes the so often
called smart or biomimetic biomaterials [2]. The idea underneath this new class
comes from the hypothesis that only by mimicking nature’s hierarchical structures
and mechanisms, optimized in millions of years, we can obtain a functional and
physiological recovery of body tissues. The design of new materials is therefore
continuously re-shaped following the latest advancements in the understanding of
tissue development and regeneration. From a clinical point of view, smart materials
are engineered to actively respond to internal or external stimuli (e.g., changes in
pH, ionic strength, magnetism, temperature) and participate to the regeneration of
tissue damages. Materials such as ceramics, glasses and polymers, proposed in
older generations of biomaterials, can be further modified with tissue engineering
approaches, e.g., by partially altering their components or being processed with
different procedures, to confer smart capabilities. Aspects such as chemistry,
nano/micro architecture, and porosity as well as degradation rate assume new
importance for directing the cell behavior [6-8].

2 Bioactivity Concept and Bioactive Materials

According to the pioneering definition of Larry L. Hench et al., “a bioactive
material is one that elicits a specific biological response at the interface of the
material which results in the formation of a bond between the tissues and the
material” [9]. It is well-known that the biomaterial-host tissue interface plays a
crucial role in the fate of any implant. Different materials can elicit different
responses at the implant site, e.g., generating the formation of non-adherent fibrous
capsule as in the case of inert biomaterials. The thickness of such fibrous capsule
can vary in accordance to the implant material and the stress at the implant
microenvironment, and progressively increases due to the micromotion at the
capsule-host tissue interface [10]. The micromotion can be minimized by mor-
phological and biological fixation processes: in the first case, a dense (non-porous)
material fits the defect, while in the second case the material presents pores larger
than 100-150 pm for allowing tissue ingrowth. In the case of bioactive materials,
they generate several biophysical and biochemical reactions at the biomaterial-host
tissue interface, with the formation of mechanically strong chemical interfacial
bonding as final result (bioactive fixation). This phenomenon is largely due to the
biochemical and biomechanical compatibility of the bioactive material with the
target tissue: the bioactive material generates an environment favorable for bone
growth and its mineralized interface (a layer of biologically active hydroxyl car-
bonate apatite, HCA, formed on the implant) represents the connection between
living and non-living material [10]. Several ceramics based on calcium phosphate,
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bioactive glass, and their composites have shown such bioactivity, although
mechanism, time dependence, strength and thickness of the bonding are different.

The most common bioactive calcium phosphates are hydroxyapatite (HA) and
tricalcium phosphate (TCP), due to their osteoconductivity properties and chemical/
crystallographic similarity to the mineral phase of skeletal tissue. They differ mostly
in the degradability in vivo: synthetic HA is considered non-resorbable, while TCP is
resorbable and able to react with body fluids to form HA [11]. The main differences
between synthetic and natural HA from mineralized tissues are the following [10]:
(a) Natural HA is a Ca-deficient HA (CDHA) where 3.2-5.8 % is carbonate
(therefore it is often referred as HCA) and few other elements (Mg, Na, K as well as
trace elements Sr, Pb, Ba) are present, marginally affecting the HA lattice structure;
(b) The natural HA shows a slightly anisotropic microstructure while synthetic HA is
more isotropic and has larger grain size; (c) Natural HA contains an organic com-
ponent (1 and 25 % in weight for enamel and bone, respectively). Despite these
differences, synthetic HA is able to bond to living tissue with a mechanism that can be
described by two models. Following the dissolution/precipitation model, the acidic
environment, created by cellular and enzymatic activity at the implant site [12], favors
the partial dissolution of HA (with release of Ca’, HPO427 and PO437). This creates a
supersaturation of calcium phosphates ions in the surroundings generating a pre-
cipitation of a HCA natural-like layer on the synthetic HA crystals that bonds pristine
HA from the host. This mechanism results to be slow and strongly affected by the
crystallinity and dissolution characters of the synthetic HA. When this shows high
crystallinity and poor dissolution, the bone tissue constituents can directly bond to
synthetic HA as described by the epitaxial growth model [13]. Globular deposits
(0.1-1.1 pum in thickness) and an organized network of collagen fibers are deposited
on the implant surface creating a fused cement-like matrix that directs the uniaxial
ordered formation of HA crystallites [14].

Most of bioactive glasses compositions processed by the traditional way (high
temperature melting, casting and sintering) contains SiO,, Na,O, CaO and P,0Os. As
described in the chapter “An introduction and history of the bioactive glasses”, the
first and most studied bioactive glass is 4585 Bioglass®, which is composed by
45 % Si0,, 24.5 % Na,O, 24.5 % CaO and 6 % P,0Os (in weight percent). The
bonding of bioactive glasses to bone tissues involves the formation of a HCA, able
to create a stable bond with the collagen fibers of damaged tissue [15]. Similarly to
bioactive calcium phosphates, the mechanism of HCA layer formation is well
defined but the specific steps of the HCA layer-bone tissue integration are less
described: protein adsorption from the bone microenvironment, deposition of col-
lagen fibers and other ECM proteins, adhesion and differentiation of bone cells,
mineralization processes are probably part of the implant integration process [16].
The formation of the HCA layer is favored by the dissolution of ions from the glass
surface that creates surface sites for the growth of HCA from one side and a change
in pH able to facilitate the nucleation from the other side [11]. The glass compo-
sition is the most important parameter affecting the HCA layer formation and
bonding to bone tissue capability. A lower silica content is often correlated with a
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Fig. 2 Summary of biological effects triggered by dissolution products of bioactive glasses.
Figure reprinted with permission from the publisher [25]

looser glass network that is more prone to dissolution and leads to faster HCA layer
formation. The complexity of the glass network is also modified by the type of other
cations present in the composition: for example, when sodium partially replaces
silicon, the dissolution rate is increased, while the presence of multivalent ions (e.g.,
APP*, Ti** or Ta®) decrease this rate and, therefore, the bioactivity [17]. Generally,
60 % represents the maximum amount of SiO, that a traditional glass composition
can support without losing bioactivity, while sol-gel derived glasses can show
bioactivity even at 90 mol% SiO, content [18].

More recently, it was observed that dissolution products from bioactive glasses
possess further unique properties (Fig. 2) [16]. As mentioned, the HCA layer itself,
responsible for the strong bond to bone tissue, is a perfect place for bone cells to
adhere, differentiate and form new collagenous matrix that leads to bone nodules, as
showed by in vitro experiments where no conventional stimulating factors such as
dexamethasone and B-glycerophosphate were employed [19]. In recent years, it was
reported that ionic products derived by dissolution of bioactive glass materials are
able to affect the gene expression in osteoblastic cells triggering the osteogenic
differentiation [20]. Beside the most studied osteogenic pathway, ionic dissolution
products can positively interfere with other pathways involving angiogenesis [21],
antibacterial and inflammatory responses [22, 23]. These effects are not fully
unforeseen considering the effects on bone metabolism belonging to elements such
as Sr, Cu, Zn or Co, present as trace in our body [24]. The current challenge in
bioactive glass design is to enrich the therapeutic effects of these materials by
adding specific ions to their composition: in this way new materials can act as ions
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depot, making therapeutic ions available upon dissolution. To have a better
understanding of the plethora of effects due to the release of these ions from glass
materials, more information can be found on the next chapters.

Although calcium phosphate ceramics and bioactive glasses interact with pris-
tine bone tissue in a very effective way, creating a mechanically strong interfacial
bond with bone, they show important differences with natural bone: they equal, or
even exceed, the strength of the host bone but they do not generally reach its
flexural strength, strain-to-failure, and fracture toughness and possess higher elastic
moduli. This biomechanical mismatch has limited the use of bioactive materials in
load bearing applications, but bioactive composites have been proposed to expand
the applicability of these materials. Bioactive glasses can be reinforced with a high
fracture tough phase (e.g., metal fibers or ceramic particles) for obtaining bioactive
composites with improved bending strength and fracture toughness [26]. These
composites are still bioactive as they create a layer of HCA on the surface, although
the rate is often lower, and their elastic modulus is generally still higher than bone,
leading to stress shielding of bone. Bioactive glass (fibers or particles) can also be
used to reinforce a biocompatible polymer phase (polyethylene, poly methyl
methacrylate, polysulfone, or collagen), as introduced by Bonfield in the early
1980s [27]. These materials match the elastic modulus of cortical bone (10-20 GPa)
and avoid any stress shielding, but no long term (20-40 years) lifetime reports are
available and their durability is still to be proven. Another strategy for broadening
the use of bioactive glasses in load-bearing applications involves their use as
coating material on mechanically suitable materials, such as metals, by enamelling,
electrophoretic deposition, laser cladding, thermal spray, sol-gel coating and thin
film technologies [28]. Traditionally, bioactive coatings offer a great advantage for
fixation of orthopedic implants in the short-term, while their long-term stability and
reliability can show limitations.

3 Introduction to Stem Cells for Regeneration Therapy

Stem cells are defined as cells that have the ability to self-renew and differentiate
into various lineages upon cell division. The term dates back as early as the 1860s,
when German scientist Ernst Haeckel reported his observations on the development
of different germ layers from a zygote. Just as the definition of biomaterials has
changed over time, as mentioned previously in this chapter, the interpretation and
classification of stem cells have also evolved as new discoveries are made. The term
was ambiguously defined until the 1960s when McCulloch and Till isolated mul-
tipotent hematopoietic stem cells from bone marrow [29]. This discovery spurred
extensive research into utilizing stem cells to regenerate or replace damaged tissues.
Stem cells are classified by their origin and also by their potency. Embryonic stem
cells (ESCs), derived from the inner mass of the blastocyst of an embryo, are
pluripotent stem cells, which means that they have the plasticity to differentiate into
any type of cell of an organism. ESCs are able to form cells of all three germ layers
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(the ectoderm, endoderm, and mesoderm) of the body, and they express this
pluripotency naturally during gastrulation of embryonic development. When human
ESCs were first isolated from blastocysts in 1998, the distinct property of unlimited
self-renewal was demonstrated as ESCs that had been cultured in vitro for nearly
five months without differentiation were still capable of forming cells of all three
germ layers. ESCs inherently express heightened telomerase activity, which
accounts for their nearly unlimited self-renewal ability [30]. Adult stem cells
(ASCs), first discovered in bone marrow, are multipotent stem cells, which means
that they possess a more restricted ability to differentiate and are typically limited to
the lineages of the tissue from which the cells are derived. In addition to bone
marrow, ASCs are found in adipose, neonatal, muscle, neural, and other tissues of
mature organs.

The plasticity of stem cells has been an area of active research by cell biologists
for decades. This ability to form cells of an entirely new lineage is in part due to the
overlapping expression of many transcription factors. Recent discoveries have found
that adult cells can be genetically reprogrammed to attain pluripotency. Induced
pluripotent stem cells (iPSCs) were first developed in 2006 by Shinya Yamanaka, by
the genetic reprogramming of adult murine fibroblasts. Pluripotency was syntheti-
cally induced by retrovirally transducing the fibroblast cells with Oct4, Sox2, cMyc,
and Klf4 genes, which are four of the main transcription factors that regulate and
maintain pluripotency [31]. Shortly after the discovery of hematopoietic stem cells,
bone marrow transplants became the very first clinical procedure to utilize stem cells.
The first successful bone marrow transplant in 1968 cured a patient with genetic
thymic alymphoplasia and aplastic anemia from graft-verse-host-disease (GVHD)
[32]. With over 50,000 transplants per year, bone marrow transplants have become
the most prevalent clinical stem cell therapies and are used to treat patients with
leukemia and autoimmune disorders [33]. The ease of sourcing ASCs coupled with
their relative lack of immunogenicity in transplant procedures has popularized ASCs
for use in other clinical treatments such as skin grafting. ESCs have very few clinical
applications due to ethical controversies, limited sources, and difficulty in control-
ling their differentiation. iPSCs, on the other hand, are not implicated with ethical
controversy and have a virtually unlimited cell source—however, the formation of
iPSCs is a costly process with current technologies. As with ESCs, iPSCs are dif-
ficult to control in vivo and can be problematic since they are formed by genetic
reprogramming with oncogenes.

4 Bioactive Ceramics and Stem Cells: A Synergistic
Approach for Regeneration Therapy

One of the challenges impeding stem cell research is the inability to control the
differentiation and quiescence in vivo. This presents a barrier between the lab and
the clinic for many potential stem cell treatments. The microenvironment that a
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stem cell is subjected to modulates the cell’s capacity to regenerate and form cells
of new lineages. For instance, if ESCs were implanted into an injured organ without
any control over the differentiation, the ESCs would generate cells from a variety of
lineages and form a teratoma rather than replacement tissue for the damaged organ.
Thus, the study of controlled (tissue-specific) stem cell differentiation is of utmost
importance for the field of regenerative medicine.

Biomaterials serve as excellent tools for modulating the behavior of stem cells.
Bioactive constructs are utilized as platforms for mimicking stem cell niche to
induce differentiation towards a desired lineage and enhancing cell engraftment.
Stem cell differentiation and proliferation is governed by paracrine and autocrine
signaling, i.e., the induction of cell-soluble factors by cell-cell interactions.
However, the mechanical properties of the surrounding 3D microenvironment are
also vital factors in regulating the physiological environment that is the stem cell
niche. Mesenchymal stem cells, for example, develop lineage specificity based on
the elasticity of the microenvironment matrix (despite addition of cell-soluble
factors). MSCs cultured in soft matrices follow neurogenic pathways while rigid
matrices similar to bone invoke a distinct osteogenic pathway [34]. The extracel-
lular matrix (ECM) of cells is a complex 3D network of proteins that provides the
microenvironmental structure and the integrin-mediated cell-ECM interactions in
naturally occurring tissues. The ECM is a cornerstone for the design of smart
biomaterials that direct stem cell differentiation for regenerative therapies. A wide
variety of bioactive materials, such as hydroxyapatite (HA), tricalcium phosphate
(TCP), chitosan, collagen, and silk fibroin, have been characterized by their inter-
actions with stem cells and abilities to form ECM-mimetic constructs.

4.1 Hydroxyapatite

Given its structural similarity with bone, hydroxylapatite, has been highly praised
as a bioactive ceramic among the scientific and medical community for its
osteoinductivity and osteoconductivity. Though HA is naturally derived from ECM
and is bioactive as a standalone material, applying this material in a tissue scaffold
in vivo requires introduction of synthetic composites to match the native biome-
chanics of bone. Polymers such as polyamide (which shares similarities with col-
lagen) in conjunction with HA can promote the adhesion, proliferation, and
differentiation of MSCs to osteoblasts by heightened alkaline phosphatase
(ALP) activity and collagen type I expression [35]. The use of specific osteogenic
peptide sequences, able to bind selectively HA surfaces, can be another potential
way to improve HA materials [36]. A multitude of other composite scaffolds, such
as HA in chitosan-gelatin networks, have shown similar osteoconductive interac-
tions with BMSCs in porous 3D scaffolds [37]. Osteoconductivity of HA is the
attributed to paracrine/autocrine signaling that is activated by the dissolution of
calcium phosphate ions and formation of the interfacial HCA layer described
previously in this chapter. The presence of these ions in the extracellular
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microenvironment causes a cascade of signaling pathways in stem and progenitor
cells including upregulation of BMP, Wnt, TGF-$, and MAPK pathways and
activation of soluble factor Illa [38]. Recent efforts in developing osteogenic
scaffolds have emphasized the benefits of nanoparticle hydroxyapatite. Nano-HA is
a more reactive material than its micro-sized counterpart due to the large surface
area to volume ratio. Rod, fiber, and spherical shaped nano-HA impart an enhanced
osteogenic effect on BMSCs and favorable mechanical properties in tissue scaffolds
[39—41]. Nano-HA has also shown success as a non-viral gene delivery vector for
promoting osteogenesis and angiogenesis upon transfection of human BMSCs [42].

4.2 TCP and Biphasic Calcium Phosphates

Tricalcium phosphate is another calcium salt that has a profound osteogenic effect
on BMSCs. Through the same mechanisms of osteoinduction as HA, TCP stimu-
lates the formation of the HCA layer and stem cell adhesion, proliferation, and
differentiation. TCP ceramics have even been utilized with great success in clinical
studies for spinal fusion therapies [43]. TCP is regarded as a more soluble (re-
sorbable) source of CaP ions, while HA is slower to degrade in the human body.
Biphasic calcium phosphates (BCPs) such as HA-TCP have been developed to
harness the benefits of this solubility difference. The resorption rate of a BCP
ceramic scaffold can be tuned by altering the ratio of the soluble phase to the more
stable phase. Soluble ceramics (high TCP/low HA concentration) can stimulate
BMSC osteogenesis and bone remodeling in vivo [44, 45]. BCPs are also capable
of inducing osteogenic differentiation of ESCs [46].

4.3 Silicate Nanoclay

For several decades, silicon has been well documented for its vital role in bone
development. Silicate ions, the products of dissolution or degradation of
silicon-based scaffolds, activate various cell signaling pathways in BMSCs
including the Shh and Wnt pathways [47]. Silica nanoparticles and nanoclays are
common bioactive materials that enable stem cell differentiation. Silica nanopla-
telets, at a therapeutic threshold, induce osteogenic differentiation of BMSCs and
ASCs by increased Col I expression, collagen fibril assembly, and ECM deposition
[48, 49]. These bioactive materials can guide stem cells to an osteoblastic pheno-
type in the absence of dexamethasone or osteogenic cytokines. Mesoporous silica
nanoparticles (MSNs) are a promising class of biomaterials that, due to their tunable
surface properties and pore sizes, facilitate drug delivery. Though silicates have an
inherent ability to stimulate osteogenesis, MSNs can be conjugated with specific
drugs to promote specificity to a different stem cell lineages, such as the
MSN-induced differentiation of ESCs to cardiomyocytes [50]. Layered silicates
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known as nanoclays are another form of Si nanoparticle that are gaining attention as
bioactive osteogenic materials. Nanoclays in conjunction with calcium phosphates
or polymers are viable candidates for stem cell bone regeneration [51, 52].

4.4 Bioactive Glass

As elucidated previously, the dissolution of different types of ions from resorbable
bioactive scaffolds has a therapeutic effect towards bone regeneration. The HCA layer,
which forms as a result of the signaling pathways triggered by presence of ions, is the
bioactive interface that recruits osteoprogenitor cells responsible for bone remodeling
and regeneration. Bioglass (BG) is an especially attractive material for osteogenic
stem cell treatments due to the therapeutic value of auto/paracrine signal-inducing
ions released as the BG degrades. BGs supersede the bioactivity of HA since these
materials not only serve as a source of CaP ions but also ions of Si, B, Zn, Mg, Sr, Cu,
and Mn. The array of ion species that BG presents on the HCA interface elicits a
primary set of cell signaling pathways which combinatorially activates further cellular
signals; therefore it is difficult to pinpoint the effects of individual ion species among
the mixture. In general, HCA formation and ionic dissolution by BGs promotes
osteogenic differentiation of stem cells, such as the controlled differentiation of
BMSC:s to osteoblasts by culture on BG surfaces [53]. 45S5 Bioglass® (and BGs of
other compositions) is also well known to endogenously induce angiogenesis in
various cell lines by autocrine upregulation of vascular endothelial growth factor
(VEGF) [54]. The ability to promote both bone remodeling as well as vascularization
among multipotent, autologous/allogeneic stem cells, simply by ion-mediated cell
signaling, renders bioactive glass a novel material for stem cell therapies.

The interactions between stem cells and various ion-doped BG scaffolds have
shed light on the functions of specific ion species in the regulation of osteogenesis
and angiogenesis. Some examples of ion-doped BG will be given in this section,
relating them to stem cell regulation, but, as aforementioned, we suggest you to
read the chapters “An introduction and history of the bioactive glasses” and
“Structure and percolation of bioglasses”, so that you would appreciate further
information in which go beyond the stem cells-related examples.

Zinc plays a significant role in osteostimulation by activating transcription
factors that regulate stem cell differentiation (osteopontin, osteocalcin, ALP, col-
lagen type 1) and helps stimulate HCA formation to drive BMSCs toward an
osteogenic lineage [58]. Silicon modulates cell signaling pathways, and initiates
collagen I formation as well as bone remodeling (osteoblast differentiation). The
therapeutic effects of the dissolution of Si ions from bioglass are illustrated by the
histological analysis of fetal osteoblasts in Fig. 3a—c. As the Si concentration is
increased in 45S5 Bioglass® scaffolds seeded with fetal osteoblasts, the extent of
mineralization of the matured osteoblasts is increased. The highest Si concentration
correlates to the greatest extent of calcium nodule formation (Fig. 3c). It has been
proposed that Si ions lead to OCN and Col I upregulation in a dose-dependent
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Fig. 3 Osteogenic and angiogenic effects of ion-doped bioglass on stem and progenitor cells:
a—c Silicon-doped bioglass promotes bone mineralization in fetal osteoblasts. As revealed by red
alizarin stains for calcium nodules, an increase in Si concentration in bioglass correlates to increased
mineralization, evidencedbya 0 pg/mL Si,b 15 pg/mL Siand ¢20 pg/mL Si[55]. d-fBoron-doping
of bioglass stimulates neovascularization in embryonic quail chorioallantoic membranes.
Microscopic imaging reveals that (d) bioglass alone induces negligible angiogenic response while
(e) boron-doped bioglass promotes vascularization to the same extent as f, the response to a therapeutic
dosage of basic fibroblast growth factor [56]. g—i Dissolution of copper ions from BG in conjunction
with BMSCs induces a similar angiogenic effect in endothelial cells. g BG alone does not promote
significant vascularization, nor does (h) BG delivered in co-culture with BMSCs. However,
i copper-doped bioglass administered in co-culture with BMSCs results in significant angiogenic
remodeling. Cuions trigger BMSC-mediated growth of tube-like vasculature, which is denoted by the
arrows [57]. Figures reprinted with permission from the publishers

manner [55] which explicates the mechanism through which Si ions induce
osteogenesis of BMSCs [59]. Regarding strontium, its ions promote differentiation
but not proliferation of BMSCs [58]. Other ions, such as manganese ions, when
incorporated with bioglass, promote osteogenesis by upregulation of ALP and BMP
in progenitor cells [60], while magnesium ions inhibit osteogenesis of multipotent
stem cells [59].

Fewer studies underly mechanisms through which bioactive glass stimulates
angiogenesis. Though 45S5 Bioglass® has an inherent angiogenic property,
ion-doping can further augment this property. For instance, boron-doped 45S5
Bioglass® stimulates neovascularization in the embryonic model of chorioallantoic
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membrane (Fig. 3d—f). Therapeutic quantities of angiogenic growth factors can be
generated in vivo by the release of B ions (by the activation of the o, [3; integrin)
[56]. Figure 3e provides evidences that the B ions from bioglass can stimulate
vascularization to the same extent as controlled delivery of bFGF. Angiogenic
effects are similarly noted for copper-doped bioglass. Dissolution of Cu ions from
BG can stimulate both osteogenesis and angiogenesis [57, 61]. Figure 3i represents
the angiogenic response to Cu ions in co-culture with endothelial cells and BMSCs
and, in contrast to Fig. 3g, h, it is the only group with tube-like vascular networks
clearly visible.

4.5 Polymers and Biomaterials

Calcium phosphates and ceramic biomaterials have great osteogenic potential
in vitro, but to utilize these interactions in a potential stem cell therapy, the material
must be arranged in a construct that mimics the structure and biomechanics of
natural bone. As established previously in this chapter, the elasticity of the stem cell
microenvironment dictates the cells’ preference of lineage. A bioactive bone scaffold
must be a three-dimensional porous structure that not only enables cell adhesion and
proliferation but also promotes vascularization. Synthetic, biocompatible polymers
enriched with osteogenic biomaterials can be constructed under these parameters,
while allowing for precise tuning of the mechanical properties to match that of bone.
Among the most common polymers utilized for this effect are polyethylene glycol
(PEG), polylactic acid (PLLA), polycaprolactone (PCL), polyvinyl alcohol (PVA),
and polyglycolic acid (PGA). Composites based on these polymers with bioactive
materials such as HA, TCP, and bioglass are formed to further construct porous 3D
scaffolds that mimic the complex environment required for bone regeneration.
Bioactive polymer composites, such as PVA/PLLA/PCL-bioglass/TCP, have syn-
ergistic osteogenic effects when combined with multipotent stem cells [7, 62, 63].

4.6 Emerging Carbon Based Nanomaterials

Carbon nanomaterials are another class of materials that hold stake in the future of
stem cell therapies. Carbon nanotubes (CNTs), nanodiamonds (NDs), and graphene
have rich surface chemistries that promote adhesion and proliferation of stem and
progenitor cells. CNTs are cylindrical fullerenes that, in conjunction with polymers
such as PEG or polyacrylic acid, have shown capabilities as a substrate conducive
of not only osteogenic differentiation from BMSCs [64] but also neuronal differ-
entiation of ESCs [65]. Diamond nanoparticles, though more biologically inert that
CNTs, can be functionalized with polymers, drugs, peptides, nucleic acids, and
other molecules for targeted delivery within the cytoplasm of cells. NDs loaded
with cytokines such as BMP-2 can direct BMSCs towards an osteogenic lineage
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[66]. Furthermore, defects within the carbon core of NDs enable them to fluoresce
in the far red spectrum rendering them useful for long term in vivo fluorescent stem
cell labeling [67]. Graphene is a novel fullerene with a two-dimensional honeycomb
structure that exhibits an array of exciting mechanical, electrical, and biological
properties. Graphene and graphene oxide have proven to be useful substrates for
stem cell culture with the ability to stimulate osteogenic differentiation of mes-
enchymal stem cells [68] as well as a viable substrate for adhesion and proliferation
of neural stem cells [69] and iPSCs [70].
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An Introduction and History
of the Bioactive Glasses

Gurbinder Kaur, Steven Grant Waldrop, Vishal Kumar,
Om Prakash Pandey and Nammalwar Sriranganathan

Abstract When the hierarchy turns towards higher level, the molecular events
become more complex and convoluted. The human embryo development is quite
complex as it originates from a 32-celled stage and metamorphoses by a series of
metabolic and physical processes. The process of fetus formation is full of
breathtaking complexity as it involves the development of lungs, heart, gut, nerves,
limbs, bones, blood vessels, cartilages, circulatory system, nervous system and
excretory system. The constant wear and tear of muscles, joints and other vital body
tissues takes place during the lifetime of human body. Due to the advancement of
medical science, artificial limbs and transplantation have helped the human body to
resume the day-to-day chores, but the biomaterials have revolutionized the world
due to their capability to repair the damaged tissues by self-healing mechanism.
These days, the bioactive materials have become an imperative and indispensable
tool for the medical science due to their numerous advantages. Hence, the current
focus is given on the history, categories and requirements of the biomaterials
especially bioactive glasses (please consult the Editor’s note in order to clarify the
usage of the terms bioglass, bioactive glass and biocompatible glasses).

1 Bioactive Glasses as Biomaterials

The naturally occurring or man-made non-natural materials, which are used to
supplement, replenish or enhance the living tissue functionality, are regarded as
biomaterials [1]. Biomaterials can be classified as (a) metals (b) synthetic or natural
polymers (c) ceramics/bioactive glasses and (d) composites, which are shown in
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Fig. 1 Categorization of bioactive materials

Fig. 1. Metals possess high strength, wear resistance and ductility. Anyhow, their
low biocompatibility and high corrosion rate are detrimental for living tissues.
Furthermore, allergic reactions may be caused due to the high diffusion of metal
ions, which result in irreparable loss to the human tissues [2]. Polymers are
endowed with the composition flexibility, which endows them with their distinctive
features. However, polymers cannot withstand the stresses required in various
orthopedic and load bearing applications due to their low mechanical strength. In
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contrast to this, the composites compose of cross-linked elastomer units, which
endow them with high elastic moduli and is beneficial for the biocompatibility.
Ceramics is a superior category of materials, which generally posses resistance to
corrosion and compression along with good biocompatibility. The brittle nature,
high density, low fracture strength and small resilience of ceramics can cause
problems in their bioactive properties. Individually, these materials may pose dif-
ferent problems, but when combined together to form a composite, the synergistic
effect of all the components can enhance their mechanical and bioactive properties.
For instance, biodegradable polymer scaffolds do not posses hydroxyapatite
(HA) inorganic phase, which is mechanically biocompatible and hence its use is
challenging. In contrast to this, the scaffolds fabricated from the bioceramics such
as bioactive glass or calcium phosphate-based inorganic materials usually provide
enhanced bioactive properties as well as higher mechanical strength [3, 4]. All these
biomaterials find potential applications inside the human body as shown in Fig. 2.
Almost every joint and body part needs biomaterial in direct or indirect way.

The eminence of human lives has been influenced to a large extent by a special
class of materials regarded as bioceramics. Bioceramics exist as composites
(polyethylene-hydroxyapatite), monocrystals (sapphire) or polycrystalline materials
(hydroxyapatite) [S]. When the bioceramic material/bioactive glasses are implanted
inside the host tissue, then time-dependent kinetic modification takes place on their
surface due to interface formation biological hydroxyapatite layer [6, 7]. More
specifically, when we define the word “bioactive glasses”, it refers the glass endowed
with an ability of hydroxyapatite (HA) layer formation on the surface via a chain of
certain specific reactions and possesses compatibility with the surrounding living
tissues. Broadly, a bioactive material yields target specific biological activity after
incorporation of metal ions in their composition. Since 1969, many research groups
have been working tirelessly in developing novel bioactive glasses as the potential
breakthrough in the hot field of regenerative medicines and tissue engineering.
Biomaterials are foci of attraction due to their ability to yield wide change in
bioactive/thermal/physical properties even after minor tailoring of constituents in
their chemical composition [5-9]. Resorbability is one of the indispensable
requirements for any biomaterial (including bioactive glasses) i.e. the biomaterials
should degrade over period of time after implantation, so that its functionality can be
replaced by the natural host tissue [5, 9]. During the degradation period, resorbable
biomaterials require stable interface as well as the matching of resorption rates, which
makes tissues repairing easy. The bioactive glasses should also be non-carcinogenic,
non-antigenic, non-toxic and non-mutagenic, in order to avoid any detrimental effect
on the host cells [6-8]. A bioactive material undergoes a two-step process when
implanted inside the body i.e. it comes in contact with the simulated body fluid
(SBF) and undergoes a set of specific surface reactions thereby forming a HA-like
biological layer, responsible for the hard and soft tissues interactions [10].

These days, for the bone repair applications, the attention has shifted towards
materials possessing crystallographic and chemical similarity to the biphasic cal-
cium phosphate (BCP), calcium phosphate-based bioceramics such as natural bone
mineral HA (Ca;o(PO4)s(OH),), fluorapatite, PB-tricalcium phosphate (B-TCP,
Ca3(POy),), and other calcium phosphates [11]. HA is a carbonated phosphate and
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calcium-deficient bone mineral and regarded as one of most stable phase among
other reported calcium phosphates. HA is osteoconductive because it supports bone
regeneration by showing excellent bonding at the bone—implant interface. Though,
amorphous HA possess high degradation rates, but it does not exhibit enough
mechanical strength to build and sustain a 3-dimensional porous network. In spite
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Table 1 Calcium phosphates along with their Ca/P ratios [17]

Calcium phosphate Chemical formula Ca/P
Calcium metaphosphate Ca(POs), 0.5
Calcium phosphate monohydrate Ca(H,PO,),-H,O 0.5
Tetracalcium phosphate diacid CayH,PgOy 0.67
Heptacalcium phosphate Ca7(P5016)» 0.7
Calcium pyrophosphate dehydrate Ca;P,0,-2H,0 1
Calcium phosphate Ca;P,0, 1
Dicalcium phosphate CaHPO, 1
Dicalcium phosphate dihydrate CaHPO,4-2H,0 1
Octacalcium phosphate CagH,(POy4)g:5SH,O 1.33
Tricalcium phosphate Ca3(POy), 1.5
Calcium phosphate Ca;og—xHox(PO4)s(OH), -
Hydroxyapatite Ca;o(PO4)s(OH), 1.67
Tetracalcium phosphate Ca | (0O(POy), 2.0

of the fact that in vitro formation of an HA-like biological surface layer takes place
upon immersion in a SBF for some materials like dicalcium phosphate dehydrate,
no evidence of direct in vivo bone bonding could be reported [12, 13]. Contrary to
this, B- TCP shows extensive bonding to bone, inspite of the fact that it necessarily
does not lead to the formation of a biological HA-layer upon its contact with the
SBF [14]. HA possess relatively slower resorption rates and undergoes slight
conversion to a bone-like material upon implantation. As compared to other cal-
cium phosphates, HA yields higher mechanical strength [11, 12]. A better control
over biological behavior and degradation rates could be obtained using DCP with
different HA to B-TCP ratios [15].

Ca/P ratio is the fundamental criteria, used to determine the stoichiometry,
acidity and solubility of apatites. Ca/P ratios for some prominent calcium phos-
phates is listed in Table 1. Higher Ca/P ratio yields lower acidity and solubility and
vice versa. The Ca/P ratio of the converted material usually varies from the surface
to the interior of the reacted glass. The carbon presence in apatite results in lattice
distortion causing micro-stresses and crystalline defects in the network, which play
an imperative role in the apatite solubility. Clinical investigations confirmed that the
implanted calcium phosphates and hydroxyapatites remain within the body for 6 to
7 years post-implantation and hence regarded as virtually inert [16].

2 Implantation and Transplantation

Bone structure consists of the encased cells in composite matrix composed of
collagen fibers and apatite phase [18, 19]. Bone possesses excellent mechanical
properties such as flexural strength and hardness. Anyhow, due to age related
problems like osteoarthritis, osteoporosis, the bone requires regeneration, which can
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Table 2 The first transplants of heart, lung and kidney [20-25]

G. Kaur et al.

Transplant | USA Europe Asia

First heart | Dr. Denton A. Cooley and | Dr. Maurice on 66 year | Dr. Wada at Sapporo

transplant | his team, in Texas (1968) old man, in Paris (1968) | Medical University, in

Japan (1968)

First lung | Dr. James Hardy at the John Wallwork at Dr. Tan and team in

transplant | University of Mississippi, in | Papworth Hospital Singapore, in
Missisippi (1963) (UK), in UK (1984) Singapore (2009)

First Dr. J.E. Murray at the Peter | Dr. D. Alfani and group | Dr. Kusunoki in

kidney Bent Brigham Hospital, in at Clinica Chirurgica, in | University of Tokyo, in

transplant | Boston (1954) Italy (1982) Tokyo (1956)

be achieved via transplantation or implantation. Organ transplantation involves the
transfer of an organ from a donor site to another location on the person’s own body
(autografts) or from one body to another to replace the damaged/absent organ of
recipient. Transplants are composed of nonliving or living tissues and may include
the harvesting of patient’s own tissue from a donor region, thereby followed by the
transplantation on the damaged region. Organs like heart, kidneys, lungs, liver,
pancreas, and intestine can be transplanted. Globally, the most common transplant
is the kidney transplant followed by the heart and liver. Dr Christiaan Barnard, a
South African doctor at Groote Schuur Hospital (Cape Town, South Africa) per-
formed world’s first human to human heart transplant on 3 December 1967 [20].
Table 2 lists some of the vital human organs transplants [20-25]. Tissue transplants
have outnumbered the organ transplant because bones, heart valves, muscoskeletal
grafts, cornea transplants, skin, nerves, and veins have been widely practiced with
higher success rates over decades.

In contrast to this, during the implantation process, some man-made biocompatible
materials like bioceramics/glasses especially scaffolds are used for the regeneration
purpose. The organ transplantation requires matching of tissue type, blood type, body
statistics and potential recipient availability etc. whereas for the bioactive glass
implantation process, the important parameters to be considered are resorbability,
dissolution and biocompatibility. During the glass network dissolution, a silica-rich
layer is formed on the glass surface, which is further followed by the calcium phos-
phate apatite layer formation. Apatite layer formation depends upon the glass com-
position, surface, pore size, along with the preparation conditions. Bioactive glasses
fall under the category of class A bioactive materials, which reveals their ability to
bond well with the bone and the soft tissue via HA layer formation [26].

3 Elements Required by Human Body

Certain elements are required by human body for regulating the body fluids and
maintaining the acid-base balance because they are the vital constituents of human
organs or body parts. Almost 90 % of human tissues consist of water whereas
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hydrogen, carbon, nitrogen and oxygen, are the major constituents of proteins,
amino acids, ribonucleic acids (RNA) and deoxyribonucleic acids (DNA) [27].
Hence, all these elements are deemed as the basic building blocks of human body,
which makes it necessary to obtain an insight of their relative abundance in the
biological tissues/cells. Broadly, the elements required for the vital functioning of
human body are classified as microelements and macroelements. The elements
required by human tissues are summed up in Table 3 along with their importance.
Macroelements are required >100 mg/dl whereas microelements are required up to
<100 mg/dl. Calcium, phosphorus, sodium, chlorine, potassium etc. fall into the
category of macroelements whereas magnesium, copper, strontium, zinc, iron,
sulphur, chromium, etc. are the microelements [2, 28—30]. Both the deficiencies and
excess of these elements can result in major public health problems. Hence, the
intake of all these elements shall be balanced in order to sustain healthy functioning
of organs. The bioactive glasses composition may consist of these elements and for
the non-hindered working of these bioactive glasses, the in vivo glass degradation is
relevant such that the trace elements release from the scaffolds must be less than the
toxic level.

The basic building block of bioactive glasses is silicon, which contributes to the
structure and resilience of the connective tissues due to its cross-linking properties
[31, 32]. Silicic acid is the physiological form of silica and it interacts with the
aqueous aluminum to yield less harmful/toxic hydroxyl aluminosilicates [33].
Chlorine (Cl), Sodium (Na), and potassium (K) are the principal constituents of the
extracellular fluids and regulate osmotic pressure. Their deficiency can cause
decreased motor response and slow neural activity. Calcium is required for the
membrane permeability, muscle contraction, as well as neuromuscular excitability.
For the synthesis of phospholipids and phosphoproteins, phosphorus is required.

The excess of phosphorus can cause chronic nephritis and hypoparathyroidism
whereas its deficiency leads to osteomalacia or De-Toni Fanconi syndrome. Both cal-
cium and phosphorus are important constituents of bones and teeth, and low Ca/Pratio is
included in hypothyroidism [34]. Magnesium is also present in bones and is an essential
activator for the diphosphopyridinenucleotide kinase, phosphate-transferring enzymes
myokinase and creatine kinase whereas strontium helps in bone resorption and
calcification. Strontium has yielded promising results during the osteoporosis treatment
[35, 36]. The tendon reflexes get deeply depressed due to the deficiency of magnesium.
Barium oxides increase the surface adherence by reducing surface tension and barium
crystals are used in radio-opaque bioactive glasses and bone cements as an opacifier [37,
38]. Barium oxide provides non-bridging oxygen (NBO’s) to the glass structure because
it is a very strong modifier, thereby enhancing the apatite layer formation [39].
Chromium is an effective cross-linking agent for collagen and plays a role in main-
taining the RNA molecule configuration. “Glucose tolerance factor” (GTF), which
activates/binds/potentiates insulin action composes of trivalent chromium.

Other elements like cobalt, iron, copper, manganese, zinc, and iodine etc. also
play an imperative role to sustain the normal functioning of the human body/organs.
Cobalt is required as a cofactor of enzymes involved in amino acid metabolism and
DNA biosynthesis and constituent of vitamin B12. Copper is considered to be
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Table 3 Role of elements in human body

Name of the Role

element

Silicon Mucopolysaccharides component, bone calcification, connective tissue
component, biological cross linking agent, to maintain connective tissues
resiliency

Sodium Plasma volume regulation, Principal constituent cation of extracellular
fluid, osmotic pressure maintenance, nerve impulses transmission, amino
acids and bile salts absorptive processes

Potassium Principal constituent cation in the extracellular fluid, osmotic pressure
maintenance, glycogenesis, helps in cardiac muscle contraction

Chlorine Electrolyte and fluid balance, principal constituent anion in gastric juice
and extracellular fluid

Calcium Bones and teeth constituent, nerve regulation, activation of enzymes,
neuromuscular excitability

Phosphorous Teeth and bones constituent, constituent of nucleic acids and adenosine
triphosphate

Magnesium Constituent of enzyme system containing thymine pyrophosphate cofactor,
bones and teeth component, activator for phosphate transferring enzymes

Strontium Promote bones and teeth calcification along with bone healing and bone
resorption

Barium Bone opacifier

Chromium RNA molecule configuration maintenance, primary ingredient in glucose
tolerant factor

Cobalt Component of vitamin B,, cofactor of enzymes involved in DNA
biosynthesis

Copper Required for neurologic and hematologic systems, myelin sheath formation
in nervous systems, enzyme constituent, promotes iron absorption

Iodine Constituent of thyroid hormones

Iron Vital component of hemoglobin, cellular respiration enzymes, required in
spinal cord myelination, neurotransmitters synthesis and packaging

Manganese Hydrolase and decarboxylase cofactor, required in glycoprotein,
constituent of enzymes required for pyruvate metabolism and urea
formation

Molybdenum Metalloenzymes constituent, regulates cellular metabolism

Selenium Component of glutathione peroxidase, involved in defense system
protecting organisms from oxidant with vitamin E and harmful free radicals

Zinc Enzyme cofactor, cell replication, vitamin A and E metabolism, wound
healing and tissue repair

Fluorine Increases bone hardness and enamel remineralization, dental caries
prevention

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

Nickel Membrane structure maintenance, prolactin control

Boron

Promotes bone formation
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essential micro-nutrient required for the haematologic and neurologic systems. The
proteins containing copper are regarded as erythrocuprein in red blood cells, hep-
atocuperin in liver and cerebrocuperin in brain [34]. Copper is also reported to
promote bone formation but 10°® M concentration of Cu®* is found to inhibit the
osteoclast activity [40, 41]. Copper is and angiogenic agent and triggers endothelial
cells towards angiogenesis. Cu enhances the mesenchymal stem cells differentiation
towards the osteogenic lineage [29]. Cu is required for the myelin sheaths formation
in the nervous systems and helps in iron incorporation in haemoglobin as well as
supports iron absorption from the gastrointestinal tract (GIT) long with the iron
transfer from tissues to the plasma [29]. The excess of copper causes Wilson disease
and liver poisoning, though its deficiency is associated with cardiac hypertrophy
and cardiac failure and anaemia due to reduced ferroxidase function. Iodine is
stored in thyroid as thyroglobulin and one of the essential component of the thy-
roxine, thyroid hormones, and mono-, di-, and tri-iodothyronine. Many enzymes
such as phosphohydrolases and phosphotransferases, which are involved in the
proteoglycans synthesis in cartilage have manganese as cofactor. Mn is also an
essential part of the enzymes involved in urea formation, pyruvate metabolism and
the galactotransferase of connective tissue biosynthesis. The enzymes involved for
the metabolism of nitrogen-containing compounds present in DNA and RNA
production and sulphur-containing amino acid and production of uric acid contain
molybdenum as a cofactor. Selenium acts as a synergistic antioxidant with vitamin
E and its activities are closely related to the antioxidative properties of coenzyme Q
(ubiquinone) and tocopherol (vitamin E) [29, 30]. Connective tissue, Coenzyme A,
skin, hair and nails and amino acids like cystine, cysteine and methionine are sulfur
rich. Biotin and thiamine are the members of vitamin B complex and also contain
sulfur in their respective molecules.

Zinc plays a vital role in insulin and plasma component and also acts as a cofactor
for many dehydrogenase enzymes, regarded necessary for the cell replication as well
as macronutrient metabolism [30]. It also helps in healing wounds and tissue repair,
developing taste buds and anti-inflammation [42]. Zinc binds specific DNA regions
to monitor genetic control of cell proliferation and helps in vitamin A and E
metabolism. Iron is essential for the white matter myelination of cerebellar folds in
brain and it is also a cofactor for many neurotransmitter system enzymes. Basically,
Fe is transferred as transferrin, accumulated as ferritin/hemosiderin and vanishes in
sloughed cells. Iron (Fe) is an important component of heme of hemoglobin (Hb),
succinate dehydrogenase, cytochrome and myoglobin [29, 30]. Anemia is caused by
iron deficiency whereas its excessive accumulation can cause hemosiderosis, neu-
rologic disorders like Alzheimer, Parkinson disease and neuro-degeneration [43].
Conclusively, for the healthy uninterrupted functioning of human body, all these
elements shall be optimized through the intake of balanced diet. Boron is a trace
element, required for the bone health.
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4 Design Criteria for Biomaterials/Bioactive Glasses

Biomaterials should be designed in such a manner to provide required essential
structural compatibility without posing any adverse effects on the living tissues
[15-18]. The most outstanding property of bioactive glasses, is their ability to
enhance revascularization, osteoblast adhesion, enzyme activity, and mesenchymal
stem cell differentiation. In addition to this, bioactive glasses act as promising filler
materials/coatings for polymer structures empowering them to work bone tissue
engineering applications [16-18, 26]. The indispensable criteria, which shall be
considered while designing the bioactive biomaterials is the cytotoxicity in order to
ensure that the elemental release is lower than their biologically safe levels.
Figure 3 lists all the essential features that must be kept in consideration while
designing suitable bioactive glass. To obtain bioactive glass ceramics, glass is
heated at a fixed temperature for fixed duration in controlled atmosphere leading to
the formation of crystalline phases embedded in the amorphous glassy matrix. The
flexural/mechanical strength and viscous behavior of the glass gets enhanced during
crystallization process. Crystallization process in bioactive glass causes decrease in
bioactivity, indicating that the glass ceramic compromises for the bioactivity though
it is mechanically stronger than the counterpart amorphous glass [44, 45]. The
bioactive glass cells of potential biomedical interest are harvested into the scaffold,
such that a scaffold symbolizes a macroporous 3-dimensional structural device
retaining the geometry and environmental conditions as that of the host-replacement

Biocompatibility / Mechanical Properties

Biomaterials shall posses superior
mechanical properties to prevent
structural failure during the
patient’s normal routine activity,

Biomaterials shall be
non-toxic and promote
cell proliferation in
addition to cell adhesion

Selection
Criteria
for
Bioglasses

Apatite Formation m

For commercialisation,
the Bioglasses shall
be cost effective

When SBF, bioglasses
shall possess apatite
like layer formation

Fig. 3 Design consideration of bioactive glass
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tissues required for stimulating tissue regeneration [46]. The properties of bioactive
glasses due to their particle size and shape/size of granules shall be considered
while using bioactive glasses for producing filler materials, porous scaffolds and
dental materials. Some of essential parameters required for the bioactive glass
scaffolds to retain its functionality as a suitable biomaterial are listed as follows [2,
16-18, 47]:

1. The bioactive glass is heat treated at a suitable temperature for particular time
duration to obtain scaffolds. During the heat treatment, nucleation and growth of
the crystalline phases may occur in the glassy matrix. The formed crystalline
phases must not hamper interrupt the bioactive processes inside the cell/tissue
induced due to the cytotoxic effect.

2. Bioactive glass scaffolds shall not demonstrate immunogenicity/cytotoxicity or
posses any inflammatory response.

3. Tissue scaffolds must exhibit neogenesis as they shall deliver a temporary
structure required for new tissue synthesis. Moreover, they should degrade into
easily resorbable nontoxic products, which can be excreted by the body.

4. The mechanical properties of bioactive glass scaffolds must possess superior
mechanical properties as that of the host tissue for better biocompatibility. Also,
both the bulk materials and surface shall be sterile.

5. For bone engineering, bioactive glass should exhibit a typical porosity of almost
90 % with a minimum pore diameter of almost 100 pm to enhance tissue
vascularization. The controllable interconnected porosity supports vasculariza-
tion and also direct cells to proliferate into the required physical structure.

6. The glass scaffolds must have porous 3-D architecture for cell vascularization,
proliferation and nutrient diffusion, thereby providing an optimized microen-
vironment for new tissue synthesis.

Therefore, all the above-mentioned criteria are required for obtaining suitable
bioactive glasses/scaffolds for the technological and biomedical applications.

5 Different Types of Bioactive Glasses

Due to the versatile applications of the bioactive glasses (Fig. 2), the research
interest has been in the field of biomedical application of bioactive glasses since last
four decades. The importance of this fuming field of bioactive glasses is clearly
depicted from the constantly increasing number of publications. Many research
groups are actively engaged to fabricate borate/borosilicate, silicate, and phosphate
bioactive glasses. Some mesoporous glasses have also been investigated for the
targeted drug delivery applications. Many trace elements have also been incorpo-
rated into the glass network for obtaining the desired properties for bone remod-
eling and/or associated angiogenesis. This section describes different bioactive
glasses and their bioactive properties.
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5.1 Silicate Glasses

Most silica structures consist of basic tetrahedra (SiO4)47 and the connectivity can
be in 1-, 2-, and 3-dimensional arrangements. Each oxygen anion is coordinated by
two Si cations corresponding to corner sharing of the oxide tetrahedral, thereby
resulting in relatively open structures and prevention of the close-packing of anion
layers [48, 49]. Silicon plays a vital role in bone mineralization and gene activation.
The deciding factor for the intracellular and extracellular response of bioactive
glasses is the release of soluble ionic forms of Si, Na, P and Ca from the glass
surface, 45S5 Bioglass W, a silica-based composition has shown enhanced secre-
tion of vascular endothelial growth factor in vitro [50]. Silicate bioactive glasses
(13-93 or 45SS5) support the proliferation and differentiation of MLO-A5 and
MC3T3-E1 osteoblastic cells, in vitro cell culture [51]. Silica spheres and organic
ligands find desirable applications in immuno arrays and biological molecule
detection. Hence, silica based bioactive glasses are attracting attention of
researchers especially in the field of drug delivery and nanomedicine [52].

5.2 Borate/Borosilicate Glasses

Though, 4585 silicate compositions have been the main theme of investigation for
many years but borosilicate and borate compositions have also been investigated
extensively [47, 51, 53-55]. The first borosilicate glasses for biomedical applica-
tions was proposed in 1990 by Brink et al. [53]. The content of B,O3 was tailored to
achieve desirable properties. Borate glasses have lower chemical durability and are
very reactive, hence they degrade rapidly and get converted to HA as compared to
their silica counterparts [54]. Borate glasses lead to high level of local boron content
near the vicinity of the glass as they quickly release high concentrations of boron.
Therefore, the degradation and sintering behavior of borate/borosilicate glass is
more controlled compared to silicate glasses. Tissue infiltration in vivo, cell pro-
liferation and differentiation in vitro is enhanced by borate glasses. However, some
reports indicate that toxicity is associated with the (BO5)*™ ions and certain borate
glasses compositions exhibited cytotoxic effects under static conditions, in vitro
[55]. The toxic effects of borate bioactive glasses can be reduced by dilution of the
phosphate solution, dynamic cell culture, or partial conversion of borate-based glass
to hydroxyapatite (prior to tissue culture).

5.3 Phosphate Glasses

Phosphate based glasses were first proposed in 1980 and P,Os acts as a network
former oxide in them. Phosphate glasses contain a highly asymmetric phosphate
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[PO4] tetrahedron structural unit [48, 49]. This asymmetry is the origin of low dura-
bility of these glasses and hence eases P-O—P bonds hydration [56]. The special
feature of phosphate glasses, which endows them for soft-tissue engineering as guides
for muscle/nerve repair is that they can be spun into glass fibers. Phosphate glasses
have been regarded as “smart materials” for soft-tissue engineering applications as
they yielded positive results for in vivo tests performed on phosphate glass nerve
guides, such as tubes or meshes [57]. The phosphate glasses are regarded as bone
tissue regenerative materials for hard tissue engineering. Phosphate glasses are
strongly dependent on composition and possess great potential as regenerative
medicine. The dissolution rate of phosphate glasses can be monitored by doping
appropriate metal oxides to their composition, such as TiO,, MnO, NiO, SrO, CuO,
and Fe,O3 [2]. Phosphate glasses have also been widely investigated for 3D con-
struction of muscular tissues and as drug carriers of antibacterial ions such as silver,
zinc, copper and gallium.

5.4 Doped Glasses

Glass properties like bioactivity, bioresorbability and/or biodegradability can be
modified to a large extent using “dopants” or additional additives such as La, In, Y,
Fe, Cu, Zn, Cr, Sr and Ba in their composition to make it [58, 59]. To endow
particular properties to the glass, different oxides can be incorporated in the glass
network in addition to SiO,, B,0Oj3, and P,0Os. Bioactive glass compositions doped
with silver have yielded antibacterial properties while retaining their bioactive
function whereas K,O, Na,O, CaO, and MgO are helpful in adjusting the pH of
surroundings [60]. Apart from AgO, other oxides like ZnO, TiO, and CuO also
allow the ion release imparting antibacterial properties to the material. Zinc and
magnesium have exerted a stimulatory effect on proliferation/differentiation of
osteoblasts and bone mineralization. To strengthen the mechanical properties of
glasses, Al,O; is used due to its high hardness, abrasion resistance and bioinertness
making it suitable material for dental and bone implants [61]. The incorporation of
strontium in the bioactive glass can accelerate bone-healing processes and osteo-
genesis along with reduced bone resorption [35]. The drug strontium ranelate has
increased the fracture-healing ability of rat bones in terms of callus resistance.
A significant increase in callus resistance compared to the untreated control group
could be seen in the group of rats treated with strontium ranelate.

5.5 Metallic Glasses

The bulk metallic glasses [BMG] possess outstanding properties of superior
strength, high fracture toughness, high elastic strain limit, and low young’s modulus
[62, 63]. In addition to this, these glasses are biodegradable without hydrogen
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evolution, in vivo. Zirconium based metallic glasses has found potential applica-
tions in biomedical engineering as Zirconium has high mechanical strength and
fracture toughness. The presence of trace radio elements in zirconium may affect the
cytotoxicity of BMG.

5.6 Mesoporous Glasses

Conventional bioactive glasses are without mesopore structures (thereby reducing
drug delivery) whereas pure mesopore SiO, like Mobil Composition of Matters
(MCM)-4 lexhibit low bioactivity. A new class of biomaterials known as meso-
porous glasses is developed to overcome these demerits of materials (in 2004 for
Ca0-Si0,—P,05 composition), which is endowed with enhanced drug delivery and
excellent bioactivity [47, 64, 65]. The mesoporous glasses are fabricated by the
sol-gel method and then involve incorporation of structure directing agents like P123
(EO20-PO70-EO20), F127 (EO106-PO70-EO106) and cetyltrimethyl ammonium
bromide (CTAB) into the glass network structure [64, 65]. The mesoporous bioactive
glasses belong to third generation bioactive glasses, and hence act as controlled
delivery systems attributed to the entrapment and subsequent release of different drug
molecules in the mesopore cavities. Mesoporous bioactive glasses (MBG) exhibit
better cytocompatibilty, enhanced in vitro/in vivo bioactivity, along with excellent
drug-delivery capability due to their highly ordered pore wall and mesoporous
structure with a pore diameter ranging from 5 to 20 nm [64—66]. MBG is a solution to
the problem of osteomyelitis (due to bacterial infection) in bone reconstruction as the
drugs can be released through a local drug system on the implant site.

6 History and State of Art of Bioglasses

Bioactive materials have revolutionized the field of biomedical engineering due to
their versatile characteristics. These days the time span of human organs like knees,
joints, hips and degenerated tissues can be increased by incorporated suitable bio-
materials. The first revolution of biomaterials came into existence during the 1960-
1970 decade and it was an era of implantation of prosthetic devices inside human
body with maximum compatibility. These biomaterials were bio-inert, non-toxic and
corrosion resistant metals/polymers. Inspite of these superior features, biomaterials
are subject to wear and tear causing mismatch of elastic moduli between bone and
implanted biomaterial, tissue breakdown and loosening with passage of time dura-
tion. The second major breakthrough in the field of medical science occurred with
the development of second generation biomaterials i.e. when a special category of
“bioactive glasses” was discovered by L.L. Hench (1967-1969), while working at
University of Florida, Gainesville, USA [67]. The idea of developing the special
Bioglass was seeded into his brain by Colonel Klinker, who returned to US after a
duty tour in Vietnam. Both of them were sharing a bus ride and colonel Klinker
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Table 4 Composition of the glasses developed by Hench and co-workers from SiO,—Na,O-
Ca0O-P,05 system

Glass Na,O CaO SiO, P,0s5 Additives

45S5 (Novabone) 24.5 24.5 45 6

A-W glass ceramic (Cerabone) 0 44.7 34 16.2 0.5 CaF, + 4.6 MgO
S53P4 (AbminDentl) 23 20 53 4

asked a life changing question to Dr. Hench “If you can make a material that will
survive exposure to high energy radiation, can you make a material that will survive
exposure to the human body”. Colonel also expressed the need of materials that shall
be accepted by the body. In 1968, Hench and his coworkers (Ray Splinter, Bill
Allen, Ted Greenlee) submitted a proposal to the US Army Medical R&D command.
Three compositions were designed from the SiO,—Na,O-CaO-P,05 phase diagram
(listed in Table 4). All these compositions exhibited strong bonding ability with the
bone. The bioactivity of this glass system can vary from bulk degradable to surface
bioactive i.e., resorbed within 10-30 days in tissue.

4585 Bioglass displayed rapid osteostimulation and osteoconduction mechanism
as evident from the swift regeneration of trabecular bone with matching strength
and architecture as that of the original bone. In addition to this, the in vitro
experiments revealed the superior ability of 45S5 Bioglass to form HA layer.

Different groups were actively engaged to determine the bonding ability of
Bioglass. Professor Peter Griss confirmed the bond bonding ability of Bioglass
while testing load bearing prostheses in sheep (1976), whereas Professor Gross
found that upon adding K,O and MgO in Bioglass [CeraVital], the mechanical
strong interface of glass-ceramic/bone could be obtained. The apatite-Wollastonite
(A/W) bioactive glasses developed by Professor Yamamuro and coworkers has
been approved in orthopaedic applications in Japan with success in 3000 vertebral
prostheses, 20,000 iliac crest prostheses and 12,000 laminoplasty cases. In 1985,
MEP named device (based on Bioglass) used for treating conductive hear loss by
replacing bones of middle ear was commercialized [67]. Another Bioglass based
device ERMI came into market in 1988, which was designed for application in
denture construction by supporting lingual and tibial plates in natural tooth. In
1993, the first particulate 45S5 product was used as a synthetic bone graft for jaw
defects and treating periodontal diseases. In 1999, Novabone particulate was
released in the market for the orthopaedic load bearing applications. NovaBone
particulate is mixed with the defect site blood to form a putty like material and then
push it into the defect site before it clots. Since 2004, Bioglass 45S5 have been of
commercial success as an active repair agent in the toothpaste under the name
NovaMin (Glaxosmithkline, UK). BIOMETS3i is another Bioglass composition with
narrower particle size in the range of 300-360 pm, which is used to treat the
jawbone defects. In 2006, the particulates of S53P4 compositions known as
BonAlive have been approved as orthopaedic bone graft substitute [68]. Infact,
BonAlive enhanced bone growth as compared to the 13-93 glass, which can be due
to the higher magnesium content of 13-93. Among 45S5 and BonAlive, the HA
thickness is observed more for the 45S5 indicating its high reactivity.
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The invention of Bioglass revolutionized biomaterial development and doped
bioglass system for the human body. Thus many scientists and research groups
engaged themselves in the study of silicate, borate, phosphate, doped, metallic and
mesoporous system of glasses for tissue regeneration, orthopedic and biomedical
applications. To reconstruct the defective parts of the body, ancient civilizations
like Chinese, Egyptians, Indian used biomaterials but Bioglass in the fine partic-
ulate form has been in clinical practice since 1985 to the present for dental appli-
cation (Perioglas, NovaBone, USA).

Currently, the current area of investigation for many researchers is the substi-
tution of silicon for calcium into synthetic hydroxyapatite. Fu and coworkers
proposed 13-93 glass, which exhibits facile viscous flow behavior than bioglass
[51]. Considerably smaller weight loss in comparison to 45S5 and high bioactivity
during the 12 h of immersion in SBF was observed for the diopside system syn-
thesised by Goel and coworkers [69]. Huang and coworkers replaced SiO, with
B,0Oj; in steps and found increase in the HA layer formation (borate-rich layer
formations) [54]. Borate based 13-93B2 glass is attracting attention these days as it
exhibits promising characteristics to be a scaffold material. 13-93B2 scaffolds
possessed microstructure similar to the human trabecular bone making them very
favourable candidates for the clinical applications especially as bone grafts [70, 71].
Liu and coworkers studied the mechanism of conversion of 13-93B2 scaffolds in
HA after soaking them in dilute phosphate solutions [70, 71]. After 15 days soaking
in phosphate solution, significant drop in the 13-93B2 scaffold strength is observed
ie. from 6.2 to 2.8 MPa attributed to the progressive material degradation, In
contrast to this, silica free 13-93B3 borate glass scaffolds were regarded as toxic for
murine MLO-AS5 osteogenic cells in vitro [72]. Anyhow, the same scaffolds were
non toxic to the cells in vivo and enhanced new tissue infiltration upon subcuta-
neous implantation in rats. Vitale-Brovarone et al. developed phosphate
glass-ceramic scaffolds [73] using ICEL2 powders as glassy inorganic phase and
observed these scaffolds to be resorbable and bioactive. Abou Neel and coworkers
studied Na,O—-CaO-SrO-P,0Os5 system and [74] obtained that the substitution of
Na,O with SrO from 0 to 5 mol% produced a significant increase in the degradation
rate of these glasses. Superior mechanical properties (up to 6 MPa) with respect to
pure b-TCP scaffolds (up to 2.3 MPa) could be obtained upon reinforcing the
phosphate glass phase in b-TCP-based composite scaffolds (b-TCP/PG1), as during
the sintering process, glass must have acted as a viscous binder causing strength-
ening of the final scaffold structure [75].

On adding dopants, the glasses may possess superior bioactive properties. For
treatment of cancer, Luderer [76], incorporated Fe,Os in aluminoborosilicate glasses
whereas Singh and coworkers [77] obtained a iron doped a borosilicate glass
composition and found that the samples with 10-15 % Fe,Oj; revealed apatite layer
formation on the glass. The effect on La, Al, Y and Cr on the bioactive behavior of
calcium borosilicate glasses is also studied where chromium and yttria based glasses
revealed apatite formation after soaking in SBF solution [78]. The formation of
brushite and whitlockite could be seen, though no hydroxyapatite formation could be
observed on the barium zinc alumino-borosilicate glass surface for Al,O; > 5 %
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[38]. According to the results of Branda et al. [58], the dopants like In, Ga and La etc.
show less bioactive behavior of glasses as compared to the indium doped glasses.
The sintered 6P53B glass scaffolds show a compressive strength of (136 £ 22 MPa)
is obtained, comparable with human cortical bone whereas porosity of (60 %) is
obtained in the range of trabecular bone. Titania doped glass compositions based on
the P,Os—CaO-Na,0-TiO, system have shown controlled solubility and the
chemical composition is close to the bone mineral phase [80].

Metallic glasses have also geared up in the glass revolution and the studies
yielded superior properties for BMG than the conventional biomaterials. Hiromoto
[81] found lower metal dissolution during the re-passivation process of
Zrg5Cuy7.5NijpAy7.5 amorphous alloy in the Hank’s solution. Morrison compared
the corrosion resistance of Zrs; ,Tij3gNijgCu;ssBess s with conventional bioma-
terials like 316L steel and Ti—6A1-4V alloy [82]. The biocompatibility of Zr-10Al-
5Ti-17.9Cu-14.6Ni is confirmed by viability of cells on the cell surface [83].
Anyhow, BMG possess a major drawback due to the nickel inclusion in its com-
position and Ni is possibly carcinogenic and can cause an allergic response [84].
Hence the current efforts are focussed to develop Ni free metallic glasses. (Zr,Cu;qg
—vgo(FeqoAlgp)a0(x = 62-81) glasses, have yielded excellent biocompatibility with
the cell. Zirconium oxide formed on the surface of the glass helps in controlling the
toxic ion dissolution. A series of MgZnCa glasses with high tensile strength [85]
have been developed by Loffler SWISS group.

Another fascinating field of bioactive glasses endowed with the drug delivery
applications known as mesoporous glass is among the hottest research field these
days. In 2004, the highly ordered mesoporous glass CaO-SiO,-P,05 composition
with channels of 5 nm was produced using the sol-gel method and the incorporation
of structure directing agents like F127 (EO106-PO70-EO106), P123 (EO20-
PO70-E020) and cetyltrimethyl ammonium bromide (CTAB) into the glass net-
work structure [64, 66, 86]. Different structure-directing agents influence the
properties of bioactive glasses i.e. F127 gives a wormlike mesopore structure
whereas P123 is produces a two-dimensional hexagonal (p6mm) mesopore struc-
ture of pore size 4-10 nm [87]. Generally, CTAB-induced bioactive glasses posses
small pore size of 2-3 nm and low orderings of the mesopores.

Mesoporous bioglass powders of high specific surface area were synthesised by
acetic acid as a structure-assisting agent [88]. Li and co-workers fabricated Mg-,
Zn- or Cu-containing multicomponent mesoporous bioglass particles using P123
and hydrothermal treatment [89]. Ultrathin mesoprous bioglass fibres (70SiO,—
25Ca0-5P,05 in mol%) with high matrix homogeneities were synthesized using
phase-seperation-induced agent P123—-PEO co-templates and the electrospinning
technique [90, 91]. Wu et al. [92] prepared millimetre-sized mesoporous bioglass
sphere using alginate cross-linking with Ca** ions. The same group developed
porous mesoporous nanospheres using hydrothermal method and also synthesised
mesoporous particles for haemostatic applications [93]. Using sol-gel method,
mesoporous—macroporous bioglass spheres in the micrometers range were prepared
and the triblock copolymer templating [94]. By sol-gel technique using poly-
ethylene glycol template, mesoporous shell of diameter 500 nm was prepared [88].
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Hong et al. [91] developed mesoporous bioactive glass hollow fibers (MBGHFs) of
the fiber length: (A) 5-10 mm, (B) 2-2.5 mm, (C) 0.2-0.3 mm and (D) <20 pm.
Kang et al. [95] developed luminescent calcium silicate mesoporous bioglass
microspheres of mesopore size 6 nm. Zhao and co-workers fabricated mesoporous
bioglass microspheres of 4-5 pum using structure directing agents P123 and CTAB,
is prepared [96]. Due to the excellent mineralization ability of these nanospheres, it
was desired for the infected canal treatment.

7 Techniques for Bioactive Glass Fabrication

Major portion of economy for USA and European countries is dominated by the
glass industry because glass is an indispensable material for sophisticated appli-
cations in biomedical engineering, optoelectronics, photonics and biotechnologies.
From centuries, the glass making has followed different techniques. The fabrication
method has a huge impact on determining the structural properties of the bioma-
terial. Conventionally, the bioactive glasses are prepared using sol-gel techniques or
melt-quenching techniques (Table 5).

In the melt-quenching technique, glass is obtained by fusing a mixture of raw
materials and subsequent solidification by quenching into glass frits. The batch of
glasses is prepared by uniformly mixing an appropriate mole/weight fraction of
well-desired initial ingredients. Subsequently, the ground powder is melted in a
high temperature furnace such as automatized molybdenum disilicide (MoSi,)
furnace. For certain aluminosilicate compositions, the temperature of the furnace
can go up to 1500 °C, whereas borate and phosphate compositions melt at lower
temperatures of 1200-1300 °C. The molten glass is poured in a preheated graphite
mold and hence glasses can be made of desirable sizes and shapes by pouring them
into moulds of particular shapes. Hench [67] casted 45 % SiO,-24.5 % Na,O-
24.5 % Ca0-6 % P,0s5 bioactive glass composition, which was easy to melt as it
was near to the ternary eutectic.

In the sol-gel methodology, the organic precursors are used for gelation and
drying to prepare the amorphous glass. Sol less viscous liquid whereas an abrupt
increase in the viscosity is observed for the gel. The hydrolysis and polyconden-
sation of an organometallic precursor leads to the formation of an interconnected
3-D network to form a gel. Then syneresis/aging of a gel is done to decrease the
porosity, which increase the strength due to the continued process of polycon-
densation and reprecipitation of the gel network [5, 6]. The aged gel must be dried
by removing the pore liquid from the interconnected rigid 3-D network. When the
resulting gel is heated at high temperatures, then the elimination of pores result in
the densification of network.

Both the processes result in different mechanical properties, porosity, uniformity
and especially bioactive properties. Sol-gel glasses are attributed with mesoporous
character, which is attributed to their pore diameter in the range of 2—50 nm [18,
47]. Moreover, the sol-gel method provides high purity glasses with more
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homogeneity. Moreover, a lower processing temperature is required. In contrast to
this, the melt-quenched glasses have enhanced mechanical properties like hardness
and flexural strength etc. [47]. The sol-gel-derived scaffolds have low strength (2—
3 MPa) and consequently they are suitable for substituting defects in low-load sites
only. Nano pores present in the glass prepared from a sol-gel-method yield a high
surface area, which leads to the degradation and a faster conversion of sol-gel
glasses to HA than their counterpart melt-derived glass with the same composition.
Some common bioactive glasses along with their composition and their route of
synthesis are listed in Table 4 [47, 97-119].

8 Conclusions

While designing the bioactive glass scaffolds, mechanical strength, pore size and
pore inter-connectivity hall be kept under consideration. An oriented microstructure
is more beneficial compared to the random microstructure because it can provide
higher strength in the direction of orientation. Disordered macro-porous structures
of polymers and bioceramics can be produced by freezing of aqueous solutions and
suspensions [2]. Porous scaffolds with an oriented microstructure can be prepared
by optimizing and controlling freezing techniques due to the preferred direction of
the ice-growth. By thermally bonding a random packing of loose particles in a mold
of the desired geometry, the scaffolds can be obtained but they lack in desired
porosity and connectivity. One method for forming a scaffold is by mixing the
bioactive glass particles with some organic material and then removing it before the
sintering process but does not fully resolve the pore size issues. 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. Sponge replication method is relatively inex-
pensive, quick and very advantageous processing technique for making scaffolds.
Anyhow, this technique yield scaffolds with poor mechanical strength. Scaffolds
produced by the polymer burning-out method show higher mechanical strength
than that obtained through sponge replication. An electrospinning method is also
used to produce nano-fibrous bioactive glass scaffolds and offers the advantage of
silica content variation over a larger composition range. These glass scaffolds have
higher surface area than sol-gel derived glasses. Many research groups are actively
engaged in the fabrication of scaffolds with desirable features.
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Structure and Percolation of Bioglasses

Antonio Carlos da Silva

Abstract The bioactive glasses are functional materials with large and growing
technological applications in the production of implantable devices in living
organisms as well as bone tissue lesions filling or in some applications in soft tissue.
Anyway, play a key role in repair and functional recovery surgical techniques for
different host organism parts (human organisms in general, but extends to other
organisms, especially mammals). As the first commercial bioglass, the 45S5 still
represent the primary focus of study and applications for this type of material and
hence it and other similar compositions it will be the reference used in present
discussion because in general, the bioglass structure understanding and it’s
dissolution and ionic transport mechanisms comprehension is applicable to other
bioactive materials.

1 Introduction About Bioglass

So the main representative of the bioactive phosphosilicate glass group is the 45S5
which is a materials belonging to the system SiO,:Ca0:Na,O:P,05 of which typical
composition is given by 45.0Si0,:24.5Na,0:24.5Ca0:6.0P,05, wt%. Containing
only 6.0 weight percent of P,Os it is clear it’s affinity with soda-lime glasses system
(§10,:Ca0:Na,0) and therefore may also be classified as a “soda-lime phospho-
silicate” glass. Given this kinship the 45S5 guard strict structural similarity and
dissolution kinetics with soda-lime glasses especially when these glasses have its
composition modified by ROy secondary formers. In turn the soda-lime is the glass
composition that have higher production volume (almost the whole of the pro-
duction of all kinds of glass) because among other features it has sufficient chemical
stability for the large majority of everyday applications and supports compositional
modifications that make it relatively simple to manage its chemical inertness or
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allow the easy introduction of other oxides than your basic triad (CaO, Na,O and
Si0,) factors that also open up a wide range of technological applications.

The major use of this type of glass has led over the history that it was even for
accidental reasons introduced into the human body and remaining there in many
cases presenting minimal inflammatory response. One cannot say that such cases
are related to the choice of the use of glass as materials for prostheses and incipient
implants, however one of the oldest cases of soda-lime glass applications are
aesthetic ocular prostheses, better known as “glass eye ““. Such prostheses have been
initially prepared by Egyptians and Romans from fifth century BC, in order to cover
the anophthalmic cavities [1]. Despite some earlier dental applications, only in the
twentieth century second half many “high tech” bioceramics became available for
biomedical purposes [2-5]. However, although compatible with human tissues,
such materials exhibit bioinert behavior after implantation, in other words, the low
interaction with the host organism physiological processes and therefore their
potential in illness or injury lesions repair is limited or null. Serious injuries in
soldiers during the Vietnam War emphasized the fact that despite all the advances
in existing medicine at that time the available reconstructive implants, based mostly
in Rod’s and metal plates were unable to offer therapeutic alternative to amputation
members in many cases where there was a significant bone loss, or even when it
was avoided, the overall functionality of the limb resulted compromised. It was
clearly a need for a material which allows the growth of living tissue as a substitute
of missing tissue, preferably the implanted material over time could absorbed by the
host organism without significant toxicological damage thereto. Such demand at the
end of the 60s brought significant changes in implantable material concept and
application with the bioactive glass advent [6].

Despite the mineral component of the bone tissue has no defined composition
and show variations between stages of maturation and aging, it tends to a crystalline
structure, and Ca/P ratio resembling those of hydroxyapatite (HA), so in a simplistic
way, can be said that for the growth of bone tissue, the stem cells require that the
chemical elements are provided for forming the mineral phase of bone tissue, i.e.,
calcium and phosphorus ions from which calcium phosphate based phases will be
formed and are relevant to each new bone growing stage. However, these ions
should be supplied in amounts compatible with cell growth needs with the risk of
not being quantity sufficient or conversely become toxic to the cells. Clearly this
process is much more complex, involving osteoblasts stimulation by free silica,
such as will be treated in more detail below.

Considered this, the glass lime-soda is a natural candidate as alkaline earth
cation supplier (Ca®*). Under certain composition conditions in this group of
glasses it is possible the Ca* release by ion exchange (glass ion exchange with
body fluid medium, e.g.) in a controlled dissolution process. Furthermore the glass
dissolution rate and specific cation percolation to medium may also be “pro-
grammed” through its composition. The phosphorus ions supply may also be
achieved since this is provided in the glass composition so that it remains loosely
associated or unstably in the structure. These processes are the result well known
transport phenomena and ion exchange facility to occur when such glasses are
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brought in contact with aqueous media [7, 8] especially the exchange between
alkali and alkaline earth cations by middle H* cations. To be facilitated these
calcium transport phenomena two conditions are proposed: (1) The presence of R**
cations unstably associated in the glass network and therefore susceptible to
exchange with the H" cations; and, (2) The percolation channels formation from the
surface toward the inside of the glass. Both conditions are glass structure distri-
bution dependent and of course, is a composition consequence. The 45S5 bioglass
is the composition which achieve all behaviors required to obtain a bioactive
implant which when absorbed by the body medium will stimulate bone tissue
formation. The mechanisms involved in this process has been extensive research
object. Other derivatives glasses and glass ceramics also feature varied bioactivity
in material nature according. The bioactivity index is defined by the time required to
be established the 50 % binding to implant material surface with host organism
tissue (BI = 100/tospp). The 45S5 bioglass is considered as high bioactivity
(BI = 12.5) when compared to hydroxyapatite (BI = 3.1) [9], i.e., under the same
experimental conditions Bioglass® 4585 would take approximately 8 days for 50
% of its surface was bound to tissue cells, while HA would take about 32 days.

The special properties of bioactive compositions should reflect their ability to
release a critical amount of sodium ions, calcium and silica in the body environ-
ment, creating favorable conditions for the cellular processes and stimulating
osteogenesis [10, 11]. In this way the activity, and by consequence, the BI will be
different according to the bioglass composition whose rate of silica release is dif-
ferent for each of them [12, 13]. The initial contact of the bioactive glass with a
physiological environment directly determines the rate and manner in which Na™,
Ca”* and silicate ions are dissolved and penetrate into the surrounding environment,
promote the deposition of apatite on the surface of the implant and in addition affect
the cells activity in a way that is favorable to bone growth. It is accepted that the
dissolution products of these materials may also exercise a genetic control of
osteoblasts cycle in the cell. In this way the seven groups of genes that regulate
osteogenesis and production of growth factors in osteoprogenitor cells are stimu-
lated by bioactive glass product dissolution ionic exposure [2, 6]. Apparently,
silicon has great significance for tissue mineralization both by promoting cell dif-
ferentiation as the collagen type I formation stimulus [2, 14].

As discussed above, an appreciable bioactivity is achieved only under strict glass
composition. The relationship between bioactivity and composition of glass system
Si0,—Ca0-Na,0-P,05 obtained by melting/solidification process is shown in
Fig. 1, for a P,O5 constant concentration of 6 wt% [4, 15]. Note that the delimited
fields, do not represent specific stages, but rather the material behavior with respect
to bioactivity.

In accordance to the diagram shown in Fig. 1 where we have a cut to P,O5 6 wt%
in the CaO-Si0,-Na,O-P,05 quaternary system the compositions indicated by
I (4555) and II represent glasses which exhibit the highest bioactivity index for this
system, making connections with both the bone tissue and connective tissue. With
these glasses dissolution specified amounts of Si, P, Na and Ca ions are released
from the glass, creating local concentration gradients in the physiological
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Fig. 1 Bioactivity kinetic diagram schematic representation for the SiO,—CaO-Na,O-P,0Os
system (cut into 6.0 wt% P,Os) where: I bioglass 45S5; II bioactive compositions which form
bonds with bone and connective tissues, /I bioactive compositions which form only bonds with
bone tissue; IV low reactivity bio-inactive compositions (poorly soluble) which does not form
bonds with living tissues; V compositions with high reactivity (highly soluble) which are
reabsorbed without forming tissues bonds; and VI compositions that do not form glass and do not
form tissues bonds

environment which may approach the critical value required to stimulate cell activity
[10, 16, 17]. The partial glass dissolution with the ions associated release drives both
the deposition of apatite as the gene activation processes so it is interesting the
bioglasses studies mainly broach aspects related to its dissolution. The compositions
of the region IIT exhibit similar behavior, but the released ion gradients only stim-
ulate binding to bone tissue. Compositions containing SiO, from 52 to 60 wt% have
slower binding rates with bone tissue. The region IV represents compositions that are
less soluble due to the high SiO, gradient and therefore show low reactivity. The
compositions represented by region V are rich in alkalis, (R*; Na*) and impoverished
in R** (Ca**) which makes them highly soluble (reactive) and they are rapidly
reabsorbed. In addition, such compositions do not provide sufficient amounts of
Ca®* for the formation of calcium phosphate compounds. Finally the region VI
compositions do not favor glass formation and also in which is not observed
bioactivity for formed materials (crystalline phases). Above 60 wt% in SiO, there is
no tissue link assuming the called bioinert material behavior. Having bioinert
behavior these compositions when implanted in the body show minimal interfacial
response which does not form connections with the host tissue. Furthermore these
materials also generally are not rejected after implantation and it was observed the
formation of a fibrous tissue membrane around the material in order to insulate it thus
preventing possible additional interactions [2, 4, 15, 18, 19]. Some bioactivity in
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these materials may be induced by surface area increasing, different morphologies or
by sol-gel synthesis process [5, 6, 9, 14, 15, 17].

We must consider primarily the glass interaction with the tissues around (with
tissues bonds formation occurrence or absence) is surface reactions rate associated.

Although presenting general structure similar to bulk glass, surface reactions and
reaction products precipitation regulate how and with what intensity the reactions
and bioactivity will occur.

Taking into account the dissolution in aqueous solutions the soda-lime silicate
glass and their SiO,—CaO-Na,O-R,O, derivatives can be classified in five distinct
behaviors. The dissolution will always occur from glass surface and each behavior
will depend on both the initial glass composition as the etching solution compo-
sition and pH [8]. According to this classification, a “Type A” dissolution behavior
is one where the attack and hydration occurs only in a thin layer from the surface
(with a thickness of around 50 A). In these glasses no significant change in surface
composition or by alkali ions exchange or silica network dissolution is observed,
since the pH of the solution is near neutrality. The fine hydrated layer formed has
practically the same composition and the original mass of the glass composition.
This behavior is mainly observed in the case of vitreous silica or glasses containing
predominantly silica in its composition [8].

The dissolution behavior rating of “Type B” is attributed primarily to glass
compositions which after contact for a sufficient time with the etching solution is
formed a film (surface layer) passivating which progressively hinders ion exchange
and continuity the solution for glass attack. The passivating film formation is a
result of alkali ions removing from glass surface [8]. In this class of glasses because
they have relatively low alkali ions concentrations the rapid surface layer enrich-
ment in silica is quickly reached. A glass having such a composition results in a
fairly durable surface particularly in attack solutions where the pH is below to 9.0.
This is the case with most commercial use soda-lime compositions [8].

The dissolution behavior classified as “Type C” has the peculiarity that when the
glass is subjected to contact an aqueous solution whose pH is near neutrality a
double surface layer is formed as chemical interaction result. The double surface
layer formation (it may be passivating or not) occurs when a secondary former such
as Al,O3 or P,Os is present in glass composition. The secondary former presence in
small amounts in relation to main former (SiO,) is a necessary but not sufficient
condition for single or double surface layer formation (as will be treated throughout
this text). In glasses that exhibit this type of behavior the outer layer is aluminum-
silicate or calcium-phosphate composition in accordance to glass initial composi-
tion for example. Between the outer layer and the original glass will exist an
enriched silica layer (as a result of alkaline and alkaline earth ion exchange in
addition of secondary forming presence and subsequent silanol groups condensa-
tion) in most cases this layer consist in silica-gel [8]. Glasses of this type may have
high chemical durability in both acidic and alkaline solutions. This is the compo-
sition group to which it belongs the Si0,:Ca0:Na,0:P,05 system bioactive glasses.
In the bioactive glasses specific case the amorphous calcium phosphate outer
layer is formed from previously released ions into the solution re-precipitation.
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The dissolution behavior classified as “type D’ is observed for those glasses whose
relative composition is poor in silica. In general way this group of glasses also
forms the silica rich film on its surface like as “type B dissolution behavior glasses
however due to its poor silica original composition the formed layer is unable to
passivate the etching. Thus the exchange of alkali ions and the silica network
hydrolyzing remains continuous and these glasses exhibit poor durability against
solutions attack contact. In this dissolution behavior the attacked layer when it
became thick enough will have little strength and little adherence with remaining
virgin glass surface and will become detached, exposing the virgin glass directly to
chemical attack [8]. Finally the “Type E” dissolution behavior is observed when
there is congruent dissolving from the glass surface with proportional loss by alkali
ion exchange and silica hydrolyzing breaking the glass network. Due to uniform
attack the surface composition of an “Type E” glass is equivalent to its original
composition. Thus, there is little difference in SiO, surface between a “Type E” and
“Type A” dissolution behavior profile [8]. However, a “Type E” behavior loses
considerable ions amounts to solution. In this dissolution behavior the surface layer
also can become detached exposing the virgin glass directly to chemical attack.
Thus, the etching solution chemical analysis after the corrosion process distin-
guishes the two behavior types. This corrosion behavior may be heterogeneous over
the etched glass surface when the pH is less than 9.0. The heterogeneity of such
attack will result from local pH solution fluctuations with solution alkalinity
increase. In its turn the solution alkalinity increasing will occur due to local glass
composition variations throughout its surface. On the other hand when any silicate
glass is exposed to attack solutions with pH > 9.0-10.0 the dissolution will tend to
“Type E” behavior. Although the bioactive glasses behavior was indicated as the
close to “Type C” other behaviors can be associated and this helps to understand at
least partially the Fig. 1 diagram. In Fig. 2 we seek to associate only for illustrative
purpose the 6 wt% P,Os5 section in CaO-SiO,—Na,O-P,05 quaternary system with
the possible regions of each dissolution process predominant occurrence in
approximate pH 7.5.

In this context, following will be discussed aspects about these glasses structure
as well as their dissolution and ions transport mechanisms, using soda-lime glass as
comparison to aid the subject understanding.

2 Soda-Lime Silicate and Bioactive Soda-Lime
Phosphosilicate Glasses Structure

Usually a glass belonging to the soda lime silicate system (Si0,:Ca0:Nay0) is
presented as a material that can be obtained from the fusion of a mixture of silicon
oxide with alkali and alkaline earth metal oxides (Na,O and CaO) ranging in
composition in according to the author that deals with the theme. In addition to the
fusion process the glass can also be obtained by sol—gel process (which will not be
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Fig. 2 SiO,—Ca0O—Na,0—P,05 quaternary system 6 wt% P,Os section, where are represented
each possible dissolution process at pH about 7.5. Where A and B represent passivating layer
forming behaviors; C represents bioactive glasses; and, D and E highly soluble glass

covered in this text) and obtained also adding a multitude of other oxides (P,Os,
Al O3, MgO, TiO,, K,0, Fe,03, etc.), each with a specific function in the structural
arrangement in material and giving rise to quaternary systems such as Si0,:CaO:
Na,0:P,05 in which forms part the 45S5 bioglass and derivative compositions.

The glass can be considered an amorphous material but it is not actually a
completely holder this characteristic material. As an amorphous material the glass
does not has long-range organization but in spite of that in the short-range order has
any organization which postulated by Zachariasen [20] in the 1930s. Macrometric
or more often nanometric crystalline phases can be observed in vitreous materials
like process failures unless intentionally produced by heat treatment.

The glass formation by the melting process and quenching is widely studied and
described in the literature [21] so we will not treat in detail here but it is important
to point out that the glassy network disorganization degree will be not just from
composition dependent but also the quenching and cooling rate that the liquid glass
precursor can be subjected which may be checked by volume specific variations of
a same composition materials. Although not present crystalline planes such as other
materials to define the glass just as amorphous material is insufficient. The vitrifi-
cation phenomenon is involved oxides interaction and their molecular character-
istics dependent.

The glass structural arrangement began to be studied more closely from X-ray
diffraction techniques improving. Since then several theories have been proposed to
explain its structure. However all of them are based on the early theory presented by
Zachariasen and formulated in 1932 [20]. This theory and its postulates although it
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was fundamental to understanding the glass structure basically describes those
oxides which are able to form the skeleton of the glass network and therefore are
called “formers” as discussed below. However it is less usual glasses that are
composed only by formers oxide such as pure silica glass. In general for various
reasons such glasses are limited to specific, noble or scientific research applications.
The bioglass is a multiple oxides glass which obviously part of these oxides not
fully meet the Zachariasen rules. However in despite this take place in structure and
play a key role in bioglass final properties. In this way we can intuit that agreement
in its role played in the glassy network each kind of employee oxide will exert a
specific function in the structural network and in accordance with the performed
function can be classified into groups. From author to author this classification may
have some variation but in general they are restricted to formers, intermediate
formers and modifiers, however, seeking to facilitate this understanding will be
adopted an expanded classification shown below:

(1) Primary formers or formers;

(2) Secondary formers or intermediaries;
(3) Intermediate modifiers; and,

(4) Terminal modifiers.

The function that each oxide plays in the glass structure formation is better
understood through of interatomic binding energies and their coordination number
study. It must be noted that some oxides may perform more than one function in the
vitreous network depending upon their coordination number and the vitreous sys-
tem considered [22]. For example in lime-soda glass the alumina (Al,O3) may be
either network former when in tetrahedral coordination as an intermediary oxide
when in the trigonal coordination being able to occur in both within the same glass
system as, for example, when the charge compensation is needed to achieve the
structure stability.

The primary glass formers oxides or simply “formers oxides” are vitreous net-
works forming capable without presence of any heterogeneous oxide. Fully comply
with Zachariasen rules and in general they are responsible for glassy network
skeleton [22]. The cations of this oxides group are typically small size (compared
with oxygen) present valence equal to or greater than three and Pauling elec-
tronegativity between 1.5 and 2.1 [22]. These oxides form covalent bonds
(Cation-Oxygen) having interatomic bonding forces higher than 335 kJ/mol
(80 kcal/mol). The SiO,, P,O5, B,O5; oxides and some Al,Oz forms are exam-
ples of formers oxides which show all these characteristics. The cohesion of
material formed bay this oxide kind is ensured by covalent bonds (Si-O, B-O, P-O,
etc.) [23-25]. Covalent bonds are considered strong and markedly directional bonds
thus favoring the tetrahedral structure formation as in the case of the Si—-O bond
[26] (Fig. 3).

The bonds covalent nature and their binding energies (high for the glass-network
systems) will require higher activation energies to occur any transformation, hence,
it is explained to be these oxides groups accountable for characteristics in glasses
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Fig. 3 SiO, tetrahedron representative scheme showing their atoms arrangement

such as high-melting temperatures (in the pure SiO, system this can overcome
2000 °C) or high chemical resistance.

Taking for example the pure silica glass in it all tetrahedra are connected by the
vertices through sharing an oxygen atom with two silicon atoms. In most tetrahe-
drons all the four oxygen atoms can be shared with up to four other tetrahedra
forming a three-dimensional network where the short-range arrangement or atom by
atom is very similar to that of crystalline silica but without structural periodicity
[23].

The oxygen atoms shared between the tetrahedra of equal nature are called
“Bridging Oxigens” (BO). The oxygen sharing between two silica tetrahedra is
schematically shown in Fig. 4.

The secondary formers oxides or simply intermediaries oxides are by definition
the ones capable of forming glass but only if it is associated with a primary former.
In other words, they can participate directly in the glass network forming covalent
bonds and composing arrangements with primary formers oxides. It is in fact a
group of vitreous network structural units in “transition” between the “primary
formers” and “intermediate modifiers”. With few exceptions another striking fea-
ture of this group is that generally they have more than one coordination in glassy
systems in according the other oxides associated. Such possibility of associating the
glass network with different coordination reinforces the transient character of this
group and this way it is possible to find, for example, alumina as much as primary
former (tetrahedral) as a secondary former (trigonal). Often it is observed over a
single coordinating an oxide on a vitreous system, one being predominant and the
other tending to be residual. In a coarse approach from a scientific point of view

Bridging oxygen »

(BO)

Silicon

' Oxygen

Fig. 4 Scheme exemplifying the oxygen atom sharing between two silica tetrahedral
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because it is based only on empirical observations it is possible to adopt the fol-
lowing practical rule; a composition among the oxides who have a higher binding
energy associated with a higher molar fraction will be preferred to adopt coordi-
nation that gives it the “best sites” in glass network. Thus, for example, in silica and
alumina mixture where the silica molar fraction is higher than that of the alumina
will be prevail the silica tetrahedral coordination (which has higher binding energy)
and alumina tend to trigonal coordination. The occurrence of tetrahedral alumina
only will be favored by increasing the relative fraction of this oxide. This can occur
either by increasing the alumina content in the overall glass composition or by the
compositional heterogeneities occurrence in any local site that causes a punctual
enrichment of alumina content. Similar behavior occurs for the P,O5 determining its
position and interaction form with the silica main network or their segregation in
“clusters” in which are commonly associated with Ca*.

One consequence of the secondary formers presence is that in glass network
formation the oxygens sharing will occur among covalent bonds with cations of two
different chemical elements, e.g., oxygen atom shared between tetrahedral silica and
tetrahedral or trigonal alumina, as shown in Fig. 5.

The modifier oxides are generally regarded as a single group called “network
modifiers” because of their similarity, but there are two clearly cations functions for
these oxides group as its valence, i.e., in despite both act as charge compensating in
glass structure the R** cations (intermediate modifiers that are in general alkaline
earth metals oxides) performing the connection between forming oxide clus-
ters while keeping the glass structure. In contrast the R'* cations (terminal modi-
fiers that are in general alkaline metal oxides) possesses the primarily role as charge
compensator in former oxides glass network unconnected and/or terminal points.

Of course this is a brief description of these oxides functions in glass structure
which will be better understood with the following discussion.

The modifiers group represent the oxides with cation-oxygen bond energy less
than 200 kJ/mol (CaO, PbO, MgO, Na,O, K5O, etc.) which participate in glass
structure by bonding it’s cation with oxygen atoms located at silica tetrahedron
edges. The oxygen atoms associated with these cations are referred “non-bridging
oxigens” (NBO). The NBO’s represent formers network discontinuity points where

Non-bridging
oxygen (NBO)

Silicon
@ Secundary former (R**)

\
{ \/ D Oxygen

Fig. 5 Demonstrative sharing scheme of one oxygen atom between two different nature formers
oxides where are formed only covalent bonds
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there is the necessity of the oxygen negative charge compensation to achieve glass
structure charge stability. The charge stability is achieved with former oxides
association with different nature cations (usually R* and R2+) where R* cations
form ionic bonds [27-29] and it is considered in similar way that the R>* cations
also form ionic bonds, however, for this last case the references in literature about
what kind of bond is formed are general way inconclusive.

This means that each added modifier oxide to the silica network may inhibit one
Si—O-Si binding which allows oxygen to incorporate additional radical (Si-O-R
binding) thus resulting in a modified glassy network [21, 28]. Thus the glassy
structure can incorporate increasing amounts of modifier oxides until it reaches a
ratio at which it is no longer possible to keep structural cohesion [30]. This will
occur because clearly a massive modifiers cations incorporation will discontinue the
glassy network covalent bonds sequence (composed by pure silica or combined
with other formers) and for each bond formed with a modifier cation will always
represent a new NBO with a lower energy binding than a BO between formers
oxides. The ways by which the modifiers are incorporated into the glass network as
its intermediate or terminal nature are shown schematically in Fig. 6.

As a result the glass final characteristics changes depending on the modifier
oxides presence and content increase. Because of the weak links (NBO), in general
way “modified glass” will present lower chemical resistance and lower hardness.
These effects are more intense with network terminals modifiers (R*) addition than
that observed for the intermediate modifiers (R**) thus in glass formulation when is
desired a glass specific dissolution rate are used proportions adjustments between
the two natures modifier oxides (bioactive glasses and glass with biocide activity
for example).

However we should avoid a simplistic view where the addition of monovalent
modifier oxides to silica glass will only act on the charge compensation in glass
network terminals sites. These oxides are used to lower the melting temperature
because this R** possess the ability to contribute to the disruption of the bonds

*  Electron(e)

Silicon

’ Bridgin oxygen (BO)

O Non-bridging oxygen (NBO)

. Intermediate modifier (R2*)

O Terminal modifier (R*)

Fig. 6 Demonstrative scheme of one former oxide oxygen atom being shared with a modifier
cation; a a terminals modifiers where R* represents Na*, K*, etc.; and, b a intermediary cation
where R?* represents Ca*, Mg>", etc.
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between existing formers in oxides used as raw material already in melted glass
liquid precursor. By this way will be promoted the association between “former”
and “modifier” oxides. As a result there will be a “recombination” of raw materials
constituent oxides to form the structure of a specific glass. In other words, the R*
are associated with network termination points not only because charge balance
opportunity but in fact are these cations that cause the occurrence of these dis-
continuities in glass network during raw materials melting. Owning this concept
clearly in mind it is important to understand the bioglass dissolution mechanisms
that control their bioactivity degree. Figure 7 schematically illustrates the structure
of a glass composed only by a primary former (SiO;) and a terminal modifier
(Nay0). This kind glass can be obtained at temperatures of a few hundred Celsius
degrees, however have a reduced chemical resistance so that in general will dissolve
with the existing moisture in the atmospheric air in short time.

The influence of the alkali oxide (R") as fluxing (reducing the melting tem-
perature) increases with the cation atomic radius which is constituted, i.e., with
increasing modifier radius/charge ratio and consequently network polarization
enhances the ease of glass liquid precursor formation. The phase separations occur
when little polarized cations are present [22].

On the other hand, if the modifier oxide is bivalent (intermediate modifiers, e.g.
Ca®*) there is the possibility of the cation associate two distinct segments of the
SiO, network and consequently the effects observed by the presence of divalent
modifier oxides (R**) will be less intense when compared to the effects caused by
the monovalent oxide (R*). In general modifiers cations to complete their coordi-
nation will form so many bonds with oxygen atoms as necessary. In addition
alkaline earth oxides and some other cations may also cause a formers network
breakdown but the discontinuity of the network is partly offset by the double

Fig. 7 Schematic representation only for teaching purposes of a modified silica glass by the
cations incorporation (R, ex: Na*) from a terminal modifier oxide
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Fig. 8 Schematic representation only for didactic purposes of a glass silicate containing Na,O,
CaO and Al,O3

positive charge of these cations that come to act as bridges between two atoms
oxygen [21]. The glasses with divalent cations modifier have higher melting tem-
peratures and chemical resistance, generally higher when compared to the bond
with the monovalent cations. Figure 8 shows a schematic representation of a glass
composed by primary formers (tetrahedral silica and alumina), secondary formers
(trigonal alumina), intermediate modifiers (CaO) and terminal modifiers (Na,O).

In any glass network arrangement the SiO, tetrahedra oxygens can not be shared
with other SiO, tetrahedra, i.e., some oxygen atoms are shared with otherwise
formers cation or even with modifiers cations. These unshared oxygens, as we treat
earlier are called “non-bridging oxigen” (NBO) [27]. Evidently as more complex is
the glass composition and/or greater is the other oxides mole fraction more NBO’s
will occur. Even though pure oxides glasses due to glass structure distortion if
compared with a crystalline order, some oxygens are not shared. Taking as an
example the silica primary forming the silica tetrahedra NBO’s occurrence may be
represented as follows: Q4, Q3, Qz, Ql, Q0 (0, 1, 2, 3 and 4, NBO’s respectively),
i.e., one silica tetrahedron Q4 will be associated directly to four other silica tetra-
hedra by sharing oxygens with them; one silica tetrahedron Q’ will be associated
directly to three other silica tetrahedra; and so on until a silica tetrahedron Q0 is not
directly associated with any other silica tetrahedron. This notation consequently
indicates the manner in which the glass network is organized as well as its structural
coherence and can be represented as shown in Fig. 9.

As shown above as higher is the BO’s number in a glass structure as higher is its
melting temperature and chemical resistance. Thus, a structure mainly formed with
Q* species melt at a higher temperature and will have higher chemical resistance than
other glass where the structure mainly formed with Q> species, for example.
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Fig. 9 Schematic representation only for didactic purposes of the possible “Q
glass
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In practical terms, viable silicate glass will be mainly formed by Q* Q* and Q2
species and those whose are mostly formed by Q' and Q" species are unstable and
have almost any application. The soda-lime silicate glass (including the soda-lime
phosphosilicate glass group which include bioactive glass) are usually formed by
combination of Q* and Q? species with a lower incidence of other species. Rarely a
glass network is comprised of only a single species. Usually in a glass network a Q*
species predominant will be accompanied mainly by Q*~! and/or Q**' variations
since x — 1 is greater than or equal to zero and x + 1 is less than or equal to four. Q*
other species should be present in lesser amount. A glass whose structure that defers
of this distribution will probably present fluctuations in their structural distribution
arrangement and/or is formed by at least two glass phases. The same notation can be
applied by analogy to other formers such as phosphorus oxide, for example, as their
coordination. Even though secondary formers can form homogeneous regions to one
another as a cluster in a silica network, where this study is also valid.

In general Q* species associations form three-dimensional clusters (Fig. 10) the
Q’ species associations form “sheet shape” or tetrahedral surfaces which must not
be confused with crystalline planes (Fig. 11) because these surfaces are highly
distorted in accordance with the tetrahedron free corner random distribution. Such
configuration in surfaces is also characterized by the occurrence of silica tetrahedra
rings (di-silanol and silanol-tri rings among others). In its turn Q> species form
linear chains or “wires” of silica tetrahedrons (Fig. 12). Depending on other
structural present groups in neighborhoods these filaments may be sufficiently
distorted to result in di-silanol rings formation. The intersection of Q? chains also
results in a occasional Q? or Q? silica (intersections between filaments) and several
intersections not infrequently contribute to silica rings formation. The Q' species
form simple dimers dispersed throughout the glass network (Fig. 13) and finally the
Q" species constitute isolated monomeric tetrahedral from vitreous silica network
(Fig. 14), although they can be united indirectly to it through a intermediary
modifier or secondary former. In the glass network all these structures are also
directly or indirectly attached. As an example of direct associations we can mention
that from Q’ surfaces may be emanating Q? straight chains and the shared
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Fig. 10 Schematic representation just for didactic purposes of a glass where the structure is
composed of silica species “Q*

tetrahedron that intersects both structures will be a Q* specie. An indirect associ-
ation occurs when any of two silica tetrahedra groups are joined by “bridges”
occurrence that are result of one or more intermediate former or secondary modifier
oxides sharing. We must remember also that these species distribution and resulting
structures organization gradient are due to the chemical composition and the
super-cooling rate during glass casting (quenching).

Therefore, the units Q™ describe not only the glass network but also the NBO’s
distribution and indirectly the alkali metal (R*) sub-networks. Given the ionic
bonds association between alkali metals and NBO’s the R* can easily migrate
around the sub-networks [29].

A simplified form of the Q" species study is to count the BO’s average number
that are connected with a network forming atom [31] indicating in this way the glass
network connectivity (NC). Lower NC values indicate a fragmented structure. The
overall empirical correlation between the NC and bioglass bioactivity [31, 30] has a
limiting value of about NC = 3.25 and essentially reflects the higher solubility in
less interconnected glass structural distributions.
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Fig. 11 Schematic representation just for didactic purposes of a glass where the structure is
composed of silica species “Q>”. In the figure it can be observed the silica rings arrangement and
are marked the di-siloxane and tri-siloxane rings

Have knowledge about the Q" species distribution is important to understand the
phosphate soda-lime glass bioactivity. For instance the soluble silica release in
solution improves the gene activation properties. This release is facilitated when the
majority of silicates chains (Q%) do not intersect. In this case for breaking Si—O—Si
bridges the dissolution of the silica will require less energy and will reflect the
fragmentation of the chains for Q' species which reduce the required Si—O bonds
number that are to be broken to separate these fragments from the matrix.
Subsequently they are transported to the surface, and finally released in solution. On
the other hand in a structure with an upper NC Q7 silicate chains are intersecting
each other to form rings of different sizes from the chains linked by Q* and/or Q*
tetrahedrons in intersections. Thus the condensation is indicated in closed chain
rings of different sizes which decelerates the dissolution and reduces the bioactivity
[17, 32].

Returning to intermediate formers oxides discussion the P,Os is soluble in the
soda-lime silicate glass precursor liquid and can be added in varying amounts,
depending on the glass composition before nucleation occurs. This oxide rarely
crystallizes as separate oxides in the beginning of the crystallization, usually
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Fig. 12 Schematic representation just for didactic purposes of a glass where the structure is
composed of silica species “Q?”. In the figure are marked the di-siloxane rings
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Fig. 13 Schematic representation just for didactic purposes of a glass where the structure is
composed of silica species “Q?”. In the figure are marked the di-siloxane rings
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precipitate as a complex compound. However, for this to occur are required one or
more heat treatments at high temperature to promote crystallization phase(s) and
growth of the primary microstructure [33].

Because of the high temperatures involved in the glass melting [34, 35] the
intermediates formers cations presents in a precursor liquid, such as P,Os, may be
form oxides with different coordination numbers that participate in the glass net-
work making links with two or more structural units (silica tetrahedrons) and thus
contributing to increase the structural cohesion which in the end affects the char-
acteristic properties of glasses. At concentrations lower than <5 mol% secondary
formers ions interact with the glass network in a way similar to alkali metals and
alkaline earth metals [36], i.e. at low concentrations the R O, acts as a network
modifier.

The structural function of the secondary former in glasses depends on its valence
and local coordination. So the glass network structural integrity and chemical
stability are directly associated with the interaction between secondary ions formers
and structure, that is, his ability as a glass former [37]. The presence of other
elements, are modifying the network and/or intermediate formers, influence this
balance and secondary former coordination. This behavior has relation with the
ionic field, Z/r? [36], which favors the intermediate former to join with the silica
network when the BO/NBO relationship increases as the glass transition temper-
ature (Tg) also increases [38] while the thermal expansion coefficient (TEC)
decreases with the SiO, substitution by ROy, i.e., the glass network increases its
rigidity.

The R-O-Si bond energy is greater than the Na: O-Si due to the R-O is a
covalent bond which is characteristic of an intermediate former. If a polyhedron
R, Oy replace a SiO, tetrahedron in the glass, a negative charge will be form due to
the difference between the valence of Si** and R¥*. This negative charge is com-
pensated by the proximity of Na® [36].
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3 Interaction Mechanisms Between Living Tissue
and Glasses Soda-Lime Phosphosilicate

The bioglass dissolution mechanism and it’s interaction with living tissue study is
particularly important in predicting bioglasses performance. In soda-lime phos-
phosilicate system this mechanism has six processes that can be identified. The first
three process keep strict similarity with ordinary glasses (soda-lime silicate) dis-
solution process in an aqueous medium. The bioglass interaction with the living
tissue properly so called will occur because the last two stages, with the formation
of calcium phosphate compounds on the surface of these materials.

The glass dissolution rate is the measure of its chemical resistance which is
defined through the trouble of removal of their constituents in according to their
interaction with the environment where it is located, being an irreversible process
[39, 40].

The complexity composition and the presence of inhomogeneities in a glass
accentuate the character and difficult metastable thermodynamic equilibrium with
water or with any means which is exposed [41-43]. By heterogeneities can be
understood other components oxides, manufacturing defects (cracks, bubbles and
contamination), changes in the vitreous nature of the material (crystallization seeds
and crystals) or even local composition fluctuations and/or Q* silica distribution, the
latter being very important for bioglasses performance such as 45S5 because R*
(Na™) local concentrations are essential for the percolation channels formation and
ion exchange in these materials, as will be discussed below. The glasses have a
thermodynamic energy as high as the crystalline materials of the same composition.
However, for being in metastable equilibrium materials tend to react with aqueous
solutions to form more stable hydrated phases [44]. The variation of hydration free
energy (AGpy;q,) in a tetrahedral silica glass structure can be estimated as the free
energies of hydration sum and are proportional to the molar mass of its constituents
[44-46]. The glass durability is primarily a result by the ratio with former elements
and network modifiers.

The silicate bioglass dissolution occurs in general by a limited number of pro-
cesses that are influenced by the attack medium pH [2, 41, 43, 46, 47]. The
dissolution mechanism may be divided in steps, as the dominant dissolution process
at a given time. Considering a bioglass system SiO,—CaO-Na,O-P,05 briefly it
may be description six stages:

(1) Cations and anions diffusion through the glass matrix;

(2) Glass network hydrolysis;

(3) Silica enriched layer formation on the glass surface;

(4) Glass network attack by OH™ ions;

(5) Ca®* and PO’ rich film formation in material surface; and,
(6) HA precipitation on the material surface.

From the kinetic standpoint of glass dissolution these steps can be respectively
described as [47]: 1 and 2, selective dissolution; 3, 5 and 6, secondary phases



68 A.C. da Silva

formation at the interfaces between the glass surface and the solution; and, 4, glass
matrix dissolution. Each numbered step is described below.

3.1 Cations and Anions Diffusion Through the Glass Matrix

It should initially consider that any body fluid contact with a bioglass implant is
essentially an aqueous solution in which naturally occurs H* cation and OH™ anions
by simple water dissociation to form solution. The diffusion of these ions through
the bioglass surface will result in immediate ion exchange with its components and
percolation channels formation that will further facilitate diffusion processes
through the bulk bioglass. At this bioglass dissolution stage the first absorption
process by the host organism has mainly the diffusion of H* and/or H;O" cations
through the glass matrix where to find favorable energy conditions such as R*
attractions or ionic bonds with non-bridge oxygen (NBQ) sites which are energy
weaker than covalent oxygen bridge bonds (BO). The NBO’s generally form silica
tetrahedron associations with intermediates and terminals modifiers, namely the
Na* and Ca®* cations. With the rapid exchange of these cations by H* they will be
transported to the etching solution. This process also leads to the formation of
silanol groups (Si**—OH) and by this way will occur the hydrated layer formation.
At the attack beginning due to its weak ionic bond would be mainly affected the
network terminal modifiers R* (Na* in Bioglass case) which will be initially
removed (Egs. 1 and 2).

(si** —0-R), +H;0" < (Si’* —OH)

or

+RT +H,0(R* =Na*t) (1)

Glass Glass

(Si¥* -0 - R),  +H" < (Si’*—OH)_  +R" (2)

Glass Glass

As can be seen in the above equations, due to charge compensation mechanisms,
the H* protons will not only remove alkali cations, but also occupy the sites
formerly belonging thereto. This removal and exchange mechanism is favored by a
neutral pH or slightly alkaline, characteristic of bodily fluids. The removal of the
alkali ions is facilitated by these showed good mobility and high diffusion coeffi-
cients. However, this diffusivity decreases due to depletion in the alkali concen-
tration in glass surface which forms a barrier to the continued reaction (Fig. 15) [43,
45, 46, 47, 48, 49, 50, 51, 52, 53].

The glass surface region will then result depleted in alkali (Na*) and the removal
rate thereof is becoming smaller due to the diffusion barrier itself that this region
will offer. The alkali replacement finally result in Si**~OH groups in vitreous
subnets terminal positions. The R* original function is stabilizing the charges to
maintain the glass subnet stable. Of course, for various reasons the H* will not
fulfill this function identically to the original Na*. In this manner it has been
accentuated load instabilities in the above-described sub-networks and the two
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Fig. 15 Schematic representation of H" cations diffusion and Na* cations removal through the
glass matrix from the surface

BO’s connections formed by R** (Ca 2*, alkaline earth cations) will become
non-equivalent energetically, this being sufficient condition so that they can be
easily broken by anion attack H* and thus occurs the Ca* cations removal as shown

in Egs. 3 and 4 and in Fig. 16.
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(S —0—R-0-8’") +2H;0" < 2(Si’* —OH)

or

+R*" +2l,0 (R*F =Ca’") (3)

glass glass

(Si** —0-R-0O-Si*") +2H" < 2(Si** -OH) __ +R*"  (4)

glass glass

As a result of calcium extraction are formed discontinuities that weaken the
cohesion between silica glass subnets. The extraction of calcium will also facilitate
the Na™ transport to solution whose removal process continues to occur in parallel.
It is interesting to note that the bioactive glasses antibacterial effect is due to the
alkaline earth medium created by the initial Ca®* ions release from the glass surface
[54-59].

However, this is still a simplistic way of understanding this process. The bioactive
glasses are mainly consisting of Q® and Q7 silica groups which form structural
sub-chains at disordered surfaces and twisted filaments forms respectively. Although
of course there are interconnection points between these structures, the resulting
arrangement will be fragmented and between them will exist sites where will be
facilitated R* terminal modifiers allocation whose main function is the glass network
charge compensation. The same regions also form the space required to accom-
modate most of the secondary Formers (e.g. phosphates) and intermediate modifiers
(R*"), which can also have interconnecting functions between glass subnet chains.
Also these same regions will be those that will host the most of Q' and QP silica
species segregated from silica subnets. Indeed, the Na* is not distributed in a

Na,0:5i0, System

Si0; Network

Silicion

. Sodium

n
Oxygen

Fig. 17 Schematic representation of Na* cations enriched regions between the silica subnets in a
glass
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Fig. 18 Schematic representation of percolation channels formation by Na* ion exchange in
enriched regions between the silica subnets in a glass

homogeneous manner through the bulk glass, resulting in alkali cations enriched
regions distributed among the glass network main arrangement (Fig. 17).

The high Na* and Ca** modifier cations hydrophilicity in conjunction with the
glass structure fragmented nature promote adequate mechanisms for surface water
penetration into the bulk glass, i.e., the exchange of alkali cations by H* cations in
the abundant sodium regions. The alkali ions exchanging by H* process leads to
percolation channels formation through which the diffusion of cations from the
solution is facilitated. Thus the H*, H;0" and OH™ cations may penetrate and easily

Glass surface Solution
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Fig. 19 Another schematic representation of percolation channels formation by Na* ion exchange
in enriched regions between the silica subnets in a glass
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access the glass inner regions without significantly Si—~O-Si bonds distorting or
breaking near the surface (Figs. 18, 19).

The alkali ion concentration gradients in glasses are dependent also to its ther-
modynamic historical and thus the “quenching” cooling rate and subsequent heat
treatment will affect the distribution of R*. In the case of a glass subjected to
“annealing” the best glass network accommodation will tend to segregation of the
alkali, benefiting the percolation channels formation, on the other hand, when it
accommodates the structure will be less spaced and which may hinder the transport
ionic. The percolation channels formation play a key role in the bioglass dissolution
and subsequent processes that define it’s bioactivity. The Na* and Ca®* cations
strong hydrophilicity equilibrates the exposed siloxane fragments low water affinity
[17, 60, 61]. The dissociated water penetration facilitates and helps to fast initial
bioglass dissolution. The substantial Ca** removal in these early stages gives the
biocide characteristic of this biomaterial. Therefore, the Na*/H" ion exchange
mechanism which is the first stage of the glass surface degradation engages in a
dominant way the Na™—H,O interactions establishing through the surface and
sodium enriched regions, which promotes the percolation channels formation and
the dissociated water transport inside the glass structure. Considering the occur-
rence of interfacial ion exchange, it is preferred to lower binding energies, in this
way the R* will initially be changed and when it becomes scarce, the R will be
more required for charge compensation and will become more strongly attracted to
the network glass, in this way R>* cations become released more easily. Only in
longer time scales and after partial Na* removal the interactions between water and
network’s phosphosilicate will be established.

A secondary former (R,0,; P,0Os, for example) when present in glass will
compete with the silica to form the network. The preference for placement form in
the vitreous network will be determined by the binding energies and the relative
concentrations. For small concentrations the silica primary former replacement by
R0, is hindered and these oxides generally tend to take different coordination of
the tetrahedral. In this case, the secondary former oxide (R,O,) plays a role similar
to R** modifier ions and compete with them by the NBO’s. In a glass network in
these conditions, the R,O,, will contribute to the network charge imbalance being
compensated by alkaline and/or alkaline cations. Therefore with the exchange H*/
Na* will result unstably Si—-O-R bonds in the glass network, making thus more
susceptible to H* ions attack and secondary former transportation (PO,”") to glass
surface through percolation channels. The CaO (R*) instability and consequent
Ca—NBO bonds breakage easiness and the subsequent R,O, (P,Os, in bioglass
case) removal to glass surface describes a mechanism whose intensity is propor-
tional to the RO, relative in vitreous structure (Figs. 20, 21).

It is also interesting to note that in a soda-lime glass the phase separation results
in regions where there is calcium cations clustering which is generally associated
with dissolution rate increase. However, in bioglasses where also PO,”~ is present
this one has a strong affinity for Ca®*. As a result may form calcium phosphate
enriched nanodomains [62] which induce to dissolution rate reduction. In this case
the loss of bioactivity is characterized by the formation of calcium phosphate
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Fig. 21 Schematic representation of the R* ions transport to glass surface

nanoclusters which are segregated from those other regions enriched in silica. The
calcium phosphate segregation is a consequence of the P,Os concentration increase
in basic composition. This greater dissolution resistance in a phase segregated glass
[63, 64] can be interpreted due to the lower mobility of ions trapped in isolated
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regions [65] which reduces the regions filled by primary modifier which favor the
percolation channels formation which constitute the ions migration paths through
the glass structure [17, 62, 64, 66, 67, 68]. Thus the increase in calcium concen-
tration from the 45S5 composition gradually reduces the bioactivity.

The R* and R** cations removal from the surface layers results in a higher
isolated orthosilicate tetrahedra (Si0447) fraction in these surface layer than in the
bulk glass. Due to the alkali and alkali earth cations intense ion exchange with the
medium, the direct free silicate species (Si044_, QO) release to solution will be
enhanced (by physical effect) as well as other short chain (Ql or even some Qz)
contributing to the rapid bioactive glass initial degradation that may affect the living
tissues cell membranes processes which the free silicate are quickly transported. Is
worth noting that this removed free silica fraction does not reflect the dissolution of
the silica network core, i.e., they are released isolated tetrahedrons (QO) or small
tetrahedrons segments due to their silica network attachment was dependent upon
the modifiers which were involved in ion exchange (Fig. 22).

To the dissolved silica has been attributed to osteoblasts stimulation property
and to promote quick bone growth [69, 70]. The bone tissue growth from the
bioglass particles surface, filling the space between them, will lead to residual
bioglass encapsulation where several small clusters of this material are dispersed in
a new bone matrix. Although dependent on other bioglass dissolution, which will
be discussed below, this behavior called osteoproduction is taken as a result of
improved osteoblasts activity due to dissolved silica stimulation at this stage, being
unique to bioglasses among other bioactive materials. In fact the bioactive glasses

17 Nd'/H exchange
2% - Ca-O bond breakdown
. * 3% - Silica segment release to the solution

-\\
® Hydrogen Silicon .Sodium Oxygen .Culcium

Fig. 22 Schematic representation of the silica segments to solution release mechanism by R**/H*
ion exchange effect
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combine osteoconductive properties, i.e. the ability to produce a biocompatible
interface which stimulate links with the living tissues, with the increasing of
osteogenic cell activity in the surrounding environment, which allows to the newly
formed bone growth will drive to far from the surface of the bone-implant interface
[71]. The ability to release silica in rates and/or amounts capable to osteoblasts
stimulating is associated with a small range of bioglass compositions close to 45S5.
These compositions also exhibit the ability to form bonds with soft tissues such as
muscles and ligaments, which is exploited in some clinical applications [6]. The
combination of these properties in the 45S5 composition or other very similar
brings a greater possibility of surgical implant success [17, 72].

3.2 Glass Network Hydrolysis

The second bioglass dissolution process is the glass network hydrolysis. In reality
this is not exactly a second step since it occurs in parallel to the ion diffusion and
exchange. However the hydrolysis process is enhanced with the occurrence of
alkali ion exchange. This process occurs by silica network siloxane bonds (Si**—O—
Si**) rupture with continuous formation of silanol groups. As a result the glass
dissolution mechanisms are accelerated and occurs the soluble silica hydroxides
release from the material to the solution in the Si(OH), form.

During hydrolysis the silica oxides network formers are hydrated by the oxygens
bridge bonds rupture. The adsorbed water dissociates spontaneously forming a
silanol group by direct OH  association with silicon. Whereas with the breaking of
the bond will be two reactive points resulting in one of them will form the silanol
group by adding OH  while the other network segment will be formed a NBO
which be available to accept the proton from the water forming a second silanol
group. With the breakdown of BO bonds the network continuity is affected and a
Si"*—OH rich layer over the glass surface is formed [21, 52] (Fig. 23).

In a simplified way the hydrolysis reaction can be expressed in accordance with
the following Egs. 5, 6 and 7 [43, 51]:

(S —0-$i**) . +H-OH < (**Si — OH)_  +(Si**—0-),  +H"

(5)

-3
+H" < (Sl - OH)Soluble (6)

soluble
(Si3 " 707) Glass

or

(SI% + —O—SI% + ) —+ HQO — 2 (Sl% * _OH> Soluble (7)

Glass

These reactions illustrate the glass surface dissolution sequence by intermediate
formers oxides hydrolysis in solution. The glass dissolution rate is determined by
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Fig. 23 Silica network hydrolysis on the glass surface schematic representation

the less resistant former removal [41]. That is, in bioglass the phosphorus oxide is
strongly associated with the silica network and usually it remaining after the pro-
tonic attack, by another hand in this step it can be easily removed.

In the silica network hydrolysis reactions must be considered that the bioglass is
formed in its silica network mainly by Q* and Q’ species. The Q’ silica is
responsible for the structural sub-networks formation. These Q° sub-networks has
as characteristic a highly distorted plans shape that are composed by different sizes
silicon rings. The bioactive silicate glasses surface is the key region for interactions
with the surroundings body fluids and living tissues and it is characterized by small
stretched silica rings such as the trisiloxane and disiloxane type (Figs. 11, 12, 13).
These two silica rings types are highly reactive. The di-siloxane rings hydrolysis,
for example, results in its openness to the linear form [73—76]. In another aspect,
due to the tri-siloxane rings high internal stress its hydrolysis due to dissociated
water adsorption constitutes a very small barrier energy even when only a single
water molecule is involved [77].

With the network hydrolysis process on the largest rings Si**—~0-Si** bonds not
all Si-O bonds created by the network fracture will be passivated by surface
relaxation and some are left exposed or incorporated into small stretched rings.
With the condensation of silanol groups (Si—~OH) [78] and new trisiloxane and
siloxane rings can be formed leading to an surface reactivity increase. However,
having highly distorted shape Q? plans may also take the geometric dependence for
the hydrolysis occurrence that in many instances difficult and it thus constituting a
kinetic barrier to small rings hydrolytic opening. Anyway network silica rings take
an important role in both the bioactive glass reactivity as in its living tissues
adhesion [79].



Structure and Percolation of Bioglasses 77

The bioglass surface reactivity is locally dependent of chemical concentration
fluctuations and local structural arrangement variation along the glass surface that
may have significantly different behavior in different points of the surface.

3.3 Silica Enriched Layer Formation on the Glass Surface

With the occurrence of the earlier steps will be formed a hydrolyzed silica gel layer
on the glass surface and involving the percolation channels. This layer is amor-
phous, porous and silica rich. The gel layer will not be directly overlaid on the
virgin glass, between them there will be a thin layer of exhausted Na* and Ca*
cation [2, 17, 57] (leached layer) as shown in Fig. 24.

The gel layer formation results from the polycondensation of in previous step
formed silanol groups as the reaction 8:

Si** —OH+OH-Si* " « Si** —0-Si* T + H,0 (8)

With the gel layer formation as hydrolysis result there is increased the water
diffusion difficulty and ion modifiers extraction progressively slowing the bioglass
degradation. This surface gel layer when it becomes sufficiently thick, it can be
detached exposing a new virgin glass surface exposed to the medium which will be
attacked by both process: by the modifiers cations extraction and by network
hydrolysis. The progress of this process leads to glass dissolution [7, 41, 44, 52]. In
bioactive glasses this layer must be stable (type C, as described above, Fig. 2).

Cations acting as secondary formers, such as phosphorus, may be chemically
stabilized during the process favors the secondary products nucleation which will
inhibit future attack [39, 40, 44, 80].

Thus an effective stable state can be reached and the thickness of this layer
becomes constant. However in soda-lime glasses, such as bioglass, crack formation
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Fig. 24 Hydrolyzed silica gel layer formed by silanol groups poly-condensation schematic
representation
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and percolation channels through the leached layer can occurs and will facilitate the
dissolution process progress (approximately linearly with time) probably by the
water move forward underneath the layer leached and reacting with virgin glass.

3.4 Glass Network Attack by OH Ions

This is not strictly considered a stage of absorption and bioactivity process of 45S5
bioglass however appears as a complication in the use of this material and other
glass and/or bioabsorbable material.

Possibly due to both the composition fluctuations in body fluids or by the free
ions concentration (Na* and Ca®*) resulting from the progressive dissociation of
water particularly in the earlier described cases, where in general the dissolution
rate is fast without the interference of other degradation factors. Soluble species
biological effects, its toxicity and the process by which the ions are dispersed are
not clearly understood. However in these conditions the ion exchange may not
follow a proper dispersion of these cations through body fluids and so result in
solutions with highly alkaline hydroxides which has significantly influence to the
biological microenvironment at the implant interface with living tissue site [81-84].
When these alkaline hydroxides are not readily dispersed in the body fluid solution
will be able to take place a rapid increase in the pH beyond 7.5 the (approximate pH
of body fluids). These pH fluctuations do not occur homogeneously over the
bioactive glass implantation surface. As a result of medium alkalinity raising the
glass silica network hydrolysis reaction with OH™ groups will be accelerated
causing intense bridging oxygen rupture process with consequent glass network
destruction (reactions 9 and 10) [35, 47].

(ZSi—0=Si< )gtass + OH™ > (ZSi—0-)soiuple + ( =Si—~OH)solupie 9)
(Si-0-) + H,0 > (ZSi~OH) + OH" (10)

With the occurrence of processes which lead to increased punctual pH the
material degradation by Si—O bonds hydrolysis is accelerated and silanol conden-
sation is difficulted with unwanted consequences for the formation and/or gel layer
stability.
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Fig. 25 Ca”* and PO, deposition on the gel layer schematic representation

3.5 Cda’* and PO/ rich film formation in material surface

Once formed the silica gel layer on the glass surface this in its turn provides a high
roughness and porosity surface favorable for heterogeneous film nucleation from
Ca”* and PO,’” ions present in the solution. In reality the gel layer surface has
defects that promote the energy barrier lowering and the nucleation is facilitated and
Ca** and PO3 ™ (ACP) amorphous film growth which will progressively cover the
entire silica gel layer. In this case the di-siloxane and tri-siloxane rings are
hydrolyzed by body fluid without the subsequent occurrence of silica polycon-
densation (since the pH in physiological medium is approximately neutral) [17] and
therefore these rings come to attract and guide the calcium phosphate deposition on
the silica gel surface. Note that in spite of ions precipitation this gel is amorphous
and especially is not a stoichiometric calcium phosphate compound being only a
crystalline hydroxyapatite precursor (Fig. 25).

3.6 HA Precipitation on the Material Surface

The biological bone-bonding mechanisms are not fully disclosed, but apparently
these mechanisms involve the adsorption of growth factors, followed by attach-
ment, proliferation and differentiation of osteoprogenitor cells [16, 82]. The
osteoblasts (bone forming cells) induce the formation of an extracellular matrix of
collagen in which the ACP film mineralize in nanocrystalline hydroxyapatite form.
So finally the Ca®>* and PO,>~ ions rich amorphous film will crystallize with the
initial formation of a HA layer due to the interaction of these ions with OH™ and
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CO5% present in the gel and solution respectively (Fig. 26). The growing apatite
layer acts as glass passivating face further degradation preventing its immediate
complete resorption: in this way, a stable interface is maintained long enough to
promote the subsequent interaction with collagen and biomolecules that ultimately
results in an strong bond interface between the implanted glass and the living
tissues [85, 86]. Obviously the glass conversion will continue over the time how-
ever with progressively reduced rates [87].

The bioactive glass conversion mechanism is a pseudomorphic reaction (the
external dimensions of the product are nearly identical to the starting material). If
the reaction time is sufficiently long to occur complete crystallization of the product
will obtain HA, Ca;o(PO4)s(OH), [81-84]. However, the Ca/P ratio of converted
materials often varies from the interface with living tissues to residual matrix glass
which may cause compositional fluctuations across the HA film [88].

The bioglass conversion hydroxyapatite resulting layer in general consists in a
mesoporous structure and nanoparticles with a high surface area [§9]. Only in a few
cases the bioglass will be fully absorbed and replaced by precipitated hydroxyap-
atite. In a more common way is obtained a residual bioglass matrix covered by
hydroxyapatite layer. The result therefore is a layered and not homogeneous
structure and may be highly complex and may present porosity and calcium
phosphate clusters not yet fully converted [81, 82, 90, 91, 92, 93, 94]. Generally the
outermost layer (or surface) is less porous. The porosity will increase toward the
residual glass matrix.
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The Evolution, Control, and Effects
of the Compositions of Bioactive Glasses
on Their Properties and Applications

Breno Rocha Barrioni, Agda Aline Rocha de Oliveira
and Marivalda de Magalhies Pereira

Abstract Bioactive glasses have been extensively studied for several applications,
and understanding their structures is very important for the design of alternative
materials and comprehension of the behaviors of these materials. The dissolution
products of bioactive glasses are critical for their performance and application and
heavily depend on the bioactive glass network. The incorporation of physiologically
active ions into their structures and the controlled ion release can lead to therapeutic
benefits, such as cell differentiation, antibacterial action, and anti-inflammatory
effects, improving the properties of the bioactive glasses. This chapter covers liter-
ature reports that have investigated the physicochemical and biological properties of
bioactive glasses based on their structures. In particular, recent advances in the
understanding of the effects of bioactive glasses with different compositions, which
are fabricated via the incorporation of several different ions, on their biological
properties and applications are summarized and discussed. This chapter provides an
overview of new tissue engineering approaches based on therapeutic ion release,
which aids in understanding how the chemical composition can be tailored according
to each application.

1 Introduction

Biomaterials for use in the body were first suggested to be as inert as possible when
exposed to a physiological environment because it was accepted that any material
applied in the human body would result in the formation of non-adherent scar tissue
on the material interface as a consequence of a foreign body reaction. Corrosion
resistant metals and insoluble non-toxic polymers became the standard first
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generation biomaterials [1]. Nonetheless, the failure of devices made from bio-inert
materials was common, causing tissue breakdown and loosening over time.
Incompatibilities between the mechanical properties of biomaterials and bone also
led to resorption of bone and long term implant failure, necessitating revision
surgeries [1, 2].

The second generation of biomaterials for the replacement of tissues emerged
when a special composition of soda-lime-phosphate-silicate glass was made by
Hench and implanted in the femurs of rats at the University of Florida in 1969 [2, 3]
as an alternative to bio-inert materials. The glass composition contained 45 % SiO,,
24.5 % Nay0, 24.5 % CaO, and 6 % P,0s, in weight %. The Phase Diagram for
Na,0-Ca0-SiO, Ceramic was used by Hench [3] to design this first composition,
which was selected to provide a large amount of CaO with some P,Os in a Na,O—
Si0, matrix and produce a composition very close to a ternary eutectic, making it
easy to melt. Bioglass® appeared as an alternative for inert materials, forming an
interfacial bonding between the implant (bioactive glass) and the host tissue so
strong that it could not be removed without breaking the bone [3-5]. The high
amounts of Na,O and CaO, as well as the relatively high CaO/P,0Os ratio, make the
glass surface highly reactive in physiological environments [5].

Compositions such as 45S5, which have high rates of bioactivity and good bio-
compatibility, induce the rapid regeneration of trabecular bone with an amount,
architecture and bio-mechanical quality of bone that matches that originally present
in the site [1]. Additionally, they could degrade over time, allowing for the controlled
release of therapeutically active ions and enabling bone regeneration rather than
replacement, thereby restoring the original bone state and function [6]. The bonding
of bioactive glasses with bone occurs as a result of a rapid sequence of chemical
reactions on the surface of the implanted material in living tissues [3]. The first five
steps lead to a rapid release of soluble ion species and the formation of a hydroxy-
carbonate apatite (HCA) layer, and the glass composition has a great influence on the
ion dissolution rate and consequently on the HCA layer formation and bone bond.
Briefly, the five proposed stages of HCA formation are [4, 7-10]: [—formation of
silanol bonds (Si—~OH) on the glass surface due to rapid cation exchange (Na* and/or
Ca2+) with H* from solution; II—breakage of Si-O-Si bonds due to loss of soluble
silica in the form of Si(OH); into the solution, leaving more silanols at the
glass-solution interface; Ill—condensation of Si—-OH groups near the glass surface
and repolymerization of SiO,-rich layer; IV- migration of PO, and Ca** groups to
the surface through the SiO,-rich layer and from the solution, forming a film rich in
amorphous CaO-P,05 on top of the SiO,-rich layer; V-incorporation of OH  and
CO ™ anions from the solution and crystallization of the CaO—P,0Os film to HCA.
The HCA layer interacts with collagen fibrils of damaged bone, which are respon-
sible for bone bonding [11]. After the HCA layer formation, the next steps are
thought to involve the agglomeration and chemical bonding of biological moieties in
the HCA layer, such as protein adsorption, incorporation of collagen fibrils and the
action of macrophages, followed by the attachment of bone progenitor cells, cell
proliferation, differentiation and excretion of the bone extracellular matrix [3, 4, 8].
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Mineralization of the matrix is the last stage, and mature osteocytes, encased in a
collagen-HCA matrix, are the final product [3].

The name “Bioglass®” is a trademark from the University of Florida related to
the original 45S5 composition developed by Hench [3] to distinguish the material
from other bioactive glass and glass-ceramic products being developed world wide.
This discovery initiated a new era in the field of bioactive ceramics, with many
other new materials being formed from variations of bioactive glasses,
glass-ceramics and ceramics, such as synthetic hydroxyapatite (HA) and other
calcium phosphates, that also stimulated beneficial responses from the body and
bonding to host tissue [1, 3, 4, 6, 12]. Others bioactive glass compositions devel-
oped over the years contain no sodium, as it is has the primary role of lowering the
melting temperature in melt-derived bioactive glasses, whereas it is not required in
processes that use lower processing temperatures, such as the sol-gel method,
which is a method based basically on polycondensation reactions from organic
precursors, such as metal alkoxides [13-17]. Additional elements can also be
incorporated in the silicate network [5], or silicate can be replaced, forming
phosphate and borate-based glasses with different physicochemical properties and
biological responses in bone tissue regeneration [4]. Therefore, it is essential to
study how bioactive glasses can actively stimulate and enhance new tissue for-
mation, and the relation between different compositions of bioactive glasses and
their physicochemical and biological properties. This knowledge can be used to
design bioactive glasses tailored for specific required properties.

1.1 Glass Structure

Glasses are characterized by their amorphous structures and are typically brittle.
The atoms in a glass are arranged in a random manner similar to that of a liquid;
glasses are essentially super-stiff liquids and exhibit time-dependent glass trans-
formations [18]. This behavior is known as their glass transition range (T,), the
temperature interval in which a system transforms from a supercooled liquid to a
solid glass. Glasses have no long-range order, and when heated, they show a
smooth decrease in their viscosity by a few orders of magnitude, which is the reason
that glasses can be synthesized in various shapes [6] using both traditional melting
methods and sol-gel techniques, which plays an important role in the bioactive
glass structure and composition [5, 8, 19]. In a typical melt-quenching process, the
precursor oxides are melted together at high temperatures, usually between 1200
and 1500 °C, depending on the composition, and the formed liquid is quenched in a
graphite mold (for rods or monoliths) or in water (frits) [4, 20]. In the sol-gel
method, bioactive glasses are prepared basically by polycondensation reactions
from organic precursors, such as metal alkoxides (e.g., tetracthylorthosilicate) [13—
16]. Melt-derived bioactive glasses are dense, whereas sol—gel glasses tend to have
an inherent nanoporosity, which can result in improved cellular response due to
nanotopography and larger surface area and favor HCA nucleation [21-24].
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The network formers are the main components of the glass structure; they are
able to form glasses without the need for additional components. Commonly used
network formers for bioactive glass synthesis are silica (SiO,), phosphorus pen-
toxide (P,Os) and boron trioxide (B,O3) [6]. Among these networks, silicate
bioactive glasses are the most popular, normally using silica oxide as the precursor
in melt-derived glass, whereas tetraethyl-orthosilicate (TEOS) is the most common
precursor for sol-gel derived bioactive glass, but other metal alkoxides, such as
tetramethyl-orthosilicate (TMOS), are also related [8]. The silica network is formed
from multiple silica tetrahedral units connected by —Si—O-Si— bridging oxygen
bonds. Each oxygen anion is coordinated by two Si cations, corresponding to corner
sharing of the oxide tetrahedral, preventing the close-packing of anion layers and
resulting in relatively open structures [18]. The silica tetrahedron and its associated
bonds can be referred as Q" units, indicating silicon that connects to n bridging
oxygen [25]. °Si solid-state NMR suggests that the host silica network of
Bioglass® primarily consists of 69 % chains and rings of Q* SiOy, and 31 % Q°
units, which provide some degree of crosslinking [26]. Dietary intake of silicon has
been shown to increase bone mineral density, which is essential for the formation
and calcification of bone tissue [27]. Moreover, Si(OH), in physiological concen-
trations stimulates collagen type I synthesis in human osteoblast-like cells, and
could also enhance osteoblastic differentiation [28].

In addition to SiO,, many bioactive glasses contain a second network former:
P,Os. In sol-gel synthesis, triethyl orthophosphate (TEP) and phosphoric acid
(H5PO,4) are usually employed as phosphorous precursors [20, 29, 30], and in
melt-derived glasses the typical phosphorous precursor is phosphorous pentoxide
[31-33], but others, such as ammonium phosphate monobasic (NH4H,PO,) [34],
sodium dihydrogenphosphate [35], and sodium metaphosphate (NaPO3) [36, 37],
are also used. Several works show that phosphorus is present in an orthophosphate
form rather than taking part in the silicate network, and *'P NMR indicates that the
orthophosphate (PO,*”) groups are surrounded by the modifier cations for
charge-balancing purposes [38] and that there are no Si—-O-P bonds [26, 39].
However, Si—O-P bonds are not impossible. A recent study showed that, while the
majority of phosphorous atoms are present as orthophosphate, small amounts of Si—
O-P bonds (8 %) are also present [40]. Phosphate is rapidly lost from the glass on
exposure to aqueous environments [21], mainly because it is isolated from the silica
network and removes sodium and calcium cations from their network-modifying
role [4, 41]. In addition, the release of the phosphate ions from these glasses will
quickly form an amorphous calcium phosphate layer that crystallizes and gives rise
to a hydroxyapatite layer [36]. Phosphorus is not essential for bioactive glass
bioactivity, but when it is present, the apatite layer formation is faster, consequently
affecting bioactivity [42]. The presence of orthophosphate in bioactive glass can
cause phase separation depending upon the phosphate content and play a significant
role in nucleation and crystallization. The phosphate-rich regions increase in size
and number as the phosphate content increases, thus allowing for nucleation and
crystallization of orthophosphate species. The phase separation depends on various
factors, including composition, network connectivity, phosphate content, type of
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Fig. 1 Structure of a bioactive glass network

modifiers, and glass synthesis process and may be important on controlling or
preventing crystallization [6, 40]. Figure 1 shows the structure of a bioactive glass
composed of an interconnected near-random distribution of covalently-bonded
network formers, for example silicate chains, whose negative charges are balanced
by coordination with network modifiers.

Bioactive borate glasses are formed by incorporating B,O5 as a network former
in SiO,-free or P,Os-free glasses as well as others that contain certain amount of
SiO, or P,Os. These materials normally use boron trioxide (B,Os3) [43, 44] or
boracic acid (H;BO3) as the precursor [45-48], which is often used as an additive to
enhance the workability of bioactive glasses [6, 49]. Due to the complicated
structural behavior of B,Oj3 in the glass, including BO5; and BO, units, processing
seems to vary depending on the composition, and further studies are still needed to
fully understand the mechanism of how B,O5 improves the processing of bioactive
glasses [6, 34]. However, the biological effects of boron have also been reported,
including improvement of wound healing, actions in reproduction and embryoge-
nesis and bone health [49], enhancing proliferation and the expression of collagen
type I and runt-related transcription factor 2 (Runx2) of osteoblasts [50]. Boron has
also been shown to enhance the total functional RNA-molecules that produce
vascular endothelial growth factor (VEGF) and transforming growth factor beta
(TGF-B)—in fibroblasts and the secretion of protein from chick embryo cartilage
and human fibroblasts in culture [51]. VEGF is a sub-family of growth factors that
stimulates vasculogenesis and angiogenesis, while TGF-f is vital for new bone
formation and wound healing.

Bioactive, biodegradable and fully densified borate glass ceramics (CaO—SiO,—
B,O3 system) containing up to 8.4 % B,05; showed higher mechanical strengths
than other commercial bioactive glasses, with an HCA layer formed earlier on the
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surface when the amounts of calcium metaborate and amorphous borosilicate
matrix increased [44]. Bioactive glasses in the CaO-SiO,-P,05-B,05 system used
to coat cancellous screws inserted into dogs presented directly bond to cancellous
bone, improving the bone-implant osteointegration [52]. The biodegradation rate
was based on the boron content in the quaternary system, which also helped
increase the mechanical properties and lower the melting temperature of bioactive
glass [45]. The presence of boron in the glass networks of CaO-P,05—B,03 sys-
tems also favored bioactivity when compared to the performance of the bioinert
pure calcium phosphate glass [34], and it was also observed when Na,O is replaced
by B,0; in the quaternary system [53].

Sodium and calcium are typical examples of network modifiers in glass struc-
tures. They disrupt the network by converting bridging oxygen atoms (mostly with
covalent chemical bonds) into nonbridging oxygen atoms (Si-O-M* linkages,
predominantly ionic in character, where M* is a modifier cation), altering the glass
structure. Network formers cations are typically threefold or fourfold coordinated,
while network modifiers usually show high coordination numbers according to
neutron diffraction and molecular dynamics (MD) simulation experiments [6].

Knowing the structure of bioactive glasses is very important when designing
alternative compositions and for understanding their behavior. Network connec-
tivity (NC) is an important tool that can predict properties such as bioactivity,
surface reactivity, solubility, and glass transition temperature [54]. This value is
defined as the average number of bridging oxygens bonded to a network-forming
atom, with lower NC values denoting a more fragmented structure. The release of
soluble silica in solution plays a significant role in bone mineralization along with
gene-activation properties [18] and occurs more easily when most Si are incorpo-
rated in silicate chains that do not intersect. Silica dissolution requires less energy to
break Si—O-Si bridges in the presence of network modifiers when compared with a
structure with a higher NC (or a more compact structure), where silicate chains are
crosslinked to each other, forming rings of different sizes [55]. Bioactive glasses
with high silica contents present large proportions of bridging oxygen bonds,
resulting in a highly connected network and, consequently, low dissolution and low
bioactivity [4]. Vitreous silica has a network connectivity of four, while bioactive
glasses usually have network connectivities between 2 and 3, but glasses with NC
greater than 2.6 may have reduced bioactivity due to their resistance to dissolution
[36]. The NC decreases due to the addition of more network-modifying cations,
such as calcium and sodium [6, 56, 57]. Phosphorous is located in the interstices of
the silica network and extracts some modifier cations around phosphate complexes
to counter-balance the charges due to phosphorus addition, involving a repoly-
merization of the silicate network, thus increasing NC [36].

The bioactivity of melt-derived glasses is limited to compositions of up to 60 mol
% Si0,, whereas sol-gel glasses allow for the expansion of bioactive compositional
range up to 90 mol% silica [29] due to their inherent nanoporosity in combination
with a reduction in network connectivity. During the drying of sol-gel glasses, water
and alcohol evaporate, leaving behind an interconnected network. The pores formed
are interstices between the coalesced nanoparticles, and sol-gel derived glasses
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present pores diameters typically on the order of 1-30 nm, depending on the pre-
cursor used and the glass composition [4, 58]. This ordered mesoporous bioactive
glass (MBGQG) is of interest in several biomedical applications, such as drug delivery,
as drug can be delivered within mesoporous network [59-61].

The drying process removes water from sol-gel bioactive glasses, but some
hydroxyl (OH) groups are left on the pore walls [4, 21, 25]. Thermal stabilization
removes most of the hydroxyl content, forming O-Si—O bonds, but some remain,
and the final sol-gel glass composition also contains OH groups [62], reducing the
network connectivity as the bridging oxygen bonds decrease. The sintering tem-
perature should be kept below the crystallization temperature, preventing the for-
mation of a glass-ceramic. Sintering sol-gel glasses above their T, causes a
reduction in the porosity and densification of the silica network [4, 25].

1.2 Therapeutic Ion Release

The outstanding behavior of bioactive glasses in bone repair can primarily be
attributed to the high reactivity of its surface in body fluids via the release of critical
concentrations of soluble Si, Ca, P, and other ions, that can lead to favorable
intracellular and extracellular responses promoting rapid bone formation [63].
The HCA layer forms following solution-mediated dissolution of the glass in which
the accumulation of dissolution products causes changes in the chemical compo-
sition and pH of the solution, providing surface sites and a pH conducive to HCA
nucleation [3, 64]. Nevertheless, recent evidence has indicated that the ionic dis-
solution affects not only the mineralization but also appears to stimulate the growth
and differentiation of osteoblasts at the genetic level, an effect that has been found
to be dose dependent [65—68].

Glass structures allow for large flexibility in composition, as they are not
dependent on a specific stoichiometry, which permits the incorporation of various
concentrations of ions with physiological activities and therapeutic properties [0,
59, 69] that are released during the dissolution process. lons acting as network
modifiers (ionically linked to nonbridging oxygen atoms) can be released easily and
rapidly by ion exchange with the surrounding body fluid and thus be available in
the body because they are released in the exact site where they are needed, opti-
mizing the therapeutic effect and minimizing the side effects providing a significant
advantage over the systemically administered medication [6]. Additionally, bioac-
tive glasses can allow for continued ion release, with a sustained therapeutic effect
through glass degradation, and the release rate can be optimized through variations
in the glass network connectivity and the type of modifier or intermediate ion [6].

The ionic dissolution product from bioactive glasses are very important to
understand the behavior of these materials in vitro and in vivo in the context of tissue
engineering applications [70]. There is a need to develop materials that are not only
biocompatible and osteoconductive but also possess controllable degradation rates,
antibacterial effects, promote angiogenesis and osteogenesis, and have other
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therapeutic effects to aid in the regeneration of diseased or damaged tissue [65].
Thus, research efforts have been made to incorporate ions, including Sr, Co, Mg, Ag,
Zn, Cu and others, in calcium phosphates, hydroxyapatite, bioactive silicate glasses
and phosphate glasses, resulting in the altered dissolution behavior of these materials
and their modified (usually improved) biological performance [18, 70].

2 Composition Effects on Properties and Applications
of Bioactive Glasses

In designing bioactive glasses, the understanding of how the physicochemical
structures of these materials can affect their properties is of great importance,
allowing the material to be tailored for specific applications. Each component has a
role on the bioactive glass functionality. For example, calcium can favor osteoblast
differentiation and apatite precipitation [71], while strontium can also stimulate
bone-forming cells and also prevent osteoclasts from resorbing bone [72]. Similar
properties are also observed in magnesium-doped bioactive glass [73, 74].
Vascularization can also be enhanced when using bioactive glass by using ions such
as cobalt [75] or copper [76]. Other ions also show good antibacterial properties,
such as silver [77] and gallium [78]. The use of these ions can improve the bioactive
glass performance in vitro and in vivo, and the effect of different ions on bioactive
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Fig. 2 Biological response to metallic ion-substituted silicate based bioactive glasses
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Table 1 Summary of the biological responses of some ions

Ton Function Reference

Ca Favor osteoblast differentiation and apatite precipitation [6, 70]
Increase extracellular matrix mineralization [71]
Regulator of bone cells through the activation of extracellular [79]
calcium-sensing receptors
Up-regulate collagen type I and osteocalcin mRNA expression [80]

F Accelerate the formation of apatite in bone and mineralized tissue, [81, 82]
increase tissue stability and stimulate cell proliferation
Reduce the demineralization of enamel and dentin, preventing [54]
dental decay
Favor the formation of fluorapatite, preventing dental caries [57, 83]

Sr Regulates bone resorption and osteoclastogenesis [49, 84, 85]
Possible agent for treating osteoporosis [86, 87]

Zn Stimulates osteoblastic bone formation and inhibit osteoclastic [88]
bone resorption
Protect against inflammatory responses [89, 90]
Important to metalloenzymes that are vital for new bone formation [49, 88]

Mg Essential in bone metabolism, stimulating new bone formation [49, 91]
Improve cell adhesion and stability, by interacting with integrin of [73]
osteoblast cells
Stabilizes enzymes and is involved in lipid, protein, nuclei acid [92]
and coenzymes synthesis

Mn Cofactor of enzymes involved in extracellular matrix remodeling, [93]
necessary for constituents of skeletal and cartilages structures
Influence the inhibition of bone resorption induced by free radicals [94]

Mn deficiency could lead to a reduction in calcium incorporation [93, 95]
in bone tissue

Co Promote angiogenesis via activation of hypoxia inducible factor [35, 96-98]
Can accelerate development and regeneration of bone tissue and [35, 75]
stem cell differentiation

Cu Antibacterial activity [99-101]
Increase the differentiation of mesenchymal stem cells towards the [102]
osteogenic lineage
Enhance vascularization, triggering endothelial cells towards [76, 103]
angiogenesis

Ag Potent antibacterial activity [6, 49, 104, 105]
Reduce the inflammatory and granulation tissue phases of healing [77]

Ga Modulate osteoclastic response without affecting osteoblasts [106]
Treatment of osteoporosis and hypercalcemia associated with [107]
tumor metastasis to bone
Antibacterial activity [33, 107, 108]

Ce Antioxidant properties, acting as a neuroprotective agent [109, 110]
Broad spectrum of antibacterial activity 48, 111, 112]
Enhance osteoblastic differentiation and production of collagen [113]

(continued)
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Table 1 (continued)

Ton Function Reference

Si Essential for the formation and calcification of bone tissue [27]
Stimulate collagen type I formation and enhance osteoblastic [28]
differentiation

P Regulates bone formation proteins expression in osteoblasts [114]
Enhance total of functional RNA in fibroblasts [51]
Improve proliferation and expression of collagen type I and [50]
runt-related transcription factor 2 (Runx2) of osteoblasts

glass properties. Figure 2 and Table 1 give a summary of the biological responses
of different ions, and the next topics will present further discussions about the
effects of different ions on the properties of bioactive glasses.

2.1 Effect of Sodium

Most research on bioactive glass until the late 1980s were based on 45S5
Bioglass®, which contain Na,O in its composition, incorporated with the primary
role of improving processability, as it can lower the melting-point of melt-quenched
bioactive glasses [62]. The rapid rate of HCA formation was attributed to the
presence of Na,O and other alkali and alkali earth ions in the glass compositions
[115], but other works have already demonstrated that bioactive glasses produced
by the sol-gel method with no Na,O content showed more bioactivity than
melt-derived bioactive glasses with the same composition [57]. Therefore, the Na,O
content is not a critical component of the bioactive glass compositions [115], and its
incorporation in sol-gel derived bioactive glass is not common. Bioactivity is
actually more dependent on size and volume of the pores in the gel than on the
Na,O content [57]. Although sodium-based bioactive glasses show good bioactivity
and biocompatibility, high Na,O contents can present a cytotoxic response [7].

Bioactive glasses were synthesized to study the influence of sodium oxide
contents on the glass properties while keeping the network connectivity constant by
systematically replacing calcium oxide with sodium oxide. Linear decreases in the
glass transition temperature and peak crystallization were observed with increasing
sodium content [7]. The addition of Na,O is referred as a network disrupter because
the glass network expands with increasing Na,O content. Reductions in the glass
transition temperature were observed with increasing sodium content, as it is an
expression of the network disruption of a glass [57]. By increasing the Na,O
content in bioactive glasses as a substitute for CaO, the silicate network is widened
(i.e., the packing density decreased), due to the replacement of one Ca** ion by two
Na* ions, which reduces the glass density and can also reduce the glass hardness, as
the network becomes less compact [31].
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2.2 Effect of Calcium

Calcium ions constitute one of the main components of many bioactive glasses;
calcium is an almost universal intracellular messenger that has effects on a wide
range of target proteins and regulates an enormous range of cellular processes
[116]. In bone metabolism, calcium acts as a signaling molecule that affects cell
functions and gene expressions via the activation of extracellular signal-related
kinases signaling pathways [80]. Because calcium is one of the main components of
the inorganic phase of human bone, these ions play an essential role in bone
formation and resorption, favoring osteoblast differentiation and apatite precipita-
tion, and can also increase the expression of insulin-like growth factors, such as
IGF-I or IGF-II, which regulate human osteoblast proliferation [6, 70]. In vitro data
indicate that calcium is a physiological regulator of bone cells through the acti-
vation of extracellular calcium-sensing receptors (CaSRs), which regulate the
recruitment, differentiation and survival of osteoblasts and osteoclasts [79].

The mechanism of interaction with bone cells and the stimulating effect of these
ions, along with the specific extracellular matrix concentration information are
important when producing advanced materials with tailored ion release kinetics and
controlled biological response in the physiological environment [70]. Studies indi-
cated that 2-6 mM of Ca®" is suitable for survival and proliferation of osteoblast,
whereas 6-10 mM of Ca>* is suitable for osteoblast proliferation, differentiation and
mineralization, while higher concentrations are cytotoxic [71]. Cell proliferation,
alkaline phosphatase (ALP) activity and Prostaglandin E2 (PGE,, a potent mediator
of bone remodeling) level significantly improved in mesoporous silica xerogel with
5 % calcium when compared with silica xerogel with no calcium. Additionally, the
collagen type I and osteocalcin mRNA expression were up-regulated [80].

A common source of calcium in sol-gel bioactive glasses is calcium nitrate (Ca
(NO3),); however, it requires heating to remove the toxic nitrate by-products [117].
Additionally, using calcium nitrate, the calcium only enter the silicate network above
400 °C [4, 25, 118]. Calcium ions are incorporated into the network of silica sec-
ondary particles as network modifiers on bioactive glass structures and also help in the
fusion of secondary particles to become tertiary particles, adopting a role as a “fuser”
in sol-gel derived bioactive glass [25]. The oxygen in the Si—-O-Ca bonds is
non-bridging oxygen, and calcium is loosely bound within the glass network; ion loss
from these materials is facile: it is achieved via simple ion exchange with body fluid
[119]. Inhomogeneity in the structure appears when using a conventional calcium
source because Ca(NOj), is soluble in the pore liquor (the byproduct of the con-
densation reaction) that is expelled from the gel due to shrinkage. During drying, the
pore liquor evaporates, leaving Ca(NO3), deposits that may diffuse a limited distance
during thermal stabilization [118, 120]. To avoid the problem of nitrate toxicity,
calcium chloride (CaCl,) is also used as a calcium source, but studies have shown that
calcium is not incorporated at any temperature into the bulk of the material [118].

The processing temperature makes the application of bioactive glasses in hybrid
materials difficult, and most of them contain no incorporated calcium [4]. Calcium
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methoxyethoxide (CME) has been used in bioactive glass processing as an alter-
native calcium source because it was found to enter the glassy network at lower
temperatures [4, 117, 118, 120, 121]; however, processing materials using CME is
too difficult due to its sensitivity to water [4]. New calcium sources that do not
release toxic by-products and are incorporated at lower temperatures are still needed
for hybrid applications.

2.3 Effect of Fluorine

Fluorine is an essential microelement in the human body, and proper levels of fluorine
can accelerate the formation of apatite in bone and mineralized tissue, increase tissue
stability and stimulating cell proliferation, thus increasing the biocompatibility of
glass ceramics [81, 82]. Nonetheless, higher concentrations (>500 ng ml™") can
suppress osteoblast activity [70]. Fluoride is of particular interest in bioactive glasses
for dental applications to prevent dental caries due to the formation of fluorapatite
(FA) in physiological solutions, which is more acid-resistant than HCA [57, 83]. It
can also reduce the demineralization of enamel and dentin, enhancing remineral-
ization and inhibiting bacterial enzymes, consequently preventing dental decay [54].
Some works also relate fluoride ions with an increase in bone density and prevention
of fractures, which is of interest in patients suffering from osteoporosis, but there is
still some controversy over its effectiveness [70, 83, 122].

Fluoride ion complexes with modifier cations (Ca2+, Na*, etc.) in bioactive
glasses lead to more ionic character in the chemical bonds due to the electroneg-
ativity of fluoride [6]. The fluoride environment in bioactive glasses shows simi-
larities to the structure of fluorite (CaF,), and the crystallization and glass transition
temperatures can decrease with increasing fluoride content [6, 57, 83]. The sub-
stitution of CaF, for CaO cause the polymerization of the silicate network and
increase NC significantly, and fluoride can be lost as SiF,, especially in highly
crosslinked silicate glasses [83]. However, the formation of SiF, is prevented as the
affinity of silicon for oxygen anions is higher than the affinity for fluoride ion in
highly disrupted glass, including bioactive glasses with higher concentration of
non-bridging oxygen and no Si-F bonds [83].

Typical precursors of fluoride-containing bioactive glasses are CaF, and
NH4HF, as precursors [81, 83]. The addition of CaF, to bioactive glasses have
shown a reduced reactivity, as F ions have been thought to act as a corrosion
inhibitor and also promotes the formation of a thin surface gel layer with a high
silica concentration [82]. Higher fluoride concentrations in doped bioactive glasses
can favor the formation of fluorite and calcite instead of apatite formation [122].
Fluorite presents low solubility, but bioactive glass can readily release calcium and
fluoride ions, favoring the formation of an FA surface layer [6]. This layer act as a
protective material, which can be helpful in materials proposed to dentistry field.
The release of calcium ions in solution plays a very important role in apatite
formation, and a larger release of this ion is observed with the presence of fluoride.
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Fluoride-doped bioactive glass favors a faster and higher degree of crystallization of
FA (compared with the formation of pure HA) and/or can promote a partial sub-
stitution of fluoride for hydroxide ions in HA [82]. The formation of FA instead of
HA is consequently favored for higher concentrations of this ion [82, 83].

Hemolysis tests, in vitro toxicity tests and systemic toxicity tests demonstrated
that bioactive glasses derived from CaO-Na,0-SiO,—P,O5 systems doped with
NH4HF, or CaF, possess good biocompatibility and conform to the requirements of
biological safety as well as good osseointegration of implants with animal bone
tissue after implantation for 2 months, indicating that the material is promising for
use as implants [81].

2.4 Effects of Strontium

Strontium is a non-essential element that is naturally present mainly in bone.
Strontium ranelate (a strontium(II) salt of ranelic acid) has been used for the
treatment of osteoporosis [86, 87]. Strontium is also present in the liver, muscles
and physiological fluids [49, 123, 124]. It is more often found in new and can-
cellous bones than in old and cortical bones [123]. The biological functionality of
strontium is related to its chemical similarity with calcium and other group 2A
elements, which have strong affinities with bone cells. Strontium ions are thought to
displace Ca”* ions in osteoblast-mediated processes due to its similarity in charge
and size with Ca®* [49]. Strontium is incorporated in the bone matrix by surface
exchange with the incorporation of Sr** into the lattice of the bone mineral or by
jonic substitution with Ca®* [61]. Strontium-substituted bioactive glasses have been
shown to stimulate osteoblasts and prevent osteoclasts from resorbing bone [6].
Strontium activates the calcium sensing receptors (CaSRs) in osteoblasts, increasing
the production of osteoprotegerin (OPG) while decreasing the expression of the
receptor activator of nuclear factor kappa beta ligand (RANKL). The OPG/RANKL
ratio regulates the bone resorption and osteoclastogenesis [49, 84, 85].

Strontium-doped materials are of great interest in the biomedical field because of
their biological effects and are usually incorporated in bioactive glass networks
using SrCO3 (melt-derived glass) [123, 124] or Sr(NOj), (sol-gel derived) [61,
125] as the precursors. A series of bioactive glasses with the composition 49.46
Si0,-1.07 P,05-23.08 Ca0-26.38 Na,O (mol%) were produced via melt with
strontium substituted for calcium with different ratios up to 1, and it was confirmed
that the substitution results in little change in the chemical structure of the glass, but
an expansion of the glass network was observed that is associated with the larger
size of the Sr** cation, which causes a decrease in the glass transition temperature
and dilatometric softening point [123, 126]. Nonetheless, strontium addition in
bioactive glasses appears to decrease the apatite-forming ability, but the formation
of a silica-rich gel-like layer and deposition of amorphous calcium phosphate was
observed after 1 h of immersion in SBF, and chemical degradation in Tris-HCI was
slower after the addition of strontium [124, 127].
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The in vitro effects of bioactive glasses containing strontium were studied on
osteoblasts and osteoclast cultures and demonstrated that these materials promote
osteoblast proliferation and activity and decrease osteoclast activity and resorption
[72, 125]. Bioactive glass formulations enhanced the metabolic activity in sarcoma
osteogenic cell cultures (SAOS-2) compared with the control, and the MTT activity
in cells treated with strontium substituted bioactive glass was significantly enhanced
compared with non-strontium containing glasses [72]. Additionally, strontium
increases ALP activity and inhibits Tartrate Resistant Acid Phosphatase (TRAP)
activity on CaP films, which is a marker of osteoclast differentiation and resorbing
activity [72]. Strontium substituted in binary sol-gel glasses had a beneficial effect
on fetal mouse calvarial bone cells, as indicated by the greater ALP activity and
osteocalcin secretion and the up-regulation of transcription factors strongly
involved in skeletal formation and bone repair, as well as collagen type I, bone
sialoprotein and osteocalcin mRNA levels [125].

The incorporation of strontium in mesoporous bioactive glass scaffolds was
investigated for the healing of bone defects in the femurs of rats induced by
ovariectomy and presents a reduced number of tartrate-resistant acid
phosphatase-positive cells when compared to other materials, improving bone
repair [86]. A Sr-substituted MBG scaffold demonstrated a similar ability to form
new bone and inhibit osteoclast bioactivity for the regeneration of osteopenic bone
defects compared with estrogen therapy [86], making strontium an important ele-
ment in bone tissue engineering as a therapeutic agent.

2.5 Effect of Zinc

Zinc is an important essential trace element, and several metalloenzymes use zinc for
structure, catalytic, or regulatory actions, such as ALP activity, which is vital for the
maturation of new bone formations [49, 88]. ALP is responsible for creating an
alkaline environment that allows precipitation and subsequent mineralization of
inorganic phosphates onto the extracellular matrix (ECM) that osteoblasts produce
[49]. Zinc plays an important role in bone metabolism, stimulating osteoblastic bone
formation and inhibiting osteoclastic bone resorption, increasing bone mass, and
supplementation of nutritional zinc has been shown to have preventive and thera-
peutic effects on bone loss caused by bone disorders [88]. Evidence for zinc activation
of osteoblast bone formation was found in mouse osteoblastic cells, by stimulating
protein tyrosine phosphatase activity [89]. Zinc deficiency was shown to attenuate
osteogenic activity by decreasing bone gene transcription through reduced and
delayed Runx2 expression, which is a bone-specific transcription factor, and also by
decreasing ECM mineralization through inhibition of ALP activity in osteoblasts,
retarding skeletal growth [89]. Additionally, zinc can present an anti-inflammatory
effect by suppressing interleukin 6 (a pro-inflammatory cytokine) synthesis via the
inhibition of phospholipase C and phospholipase D in osteoblasts [89, 90].
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Zinc can be incorporated in melt-derived glasses using ZnO or ZnCO; as a
precursor [32, 128, 129], whereas Zn(NOs), is the typical precursor for the sol-gel
process [15, 130, 131]. A bioactive glass with a composition of 64 % Si0,—26 %
Ca0-5 % P,05—5 % ZnO (mol%) that was synthesized by the sol-gel method was
compared to non-zinc-containing glass [15], and the bioactivity was not reduced
after the incorporation of Zn, the cell attachment was improved, and Zn was
beneficial for maintaining the pH of SBF within the physiological limit by forming
zinc hydroxide in the SBF solution. Additionally, studies have also shown that
limited amounts of Zn resulted in early cell proliferation and promoted differenti-
ation in in vitro biocompatibility assessments [15, 131], but zinc addition can slow
down the degradation profile of bioactive glasses [128, 132]. However, studies also
show that the proliferation and osteogenesis of human adipose stem cells (hASCs)
were inhibited by bioactive glass scaffolds containing zinc, as shown by Haimi et al.
[132], but the author suggests that the hASCs proliferation and osteogenesis were
not detected because the addition of zinc slowed down the degradation rate of the
materials. More studies should be performed to confirm the osteogenic effect of Zn
released as ionic dissolution product from Zn-doped bioactive glasses [70].

HA layer formation was observed during in vitro analysis of zinc-doped
bioactive glasses, and the increase in zinc content decreased the surface area and
pore size, related to the network modifier behavior of this cation [130]. A stable
thermal behavior was also observed in samples with a high zinc content [130].

2.6 Effect of Magnesium

Magnesium is the tenth most abundant element in the human body, and almost
99 % of total body magnesium is located in bone, muscles and non-muscular soft
tissue, whereas 50-60 % resides as surface substituents of the hydroxyapatite
mineral component of bone [92]. Mg is essential to bone metabolism, and dietary
Mg deficiency has been implicated as a risk factor for osteoporosis [133]. This ion
is vital to all living cells, including osteoblasts and osteoclasts, having stimulating
effects on new bone formation [49, 91]. Mg also stabilizes enzymes, including
many ATP-generation reactions, required for glucose utilization and is involved in
lipid, protein, nuclei acid and coenzyme synthesis [92]. Studies have shown that Mg
deficiency caused impaired bone growth, decreased osteoblast number and
increased osteoclast number in young animals, as well as the loss of trabecular bone
with stimulation of cytokine activity in bone [133]. Magnesium may interact with
the integrin of osteoblast cells, which are responsible for cell adhesion and stability,
and therefore, the incorporation of Mg?* in bioceramics improves integration of
implants in orthopedic and dental surgeries [73]. Mg can also stabilize cell mem-
branes due to its positive charge, and Mg homeostasis can impact cell and tissue
functions [91]. In vitro studies also revealed that high levels of magnesium can
induce the synthesis of nitric oxide in endothelial cells, enhance the response of
angiogenesis factors and attenuate the response of lipopolysaccharide (LPS) [134].
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Magnesium-doped bioactive glass can be synthesized using magnesium oxide
(MgO) as a precursor in melt-derived glass [135, 136] or magnesium nitrate (Mg
(NOs3),) in sol—gel procedures [30, 43]. Magnesium-doped bioactive glasses formed a
Ca—P-Mg-rich layer during the growth of the apatite layer between the bone and the
glass, with Mg entering in the forming hydroxyapatite nuclei, thus inhibiting their
evolution into tiny apatite crystals because this element cannot be accommodated in
the HA structure [136, 137]. The formation of amorphous calcium phosphate is
consequently promoted because Mg>* suppresses the crystallization of apatite at
higher concentrations, promoting greater dissolution of the apatite precipitates in the
bioactive glass [30, 135, 136]. However, Mg introduction disrupts the glass matrix
network, creating nonbridging oxygen and indirectly increasing the bioactive glass
dissolution [70, 135], which can also affect the silica gel layer thickness, formed prior
to the apatite-like layer [135]. The presence of MgO in bioactive glasses can also
inhibit osteoporosis and enhance bone restoration [91, 138].

Osteoblasts cultured on Si0,—CaO-MgO pellets expressed higher ALP activity
than those on the control after incubation for 7 days, and the biocompatibility was
confirmed because the osteoblasts adhered, proliferated and spread well on the
surface of the pellets [43]. Similar results were obtained by Saboori et al. [137],
where sol-gel Mg-doped bioactive glasses presented significantly higher alkaline
phosphatase expressions than polystyrene plates at 37 and 39.5 °C, temperatures at
which cells should proliferate slower and start differentiation. This result indicates
that magnesium in bioactive glass can stimulate early bone cell differentiation
[137]. Mg-doped hydroxyapatite granulate showed greater osteoconductivity and
higher material resorption when compared with non-doped hydroxyapatite tested
in vitro in femoral defects of rabbits [139]. Clinical uses of magnesium phosphate
bone cement are also discussed [49], and further studies should be performed to
confirm its osteogenic effect.

2.7 Effects of Manganese

Manganese is a trace element that plays important roles in the metabolism of bone
and muscle [49, 140, 141]. It is present in small amounts in several tissues and
organs, such as bone, pancreas, liver, and intestinal mucosa [140]. This element is a
cofactor for metalloenzymes (oxidases and dehydrogenases), DNA polymerases and
kinases [142, 143], and enzymes, such as glycosyltransferases (or mucopolysac-
charides), which are involved in the extracellular matrix (ECM) remodeling that is
necessary for the production of proteoglycans, which are important constituent of
skeletal and cartilage structures [93]. The most important ECM protein is collagen,
which gives particular structural properties to connective tissues, and this protein is
degraded in the bone tissue remodeling process, releasing essential constituents,
such as prolidase, a metalloprotease that has a specific requirement for manganese
[140]. Mn*" strongly influences the activation of integrins, a family of receptors that
mediate cellular interactions with the extracellular matrix and cell surface ligands,



The Evolution, Control, and Effects of the Compositions ... 101

consequently influencing the cell adhesion [143, 144]. Manganese is also known to
be an important element for the maintenance of the homeostasis of glucose and lipid
metabolism [141].

Manganese can influence the inhibition of bone resorption induced by free
radicals [94], and osteoporosis has been associated with prolonged Mn deficiency,
and low serum Mn levels have been found in osteoporotic subjects [145]. Mn as
supplement after ovariectomy in rats can be an effective inhibitor of bone loss, both
on the axial and peripheral levels [94]. This diet can help increase bone mineral
density through facilitation of bone formation regardless of ovariectomy, with
significantly increase on serum osteocalcin levels, a more sensitive bone formation
biomarker [141]. A low Mn diet also resulted in increased fractures in deer antlers,
which reduced peak force, impact energy and possibly cortical bone density [146].
It was suggested that Mn deficiency may lead to a reduction in the incorporation of
calcium in bone tissue, resulting in an antler bone material with reduced density and
porosity [146]. The authors suggest that osteoporosis may be caused by a lack of
Mn, with calcium loss as a consequence and not the origin [93, 95, 146], but further
studies in this area should be performed to confirm this hypothesis.

Human osteoblastic cell cultures with directly addition of Mn** showed a reduced
cell spreading and proliferation in a concentration-dependent manner; therefore, the
release of manganese ions in a biomaterial should be thoroughly adjusted according
to the tolerance levels [140, 143, 147]. A calcium phosphate solution doped with Mn
was used to coat metallic substrates with Mn-containing hydroxyapatite and indi-
cated that the presence of this ion could reduce the precipitation and dimension of
spherical aggregates as well as the degree of crystallinity of the apatitic phase, but the
osteoblast osteocalcin production was significantly enhanced [148]. Mn-tricalcium
phosphate also had positive effects on MC3T3-E1 in vitro pre-osteoblastic prolif-
eration and differentiation, with the incorporation of small amounts of Mn?* effec-
tively accelerating bone mineralization [93].

Mn-doping was also evaluated in bioactive glass with up to 0.5 % MnO, which
was synthesized using MnCO; as the precursor and produced by melting and
quenching; Mn did not influence the thermal glass stability, but a slightly decrease
in the bioactivity kinetics of the glass were observed during the first steps of the
process; however, at longer times, Mn resulted in higher bioactivity [140]. In the
same study, Mn-doped sheets significantly increased osteoblast differentiation and
mineralization compared to undoped samples, with beneficial effects on the
expression of ALP and bone morphogenetic proteins (BMP) [140]. Therefore,
manganese is a promising dopant for bioactive glasses.

2.8 Effect of Cobalt

Cobalt is a trace element naturally found in the human body, and an essential
micronutrient in the form of vitamin B, (hydroxocobalamin), but inorganic cobalt
is not required in the human diet, and cobalt deficiency has never been described in
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humans [149]. After a single dose of cobalt (Co®") in humans, the cobalt con-
centration in blood and serum is initially high but decreases rapidly and gradually,
due to tissue uptake, mainly in the liver and kidney, combined with urinary (and
fecal) excretion, and reaches a low level by 24 h [149]. Cobalt is a known
angiogenic agent due to a well-established stabilizing effect on Hypoxia Inducible
Factor (HIF-1o). The HIF-1a pathway is activated by low oxygen pressure (hy-
poxia), which results in the activation of a cascade of pro-vasculogenic genes
critical for angiogenesis, including VEGF, thus mimicking the normal regenerative
response. The HIF-1 pathway plays an essential role in coupling angiogenesis with
osteogenesis, accelerating the development and regeneration of bone tissue and is
important for the development of angiogenesis, stem cell differentiation, and
fracture repair [35, 97, 98]. Therefore, Co-releasing materials have been suggested
as a potential strategy for the promotion of neovascularization [35, 97, 150, 151].
Cells adapt to hypoxia by expressing a number of genes that are related to
angiogenesis mobility and glucose metabolism, all via the HIF-1o pathway [75].

Cobalt was shown to promote angiogenesis via activation of the HIF-1 pathway
in a rat remnant kidney in vivo model by subcutaneous injections of cobalt [96].
Additionally, in an in vivo rat bladder model, an enhanced hypoxia response was
observed. The stimulated expression of HIF-1o and VEGF lead to cell growth and
angiogenesis [35, 152]. Although cobalt is naturally present in the human body, and
the body is equipped to excrete moderate amounts of excess cobalt, too many cobalt
ions are potentially toxic; therefore, a controlled ion release system is vital for any
tissue engineering strategy involving the delivery of cobalt [97, 153].

A series of bioactive glasses (BG) prepared via the melt-quench route with up to
4 mol% of Co** were prepared to investigate the role of cobalt within bioactive
glass networks [97]. In the orthophosphate phase of the BGs, Co”* appears to
charge balance the orthophosphate groups, while in the silicate phase, Co®* seems
to play a dual role, both entering the silicate network and disrupting it as a network
modifier, depending upon the concentration. Glass dissolution, ion release and
HCA formation are delayed by inclusion of Co®* in the BG in a
concentration-dependent manner [97]. Bioactive glass based on a 53 wt% SiO,,
6 wt% Nay0, 12 wt% K0, 5 wt% MgO, 20 wt% CaO and 4 wt% P,05 compo-
sition were Co-doped by replacing the CaO content with up to 5 wt% CoO using
cobalt nitrate as precursor, and its bioactivity was evaluated [35]. The samples were
immersed in SBF for different periods of time, and Co ions appear to diffuse
through the SiO, layer (which itself is depleted of Co) and are substituted in the
calcium phosphate layer [35]. An ion release study showed that Co release can be
adjusted within the therapeutic range by tailoring the glass composition [35].
Co-doped bioactive glass scaffolds with sustained release of Co”* ions support the
attachment and growth of bone marrow stromal cells (BMSCs), and no obvious
cytotoxicity was found [75]. However, a higher Co concentration did have the effect
of reducing the BMSC viability. Incorporating ionic Co into the bioactive glass
scaffolds did not affect the ALP activity of BMSCs and induced a significant
hypoxic cascade, including increased VEGF protein secretion and HIF-la and
VEGEF gene expression in BMSCs [75]. Cobalt-doped materials have potential uses
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in bone tissue engineering, with excellent osteogenesis in combination with
angiogenesis function.

2.9 Effects of Copper

Copper is known to play a significant role in endothelial cells with beneficial effects
in the process of angiogenesis and blood vessel maturation [49, 102]. Cu ions are
related to the activity of several transcription factors (via HIF-1 and proline
hydroxylase) and bind to cell membrane releasing complex, favoring the release of
growth factors and cytokines from producing cells [76]. It can enhance the for-
mation of organized collagen fibrils and fibers, with fibroblasts and mesenchymal
cells synergistically participating in the presence of copper towards collagen syn-
thesis and deposition [76]. There is also evidence for the osteogenic potential of
Copper; it has been shown to increase the differentiation of mesenchymal stem cells
towards the osteogenic lineage [102]. Copper also shows antibacterial activity,
suppressing a range of bacterial pathogens [99-101].

Copper can exist in its oxidized cupric (Cu®*) or reduced cuprous (Cu™) state,
but the divalent form has received more attention due to its role in angiogenic
processes [49]. Cu can be added as CuO [154] or as the basic Cu carbonate
(CuCO3-Cu(OH),) [102] for the preparation of melt-bioactive glasses, and copper
nitrate (Cu(NOs3),) [100, 101] is usually used for sol—gel derived glasses. Cu’* acts
as a network modifier and is incorporated in the glass network in octahedral
coordination, surrounded by two non-bridging oxygen [102]. Higher connectivity
in Cu-doped bioactive glass was observed, likely due to the more covalent character
of the Cu—O bond compared to the Ca—O bond, allowing repolymerization of Si and
non-bridging oxygen [102]. Increasing the concentration of CuO in bioactive glass
to near the Bioglass® composition showed a decrease in its glass nucleation and
crystallization temperature, which decreases the bioactivity but provides enhanced
chemical durability, density, microhardness and flexural strength [154]. Cu was
incorporated in the apatite layer in SBF studies and could be released in controlled
ranges [102]. Hydroxyapatite scaffolds modified with cupper bioactive glass have
shown good drug delivery capacities and antibacterial effects as the Cu ions are
released [99]. Similar results were obtained in nano-Cu-doped bioactive glass,
which effectively prevented bacterial colonization after 24 h [100].

2.10 Effect of Silver

Silver ions are well known for their antibacterial properties [6, 49]. The anti-bacterial
properties of silver can be attributed to its very small size and therefore high surface
to volume ratio, which allows the metal ions to interact very closely with the
membranes of the bacteria [104]. The cell membrane interaction can cause leakage
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of intracellular substances and consequently causes cell death, and some silver
nanoparticles may also penetrate into the cells [105]. Silver ions can also control the
spread of infection around an implant by preventing bacteria from colonizing, but the
concentration of silver should be controlled, as high levels can lead to cell toxicity
[104]. Ag ions have been shown higher antibacterial activities than other metal ions,
such as copper, because bacteria show a low propensity toward developing resis-
tance to silver-based materials. Additionally, it is less toxic to animal cells [155].
Silver-doped materials are also of interest in wound repair applications because it
can damage bacterial RNA and DNA when in contact with moisture on the skin
surface or with wound fluids, inhibiting replication [77]. Silver can reduce the
inflammatory and granulation phases of healing, and induce epidermal repair [77].
Silver presented better antimicrobial action than copper against E. coli and S.
aureus in growth studies performed in the presence of nanoparticles to observe their
effect on the growth profile [105]. The incorporation of Ag into glasses can be
performed by ion exchange with a molten silver salt because their charge to size ratio
is similar than that of sodium ions [6]. A silver ion exchange process in bioactive
glass led to an increase in the compressive strength of scaffolds, and the addition of
silver into the composition has not affected the formation of a hydroxyapatite layer
on its surface, supported cell attachment and maintained cell viability [104].
Sol-gel derived Si0,—CaO-P,05-Ag,0, prepared using silver nitrate (AgNO3)
as the Ag precursor, was also evaluated and compared with the silver-free bioactive
glass system, and a slow release of silver in aqueous solution was observed when
compared with other constituents of the glass, suggesting that it was strongly
chelated by the silicate network and the release profile can be tailored to specific
clinical applications [77]. Furthermore, silver ions presented bactericidal properties
towards E. coli, and the silver-free bioactive glass did not affected the viability of
the bacterial strain under investigation [77]. A similar result was obtained for
nanoporous bioactive glass synthesized using obtained using cetyltrimethyl
ammonium bromide as a template to produce a nanoporous structure, which pre-
sented an antibacterial rate reaching 75 % in 1 h and 99 % in 12 h against E. coli
[156]. It also showed a clotting ability, decreasing prothrombin time (PT) and
activating partial thromboplastin time (APTT), indicating that its higher surface
area could promote blood clotting when compared to bioactive glass with the same
composition but without nanopores. In vivo tests showed that nanoporous bioactive
glass doped with silver could be a good dressing, with antibacterial and hemostatic
properties, shortened wound bleeding time and controlled hemorrhaging [156].
Phosphate-based bioactive glass with up to 1 mol% of Ag,O was studied to
understand to its influence on serum albumin adsorption, which is the most
abundant protein in plasma and the first to surround foreign bodies when they come
in contact with blood; therefore, it is a good indicator of the inflammatory response
[157]. Silver appears to increase the adsorption potential of albumin on the samples
surface, but for higher Ag,O concentrations an alteration in the protein secondary
structure was observed, mainly due to the appearance of metallic Ag® with
unfolding of the protein as a consequence [157]. It is important for bioactive glasses
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to obtain an optimal silver content to provide an increase in the amount of attached
protein and lack of conformational changes in the protein structure.

Commercial sutures coated with silver-doped bioactive glass powders are
another clinical application, and studies of silver-coated sutures showed the greatest
limiting effect on bacterial attachment in experiments carried out using
Staphylococcus epidermidis [155]. The incidence of biomaterial-centered infection
often lead to revision surgery, which can be avoided by improving biomaterial
properties [77], and silver-doped materials feature prominently in the avoidance and
treatment of bacterial infections.

2.11 Effects of Gallium

Gallium ion is known to have a potent antibacterial effect [33, 78, 107, 108] and is a
drug that is already approved for the treatment of osteoporosis and hypercalcemia
associated with tumor metastasis to bone [107]. It modulates osteoclastic bone
resorption without affecting osteoblasts [106]. A proposed mechanism of Ga®*
action against bacteria is that gallium can disrupt Fe**-dependent events, which
increases the vulnerability of these microorganisms because iron is redox active but
gallium is redox inactive and infecting bacteria are unable to differentiate between
Ga’* and Fe™ [33, 107, 108].

Gallium-doped phosphate glasses have shown to have antibacterial properties,
with the ability to prevent the growth of biofilms of Pseudomonas aeruginosa, a
pathogen that can cause hospital-acquired infections [108]; in addition, it has
antibacterial effects against Staphylococcus aureus, Escherichia coli, and a small
effect on methicillin-resistant Staphylococcus aureus and Clostridium difficile.
These glasses have excellent long-term release of Ga®>" ions into the medium [33].
The structural study of borate-based gallium-doped glasses (using Ga,Oj as pre-
cursor) showed an increase in the stability of the structure after replacing Na,O with
Ga,0; because GaOg octahedra were formed, blocking the migration of the Na*
ions, affecting the concentration of Ga>* ions available for release, the overall
stability and the rate of degradation [106, 158]. The lower rate of dissolution could
be due to the participation of gallium in the glass network along with borate,
possibly acting as a network modifier and improving its chemical stability [106].
A composite scaffold made of Ga**-loaded Bioglass® and alginate showed
antibacterial effects and improved mechanical properties without decreasing the
high level of bioactivity provided by the bioactive glass [107].

2.12  Effect of Cerium

Cerium has a variety of biochemical and physiological effects, primarily based on
its similarity to calcium [111]. Beneficial effects of cerium (Ce) and cerium oxide
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(Ce0,) have been reported, such as antioxidant properties that promote cell survival
under conditions of oxidative stress [109, 110] and influence the intracellular Ca?t
level [110]. Cerium act as a neuroprotective agent, behaving as an antioxidant to
limit the amount of reactive oxygen required to kill cells [109]. Ce plays an
important role in physiological functions related to bone metabolism [159], and
in vitro tests showed positive effects of cerium on osteoblasts proliferation, dif-
ferentiation and mineralization [109, 111]. Cerium also presents a broad spectrum
of antibacterial activity, a quick in vitro bioactive response, and low toxicity [109,
111, 112, 160].

Cerium can exist in two oxidation states, Ce>* and Ce**, originating two dif-
ferent oxide forms, Ce,O5 and CeO, in bulk material [161]. Studies suggest that the
concentration of Ce®* relative to Ce** increases as the particle size decreases,
meaning that, at the nanoscale, Ce oxide has oxygen vacancies or defects caused by
the charge deficiency due to the presence of Ce®* [109]. These oxygen defects have
significant catalytic activity, imbuing ceria oxide nanoparticles with improved
redox properties compared with the bulk material [161]. They can also scavenge
superoxide radicals efficiently, which is of interest in biomedical areas where
pathologies are associated with excessive oxidative stress [161]. Nanocomposite
scaffolds of bioactive glass containing nanoceria additives demonstrated to enhance
the osteoblastic differentiation of human mesenchymal stem cells (HMSCs) and
production of collagen (when compared to undoped bioactive glass scaffold), even
in the absence of any osteogenic supplements [113], indicating that nanoceria may
act as an oxygen buffer, regulating the differentiation of HMSCs.

Sol-gel bioactive glasses containing Ce,Oj3, using cerium nitrate (Ce(NO3)3) as
a precursor, presented a delayed in vitro response, due to the affinity of cerium
towards phosphate, giving rise to a mixed phase, but the hydroxyapatite layer
formation ability was not lost [78]; this ability was also observed in other works
[60, 159]. Other studies have presented mesoporous bioactive glasses modified with
cerium oxide for use as drug delivery systems, and cerium-doped glasses improved
drug loading and release within therapeutic limits [60]. CeO,-doped melt bioactive
glasses revealed that cerium is present mainly as Ce’*, and the content increases as
the % CeO, increases in the starting oxide mixtures [162]. The chemical durability
improved at higher cerium concentrations due to the low solubility of the cerium
oxides, hydroxides and phosphates, as well as the stabilization of the glass struc-
ture, which is related to the partial covalent character of the Ce—O bond compared
with the ionic Na—O and Ca-O bonds [162].

Borate-based bioactive glass containing up to 5 wt% Ce,O; revealed a slower
degradation rate compared with bare borate glass, but cerium did not alter the
hydroxyapatite formation in SBF, when cerium was incorporated at lower con-
centrations [106]. At higher cerium concentrations, cerium ions possibly acted as a
network modifier in the glass structure, leading to an improvement of the chemical
durability, similar to the silicate-based glass [78, 106, 162].
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3  Summary and Outlook

Bioactive glasses have been extensively studied for several applications, especially
in bone tissue engineering. The dissolution of the glass networks favors the
development of silica-rich layers in physiological solutions, which form surface
layers of biomimetic apatite that can strongly bond to bone, allowing for its
regeneration rather than bone replacement. The dissolution products heavily depend
on the bioactive glass network, and understanding its structure is critical for in vitro
and in vivo applications.

Bioactive glasses allow for the incorporation of physiologically active ions into
their structures, and the resulting controlled ion release can lead to therapeutic
benefits, such as the activation of several genes that are associated with osteoge-
nesis and angiogenesis, the promotion of antibacterial action and anti-inflammatory
effects, and improvement of the bioactive glass properties. Indeed, as discussed in
this chapter, the dissolution products of several ions, such as Cu™, C02+, Zn2+, and
F~, have been shown to have stimulating biological effects on specific host tissues
that are of interest to regenerative medicine. However, more experimental tests
should be performed to confirm the therapeutic efficacy of single biologically active
ions released as dissolution products from these glasses. Additionally, a deep
understanding that is based on more in vivo evidence of the systemic toxicity and
carcinogenic effects of ions released from biomaterials, as well as the ways in which
these ions directly affect both healthy and diseased cellular regulation and cell—cell
signaling, is needed. Furthermore, the incorporation of different ions in bioactive
glasses can alter the dissolution behavior of the glass, and this behavior should be
considered when analyzing test results because it leads to a biological response that
may be difficult to compare with unmodified control glass. It is important to achieve
controlled ion dissolution and release kinetics in physiological environments and
provide an ion concentration that stimulates the biological response desired for
tissue regeneration without toxicity. Moreover, the fabrication process of a bioac-
tive glass and the way in which the material is applied also influence its dissolution
behavior and, consequently, its therapeutic effects. The fabrication of composite
and hybrid polymer/bioactive glass scaffolds is a method for controlling the dis-
solution of the glasses while maintaining their bioactivities and improving their
mechanical properties.

New tissue engineering approaches can be developed based on the therapeutic
effects of ions released from bioactive glasses, but much effort is still needed; this
research truly connects chemistry and medicine for the development of improved
materials. A deeper understanding of the chemical pathways and molecular
mechanisms of the interactions between the developed materials and the host tissue
will allow for tailoring of the physicochemical and mechanical properties of bio-
materials in a way that induces the desired biological response for each application.
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What Can We Learn from Atomistic
Simulations of Bioactive Glasses?

Alfonso Pedone and Maria Cristina Menziani

Abstract In the last decades, most experimental efforts have been devoted to
design bioactive glasses (please consult the Editor’s note in order to clarify the
usage of the terms bioglass, bioactive glass and biocompatible glasses) with
enhanced biological and mechanical properties by adding specific ions to known
bioactive compositions. Concurrently, computational research has been focused to
the understanding of the relationships between bioactivity and composition by
rationalization of the role of the doping ions. Thus, a deep knowledge of the
structural organization of the constituent atoms of the bioactive glasses has been
gained by the employment of ab initio and classical molecular dynamics simula-
tions techniques. This chapter reviews the recent successes in this field by pre-
senting, in a concise way, the structure—properties relationships of silicate,
phospho-silicate and phosphate glasses with potential bioactive properties.

1 Introduction

Bioactive glasses are widely employed for repair and replacement of diseased and
damaged bone tissues, as bioactive coatings for bioinert metal/alloy implants, as
toothpaste additives, and for several other biomedical applications [1, 2].

Once in contact with body fluids, a rapid sequence of chemical reactions occurs
at the surface of the bioactive glasses yielding to the formation of a hydroxycar-
bonate apatite (HCA) layer similar to bone mineral. HCA interacts with collagen
fibrils to integrate with the host bone, giving rise to a strong chemical interface [3].

Since bioactivity strongly depends on the release of ionic species in the physi-
ological environment, a prerequisite for straightforward prediction of the bioactive
response of glasses is the correct understanding, at atomic level, of the structural
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organization of the constituting components, and of their modifications occurring
over (sub)-nanometer scales, when the glass composition is altered. With this
knowledge, new glass compositions for biomaterials with more attention to the
application needs of the end users can be rationally designed reducing development
costs, and speeding up the time to market.

Understanding the structure of glass is crucial but not trivial. The combination of
advanced characterization techniques is required to collect different, complementary
information of amorphous structures [4]. The data obtained often depict apparent
contradictory structural evidences, and are of difficult interpretation.

Thus, in the last years a fervent computational research activity has been carried
out with the aim of supporting in the interpretation of the experimental results. In
particular, atomistic computer simulations have shown to provide a detailed picture
of the glass structures, and precious information on the structure—properties rela-
tionships of complex glasses [5-9]. In fact, the structural and dynamical features
that control dissolution and bioactivity cover length and time scales accessible to
molecular dynamics (MD) simulations [10—-14] Therefore, computational studies
have now remarkably advanced the understanding of bioactive glasses, as docu-
mented by the numerous reviews and perspective articles published in recent years
[9, 10, 12, 13].

This chapter reviews the recent efforts to uncover sound relationships among the
structure of crucial components and the physico-chemical properties of silicate,
phospho-silicate and phosphate glasses with potential bioactive properties.

The chapter is organized as follows: first computational details for classical and
ab initio MD simulations are given with emphasis on critical points for oxide
glasses treatment, then some important structural descriptors derived from the
computational simulations are described. Section 4 summarizes the key structural
features of silicate glasses, and the determinants of glass bioactivity are discussed.
Some important computational results that allow significant insight into the effect of
dopants such as Mg, Sr, Zn, Ga, Al Ce, ... on glass structure are then reviewed and
compared with the available experimental data. The salient features of the glass
surface are summarized in Sect. 5. Finally, the computational description of
Phosphate glasses is reported.

2 How to Obtain the Glass Structure Models: A Brief
Overview of Classical and Ab Initio Molecular
Dynamics

2.1 Classical Molecular Dynamics

The melt-and-quench approach commonly used to obtain glasses through MD
simulations mimics the experimental process. In this approach, the glass structure is
represented by a classical ensemble of particles in a box, interacting through
empirical force fields [14].
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The Newton’s equations of motion for each particle in the ensemble is solved
with an iterative process: positions and velocities are updated in small increments of
time, known as timesteps. Once equilibration is reached, the structure of the glass is
obtained as an average over a large number (thousands or hundred-thousands).
Large system sizes, on the order of ~ 10* atoms, is now accessible with a high level
of accuracy, thanks to the accurate force fields now available [15-18]. Moreover,
models of length size between 2 and 10 nm yield relevant structural properties for
the glass dissolution with high statistical accuracy.

The interatomic pair potential based on the Born model can be written as:

Uy(r) = 2= + ¢(r) (1)

where qg; and q; are the ionic charges, r is the inter-atomic distance, ¢;; is the
short-range interaction term, which accounts for of the repulsion between electron
clouds, van der Waals attraction, polarization effects and, when needed, bond terms.

For ionic or partially ionic materials the rigid ionic model which neglect the
ionic polarizability is the most commonly used. However, the atomic polarizability
can be explicitly accounted for by modelling polarizable atoms such as the oxide
ions with core-shell dipoles, i.e. two opposite charges connected by a harmonic
spring [19].

Force fields, spatial (size of the box) and temporal (cooling procedure) dimen-
sions of the MD simulation may have a considerable impact on the final atomic
arrangement obtained [11]. Hence, the reliability of the structural model obtained is
proved by the comparison with the experimental data.

2.2 Ab Initio Molecular Dynamics

In ab initio molecular dynamics (AI MD) the forces acting on the nuclei are
computed from electronic structure calculations as the molecular dynamics trajec-
tory is generated. The explicit treatment of electronic structure makes Al MD
extremely useful, in terms of accuracy and predictability, for the study of systems
difficult to parametrize, such as multi-coordination, and multi-oxidation states of
species, reactivity at surfaces or dynamical processes in melts.

However, the increased in computational costs is significant, thus only relatively
small system size (100-300 atoms) and time (10—100 ps) are affordable via ab initio
MD. Therefore, statistically sound descriptions of medium-range features in glasses
containing more than four oxides are still not obtained by these methods.
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2.3 Mixed Classical-AI MD Procedure

The computational protocol usually adopted in first-principles simulations of glasses
consists in using as a ‘starting guess’ an initial structure obtained through classical
MD with an empirical potential [6, 20, 21]. A partial relaxation of the structure is
then carried out at the ab initio level. However, restrictions due to the high com-
putational costs prevent a full relaxation at the medium-range order, which usually
remains completely determined by the quality of the empirical potential used to
construct the initial structure. Therefore, the scope of these mixed classical/ab initio
approaches is limited to the investigation of properties with local character [22-26].

3 Structural Descriptors for Bioactivity Prediction

The short and medium range structure features of the glasses can be extracted from
the tree-dimensional models obtained by MD simulations. Besides the bond length,
bond angle distributions, and coordination geometries of the constituting ions, other
important structural features at length scales beyond the first coordination shell
affect the dissolution and the bioactive behaviour of the glass. In particular, the
network connectivity, the coordination environment of network formers and net-
work modifier cations, the tendency of cation to cluster and the formation of
inhomogeneous regions [7, 8, 22, 27], as well as the occurrence of chain and ring
fragments [28], and the diffusion properties of modified cations [29]. Some of these
structural descriptors used in almost all the papers reviewed in this chapter, are
describe in the following paragraphs.

3.1 The Network Connectivity

The network connectivity (NC) of a glass is the most common structural descriptor
used to predict the bioactivity [29]. NC depends critically on composition being
defined as average number of bridging oxygen atoms per network former. In general,
highly bioactive glasses are characterized by a low network connectivity ( <2.5),
denoting a fragmented silicate matrix, mainly constituted by linear polymer chains.
In this case, the release of —O—[Si—O-],, chains needed for biodegradation requires
breaking a lower number of Si—-O bonds compared to highly ramified structure
characterized by Q® and Q* silicate units (Q designates ‘quaternary’ and n the
number of bridging oxygens (BO) connected to other network former cations.)
(Fig. 1a, c). The presence of hydroxyl groups in sol-gel glasses yields an actual NC
lower than that calculated from the nominal composition [30].

NC as calculated from the nominal molecular formula only [29] is an average
value and relies on two assumptions: (a) the glass is homogeneous in nature;
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Fig. 1 a A fragment of branched network chain in 45S5 (modifiers have been removed for clarity)
yellow ball silicon; red ball oxygen; purple ball phosphorus; b interaction of Na and Ca ions with
the silicate network, and, ¢ three dimensional representations of the different Q" species (central
atom). a Adapted with permission from Ref. [51], copyright 2011 American Chemical Society.
¢ Adapted with permission from Ref. [26], copyright 2013 Royal Society of Chemistry

(b) when a bridging oxygen has been replaced by two non-bridging oxygens, the
bond is completely broken. However, (a) in multicomponent glasses segregation of
ions in specific region gives rise to heterogeneous glasses (for example, fluorinated
4585 bioglass presents silicate-rich and silicate-poor regions [31-33], and (b) the
disrupting effect on the network can vary depending on the type of modifier cation
introduced (i.e. Na has a more disrupting effect compared to Ca, which can also
assume the intermediate role of charge compensator).

In this respect, NC computed by computer simulations as weighted average of
the Q" distributions of network former ions is more appropriate. It is defined as:

NC=an-n (2)

where x,, is the percentage of the Q" species (n = 0, 1, 2, 3, 4). It can be computed
over all the three-dimensional model of the glass and/or in specific zones when
mesoscale segregation of network occurs, and the real effect of cations with
intermediate network-former/modifier character can be taken into account, as
shown in the following paragraphs.
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3.1.1 Strength of the Glass Network

A theoretical structural descriptor that estimates the degree of connectivity of the
network and its overall strength (F,.) has been derived to take into account the
different energetics of the X—O and X-F bonds in fluorinated bioactive glasses
[8, 31]. F, is obtained by using the formula:

1 cations anions

Frer =5 > > mi-CNy-BE;-m; 3)
j

1

where N is the total number of atoms, n; is the number of atoms of the ith species;
CN;j; is the mean coordination number of ij pairs atoms (i = Si, P, Zn, Na, Ca;
j = 0%, F) whereas BE;; are the gas phase bond enthalpies. The multiplicative
factor m;; represents the maximum number of SiO,4 and POy units linked to the i-O
or i-F bonds, and tunes the contribution of each bond to the overall network
strength.

3.1.2 Strength of Modifier-Mediated Cross-Link Interactions

It is generally assumed that the variation in the ion strength depends on the number
of O-M-O inter tetrahedral connections.

Thus, an evaluation of the overall strength of modifiers which mediates
cross-link interactions in the glass can be obtained from the MD structure, by
combining the density of the inter-tetrahedral links 7), formed by each modifier
cation M with the corresponding M—O ionic bond strength [34, 35].

In particular, a linear combination of the NC, Ty; and Ry_p (see next paragraph
for definition) descriptors:

s=a-NC+fB -Ryy+v Ty (4)

has been derived and used to understand the behavior of known compositions of
yttrium-doped bioactive glasses, and extrapolate this insight to new potentially
interesting compositions [36].

3.2 Clustering of Network and Modifying Cations

Clustering effects have important consequences on ion mobility, repolymerization
of the silica network, and crystallization tendency. Therefore these are key factors
in biodegradation since they may inhibit or enhance leaching of the ions in the
surrounding environment.
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The ratio Rx_y between the number of Y ions found around the coordination
sphere of X computed from the MD model and that expected from a homogeneous
distribution of the X — Y cations is a statistical measure of the tendency of the X and Y
cations to cluster in the glass matrix. The ratio is computed such as Ry_y = 1 indicates
that the uniform distribution is respected (i.e. no clustering), while Rx_y > 1 implies
spatial clustering [37, 38] If X = Y self-aggregation is accounted for.

An important issue that involve ion clustering is the pronounced devitrification
tendency of bioglasses. The highly disrupted silicate network facilitates the rear-
rangement of the structural units to form critical size nuclei for crystallization.

Partial crystallization will not necessarily reduce the bioactivity, depending on
the crystal phases forming and the composition of the remaining glass phase [2].
A simple descriptor for predicting the crystals that could separate from glasses has
been proposed [39, 40]. Based on the assumption that the nucleating tendency
depends on the structural similarity between the glass and its isochemical crystals,
the algorithm analyzes the stoichiometry of different spherical regions in the bulk
glass and compares it with the stoichiometry ratio of compositionally equivalent
crystalline phases stored in a database.

4 SiO,-Based Bioactive Glass Systems

Silicate-based glasses exhibit bioactivity only over a relatively narrow range of
compositions.

The 45S5 Bioglass (46.1 % SiO,, 24.4 % Na,0, 26.9 % CaO, 2.6 % P,0s, in
mol%), was the first material able to form an interfacial bond with host tissue, when
implanted in rats [41]. Kokubo and co-workers [42] demonstrated that also P,Os-
free Na,0—CaO-SiO, glasses are bioactive with the rate of formation of the bio-
logically active apatite layer similar to that of 4555 Bioglass.

However, numerous recent investigations conducted both in vitro and in vivo
reveal that the presence of P enhance the bioactivity [1]. The rate at which Ca, P, Si
ions enter the fluid surrounding the glass [43], which is crucial for triggering the
osteoblast activity, strongly depends on the amount of phosphate units into the
glass. Moreover, the ion release also controls the local pH and the presence of P
avoids excessive acidity that inhibits bone bonding [44].

4.1 Structure of Bioglass 4585

The atomic structure of silica glasses is determined by the silica tetrahedra con-
nected by —Si—O-Si- bridging oxygen bonds (Fig. 1a). Silicon is therefore the glass
network-forming atom. Network-modifying cations (e.g. alkali and alkaline-earth
metal oxides) can disrupt the network by forming non-bridging oxygen
(NBO) bonds such as Si-O~ Na* (Fig. 1b).
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The medium-range order around the network-forming cation is expressed as Q"
species distribution where Q designates ‘quaternary’ and n the number of BO oxygens
connected to other network former cations ranges from 0 to 4 (Fig. 1c). Q" therefore
provides a direct link to the polymerization degree of the structure. Thus, Q* describes
a three-dimensional network, Q3—two-dimensional sheets, Qz—chains and rings, Q1
and Q" correspond to isolated dimers and tetrahedra, respectively.

The results of a pioneering MD-GIPAW [26] study on 45S5 bioactive glass
clearly showed and confirmed that the host silica network is described by a tri-
nomial Q" distribution consisting of chains and rings of Q? Si (67.2 %) SiO4
tetrahedra cross-linked with Q° Si (22.3 %) species and terminated by a low
quantity of Q' Si (10.1 %) species [25].

The structural role of phosphorus in bioglass has been debated for long and only
recently been clarified. The controversy regarded its presence as orthophosphate
units (Q°), with charge balanced by sodium and/or calcium, (*'P and 7O NMR) or
in mixed silicate/phosphate network containing Si—O-P bonds, and originated both
by the results of NMR experiments [45—47] and theoretical studies [12, 25, 27, 48,
49]. It is now recognized that while the majority of phosphorus atoms are present as
isolated orthophosphate tetrahedra, small amounts of Si—O-P bonds (~8 %) are
also present at high P,O5 content [50].

These orthophosphate groups are surrounded by modifier cations for
charge-balancing purposes, and it has recently be shown that the P atoms in
short-range scale phosphosilicate glasses are randomly distributed in the glass. In
particular, across a short-range scale inferior of 450 pm. The dispersion of the
phosphate-ions is independent on the degree of polymerization of silicate network and
nearly independent of the P content of the glass in the range of 1-6 mol% P,0s5 [52].

While early MD simulation experiments [53, 54] have reported different Ca and
Na distributions in series of glasses with increased P,Os content, a random distri-
bution between the silicate rich regions and the phosphate rich regions of the glass
structure seems to be preferred in the bioglass 45S5 [2, 23, 48, 54].

A recent study carried out with a mixed computational (MD) and experimental
(NMR) approach [55] has investigated the intermixing of network modifying Na*/
Ca®* ions around the silicate and phosphate tetrahedra in a wide series of soda lime
phosphosilicate glasses, whose P content and silicate network connectivity were
varied independently. The extent of Na*/Ca** ordering around a given Q" of Si or P
computed by MD simulations indicates that Na and Ca ions intermixed nearly
randomly. The overall weak preferences are essentially independent of the Si and P
contents of the glass, but depend of the total amount of network modifiers. The
most negatively charged P Q°, and Si Q', and Q? groups present in 45S5 bioactive
silicate glass, show the strongest preferences for the divalent Ca** cations, but this
preference becomes less pronounced by increasing the total amount of network
modifiers, whereas the preference of the lower-charged P Q' and Si Q? species for
Na™ cations increases.

Very recently, the structural features of a series of 4555 bioactive silicate glass
derivatives spanning a wide range of Na, Ca, Si, and P compositions has been
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reported [56]. The results from MD and NMR studies shown that it is possible to
obtain both a rapid degradation of the glass network and fast dissolution of bio-
logically active ions by a fine tuning of network connectivity and of the amounts of
readily released orthophosphate ions. On this process, the propensity of P to be
arranged in orthophosphate groups detached from the glass network is the key
factor.

4.2 The Structure—Property Relationships of Substituted
Bioactive Glasses

Over the last decade, research activity has been focused on adding modifier ions in
bioactive glasses to increase their potential therapeutic benefit. A certain degree of
flexibility in glass composition allows for addition of several elements in different
concentrations [57], thus improving their physical-chemical properties for specific
applications. For example, the strength, toughness, and elastic properties, which are
a major bottleneck for the resistance of an implant against mechanic loads; high
solubility may be the major disadvantage of bioglasses when used for long-term
implants, since most of the released ions may be transported away from the region
near the implant from the biological fluid prior to the formation of new bone.

However, the same property, high solubility, can be exploit to release specific
ions with therapeutic action in the human body exactly at the site where they are
needed, with minimized side effects. Furthermore, by controlling the rate of
bioactive glasses dissolution through variation of the glass network connectivity
and the type of modifier or intermediate ion, long term sustained therapeutic effects
can be obtained [2].

In the following, we review the contribution of molecular simulations studies to
the understanding of the composition—structure—property relationships obtained by
several additive ions, such as magnesium (Mg), strontium (Sr), zinc (Zn), aluminum
(Al), gallium (Ga), cerium (Ce) and fluoride (F).

4.2.1 Magnesium-Bioactive Glasses

The replacement of CaO for MgO in glasses derived from the parent 45S5 Bioglass
(46.2510,-24.3Na0:(26.9 — x)Ca0-2.6P,05-xMgO where x =0, 5, 10, 15, 20,
and 26.9 mol%) produces significant changes on the structure, chemical durability,
and elastic properties as detected by means of molecular dynamics simulations [35].

The results show that the Mg ions are mainly fivefold coordinated; however,
non-negligible amount of 4- and a small amount of sixfold coordinated species are
also observed as a function of the MgO content.
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The total number of NBOs in the glass is unchanged with respect to the 45S5
Bioglass, therefore the overall network connectivity (NC) with an open structure
dominated by Si Q? species is also similar. Differences are instead observed in the
small number of shared edges between MgOs and SiO,4 polyhedra with respect to
the CaO¢—Si0, ones. In fact, the higher field strength of Mg allows the coordination
from NBOs belonging to different tetrahedra only. Thus, the larger rings formed
improving the solubility and the melt viscosities of Mg-containing silicate glasses.

Segregation of modifying cations is observed: Na and Ca are found in the
phosphate rich regions, whereas Na, Ca, and Mg ions are homogeneously dis-
tributed in the silicate matrix. Ca and Mg manifest a clear preference for low-n Q
silicate sites whereas the Na ions are preferably found around high-n sites.
Therefore, an increasing of the Na leaching is expected because weaker interactions
of sodium ions with bridging oxygens of high-n Si Q" sites facilitate Na diffusion as
reported for soda-lime glasses [58].

On these basis, the authors suggest that MgO content below 10 mol% would
improve the mechanical properties of bioglass 45S5, preserving good bioactivity.

The insertion of higher field strength Mg ions in alkali-free bioactive glasses also
results in a decreasing in network connectivity. In this case, the expected increase in
bioactivity was indeed confirmed by in vitro bio-mineralization activity [59].

4.2.2 Strontium-Bioative Glasses

The effect of the SrO/CaO substitution on the glass structure and diffusion of a
series of bioactive glasses was studied by Du and Xiang [51, 60] using MD sim-
ulations. Although in biomedical applications the SrO concentration is usually
below 5 mol%, a wide range of Sr concentrations was used to understand the
strontium substitution effect: 46.1S510,-24.4Na,0-(26.9—x)Ca0-2.6P,05-xSrO with
x =0, 1,5, 10, 15, 20 and 26.9 mol%. It was shown that the substitution does not
considerably change the medium range structure although a linear increase of glass
density and decrease of molar volume as a function of Sr addition was found. Ca
and Sr ions were preferentially distributed around phosphorus ions. Therefore, the
authors concluded that the enhanced dissolution rate in Sr containing glasses is
mainly due to the increase of free volume and the non-local effect that weakens the
silicon-oxygen network of these systems.

Ionic diffusion MD studies on three bioactive glass compositions (from 46 to
65 mol% SiO, and 5 mol% SrO/CaO) [60] showed higher diffusion coefficient and
lower diffusion energy barrier for sodium with respect to calcium and strontium (see
Fig. 2); the diffusion coefficient of modifier cations decreases significantly with the
increasing of silica content. This phenomenon explains the observed decreased
solubility and bioactivity in SrO/CaO substituted bioactive glasses.
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Fig. 2 Diffusion pathways of three atoms: Na, Ca and Sr. Trajectories from MD simulations for
45S55-5Sr glass at 2000 K in the duration of 20 pico-seconds. Pink ball Sr; blue ball Ca; green ball
Na; small yellow ball Si; small purple ball P; small red ball O. Figure is reprinted with permission
from Ref. [60], copyright 2012 Elsevier

4.2.3 Zinc-Bioactive Glasses

Several MD studies devoted to the optimization of the Zn content on glasses based
on the Bioglass 45S5 have been carried out in order to obtain glasses with preserved
bioactivity and an optimal zinc oxide releasing rate [40, 49, 61-63]. These represent
the first example of a complete cycle in rational glass design reported in the lit-
erature obtained by means of the Quantitative Structure—Property Relationships
(QSPR) approach [8].

Two series of glasses, prepared by enriching the parent 45S5 bioglass with
different percentages of P and/or Zn were analyzed.

(2-y)SiO,-1Na,0-1.1Ca0-yP,05-xZn0, (x = 0, 0.13, 0.62, 0.78; y = 0.10, 0.20,
0,36 mol%). The salient feature that emerged is that Zn is always fourfold coor-
dinated and copolymerized with the Si; producing a reinforced network with respect
to the parent glass. Moreover, Zn favors the insertion of phosphorous into the
network, progressively incorporating it into the network as zinc concentration
increases. A highly ramified Si—Zn—P network is thus formed (see Fig. 3) with a
uniformly distribution of Na ions and segregation zones for the Ca ions in close
proximity to Si and P.

These emerging picture explains the slow rate of Zn dissolution into the con-
tacting media and the decrease in the overall reaction rate of the Zn containing
glasses. In fact, the rapid exchange of Na* with H;0" ions present in the solution
(first step of glass degradation), is hindered by the progressive reduction of suitable
percolation channels for Na ions diffusion as a function of Zn addition. In addition,
the Na ions mobility is also reduced by the strong electrostatic attraction of the



130 A. Pedone and M.C. Menziani

Fig. 3 Snapshot of the simulated 45S5 (left) and HP5Z5 (right) glasses showing the zone rich in
isolated P tetrahedra characteristic of the 45S5 bioglass and the —Si—Zn—P—Zn- stings formed in
HP5Z5. Si is represented in yellow, Zn in violet, P in green, O in red, Na in pink, and Ca in blue.
Figure is reprinted with permission from Ref. [49], copyright 2005 American Chemical Society

(ZnOy4)*~ tetrahedra. Therefore, high concentrations of Zn seem to be responsible
for the drastic reduction in the overall leaching activity of the glass and of its
inability to form HA. To compensate these effects higher percentages of P,O5 with
respect to the parent 45S5 bioglass can be added.

HZ5 (x = 0.16, y = 0.0) and HP5Z5 (x = 0.16, y = 0.20) were chosen for fur-
ther experimental studies on the basis of the results of the QSPR study. Chemical
durability tests in water and in vitro observations in a cellular medium [64, 65]
confirmed that the HP5Z5, but also the HP5Z10 (x = 0.32, y = 0.20) glasses
manifest the pre-requisite for bioactivity, since they are able to form a HA layer on
their surface after soaking in SBF solution. Moreover, the HZS and HP5Z5 glasses
(not HP5Z10) were selected from cell culture tests with MC-3T3 osteoblast cells
and related cytotoxicity tests as optimal compositions for cell adhesion and cell
growth. Finally, in vivo experiments performed on HZ5 [66] showed glass
degradation processes and rates comparable to 45S5.

Alkali-Free Zinc Bioactive Glasses

Insights on the structure of alkali-free bioactive glasses co-doped with strontium,
magnesium and zinc have been gained by combining molecular dynamics simu-
lations with solid-state nuclear magnetic resonance spectroscopy [67-69].

The results showed that the silicate network connectivity of Zn**/Mg** and
Ca”"'Sr** substituted glasses remains typical of highly bioactive compositions. This
phenomenon is due to a similarity in coordination propensity of Zn/Mg and Ca/Sr:
both Zn and Mg show a preference to be coordinated to ~5 NBOs form SiO4
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tetrahedra, whereas Ca and Sr are always coordinated to ~6 NBOs form SiO4
tetrahedra. Although an increase in the Zn**/Mg?* and Ca**/Sr** ratios does not
affect the network connectivity, the chemical degradation of the resulting glasses
decreases, but no negative effect on the apatite-forming ability is observed.

The authors justified the lack of a straightforward correlation between the net-
work connectivity and the dissolution behaviour by invoking a strategic role of the
specific chemistry of ionic species in the glass, including valence and ionic radii.

4.2.4 Fluoride-Bioactive Glasses

Fluoride doped 45S5 bioactive glasses are used as dental biomaterials with
enhanced biocompatibility, acidic resistance of enamel, and inhibition of alveolar
cavities. Moreover, in these glasses flourapatite (FAp) production is preferred over
the HCA, since FAp is chemically more stable and less dissolvable at low pH
condition [70].

The release of ionic species (fluoride in particular) in the physiological envi-
ronment is critical for the suitability of these glasses for biomedical applications,
therefore a very accurate picture of the structural organization around fluorine is
needed. The results obtained by several studies focused on the effect of fluorine
addition to bioactive and other silicate glasses, are often contradictory. In particular,
two questions have been deeply debated: what is the affinity of fluorine to silicon,
and in the presence of more than one modifier species, how does fluorine prefer to
bond to them?

Computational simulations carried out both by ab initio and classical MD
[31-33] and mixed computational simulations and NMR measurements [48] agree
in depicting the same scenario of F almost exclusively coordinated to modifier
cations (Ca and Na) with no clear preference for either ion, and with coordination
number close to 4. Figure 4 reports the most common coordination environments
found in Car-Parrinello MD simulation [48]. No appreciable amount of Si—F bonds
is detected, with only very few (<2 %) of such bonds observed in the glasses with
the highest fluorine content. The most important characteristic of these systems is
the marked affinity of fluoride to sodium and calcium which leads to the absence of
Si—F bonds.

The segregation of ions into two separate regions (alkali-fluoride-rich and
phospho-silicate-rich) leads to a network more polymerized with respect to the
F-free bioglass, with important consequences on the dissolution of F anions from
the glass (Fig. 5).

Since ion clustering in low-silica regions is associated with higher durability and
lower bioactivity of glasses [71] this phenomenon can prevent or reduce the for-
mation of the silica gel layer in fluorinated bioglass with significant differences in
surface reactivity with respect to F-free 45S5 bioactive silicate glass [31, 72].
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Fig. 4 The most common fluorine environments found in fluorinated 45S5 bioglass. F, Na and Ca
atoms are represented as cyan, violet and green spheres, respectively. Si and O atoms are
represented as yellow and red sticks, respectively. Figure is adapted with permission from Ref.
[48], copyright 2012 Royal Society of Chemistry

Fig. 5 Snapshot of glass
structure HCaCaF, 15 %. In
the white circle, is seen the
microsegregation zone of Ca,
Na and fluorine ions. Green,
blue, violet, cyan, yellow and
red spheres represent F, Na,
Ca, P, Si and O ions,
respectively. Figure is
reprinted with permission
from Ref. [33], copyright
2008 American Chemical
Society
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4.2.5 Gallium/Alluminum Co-Doped Bioactive Glasses

Gallium is used for the cure of hypercalcemia associated with bone tumour
metastasis. Moreover, Ga>* can be introduced in biodegradable materials to prevent
bacterial colonization after surgery, avoiding the systematic administration of
antibiotics [1].

The structural features of bioactive glasses co-doped with Gallium and
Aluminum have been investigate by MD and compared with those of the original
4585 Bioglass [38]. The three-dimensional model obtained for these glasses sup-
ports the interpretation of the experimental data and provides new insights into the
different biological behaviours of Ga- and Al-containing phosphosilicate glasses.
The fourfold coordination is predominant for Ga whatever interatomic potential
model is employed, but small amounts of fivefold and sixfold coordinated atoms
have also been detected.

Therefore, the intermediate role of Ga in phosphosilicate glasses is supported,
the network of Ga-containing glasses is less polymerized and more degradable than
the corresponding ones doped with Al which, on the contrary, plays a network
former role.

Small quantities of Ga or Al ions do not change drastically the medium range
order characteristic of the 45S5 Bioglass. However, the clustering of Ca ions around
phosphorus is more pronounced in Ga-doped to the Al-doped glasses. The formation
of insoluble calcium phosphate domains (see Fig. 6) leads to more durable glasses
and together with the enhanced clustering of Ca ions observed for Ga and Al-doped
bioactive glasses seems to emerge as a marker of non-bioactive behaviour.

In other words, the formation of inhomogeneous regions due to self-aggregation
of the Al ions (phenomenon not observed for Ga ions) seems to inhibit the
bioactivity; the authors furnished as a possible explanation a reduced mobility of
phosphate groups associated with calcium ions in these segregation domains; as a
consequence, the kinetics of dissolution is slower than that of the bioactive com-
positions in which isolated phosphates are embedded in a uniform environment.

Fig. 6 Example of calcium
phosphate domain found in
the Al-containing 45S5
bioglass. Phosphorous and i
oxygen atoms are represented F
in green tetrahedral and red
balls, while calcium ions in
blue spheres. Figure is
reprinted with permission
from Ref. [38], copyright
2013 American Chemical
Society
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4.2.6 Cerium-Bioactive Glasses

Recently, it has been reported that Ce-containing bioactive glasses are able to
inhibit oxidative stress in terms of reduction of hydrogen peroxide by mimicking
the catalase enzyme activity [73], and the relationship between structure and
antioxidant and bioactivity properties has been investigated by means of MD
simulations [73—75]. In fact, it is known that increasing of CeO, content in the glass
compositions enhances antioxidant ability at the expenses of bioactivity, since
CeO, delays the formation of the hydroxyapatite layer [76].

The results of computational simulations suggest that this behavior can be
related to the medium-range order of the glass matrix. The preference of Ce ions to
allocate close to phosphate domains could trigger several phenomena responsible of
the retard in the release of phosphate ions from the glass network: (a) entrap the
phosphate ions in the glass network reducing the ion release, (b) involve the
phosphate ions in the formation of a stable, insoluble CePO, crystalline phase
observed by XRD analysis after thermal treatment of the glass samples, [76] and
(c) push the Ca ions in the silicate domains thus preventing the formation of
calcium phosphate domains that can act as crystallization nuclei able to speed up
the crystallization of Caz(PO,), on the glass surface.

Therefore, a good compromise between a high bioactivity level and an efficient
catalase mimetic activity requires a proper adjustment of cerium oxide content in
the glasses which results in 3.6 and 5.3 mol% of CeO, added to 45S5 bioglass.

5 Bioglass Nanoparticles and Surface Reactivity

5.1 Glass Surface

The open silicate network of bioactive glasses allows water molecules to penetrate
the glass network much more easily than in more polymerized glasses.

Ab initio or reactive force-field based studies are needed to describe the degra-
dation behavior of a bioactive glass because of the formation of new bonds, defects
and surface reconstruction that follows exposure of a glass surface. The size and time
limits of these techniques due to computational costs prompted the researchers to
verify carefully if the conclusions based on the bulk structure can be used to explain
the phenomena that in practice take place predominantly on the surface.

The main findings regard the presence at the surface of relatively stable
2-member rings, which are absent in the bulk of bioactive glasses, whose ring
distribution is dominated by 4- and 5-membered sites [71, 77]. Small rings form by
linking two neighboring undercoordinated Si atoms with Si—O dangling bonds, and
represents one of the mechanisms by which unstable units are healed. Indeed, small
rings on the 45S5 surface have been suggested as stable surface sites which are able
to guide the nucleation of calcium phosphate on the surface [78, 79].
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The high stability of these rings on the surface of the 45S5 Bioglass was con-
firmed by AIMD simulations [§0-82]. These simulations showed that some of these
strained surface sites resist hydrolysis long enough to nucleate calcium phosphate
precursors, which will then protect them from further reactions [71]. The simula-
tions also suggested that the higher stability of small rings on the bioactive than the
pure silica surface is also due to the presence of more favorable absorption sites for
water like modifier cations (Na and Ca) and non-bridging oxygens [9].

5.2 Bioglass Nanparticles

Nanosized bioactive glass particles represent an attractive alternative to glass
micro-sized particles for hard tissue regeneration. Their small size and large surface
area lead to higher bioactivity, rapid remineralization, enhanced interaction with
fibrinogen and cell proliferation, improved mechanical properties and dentin rem-
ineralisation rate.

Classical MD simulations have shown to be useful to investigate the causes of
the enhanced activity of nanosized samples of bioglasses [75, 83]. The number of
atoms contained, for instance, in an isolated 45S5 bioglass nanoparticle of 5-15 nm
is of the order of 10*-10° , a manageable size for classical MD simulations.

A comparison of the surface structure of a dry 45S5 nanoparticle to that of a bulk
sample exposing a flat surface has been reported recently [83].

The results show a key feature of bioactive glasses most beneficial for their
bioactive behaviour such as high fragmentation of the silicate network is further
enhanced on the surface of a 45S5 nanoparticle, compared to the bulk glass and to
the virtually flat surface of a corresponding larger glass substrate. Moreover, the
mobility of modifier cations and the density of small silicate rings—key features to
support rapid dissolution and bone bonding processes at the surface—are also
enhanced at the nanoparticle surface compared to samples of larger size.

Recently, classical MD simulations have been also used to investigate the dif-
ferent antioxidant properties of Ce-containing bioactive glass nanoparticles with
composition based on the Kokubo’s and 45S5 glasses [75]. This investigation
revealed that the different catalase mimetic activity of the two glass nanoparticles is
related to the different Ce**/Ce** ratio exposed at the glass surface. In particular,
nanoparticles with a similar amount of cerium cations at the surface possess better
antioxidant properties.

6 P,0,-Based Bioglass Systems

Ternary phosphate glasses in the CaO-Na,O—P,0O5 system represent another class
of biodegradable glasses with a specific bioactivity controllable by varying the
composition [84]. In fact, their degradation rates in aqueous solutions can vary from
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hours to several weeks. Furthermore, specific biological functions and enhanced
biocompatibility can be induced by including specific dopants during the synthesis
[85-87].

As a result, phosphate glasses find a lot of applications in biomedicine [84], such
as in neural repair, tissue engineering [88] and bone fracture fixation [89] or as
delivery systems for drugs, nutrients or antimicrobial agents [90].

Compared to phospho-silicate bioactive glasses, there have been only few
molecular dynamics simulations of phosphate based glasses in the CaO-Na,O—
P,0s5 system. One of the first investigation was reported by Tang et al. [91] who
employed AIMD simulations to generate structural models of phosphate bioactive
glasses with compositions (CaO),(Na;O)55-x (P20s)945 where x = 0.30, 0.35,
and 0.40.

The structure of these glasses was dominated by Q* and Q' species, whereas the
number of Q? units, constituting the 3D phosphate network, significantly decreased
with the calcium oxide content. The calculations revealed that the phosphate
tetrahedral becomes more rigid with the concentration of calcium, which tend to be
a stronger coordinator than sodium. Both modifiers were found to assume a
pseudo-octahedral environment with a coordination number of 6.6 and 6.9,
respectively, independently on the composition.

These structural models were then used to validate a new shell model classical
force-field by Ainsworth et al. [92] that was later exploited to study the factors
affecting the increased durability observed when CaO substitutes Na,O in larger
models by the same authors [93]. They observed that Q" distribution and network
connectivity of the investigated glasses did not change with the composition. The
enhanced durability of these glasses when Ca substitutes Na were interpreted by the
tendency of calcium atoms to cross-link more phosphate chain and orthophosphate
fragments with respect to sodium atoms. Figure 7 shows the binding of a sodium
ion with three phosphate chains observed in their simulations.

Further, they showed that this increased cross-linking is a consequence of cal-
cium’s higher field strength than sodium that make it more prone to bind NBOs
atoms than Na (6.2 vs 5.4). Because of these differences among the two modifier
ions when the Ca content increases at the expense of the Na one the structure get
more compact and the strengthening of the glass leads to the lower dissolution rates
observed experimentally.

6.1 Fluoride-Bioactive Glasses

After having disclosed at the molecular level the relationships between the calcium
and sodium content and the solubility of such glasses the same authors focused their
attention on the investigation of the structural changes caused by the addition of
fluorine [94] and silver ions [95, 96]. Fluorinated phosphate glasses are interesting
systems because they combine the bioactivity of phosphate glasses with the
anti-cariogenic properties of fluoride.
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Fig. 7 The picture shows a
Na atom (blue sphere) bound
to three phosphate fragments.
Each picture shows a different
phosphate chain bounded to
the Na central ion. Figure is
reprinted with permission
from Ref. [93], copyright
2013 American Chemical
Society
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The incorporation of fluorine in phospho-silicate glasses has deleterious effects
on the bioactivity because the silica rich layer formed at the glass surface that
trigger the precipitation of calcium phosphate is less homogeneous on F-containing
phosphosilicate glasses than on F-free phosphosilicate glasses, and in certain
conditions is very thin or even absent [72]. This inhomogeneity was associated to
the negligible amount of Si-F bonds in such glasses and to the separation of
phosphosilicate-rich and Na/Ca/F-rich regions on medium range scales [31, 33].
Christie et al. [94] showed that in phosphate glasses there is a substantial amount of
P-F bonds with respect to the amount of Si-F bonds in phosphosilicate glasses.
Moreover, since the F-P coordination numbers is similar to the F-Na and F-Ca
coordination numbers the mesoscale segregation observed in fluorinated phos-
phosilicate bioactive glasses is much less important in phosphate glasses. Since
clustering of modifier atoms is associated with more durable and less bioactive
glasses [37], fluorinated phosphate glasses should be more bioactive than the
phosphosilicate counterparts. Christie et al. showed that when fluorine bonds to
phosphorous the tetrahedral structure of the latter is preserved since F replaces one
of the oxygen atoms in a P-O bond. Moreover, since bridging oxygens are replaced
by non-bridging F ions with fluoride addition a slight decrease in the network
connectivity with F content was also observed.

Finally, based on their AIMD simulations, they concluded that fluorinated
phosphate glasses are a better alternative to Fluorinated phosphosilicate glasses
since the incorporation of fluorine does not cause structural changes that would
affect their bioactivity.

6.2 Silver-Bioactive Glasses

Another ion incorporated in phosphate-based bioactive glasses is silver that is
known to have biocidal effects and thus can be incorporated to prevent or cure
infections that can occur at the prosthesis interface once implanted in the body [97].
Ag-doped phosphate glasses has a wide range of bactericidal activity against a lot of
bacteria [98] thanks to the involvement of the Ag* ions on the respiratory chain
processes of bacteria and since it reduces the integrity of bacterial membranes [99].

Experimentally, it was observed that the enhancement of Ag concentration in
glasses of composition (P,05)g5(Ca0)g30(Nax0)p20-x(Ag)x (x = 0.00-0.05)
reduces the glass dissolution, silver ion release and the bactericidal activity [100].
Therefore, this activity leans on a continuous provision of silver in solution, which
in turn depends on the bulk and surface structure as well as ionic diffusion and
kinetic of dissolution.

A first attempt to understanding the dissolution phenomena in silver-doped
phosphate glasses, from first-principles and classical MD simulations, was done by
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Ainsworth et al. [95] They investigated the short- and medium-range structure of
phosphate glasses with varying amount of Na and Ca ions and from 0 to 20 mol%
of Ag,0, and tried to correlate the structural changes caused by the incorporation of
silver into the glass.

They found that Ag ions have negligible effect on short range order of phos-
phorous. In these glasses Ag plays a network modifier role and was found to assume
a distorted octahedral and trigonal bipyramidal geometry with about 5.5 oxygens and
bond lengths of 2.5 A. A disproportionation reaction (2Q2 - Q1 + Q3) was
observed when silver ions replaced CaO, but not on silver-doping via Na,O sub-
stitution. Since the network connectivity and the number of phosphate chains
bounded to silver and sodium was roughly the same [96], they associated the
increased durability of glasses in which silver replaces sodium to the differences
between the local bonding of the two ions.

7 Final Remarks

In the last decade, both classical and ab initio MD simulations have been suc-
cessfully employed to shed light on the structure and properties of silicate, phos-
phosilicate and phosphate glasses. In this brief overview, we have showed how
such techniques have been applied to investigate the structure-bioactivity rela-
tionships and to rationalize the effect of the inclusion of several doping ions on the
structure and properties of bioactive glasses.

Albeit a lot of progresses have been achieved in the last years to better under-
stand key steps related to the dissolution processes and to design new active
compositions with specific properties some improvements in the computational
procedures have to be reached. Some challenges remain especially for the pro-
duction of reliable surface structures of bioactive glasses with different composi-
tions and these must be coupled with a proper investigation of the surface-water
interactions as a function of simulation time. The investigation of the affinity
between bioactive nanoparticles and blood plasma proteins will be of primary
importance to have information on the fate of glass nanoparticles with specific
medical properties once injected in the blood stream. However, because of the
prohibitive space and time scales that must be spanned the possibility of using
coarse grain MD simulations must be exploited. Moreover, since in the dentistry
field glass ceramics are mixed with polymeric materials to produce hybrid matrices
known as glass ionomer cements future promising directions will be to simulate
such systems and their mechanical properties.

Despite these challenges, MD simulations is (and will be) certainly a powerful
tool for scientists engaged in the research of new bioactive glass compositions.
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Abstract Bioactive glasses or bioglasses in short (please consult the Editor’s note
in order to clarify the usage of the terms bioglass, bioactive glass and biocompatible
glasses) have attracted much attention in application for bone regeneration since
1970s. With the development of the preparation strategies from conventional
quenching to modified sol-gel methods, bioglasses of different structures and varied
compositions have been reported as their physicochemical and biological properties
being well-studied. Mesoporous bioglasses, which possessed unique mesopore
channels for drug delivery, has become a hotspot in the last decade. In this chapter,
the fabrication of bioglasses including porous scaffolds, coatings, fibers and parti-
cles especially the development of its nanoscale form, and several bioglasses
involved composite materials are discussed. Recent studies on therapeutic ion
substitution (e.g. Sr, Co) of bioglasses and their biological properties both in vivo
and in vitro are mentioned. The potential application of bioglasses in different forms
for the hard tissue engineering (e.g. dental implantation, bone regeneration), and
some recent reports on soft tissue engineering (e.g. would healing) are also referred
to. As one of the most promising candidate for bone/soft tissue regeneration
application, both the great chances and challenges, and the potential direction of
bioglasses for its development are summarized.
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1 Introduction

1.1 Origin of Conventional Bioactive Glasses (BG)

Invented by Professor Larry Hench at the University of Florida in 1969, bioglasses
(later termed 45S5 Bioglass®) were the first man-made biomaterials that can bond
closely with the host bone tissue. The “grandfather” composition (46.1 mol% SiO,,
24.4 mol%, Na,0, 26.9% mol% CaO and 2.6 mol% P,0s) of Bioglass® made it
possible to form a strong bond with bone which could not be removed unless
breaking the bone [1, 2]. This launched the field of bioactive ceramics, including
variation of 45S5 Bioglass, glass-ceramics, hydroxyapatite, calcium phosphates and
so on. It has also been the milestone of the third-generation of biomedical materials,
or the bioactive material, which was defined as to stimulate a beneficial response
from the body, particularly bonding to host tissue [3]. In the past 45 years, bio-
glasses, taking 45S5 as a golden standard, with its generally excellent bioactivity,
osteoconductivity, osteostimulation and potential to enhance angiogenesis, have
been widely studied by researchers and applied as bone filling materials and
bioactive coatings for dentistry, orthopedics and small bone implants in hard/soft
tissue regeneration application [4, 5].

The mechanism behind new bone formation on bioglasses is attributed to a
hydroxycarbonate apatite (HCA) layer on the surface, which is associated with the
release of Na and Ca ions [6, 7]. The HCA is similar to bone mineral and could
interact with collagen fibrils to integrate with the host bone. Further studies have
revealed that the dissolution products, including Ca and Si ions from 45S5 could
stimulate osteoblast proliferation and differentiation [8].

Apart from the silicate based bioglasses borate based bioglasses were developed
in 1990 by replacing partial silica with boron to gain more desirable bioactivity [9].
The glasses possess lower chemical durability and could convert more rapidly and
thoroughly to apatite. The sintering behavior is more controlled than 45S5
Bioglass®. As a trace element required for bone health, the biosafety of boron is
concentration dependent and the excessive amount could be toxicity [10, 11].
Potential application of borate glasses and the composites have recently been
reported in some literatures [12, 13]. Another bioglass is phosphate based glasses
that proposed in 1980 [14]. With P,Os being the network former oxide, the
asymmetric structure of P-O-P bonds hydrated easily and lead to the good
biodegradability. It has been studied as controlled release vehicles of antibacterial
ions including zinc, gallium, silver and copper in recent years [4]. In this chapter,
we mainly focused on the most widely investigated silicate based bioglasses, from
the conventional 45S5 Bioglass® prepared by melting quenching approach to the
developed ones synthesized by the chemistry-based sol-gel methods.

45S5 Bioglass® was first synthesized by mixing all the powder containing sil-
icon, calcium, sodium salts/oxides and phosphate and melting them at high tem-
perature (1300-1500 °C). It is essential for the temperature to be at the sintering
window (the temperature difference between T, and T. onsed [9, 15, 16]. Being
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effected by the particle sizes, structure of silica network and the whole composition,
the sintering window is too small to avoid crystallization, which could have neg-
ative impact on the bioactivity of bioglasses. Bioglasses cannot induce the HCA
layer formation if the content of SiO, exceeds 60 % since the network is too stable
to release Na or Ca, leading to insufficient OH groups on the glass surface. Besides,
another disadvantage is the lack of microporous structure and low specific surface
area of melt glasses, let alone the high energy consuming during the sintering
process [17, 18]. Later after that, a new approach named sol-gel method was
applied in bioglasses preparation, through which larger surface area, porosity,
higher SiO, content and varied compositions could be attained. Details will be
discussed in Sect. 1.2.

1.2 Development of Mesoporous Bioactive Glasses (MBG)

In 1990s, the discovery of ordered mesoporous silica sieves known as MCM41 by
Mobil Oil Company launched the field of unique mesoporous materials [19]. The
material possesses higher surface area, tunable pore volume and size, possibility of
surface modification and has been widely studied the field of catalysis,
adsorption/separation, electronics and biomedical applications [20, 21]. Years after
that, studies on mesoporous materials were expended into the bone regeneration
since the investigation of in vitro apatite formation found that HCA layers could be
deposited on the surfaces of several types of mesoporous materials (e.g.
phosphorous-doped MCM-41, SBA-15) [22]. Interestingly, the mesoporous silica
materials present a similar chemical surface to bioglasses, which may led to its
application as bone regenerators. However, scientists have noticed that the com-
pared with pure silica content, bioglasses with a combined composition of SiO,—
Ca0O-P,05 showed more active apatite formation ability [23, 24]. It is of great
interests to introduce mesoporous structure to bioactive glasses to improve the
bioactivity.

Meanwhile, problems such as bacterial infection in bone reconstruction process
have caused great pain of patients. Conventional treatments including systemic
antibiotic administration, surgical debridement and wound drainage are not always
efficient, which may lead to extra surgeries. One of the best solution is to introduce a
proper local drug release system into the implant site [25, 26]. Under this circum-
stance, the in situ introduction of mesoporous structure, which could endow the
bioactive glasses with drug/growth factor loading capacity stood out as a wise
candidate. Apart from the antibacterial drugs, growth factors enhancing the osteo-
genesis and angiogenesis could also be delivered [27, 28]. In the year 2004,
mesoporous bioactive glass (MBG) was first synthesized by Yan et al. using non-
ionic block copolymers as template via the evaporation-induced self-assembly
process [29]. The prepared MBG possessed highly ordered mesoporous channels
and large specific surface area, pore volume and pore size (351 m® g ',
0.49 cm® ¢! and 4.6 nm by BET, respectively), showing a significant improvement
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compared to BG with some composition. The mineralization property of MBG
tested in simulated body fluid (SBF) was also greatly enhanced. After that, different
types of MBG such as particles, fibers and scaffolds were synthesized.

2 Preparation and Properties of Different Forms
of Bioactive Glasses

2.1 Synthesis of Bioglasses: From Melt Quenching
to Sol-Gel Methods

Conventional route to prepare bioglasses is the well-known melt quenching
method, which was similar to the preparation of glasses. Typically, stoichiometric
amounts of different constituent oxides or carbonates of high purity are mixed by
ball mill and the obtained powders are sintered at high temperature (1300-1500 °C)
[30] depending on the varied compositions (Fig. 1). However, it is worth noting
that bioglasses containing less than 10 % alkali oxide are difficult to melt due to the
high viscosities, while their silica contents exceeding 60 % could fail the formation
of HCA layers, thus the effective bond to host bone [9].

Despite the excellent bioactivity of bioglasses, the narrow compositions with
regulatory approval as particulate synthetic bone filling/grafting materials are not
suitable to be fabricated into fibers, coatings or scaffolds [31]. In order to obtain
bioglasses with adjustable compositions with higher silica content, the sol-gel
methods, which could be manipulated at room temperature, become a popular
approach to prepare bioglasses [32]. Typical process of this chemistry-based syn-
thesis route is as follows: the compositional precursors are mixed in a solution, and
then the precursors undergo a polymer-type reaction to form a gel, in which a wet
inorganic network of covalently bonded silica is generated. The gel is then dried

Fig. 1 Ternary SIO:} A = Bone Bonding

compositional diagram given B = Non-bonding (reactivity too low)
for 45 % Si0,-24.5 % C = Non-bonding (reactivity too high)
Na,0-24.5 % Ca0-6 % P,0s D= Non-bonding (non glass forming
(wt%) glass by Hench for S = Soft issue bonding

bone-bonding [30] L i E = Bioglass® composition




Bioactive Glasses: Advancing from Micro to Nano ... 151

Table 1 Compositions of several bioactive glasses [6]

Compositions 45S5 13-93 13-93B1 13-93B3 6P53B 58S 70S30C
(Wt%)

Na,O 24.5 6.0 5.8 5.5 10.3 0 0

K,0 0 12.0 11.7 11.1 2.8 0 0

MgO 0 5.0 4.9 4.6 10.2 0 0

CaO 24.5 20.0 19.5 18.5 18.0 326 [28.6
SiO, 45.0 53.0 34.4 0 52.7 58.2 71.4
P,Os5 6.0 4.0 3.8 3.7 6.0 9.2 0

B,0;5 0 0 19.9 56.6 0 0 0

and heated to 550-650 °C to become a glass [33]. Compared to the dense
melt-quenching glasses with similar compositions, bioglasses prepared by this
approach possess an inherent nanoporosity that can result in increased specific
surface area, larger pore volume, thus the higher dissolution rates and improved
cellular response. Moreover, the improved concentration of silanol groups (Si—-OH)
on the surface tend to induce better bioactive behaviors [34]. As the role of Na,O in
melt- quenched bioglasses is to lower the melting point and improve the process-
ability, which is useless in sol-gel methods, the sol-gel glasses tend to have fewer
components than the conventional ones. Various compositions of bioglasses (e.g.
58S SiO, 58.2 wt%, CaO 32.6 wt%, P,Os 9.2 wt%) are shown in Table 1 [6].

In order to prepare bioglasses with mesoporous structures, surfactants including
cationic surfactant (e.g. CTAB) and nonionic block copolymer (e.g. P123) are
added into the precursors to act as structure-directing agents. Mesopores can be
formed by calcination at a relatively low temperature (<700 °C) to remove the
surfactant [35].

2.2 Fabrication of Bioglasses: From Micro to Nano

2.2.1 Bioglasses Particulates for Clinical Use

Being the second most commonly transplanted tissues in body, bone plays an
essential role in health. Bone defects caused by trauma, diseases such as osteo-
porosis or tumour removal, especially those large ones beyond the self-healing
ability of human, can only be regenerated by grafts. With the limitation of auto-
grafts and the underlying risks of allografts, the demand for bioactive bone repair
materials has become an emergency [36-38]. It is exactly the original and most
important application for bioglasses. First synthesized in 1969 and used in clinical
trials, bioglasses were used in the form of particles or granules since they can be
pressed easily into a defect. The granules have a size range of 90-710 um. They
were used to save tooth in the root or to repair bone in the jaw. Figure 2 showed a
typical image of the bioglass product calle Novabone [31].
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Fig. 2 SEM image of the
bioglass particles for clinical
use. Scale bar is 200 pm [31]

2.2.2 Bioglasses Scaffolds for Bone Regeneration

While the particulates of several to hundreds of micrometers were used in defect
filling to help the bone/teeth repair in orthopedic/oral operations, the concept of
bone regeneration put forward the use of porous scaffolds to guide bone repair,
mimicking the natural bone (Fig. 3). It is proposed that the scaffolds should not
only provide the mechanical support at the defect site, but also allow the cells (e.g.
bone marrow stem cells) to attach, proliferate and differentiate, stimulate them to
form new bone, and, offer space for the neovascularization [39, 40]. Moreover, the
scaffolds should be degradable to let the new bone remodel naturally.

Scaffolds formed by bioglasses particulates undergoes a thermally bond of loose
packing of particles/short fibers in a designed geometry. But the low porosity of 40—
50 % and the insufficient interconnection of the porous structure occurred as the
main disadvantages [6].On an early stage, fugitive phase (e.g. NaCl, starch), which
could be removed by dissolution or decomposition before sintering, was introduced
in the forming of scaffolds (Fig. 4). However, the problem of connectivity still
remained.

Later after that polymer foam was used to serve as template for microstructure.
The porosity of silicate, borosilicate and borate bioglass scaffolds was increased to
the range 60-90 % by the methods [39, 40]. The solution/suspension freezing
approach has also been carried out in a controlled manner to make bioglass scaf-
folds with oriented microstructure. Compared to the randomly oriented ones,
mechanical strength of these scaffolds were significantly improved. By varying the
composition and mixture of the suspensions, the pore diameter and structure could
be adjusted. For instance, scaffolds of bioglass (13-93) showed pore diameters of
100-150 pm (Fig. 4d, e).

The developing technology of three dimensional (3D) printing, the rapid pro-
totyping methods, or the solid freeform fabrication (SFF) have brought new options
for scaffolds preparation [41-43]. Both the external shape and internal structure
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Femoral Shaft

Patellar
surface

Fig. 3 Photograph of a human femur with a core-drilled piece removed. Inset X-ray
microtomography (micro-CT) image of the cancellous bone removed from the femur proximal
to the knee joint [31]

Fig. 4 Microstructures of bioglass scaffolds created by a variety of processing methods: a thermal
bonding (sintering) of particles (microspheres); b thermal bonding of short fibers; ¢ “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 micro-CT image of the oriented scaffold shown in (d); f grid-like microstructure
prepared by robocasting. Glass composition: a 16Ca0-21Li,0-63B,03; b—e 13-93; f 6P53B [31]
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could be defined by controlling the pore size and distribution. A typical process of
3D printing involve the building of objects layer by layer form a
computer-generated model with the assistance of proper software (e.g. CAD).
Binder (e.g. polyvinylalcohol, PVA) were mixed with the sieved bioglasses pow-
ders to get the paste-like suspension for printing. A narrow-diameter syringe or
nozzle was used to print the suspension onto a substrate with a robotic deposition
device. The formed scaffolds were then transferred to a muffle furnace and heated
slowly to remove the binder or further bond the powders. By controlling the
geometric and interconnected structure of scaffolds, the mechanical properties could
also be manipulated. As shown in Fig. 5, a 3-D printed MBG scaffolds under mild
conditions using PVA as a binder possessed 200 times higher compressive strength
than the PS-templated ones while maintaining the apatite-formation ability and drug
delivery property [44].

[ e

'“.y i ey P:-‘rml_llm =

500 pm

Fig. 5 Pore morphology and microstructure of MBG scaffolds. a MBG scaffolds produced by
3-D printing of different sizes, shapes and morphologies. b—d MBG scaffolds with different pore
sizes varying from b 1307 £ 40, to ¢ 1001 £ 48, to d 624 &+ 40 pm. d—f MBG scaffolds with
different pore morphologies. g Pore morphology of the bottom side of the MBG scaffolds. The
pores on the bottom side remain open. h SEM image of the microstructure of pore walls. i TEM
micrographs demonstrating the well-ordered mesopore channel structure of the pore walls in the
scaffolds. The size of the mesopore channel is about 5 nm. The 3-D printed scaffolds obtained
have controllable large pores (from several hundred micrometers to more than a millimeter) for cell
seeding and tissue in-growth and nanopores (5 nm) suitable for drug loading and delivery [44]
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Sol—gel process is also involved in porous scaffolds preparation. With tolerance of
wider range of bioglass compositions, scaffolds as 58S (60 mol% SiO,, 36 mol%
CaO, 4 mol%. P,0s) could be fabricated. The whole process includes the hydrolysis,
polymerization, gelation, drying and dehydration. A conventional acid-catalysed
preparation of sol initiates the formation of the silica network [45, 46]. Nanoparticles
of silica form and coalesce before the formation of Si—~O-Si bonds between them. The
gelation time could be accelerated from days to minutes by adding hydrofluoric acid
(HF) in the system. Proper surfactant is then added by vigorous agitation. The
surfactant-involved process produces interconnected macropores and maintain the
inherent nanoporous texture [47]. To obtain ordered mesopores by this method at the
same time, nonionic block copolymer (P123) and polyurethane sponges as
co-template are usually applied in the system. Figure 6 shows the macroporous
structure with ordered mesoporous channels on the scaffolds [48].

2.2.3 Bioglasses Coatings

Despite the excellent bioactivity and controllable biodegradability of bioglasses, the
inherent brittleness of scaffolds fully constituted by bioglasses severely affected its
further application. While biomaterials such as magnesium and its alloys, which
possessed good mechanical properties, have the problems as high reactivity and
insufficient corrosion resistance in physiological fluids [49]. It is a wise choice to
coat suitable inorganic/organic materials on the surface of these implants. Distinct
modification of the surface could not only break the limitations as corrosion, but
also improve the biological properties and lead to better bone-to-implant interfaces
[50]. Therefore, the distinguished osteoconductivity of bioglasses, especially the
large surface area and pore volume of mesoporous bioglasses that could load and

Fig. 6 SEM a image of macroporous structure and TEM b image of ordered-mesopore channels
on MBG scaffolds [48]



156 M. Shi et al.

release drugs make it an outstanding option. With the aid of heat treatment, spin-
ning coating, electrophoretic deposition (EPD) or simply immersing in sol-gel
solution of bioglasses, a coating with adjustable thickness could be acquired [51].
Typical SEM images of bioglasses coating on surface of Mg substrate is shown in
Fig. 7. The thickness of both coatings were similar at around 1.5 pm while the
MBG coating was observed crack free [52]. Apart from modification of metallic
substrate, bioglasses are also used on the surface of glass-ceramic scaffolds [53] and
Ti—-6Al-4V substrate [54].

Bare Mg

=
3

a’uw"-m& i [

Fig. 7 Surface morphology of a the uncoated Mg, b the BG coated Mg substrate, inset is enlarged
view of (b), ¢ cross-section of the BG coated Mg substrate, d the MBG coated Mg substrate, inset
is the enlarged view of (d), and e cross-section of the MBG coated Mg substrate [52]
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2.2.4 Bioglasses Fibers

Fabricated matrix composed of fibers can mimic the three-dimensional structure of
natural extracellular matrix and it is of high possibility to enhance the cellular
responses [55, 56]. In the past decades, along with the development of various
compositions of bioglasses by sol-gel methods, many studies on bioglasses fibers
fabrication have been conducted. The most widely used technique is electrospin-
ning, of which an electric field that sends fine streams of solution to a collector was
used. In most cases, some polymer will be added and the diameter of fibers could be
controlled by varying the viscosity of solution and the value of voltage. Glass fiber
meshes are gained after burning out the polymer during stabilization. Fibers with a
diameter from hundreds of nanometers to tens of micrometers could be obtained
[57]. Figure 8 shows fibers with a highly ordered, two-dimensional hexagonal
structure. Bioglass 45S5 fibers could also be produced by a novel laser spinning
approach [58]. A small pool of molten bioglasses was created using a high-velocity
gas jet from a supersonic nozzle. The fibers possess a rapid degradation rate in SBF

Fig. 8 SEM images of mesoporous bioactive glass nanofiber (MBGNF) matrices a after
electrospinning and b after heat treatment at 600 °C. ¢ SEM-EDS pattern of calcined MBGNFs
and d TEM micrograph of ultramicrotomed MBGNFs embedded in resin. The MBGNF matrix
showed characteristics typical of highly ordered, one-dimensional channels in a hexagonally
packed mesostructure. Left nanofibrous structure. Botfom right highly ordered, two-dimensional
hexagonal structure. Top right long, one-dimensional channels. Left magnification of 50 k, scale
bar 0.2 mm. Right magnification of 250 k, scale bar 50 nm [57]
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owning to its small diameters and highly bioactive composition. Besides the pure
bioglass fibers, those composite ones with certain polymer are prepared in some
recent studies. Details of them will be discussed in Sect. 2.4.

2.2.5 Bioglasses Nanoparticles

Nanostructured biomaterials are playing an important role in bone regeneration due
to their unique nanostructure and functions [59, 60]. Although microparticles of
bioglasses (diameter 1-1000 pm) have been investigated for many years, the
preparation and application of nanoparticles (10—1000 nm) have only been looked
into in the past decade [61, 62]. Nanoparticles possess specific advantages as fol-
lows: firstly, they can be directly endocytosed to affect the cellular behavior; sec-
ondly, rapid clearance by phagocytes can be avoided due to their inherent small
size; thirdly, nanoparticles with porous channels can serve as drug delivery system
in situ and work as therapeutic agent [63, 64]. Finally, they can be used as building
blocks for bottom-up preparation of injectable gels and composite scaffolds.
Similar to the preparation of mesoporous silica nanoparticles, supramolecular
chemistry and sol—gel process with proper structure-directing agents (CTAB, F127,
P123, etc.) and hydrolysis catalyst (acid or alkali) were applied in the synthesis of
MBG nanoparticles. Under proper synthesis conditions such as hydrothermal
treatment, the template molecular self-organized to micelles which then linked with
the silicate precursors, hydrolysed and assembled to form ordered mesoporous
structure. High surface area and porosity were obtained after the removal of the
template. MBG particles ranging from hundred nanometers to a few micrometers
were prepared in the past 20 years. Via a facile hydrothermal method using CTAB
and PVP as co-templates with an original molar ration of Ca/P/Si being 15/5/80,
MBG nanospheres (size of 50-100 nm), which possessed typical mesoporous
channels inside the particles, was successfully synthesized (Fig. 9). Excellent
apatite-mineralization ability and high loading efficiency of anti-cancer drug was

Fig. 9 SEM (a) and TEM (b) images of MBG nanoparticles [65]
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Fig. 10 Schematic illustration of the formation of MBG patrticles [66]

shown by the MBG nanospheres while the release behavior could be controlled by
varying the pH microenvironment [65].

As illustrated in a latest report (Fig. 10), CTAB micelle self-assembled with the
hydrophobic molecule ethyl acetate in water to form oil/water micro-emulsion
droplets which served as template [66]. The bioglass sol then hydrolyzed and
condensed at the interface by ammonia molecules. Under different temperature and
pressure conditions, the size and shape of nanoparticles were obtained (Fig. 11).

2.3 Ion Substitution of Bioglasses

As mentioned above, bioglasses based on SiO,—CaO-P,05 system are beneficial
for repair and replacement of bone tissue defects. The essential HCA layer on its
surface forms as a result of a sequence of chemical reactions in the body fluid [7,
67]. It is proposed that three main stages are involved in the HCA formation [1, 68].

Stage 1. Rapid exchange of Na* and Ca®* with H;O" from the fluid, resulting in
the hydrolysis of the silica groups and formation of silanols (Si—-OH). With the
consumption of H*, the pH of the solution increased.

Si—O—Na® +H" +OH  — Si—OH" +Na™ (aq) + OH~
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1M nm

Fig. 11 Morphology of MBG particles prepared in different concentrations of the aqueous
ammonia (1 mol L ! foraandd, 3 mol L™ for b and e, 5 mol L™ for ¢ and f), under different
temperature (303 K for a—¢, 373 K for d—f) [66]

Stage 2. The increasing concentration of hydroxyl in solution leads to the attack
of silica glass network. The breaking Si—O-Si bonds and forming silanol groups at
the interface result in the increasing Si (OH), (dissolved silica) to the solution.

Si—O0-Si +H,0 — Si—OH +HO-Si

Stage 3. The condensation and repolymerization of the silanol groups on the
surface leads to a silica-rich layer, after which Ca®* and PO,>* groups migrate to the
surface to form a CaO-P,Os rich film on top. Then with the incorporation of OH
and CO;>” anions from the solution, the CaO-P,Os film crystallizes to make a
mixed carbonated hydroxyl apatite HCA layer.
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However, a major disadvantage is the high solubility of bioglasses. Resulting
from the low fracture toughness, most of the released ions might be transported
away from the surrounding of the implantation site by body fluid before new bone
formation [46, 69, 70]. Moreover, with the advanced studies on cellular response,
approaches to prevent bacterial infection with different therapeutic ions (mostly
trace element of human being), the original composition of Ca, Si and P seems
insufficient for the biomedical applications [71]. The trend of incorporation of
various elements into bioglasses to modulate their physical, chemical and biological
properties has become a hot spot in the last two decades [4].

In order to incorporate foreign ions in bioglasses, mostly by the sol-gel method,
the structure-directing agent (e.g. P123) is firstly dissolved in ethanol solution and
then certain ionic salts together with the basic compositions of bioglasses are all
dissolved in the system. After an evaporation-induced self-assembly process and
completely drying of the samples, calcination process should be conducted to
remove P123 and obtain the therapeutic ion-doped bioglasses materials [72, 73].
The ion release kinetics could be modulated by tailoring the content of several
precursors. Significant stimulation on anti-bacterial activity, osteogenesis, angio-
genesis and cementogenesis is obtained by the ion substituted bioglasses.

Strontium (Sr) ions have been reported to inhibit osteoclast activity, therefore be
beneficial for patients suffering from osteoporosis [74]. The amount of Sr in the
skeleton is 0.335 % [75] of Calcium (Ca) content, its biological feature relating to
the chemical correspondence to Ca. A high concentration of Sr can accumulate in
bone and displace Ca in hard tissue metabolic process. 5 wt% Sr substituted sol-gel
bioglasses have showed positive effect on fetal mouse calvarial bone cells [76].
Lithium (Li+) has been widely used as a long-term mood stabilizer in the treatment
of bipolar and depressive disorders [77]. 5 % Li-doped MBG scaffolds with hier-
archically large pores of 300-500 um and well-ordered mesopores of 5 nm have
been reported to enhance the proliferation and osteogenic/cementogenic differen-
tiation of hPDLCs via the activation of Wnt/B-catenin signaling pathway.

Hypoxia (low oxygen pressure) plays a vital role in coupling angiogenesis with
osteogenesis and the inducing of hypoxia on the defect site has been recognized as
an important part for new bone tissue regeneration. Ions as copper (Cu) and cobalt
(Co) incorporated in bioglasses have been proved to activate the expression of
hypoxia inducing factor-lot (HIF-1o) transcription factor, which initiates the
expression of a number of genes associated with neovascularization. BMSCs cul-
tured on Cu/Co doped MBG scaffolds showed an improved HIF and VEGF
expression, but it was reported the Co doped ones tend to be cytotoxic [72, 73].
Boron (B), possessing the biological effects such as stimulation of bone healing
in vivo and angiogenesis in vitro, has been incorporated into bioglasses. A similar
report by Haro et al. assessed the pro-angiogenic capacity of B-doped bioglass on
embryonic quail chorioallantoic membrane (CAM) and found that the introduction
of B significantly increase angiogenesis [12].

Bacterial infection is the main reason that cause failure of the implant in defect
sites, which may results in revision surgery and prolonging time of hospitalization.
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Typical bacteria including Pseudomonas aeruginosa, Escherichia coli and
Staphylococcu aureus are usually found in the implant site [78]. Therefore, the
anti-bacterial property is essential for biomaterials in bone regeneration. Silver (Ag),
one of the most well-known precious metal, has been used to test the toxicity of food
since ancient times [79]. Its ionic products, Ag ions, being doped in the network of
bioglasses, could endow the materials with anti-bacterial activity. However, the
addition of Ag in bioglasses structure can trigger the enhancement of quartz and
metallic silver crystallization, and excessive Ag ions in bioglasses would cause
toxicity to cells. It has been shown that bioglass containing 2 wt% Ag had negative
effect on cell viability while that containing 0.75 and 1 wt% were safe.

Apart from these, therapeutic ions such as Zn, Fe, Mg, and Al were all applied in
bioglasses composition modification [80]. The effects of these ions have been
included in Table 2. Further details of ion substituted bioglasses properties will be
discussed in Sect. 3.

2.4 Bioglasses Composites

In recent years, composite materials made of inorganic bioactive glasses combined
with bioactive polymers have attracted much attention for bone tissue engineering
application. As mentioned above, bioglasses possess excellent apatite-formation
ability and osteoinduction ability. However, the inherent brittleness, generally low
mechanical strength impede its clinical use. Meanwhile, another promising bioma-
terial, bioactive polymer (e.g. PCL, PLLA), which showed good handling charac-
teristics for various fabrication, favorable mechanical properties, lacks sufficient
bioactivity to build close bond to bone tissue [81-83]. Moreover, drug delivery
capacity and controllable release profile could be obtained via the combination of
these two materials [84]. Three-dimensional highly porous composite scaffolds of
bioglass/PDLLA were successfully prepared by the foam replication technique
(Fig. 12, W and B represented two types of foams used in scaffold preparation, 45 ppi
and 60 ppi, respectively.). Highly porous structure with interconnected porosity was
shown, the polymeric coating showing no negative affect on the interconnectivity.
The mechanical stress test has revealed that the PDLLA-coated samples have sig-
nificantly improved value compared to the non-polymer ones (Fig. 13) [85].

On the other side, polymer scaffolds (e.g. PHBV) with poor hydrophilicity could
be modulated via the addition of bioglasses in the system [86]. PHBV/BG scaffolds
were prepared by a solvent casting-particulate leaching method (Fig. 14). Open
pores with a size from 30 to 300 um were maintained with 20 wt% of bioglasses
while the compressive strength and water absorptivity of the scaffolds increased
from 0.11 to 0.34 MPa, 52-91%, respectively (the water absorptivity shown in
Fig. 15). Other property modification including the degradation rate and drug
release kinetics by the composite of polymer/bioglasses materials has also been
conducted by researchers [87]. Some of the results are displayed in Figs. 16 and 17.
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Table 2 Some therapeutic ions and their biological roles

Element Role

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

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

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

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

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

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

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

Co Constituent of vitamin B12, cofactor of enzymes involved in DNA biosynthesis

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

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

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

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

Al Decreasing the bioactivity Stabilizing the glass structure Decreasing the expansion
coefficient

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

B Helps in both osteogenesis and angiogenesis

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

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

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

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

I Component of thyroid hormones Iron Required for hemoglobin, component of

enzymes for cellular respiration, myelination of spinal cord, synthesis and
packaging of neurotransmitters

Apart from biodegradable organic polymers, studies on bioglass/inorganic
composites have been widely reported [53, 88]. Implants manufactured using
titanium, cobalt alloys and stainless steel possess high mechanical property but have
sever shortcomings as limited corrosion resistance in biological fluid and lack of
bioactivity. A strategy to decrease these undesired effects is the superficial modi-
fications by bioceramics (e.g. Bioglasses, HA) via the technique of atmospheric
plasma spraying or flame spraying process. Figure 18 gives the image of the section
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Fig. 12 SEM micrographs of B-type BioglassR-based scaffolds a before and ¢ after PDLLA
coating, and of W-type scaffolds b before and d after PDLLA coating [85]

(b)

Stress (MPa)

Stress (MPa)

0 01 02 03 04 05 06 07

Fig. 13 Compressive stress—strain diagrams of a uncoated and PDLLA-coated B-type scaffolds,
before and after 28 days in SBF and b uncoated and PDLLA-coated W-type scaffolds, before and
after 28 days in SBF [85]
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Fig. 14 Optical and SEM
micrographs of the PHBV and
PHBV/BG scaffolds.

The PHBV and PHBV/BG
scaffolds prepared using the
compression molding,
thermal processing and salt
particulate leaching method
had a regular shape, and some
pores on the surface of the
scaffolds can be observed.
The SEM images show that
the PHBV and PHBV/BG
scaffolds exhibited a
macroporous structure with
interconnected open pores,
and the pore size varied from
30 to 300 mm. Scale bar

100 mm [86]
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between bioglasses and the metallic substrate [51]. Further studies have revealed
that the apatite formation ability was significantly improved by the surface modi-
fication. Similar experiments were conducted on the Mg alloy surface in other
reports (Fig. 19) and the water contact angle was significantly decreased, showing a
greatly improved hydrophilcity (Fig. 20) [49].
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Fig. 16 Weight loss of bare (uncoated) and PCL-CS coated BG scaffolds after immersion in PBS
solution for 28 days
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Fig. 17 In vitro vancomycin released from bare and coated BG scaffolds. Coated BG scaffolds
were loaded with the drug at two different concentrations (vancomycin/solvent: 25 mg/ml (L) and
50 mg/ml (H))
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(a) (b)

Stainless Steel 316L

20kV X200 100pm

Fig. 18 SEM cross-section of different metallic surface covered with bioglassess [51].
a bioglasses on Stainless Steel 316L, b bioglasses on Ti6Al4V
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Fig. 19 Surface morphologies of AZ31 alloy without (a) and with (b) 58S MBG coatings.
The XRD pattern (¢) and cross-section micrograph (d) of 58S MBG coated samples [49]
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Fig. 20 Photographs of water contact angle on AZ31 alloy with and without 58S MBG coatings
for different contact time [49]

3 Application Potential of Bioglasses in Tissue
Engineering

3.1 Drug/Growth Factor Delivery by Bioglasses

One of the most important issues in biomedical application is the controlled release
of drugs/growth factors by the drug delivery systems (DDSs) [89]. Multifunctional
therapeutic effects can be maintained via the controlled release rate and enough
release period of certain drug delivery [90-92]. To intensify the positive effect of
bioglasses for bone tissue applications and to endow the material with anti-bacterial
capacity, considerable researches have been conducted to use bioglasses as plat-
forms to encapsulate and carry drugs, growth factors, hormones and peptides. With
the development of their mesoporous forms, the drug delivery ability of bioglasses
has been largely improved for the easy loading and prolonged release of various
biomolecules [77]. The abundant Si—~OH groups inside the MBG channels might
play a key role in interacting with drugs and factors by hydrogen bond and Van der
Waals force while Fickian diffusion mechanism is usually involved in the release
behavior [93].

One of the approaches to load drugs in bioglasses is to add drugs into the sol-gel
solution for glass preparation [26]. As the reaction of sol-gel process was usually
conducted at room temperature, the activity of drugs (e.g. antibiotic Tetracyline)
could be preserved. The samples were obtained after freeze-drying. The antibiotic
was incorporated into the bioglass structure by the chemical connection between the
phosphate group and the tetracycline acid moiety. Drug release in SBF showed that
12 % of the drug were burstly released at the first 8 h while a sustained release
behavior lasted for the next 80 days of 22-25 % of the drug.

Improved drug loading and release behavior becomes possible by the application
of bioglasses with mesoporous channels. Previous studies used MBG scaffolds to
deliver DMOG, a small molecular drug that could induce hypoxia via counteract
the effect of HIF-PH ad stabilize HIF-1a expression [94, 95]. To modulate the
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Fig. 21 Nitrogen adsorption—desorption isotherm analysis for bioactive glass scaffolds prepared
using different contents of P123 template [48]

loading capacity of scaffolds, different amounts of the mesopore template P123
were added in the preparation and scaffolds with different specific surface were
obtained (Fig. 21). The 12 g-P123@ MBG scaffolds showed a maximum loading
efficiency of 23 % DMOG and possessed the lowest burst release kinetics of the
drug (Fig. 22) [48].

Bioglass/polymer composite materials have been designed to serve as drug
carriers. As reported in a recent study, osteogenic enhancer fibroblast growth
factor-18 (FGF-18) loaded mesporous bioglass nanospheres were combined with
FGF-2 loaded biopolymer fibers (Fig. 23). The obtained composite nanofibrous
scaffolds showed increased apatite-formation ability and mechanical property. In
vitro study revealed the stimulatory effect on the activity of MSCs while the in vivo
study carried out on rat calvarium defects showed significantly enhanced prolifer-
ation of osteocytes, bone lining cells and vessel forming cells. PLGA scaffolds
coated with MBG possessed favored BMCs proliferation and osteogeic differenti-
ation while the MBG surface improved the BMP-2 delivery of the scaffolds [96].

3.2 Application in Bone/Teeth Regeneration

Started with the discovery of 45S5, numerous investigations have been conducted
on the important properties of bioglasses on bone and tooth repair and regeneration
for orthopedic and dental applications [97-99]. The outstanding osteoconduction
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Fig. 23 Schematic design of the present study and the development of a novel therapeutic bone
scaffold where FGF18 preloaded within MBG nanoparticles were incorporated within an
FGF2-loaded core-shell electrospun polymeric fiber. FGF2 is released initially to stimulate
cellular mitosis and possible angiogenesis, while FGF18 is released more slowly to promote

osteogenesis [96]
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Fig. 24 SEM images of BMSCs attached on BGF (1), nBGF (2) and control glass slide (3). a The
colony-like distribution of BMSCs after attachment for 6 h, bar 50 m. b The ordering distribution
of BMSCs grew and filled the gaps between colonies after attachment for 3 days, bar 20 m. ¢ The
junctions connecting BMSCs and films. White arrows point to BMSCs [102]

and osteostimulation capacities of bioglasses have been studied in depth both in vitro
and in vivo. Studies on the interaction between bioglasses and typical bone-related
cells, mesenchymal stem cells, osteoblasts and osteoclasts have been looked into
[100, 101]. The effect of dissolved ion concentrations, surface morphology on the
cellular behavior (adhesion, proliferation, differentiation, gene/protein expressions)
was further investigated. In previous report, nanoporous bioglasses film on com-
mercial glass slide prepared by sol-gel method could be attached by BMSC:s tightly.
While the control group of commercial glass surface appeared a relatively oblate
polygons of cells rather than obvious community-like structure, the cells on bio-
glasses and nanoporous bioglass film presented in a gyrate configuration with order,
fulfilled with proliferated BMSCs (Fig. 24). It was clearly indicated that rougher
surface with nanoporous structure was more beneficial in promoting the attachment
of cells and therefore the combination with bone tissues [102].

The apatite formation ability, which is essential for the close bond to host bone
or teeth, has been widely examined in many previous studies on bioglasses.
Nanofibers (diameter: 240—470 nm according to the ratio of water/TEOS) of bio-
glass 70S were fabricated by electrospinning [103]. After immersion in SBF
solution, cauliflower-like structure could be seen on the fiber surface, the porous
lamella-like mineral deposition being a typical feature of bone-like apatite formed
(Fig. 25). The SADE pattern also showed obvious diffraction rings, suggesting the
polucrystalline nature of apatite coverage wrapping the amorphous bioglass fibers.



172 M. Shi et al.

Fig. 25 a-d SEM images and e-h TEM images of BG fibers prepared with different X ratio after
soaking in SBF for 30 h. The insets show SAED patterns of the corresponding samples [103]

Porous scaffolds made of 13-93 bioglass implanted in a non-healing rodent
calvaria defect model for up to 12 weeks have successfully induced the apatite
formation in the defect site. Analysis by von-Kossa and hematocylin and eosin
(H&E) staining method revealed the large amount of newly formed bones [104].

As mentioned in Sect. 2.3, the biological property of ion-substituted bioglasses
has also attracted much attention. For instance, Sr-incorporated MBG scaffolds was
prepared in order to combine the therapeutic effects of Sr ions on osteoporosis with
the bioactivity of MBG to regenerate osteoporotic-related fractures [105].
Experiments on critical sized femur defects created in ovariectomised rats showed a
stimulatory effect of Sr ions on osteogenesis (Fig. 26).

3.3 Application in Soft Tissue Engineering

Not surprisingly, given the inorganic nature and mechanical rigidity of bioglasses,
more attention has been paid on the application in hard tissue engineering. Yet,
noticing that quite a lot of characteristics that is key to hard tissue regeneration are
also important for soft tissue engineering, lots of studies on the application potential
of bioglasses in this area have emerged in recent years [106].

Neovascularization, a key role in both new bone and soft tissue (e.g. wound
healing) regeneration process, has been one of the most hotspot in biological
researches. Suitable transport of nutrient and growth factors, as well as removal of
waste products from the new tissue formation site are largely depended on the
formed blood vessels [107]. To be more specific, strategies to improve the angio-
genic stimulation of biomaterials should be taken into consideration. Years ago,
fibroblasts cultured on 45S5 has be found to have a significantly increased secretion
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Fig. 26 3D reconstruction of longitudinal section and cross-section images by micro-CT at 2, 4
and 8 weeks post-operation of the critical femoral defect. The circle and rectangle describe the
boundary of the defects. Only a little new bone was present in defects at 2 weeks, while abundant
new bone regenerated at 4 and 8 weeks which depicted visible difference among the three groups.
Scale bar 2 mm

of both VEGF and bFGF, which were representative markers for angiogenesis
[108]. Besides, ion-doped bioglass (e.g. Cu) has been applied to accelerate the new
vessel formation. In a previous report, Cu-doped (3 wt% in CuO) bioglass scaffolds
were implanted in the rat calvarial defect for 8 weeks. Analysis by micro-CT tests
have shown that a much higher number density of blood vessels on the defects were
obtained in the group of BG-3Cu scaffolds compared to that of the pure BG
scaffolds and blank control.

Bioactive glass microspheres have been applied as hemostatic agents for wound
healing. It is proposed that the increased Ca ions, as well as the surface area of the
bioglass, may accelerate the blood coagulation [109, 110]. A following study using
mesoporous silver-exchanged silica spheres enriched with Ca (diameter 600 um to
1.2 mm) showed that the additional ions into the silica network increased the
degradability, therefore increased the blood clotting rates. With the aim of
improving the healing of full thickness skin wounds, both 58S nanoscale bioactive
glass (NBG-58S) by sol-gel method and melt-derived 45S5 bioglass powders were
applied to the superficial injuries in healthy and diabetic rats [111]. Wound healing
was compared by calculating the healed area as a percentage of the total wound
every 2 days up to 16 days (Fig. 27). The sol-gel derived glasses led to quicker and
more effective wound healing than the melt-derived glasses, which was attributed to
the larger surface area and surface nanoscale topography of the sol-gel bioglasses.
Importantly, both the groups showed better healing than the control group, which
indicated the potential of bioglasses for soft tissue engineering.
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Fig. 27 BG treated and untreated wounds from days 0-16 according to Lin et al. Wounds were
treated with different types of BGs, as indicated. It can be seen that SGBG-58S led to the fastest
healing rates [111]

4 Conclusion and Perspective

Since the discovery of melt-derived 45S5 Bioglass by Larry Hench in 1970s, great
progress has been achieved in the preparation of bioactive glasses in the past
40 years. Apart from the tunable compositions, both on the adjustment of the
orginal calcium, silicate, sodium and phosphate contents and the incorporation of
foreign ions including copper, zinc, strontium, sliver, etc., as well as mesoporous
structure has been successfully introduced to bioglasses. With the modification of
sol-gel methods and other developed fabrication techniques, different forms of
micro-powders, bulks, scaffolds, films, fibers and nanoparticles of bioglasses could
be obtained with specific morphology and surface characteristics. Moreover, their
combination with other bioceramics, bioactive polymers and alloys in various forms
has provided vast choice to satisfy the multi-requirements for potential application.
As the outstanding biological property being the stimulatory effect on osteoblastic
differentiation of stem cells without addition of osteogenic induction, bioglasses
have been widely studied in bone tissue engineering. In the past several years, their
positive effect on soft tissue regeneration (e.g. wound healing) has emerged and
growing attentions have be attracted. Studies on cellular effect of bioglasses on
different types of cells concerning the stem cells, osteoblasts, endothelial cells and
even immune cells (skeleton system is closely connected with immune system)
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have been pushed forward and there are still much left to be done. Several products
have been put into clinical use while many of the newly synthesized samples are
undergoing fundamental researches in laboratory by biomaterial scientists.
Bioglasses, being the promising candidate for bone/soft tissue regeneration appli-
cation, are facing with both great chances and challenges.

There are several important issues that suggested to be the potential directions
for the study of bioglasses. First, more trials need to be conducted on the prepa-
ration of bioglasses with nanoscale architecture, including chemistry-based methods
to the synthesis of nanoparticles and the construction of meso/nanoporous struc-
tures on both surface and inside the main body. For one thing, cell adhesion and
new tissue growth stimulation could be achieved by nanostructured materials. For
another, the incorporation of nanoscale particles into two or three dimensional
coatings or scaffolds may show improvements of properties such as mechanical
strength and surface roughness, being crucial to following effects on its biological
properties. Second, the better delivery of drugs/growth factors, as well as the dis-
solution of therapeutic ions (both original and substituted) should be further stud-
ied. The possible synergistic mechanism of ions and biomolecules on the
multifunctional properties, together with the release kinetics should be focused on,
of which some relevant co-culture of different cells, more appropriate animal
models may be involved. Last but not least, researches in the fabrication of both
pure bioglasses materials and their hybrids with proper polymers, metals, other
inorganic materials via additive manufacturing technologies need to move beyond
current progress. By combining certain chemical process with the advanced tech-
niques, bioglasses in various forms with optimized properties for clinical trials will
not be far.
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45S5 Bioglass Based Scaffolds
for Skeletal Repair

Anthony W. Wren

Abstract Glass as a material presents significant potential for restoration of bone
tissue. Glass can be designed to contain ions that positively influence bone meta-
bolism in addition to stimulating additional pro-healing processes such as angio-
genesis. Specifically, Bioglass® (please consult the Editor’s note in order to clarify
the usage of the terms bioglass, bioactive glass and biocompatible glasses), a SiO,—
Ca0-Na,0-P,05 glass composition has been extensively studied since it was
discovered that this particular composition can bond to bone and soft tissue in vivo.
This property in particular led to the development of porous scaffolds that can be
utilized to permit the ingrowth of bone and soft tissue, in addition to allowing free
movement of host cells and physiological fluids that can further improve the healing
rate. Many studies and processing methods have been conducted to optimize
Bioglass® scaffolds porosity and interconnectivity in addition to improving some of
the limitation such as the mechanical integrity. The diversity of studies that have
been conducted on this particular composition greatly supports the potential that
glassy materials encompass for scaffold materials applied to skeletal repair.

1 Bone Tissue and Skeletal Repair

Bone tissue is a high complex and dynamic connective tissue that is continually
being replaced and repaired by our own cells. It protects our vital organs, provides a
supporting framework for our body in addition to sites of attachment for soft tissues
and contains our marrow which houses many cells in our body including red blood
cells, fat cells and cells of our immune system. Bone tissue is also the primary
mineral reservoir for calcium homeostasis in addition to other organic chemical
messengers such as growth factors and cytokines [1]. Bone can be generally
classified into two morphologies, cortical bone and trabecular bone. Cortical bone
is a dense and solid matrix and surrounds the bone marrow space. Trabecular bone
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is composed of a honeycomb like network of trabecular struts which are contained
within the bone marrow cavity. Bone has important membranes that form a cov-
ering on the outer surface, the periosteum, and inner space, the endosteum. The
periosteum is a fibrous connective tissue that surrounds the outer cortical surfaces,
except within the joints. Bone tissue contains blood vessels, nerve fibers and
numerous cell type specific to bone metabolism and turnover [1].

Bone is a composite material that contains an organic component (25 %), which
is primarily Type I collagen (90-95 %) in addition to non-collagenous proteins
(bone sialoprotein, osteonectin, osteocalcin), and a mineral phase (70 %) rich in
calcium and phosphate, Hydroxyapatite (HAp) [2]. During bone formation the
initial framework for mineral deposition is a collagen base, osteoid. Based on the
pattern of collagen formation, two organizations can be identified, woven bone and
lamellar bone. Woven bone is characterized by the haphazard organization of the
collagen fibers and lamellar bone is characterized by regular parallel alignment of
collagen into sheets (lamellae). The woven bone is produced when osteoblasts, the
active bone forming cells, produce osteoid rapidly. This predominantly occurs in
fetal bone and during the process of fracture healing. This is subsequently replaced
by a process called bone remodeling where it is replaced by the more mechanically
durable lamellar bone [2].

There are a number of cells that participate in the process of bone remodeling.
These are osteoblasts, osteocytes and osteoclasts. Osteoblasts synthesize new bone
matrix and deposit mineral salts on the non-mineral matrix (osteoid) [3]. As time
proceeds, bones undergo both longitudinal and radial growth and continual
remodeling. Longitudinal growth occurs at the growth plates, where cartilage
proliferates in the epiphyseal and metaphyseal areas of the long bone. The
expansion and growth of bone is a process termed osteogenesis, which proceeds in
three distinct phases, (1) synthesis of extracellular organic matrix (osteoid),
(2) matrix mineralization leading to the formation of bone and (3) remodeling of
bone by the process of resorption and reformation [2]. Bone remodeling involves
osteoclast cells which remove bone matrix and osteoblasts cells which replace bone,
osteocytes which reside within the bone matrix, and bone lining cells that cover the
bone surface in addition to containing a vascular network. The activities of the cells
involved in bone remodeling are regulated by the presence of factors such as RANK
and RANKL which promote osteoclastogenesis, in addition to also involving cells
such as T-cells and endothelial cells. Figure 1 presents a schematic of the multi-
cellular unit involved in the bone remodeling cycle.

Damage to bone tissue can often require corrective surgery and may require the
use of implants or synthetic materials. Bone tissue loss can be incurred through
traumatic injury and fracture resulting in bone tissue destruction/removal. In
addition diseases such as osteomyelitis (bone infection) and osteosarcoma (bone
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Fig. 1 The bone remodeling cycle involves the combined action of osteoblasts, osteoclasts, bone
lining cells and endothelial cells in addition to regulatory factors that mediate a balanced bone
remodeling cycle. (Reproduced from Kular et al. [3])

cancer) can require bone tissue to be removed and the resulting void will require
filling. The following section highlights the suitability and some of the current glass
based materials employed for orthopedic repair.

2 Bioceramic Materials for Skeletal Repair

Today it is estimated that more than 500,000 bone grafting procedures are con-
ducted annually in the United States to repair bone defects in orthopedic surgery,
neurosurgery and dentistry [4]. Autologous bone is currently considered the gold
standard, however, harvesting the bone is associated with donor site morbidity and
availability and with major complications accounting for 8-20 %. Allografts harbor
the chances of immune responses and infection while synthetic materials such as
bioceramics (glasses and ceramics) encompass excellent potential for hard tissue
repair [4]. Bioceramics have been applied to many areas of orthopedic and dental
medicine primarily due to the ability to (1) incorporate ions into the materials which
can stimulate novel properties and responses in physiological systems, and (2) tailor
the materials chemistry to control its solubility to facilitate better biocompatibility
with the surrounding tissues [5—8]. With respect to applications, bioactive glasses,
such as Bioglass®, have been applied to bony defects in vivo, created due to trauma,
disease or surgery. Additional applications of bioceramic materials include
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glass-ceramic scaffolds for cell seeding into bony defects to promote healing [9—
11], glass polyalkenoate cements for dental restorations [12—14], hydroxyapatite
fillers [15] and glass microspheres for eradicating tumors growths [16, 17].

A benefit of using glass over ceramic materials for this application is due to the
materials solubility [7]. The amorphous nature of glass generally permits greater
solubility than crystalline ceramics which are primarily employed for scaffold
materials. Glasses do not present long range periodic atomic arrangement, in
contrast to their ceramic counterparts [18]. The difference in mechanical durability
and solubility of glass/ceramic materials is related to the chemistry of the material.
Glassy materials consist of an interconnected network of SiO, tetrahedron (Si—O—
Si) that forms a random network, described as an inorganic polymeric network,
where Si** forms the chain backbone [19]. Silicate glasses are therefore composed
of a network former, (Si**) which is accompanied by ions such as Ca** and Na*,
which are termed network modifiers. The inclusion of these ions disrupts the
continuity of the Si—O-Si network resulting in de-polymerization to Si-O-NBO ",
where NBO  are non-bridging oxygen species [20, 21]. The formation of these
NBO species promotes solubility and ion exchange in an aqueous environment,
thereby promoting the bioactive response [21]. Weak bonding between the building
units and the presence of NBO™ facilitate the distortion of the glass structure and
the atomic displacement which promotes glass solubility [19, 22].

3 Therapeutic Potential of Bioactive Glasses

One of the attractive properties of employing glasses for hard tissue repair, in
addition to being able to control their solubility, is the diversity of ions that can be
incorporated and subsequently released in an aqueous media to help alleviate
specific medical conditions. The first bioactive glass was developed by Prof. Larry
Hench in the late 1960s. This glass, known as 45S5 Bioglass®, contained the
composition 45 % SiO,, 24.5 % Na,0, 24.5 % CaO, 6 % P,05 (wt%). When this
specific composition is immersed in an aqueous environment, dissolution of the
glass surface occurs which leads to the release of the ionic constituents contained
within the glass. When incorporated in animal models Bioglass® forms a strong
interfacial bond with both hard and soft tissues and does not initiate fibrous tissue
growth [5, 8]. The specific characteristics that causes this response is attributed to
reducing the SiO, content to <60 wt%, and by including high amounts of Na,O and
CaO as well as including a relatively high CaO/P,O5 ratio. These characteristics
make these glass surfaces highly reactive in physiological environments. The
bioactivity attributed to this glass is attributed to the formation of a hydroxyl car-
bonated apatite layer (HCA) on its surface similar to bone mineral [8]. This HCA
layer forms as a result of a rapid sequence of chemical reactions on the surface of the
implant when in contact with body fluid. There are five proposed reaction stages that
lead to the rapid release of soluble ionic species and the formation of a high surface
area, hydrated silica and polycrystalline HCA layer on the glass surface [23];
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Stage 1: rapid exchange of Na* and Ca** with H" or H;O" from solution, causing
hydrolysis of the silica groups, which creates silanols (Si—-OH), e.g.,

Si—-O—Nat* +H" +OH™ — Si—OH" +Na™* (aq) + OH~

The pH of the solution increases as a result of H" ions in the solution being replaced
by cations.

Stage 2: stage 1 increases the hydroxyl concentration of the solution, which leads to
attack of the silica glass network. Soluble silica is lost in the form of Si(OH), to the
solution, resulting from the breaking of Si—O-Si bonds and the continued formation
of silanols at the glass solution interface:

Si—0—-Si+ H,O0 — Si—OH 4 OH-Si

Stages 3-5: condensation and re-polymerization of the silanols groups are then
thought to occur, leaving a silica-rich layer on the surface, depleted in alkalis and
alkali-earth cations (stage 3). Ca®* and PO,>~ groups then migrate to the surface
through the silica-rich layer and from the surrounding fluid, forming a CaO-P,05
rich film on top of the silica-rich layer (stage 4). The CaO-P,0s film crystallizes as
it incorporates OH™ and CO5>~ anions from solution to make a mixed carbonated
hydroxyl apatite HCA layer [23].

The bioactive potential of this glass has also stimulated interest in how these
ionic dissolution products influence genetic expression [6]. Ion release from
Bioglass® is known to influence the cell division cycle where the genes that reg-
ulate the cell division cycle are upregulated which enhances osteogenesis. This
stimulates osteoblasts to mature more rapidly through a process called osteostim-
ulation [6]. These discoveries have led to the investigation of numerous bioactive
glass compositions and ion release studies for skeletal and dental repair. In addition
to skeletal applications, ions from bioactive glasses are known to stimulate com-
plimentary metabolic processes such as angiogenesis while also exhibiting
antibacterial and anti-inflammatory properties. The discovery of these effects have
led to the development for scaffolds for tissue engineering applications that contain
trace elements that when released in an aqueous environment, enhance the bioac-
tivity of the scaffold construct and present a positive therapeutic effect to the host
cells and tissue.

3.1 Ionic Dissolution from Vitreous Materials

A significant amount of literature has been dedicated towards investigating the
effect of ionic dissolution products from bioactive glasses on cells and tissues,
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however, exceptional publications by Hoppe et al. [7] and Rabiee et al. [23] have
collated these works into two comprehensive review papers. Inorganic ions such as
calcium (Ca), phosphorus (P) and silicon (Si) are well documented and are included
in many glass compositions due to their metabolic effects on bone tissue. Ca is
known to influence the behavior of osteoblastic cells by stimulating proliferation,
differentiation and extracellular matrix production at levels below 10 mmol. Ca also
influences bone remodeling by activating intracellular mechanisms that stimulate
Ca-Sensing receptors in osteoblasts and is known to be a key regulating agent in
bone metabolism [7]. P is also known to be a key regulator of bone formation as it
stimulates the expression of matrix Gla (MGP) protein [7]. Si is also known to have
positive bone metabolic effects as it has been suggested to influence bone growth
processes such as collagen turnover and sialic acid containing extracellular matrix
(ECM) proteins such as osteopontin [7]. Additional ions that have been incorpo-
rated into bioactive glasses and scaffolds include strontium (Sr), zinc (Zn), copper
(Cu), magnesium (Mg) and boron (B). The effect of Sr on bone metabolism has
been investigated by Marie et al. These studies showed that Sr exhibits a positive
effect on bone growth and metabolism and has been proven to have a positive
therapeutic effect in postmenopausal women with osteoporosis when administered
the drug strontium ranelate (SR) [24, 25]. Zn is also cited to have beneficial effects
as an anti-inflammatory agent in addition to bone metabolism. It has been shown to
inhibit bone resorption by suppressing the formation of osteoclasts cells in mouse
cultures. It has also been cited to regulate the transcription of osteoblasts differ-
entiation genes such as type I collagen, ALP, osteopontin and osteocalcin [7]. In
addition to providing positive biological effects, Zn can also play a diverse role in a
glass structure as it can act as a network intermediate where is can assume a
network forming or network modifying role [23]. By altering the concentration of
Zn within the glass, properties such as the glass transition temperature, solubility
and the distribution of non-bridging oxygens can be modified [23] (Fig. 2).

Mg is also known to be essential to bone metabolism where it has been shown to
have stimulatory effects on new bone formation. It is contained within mineralized
tissue in the human body, 0.44, 1.23 and 0.72 wt% for enamel, dentin and bone
respectively [23]. Mg has been cited to interact with integrins of osteoblasts cells
which are responsible for cell adhesion and stability [7], however, its incorporation
in bioactive glasses has also been cited to severely retard apatite formation on the
materials surface as the degradation rate of the glass is decreased [23]. Additionally,
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Fig. 3 Ionic dissolution products released from bioactive glasses and a summary of the
therapeutic benefits they can impart. (Reproduced from Hoppe et al. [7])

non bone forming or stimulating compounds such as silver (Ag) have stimulated
interest as it is cited as having excellent antimicrobial properties when incorporated
into a bioactive glass or applied as a coating. However, in certain concentrations,
Ag has been proved toxic to cells, i.e. glasses containing 2 wt% Ag, whereas below
1 wt% no toxic influence was observed [23]. Figure 3 presents a schematic of the
diversity of ionic dissolution products from glassy materials and a summary of
some of the metabolic processes that these ions are known to influence.

4 1Ideal Scaffold for Skeletal Restoration

Large bone defects or voids can be treated using a number of strategies. Ideally, an
autograft would be used where bone tissue is harvested from other sites in the
patient’s body. However, this procedure is accompanied by increased morbidity and
a second surgery, and only a limited supply of bone tissue is available. Allograft
tissue can also be used, however, this comes with the risk of disease transmission
and infection and the possibility of tissue rejection. Artificial materials, in particular
glasses and ceramics, provide a promising area of research as their composition can
be designed to impart specific responses in vivo, and their solubility and mechanical
stability can be controlled through the materials chemistry. Some of the current
polymer and metallic materials used for orthopaedic surgery lack a number of
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essential characteristics; the ability to promote self repair, the ability to incorporate
a blood supply and the ability to modify their structure in response to environmental
factors such as mechanical forces [26]. Tissue engineered scaffold engineering is an
approach that utilizes either inorganic or organic materials or a composite of both
systems to fabricate a three-dimensional porous structure that can be fabricated
from synthetic or natural materials. These scaffolds normally exhibit high porosity
and pore interconnectivity [7]. A number of criteria have been suggested for the
ideal bone scaffold. The scaffold should be biocompatible or non toxic to the host
and act as a three-dimensional template for in vitro and in vivo bone growth. This
three dimensional construct should consist of an interconnected macroporous net-
work of pore diameter of at least 100 pm to permit cell movement and migration,
tissue ingrowth and vascularisation [26]. The scaffold materials should encourage
cell adhesion and should positively influence osteogenesis. This would facilitate the
in vitro preparation of the scaffold before implantation. The material should bond to
bone tissue without the formation of fibrous tissue creating a stable interfacial bond
to the host while also biodegrading at the same rate that the bone tissue is being
regenerated. The scaffold should have comparable mechanical properties to the
bone tissue that it is replacing, and upon dissolution, the degradation products
should be easily metabolized and excreted from the body. The method used to
fabricate the scaffold should permit the fabrication of irregular shapes to suit the
individuals bone defect, and the materials should be easily sterilized to meet clinical
standards [26].

5 Scaffold Synthesis and Processing

Bioactive glass containing scaffolds can fabricated by using micron or nano sized
particles to form the scaffold through sintering and controlled heat treatment, or by
using the particles as a secondary phase if they are impregnated within a polymer
network to impart bioactivity. Synthesis of the particles can be achieved through the
traditional melt-quench method or by sol-gel processing. Solgel processing has the
advantage of producing high surface area and mesoporous particles (2-50 nm)
particles which results in greater adhesion and integration with living tissues [23,
26]. To form scaffolds with these materials a number of methods have been
employed which include electrospinning, laser-spinning, flame spray synthesis,
microemulaion, gel foaming, gel casting, 3D printing and the polymer foam
replication method [23]. The foam replication method uses an organic matrix in
addition to the ceramic powders and it subsequently removed using heat treatment.
Numerous organic agents have been investigated including polyethylene, sucrose,
corn and rice starches [27].

Numerous characterization techniques can be employed for designing and
optimizing scaffolds structure and properties in addition to investigating the thermal
transitions which occur during heat treatment of the composite materials.
Techniques such as hot stage microscopy (HSM) can be used to determine the
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sintering temperature and the softening and melt temperature of glass and ceramic
materials [28]. Differential thermal analysis/thermal gravimetric analysis
(DTA/TGA) can be used to determine dehydration and organic removal from the
scaffolds post processing. Important transition within the material can be deter-
mined such as the glass transition temperature, and the onest and arrest of crys-
tallization. Figure 4 presents some of the thermal transitions identified by Jones
et al. when fabricating solgel based 70S30C gel derived foams.

Additional techniques that can provide useful information include high tem-
perature X-ray diffraction (HT-XRD). By employing this technique and using a
constant heating rate, the evolution of specific crystal phases can be identified in
addition to determining the region where the materials evolve form an amorphous
material to a crystalline arrangement [28]. X-ray microtomography can be used to
generate 3D images of the scaffold construct in addition to providing critical
information on the scaffolds porosity [28]. This is an important characteristic as
the porosity of human trabecular bone is cited to be between 80 and 90 % [29].
Nitrogen sorption analysis also yields critical information about pore diameter and
pore size distribution, as a minimum of 100 um is suggested to permit cell
migration, tissue ingrowth and vascularization [26]. A study by Jones et al.
combines a number of these techniques in addition to bioactivity and mechanical
testing, in particular compressive testing. This study employed solgel processing
to develop 70S (70 mol% SiO,) 30C (30 mol% CaO) glasses which were sub-
sequently heat treated a number of temperatures ranging from 600 to 1000 °C. In
this study the glasses were foamed with Teepol to produce 3D scaffolds that
contained pore diameters within the suggested region ranging from 100 to
500 pm. Compressive testing also revealed mechanical properties comparable to
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human trabecular bone. The compressive strength of the foamed scaffolds was
reported to be 2.26 MPa, which lies within the cited strength of porous bone
tissue, 2—12 MPa [26].

6 4585 Bioglass® Based Bone Tissue Scaffolds

Since its introduction in the 1960s, Bioglass® has been applied for hard tissue
reconstruction and restoration in orthopedics, maxilla-facial surgery and dentistry.
The first Bioglass® based product was the Ossicular Reconstruction Prosthesis
tradenamed MEP® and was used to treat conductive hearing loss in the middle ear.
Subsequently a monolith, the Endosseous Ridge Maintenance Implant (ERMI®)
was marketed to repair tooth roots and to provide a stable ridge for dentures
following tooth extraction. Bioglass® products were then synthesized and marketed
in particulate form, Perioglas®, Novamin® and Novabone® to fill defects in bone
tissue for both orthopedic and dental reconstruction [5, 8]. So due to the bone
bonding ability of this particular glass composition, it has been investigated as a
potential bone tissue scaffold. The ability of this glass to form a precipitated
hydroxyapatite layer on its surface after incubation in physiological fluids makes it
a highly desirable scaffold material [8]. Additionally, Bioglass® can easily be
resorbed by the body which presents the possibility that the materials will resorb as
bone tissue is regenerated. Moreover, Bioglass® has been proven to be non-toxic to
human cells and its ionic dissolution products have even been shown to positively
influence osteoblasts genes that govern the cell division cycle [6].

However, there are some negative attributed to developing scaffolds from
Bioglass®. The ideal porosity of Bioglass® fabricated scaffolds significantly reduces
the mechanical behavior of the 45S5 Bioglass® as they are extremely brittle.
A compressive strength of 0.27-0.42 MPa is reported for a porous 4585 Bioglass®
body with a porosity of approximately 90 % and a pore size ranging from 510 to
720 pm, a value significantly lower than the reported compressive strength of
trabecular bone, 2—-12 MPa [27]. Another issue regarding the use of Bioglass® for
tissue engineered bone scaffolds is related the processing technique. The traditional
foam replication technique requires heat treatment of the scaffold to form stable
constructs. This material is reported to fully crystallize prior to densification which
can limit its ability to bond to bone tissue as it turns a bioactive glass into an inert
material [30]. It has been suggested that crystallization of Bioglass® decreases the
kinetics of HA formation rather than inhibiting it [27]. Studies by Bellucci et al.
investigated the effect of porosity on Bioglass® based scaffolds which were formed
by the foam replication method using polyethylene powders. During processing the
sintered Bioglass® was found to crystallize to Na,CaSi,O¢ and Na,Ca,SizOo,
however, despite crystallization occurring, the scaffold materials were found to
form a calcium phosphate (CaP) surface layer when incubated in Simulated Body
Fluid (SBF) for extended time periods [27]. SBF is a synthetic fluid that contains a
similar ionic composition to that of human blood plasma. It is routinely used to test
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for bioceramics bioactivity, as the precipitation of a CaP layer on the surface of
materials when incubated in SBF for extended time periods is a positive indicator of
bone bonding [31].

Studies by Boccaccini et al. have been conducted to form 45S5 Bioglass®
scaffolds at different sintering temperatures. This was conducted in order to produce
a higher degree of densification within the scaffolds to increase the mechanical
integrity, as the kinetics of a highly porous network (increased surface area) can
differ significantly from a dense ceramic [30]. For this work they use 5 pm
Bioglass® particles to form scaffolds with a polyurethane foam and a polyvinyl
alcohol binder (PVA). This study employed a strict heat treatment process where
the scaffolds were heated to 400 °C/1 h. Sintering conditions were then specifically
designed to be 900 °C/5 h; 950 °C/0-5 h; and 1000 °C/0-2 h. The heating and
cooling rates were 2 and 5 °C/min, respectively [30]. This heat treatment schedule
resulted in a porous scaffolds, however the cell struts were found to be significantly
thicker when sintered at 1000 °C for 1 h than at 900-950 °C for 2-5 h. Figure 5
present SEM images of the 45S5 Bioglass® scaffolds which shows changes in pore
structure and strut microstructure [30].

Similarly to the previous study discussed, the crystal phases that were formed
post processing were found to be Na,Ca,Si309, and similarly to previous studies
these scaffolds also formed initial precipitates after 3 days incubation in SBF,
which progressed to spherical apatite spheres after 3 weeks. Subsequently the entire
surface area of the foams were covered in a distribution of amorphous and crys-
talline calcium phosphate [30]. The scaffolds tested at 1000 °C for 1 h were found
be structurally stable and were found to have mechanical properties ranging from
0.3 to 0.4 MPa in compression, and 0.4-0.5 MPa in bending strength [30]. Further
studies to improve the mechanical properties of Bioglass® based scaffolds
employed polymer coating of microfibrillated cellulose (MFC) on the exposed
surface of the scaffolds. Scaffolds were synthesized by the foam burnout method
[32]. Post scaffold fabrication, MFC was added in 5 and 10 wt% additions to PVA
solutions and stirred and dried to form a continuous coating along the struts of the
scaffold. The PVA/MFC coatings were applied to the scaffolds and subject to
compressive testing. The PVA coated scaffolds were 5 times stronger than the
uncoated scaffold and the addition of 5 wt% MFC increased the compressive
strength tenfold. Additionally, the tensile strength was increased 20-fold also with
the addition of 10 wt% MFC. Figure 6 present SEM images of the fractured struts
of the MFC coated Bioglass® scaffolds [32].

The strengthening mechanism is due PVA infiltrating the scaffold strut surface
defects and hindering the stress concentration in addition to providing stress transfer
from the scaffold to the MFC fibers. Furthermore, fracture of MFC fibers con-
tributed to the energy dissipation process which led to the increase of the toughness
of the scaffolds [32]. The surfaces of Bioglass® based scaffolds have also been
coated or treated to improve their ability to interact with organic compounds such as
proteins, a process referred to as surface functionalization [11]. It is understood that
cells do not directly adhere to the surfaces of materials, but the preferentially adhere
to extracellular matrix component, i.e. proteins such as fibronectin and collagen.
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Fig. 5 Bioglass pore size and strut microstructure when processed under, a, b 900 °C for 5 h, c,
d 950 °C for 2 h and e, f 1000 °C for 1 h. (Reproduced from Chen et al. [30])

For this work a Bioglass® based scaffold was produced by the foam replication
method and was subsequently silanized in 3-aminopropyl-triethoxysilane (APTS)
in an effort to surface functionalize the scaffold to maintain its protein binding
ability, as partial crystallization can inhibit the bioactivity [11]. This study inves-
tigated the efficiency and stability of the surface modification on the scaffolds and
determined that the process of surface functionalization, aqueous heat treatment,
expedites the reaction of the scaffolds when tested in SBF [11]. Additional, methods
of modification of Bioglass® based scaffold surfaces include coating with grapheme
in an attempt to improve the scaffolds electrical properties. The grapheme coated
scaffolds where synthesized using solgel processing and although these preliminary
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Fig. 6 SEM imaging of fractured coated scaffold struts (a), PVA/MFC bridging in a PVA/5 %
MFC-coated specimen (b), struts fracture of PVA/10 %MFC-coated specimen (c), detail of the
coating at higher magnification (d), bridging by the PVA/MFC pack in PVA/5 %MFC-coated
specimen (e) and bridging by MFC fibrils only, PVA/10 %MFC-coated specimen (f). (Reproduced
from Bertolla et al. [32])

studies did not present any significant advantage over the uncoated control, it
present a very relevant and interesting hypothesis [33].

A processing method that has been investigated and applied to form higher
strength, amorphous Bioglass® based scaffolds is robocasting. This technique is an
extrusion based direct writing process that employs high solid paste-like suspen-
sions (inks) to build 3D structures through layer-wise deposition of extruded
cylinders. A study by Ferreira et al. used robocasting to produce Bioglass® scaffolds
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using carboxymethyl-cellulose (CMC) as the single processing additive. Thermal
treatment was conducted to burn out CMC which was performed in air and
occurred at 400 °C for 1 h. Following the binder removal, the constructs were
sintered in air for 1 h at different temperatures up to 1200 °C [34]. The scaffolds
contained interconnected porosities ranging from 60 to 80 % and they also achieved
compressive strengths comparable to that of trabecular bone tissue (2—13 MPa). In
addition scaffolds were sintered at temperatures below the crystallization temper-
ature of 45S5 Bioglass®. This resulted in the ability to produce mechanically
suitable Bioglass® based bone tissue scaffolds that retained a vitreous phase,
thereby retaining its full bioactivity and therapeutic potential. Figure 7 presents
SEM images of the robocast Bioglass®-CMC scaffolds [34].

Additional efforts to preserve the amorphous content of Bioglass® based scaf-
folds have been made by Russel et al. where they used glass mixtures of Bioglass®
and a glass with low crystallization affinity (NC—58.2510,-6.59Ca0-18.53Na,0—
6.77Mg0-10.1CaF, wt%). They used a number of different ratios, NC:Bioglass®
100:0, 70:30, 50:50, 30:70 and 0:100. Samples were sintered at 850 °C, a tem-
perature lower than standard sintering temperatures which are reported up to 1050 °
C. From this study it was determined that by increasing the concentration of NC
glass, more dense scaffolds were produced [35]. In particular, 70 wt% additions of
NC showed much more dense constructs in addition to forming smaller pore
diameters (250-400 pm). SBF testing determined that the samples which contained
Bioglass® formed crystalline hydroxyapatite on the surface, while as the concen-
tration of Bioglass® decreased, the formation of an amorphous CaP surface pre-
dominated [35]. Even though the addition of NC did reduce the degree of
crystallinity, it did not prevent it. The growth of new crystal phases (rich in Mg and
F) were evident when examined using X-ray diffraction and resulted in altering the
solubility of the scaffolds [35].

Additional studies have been conducted to investigate the potential of Bioglass®
based scaffolds to serve as drug delivery vehicles. Studies by Francis et al. have
employed poly(3-hydroxybutyrate), P(3HB), to deliver gentamycin, which was
encapsulated within P(3HB) microspheres. The drug loaded microspheres were
coated on the surface of the Bioglass® scaffolds using a number of methods
including agitation, sonication and using binders such as PVA solution. The
resulting scaffolds were found to have increased compressive strength and com-
parable bioactivity to the coating free Bioglass® scaffolds when tested in SBF, in
addition to proving a highly effective drug carrier. Figure 8 present the release
profiles of gentamycin from the 45S5 Bioglass scaffolds.

Drug release profiles were tested over the period of 30 days and the cumulative
rate of gentamycin release (84 %) from the microsphere coated scaffolds was found
to occur in a controlled manner which is much more beneficial than the release
profile from the microspheres alone, which released 95 % over a time period of
24 h [36].
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Fig. 7 SEM images of a
45S5 Bioglass® tetragonal
mesh scaffold fabricated by
robocasting and sintered at
1000 °C for 1 h: a corner
view of an as-cut sample for
use in uniaxial compressive
tests and b, ¢ side views of the
same sample. (Reproduced
from Eqtesadi et al. [34])
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Fig. 8 Release of gentamycin from free microspheres, uncoated 4555 Bioglass® scaffolds and
microsphere-coated composites scaffolds. (Reproduced from Francis et al. [36])

6.1 Bioglass® Scaffolds Influence on Angiogenesis

Another promising area of study is the effect that the ionic dissolution products
from bioactive glasses have on angiogenesis. One of the major challenges associ-
ated with bone tissue engineering includes vascularisation of the three-dimensional
scaffold as the viability of the construct depends on its rapid vascularisation once
implanted. To promote blood vessel formation pre-cellularised and pre-vascularised
scaffolds can be developed in vitro by seeding scaffolds with co-cultures of
endothelial cells, osteoblasts or osteoprogenitor cells. Additionally the incorpora-
tion of growth factors into the scaffolds can also influence the growth of blood
vessels. A study conducted by Gerhardt et al. investigated the angiogenic potential
of Bioglass® particles incorporated into poly(p,L lactide) (PDLLA) [37]. Figure 9
shows the secretion of VEGF by human CCD-18Co fibroblasts. The addition of
Bioglass® significantly improved angiogenic signaling compared to the control
PDLLA materials.

Composites were formed with micron sized (m-BG) and nano-sized (n-BG)
Bioglass® particles. The study investigated the secretion of vascular endothelial
growth factors (VEGF) by human fibroblasts in contact with the composite mate-
rials. It was shown the highest additions of m-BG or n-BG (20 wt%), human
fibroblasts produced 5 times higher VEGF than on pure control PDLLA materials.
Additionally, after 8 weeks implanted in rat models the m-BG and n-BG were
infiltrated with newly formed tissue and demonstrated higher vascularisation and
percentage blood vessel to tissue than PDLLA scaffolds [37]. Further studies by
Kent Leach et al. [38] on the angiogenic potential of Bioglass® coated VEGF
scaffolds determined that enhanced mitogenic stimulation of endothelial cells was
observed particularly in the presence of the bioactive glass coating.
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7 Chapter Summary

45S5 Bioglass® is widely regarded as the foundation of bioactive glass based
materials. Since its invention and success in early dental applications, it has been
heavily investigated and applied, in particular, to skeletal repair for porous,
biodegradable bioactive scaffolds. Bioglass® particles can be employed with
polymers to form the composite scaffold itself or they can be applied as coatings to
the scaffold struts. Numerous synthesis methods and processing conditions can be
used to fabricate scaffolds with different critical properties such as porosity and
exposed surface area, solubility and mechanical integrity. Additionally, Bioglass®
based scaffolds can be modified to deliver therapeutics such as antibiotics and
organic compounds to stimulate bones regenerative properties or to positively
influence critical wound healing processes such as minimizing the inflammatory
response and increasing the rate of blood vessel growth within the scaffolds. These
properties, attributed to 45S5 Bioglass®, has greatly supported its incorporation into
bioceramic based scaffold materials and has, to a great extent, stimulated interest in
developing non-Bioglass® based scaffolds for skeletal repair.
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Vitreous Materials for Dental Restoration
and Reconstruction

Anthony W. Wren

Abstract Glasses are a highly versatile class of materials that have been utilized
for numerous applications in restorative dentistry. Their use in dentistry ranges
from reconstruction of the underlying bone tissue used to house or support metallic
implants, to glass based adhesive materials for tooth restoration. The destruction of
alveolar bone tissue, due to periodontitis or periapical infection, leads to resorption
of the underlying bone tissue that needs to support constructs required for implant
surgery. The Bioglass based system (SiO,—CaO-Na,O-P,05) can provide the
required ionic dissolution characteristics to promote mineral deposition in bone
tissue which subsequently results in the formation of hydroxyapatite (HAp) and a
permanent interfacial bond. The success of this particular composition has resulted
in a range of commercial materials that can be applied to procedures such as guided
bone regeneration (GBR) and to improve resistance to dentin associated hyper-
sensitivity. Glasses can also be applied in a composite form to aid in the restoration
of de-mineralized tooth after carie formation, or to fix metal based constructs to the
tooth enamel. The predominant types of glass based dental adhesive materials are
glass polyalkenoate cements (GPCs). These materials generally consist of a SiOy—
Al,O3—CaO/CaF based glass, and when mixed with a polyalkenoic acid (PAA) and
water, set to form a solid matrix. GPCs are commonly used as cavity fillers, liners
and as luting agents as they form a strong bond to the mineral phase of tooth, have
the ability to release fluoride in the oral environment and have appropriate handling
and mechanical properties for their intended application.

1 Dental Anatomy and Tooth Restoration

Each tooth can be divided in two regions, the crown and the root [1]. The crown is
covered with enamel, which is the hardest mineral in the human body where is
consists of up to 96 wt% hydroxyapatite (HAp) mineral, with the remaining being

AW. Wren (IX)
Inamori School of Engineering, Alfred University, Alfred, NY, USA
e-mail: wren@alfred.edu

© Springer International Publishing Switzerland 2016 203
J. Marchi (ed.), Biocompatible Glasses, Advanced Structured Materials 53,
DOI 10.1007/978-3-319-44249-5_8



204 A.W. Wren

protein and water [2]. The root portion of the tooth is covered with cementum [3].
The crown and the root portion join at the at the cemento-enamel junction (CEJ) [1].
The bulk of dental tissue is composed of dentin which is also a mineralized tissue
which contains a higher organic content than its enamel covering. Dentin represents
the load bearing component of the tooth and is more similar to bone tissue as it
consists of primarily type I collagen fibrils, water and nanocrystallites of HAp [4].
Dentin also contains tubules which run perpendicular to the tooth surface that
contains fluids and odontoblastic processes which houses projections of the primary
cell type of dental tissues, odontoblasts. Odontoblasts are dentin forming cells and
are tall columnar cells located between the pulp and the primary dentin [5]. Their
functions include secretion of dentin matrix proteins, regulating the mineralization
process and they are involved in the transmission of stimuli from the external
environment to the pulp [S]. In the center of the tooth is a mineral free cavity that
contains dental cells, connective tissue, blood vessels, nerve endings and lym-
phatics [1]. This region is called the dental pulp and its primary function is to form
the dentin of the tooth. Dental pulp initially begins as a large chamber which
progressively becomes smaller as the tooth matures. The opening of the pulp cavity
is located at the apex; which is constricted through the root canal, and is called the
apical foramen [1]. The tooth itself is held in place by the periodontal ligament
which is composed of connective tissue fibers that securely anchors the tooth to the
surrounding bone tissue. The two bone structures that house the tooth are the
maxilla (upper jaw) and the mandible (lower jaw) and are the primary bones of the
facial skeleton [1]. The maxilla is divided into a left and right section and is fused to
the skeleton. The mandible has no osseous union with the skull and is a movable
joint. The alveolar process makes up the inferior portion of the bone cavities that
surrounds the roots of the tooth and provides osseous support [1]. The alveolar
process is maintained by the presence of the teeth. Should any tooth be lost, that
portion of the alveolar process that supports the missing tooth will be subject to
atrophic reduction. Should all of the teeth be lost, the alveolar process will even-
tually be lost [1].

Dental implants can be separated into two categories called endosteal (en-
dosseous) implants which are incorporated into the bone tissue, or subperiosteal
systems, which contact the exterior bone surfaces [6]. Endosteal forms, such as root
devices include cylinders, screws, plateaus, blades are placed into the bone tissue
[6]. However, in order for these materials to be placed within the bone tissue, it
must be in good health. Glass based materials can be applied for dental repair to
either promote alveolar bone re-growth to support dental implant devices,
encourage re-mineralization of exposed dental tissue surface or restoration of the
tooth structure itself after carie formation and destruction of the tooth anatomy. The
following section will focus on the application of glass based materials for dental
applications that include re-mineralization of the supporting bone tissue and the
tooth surfaces.
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2 Skeletal Repair to Support Dental Surgery

Forty years or so ago, the transition from bioinert materials to bioactive materials
became evident when glasses, that were applied for skeletal repair, stimulated a
highly desirable and positive response in the human body. This was the formation
of a strong chemical interfacial bond between the glassy material and the hosts bone
and soft tissue [7, 8]. This was a significant discovery as this glass composition was
initially designed using the SiO—Na,O0-CaO, ternary phase diagram for ceramics
after the realization that if materials could be designed to form a hydrated calcium
phosphate or Hydroxyapatite (HAp) surface layer, they may not be rejected by the
body through fibrous scar tissue formation [7]. Dr. Larry Hench was the first to
report that these glasses, which he developed as part of a US Army Medical R and
D Command funded project, with a specific composition 45 % SiO,, 24.5 % Na,0,
24.5 % CaO, 6 %P,05 (termed Bioglass®) formed a direct bond to bone tissue in
rat femoral implant models. The small rectangular glass cast implants were inserted
into rat femurs and over the course of 6 weeks, formed a strong interfacial bond to
the bone as opposed to the control samples which were easily removed [7]. This
lead to the development of osteoinductive, osseoconductive and regenerative
products for replacement or regeneration of bone structure required for placement
of dental devices. Alveolar bone is the primary support construct for teeth and
dental implant materials. The loss of teeth and/or alveolar bone tissue through lack
of osseous stimulation results in gradual bone loss, which is manifested in both
bone density and volume [9] (Fig. 1).

If the tooth and periodontal ligament are removed, the body initiates resorption
of the alveolar bone [9, 11]. Osteoclastic activity increases and the alveolar ridge is
continually eroded. If this process is not intercepted quickly, there will be a number
of negative consequences dealt to the patient. Extensive resorption of the bony
processes restricts the quality of the dental restoration available, which will sub-
sequently affect the recipient’s quality of life [11]. In order to restore the underlying
bone tissue, a number of criteria have been suggested for the ideal implant material
to possess to support alveolar ridge restoration [12]. These include no evidence of
early resorption of the implanted material; acceptable strength to fill the space
without fracture under masticatory forces; strong attachment to the soft and hard
tissues at the implant interface; and no adverse reactions to the host [12]. Without
intervention and the use of suitable supportive implant materials, severe alveolar
bone resorption will occur and this will subsequently require extensive grafting to
support dental implants [11]. The ability of glasses to initiate bone reconstruction is
related to its biodegradation properties in an aqueous environment. The following
section details the methods we can employ to evaluate glasses aqueous potential for
skeletal and dental restoration.
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Fig. 1 Anatomy of the alveolar region supporting the tooth. Periodontitis and periapical infection
can result in tooth loss which subsequently influences alveolar bone density. (Reproduced from
Henderson et al. [10])

3 Aqueous Evaluation of Glasses for Dental Restoration

The initial tests conducted by Hench and associates described critical information
about the compositional characteristics required to design glass based biomaterials
for positive interactions with hard tissues. The early studies were initially conducted
using silicate based glass compositions that contained less than 60 wt% SiO,.
Formulations that contain higher levels of SiO, were found to inhibit bone bonding
behavior [13]. Similarly, if multivalent cations such as AI**, Ti** or Ta>* are added,
it reduced the bone bonding potential. Studies by Dr. June Wilson on the interfacial
interactions of soft tissues with Bioglass® showed that glasses exceeding 52 wt%
Si0, will still bone to bone, but not to soft tissues [7]. This discovery, in addition to
the high amounts of Na,O and CaO as well as the relatively high CaO/P,Os ratio,
makes these glass surfaces highly reactive in physiological environments [8]. These
key compositional characteristics lead to dissolution of the glass surfaces in
physiological fluids that leads to the formation of a HA surface layer, which is
largely attributed to their ability to bond to mineralized tissues. The mechanism of
mineral formation has been widely investigated in vivo and in vitro and has led to
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the generation of artificial physiological fluids that aim to represent the natural
host’s aqueous environment. Fluids such as Simulated Body Fluid (SBF) [14, 15]
and Artificial Saliva (AS) mimic the aqueous host environment and are commonly
used as a preliminary test for bioceramic’s (glass and ceramic based biomaterials)
bioactivity. The compositions of SAGF Artificial Saliva and Simulated Body Fluid
are presented in Table 1.

These solutions do not precisely represent the host aqueous environment as the
organic components, i.e. soluble proteins, hormones, vitamins, glucose and cellular
components are largely absent [13]. SBF is a solution that contains an ionic com-
position that is representative of human blood plasma and is widely used to test
dental bioceramics potential to induce mineral deposition for maxillofacial
restoration and alveolar bone re-growth. AS is difficult to reproduce accurately as
saliva is a mixture of a number of natural fluids with varying composition which are
secreted by the parotid, submaxillary and sub lingual glands [17]. Its composition
also varies among the same individual and is largely subject to parameters such as
changes in health condition, diet and time of day [17, 18]. Numerous formulations
for simulating AS have been presented, with the earliest formulation being designed
by Gal et al. [18]. A review of approximately 60 AS compositions are conducted by
Gal et al. highlights the compositions that are most commonly used experimentally.
AS is generally an inorganic fluid that principally contains Ca®*, COs, P, Mg**, K*,
Na®, CI", SCN™, NH," with a pH that ranges between 5.1 and 7.7 [18]. Studies
have been conducted to incorporate the glycoprotein organic component of saliva as
this imparts the viscosity attributed to natural saliva. This viscosity most likely
influences the diffusion rates of solutes and hence the surface reactivity and solu-
bility of bioceramic materials are likely affected by its absence [18]. Both of these
synthetic media are extensively used to determine the effect that the ionic disso-
lution products from bioceramic materials have with respect to the precipitation of
an amorphous calcium phosphate (CaP) and/or crystalline Hydroxyapatite

Table 1 Composition of SAGF artificial Saliva [16] and simulated body fluid [15]

SAGEF artificial saliva (AS) pH 6.7 Simulated body fluid (SBF) pH 7.4
Compound Concentration (mg/l") Compound Concentration (g/1)
NaCl 125.64 NaCl 8.035

KCl1 963.90 NaHCO; 0.355

KSCN 189.20 KCl 0.225
KH,PO, 654.50 K,HPO,4-3H,0 0.231
CO(NH,), 200.00 MgCl,-6H,0 0.311
CaCl,-2H,0 227.80 1.0 M-HCl 39 ml
Na,SO,4-10H,0 763.20 CaCl, 0.292

NH,Cl 178.00 Na,SO4 0.072
NaHCO; 630.80 Tris 6.118

- - 1.0 M-HCl 0-5 ml

(Reproduced from Levallois et al. [16] and Kokubo et al. [15])
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(HAp) surface layer after incubation and solution exchange over time. Additionally,
researchers can employ these media, which is compositionally more similar to our
own physiological fluids than either sterile de-ionized water or buffered solutions
(TRIS), to investigate properties such as ion release kinetics. The mechanism of
HAp layer formation on the surface of bioactive glasses is attributed to a number of
stages which involve calcium dissolving from the material into the surrounding
solution while a Si-rich intermediate layer forms on the glass surface. Nucleation is
possible as the surrounding solution becomes supersaturated due to the dissolution
of Ca ions. In addition, the Si-rich intermediate layer presents soluble Si which
provides favorable sites for the nucleation sequence. The process of nucleation and
growth of the HAp layer is facilitated by the interaction of calcium, phosphate and
hydroxide ions [8, 13, 15].

Bioceramics solubility profiles can differ and can be modified by a number of
different characteristics which includes; altering the local pH, modifying the
chemical composition of the material, increasing or decreasing the degree of
crystallinity and by changing the particle size, exposed surface area and porosity of
the material [11]. Additional factors such as the Ca/P ratio can also lead to changes
in the dissolution characteristics, i.e. the greater the Ca/P molar ratio is, the lower
the materials solubility [11]. Modifying the solubility of the materials reflects in the
in vivo rate of degradation and the subsequent bioactive response. The ability to
modify this process leads to bioceramics being a highly versatile class of materials.

4 Bioglass® Based Dental Restorative Materials

The first Bioglass® based implants were cleared for marketing in the US to treat
conductive hearing loss by replacing the bones of the middle ear. This device was
called Bioglass® Ossicular Reconstruction Prosthesis and tradenamed MEP®. This
device was able to bond to both bone and soft tissue i.e. the tympanic membrane.
The success of MEP® led to the development of numerous Bioglass® based hard
tissue replacement devices. The devices that are relevant to the field of dentistry and
that are applied for restoration of bone tissue required for effective dental surgery is
presented in the following section.

4.1 Endosseous Ridge Maintenance Implant
(ERMI®)—Monolithic Materials

Due to the success of these early studies the second Bioglass® based device that was
given market approval was the Endosseous Ridge Maintenance Implant (ERMI®)
device [7]. This device was designed to repair the tooth roots and to provide a stable
ridge for dentures following tooth extraction. This was a 45S5 Bioglass®
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composition that was fabricated into a cone shaped monolith such that it could be
implanted into cavities in the jaw bone following the removal of teeth. Removal of a
tooth produces changes in the jaw bone which are followed by gradual bone loss
such that the normal shape of the bone tissue, which supported the healthy tooth,
change in shape to a narrow knife-edge ridge with reduced height [19]. This mor-
phological change in the bone geometry cannot comfortably support dentures. To
prevent this bone loss the Bioglass ERMI® device can be implanted into the cavities
and it has been reported that after 1 h of implantation, the formation of a chemical
bond to the bone tissue appeared. The prevention of the bone loss provided a much
more comfortable and suitable base for dentures [19]. These implants were highly
stable and proved more successful than HA tooth root implants. One of the limita-
tions of this device was that they came in pre-fabricated shapes which limited the
surgeons to using fixed sized cones for each surgery [8, 13].

4.2 Perioglas®: 90-710 um Glass Particles

The success of the Bioglass® continued with the development of implantable
particles which ranged from 90-710 um in diameter. Particles were preferred as the
surgeons could press and compact particles into irregular defects as opposed to
using prefabricated monoliths. Perioglas® was initially released by NovaBone
Products LLC in 1993 to restore bone loss in the jaw which resulted from peri-
odontal disease and in surgical procedures such as Guided Tissue Regeneration
(GTR) [13, 20]. GTR is a surgical technique used to direct and stimulate regen-
eration of periapical bone tissue. The main problem being that the soft tissues, such
as gingival connective tissue or the migration of the oral epithelium into the bone
defect, can quickly occur after the insult which can prevent the formation of new
trabecular bone [20]. The use of synthetic bone substitutes (such as Perioglas®,
Biogran®) in addition to non-absorbable and bioabsorbable membranes (e-PTFE,
lactic acid, collagen type I, polyglycolic acid) can be used to facilitate cellular
re-growth within the periodontal defect [21]. GTR is a technique for enhancing and
directing cell growth to repopulate specific parts of the periodontium that have been
damaged by periodontal diseases, tooth diseases, or trauma [22, 23]. Two case
studies on the use of Periolgas® have been reported by Lokade et al. where peri-
apical bone tissue was severely reduced after both patients experienced trauma
resulting in tooth loss. Initially, severe periapical bone loss was evident in both
patients and each was selected for treatment with Perioglas® and a GTR membrane
and was observed over 6 months to 1 year [20]. In each case the patients were
found to experience a significant decrease in the periapical translucency over time
when observed under X-ray which was attributed to new bone deposition [20].

In addition to having bone forming properties, Perioglass® has also been cited to
have the additional beneficial effects of being anti-inflammatory and antibacterial
[17, 24]. Studies by Wilson et al. were conducted to determine if the cascade of
surface reactions in aqueous media that are responsible for the osseointegration
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process also impart antibacterial properties in a range of oral bacteria. This study
evaluated the antimicrobial dissolution effects of Bioglass® when immersed in
nutrient broth (NB), artifcial saliva (AS) or Dulbecco’s modifed eagle medium plus
10 % fetal calf serum. Each of the bacteria tested i.e. Streptococcus sanguis,
Streptococcus mutans and Actinomyces viscosus, showed reduced viability fol-
lowing 1 h exposure to Bioglass®, and this effect was found to increase after 3 h
[25]. Similar effects were found in a number of other bacteria which include
Porphyromonas gingivalis, Fusobacterium nucleatum, Prevotella intermedia and
Actinobacillus actinomycetemcomitans. A considerable reduction in viability was
observed with all bacteria tested, in both media, compared to inert glass controls
[25]. Additional studies have been conducted to improve the antibacterial response
of the Bioglass® by including elements such as silver (Ag). The appeal of the Ag
ion is a result of its broad-spectrum antimicrobial efficacy. Ag is particularly
effective for treating poly-microbial colonization associated with biomaterial related
infections. Bacteria do not generally tend to develop resistance to silver-based
materials [26]. Therefore, both metallic and ionic silver have been incorporated into
numerous polymer and ceramic biomaterials such as polyurethane, hydroxyapatite
(HA) and bioactive glasses. Studies using Ag-modified Bioglass® systems have
been conducted by Ferreira et al. where E. coli cultures were greatly reduced by
incorporating Ag into the Bioglass® system [26]. These modified particles can also
be incorporated as a coating on metals such as titanium which is used extensively in
both orthopedic and dental surgery [27], to reduce the chances of infection [28].
Septic complications can often result in poor functional outcomes and can ulti-
mately involve revision surgery. Figure 2 shows the comparison of Bioglass® and
Ag doped Bioglass® on E. coli cultures after 72 h of exposure.

Additionally, the anit-inflammatory response of Bioglass® has been studied by
Moldawer et al. where they implanted 50 mg (5 um Bioglass® particles)
intraperitoneally in C57BL/6 mice. Leukocyte and cytokine levels in the peritoneal
fluid were subsequently analyzed. This study concluded that exposure to Bioglass®

Fig. 2 Image of the effect of a Bioglass® and b AgBioglass on E. coli in culture medium
containing 20 mg/ml of Bioglass after 72 h exposure. (Reproduced from Balamurugan et al. [26])
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produced an IL-6 response without the associated expression of TNF-a or IL-1a
which suppressed the inflammatory response to endotoxin, likely through the early
induction of IL-6. Additionally, the Bioglass® did not induce white cell recruitment
into the periodontal extract fluids [29]. Studies by Chang et al. investigated the
effect of Bioglass® on wound healing using human umbilical vein endothelial cells
(HUVEC). They found that in vivo wound healing of full thickness excisional
wounds in rats is accelerated by the inclusion of Bioglass® and was associated with
reduced inflammation during the initial stages of healing [30]. These properties
greatly support the use of the Bioglass® composition for restoration of alveolar
bone loss.

Perioglas® has also be used to produce a slurry to assist in root canal surgery
prior to insertion of implants. This slurry assists by raising the local pH to levels
that become bactericidal [13]. Another application includes re-mineralization of
dentin by using an ultrafine particle size. Dentin and enamel are dental tissues that
can both suffer the consequences of bacterial biofilm formation as these microbes
produce organic acids that can dissolve both of these hard tissue layers. The loss of
mineral is normally counterbalanced by deposition of minerals from saliva or oral
fluids, a term referred to a re-mineralization. The solubility and osteoconductive
properties of the Bioglass® composition makes it a suitable candidate to aid in the
dentin re-mineralization process [31]. Vollenweider et al. synthesized nanosized
Perioglas® particles using flame spray synthesis and compared the efficacy to the
analogous micron-sized controls [31]. This study employed 20-50 nm particles and
compared them to the micron-sized analogues. Figure 3 shows the nano and micron
sized Perioglas® particles used for this particular study [31].

Dentin bars were prepared from human third molars following extraction and
were used to evaluate the re-mineralization efficacy of the glass particles. This study
concluded that re-mineralization of the dentin is encouraged by nanometric particles
when compared to the commercial sized Perioglas® in terms of mineral weight [31].
However, the mechanical properties of the re-mineralized samples were below the
stability of natural dentin, which is suggested to be a consequence of imperfect
arrangement of the newly deposited mineral. The increase in mineral content was

Fig. 3 TEM image of nano and micon sized particles in addition to dentin bar from third molar
used for testing. (Reproduced from Vollenweider et al. [31])
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attributed to the nanosized particles which highlights the importance of particle size
in relation to the clinical applications of Bioglass® materials [31].

4.3 Novamin®: 18 um Glass Particles

Another Bioglass® based dental product is NovaMin®, developed by NovaMin
Technology, GlaxoSmithKline (Florida, UK). This commercial product employs a
much finer particle size that the above mentioned products and has a particle size of
approximately 18 um [13]. The primary aim for this material was to re-mineralize
dentin in the tooth to reduce the effects of hypersensitivity which occurs due to
gingival exposure [32]. Dentin hypersensitivity is an oral condition where the root
of the tooth becomes exposed due to periodontal disease, toothbrush abrasion or
cyclic loading fatigue of the thin enamel near the cemento-enamel junction [13].
Dentin accounts for the greatest part of the dental hard tissue and is composed of an
organic matrix of collagen and other proteins imbedded with crystalline apatite. The
dental tubules (30,000-40,000/mm?) contain projections of odontoblast cells that
reside in the pulpo-dentinal junction in addition to dental fluid [31, 33]. When
external stimuli such as rapid changes in temperature or osmotic pressure; fluid is
displaced within the dental tubules. The opening of the dentin tubules facilitates
hydrodynamic fluid flow which causes changes in pressure that excites nerve
endings in the dental pulp which results in hypersensitivity [13, 31, 33]. When
micron sized particles of NovaMin® are incorporated into toothpaste, the small
particles are known to adhere to the dentine and induce a HAp layer which has the
effect of arresting fluid movement within the tubules which subsequently alleviates
the pain [13, 32].

Regarding it mechanism of action, the physical efficacy of the Novamin® (and
the Bioglass® composition in general) particles begin when the material is subject
to an aqueous media [34]. Sodium ions (Na*) in the glass particles exchange with
hydrogen cations (H* or H;0%) which subsequently facilitates both calcium (Ca®*)
and phosphate (PO,”") ions to be released from the glass. This series of reactions
occurs within very rapidly, and continues when the glass particles are exposed to an
aqueous environment. A localized, transient increase in pH occurs which encour-
ages the precipitation of the Ca®* and PO, ions from both the Novamin® glass
particles, in addition to the host saliva. This results in the formation of a precipitated
calcium phosphate (Ca-P) layer. As the particle reactions proceeds, this layer
subsequently crystallizes into hydroxycarbonate apatite, which is chemically and
structurally equivalent to biological apatite [32]. The combination of the residual
Novamin® particles and the hydroxycarbonate apatite layer results in the physical
occlusion of dentinal tubules, which relieves the effects of hypersensitivity [34].
Studies conducted by Curtis et al. on the particle size of Bioglass® based compo-
sitions for dentin restoration and hypersensitivity treatment were also conducted
and confirmed this effect. This study determined that treatment of the dentin
specimens, irrespective of particle size, resulted in the formation of continuous
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adherent apatite which occluded the previously exposed dentin tubules. This study
employed Bioglass® based compositions that were fabricated using melt-derived
and sol-gel glass synthesis routes. The mean particles sizes were 3.3 (0.42) and 0.65
(0.19) um for the melt derived and sol-gel compositions respectively [32]. The
dentin samples used were extracted from human wisdom teeth which were cut to
produce 1.5 mm thick acellular dentine samples (4.0 x 3.0 mm). These samples
were treated with a slurry of the micron and nano Biolgass® based powders, where
the dentin samples were brushed within the slurry for 2 min and a constant load of
3.5 N. This study found that after brushing with a Bioglass® slurry of human saliva,
particle agglomeration was identified on the sample surface, while 24 h after the
treatment, rod-like projections were found around the previously exposed tubules.
These rod-like projections appeared to emanate from within the tubules [32].

Energy Dispersive X-ray (EDX) analysis confirmed the projections to be cal-
cium and phosphate rich which supported the concept of apatite formation. Sections
of the samples were cut using Focused Ion Beam (FIB) Spectroscopy and were
subsequently analyzed using Scanning Electron Microscopy (SEM). The results of
this study is presented in Fig. 4 and presents FIB images which highlight the
formation of apatite rods following the application of the nanosized Bioglass® to
dentine (Fig. 4a) [32]. Cross sections of the apatite rods that occupy the dentin
tubules were sectioned using the ion beam. The apatite rods are indicated using
arrows in Fig. 4b, while the fully encased tubules are highlighted using circles. The
size of the individual rods were estimated at 25 um, however, observations using
SEM of the transverse sections measured these rods to a depth of 270 pm [32]. This
study determined that the apatite deposited on the dentin surface was altered in
response to the difference in particle size which resulted in a distinctive morphol-
ogy. This study concluded that brushing with nanosized Bioglass® particles caused
particulate entrapment within the tubules from which the apatite rod formation
occurred. Additionally, the rods did not show any evidence of de-lamination which
suggests they will remain stable under hydrodynamic flow [32].

This study further highlighted the effect that particle size has on the dissolution
characteristics of Bioglass® based materials. This effect was also supported in
studies conducted by Wang et al. where they found that nano-sized bioactive glass
induced dentin formation more strongly than micron sized glass particles [35].
However, this study also investigated the cellular influence that both particle sizes
have on odontogenic cells as materials that can induce odontogenic differentiation
and dentin formation is extremely desirable in relation to pulp repair and tooth
regeneration [35]. Human dental pulp cells (hDPCs) were isolated from third
molars and cultured directly with the micro- and nano-sized glass particles.
Figure 5 presents the effect of incubating micron and nano-sized bioactive glass
particles with hDPCs [35].

This study determined that the proliferation rate of the hDPCs was significantly
increased (Fig. 5) when exposed to the nano-sized particles. Additionally, the cells
chemotactic activity was also improved as the mineralization capacity and the
expression of odontogenic related proteins (dentin sialophosphoprotein, dentin
matrix protein 1 and collagen type 1) and genes were upregulated by the addition of
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Fig. 4 FIB prepared dentin specimens which present a apatite rods projecting from the dentin
tubules, and b transverse sections of the apatite encased dentin tubules. (Reproduced from Curtis
et al. [32])

the bioactive glass and in particular with respect to the nano-sized particulates [35].
The nanoscale glass particles induces dentin formation more strongly than the
microscale particles through the combined action of cell migration, surface
attachment, polarization, odontogenic differentiation and mineralization of hDPCs,
which is due to the nano sized particles having a larger surface area, more binding
sites and a faster dissolution rate [35].

Restoration of alveolar bone tissue for dental implant support and
re-mineralization of the tooth structure to alleviate hypersensitivity are applications
that have seen great success with the use of Bioglass® based glasses. Bioglass
materials have been widely investigated due to their ability to bone to bone tissue,
however, additional properties such as anti-inflammatory effects and antibacterial
efficacy have accelerated interest in these materials where studies have been con-
ducted to explore the effect of the ionic dissolution products on the host cells
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Fig. 5 a Primary hDPCs from human third molars. Incubation of micron (b, ) and nano (c, d)
sized glass coating (0.1 mg/ml™") of the tissue culture vessel. Where, e and d indicate third
passage and arrows indicate glass particle clusters g indicates control group while h and i indicates
micron and nano groups by crystal violet staining. (Reproduced from Wang et al. [35])

genetic expression. The bioactive process is now known to stimulate genetic control
[36]. Bioactive glasses can enhance osteogenesis through direct control over genes
that regulate cell cycle induction and progression towards a mature osteoblast
phenotype, a process termed osteostimulation. The effect of this genetic stimulation
of the cell cycle of osteoblast progenitor cells is the rapid proliferation and dif-
ferentiation of osteoblasts [36]. The result is rapid regeneration of bone tissue. The
clinical significance is the rapid filling of bone defects with regenerated bone that is
structurally and mechanically equivalent to normal healthy bone [36]. In addition to
the Bioglass® based materials that are used to reconstruct supportive alveolar bone
tissue and the re-mineralization of tooth surfaces, glassy materials are also used for



216 A.W. Wren

additional purposes in tooth restoration that includes filling caries, lining and
sealing applications and luting (bonding) metallic materials to the tooth surfaces.
These adhesive properties, with respect to the predominant glass based dental
restorative adhesives, will be discussed in the following section.

5 Glass Based Adhesive Materials for Dental Restoration

Adhesive restorative dentistry originated with the work of Buonocore in 1955 in
bonding resins to etched enamel. He initially demonstrated that the application of
phosphoric acid to enamel resulted in a porous surface which could be infiltrated with
a resin, which resulted in a strong micromechanical bond [37]. Adhesive materials
and techniques have developed at a rapid rate since then with the first chemically
adhesive material, the Zinc Polycarboxylate Cement (ZPC) being produced in the
1960s by Smith, and Glass Polyalkenoate Cements (GPC) following shortly after
[38]. The conventional GPCs were then modified in the early 1990s by the addition of
a water-soluble resin, to produce resin-modified GPCs (RMGPCs). The resin was
added as it is a photo-polymerizable monomer that, when exposed to light, accel-
erates the setting reaction [39]. Dental adhesive materials that include a glass phase as
one of its primary constituents will be considered in the following section.

5.1 Glass Polyalkenoate Cements (GPCs)

Glass-polyalkenoate cements (GPCs) are a class of acid-base adhesive cements
used in restorative dentistry that contains a degradable glass as one of its base
constituents. GPCs are water-based composite materials which set by an acid-base
reaction between a polyalkenoic acid, which is typically polyacrylic acid (PAA), in
addition to an alumino-silicate based glass. When the components are mixed
together in specific formulations with water, the materials set to form a solid
cement-like material. Upon mixing the powder and liquid components, the acidic
liquid attacks the basic glass resulting in surface degradation of the glass particles
which encourages the release of metal ions (e.g. strontium, calcium, aluminium),
fluoride ions and silicic acid. The metal ions react with the carboxyl (COO-) groups
on the PAA chains to form a polyacid salt, which becomes the cement matrix, while
the surface of the glass becomes a silica hydrogel. The unreacted cores of the glass
particles remain as a filler [37, 39, 40]. Figure 6 is a schematic representing the
setting reaction of a conventional GPC.

GPCs are extremely versatile materials as the modification of the glass com-
position, changes in the respective quantities of the powder to liquid ratios or
employing PAAs with different molecular weight and concentrations can result in
significant changes in the resulting properties which include ion release and solu-
bility, mechanical properties, setting characteristics and interfacial bond strength.
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5.1.1 Dental Suitability and Applicability

Glass polyalkenoate cements have a unique combination of properties that make
them suitable for restoration of dental tissues. GPCs are known to adhere to both
tooth mineral and metallic substrates. They can also release beneficial ions, such as
fluoride, over extended periods of time which can help prevent secondary carie
formation [39]. They are translucent and can be colour matched to tooth surface and
they are known to possess high mechanical properties which is preferable for
materials in contact with tooth dentin and enamel. GPCs also have the added
advantage of not requiring mechanical undercuts for retention which is required for
non-adhesive based tooth fillers. The GPC was initially developed as a substitute
for dental silicate cements for the aesthetic restoration of front (anterior) teeth [39].
Their applications have now become integrated with many type of dental restora-
tion. They can be classified as Type I GPCs where they are used as luting cements
as they are characterized as having a low film thickness and set rapidly. Type II
GPCs are restorative cements with sub-types 1 and 2 [37]. Type II-1 GPCs are
aesthetic and Type II-2 GPCs are ‘reinforced’ as they are more wear resistant.
Type III GPCs are lining cements and fissure sealants which are characterized as
having a low viscosity and rapid set [37].

5.1.2 The Glass Component of GPCs

The glass component plays a significant role in the chemistry and physics of a GPC.
It acts as a source of ions for the cement-forming reactions, it controls the setting
rate and the resulting strength and also imparts translucent properties [37]. Glasses
employed for dental restorative GPCs are based on SiO,—Al,03;—CaO or SiO,—
Al,O3—CaF formulations. All contain alumina, silica and an alkaline earth or rare
earth oxide or fluoride. The alumina to silica ratio (Al/Si) in the glass is critical to
producing an acid degradable glass that can liberate ions which subsequently forms
cements [39, 40]. Glasses are generally produced by the traditional melt-quench
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method and the melt temperature of the glass is dependent on the specific com-
position. They typically range from 1200 to 1550 °C i.e. SiO,—Al,O3—CaO (1350-
1550 °C), SiO,-Al,0;-Ca0-P,05 (1370-1450 °C), SiO,—Al,03-Ca0O-Na,O
(1200-1350 °C). The glass frit is typically ground to pass through a 45 um sieve
for use as filling materials or a 15 um sieve for luting applications and annealed
between 400 and 600 °C which slows down the reactivity of the glass so GPCs can
form [39, 42].

The addition of different alkali or alkali earth metals, lanthanoids, transition
metals and non-metals to the glass can significantly influence the properties of the set
GPC. The inclusion of sodium into the glass phase is known to improve the
translucency of the resulting cement but can affect its hydrolytic stability. The
addition of strontium or lanthanum in place of calcium can impart radiopacity to the
cements [39]. Also, the addition of fluoride has a number of beneficial properties
which includes lowering the processing temperature, improving the handling
properties of the cement paste, increase the strength of the cement strength and
translucency and also imparts antibacterial properties when used as a filling material
[39]. Numerous glass compositions have been investigated and commercialized and
in general they consist of the traditional SiO,—Al,03—CaO or SiO,—Al,05;—CaF
based composition with slight modifications to the concentrations or
presence/absence of specific elements. Some commercially available GPCs include
Fuji IX (GC Corporation, Japan), G2 (CDL, UK), G338 (CDL, UK), G2SR (CDL,
UK) and Ketac Molar (3M-ESPE, Germany) [43]. Studies by Stamboulis et al.
investigated the composition and structure of the glass phase of some of these
glasses. The composition of these glasses were investigated using X-ray
Fluorescence to determine the Si, Al, P, Na, Sr and La content, whereas the F
concentration was investigated using ion-selective electrodes [43] (Table 2).

The setting and formation of a GPC is dependent on the ability of the glass to
degrade and release cations in acidic conditions. It is required that ions be liberated
from the glass surfaces into an aqueous media to form crosslinks with the polyacid
component and this occurs through decomposition of the glass. The introduction of
cations that depolymerize the Si—O-Si bonds within the glass structure leads to
increased surface dissolution when in aqueous media [39]. These cations, termed
network modifying cations, disrupt the continuity within the glass network, thereby
promoting non-bridging oxygen groups (—O ). The incorporation of network

Table 2 Chemical analysis of glass phase used in commercial GICs (at.%). (Reproduced from
Stamboulis et al. [43])

Glass Al Si P Ca O F Sr La Na

Fuji IX [0.129 |0.115 [0.017 |0.000 |0.547 |0.126 |0.056 |0 0.010
G2 0.140 |0.158 |0.011 [0.038 [0.528 |0.192 |0.000 |O 0.058
G338 0.131 |0.098 |0.030 [0.041 [0.536 |0.143 |0 0 0.055
G2SR 0.168 |0.106 |0.027 [0.031 [0.567 |0.061 |0.061 |0 0.007
Molar 0.104 |0.104 |0.015 [0.060 |0.515 |0.163 |O 0.043 | 0.021




Vitreous Materials for Dental Restoration and Reconstruction 219

modifiers imparts a net negative charge within the glass network, which is subse-
quently balanced by positively charged cations such as calcium (Ca**) and sodium
(Na®) [40]. Depending on the concentration of network modifiers introduced, a
distribution of connectivity, termed Q-structure (Q1, Q2, Q3, Q4) will be present
which represents the breaking of Si—~O-Si bonds to form non-bridging oxygens (—
O ) in the glass. The Q structure of a glass is determined by the number of bridging
oxygens present, a glass with a structure Q4, denotes 4 bridging oxygens species.
The use of network modifiers such as the alkaline earth oxides (Ca) induces the
formation of two non-bridging oxygens (NBOs) per alkaline earth oxide. Altering
or modifying the Q-structure leads to the ability to modify the degradation of the
glass surfaces in acidic conditions [39, 40].

With respect to aluminosilicate glasses, the alumina can act as either a network
modifier in sixfold coordination or a network former in fourfold coordination.
Acting as a network former, the AI’* can replace Si** as it has a similar ionic radius;
however the network acquires a negative charge. If this negative charge accumu-
lates to a high enough degree, the glass becomes susceptible to acid attack. The
charge on this glass network also has to be balanced by positively charged network
modifying cations. It is therefore hypothesized that the structure of an alumi-
nosilicate glass consists of linked [SiO4] and [AlO4]™ tetrahedra [40, 44, 45]
(Figs. 7 and 8).

Therefore, a negatively charged network of non-bridging oxygens and alu-
minium sites renders these glasses susceptible to acid degradation [39]. The com-
position of the glass not only influences the solubility and dissolution
characteristics, it also provides the critical inorganic components required for the
setting of the resulting GPC [46]. Elements such as Fluorine have been widely
investigated and introduced to a number of aluminosilicate based glass composi-
tions which include; SiO,—Al,O3;—CaF, (1105-1350 °C), SiO,—-Al,03;—CaO-CaF,
(1320-1450 °C), SiO,—Al,03-CaF,—~AlIPO, (1150-1300 °C), SiO,—Al,05;—CaF,—
AIPO4—NazAlF¢—AlF; (1100-1300 °C) [39]. Fluorine is thought to disrupt the
glass network by replacing bridging oxygens with non-bridging fluorines [47, 48].

Fluorine is also known to impart properties such as reducing the glass transition
temperature (Tg), viscosity and refractive index, aids crystallization and increases

N o

0 AI(IV)
‘ .- Offﬁ'@%ﬁ J “5‘“‘\\\.\\\\0 —~
/ P, Al.uﬂ
\ / Al .NMMMO -‘\\‘\- 0/ \o ——
o N\,
O ANV
/

Fig. 7 Representation of aluminium coordination states in glasses and GPCs. (Reproduced from
Munhoz et al. [45])
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Fig. 8 Schematic showing the structural role of calcium and fluorine in GPCs. The calcium ions
disrupt the glass network forming non-bridging oxygens as well as charge balancing charge
deficient AlO, tetrahedra. Fluorine replaces bridging oxygens and forms non-bridging fluorines.
(Reproduced from De Barra and Hill [48])

glass degradability. Its incorporation into a partially soluble acid degradable glass
facilitates its release from the cement when a GPC is formed. This is a major
advantage for glasses that are applied for dental restoration [47]. Modification of the
glass phase of a GPC can be used to influence a number of properties such as the
handling and mechanical properties in addition to one of the most important
characteristics for dental restorative cements, the adhesive bond strength to the
mineralized substrate.

5.1.3 Bonding of GPC to Mineralized Tissues

Bonding of adhesive materials to mineralized tissue under oral conditions presents a
number of difficulties. The substrate is a biological tissue and is subject to change.
The presence of moisture and water also presents a significant barrier to adhesion.
Water competes for the polar surface of the tooth material against any potential
polymer adhesive where it tends to hydrolyze any adhesive bond that may form.
Bonding of a GPC to dental tissues involves the formation of an ionic bond
between the carboxyl (COO™) groups on the PAA chains and Ca”* ions in the
enamel and dentin. As the GPC is mixed and placed on the tooth surface, dem-
ineralization of the substrate is minimal as since the tooth hydroxyapatite buffers the
acidic effects in addition to PAA being a weak acid [37]. Phosphate anions and
calcium cations are displaced from the hydroxyapatite and are absorbed into the
unset cement. This interface is referred to as the ion exchange or hybrid layer and is
believed to consist of calcium and phosphate ions from the mineralized tissue and
aluminium, silicic, fluoride and calcium/strontium ions from the GPC [37].
Measuring the bond strength of the GPC-mineral interface is complicated by the
brittle nature of the material. Bond strength tests report on the cohesive failure of
the GPC, rather than failure within the ion exchange layer. Bond strength values
have been reported in the 3—10 MPa range [37].
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5.1.4 Resin Modification of GPCs

The original GPCs are water-based materials that set by an acid-base reaction
between a polyalkenoic acid and a fluoro-alumino-silicate glass. The incorporations
of resins into the GPC system gave rise to resin modified glass polyalkenoate
cements (RMGPCs) and have been investigated to further control the setting
reaction, and to overcome some of the shortcomings of conventional GPCs such as
moisture sensitivity and low early mechanical strengths [49]. The polymer com-
ponent in this case can include a modified polyalkenoic acid with a hydrophilic
photocurable monomer (e.g. 2-hydroxyethylmethacrylate, 2-HEMA) grafted onto
the polymer backbone or a separate photocurable monomer (HEMA) in addition to
the polyalkenoic acid and water [49]. The RMGPCs have a dual curing mechanism
involving the acid base reaction of the polyalkenoic acid with the glass, which
occurs in conventional GPCs, however this reaction can also take place concur-
rently with light activated polymerisation of the resin monomer. The resin based
reaction proceeds by free-radical polymerization of the monomer components after
exposure to visible light in the region of 470 nm. The final set RMGPC contains an
interpenetrating network of polyalkenoate salts and a poly(HEMA) matrix [49].

Acid Base Reaction

e (Calcium-Aluminosilicate Glass + Polyalkenoic Acid — Ca & Al polysalt
hydrogel.

Polymerization Reaction
e HEMA + Photochemical Initiator/Activator — PolyHEMA Matrix.

The resulting set RMGPC consists of two matrices: a metal polyacrylate salt and
a polymer. Additionally, there is a lack of water in the system as it has been
replaced by the HEMA. This lack of water is known to slow down the acid-base
reaction, and the final set cement contains an interpenetrating network of poly-
alkenoate salts and a polyHEMA matrix [39]. RMGPC are known to release
clinically relevant levels of fluoride, however, they are also known to swell in
aqueous media and the bond strength to dentin and enamel seems less than the
traditional GPCs [40]. The bonding mechanism of a RMGPC has been reported to
include both ionic interactions between the cements and the dentin surface in
addition to a micromechanical interlocking of the polymer with the tooth surfaces.
The presence of a hybrid like layer (H) has been reported at the RMGPC/dentin
interface. In addition, a resin rich non-particulate later (AL) is also observed
between the hybrid layer and the RMGPC (RM) which contains the glass particles
[49]. The AL was observed to develop over time after the setting phase has com-
pleted and is believed to be due to water sorption from the dentin to the maturing
cement. This layer was also only observed when applied to deep dentin and was
absent from either superficial dentin or enamel [49]. Figure 9 shows the layers that
are known to exist between a RMGPC and the dentin substrate.
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Fig. 9 TEM micrographs of
intact unfractured RMGPC
(Fuji LC)/dentin interface.
This interface shows a
distinctive resin-rich,
non-particulate absorption
layer (AL) between the hybrid
layer (H; between open
arrows) and the particulate
RMGPC. T dentinal tubule,
D intertubular dentine.
(Reproduced from Yiu et al.
[49D

5.2 Non-vitreous Based Cements for Dental Restoration

In addition to GPCs and RMGPCs, numerous other cements exist for dental
applications; however, most differ from GPCs as they do not contain a glass phase.
A dental adhesive that does contain a glass phase, similar to GPCs, are glass
polyphosphonate cements. These cements also contain an aluminosilicate based
glass which is mixed with a concentrated solution of poly(vinyl-phosphonic) acid
(PVPA). The main disadvantage of this cement is the susceptibility of the cements to
aqueous attack and the inability to achieve sufficient translucency to match that of
tooth enamel [39]. Zinc Polycarboxylate Cements (ZPC) are the precursor to GPCs,
however, these materials experience an acid-base setting reaction between a Zinc
oxide powder and a polyalkenoic acid. ZPCs were the first class of adhesive cements
and were employed for luting and lining applications and as a periodontal pack. The
main problem attributed to these materials is that their mechanical properties are
relatively weak when tested at 37 °C, and they are also subject to plastic behaviour
when fully hardened [39]. Zinc oxide can also be mixed with Eugenol, a constituent
of the oil found in olive cloves, to form Zinc Eugenol Cements (ZOE). These
cements were used in dentistry for temporary cementation of crowns, temporary
filling of teeth, as a root canal sealer and as an impression paste. This cement also set
via an acid base reaction leading to the formation of a zinc eugenolate chelate.
However, similarly to ZPCs, the mechanical properties of ZOE are quite poor [39].
Composite resins are a class of dental materials that contain the organic component
Bisphenol-A-glycidylmethacrylate (Bis-GMA), and an inorganic filler which is
typically pyrogenic SiO, combined with barium silicate or strontium silicate, ground
quartz or zirconium dioxide. These materials are the aesthetic material of choice for
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tooth repair and are widely used for repairing damage caused by caries or trauma
[40]. The setting of these materials is light induced or chemically induced, the main
disadvantage of composite resin materials being the shrinkage during polymerisation
which can be as large as 2-3 wt% volume [40].

6 Chapter Summary

Vitreous materials are currently applied to fulfil a number of applications in
restorative dentistry ranging from alveolar bone reconstruction to support dental
implants to restoration of the tooth itself through filling cavities and acting as an
interfacial bonding agent to adhere metallic constructs to mineralized surfaces.
Glasses provide the ability to control the rate of biodegradation and dissolution in
an aqueous media, which in turn controls processes such as mineral deposition in
bone cavities and the extent of cross-linking within adhesive cements. Additionally,
glasses that contain antibacterial properties and positively influence the behavior of
the host cells are currently being investigated to further improve the bioactive
process and improve healing in vivo. Glass based materials provide a wide range of
compositions that leads to countless properties that stems from their versatility as a
stand-alone material or as a component within a composite system.
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Special Applications of Bioactive Glasses
in Otology and Ophthalmology

Francesco Baino and Isabel Potestio

Abstract The invention of bioactive glasses (please consult the Editor’s note in
order to clarify the usage of the terms bioglass, bioactive glass and biocompatible
glasses) more than 45 years ago posed the basis of modern regenerative medicine
introducing the concept that a material implanted in the body can not only form a
tight bond with living tissues but also stimulate the growth of new healthy tissue.
Bioactive glasses are traditionally used for the repair, reconstruction and augmen-
tation of hard tissues in orthopaedics and dentistry due to their ability to create a
tight interface with calcified tissues. Most studies on bioactive glasses and
glass-ceramics have been focused on their use in these two clinical fields, however
some emerging applications are arising in other medical areas. In fact, available
literature indicates that bioactive glasses are able to bond to soft tissues, too, and
can exhibit an additional range of highly attractive properties (e.g. angiogenesis,
antibacterial effect) which could expand dramatically their potential and impact in
science and medicine. This chapter reviews the special applications of bioactive
glasses in otology (substitution of middle ear ossicles, cochlear implants, mastoid
cavity obliteration) and ocular surgery (orbital implants, artificial cornea, orbital
floor repair), in which the ability to bond to soft tissues is a fundamental property.
A comprehensive picture of the existing devices for such applications is presented
as well as a prospect for the future, with the aim of providing useful stimuli for
further research in these two fascinating and crucial areas for patient’s life quality.
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1 Introduction

The first bioactive glass was developed by Prof. Larry Hench at the University of
Florida in the late 1960s. This revolutionary biomaterial, which since then has been
known worldwide as “45S5 Bioglass®”, consists of a SiO, network incorporating
Na,O and CaO as network modifiers and a small amount of P,O5 (Table 1) [30].
Since then, many other silicate-, borate-, and phosphate-based glass formulations
have been investigated by other research groups for biomedical applications.
Silicate bioactive glasses are the most studied and include a wide range of glass
compositions such as the Hench’s glass 45S5, 13-93 and S53P4. Borate-based
systems, such as 13-93B3, are attracting attention due to their faster bioactive
kinetics when compared to 45S5 and 13-93 and the ability to control their degra-
dation rate by designing carefully their composition [39]. Phosphate glasses are
known to be highly resorbable in the biological fluids [1, 2] and have been proposed
as vehicles for the local release of therapeutic metal ions [47]. A selection of some
bioactive glass compositions is reported in Table 1; some of them, such as 45S5
Bioglass® and 13-93, are in clinical use and marketed worldwide from many years
after receiving FDA approval for medical use.

Bioactive glass-ceramics can be obtained from a parent glass in order to increase
the mechanical properties of the material. In fact, controlled heat treatment applied
to bioactive glasses of suitable composition can induce the development of crys-
talline phases in the amorphous matrix, so that the physico-mechanical properties
are improved while an adequate bioactivity is retained.

Being inorganic, stiff materials with physical characteristics similar to those of
the hard tissues of the body, bioactive glasses and glass-ceramics have been tra-
ditionally applied in orthopedics and dentistry to repair diseased bone and teeth;
however, a few recent studies have highlighted the potential of these materials to
regenerate various types of damaged soft tissues, too [11, 57].

This chapter focuses on the special applications of bioactive glasses and
glass-ceramics in ear and eye surgery where they come in contact with both hard
and soft tissues. Briefly, applications in otology concern the development of arti-
ficial middle ear ossicles and cochlear implants as well as the obliteration of

Table 1 Examples of some bioactive glass and glass-ceramic compositions

Glass Composition (wt%) Relevant
Si0, |K,O0 |MgO |CaO |B,O; |P,Os |Na,O |references

4585 45.0 - - 24.5 - 6.0 24.5 [30, 34, 36]

Bioglass®

13-93 53.0 12.0 5.0 20.0 - 4.0 6.0 [17]

13-93B3 - 11.1 4.6 18.5 56.6 3.7 5.5 [39]

S53P4 53.0 - - 20.0 - 4.0 23.0 [43, 62]

58S 58.2 - - 32.6 - 9.2 - [71]

Biosilicate® | 48.5 - - 2375 |- 4.0 23.75 [15, 16]
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Table 2 Sequence of interfacial reactions leading to the formation of a HA layer on the surface of
(silicate) bioactive glass (adapted from Hench [31] with permission by John Wiley and Sons)

Stage | Description

1 Rapid exchange of cations (e.g. Na* and Ca** belonging to glass modifier oxides)
with H* or H;0" from the surrounding solution, which leads to hydrolysis of silica
groups and creation of silanols (Si~OH). The pH of the solution increases as H" in the
biological fluids are gradually replaced by alkaline cations

2 Attack of the silica network, loss of soluble silica in the form of Si(OH), to the

solution (resulting from the breaking of Si—O-Si bonds) and continued formation of
silanols at the glass-solution interface

3 Condensation and re-polymerization of the silanols, leading to the formation of a
silica-rich layer depleted in alkalis and alkali-earth cations on the glass surface

4 Migration of Ca** and PO, groups to the surface through the silica-rich layer and
from the surrounding fluids, thereby forming an amorphous CaO/P,Os-rich film on
the top of the silica-rich layer

5 Growth and crystallization of the calcium phosphate film to form a HA layer; actually,
by incorporation of OH™, CO5>~ and F~ ions from the solution, a mixed apatitic layer
constituted by HA, hydroxycarbonateapatite and fluoroapatite can develop

mastoid cavity, whereas bioactive glasses are used in ophthalmology for the
treatment of orbital floor injuries, damaged cornea and anophthalmic socket (orbital
implants). Many of these applications exploit the double ability of bioactive glasses
to bond to hard and soft tissues [9, 14, 67] as well as the technological versatility of
these materials that can be produced in the form of powders, particles, granules,
dense bulk or porous structures (scaffolds) of complex shapes and sizes as well as in
the form of coatings and in combination with other materials to produce composites
[41].

2 Bonding Mechanism of Bioactive Glasses to Hard
and Soft Tissues

Traditionally, bioactive glasses are known to bond to host bone and promote the
growth of new bone tissue while dissolving over time. The creation of a tight bond
with calcified tissues is attributed to the formation of a hydroxyapatite (HA) or
apatite-like layer that interacts actively with the collagen fibrils of the damaged
bone [29]. This layer of nano-crystalline HA formed on the surface of bioactive
glasses upon contact with biological fluids can be considered biomimetic, as it
mimics the composition and crystallography of bone mineral phase. Reactions
stages leading to the formation of this surface apatite layer are now quite well
understood, whereas the biological interactions that occur at the HA-host bone
interface still remain partially unclear. The formation of a bond in vivo between this
surface nano-HA layer and the host bone is a complex process involving protein
adsorption, incorporation of collagen fibrils, adhesion of osteoprogenitor cells, cell
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differentiation, production of bone extracellular matrix (ECM) and ECM mineral-
ization [33]. Osteogenesis is also related to the action of ion dissolution products
released from bioactive glass on the activity of osteoblasts, which are stimulated to
produce new bone. Moreover, it has been demonstrated that the intrinsic nanor-
oughness of the apatite layer provides in itself a surface suitable for osteogenic cell
attachment and proliferation [41].

The HA layer forms following solution-mediated dissolution of the bioactive
glass according to a process that resembles the corrosion of conventional glasses
[68]. Accumulation of dissolution products causes both the chemical composition
of the glass surface and the pH of the solution to change, thus providing surface
sites and a pH favourable to HA nucleation. Hench and co-workers proposed five
stages for HA formation on the surface of (silicate) bioactive glasses in body fluid
in vivo or in simulated body fluid (SBF) in vitro [22, 30, 31, 34], as summarized in
Table 2. Once the HA layer has formed, proteins adsorb to it, and cells attach,
differentiate and produce bone matrix.

It is now well accepted that there are two kinds of interactions—extracellular and
intracellula—which occur in the body upon implantation of bioactive glasses.
Extracellular interactions are determined by the material surface features; in gen-
eral, different surfaces have different protein adsorption properties [5]. For instance,
surface nanoroughness and negatively charged silanols exposed by (silicate)
bioactive glasses play an important role in promoting the adsorption of proteins and
collagen on the material surface. Intracellular interaction occurs between the protein
ligands formed on the implant surface and cell receptors that determine the degree
of cellular adhesion, differentiation and proliferation [5]. A key role is played by the
(bio)availability of different ions; for instance, release of Si and Ca ions from glass
surface has been demonstrated to promote osteogenesis exerting specific effects at
the genetic level in osteoblasts (increased DNA synthesis, enhanced alkaline
phosphatase activity and osteocalcin release) [35].

Another important property of bioactive glasses is the “osteoproductive ability”,
i.e. new bone can form on the glass surface away from the implant-bone interface
[81]. The term “osteoproduction” was coined to distinguish this process from
“osteoinduction”, which refers to bone growth in ectopic (non-bony) sites (e.g.
muscle). It is worth pointing out that other biomaterials used for bone repair (e.g.
calcium phosphate ceramics) are defined “osteoconductive”, i.e. they simply pro-
vide a biocompatible interface along which bone migrates; these implant elicit only
an extracellular response at their interface [18].

The surface reaction kinetics of bioactive glasses are mainly controlled by the
material composition.

In the early studies on bioactive glasses, Hench and co-workers investigated a
series of glasses (including the well-known 45S5 Bioglass®) in the quaternary
Si0,—Ca0-Na,0-P,05 system with a constant 6 wt% of P,Os [30]. The rela-
tionship between glass composition and (possible) type of bond with living tissues
for this system is shown in Fig. 1. For glasses with up to about 53 mol% of SiO,,
HA crystallization on the glass surface occurs within 2 h from implantation. These
glass compositions develop quickly a bond with bone and, very interestingly, can
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SiC)2 A = Bone Bonding

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

E = Bioglass® composition

AMV Glass Ceramic
(variable P,0y)

Na,O

6% P,0,

Fig. 1 Compositional diagram for tissue bonding of silicate bioactive glass (reproduced from [34]
with permission by Springer)

also form a tight bond with collagenous soft tissues. Glasses with SiO, content
between 53 and 58 mol% require longer times (2-3 days) to form the
nano-crystalline HA layer. Compositions exceeding 60 mol% of SiO, do not form a
surface apatite layer either in vitro or in vivo even after 4 weeks. Additional net-
work modifiers, e.g. MgO and K,O, can allow tuning the material bioactivity in
order to speed up the bioactive kinetics and increase the thickness of the HA surface
layer [65]. Borosilicate glasses with high content of B,O5 are highly bioactive but
undergo fast degradation in aqueous media due to high reactivity [39]. It was
reported that Al,O3 and other oxides of multivalent metallic elements such as
Tay,Os, TiO, and ZrO, can inhibit the bone-bonding ability of silicate and
borosilicate glasses [4, 27]. This negative effect on the glass bioactivity is attributed
to a decreased reactivity of the glass network in aqueous media, to the precipitation
of multivalent ions in the form of oxides, hydroxides or carbonates, and to the shift
of the isoelectric point of the surface from negative to positive at physiological pH
[18].

4585 Bioglass® was invented with the clear scope of developing a material that
would not form an interfacial layer of scar tissue but instead would form a living
bond with calcified tissues [34]. Since then, most applications of bioactive glasses
have been addressed mainly to bone repair in orthopaedics and dentistry, as their
physico-mechanical properties (e.g. stiffness) seemed close to those of hard tissues.
However, it was demonstrated that a special subset of bioactive glass compositions
can bond to soft tissues, too, and recent studies pointed out that some of the
characteristics that make bioactive glasses highly attractive materials for bone repair
could be wisely exploited for emerging applications in soft tissue engineering [11,
57]. The first comprehensive study on this challenging topic was reported by
Wilson et al. [82], who investigated the interactions and biocompatibility of several
bioactive glass compositions (including 45S5 Bioglass®) in vitro and in vivo
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(region S of Fig. 1). In vitro tests were performed by culturing diverse cell types
from mice, rats, hamsters, chickens and humans onto solid and powdered bioactive
glass samples, whereas in vivo testing was carried out by implanting powdered and
solid glass samples subcutaneously, intramuscularly and in the peritoneal cavity of
dogs and donkeys. The in vivo tests revealed soft tissue growth and adhesion
around 4585 Bioglass® implants without any signs of inflammatory reaction. This
early set of experiments paved the way for the first clinical application of 45S5
Bioglass® in the reconstruction of middle ear ossicles, where the glass was required
to bond to both hard and soft tissues [36].

Since then, research on bioactive glasses has been continuously going on,
pushing the potential applications well beyond bone substitution [11, 57]. This
chapter reviews the special applications of bioactive glasses in ear and eye surgery,
with the aim of providing a stimulus for further research in these two fascinating
and crucial areas for patient’s life quality.

3 Applications in Otology

Otological applications of bioactive glasses and glass-ceramics include the recon-
struction of middle ear small bones (ossicles), the development of cochlear implants
—both these applications require a material that bonds to both hard and soft col-
lagenous tissues—and mastoid cavity obliteration—for which the “classical”
bone-bonding ability is required.

3.1 Reconstruction of Middle Ear Small Bones

The auditory ossicles of middle ear can be irreversibly damaged by chronic
infection, which leads to problems in sound conduction from the tympanic mem-
brane to the cochlea with moderate-to-high functional discomfort to the patient.
Before the mid 1970s, the preferred material in the middle ear surgery was alumina
due to its inertness with living tissues. This paradigm on the use and properties of
biomaterials—the more inert the better—changed radically with the advent of
bioactive glasses.

The first bioactive material used to reconstruct injured small bones of the ear was
Ceravital®, which identifies a set of Si0,-based glass-ceramic formulations [63].
The intention was to exploit the material bioactivity to form an osseous junction
between the implant and the remaining ossicular chain, thereby avoiding a fibrous
encapsulation. Animal studies demonstrated the suitability of Ceravital® that neither
elicited inflammation of middle ear tissues nor affected negatively cochlear func-
tions [14]. Initially, Ceravital® implants were covered by mucosa in the same way
as the reference alumina implants (non-degradable) were. When implant
biodegradation occurred and new bone formation continued, defects in the implant
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surface were refilled with new bone. This eventually led to the formation of a
osseous layer surrounding the implant with a thickness up to 40 pum; since this layer
was covered by mucosa, it protected the implant from further degradation. Good
post-surgical outcomes in guinea pigs were also reported in a subsequent study by
Zikk et al. [87] who documented just a temporary hearing loss that solved spon-
taneously within 20 days from operation and a transient inflammation due to the
biochemical reaction between the implanted Ceravital® granules and the middle ear
tissues (Fig. 2a). Ceravital® implants have been clinically used in human patients
with generally good long-term results (8 years of follow-up), although some con-
cerns about the durability of the implant, which tends to resorb over time, still linger
on [64].

45S5 Bioglass® was proposed for the reconstruction of middle ear small bones
due to its proved capability to bond to both calcified and soft collagenous tissues
[82], hence it was thought able to bond to both bone and eardrum. Cast 45S5
Bioglass® implants (similar to truncated cones, Fig. 2b) received the approval by
FDA for clinical use in 1985 and were then marketed under the commercial name of
“MEP®” or “Bioglass® Ossicular Reconstruction Prosthesis” [32, 55, 56, 83]. In
vivo performance of MEP® was compared to that of alumina implant and it was
shown that the former had a longer survivability due to the formation of a tight
bond with both the collagen fibres of the tympanic membrane (on one end) and the
remaining bone of the stapes footplate (on the other end), whereas the latter
gradually erode the eardrum and were finally extruded within 2-3 years from
implantation [50].

The strength of the bonds between implant and hard/soft tissues was highlighted
in a study by Rust et al. [67], who reported that the implant remained safely

] (b)

Fig. 2 Bioactive glasses and glass-ceramics used for the reconstruction of middle ear small bones:
a Ceravital® granules with size 0.3-0.7 mm (C) in the middle ear of a guinea pig
(J incudo-stapedial joint, W round window) (reproduced from Zikk et al. [87] with permission
by Springer); b components of a 4585 Bioglass® ossicular prosthesis (reproduced from Hench [32]
with permission by John Wiley and Sons)
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anchored on both ends in the correct position and did not observed
micro-movements at the implant-tissue interface over a maximum follow-up of
126 months. Furthermore, from a functional viewpoint, sound conduction was
generally excellent without excessive fibrous tissue growth that could impair sound
transmission.

More recent studies, however, have reported some concerns about the long-term
durability and fate of MEP® implants in vivo. For example, Bahmad and Merchant
[7] observed that 45S5 Bioglass® implants tend to be progressively reabsorbed
within the middle ear and break down into small fragments after many years from
operation (14 years of follow-up). Bioglass® bioinstability in vivo was probably the
main reason why these implants were taken off the US market several years after
introduction in clinical use; nevertheless, later on these devices are still distributed
in some European countries. In summary, caution should be followed in the use of
bioactive glass ossicular implants (45S5 Bioglass® and Ceravital®) and further
long-term investigations are highly desirable to achieve more definite conclusions.

The use of glass ionomer cement produced by an exothermic reaction between a
Ca0-Al,03-Si0,—CaF, glass and a polyalkenoic acid solution was also proposed
for application in middle ear surgery. Both animal and clinical studies in human
patients showed that the material was coated with a mucosal layer within a short
time, was well-tolerated by middle ear tissues without eliciting an inflammatory
response and was not prone to undesirable resorption [26, 52]. However, the use of
ionomer cement as an implantable material in ear surgery has been progressively
abandoned due to the risk of lethal intoxication of aluminium ions after contact with
brain liquor [28].

In recent years, other less popular bioactive glasses have shown potential suit-
ability for the repair of auditory small bones. Biosilicate® was recently assessed to
be well-tolerated in the middle ear of guinea pigs (no signs of toxicity to ear
structures, including cochlea, were reported after 90 days of follow-up) [76].
Bioverit® granules were also implanted in the middle ear: this material tended to be
coated with an epithelial layer and to exhibit a minimal to moderate osteogenic
response without eliciting an inflammatory response [13]. The advantage of
Bioverit® is the possibility of varying the degree of bioactivity: therefore, implants
were developed with different Bioverit® compositions at each end of the implant to
induce osseous integration at the malleus and to avoid bony fixation in the oval
niche. The antibacterial effect of Bioverit® against gram-negative bacteria was also
reported [44]; this is a key added value for an implant material which deserves
further investigation in the future. Recently, Bioverit® implants have been also
coated with a nanostructured silica layer to improve the bone-bonding ability, and
promising results after implantation in the middle ear of mice and rabbits were
reported [77, 79].
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3.2 Cochlear Implants

In the 1980s, 45S5 Bioglass® was experimented to anchor cochlear implants to the
temporal bone of diseased patients who underwent irreversible damage to sensory
hair cells in their cochleas, thus becoming completely deaf. Cochlear implants allow
patients to understand speech and auditory stimuli from the environment for normal
relational activities, although sounds are typically perceived at lower frequencies
compared to natural hearing. A cochlear implant is constituted by a microphone, a
speech processor to selectively filter sound and prioritize audible speech, a trans-
mitter placed on the external part of the ear, and a receiver anchored in the temporal
bone to convert the signals into electric impulses that are sent to an array of
electrodes implanted in the cochlear region and connected to the auditory nerve
system [23]. A prototype developed at the University College London comprised a
45S5 Bioglass® sleeve that bonded to the temporal bone and protruded through the
skin (forming a bond with collagenous soft tissues, too), thus acting as a percuta-
neous, hermetic and stable seal that protected the interior electronics [80]. This
device was sold under the commercial name of Bioglass®-EPI (extracochlear per-
cutaneous implant) till the late 1990s; then, the 45S5 Bioglass® sleeve was replaced
by a titanium pedestal exerting a mechanical fixation to the bone. This modification
was due to some concerns about the long-term mechanical stability, integrity and
durability of the implant since the bioactive glass tended to be progressively
reabsorbed over time with [24].

3.3 Mastoid Cavity Obliteration

Bioactive glasses and glass-ceramics in a powder/granule form have been recently
proposed for mastoid cavity obliteration, a surgical procedure following the treat-
ment of chronic suppurative otitis and cholesteatoma that continue to affect a large
number of patients worldwide, especially in developing countries. This application
exploits the well-known ability of bioactive glasses to bond to calcified tissues and
promote new bone growth. The mainstay of treatment for cholesteatoma is a sur-
gical procedure of mastoidectomy; however, this approach involves the formation
of a mastoid cavity which is unnatural as well as anatomically and physiologically
unsatisfactory [53]. In fact, the presence of an open cavity in the mastoid bone
causes several problems including chronic discharge, dizziness due to exposure of
semicircular canals to direct thermal stimulation by air/water entering the cavity,
need for periodic cleaning of the cavity by an expert surgeon, difficulty in placing
auditory prostheses, and unsightly appearance due to large meatoplasty [54].

The concept of mastoid obliteration for eliminating the cavity-related problems
was first introduced one century ago by Mosher [59] who described the use of a
postauricular soft tissue flap for obliteration. Since then, a number of biomaterials
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have been proposed for mastoid obliteration including bone, cartilage, fat, HA and,
in recent years, bioactive glasses with promising results.

Leatherman and Dornhoffer [48] performed tympanic bulla obliteration in
Mongolian gerbils (rats) by using commercial 45S5 Bioglass® particulate.
Histologic evaluation was performed nine weeks after implantation to evaluate new
bone formation around the implanted material. Wound healing occurred without
complications and the formation of mature trabecular bone was observed around the
implanted 45S5 Bioglass® granules. Extensive neovascularization was also detected
within the graft material without any sign of inflammatory response or evidence of
short-term resorption.

A group of researchers from Finland reported a series of studies in human
patients who received S53P4 glass granules as mastoid obliteration biomaterial [70,
73, 74]. All the treated ears became dry and no cases of biomaterial-associated
infection were reported. Significant reduction (or even complete elimination) of the
mastoid cavity was successfully achieved in the majority of the patients. These
results demonstrate that S53P4 is a valuable material for mastoid obliteration sur-
gery, can be successfully used also in highly problematic cases (chronic infection in
the mastoid associated with low pH), do not degrade after surgery and prevents
further postoperative infections.

4 Applications in Ophthalmology

Due to its biocompatibility and transparency to visible light, glass has been used
since centuries in ophthalmology for fabricating external lenses to correct refractive
deficiencies of the eye. In these “traditional” applications, glass has been employed
as an optical element of ophthalmic devices; on the contrary, the idea behind the use
of bioactive glasses and glass-ceramics for orbital floor repair, enucleation and
corneal surgery lies on a completely different approach, i.e. the improvement of
biointegration which is crucial for the postoperative success of the implanted device.

4.1 Orbital Implants

In the management of ocular malignancies, removal of the natural eye (through
enucleation' or evisceration®) is necessary when the pathology cannot be treated
effectively in other ways. There are several reasons for taking this drastic measure

'The enucleation operation involves removal of the eyeball in its entirety by cutting the extraocular
muscles and severing the optic nerve close to the globe.

°In the evisceration method the eye contents are removed whereas the sclera, the Tenon’s capsule,
the extraocular muscles and the optic nerve are spared.
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and the most common include eyes damaged due to trauma, painful blind eyes,
severe intraocular infection or malignant intraorbital tumours. Since visual contact
plays a key role in human interactions, maintaining a life-like artificial eye (ocular
prosthesis) is extremely important for the patient. Therefore, following the removal
of the diseased eye, an orbital implant is inserted into the patient’s anophthalmic
socket in the same position as the eye in order to provide satisfactory volume
replacement and, thus, prevent a contracted, sunken appearance. To provide max-
imum motility of the device, at the time of operation the extraocular muscles are
either attached directly onto the implant or indirectly by suturing them to a wrap-
ping material over the implant (wrapping materials usually include human sclera or
Vicryl mesh). Then, the anterior tissues—Tenon’s capsule and conjunctiva—are
closed and antibiotics are applied. An ocular prosthesis is eventually fitted over the
orbital implant and, although vision is not restored, the aesthetic appearance of the
natural eye can be reproduced.

Since the first study reported by Mules [60], who described in detail the surgical
placement of a hollow glass sphere in an eviscerated socket [60], a number of
materials and designs have been developed and are still objects of ongoing research
to manufacture a successful orbital implant. An ideal orbital implant should exhibit
a number of key characteristics, including (i) biocompatibility,
(i) non-degradability (the implant should ensure permanently socket volume
replacement and support to surrounding soft tissues), (iii) adequate compressive
resistance that can withstand handling during operation, (iv) ease of fabrication and
availability at a reasonable cost, (v) ability to be sterilized without undergoing
degradation, and (vi) good motility transmitted to the ocular prosthesis [12, 42].

In recent years porous implants, such as polyethylene (PE), HA and alumina,
have gained prominence since their interconnecting porous architecture allows them
to act as a passive framework for fibrovascular tissue penetration. This involves two
important advantages: (i) the porous implant is mechanically anchored to the soft
tissues of the orbit, which decreases the risk of postoperative instability, and
(ii) vascular supply enables immune surveillance which diminishes postoperative
infections. However, there are still drawbacks to the existing orbital implants which
include the risk of migration and extrusion, postoperative infections as well as low
motility [19]. Hence, the development of new biomaterials and strategies which
enable an improved outcome of eye replacement is more than ever desirable.

From a biological point of view, bioactive glasses and glass-ceramics have
suitable properties for this specific application. These materials are capable of
enhancing angiogenesis and fibrovascularization, and therefore they could show
good potential in promoting healing of soft tissue surrounding the implant as well
as reducing postoperative complications of anophthalmic surgery such as migration
and extrusion.

Various silicate bioactive glass and glass-ceramic compositions have been
proposed for manufacturing orbital implants in the form of single-phase materials or
added as fillers to a polymer matrix in order to improve its mechanical proprieties
(e.g. increase of strength) and bioactivity.
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In an experimental study carried out by a group of Chinese researchers [84, 85],
bioactive glass-ceramic porous sphere were implanted in enucleated rabbits. After
6 months of implantation, the authors encountered no implant-rejection and, by
means of histological analysis, found fibrovascular tissue throughout approximately
90 % of the implant pores. These promising results led the researchers to further
investigate the clinical outcomes of the glass-ceramic porous implants in 102
human patients (success rate of 96.1 %).

In 2012, Brandao et al. [15] placed 45S5 Bioglass® and Biosilicate® non-porous
cone implants (Fig. 3a) in rabbit anophthalmic sockets to assess their biocompat-
ibility. The anophthalmic socket was examined postoperatively by biochemical
evaluations and orbit computed tomography scanning. After that, the orbital content
was removed and histological studies were conducted at different experimental
stages (7, 90, 180 days postoperatively) in order to evaluate tissue repair reaction
and chemical changes in the biomaterial surface due to the contact with living
tissue. The study showed that 45S5 Bioglass® and Biosilicate® implants do not lead
to orbit infection or fluid accumulation and no signs of systemic toxicity were
observed. Additionally, the implants proved capable of bonding to soft tissue.
Therefore, the authors concluded that the implants show good potential and might
be recommended as a safe implant to restore ocular volume.

It is worth pointing out that attention should be paid on the use of soluble glasses
as orbital implants. Orbital implants, in fact, are regarded as being permanent and,
thus, should ensure appropriate volume replacement for the patient’s lifetime
without undergoing volume loss [9].

Moreover, the mechanical properties of bioactive glass orbital implants is an
issue that needs to be considered as these materials are considerably stiffer com-
pared to natural ocular globe and soft orbital tissues. The use of mechanically rigid
orbital implants is advantageous during the operation as the surgeon can easily
maneuver and position the implant into the anophthalmic cavity with high precision
and control. Nevertheless, stiffness mismatch between host material and

(b) PMMA optic
Bioactive glass- ¥

ceramic coating

Titanium *skirt’

Fig. 3 Examples of application of bioactive glasses/glass-ceramics in ocular surgery: a conical
orbital implants made of 45S5 Bioglass® (leff) and glass-ceramic Biosilicate® (right) (reproduced
from Brandao et al. [15] under a Creative Commons Attribution License); b artificial cornea
(keratoprosthesis) comprising a PMMA lens and a titanium skirt coated with a bioactive A/W
glass-ceramic (reproduced from Linnola et al. [49] with permission by Elsevier)
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surrounding soft tissues, in combination with the repetitive movement of the
implant by the extraocular muscles, might contribute to the erosion of the con-
junctiva—which covers the front of the implant—and the consequent implant
exposure. One approach that aims to overcome this problem is the use of bioactive
glass as second phases added to a polymer matrix, to produce a composite porous
implant which makes the best of both materials. The basic idea is to use the glass
particles as stimulators of fibrovascular ingrowth and the polymeric substance, due
to its pliable nature, as a compliant support.

A commercial example is Medpor-Plus orbital implant, which is a combination
of porous PE and 4585 glass particles (Novabone®) in a 70:30 ratio. Naik et al. [61]
investigated the fibrovascular ingrowth of Medpor-Plus implants in comparison
with porous PE implants (Medpor). Ten patients underwent enucleation followed
by implantation of 5 Medpor-Plus implants in a first group and of 5 Medpor
implants in a second. By means of a MRI study, the authors found a statistically
significant increase in the rate of fibrovascularization of PE implants with the
Novabone® particulate. Another research group examined the overall postoperative
outcomes in 170 patients who underwent placement of a porous PE/bioactive glass
composite implant after enucleation or secondary implantation and reported a
success rate of 94.7 % [51].

A different approach that is currently under investigation to enhance the per-
formance of orbital implants is the use of a surface coating that has an antibacterial
effect. The use of a Cu-doped mesoporous bioactive glass (Cu-MBG) coating over a
porous HA implant was recently proposed by a group of Chinese researchers [86].
Briefly, Cu-MBG coatings with 0-5 mol% of CuO were prepared by soaking
porous HA scaffolds into a Cu-MBG sol precursor, then air dried to undergo ageing
and finally calcined. The objective of this study was to exploit the high specific
surface area of the MBG to enhance the drug uptake (and release) capacity of the
implant while delivering antibacterial copper ions as the MBG degrades.
Preliminary in vitro analyses validated the twofold effect of the proposed system,
thus opening new perspectives for the prevention and treatment of implant-related
infections.

Silver nanocluster/silica glass composite coatings have been also applied via
radio-frequency sputtering on the surface of PMMA ocular prostheses to be coupled
with orbital implants [10], and the material elicited a potent antibacterial effect
in vitro due to the release of silver ions for 1 month.

4.2  Orbital Floor Repair

The orbital floor, which is particularly delicate and extremely thin, is the most
common site of maxillofacial bone fracture during facial trauma. In the surgical
repair of orbital floor fractures, restoring the original anatomical structure of the
orbit is extremely important in order to provide support to the orbital contents and
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avoid serious complications such as diplopia,® extraocular movement limitation,
and enophthalmos® [72]. Many materials, categorized as autogenous, allogenic and
alloplastic (artificial), have been used to manufacture implants for the anatomical
reconstruction of the orbital floor in the hope of achieving the best clinical outcome.

Autogenous implants include grafts of bone, cartilage, and fascia lata.
Autogenous bone graft has long been considered the “gold standard” option for
orbital floor reconstruction due to its proven long-term efficacy and reliability [58].
The successful outcome of a bone graft is the result of its excellent combination of
osteogenic, osteoconductive and osteoinductive properties which enable full inte-
gration of the material once it is implanted. The graft can be positioned as such,
held in position by means of titanium screws or plates, or used in combination with
synthetic material. One of the major concerns of using autogenous bone graft is
associated to the harvesting of the graft from the donor site, as this increases
surgical time and the risk of infection, bony defect at the donor site and neu-
rovascular damage. Furthermore, there are issues about the limited availability of
autogenous grafts [21].

Allografts (i.e. the transplant of tissue from one individual to another of the same
species, including those from cadaveric donors) are an alternative option to auto-
grafts; however, the risk of immunogenic rejection and disease transmission are still
partially unresolved issues, and ethical/religious issues can arise, too.

Synthetic materials have been introduced to reduce some limitations of autolo-
gous and allogenic grafts. Man-made grafts, in fact, are always readily available
without the need for donors and additional operations. Porous HA, PE and com-
posite thereof (Hapex®) are the most commonly used [8]. Their open-pore structure
allows vascularization as well as soft tissue and bone ingrowth which stabilize the
implant in the defect and eliminate the need for fixation screws and sutures.
However, concerns about the fragile nature of HA and the non-osteoinductivity and
high infection rate of PE make these implants less attractive compared to autolo-
gous bone grafts [78].

A few research groups from Finland have investigated the aptness of plates
manufactured from the silicate bioactive glass S53P4 for orbital floor reconstruc-
tion, with the aim of improving implant biointegration that is essential for a suc-
cessful clinical outcome.

The first study was carried out by Suominen and Kinnunen [75] who compared
the behaviour of S53P4 implants with that of autologous grafts. Besides demon-
strating that S53P4 is associated with minimal risk of postoperative complications,
the group reported no sign of implant resorption as well as firmer bonding with the
host bone compared to bone grafts. To further examine the effectiveness of S53P4
implants, Kinnunen et al. [43] compared the postoperative outcomes of S53P4 and

*It is commonly-known as “double vision”. Due to the misalignment of visual axes, the images fall
on non-corresponding areas of the two retinas and the patient sees a double image of the same
object.

“Recession of the eyeball within the orbit. This anomaly may be congenital or due to trauma, such
as blow-out fracture of the orbit, and may persist after the repair of orbital floor fracture.
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cartilage orbital floor grafts in 28 patients (14 receiving the glass plate and 14
implanted with the autograft); the results showed no sign of implant-related com-
plication in the S53P4 group while a few complications (e.g. diplopia) occurred in
the cartilage group.

Aitasalo et al. [3] carried out a review of 36 patients who had undergone
placement of S53P4 orbital floor graft. Postoperative examinations were performed
at 1 and 3 months after surgery in all cases and at 1 year after surgery in
twenty-eight of the patients (82 %). Overall, patients achieved good cosmetic and
functional outcomes without any sign of implant resorption. Furthermore, through
the use of CT-scan imaging, the authors demonstrated the presence of osseous
tissue surrounding the implanted plates. More recently, similar results were reported
by Peltola et al. [62] who reviewed the clinical outcomes of 49 patients over a
follow-up of 2 years. The selection of the suitable plate size and shape compatible
with the dimensions of the bone defect was performed using stainless steel tem-
plates. This method allowed the correct definition of the implant design to ade-
quately cover the defect and, thus, no mechanical fixation (i.e. screws) was needed.

The results of these studies highlight the suitability of the bioactive glass S53P4
for orbital floor fracture repair, which could represent a promising alternative to
conventional autologous implants. Through stimulation of patient’s own tissue,
bioactive glass provides a healing-promoting environment, leading to biological
fixation of the prosthetic element and reducing the incidence of extrusion. This
effectively eliminates the need for invasive screws or threading to fix implants in
place. However, the brittleness and rigidity of glass and the fact that S53P4 material
cannot be shaped and moulded during operation remain the major limitations
compared to autografts [62].

4.3 Artificial Cornea

The cornea is the transparent front part of the eye that protects the anterior chamber,
the iris and the pupil. It is the major optical element that focuses visible light onto
the retina, accounting for about 2/3 of focusing power. The cornea can be affected
by several disorders (traumatic or biologic), some of which, despite treatment, may
cause irreversible visual consequences. The replacement of a severely damaged or
diseased cornea with a keratoprosthesis (artificial cornea) is an alternative approach
to corneal transplants from donor eyes (keratoplasty) and is the only feasible route
for restoring vision in patients suffering from Stevens-Johnson syndrome, repeated
transplanted graft failure, glaucoma or chronic ocular inflammation [6].

An artificial cornea typically consists of a transparent optical core which
transmits light from the exterior of the eye onto the retina, and a peripheral rim
commonly known as keratoprosthesis “skirt” which anchors the implant to the
recipient cornea. An ideal artificial cornea should fulfil a complex set of require-
ments. Firstly, it should consist of materials that promote integration with the
corneal epithelium, stroma and endothelium. A continuous epithelial layer is
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essential for creating a barrier to infection, whereas stromal anchorage leads to
improved retention of the prosthesis. In addition, the materials should exhibit
appropriate nutrient and fluid permeability, absence of toxicity, and light trans-
parency as well as low light scattering with respect to the optical part [20, 37].

Most of the keratoprostheses implanted today are totally made of inert polymeric
materials, although different alternatives have emerged in order to achieve better
biointegration of the device in the host tissue, thus ensuring the long-term success
of implant bonding to corneal tissues. Among these, the osteo-odonto-
keratoprosthesis (OOKP) constitutes a well-recognized option. The traditional
procedure involves the use of a canine tooth and surrounding alveolar bone (har-
vested from the patient) to act as a carrier for a PMMA optical lens [25]. Despite the
fact that bone and tooth show biocompatibility in the ocular environment, the
complexity of the multi-stage surgical technique does represent a disadvantage.
Furthermore, it has been highlighted by many researchers that the dentine frame
undergoes partial resorption, which can be a problem since it may lead to loosening
of the optical core and ultimately loss of the prosthesis [66].

In recent years, a great deal of research effort has gone into developing prosthetic
skirts manufactured from different bioactive glass and glass-ceramic formulations.
These materials are capable of tightly bonding to soft tissues and, therefore, could
show good potential in reducing postoperative complications of OOKP implanta-
tion such as extrusion. Besides promoting tissue response towards full integration,
the use of these biomaterials allows the production of totally synthetic devices, thus
overcoming the need of autologous grafting. In an attempt of avoiding the need of
tooth extraction, a glass-ceramic belonging to the Ceravital® system was the first
bioactive material to be experimented for the fabrication of an alternative anchorage
frame around OOKP [38]. Unlike dental lamina, the ceramic disk perfectly con-
forms to the shape of the corneal surface, thereby overcoming the problem of
flattening of the anterior chamber. Nevertheless, these preliminary investigations
were interrupted due to the tendency of the material to gradually dissolve over time
when exposed to the ocular environment eventually leading to the failure of its
supporting function.

Krause [45] tested the intracorneal biocompatibility of Bioverit® glass-ceramics
in a rabbit model. The in vivo tests were able to demonstrate the successful
incorporation of the materials into corneal tissues without toxic or immune reac-
tions indicating their suitability for porous skirts.

Linnola et al. [49] used a bioactive glass-ceramic coating in an effort of over-
coming a recurrent problem encountered with the use of keratoprostheses, i.e. the
growth of epithelium between the corneal stroma and the prosthesis material into the
anterior chamber which could lead to infections, implant extrusion and secondary
glaucoma. The investigated devices consisted of a PMMA optical cylinder sur-
rounded by a peripheral rim of titanium either uncoated or coated with a SiO,—CaO-
MgO-P,0s-based A/W glass-ceramic (Fig. 3b). The authors evaluated the outcomes
of A/W glass-ceramic coated and uncoated kerathoprostheses in 22 New Zealand
albino rabbits (11 for each of the two groups) and compared both materials in terms of
epithelial ingrowth. This was more predominant with the uncoated kerathoprostheses,
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thus supporting the idea that the bioactive glass-ceramic was able to rapidly anchor
the prosthesis to the corneal tissue preventing epithelial down-growth from the sur-
face along the prosthesis into the interior of the eye. Despite this positive effect, the
coating encountered problems of degradation and detachment and, therefore, the
studies were discontinued.

These early experiment have paved the way for an intense research in this field
and in more recent years several other researchers have explored the suitability of
bioactive glass and glass-ceramic formulations for the fabrication of kerathopros-
thesis skirts. Santos et al. [69] investigated a porous phosphate glass (65P,0Os—
15Ca0-10CaF,—10Na,0 mol%)-reinforced hydroxyapatite (GRHA) and assessed
its physicochemical and biological behaviors through several in vitro tests. Poly
(vinyl alcohol) was used as a pore-forming agent to obtain a material characterized
by a mean pore size of 110 pm which is within the desired range for an artificial
cornea (50-150 pm). Materials with adequate pore size allow fibrovascularization
to occur and produce results, in terms of tight fixation, that are superior compared to
materials in the dense form. Furthermore, under physiological pH conditions no
mass loss was found and, therefore, the authors concluded that the porous GRHA
shows outstanding potential deserving further in vivo studies.

With the aim of replacing the human tooth and bone in OOKP support, which is
characterized by the aforementioned degradation problems, Laattala et al. [46]
investigated the behavior of four different PMMA/bioactive glass composite
materials. Particles of 45S5 Bioglass®, S53P4, 1-98 (5.9Na,0-7.1K,0-7.6MgO-
23.9Ca0-0.9B,05-0.9P,05-53.8-Si0, mol%) as well as a slowly dissolving
experimental glass FLL107 (composition 10Na,0O-6MgO-16Ca0O-2B,05;-2P,05—
64510, wt%) were incorporated in a PMMA matrix and the resulting composites
were then compared on the basis of glass dissolution. The concept behind this study
was to exploit the glass bioactivity as well as the surface porosity left behind after
glass degradation for new tissue ingrowth, offering good prosthesis fixation.
The PMMA matrix, moreover, is a stable structure that will not undergo volume
loss for the patient’s lifetime.

With a similar aim in mind, Huhtinen et al. [40] investigated the suitability two
silico-boro-phophate bioactive glass compositions, 1-98 and 28-04 (4.9Na,O-—
7.2K,0-9.0Mg0-16.2Ca0-2.6B,05-60.1Si0, mol%). None of the porous
bioactive glasses elicited an inflammatory response and, in the course of biological
in vitro tests, the keratocytes exhibited a typical elongated morphology that sug-
gested a good adhesive potential. However, material dissolution was reported to be
a problem. These authors, thereby, suggested the use of a backbone structure able to
maintain the optical part in place following the bioactive glass dissolution.
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5 Summary and Outlook

A lot of experimental work carried out mainly over the last two decades has shown
how the meaning of the word “bioactivity” has evolved and expanded throughout
time. Initially developed to refer to the repair or replacement of skeletal hard
connective tissues, today it is also used to indicate the ability of those materials that
can bond to soft tissues, promote wound healing and stimulate angiogenesis.
Special bioactive glasses and glass-ceramics that lie within a particular composi-
tional range have been found to exhibit these fascinating properties, thus showing
promise for application in soft tissue engineering.

As discussed in this chapter, bioactive glasses and glass-ceramics have shown to
be suitable materials for applications in ear and eye surgery. This is largely due to
their versatile nature: in fact, their physico-chemical, mechanical and bioactive
properties can be designed by varying the glass composition (type and amount of
inorganic oxides) or applying appropriate processing routes. The use of these fas-
cinating materials as parts of complex otologic and ocular devices has already been
exploited to a certain extent, although they have not yet reached their full potential.
Bioactive glasses are known to bond both to bone, which is a key property for
implants used in the repair of orbital floor fractures and mastoid cavity obliteration,
and to soft collagenous tissues, which is crucial for middle ear and cochlear implants.
Furthermore, through the release of appropriate ionic dissolution products, porous
bioactive glasses could stimulate angiogenesis and fibrovascular in-growth, which
are essential to guarantee an adequate motility of orbital implants and reduce the risk
of infections. It has been also demonstrated that porous bioactive glasses can
stimulate the adhesion and proliferation of keratocytes, which make them promising
candidate materials for a new generation of smart keratoprostheses.

Looking at the future, problems of stiffness mismatch with soft tissues still have
to be solved; in this regard, tailoring of polymer/glass composites could be a
valuable strategy. Moreover, bioactive glasses and glass-ceramics could improve
the performance of otologic and ocular implants imparting them key
extra-functionalities, such as antibacterial properties via the release of appropriate
metal ions (e.g. copper and silver) and controlled drug release (e.g. mesoporous
glasses) to elicit, for example, an anti-inflammatory effect at the implant site. We
foresee a bright future for bioactive glasses that will indeed lead to exciting
advances in human health and life-quality.
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Biocompatible Glasses for Cancer
Treatment

Renata Deliberato Aspasio, Roger Borges and Juliana Marchi

Abstract Treatment of cancer is an old issue in the history of medicine. Millions
cases are reported every year, as well as millions of cancer-related deaths are also
registered. The development of new technologies is changing this scenario, and new
cancer treatment techniques have been included in the clinical routine. Among these
techniques, hyperthermia and brachytherapy have an interesting prominence.
Hyperthermia has been suggested as an auxiliary therapy for cancer treatment,
while brachytherapy offers the opportunity of delivering high dose beta radiation
emission into the cancerous tissue. In this chapter, we pointed out the use of
biocompatible glasses (please consult the Editor’s note in order to clarify the usage
of the terms bioglass, bioactive glass and biocompatible glasses) for cancer treat-
ment by either hyperthermia or brachytherapy. A quick review about hyperthermia
is provided, and the main compositions of biocompatible glasses used in hyper-
thermia are discussed regarding their magnetic and biological properties. In addi-
tion, few glasses with suitable radiological properties with potential application in
prostate cancer and liver cancer are reviewed, as well as new possible glasses
composition are considered from the point of view of Monte Carlo and molecular
dynamics simulations.

1 Therapies for Cancer Treatment

There are more than 100 different types of cancer. The genetic material of a cell
may suffer damages or changes, producing mutations that affects cell growing and
division process. This process might affect vital organs, even resulting in death.
According to International Agency for Research on Cancer, from World Health
Organization, 14.1 million new cancer cases and 8.2 million cancer-related deaths
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occurred in 2012, compared with 12.7 million and 7.6 million, respectively, in
2008, showing a significant increase of cases around the world [1].

There are different forms of cancer treatment, being the most common in the
clinical practice [1]:

1. Surgery for the tumor removing;

2. Radiotherapy by using radiation to cleavage tumor’s DNA and other important
biomolecules;

3. Chemotherapy by using drugs to interfere on cell cycle [1].

However, in most cases such procedures are aggressive, leading to a decrease in
the response of the immunological system, and causing undesired symptoms or side
effects, such as pain, hair loss, nausea, fatigue, and risk of infection [1]. In order to
solve these problems, new more effective and less invasive therapies are being
studying around the world. Among them, brachytherapy and hyperthermia are
promising therapies, and deserve special attention [1].

Hyperthermia is a term used to describe heat application techniques, and is
usually associated with other techniques already well established, especially
radiotherapy and chemotherapy. Only in 1970, hyperthermia was considered as a
clinical therapy [1]. Nowadays, hyperthermia is in Phase II clinical trial in European
countries like Germany, Spain and Netherlands [2—4].

The treatment is based on heating targeted tissues at temperature between 41 and
46 °C, causing the destruction of the malignant cells, while healthy cells do not
suffer any non-reversible damage. Then, this treatment shows no very undesirable
side-effects [3, 5, 6]. This treatment will be successful when three conditions are
satisfied:

(a) The temperature of the heated tumor tissues is kept at and above 41 °C after
the first heating;

(b) During a specified time, the tumor tissue is heated up to 43 °C and then kept at
that temperature for another given time;

(¢c) The surrounding normal cells are maintained at temperature below 46 °C [7].

The heat used in hyperthermia treatment can be by either localized or regional.
When it is localized, microwave antennae applicators, ultrasound beans, small
magnetic seeds, and radiofrequency plate applicators worm up the cancer cell.
When it is regional, the most common technique is the application of heated per-
fusates (hot water). However, due to heating up large areas of body, it exposes
normal tissues to temperature elevation to which can produces risks and systemic
physiologic responses. In this sense, the usage of localized hyperthermia has been
more emphasized, mainly by using magnetic seeds [8, 9].

If magnetic particles are used in cancer treatment, according to the particle size
used, hyperthermia can be also classified into four different types of magnetic
hyperthermia: intracellular hyperthermia; extracellular hyperthermia; magnetic fluid
hyperthermia; hyperthermia using magnetic materials in bulk [10].
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Intracellular hyperthermia is a technique that uses the insertion of fine particles (1—
100 nm), such as magnetite (Fe30,4) with morphology of needles or rods, as heat
mediators with superparamagnetic properties, using a non-invasive technique, like
injection [11]. When a fluid containing magnetic particles with subcritical size is
inserted in the human body, the cells can easily incorporate these particles since the
diameter is adequate for endocytose. Extracellular hyperthermia using magnetic
particles is similar to the previous one, but using larger particles (magnitude of
micrometers) with ferromagnetic properties, and heat effect similarly to superpara-
magnetic particles [12]. Magnetic fluid consists of ultramicroscopic particles
(~100 A) of magnetic oxides. These particles can be stabilized by surfactants to
prevent agglomeration, thus obtaining stable colloidal suspensions in water.
Ferrofluid particles consisting of superparamagnetic Fe;O0,4 and other magnetic par-
ticles modified or coated with different types of biocompatible polymers are the most
common example [13]. Finally, hyperthermia can be also carried out by using mag-
netic materials in “bulk”, which are surgically inserted in the tumor site implant [14].

Considering all of these previous mentioned classifications of magnetic hyper-
thermia, the principle that induces the cancer cells death is the same. Under an
alternating external magnetic field, the magnetic material releases heat, which is
originated due to (1) the magnetic hysteresis loss process during reorientation of
spins; it causes an irreversible magnetization, and consequently conversion of
magnetic energy into heat [15] or (2) by frictional losses due to the rotation of the
particles in an environment with sufficiently low viscosity [16], allowing the con-
version of mechanical energy into heat. Moreover, both mechanisms depends on
the thermal conductivity and heat capacity of the medium surrounding the material,
which will allow the heat absorption, and the consequent weakening and/or
destruction of cancer cells while preserving healthy ones [17].

Nowadays, the molecular basis of hyperthermia is still under investigation.
There are different mechanisms of antitumor activity induced by local hyperthermia
including loss of membrane integrity, protein denaturation, upregulation of heat
shock, activation of immune cells, vessel destruction and tissue necrosis [18, 19].
These mechanisms are illustrated in Fig. 1.

Tumor cells are not capable of dealing with high temperatures like healthy
tissue. The microenvironment of cancer presents a reduced blood flow by vessel
destruction, favoring hypoxia, acidosis and intratumoral energy deprivation. The
hyperthermia temperatures above 42 °C leads to loss of membrane integrity,
reduction of cancer blood flow and vessel destruction, leading to tissue necrosis. In
addition, the high temperature leads to protein denaturation [3, 4, 18]. The
upregulation of heat shock proteins mechanisms is consisted of induction of a
cytotoxic cell-activation, leading to a cytotoxic effect in tumor cells. The activation
of immune cells can be observed by the sensitization of the lymphocyte function
due the heat, occasioning an immunological response to combat the tumor [18].
Then, all these mechanisms works together for an efficient treatment.

Many cellular effects are important for thermal inactivation, such as the inhi-
bition of nucleic acid synthesis, the blockage of malignant cells in mitosis, and
depression or inhibition of the oxidative metabolism depressing anaerobic
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Fig. 1 Different mechanisms of antitumor activity induced by local hyperthermia of tumors

glycolysis. Extracellular effects also contributes to the tumor cells death, such as
insufficient nutrition, which inhibits cell proliferation, and changes tumor cell
metabolism [20, 21].

Additionally, the increase in tumor temperature can alter the permeability and
fluidity of the plasma membrane, allowing greater oxygen and chemotherapeutic
drugs uptake by these cells, potentiating the effect of treatments by radiotherapy and
chemotherapy, respectively [3, 4]. Thus, the increase of the temperature in the
treatment can induce tumor cell death not only by thermal stress, but also by
potentiation of ionizing radiation and chemotherapeutic drugs [2, 4].

Another interesting technique is brachytherapy, which is a radioactive-based
technique for cancer treatment that has became more popular in clinical practices.
Radiotherapy is classified into external and internal radiotherapy, being the last one
the brachytherapy. Briefly, in external radiotherapy, the radioactive source is placed
out of the patient (Fig. 2). Therefore, high dose of beta and/or gamma rays from the
radioactive source goes toward the cancer tissue, passing also through healthy
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Fig. 2 Scheme demonstrating tissue absorption of external beam radiation. It is observed the
radiation emitted damages both tumor and healthy cells through electron excitation and release of
energy

tissues. This process may damage either the healthy or the cancer tissue. Treatment
using external radiotherapy may take repetitive patient visit to the hospital, because
it is carried out on an outpatient basis. In addition, because of the total dose is
divided into several smaller doses, the treatment can last from 5 to 8 weeks, being
this time based on the size and location of the cancer cells, the type of cancer, the
reason for the treatment, the patient’s general health, and other treatments that the
patient is getting [22].

Usually, healthy tissues can absorb up to 60 % of the total radiation in external
radiotherapy, being it an issue to be taken into account, because healthy cell are
damaged [22]. On the other hand, in brachytherapy, radioactive seeds are placed in
the cancerous tissue, i.e., inside the patient’s body (Fig. 3). The advantage of
brachytherapy, over other conventional radiotherapy techniques, is its high dose

Fig. 3 Schematic figure

illustrating the principle of Epidermis
brachytherapy: radioactive
seeds (blue spheres) emitting
beta and/or gamma rays into
the target tumor

Dermis

Subcutaneous

Target Tumor
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delivered into the tumor, due to the seed’s proximity to the cancer. Brachytherapy is
also classified into intracavitary or interstitial. The first is applied in patients cav-
ities, such as uterus, esophagus and rectum, over a pre-calculated time, and then
removed. In the second, small seeds or thin wires made of radioactive material are
placed into the tumor region, such as prostate, tongue, brain or breast. Interstitial
brachytherapy seeds can be permanent or temporary, and it usually depend on the
target tissue. In prostate cancer treatment, it is used permanent seeds, for example.
The most commercialized seeds are made of a metallic capsule containing '*°I as
radioactive element. However, the metallic capsule is inert to the tissue, and in most
of the cases it is needed a first surgery to place them into the cancerous tissue, and
an another surgery to remove them after the treatment. In order to overcome this
problem, new resorbable materials have been researched to replace these metallic
capsules, consequently increasing the life quality of patients [23].

Glasses and glass-ceramics materials can be considered promising materials to
use in these alternatives techniques due to their bioactive and biocompatible
behavior. It is possible to incorporate and crystallize magnetic phases into the glass
matrix for hyperthermia, as well as the use of radioactive elements as radioactive
seeds for brachytherapy. The glass bioactive behavior allows the tissue regenera-
tion, while the magnetic phase or the radioactive seeds allow the cancer treatment
for bone cancer, for example. In the next sections biocompatible glasses applied to
hyperthermia and brachytherapy will be further covered.

2 Magnetic Biocompatible Glasses for Hyperthermia
Treatment

Magnetic biocompatible glasses (M-BG) have been evaluated as potential materials
for treatment of bone cancer by hyperthermia. Biocompatible glasses with bioactive
behavior are known for their use in bone tissue regeneration, as reviewed on the
Chapters “Bioactive Materials: Definitions and Application in Tissue Engineering
and Regeneration Therapy” and “An Introduction and History of the Bioactive
Glasses”, and deeply discussed on the Chapter “45S5 Bioglass Based Scaffolds for
Skeletal Repair”. When there is a magnetic phase in the glass structure, acting as a
hyperthermia thermoseed, it can be used as a material for bone cancer treatment. In
such cases, the hyperthermia treatment is allied with bone tissue regeneration [5].

After placing the M-BG in the tumor region, an alternating magnetic field is
applied, and the heat from M-BG raises the temperature of the surrounding tissues
through the same mechanism aforementioned for ferromagnetic particles. After the
tumor shrinkage, the malignant cells can remain around the tumor site, leading to
tumor recurrence. These malignant cells can be destroyed to prevent the tumor
recurrence through re-heating the implanted material when needed [24].

The bioactive glasses can be synthetized by melting or by sol-gel process. The
advantage of using sol-gel method instead of melting is the higher bioactive
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behavior exhibit by such glasses [25-27]. This improved bioactivity can be
explained in terms of their higher textural properties (surface area and porosity),
which have a large influence on the reactivity with the surrounding physiological
fluids [28]. The magnetic phase of the M-BG can be obtained through heat treat-
ment of the glass system for the crystallization of magnetic phases (Fig. 4 illustrates
the melting process and Fig. 5 illustrates the sol-gel process) or by the incorpo-
ration of magnetic nanoparticles in the glass matrix (Fig. 6) [29, 30]. The advantage
of the magnetic nanoparticles incorporation is due their higher superficial contact
area leading to a better magnetization than the magnetic phase crystallized by heat

FeO/Fe,0,

sio, Na,0 e melting quenching
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crucible \/l

Heat treatment after sieving ﬁ
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Fuipund

glass-ceramic containing glass particle
magnetic crystals

Fig. 4 Schematic representation of M-BG synthesis through melting-quenching method followed
by heat treatment in order to nucleate magnetic crystals
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Fig. 5 Obtainment of M-BG through sol-gel method followed by heat treatment in order to
nucleate magnetic crystals
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Fig. 6 Obtainment of M-BG through sol-gel method in which the magnetic nanoparticles are
added during the synthesis, and the glass is nucleated surround them

treatment, and a better control of the magnetic phase morphology is also provided.
However, the uniformly incorporation of magnetic nanoparticles in the glass matrix
can be challenging, once nanoparticles has an aggregation tendency [30].

The studied of magnetic biocompatible glasses started with in 1991, when
Kokubo et al. [31] developed glasses in the CaO-SiO,—B,03-P,05 system doped
with iron oxides II and III through melting-quenching method. The glasses were
thermally treated, forming glass ceramics with the formation of B-wollastonite
(Ca0-Si0,) and magnetite (Fe30,4), being it the first approached biocompatible
glasses with magnetic properties that could be applied to cancer treatment by
hyperthermia [31].

Since then, several studies have studied glasses on similar systems, and the glass
composition has shown to play an important role on the magnetic properties. Da Li
et al. [32] studied the system CaO-SiO,-P,05—-MgO-CaF,-Fe,03 through sol-gel
method, where Mg was used to dope ferrite. This Mg ferrite glasses led to larger
hysteresis loop, leading to a higher magnetization than Fe ferrite. In another study,
Li et al. [24] evaluated the magnetic properties of CaO-SiO,—P,05—MnO-CaF,—
MnO,—-Fe,0O; system by sol-gel method. The motivation for the addition of Mn is
due to its biocompatibility and high magnetization. However, Mn inhibited the
formation of magnetic phases, decreasing the magnetization [24].

The magnetization is not only limited to the system composition, but also to the
amount of magnetic element. The iron oxide content in the glass and the thermal
treatment influences the microstructure and the magnetic properties of the M-BG
[29]. Eniu et al. [33] studied the CaO-P,05—SiO,—Fe,O5 system with posterior
thermal treatment. They noticed magnetite (Fe;0,4) crystals was the major magnetic
phase, and different iron oxides such as y-Fe,O; and o-Fe,O; also appears as
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minorities. These results indicate that the experimental conditions must be con-
trolled to achieve magnetic bioceramics with potential hyperthermia application and
bioactive behavior, as long as these additional oxide phases have a lower magne-
tization than magnetite [33]. In 2007, Singh et al. [34] studied the influence of
magnetic phase concentration (2, 4, 6, 8 and 10 % in moles of Fe,O3) in the CaO—
Si0,-P,05-Na,0-Fe,0O5 system obtained by melting process with posterior heat
treatment (to convert Fe,O3 into Fe;O,4 as the magnetic phase). The best result was
for the sample containing 10 mol% (corresponding 8.64 wt% of Fe,O3), which
exhibits the highest magnetization of 7.95 emu/g, illustrated in Fig. 7. This mag-
netization makes the system a potential biomaterial for hyperthermia treatment. The
authors noticed the magnetization in the samples was associated with the iron oxide
molar concentration that, in turn, is related to the amount and crystallite size of
magnetite phase present in them [34]. Other authors [35] observed the same
behavior for the system Si0,—Na,0O-CaO-P,0s—FeO-Fe,0; studied with different
concentrations of magnetic phase. The maximum magnetization measured
(31.5 emu/g, under a magnetic field of 12 kOe) was for the sample with the highest
concentration of magnetic phase in the composition (34 wt%). Thus, it is possible
to suggest the magnetization increases with the concentration of magnetic phase.
However, higher concentration of magnetic phase decreases the bioactivity
behavior of the biomaterial, so to combine the desired bioactivity with enough
magnetization is one of the main challenges in M-BG development [24].
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Fig. 7 Magnetic hysteresis loops of glass-ceramics with different iron oxide concentration under
magnetic field of £20 kOe [34]
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Fig. 8 TEM of
polymer/magnetic bioactive
glass composite [36]

Once the control of heat treatment is the main step to obtain better magnetic
properties, some works have explored the development of glasses matrixes con-
taining magnetic nanoparticles. Wang et al. [30] developed borosilicate bioactive
glass scaffolds loaded with different amounts (5-15 wt%) of Fe;O, magnetic
nanoparticles (MNPs) in order to obtain a biomaterial with bone tissue ability, and
able to destroy residual tumor cells by hyperthermia. They observed the material
capability to generate heat was related to the amount of MNPs in the scaffolds [30].

Magnetic bioactive glasses can also be used in polymer/magnetic bioactive glass
composites, resulting in a magnetic drug delivery carrier, bringing together
hyperthermia and drug delivery system. Jayalekshmi et al. [36] developed a system
of chitosan-gelatin with magnetic bioactive glass nanoparticles as a potential
material for drug delivery and hyperthermia, prepared through sol-gel method. In
that case, the drug could be dispersed in the polymer matrix. The magnetic
bioactive glass nanoparticle was in the range of 43—-51 nm. The morphology of the
magnetic BG nanoparticle can be seen after TEM analysis (Fig. 8). These com-
posite nanoparticles have a structure of iron oxide inside the polymer-bioglass
matrix. The advantage of use nanoscale bioactive glasses instead of micron-sized is
due their superior osteoconductivity [37]. The magnetization measured was
6.369 emu/g. The results revealed that the composite can be applicable for drug
delivery allied with hyperthermia treatment [36].

3 Bioacompatible Glasses as Radioisotope Vectors

In 2003, it was reported the first biocompatible glass used as radioisotope vector,
which was developed to replace '*’I seeds used in prostate cancer treatment by
brachytherapy [38]. The union of biocompatible glasses with radiotherapy is still a
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new research field within the biocompatible glasses science [38—40]. In fact, there
are just few research groups around the world studying the development of bio-
compatible glasses containing radioisotope. This sort of research sometimes is
restricted to places that offers nuclear facilities, mainly because of the experimental
procedures involved in the nuclear characterization of these materials, such as
neutron activation. This procedure is shown in Fig. 9, which neutrons are generated
in a nuclear reactor, and a material containing the desired isotope is exposed to
these neutrons. As reaction product, it is obtained radioisotopes and beta and/or
gamma rays.

For the development of the first bioactive glass-based seeds, scientists [38]
assumed a biodegradable glass would be better for this treatment, because the '
seeds are temporary, and a second surgery is needed to remove them. Then, they
developed a glass based on SiO,—CaO system incorporated with samarium [38].
The objective was to obtain glasses containing '>*Sm radioisotope after neutron
activation. >*Sm was chosen because this element has a shorter half-life than "I
(46.27 h and 54.9 days, respectively) being suitable for a resorbable material with
chemical durability lower than seven months. Their results showed a samarium
concentration between 4.5 and 11.5 wt% in the glass structure would be required to
achieve the same activity as '*°I implants. In addition, considering this glass would
be processed using enriched '>*Sm, the amount of Sm diminishes to concentrations
between 1.5 and 4.5 wt% [38]. In other works, Roberto et al. [41] showed these
implants can emit 130 Gy of B-ray dose, considering a flux activation of
2 x 10'nem™s7!, and 1 g of biocompatible glass implant, being these values
suitable for prostate cancer treatment [39, 40]. The biodegradability of these glasses
was also evaluated through rabbit’s liver model, using X-ray radiography images to
monitor the glass durability in vivo. After seven months, there was found no traces
of glass in radiography images, as shown in the Fig. 10 [41].
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Fig. 9 Schematic representation of nuclear reaction between a target nucleus and an incident
neutron, leading to the formation of a radioisotope and the emission of beta particles and/or gamma
rays
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SET to sctivate alternate cursor.

Fig. 10 Radiography showing a '*Sm biodegradable glass seed in a liver (as indicated by the
white narrows) just after implantation, and b the same liver after 7 months, when it is not possible
to observe any seeds due to their degradation [41]

Another recent work developed by Nogueira and Campos [42] studied a system
where Zr, Ba and Ho are incorporated into the bioactive glasses structure. The Zr
and Ba were used to improve the visibility of the seeds by radiography, once these
elements are suitable contrast agents. The radiography is the most used clinical
technique to evaluate the radioactive seeds degradation. Ho was added because it
emits higher energy than Sm, being able to diminish the amount of doping elements
in the bioactive glass structure, or developing a material that emits higher energy,
being able to treat small cancers in shorter time [42, 43].

In another study, Sadeghi et al. [44] emphasized the interesting features of '>>Sm
in prostate brachytherapy when trapped within a biodegradable glass structure. The
authors carried out computational simulations, through Monte Carlo code, in order
to evaluate the dose rate in function of distance for a material doped with '>*Sm.
"2Pr beta emitter source was used as a benchmark to validate the simulation
method accuracy and dose calculation. It was also included data about other
materials based on *?P and *°Sr/°°Y beta emitter for comparison purposes. They
concluded beta doses using '**Sm has a shorter distance effectiveness when com-
pared to the other ones (Fig. 11), as well as a higher initial dose rate. Such results
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Fig. 11 Comparison the dose rate in function of distance for different beta emitters [45, 46]
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suggest '3*Sm would enable a less radiation effect on healthy tissues, diminishing
the side effects of radiotherapy, and also decreasing the treatment time due to the
higher initial dose.

Similar Monte Carlo code simulations were carried out by Hosseini et al. [45],
who evaluated the beta dose of '®Ho-based biodegradable glass seed, and by
Khorshidi et al., who evaluated '%®Re-based biodegradable glasses seed [46]. These
authors used the same parameters as Sadegui et al. [44], and they were focused on
hepatic cancer treatment. Both of the aforementioned authors led to conclusions
similar to Sadegui et al., i.e., both 16610 and '®5Re have a shorter dose distance, and
a slight higher initial dose, as showed in the Fig. 11. In all of these cases, the
authors approached using the formalism of AAPM TG-60 (American Association
of Physicist in Medicine, Task Group—60) report, which recommends a dosimetry
protocol for interstitial brachytherapy sources and parameters of beta emitters,
enabling to calculate the dose rate, the radial dose function, and the two dimen-
sional anisotropy function of the materials [47]."

Since 2011, molecular dynamics studies have suggested °°Y-based biore-
sorbable glasses (*°Y-BG) as potential materials for radiotherapy. The first study
carried out by Christie et al. [48] evaluated how yttrium addition into the glass
structure would affect the surface reactivity of bioactive glasses. Their challenge
was to find out a high surface reactivity typical of BG with a slow release of
yttrium, in order to avoid radioactive elements into the bloodstream. Their results
showed two distinct behaviors induced by yttrium addiction:

1. the formation of a fragmented silicate network that leads to a lower durability
and loss of bioactivity;

2. a yttrium-mediated strong association of dissociated silica fragments that leads
to a higher durability and bioactivity.

Therefore, they concluded that an ideal **Y-BG should be a composition that
equilibrate these two aforementioned factors. In a further work [49], it was showed
the possibility of overcoming this problem through adding more amount of silica to
the glass structure (62 mol%), and also increasing the amount of yttria up to 12 mol
%, but keeping the network connectivity surround 2.6. Higher yttrium content in the
glass structure would lead to more fragmented silicates, but at the same time the
energy of yttrium-mediated cross-linked silicate bonds will increase, and, thus,
decrease the glass solubility, enhancing the biocompatibility. The Fig. 12 shows the
yttrium-mediated cross-linked silicate bonds, which are very important in *°Y-BG.
Although simulations have shown the success of Y-BG, it is still needed experi-
mental dada that supports molecular dynamic simulations.

"The AAPM TG-60 should be taken into account in works involving brachytherapy, and more
details about this approach can be found in: Amols et al. [47].
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Fig. 12 Yttrium-mediated
cross-linked silicate bonds.
Silica tetrahedral are shown in
blue, oxygen atoms in red,
and yttrium in pink. Sodium
and calcium atoms were
omitted for an easier
visualization [49]

4 Challenges and Perspectives

As mentioned before, one of the main challenges of producing magnetic bioactive
glasses is combining bioactivity and magnetization properties. The presence of the
magnetic phase into the glass matrix decreases the bioactivity and iron can be easily
segregated, forming nonmagnetic precipitates while sintering. The possible cyto-
toxicity of the magnetic phase acts as a limiting factor for their applications [24].
However, the use of low concentrations of iron oxide can be a disadvantage,
leading to not enough sufficient amount of magnetic phase to generate heat
demanded when under an alternating external magnetic field, affecting the effec-
tiveness of the treatment [34].

Nowadays, the proposal of magnetic biocompatible bioactive glasses focuses on
improved biocompatible and magnetic properties, in order to enhance both. The
development of new materials with greater degradation rates is also suggested in
order to completely degrade the material after their use as therapeutic agents,
avoiding immune reactions or the need for a second surgery for removal.

Regarding BG as radioisotope vectors, it is observed new glasses composition
have been suggested as suitable compositions for cancer treatment; however,
nowadays most of the works are based on simulations and not in experimental data.
In this sense, new works involving in vitro and in vivo tests would be appreciated,
and would give us a better idea about radiological parameters that lead to effective
treatment. At the same time, simulation methods, like the AAPM TG-60, are
reliable tools to evaluate compositions beforehand, avoiding experimental failure or
even money expends. Clinical test will give us a better feedback about the usage of
biocompatible glasses as resorbable seeds for brachytherapy in a near future.
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Glasses for Treatment of Liver Cancer
by Radioembolization

Oana Bretcanu and Iain Evans

Abstract This chapter presents an overview of existing commercial and potential
(non-commercially available) glasses used for the treatment of liver cancer by
radioembolization therapy. The chapter explains how radioembolization works and
the required properties of the glass particles used for radioembolization. A short
description of the properties and method of synthesis for commercial glasses,
TheraSpheres®, together with their clinical benefits, risks and limitations are
reported. Two non-commercial glasses were considered: phosphate glasses con-
taining **P radioisotope and borate glasses containing '*°Re and '"®*Re radioiso-
topes. Their fabrication methods and properties were compared to those of the
commercial glass.

Keywords Glass - Liver cancer - Radioembolization - Radioactive microspheres -
Radioisotopes

1 Introduction

According to the World Health Organization cancer is among the leading cause of
death with 8.2 million cancer-related deaths and 14 million new cancer cases
worldwide in 2012. The estimated number of new cancer cases could rise to 22
million within the next two decades. More than 60 % of new cancer cases occur in
Africa, Asia, and Central and South America. These regions currently represent
approximately 70 % of the cancer deaths worldwide. It is estimated that in 2016
nearly 0.6 million people will die from cancer and approximately 1.7 million new
cases of cancer will be diagnosed in the United States alone [1, 2].
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Liver cancer is one of the most common forms of cancer. The American Cancer
Society estimates that in 2016, more than 27,000 people (4.6 % of all cancers) will
die from liver cancer in the United States and in excess of 39,000 new cases of liver
cancer (about 2.3 % of all cancers) will be diagnosed [3].

Patients with early stage liver cancer, and without cirrhosis, having tumours
smaller than 50 mm can be treated successfully by tumour resection (partial hep-
atectomy). Only 15-30 % of liver cancer patients can undergo partial hepatectomy
and within 5 years of liver resection, cancer will recur in approximately 75 % of
these [4]. Liver transplantation may be an option for patients with hepatocellular
carcinoma, but there is a limited supply of suitable donor organs. Other treatments
include radiofrequency ablation (local use of small electrodes that generate heat and
destroy the tumour), arterial chemotherapy (local delivery of anticancer drug via the
artery) or embolization (blocking blood flow to the tumour) [4]. In the last two
decades radioembolization, the process of delivering internal radiation therapy to a
deliberately occluded blood vessel, has been used for the treatment of a number of
life-threatening forms of liver cancer to extend the lives of patients with inoperable
tumours or without the possibility of liver transplant. These include primary hep-
atocellular carcinoma which originates in the liver and metastatic liver cancer which
had spread to the liver from another part of the body. Radioembolization is a
minimally invasive procedure that combines embolization (deliberate occlusion of
the blood vessel) and radiation therapy. Conventional radiotherapy uses X-rays to
irradiate tumours externally and often causes damage to adjacent healthy tissues.
Radioembolization uses small particles containing radioisotopes that irradiate the

Left hepatic
duct

Hepatic —_|
portal vein

Common
hepatic duct

Stomach

Pancreas

(first past of
small intestine)

Common
bile duct

Fig. 1 Liver anatomy (adapted from [7])
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tumour

hepatic artery

catheter

Fig. 2 Introduction of microspheres in the hepatic artery (adapted from [5])

target tumour area locally, minimising damage to healthy tissue. The maximum
dose of radiation that can be safely applied in external radiotherapy is much lower
than that used for internal radiation and hence external radiation treatment is less
efficient than radioembolization.

There are two primary blood vessels involved in the supply of blood to the liver,
the hepatic portal vein and the hepatic artery (Fig. 1). Normal liver tissue (healthy
tissue) receives more than 80 % of its blood supply from the portal vein and up to
20 % from the hepatic artery. Tumoural liver tissue is often more vascular than the
surrounding normal tissue and receives most of its blood supply from the hepatic
artery [5].

During radioembolization treatment, radioactive microspheres with particles
sizes of 20-30 pm are introduced to the hepatic artery via a catheter (Fig. 2). These
microspheres can pass through the hepatic artery but are too large to pass through
the small tumour capillaries, which have a diameter of 8-10 um, and hence pref-
erentially accumulate in the tumour. Tumour nodules have a higher concentration of
blood vessels compared to the surrounding healthy tissue, enabling up to 20 times
more particles to be deposited in the malignant tissue [6]. The microspheres block
or decrease the blood flow inside the tumour, inhibiting the delivery of oxygen and
nutrients to the tumour and thus impeding the tumour growth. Once the micro-
spheres are trapped inside the tumour site, they deliver a high dose of radiation
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radioactive
particles

tumour

Fig. 3 Simulation of radioactive particles distribution into liver tumour (adapted from [8])

directly to the tumour, killing the cancer cells and reducing the size of the tumour.
As the radioactive microspheres are injected in the hepatic artery, they are primarily
transported into the tumour with only a small amount of particles reaching the
healthy liver tissue. Even if the hepatic artery is blocked during radioembolization,
the healthy liver cells will continue to receive blood from the hepatic portal vein
and thus maintain the supply of oxygen and nutrients to the healthy tissue.

Hepatic artery injection allows preferential delivery of radioactive particles into
the tumour. In clinical practice, millions of microspheres with diameters below
30 um incorporating an active radioisotope are distributed via an arterial catheter to
the tumour (Fig. 3).

Many elements have multiple isotopes, some of which may be radioactive.
Radioactive isotopes are characterized by a constant rate of decay, forming other
elements or isotopes. During radioactive decay, the unstable radioisotopes emit
radiation (alpha, beta or gamma radiation) and become more stable. As each
radioisotope is characterised by a specific time for decay, the parameter used in
practice is the half-life which is a measure of the amount of time that the isotope’s
radioactivity takes to decay to half of its initial value. Thus, the half-life of a
radioisotope indicates how fast an unstable radioisotope undergoes radioactive
decay. Isotopes with shorter half-life decay faster. Radioisotopes could be gener-
ated by neutron irradiation of non-radioactive isotopes in a nuclear reactor.
Examples of radioisotopes activated after neutron bombardment are given in
Table 1, while the half-life and decay energy of some radioisotopes is shown in
Table 2. Some radioisotopes such as B can have a very short half-life (20.2 ms),
while the others such 2*®U have an extremely long half-life (4,470,000,000 years).

The isotopes used in clinical studies generally emit beta radiation which can
penetrate the cell membrane and hence have the potential to destroy the cells. These
radioisotopes can be incorporated into a glass network and delivered into the blood
vessels that feed the tumour in the form of glass microspheres as noted earlier
(Fig. 4). These glass microspheres can irradiate the surrounding malignant tissue up
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Table 1 Examples of elements with stable isotopes that forms radioisotopes after neutron
activation in a nuclear reactor

Element Most stable isotope Natural abundance (%) Radioisotopes
B ¢} 80.1 2B
1og 19.9 -
o) 150 99.8 -
Na BNa 100 2*Na
Mg Mg 79 -
Mg 10 -
2601 g 11 M e
Al ZTAl 100 ZAl
Si 2si 92.2 -
2sj 47 -
30gi 3.1 315
P 3p 100 32p
K ¥K 93.3 40K
4K 6.7 2K
Ca 40Ca 96.9 41ca
4Ca 2.1 Ca
Y 89y 100 0y
Re 5Re 37.4 18Re
187Re 62.6 188Re
U B8y 99.3 )

to a distance of 12 mm, depending on the isotope’s radioactivity [9]. They can
deliver a high dose of localised radiation directly into the tumour without causing
significant damage to healthy cells.

The maximum amount of radiation that glass microspheres can safely deliver to
the liver (or other target organ) depends on the mass and volume of the organ, type
of radiation emitted during radioisotope decay and the microspheres’ radioactivity
at the time of injection.

2 Required Properties of Glass Particles

Glass microspheres used for radioembolization should have the following general
characteristics:

be biocompatible and non-toxic for human body
have high chemical durability and high corrosion resistance in body fluids at
different pH

e have a composition that will produce only radioisotopes with short half-life after
neutron activation
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Table 2 Examples of half-life, decay mode and decay energy of some radioisotopes

Radioisotope | Half-life Decay Decay energy Decay
mode MeV) product
I2g 20.2 ms B— 13.37 2c
2*Na 14.96 h B— 5.52 Mg
Mg 9.46 min B 2.61 27A1
BAl 2.24 min B— 4.64 s
31si 2.62h B— 1.49 3p
32p 14.26 days B— 1.71 28
0K 125 x 10° years | B— 1.31 40Ca
B+ 0.48 40Ar
2K 12.36 h B— 35 *2Ca
“Ica 1.02 x 10° years |EC 0.42 K
Ca 162.7 days B— 0.26 S
0y 2.67 days B— 2.28 O7zr
18Re 3.72 days B— 1.07 18605
¥ 0.136
EC 0.58 186y
188Re 17 h B— 2.12 180g
Y 0.155
B8y 447 x 10° years | a 427 Z34Th
B9y 23.45 min B— 1.26 Z9Np

EC = electron capture, o = alpha particles, p— = beta minus particles (electron emission),
B+ = beta plus particles (positron emission)

normal tissue

tumour

glass microsphere

tumour

Fig. 4 Optical microscope images of a stained human liver with glass microspheres at the
periphery of the tumour; inset b shows a higher magnification of the region marked in yellow in
a (adapted from [5])
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e do not contain any element that could form long half-life radioisotopes during
neutron activation

e contain a radioactive isotope with appropriate level of radioactivity at the time
of injection (to allow local administration of higher doses of radioactivity
directly to the target organ)
be spherical in shape
have thermal properties that enable the glass particles to be spheroidized

e have appropriate particles size to embolize (occlude) the blood vessels of the
target tissue

e have appropriate density to be carried by the blood flow into the target tissue and
to not deposit on the blood vessel wall before reaching the tumour.

The chemical composition of the glass plays an important role in selecting
appropriate materials for radioembolization. Many chemical elements became
radioactive after neutron activation (see Table 1), so care should be taken to avoid
elements that form long half-life radioisotopes, such as Ca and K (Table 2).
Biocompatible silicate glasses could contain Ca and K ions, and their presence in
the glass composition should be avoided. Similarly, the raw materials utilised for
the synthesis of the glass should be of high purity to avoid the activation of
unwanted radioisotopes (present in some impurities) after neutron bombardment.
Glass containing radioisotopes with a shorter half-life are safer for patients and their
relatives, medical staff and environment. If the radioisotopes remain active in the
patient’s body for a long time after the treatment, the patient needs to avoid close
contact with family members. Most isotopes in Table 2 produce [ radiation which
is an ionising radiation that can penetrate a couple of centimetres into the skin. After
radioembolization treatment, P radiation will be contained in the patient’s body so
the patient will not need to be kept in an isolation room until the radioisotopes
become inactive. The patient is allowed to go home with a minimum risk of
radiation exposure to family members.

The glass should have high chemical durability and high corrosion resistance, to
avoid leaching of the radioisotopes entrapped in the glass structure while they are
still radioactive. The pH value of human body fluid is about 7 under normal
condition but it can have lower values in tumours. Thus, the glass should have high
chemical durability even under acidic conditions and should not release active
radioisotopes into normal tissue.

The glass particles should have a smooth spherical shape to minimise
micro-lacerations or similar effects which might irritate the blood vessels when they
are injected into the blood stream. The particles size should be small enough to flow
through the hepatic artery and stop in the liver capillaries.
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3 Commercial Glass Particles

TheraSpheres® are commercial glass microspheres that contain %Y radioisotope.
They have been used since 1990 in the USA and Canada for the treatment of liver,
kidney and spleen cancers [10, 11]. These glass particles have a diameter of
20-30 um and can be delivered into the tumour by hepatic artery injection.
TheraSphere® treatment is not curative but it can reduce the size of the tumour
(Fig. 5), allowing the patients to have other curative treatment options such as
surgery, liver transplant, chemotherapy, etc. Clinical studies showed that
TheraSpheres® are generally well tolerated and 70-90 % of the patients improved
after treatment, with an increase in the survival rate. Histological studies showed
that the distribution of microspheres is heterogeneous, the ratio of particles con-
centration into tumour to normal tissue being 2-50:1. Hence, the majority of tar-
geted microspheres are accumulated in the tumour as described earlier.

3.1 Glass Synthesis and Properties

The nominal glass composition of TheraSpheres® is 17Y,05-19A1,05-64Si0, mol
% (YAS glass). Non-radioactive YAS glass contains *’Y isotope and it is prepared
by melting homogeneous mixtures of high purity Al,O3, Y,03 and SiO, powders in
a platinum crucible at 1600-1650 °C [12]. As noted earlier, high purity of raw
materials is required to avoid the generation of undesirable radioisotopes during
subsequent neutron activation.

After grinding, the glass powders are sieved to select suitably sized solid YAS
glass particles. These are irregular in shape and they are formed into regular
microspheres with 20-30 um particles size by spheroidizing the glass particles in

Fig. 5 X-ray computed tomography of hepatocellular cancer (yellow circles). a Before
Theraspheres® treatment; b 2 years after Theraspheres® treatment, showing the tumour size
reduction (adapted from [9])
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Fig. 6 SEM image of glass
microspheres and a human
hair (adapted from [15])

an acetylene/oxygen flame. During the spheroidizing process the glass softens,
decreasing its viscosity, and the glass particles become spherical due to surface
tension. The temperature and timing of this process are carefully controlled to avoid
glass crystallization. After cooling, the glass microspheres are sieved once again to
select the desired range of sizes.

A scanning electron microscope (SEM) image of the glass microspheres parti-
cles compared to a human hair is illustrated in Fig. 6. The YAS glass density is
3.2 glem’.

The non-radioactive YAS microspheres are transformed into radioactive
microspheres in a nuclear reactor where the *’Y isotope is activated to form the
B-emitting *°Y isotope. As can be seen in Table 1, Y is the stable isotope of Y
and it has 100 % natural abundance. It can be activated to *°Y (half-life of
2.67 days) during neutron bombardment. Even if 27A1 (100 % natural abundance)
and *°Si (3.1 % natural abundance) could be activated to **Al and respectively *'Si
during neutron bombardment, the half-lives of these isotopes are very short, being
only 2.24 min for *®Al and 2.62 h for *'Si (Table 2). Other isotopes of Si (**Si and
29Si) and O (160) are not activated by neutron bombardment.

%Y decays to stable *°Zr by emission of B-radiation with a corresponding decay
energy of 2.28 MeV (Table 2). The emission of  particles generates a high local
radiation dose at the site of glass microsphere deposition, producing tumour
shrinkage by cell necrosis whilst having minimal impact on the surrounding healthy
liver tissue. B-radiation emitted by *°Y has a maximum penetration range of 12 mm
[13] and about 95 % of the radiation is delivered in 12 days. Radiation levels
become negligible within a few weeks after TheraSphere® treatment [9, 14]. Due to
short half-life of °°Y, the patient does not present a significant radiation risk after
treatment and is allowed to go home.
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3.2 TheraSphere® Treatment

A preliminary examination of the blood vessels (angiogram) is required before
TheraSphere® therapy to determine if the patient can be treated with the glass
particles. During the angiogram a catheter is inserted through the femoral artery into
the hepatic artery of the liver and non-radioactive spheres with diameters similar to
TheraSpheres® are injected into the catheter for diagnostic imaging [14]. The
spheres contain albumin protein labelled with a contrast agent which highlights the
blood vessels to be examined. These diagnostic imaging spheres provide infor-
mation about the distribution of blood flow inside the liver and their accumulation
in the liver and other organs (lung, stomach, duodenum, gallbladder). For some
patients the blood vessels that feed the stomach and duodenum will be blocked with
small coils or wires to prevent the formation of ulcers due to accumulation of
microspheres in these areas.

As only a small number of blood vessels in the liver nodules have diameters
greater than 30 pm, a low percentage of microspheres will be able to pass through
the liver and potentially accumulate in the lungs or other organs. Liver vasculature
mapping helps to identify the blood vessels that feed the tumour. The estimation of
the percentage of spheres accumulated in liver relative to the other organs is used to
establish if the patient can have the TheraSphere® treatment and the correct dose. If
the amount of particles accumulated in the lungs is higher than 15 %, a significant
dose reduction is applied to avoid pulmonary fibrosis [6, 14]. The treatment takes
place within 2 weeks of the preliminary angiogram. The glass microspheres are
injected slowly in the catheter through a 10 ml disposable syringe which can deliver
1.2-8 millions spheres per injection, depending on the required dose size (Fig. 7).
Immediately after treatment the patients are scanned using computed tomography to
map the location of the microspheres. Liver function is monitored every few weeks
after TheraSphere® treatment [6, 14].

3.3 TheraSphere® Clinical Benefits

TheraSphere® particles are generally used for the treatment of hepatocellular car-
cinoma and metastatic liver cancer, being successfully used for unresectable can-
cers. This treatment improved the survival rate of terminal patients (life expectancy
of 5-7 months) to 12-24 months. For unresectable cancers, intra-arterial adminis-
tration of radioactive microspheres can reduce the tumour size. Clinical studies
reported a significant shrinkage of tumours, allowing a follow-up treatment such as
surgery (surgical resection), transplant or chemotherapy [16, 17].
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Fig. 7 A typical treatment
vial containing white glass
microspheres at the bottom of
the vial (adapted from [5])

Glass
microspheres

Therefore, the main advantages of TheraSpheres® are:

can be used for unresectable cancers

can be used for hepatocellular carcinomas

can be used for metastatic cancers

can extend the lives of the patients with inoperable tumours from months to
years

can produce significant shrinkage of large tumours, allowing alternative curing
techniques such as surgery, transplant or chemotherapy

is a minimally invasive technique, as only a small incision is made

can deliver a higher radiation dose directly to the tumour, being more efficient
than external radiotherapy

has lower toxicity than external radiotherapy

has fewer side effects than external radiotherapy

has a fast recovery rate of patients

TheraSphere® treatment is not a cure. Clinical studies showed that approxi-

mately 70-95 % of the patients improved after this treatment and about 95 % of the
patients with colorectal metastases increased their survival rate [17].
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3.4 TheraSphere® Clinical Risks

There are few clinical risks associated with the use of this treatment. The main risks
are infection, allergy, ulcers in the stomach or duodenum, bleeding at the incision
site and blood vessel damage due to insertion of catheters.

Patients need to take antibiotics after treatment to avoid infection with 0.1 %
patients acquiring a related infection after radioembolization. Intra-arterial admin-
istration of radioactive microspheres via catheters could damage the blood vessels,
producing bleeding and bruising. There is also a low risk of allergic reactions to the
contrast agent administrated during angiography. Approximately 2 % of patients
may develop ulcers in the stomach or duodenum due to accumulation of the
radioactive particles in these areas [17].

3.5 TheraSphere® Side Effects and Limitations

Typical side effects of TheraSphere® treatment include mild to moderate fatigue,
fever, abdominal pain, nausea, loss of appetite, vomiting and temporary changes in
liver blood tests. These side effects could last for approximately 1 week. Rarely,
acute adverse events may occur, such as chronic pain, gastric ulcer, cholecystitis,
loss of liver function [8].

TheraSphere® treatment is not recommended for severe liver or kidney dys-
function, or for patients with abnormal blood clotting or bile duct blockage [17].
The particles should not be administered to pregnant women. Theraspheres® have a
shelf life of 12 days [8].

4 Non-commercial Glass Particles

In order to compare the properties, benefits and limitations of non-commercial
glasses with Theraspheres® two further formulations were examined.

4.1 Glass Particles Containing >>P

3P has 100 % natural abundance (Table 1) and can be activated into the 3P
radioisotope by neutron irradiation in a nuclear reactor. As can be seen in Table 2,
the half life of **P is approximately 14.3 days which is almost five times longer
than *°Y. However, the released energy is lower (the decay energy of *°P is
1.71 MeV compared to 2.28 MeV for *°Y), so the radiation dose of **P needs to be
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Fig. 8 Phosphate glass particles a before and b after spheroidizing (adapted from [18])

Table 3 Examples of nominal glass compositions used for radioembolization and their active
radioisotope

Glass type Radio-isotope | Composition (wt%)

Y,0; |P,Os |ALO; |SiO, |MgO |B,0;
YAS 2y 40 - 20 40 - -
(Theraspheres®)
Phosphate glass 2p - 42 10 4 44
Borate glass - - - 32 25 43

Table 4 Process conditions for the preparation of YAS, phosphate and borate glasses

Properties YAS? Phosphate glass® Borate glass”
Density (g/cm’) 3.2 3.1 29

Melting temperature (°C) 1600-1650 1250-1550 1350

Melting time (min) 120 120 15

Crucible Platinum Alumina Platinum
Sintering treatment - - 1050 °C/10 min

0ne step fabrication process; °two-steps fabrication process

higher than that used for *°Y. Phosphate glasses containing *'P could be used for
radioembolization therapy if they satisfy all the requirements noted in Sect. 2.

In order to increase the chemical durability of phosphate glasses, Al, Mg and Si
ions are added to the glass structure. Similar to °°Y glasses, during neutron bom-
bardment *’Al, **Mg and *°Si are activated to *®Al, *’Mg and >'Si, having
half-lives of 2.24 min (*®Al), 9.46 min (*’Mg) and respectively 2.62 h (*'Si)
(Table 2). Other isotopes of Si (**Si and *’Si), Mg (**Mg and *Mg) and O (*°0)
are not activated by neutron bombardment.

Phosphate glasses containing >'P and belonging to the system P,Os—Al,O5—
Si0,-MgO can be obtained by melting ammonium phosphate salts (such as
(NH4),HPQO,), Al,03, SiO, and MgO at temperature between 1250 and 1550 °C for
2 hours. After grinding and sieving the glass particles are spheroidized to obtain
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Table 5 Summary of the *°Y, 3P, '®Re and '®*Re radioisotopes properties

Property Radioisotopes

90y 32p 186R o 188
Half-life (hours) 64.1 342.2 89.3 17
Maximum beta energy (MeV) 2.28 1.71 1.07 2.12
Gamma emission energy (keV) - - 136 155
Maximum tissue penetration (mm) 12 9 5 11

50-100 pm size microspheres (Fig. 8) [18]. An example of phosphate glass for-
mulation is given in Table 3. This glass has good chemical durability, good cellular
viability, high mechanical resistance and good blood corrosion resistance [19].
A summary of the process conditions for the synthesis of phosphate glass is pre-
sented in Table 4. The glass has a density of 3.1 g/cm®, similar to the density of
YAS glasses (3.2 g/cm®). The melting temperature is lower than the one for YAS
glasses, but an alumina crucible should be used to avoid corrosion of platinum
crucible by the phosphate groups.

The nuclear properties of the *'P radioisotope are summarized in Table 5. *'P
has a maximum tissue penetration of 9 mm, slightly lower than *°Y radioisotope
(12 mm).

4.2 Borate Glass Particles Containing Rhenium

A MgO-Al,03-B,0; glass containing rhenium (Re) provides another glass
developed for radioembolization. Natural Re has two isotopes: '*°Re, with a natural
abundance of 37.4 % and '®’Re, with a natural abundance of 62.6 % (Table 1).
These isotopes can be activated into '®°Re and '®*Re radioisotope by neutron
irradiation. '*°Re has a half-life of 89.3 h, while '**Re has a shorter half-life of 17 h
(Table 2). During the radioactive decay, '*°Re and '**Re radioisotopes emit both
beta and gamma radiation [20]. One main advantage of gamma emission is that it
can be easily monitored by using a gamma camera immediately after particle
injection. The nuclear properties of the '®°Re and '®*Re radioisotopes are sum-
marized in Table 5. The maximum tissue penetration is 11 mm (‘**Re), slightly
lower than that for °°Y radioisotope (12 mm). The decay energy of '**Re is similar
to °°Y. Dose calculation of Re-containing glass particles is more complex as two
radioisotopes must be considered, each of them emitting both beta and gamma
radiation.

During neutron bombardment ?’Al, **Mg and ''B are activated to *Al, ?’Mg
and '?B, having half-lives of 2.24 min (**Al), 9.46 min (*’Mg) and 20.2 ms ('*B)
(Table 2). The other isotopes (24Mg, 25Mg, B and '°0) are not activated by
neutron bombardment.

MgO-Al,05-B,0O5 borate glass with the composition given in Table 3 can be
formed by melting MgO, Al,O3 and H3BOj; in a platinum crucible at 1350 °C for
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15 minutes. The glass is ground and sieved. The resultant borate glass powder with
particles size below 45 pm is mixed with 15 wt% of ReO, powder, having an
average particles size of 8.5 um. Mixing is carried out in a ball mill with ethanol for
approximately 12 h. The mixture is dried at 50 °C, placed in a platinum crucible
with a lid, and then heated at 1050 °C for 10 minutes for sintering. The lid is used
to avoid volatilisation of ReO, powder at high temperatures. After sintering, the
mixture is ground and sieved below 45 pm. The resultant powder is spheroidized
using a propane/air flame and sieved again to select spheres between 25 and 32 pm
[21]. A sintering process was selected as ReO, powder decomposes at temperatures
above 1000 °C. If ReO, is added to the initial glass composition, the melting
temperature of the glass would have been too high (probably between 1250 and
1350 °C) and ReO, would become volatile. Therefore, borate glass containing Re
is produced by a two-step process. In the first step the borate glass powder is
produced by melting, while the second step consists of sintering a mixture of ReO,
powder and borate glass powder for a short period of time (10 minutes) at a
temperature at which ReO, volatilization is not rapid (1050 °C) [21]. A summary of
the process conditions for the synthesis of Re-containing borate glass is presented in
Table 4. The glass has a density of 2.9 g/cm’, slightly lower than the YAS and
phosphate glasses, so it would be carried more effectively by the blood flow.

The X-ray diffraction (XRD) data shows that the only crystalline phase is
metallic Re in a glassy matrix. Re was produced by decomposition of ReO, during
sintering and spheroidizing (flame temperature above 1200 °C). SEM images of the
glass particles before and after spheroidizing are presented in Fig. 9. These glasses
satisfy the requirements presented in Sect. 2, so they could be used for radioem-
bolization. The glasses have good chemical corrosion resistance in phosphate
buffered saline solution at 37 °C.

rhenium

Fig. 9 Re-containing borate glass particles a before and b after spheroidizing (adapted from [21])
(The bright white regions contain high concentrations of rhenium)
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5 Summary

Liver cancer is one of the most common cancers worldwide. Radioembolization is
one of the therapies used for the treatment of primary hepatocellular carcinoma and
metastatic liver cancers that consists of reducing the size of tumours by using
radioactive microparticles. These microparticles (20-30 pm in diameter) are pref-
erentially accumulated in the tumour and can deliver a high dose of B-radiation
directly to the targeted cancer tissue, killing the tumoural cells. B-radiation is highly
localised and thus, a high dose of radiation can be safely delivered to patients,
without major damage of the adjacent healthy tissue.

The commercial microparticles, TheraSpheres®, contain *°Y radioisotope in a
glass matrix (YAS yttria-alumina-silicate glass). They have been used since 1990 in
the USA and Canada for the treatment of liver, kidney and spleen cancers. The
glass is prepared by melting using non-radioactive Y,O5 that is activated into *°Y
radioisotope via neutron bombardment in a nuclear reactor. °°Y has a half-life of
2.67 days and a maximum depth of penetration of 12 mm.

TheraSphere® treatment is not a cure for cancer; it can reduce the size of the
tumour, allowing the patients to have other curative treatment options such as
surgery, liver transplant, chemotherapy, etc.

Different formulations of phosphate and borate glasses containing P and
respectively Re radioisotopes have been developed for radioembolization, but they
have lower chemical durability compared to YAS glasses. >*P has a half-live of
about 14.3 days which is almost five times longer than that of °°Y, so *?P could be
more effective than *°Y if the same dose is administered. Rhenium radioisotopes
'86Re and '®*Re can emit both beta and gamma radiation during the radioactive
decay. Gamma emission can be easily imaged using a gamma camera immediately
after particles injection. As both '°Re and '®®Re are activated in the nuclear
reactor, the calculation of the radiation dose is more complex and it should consider
both beta and gamma emissions. Forming suitable glasses containing Rhnium is a
two steps process, while the YAS and phosphate glasses require only one step for
glass manufacturing.

Currently, TheraSphere® glass microspheres are the only commercial glasses
used for radioembolization. TheraSphere® treatment has been demonstrated to
extend the lives of patients with inoperable tumours or without possibility of liver
transplant.
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Biocompatible Glasses for Controlled
Release Technology

Roger Borges, Karen Cristina Kai and Juliana Marchi

Abstract In order to treat, relief or prevent diseases, new drugs and alternative
procedures have been continuously developed. Recently, the introduction of con-
cepts involving controlled release technology brought new perspectives for the
development of drug systems. These systems aim to diminish drugs side effects and,
at the same time, to increase their efficacy. In this sense, bioactive glasses have been
used as new carrier systems to delivery ions, bioactive molecules (including drugs)
and even cells. In this chapter, it was covered most of the main characteristics of
bioactive glasses that must be take into account during the development of new
carrier systems: glass composition, morphology and its interaction with the chosen
drug. A relevant discussion about composites consisted of polymer/bioactive
glasses was also included along the chapter. Finally, some of the most recent
pharmacological breakthroughs using bioactive glasses are reviewed, such as
applications in bone regeneration, osteomyelitis and cancer treatment.

1 Drugs and Controlled Release: Basic Concepts

Drugs are chemical compounds developed to promote, to treat, or to relief diseases.
In order to understand how drugs work, first it is need to know how cells com-
municate to each other in the human body. This communication is known as cell
signaling. In this process, a cell release a signaling molecule that will interact with
receptor placed in the target cell membrane. Signaling molecules can belong to
several chemical classes, such as lipids, amino acids, proteins, glycoproteins, other
biomolecules, gases and ions. In addition, these molecules, in many cases, interact
with other molecules before interacting with the target cell receptor, establishing a
complex mechanism that can interfere on more than one tissue or organ, and then,
integrating the human organism [1].
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The effects of drugs are related to the interaction between drugs and the
mechanism involving cell signaling. Briefly, this happens when a drug establishes
intermolecular interactions with the target receptor. Thus, drugs usually mimic
these specific signaling molecules, and can lead to the same response as the
endogenous molecule (agonist), or block the response of these receptors (antago-
nist) [2-4]. Based on the desired effect, drugs may be classified into analgesics,
antibiotics, anti-inflammatory, chemotherapies, muscles relaxing, among other [3].

If on the one hand, drugs’ interactions explain their mechanism, on the other,
pharmacokinetics and pharmacodynamics explain  their = performance.
Pharmacokinetics and pharmacodynamics are stages involving drugs after adminis-
tration. Pharmacokinetics is the study of drug concentration and kinetics in the
bloodstream, also including the evaluation of some parameters, such as drug
absorption, distribution, metabolism and excretion. Complementarily, pharmacody-
namics is related to the evaluation of the drug effect in the body, establishing rela-
tionships between the dose taken and the time after administration [5-7]. One of the
most important concepts of pharmacodynamics is the therapeutic window. The
therapeutic window (Fig. 1) is a range between a minimum toxic concentration
(MTC) and a maximum effective concentration (MEC), in which the drug concen-
tration in the target tissue produces the intended effects for a specific treatment [8].

An ideal system should keep drug within the therapeutic window, however burst
release or biotransformation process may lead to concentration peaks. Eventually,
these peaks can exceed the MTC, and posteriorly decrease under the MEC along the
time. In order to maintain the drug concentration within the therapeutic window, it
is needed a maintained release and materials with suitable properties to allow a
proper delivery [9, 10]. Therefore, drugs are mixed with other chemical substances
for bringing the intended medicinal effect, and then, these substances are able to
deliver the drug on a controlled manner, being it the principle of controlled release

Rapid release by Single Dosing

Oscillating release by Zero order controlled
g Multiple Dosing .-, release
8 : %
£ MTC
g
§ y Th_erapeutic
w Window
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Fig. 1 Plasma drug concentration profiles obtained by single dosing (short dashed line), multiple
dosing (dotted line), and zero order controlled release (solid line). The range between the minimum
toxic concentration (MTC) and the maximum effective concentration (MEC) displays the
therapeutic window, where drug is effective without displaying toxicity [9]
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[11, 12]. Controlled release is a term that refer to compounds released in a time
dependent manner. This term was firstly intended to define a drug release concept,
but with the time, this term changed to controlled release technology, having a more
comprehensive definition, and being not only applied to delivery of drugs, but also
of molecules, cells and ions.

Different substances, also as known as vehicles, can be used to deliver drugs into
the organism, such as polymers, ceramics and organic molecules. Once these
materials interact with a living organism, they are considered as biomaterials (you
can review the definition of biomaterials on the chapter “Bioactive Materials:
Definitions and Application in Tissue Engineering and Regeneration Therapy”).
In a similar way, the same approach is used to carrier biomolecules (proteins, DNA,
grow factors, hormones) that act as cell signaling. As simplification, since the same
approach is used to carrier drugs and biomolecules, and they play a similar role on
biological systems, we shall generalize them as bioactive molecules [13, 14]. As an
alternative definition, the association of a vehicle (biomaterial) with a bioactive
molecule (BM) is called as system. In this chapter, we will consider a system the
use of one or more biomaterials to carrier one or more bioactive molecules.

Studies involving materials suitable for controlled release systems have been
done since 1950 through the development of oral devices for once-a-day or
twice-a-day release, or transdermal adhesives devices for once-a-day or
once-a-week release, which were also as know as first generation devices (1G). The
second generation (2G) established between 1980 and 2010 was characterized by
zero-order delivery systems, which means a constant drug concentration in the
bloodstream. The 2G delivery systems were responsible for the development of
smart polymers and hydrogels, which are sensitive to changes in pH, temperature,
as well as other physical chemistry variations at the inserted environment. Besides
the smart polymeric materials, other materials were also developed during the 2G
generation, such as biodegradable microparticles, solids implants with in situ
gelation and nanoparticles, which all of them aimed the delivery of either peptides,
proteins, genes or cancer drugs [15, 16]. In 1990, the first 2G delivery system was
approved by FDA (Food and Drugs Administration, USA), and was made of
liposomal amphotericin B. Since then, other materials have been developed,
approved and applied to different purposes, as showed in the Fig. 2 [17].

The current generation, 3G, was started in 2010, and highlighted with the
continuous development of nanotechnology for controlled release by nanoparticles,
dendrimers, liposomes, micelles, and nanotubes mostly inclined to cancer treatment
applications [18, 19]. Some of these applications can be seen in the Fig. 3, which
shows some controlled release systems approved by FDA over the last 25 years.

Controlled release systems are more complex than the traditional routes of
administration due to more factors to be taken into account, such as the release
environment, the system composition and physical-chemical properties, the
drug-carrier interaction, and the carrier surface functionalization [16, 20-22]. Such
variables are responsible to alter the BM release kinetic, because they determine the
mechanism involved to release the BMs. The BM release kinetic can be classified into
three different profiles (Fig. 4), according to different kinetics approaches (Eqs. 1-3):
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Fig. 3 Timeline showing FDA approved controlled release systems in the market [17]

Zero order: D, = Dg + kot (1)
First order: InD; = InDg + k;t (2)
Higuchi: D, = Dy + kyt'/2 3)

where, D tis the amount of released drug at the time t, Dy is the initial amount of
released drug (burst effect), K is the zero order constant, K; is the first order
constant, and Ky, is the Higuchi constant.
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Fig. 4 Drug release profiles from zero order, first order, and Higuchi kinetics [10]

The drugs administrated under conventional routes usually follow a first order
kinetics. In contrast, the formulations for controlled release shows a Higuchi release
profile, and sometimes are close to zero order kinetics [10]. Figure 4 shows the
difference between a first order, zero order and Higuchi model release. Note that
zero order and Higuchi models are those that allow a most sustained release.

The zero order kinetics was already considered as the ideal release kinetics.
However, a suitable release kinetics not only depends on the kinetics order, but also
on the drug therapeutic window related to the drug released by the delivery system,
as previously reported. Regardless of the kinetics order, controlled systems that
increase the therapeutic index of a drug are able to improve the drug delivery, once
they can reduce the side effects related to drug release, and maximize the efficiency
through maintaining the drug concentration within the therapeutic window [8].

Even though there is no clear delivery mechanism for controlled release systems,
some models have been proposed, such as those based on controlled diffusion,
osmosis, ionic exchange and erosion [4]. These mechanisms are used to explain
why the release profile fits in one of the three models mentioned above. Bellow,
there are some examples of these models:

e The drug controlled diffusion mechanism occurs through interconnected pores
of the system carrier modulated by water in the system. In this model, the kinetic
release depends if the systems are monolithic or reservoir. In most cases,
monolithic systems are associated with biodegradable materials, and its limiting
factor is whether the drug concentration is higher or lower than the system
solubility limit. If the drug concentration is lower, the drug will diffuse quicker
through the system, otherwise it will diffuse slower. On the other side, a
reservoir system is associated with systems containing a coated layer that
controls the release kinetics, and is characterized by an initial burst or delay,
depending on the system, followed by zero order kinetics.
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e Another mechanism is the controlled osmosis, which the drug is released by the
osmotic pressure within the carrier. Under a constant rate, this pressure leads to
the diffusion of the drug outward the carrier system under a zero order Kinetics.

e The controlled release through ionic exchange is associated with ionic drugs,
which ions in the organism environment are replaced by the electronic charged
drug over a gradient concentration.

e The erosion mechanism is based on the erosion of the carrier matrix that occurs
at two stages. The first stage is the surface erosion, where the matrix is super-
ficially degraded, in general quicker than the matrix hydration, leading to a
weight loss at the surface. This superficial degradation is easier to control,
allowing a zero-order release kinetics, and protecting drugs sensitives to early
degradation. The second stage is the bulk degradation, where the hydration is
faster than the matrix degradation, leading to the system degradation with time.

Other mechanisms include dissolution, swelling, stimuli-responsive, among
others [23-28]. It is important to note that these release mechanisms are strictly
associated with the controlled release systems properties, which, in turn, is related
to the biomaterial used as vehicle. In this context, new biomaterials have been
explored to improve the controlled release technologies. Among these biomaterials,
biocompatible glasses have been used to achieve the requirements of the new
generation of carriers, as we will see in the next section.

2 Biocompatible Glasses for Controlled Release
Technology

Biocompatible glasses have been applied to controlled release purposes, but they
are not only limited to deliver drugs. Due to their glass structure, these glasses can
be doped with other chemical elements from periodic table, and delivery therapeutic
ions as well. In addition, biomolecules can be also used to cause a desired effect in a
specific tissue. Therefore, this chapter will cover all of these possible delivery
systems in separated, because of their complexity and specificity.

2.1 Release of Ions

Bioinorganic chemistry is an interdisciplinary field of study that involves both
chemistry and biology concepts. In general, bioinorganic chemistry studies the role
of inorganic elements in biochemical process. These processes are well known by
using metallic elements, as shown in Table 1, and are related to molecular con-
formation through electrostatic interactions, or acting as cofactors in either enzy-
matic or catalytic processes. Currently, the strategy used by chemists consists of
using these metallic elements to trigger biochemical responses, including the
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Table 1 Examples of inorganic ions associated with biomolecules and biochemical process [29]

Functional biomolecule Example of biomolecules Associated inorganic ions

Metalloenzymes Oxidoreductases Fe, Cu, Mn, Mo, Ni, V
Hydrolases Zn, Mg, Ca, Fe

Nonenzymatic metalloproteins Hemoglobin Fe

VItamins Vitamin B, Co

Nucleic acids DNA""(M™), M = Na, K

Hormones Thyroxine I

Antibiotics Tonophores, valinomycin K

Biominerals Bones, teeth Ca, Si, P

enhancement or blockage of biochemical reactions in an organism. In this sense,
these metallic elements are known as therapeutic inorganic ions, since they are used
for therapeutic purposes, such as treatment of cancer, enhancement of osteogenesis,
angiogenesis, anti-inflammatory process, nerve regeneration, among other features
[29].

In addition, therapeutic inorganic ions show interesting advantages compared to
organic biomolecules—e.g. grow factors, genes, or drugs composed by organic
elements—such as chemical stability, effortless processing and obtainment, and
easy interaction with other compounds [30]. Since these therapeutic ions need to be
placed into the tissue where a specific treatment is required, carriers are used to
deliver them into the application site.

Biomaterials are used to carrier therapeutic inorganic ions into a specific
organism. Regarding the field of bioceramics, in specific, there are two possibilities:
the use of crystalline ceramics (e.g., hydroxyapatite, tricalcium phosphate, alumina)
or non-crystalline ceramics (bioactive glass or glass ceramic). In crystalline mate-
rials, these ions are integrated in the material’s lattice in a limited weight per-
centage. Otherwise, they may lead to the nucleation of undesired phases. As an
alternative to the usage of crystalline ceramics, the use of non-crystalline solids
should be taken into account as a way to overcome this obstacle. The greater
advantage of using glasses for loading therapeutic inorganic ions is the fact that
almost all the chemical elements of the periodic table can be incorporated into the
glass structure without forming secondary crystalline phases [31]. The most com-
mon ions added in the bioactive glass structure are shown in Table 2.

These ions are related to enhancement of bone regeneration, angiogenesis, or
bactericidal effect, as shown in the Fig. 5. Further information regarding the
applications of these ions is found in the final of this chapter, in the section
“Examples of bioactive glasses applications in controlled release technology”.

After being doped with a specific ion, the bioactive glass (BG) becomes
bifunctional, i.e., the glass has a biocompatible matrix with a specific treatment
effect. Thus, the material may be placed in different tissues where the therapeutic
effect is required without leading to inflammatory damage responses [30]. However,
these two functions have influence on one another. Considering that mostly of the
bioactive glasses’ compositions are based on either the SiO,—Na,O—CaO-P,05
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Table 2 Effects of ions derived from BG on biological responses

Ton Biological response

Si — Essential for metabolic processes, formation and calcification of bone tissue
— Dietary intake of Si increases bone mineral density

— Aqueous Si induces hydroxyapatite precipitation

— SI(OH)4 stimulates collagen I formation and osteoblastic differentiation

Ca — Favors osteoblast proliferation, differentiation and extracellular matrix mineralization
— Activates Ca-sensing receptors in osteoblast cells, increases expression of growth
factor, e.g., IGF-I or IGF-II

P — Stimulates expression of matrix la protein, a key regulator in bone formation

Zn — Shows anti-inflammatory effect and stimulates bone formation in vitro by activation
protein synthesis in osteoblasts

— Increases ATPase activity, regulates transcription of osteoblastic differentiation genes,
e.g. collagen 1, ALP, osteopontin and osteocalcin

Mg |- Stimulates new bone formation

— Increases bone cell adhesion and stability (probably due to interactions with integrins)
Sr — Shows beneficial effects on bone cells and bone formation in vivo
Cu — Significant amounts of cellular Cu are found in human endothelial cells when

undergoing angiogenesis

— Promotes synergetic stimulating effects on angiogenesis when associated with
angiogenic growth factor FGF-2

— Stimulates proliferation of mesenchymal cells towards the osteogenic linage

B — Stimulates RNA synthesis in fibroblast cells
— Dietary boron stimulates bone formation

Osteogensis
+ gene expression, stimulation of osteogenic markers
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Fig. 5 Schematic illustration about the effect of therapeutic ions derived from bioactive glasses [30]
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quaternary system or SiO,—CaO-P,Os tertiary system, which exhibit high bioac-
tivity, when additional ions are integrated into the glass structure, they may
decrease the glass’ ability to nucleate a hydroxyapatite layer on its surface, and
trigger a loss of biocompatibility.

This phenomenon was well verified in the work of Shruti et al. [32] that eval-
uated the bioactivity of mesoporous bioactive glasses (MBG) containing two
different concentrations of cerium, gallium or zinc. Cerium stimulates the miner-
alization of primary osteoblasts, while zinc and gallium have antimicrobial activity,
and act in the maintenance of bone formation and as inhibiter of osteoclast activity,
respectively. The bioactivity test was performed in simulated body fluid solution at
37 °C up to 7 days. The results showed that doped mesoporous bioactive glasses
had a loss of bioactivity ability with the enhanced concentration of these therapeutic
ions in the glass structure. These results were confirmed through XDR patterns of
the glass surface after the bioactivity teste (Fig. 6), mainly because of the absence
or diminishment of hydroxyapatite peaks at 32° and 25.8° (20). A further accen-
tuated bioactivity inhibition was observed in the compositions doped with 4 % of
zinc due to the formation of zinc phosphate into the solution before the nucleation
of calcium phosphate. Similar results can be found in the literature [32].

Furthermore, the effect of therapeutic ions in the glass behavior is not only
limited to inhibit the biocompatibility, but also to change the glass dissolution
profile, and consequently to change the therapeutic ion delivery and its effective-
ness. This effect was demonstrated by El-Kady et al. [33] that studied the effect of
the Ag,O on BG nanoparticles, aiming antibacterial applications triggered by ions
Ag®. In this study, bioactive glasses were produced by sol-gel method, and
replacing CaO by up to 10 wt% of Ag,O. The glass dissolution behavior was

+ Apatite + Apatite + Apatite
2.0%Ce,0, 2..0%G3203 4.0%Zn0
+ .
1.0%Ce, 0, 1.0%Ga,0, 2.0%Zn0
. . *

*

Intensity (a.u)

:
%

10 20 30 40 5010 20 30 40 5010 20 30 40 50
2 theta 2 theta 2theta

Fig. 6 XRD patterns after 7 days of SBF soaking of the B (not doped), Ce, Ga and Zn
mesoporous bioactive glass [32]
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Fig. 7 Silver ion concentration in SBF solution, with time (a) and square root of time (b). Silver
ion release rate in function of silver content (wt%) in the glasses [33]

evaluated by immersion in SBF solution up to 336 h at 37 °C. The results sug-
gested glass dissolution was directly affected by silver oxide content in the glass
composition. The higher the amount of Ag,O, the slower the glass dissolution
(Fig. 7). The authors associated the results with two main factors: glass connectivity
and electronegativity. Regarding glass connectivity, Ca®* ions are able to bond to
two non-bridging oxygen, while Ag* ions are only able to bond to one. Hence, it is
needed the double amount of Ag”™ ions to connect to the same quantity of
non-bridging oxygen, which means that the substitution of CaO by Ag,O lead to a
more connected glass structure. On the other hand, in relation to the electronega-
tivity effect, Ag* ions are more electronegative than Ca** ions (1.93 and 1 Pauling
Unit, respectively). Then, a Ag—O bond is stronger and more covalent than Ca-O.
Both of these factors are the responsible for changing the glass dissolution behavior
and consequent silver delivery behavior as well.

Note that a specific ion in a glass structure has an influence on, but not limited to,
the two main properties of a bioactive glass, that is, its bioactivity and specific
therapeutic property. In this way, the influence over other properties, such as sur-
face, morphology, mechanical, texture, among other properties, should be taken
into consideration in order to understand the role of these ions on the glass prop-
erties as a whole.
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2.2 Release of Bioactive Molecules

Systems based on either bioactive glasses or composites made of
polymers/bioactive glasses have been used to carrier bioactive molecules into dif-
ferent tissues. The advantage of using systems based on bioactive glasses is the fact
that either the bioactive molecule or the glass effect can be further stimulated in the
presence of one another. Specifically, the use of bioactive glass or glass composites
to carrier drugs into different tissues makes possible in situ applications, which
means the avoidance of processes like biotransformation, excretion by renal fil-
tration, and improvement of the pharmacokinetics and biodistribution performance.
Likewise, the use of bioactive molecules can enhance the biocompatibility and
biofunctionality of bioactive glasses through cell signaling, surface functionaliza-
tion, increasing gene expression, and other ways that synergistically work together
with bioactive glasses [3, 13, 34].

In this section, we shall further cover the facts that influence on the biomole-
cules’ release, while in the next two sections will be better discuss the effect of glass
morphology on the BMs delivery, and the effect of BMs on the BG’s properties.

Below are listed the main factors that influence on the BM release:

e How the BM is bonded to the carrier system
The glass composition and morphology;
The concentration of BG in the polymer matrix, in the case of composites
materials.

2.2.1 BM-BG Bond

A BM can be bounded to glass surface through two mechanism: electrostatic
interactions or functionalization. Regarding electrostatic interactions, hydroxyl
groups (—OH) are founded on BG surface because of Si—-OH and P-OH functional
groups, resulting in a superficial partial negative charge. Then, BMs that have
partial positive charges can electrostatically bound to glassy surface, or even being
bounded through hydrogen bond interactions. The Fig. 8 shown the interaction
between gentamicin, which is used as an antibiotic, and a mesoporous BG surface
through hydrogen bound interactions of amino (—NH,) and hydroxyl groups. Note
that the bounds between them is not limited to the BG external surface, but also
includes bound placed in the internal surface of the pores. Furthermore, these
bounds are sensitive to pH changes, because of the chemical equilibrium stablished
in aqueous solution (Eq. 4). It is well known that over the bioactivity process the
pH is supposed to fluctuate, and therefore interfere on the chemical equilibrium and
in the BM release [35].



296 R. Borges et al.

Fig. 8 Interactions between w ww

gentamicin and mesoporous
bioactive glass through
electrostatic and hydrogen
bound interactions [3]

Si—-O-H+BM=Si—O---BM+H" (4)

Although functional groups are naturally found on the BG surface, sometimes
they are not always effective to stablish bonds with BMs, being required a func-
tionalization process. Moreover, functionalization does not only is used to increase
hydroxyl groups, but also to bind to intermediary molecules, which are bounded to
the interested BM. The organosilane (aminopropyl)triethoxysilane (APTES) is the
intermediary molecule most used for functionalization purposes onto silicon based
materials. APTES is able to bond to both silanol groups through non-bridge oxygen
bonds, and to a biomolecule through a remained amine group in the opposite side.

The main benefits of using a functionalization approach are both the possibility
of increasing the interaction of the BM and the glass surface, and preventing a burst
effect, immediate release of the drug provided by a more stable surface interaction.
On the other hand, functionalization can also bring disadvantages: the loss of
bioactivity caused by the modification of the surface in which change the surface
charge, and decreases the phosphate and calcium precipitation. The Fig. 9 shown
different possibilities in which BM can be bound to glass surface [3].

2.2.2 Chemical Composition and Morphology

In overall, the chemical composition by itself plays an important role on the
electrostatic interaction between the BM and BG. However, chemical composition
can also lead to morphologic changes, and then change the BM release process.
Shruti et al. [32] studied the effect of different ions (Ce, Ga, Zn) on the ability of
mesoporous bioactive glass to delivery curcumin, a drug used in cancer treatment
applications. The authors suggested acid-basic interactions of the drugs and the ions
probably changed the release profile. Since curcumin is a hard Lewis base, it has
more affinity towards hard acids like Ga®* and Ce®*. As a positive point, these ions
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Fig. 9 Representation of a mesoporous bioactive glass with different possibilities of function-
alization using bioactive molecules (e.g. DNA, proteins, polymers, antibodies, carbohydrates and
drugs). Observe that most of the BMs are bounded in an intermediary molecule connected to glass
surface [3]

support a higher drug loading within and surround the mesoporous structure;
however the chemical strong interaction between the drug and the ions lead to a
negative impact on the drug release, as showed in the Fig. 10a. Similar results were
also founded by Zhu et al. [36] after evaluating the release profile of mesoporous
calcium silicate doped with strontium (Sr) and loaded with gentamicin, an
antibactericidal drug that was used as model. The author observed a slight lower
gentamicin release in the glasses doped with Sr, which they associated with a
slower chemical durability of the doped glasses. However, gentamicin is a strong
base and Sr is a strong acid, then the same theory could also be applied for the
observed mechanism.

Furthermore, the influence of ions is not only limited to the chemical interac-
tions, but also includes morphological changes that influences on the release profile.
Regarding mesoporous bioactive glasses (MBGs), the addition of doping compo-
nents usually lead to the decrease of the porous structure, and it inhibit the loading
capacity of the glass, affecting the release profile [36]. The Fig. 10b shows the
result of pore size analysis of a Copper-containing mesoporous bioactive glass
through the distribution curve of N, absorption method following the
Barrett-Joinned-Helenda method. The higher the amount of Cu, the smaller is the
porous size. We shall cover further details about the influence of the glass mor-
phology in the section Glass Morphology in Controlled Release Technology.
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Fig. 10 The influence of glass composition on the release of BM. a The release of curcumin in
MBG doped with Zn, Ga and Ce. The results shows that the Lewis acid-basic interaction of
curcumin and Ga and Ce influences on the curcumin release [32]. b Pore size analysis of MBG
doped with Cu. The higher the amount of Cu, the smaller are the pores; as consequence, less
amount of drug can be loaded within the MBG porous structure [37]

2.2.3 Concentration of BG Within Polymer Matrixes

Despite the fact that BGs are able to bond to BM, and become suitable control
release systems, this ability is further improved when BGs are associated with
polymer matrixes. Composites carrier systems made of bioceramic and polymers
have been comprehensively explored in the last decade, mainly because of the
union of the osteoconductivity ability of bioceramics (e.g. tricalcium phosphates,
hydroxyapatite and bioactive glasses) and the suitable carrier properties of polymers
(e.g. hydrogels, chitosan, alginates, collagen, PLA, PGA, PLGA, etc.). Polymers
are able to load drugs within their structure, and they are degraded releasing their
monomers that are either biocompatible or non-toxic in the human tissue.
Moreover, the BM loading is also improved, because both the BG and the polymer
are able to load the BM. Figure 11 is an illustration of the ability of BG-polymer
systems load BM, which used an antibacterial Ag-doped borate BG as example. In
this example, it is possible to explore the synergetic effect of a therapeutic ion, a
drug, and the polymer loading ability though using BG-polymer systems [38].
Furthermore, the further addition of BGs into the polymer matrix also influences
on either the dissolution profile or the BM delivery. In general, the BM delivery is
proportional to the BG percentage in the polymer matrix; however it is not nor-
mative for all the contexts. In a study carried out by Kouhi and collaborators [39],
regarding the drug delivery ability of nanofibers made of poly (e-caprolactone)
(PCL) incorporated with BGs nanoparticles, using simvastatin (a statin drug used
for inhibiting the bone resorption). Comparing the different amount (up to 20 wt%)
of BGs in the nanofiber matrix, it was observed the higher the amount of BG, the
higher was the nanofiber degradation and the drug release. Due to the fact that PCL
is a hydrophobic polyester, and its drug delivery ability is due to its hydrolytic
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Fig. 11 The BM ability of a BG-polymer system used to load antibiotic drugs. Note that despite
the glass being within the polymer structure, its ability to nucleate a biocompatible surface of
hydroxyapatite-like layer is not influenced by this incorporation. In this example, the drug is
loaded within the polymer matrix, however, considering MBG, the drug could be either loaded in
within mesoporous structure or the polymer matrix [38]
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Fig. 12 Dissolution behavior of nanofibers made of PCL and different percentages of BG
nanoparticles: a the weight loss (%) during 20 days of experiment; b the drug released (%) after
180 h of experiment. The results show the percentage of BG in the polymer matrix structure plays
an important role on the dissolution and delivery behavior. In the proposed mechanism, BGs
increase the PCL hydrophilicity, and facilitate hydrolysis reactions that, consequently, lead to the
polymer degradation [39]

degradation, which creates channels that allows the drug delivery, the addition of
BG was related to an increased hydrophilic ability of the composite nanofiber.
Hence, the BG addition allowed a more intense hydrolytic attack, and a consequent
weight loss and more drug release, as showed in the Fig. 12.
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2.3 Glass Morphology in Controlled Release Technology

In controlled release technology, the delivery kinetics plays an important role, since
it can change pharmacokinetics and pharmacodynamics processes, which, in turn,
change the intended beneficial effect. For this reason, new glass morphologies
(Fig. 13) have been explored in order to achieve better delivery kinetics, mostly
changing the chemical interactions in which the BMs are loaded. As time went by,
nanotechnology principles and techniques were applied on the bioactive glass
synthesis, and materials like nanoparticles, mesoporous and nanofibers structures
were gaining prominence. Nowadays, either bioactive glasses nanoparticles (nBGs)
or microparticles are mostly used as disperse particles in polymeric matrixes, like
composite materials containing BMs. Such materials are produced as scaffolds and
membranes, and mostly applied to bone regeneration. On the other hand, meso-
porous bioactive glasses (MBGs) have a more comprehensive usage, because these
materials are able to load drugs onto the porous’ surface. Recently, bioactive glass
nanofibers have also been studies as prominent candidates to load drugs in their
hollows, acting in the same ways as the MBGs.

2.4 Particulate Bioactive Glass Used as Composite Materials

The use of BGs as BMs carrier within a composite structure comes from the needed
of replacing PMMA cements for more appropriated biomaterials. PMMA cements

Fig. 13 Schematic representation showing the different forms in which BGs may be used for bone
regeneration purposes, such as—from the top to the bottom—injectable, membrane, 3D scaffolds
or particulate materials [40]
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have been used as bone graft materials for bone reconstruction, and as drug delivery
carrier of either antibiotic or analgesic drugs in order to minimize post-surgery
infections and pains, respectively. Nevertheless, PMMA cements have the disad-
vantage of being bioinert, and then those cements are unable to bonds to bone tissue
[41]. Therefore, new biomaterials have been developed to create bioactive bio-
materials able to promote osseointegration. Among these new biomaterials, BGs
composites with polymer matrix have been explored as promise candidate to
replace PMMA cements. Polymers are suitable for drug delivery applications
because they are able to release BMs in a constant and controlled rate, which, in
turn, will influence on the pharmacokinetic and pharmacodynamics. Additionally,
BGs can promote the expected osseointegration with bone tissues through their
bioactivity property. Taken together, these composite materials seem to have more
appropriate properties for bone graft applications, and can also be applied to tissue
engineering purposes, since BGs are also osteoinductor.

Polymer based scaffolds can be made of bioresorbable or biodegradable poly-
mers, and then when placed in a host tissue, there is no need for a second surgery to
remove them, as usually happen with metallic based implants. Furthermore, poly-
mers can be shaped in the format of the intended tissue to be replaced, improving
their biofunctionality. However, such materials do not have adequate mechanical
competence, and are unable to bond to living tissues by their own. Then, the
addition of BGs brings the benefits of better mechanical properties and osseoin-
tegration [42—44].

An ideal scaffold should be degradable, and promote cell attachment, prolifer-
ation, migration, differentiation, as well as extracellular matrix deposition. In order
to reach all of these requirements, porous scaffolds have been indicated as better
microenvironment to promote the migration of cells, and to allow them to resemble
a new bone structure within the scaffold. In the literature, it is possible to find
different scaffold morphologies that allow the production of porous structure,
trapping BMs in either the polymer or BG structure.

Li and collaborators [44] produced scaffolds made of porous BGs coated with
PHBY microsphere. In this case, the strategy adopted was to trap the BM within the
microsphere structure. As first step, PHBV microspheres containing vancomycin
was produced by the water/oil/water method, allowing the drug to be trapped within
the PHBV microsphere. PHBV was chosen because its biocompatibility and ability
to sustained release of drugs, while vancomycin was chosen as model of bacteri-
cidal drug. Then, as second step, BG porous scaffold was prepared using the
replication method, which consists of sintering particulate BG (Fig. 14a). Finally,
the scaffold was coated with PHBV microspheres (Fig. 14b). The results showed
PHBYV microsphere coated scaffold has a further sustained release of vancomycin
than the free microsphere (Fig. 14c), as well as better mechanical properties, and
the bioactivity of the BG scaffold was not committed due to coating. Similar results
were found for BG scaffolds coated with poly(p,L-lactide-co-glycolide) and poly
(n-isopropylacrylamide-co-acrylic acid) microgels loaded with vancomycin [42].

Besides the production of BG scaffolds coated with BMs trapped within poly-
mers microspheres, there is another alternative of preparing injectable scaffolds
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Fig. 14 SEM images of BG scaffold a before and b after coating. And ¢ the cumultative release of
vancomycin from free microspheres (black), PHBV microsphere coated scaffolds (red) and
uncoated scaffolds (blue) [43]

using collagen-based matrix that works like bone graft cements. Such injectable
biomaterials are prepared through mixing BG powder plus a BM, and adding the
mixture into a solution made of chitosan, citric acid and glucose. The obtained final
material is a dense biocompatible collagen structure with dispersed BG and BM.
Borate bioactive glass/chitosan composites loaded with antibiotic have been eval-
uated as a prominent substitute for bone graft cements, such as calcium sulfate
materials. Studies [45] have shown gentamicin sulfate-loaded borate BG/chitosan
composite has further sustained release of gentamicin and higher compression
strength than gentamicin sulfate-loaded calcium sulfate. Moreover, the borate BG
based scaffold maintained a compression strength near to 10 MPa even after
14 days soaked in PBS solution, while the calcium sulfate cement is completely
instable after 8 days soaked in the same solution [45]. In another study, borate
BG/chitosan composite was used as delivery vehicle of vancomycin for treating
osteomyelitis. In vivo studies were performed through inducing osteomyelitis in the
tibia of healthy rabbits. The induction of osteomyelitis was done using
methicillin-resistant Staphylococcus Aureus. In overall, when compared with the
control group treated with commercial-like calcium sulfate cement, the borate
BG/chitosan scaffold had the same ability to eradicate osteomyelitis, but both of
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them showed to be more effective than intravenous injection of vancomycin.
Furthermore, unlikely calcium sulfate cement, borate BG/chitosan injectable scaf-
fold was more osteoconductive as demonstrated in the radiography evaluation [46].

BG/collagen composites can be also used as membranes for guided bone
regeneration, which consists of using growth factors to induce bone regeneration.
This application is further appreciated in dentistry techniques, where a thin mem-
brane is placed in a defective region of the periodontal pockets in order to prevent
the growth of fibrous tissue, securing the growth of the intended cells, as well as
allowing osteoinductive events. Hong et al. [47] developed a BG/collagen mem-
brane containing fibroblast growth factor 2 (FGF2). In this study, a BG nanofibrous
mesh structure was reached by electrospinning method, soaked into a collagen
solution, centrifuged, and then soaked again in a FGF2 solution (Fig. 15a). The
growth factor was loaded within the membrane’s surface. The osteoinductive ability
of the FGF2 loaded membrane was evaluated in vivo applying it in rat calvarium
(Fig. 15b, c¢). The group that was treated with FGF2 loaded membrane showed a
higher bone formation percentage than the groups treated with an unloaded

Fig. 15 Photography of in vivo experiment, showing the use of collagen-BG-FGF membrane
(a, b). SEM of this membrane (c), and a graph showing the percentage of bone formation after an
in vivo experiment using this membrane and comparing with the use of collagen and collagen-BG
composite [47]
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membrane or the group only treated with collagen (Fig. 15d). Thus, the results
suggested synergetic osteoinductive effect of the BG, collagen and FGF2.

In another study, Rivadeneira et al. [48] developed an antimicrobial
nano-BG/collagen membranes containing tetracycline hydrochloride (THC) using a
different approach. Instead of coating BG with collagen, the scientists did the
opposite; they coated a bovine-derived collagen using a solution of isopropanol
containing nano-BG, which was subsequently dried. The THC was trapped in the
membrane through the co-precipitation method, which consists in incubating the
BG/collagen membrane in a SBF solution containing THC. Then, when calcium
and phosphate precipitates, the THC was trapped within the amorphous layer of
apatite. The use of nano-sized BG promoted a higher biocompatible environment,
contributing to a higher deposition of apatite. The antimicrobial efficacy tests using
Staphylococcus Aureus showed that membranes are able to inhibit cell proliferation
up to a concentration of 10% CFU ml ™!, and the amount of THC released with time
is out of the range of cytotoxic effects.

Aiming to improve the biocompatibility of metallic implants, BG/collagen
composites have also been used for surface modification, mainly through using the
electrophoretic deposition method [49-51]. These coatings were loaded with
antibiotic drugs in order to prevent bacterial infections. In addition, nano-BGs have
been suggested for this purpose because of their higher dispersity within collagen
matrices when compared with microparticles. The production of this coating is
made using a metallic substrate as cathode and a solution of collagen, BG and an
antibiotic, such as vancomycin or gentamicin. When a voltage is applied, all the
elements that constitute the membrane are dislocated forward the cathode, covering
the metallic substrate structure. Patel et al. [49] suggested recovering BG with
APTS in order to improve the movement of these particle forward the cathode when
the voltage is applied. Regarding the drug delivery profile, it was found in all the
results of the literature that this kind of coating containing antibiotics has a burst
release of the drug, followed by a sustained release. Furthermore, it has been
observed coatings containing BGs allow a higher uptake of antibiotic than those
made of only collagen [50]. On the face of it, BG/collagen composite coating has
seemed to be an effective and improved procedure to bring bioactivity properties to
metallic implants, allowing them to bond to living tissues through the apatite layer
nucleated on the coating surface, besides the possibility of loading antibiotics that
avoid and/or prevent infection post-surgery.

2.5 Mesoporous and Nanofibers Bioactive Glass

Silica mesoporous materials are ordered porous structures of SiO,, characterized by
high pore volume and large surface area [52]. The first time that such materials were
used as biomaterials happened in 2001, when it was proposed to use them for drug
delivery applications in bone tissue due to their good biocompatibility. Since that
time, SiO,-ordered structure like MCM-41, MCM-48 and SBA-15 have been
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Table 3 The requirements for an ideal drug delivery system and the reasons in which MBGs meet
these criteria

Requirement Reason

Biocompatibility of the carrier material The biocompatible chemical composition
similar to BG

High load and protection capability of Molecules are protected and loaded within the

desired drug molecules pores structure

Zero premature release of drug molecules MBGs can be stimuli responsive, allowing the

before reaching its target drug release only after reaching the target
tissue

Cell type or tissue specific and endosomal MBGs can be functionalized using

escape; efficient cellular uptake; effective biomolecules that will either interact with cell

local concentration membrane structure or to mimic an body

structure or to avoid a foreign body reaction, as
well as it will enabling a very specific cellular
delivery

suggested as potential local drug delivery systems to be implanted in bone [3].
Despite the fact that such materials show a minimum bioactivity behavior, the
kinetics of apatite formation is too slow to consider them as bone-bonding mate-
rials, which worked as an effort to the development of multicomponent mesoporous
materials based on the same ternary system as BGs (Si0,—CaO-P,05s) [53, 54]. As
time went by, mesoporous bioactive glasses (MBG) were seen as one of the most
promising carriers and platforms to build smart delivery devices, since they meet
most of the requirements for an ideal drug delivery system, in accordance with
Arcos and Vallet-Regi [3], as shown in Table 3.

The concept of zero premature release comes from the principle that an ideal
drug delivery system should avoid burst release of drug, and have a sustained
release since the time “zero” instead. In order to develop MBGs with zero pre-
mature release, new stimuli-responsive mesoporous carriers have been made. These
materials are able to trap a BM within the mesoporous structure, and just allow it to
be released after chemical, biological or physical stimuli, such as pH, light, redox
potential, enzymes, antigens, or even the combination of more than one stimulus.
The Fig. 16 illustrate some of these stimuli-responsive MBG.

Regarding pH-sensitive materials, the pore structure of MBG can be function-
alized with polymers sensitive to pH, as well as the pores can be filled with drugs,
as indicated in the Fig. 16a, b. As the pH changes in a body under pathological
condition, it is possible to choose polymers that will have a morphological modi-
fication under the pathological pH, allowing the drug to be released when the
functionalized MBG reach the damaged host tissue. In a similar way,
enzyme-sensitive MBGs can be used as an approach due to the fact that pathologic
tissues usually shows higher enzymatic activity, making the drug to be specifically
released. In this case, the pores of the MBG can be coated with an
enzyme-responsive pH, while the drugs are placed within the pores. Therefore, the
drug will be released when the MBG reach the pathologic tissue [3].
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Fig. 16 Illustrative figure showing pH-sensitive (a, b), thermo-sensitive (¢) and light-sensitive
systems [3]

The approach used in light-sensitive MBG is also similar to those pH-sensitive
ones. In this case, the MBGs are filled with the intended drug, and then the pores
are blocked through a subsequent functionalization with a light-sensitive polymer.
Thus, the pH-sensitive polymer works as a nanogates, mainly because the structural
conformational modification of the polymer after interacting with light is usually
reversible, and it is the responsible to allow the loaded drugs to go out of the pores,
as shown in the Fig. 13e. The advantage of using light-sensitive composites is due
to the possibility of improving the drug delivery through making the release at the
local of the disease and damaged tissue, because it is possible to make the light
cross over the living tissues and reach a specific location. Therefore, unlike pH or
enzyme sensitive composites, which the stimuli is internal (the body), for
light-sensitive MBGs the stimuli is from outside of the body that may be consider
as a better way to manage the drug delivery.

Other stimuli-responsive composites use local physical or chemical changes in
an organism in order to deliver the drug. For example, cells exhibit different
intracellular and extracellular redox potential. In this sense, new MBGs have been
developed using redoxpotential-sensitive polymers, which can only delivery the
drug after the composite pass thought the extracellular membrane, and reach the
cytoplasm.
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3 Examples of Bioactive Glasses Applications
in Controlled Release Technology

Bone regeneration was the first motivation for the development of bioactive glasses
by Larry L. Hench. However, together with the development of BGs with new
morphologies, properties and compositions, it was found broad applications for
these glasses. Many of these new approaches, such as treatment of osteoporosis and
osteomyelitis, are still related to bone applications, but other implementations are
also possible, such as cancer treatment. In this section, all of these approaches will
be highlighted under the light of new possibilities of BGs applications using con-
trolled release techniques.

3.1 Bone Regeneration and Osteoporosis

The approaches used in applications of BGs for bone regeneration include the
delivery of ions, genes and biomolecules (such as specifics drugs). Regarding the
delivery of ions, a long review has been published by Hoppe and collaborators [30]
about BG doped with therapeutic ions for bone regenerations purposes, where more
details about these applications can be found. In this section we will discuss some
new breakthroughs regarding therapeutic ions.

Boron has been used as a therapeutic ion to induce angiogenesis and osteoge-
nesis. Haro Durand et al. [55] have shown 45S5 BGs doped with 2 wt% of B
promotes new vascularization process through expressing angiogenic cytokines like
IL-6 and bFGF. In additions, the authors showed human umbilical vein endothelial
cells have a further migration, proliferation and vascularization ability when in
contact with ionic degradation products of BGs doped with B, even when compared
with cells cultivated in a medium supplemented with bFGF. Taken together, these
results confirm an alternative material that can induce bone and vascular regener-
ation at the same time. The need of angiogenetic materials for bone regeneration
comes from the need of vascularization process within scaffolds that are able to
transport nutrients to cells, making possible their proliferation, migration and dif-
ferentiation. Other elements like zinc, strontium and magnesium have also been
used for improve bone regeneration ability, and have also shown improved
osteoconductivity-related responses [29, 56]. Studies carried out by Zhang et al.
[57] shows MBGs doped with Sr can be used for treatment of osteoporotic bone due
to the anti-osteoporotic response of Sr. Their results showed MBG doped up to
5 wt% of Sr promotes a better bone regeneration in osteoporotic bone defects using
rat models, besides a further proliferations and differentiation of bone marrow stem
cells into osteoblast-like cells in a concentration-dependent manner.

Regarding the applications of biomolecules for bone regeneration, it has been
noticed the usage of molecules that allow guided bone regeneration, associating
angiogenetic strategies when it is appropriated and possible. Usually, the production
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of scaffolds made of polymers and BGs has been seen as synergic combination in
order to reproduce a bone-similar environment for cell growth, as well as trap the
biomolecules within the scaffold structure. In relation to osteogenic biomolecules, the
use of fibroblast growth factor 2 (FGF-2) [47], osteogenic growth peptide (OGP) [58]
and osteoactivin gene [59] have been seen as potential candidates. However, due to
the need of scaffolds that lead to both new vascularization and bone regeneration,
other biomolecules has also been proposed, such as vascular endothelial growth
factor (EGF) [60] and dimethyloxallyl glycine (DMOG) [61].

The delivery of pre-osteoblast M3CT3-E1 cells has been seen as a promisor
procedure to improve bone regeneration. Perez et al. [62] studied the biological
properties of BG microspheres containing FGF and loaded with pre-osteoblast
MC3T3-El1 cells. Through using rat subcutaneous tissue model, the authors showed
these microspheres are able to gathering and grow fibroblastic cells around the
microspheres due to the interaction of both the pre-osteoblast cells and the FGF on
the surrounding host tissue. In another study, Zeng et al. [63] developed
BG-Alginate hydrogels containing pre-osteoblast MC3T3-E1 cells, and showed that
these hydrogels were able to induce the osteoblastic differentiation of the
pre-osteoblast cells, as well as stimulated the proliferation and differentiation of rat
bone marrow mesenchymal stem cells, and promoted the formation of tubules-like
structure using HUVECs. In overall, the encapsulation of pre-osteoblast cells seems
to be an interesting and effective procedure to obtain improved bone regeneration
process associated with angiogenesis.

3.2 Cancer Treatment

Using the advantage that BGs are biocompatible, and do not lead to severe
immunological response, particulate BG has been used to load anti-cancer drugs,
and used as drug delivery system. Wu et al. [64] studied the efficacy of MBGs
nanospheres loaded with doxorubicin (DOX). In their results, they showed the drug
did not influences on the biomineralization of MBGs, and the material loaded with
(DOX) decreased the cellular viability of osteosarcoma cells. In another work,
Zhang et al. [65] developed a composite of poloxamer 123/MBGs/Fe,O; containing
DOX. The addition of iron oxide was due to its magnetic property suitable for
hyperthermia applications. Therefore, this composite ally the anti-drug effect of
DOX with hyperthermia. The results of this works suggests the composite has
suitable biocompatibility, and the magnetic property of iron oxide was not inter-
fered by the composite. In addition, although no culture cell test with osteosarcoma
was performed, the drug release profile suggests the composite has promise prop-
erties for cancer treatment.

An interesting experiment done by Lin and collaborators [66] compared the
anti-drug effect of folate-modified MBG containing camptothecin (CPT). The MBG
was functionalized with folic acid, because it interacts with folate receptors in
cancer cells, and works as endocytosis intermediate. Then, once the interface of cell
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surface-materials surface is improved, the drug can have an improved effect as well.
In order to evaluate the material, HeLLa and fibroblast cultures were interacted with
the functionalized MBG patrticles containing CPT. Results showed the uptake drug
in HeLa cells was higher than the fibroblast cells due to the folate-intermediate
endocytosis. This result contributes to new thoughts about how to design new
materials for treatment of cancer.

3.3 Bactericidal Properties and Osteomyelitis

The development of bioactive glasses with bactericidal properties has been
increased in the last years, mainly due to the need of materials that avoid
post-operatory complications because of bacterial infection. In this sense, BGs with
bactericidal properties have been broadly used for coating of metallic implants,
mainly because the surgery of those implants are sometimes very invasive, and
exposes the host tissue to the external environment that can lead to bacterial
infections [50]. Another interesting application is in osteomyelitis. BGs with bac-
tericidal properties are promise materials for treatment of osteomyelitis because
they can bring together the bactericidal properties needed to kill the bacteria in the
bone tissue with the osteogenesis properties needed to induce the regeneration of
the damaged tissue [38].

BGs doped with silver (Ag) have been widely explored as an alternative material
that exhibit bactericidal properties. The broad spectrum antibacterial properties of
Ag make this element an effective ion to inhibit bacteria colonization, which can be
related to a biomaterial infection. Ag-BGs have showed effective against bacteria
colonies like Escherichia coli (E. coli), Pseudomonas Aeruginosa (P. aeruginosa)
and S. Aureus. Moreover, biological characterizations of BGs containing Ag using
pre-osteoblast MC3T3-E1 cells and L929 fibroblast demonstrated BGs doped with
up to 1 wt% of Ag do not upset the glass biocompatibility, as well as maintain
antibacterial properties [38]. Another interesting ion that can be used for the same
purpose is gallium (Ga), which also has broad spectrum properties, being effective
against P. Aeruginosa, Methicillin Resistant S. Aureus and C. Difficile. The
mechanism of the antibacterial properties of Ga is related to the competition with Fe
ions whose are responsible for redox intracellular environment in the bacteria.
When Ga goes towards the intracellular site in the bacteria, it does not induce the
supposed redox environment, leading to more vulnerable bacteria. Mourifio et al.
[67] studied the properties of Ga-crosslinked alginate/NBGs films, and conclude
this composite is suitable for bone engineering in applications that requires
antibacterial properties, despite the slight reduction on the cell proliferation and
small increase in cell death.

BG-based composite materials have been powerful tools for the development of
drug carriers. Several drugs have been combined with BGs or BGs-based com-
posites in order to reach new alternatives for the need of bactericidal materials or
treatment of osteomyelitis. Among the drugs combined with BGs-based
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composites, we can cite tetracyclin, vancomycin, teicoplanin, gentamicin, gati-
floxacin, ciprofloxacin, ampicillin and carbenicillin, being the first four one used for
osteomyelitis.

Ampicillin has been incorporated into calcium-silicate-based glasses and
mesoporous structures [68], while carbenecillin has been used to modify the surface
of BGs [69]. So far, for both drugs, the results from the literature have shown they
are effective against bacteria colonization without having influence on either
bone-like cells behavior or biomineralization. Similar results were found for MBG
functionalized with ciprofloxacin, however a study carried out by Ehlert et al. [70]
showed that a previous MBG surface modification with bis(trimethoxysilyl)hexane
or dioctyltetramethyldisilazane can lead to more controlled release of ciprofloxacin.
This drug was also incorporated into the structure of polyvinyl-alcohol/BGs com-
posites [71], and the results shows this composite was able to release the drug up to
more than 12 days, being suitable for either antibacterial purposes or osteomyelitis
treatment, despite no antibactericidal test was done.

Regarding BGs for osteomyelitis treatment, either BGs or BGs-composites have
also been used. Borate glass scaffolds loaded with vancomycin were studied by Liu
et al. [72], who showed through in vivo studies, using rabbit tibia infected with
osteomyelitis model, which more than 80 % of the rabbits treated with the scaffolds
showed bone regeneration, angiogenesis and antimicrobial activity. Similar results
from the literature, using rabbit tibia with osteomyelitis model, have shown that
pellets composites of chitosan/borate glass containing teicoplanin are able to treat
osteomyelitis, and convert to hydroxyapatite-like structure within 4 months [73,
74]. Other results using chitosan/borate glasses containing gentamicin are even
more surprising. In a study carried out by Xie et al. [75], pellets of chitosan/borate
glasses containing gentamicin were implanted in rabbit tibia infected with
osteomyelitis using E. Coli as model. The results showed the composite eradicated
the osteomyelitis condition and regenerated the bone within 6 weeks (one and a half
month), being a better results when compared with chitosan/borate glasses con-
taining teicoplanin.

4 Concluding Remarks

The development of glass-based controlled release systems is still a new feature,
which has not been entirely explored. There are many drugs that can exhibit better
physical chemical properties to interact with BGs, and then, lead to an improved
sustained release in relation to the current evaluated drugs. Indeed, it is needed a
better understanding of the intermolecular interactions stablished between the drugs
and the glass-based carriers. The lack of tools to predict such interactions is the
main cause of a hard experimental work that makes researchers to spend a lot of
time evaluating whether new compositions and systems will lead to better sustained
release. With the advance of computational simulations for materials development,
the use of this technology should be taken into account to predict intermolecular
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interactions, and to the best of our knowledge such theoretical approach has not
been employed when glass-based systems were developed. Furthermore, consid-
ering that new glasses have been developed at the same time that better drugs have
been also researched, new and more effective treatments and other applications will
be explored in a near future.
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Future Applications of Bioglass

Vidya Krishnan

1 Introduction

Summing up the applications of Bioglass', its versatility and lack of adverse effects
have been proved, but studies are still underway for its more prospective applica-
tions more so with clinical usages.

Due to painful multiple surgeries and less graft supply, autologous replacements
are getting replaced by synthetic biocompatible materials. Immunological issues
deterred allografts and xenografts. Thus silica based bioactive materials have
become vital in replacement and augmentation of hard and soft tissues. The most
initial and successful trials of bioceramics had been as replacement material, due to
its most important advantage of being osteogenic. This has received tremendous
results in orthopaedic and dental applications. This unique biocompatibility is due
to the biologically active hydroxyapatite layer formed by the bioglass in the
interface of itself and the human tissue. Latest research accepts that HCA (Hydroxy
carbonate apatite) layer, to be important, but the more crucial is the ionic dissolution
which may be the trigger to activate the gene responsible for the osteoprogenitor
cells to cause bone regeneration.

Production of bioglass can be of conventional melt derived or of Sol-Gel
technique. Either way they posess the same qualities of reaction, of HCA layer
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formation—dissolution and ion release—cellular reactions—gene expression—activa-
tion of osteo progenitor cell-accelerated bone formation. In Sol gel derived bioglass,
more surface and composition area, increased soluble silica, easier doping of
chemicals maybe advantageous compared to the traditional melt and quench
method derived bioglass. Sol-gel derived bioglass—58S nanopowders have been
synthesized and investigated by immersion of bioglass powder discs in simulated
body fluids. The SEM and XRD patterns proved formation of hydroxyapatite, and
presence of silicate bonds. With aging time carbonates decreased. TEM pictures
showed an increase of grain sizes with aging time from 50 to 200 nm. pH value
increased consistently for the first 7 days in simulated body fluid confirming the
possibility of accelerated reactions, in turn improving bioactivity [1].

The Bioglass can be made user specific depending on their composition, mor-
phology, and inclusion of doping elements, like fluorine, magnesium, strontium,
iron, silver, boron, potassium or zinc [2]. Their uses include replacement of large
bone defects, regeneration of vascularized bone, coating of orthopedic and dental
implants, healing of wounds, delivery of drugs and repairing of soft tissue [3].
Trials are on for the replacement of vertebrae, ear, nose, head and neck region and
complete tooth root [4].

Strontium doping of bioactive glass enhances osteogenesis. When calcium was
substituted [5] completely by strontium, in bioglass, their in vitro effect on osteo-
blast was anabolic, on osteoclast it was anti-catabolic. Osteoclast inhibition was due
to decreased acid phosphatase and calcium phosphate. Osteoblasts had showed
increased alkaline phosphatise activity. Along with bioglass’s controlled delivery,
strontium substituted bioglass would be making a mark in bone regeneration.

2 Bone Tissue Engineering and Regenerative Medicine

In order to overcome restrictions associated with autologous grafts, alloplastic
materials were used. Local infection following membrane exposure hindered bone
formation, and along with adverse immune responses and increased incidence of
disease transmission reduced the widespread usage of these grafts.

Thus biomaterials became the choice in regenerative medicine. When using
bioengineered materials, optimization like combining bioceramics with
biodegradable polymers became significant. Commonly used biomaterials were
calcium phosphates, Hydroxyapatite (HA), bioactive glasses, and modified com-
posite materials. Bioglass react with living tissue, releasing soluble ions such as Si,
Ca, P and Na ions. These ions at critical concentrations, trigger gene expression to
induce osteoprogenior cells to promote rapid bone formation.

In Tissue engineering, biodegradable scaffolds impregnated with functional cells
are of great use in restoring damaged tissue. This scaffold needed to be biocom-
patible as well as argumentive. The mimicking of this extracellular matrix was a
huge hurdle in bone tissue engineering, which was overcome with scaffolds built
with biocomposite nanofibres. These were porous naturally, facilitating excellent
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cell occupancy, increased blood supply along with easy movement of both nutrients
and metabolic waste. This improved adherence of human foetal osteoblasts, which
in turn migrated, proliferated and mineralized into bone.

Biomaterials have been used in bone tissue regeneration, exploiting its
osteoinductive capacity. The electro spinning of a sol-gel derived material into
nano sized fibers has shown excellent attachment, proliferation and differentiation
into bone forming cells than melt driven nanofibers. Following this, filament
bundles, membranes, adjunct with biopolymers, three dimensional scaffoldings are
becoming viable futuristic regeneration material.

Conventionally melt driven bioglasses had been used as granule and whole
forms, but nanofibers are able to act as bases and provide support mechanically.
Adjunct with polymers, it helped in retaining the shape. Electro spinning makes it a
cost effective process, in producing micro diameter fibers. This size minimizing
makes way for the possibility for bioactive sensors, catalysts and membranes in the
future. The osteogenic capacity of the cells grown on the nanofibers, were assessed
by staining the cells for ALP (alkaline phosphatase) enzyme. It was significantly
high when compared to bulk glasses. The improved osteogenicity was suggested to
be because of increased surface area, abundant ion release and morphological
roughness, proving nanofibres’s superiority over bulk forms.

Nanofibers have good mechanical strength, osteogenic potential, versatility of
being able to be made into bundles and compacting, nanofibre sheets can be
compressed into 3D membranes. In hard tissue regeneration this nanocomposite
with polymers are prospective [6].

Nanoscaled bioactive glass [7] along with gelatin and alginate dialdehyde in
combination, provide exceptional bioactivity in the form of cell adhesion, prolif-
eration, differentiation and prompt degradation. Covalent cross linking of alginate
and gelatin helps in overcoming the few limitations.

2.1 Prospective Improvisations

Main issues to be improved on scaffolds are

Mechanical strength
Controlled degradation
Vascularization
Function

Sterilization
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2.2 Mechanical Strength

As far as mechanical properties of porous glass composites or polymer composites
are concerned, they are weaker than cancellous bone, nevertheless lots more weaker
than cortical bone. Reasons for this maybe due to

e Microstructural properties

e Inadequate particle—matrix bonding

e These are best tackled by addition of bioglass as fillers in polymer composite
scaffolds. Studies highlighting the interrelation between the morphology of
composites, their pore size, distribution, orientation, inter connection affecting
the mechanical integrity of the composites are required. Strengthening of
composites is best achieved by improving the quality of bonding in the interface
of filler and matrix for load bearing and uniform distribution of particles in the
matrix.

2.3 Vascularity

In synthetic grafts, absence of innate vascularity proves to be a great disadvantage.
So the scaffold should possess good topographical, mechanical and biological
properties to regenerate huge bone defects as well as tolerate heavy loads. To
improve and accelerate these qualities, growth factors in the form of active bio-
molecules can be incorporated into the scaffolds. But, possible toxicity due to quick
disintegration and uncontrolled release of factors restricts this method. May be
using bioglass as filler, to induce the controlled expression of markers (ALP), to
accelerate osteogenesis could be an alternative.

2.4 Function

Surface modification helps enhance function of the scaffold. Scaffolds which are
more compatible, with provision of functional groups to increase improved cell
attachment are necessary. This provision of incorporating functional groups is made
possible through controlling of specific and non specific protein adsorption, enzyme
grafting or plasma treatment.

More light needs to be thrown on biodegradation, angiogenic stimuli and on, ion
release mechanisms.
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2.5 Ion Release

The ionic dissolution products of bioglass i.e., soluble calcium and silica ions are
critical in causing bone formation by way of gene expression in inducing osteo
progenitor cells. These osteogenic cells in turn, cause osteoblast differentiation and
proliferation. The proposed mechanisms by which gene expression maybe triggered
are by

e Surface interaction.

e Topography.

e Quantity and quality of dissolution ions released.
e Shear stress at interface [8].

The concentration and composition of bioglass at which the ions maybe
released, needs to be quantitatively analysed.

2.6 Sterilization

The effect of sterilization of these systems on the physical characteristics viz
crystallinity and glass transition temperature, mechanical characteristics like frac-
ture toughness and compressive strength, and its cellular toxicity need to be criti-
cally evaluated. It is of greater importance in systems with biopolymers. Along with
optimizing of scaffold designs, importance for sterilization is due, as conventional
sterilizing techniques of exposure to ethylene oxide gas, gamma radiation etc. have
proved that the polymers lose a molecular weight factor of 2-3.

More in vivo studies are mandatory to evidence the potential of these scaffolds.
Scaffolds made of amorphous silicate or partially crystallised systems along with
biodegradable polymers maybe widely used with further improvisations. Stem cell
incorporation into these scaffolds maybe of greater value. Bioresorbable polymers
with bioglass, nanoparticles of glass ceramics and carbon nanotubes may be of
value addition for increased cellular attachment and proliferation, improving
angiogenic and osteogenic potential of the scaffold. Toxicity related to carbon
nanotubes and nanoparticles needs to be further investigated [2].

Polymer scaffolds are going to be a stay in tissue engineering. Biological
polymers are better compared to synthetic polymers. These scaffolds can be made to
control the biological system both physically and chemically. Though lot of
improvements, have been done related to their porosity, biological activity and
mechanical properties, more limitations need to be eliminated. Futuristic changes,
need to concentrate on fabricating scaffolds with importance given to mechanical
properties, surface topography, assembling the polymer, structure-both macro and
nano, cell function, compatibility, degradation and induction to produce natural
tissue [9].
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Nanoparticles of Bioactive glass with gelatin, in scaffolds is one another on-trial
investigation. The in vitro properties and bone forming ability on rabbit ulna bone,
was evaluated using Fourier infrared spectroscopy, SEM, X-Ray diffraction anal-
ysis. No cytotoxicity was reported. Bone formation was adequate [10].

Lanthanides doped bioglass has shown improved cell adhesion, proliferation
indicating sufficient bioactivity. This study synthesized the new 10CaF,-
10Na,CO53-15Ca0-59P,05-5Si10, glass doped with lanthanum oxide and cerium.
Morphology being smooth, glassy with absence of contamination and increased
biological behaviour makes it a, prospective applicant in bone tissue engineering
[11].

3 Angiogenesis

Maintaining of Skeletal integrity depends on the interconnection between the blood
vessels and osteo cells. The high vascularity of the bone needs to be preserved for
healing and regeneration. To overcome the disadvantage of lack of innate vascular
supply in artificial templates, pre vascularized scaffolds in vitro have been tried.
Alternates, are to have bioglass with controlled release of genes to stimulate in vivo
osteogenesis and angiogenesis.

Very few studies have focused on the angiogenic potential of bioglass. Of these
studies, bioglass when used as fillers showed promising angiogenic characteristics,
when compared to scaffolds of polymer without bioglass fillers. There was more
tissue infiltration and forming of blood vessels [12]. Interestingly, physical mor-
phology such as size, orientation of pores, their interconnectivity also seem to
influence the blood vessel forming ability of the scaffolds.

This hypothesis that geometry and morphology of scaffold being significant, has
been supported and confirmed by an in vivo study using 45S5 bioglass impregnated
collagen sponges in rats to treat calvarial defects. Bioglass has been seen to promote
vascularization [12—14].

Composite structures like microspheres and foams are lesser angiogenic, than
impregnated sponges, meshes, tubes and porous scaffolds. However in vivo and
in vitro results are not synchronized. Further clarifications needs to be carried out
[2].

Studies have proved dose dependant influence of bioglass on stimulation of
fibroblasts to secrete angiogenic growth factors, endothelial cell proliferation and
endothelial tubule formation.

In Indian medicine system of siddha, Alum or potash alum (KAI(SOy4),-12
(H,0)) has been widely used as an antimicrobial and a haemostat in wound healing
[13, 15]. The astringent effect of alum in combination with nano sized bioglass of
100 nm seems to have a synergistic effect on angiogenesis [16]. The study had tried
bioglass doped with alum and only bioglass. Cell viability on Osteoblast cell line
was 50-60 % [17].
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Surface area, abundant silanol group and soluble silica seem to be the cause for
increased osteogenesis [18].

The artificial scaffolds must have the capability to trigger formation of mature
blood vessels, capable of differentiating into arteries and veins, thus promoting
functional ability of the scaffold. Bioglass, in appropriate levels when used as fillers
in scaffolds has the potency to regulate the release of growth factors required for
this differentiation to improve angiogenesis. This enhances vascularization in the
man-made graft and subsequently prevents failure [2].

4 Stimulation and Interaction with Human Mesenchymal
Stem Cells

Certain studies have concluded that bone marrow cells can be provoked to form
bone in presence of bioglasses. Following this, submicron bioglasses have been
synthesized. Their cellular activity, effect on human mesenchymal cells, related to
cellular viability, proliferative capability, osteogenic potential and cytotoxicity were
evaluated. There was no cytotoxicity in any of the concentrations of bioglass in 1—
4 days. A decrease in the cell proliferation and metabolic activity of mesenchymal
cells, were noted after 7 days. Cell cytoplasm and endosomes were localised with
bioglass. This attribute of localization can help in using bioglass as injectables, and
also possible incorporation into porous polymer scaffolds. Sol-gel process pro-
duced bioglass, was more porous with additional surface area, increasing the sol-
ubility and bioactivity.

The reason for dissolution of bioglass inside the endosomes, seem to raise the
silica and calcium levels. These levels could cause the cytotoxicity, decreased
metabolism and response to inflammation. The concentration of 150 and
200 umg/ml showed decreased metabolic activity, making them useful in regen-
eration [19].

5 Cytotoxicity of Silica, for Prospective Use in Cancer

Nanoparticles enter systems and cells through different mechanisms. Detailed
understanding of these mechanisms help us to design and modulate these areas for
inter cellular imaging, diagnostic accuracy and other treatment modalities.

The nanoparticles enter cells through endocytosis [20]. Specifically pinocytosis,
through its four mechanisms viz macropinocytosis, clathrin-mediated endocytosis,
caveolae- mediated endocytosis, and clathrin-caveolae and dynamin-independent
endocytosis [21]. Depending on the surface charge it can be specific or non specific
cellular uptake. Size, shape and surface charge determine the non specific uptake of
nanoparticles.
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Crystalline silica (Min-u-sil 5) being the control, SiO,nanoparticles of size 15
and 46 nm were analysed for 48 h in the dosage of 10 and 100 pg/ml on bron-
choalveolar carcinoma-derived cells. SiO, was seen to be more cytotoxic, with
reduced cell viability.

Indicators for oxidative stress and cytotoxicity viz total reactive oxidative spe-
cies (ROS), glutathione (GSH), malondialdehyde (MDA) lactate dehydrogenase
(LDH) were assessed. SiO, showed increase of ROS, and decrease of glutathione.

15 nm SiO, exposure produces oxidative stress in cells as exhibited by the
decrease in GSH levels and increase of MDA and LDH suggestive of lipid per-
oxidation and membrane damage. The ROS generation is not clear. Crystalline
silica has been evidenced to produce ROS, like hydroxyl free radical by fenton
reaction on silica’s surface. Crystalline silica’s content of metal impurities maybe
the evidenced cause, but on the contrary SiO, nanoparticles contain ultra low levels
of metal impurities.

The cell viability decrease maybe from the penetration of particles into nucleus
of cells. Protein aggregation and topoisomerase 1 inhibits replication, transcription
and cell proliferation.

Genes also seem to be sensitive to ROS during transcription. The genes affected
are MAP Kinase signaling, DNA damage, cAmp/Ca”* signaling, NFKB signaling,
P13-AKT signaling and apoptosis [22, 23]. Studies are underway for the signaling
pathways in which these genes are expressed, on exposure to SiO, nanoparticles.

This shows the dose dependant and time dependant effect of 15 nm and 46 nm
Si0, nanoparticles in dosages of 10—100 pg/ml on cell viability of bronchoalveolar
carcinoma-derived cells [24].

When the biomaterials act at the cellular levels, their therapeutic value increases
manifold. Hydroxy nanoparticles in specific sizes exert cell toxicity and apoptosis
in cancer cells. Study on Human hepatoma cells have displayed significant results
in the particle cell size range of 20—-80 nm, promising hydroxyl apatite nano par-
ticles based, therapeutic systems. These nanoparticles activated caspase-3 and 9,
increased Bax and Bid levels and decreased Bcl-2 protein. Cytochrome c got
released into cytoplasm from mitochondria.

These cellular changes and internal localization, maybe largely responsible for
the apoptosis protein levels and cellular toxicity in HepG2 cells. The size of the
hydroxyl apatite was found to be the crux for this activity. The most efficient size
being from 45 nm. There was efficacy decline in the sequence of 45 nm > 26
nm > 78 nm > 175 nm. The size efficacy needs to be further evaluated [25].

The changes in the efficacy related to particle size, raised interest in studies to
further investigate whether shape of the particles, in any way affected the cellular
function. Shape of the nanoparticles seems to affect the systemic distribution.
Magnetic worm shaped nanoparticles, improved imaging and targeting of tumors
in vivo, for better therapeutic delivery in view of their multipoint attachment, longer
half lie in blood and increased surface area [26].

Mesoporous silica are proven agents for medical applications in lieu of their
better surface area, uniform pores with increased volume, in vivo degradation and
unique biocompatibility [27]. Therapeutic agent carrying has been already proved.
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Non spherical nanoparticles, specifically rod shaped mesoporous nanoparticles have
demonstrated great promise in cell monitoring, metastatis of cancer cells, DNA or
drug delivery [28].

Particles of same size, composition and surface charge, but three various shaped
mesoporous silica nanoparticles with aspect ratio of 1, 2, and 4 were chosen to be
studied on A375 human melanoma cells.. Results showed larger ARs were
absorbed in higher amounts and had increased rate of internalization. The particles
had greater effect on cell functions like proliferation, migration, cytotoxicity,
adhesion and cytoskeleton production. Thus inferring that biomaterials need to be
viewed not only as drug carriers, but also as efficient therapeutic systems to mediate
and modulate biological functions, by way of engaging molecular processes. The
environmental fate of nanoparticles have to be evaluated [29].

Glass ceramics doped with Mg ferrite, to form Wollastonite-flouroapatite con-
taining glass-ceramics. Improved adherence of osteoblast like ROS 17/2.8 cells,
makes this material possible to be used as thermoseeds in hyperthermia [30].

Ferrimagnetic ZnFe,O, containing glass ceramics are bioactive and useful in
treating hyperthermia [31]. Reason may be the way the cations are dispersed. Rapid
coc;ling and effects of ZnFe,0, caused haphazard distribution of cations Zn** and
Fe .

Bioglass has been evaluated in therapeutics of irradiated tissues. Irradiation
induced osteoporosis in rat models were in vitro assessed on osteoblast cells using
curcumin covered chitosan-bioglass. The rats were exposed to CO gamma rays,
then grafted with CUR-BG-CH. After 3 days of exposure to bioglass, viability of
cells improved by 164 %. Activated partial thromboplastin time and prothrombin
time were seen to be prolonged. Pyridinoline to dihydroxylsinonorleucine cross
links ratio were normal. An increase of superoxide dismutase, catalase, Glutathione
Peroxidase and decrease of thiobarbituric acid-reactive substance in oxidative stress
analysis was significant in CUR-BG-CH group. The treatment with CUR-BG-CH
increased Young’s modulus and femoral stiffness. Callus formation and highest
anticoagulant effect were significant findings. This study opens therapeutic avenues,
for bioglass especially in osteoporosis [32].

6 Dental Applications

Collagen fibrils are the building blocks in the chemical reaction of bioglass with
bone, connective tissue and tubules in dentin. Basically made of layered fibrils of
protein-amino acids viz glycine, proline, hydroxyproline and arginine. The
microfibrils are interlinked with each other by literal crystalline bonds. Glycine
being a small protein without side chains, plays a very important role in the col-
lagen structure being able to get arranged in many forms.

Aggregates of collagen or fibrils get stacked in multiple forms, the arrangement
unique to each tissue. In bone, triple helices are arranged parallel to each other, with
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nucleation points in bone allowing HA crystals to fill in the ends of tropocollagen
subunits. Crack filling and subsequent bone toughening is obvious [33].

Dentin forms the base matrix framework for support of enamel. Dentin is formed
by proteins like phosphoproteins, proteoglycans, phospholipids and 90 % fibrous
collagen [33].

6.1 Graft Material [12, 13]

As is already known, synthetic bone grafting especially bioactive glass overcedes
open debridement in periodontal osseous defects and intrabony defects.
Extraordinary tissue response was elicited. Bone support is vital for dental treat-
ment modalities be it prostheses fabrication or implant placements. Trials for
improving the bone height by raising the schneiderian membrane, in posterior
maxilla along with graft material placement to stimulate bone regeneration is being
carried out.

One such study, a single step surgery has been tried successfully, using adipose
tissue as the graft, source for mesenchymal stem cells. Trials need to be carried out
using bioglass as the scaffold, for better adherence of stem cells, proliferation and
differentiation of osteo progenitor cells. Proper addition of growth factors like
BMP-2 of 10 ng/ml with short incubation would evade the dose dependant com-
plications [34].

6.2 Endosseous Implants

In post dental extraction, loss of stimulation to the alveolar bone, and pressure
caused by dentures increase bone resorption. This rate of resorption varies from
individual to individual and also at varying degrees in the same individual.
Augmentation modes have been many, after autogenous bone grafting, natural
root replantation faced failure due its resorption, pocket formation and ankylosis.
Dehiscence was the problem when bio ceramics was used to augment. Thus, then
cone shaped Bioglass was tried with success as endosseous implants, Bioglass
ankylosed with direct deposition of graded mineralized bone reducing from outward
to inward, providing periodontal ligament like mechanical compliance [35-39].
Titanium dental implants are in use for replacement prostheses in dentistry, for
quite sometime now. The titanium implant when coated with an osteoinductive
material like bioglass should be favourable in providing mechanical compliance.
Such a study was conducted to compare titanium alloy (Ti6Al4v) human jaw bone
implants, coated with bioglass and Hydroxyapatite. Bioglass particle size used were
0.2-20 um, and HA size was 0.1-10 um. Cytotoxicity was nil for both. An
uneventful healing period was noted for both kinds of implants. A 6 month
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postoperative follow up was carried out. Radiographic assessment showed good
bone formation in both implants. Periodontal status remained same.

The failed HA coated implants showed resorption of the HA coating on entire
surface with mobility of tooth, but no bioglass coated implant showed resorption of
bioglass. In case of bioglass coated implant, the alkaline environment created by the
dissolution ions along with the germicidal effect maybe the reason for non
resorption and nil infection. On the contrary, the acidic medium would be the
reason for resorption and infection. Concluding that bioglass would be a better
choice in case of dental implants [40].

6.3 Demineralizing Agent

Bioglass incorporated in oral dentrifices replacing abrasive silica part proved to be
an excellent vehicle in treatment of dentinal hypersensitivity [41]. Bioactive glass
S53P4 in comparison to commercial glass released more silica treating dentinal
hypersensitivity better [42].

Melt driven Bioglass particles formed more adherent and continuous apatite
layer with particle formation [43]. Bioerodible gel films in delivery of remineral-
izing agents have been proved to be useful [44].

In vitro studies, for the desensitizer‘s efficiency in varied oral environment was
carried out. 1 min exposure to bioglass, followed by 30 s water rinse proved rapid
and continuous dentin dentrifice occlusion. More than 3 % concentration as single
application either as dentrifice or prophylactic paste closed 75 % dentinal tubules.
A 95 % closure in many cases was also noted [45]. Single applications were able to
resist the regular acid challenges. On repeated use, continuous and persistent
blockage was present even in the presence of repeated acid attacks [46]. Clinical
studies have proved the greater efficiency with which bioglass eases hypersensi-
tivity within the 6 week point, on comparison with other products [47—49].

6.4 Antibacterial Activity

Bioglass in aqueous environment causes osseointegration. Has caused considerable
decrease in antibacterial viability, proving to be a good antibacterial agent, because
of its alkaline nature [50].

6.5 Periodontal Tissue Engineering

Ions especially Li ions help in being mood stabilizers, used in bipolar depressive
disorders. These ions promote remyelination of neural cells. Proliferation of neural
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progenitor cells and retinoblastoma cells are stimulated via the wnt/B-catenin sig-
naling pathway.

Subsequently this has been verified on human periodontal ligament-derived
cells. Li ions on mesoporous bioglass scaffolds had caused differentiation of
cementum, through activation of wnt/B-catenin signalling pathway. The
Li-mesoporous Bioglass scaffolds need to be having huge and (300-500 mm), and
orderly placed mesopores (5 nm). The scaffolds had Li ions replacing part of cal-
cium ions. These Li ions released from the bioactive scaffold act via wnt and SHH
signalling pathway in stimulating proliferation and differentiation of cementum
from human periodontal ligament-derived cells [51].

6.6 Bioglass in Glass lonomer Cement

Conventional GIC, with modifications can be of multidisiplinary use. In its con-
ventional form, it is a fluoroaluminasilicate powder-inorganic glass particles in
calcium aluminium hydrogel matrix. The release of aluminium ions causing
restriction of bone mineralization and neurotoxicity limited the GIC’s use in repair
of skull defects and cerebrospinal fluid fistulas. Kamitakahara et al. [52] modified
glass ionomer without aluminium, adding polyacrylic acid and water, but this
cement was not bioactive. Removal of aluminium, reducing size of particles,
doping with strontium, compositional increase of SiO, were tried. Later, GIC from
iron oxide powder containing Fe,O5 to the minimum of at least 10 % were made,
but again trivalent cations had to be used for the setting.

The later bioactive compositions, contained 49-54 % SiO,, P,0s-1.5 %,
Ca0O-7-10 %, SrO-8-19 %, Na-0-7 %, ZnO-3 % and MgO-10-20 %. Trivalent
cations were substituted with divalent cations like Sr**, Zn>*, Mg?*. Since Mg ions
may reduce bioactivity [53], compositions of polyacid and free from trivalent
cations and Mg ions were produced.

The novel bioglass, which was produced contained SiO, 42-62, Na,O 20-29,
CaO 11-28, P,05 0z-5-5.5, in molar percentages, with preference of sodium oxide
and calcium oxide to be minimum of 35 mol% to the total amount. Strontium could
replace calcium oxide in 1-.13.5 molar percent to a maximum of up to 50 mol%.
Optimum particle size of 45 pm or lesser, these submicron levels are best achieved
by bar milling, then deposited into deionised water. Preferred polymer is poly-
acrylic acid, with setting modifier like Maleic acid, itaconic acid or phosphoric acid
to extend working time.

Value addition by addition of antibiotics, bioactive molecules like proteins or
chlorhexidine. With respect to the changes the GIC can be put to use in drug
delivery. This new cement is made available as two parts kit of bioactive glass and
polyacid. Also made available as pre set GIC in granule form and moulded shapes
like spheres, blocks and customised shapes. These different forms of bioglass can
be put to u e in otology, bone repair to stop CSF leak, bone stimulation in peri-
odontal conditions, filling of bone sockets and bony defects, orthopaedic bone graft
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substitutes, osteoporotic vertebrae reinforcement, application on devices to promote
bone integration. Structural stability was excellent thus justifying the novel
GIC-bioglass’s multifaceted use [54].

7 Gene Therapy Applications

In Nanotechnology, carriers to deliver genes could possibly help in curing brain
pathologies, modulate its regeneration and healing capabilities. There are specific
regions in the adult brain, with the capacity for neurogenesis. Subventricular zone
of the lateral ventricle is one of them, containing stem cells capable of slow division
and able to produce progenitor cells. These progenitor cells can produce astrocytes,
neurons or oligodendrocytes when stimulated from this state. For the induction of
cell differentiation in these multipotent neural stem cells, accumulation in nucleus
of FGFR1 (FGFreceptor type 1) is needed. This FGFR1 accumulation may be
triggered by an stimuli, c AMP, or bone morphogenetic protein 7. These stem cells,
have been proved to be evoked by inoculating with FGF2 protein or adenovirus
expressing FGF2 in vitro.

Subsequently, whether in vivo DNA transfer into the neural stem cells of sub
ventricular zone using organically modified silica nanoparticles (ORMOSIL) would
moderate mechanisms and modulate their function, was studied which can, in turn
be used for therapeutics. In this study, mouse brain was intraventricularly injected
with ORMOSIL. This non viral gene delivery, successfully moderated the repli-
cation cycle of the neural progenitor cells, with EGFP (Enhanced green fluorescent
protein) expression proving that thereupeutic manipulation is possible and the stem
cells can be controlled by the nuclear receptor. This can be a base for more work,
regarding an efficient non viral transfection vector (ORMOSIL nanopatrticles) into
the CNS for future gene therapies [55].

One of the common bone diseases, yet no plausible cure has been found for this
disease of osteoporosis. Emphasis has been more on bone resorption inhibition than
on bone regeneration. But gene therapy could hold the key for its treatment.

The following study aims at initiation of bone regeneration in treating osteo-
porosis. When controlled and continuous release of growth factors, PDGF-b and
BMP-7 is provided, it triggers mesenchymal progenitor cells. This may be a turning
point in treatment of osteoporotic patients with fractures. The study aimed at, a trial
of mesoporous bioglass/silk scaffolds incorporated with adPDGF-b and adBMP-7
into osteoporotic femur defects of ovariectomised rats [56]. Follow up treatment
period was 2 and 4 weeks.

In vivo bone forming ability was analysed by immunohistochemical study for
BSP, osteopontin and type 1 collagen, Haemotoxylin and eosin staining and U-CT
analysis. Scaffolds containing adenovirus for both, proved more osteogenic than
with only BMP-7, and scaffolds alone. BMP-7 already known for its osteogenic
potential, when combined with PDGF, a strong chemotactant aids osteblastic dif-
ferentiation. These scaffolds on TRAP-positive staining showed biodegradability
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allowing the bone to remodel. As these scaffolds degrades, the viral vectors get
released to initiate mesenchymal progenitor cells of the surrounding area. This
promises a cost-effective delivery system for growth factors in treating osteo-
porosis. Degradation is also advantageous in this system of delivery.

Another area of notice, is that concentrations of growth factors need to be
maintained by the delivery systems for optimizing of bone regeneration. At low
concentrations the response of oteoblastic proliferation and differentiation to growth
factors is minimal.

Traditionally, ex vivo cell transfection by use of adenovirus and subsequent
in vivo re implantation was done. Direct delivery by way of injecting adenovirus
into bone defects are being adopted to avoid complications and for easy
methodology.

8 Drug Delivery, Ionic Release via Phosphate Glass
Vehicles

8.1 Drug Delivery

Any good drug delivery system should have biological compatibility, good
mechanical strength, inert nature, patient comfortability, no risk of accidental
release, ability to carry heavy doses of the drug, easy administration, removal,
fabrication and sterilization.

The three basic mechanisms of delivery are diffusion, solvent activation or
swelling and degradation.

Bioglass has earned its place in controlled drug delivery, especially when the
drug needs to be site-specific, when speed of release should be pre planned, where
conventional methods do not fit in. It has been an excellent drug carrier, with
teicoplanin and vancomycin in treating osteomyelitis [57, 58]. Indomethacin has
been tried as a self setting bioactive cement. Mixture hardens and forms hydrox-
yapatite [59].

Nanofibers, which are electrospun [60] exhibits more advantages, due to the ease
with which the variables during fabrication could be controlled. The fiber’s size,
surface area, topography and morphology can be altered by changing these
parameters. The optimum use of this effective method, is on fabrication of poly-
meric nanofibers. Nanofibers range their application from gene delivery, tissue
engineering, dressing of wounds, immobilizing enzymes and as filters and sensors.
For drug delivery, medicated nanofibers find use in infection prevention and
abdominal adhesions after surgery in addition to in implants, wound covering and
transdermal methods. Single or multiple polymers, Hybrids, blend of polymers and
composites can also be electrospun.

Metal ions, play a pivotal role in angiogenesis closely linked to osteogenesis.
Zinc has been showed to be important, in osteogenesis because of its presence in
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proteins. Other important ions are calcium, strontium, magne/sium, boron, titanium,
phosphate and copper. Choice of delivery systems also affects the kind of response
elicited from tissues. Study of these ions effect has showed significant effect on
osteogenesis, with importance to the range of doses with best efficacies. The
bioactive glasses with their P,O5 concentration hiked to 50-55 mol% have shown
best efficiency as carrier vehicles for metal ion release which in turn stimulates bone
formation [51, 61].

Beneficial results of S53P4 [62] has been reported in multiple areas such as
treating osteomyelitis, benign bone tumour graft, procedures in the craniofacial
region like mastoid, orbital floor reconstruction and spondylodesis. Whether the
present PMMA beads with antibiotics, would be able to get replaced with S53P4
bioactive glass has to be further investigated.

9 Neurite Regeneration by Phosphate Glass Fibres

Peripheral nerve regeneration is promoted by bioactive scaffolds. Phosphate glass
fibre scaffolds improved rate of axonal regrowth, but physical guidance limited
[63].

10 Toxicity

Microparticles and nanoparticles toxicity needs further evaluation. Studies have
shown cytotoxicity in 15 nm and 45 nm SiO, particles. A thorough study with all
variables significantly involved is essential, as only size consideration would be
misleading.

Studies of Fenoglio [64], showed that pure quartz and iron deprived quartz dust
produce hydroxyl free radicals, even when iron is not present.

As already mentioned, genes are also affected by ROS during transcription.
More emphasis is needed for the study of signaling pathways of gene expression,
when exposed to SiO, nanoparticles. Thus the mode of ROS production should be
studied further.

When new materials are investigated and tried out, the application possibilities
are as important as their interactions with the co-materials they act with. More so
with, when their applications are in the medical field. Bioglass with polymers, are
becoming a trend now. In medical applications, PCL and PLLA are finding to be
used as drug delivery for long terms [65], temporary implants [66], PLCL
copolymers [67, 68] are proposed to be complementing PLLA and PCL.

A new study has shown the effect of bioglass on degradation of these polymers
[69]. Thermogravimetric analysis was carried out for the way thermal degradation
occurred in poly(e-caprolactone) (PCL), poly(lactide/e-caprolactone) (PLCL) and
poly(r-lactide) (PLLA). It showed PCL to be have the highest thermal degradation
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resistance. Polyester’s ester group and SiO group of bioglass react, causing an
activation energy decrease of 1.3—1.9 fold compared to polymers without bioglass.
Random chain breakage and increased absorbance of carboxylate peak of infra red
spectra at 210 C has proved the reaction. DSC (differential scanning calorimetry)
showed a significant decrease in thermal transitions of the polymers.

Polymers can be made to have thermal stability by traditional processes of
extrusion or injection moulding. But, addition of bioglass changes the character-
istics of these polymers. So, careful assessment of the degradation by-products is
essential, especially at high processing temperatures. At a high temperature of
processing above 200 C PLCL and PLLA with 15 vol% bioglass underwent
thermal changes in molecular weight and mass, compared to the increased stability
of PCL. Thus, processing by the present methods, may limit their applications in
medicine. Trials are necessary to overcome these pitfalls.

11 Conclusion

Critically analyzing the options, bioactive glasses are better performing than other
bio ceramics. But, hurdles to match autografts in terms of toughness, vasculariza-
tion, controlled release of ions, porosity creation without crystallizing of com-
mercially available bioglass, are a few to mention.

Now, the understanding that porous inter connectivity is related to fabrication
and sintering without crystallization, many new methods have evolved. To fabricate
scaffolds with large pores, high compressive strength mimicking bone pores, solid
free form, gel-cast foaming and sol-gel foaming techniques have evolved. But, still
these can be used only in areas of less load or where there is only compressive load.
The surgeons, need for the material to be able to be pressed into the defect, able to
be cut into desired shapes, able to share load with host bone are yet to be addressed
[70].

To overcome a few of the mechanical characteristic problems, degradation rates,
the solution may be in inorganic-organic hybrids. Present Polymers are excellent for
sutures, but degradation criterias must be improved for mechanical properties. New
polymers must be synthesized optimizing the present characters and improvising
load bearing. Material designing can be augmented by imaging, porosity in non
destructive methods like uCT imaging and subsequent analysis. X-Ray, Neutron
diffraction, NMR, Particle-induced X-Ray emission (PIXE) [71] help in detailed
study of atomic structure of bioglass as well as the new hybrids. The detail allows
for evoking better cellular response. Tissue engineering studies should adopt phase
I-Iv clinical trials conforming to ATMP Regulation 1394/200/EC along with/or
FDA regulations, local policy and clinical protocols [34]. Screening of cell culture
and new standardizing methods, ideal test materials and animal models have to be
worked out. Commercial production of bioglass and hybrids should be made
possible with help of Regulatory Boards and medical device companies.
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In concise, the other hurdles to be overcome are

To analyse the basic mechanisms in the nucleus of cell, to make the gene
activation a reality.

To ensure the performance of bioactive materials, to longer term with adequate
mechanical strength.

To pinpoint the stem cell differentiation, to the phenotypes and achieve preci-
sion to a level of preventing tumor origin.

To scrutinize, soft tissue reaction mechanisms with approvals for clinical trials
to make them possible into clinical products

Long term load bearing applications with permanent sustainability in normal
physiological environment

To achieve vascularity, either in vivo or in pre implant constructs [72].

Thus, till we find answers for these questions, this wonderful concept is going to

be in a trial and error phase. The potential and results are to be reaped with large
leaps in terms of more trials with novel clinical products, by way of better
understanding at molecular levels. Required statutory approvals by regulatory
boards to accelerate more clinical applications to produce them commercially.
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