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Preface

Bioactive glasses and glass-ceramics are a versatile class of biocompatible materials that have an
astonishing impact in biomedicine. There is a long successful history in the synthesis, character-
ization, and utilization of these man-made materials. Generally, the expertise of researchers and
scientists working in materials science, tissue engineering, biology, and medicine are required for
producing the “best” glass and glass-ceramic formulations with optimized properties in favor of
tissue repair and regeneration.

The first and foremost application of such biomaterials is addressed to treat hard tissue damages
and injuries because of their inherent characteristics such as stiffness and bone-bonding ability.
Bioactive glasses were first invented by Professor Larry L. Hench at the University of Florida
more than half a century ago in 1969. The original bioactive glass, designed in a silicate system
with a composition of 455i0,-24.5Na,0-24.5Ca0-6P,0, (Wt%), was initially developed to meet
the need for bone replacement of injured soldiers returned from the Vietnam War. Since then,
a huge number of other compositions and bioactive glass-based products have been proposed
and introduced into the market for managing hard tissue diseases and disorders. PerioGlas® and
BonAlive® are two well-known synthetic bone grafts based on bioactive glasses with admirable
success in the clinic. Over the last couple of decades, other types of bioactive glasses, including
phosphate- and borate-based glasses, have been developed and applied for treating a wide range of
tissue damages, including soft tissue injuries. In this regard, RediHeal™, a borate-based bioactive
glass, is currently being used for managing wounds in animals and is awaiting for getting Food
and Drug Administration (FDA) approval for practicing in humans suffering from slow-healing
wounds (e.g. diabetic foot ulcers).

The main advantages of bioactive glasses are associated with their exceptional versatility in terms
of composition—property relationships, controlled crystallized that can dictate the physicochemi-
cal and mechanical characteristics, and inherent ability to attach to both hard and soft tissues.
Specifically, the ability to bond to living bone is related to the formation of a nano-crystalline
hydroxyapatite layer, similar to bio-apatites, on the surface of bioactive glasses after exposure to
body fluids. From a biological point of view, bioactive glasses cause no short- and long-term adverse
effects on human cells, tissues, and organs; therefore, they are generally identified as biocompatible
substances in biomedicine. Bioactive glasses are considered the osteoconductive and osteoinduc-
tive materials as they can provide a suitable substrate for adhesion and growth of bone-forming
cells as well as induce osteoprogenitor cells to differentiate toward osteogenic lineages. In addition,
bioactive glasses exhibit antibacterial, anti-inflammatory, and pro-angiogenic activities in vitro and
in vivo. On this matter, a broad range of therapeutic ions (e.g. silver [Ag*] and copper [Cu?*]) are
incorporated into the basic compositions of bioactive glasses to improve their biological perfor-
mances imparting extra-functionalities, like antibacterial and pro-angiogenic properties. Indeed,
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Preface

the release of therapeutic ions from bioactive glasses allows their usage as drug delivery vehicles
for biomedical strategies. Recently published scientific reports emphasize the therapeutic capacity
of bioactive glasses in battling against different types of cancers, especially those associated with
hard tissues. On this point, mesoporous bioactive glasses possess an added value since their inher-
ently nano-textured structure also provides a suitable platform for the incorporation and controlled
delivery of a wide range of anti-cancer drugs to desired sites. With the advent of three-dimensional
(3D) printing or additive manufacturing, the fabrication of 3D constructs based on or containing
bioactive glasses and glass-ceramics offers a plethora of advantages, including improved mechani-
cal strength and biological performance.

The present book aims to provide an updated understanding of biocompatible glasses and
glass-ceramics based on current evidence in the literature and draw their future in the fields of
biomaterials and tissue engineering. Basic aspects of bioactive glasses and glass-ceramics along
with their fabrication routes and the latest processing strategies (e.g. additive manufacturing,
laser treatments) are well-discussed from a materials science point of view. Besides, the biological
effects of glasses and glass-ceramics have been considered on the living systems (in vitro and in
vivo) as well as the current market needs and clinical challenges. The pros and cons of mesoporous
bioactive glasses are argued in terms of drug delivery systems in relevant chapters. From a tissue
engineering point of view, the regenerative capacity of different types of bioactive glasses and
glass-ceramics has been reviewed in connection with hard (e.g. bone and teeth) and soft (e.g.
skin) tissue healing. Moreover, hopes raised by these synthetic biomaterials in the treatment of
malignancies have been well explored to shed light on their possible roles in the next-generation
therapies. We hope that the present book is beneficial for the potential readership working
in a broad community, who has a scientific background ranging from materials science and
bioengineering to medicine and tissue engineering.

Politecnico di Torino, Turin, Italy Francesco Baino
Mashhad University of Medical Sciences, Mashhad, Iran Saeid Kargozar
March 26, 2022
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1

Glass Crystallization and Glass-Ceramics — An Overview
Araceli de Pablos Martin and Delia S. Brauer

Otto Schott Institute of Materials Research, Faculty of Chemistry and Earth Sciences, Friedrich Schiller University, Jena, Germany

1.1 Introduction

Glass-ceramics were first developed in 1952 by Stanley Donald Stookey, a glass researcher at Corn-
ing Glass Works. He realized that by controlled thermal treatment of the parent glass, it would be
possible to transform a glass into a partially or fully crystalline material with new properties, which
depend on the nature of the crystals formed [1-5] (and refs. therein).

Applications of glass-ceramics [6, 7] include technical applications, e.g. as photosensitive [8-10]
or machinable glass-ceramics [11-13] (including magnesia aluminosilicate glass-ceramics [14]) or
for radioactive waste immobilization [15-17]. Fresnoite glass-ceramics [18] have been shown to be
very versatile in the technical field owing to their pyroelectric, piezoelectric as well as nonlinear
optical properties. Glass-ceramics are also used in many consumer products. The heat resistance
and very low coefficient of thermal expansion of lithium aluminosilicate (LAS) glass-ceramics
make them ideal for use as cooker top panels, doors for fireplaces, and opaque and transparent
cookware [19]. Transparent glass-ceramics based on nanocrystallization are employed as passive
optical glass-ceramics, like telescope mirrors based on the LAS system, as well as active optical
glass-ceramics, like oxyfluoride glass-ceramics, which are doped with lanthanide ions to achieve
interesting optical properties [4, 20], e.g. up-conversion emission. Energy applications include
ion-conducting glass-ceramics as components for lithium batteries and sealants for solid oxide
fuel cells [21]. For architectural applications, the wollastonite glass-ceramic Neopariés® [3], used
in construction, is a good example. In the biomedical field, glass-ceramics are used for bone
replacement materials or as dental restoration [22-28].

Important glass-ceramics for biomedical applications, their crystalline phases, properties, and
application are listed in Table 1.1. These glass-ceramics exhibit better mechanical properties than
bioactive glasses, but their bioactivity is lower. Thus, a research aim in the 1990s was to develop a
new glass-ceramic, combing the high bioactivity of Bioglass 45S5 with the good mechanical proper-
ties of the glass-ceramic Cerabone. The glass-ceramic Biosilicate, developed in 2007, fulfilled these
requirements, highlighting the role of crystallization in both, bioactivity and mechanical proper-
ties [30, 33, 49].

Bioactive Glasses and Glass-Ceramics: Fundamentals and Applications, First Edition.
Edited by Francesco Baino and Saeid Kargozar.
© 2022 The American Ceramic Society. Published 2022 by John Wiley & Sons, Inc.
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Table 1.1 Selection of commercial bioactive glass-ceramics: composition, crystalline phases,

crystallization mechanism and applications.
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Composition Crystalline Crystallization
(Wt%) phases mechanism Application References
Dicor
56-64Si0 Mica (K,Mg.Si O, F,) Internal Dentist [29]
2 2 ME5015Uno Yy ry
15-20MgO crystallization from
phase separation
12-18K,0
4-9F
0.5Zr0O,
Ceravital
40-50Si0, Devitrite (Na,Ca,Si,O,,) Internal Replacing the [30, 31]
5_10Na2.O Ap crystallization ossicular chain
2 (middle ear)
30-35Ca0O
10-50P,0,
2.5-5MgO
0.5-3K,0
A/W Cerabone
34.0Si0, Ap Surface Bone replacement  [25, 32]
4.6MgO Wollastonite (CaSiO,) crystallization (from (e.g. iliac crest)
the surfaces of glass
44.7Ca0 particles)
16.2P,0,
0.5CaF,
Biosilicate
48.58i0, Na,CaSi, O, or Internal Orthopedics, [30, 33-38]
23.75Na.0 Na,CaSi, O, and crystallization dentistry, treatment
2 NaCaPO, (depending on of dental
23.75Ca0 the thermal conditions) hypersensitivity
4P,0,
Bioverit I
5.5-9.5Na,0/K,0 Fluorophlogopite mica Internal Orthopedics, head  [32, 39]
13-28Ca0 (Na/KMg,(AlSi, 0, F,)) crystallization from and neck surgery
hase separation
6-28MgO A P P
g P droplets
0-19.5A1,0,
29.5-50Si0,
8-18P,0,
2.5-7F
some TiO,
Bioverit II
7-10.5Na,0/K,0 Fluorophlogopite mica Internal Orthopedics, head  [32, 39-43]

0.1-3Ca0O
11-15MgO
26-30A1,0,
43-50Si0,
0.1-5P,0,
3.3-4.8F

(Na/KMg,(AlSi,0,,F,))

Cordierite
(Mg,Si;Al,04)

crystallization from
phase separation
droplets

and neck surgery

(Continued)
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1.2 Controlled Crystallization of Glasses

Table 1.1  (Continued)

Composition Crystalline Crystallization
(wt%) phases mechanism Application References

Lithium silicate glass-ceramics

Li,0-K,0- Li,SiO, Internal Dentistry [44-47]
Al,0,-Si0,~ LiSi.O crystallization
(ZnO) .2 25

Li,PO,

Depending on the

composition

Bioverit IIT
45-44P,0, Ap Internal Orthopedics [39, 40]
6-18A1,0, Berlinite (AIPO,) crystallization
3-19Ca0 Varulite-like type
11-18Na,0 (Na—-Ca-Fe phosphate)
1.5-10 Additional
agents
IPS d.SIGN®
50-65Si0, Leucite (KAISi,O,) Surface Dentistry [48]
8-20AL.0 Ap crystallization of
23 Leucite. Internal

7-13K,0 NaCaPO, crystallization of Ap
4-12Na,O0 and NaCaPO, from
0.1-6Ca0 phase separation
0-5P,0
0.1-3F
0-3 Additional
agents

Ap: (Fluor)Apatite.

1.2 Controlled Crystallization of Glasses

Glass-ceramics are prepared by controlled heat treatment of glasses. When discussing crystalliza-
tion of glasses, two different sequences must be distinguished: (i) spontaneous and uncontrolled
crystallization occurring during cooling of the melt, which is an undesired event and typically
leads to poor mechanical properties of the final material, and (ii) controlled crystallization
by performing a single or successive heat treatments on a glass by following a well-defined
time-temperature protocol, obtaining the desired crystalline fractions, crystal sizes, and mor-
phologies. The process is described in several reviews [6, 50-53]. Controlled heat treatment allows
us to obtain glass-ceramics. In 2017, technical committee TCO07 of the International Commission
on Glass (ICG), dedicated to crystallization and glass-ceramics, published an updated definition
of glass-ceramics, considering current advanced preparation routes, new compositional families,
a broader range of crystalline fractions, and including both surface and bulk crystallization [54].
Thus, a more complete definition was proposed: “Glass-ceramics are inorganic, non-metallic
materials prepared by controlled crystallisation of glasses via different processing methods.
They contain at least one type of functional crystalline phase and a residual glass. The volume
fraction crystallised may vary from ppm to almost 100%.” (Bioactive) Glass-ceramics are typically
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prepared by (i) conventional melting and thermal treatment of the parent glass; (ii) sintering and
crystallization of glass powders, or (iii) by sol-gel technology, which is an interesting example
for the development of new coatings of orthopedic metallic implants (such as Ti-based alloys) to
improve their integration with the host tissue and facilitate bone induction and cell proliferation
[55-57]. 1t is also possible to prepare glass-ceramics by simultaneous sintering and crystallization
of glass powder compacts with or without dopants to stimulate local tissue repair [25, 58].

Crystallization is an exothermic process and occurs in two stages: first, at temperatures slightly
above the glass transition, nucleation takes place. The second stage, crystal growth, takes place at
higher temperatures to promote the growth of those nuclei. The time necessary to develop the
desired crystal fraction, including crystal size, depends on well-defined nucleation (I) and crys-
tal growth (U) rates at a given temperature. The crystallization process is framed in the classical
nucleation theory (CNT) [50, 52, 53, 59, 60], which is still being updated [6, 61-65].

1.3 Nucleation

The atoms in a glass constantly vibrate owing to their inherent thermal energy. Given the right
circumstances of compositional fluctuations, temperature (below liquidus T} ), and time, individual
structural units can join to form a nucleus of critical size, with radius r". This will be the precursor of
a crystal with further heat treatment. Below the critical size r* the nuclei are not stable and dissolve
in the glassy matrix. In order to cover the whole r range, from nonstable embryos to stable nuclei
above the critical size, we will refer to clusters.

Nucleation can be homogeneous (HOM) or heterogeneous (HET), depending on the existence of
nucleation sites [63, 66]. Table 1.2 summarizes the most important features of both mechanisms
[63, 66, 67].

The equations needed to calculate the thermodynamic and kinetic parameters of nucleation and
crystallization are very usefully summarized in some publications [62, 68-71]. Assuming a spheri-
cal cluster, the variation of the free energy associated to the cluster formation can be expressed as a

Table 1.2 Differences between homogeneous (HOM) and heterogeneous (HET) nucleation.

HOM HET

Main characteristics

Nucleation without nucleation sites Presence of nucleation sites
Nucleation starts in the volume of the glass and the Nucleation can start in the volume (through the
probability of nucleation is equal everywhere addition of nucleating agents) or at the surface
(through foreign species). It can enable epitaxial
growth
Variables
Temperature, time, pressure Temperature, time, pressure, specific energy,

chemical gradients, stresses

Free energy for the formation of a critical size nucleus, AG"

AG*(HET) =

3AG? - 2,
v AG*(HOM)- (1 —cos 0) . (2+cos 0)

3
AG*(HOM) = 167~

0 is the contact angle of the nuclei species at the surface of the active sites (¢ = 180° for HOM, 6 < 180° for HET), ¢ is
the free energy per unit area of crystal/glass interface, and AG,, is the free energy change per unit volume of crystals.



https://lwww.twirpx.org & http://chemistry-chemists.com

1.3 Nucleation

/ o dependent term

AG t-——————-- ._f _____

*Stable nuc\el’
i
i
I
i
i
i
i
I
i

Free energy of cluster formation AG
Nucleation and crystallization rate

| -AG, dependent term ™\,

F(adiusr Temperature

(a) (b)

Temperature
z,

Figure 1.1 (a) Schematic representation of the free energy for cluster formation, AG, as a function of
cluster size r. AG" and r" are the thermodynamic barrier for nucleation and critical cluster size, respectively.
(b) Schematic illustration of Tammann’s curves, showing nucleation and crystallization rates, / and U. The
overlapping area of both curves (shaded in grey) usually gives the interval of crystallization. (c) Sketch of a
TTT curve for a crystallized volume fraction of x = 10-%. Nose temperature and the corresponding time are
indicated as T and ty, respectively.

function of its radius r. This variation of free energy is represented as the sum of two contributions
(Eq. (1.1)):

AG = %‘::PAGV +dnr’o 1.1

which contains a volume-dependent term (cubed dependence with radius, r*) and a surface-
dependent term (squared dependence with radius, r?) (Figure 1.1a). The former represents the
energy decrease on ordering an amorphous region to form a crystalline lattice, and it is given by the
volume V = 4xr3/3 (for a spherical cluster) multiplied by the free energy of crystallization per unit
volume, AGy,. The second term is surface-dependent, and it is associated with the energy involved
to form a new spherical surface of solid/liquid interfacial area 4xr?, i.e. the crystal/liquid interfacial
free energy, o, which can be estimated [68]. The free energy of crystallization, AG,,, depends on the
undercooling, AT = T — T,, according to AGy, = AT L/T;, where T is the liquidus temperature,
T is a given nucleation temperature and L is the latent heat of fusion per unit volume. AGy, is
negative (AGy = Gy(crystal) — Gviamorphous))» Since the forming nucleus has a lower Gibbs free energy
than the undercooled liquid for T < T . The actual driving force for nucleation is AG,,. Figure 1.1a
shows schematically the plot of AG as a function of r (Eq. (1.1)). For low values of r, the square
term dominates over the cubic term, so that AG initially increases until a maximum and then
decreases, when the volume-dependent term dominates. The maximum of the curve of AG vs.
r corresponds to the critical radius r*, where dAG = 0. Deriving Eq. (1.1) and equaling zero, the

5
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critical radius r" is given by
o 20
AGy

Note that AG,, is negative and, thus, r is a positive value. Substituting in the volume term of
Eq. (1.1),

1.2)

3
AGH = l6no

= 3@Gy? (1.3)

where AG" (or W" in some publications) represents the energy to overcome the nucleation barrier,
i.e. the free energy for the formation of a critical size nucleus (Figure 1.1a). From Eq. (1.3), the strong
(square) dependence of AG" on the temperature is clear (since AGy, = AT L/T}). Thus, the AG curve
(Figure 1.1a) will vary depending on the nucleation temperature [62]. Considering that AG = AGy;-
Va,and AG=(AH,- AT)/T,, (V,, is the molar volume of the crystalline phase, AH, is the melting
enthalpy per mole, AT is the undercooling, and T,, is the melting temperature), and substituting
AG,, in Eq. (1.3), a more practical expression of AG" is given [68]:

1610’ VAT?
~ 3AH2AT?

*

(14)
It is worth noting that r* (Eq. (1.2)) and AG" (Eq. (1.3)) decrease with increasing the degree of
undercooling, AT, i.e. with decreasing temperature. At very high temperatures (small undercooling
AT) r* would be so large that it would not be possible to form a stable nucleus (note that for the
extreme case of AT = 0 the values of r* and AG" become infinite, Egs. (1.2) and (1.4)). Moreover, this
would imply that all glasses should be able to nucleate at temperatures well below T, (because of
the very low thermodynamic barrier AG"), which does not agree with the experimental results.
Thereof, kinetic considerations must be taken into account.

Considering the kinetic aspect of the nucleation, the rate at which the nuclei will appear in the
glass at a given temperature is given by the steady-state nucleation rate, I (nuclei/m? s):
AG* + AGy >

T 1.5)

I=A exp <—

where A is a preexponential factor, A =n,-kT/h, h is the Planck constant and n, is the number of
atoms per unit volume, n, = N, /V,, [68], and represents the probability of formation of a nucleus
of critical size (<103 s~! m~3 for HOM nucleation of silicate glasses [62]). AG"/kT (or W*/kT) and
AGp/kT (k is the Boltzmann constant) in Eq. (1.5) represent the thermodynamic and the diffusion
barriers for the formation of a critical size nucleus and for diffusion (of atoms toward the nucleus
interface), respectively.

The kinetic barrier, AG,/kT, can be expressed considering the atomic jump distance, 4, and the
diffusion coefficient, D =kT/An, [62] as follows:

AGp _ In (kT’12> (1.6)

kT hD

AG" increases with increasing (nucleation) temperature (Eq. (1.4)), and thus, I increases until
a maximum, which is close to the glass transition temperature, Tg, of the glass (Figure 1.1b).
A detailed study of the relationship between the temperature of maximum nucleation rate and the
T, is reported in [72]. At temperatures lower than the temperature of maximum nucleation rate,
AGp dominates in Eq. (1.5), and nucleation becomes slower (I decreases), owing to an increase
of viscosity (diffusion coefficient D decreases) and the associated limited atomic mobility with
decreasing temperature from T, (Figure 1.1b).
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A very useful example of how the thermodynamic parameters of the nucleation process are cal-
culated is found in the paper by Cabral et al. [68], where I, AG", AGy, and ¢ are represented as
a function of temperature for fresnoite glass. In practice, I can be also determined from the plot
of the nucleus number density (N, nuclei/m?) as a function of time of treatment at a fixed nucle-
ation temperature. N, is determined from optical or scanning microscopy experiments using image
analysis software, by counting the number of nuclei per unit of area [73], or even through thermal
analysis [74]. At the beginning of a nucleation treatment N, increases quasi exponentially with
time, then a linear increase of N, takes place, which is the stationary nucleation regime. The nucle-
ation rate, I (nuclei/m? s), corresponds to the slope of that straight segment. An interesting example
for a high value of nucleation rate is that of fresnoite glass, which exhibits one of the highest nucle-
ation rates (10'” m=3 s71) measured in inorganic glasses [68, 75]. Nucleation rates of Li,0-SiO, and
Na,0-2Ca0-3Si0, glasses have been also determined [70, 73].

Experimentally, an estimation of the temperature of maximum nucleation can be obtained from
thermal analysis [74]. Plotting the crystallization temperatures of differential scanning calorimetry
(DSC) curves (crystallization peak, T,) as a function of different nucleation temperatures, a curve
will be obtained, whose minimum is the most effective nucleation temperature.

For the two mechanisms of nucleation (Table 1.2), the energy for critical cluster formation is
usually lower in HET than in HOM, since nucleation is facilitated (catalyzed) in the presence of
a crystalline primary nucleus in the former. Moreover, in HET, the interfacial energy (Eq. (1.1)) is
reduced. These active nucleation sites can be nucleating agents intentionally added to the composi-
tion for this purpose (typical examples are TiO,, ZrO,, Fe,0,, Au, Ag, Pt, or Pd), or it may happen
in an undesired/uncontrolled way through impurities, bubbles, foreign species on the container
walls or in the atmosphere, etc. The main condition for HET to take place is proper wettability of
the primary nucleus with the nucleating sites, which is given by the contact angle ©@. HET is partic-
ularly effective if the lattice parameters of crystal and nucleating site (in at least two directions) do
not differ by more than 15%, which is called epitaxial growth. Table 1.2 displays the thermodynamic
barrier for formation of a critical size (+*) nucleus (AG") for both mechanisms. Nucleation rates of
both mechanisms can be determined experimentally [71].

As part of the nucleation stage, phase separation (PS) phenomena in glasses must be considered.
Although PS phenomena are inevitably associated with a source of defects in industrial glass
production (mainly loss of transparency), for the preparation of glass-ceramics by controlled
crystallization may be considered as an advantage. PS can have two different mechanisms:
nucleated and spinodal. For the purpose of this chapter, only nucleated PS will be discussed.
Usually, PS droplets are enriched in network modifiers, while the glassy matrix becomes enriched
in SiO, or other network formers [19]. In a phase-separated base glass, nucleating agents may
accumulate in one of the microphases [66]. These compositional fluctuations inevitably affect the
kinetic of nucleation. Recently, Zanotto reviewed the aspects of PS influence in crystallization [76].
As reported, PS leads to a higher thermodynamic driving force, an increase in the diffusion
of atoms, also increasing the nucleation rate, and lowering the interfacial energy, o. Various
N, vs. time curves of phase-separated glasses were reviewed. For many years, it was believed
that PS droplets act as active sites for nucleation in the volume of the glass, favoring internal
crystallization. However, according to Zanotto [76], PS acts in a different way, in which PS shifts
the composition of the glass matrix toward that of the stoichiometric crystal phase, increasing the
crystal nucleation rate, which is actually the real effect rather than the presence of nucleation sites.
New insight into the role and development of PS droplets in glass-ceramics has been obtained in
the last years thanks to the availability of latest generation transmission electron microscopes. The
work by Hoche and coauthors is worth mentioning here [19, 77-82].
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1.4 Crystal Growth

Once the nuclei have reached the critical size (r"), they are able to grow to form crystals through
deposition of atomic layers. Similar to the nucleation process, this stage is characterized by the
crystal growth nucleation rate, U, which also contains a thermodynamic and a kinetic barrier.
The kinetic term is governed by the diffusion of atoms, which are joined with the growing crystal
(proportional to the activation energy for diffusion AGp), but also those which are detached and
return to the liquid (proportional to AG,+AG,,). Considering these two contributions, the net
crystal growth rate is expressed by:

kT —AG, AG,
U_fﬂrexp<7> <1—exp< T >> 1.7)

where f is the fraction of sites on the interface where the atoms are preferentially attached or
removed, and can be determined experimentally [83], 4 is the diffusion distance or distance
advanced by the interface (usually taken as a molecular diameter) [83], and 7 is the shear viscosity.
The diffusion coefficient of the Stokes-Einstein/Eyring equation: D =kT/A# is implicit in Eq. (1.7)
through Eq. (1.6). Note that the diffusion in the crystal growth stage is not necessarily the same
as for the nucleation stage, since the diffusion of the atoms during nucleation is more local
(over smaller distances) than during the crystal growth stage. A very useful description of the
role of the diffusion coefficient in the crystal growth has been published [84]. Note that at T,
(undercooling AT = 0), AG,= 0 and U = 0 (Figure 1.1b). Lowering the temperature from T,
(increasing undercooling) leads to an increase in the crystal growth rate U until a maximum is
reached. Similarly to the nucleation rate I, when the diffusion term governs at low temperatures
and approaches zero, the crystal growth rate U decreases (Figure 1.1b).

In practice, and similar to I, U can be also determined from plots of size (or radius) of crystals
(determined by microscopy or from X-ray diffraction analyses using the Scherrer equation) as a
function of treatment time at a fixed temperature. The slope of the straight line is the crystallization
rate U (um/min) [75].

Moreover, the time dependence of the crystal size (r) can be fitted according to r = U-t?, where r
is the average crystal radius, U is the growth rate, t is the dwell time of the heat treatment, and p is
the growth exponent [85].

When preparing (bioactive) glass-ceramics, controlled heat treatment is usually performed
below liquidus temperature. U usually increases with temperature until a maximum (Figure 1.1b).
At higher temperatures than that of the maximum, the crystal growth rate decreases, owing to
the difficulty of dissipating the heat from the crystallization process. At lower temperatures, high
viscosity hinders crystal growth. Thus, the role of viscosity (and thus, diffusion) is key to improve
and update nucleation and crystal growth equations [61, 83, 86-88].

If nucleation and crystal growth rates (I and U) are plotted together as a function of temperature
(Tammann’s curves [51, 62]), it is obvious that the maximum of I occurs at lower temperatures
than that of U. The overlapping of both curves usually gives the interval of crystallization, in the
way that the larger the overlap, the higher the crystallization tendency [89] (Figure 1.1b).

In a typical double-stage heat treatment, where nucleation treatment is carried out first and then
crystal growth treatment follows at higher temperature (this is carried out when the I and U curves
overlap only minimally or not at all), the kinetics of both processes are key for the development of
glass-ceramics. The kinetic dependence [71, 90, 91] can be described through the following time
parameters: an initial time, ,, which is the time at which the first structural units are experimen-
tally detected, and which corresponds to the first experimental point of the N, vs. time curve; the
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induction time, t, 4, which in the N, vs. time curve comprises the time between ¢ = 0 and the inter-
ception of the straight line with the time axis [70, 73]. The induction time, f, 4, is in fact the sum
of three contributions [91]: time lag, =, which is the period of time in which the size of the nuclei
grows until r* (r <" regime), the average time of formation of the first supercritical nucleus in the
steady-state nucleation regime, ¢, [91], and incubation time, t;, which is the time required by the
nuclei/crystals to grow to a detectable size and, of course, depends on the temperatures of the nucle-
ation and crystal growth processes [91]. Moreover, the heating rate of the heat treatment plays a
significant role in the kinetics of nucleation and crystal growth, as discussed by Deubener et al. [91],
since the induction time, 4, increases with increasing heating rates with a cubic root dependence.

From a practical point of view, thermal characterization techniques, like DSC [74, 92], heat-
ing microscopy, or viscometry [93], also in combination with optical and electron microscopy
nucleation studies, are widely employed to determine the thermodynamics and kinetics of
crystallization in glasses. Good examples are the studies by the groups of Zanotto and Deubener,
among others [62, 63, 74, 83, 84, 86-88, 91].

Time-temperature-transformation curves (TTT curves) are a very useful representation of the
crystallization process [54, 71] (Figure 1.1c). A very illustrative use of TTT curves is for the deter-
mination of the minimum cooling rate necessary to form a glass (without crystallization occurring),
which is the critical cooling rate, q.. Uncontrolled crystallization upon cooling of the glass melt can
be avoided if cooling is rapid enough (there is no time for reorganization of atoms to form ordered
structures). The critical cooling rate can be determined from the TTT curve for transformation
(crystals concentration) x = 1075 (1 ppm), which is assumed to be the detection limit by conven-
tional experimental techniques. The critical cooling rate is then q, = (T, — Ty )/ty, Where Ty is the
“nose temperature” of the TTT curve, which corresponds to the temperature at which the time to
achieve a crystal fraction of 107° is the shortest (shortest time, ) [54, 71] (Figure 1.1c).

Related to the HOM and HET classification, crystallization can be also classified as internal
(also called volume or bulk crystallization) or surface crystallization [94], depending on where
the nuclei formation starts. Although most glasses undergo internal crystallization (HOM or
HET) [22, 30], some well-known glass-ceramics which crystallize following a surface crystalliza-
tion mechanism are cordierite (2Mg0-2Al,05-5Si0,), diopside (MgO-Ca0-2Si0,), and devitrite
(Na,0-3Ca0-6Si0,) glass-ceramics, which are obtained from stoichiometric or near-stoichiometric
glass compositions [95] (and refs. therein). Moreover, a third possibility exists, since surface and
bulk crystallization may occur simultaneously (even competing) (Figure 1.2) [64, 97]. Table 1.1
displays some of the bioactive glass-ceramic systems showing internal or surface crystallization,
or a combination of both.

Although it can occur in bulk pieces, surface crystallization is the predominant mechanism in
powders, owing to the larger relative surface area. Thus, its study is particularly important when
the bioactive glass-ceramics are intended to be used as powders, particulates, or slurries [98] or
as scaffolds obtained by sintering of glass powders. By contrast, internal crystallization of bioactive
glass-ceramics must be investigated when bulk pieces are used for application as monoliths. Unlike
glass powders, bulk pieces can be machined to specific geometries. As a combination of both, pow-
der compacts can be prepared by sintering of glass powders as well. Here, surface crystallization
takes place at the surface of the powder grains, while internal nucleation may occur in the interior
of the grains. Whether powder or bulk material are used depends on the final application.

The influence of the heat treatment on glass-ceramic microstructure is illustrated in Figure 1.2,
using leucite-apatite glass-ceramics as an example [48, 64, 96, 99]. Leucite crystals form at the sur-
face and grow dendritically into the bulk, as shown in a cross-section micrograph in [48]. Apatite
crystals are formed in the bulk of the glass-ceramic, and their morphology can be tuned from
droplets to needles, depending on the heat treatment (Figure 1.2) [64].
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Leucite—apatite glass-ceramics

CaO-P,0g riched PS droplets
Volume + SiO,, rich matrix Surface

crystallization crystallization

I

700°C-8h i 900-1200 °C |
Droplet like- FAp Leucite

700°C-8h+1050°C—-2h
Needle like- FAp

Figure 1.2 Scheme of leucite-apatite glass-ceramics, showing the crystallization of leucite at the surface
(right) and that of fluorapatite (FAp) in two different morphologies in the volume (left). Source: Micrographs
of the phase separated glass, droplet like- and needle like-FAp are from Holand et al. [64], with permission

of Elsevier. Micrograph of the surface crystallization of leucite is from Holand et al. [96], Figure 03,
p. 03/with permission of John Wiley & Sons, Inc.

1.5 Conclusion

Glass-ceramics offer the possibility to fine-tune crystal phase, size and fraction, and, ultimately,
the bioactivity of a material via heat treatment. This illustrates the relevance and possible impact
of crystallization for bioactive glass-ceramics, but it also shows that for these materials a broader
range of applications may be possible than for the precursor parent glasses. If we know the main
parameters governing nucleation and crystallization processes in glasses and understand the
influence of temperature, diffusion, viscosity, phase separation or nucleating agents, a successful
temperature—time protocol can be established to obtain the desired microstructure. This makes it
possible to prepare (bioactive) glass-ceramics which meet the requirements for a particular clinical
application.
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2

Crystallization of Glasses and Its Impact on Bioactivity
and Other Properties
Araceli de Pablos Martin and Delia S. Brauer

Otto Schott Institute of Materials Research, Faculty of Chemistry and Earth Sciences, Friedrich Schiller University, Jena, Germany

2.1 Bioactive Glasses

Bioactive glasses present two main advantages compared to other materials used as clinical
bone-grafts [1]: it is possible to tune their physical, chemical, and biological properties via their
composition as they do not depend on a specific stoichiometry, and they allow for shaping
at elevated temperatures, to obtain fibers, coatings, or complex sintered structures such as
three-dimensional porous scaffolds [2]. There are, however, still several open questions, which
prevent us from exploiting these materials to their full extent. Many of these questions are related
to the crystallization behavior of these glasses and how it affects key properties such as sintering,
mechanical stability, and bioactivity. Some researchers claim that this crystallization impedes
bioactivity and thus needs to be avoided at all cost [3, 4], while others state that bioactivity is not
affected significantly or even improves bioactivity [5-8].

Bioactive glasses contain large amounts of modifier ions (Na*, K*, Mg?*, Ca?"), and as a result,
their silicate network is highly disrupted, with large concentrations of non-bridging oxygens [9].
This disrupted silicate network is critical for degradation and ion release [10]. However, such a
highly disrupted silicate network also means that these glasses crystallize easily during heat treat-
ment, such as sintering [11-13]. This pronounced tendency to crystallize means that a lot of avail-
able data on bioactive “glass” scaffolds in the literature actually represent data on glass-ceramics
or crystallized glasses [14].

The design of bioactive glasses is often based on the network connectivity (NC) model. NC is
the average number of bridging oxygens per network forming element (here silicon) in the glass
structure [9, 15]. Considering a maximum of four bridging oxygen atoms per silicon atom, and
phosphorus only present as orthophosphate species (PO,3~) [9], NC of a glass is calculated accord-
ing to Eq. (2.1), where M!,0 and MO are typical modifier oxides [16, 17]:
I [siO,] -2 [M',0 + M"O] + 6 [P,0;]

S [Si0, ]
NC must be adjusted to fulfill the ion release requirements and thus, the bioactivity, while main-
taining the desired thermal behavior and stability, e.g. tendency to crystallize. An NC between 2.0
and 2.6 has been suggested optimum for bioactive glasses [18], and while NC = 2.4 has been put
forward as the cutoff value for bioactivity [19], glasses with higher NC have been shown to degrade

and surface mineralize in aqueous environments and perform well during in vitro cell culture
studies [20].

2.1)

Bioactive Glasses and Glass-Ceramics: Fundamentals and Applications, First Edition.
Edited by Francesco Baino and Saeid Kargozar.
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2 Crystallization of Glasses and Its Impact on Bioactivity and Other Properties
2.2 Bioactive Glass-Ceramics

Glass-ceramics are prepared by controlled crystallization of glasses. Initially, the motivation to
study bioactive glass-ceramics originated from the mechanical limitations of bioactive glasses
[21]. Results indicated, though, that additional improvements can be obtained by crystal-
lization. In 1982, Kokubo et al. [22] developed the bioactive glass-ceramic Cerabone-AW®
(Nippon Electric Glass Co, Japan), obtained from the crystallization of a glass in the system
Si0,-P,0,-Ca0-MgO-CaF,, containing oxyfluorapatite and wollastonite crystal phases. This
glass-ceramic not only exhibits much better mechanical properties than bioactive glasses, it also
forms a tight bond to bone in vivo. Moreover, it can be machined into various shapes, which is
an important benefit for clinical applications [22-24]. Since then, glass-ceramics have been used
clinically as structural materials in load-bearing applications such as vertebral spacers or iliac
crest prostheses [25].

Beside the possibility to tune properties via composition, glass-ceramics provide an additional
variable with the type of crystalline phase(s) present. The presence of certain crystalline phases
can be tuned via glass composition and subsequent heat treatment. As shown below, the nature
of the crystals embedded in the glassy matrix as well as their morphology, size, and quantity has
tremendous influence on the thermal, mechanical, and biological properties of a glass-ceramic.
On the one hand, the mechanical properties of glass-ceramics are superior than those of glasses
[26, 27]; on the other hand, crystallization may compromise bioactivity in some cases. Thus, to
achieve an ideal biomaterial, a balance between bioactivity and mechanical strength must be
achieved.

2.3 Influence of Crystallization on Processing

The thermal properties of a glass determine the processing regime for bioactive glasses and
glass-ceramics, while thermal properties in turn are governed by glass composition and structure.
Controlled crystallization is key for tailoring the properties of glass-ceramics. Spontaneous
crystallization, by contrast, caused by a pronounced tendency to devitrify during cooling of the
melt, is undesirable because it prevents us from obtaining a bioactive glass in an amorphous state
and makes it challenging if not impossible to control crystal phases, number, and size via heat
treatment.

There are two main network formers in bioactive glasses: SiO, and P,0O,. In general, it can be
said that SiO, provides a low-solubility matrix that compensates the excess of solubility of the phos-
phate part. The role of network formers in the structure of bioactive glasses and glass-ceramics,
their crystallization and bioactivity have been discussed previously [9, 15, 28, 29]. In general, while
SiO, increases glass stability against crystallization, P,O; can favor crystallization through phase
separation, or strongly reduce the nucleation rate above a threshold content [28].

Bioactive glasses tend to crystallize easily during both cooling of the melt and heat treatment of
a glass, and one main reason is their low NC compared to conventional silicate glasses. This low
degree of polymerization of the silicate network causes a high mobility of network fragments at
high temperatures, thus facilitating nucleation and subsequent crystallization. While many bioac-
tive glasses show surface crystallization (Figure 2.1), one of the most well-known compositions,
Bioglass 45S5, shows both surface and internal crystallization [33], which seems to impede viscous
flow for both bulk (Figure 2.1a,b) and powder samples (Figure 2.1c,f) [31, 34, 35], thereby imped-
ing full densification [21]. Only when physical load is applied during sintering, densely sintered
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Figure 2.1 Cross sections of heat-treated bioactive glass bulk pieces (a, b) 45S5, (d, e) 1-98, and (g) 13-93 and of heat-treated powder compacts (c, f) 45S5, (h)
13-93, and (i) ICIE16. Compositions (d, e) 1-98 and (g) 13-93 started to flow during heat treatment, causing their shape to become rounded. By contrast (a, b)
45S5 kept the cubic shape. In addition, during sintering of (c, f) 45S5 powder at temperatures up to 300K above glass transition, no dense sintering occurred and
individual grains can still be distinguished, while during the sintering of powders of (h) 13-93 or (i) ICIE16 only small round pores remained behind. Source: (a, b,
d, e) Arstila et al. [30], Figure 01, p. 03/with permission of Elsevier; (c, f, h, i) Blae® et al. [31], Figure 02, p. 05/John Wiley & Sons, Inc./CC BY 4.0; (g) Fagerlund

et al. [32], Figure 03, p. 04/with permission of Elsevier.
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Bioglass 45S5 powder compacts can be obtained [34]. To facilitate the sintering of porous scaffolds
without crystallization occurring, several bioactive glasses with a reduced crystallization tendency
have been developed, e.g. 13-93 (Figure 2.1g,h [36]) or ICIE1 (Figure 2.1i [37]). Crystallization does
not always negatively affect sintering; however, key is that the crystal phases forming do not impede
viscous flow sintering [31].

In order to obtain glass-ceramics of a desired shape, processing is necessary. Systems which crys-
tallize by a volume nucleation process, i.e. showing internal crystallization, can be cast to shape
from the melt. The resulting glass is then exposed to an additional heat-treatment procedure where
crystallization is achieved. Apatite-mullite glass-ceramics are a good example for such a system
[24]. By contrast, in Kokubo’s apatite-wollastonite glass-ceramic [22], both crystal phases formed
by surface crystallization, and heat treatment of the bulk glass is not a viable option to obtain
mechanically stable bulk glass-ceramic pieces. Implants are therefore prepared by heat treating
powder compacts to allow for shaping while still having a homogeneous distribution of crystals
distributed in the bulk and obtaining good mechanical stability.

2.4 Influence of Crystallization on Mechanical Properties

The mechanical properties of implants need to be suited to the application of the material. First,
the morphology of the bioactive glass-ceramics must be considered. Whether the final product is
intended to be used as powder, granules, slurries or scaffolds, or as monoliths, to be machined to
specific geometries, is crucial to determine the mechanical properties needed. Second, an estimate
of the mechanical stresses, to which the material is exposed, is also needed, as the load impact of a
knee or a tooth prothesis is not the same as that of a middle-ear implant. For this reason, Bioglass
4585 bulk pieces were used successfully as implants to replace the ossicular chain in the middle ear
[3] as mechanical load here is negligible and the mechanical properties of Bioglass were acceptable.
Another example is the glass-ceramic Ceravital, which was also used as middle-ear implants [27],
despite its mechanical properties being below the 160 MPa of the human cortical bone. (It later
turned out, however, that fast degradation of Ceravital prevented its successful use as ossicular
prostheses [38].)

It is well known that the mechanical properties of glass-ceramics are superior of those of glasses
[26, 27]. The presence of crystals embedded in a glassy matrix is responsible for crack deflections
and, thus, for improving the resistance to crack propagation. If crystallization of glass powders (e.g.
during the preparation of scaffolds) occurs at lower temperatures than the end of the sintering,
however, full densification is not achieved (Figure 2.1c,f) and the mechanical properties may be
compromised [31, 34, 35]. As a result, mechanical stability of sintered constructs such as porous
scaffolds tends to be lower for 45S5 than for bioactive glasses with improved sintering such as 13-93
[22]. By contrast, if crystallization takes place in a controlled manner, not only the mechanical
properties but also the bioactivity can be improved with respect to those of the parent glasses. Thus,
where crystallization originally seemed to be a disadvantage, it has become a possibility to improve
these materials, by turning glasses into glass-ceramics.

Studies on Biosilicate [39] showed that the glass-ceramic with 34% of crystalline volume
showed much better mechanical properties than the parent glass, while the crystal size seemed
to have a lower influence on mechanical performance. The type of crystal phases present can
also have direct influence on the mechanical properties of a glass-ceramic. This is particularly
noticeable in apatite-containing glass-ceramics such as the apatite-wollastonie, apatite-mica, or
apatite-mullite systems [24], where the function of the apatite phase was to provide bioactivity (as
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discussed below), while the additional phase provided mechanical strength. The glass-ceramic
Cerabone-AW possesses excellent mechanical properties [24, 27, 40]. Of the crystalline phases
present, wollastonite (CaSiO,) strongly improves the mechanical properties of glass-ceramics.
Especially compressive strength (up to 1080 MPa), flexural strength (up to 215MPa), Young’s
modulus (118 GPa), and fracture toughness (up to 2 MPa/m'/?) are much higher than those of
bioactive glass-ceramics without wollastonite crystal phase [24]. Machinability of glass-ceramics
is important in orthopedics and dentistry. In the Bioverit glass-ceramics, machinability originates
from the presence of mica crystals. While both Bioverit I and Bioverit II contain a mica crystal
phase, the mica crystals present in Bioverit I show the typical morphology of flat flakes, while those
present in Bioverit II are curved, arranging themselves in spherical lamellae, giving the crystals
a cabbage-like appearance [41, 42]. As a result, Bioverit II is easier to machine than Bioverit I.
The influence of variation in composition or heat treatment on glass-ceramic microstructure is
illustrated in Figure 2.2, using Bioverit as an example [41, 43, 44, 47].

2.5 Influence of Crystallization on Bioactivity

In the literature, the term “bioactivity” of glasses or glass-ceramics may refer to one of several
aspects of behavior. Strictly speaking, bioactivity can only be tested in vivo, showing the integration
of an implant material into the living tissue, such as the bonding of bioactive glasses to bone [48].
Many people, however, refer to in vitro apatite formation as “bioactivity,” even if no living system,
not even cells in vitro, are present. Others talk about bioactivity if compositions have shown good
results during in vitro cell culture studies, e.g. with osteoblasts or other relevant cell lines. In this
chapter, to avoid confusion, we will refer to “in vitro apatite formation” when talking about the
precipitation of apatite-like crystal phases on the surface of a bioactive glass or glass-ceramic when
immersed in acellular simulated physiological solutions (such as simulated body fluid, SBF). When
referring to results from cell culture studies, we will talk about “in vitro bioactivity.”

Bioactivity in vitro or in vivo is often related to solubility or ion release rate from a material.
In addition, for many bioactive glasses or glass-ceramics, the subsequent process of surface
mineralization, e.g. by apatite precipitation, plays a significant role. Both differ for glasses and
glass-ceramics, and for the latter, they also vary with composition of the crystalline phase, as
shown in Table 2.1.

We will first look at the effect of solubility or ion release. It has long been known that bioac-
tive glasses not only bond to living tissue when implanted but they also degrade over time [53, 54],
allowing for bone to be regenerated and, eventually, replaced by the body’s own bone tissue [55].
Degradation rate here needs to match the rate of tissue formation. If the implant degrades too fast,
not only will this prevent cells from attaching and proliferating on the implant surface but also high
ionic concentrations owing to fast dissolution may compromise cell viability and result in cytotox-
icity [56]. While the pronounced pH increase caused by fast ion release from Bioglass 45S5 makes
preconditioning necessary for in vitro cell culture studies [57], this has not prevented its successful
clinical application [58], showing that in vivo fluid exchange may overcome some issues related
to degradation and solubility. The inherent release of ions from bioactive glasses is also related to
their bioactivity in vitro and in vivo. The controlled release of ions in therapeutic concentrations,
e.g. the release of specific amounts of soluble silica species, has been shown to stimulate cells in
vitro [59], making bioactive glasses of interest for the controlled release of therapeutic ions directly
at the implant site [60]. In addition, the release of ions such as calcium or phosphate is a key step
during the formation of mineralized surface layers, as discussed further below.
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Figure 2.2 Influence of changes in composition or heat treatment regime on crystal type (phlogopite mica, apatite) and microstructures of Bioverit
glass-ceramics [41, 43, 44]. Arrows indicate heat treatment. (a) SiO, ~AL,0;-Mg0-K,0~F system. The base glass shows silicate phase separation (PS) droplets.
Controlled crystallization resulted in flat, flake-shaped (*house of cards”) phlogopite mica Na/KMg;AlSi;0,F,. After increasing the Al,0, and MgO content,
curved phlogopite mica crystallized. As the glassy matrix becomes depleted in F and alkali during mica crystallization, additional crystallization of cordierite,
Mg, (SisAl,O,4), takes place (the same thing happens if the concentrations of MgO and AL, 0; increase further with respect to SiO,), which is the final
microstructure of Bioverit II. By controlling both crystallizations, it is possible to tune the degree of transparency of the final glass-ceramic. (b) An increase in CaO
and P,0 content can lead to the separation in two or three phases (left and right, respectively). (b, left) In the P,0-enriched mica-based
glass-ceramic-controlled heat treatment leads to crystallization of needle-like apatite. (b, right) For high MgO and AL, 05 content in addition to P,0; enrichment,
three phases are formed in the glass. From the small droplet phase rich in Si, M*, and F, flat mica crystals form, while the large droplet phase rich in M2+, P,0,
and F leads to homogeneous nucleation of apatite, resulting in the typical microstructure of Bioverit |. Source: Micrographs of silicate PS droplets, curved mica,
and phosphate PS droplets adapted with permission from Vogel et al. [44], Figure 03, 07, 08, p 04, 07, 08 / With permission of Elsevier. Micrograph of the
house-of-cards flat mica reprinted with permission from Rashwan et al. [45], Figure 05, p 06 / With permission of Elsevier. Micrographs of curved mica and
cordierite, phosphate and silicate PS droplets and apatite-flat mica reprinted with permission from Vogel and Holand [43], Figure 01, 02, 03, p 02, 03 / With
permission of Elsevier. Micrograph of apatite needles reprinted with permission from Hoche et al. [46], Figure 03, p 05 / With permission of American Chemical
Society.
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A crystalline phase is more thermodynamically stable than an amorphous phase of the same
composition, providing bioactive glasses with a higher solubility than the respective crystalline
materials. Controlled crystallization thus reduces and can even tune the dissolution rate, enabling
a better control of cytotoxicity [51]. For some phosphate glass compositions, an increased solubil-
ity of the glass-ceramic compared to the parent glass has been reported [61], showing that it is not
the presence or absence of crystalline phases per se but the type of crystal phase which needs to be
considered. Some studies pointed out that volume crystallization leads to a lower cytotoxicity than
surface crystallization [52]. Silicon ion release was reported not to vary significantly with crystal-
lization [23], which may be related more to the low solubility of silica species in aqueous solutions
[62]. In each case, however, solubility of the final glass-ceramics not only depends on the type and
relative amount of crystal phases present but also on the composition and structure of the glassy
matrix. If the NC of the glassy matrix in a glass-ceramic is higher than that of the parent glass, it
can be expected to have a lower solubility. Should the NC of the glassy matrix remain constant,
however, solubility can be expected not to change.

The mechanism of interaction between a 45S5-based glass-ceramic surface and SBF was shown to
comprise the following stages [35]: (i) preferential dissolution at glass/crystal interfaces, (ii) pref-
erential dissolution at crystal structural defects causing break-down of crystalline particles into
finer grains, and (iii) amorphization through introduction of point defects produced during ion
exchange, leading to an optimum ion release in the studied glass-ceramics. Therefore, the assump-
tion that ion release decreases with decreasing residual glassy matrix must be considered carefully.

The second factor affecting bioactivity is surface apatite formation in contact with physiological
solutions. It is typically lower for crystalline solids than for amorphous glasses [63], likely owing
to lower ion release from crystalline phases. Li et al. [4] suggested that apatite deposition on the
surface of a bioactive glass is caused by the formation of a negatively charged surface, which attracts
cations (Ca*") from the solution. Such a negatively charged surface is formed when cationic species,
i.e. modifier ions, are released from the glass. According to them, the existence of a residual glassy
matrix is key for the deposition of an apatite layer on the surface of the glass-ceramics.

However, other studies reported on crystallization not inhibiting the development of an apatite
surface layer, even in fully crystallized glass-ceramics, although the kinetics differed for glasses and
glass-ceramics. Peitl et al. [49] studied apatite formation on 45S5 glass-ceramics during immersion
in SBF. They reported that while all glass-ceramics, with crystallinity ranging from 8% to 100%,
formed an apatite surface layer during immersion, the onset of apatite formation shifted from
10 hours for the amorphous glass to 22-25 hours for the 60-100% crystalline material.

The formation of a crystalline apatite layer depends on several variables, including the rate of ion
exchange, hydroxylation of the glass surface, and pH and ion concentration of the solution. The
effect of crystallinity on apatite formation appears to be related to the connectivity of the residual
glassy phase, which controls the rate of ion exchange and silanol formation. The generally observed
trend is that the crystallization of silicate phases delays but not inhibits the formation of the apatite
layer [64-66] with respect to the parent glasses (Table 2.1). Many bioactive glass-ceramics contain
a phosphate crystal phase, typically an apatite phase either on its own or together with silicate
crystal phases. Duminis et al. [24] and Chen et al. [29] postulate that apatite crystals within a
glass-ceramic may act as nuclei for apatite surface precipitation, by reducing the apatite nucleation
energy, which is typically the limiting factor of apatite crystallization. It further has been reported
that apatite surface precipitation was five times faster in a whitlockite (calcium phosphate phase)
glass-ceramic than in the precursor glass [51]. The authors explained this with two characteristics
of the crystalline phase whitlockite: it is a soluble phase, and it accelerates the crystallization of
hydroxycarbonate apatite (HCA) by acting as a preferential site for nucleation and crystal growth.

23
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Table 2.1  Selection of bioactive glass-ceramics reported in literature and comparison of the in vitro bioactivity between glasses and glass-ceramics.

Glass In vitro bioactive In vitro bioactive
composition Crystalline phase properties of properties of
(wt%) (heat treatment) Crystallinity Test solution the glass(es) the GCs References
48Si0, Na,CaSi;0, 62-100% Tris buffer HCA formation within ~ HCA layer formed in Lietal. [4]
9.5P,0, Ca,(PO,),(O(OH),) 5h GC w1ll_1 62% anFl 89%
(nucleation at crystalline fraction
20Na,0 i i
) 670°C - 15-180 min; after >100 h immersion
22.5Ca0 crystallization at No HCA formation in
750°C - 15-180 min) GCs from 95% crystal
phase
Bioglass 4585 Na,Ca,Si;0, 8-100vol% SBF HCA formation after No inhibition of HCA  Peitl et al. [49]
458i0, (nucleation at 8h formation even with a
550°C - 150h; fully crystallized GC
6P,05 crystallization at
Tys Onset of HCA
24.5Na,0 680°C - 113-66 min) crystallization
24.5Ca0 increases with
crystallinity up to
22-25h for the
60-100% crystalline
material
47.5-50.38i0, Na,Ca,Si;0, 5-100% SBF Onset of HCA Onset of HCA Peitl etal. [7]
23.2-18.5Na,0 (nucleation at formation increases crystallization
520-590 °C - 3 min to with decreasing P increases with
23.2-31.3Ca0 150 h; crystallization at content between 8 h crystallinity between
0-6P,05 620-700 °C - 5-80 min) (6% P,05)and 31h (0%  12h (10% crystallinity)

P,05)

and 25h (100%
crystallinity), and
decreases with the
addition of P,0,
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Glass In vitro bioactive In vitro bioactive
composition Crystalline phase properties of properties of
(wt%) (heat treatment) Crystallinity Test solution the glass(es) the GCs References
Bioglass 4585 Na,Ca,8i,0, 100% SBF (large SBF Ca,SiO, layer Apatite formation after 7 and Plewinski et al. [50]
47.38i0, (1000°C -1h) volume/glass formed on the 14 d immersion
surface ratio) surface after 7d,

22.1Na,0 CaCO,; layer after
24.2Ca0 14 d immersion
(after chemical No apatite
analysis) formation
6.2P,0; (aggressive

corrosion under the

SBF test conditions)
(mol%) Compositions with n.m. SBEF, Tris buffer FAp formation FAp formation between 3and 6h  Chen et al. [29]
28.4-38.1Si0, high CaF,/SrF, within 3 h in Tris in both, Tris and SBF

~ content: uncontrolled and within 24 h Precrystallization favors further
:17‘_‘ 65351;5560/Sr0 crystallization of FAp in SBF FAp formation during immersion
oo and CaF, /SF, upon P release: very P release: higher concentrations
0-25.5CaF,/StF,  cooling of the melt small perceniages i
p to 11%)

(less than 2%)
52.75Ca,;(PO,), 3(Ca,Mg)0-P,0, 27% SBF Formation of an GC-27% crystallinity: onset for Daguano et al. [51]
308i0, (775°C-4h) amorphous Ca-P HCA formation a_\fter 24hand
17.25MgO 3(Ca,Mg)0-P,0, +not  63% layer after 48 h complete formation after 7d

cataloged silicate (775 Onset of HCA Data nonconclusive for the
and 975 °C-4h) formation after 5d  GC-63% crystallinity

(in mol%) Ca,P,0, nm. Tris buffer An increase in CaF, The high dissolution rate of the ~ Nommeots-Nomm

75NaP0O,~(25-x)
CaO-xCaF, (x=0, 5,
10, 15, 20)

CaF, for x = 20

content leads to an
increase in glass
solubility

CaF,-free (x = 0) GC leads to the
loss of bioactivity and increased
cytotoxicity. The GC with x = 20
shows bioactivity and a faster
dissolution compared to the glass
‘when immersed for up to 6 h in
Tris buffer, but it shows slower
dissolution than the glass at
longer immersion times

etal. [52]

GC, glass-ceramic; SBF, simulated body fluid; HCA, hydroxycarbonate apatite; FAp, fluorapatite; TCP, Ca;(PO,),; W, CaSiO;; T, 3MgO-4SiO,; n.m., not mentioned.
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2 Crystallization of Glasses and Its Impact on Bioactivity and Other Properties

Glass-ceramics in which phosphate phases or both silicate and phosphate phases crystallize have
been studied extensively [24, 67-71]. Besides apatite, crystalline phases include rhenanite [72] and
various calcium phosphates [52, 73].

Factors mentioned above may also to some extent affect bioactivity in vitro and in vivo. Azenha
et al. [74] report on two similar glass-ceramics in the system SiO,-CaO-MgO-P,0;-Al,0,-F, both
containing apatite and wollastonite crystal phases in similar weight percentages but showing com-
pletely different bioactivity. While the glass-ceramic with higher Al,O, content (19.04 mol%) in the
residual glassy matrix was bioinert, the glass with much lower content (1.19 mol%) showed bioac-
tivity in vitro and in vivo. Thus, not only the NC of the parent glass should be considered, but in the
case of glass-ceramics also that of the residual glassy matrix.

Unlike glasses, glass-ceramics present a nonhomogeneous elemental distribution, owing to ele-
mental depletions and enrichments caused by the formation of crystalline phases [74]. Living cells
are pH sensitive, and in vitro cell culture experiments have shown cells reacting positively to the
presence of Na-enriched areas in a glass-ceramic, which produced a slightly alkaline pH favorable
to osteoblast differentiation and function. This means that this nonhomogenous microstructure
facilitated a beneficial release of ions here in a way more effective than in an amorphous material
with homogeneous elemental distribution [75].

Kokubo’s apatite-wollastonite (Cerabone) glass-ceramics show a high bioactivity in vivo, with
bonding to bone apparently occurring via the formation of a calcium phosphate surface layer bear-
ing pronounced similarity to apatite [76]. This bond to bone has been shown to be so strong that
tensile fracture never occurs at the glass-ceramic/bone interface, but rather in the bone [23]. Inter-
estingly, apatite-wollastonite glass-ceramics did not form such an apatite-like surface layer during
immersion experiments in Tris buffer solution in vitro, inspiring Kokubo to develop his SBF [77].

In vivo studies [78] have suggested that the presence of an apatite crystal phase within a
glass-ceramic induces bone bonding in an otherwise bioinert material. Here, a glass of the
composition 4.55i0,-3Al,0,-3.2P,0,-3Ca0-1.51CaF, (mol%) was either implanted into rat
femurs as-cast, i.e. in a glassy state, or heat-treated before implantation to obtain a glass-ceramic
containing principally fluorapatite or both fluorapatite and mullite as crystal phases. While the
amorphous glass showed no integration with bone at four weeks, both glass-ceramics showed
good integration with intimate bone contact.

We take this as an indication that the presence of apatite crystals, whether by crystallization
following heat treatment or by surface mineralization creates a biomimetic environment, which
bone cells adhere to, proliferate and differentiate on to form bone. Depending on the nature and
extent of additional processes such as ion release or degradation, this bone integration may be
further enhanced or slowed down.

2.6 Conclusions and Perspectives

Spontaneous, i.e. uncontrolled, crystallization of bioactive glasses is well known to negatively
affect performance. This is particularly noticeable for Bioglass 45S5, where crystallization impedes
viscous flow sintering and thereby drastically lowers the mechanical properties of scaffolds.
Crystallization of the silicate network slows down degradation, ion release, and apatite sur-
face precipitation, but several materials containing such phases, e.g. Biosilicate or Cerabone
(apatite-wollastonite) glass-ceramics, have shown that this does not necessarily translate to
lower in vivo bioactivity. Controlled crystallization is an excellent tool for fine-tuning of various
materials properties. Especially the crystallization of apatite-type phases may induce bioactivity
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to otherwise inert materials. But controlled crystallization is particularly useful to improve
mechanical properties, with glass-ceramics currently used in dental restorations (see Chapter 18)
showing excellent strength. While bioactive glasses, e.g. compositions Bioglass 45S5 or BonAlive
S53P4, have been used successfully as bone regeneration materials, their glassy nature limits their
use to nonload bearing applications. Nevertheless, one focus in bioactive glass research has long
been to avoid crystallization during sintering. Depending on the effect of crystallization on type,
size, and morphology of crystals forming as well as on the properties of the glassy matrix; however,
changes in properties may actually be favorable rather than destructive.

We hope that reading this chapter encourages researchers in the field of bioactive glasses to
embrace controlled crystallization as a valuable tool for tailoring the properties of bioactive glasses
in order to broaden their application range and pave the way toward new clinical implant materials.
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3.1 Background

About 50 years after the first scientific publications of bioactive glasses, two compositions dominate
the market of clinical products: bioactive glass Bioglass 45S5° discovered by Professor Larry Hench
in Florida, USA, and bioactive glass S53P4 developed and widely tested in Finland. This chapter
summarizes the road to the clinical applications of S53P4, commercial products based on it, and
the current activities for new clinical applications.

3.1.1 Discovery of the Concept of Bioactive Glass and 45S5 Composition

The concept of bioactive glass was introduced in 1971 based on the ability of the glass to chemically
bond with the bone after implantation [1]. The bonding developed between the bone apatite and
the hydroxyapatite (HAp) crystals that nucleated and grew at the glass surface due to a sequence of
dissolution and precipitation reactions in vivo. Accordingly, the compositions showing HAp surface
layer formation were classified as bioactive glasses. Ideally, the bioactive glasses were thought to
react and gradually dissolve in a controlled manner while new bone grows. The subsequent glass
dissolution reactions were closely characterized and used to understand tissue-bonding ability [2].

In the beginning, the main focus was on the development of glass compositions that would be
suitable prosthesis or graft materials to restore diseased or damaged bone. The first bioactive glasses
were composed of four oxides only: SiO, as the glass network former, Na,O and CaO in relatively
high contents to provide a composition that would dissolve in aqueous solutions, i.e. extracellu-
lar fluid, and some P,O; for the formation of the calcium phosphate compound, HAp [3]. When
the bone-bonding and new bone formation mechanisms in the presence of bioactive glasses were
explored in more detail, the ion dissolution products of the glass, mainly soluble Ca and Si species,
were found to activate and stimulate cellular processes in bone regeneration [3, 4]. The increas-
ing molecular biology knowledge of inorganic ions as activators in the cellular processes turned a
new page in developing and understanding bioactive glasses in soft and bone tissue regeneration.
Today, bioactive glasses are classified as materials that bond to bone and stimulate bone and soft
tissue growth while dissolving over time.

Successful inventions and research outcomes often have a good history behind them. In the
well-known review article “The story of Bioglass 45S5°,” Professor Larry L. Hench describes how
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he discovered the first bioactive glass [3]. Before initiating the search of glasses for prosthetic
materials, Professor Hench explored other types of materials, such as radiation-resistant semi-
conducting glass-ceramics, to be used in satellites. However, a conversation with an Army
Medical Corps officer changed his future research efforts to glasses and glass-ceramics for medical
applications. The rest is history, and Professor Hench is today recognized as the man behind the
new generations of ceramic implant materials, i.e. the bioactive glasses and glass-ceramic for
tissue regeneration.

3.1.2 Development of Bioactive Glasses in Finland

The story behind bioactive glass S53P4 is partly similar to 45S5: a meeting with two professors in
two different science fields, chemical engineering and medicine, at the two universities in Turku,
Finland, in the early 1980s. Professor in Prosthetic Dentistry Antti Yli-Urpo at the University
of Turku explored the interactions of metallic restoration materials with porcelain and mucosa
[5, 6]. Inspired by the new ideas of bioactive glasses, he asked professor in Inorganic Chemistry
Kaj H. Karlsson, a glass scientist at Abo Akademi University, whether they could together develop
glass or glaze coatings suitable on metal prostheses to enhance the tissue adherences (Karlsson,
K.H. Personal communication, spring 2021). At that time, Professor Karlsson’s research areas
included the relationships between glass structure, properties, and oxide composition [7-9]. After
this discussion, the interdisciplinary collaboration in bioactive glasses started between the two
neighboring universities.

After some preliminary trials, in vitro and physical properties of several glass series were tested
at Abo Akademi University. The in vivo studies were carried out at the University of Turku and
Turku University Hospital. These collaboration projects were financed by the Finnish Technology
Agency and the Academy of Finland. The material research goal was to understand the physical and
biological properties as functions of the glass oxide composition. These functions would then be
used to tailor the most suitable compositions to various clinical needs. The first properties studied
included the glass transition temperature, thermal expansion, and water durability [10]. As brittle-
ness of glasses was considered a critical property, the aim was to develop novel compositions for
coatings on metals. The glass or glass-ceramic coating should then protect the metal from corro-
sion and enhance the prosthesis’s attachment to bone. Glass transition temperature and thermal
expansion described the suitability of the glass to coating processes. Correspondingly, water dura-
bility was correlated with the corrosion protection properties. The glasses were directly tested in
vivo as cylinders drilled in rabbit tibia for eight weeks without any prior in vitro testing in buffered
solutions. At that time, the protocols and procedures were not as strictly controlled as today, thus,
partly explaining the large numbers of rabbit and rat tests done during the early years of bioactive
glass research. In total, nine compositions were studied and used as the basis for property mod-
eling. The compositions were statistically chosen in the oxide range (all in wt%) 47.5-68.0Si0,,
15.2-27.3Na, 0, 8.9-20.6Ca0, 2.3-8.9P,0;, 0-3.2Al1,0,, and 0-3.3B,0, to provide a wide range of
soluble glasses. The results were then used to express all the properties as functions of the glass
composition. An additional goal was to embed the models in a computerized routine for optimizing
glass batch compositions to satisfy a selected set of desired properties [11].

3.1.3 Bioactive Glass S53P4 Today

The early studies provided the basis for intensive bioactive glass research in Finland. Research
methods and protocols for preclinical and clinical tests were developed and applied for assessing
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the suitability of bioactive glasses for the treatment of craniomaxillofacial, dental and orthopedic
trauma, tumors, and diseases. Eventually, glass S53P4 became a clinically tested composition in
several indications, especially in Finland.

This chapter describes some milestones of Bioactive glass S53P4 on its route to commercial prod-
ucts. Thirty years after the composition was published for the first time, several research efforts are
still paid to better understand the physical, in vitro, and in vivo properties and clinical outcomes of
bioactive glass S53P4. Why is this motivated? Dr. Fredrik Ollila, executive chairman and founder of
Bonalive Biomaterials Ltd. replied to this question as follows: “Bioactive glass S53P4 performs very
well clinically in the currently approved indication areas. However, to be able to solve new clini-
cal challenges, it is helpful to acquire a complete understanding of its properties. All new results
enhance our understanding and ensure safe and effective clinical utilization of the bioactive glass
S53P4 in current and future applications.”

In total, more than 200 scientific papers have been published on the in vitro, in vivo, preclini-
cal, and clinical studies of bioactive glass S53P4. Also, the glass composition has been discussed in
several more papers as a reference composition to new glass formulations. More than 50 papers
discuss the in vitro properties and physical properties of S53P4. These studies include physical
properties of interest for the manufacture of melt-derived products. Noteworthy, the in vivo and
preclinical studies have been reported in more than 50 papers. The number of clinical case reports
and review papers is almost 100, thus indicating the large spectrum of applications tested. This
chapter reviews some of the highlights that paved the road to the clinical applications of Bioactive
glass S53P4.

3.2 Bioactive Glass S53P4 - From a Concept to First Clinical Trials

3.2.1 The First Series of Glasses, Including S53P4

Among the nine first glasses for bone applications studied in Turku, some showed good bonding
to bone, while the bonding was very poor or negligible for some compositions [10]. Based on the
results, a new statistical series of 16 compositions was developed within a slightly different range
(in wt%): 46-65.5S10,, 15-30Na, O, 11-25Ca0, 0-8P, 0, 0-3Al,0,, and 0-3B,0; [12]. Glass nr. 9 in
this series has the composition of 53Si0,, 23Na, O, 20Ca0, and 4P,0, all in wt%. Today, we know
this composition as S53P4, or as Bonalive®, i.e. a commercial product available in different product
forms [13].

Unfortunately, no SEM (scanning-electron microscopy)-images have been published of S53P4 in
the first in vivo study. The desired response, bone bonding, was measured not only for S53P4 but
also four other compositions. Two of the compositions did not bind to bone at all, and four had poor
contact while five had contact with bone. When examining the history of S53P4, two questions have
to be answered: How was the bone bonding defined? Why did the composition S53P4 become the
only composition that is used today commercially?

3.2.2 Phenomenological Model of Bone Bonding

The 16 compositions in the glass series were statistically chosen within a wide range to ensure
apparent differences in the properties. This approach enabled establishing the limits of bioactivity
and gave the basis for numerical modeling of properties as composition functions [12]. The in vitro
properties, specified as weight loss for grains immersed in Tris-buffer for 6 and 24 hours at 36.5 °C,
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varied considerably with the glass composition. The variation was assumed to lead to large differ-
ences in the tissue response as well. Then, six cones of each composition were implanted in the
rat tibia for eight weeks. The tissue response and the glass surface reactions were evaluated from
the cone and surrounding bone cross-sections using SEM imaging and energy-dispersive X-ray
spectroscopy (EDS). The EDS line analyses were used to verify whether silica-rich and calcium
phosphate-rich (Ca,P) surface layers had formed at the cone surfaces. The glasses showed a wide
range of interactions with the bone, ranging from inert compositions to glasses that had bonded to
the bone. Poor bone contact was characterized as low in vitro solubility combined with a thin or no
silica-rich layer at the glass. Three compositions with a high silica content (63.5-65.5 wt%) showed
poor bone contact and were thus classified as inert in vivo. Five glasses showed bone bonding with
distinct silica-rich and Ca,P surface layers. These glasses had high in vitro dissolution and were
classified as bioactive compositions. The rest of the compositions showed varying bone contact
degrees, silica-rich layer and Ca,P-layer thicknesses.

The results were used to establish a phenomenological model of in vivo bone bonding, expressed
as the reaction number, RN. The weight loss in vitro, in vivo formation of silica-rich and Ca,P-layers,
and bone contact type were evaluated for each composition. Based on these characteristics, the
glasses were divided into groups with numerical values from 1 to 6. Group 1 glasses had low weight
loss, no or negligible layers and no bone contact, while group 6 glasses showed high weight loss,
distinct silica-rich and Ca,P-layers, and chemical bonding to bone [12]. The other behavior com-
binations gave the numbering for the other glass groups. The developed RN-model expresses the
bioactivity as a function of the composition of the glass in wt%. For a glass to be bioactive, the RN
value should be higher than 5:

RN = 88.3875 — 0.011 627 2[SiO, ] — 0.980 188[Na,0] — 1.123 06[Ca0]
— 1.205 56[P,05] — 0.056 052 7[B,0,]* — 2.086 89[AL,0;]

The model was not verified with other compositions and not used to computerize new composi-
tions. The calculated RN value for the original bioactive glass 45S5 by Professor Hench well satisfies
the bioactivity criterion. Later, the model has been shown to work with some other compositions.
However, the lack of other alkali or alkaline earth oxides than Na, O and CaO limits the RN model’s
usability range [14].

3.2.3 In Vivo Bone Bonding vs. Glasses with Al,0; and P,0;

Alumina’s role on the bone bonding was studied in more detail with a few compositions selected
from the series of 16 glasses. As the glasses with the highest alumina contents had not shown
bone bonding, six compositions containing 0-3 wt% Al,O, and one reference titanium cone were
implanted in rabbit tibia, and the push-out strength of the implants was measured after six weeks.
All three cones with 2.5 or 3wt% Al,O; showed low push-out strengths, also, if the cones had
a Ca,P surface layer [15]. Thus, the formation of Ca,P surface layer in vivo was not a sufficient
bone-bonding criterion. Earlier in vitro studies of alumina-containing glasses in Tris-buffer had
shown that aluminum was enriched in the silica-rich layer and interfered with the formation of
calcium phosphate surface layer [16]. Alumina in the Ca,P layer was thus assumed to prevent the
implant’s proper chemical bonding to bone.

In an another early in vivo study, two other bone bonding compositions than S53P4 from the same
glass series were selected to study the impact of P, O, in the glass on the initial stage of calcium phos-
phate formation on the glass surface. After eight weeks in rat tibia, both the composition without
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and with 4wt% P,0, showed good bone bonding [17]. The results showed that the migration of
phosphate from the glass is not a prerequirement for bonding to bone. The hydrated silica gel’s
flexible structure at the surface provides nucleation sites for phosphate ions from the physiological
solution.

Alumina-free, bone-bonding compositions were selected for further in vivo studies and clinical
tests. Two of the glasses in the series of 16 glasses fulfilled these criteria: S53P4 and S46P7. The
latter contains 46 wt% SiO, and 7wt% P,0; and is thus close to 45S5 composition. Based on the
first trials’ clinical outcome [18, 19], S53P4 became the composition that was tested using several
animal models for various potential clinical applications.

3.2.4 Soft and Hard Tissue Bonding /In Vivo

The first in vivo studies of S53P4 in soft tissue of rabbits and hard tissue in sheep were reported
in 1994 [20]. Granules of the glass were implanted in muscle and connective tissue of rabbit and
mandibular bone of sheep. Similar reactions were reported after two to three months in all three
implantation sites: silica-rich layer with calcium phosphate precipitates. In soft tissues, large pre-
cipitates with a composition close to apatite were analyzed. The molar ratio Ca:P suggested that
the Ca,P precipitation in the silica-rich layer originated from the ions released from the glass.
Correspondingly, the Ca:P-ratio in the surface apatite implied phosphate incorporation from the
physiological environment. Figure 3.1 shows an SEM image of an S53P4 granule surrounded by
new bone after the implantation in the sheep jaw. The EDS analyses of the points shown in the
SEM image are listed in Table 3.1. A silica-rich layer with increasing P,O5 content (Pts 3-5) sur-
rounds the granule core with a composition close to the original glass (Pt 1). The Ca/P molar ratios
are almost similar in the outermost granule layer (Ca/P = 1.4 in Pt 6) and the new bone (Ca/P =1.3
in Pt 7), thus verifying chemical bonding between them [20].

3.2.5 In Vivo Evidence of S53P4 in Bone Healing

In one early in vivo study, bioactive glass S53P4 granules were compared with polytetrafluoroethy-
lene (PTFE) membrane to repair cortical bone defects in rabbit tibia [21]. After 6 and 12 weeks,
a markedly better bone repair was obtained when using the bioactive glass than PTFE or empty
control defects. The new bone that grew along the bioactive glass granules formed a continuous
bridge over most defects, as shown in Figure 3.2.

Figure 3.1 SEM micrograph of an S53P4
granule implanted in a sheep’s mandibular
bone. The numbers indicate the points of
the EDS analyses in Table 3.1. The bar
equals 100 pm. Source: Gatti et al. [20]/with
permission from Elsevier.
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Table 3.1 EDS analyses of the degrading S53P4 granule (Pt 1-6) and the surrounding bone in Figure 3.1

(Pt 1 and 2 glass, Pt 3-4 silica rich layer, Pt 6 Ca,P layer, Pt 7 bone).

Pt1 Pt2 Pt3 Pt4 Pt5 Pt6 Pt7
Sio, 49.2 50.2 76 70.5 64.7 2 0.9
Na,O 20.1 20 0.3 0 0 0.5 0.5
Ca0 19.5 10.5 7.9 9.5 9.9 45.5 39.9
P,0, 42 4.2 55 7.2 7.8 322 30.5
Total 93 94 89.9 87.5 82.8 81 72.9

Source: Gatti et al. [20]/with permission of Elsevier.

Figure 3.2 SEM images showing defect closure in rabbit tibia after six weeks for (a) defect filled with

S53P4 granules, (b) defect covered with polytetrafluoroethylene membrane, and (c) empty control defect.

Source: Turunen et al. [21]/with permission from Springer Nature.
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3.2.6 Stimulatory Effect of S53P4 on Bone Healing

The first indications of the stimulatory effect of S53P4 on new bone growth were received from
histologic, histomorphometric, and molecular biologic healing pattern comparisons of the glass
granules with autografts and empty controls in defects drilled in rat tibia [22]. The analyses showed
reaction layers on the glass granules already after three days. The layer thickness significantly
increased with implantation time, reaching a mean thickness of 40 +4 pm at 56 days. At the same
time point, 70 + 14% of the granular surfaces had direct bone contact. The healing patterns showed
that new bone growth was faster in autografted defects, but no adverse cell reactions were observed
for the defects filled with S53P4 granules. The results confirmed that the S53P4 glass surface was
not only osteoconductive but also osteoproductive. The glass promoted migration, replication, and
differentiation of osteogenic cells and their matrix production.

3.2.7 Antibacterial Effect of S53P4 In Vitro

The first studies of the antibacterial effect of S53P4 were carried out in glass powder suspension con-
taining the oral microorganisms Actinobacillus actinomycetemcomitans, Porphyromonas gingivalis,
Actinomyces naeslundii, Streptococcus mutans, and Streptococcus sanguis [23]. Powdered S53P4 was
found to have a broad antimicrobial effect on these microorganisms typical for supra- and subgin-
gival plaque. This powdered glass was suggested as an ingredient in tooth-care products.

The therapeutic value of granules and plates of S53P4 were tested against the growth and col-
onization of Klebsiella ozaenae, a microorganism frequently isolated from patients with atrophic
rhinitis [24]. In these tests, S53P4 did not favor adhesion and colonization of the microorganism.
The in vitro study was completed with five atrophic rhinitis patients surgically treated with plates
and granules of S53P4 at the Turku University Hospital. After 19-74 months’ follow-up periods, no
reinfections or extrusion of the glass implants were found. The patients’ symptoms were eliminated
or markedly reduced, suggesting S53P4 glass to be a potential filling material of nasal cavities in
patients suffering from ozena [24].

In later studies, fine powders (<45um) of six different glasses, including S53P4, were tested
against 29 aerobic [25] and 17 anaerobic bacteria species [26]. In both studies, glass S53P4 inhibited
the growth of all bacteria tested. In many cases, the antibacterial effect was measured at lower con-
centrations for S53P4 than the other glasses. The mechanisms behind the observed antimicrobial
effects of the bioactive glasses are not fully understood. The ion release from the glasses into simu-
lated body fluid (SBF) and the changes in the pH of the solution were measured for 48 hours [27].
The antibacterial effect did not correlate with the ion concentrations released. However, the high
and rapid pH-increase inside the glass powder bed during the first 24 hours of incubation was
assumed to explain the bacteria growth-inhibiting effect of S53P4.

The antibacterial effect of S53P4 in vivo is thought to be mediated by changes in the local phys-
iological surroundings that occur after implantation, including an increase in pH and an osmotic
pressure, which can stress the bacteria and lead to subsequent changes in the bacterial morphology
and ultrastructure. The cell membrane-bound proton transport system is critical for pH resistance.
The bacteria attempt to maintain cytoplasmic pH by secreting protons from the cell, which cannot
occur via H*-ATPase activity at >pH 8 [28]. Granules (<45 pm) and putty based on microspheres
(<45 pm) of S53P4 tested on multidrug-resistant (MDR) bacteria in vitro showed bactericidal activ-
ity of the two different sample types without selection for resistance [29]. SEM analysis revealed
changes in morphology and cell shrinkage of bacteria such as Staphylococcus epidermidis, Klebsiella
pneumoniae, and Acinetobacter baumannii.
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Colonizing bacteria can also produce biofilms, which are considerably more resistant to antibiotic
treatment than the same bacteria in a planktonic phase. Bioactive glass S53P4 showed antibacte-
rial properties on MDR species of S. epidermidis, A. baumannii, and K. pneumoniae on titanium
disks [30], indicating that the S53P4 is effective not only against planktonic bacteria but also against
bacteria in biofilms. This is in concordance with the reported effect of S53P4 granules (500-800 pm),
powder (<45 pm), and putty (500-800 pm granules and <45 pum powder embedded in a blend of
polyethylene glycols and glycerol) on methicillin-resistant Staphylococcus aureus and MDR Pseu-
domonas biofilms, showing a significant reduction in biomass and cell volume on a prosthetic
material [31].

3.3 Clinical Trials for the Development of Commercial Products

Clinical trials of using bioactive glass S53P4 in the oral and maxillofacial area started shortly after
the first in vivo studies. Also, cavity filling of trauma, tumors, and infections in orthopedics with
S53P4 granules started in the 1990s. Preliminary observations were reported in conference proceed-
ings [18, 19]. These results are included also in later publications reporting the clinical outcome
after extended follow-up studies.

3.3.1 Glass Granules and Plates in the Oral and Maxillofacial Area

Bioactive glass S53P4 granules and blocks were used in the obliteration of osteoblastic frontal sinus
operation at the Department of Otorhinolaryngology — Head and Neck Surgery, Turku University
Hospital (ENT-HNS-Tyks) during 1990-1993 [32]. Clinical examinations and symptoms of the
five patients were recorded every month postoperatively for six months and then every third
month up to an average follow-up time of five years. The results were promising as all the patients
had obtained relief of their main symptom, chronic frontal pain, after 12 months. Complete
obliteration of all sinusal recesses and excavations was achieved. Although available only as
experimental samples, the bioactive glass plates and granules were considered easy-to-handle
materials.

The utilization of S53P4 granules in mastoid obliteration surgery was evaluated for 25 patients
with chronic otitis media and one with cerebrospinal fluid leakage at ENT-HNS-Tyks between the
years 1996 and 2011 [33]. The follow-up periods varied between 1 and 182 months. No adverse
effects were seen in any patient. S53P4 granules were considered a noteworthy material in mastoid
obliteration surgery in patients with previous failed efforts in achieving a dry, safe ear.

Granules or plates of S53P4 were utilized in the treatment of 150 patients suffering from chronic
frontal sinus inflammations (62), fronto-orbital and skull-base traumas (65), and fronto-orbital
tumors (23) at ENT-HNS-Tyks during the years 1991 and 2004 [34]. In all cases, S53P4 was well
tolerated and had good functional and aesthetic outcomes. The overall success rate five or three
years after the reconstructions are summarized in Table 3.2.

S53P4 granules and plates were also used to treat 11 patients suffering from septal perforations
at ENT-HNS-Tyks [35]. At the end of the follow-up periods, 2-37 months, none of the 10 suc-
cessfully treated patients complained of any symptoms. The plates and granules did not favor the
adhesion and growth of two typical respiratory pathogens, Haemophilus influenzae and Streptococ-
cus pneumoniae [35]. In a later study, 23 patients with septal perforations were surgically treated
with S53P4 plates combined with mucoperiosteal flaps [36]. In 16 patients, the surgery was per-
formed with mucoperiosteal flaps only. Twenty-two patients were followed up for 12-68 months.
At the end of the follow-up, none of the patients complained of any adverse symptoms. The results
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Table 3.2 The number of patients treated with bioactive glass S53P4 in different fronto-orbital defects,
follow-up time, and success rate (%).

Number of  Follow-up Success
Defect patients time (years) rate (%)
Frontal sinus obliteration with glass granules 62 5 95
Fronto-orbital trauma reconstruction with glass plate 65 5 89
Fronto-orbital tumor reconstruction with glass plates and granules
Benign tumor 12 3 91
Malignant tumor 11 3 55

Source: Aitasalo and Peltola [34].

suggested that the plates of S53P4 are good grafts in the repair of medium and large nasal septal
perforations.

Granules and plates of S53P4 were also tested in facial reconstructions at 36 sites in 13 patients
with autologous bone as a reference at the Department of Plastic Surgery, Helsinki University
Hospital, Finland [37]. Nineteen glass plates were used in orbital wall reconstruction and one plate
in maxillary augmentation. The glass granules were used as on lay augmentation in sub-periosteal
pockets over frontal, temporal, zygomatic, and maxillary bones. In two cases, the granules were
used to the obliteration of the frontal sinus. The follow-up period was 6-24 months. No adverse
effects were reported, and the glass implants were resistant to infections. During the period that
followed, the glass plates did not resorb but were osteoconductive and better incorporated into
bone than bone grafts and glass granules.

3.3.2 S53P4 Granules in Orthopedics

Granules of S53P4 were compared with autologous bone as bone graft materials in the opera-
tive treatments of benign bone tumors in randomized control trials [38, 39]. The surgeries were
conducted during 1993-1997 at the Department of Surgery, Turku University Hospital (DS-Tyks).
In total, 21 of the 25 patients continued with the total postoperative follow-up of 14 years. Eleven of
them had been treated with bioactive glass and ten with autologous bone harvested from the iliac
crest. The tumor size varied from small tumors in fingers to large ones in the proximal humerus
and distal tibia. After the follow-up period, X-ray analyses revealed some undefined glass granules
embedded in new bone in six of the eight treated large tumors. In small bone tumors, no gran-
ules were identified. Interestingly, the cortex appeared thicker than normal in all small and four
large cavities filled with the glass granules (Figure 3.3). This cortical thickening had been observed
already eight months after the operation.

The treatment of a recurrent aneurysmal bone cyst in the index finger of a three-year-old child
with granules of S53P4 showed that the bone had remodeled to a normal shape after 24 months
postoperatively [40]. The long-term results of utilizing S53P4 granules as a bone substitute in hand
were later summarized to show the desired properties: the glass bonded to the bone, the glass
was osteostimulating and also had angiogenic stimulating properties [41]. Noteworthy, granules
of S53P4 did not disturb the growth of bone in the hand in children. Thus, the glass was regarded
as a safe material in treating bone tumors of children and adults. The suitability of S53P4 gran-
ules in treating aneurysmal bone cysts in the femur or pelvis in children was verified in a clinical
study with 18 patients between the ages of 4 and 16 years at three university central hospitals in
Finland [42].
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Figure 3.3 Evolution of cortical thickness in the treatment of benign bone tumors with bioactive glass
S53P4 granules and autologous bone as functions of follow-up time. Source: Lindfors et al. [39]/with
permission from John Wiley & Sons, Inc.

Clinical trials of using bioactive glass S53P4 granules in treating depressed tibial plateau frac-
ture were conducted at DS-Tyks, in 1995-1998 [43]. These were the first clinical trial in which
S53P4 was utilized under load-bearing conditions. In the randomized study, autologous bone har-
vested from the iliac crest was used as a reference. The subchondral cavity caused by the fracture
was filled with glass granules or autologous bone and then supported with an anatomical condylar
plate. In total, 5 patients with bioactive glass and 10 with autologous bone completed the long-term
follow-up of 10-14 years, with a mean of 11 years. The volume of large bone cavities filled with
the glass granules started to diminish after 12 months, indicating that the glass dissolved slowly.
The desired bone formation and structural integrity of the fractures treated with the glass gran-
ules were also achieved. Figure 3.4 shows the radiological outcomes of the fracture before the

(@) " ©

Figure 3.4 X-ray images of a lateral tibial plateau fracture: (a) before the treatment with granules of
S53P4; (b) postoperative; and (c) after 11 years. Source: Pernaa et al. [43]/with permission from Begell
House, Inc.



https://lwww.twirpx.org & http://chemistry-chemists.com

3.3 Clinical Trials for the Development of Commercial Products

operation (Figure 3.4a), after the treatment with S53P4 granules (Figure 3.4b), and after 11 years
(Figure 3.4c).

Clinical trials of spinal surgeries using S53P4 at DS-Tyks were carried out in 1996-1997 [44]. The
11-year follow-up study compared S53P4 granules with autologous bone in the posterolateral spinal
fusion of 17 patients. Glass granules were implanted on one side and autologous on the other side
of the posterolateral fusion bed. Overall opinion after the follow-up period was good: 15 patients
reported better subjective satisfaction than before the operation. Computer tomography showed a
100% fusion rate for the autologous bone side. Correspondingly, solid fusion was seen in 12 patients
and partial fusion in 5 patients for the bioactive glass side, giving a total fusion rate of 80.5%.

A similar approach to implanting S53P4 granules on the one side and autologous bone on the
other sides was used to treat unstable lumbar spine burst fractures in 16 patients at Turku and
Helsinki University Hospitals during 1996-1998 [45]. The computer tomography scans showed
solid bone fusion on the autologous bone side. In contrast, the total fusion rate was 71% of all fused
segments in the bioactive glass side for the 10 patients that participated in the 10-year follow-up.

3.3.3 Clinical Use of S53P4 in the Treatment of Bone Infections

Osteomyelitis is a destructive infection of the bone structure that eventually leads to bone necrosis.
The infection may be caused by trauma, surgical procedures, or the bacteria spread in the blood.
Bone infection can be caused by many pathogens, including MDR bacteria, with a subsequent need
for antibiotic treatment. However, antibacterial resistance to frequently used antibiotics is a seri-
ous global threat and an increasing problem worldwide. To eradicate the bone infection, the bone
tissue has to be removed, often resulting in a large bone defect, which needs to be restored. The
antibacterial effects observed on bioactive glass S53P4 have contributed to the growing interest in
using bioactive glasses in infection treatment.

The proven antibacterial and osteoconductive properties of the bioactive glass S53P4 encouraged
to utilizing it as a bone graft substitute in treating osteomyelitis [46]. The clinical trials were done
on 11 patients with chronic infection and verified osteomyelitis in four central hospitals in Finland
during 2007-2009. The mean follow-up time after the surgery was 24 months. The clinical outcome
was good or excellent in nine of the patients. Figure 3.5 shows X-ray images of the distal tibia before
(Figure 3.5a) and after treatment with S53P4 granules (Figure 3.5b). At five months, no signs of
osteomyelitis were seen (Figure 3.5c).

This study was followed by a cohort study in Italy on 27 patients with clinically and radiologically
diagnosed osteomyelitis treated with bioactive glass S53P4. An excellent recovery was observed in
24 patients [47]. To use bioactive glasses without local antibiotics in the treatment of osteomyeli-
tis was strengthened by a comparative study on S53P4 and an antibiotic-loaded HAp sulfate-based
bone substitute, and a mixture of tricalcium phosphate combined with an antibiotic-loaded dem-
ineralized bone matrix bone [48]. The success rate for S53P4 was 92.6% compared to 88.9% and
86.3% for the antibiotic-containing bone substitutes. Less wound drainage was also observed for
the bioactive glass S53P4. An equally effective treatment outcome has been reported from a ret-
rospective study on 25 patients comparing S53P4 and calcium-sulfate antibiotic beads as a bone
substitute [49].

In the Netherlands, the first series of osteomyelitis treatments using bioactive glass S53P4 in
15 patients started in 2011. The infection was eradicated in all patients [50]. In a subsequent
study, the one-stage treatment with S53P4 was compared with the two-stage treatment using
gentamicin-loaded polymethyl methacrylate (PMMA) beads. The results revealed lower costs
and better clinical outcomes for the S53P4 group, thus changing the institutional protocol for
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@) (b)

Figure 3.5 Treatment of osteomyelitis caused by Staphylococcus aureus in the distal tibia: (a) preoperative
magnetic resonance images showing osteomyelitis, (b) postoperative X-ray showing S53P4 in the treated
cavity (arrow), and (c) X-ray at five months showing the treated region (arrow). Source: Lindfors et al.
[46]/with permission from Elsevier.

treating chronic osteomyelitis from a two-stage procedure to a one-stage procedure by Geurts
etal. [51].

The outcome of using glass S53P4 in the treatment of osteomyelitis was further evaluated in a
multinational cohort study in 6 countries (Finland, Italy, the Netherlands, Germany, Azerbaijan,
and Poland) in 11 centers. The study was performed on 116 patients. Most of the patients had suf-
fered from the infection for years and had been treated with numerous procedures without success.
The success rate of the treatment was 90%, and most of the patients showed a rapid recovery even
after having suffered from osteomyelitis for decades [52]. These results are in concordance with
several other reports on using bioactive glass S53P4 in the treatment of osteomyelitis [53-56].

Bioactive glass S53P4 has also been used in specific demanding indications such as the diabetic
foot, with equally promising results [57-59].

Excellent results have also been reported when using S53P4 to treat infected nonunions [60-62].
In 2018, a randomized controlled clinical study of using bioactive glass S53P4 in treating nonunions
of the tibia and femur was initiated at the Department of Orthopedics and Traumatology, Heidel-
berg University in Germany. The randomized trial was planned to reveal the potential benefits and
limitations of using bioactive glass in S53P4 in segmental bone defects [63]. The assessments of the
clinical, radiological, and subjective outcomes are planned to continue to 2022.

The use of bioactive glass S53P4 in treating infected vertebral osteomyelitis has been reported in
three patients with severe spondylodiscitis caused by Mycobacterium tuberculosis, Candida tropi-
calis, and S. aureus. Fusion was observed for all patients, and they recovered well without relapses
or complications [64].

Systematic reviews have revealed that bioactive glass S53P4 is a useful bone substitute for long
bone infections. Due to its antimicrobial action [65, 66] it enables treatments to be performed
as single-stage procedures [67], thus providing attractive alternatives for bone void filling after
debridement in the treatment of chronic osteomyelitis.

3.3.4 S53P4 in Fiber-Reinforced Calvarial Implants

Composites containing granules of S53P4 have been developed for calvarial implants [68]. The
first clinical trials were conducted using implants of a PMMA bone cement and bioactive glass
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S53P4 composite on four patients at ENT-HNS-Tyks in 2005-2006. PMMA bone cement enabled
additive manufacturing of the custom-made implant before the operation. The glass granules were
used due to their osteoconductive and antibacterial properties in the composite. After five years,
no complications were reported.

The following clinical studies were carried out using composite implants consisting of two parts:
inert glass fiber-reinforced polymer acting as a laminated supporting framework and a lamellar
porous scaffold filled with S53P4 granules [69]. The glass granules provided osteoconductive and
antibacterial properties also for this composite. The overall implant structure was designed to allow
for patient-specific dimensions and easy fixation. The results after the follow-up times between six
months and four years of the 12 patients were promising.

The fiber-reinforced calvarial implants containing S53P4 particles were also tested in seven chil-
dren with large skull bone defects [70]. The average follow-up time was 35 months. Three patients
needed revision surgery. After treatment of complications, the functional and cosmetic outcomes
were good.

However, a clinical case study reported infection for one patient with the prototype
fiber-reinforced implant after two years [71]. The implant was removed and analyzed in detail.
In the areas near the implant margin, osteoblasts, collagenous fibers with osteoid formation, and
small clusters of more mature tissue were identified. In contrast, only fibrous tissue was found
in the implant center. The partly reacted residual glass particles in the composite middle parts
suggested poor contact with blood.

The clinical findings with the composite implants have led to a new implant design perforated
throughout the inner and outer layers to allow rapid penetration of blood with osteogenic
cells for interaction with the glass particles [72, 73]. Figure 3.6 shows a schematic drawing of
calvarial implant design: a sandwich structure of inert E-glass fiber reinforced polymer lami-
nates with a space for free glass granules in between the laminates [73]. As the laminates are
perforated, the implant rapidly absorbs blood and cells for interactions with the bioactive glass
particles.

Glass fiber BG particle

Figure 3.6 Schematic drawing of a calvarial implant with bioactive glass particles between the
fiber-reinforced laminates. Source: Vallittu et al. [73]. © Elsevier.
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Based on the preclinical tests and clinical trials, the fiber-reinforced composite implants con-
taining bioactive glass granules have been developed into a commercial product by Skulle Implants
Ltd., Turku Finland [74]. The custom-made GLACE™ cranial implants are light-weight, strong, and
easily installed in the surgery. The bioactive glass granules provide the implant osteoconductive and
antibacterial properties. As the implant is fully nonmetallic, it does not prevent magnetic imaging
or radiotherapy. GLACE cranial implants have been used to reconstruct cranial and maxillofacial
bone defects in more than 1700 surgeries in Europe, especially Finland, Germany, and France [74].
However, the composition of the GLACE implant components and the glass used in it have not
been published.

3.4 Commercial Products

The first in vivo and clinical trials were carried out using granules melted at Abo Akademi.
Later, the samples were synthesized at Abmin Technologies Ltd. and Vivoxid Ltd. in Turku,
Finland. Today, S53P4 glass is commercially known as Bonalive and produced by Bonalive
Biomaterials Ltd. in Turku. As described in Section 3.3, S53P4 was tested for clinical applications
shortly after the first in vivo results. These clinical trials paved the road to approval for the first
clinical products. The first approval of BonAlive granules and plates was received for craniomax-
illofacial indications in Europe (CE-mark, European Conformity) in 2004. The CE mark for
Bonalive granules for orthopedic indications was received in 2006. In 2008, Bonalive granules
received the US Food and Drug Administration 510k clearance for orthopedic, craniomaxillo-
facial, and dental indications [13]. To date, more than 50 000 patients worldwide have received
Bonalive Biomaterials’ S53P4 glass granules, and the Bonalive products are distributed in 40+
countries.

Bonalive granules are available today for bone infection surgery, trauma surgery, benign bone
tumor surgery, spine fusion surgery, and mastoid surgery [13]. Thus, most of the clinical trials
have led to clinical practices. In some early clinical trials, the glass granules were reported as an
easy-to-handle material [32]. Noteworthy, the product packages, technologies, and surgical tech-
niques have been markedly improved since the first trials to sterilized granules to be applied with
a sterile instrument in the reconstruction of chronically infected and discharging mastoid cavities,
Figure 3.7a. A highly moldable putty is designed for easy filling of bone voids and gaps, Figure 3.7b.
The prefilled cartridge with dispenser ensures a stable positioning and controlled access for mini-
mally invasive bone surgery, Figure 3.7c.

W A
= /{"'j"\ A

0

(a) (b) (c)

Figure 3.7 Bonalive® products for filling S53P4 granules in (a) infected cavities, (b) filling bone voids and
gaps as a putty, and (c) filling bone cavities as putty in hard-to-reach bone defects using minimally invasive
surgery. Source: Figure courtesy of Bonalive Ltd.
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3.5.1 Compositions Derived from S53P4

After 50 years of the first bioactive glasses, new glass compositions and manufacturing techniques
are actively developed to meet new clinical needs and challenges. The search for new compositions
can partly be explained by the increasing knowledge of the impact of inorganic ions on the cellular
processes in soft and hard tissue regeneration. Glasses possess unique properties: they are excel-
lent solvents of almost all elements, and within certain limits, the release of these elements to the
surrounding solution can be controlled by proper tailoring of the overall glass composition [75].
Calcium, phosphorus, and silicate species dissolving from the first commercial bioactive glasses,
45S5 and S53P4, stimulate the expression of osteogenetic genes and, thus, enhance bone formation
[4]. However, several other elements have also been reported to affect osteogenesis and angiogen-
esis, i.e. bone formation [76]. These so-called “bio-inorganics” include, e.g. the ions of Cu, Co, Zn,
Mg, Sr, Li, and Ce. The antibacterial effect also depends on the dissolution reactions of the bioactive
glass in the extracellular solution.

Glass composition tailoring has also aimed at adjusting the physical properties to easier man-
ufacturing processes into devices with desired structure and morphology. The first composition
adjustments of S53P4 arose from the need to manufacture the glass in other product forms than
granules or small monoliths. Due to their low silica content, the bioactive glasses 45S5 and S53P4
easily crystallize during thermal treatments [77]. The crystallization challenges the hot working
of porous amorphous 3D scaffolds of these compositions for tissue engineering or wound-healing
applications. Several studies report on the impact of partial substitution of some components in the
original S53P4 composition on the thermal properties and in vitro properties.

A series of 26 compositions in the Na, 0-K,0-MgO-Ca0-B,0,-P,0,-SiO, system was designed
at Abo Akademi University to allow for easier hot-working of the bioactive glasses into continuous
fibers, flame-sprayed microspheres, and sintered porous scaffolds [78, 79]. Similarly to the earlier
glass series [12], the statistically chosen compositions were utilized to develop composition models
for the properties. In this new series, glass 13-93 turned out to have in vivo behavior similar to S53P4
but did not crystallize in hot-working of the glass melt. Both glasses contain equal amounts of SiO,,
P,0;, and CaO, but in addition to Na,0, 13-93 also contains MgO and K,O:

sio, P,0, a0 Na,0 K,0 MgO
S53P4 (in wt%) 53 4 20 23
13-93 (in wt%) 53 4 20 6 12 5

Glass 13-93 has later been well known for its suitability in porous tissue engineering scaffolds
manufactured through various techniques.

Substituting MgO and SrO for CaO impacts the hot-working properties and bioactivity of S53P4.
The introduction of up to 4 mol% of MgO in S53P4 slightly slowed down the in vitro reactivity and
increased the hot-working window, i.e. decreased the crystallization tendency [80]. Substituting
SrO for CaO retarded the bioactivity and did not markedly impact the hot-working window for
drawing of continuous fibers or sintering of porous scaffolds [81]. S53P4-derived compositions in
which Na, O was gradually replaced with K, O or CaO with MgO and SrO indicated marked differ-
ences in the initial release of ions into a continuous flow of Tris-buffer [82]. Gradual substitution of
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K, O for Na,O led to higher total concentrations of alkali ions released into the solution. The con-
centration of potassium ions was high, which might have a deleterious cellular effect in vivo. While
partial substitution of MgO for CaO did not markedly affect the ion release, the gradual substitution
of SrO for CaO led to increased release of all ions.

3.5.2 In Vitro lon Release and Cell Culture Studies

Bioactive glasses bond to bone and dissolve in a controlled manner while releasing ionic species in
the surrounding solution. Most in vitro studies of S53P4 have been carried out with glass granules,
powder, or plates in static solutions of 2-amino-2-hydroxymethyl-propane-1,3-diol (Tris) buffer or
the so-called “simulated body fluid” (SBF) buffered with Tris. Composites of biodegradable poly-
mers and S53P4 have also been studied in sodium phosphate-buffered saline [83, 84]. All these
studies nicely show the expected formation of silica- and Ca,P-rich layers at the glass surface. While
static in vitro experiments are useful in comparing the in vitro behavior of different glass composi-
tions, they do not give the ion concentrations releasing from the bioactive glass in the dynamic body
environment. Recent in vitro studies of S53P4 have discussed the initial release of ions in conditions
mimicking the human body’s solution flow [14, 82]. The initial ion release patterns correlated with
the in vivo bioactivity of S53P4 cones in rat femur [14]. The dynamic in vitro ion release patterns
have also provided additional information on the clinical behavior of S53P4 [71].

The release of vascular endothelial growth factors (VEGF) to cultivation solutions of human
fibroblasts in contact with S53P4 granules showed that the smaller size fractions (0.5-0.8 and
1.0-2.0 mm) enhanced the VEGF release, while the largest particles (2.0-3.15 mm) inhibited the
VEGEF release [85]. As the VEGF stimulate neovascularization of the tissue, the results implied
that the size and the concentration of the S53P4 granules affect VEGF expression. Consequently,
the ion release from S53P4 is essential in controlling the growth factor expression and tissue
neovascularization stimulation.

S53P4 discs stimulated the early osteogenic differentiation of human adipose stem cells
(hASCs) [86]. However, when the glass disks were placed into cell culture inserts in the absence of
direct cell contact, the ions released from S53P4 did not stimulate the osteogenic differentiation.
Thus, the cell attachment on the bioactive glass had an essential role in the early osteogenetic
differentiation. This result was in line with an earlier study of using a basic medium prepared of
ions dissolved from S53P4 to induce osteogenic differentiation of hASCs [87]. The basic medium
could not stimulate differentiation. When osteogenesis-inducing chemical supplements were
added to the basic medium, excessive Ca,P mineral formation with an exceptionally early onset
was observed.

Recently, porous scaffolds sintered of S53P4 were found to stimulate osteogenesis [88]. The
scaffolds with and without poly(p,L-lactide-co-glycolide) (PLGA) coating were cultured with
rabbit mesenchymal cells. Higher mineralization was observed for the uncoated scaffolds. Also,
the inflammatory response of the uncoated and PLGA-coated S53P4 scaffolds was measured
using human primary macrophages. The thin PLGA coating on the scaffold did not induce a
stronger inflammatory response than the scaffold without the coating. The release of the ions
from the scaffolds to the cell culture medium was assessed to understand the underlying cellular
biological mechanisms. The results suggested that the PLGA coating served as a biodegrad-
able physical barrier that slowed the ion release. Thus, the coating could be utilized to tailor
the immunomodulatory and osteogenic effects of the S53P4 scaffold. The in vitro cell culture
partly supported the in vivo observations of the same scaffolds in rabbit tibia as described in
Section 3.5.3.
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Ideally, bioactive glasses gradually dissolve and are replaced by new tissue. However, some
studies have shown glass remnants of S53P4 still after long clinical follow-up times [39, 44, 45]. The
impact of osteoclasts on the dissolution of S53P4 discs was studied using rat bone-marrow-derived
cells containing osteoclasts and osteoblasts [89]. The culture conditions promoted the differ-
entiation of the marrow cells to osteoblasts. Both osteoblasts and osteoclasts grew well on the
disks. However, the intact glass matrix did not degrade to any significant degree. Recently,
the resorption of the calcium phosphate layer on S53P4 granules by osteoclasts was studied in
vitro [90]. The osteoclasts actively resorbed pits in the calcium phosphate on the glass surface.
Whether the osteoclast activity resulted in a local decrease of pH similarly to bone resorption was
not verified. Such a pH decrease leads to faster formation of a silica-rich layer due to dissolution
of sodium, calcium, and phosphate ions from S53P4 than in solutions adjusted to the physio-
logical solution’s pH of 7.4 [90, 91]. However, the osteoclasts seem not to degrade the silica-rich
layer 89, 90].

3.5.3 Porous S53P4 Scaffolds in Weight-Bearing Applications

Bioactive glasses are extensively studied as materials for tissue-engineering scaffolds providing
temporary support for tissue regeneration. Fabrication of porous scaffolds based on melt-derived
bioactive glasses requires close control of the hot-working properties to meet the requirements
of the desired porous structure, mechanical strength, biodegradability, and cellular interactions.
Interestingly, the slightly wider sintering window compared to 45S5 enabled the manufacture of
amorphous porous S53P4 scaffolds at 635-650 °C [77, 92]. Amorphous and partly crystalline S53P4
scaffolds were sintered of irregular particles (500-800 pm) in graphite forms at 600-1000 °C for one
hour [92]. The mechanical strength varied from 0.7 MPa for the amorphous implants sintered at
635 °C to 10 MPa for the partly crystalline implants sintered at 1000 °C. All implants showed HAp
formation in vitro, but the layer thickness varied with the phase composition.

Although the scaffold strength was low or moderate, the porous structure was considered feasible
for in vivo testing as such or after coating with biodegradable polymers in load-bearing applica-
tions for the healing of critical-sized defects [93]. For the in vivo tests, the scaffolds were sintered
from 300 to 500 pm S53P4 granules at 720 °C for 90 minutes. This thermal processing resulted
in porous structures with a thin crystallized surface layer consisting of Na,0-Ca0-2SiO, crystals
and residual glass, but the bulk consisted of amorphous S53P4. One end of the partly crystal-
lized S53P4 scaffolds was coated with PLGA to induce a strong initial inflammatory reaction to
enhance induced membrane formation around the implant according to the so-called “Masquelet”
technique [93].

Critical-sized defects in weight-bearing bones are traditionally treated with the two-stage
Masquelet technique, which requires two operations [94]. However, when using the first experi-
mental S53P4 scaffold, the goal was to use a single-staged induced membrane technique [93]. The
bioactive glass scaffold surface was hypothesized to induce a foreign body membrane, supporting
bone formation in large defects. After the membrane has formed, the porous bioactive glass
scaffold would act as a bone graft and vascularize the new bone.

The partly crystallized S53P4 scaffolds with and without PLGA-coating were implanted in the
distal metaphyseal region of rabbit femurs for two, four, and eight weeks to evaluate the vascu-
lar expression in the induced membranes. Both coated and uncoated scaffolds positively affected
the expression of the VEGF and tumor necrosis factor-a (TNF) in the induced membranes [93].
Bone growth into the PLGA-coated and uncoated S53P4 scaffolds is shown in Figure 3.8 [95]. The
bone growth increased over time, and new bone and reaction layers were similar in both scaffolds.
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Figure 3.8 SEM micrographs of partly crystallized S53P4 scaffold cross-sections after eight weeks in
rabbit femur: (a) uncoated scaffold, (b) PLGA-coated scaffold. The white areas show unreacted scaffold parts
(BAG) and the gray areas are for new bone (NB). Source: Bjorkenheim et al. [95]/with permission from John
Wiley & Sons, Inc.

However, the bone formation was more rapid in the coated scaffolds. In vitro cell culture studies
with human primary macrophages and rabbit mesenchymal stem cells verified that the S53P4 scaf-
folds had anti-inflammatory and osteogenic properties [88].

After optimizing the sintering conditions, amorphous S53P4 scaffolds with a mechanical strength
of 4.8 MPa were successfully manufactured [96]. The amorphous scaffolds were assumed to have
similar osteostimulative properties as S53P4 granules and strength high enough for surgery without
scaffold failure. The scaffolds were implanted in critical-sized segmental weight-bearing diaph-
ysis defects in rabbit femurs. After eight weeks, the S53P4 scaffolds had induced osteostimulative
defect-enclosing membranes and achieved stable osseointegration (Figure 3.9). These results sug-
gest that the porous amorphous S53P4 scaffolds are suitable bone substitutes in a single-staged
induced membrane treatment of defects in long bones [96].

3.5.4 Putty-Like S53P4 Bone Filler

Putty-like products have been introduced to the market during the past years [97]. The putty consis-
tency resembles a mixture of blood and bioactive glass particles in conditions when the blood begins
to clot. The Bonalive S53P4 glass granules are also available as a putty consisting of S53P4 granules,
S53P4-based microspheres, and a polymeric matrix (Figure 3.7b,c). Clinical trials of the utilization
of the novel S53P4 putty are sparse. Spinal fusions using the Bonalive putty were carried out on
20 patients at the Department of Neurosurgery, Tyks, in 2014-2016 [98]. The putty consisted of
48 wt% S53P4 granules (0.5-0.8 mm) mixed with 12 wt% of S53P4-based spheres (0.09-0.425 mm),
the rest being a mixture of glycerol and polyethene glycols. The putty was used together with the
autologous bone to fill the fusion beds. The minimum follow-up time was 12 months. According
to the clinical trial outcome, the bioactive glass S53P4 putty gave at least comparable results with
previously tested bone graft expanders and fusion enhancers.
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Figure 3.9 Bone growth into S53P4 scaffold after eight weeks in rabbit tibia. The EDS analysis of the
points shown in the SEM images show the typical layer Si-rich layer formation (2-4) directly on the surface
of remaining S53P4 (1), mixed Si-rich + HAp (5), Ca,P layer (6) and new woven bone in the porous scaffold
spaces. Source: Eriksson et al. [96]/with permission from Elsevier.

In a recent in vitro dissolution study, the microspheres used in the S53P4 putty were charac-
terized. The composition of the spheres markedly varied with the sphere size fraction [99]. The
smaller the spheres, the more their composition deviated from the largest spheres and the original
S53P4 composition. In the smallest fractions, the contents of Na,O and P,0, were very low. Thus,
the smallest SiO,-rich spheres dissolved only slowly in vitro. Consequently, these smallest spheres
might alter the putty’s in vivo behavior compared to the nominal S53P4 glass.

3.5.5 Recent Clinical Outcomes

In recent years, increasing clinical case reports and case reviews of bioactive glass S53P4-based
products have been published. Clinical outcomes of larger group treatments not discussed in the
preceding paragraphs are summarized below.

Large, infected bone defects in the maxilla and mandible were successfully treated with S53P4
granules [100]. After the average follow-up time of 34 months, the treated defects in 20 patients
were infection-free, and the bone had regenerated. The radiologic analyses suggested that the glass
had remodeled to the bone after two years.

Mastoid obliteration for tegmen bony defect treatment was carried out with S53P4 granules
in 17 patients in 2013-2018 [101]. After the mean follow-up time of 22 months, the tegmen
bony defect’s repair with the glass granules was assessed as a safe and effective method. In a
review paper of mastoid obliteration follow-up studies using synthetic materials, the number of
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reported cases using S53P4 granules was as high as 199 [102]. In only one case, the material was
rejected. In general, bioactive glasses were regarded as the most reliable materials in mastoid
obliteration.

3.6 Summary and Future Trends

Bioactive glass S53P4 has actively been studied for different clinical applications during the past
30years. The increasing number of clinical applications and reports suggests that clinicians around
the world have well-accepted the glass. Much of the increasing clinical utilization is due to the
development of surgery-friendly products. The road to clinical success was paved by the scientists’
and medical doctors’ enthusiasm for this material that showed rapid positive results in the tested
applications. The combination of bacteriostatic and osteostimulative properties has enabled the
utilization of S53P4 to treat various diseases and trauma of bone. The development of porous tissue
engineering scaffolds based on S53P4 bioactive glass to challenging bone surgery applications is a
topical research area. Also, S53P4 composites are likely to support new clinical applications. The
recent cell culture studies provide a firm basis for further studies and a detailed understanding of
the behavior and fate of the bioactive glass S53P4 upon implantation.
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Melt-Derived Bioactive Glasses: Beyond Silicate Glasses
Jonathan Massera

Faculty of Medicine and Health Technology, Tampere University, Tampere, Finland

4.1 Introduction

Glass is a highly versatile material which is commonly known for its technological or decorative
use. Common application of glass are windows, tableware, labware, or photonics, just to cite a few.
The main advantage of melt-derived glass lies in the ability to control the oxide composition to tai-
lor the physical and chemical properties of the obtained material. In general, such unique aptitude
to incorporate ions in the glass structure, was mainly directed to confer the material additional
properties such as, but not limited, color (Au, Ag, Fe, Mn, etc.) [1], resistance to hydrolysis (Al, B,
etc.) [2], or photonic properties (rare earth ions) [3, 4]. While the main body of work is focused
on silica-based glasses, technological needs have driven glass scientists to develop new glass com-
positions based on phosphate or borate. Phosphate glasses have attracted interests based on their
ability to accommodate larger amount of metallic or rare-earth ions [5-7] and their generally lower
processing temperatures [8]. Therefore, the main applications for phosphate glasses have been
glass-to-metal seal, containments of radioactive wastes or laser host materials [9]. Another class
of glass that has attracted significant interest are the borate glasses. While their high affinity for
water and subsequent low chemical resistance has limited their technological applications, their
low processing temperature (melting and softening) when compared to traditional silicate glasses,
has led to their use as sealant and passivation of electronics components [10].

It is only since 1969, with the work by Prof. Larry Hench that glass found applications in the
medical field [11]. Since the discovery of the first silicate bioactive glass, these materials have found
significant space in clinics: from dental (toothpaste) to bone fillers. Silicate bioactive glasses have
the ability to not only promote osteoprogenitor cells adhesion and proliferation but also to favor the
differentiation of stem cells into an osteoblast’s lineage. As such bioactive glass was categorized as
class A bioactive material, i.e. a biomaterial with an index of bioactivity >8, where the index of
bioactivity is calculated as I, = g with £, 5 the time necessary for 50% of the implant surface to
be covered with the new formed bone [12, 13]. Such bioactive materials are expected to not only
bond to bone but also to soft tissue. Furthermore, class A biomaterials are at best osteoinductive
(promote the formation of bone in place where no osteoprogenitor cells are present) but at least
osteostimulative (favor the differentiation of stem cells and stimulate neobone formation) [13].

However, glasses have intrinsic properties that have limited their use in clinics. For example,
the brittle nature of glasses prevents their use in load-bearing applications [14]. Furthermore, the
typical surface-driven corrosion process driving the dissolution of bioceramics limit their use, in
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the bulk form, in applications where bioresorption is a prerequisite. Finally, in bone regeneration it
is well accepted that the optimum shape for the medical device would be a porous scaffold. Among
other properties, the scaffold should be biocompatible, osteoconductive (ultimately osteoinduc-
tive), have mechanical properties at least similar to the cancellous bone and tailored porosity
(overall porosity, pore size, and interconnection) to enable cell and nutrient migration within the
construct and favor a 3D reconstruction of the tissue [15]. The challenge in processing such porous
construct, is that, alike all ceramics, sintering should be used to fuse the particles together into
the foreseen construct [16-18]. Keeping in mind that glass is a metastable material, hot-working
processes can lead to uncontrolled crystallization [19, 20]. Uncontrolled crystallization not only
reduces the material bioactivity but also prevents a key aspect of biomedical devices that is to be
reproducible [19, 21].

To overcome the limitations of bioactive glasses, while maintaining their unique properties in
bone regeneration, they have been combined with natural and synthetic polymers, into compos-
ites or hybrids. When considering natural polymer, collagen is the material of choice. Collagen is
a protein that constitutes the extracellular matrix [22]. Also, Collagen I is, in the body, combined
with the hydroxycarbonated apatite (HCA) to create a biocomposite, highly organized at the nano
and macroscopic length [23]. Apart from the osteoconductive/osteoinductive properties of bioac-
tive glasses, research has demonstrated that, adding the glass as a secondary phase in collagen
also, decrease the degradation rate, that is often considered too fast for clinical applications, as
well as their mechanical properties [24]. Combination of bioactive glasses to collagen produces a
biomimetic material with high potential in replacing autografts, often associated with donor-site
morbidity. Recently, following the hybrid strategy developed by Jones and coauthors [25, 26], using
sol-gel bioactive glasses, hybrid biomaterials based on gelatin/bioactive glass, crossed link with
3-glycidoxypropyltrimethoxysilane (GPTMS) were developed [27]. The large variety of synthetic
polymer/bioactive glass and their production method have been reviewed extensively [28]. As, pre-
viously, the aim of combining a synthetic polymer with a osteopromotive materials lies in using the
advantages of both materials while reducing/suppressing their disadvantages. The main advantage
of the polymer is its ability to be shaped easily along with its biodegradability. Polymers can also
be used as a reservoir for growth factor or drugs. The bioactive glass will enable to promote bone
regeneration while reducing the excessively slow degradation rate of polymers such as polycapro-
lactone PCL, poly(glycolic acid) (PGA), or polylactic acid (PLA). The challenge in producing the
composites lies in maintaining the integrity of the polymer structure postprocessing. For instance,
it was reported that the coextrusion of PLA, bioactive glass 45S5 led to significant degradation of
the polymer [29]. Later on, it was shown that the high versatility of glasses allowed to developed
glasses that interacted less with the polymer during processing [30]. The bioactive glass, despite
being embedded into the polymer matrix, maintain its ability to release ions, that will confer the
composite bioactivity (in this case assessed by the precipitation of an hydroxyapatite (HA) layer at
the polymer surface) and osteostimulation [29, 30].

The properties of the bioactive glasses are connected to their structure. Their structure will dictate
their dissolution rate, their ability to release therapeutic ions in a control manner as well as their
interaction with tissues.

4.2 Silicate Bioactive Glasses

Silica and silicate glasses are the most widely known glasses and also the most widely used com-
mercially. Their properties can be tailored by controlling the amount of oxides in the structure.
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Figure 4.1 Structure/composition of silica and silicate glasses.

As shown in Figure 4.1, amorphous silica is made of highly connected Si-O-Si forming a 3D
network. Such glasses are generally used in optics and telecommunication. The high Si—O—Si
bond strength confer to the glass an extremely high resistance to hydrolysis, thereby the glass does
not degrade when immersed in aqueous solution. One major challenge with amorphous SiO, lies
in the high melting temperature and fast cooling rate necessary to process the glass. To decrease,
the melting temperature, one can add, to the glass composition, alkaline and alkaline earth ions,
such as, but not limited to, Na, Ca, K, Mg. The addition of such ions, listed as modifiers in text-
book leads to the creation of nonbridging oxygens (NBO), which in turns reduces their thermal
processing as well as their stability in aqueous solutions [31]. The NBOs (negatively charged) are
charge balanced by the positively charge cations. In applications, where the thermal processing
should be decreased while maintaining a high hydrolytic resistance, elements such Zn, Al, or B,
can be incorporated into the structure. Those elements that are considered as either glass formers
or intermediates will lead to a denser structure and to the decrease in the number of NBOs, while
maintaining a thermal processing window lower than for the pure SiO, glass [31]. It is only in 1969
that L.L. Hench had the brilliant idea to decrease even further the SiO, content and increased the
content of the alkaline and alkaline earth, in order to design a glass, soluble in aqueous solution,
able to release substantial amount of Ca ions. As it was well known that the inorganic part of the
bone was hydroxyapatite (mainly Ca and P), L.L. Hench also incorporated low concentration of P,
in order to favor the supersaturation of the solutions with Ca and P to induce the precipitation of
an hydroxyapatite, similar to the natural phase of the bone. The first bioactive glass developed was
45S5 with composition in (Wt%) 455i0,-24.5Ca0-24.5Na,0-6P,0

The mechanism of dissolution and reaction in aqueous solution (in static and dynamic) has been
widely discussed, reported, and modeled [32-36]. In short, the first event is the ionic exchange
between Na*t from the glass and H* from the solution. This step is diffusion-controlled and as such
exhibit a dependence with \/ t. Later, the soluble silica from the structure is released in the solu-
tion in the form of Si(OH),. This results in the breaking of Si—O—Si bonds which in turn leads
to the formation of silanol (SiOH) groups. This reaction is surface-driven and therefore shows a
dependence with ¢. The unsoluble silica, left in the glass network, forms a SiO,-rich layer through
a condensation and repolymerization process. This layer is depleted in alkaline and alkaline earth
ions. Finally, the solution becomes supersaturated with calcium and phosphorus. Given the high
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affinity between those two elements, in solution, a CaP reactive layer (initially amorphous) will
form onto the SiO,-rich surface, where silanols act as nucleation points. Later the reactive layer will
crystallize and incorporate CO,2~ and OH~ to form a crystalline HCA. Figure 4.2 presents a scan-
ning electron microscopy (SEM) image of a bioactive glass particle, postimmersion in simulated
body fluid, showing the remnant glass, the SiO,-rich layer and the HCA at the surface.

Later on, researchers strived to understand the relationship between the glass composition and
its ability to promote the precipitation of hydroxyapatite. The SiO, structure is widely discussed
based on the Q,, annotation (Figure 4.3).

In such annotation, the “n” stands for the number of Si bridged to two O. Based on these struc-
tures one can calculate and anticipate the network connectivity of relatively simple glass system.

The first bioactive glass developed contained not only SiO,, Na, 0O, CaO but also P,O,. However,
research showed that the phosphate did not form Si—O—P bonds, but rather remained as
orthophosphate in the network. While this holds true for the traditional 45S5, it is also the case of
the glass S53P4 (another bioactive glass commonly used clinically).
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Figure 4.2 SEM image of a bioactive glass immersed for 72 hours in simulated body fluid (a) and the
composition analysis across the red line (b). EDX analysis clearly exhibit the remnant glass, the SiO,-rich
layer, and the HCA layer.
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-

Figure 4.3 Q, structure in silica and silicate (yellow sphere = silicon; blue sphere = oxygen, purple
sphere = catlons)
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Using the following equation [37], Hill and Brauer demonstrated that the bioactivity (assumed
to be the speed of precipitation of HA) is directly correlated to the network connectivity:
oo 4[Si0,] — 2 [M50 + M"O] + 6[P, 0]

S0, (4.1)

where NC is the calculated network connectivity and MEO and MO are the mono- and divalent
modifier oxide in the glass. All concentrations are expressed in mol%.

Indeed, the authors demonstrated that for connectivity higher than 2.4 the glasses lost their abil-
ity to precipitate HA and therefore where not deemed to be employed in places where bioactivity
is of paramount importance.

4.2.1 Silicate Glass for Bone Tissue Engineering

The majority of the research, aiming at demonstrating the osteoconductivity and osteoinductivity of
bioactive glasses have been performed on the Food and Drug Administration (FDA)-approved 45S5
and S53P4. For instance, in vitro, Xynos et al. studied the impact of bioglass® 45S5 on the behav-
ior of osteoblasts isolated from human trabecular bone of femoral heads [38]. The 45S5-induced
osteoblasts during the DNA synthesis (S) and mitosis (G2/M) phase. It was also revealed that the
glass augmented osteoblasts commitment as well as mature osteoblastic phenotype. Other glasses,
such as BonAlive S53P4, have also been found to favor the differentiation of stem cells (adipose
stem cells or bone marrow stromal cells) toward osteoblast lineages [39, 40].

Since the discovery of the first bioactive glass and the development of new compositions,
approved by the FDA (in the USA) or European Medicines Agency (EMA) (in EU), these materials
have found substantial space in clinics. The first reported clinical application aimed at the
reconstruction of the ossicular chain of the middle ear [41]. Since bioactive glasses have been used
in clinics as bone graft (for the reconstruction of bone critical defects) [42], in toothpaste (to battle
hypersensitivity) [43] or even as ocular implant [11]. Finally, bioactive glasses have been used as
coatings on metal implant in order to favor the tissue/implant interactions.

However, despite the tremendous clinical results in those applications, bioactive glasses still
suffer from limitations. Indeed, it is well accepted, that in view of designing an optimum bone
scaffold, the graft should be highly porous, while demonstrating mechanical properties at least
in line with cancellous bone. As mentioned earlier, the difficulty in designing bioactive glass
grafts lies in their 2D metastable structure that often leads to crystallization over the course of
the sintering process. Peitl et al. have shown that during crystallization upon crystallization the
bioactivity of bioglass 45S5 decreases drastically [21]. Furthermore, it is generally accepted that
the crystallization of the traditional, FDA-approved silicate bioactive glass is surface initiated [19].
It was also demonstrated that the kinetics of crystallization is too fast and the hot working domain
to narrow to allow for proper sintering without any adverse crystallization [19].

To overcome such limitations, researchers have studied the impact of glass structure on the
thermal properties. However, most studies revolve toward adding ions to the glass composition. As
mentioned earlier, the benefit of bioactive glass is its ability to include any ions into its structure.
Therefore, B (in small amount), Mg, Al, Zn among other ions have been introduced in the glass
network in view of improving their thermal resistance to crystallization [16, 44-46].

In addition to benefit the thermal properties of the glass, adding such ions can have therapeutic
interest. Indeed, Mg is known to promote new bone formation [47] and favor bone cell adhesion
[47,48]. Zn demonstrates anti-inflammatory effect and activate protein synthesis in osteoblast [49].
Zn also helps in regulating the transcription of osteoblastic differentiation genes [50]. However,
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while Al is an efficient element to stabilize the glass network and prevent crystallization, it is not
often used in medical graft as it is known to be toxic to the skeleton, thus leading to fractures accom-
panying a painful osteomalacia and renal failure [51]. Al is also considered a potent inhibitor of
calcium phosphate precipitation [52]. Aside from those elements, Sr, Cu, Ag, Ti, among others
have been found to be of therapeutic interest. Strontium is routinely used for treatment of osteo-
porosis in the form of strontium ranelate [53]. Sr is also known to enter the HCA layer to form
a Sr-substituted HCA layer as shown in Figure 4.4 [54]. This layer is denser than the traditional
HCA and therefore provides higher mechanical properties to the neo-bone. Cu and Ag have been
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Figure 4.4 SEM images and line scans
across the reaction layer formed at the
surface of S53P4 (a, b), Sr5 (c, d), Sr10 (e, f),
Sr15 (g, h), and Sr21.77 (i, j) after immersion
in simulated body fluid (SBF) for 72 hours.
Source: Massera and Hupa [54], Figure 09,
p. 09/with permission of Springer Nature.
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both used to confer to the glass-enhanced antimicrobial properties [55, 56]. Cu has also been found
to promote angiogenesis [57] and to induce differentiation of mesenchymal stem cells toward an
osteogenic lineage [58]. Titanium, as an ion, has been associated with stimulation of the expression
of alkaline phosphatase (ALP), osteopontin (OPN), and osteonectin [59], therefore, demonstrating
the Ti role as promoter of the differentiation. Laio et al. also tested the impact of Ti concentration
from 0.1 to 5.0 ppm and reported, within such range, an increased osteoblasts proliferation [60].
Mine et al. also tested the impact of Ti ions concentration (1-20 ppm) on osteoblastic MC3T3-E1,
osteoclastic RAW264.7, and epithelial cells-like GE-1. For concentrations between 1 and 9 ppm no
statistically significant effect was reported on either cell lines. However, a significant drop in cell
viability was reported at a concentration of 20 ppm [61].

While silicate bioactive glasses have had a tremendous impact in clinics some drawbacks remain
to be overcome: For instance, while it is possible to increase the resistance to crystallization and
process scaffolds with structural and mechanical properties encouraging for application in bone
reconstruction, generally the dissolution rate is drastically reduced [44]. Furthermore, the typical
noncongruent dissolution of silicate bioactive glasses (i) does not allow for a control release of
therapeutic ions and (ii), as reported by N.C. Lindfors et al. [62], even 14 years postsurgery remnants
of the bioactive glass can still be detected at the surgical site. While the latter did not alter the bone
remodeling functions nor its mechanical functions, this still lead to question if there is a need for
materials that would degrade more completely into the body.

4.3 Phosphate Bioactive Glasses

When dealing with biomaterials for bone regeneration, the most used bioceramics in clinics
remain, to date, synthetic hydroxyapatite and tri-calcium phosphate. Both materials are based on
calcium phosphate and their use is directly correlated to their chemical similarity with the natural
bone. It was, therefore, somehow logical that glass scientist started to develop calcium-phosphate
glasses for use in the biomedical field.

4.3.1 Structure/Dissolution

Asfor thesilicate, the phosphate structure is typically discussed based on the Q,, structure as shown
in Figure 4.5.

The phosphate structure can be made from solely Q, units (pure P,0O;), from a polymer-like
structure composed of metaphosphate (Q,) chains, or even from pyro- and ortho-phosphate (Q,
and Q,, respectively) called invert glass. A thorough review of the structure of simple phosphate
glasses has been published by Richard K. Brow [9]. The network connectivity of the phosphate
network can be calculated in a similar manner than for silicate, using the following equation:

_ 3[P,05] - [M,0] - [M'O]
[P,05]

NC 4.2)

where [P,0;], [M,0], and [M’'O] are the molar concentration in phosphate, the mono- and divalent
modifier oxide. Alike in silicate glasses the addition of modifiers breaks the P—O—P bonds and
create NBO charged balanced by the cations. However, as opposed to silica and silicate glasses, the
pure P,O; glass is highly hygroscopic and degrade readily in any aqueous solution. This can be
assigned to the double bond that forms, between the phosphorus and oxygen ions which prevent
the formation of a stiff 3D network. Also, as opposed to the silicate counterpart, adding alkaline or
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Figure 4.6 Dissolution mechanism of phosphate glasses.

alkaline earth ions stabilize the structure, instead of decreasing its stability. Finally, as opposed to
the incongruent dissolution of silicate glasses, phosphates are, generally, dissolving in a congruent
manner, i.e. the composition of the parent glass is maintained throughout the dissolution process
(Figure 4.6).

Asproposed Bunker et al. [63], phosphate dissolves due to acid- or base-catalyzed hydration of the
polymeric phosphate chains. It was then further demonstrated that the dissolution of the phosphate
network involves both the hydration of the phosphate chains and hydrolysis of the P—O—P bonds.

The phosphate glasses dissolution mechanism resembles more closely the dissolution of polymer
chain thereby the longer chains are primarily dissolved. Figure 4.7 showing the infrared spectra of

X=0 Figure 4.7  Fourier-transform infrared
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4.3 Phosphate Bioactive Glasses
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Figure 4.8 SEM images of metaphosphate glass immersed for two weeks in SBF (a) and the corresponding
EDX line scan analysis (b).

a metaphosphate glass immersed for up to two weeks in simulated body fluid clearly shows that
(i) initially the glass is mainly formed of Q, and Q, units, (ii) upon dissolution the Q, units are
predominantly dissolved, and (iii) new vibrations related to the precipitation of a reactive layer
appears [64].

As compared with silicate bioactive glasses, the dissolution mechanism does not lead to the
formation of phosphate-rich layer. Therefore, the reactive layer deposit directly at the surface of
the parent glass as shown in the SEM image and energy-dispersive X-ray (EDX) analysis presented
in Figure 4.8.

It is important to note that in this particular case the Ca/P ratio released in the solution was
thermodynamically favoring the precipitation of a dicalcium dihydrate phosphate layer rather than
a HA layer [64].

4.3.2 Phosphate Glass for Bone Tissue Engineering

Significant work was conducted to assess the impact of the glass degradation rate on the survival of
cells of interests for bone applications. In 1998, Uo et al. and Salih et al. study the impact of CaO on
content in phosphate glasses on human pulp cells and osteosarcoma MG63 cells [65, 66]. In both
case, it was revealed that the faster the degradation, the lower the cell survival, most likely due
to excessive phosphate release and acidic interfacial pH. Later, Massera et al. study the impact of
SrO substitution for CaO (50P,0;-(40 —x)CaO-xSrO-10Na, O with 0 <x <40) in human gingival
fibroblasts survival [67]. It was found that the substitution led to a mix-alkali effect when consider-
ing the dissolution rate, with the faster dissolution rate for SrO-free glass and the slowest dissolution
rate for the glass containing 20 mol% of CaO and 20 mol% of SrO. While all glasses demonstrated
poor cell adhesion at their surface for the first three days, due to the congruent dissolution which
inhibits cells from attaching to the glass surface, once a firm reactive layer was formed, cells grew
exponentially at the surface of all SrO-containing glasses. Only the SrO-free glass was found to lead
to cell death. Based on such results, researcher mainly focused their attention on invert-phosphate
glasses that exhibit slower dissolution rate than metaphosphate glasses and enhanced cell attach-
ment and proliferation.

The advantage of phosphate glasses in bone regeneration, lies in the congruent dissolution,
that enables control release of ions of therapeutic interest. Taken as an example Se-, Cu-, and
Co-doped COSECURE glass boluses were tested on animal to overcome acute as well as marginal
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deficiencies [68]. The main conclusion was in regard to Se-doped boluses. It was found that this
material can efficiently prevent selenium deficiency for over a year and give protection to the fetus
as well as the young lamb in its early life [68].

Following this breakthrough, studies, like for silicate was directed in understanding the positive
outcome of releasing, in a control manner, ions of therapeutic interest. In the literature, it appears
that doping the phosphate glasses with Ag or Cu, in view of conferring the bioactive glass superior
antimicrobial properties, is predominant. Ag- and Cu-doped phosphate glasses were found to
demonstrate superior antimicrobial activity than silicate bioactive glasses. Loading glasses with as
little as 3 mol% of Ag led to eradication of a large variety of bacteria, such as Staphylococcus aureus,
Escherichia coli, and Candida albicans [69] or Staphylococcus epidermidis [70]. Another doping
element that is attracting great interest is fluorine. While fluorine has been heavily studied in
silicate bioactive glasses, in view of promoting the precipitation of fluorapatite, it became apparent
that addition of fluorine in the silicate network was not straightforward. Indeed, significant
decrease in bioactivity were reported [71]. Interestingly, addition of fluorine in phosphate glasses
was found to form P—O—F bonds, leading to enhanced bioactivity. Furthermore, the addition
of F in phosphate glasses was also found to promote bulk crystallization, opening the path to
new bioactive glass-ceramics [72]. However, the most abundant body of work lies in developing
thermally processed structure such as fibers [73-75] and scaffolds [17, 76], given their superior
resistance to crystallization when compared to silicate bioactive glasses.

4.4 Phosphate Glass Fibers

Lapa et al. provided a thorough review of the phosphate glass fiber processing and their high
potential in hard, but also, soft tissue engineering [73]. The main body of works lies in utilizing
the phosphate fibers in combination with a bioresorbable to obtain bone fixation devices possess-
ing mechanical properties similar to the natural bone [77-79]. Those fiber-reinforced compos-
ites have been found to be promising in substitution of metal fixation implants known to cause
stress-shielding.

While the congruent dissolution and ability to draw fibers with high mechanical properties and
high mechanical properties retention during in vitro dissolution has led to significant amount of
work being done for orthopedics application, a field that has emerged is the use of such fibers for
biosensing.

For instance, single core [80], core-clad [81], or structured fibers [82] have been drawn out of
bioresorbable phosphate glasses to be used as biosensors. The most up-to-date work relies in com-
bining the unique optical properties, thermal properties, and bioresorbable properties of phosphate
glasses to design new biosensors. Initially, researches have demonstrated that the ability of the fiber
to guide efficiently light was directly link to the various events occurring at the fiber/liquid inter-
face, as shown in Figure 4.9 [80]. Initially (Stage I), no change in the light guidance efficiency was
recorded. This is due to the congruent dissolution of the glass that does not interfere with the light
propagation. In a second time (Stage II), the sporadic precipitation of a CaP layer can be seen. The
light will interact with the CaP layer at the fiber interface, leading to scattering. In Stage III, the
loss in light transmission becomes more drastic due to the surface of the fiber being fully covered
by the CaP layer, while the diameter of the fiber decrease drastically. Finally, in Stage IV, the loss
in light propagation decreases. This is assumed to be due to the thick reactive layer forming, acting
as a dissolution barrier to the glass.
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Figure 4.9 Output light power through the phosphate bioactive glass (PBG) fiber as a function of
immersion time in SBF [80].

This works demonstrated that the dissolution of bioresorbable fibers could be tracked optically.
This study also shows the potential of bioresorbable fibers to be used as biosensors for a significant
amount of time. It is commonly accepted that to efficiently guide light, core-clad fibers are more
efficient [81]. Therefore, later, it was shown that one could develop fully bioresorbable core-clad
fibers, demonstrating total internal reflectance. A sensing region was revealed by etching the
cladding using H;PO,. This study demonstrated that not only resorbable core-clad fibers could
be developed, but also their mechanical properties (postetching of the clad to reveal the sensing
region) remain high enough to support their use as in vivo biosensors. Finally, using an extrusion
process a group at Politecnico di Torino developed microstructured bioresorbable phosphate glass
optical fibers [83]. Such an approach opens the path to manufacturing complex bioresorbable
glass fibers for optical, gas, and fluidic sensors and therapies

4.5 Borate, Borosilicate, and Borophosphate Bioactive Glasses

The use of boron in place of silicate or phosphate has been widely study in the past. Typically, the
rational for adding boron was to improve the thermal properties of silicate [16, 84] or control the
in vitro dissolution of phosphate glasses/fibers [85]. It is only recently that borate and borosilicate
glasses truly find space as biomaterials.

4.5.1 Structure/Dissolution

The structure of borate glasses is significantly more complex than silicate and phosphate. Pure
B, 0, is usually composed of a majority of boroxol rings and trigonal BO, [86]. However, unlike for
silicate and phosphate where the change in structure is monotone with addition of modifiers, the
borate structure changes differently depending on the MO and M, O content. Initially, the addition
of cations will result in neutral trigonal BO, forming negatively charged BO,™ units, thus leading
to an initial increase in the network coordination. The BO, units can arrange into borate rings or
even diborate [86]. When increasing further the concentration in cations in the borate structure,
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Figure 4.10 Borate structure (green sphere = boron; blue sphere = oxygen).

the borate tetrahedra convert back to trigonal units, thus decreasing the network connectivity. In
such a case, pyro-borate and orthoborate can form. However, the formation of either structure is
dependent on the cation introduced into the glass network. Figure 4.10 presents the various borate
structure.

It is interesting to note that the binary B,0,-LiO, glass dissolution in water and buffer solution,
as opposed to silicate glasses, exhibit a decrease in the dissolution rate with an increase in pH.
This is consistent with Zapol’s calculation, i.e. protonated attack of the borate units has a lower
activation energy than neutral or deprotonated attack [87]. This is most likely due to the inability
of the borate network to form a hydrated layer, unlike silicate bioactive glasses.

Figure 4.11 shows S53P4 (53.8S10,-21.8Ca0-22.7Na,0-1.7P,0; [in mol%]) after 168 hours of
immersion in simulated body fluid and B53P4 (53.8B,0,-21.8Ca0-22.7Na,0-1.7P,0, [in mol%])
after 48 hours of immersion in simulated body fluid. One can see that the borate glass dissolved
drastically faster than its silicate counterpart.

Borate bioactive glasses started to find space in the clinics with the development of Mirragen™ .
Mirragen is a borate bioactive glass nanofibers looking like cotton-candy. The agglomeration
of the nanofibers forms the scaffolds, similarly than natural fibrin scaffolds. Mirragen is now
FDA-approved, following a clinical trial that shined light on the benefit of using borate nanofibers,
to treat diabetic ulcer patient at high risk of amputation [88].
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Figure 4.11 SEM images of S53P4 (a) and B53P4 (b) particles, immersed for 168 and 48 hours, respectively.

4.5.2 Borate Glass for Tissue Engineering

With the development of new borate glasses, increasing interest has arised in the development
of borosilicate glasses. Huang et al. studied the kinetics of hydroxyapatite formation on 45S5 and
its borate/borosilicate analogs [89]. They demonstrated that increasing the boron substitution for
SiO, led to an increase in the rate of conversion of the glass to HA. Such a study was later confirmed
with repeating the study with S53P4 and borosilicate analogs [90]. When studying the osteogenic
commitment of human adipose stem cells in direct contact with glasses and with the extract from
the borosilicate glasses, it was found that the borosilicate glasses outperformed the FDA-approved
S53P4. However, some questions arise as regard to some inhibitory effect of the borosilicate glasses
on the cell proliferation. Such results are in favor of a more dynamic testing of the cell viability in
vitro. Modglin et al. studied the cytotoxicity of 13-93 (silicate) and its borosilicate and borate analogs
in a dynamic cell culture [91]. While in a static condition cytotoxicity was reported, a dynamic
invitro cell culture showed promising results toward cytocompatibility of MLO-AS5 osteogenic cells.
Aside from the ability of the bioactive glass to promote osteogenesis. A significant impact on angio-
genic factors was reported [90]. Indeed, Ojansivu et al. reported that the S53P4- borosilicate analogs
upregulated von Willebrand factor (VWF) and PECAM-1, two endothelial markers, thus making the
borosilicate glass attractive from an angiogenic point of view.

4.6 Conclusion

Bioactive glass is a unique class of bioceramics able to favor osteogenesis. It is a highly versatile
material as one can tailor not only the dissolution rate but also the release of therapeutic ions to
the need of the patient. Such materials are one step further in the development of patient-centric
tissue graft.

While the “traditional” silicate bioactive glasses have demonstrated unique ability to regenerate
hard tissue and have found a significant space in clinics, limitations intrinsic to their network
structure has limited their use. These limitations have been partly overcome by developing new
bioactive glass amenable to be drawn into fibers or sintered into porous scaffolds. Furthermore,
the development of phosphate and borate fiber, along with the borosilicate and borophosphate,
has extended significantly the range of application where bioactive glass can be of interest.
Indeed, new clinical material have been developed for control ion release or even for wood
healing. Furthermore, the newly developed materials open the path to the development of new
composites, thereby the unique biological properties of the glasses can be exploited. In recent
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years, much work has focused on reinforcing polymer matrices with bioactive glass particles or
fibers, made from silicate, phosphate, or borate glasses. It was shown that not only the bioactive
glass can reduce the biodegradation time of relatively stable polymers but also the control release
of ions also confers the composites with bioactivity and osteogenic properties [29, 30].
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5.1 Introduction

Certain compositions other than silica-based bioactive glasses, such as borate-based bioactive
glasses, including borate bioactive glasses and borosilicate glasses, also exhibit a bioactive response.
Borate bioactive glasses usually degrade faster than silica-based bioactive glasses because they
have a threefold coordinate [BO,] site that forms trihedrals or chains in the glass network, and
thus it is easier to match the degradation rate of the borate bioactive glasses with that of the target
tissue. On the other hand, there are some concerns regarding the cytotoxity of borate bioactive
glasses as they tend to release large amounts of borate ions.

In this chapter, the biological reaction of boron and the capacity of the borate bioactive glass for
both hard and soft tissue regeneration are described.

5.2 Composition and Fabrication Process

Various types of borate bioactive glasses such as 45S5B1 and 13-93B1 have been developed by a
partial or full replacement of SiO, in silica-based glasses like 45S5 and 13-93 with B,0, [1-4].
The typical compositions of the borate bioactive glasses are listed in Table 5.1 [1-4]. In most
cases, melt-derived borate bioactive glasses particles are prepared and then cast into various
shapes, including trabecular [5], oriented pore, and fibrous [6], while the grid-like structure
is prepared by a robocasting technique [7], as shown in Figure 5.1. Borate bioactive glasses’
fine fibers several micrometers in diameter are fabricated by a melt-blow process in which the
molten glass is blown by a high-speed, high-temperature airflow onto a net screen for collection.
The degradation rate and mechanical strength mainly depend upon the glass composition and the
microstructure [9-12]. It was shown by Fu et al. [12] that the compressive strength of trabecular
glass scaffolds of approximately 80% porosity and 100-500 um pore size decreased along with
an increasing B,0; content of the glass, from 11 MPa for silicate 13-93 glass to 5MPa for borate
13-93B3, which values are in the range of human trabecular bone (2-12 MPa) [13].

They also showed that the weight loss of the same trabecular glass scaffolds in a simulated body
fluid (SBF) that has ion concentrations nearly equal to those of human blood plasma [14] increased
markedly with B, O, content of the glass, and its limiting value was 8% for 13-93 and 67% for 13-93B3
(Figure 5.2a).
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Table 5.1 Nominal composition of borate bioactive glasses.

Composition (mol%)

Sample Na,0 K,0 Mgo Ca0 Sio, B,0; P,0,
45S5B1 244 0 0 26.9 30.7 15.4 2.6
45S5B2 24.4 0 0 26.9 15.4 30.7 2.6
4555B3 24.4 0 0 26.9 0 46.1 2.6
13-93B1 6.0 7.9 7.7 221 36.4 18.2 1.7
13-93B2 6.0 7.9 7.7 221 18.2 36.4 1.7
13-93B3 6.0 7.9 7.7 22.1 0 54.6 1.7

Figure 5.1 SEM photographs of borate bioactive glasses with various microstructures of (a) trabecular, (b)
oriented pores, (c) fibrous, (d) grid prepared by robocasting, (e) microfibers prepared by melt-blow. Source:
(a-c) Bi et al. [6], Figure 01, p. 04/with permission of Elsevier; (d) Deliormanl: [7], Figure 02, p. 04/with
permission of Elsevier; (e) Rahaman et al. [8], Figure 03, p. 06/with permission of Elsevier.



https://lwww.twirpx.org & http://chemistry-chemists.com

5.3 Biological Reaction of Boron

9.0
804 [-=—B0 —=—BO0|
——B1 1 |~=—B1
704 [—~—B3 —a— B3|
IR . . N
— 60 8.5
0\060
$50*
o T
_‘5407 S, .
2 301 .
20- ]
10 751
o —
0 100 200 300 400 500 600 700 800 900 1000 0 100 200 300 400 500 600 700 800 900 1000
Time (h) Time (h)

(@) (b)

Figure 5.2 (a) Weight loss of scaffold and (b) pH of a simulated body fluid (SBF) as a function of immersion
time of silicate 13-93 (BO), borosilicate 13-93B1, and borate13-93B3 bioactive glass scaffolds in the SBF.
Source: Reproduced from Fu et al. [12].

The rapid increase of pH of the SBF was also observed with increasing the B,O, content of the
glass (Figure 5.2b), resulted from the rapid reaction between the glasses and the SBF accompanied
by a conversion of the glasses into apatite or apatite-like phase. The mechanism of degradation and
conversion of the borate bioglasses to apatite in the SBF was reported by Haung et al. [4] as follows:
when the borate glasses are soaked in the SBF, the glass components such as Na,0, K,0O, B,0;,
and SiO, are dissolved into the solution to form Na*, K+, BO,3~, and SiO,*" ions, coupled with the
reaction of Ca?* ions from the glass with PO,* ions from the solution to form a apatite/apatite-like
layer on the glass. They also showed that no silica-rich layer is present in the conversion of 13-93B3
glass while a thin silica-rich layer initially forms on 13-93B1 glass.

5.3 Biological Reaction of Boron

It has been argued that one concern for the borate bioactive glasses is the borate ions released into
the surrounding solution in the course of the biological reaction. Boron is taken into the human
body through the daily food consumption [15] and is present in the body as boric acid [16]. It has
roles in steroid hormone metabolism, healthy bone development, and cell membrane maintenance
[17, 18]. It has been shown that boron affects the activities of certain enzymes such as elastase, the
trypsin-like enzymes and collagenase so as to regulate the extracellular matrix, and it also induces
the release of tumor necrosis factor o (TNF-a) in fibroblasts [19]. The gene expression levels of some
of the bone tissue related extracellular matrix proteins such as collagen type I, osteopontin, osteo-
calcin, and bone sialoprotein are increased by boron treatment [20, 21]. It has been also suggested
that boron may also improve wound healing by the action of boron on the extracellular matrix [22].
In contrast to these beneficial effects, high amounts of boron are cytotoxic [23, 24] and reported to
interfere with the development of certain organs and the immune system [25]. It has been reported
that cell viability of human tooth germ stem cells (hTGSCs) is significantly decreased by exposure
to sodium pentaborate pentahydrate (NaB) at doses of more than 200 pg/ml [23]. It has also been
shown that boron nitride nanotubes exhibit a more toxic effect on RAW 264.7 macrophages and
3T3-L1 fibroblast cells than carbon nanotubes [24]. The cytotoxicity of borate bioactive glasses pre-
pared by a partial or complete replacement of SiO, in 45S5 glass with B,O was evaluated by Brown
et al. [26]. They showed that the borate bioactive glasses with the higher B,0, content resulted
in greater inhibition of MC3T3-E1 cell proliferation under a static cell culture condition, while no
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Figure 5.3 Micro CT images of critical-sized rat calvarial defects implanted with the bioactive glass 45S5,
1393,1393B1, and 1393B3 at 12-weeks postsurgery. Complete bridging of the dural side is observed with
the 1393B3 scaffolds. Source: Bi et al. [28], Figure 02, p. 04/with permission of John Wiley & Sons, Inc.

cytotoxicity was observed under dynamic culture conditions mimicking the body environment [26].
Fu et al. reported that the cell proliferation and alkaline phosphate activity of MLO-A5 on a trabec-
ular scaffold composed of silicate or borate bioactive glasses decreased with the increasing borate
content in the glasses [27]. Bi et al. reported that 13-93B3 glass induced greater new bone forma-
tion than a conventional 45S5 glass [28]. Rahaman et al. have reported that borate bioactive glasses,
including 13-93B3, exhibit no observable toxic effects in vivo [8]. It has been shown that the incor-
poration of strontium into borate bioactive glasses minimizes the cytotoxicity of borate bioactive
glasses by suppressing borate ions [3].

5.4 Hard Tissue Regeneration

When the borate bioactive glasses are used as a scaffold in bone tissue, they react with the sur-
rounding biological solution so as to convert to apatite and/or an apatite-like phase [11, 12] and
directly bond to bone [28], as in the case of silica-based bioactive glasses. Bi et al. [28] prepared var-
ious compositions of 13-93, 13-93B1, and 13-93B3 trabecular scaffold, with 50% porosity and a pore
size of 50-500 pm by fusing randomly oriented short fibers of 100-300 pm diameter and implanted
them into rat calvaria bone defects. They reported that a greater amount of new bone formation was
observed for 13-93B3 after 12 weeks than the 13-93 glass scaffold due to the complete conversion
of 13-93B3 to hydroxyapatite, as shown in Figure 5.3. Jia et al. implanted 13-93B3 glass particles
loaded with teicoplanin (TEC) into methicillin-resistant Staphylococcus aureus (MRSA)-induced
osteomyelitis in a rabbit model [29]. They reported that the TEC-loaded 13-93B3 reduced the num-
ber of bacterial cells and promoted bone regeneration compared with TEC-loaded calcium sulfate
and the untreated defect.

5.5 Soft Tissue Regeneration

The efficacy of borate bioactive glasses on soft tissue regeneration has been investigated over the
past decade. The remarkable progress in soft tissue regeneration reported by Jung and Day in 2011
and shows that a cotton-like glass fiber pad of 13-93B3 glass exerts a tremendous wound healing
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effect [30, 31]. Borate glass fibers of micrometer diameter scale easily dissolve in the body environ-
ment due to their large surface area and release borate, calcium, and potassium ions while forming
an apatite layer on its surface [2]. Such ion release capacity resulted in the promotion of angio-
genesis in a rat subcutaneous model and broad-spectrum antibacterial activity [32, 33] as shown in
Figures 5.4 and 5.5. These glass fibers received USA Food and Drug Administration (FDA) approval
for the management of acute and chronic wounds in 2016.

0d 3d 9d

SiG Control

BG

Figure 5.4 Images of skin wounds treated with borate bioactive glasses (BG) and silicate bioactive glasses
(SiG) microfiber wound dressings for zero, three, and nine days, and the untreated wound surfaces as
control. Source: Zhou et al. [32], Figure 08, p. 05/with permission of Elsevier.
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Figure 5.5 Sensitivity of bacteria to borate glasses of 13-93B3 with or without additive of silver (Ag),
gallium (Ga), or iodine (I). * = p <0.05; ** = p <0.01; *** = p <0.001; **** = p <0.0001. Source: Reproduced
from Ottomeyer et al. [33].
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Recent studies have attempted to elucidate the mechanism of wound healing by the borate
microfibers, but the details remain unclear [34]. Zhou et al. reported that the borate 13-93B3 glass
fibers achieve faster wound healing than the conventional silicate Bioglass 45S5 glass fibers and
attributed this result to the boron component in the borate glass [32]. On the other hand, Liu
et al. attributed the faster healing by the borate glass to a faster release of calcium ions from [2].
Lin et al. [35], Zhao et al. [36], and Chen et al. [37] showed that the addition of copper and/or
zinc ions to the borate glass promotes the healing effect. Recently, Thyparambil et al. reported
that 13-93B3 glass can trigger phenotypic change in adipose stem cells [38]. Further study is
required to fully understand the mechanism of the wound healing process induced by the borate
microfibers.

5.6 Summary

Since the original development of borate bioactive glasses, cytotoxicity has been the main concern.
Recent studies have accumulated results that little or no cytotoxicity in vivo and enhancement of
hard and soft tissue regeneration. The application of borate bioactive glasses to wound healing
was remarkably advanced by the introduction of the cotton-like glass pad into the 13-93B3 glass,
although further study is still required to fully understand the mechanism of wound healing process
induced by the borate microfibers.
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List of Abbreviations

ADA-GEL Alginate dialdehyde-gelatin

AM Additive manufacturing

ASTM American Society for Testing and Materials
BG/BAG Bioactive glass

C-ES Cell-electrospinning

CNF Cellulose nanofibril

CS/CH Chitosan

DBB Droplet-based bioprinting

Dex Dextran

EBB Extrusion-based bioprinting

EPD Electrophoretic deposition method

FDA Food and Drug Administration

GelMA Gelatin methacryloyl

GP Glycerophosphate composites
HA/HAp/apatite Hydroxy apatite

HCA Hydroxycarbonate apatite

HF Hydrofluoric acid

LASER Light amplification by stimulated emission of radiation
LBB Laser-based bioprinting

mBGNP Mesoporous bioactive glass nanoparticles
NMR Nuclear magnetic resonance spectroscopy
OAL Oxidized alginate

OCS Oxidized chondroitin sulfate

PCL Polycaprolactone

PDLLA Poly(p,L-lactic acid)

PEGDMA Poly(ethylene glycol) dimethacrylate
PEGSH Poly(ethylene glycol) self healing
pHEMA Poly-hydroxyethyl methacrylate

PLGA Poly(lactic-co-glycolic acid)
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PLLA Poly-L-lactic acid

PU Polyurethane

SA Sodium alginate

SAg Spongia agaricina

SCS Succinyl chitosan

SF Silk fibroin

SL Spongia lamella

SPI Soy protein isolate

TEOS Tetraethylorthosilicate
ZBG Zinc-doped bioactive glass

6.1 Regenerative Glasses - An Introduction

Synthetic materials mimicking nature in terms of physical, chemical, and structural character-
istics to help diseased parts or assist the defective organs of the body give the necessity for the
development of biomaterials. The usage of biomaterials is not new; the earlier Romans, Chinese,
and Aztec used gold in dentistry more than 2000 years ago. Through much of recorded history,
evidences of using glass eyes and wooden teeth have been found in common use. Based on the inter-
action of the synthetic materials to the physiological environment, the biomaterials community has
referred it as four generation of biomaterials [1]. The first-generation biomaterials (1950s-1970s)
are bioinert materials; it was neither recognized nor rejected by the physiological medium. The
second-generation biomaterials (1970s-1990s) are bioactive materials that have minimal reactivity
to the physiological medium and some have biodegradable properties that help for the stable per-
formance of the biomaterials for a long time. The third-generation biomaterials (1990s-2010) are
bioresorbable materials that can be completely resorbed by the physiological medium. The fourth
generation biomaterials (2010 to present) are the period of regeneration materials that deals with
biomimetic tissue engineering scaffolds.

The concept of regeneration dates back to Greek mythology of Titan Prometheus punishments
followed by the ability of the liver to regenerate itself, overnight. This story also opens the way
for the scientific community to study hepatic diseases. The recent studies also on the biochemical
evidences show that the damaged liver cells have the potential of repairing and restoring them-
selves through the signal pathway and can return to the postnatal organ. However, as of now, the
regeneration possibility and its research are only limited to liver since the Greek mythological time
[2]. In the present generation of tissue engineering, the achievement of hard tissue replacement is
most needed. The bone and dental structures are very complex with the combination of system-
atic hierarchical arrangement of organic and inorganic matrix [3]. This dense matrix consisting
of bundles of collagenous fibers interwoven within the amorphous ground substance (cement)
impregnated with calcium phosphate complexes. Unfortunately, during defects or diseased con-
ditions these three separate elements, viz, fibers, cement, and calcium salts, disappear together.
And hence a suitable biomaterial needs to be engineered to mimetic the structural and functional
properties of these hard tissues. Most often, calcium salts have been used as biomaterials for hard
tissue application including hydroxyapatite, tricalcium phosphate, and bioactive glass (BG).

In these materials, hydroxyapatite is bioactive material and tricalcium phosphate is a biore-
sorbable materials. The bioactive glass is in between the bioactive and bioresorbable property with
higher surface reactivity. Hench in 1969, discovered bioactive glass as second-generation bioactive
glass that can bond with the host tissue. The story of bioactive glass starts with the necessity for
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discovering new material by the US army to cure several amputation due to Vietnam war, and a
material which cannot be rejected by body. This necessity gives birth for Bioglass®, which has the
capability to bond the bone and living tissue, discovered by L. Hench. This bioactive glass has the
composition of SiO, CaO, Na,0, and P,O, in their system. The later advances on gene activation
properties extends the bioactive glass potentialities toward tissue regenerative biomaterial. Even
though the first invented bioactive glass systems were melt-derived, the alternative approach on
the synthesis of these bioactive glass systems were first reported by Li et al. along with Hench
for tertiary systems SiO, CaO, and P,O,. They also termed this system of glasses as alkaline free
gel glass powders and concluded these gel powders, with lower SiO, content and higher CaO and
P,O; content, exhibit higher rates of apatite formation [4]. The notable result on comparison with
melt-derived bioglass is in case of sol-gel bioactive glass the maximum silica percentage for apatite
formation is from 40 to 90 mol%, whereas for melt-derived glasses, it is narrowed down from 40 to
60 mol%. Later, Saravanapavan, Hench, et al. [5] reported that binary bioactive glass system (SiO,
and CaO) by a sol-gel method could be bioactive with SiO, content up to 90 mol%. The advantages
of the sol-gel bioactive glass start with the enhanced surface area and higher surface reactivity.
This opens the possibility of developing various composition of bioactive glass by sol-gel method
from 1991. Notably, some of the classes of these bioactive glasses have the capability to bond both
with hard tissue and soft tissue.

6.2 Glass Network and Bioactivity

The domestic usage of glasses was known since the early times. Some of the archeological evidences
and monuments of Thebes and Beni Hassan give us the proof for this glass making known for the
human for a long time. There were also some evidences that show exporting of glasses to Greece
and Rome from Egypt. The ancients greet scripts by Aristophanes, has mentioned glasses as hyalos,
a transparent stone for kindling fire. The Romans and Egyptians probably used sand (Silica source)
mixed with ground seashells (lime source) as raw materials and hardwood ash as the source of soda.
They also used various metallic oxides to make color glass. Cuprous oxide was used to make red
glasses, and these glasses were called as haematinon of Pliny. Whereas the green glasses were made
by using cupric oxide and the famous blue glasses were found to have cobalt in the glass structure.

This history is more suitable for melt-derived glasses, and the methodology also holds a major
portion same for bioactive melt-derived glasses. However, for melt-derived bioactive glasses an
additional care needs to be taken in choice of crucible and addition of metal oxides, which may
greatly affect the bioactivity of the materials. In case of melt-derived bioactive glass methodology,
it involves both melting and annealing steps. Whereas for sol-gel bioactive glass, it involved sol-gel
drying followed by annealing, and the operating temperature was maintained below the melting
point of the glass ceramic. And hence, the later method involves more of room temperature reac-
tion for network/gel formation, and this makes the choice of silica often too organic for precursors,
i.e. tetraethylorthosilicate (TEOS).

The bioactive glass system prepared by both the methods follows the same rule for network
formation. This involves the combination of network formers and network modifiers. Silica is
the network former, and the network modifiers are calcium and sodium. The network modifiers
play a major role in altering the silica network flexibility, transparency, hardness, and bioactivity.
The schematic representation of two-dimensional bioactive glass molecular structure is given in
Figure 6.1, where the structure has both the bridging oxygen with the nearby silica and nonbridging
oxygen. SiO, and P,O; are the network formers. The network modifier (Na*, Ca?t, K+, Zn?*, Sr?t,
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Figure 6.1 Network structure of bioactive glass with arrangements of network formers and network
modifiers. (a) 2D diagram of glass networks, (b) arrangements of silica in bioactive glass networks.

Ag*, Mg?*) does not create a covalent/ionic bonding with the network structure and often has elec-
trostatic interactions. The intermediate network former/modifier compounds (A1,0,, TiO,) will
also use and enhance the mechanical property of the glass. The sol-gel glasses based on the choice
of network modifiers and operating temperature resulted in glass ceramics with polycrystalline
structures embedded in the glass network. These types of polycrystalline glasses by melt-quenching
method were first discovered accidently by S.D. Stookey in the early 1960s [6]. However, the crys-
tal size within the glass network was expected to be less than 1 pm for an uniform structure. The
sol-gel chemistry helps us to develop amorphous homogenous glass network and can also make
nanostructure polycrystalline material based on the requirements.

The major portion of the bioactive glass is silica and depends on the addition of network mod-
ifier, and there results in different phase formation. The bioactive glass phase diagram for phase
structure formation with respect to temperature and bioactivity is often discussed. For the widely
suggested bioactive glass composition with SiO,-CaO-Na,O-P,0, systems, phosphate wt% is kept
as constant for 6% and the different composition with respect to bioactivity gives division in bioac-
tive glass system as class A and class B (Figure 6.2a). Class A bioactive glasses have both osteo-
conductive and osteoproductive properties; in these glasses, surface apatite formation will occur
within hours. The Bioglass with 45S10,-24.5Ca0-24.5Na,0-6P,0; (wt%) comes under this class
A bioactive glass. Class B has only osteoconductive property and hence bonding only to hard tis-
sues. Also, in the class B systems, the surface apatite formation duration occurs from one to several
days. The glass systems such as ceravital and Bioglass 8625 are some of the examples of class B
system.

The same principle is followed for tertiary bioactive glass system (SiO,-CaO-P,0;), highly suit-
able for preparing sol-gel bioactive glasses (Figure 6.2b). It could be observed that higher per-
centage of CaO leads to crystallization and higher amount of P,O; results in non-gelation. An
appropriate percentage of the glass composition needs to be chosen with higher SiO, and lesser CaO
source and very lesser P,O. source to achieve proper gelling and bioactivity by means of apatite for-
mation on the surface. In addition to silica and calcium sources, the significant role on the presence
of P,0; is not yet understood well. And the broad hypothesis is the network formation of P,O4 sim-
ilar to silica and may contribute to hydroxycarbonate apatite: HCA (apatite) crystallization. Earlier
results show that amounts higher than 12% in weight inhibit the bioactivity of bioactive glasses [8].

The binary SiO,-CaO is often discussed with phase diagram with respect to temperature and
composition variations (Figure 6.3) [9]. As for bioactive glass synthesized by sol-gel method, the
optimum temperature is between 600 and 700 °C, and as with higher temperature, there occurs
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Figure 6.2 Phase diagram of bioactive glasses with (a) tertiary diagram of Si0,-Ca0-Na, O glass system
with constant 6% P, 0. and (b) tertiary diagram of Si0,-Ca0-P,0; glass system [7].
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Figure 6.3 Phase diagram of binary bioactive glass system with respect to temperature. Source: Based on
Sasaki et al. [9].

multiple crystallization and retards the bioactivity. In the binary system of bioactive glass, a higher
percentage of SiO, will lead to stable quartz structuring with operating temperature, a mixture of
quartz with CaSiO; peak is often expected from this glass system for higher apatite formation.
The formation of silica network in the bioactive glasses and its possible bioactivity, i.e. sur-
face apatite formation, can be correlated from its spectral vibration signature of bridging and
non-bridging oxygens of silica with other silica subunits. These structures can be studied from *Si
nuclear magnetic resonance spectroscopy (NMR) and Raman spectral signatures. The Si-O-Si
tetrahedra interaction with the silica subunits is represented by Q", where n is the number of
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Figure 6.4 Possible ways of Si-0-Si tetrahedra interaction in bioactive glass.

bridging oxygen atoms per SiO, tetrahedron and it varies from 0 to 4 (i.e. Q%, Q!, Q%, Q3, and Q*).
Q" units form a continuous random network of glasses or silicate anions through the Si-O-Si
bridging linkages. The mode of silica interaction with the subunits is represented as Q°, Q!, Q?,
Q3, and Q*. In this, Q° type refers to a silicon atom with zero connections to another silicon species
and the maximum Q* is the condition of fully occupied silicon atom with four oxygen bonding
resulted in SiO, tetrahedra. The breaking of the Si-O-Si linkages and the formation of terminal
oxygen atoms is due to the addition of alkali oxides (i.e. network modifiers) to silica network and
the formation of Q" species with n <4 in the glass structure (Figure 6.4). The bioactive glass with
higher Q? units represents chains of metasilicates and higher abundance of this structure in the
glass structure is characteristic of higher bioactivity [10].

The mechanism for dissolution and bone bonding of a bioactive glass (Figure 6.5) proposed by
Larry Hench is a multistage process involving the following steps [11, 12]:

Step 1 Rapid ion exchange of alkali-metal cations (e.g. Na*, Ca?*) with H* from body fluid.
Step 2 Loss of soluble silica, leaving behind —Si—OH bonds.

(b)
Increase in pH

H*

After immersion
o |

| Amorphous calcium
phosphate

() ' ©

Figure 6.5 HCA formation mechanism of bioglass when immersed in simulated body fluid is as follows. (a)
Bioactive glass immersed in simulated body fluid; (b) silica rich layer formed on the surface of bioactive
glass (step 1 to 3); (c) transformation of silica rich layer to amorphous calcium phosphate layer (step 4);
(d)crystallization of HCA layer (step 5).
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Step 3 Condensation and repolymerization of the Si—OH bonds to create a silica-rich (cations-
depleted) layer.

Step 4 Migration of Ca?* and [PO, 3~ groups from inside the glass and from the body fluid, forming
an amorphous calcium phosphate layer that grows on the silica-rich layer surface.

Step 5 Crystallization of the amorphous layer by incorporation of OH~ and [CO,]?>~ from solution
to form HCA.

Step 6 After the formation of crystalline HCA, the following steps were proposed by Hench to
occur:
Step 6a Biological moieties absorbed in HCA layer.
Step 6b Macrophage actions.
Step 6¢c Attachment of stem cells.
Step 6d Differentiation of stem cells.
Step 6e Generation of matrix.
Step 6f Crystallization of matrix.

6.3 Sol-Gel Process of Synthesizing Bioactive Glass Structures

Preparation of silica gels was old as mentioned in the first report in 1746 by Pott. These silica gels
were often reported with inorganic silica precursor (i.e. TEOS). Some notable works were also
reported with sodium silica and potassium silicate precursors [13]. The same protocol has been
followed for soda lime silica-based bioactive glasses obtained by sol-gel method. Similar to silica
precursor, the choice of sodium, calcium, and phosphorous sources also shows the influence of
crystal phase determination in the bioactive glasses. Bobo Yu et al. [14] and Ben-Arfa et al. [15, 16]
studied the influence of choice based on calcium sources in the crystal structure formation of the
bioactive glass system. Szu et al. reported the effect of the phosphorous precursor on the synthesis
of phosphosilicate gels [17]. Other than the choice of precursors either by organic or inorganic,
the parameters such as pH, reaction temperature, and choice of acid catalyst were important for
synthesis of sol-gel bioactive glass.

Briefly, after the choice of precursors, the dilution of the precursors in the solvent condition is
estimated. The solvent will be H, O, ethanol, or the combination of both. Ethanol will be used for
hydrolysis of silica organic precursor. The presence of H,O helps the reaction during homogenous
dissolution, hydrolysis, and condensation. The bioactive glass structures can be formed from this
step of complete dissolving of the precursors and homogenization of metal alkoxide solution. This
solution can be used for spray coating and spin coating followed by allowing it for xerogel formation
and the resultant will be dense bioactive glass gel coating on the desired substrates. With an addi-
tion of acid catalyst to the solution for hydrolysis and condensation, there occurs an initiation of
silica network formation that results in sol formation. This sol can also be used for thin film coating
by dip coating and spin coating methods. The sol upon polymerization of silica network results in
dense gel formation (Figure 6.6). This gel contains lot of water accumulation due to hydrolysis. The
wet gel upon controlled heat treatment condition evaporates to the aqueous solution and results in
xerogel and aerogel, a 3D networking arrangement. Upon heat treatment, the xerogels resulted in
dense ceramic powders that can be used for casting of small implants, electrophoretic deposition
(EPD) on substrates, and as fillers. The homogenous sol can be used to obtain homogenous struc-
ture of nano- to micron-sized particles by precipitation methods. The addition of sol with higher
molecular weight polymers opens the possibility of the developing 1D fibers that can be made as
3D tissue engineering scaffolds. For this both synthetic and natural polymers such as chitosan,
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poly-L-lactic acid (PLLA) will be used to alter the degradability and regenerative property of the 3D
scaffolds.

The first generation of bioactive glass was much about melt-derived bioactive glasses. This
method of preparing bioactive glasses had some limitations in using it for treatments for urinary
incontinence and periodontal lesions. This is due to its larger particle size, higher alkaline
percentage compared to silica due to its higher sintering temperature synthesis conditions. And
hence it paves the way for second generation of bioactive glasses that involve its synthesis by
sol-gel method. In 1991, Li et al. was the first to synthesize bioactive glass by sol-gel process
[4]. Sodium is often used for network modification in melt-derived glasses, and it causes higher
alkalinity in sol-gel method; hence, the first achieved sol-gel method of glasses is for ternary
system (SiO,-CaO-P,0;) [4]. The additional advantages of the sol-gel bioactive glasses were low
sintering temperatures (600-700 °C), higher purity, higher surface area, and higher bioactivity.
The sol-gel bioactive glasses were involving the same process of sol-gel process as discussed
above. Where the initial steps involve hydrolysis and condensation of silica. To this, the addi-
tional precursors required for specific bioactive glass composition were added and stirred to
get homogenous gelation. The gel is dried and sintered to get bioglass powder [18]. The sol-gel
bioactive glasses were initially often synthesized under acid conditions (e.g. HNO,, HCI, citric
acid). Later, to enhance the surface area and to develop controlled microstructure bioactive glass
particles, Stober method was adopted [19]. This method greatly helped to synthesize bioactive glass
nanoparticles (BGNPs)[20]. As achieving higher surface area was one of the important factors in
synthesizing bioactive glass by sol-gel methods, the surface area of greater than 150 m?/g was only
achieved by conventional sol-gel methods. Zhong et al. was the first to report on the crack-free
homogenous sol-gel bioactive glass with higher surface area by sol-gel method [21]. From the
sol-gel to monolith formation there occur volume variation, as shown in Figure 6.7 [23]. However,
when adopting Stober method, large specific surface area of ~1040 m?/g was achieved [23]. Also,
this method with suitable modifications opens the possibility of developing mesoporous bioactive
glass nanoparticles (mBGNPs). Owing to its smaller particle size and higher surface area, it
exhibits higher bioactivity, quick adsorption, and advantageous for drug delivery applications.
The limitation in synthesizing BGNP is that it is prone to agglomeration very quickly due to the
presence of alkaline precursors. This might be due to the synthesis in base condition in Stober
method that induce quick precipitation. It also depends on the order of adding the precursor and
humidity of the temperature conditions. The first report on monodispersed BGNP with binary
(Si0,—Ca0) system with size ~400 nm was first achieved by Zheng et al. [24]. In their work, they

Figure 6.7 Photographic representation of
first reported homogenous sol-gel bioactive
glass [22].
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observed that the time of the addition of calcium precursor could also affect the morphology,
composition, and dispersity of the resulting BGNP. It was also observed in earlier works that the
addition of calcium precursors after the formation of homogenous spherical silica nanoparticles
does not interfere in the formation of initial silica sphere nucleation. By optimizing the suitable
synthesis parameters, particle size as low as 40-50 nm can also be achievable by this method [22].
Recently, more work is also contributed for mBGNP, and it is considered as third general bioactive
glasses, as it accelerates the bioactive response mechanisms [25]. The possibility of surface
functionalization and incorporation of structure directing agents has opened the possibility of
designing it as multifunctional material, including systematic delivery systems to implantable
local-delivery devices [26].

6.4 Scaffold Structuring from Bioactive Glass

The opportunities of developing tissue engineering scaffolds started with the first experiment by
W.T. Green, by his development of new cartilage using chondrocytes seeded onto the spicules of
bone and implanted at the back of nude mice [27]. Although the outcome results are not as success-
ful as expected, it shows the way for lot of research avenue and developments in the field of tissue
engineering. The term “tissue engineering” was officially coined at a National Science Foundation
workshop in 1988 to mean “the application of principles and methods of engineering and life sci-
ences toward the fundamental understanding of structure-function relationships in normal and
pathological mammalian tissues and the development of biological substitutes to restore, main-
tain or improve tissue function” [28]. The tissue engineering scaffold development involves both
resorbable and nonresorbable material and designed based on the need of the operative condition.
The future will be on these types of personalized 3D tissue engineering scaffolds that will be more
adaptive as a native tissue. As for hard tissue replacement, it is often narrowed down toward devel-
oping monolithic bone grafts. The first successful case study on Bioglass 45S5 monolith is for the
treatment toward air-bone gap closures done on 37 patients between April 1984 and November
1987 by University of Florida. Their follow-up results after 10 years for four patients demonstrated
that Bioglass middle-ear prostheses have excellent long-term tissue compatibility. However, there
occurs fractures in the implant that may be due to lesser mechanical property and noncustomized
design of the implants.

The development of tissue engineering scaffold aims to regenerate defective or damaged tissues
by combining cells from the autonomous body with biomimetic scaffolds, which act as templates
for tissue regeneration. During the designing of monolith scaffolds for bone tissue engineering
applications, the following properties have been defined as essential [29]: biocompatibility, poros-
ity, pore size, surface properties, mechanical properties, and biodegradability. The specificity of the
individual properties of the scaffolds are given as follows:

Biocompatibility: 1t should be well integrated in the host’s tissue without eliciting an immune
response.

Porosity: It must possess an open pore, fully interconnected geometry in a highly porous structure
with a large surface area to volume ratios and this will facilitate the neovascularization of the
construct from the surrounding tissue.

Pore size: It is well accepted that for bone tissue engineering purposes, pore size should be within
the range of 200-900 pm.

Surface properties: Both chemical and topographical properties can control and affect cellular adhe-
sion and proliferation. It must be developed to mimic the structure of the bone.
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Mechanical properties: In vitro, it should have sufficient mechanical strength to withstand the
hydrostatic pressures and to maintain the spaces required for cell in-growth and matrix produc-
tion. In vivo, since the bone is always under continuous stress, the mechanical properties of the
implant constructed should ideally match those of living bone so that an early mobilization of
the injured site can be made possible.

Biodegradability: The degradation rate of the scaffold must be tuned appropriately with the growth
rate of the new tissue formation in such a way that by the time the injury site is totally regener-
ated, the scaffold is totally degraded.

In addition to the monoliths, the biologically functional tissue engineering scaffolds play a critical
role in providing a 3D structure for cellular functions such as attachment, migration proliferation,
and differentiation. These surfaces also serve as a vehicle for delivery of cells to the implant site.
The success of this process is determined by the biological and functional similarity of engineered
scaffolds with the native tissue [30]. Herein we focus on some of the methodologies on fabricating
3D tissue engineering scaffolds using bioactive glasses.

6.4.1 Foam Replication Method

The first report on polymeric foam replication method was patented in 1963 for the development
of ceramic foams. The polymeric foams act as a 3D sacrificial template for the preparation of
open porous ceramic foam, which has wide applications as adsorbent, catalytic converters, and
biomedical applications. As for tissue engineering applications to have higher cell penetration
and to have open porous structure for new tissue formation, this method has been adopted for
developing biomaterial scaffolds for monolithic bone grafts. The American Society for Testing
and Materials (ASTM) standard such as ASTM C271-94, ASTM C1161-94, and C773-88 were,
respectively, used to study the porosity, bending, and mechanical properties of the ceramic foams.
Micro-computed tomography (pCT) method was also used to find the interconnected porous
structure. Bioactive glass of various glass systems based on scaffolds was developed by polymer
foam replication method. The polymers used for the template will be chosen based on the porous
structure, evaporating point, and the toxicity residues left over after heat treatment conditions. As
the porosity greatly affects the mechanical property of the resultant bioceramic scaffolds, care will
be taken in the choice of porosity and open porous structure of the sacrificial polymers. Earlier
reports show a good comparison of the scaffolds prepared by this method with similar properties
of trabecular bone in terms of mechanical and interconnected porosity (PMC3169803). Often, for
the preparation of ceramic slurries, melt-derived bioactive glass in polymer (binder) solution is
used. The size of the bioactive glass particles for the preparation of the slurries and viscosity of the
slurries also plays a vital role in resultant scaffold geometry. And a very limited work is reported
on sol-gel derived bioactive glass gels/powders for foam replication method. The advantage of 3D
scaffold by sol-gel foam replication method is achieving porous template with higher surface area
and bioactivity. The sol-gel foam replication method involves the method similar to conventional
melt-derived bioactive glass prepared slurry formation followed by dipping in polymer foams,
drying, and sintering at optimal temperature to get 3D bioactive glass scaffolds (Figure 6.8). The
difference in the sol-gel foaming method is that the polymeric foam will be immersed in sol-gel
of bioactive glass after hydrolysis and condensation reaction. And hence the 3D scaffold obtained
from sol-gel method will be of controlled shape, homogenous crystallization, lower sintering
temperature, and thus of higher purity [31]. The widely used polymers are polyurethane (PU)
foams, PLLA, and natural marine sponges.
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Figure 6.8 Synthesis procedure for preparing bioactive glass scaffolds by foam replication method.

The procedure for the scaffolds prepared by polymer foam replication method starts cleaning
the sacrificial polymer scaffold and dipped into the ceramic slurry by slurry infiltration method.
The resultant will be polymer scaffold homogenously coated ceramic 3D structure green body. The
green body is allowed to slow dry at temperature range between 60 and 80 °C. After drying, the
polymer template has been removed by heat treatment condition above 450 °C, the heating rate
needs to optimize to minimize the microcracking on the bioactive glass surfaces (Patent No: WO
2007/017756 A2).

The sol-gel bioactive glasses were coated on PU foams by EPD method, resulted in higher inter-
connected porosity [32]. A notable work on two-step fabrication method including development
of hydroxy apatite (HAp) scaffolds foam replication method and coated with poly(lactic-co-glycolic
acid) PLGA/BG shows good osteogenic property. Bioactive glass scaffolds by mixture of borosilicate
glass (S53B50), borophosphate glass (P40B10), and a phosphate glass (PSr40) was also developed
using 60 and 70 vol% NH,(HCO,) as foaming agent (Figure 6.9) [34]. Porosity formation by vigor-
ous agitation of sol-gel bioactive glass in presence of 0.5 ml Teepol and 1.5 ml 5vol% hydrofluoric
acid (HF) also shows promising enhancement in mechanical properties [35]. Earlier reports on
melt-derived particulate prepared Bioglass scaffolds by this method with biodegradable polymers
opens the possibility for drug-released bone tissue engineering applications [36, 37]. Similar work
was also done in the presence of silver doping in bioactive glass scaffold which has been explored
[38, 39]. These procedures can also be adopted for sol-gel bioactive glass scaffolds. Some of the
earlier reports on bioactive glass scaffolds prepared by foam replication method and its essential
properties are listed in Table 6.1.

6.4.2 Hydrogel Method

Hydrogel-based tissue engineering scaffolds are widely explored due to its quick regenerative prop-
erties and adaptability to in vivo conditions [44]. The uniqueness of hydrogel scaffolds is to mimic
the structural and functional properties of various tissues of the body [45]. Most of the hydrogels
were made by polymeric substances into 3D structure, which can swell in presence of biological
fluids. Hence, the hydrogels were often categories based on swelling ratio of the scaffolds. The
swelling mechanism involves osmotic driving force followed by cohesive force of extension in the
hydrophilic hydrogel matrix that allows surrounding aqueous medium to absorb until it reaches
equilibrium state [46]. As most of the hydrogels are highly biocompatible for cell growth and prolif-
eration, the hydrogels were incorporated with suitable cells in their structure. It also permits oxygen
and nutrient transport in the tissue environment and mimic the native physical and biological prop-
erty of the soft tissue [47]. Careful designing of cell-seeded hydrogel scaffolds in the physiological
condition with degradation acts as a platform to form healthy tissue. Some of the hydrogels can
also act as drug carriers for epidermic tissue engineering applications [48]. Yet another important
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Figure 6.9 (a) Schematic representation of porous HA scaffolds prepared by foam replication method are
selectively covered with a BG-containing PLGA microfiber layer toward potential bone substitute for tissue
engineering (scale bar = 200 um). (b) The schematic representation of the apatite formation of the
scaffolds. Source: Jeong-Hyun et al. [33], Figure 04, p. 04/with permission of American Chemical Society.

property of the scaffold is their porosity, where through their porous structure, it promotes influx
of cell metabolites and the cell wastes will be disposed.

The first report on the use of polymers for biomedical application dates back to 1960s [49]. The
widely used materials in early days were only of crosslinked homopolymers in which methacrylate
compound-based hydrogels with a swelling ratio less than 30% were experimented toward making
contact lens and arteries applications. For tissue engineering applications, biodegradable polymers
were of wide choice also for injectable scaffolding. These include cellulose, chitosan, alginate, poly
lactic acid, etc. A detailed review on this biodegradable polymers for tissue engineering applica-
tion is documented by Sivashanmugam et al. [50] The synthesis procedure of hydrogels involves
both physical and chemical methods [51]. In chemical method, the reaction starts with covalent
bond formation, followed by crosslinking of polymerization. Whereas, in physical method, there
often occurs polymer entanglement by means of Van der Waals/electrostatic/hydrogen bonding. In
composite hydrogel, any one or the combination of the abovementioned methods will be adopted.
Stimulation-based hydrogel formation involves external stimulation such as temperature, pH, light
ration, electric field, magnetic field, and solvent-mediated reaction kinetics (Figure 6.10) [52].

Bioactive glass-based hydrogels were extensively used both for orthopedic and dental applica-
tions [53]. Especially for the treatment of dental caries, the choice of material requirements needs
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Table 6.1 Earlier works of bioactive glass scaffolds prepared by foam replication method.

Tissue
Mechanical engineering Cell culture
Glass composition Porosity/porous% property applications studies References
(mol%)60.8% High level of — Bone regeneration — [32]
SiO,, 30.9% CaO, interconnective
2.4%P,04,and  porous (99.99%)
5.8% Na,O (PU
foam)
13-93 bioactive  Porosity: Compressive Bone repairand ~ MC3T3-E1 [40]
glass (PU foam) 85+2% and strength of regeneration preosteoblastic
pore size: 11 +1MPa, and cells
100-500 pm elastic modulus
0f 3.0+£0.5GPa
45S5 Bioglass 0-200 pm highly Compressive Bone regeneration — [41]
powder (particle interconnective  strength up to
size 5 mm). porous (99.99%) 4MPa
Spongia
agaricina (SAg)
and Spongia
lamella (SL), as
template
materials
70S30C 300-600 pm at Compressive — — [42]
82% porosity strength of
2.26 MPa
70S30C 78% Compressive — — [35]
70 mol% SiO,, strength 6.0 MPa
30mol% CaO
45S5 bioactive 200-500 pm and — — MC3T3-E1 [33]
glass 80-90%
(Wt%): 50Si0,, 68-73% Compressive — — [43]
22.6Ca0, strength of
5.9Na,0, 4P,0,, 0.4 MPa for
12K, 0, 5.3MgO, uncoated and
and 0.2B,0, 0.6 MPa for

(poly(p,L-lactic
acid) [PDLLA])

coated scaffolds

to satisfy regenerative and antibacterial properties. Also, for a successful endodontic regeneration,
the biomaterial has the potentiality of controlling inflammation. A combination of graphene and
chitosan with the presence of bioactive glass shows enhanced in vitro odontogenic differentiation
in presence of dental pulp cells. This combination of this hydrogel also shows good antibacterial
and anti-inflammatory properties [54]. The reinforcement of bioactive glass particles has proven
to improve the mechanical property of the hydrogels. And hence, it was also suggested for soft
bone tissue engineering applications, as it promotes efficient osteogenic differentiation. The
bioactive glass ions in the presence of gellan gum and collagen type I hydrogels induce efficient
osteogenic differentiation of human adipose stem cells [55, 56]. The gelling can also be achieved
by theromogelling method, in presence of combining bioactive glass with chitosan and collagen
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Figure 6.10 Stimuli-responsive hydrogel swelling in presence of various external stimuli [51].

for tissue engineering applications [57, 58]. The bioactive glass used as hybrid material shows
higher potential when it is of nanosized and hence a lot of work has been reported on bioactive
glass nanoparticle incorporated gels for wound dressing and tissue engineering applications.
The combination of alginate dialdehyde, gelatin, and nano-bioactive glass (45S5) has shown the
efficacy of combined excellent cellular adhesion, proliferation and differentiation properties,
good biocompatibility, and predictable degradation rates [59]. Compared to pure hydrogels, when
incorporated with BGNP, the loss of hydrogel mass in vitro was decreased by 4.3% [60]. The devel-
opment of bioactive and biodegradable chitosan-based injectable systems containing bioactive
glass nanoparticles strategies to deliver cells and bioactive agents encapsulated in a biodegradable
matrix through minimally invasive procedures with results indicates that the stimuli-responsive
hydrogels could potentially be used as temporary injectable scaffolds in bone tissue engineering
applications [61]. Self-healing property of the hydrogels is enhanced in the presence of hydrogel
nanocomposites [Au-(PEGSH),-BAG] in which 100 nm bioactive glass nanoparticles produced
via a particulate sol-gel method used in the formation of hydrogels [62]. In addition to pure
bioactive glass, zinc-doped bioactive glass (ZBG)/succinyl chitosan (SCS)/oxidized alginate (OAL)
composite hydrogels gelatin-zinc-doped bioactive glass (Gel-ZBG) were also proven to accelerate
the wound closure by formation of granulation tissue, deposition of collagen and myofibril, the
release of anti-inflammatory factors, and angiogenesis (Figure 6.11). Due to these potentialities
in enhanced healing property of this composite hydrogels, it has been addressed as a superior
material for wound dressings [63]. Hydrogel system consisting of copper-containing bioactive glass
nanoparticles and chitosan/silk fibroin (CH/SF) composite showed injectability and thermally
triggered in situ gelation properties and were able to administer the release of ions at safe but
effective doses in a controlled manner while inducing the seeded cells toward osteogenesis and
angiogenesis (Figure 6.12).

A grid-like highly hydrated composite constructs were prepared using alginate dialdehyde-gelatin
(ADA-GEL) incorporated strontium-doped bioactive glass nanoparticles [64, 65]. The effects of
BG/sodium alginate (SA) hydrogel (BG/SA hydrogel) on the behaviors of macrophages as well
as on the interactions between macrophages and repairing cells were investigated by Zhu
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Figure 6.11 Schematic representation of new tissue formation with angiogenesis and antibacterial
efficacy of zinc bioactive glass composite hydrogels [63].

Figure 6.12 Pictures of bioactive glass-based hydrogels. (a) Teflon chambers filled with nano bioactive
glass composite hydrogels. (b) Subcutaneous implantation of hydrogels on Lewis rats and after results
evidences good in vitro compatibility. Source: Rottensteiner et al. [59], Figure 01, p. 06/with permission of
MDPI.

et al. [66]. Their results provide an insight into the biomaterial-immune system interactions and
demonstrate that modulation of macrophages by BG/SA hydrogel in the inflammatory response
is crucial in skin regeneration enhanced by the hydrogel [66]. Some of the earlier reports on
bioactive glass scaffolds prepared by hydrogel method and its essential properties are listed in
Table 6.2.
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Table 6.2 Earlier works of bioactive glass scaffolds prepared by the hydrogel method.

Glass composition Swelling ratio

Mechanical
property

Tissue
engineering
applications

Cell culture
studies

References

Silver-doped —
bioactive glass

(BG) in a chitosan

(CS) hydrogel at a

1:1wtratio

(Ag-BG/CS)

Bioactive-glass- —
reinforced

gellan-gum

spongy-like

hydrogels

708i0,-30Ca0

(% n/n)

66Si0,-22Ca0-
10Na,0-2P,0,

(% n/n)

0.2Sr0/0.2Na,0/  50%
0.1Ca0/0.1Zn0O/

0.45i0, (mol.

fraction)

PEGDMA-
photopoly-
merization

BG/gelatin 75%
methacryloyl
(GelMA) molar
ratio of
Si0,:Ca0:P,0, =
40:45:15
Dextran (Dex) and
sol-gel derived
bioactive glass
ceramic
nanoparticles
(nBGC:

0-16 (Wt%))

Copper-containing —
bioactive glass

nanoparticles

(Cu-BG

NPs)/chitosan

(CH)/silk fibroin
(SF)/glycerophos-

phate (GP)

composites

Pore size of
240 pm.
Swelling
capacity up to
1200%

Young’s
modulus
(225 MPa)

Young’s
modulus
(2-8 MPa)

Compressive
modulus of
237.9kPa

Compressive
modulus, 33.42
and 76.61 kPa

Endodontic
regeneration

Osteogenic

differentiation

Bone graft
substitutes in

cancellous bone

defects

Bone
regeneration

Bone tissue
engineering

Cell-free bone
repair

Dental pulp
cells

Human adipose
stem cells

Human
osteoblasts

MC3T3-E1 and
human
umbilical vein
endothelial cells

[54]

[55]

[45]

[65]

[67]

[68]

(continued)
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Table 6.2 (Continued)

Tissue
Mechanical  engineering Cell culture
Glass composition Swelling ratio property applications studies References

Alginate — — Bone tissue MG-63 cells [64]
dialdehyde-gelatin engineering
(ADA-GEL)

constructs

incorporating

bioactive glass

nanoparticles

(BGNPs) with the

composition

Si0,-Ca0O-P,0,

(mol%)=55:40:5

Zinc-doped Swelling ratio of — Wound dressing  Epidermal [63]
bioactive glass gel is close to growth factor

(ZBG) 560% (EGFs)

nanoparticles

(60mol% SiO,,

30mol% CaO,

5mol% ZnO,

5mol% P,0,)

Gelatin collagen Porosity 85% — Myocardial Endometrial [69]
bioactive glass tissue stromal stem
nanocomposite engineering cells (EnScs)
(Gel/Col/BG). BG

consisting of 45%

Si0,, 24.5% Cao,

24.5% Na, O, and

6% P,0, mol%

6.4.3 Electrospinning Method

Scaffolds prepared by electrospinning method give us engineered 3D fibrous structures that can
act as functional tissues. The electrospun fiber mats have the ability to mimic extracellular matrix
(ECM), and hence provide the room for oxygen and nutrient circulation to the nearby tissues
and enhance the ability for tissue regeneration. The era of electrospinning started from the year
1930s, and during those time, it was named as electrostatic spinning; later in 1990s, it is termed
as electrospinning as it involved the combination of two techniques viz electrospray and spinning.
The solution used for electrospinning has higher molecular weight polymers, that has been feed
through a syringe nozzle and the droplet outlet is applied with high electric field difference. The
resulting fibers at the counter side of the potential, often called as collector will collect the linear
fibers as mats [70]. The fiber size can be altered from nano- to micron-size and also as hollow fiber
based on the choice of solvent used for preparing the sol for electrospinning. These wide adjustable
fabrication methodology opens the possibility of developing it as therapeutic scaffolding [71-74].
The electrospun fiber mats are in the form of loosely networked 3D porous mats with higher
porosity and hence also has higher surface area. Due to this advantageous structure and
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functionalization potentiality of the scaffold material, it can mimic the ECM with good biocompat-
ibility and optimal biodegradability. Earlier works show that the scaffold 3D architecture also has
prominent role in affecting cell attachment and proliferation [71, 75, 76]. For tissue engineering
applications, compared to micron fibers, nanostructure fibers with microporous arrangement have
greater cell binding affinity and also have higher rate of protein adsorption. Both synthetic and
natural polymers will be used for electrospinning process. Polymer composited with bioceramics
shows higher potentialities for bone tissue engineering applications. Multilayered assemblies
of fibers including nonwoven fiber mesh, patterned fiber mesh, and random structures were
arranged for the need of the end applications [77]. Some of the electrospun fibers show limited
toxicity, poor cell infiltration, and differentiation due to the choice of solvent for electrospinning
process. To overcome this limitation, cell-electrospinning (C-ES) method gives greater possibilities
for higher compatible scaffold fabrication. Even though this process is new from 2006, lot of works
were explored in this field as cells were loaded inside the fibers and have higher infiltration and
compatibility during soft tissue engineering applications [78, 79].

As this process mostly depends on the polymer chemistry, an interface between the composited
bioactive glass with polymers needs to be understood for sol preparation for electrospinning
process. Most of the electrospinning sol were prepared by mixing sintered bioactive glass powders
at different ratio to the polymer sol. Compared to micron-sized nanopowders nano-bioactive
glass powders mixed polymer sol shows higher rate of apatite formation. The polymers can be
of natural soy protein isolate (SPI), silk fiber, or synthetic polymers such as polycaprolactone
(PCL) and chitosan macromolecules [80, 81]. In addition to pure bioactive glass incorporation
in polymer matrix, some of the works on cerium-doped bioactive glass and strontium-copper
doped bioactive glass were also a promising result for tissue engineering applications [82, 83].
Especially strontium-copper bioactive glass fibers have shown potential for bone regeneration and
angiogenesis properties [83]. Bioactive glass nanofibers with B and Co also show enhancement
in the vascular endothelial growth factor and there by promoting angiogenesis for soft tissue
engineering application [84]. When bioactive glass particles in the form of mesoporous structuring
have excellent drug loading efficacy, they also had therapeutic potentialities [85]. In addition
to the bioactive glass particle incorporated into polymer fiber mats, some literatures were also
focused on bioactive glass sol mixed polymer solution and heat treatment after obtaining the
fiber mats. For 45S5, bioactive glass fibers obtained from its sol-based electrospinning, after
heat treatment there occurs crystalline phase formation. And thus, the bioactivity of the crystal
structures formed in the fibers needs to be evaluated and based on this calcination temperature
need to be optimized [86]. In sol-based bioactive glass fiber preparation, 70S bioactive glass
systems show good cell compatibility in both osteoblast and chondrocytes [87]. Some of the
polymer/bioactive glass fibers with nanostructured morphology also suggested for the treatment
for oral lesion. The procedure for that poly/bioactive glass fibers is shown in Figure 6.13 [88].
There is also an increase in the mechanical property in the presence of bioactive sol-prepared
fiber mats [89]. Some of the electrospun bioglass fibers can also be composited/layered with silk
yarn [87]. Coaxial or hollow fiber mats were also achievable by the electrospinning method. One
of the methods shows obtaining sub-micron bioactive glass tubes by modifying the nozzle by
injecting mineral oil to the core and bioactive glass as shell, with the resultant as homogenous
hollow fiber mats, used for drug delivery applications [90]. Some of the earlier reports on bioactive
glass scaffolds prepared by the electrospinning method and its essential properties are listed in
Table 6.3.
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Figure 6.13 Schematic representation of fabrication of bioactive glass fibers by electrospinning method.
Where (a-d) represent the procedure for the preparation of composited polymer/bioactive glass sol. (e)
Pictorial representation of electrospun fiber. (f-g) Before and after heat-treatment of electrospun bioglass
fibers. Source: Based on Reardon et al. [87], Abstract Figure, p. 49/with permission of American Chemical
Society.

6.4.4 3D Printing Method

Each human system is complex and has its own individuality in physiological structuring and
its dependent functioning. During diseased or defective conditions, the biomaterial supports
developed in the structure of the defect will be of much compatible fixing, and this opens the era of
customized implantation by 3D printing method. This method was first widely explored by additive
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Table 6.3 Earlier works of bioactive glass scaffolds prepared by the electrospinning method.

Tissue

Mechanical engineering Cell culture
Glass composition Porosity/porous% property applications studies References
Silk fibroin/polyvinyl — UTS was Bone tissue Cord blood [91]
alcohol/sol-gel 9.2+ 0.6 MPa grafts derived
bioactive glass (58S) mesenchymal
composite stem cells
Soy protein isolate 0.01-4.2 pm UTS Tissue MEEF cells [80]
(SPI)/nano- and 1.04 N/mm? engineering
micron-sized 4585
bioactive glass (BG)
powders
PCL/chitosan — Ultimate tensile Bone tissue [81]

strength (UTS)  engineering

17 +11 MPa
Polycaprolactone — Young’s Soft tissue ST-2 cells [84]
(PCL) fiber mats modulus 11+3  engineering
embedded with B and
Co codoped bioactive
glass nanoparticles
(BCo.BGNs)
70S bioactive Pore diameter Elastic modulus Bone tissue MG63— [88]
glass/silk layer 0.97+0.34pm  (MPa) engineering osteoblast

86.66 +4.32
Gelatin and bioactive — Tensile strength Bone MC3T3-El cells [92]
glass (BG-70S) of 4.3+1.2MPa regeneration
PLA and bioactive — — Regeneration of MC3T3-E1 [93]
glass (BG-70S) hard tissues
Polycaprolactone- — — Novel Stem cells [85]
gelatin incorporating osteogenic derived from
mesoporous bioactive matrices periodontal
glass nanoparticles ligament
(mBGn)
Polyhydroxybutyrate/ — Young’s Biodegradable @ MG-63 [94]
Poly(e-caprolactone)/ modulus fibrous scaffolds
58S 85-101 MPa for bone
Sol-gel bioactive glass regeneration

applications

manufacturing (AM) technique that was quickly adopted in the field of biofabrication of scaffolds.
The term “biofabrication” is also applied to the area of “organ-printing.” The combinatory printing
with microfluid channels inside the structures is also termed as “Organ-on-a-chip engineering,”
that has defined microscale fluid channels, intended to mimic the constructs that closely mimic
the human organs. The works of developing cancer models by means of 3D printing methods
give an opportunity to understand the drug response in the controlled environmental condition.
With the advent of 3D printing, we predict that single-step fabrication of these devices will enable
rapid design and cost-effective iterations in the development stage, facilitating rapid innovation in
this field. AM technique has an advantage of creating specific shapes of 3D structures with high
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precision, that is difficult in earlier methods. When adopting this technique in developing tissue
engineering, we can fabricate scaffolds with defined geometry and at required pore structures [95].
Even though, it may be considered as similar to hydrogel scaffold, it has numerous advantages
in precise control of inner pore structure that was limited in hydrogel method. The porous
structuring helps for cell growth, proliferation, and organization of multiple cell types in the
multilayer 3D structures of the scaffolds. Notable among the various in vitro systems of tissue
engineering scaffolding is 3D bioprinting methodology for co-culturing of cells with low risk
of cross-contamination [96]. This variability in porous structures in these scaffolds can also be
utilized as drug-loaded scaffold with controlled degradation rate, which is one of the essential
parameters for tissue regeneration. A detailed review on 3D bioprinting is contributed by Jose
et al. [97]. Yet another important review on bioprinting of biomaterials is by Xinda Li et al. that
clearly demonstrates from basic methodologies to future perspectives [98].

In the biofabrication method, a much higher percentage of importance is given for “bio-ink”
preparation followed by the processing conditions. The basic concept of bio-ink preparation is
developed by understanding the concepts of AM methods with added knowledge of cell compatibil-
ity and scaffold requirements. The bioprinting modalities are broadly classified under three types
(Figure 6.14): (i) extrusion-based bioprinting (EBB), (ii) droplet-based bioprinting (DBB), and (iii)
laser-based bioprinting (LBB). In EBB method, a small amount of bio-ink suspension is dispensed
on the flat platform by means of shear force. The force at the nozzle output is controlled to get the
optimal diameter of the cylindrical filaments that was moved in programmable manner to obtain
desired 3D structure [99]. Particularly, when the bio-ink having a biomaterial solution containing
living cells is subject to bioprinting, the stress induced to the cells due to extension and shear is also
needed to be considered [100]. EBB method is the widely used method for bioprinting due to its
distinct advantages by means of its outcome of high-density structures and also a cost-effective pro-
cess. The DBB method of printing scaffold includes inkjet printing and acoustic-droplet-ejection.
The bio-ink droplet formation and its size can be controlled by mechanical actuation, thermal, and
piezoelectric mechanism [101]. DBB also offers several advantages including deposition of mul-
tiple types of different cells with higher free flow and at desired location. The LBB involves light
amplification by stimulated emission of radiation (LASER) as an absorbing material, which causes
solidification of the bio-ink during processing conditions [102]. Even though LBB has numerous

Cell

Laser
pulse
| Extrusion

force == “ N\ Donor

@ oze g layer
go et Extruded | Patterned
P filament cells
Droplet-based Extrusion-based Laser-based
bioprinting bioprinting bioprinting

Figure 6.14 Modalities of bioprinting process for the fabrication of bioactive glass scaffolds [95].
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Figure 6.15 Steps involved in the 3D printing of scaffolds for biomedical applications. (a-c) 3D computer
modeling, aligning, and slicing of various layers, (d) final 3D printed scaffold. Source: Tappa and
Jammalamadaka [104].

advantages by means of developing precise fine structuring of scaffolds, it has its limitation in load-
ing cells in the bio-ink. With a parallel development in the field of AM industrial revolution, 3D
bioprinting is also adopted to new technologies and had the stable growth in fabricating medical
devices with aesthetic geometries and tissue scaffolds. This method gives us a promising future
toward patient-specific tissue modeling as a reality [103].

The scaffolds prepared by bioprinting method are often done with polymers that comprises both
natural and synthetic polymers (Figure 6.15) [104]. These polymers act as a basic matrix in which
bioceramics, drugs, and sometimes growth factors will be loaded for desired applications [105].
Bioactive glass in the form of powder will be loaded in the polymer bio-ink at a suitable proportion
to alter the mechanical and enhance the mechanical property of the end products. ADA-GEL con-
structs incorporating strontium-doped bioactive glass nanoparticles (BGNPs) show good results
with higher apatite formation, cell distribution, and has high efficiency in ibuprofen drug deliv-
ery studies [59, 64]. Adeptly, in the presence of mesoporous bioactive glass incorporated bio-inks,
in addition to apatite formation, it also opens the possibility of drug-incorporated 3D printable gel
with sustained drug release performances. One notable work is mesoporous bioactive glass, sodium
alginate and gelatin composited scaffold co-printed with Naringin, and calcitonin gene-related pep-
tide that shows a steady release for two days with good biocompatible properties [106]. In this
similar type of composited scaffold instead of sodium alginate oxidized chondroitin sulfate (OCS)
was also shown similar properties [107]. Chondroitin sulfate (CS) is a glycosaminoglycan found
in the non-collagenous ECM of human bone and incorporation of this compound in hydrogels
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shows potential toward improving bone regeneration. However, in both these cases, mesoporous
bioactive glass plays a major role in enhancing the mechanical property and biomineralization
for bone tissue engineering applications. The bio-ink prepared by wood-based cellulose nanofib-
rils (CNF) and bioactive glass (BG) incorporated gelatin-alginate shows optimal biological and
physicochemical properties. This work elucidates that the rheological properties of the bio-ink
can be adjustable with the ratio of bioactive glass and it greatly helps the structural property of
the resultant hydrogel scaffolds [108]. The 50 : 50 PCL/13-93B3 glass with bioactive borate glass
(13-93B3) shows higher degradation percentage during in vitro condition and recently proposed
for both hard and soft tissue engineering applications [109, 110]. This glass is also a Food and Drug
Administration (FDA)-approved material currently widely used for soft tissue regeneration and
vascularization, wound repair. For these types of borate glasses, melt-based 3D printing can also be
achieved due to high temperature glass phase stability [111]. Some of the earlier reports on bioac-
tive glass scaffolds prepared by the 3D printing method and its essential properties are listed in
Table 6.4.

Table 6.4 Earlier works of bioactive glass scaffolds prepared by the 3D printing method.

Tissue

Mechanical engineering Cell culture
Glass composition Porosity/porous% property applications studies References
PCL + 13-93B3 Pore size of — — — [109]

~400 pm
ADA-GEL — Bone tissue MG 63 [64]
incorporated engineering
Sr-BGNPs
Wood-based Pore size of — Bone tissue Saos-2 and [108]
cellulose ~400 pm engineering human bone
nanofibrils applications marrow-derived
(CNF) and mesenchymal
bioactive glass stem cells
(BaG) (hBMSCs)
incorporated
gelatin-alginate
bio-inks
Mesoporous 80% porosity — Bone tissue MG-63 cell [106]
bioactive engineering
glass/sodium
alginate/gelatin
Mesoporous Pore size of the Compression Bone regenera-  Rat bone [107]
bioactive stent is modulus tion/repair marrow
glass/oxidized 200-350 pm ~58 kPa applications mesenchymal
chondroitin stem cells in
sulfate vitro and rat
(OCS)/gelatin cranial defect
restoration in
vivo

MBG/silk fiber Porosity 70% Compressive Bone tissue hBMSCs [112]

strength engineering

19.9+0.6 MPa
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6.5 Conclusion

Understanding the evolution, chemical, physical, and morphological nature of human system is
still an unresolved area of research. However, treating human needs for diseased, damaged, and
restoration requires new biocompatible materials for treatment conditions. The fourth-generation
tissue engineering scaffolds have a lot of regenerative potentialities and also have flexibility to mod-
ify their various structures. This advantage opens the futuristic era of customized implantation
and 3D bioprinting. This also makes promises for the development of 4D scaffolds which involve
combination of 3D patterning with microtubule structuring and dynamic shape changing scaffolds
[113, 114]. All these developments are aimed to make biomaterial scaffolds as near as the perfor-
mance of biological tissues, attaining the ability to self-heal and remodel with response to external
stimuli with good mechanical properties. As for now, the bioactive glasses are very promising for
bone tissue engineering applications, whereas for 3D scaffolding and flexibility of it toward struc-
turing and controlled degradability with higher tissue compatibility hybrid scaffolds are one best
option. As some of the works mentioned in this chapter, altering the glass system without compro-
mising the basic potentiality of bioglass of its apatite formation, in future it can also be optimized
for both soft and hard tissue regeneration.
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7.1 Introduction

Bone grafting for the clinical management of medium-to-critically sized bone defects is currently
considered a routine procedure, and more than 2 million surgeries are performed all over the world
every year, thus making bone the second most frequently transplanted tissue after blood [1].

In the last decades, the scientific community has been involved in active and fruitful research
activity to develop novel bone substitutes addressed to overcoming the limitations of the current
therapies, which are still mainly based on the use of autologous and allogenic grafts from transplan-
tation. Despite all the efforts, autologous bone continues to be considered the golden standard in
bone grafting surgeries, but drawbacks deriving from its clinical usage are undeniable, thus creating
a pressing need for more effective solutions.

From this perspective, synthetic bone substitutes may represent a high-value asset to be used
either alone or in combination with cells and growth factor therapy in order to restore the original
functionality of the native tissue [2].

The last approach is known by the name of bone tissue engineering (BTE), which was officially
defined in 1993 as an interdisciplinary field that applies the principles of engineering and life sci-
ence toward the development of biological substitutes that restore, maintain or improve the tissue
function [3].

A schematic representation of a typical BTE cycle is provided in Figure 7.1.

In general, the key elements required for the implementation of a tissue engineering (TE)
approach are the following:

(i) Cells which are essential for the synthesis of new tissues. The most beneficial approach for
the individual to avoid the risk of rejection is the use of autologous cells directly collected by
biopsy from the site of interest. Another option is represented by the use of stem cells, which
are able to evolve to multiple cell lines by applying proper external stimulation. Currently,
multipotent stem cells are used due to their easy availability within the human body; they are
often collected from bone marrow and adipose tissue [4].

Bioactive Glasses and Glass-Ceramics: Fundamentals and Applications, First Edition.
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Figure 7.1 Schematic of a typical bone tissue engineering cycle including biopsy of the bone tissue, cell
isolation, cell cultivation, and subsequent expansion, seeding on 3D porous scaffolds, and development of
functional tissue by providing proper biochemical-physical stimulation (i.e. growth factors, mechanical

loading, exposure to electrical fields).

(ii) Scaffolds, i.e. three-dimensional (3D) implantable devices, with specific physical, chemical,
and biological properties to promote cell infiltration, adhesion, colonization, and differenti-
ation until the formation of mature and functional tissue. Both natural and synthetic scaf-
folds are currently available. Natural scaffolds often derive from extracellular matrix (ECM)
extracted by the patient or by donors, but scaffolds based on biopolymers can also be found,
while synthetic scaffolds are made of biocompatible materials that are carefully designed in
order to mimic the features of physiological tissue [5].

(iii) Signals required for the development of a functional tissue. They can be biological, chemical,
or physical-mechanical. Specific stimulation procedures are able to affect cell pathways
during the processes of proliferation and differentiation by fostering the evolution toward
specific phenotypes. These signals are fundamental because they are able to guarantee cell

survival and, therefore, it is required that all the cells in the scaffold are influenced by them

likewise [6].
Undoubtedly, the main advantage related to the implementation of BTE strategies lies in the
possibility to by-pass organs and tissue transplantation, which apart from the risks of rejection and
transmission of pathologies, is usually associated to very long waiting lists due to the shortage of

organs available for the transplant [7].
Thus, over the last decades, experimental research focused on bone regenerative strategies has

been involved in the development of new-generation engineered synthetic bone grafts in order to
meet this growing demand. Scaffold design requires a deep understanding of the overall biolog-
ical and structural properties of the tissue for the optimization of the biological response after
implantation [8]. Table 7.1 summarizes the main requirements which an ideal scaffold should

exhibit in order to stimulate bone tissue growth and regeneration.
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7.2 Critical Issues and Challenges Related to Bioactive Glass Scaffolds

Table 7.1 List of the minimum requirement that a bone tissue engineering scaffold should exhibit.

Characteristic Function References
Biocompatibility - Promote cell adhesion and proliferation [9]

- Promote cell differentiation and migration

- Promote ECM synthesis

- Induce minimal immune response
Bioactivity - Create a stable bonding interface with the host [10]

tissue

Biodegradability - Match the physiological healing time of the tissue [11]

- Do not release toxic degradation products
Mechanical properties - Shear mechanical load with the host bone [10]

- Maintain mechanical integrity during degradation
and tissue remodeling
3D-structure - Open-cell architecture [11,12]
- Promote mass transport
- Support cell migration, vascularization, and bone
ingrowth
Manufacturing technology - Cost-effectiveness [10]
- Scalability
- Repeatability/reliability
- Sterilization, delivery, and storage of the final
product

Over the last 30 years, several materials have been proposed for the fabrication of BTE scaffolds,
including metals, ceramics, polymers, and composites, processed both by traditional techniques
and the latest additive manufacturing (AM) technologies [13, 14]. Among these, bioactive glasses
(BGs) indeed deserve a special attention [12, 15, 16]. In this chapter, BGs will be presented as
promising biomaterials for the development of 3D porous scaffolds for BTE approaches, provid-
ing a brief overview of structural features and manufacturing processes that are currently available
for their fabrication. Furthermore, applications of BG scaffolds in interfacial TE and tumor ther-
apy/drug delivery will be briefly discussed as the new frontiers beyond “pure” bone regenerative
purposes.

7.2 Critical Issues and Challenges Related to Bioactive Glass
Scaffolds

Since the early 2000s, a great potential has been attributed to BGs to be used in TE and regenera-
tive medicine as basic materials for the production of functional 3D scaffolds for the regeneration
of both hard and soft tissues. Since their invention in 1969 [17], indeed, BGs have been considered
materials of choice for BTE applications because of their ability to react very effectively with the
physiological environment by forming a strong bonding interface with the bone through the forma-
tion of a nanocrystalline hydroxyapatite (HA) layer, thus inducing a stable fixation of the material
to the host tissue while promoting osteointegrative pathways.

According to the production method used, BGs can be characterized by chemical and microstruc-
tural features varying over a wide range. In particular, glasses produced by the melt-quenching
technique are dense materials, while the sol-gel process allows the production of nanotextured
materials exhibiting higher reactivity in contact with body fluids.
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BG-based products have been successfully implanted in millions of patients worldwide since the
late 1980s, mainly to repair bone and dental defects and, over the years, several bioactive compo-
sitions have been proposed for innovative biomedical applications, such as osteochondral tissue
engineering, soft tissue repair, and tumor treatment [16].

However, despite these enthusiastic and promising results, BTE based on BG-based scaffolds has
not yet achieved a full translation to clinical practice. Probably, the most critical issue about the use
of BGs for making porous bone substitutes concerns the possibility of obtaining suitable mechanical
performances. In fact, as widely known, glass materials are characterized by an intrinsic brittleness
which mostly limits their use to nonload-bearing applications.

In order to regenerate bone, mechanically performant materials are required to provide support
during the whole healing process. Stiff and tough materials, like metals, would theoretically be the
best choice if their high values of rigidity did not cause bone tissue resorption due to the lack of load
transmission at the host tissue/implant interface (stress shielding). In order to avoid this problem,
the use of materials with elastic properties comparable to those of human trabecular bone has to
be preferred.

Concerning BG-based scaffolds, a linear relation was observed between porosity and elastic mod-
ulus, as shown in Figure 7.2. In particular, the value of elastic modulus decreases as the scaffold
porosity increases [18].

According to this, improved mechanical properties can be ideally obtained by reducing scaffold
porosity; however, a minimum value of 50 vol% must be guaranteed to allow proper cell migration
and tissue ingrowth within the 3D volume of the graft [12].

Nevertheless, over the years, several research groups succeeded in producing glass scaffolds
showing comparable mechanical properties to those of the human bone [19].

Mechanical properties can be improved by a proper optimization of processing parameters. As
an example, highly densified and mechanically performant struts can be obtained by increasing
the sintering temperature [12, 20]. The drawback is that the application of high-temperature treat-
ments can lead to the formation of crystalline phases within the amorphous matrix (devitrification)
and, consequently, to a lower chemical reactivity of the material. This aspect has to be carefully
evaluated when BGs are used as crystallization can significantly decrease the rate of HA formation
(i.e. the bioactivity kinetics) on the surface of the glass-ceramic scaffold as compared to the parent
glass [21].
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Figure 7.2  Elastic modulus of BG-based scaffolds as a function of the total porosity. Source: Baino et al.
[18]/Multidisciplinary Digital Publishing Institute/CCBY 4.0.
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Another important aspect to be considered is related to the type of mechanical loading which
the scaffolds will undergo in the clinical scenario. Grafts implanted in load-bearing bone defects
are normally exposed to cyclic loading; thus, besides elastic modulus and compressive strength,
fracture toughness and fatigue resistance are also crucial. Due to its low fracture toughness, glass is
extremely sensitive to the presence of small defects (~10 pm), and it can fail under tensile or flexural
stresses much lower than its compressive strength. This criticality cannot be totally controlled, but
it can be minimized through an optimization of the design and execution phase. A valid solution
to mitigate the insidious effect of small defects within the glass structure could be the production
of glass/polymer composite scaffolds, in which, however, the presence of two distinct phases could
cause a limited interaction between BG particles and cells due to the shielding effect provided by
the polymeric phase, as well as a mismatch in the degradation rates of glass and polymer [12, 19].

In recent years, much interest has also been addressed to the development of inorganic/organic
hybrid scaffolds with controllable degradation and bioactive properties for bone engineering. In this
regard, in fact, hybrid materials exhibit several advantages as compared to traditional composites
due to the presence of fine-scale interactions between polymeric and the glassy phases, which make
the material behave as if it was made up of a single phase. In this way, a fine control on both the
mechanical properties and the degradation rate can be achieved owing to the formation of covalent
bonds between the glass network and the polymeric chains [22, 23].

7.3 Fabrication Techniques

BG-based scaffolds were produced for the first time in 2002 by Sepulveda et al., who implemented
a sol-gel process combined with in situ foaming to produce a macroporous structure [24]. Since
then, many research groups have carried out several studies aimed at improving BTE scaffolds
properties by developing and optimizing new manufacturing strategies able to meet the minimum
requirements discussed above. In this regard, the introduction of AM technologies has represented
a big step forward in achieving a high level of reproducibility and standardization of manufacturing
processes, with the possibility to obtain patient-specific products as an undisputable added value
[25]. Here, a brief overview of scaffold fabrication techniques is provided, with a particular attention
on methods, materials, and processing parameters.

7.3.1 Foaming Methods

In foaming methods, the porous macrostructure is generated by the use of proper foaming agents
which are added to BGs produced either by melt-quenching or sol-gel process in order to create
air bubbles acting as a template for the formation of pores. In particular, the foaming agent can be
added either to a glass slurry, obtained by suspending glass particles into a fluid media, or to a sol,
i.e. a colloidal suspension of nanometric particles (1-100 nm).

The most commonly used foaming strategies for the production of 3D highly porous BG-based
scaffolds include direct injection of gases, vigorous agitation, gas generation through a chemical
reaction, or thermal decomposition of hydrogen peroxide [13]. Some of these processes have been
adapted from industrial contexts far from the biomedical field, as further proof of the exceptional
versatility of glass as a material suitable for a wide variety of different applications.
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7.3.1.1 Gel-Cast Foaming

In gel-cast foaming, melt-derived glass particles are added to a solution of organic monomers (usu-
ally acrylates) to produce a slurry. Then, the slurry is foamed under vigorous agitation to induce in
situ polymerization in the presence of a surfactant, which stabilizes the air bubbles, and a catalyst,
to lower the energy of activation of the polymerization reaction. As the polymerization progresses,
the viscosity increases, and, just prior to gelation, the foams are poured into molds, then dried
to remove the solvents, and finally sintered at high temperature to remove the polymeric organic
phase and densify the strut [26]. The main steps of gel-cast foaming are summarized in Figure 7.3a.

In order to achieve proper porosity features for BTE applications, the bubbles have to be large
enough to touch each other in the solution until the gelation point is achieved, thus allowing the
formation of interpore windows upon sintering.

The porosity of the scaffold can be adjusted by acting on the induction period, also known as
“idle time,” which is the time interval between the addition of the polymerization initiator and the
catalyst and the beginning of the polymerization reaction [13].

Identifying the right pouring window is crucial for the final outcome of the process: in fact, if the
foam is poured too soon, it will collapse under its own weight.

The sintering temperature has to be defined according to the thermal properties of the glass sys-
tem considered in order to achieve good mechanical performance. However, sintering parameters
are not the only factors affecting the mechanical behavior of the glass foams: the amount of glass
powders is likewise crucial to get well-densified struts as it affects the number of contact points
between adjacent particles, which will form sintering necks upon heating.

One of the most common solvents is water because it can be easily eliminated by drying processes
slightly above 100 °C [13]. However, the exposure of BGs to an aqueous environment during the
manufacturing could lead to an early reaction of the material even for very short times, depending
on the glass composition.

Wau et al. [27] fabricated gel-cast BG foams with a modal pore size of 379 pm and modal inter-
connect size of 141 pm, which are suitable values for BTE applications (Figure 7.3d). They were
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Figure 7.3 Foaming techniques for BG-based scaffold manufacturing: schematic of the gel-cast (a), sol-gel
(b), and dolomite (c) foaming methods for producing porous glasses and glass-ceramics and scanning
electron microscopy (SEM) micrographs showing the resulting morphologies (d, e, and f, respectively).
Source: (d) Wu et al. [27], Figure 04, p. 05/with permission of Elsevier; (e) Courtesy of Elisa Fiume (Author);
(f) Fiume et al. [28], Figure 02, p. 06/MDPI/CC BY 4.0.
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characterized by a compressive strength close to the lower limit of spongy bone and the ability to
form HA in vitro.

In general, scaffolds produced by gel casting are characterized by proper features for bone regen-
erative approaches; however, there is little chance of scalability of the process to an industrial level.

7.3.1.2 Sol-Gel Foaming
Sol-gel foaming was the process implemented by Sepulveda et al. for the development of the first
BG-based scaffold in 2002 [24].

In a typical process, once all the reagents are completely dissolved within the sol, a surfactant and
a gelation catalyst are added under vigorous agitation. Just prior to gelation, the foam is poured into
a sealed mold and undergoes aging and drying processes to remove the liquid by-products (typi-
cally alcohols). Finally, the BG-based scaffold is obtained by high-temperature sintering treatment,
which is performed to remove the organic residuals and densify the structure [29] (Figure 7.3b,e).

Most sol-gel BG foams are based on simple binary (SiO,-CaO) or ternary compositions
(Si0,-Ca0-P,0,) [30, 31].

Scaffolds obtained by sol-gel foaming are characterized by a hierarchical organization of pores,
consisting of interconnected macropores (10-500 pm) deriving from the foaming process and meso-
pores (2-50 nm) that inherently result from the sol-gel process [19].

This hierarchical pore architecture is considered advantageous to stimulate cell-scaffold inter-
actions because it imitates the hierarchical structure of natural bone, thus simulating the physio-
logical environment [29].

Sol-gel-derived scaffolds usually have a high surface area (100-200 m?/g) due to the presence
of mesopores. Consequently, interactions with the physiological environment are favored, leading
to a faster conversion to HA and a better bioactive response. Despite this promising aspect, which
allows obtaining exceptional bioactivity in a wide compositional range, sol-gel-foamed scaffolds
are characterized by a very low compression strength (0.3-2.3 MPa), and therefore, their usage in
load-bearing applications is not recommended [19].

7.3.1.3 Thermal Decomposition of Chemical Compounds

All the methods that produce foams by gas generation through the thermal decomposition of chem-
icals can be included in the present group. Here, just a couple of representative examples will be
described in order to provide a general idea.

Hydrogen peroxide (H,0,) foaming allows the production of porous scaffolds by heating a per-
oxide solution to 60 °C; as a result, water vapor and oxygen are released that act as foaming agents
producing bubbles during the reaction [13].

Navarro et al. [32] mixed powders of phosphate glass with different amounts of H,O, solution.
The resulting slurry was poured into a mold, foamed at 60 °C and subjected to drying and sinter-
ing. They found that the amount of H,O, was the principal factor affecting scaffold porosity. In
particular, an increase in H,0, content led to an increase in porosity, pore interconnectivity, and
pore size.

In a very recent study, Fiume et al. [28] described the production of highly porous scaffolds
with high bioactive potential and good mechanical properties (with compressive strength up to
3.9MPa) by using dolomite (CaMg(CO,),) powder as a foaming agent for generating intercon-
nected macropores. The foaming process was based on the thermal decomposition of dolomite
associated with CO, production, together with small amounts of calcium and magnesium, incor-
porated in the glass-derived foams [33]. In this regard, the choice of dolomite as a foaming agent was
appropriate for the intended purpose as Ca** and Mg?* ions are physiologically involved in bone
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metabolism and, when released from BGs, stimulate osteoblasts toward a path of regeneration and
self-repair [34].

The schematic diagram of the dolomite-foaming manufacturing process is schematically
depicted in Figure 7.3c. From a morphological point of view, dolomite-foamed scaffolds exhibit a
bubble-like architecture (Figure 7.3f), with a strong similarity to that of traditional sol-gel glass
scaffolds previously described.

7.3.2 Thermal Consolidation of Particles

This large family of manufacturing strategies is based essentially on particle sintering and may
include or not the use of porogen particles in the preparation of the green bodies, which are then
thermally removed during the sintering process [13, 19, 26].

BG-based scaffolds in a wide compositional range have been produced by these methods, which
are conceptually easy and relatively affordable; however, achieving adequate porosity levels and
interpore connectivity, as well as a homogeneous distribution of pores within the whole 3D volume
of the scaffold, is still challenging, as shown in Figure 7.4.

7.3.2.1 Scaffold Manufacturing by the Use of Porogen Particles

This technique, also known as the space-holder method, is based on the addition of a pore-forming
agent to glass or ceramic particles before molding in order to introduce a certain porosity with
controlled shape and size, directly inherited from the sacrificial particles used (Figure 7.5a).

PE 60 vol.%, Ts=700 °C/3h

e 200 pmM PE 70 vol.%, T¢=700 °C/3h

Figure 7.4 BG-based scaffolds obtained by thermal consolidation of particles around a sacrificial template
(PE). The figure shows how, despite pore size was in the typical reference range of trabecular bone and the
overall porosity of the scaffolds increases by increasing the volumetric content of sacrificial particles (from
() to (c)), pores remain almost isolated, with few inter-pore windows. Source: Courtesy of Elisa Fiume
(Author).
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Figure 7.5 Thermal consolidation of particles: scaffold manufacturing with and without the use of
sacrificial particles (a and b, respectively).

It is important to induce the thermal degradation of the sacrificial particles before the formation
of sintering necks between adjacent glass particles because their presence can lead to the formation
of black char (organic combustion residue) on the surface of the green body, thus hindering the
sintering process and reducing the overall bioactive properties of the material.

Pore-forming agents are generally polymers of natural (e.g. starch, rice husk) or synthetic
origin (e.g. polyethylene particles) [13, 19, 26]. As an example, starches of different plants
were used by Vitale-Brovarone et al. [35] to produce BG scaffolds based on the system
50Si0,-25Ca0-16Na,0-9MgO (mol%). The use of corn starch grains led to the production
of scaffolds with too small pore size, while potato and rice starches allowed obtaining scaffolds
with well-interconnected pores between 50 and 100 pm and compressive strength of 6 MPa, which
definitely falls in the range of spongy bone [35].

Wau et al. [36] used rice husk as a space-holder to produce 45S5 Bioglass®-based scaffolds. These
scaffolds exhibited low porosity (43-49 vol%) compared to the reference ranges of human trabecular
bone, while the compressive strength (5-7 MPa) was suitable for bone substitution [36].

In another study by Vitale-Brovarone et al. [37], polyethylene particles were used as an organic
filler for the fabrication of melt-derived BG scaffolds. Varying the size and amount of polyethy-
lene particles, a total porosity from 50 to 70vol% was obtained with well-interconnected pores
within 100-200 pm or above 200 pm. By using small amounts and sizes of polyethylene particles,
a maximum compressive strength of 6 MPa was obtained. In addition, these scaffolds exhibited
surface micropores smaller than 10 pm, the presence of which was attributed to the nucleation of
B-wollastonite crystals upon sintering [37]. The same fabrication method was also used to produce
ultrastrong fluoroapatite-containing glass-ceramic scaffolds (compressive strength up to 150 MPa)
for the substitution of cortical bone portions [38].

7.3.2.2 Scaffold Manufacturing Without the Use of Porogen Particles

This method requires that no sacrificial components are added to the glass or ceramic particles
used to fabricate the green body (Figure 7.5b). The porosity of the scaffolds can be modified by
varying the particle size and acting on the sintering process. Indeed, the sintering process must
be stopped as soon as enough sintering necks between adjacent particles are formed in order to
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ensure the achievement of suitable mechanical properties as well as adequate porosity for BTE
applications. This approach is very easy but allows producing only scaffolds with very low porosity
levels (usually <50vol%) [13]. For example, the scaffolds developed by Fu et al. [39] with 13-93
glass showed 40 vol% porosity and high compressive strength (22 MPa).

Borate glass-based scaffolds obtained by Liang et al. [40] also had a porosity of less than 40 vol%,
thus confirming the limit of the technique for producing scaffolds with sufficient porosity to induce
proper cell migration, tissue ingrowth, and vascularization of the synthetic graft.

7.3.3 Freeze-Drying

In general, freeze-drying techniques take advantage of the formation of ice crystals to create the
porous structure of the scaffold.

7.3.3.1 Freeze-Casting of Suspensions

This approach consists of pouring a colloidal suspension of glass particles into a mold and quickly
freezing it. Oriented and elongated ice crystals are formed because usually the cooling rate is not
homogeneous in all directions. The frozen solvent is removed by sublimation in vacuum conditions
at moderately cold temperature (around —20 °C). This step is very critical because, if the solvent
is removed uncontrollably, the porous structure of the scaffold could be destroyed. After complete
removal of the solvent, the scaffold is thermally treated in order to sinter the inorganic particles.

The scaffolds obtained by this technique have a rather high compressive strength due to the ori-
ented microstructure of the pores. However, the use of water as the only solvent does not allow
obtaining scaffolds with appropriate pore dimensions for BTE applications because the typical
range of pore sizes that can be obtained is within 10-40 pm, which is too low compared to spongy
bone (well above 100 pm). The addition of other solvents such as 1,4-dioxane or camphene in the
solution allows a larger pore size to be obtained. In fact, these solvents cause a change in the
microstructure from lamellar to columnar and an increase in the pore size [19].

BG scaffolds (13-93 composition) with columnar microstructures and pore diameters of
100-150 pm were produced by Fu et al. [41]. Such scaffolds exhibited high mechanical strength
and good ability to promote cell proliferation and differentiation in vitro, as well as tissue
infiltration in vivo.

7.3.3.2 Ice-Segregation-Induced Self-Assembly Combined with the Sol-Gel Method

This technique relies on immersing the sol in liquid nitrogen at a controlled rate. Rapid freezing
of the sol is then followed by sublimation of the frozen solvent. The resulting microstructure can
be controlled by adjusting the nature and concentration of the solute, the solvent composition, the
cooling rate, and the temperature gradient [13].

This method was implemented by Minaberry and Jobbagy [42] to produce porous scaffolds start-
ing from BG sols. At the end of the process, the green body was subjected to annealing in order
to remove residuals such as organic phases, acid, and salts and consolidate the structure. This
structure showed pores <20 pm and low compressive strength (<0.2 MPa), thus, suggesting the
unsuitability of this scaffold for BTE approaches.

7.3.4 Foam Replica Method

The foam replica method is recognized to be a valuable technique for the production of highly
porous BG scaffolds. In particular, scaffolds of silicate, phosphate, and borate BGs have been suc-
cessfully obtained by this fabrication strategy. This technique allows producing BG scaffolds with
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open and interconnected porosity in the range of 40-95 vol% and microstructural features similar to
those of human trabecular bone. However, foam-replicated scaffolds are typically affected by poor
mechanical properties, with compressive strength in the lower range of that of trabecular bone,
which limits its application to the repair of nonload-bearing bone areas [19].

The foam replica method was originally patented by Schwartzwalder and Somers in 1963 for the
manufacturing of ceramic foams in industrial applications [43]. In 2006, Chen et al. [44] and Park
et al. [45] were the first to use this technique in BTE for the development of BG scaffolds. Since
then, the foam replica method has been widely used by several research groups to obtain porous
glass scaffolds for bone regeneration.

The process is based on the replication of the porous structure of a sacrificial organic template
in order to obtain its positive replica made of glass or glass-ceramic particles sintered around the
sponge struts. In a typical process, the foam is dipped in a slurry consisting of glass powders sus-
pended into a binder solution in order to obtain a consistent coating on the foam struts [19, 46].
The coating thickness is adjustable according to the number of consecutive immersions performed
and the glass content (solid load) within the slurry [47]. The excess slurry is removed by squeezing
the foams, which are then left to dry in order to obtain the green bodies (in this case, glass-coated
sponges). After drying, the foam is burnt out by thermal treatments at high temperature, typically
between 300 and 600 °C, and the glass struts are then densified by sintering at 600-1000 °C, depend-
ing on the composition and particle size of the glass [19, 46].

Frequently, foam removal and glass sintering are combined in a single treatment, which is car-
ried out by maintaining a very low heating rate in order to burn out the foam while preserving
the integrity of the BG structure. Then the treatment involves keeping the sample at the chosen
sintering temperature for a few hours in order to sinter the glass struts and properly modulate the
porosity [47, 48]. Figure 7.6 provides a schematization of the foam replica process.

Currently, the foam replica method is one of the most popular, affordable, relatively easy, and
effective techniques for the development of 3D highly porous bone-like scaffolds [49]. The suc-
cess of this method is also attributed to its versatility, which relies upon the possibility to use a
wide variety of sacrificial templates both of synthetic (e.g. commercial polymeric sponges [44])
and natural origin (e.g. marine sponges [50]), as well as the opportunity of processing both tradi-
tional melt-derived glasses and sol-gel materials. As an example, foam replica method was used
in combination with the evaporation-induced self-assembly (EISA) [51] to fabricate hierarchical
porous bioactive glasses (HPBG) scaffolds, where a polyurethane foam and a surfactant are used
as cotemplates for scaffold macropores and mesopores, respectively [52, 53].

Moreover, in the last years, the use of natural biological materials as macroporous templates has
been particularly appreciated due to their easy availability and low cost, thus leading to the pos-
sibility of obtaining diverse and environment-friendly structures with even improved mechanical
properties [54].
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Figure 7.6 Scaffold manufacturing process by foam replica method.
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One limitation of the foam replica method is that a good reproducibility of the process can be
achieved only for a restricted number of small samples per time characterized by simple geome-
tries, thus making it difficult to scale up the manufacturing process [13]. In addition, although the
pore/strut characteristics of final scaffolds can be modulated to some extent by selecting templates
with different porosities, this technique does not allow implementing an effective custom-made
approach like AM strategies [55].

7.3.5 Solid Freeform Fabrication

Solid freeform fabrication (SFF) techniques, also known as AM, allow the fabrication of
design-controlled 3D structures with specific features, optimized according to the desired applica-
tion by simply acting on processing parameters. SFF techniques rely on layer-wise manufacturing
technologies since the final 3D scaffold is obtained by subsequent deposition of material following
a bottom-up process.

In the last decades, the extraordinary potential of AM in the biomedical field has been recognized
worldwide, especially due to the possibility to obtain patient-specific devices on the basis of anthro-
pomorphic models derived from clinical imaging techniques, e.g. computer tomography (CT) and
magnetic resonance (MR) [16].

AM technologies are based on four main steps [56]:

(i) creation of a computer-generated model of the desired geometry by the use of a
computer-aided design (CAD) software;
(ii) segmentation of the model into cross sections;
(iii) data implementation and processing;
(iv) creation of the physical model, i.e. the final or semifinal scaffold that may require further
treatments (e.g. thermal consolidation).

SFF techniques can be further classified into two different groups: direct SFF, in which the scaf-
fold is directly produced from the biomaterial, and indirect SFF, in which the biomaterial is cast
into molds that are later dissolved by using a proper solvent.

The main advantage of using a direct SFF technique is the possibility to achieve high repro-
ducibility of results due to the intrinsic automation of the process, even if the process might be
very difficult to implement owing to the compatibility required between apparatus and biomate-
rials used. As an example, when glass slurries are printed to create a layer-wise scaffold, a typical
problem is the risk of nozzle occlusion due to the formation of clots [16].

Sections 7.3.5.1-7.3.5.6 provide a picture of the most common SFF techniques that can be applied
to fabricate BG-based scaffolds, including selective laser sintering (SLS), stereolithography (SL),
fused deposition modeling (FDM), ink-jet printing (IJP), three-dimensional printing (3DP), and
robocasting [57].

Table 7.2 summarizes the main characteristics of currently available AM technologies.

7.3.5.1 Selective Laser Sintering
SLS employs CO, or Nd:YAG (neodymium-doped yttrium aluminum garnet; Nd:Y;Al;O,,) lasers
to selectively sinter successive layers of powder materials, thus creating a 3D object [57, 58].

A typical SLS setup consists of a laser, a scanning system, and two different chambers. One of
the two chambers is intended for the preparation of the powder feedstock. A roller transfers the
powders from one chamber to another and, as soon as it finishes preparing the layer, the laser
beam sinters the powders. Subsequently, the roller creates another layer, and so on. During the
manufacturing process, the structure is surrounded and supported by nonsintered powders. Once
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Table 7.2 Overview of AM technologies for the processing of BG-based porous scaffolds: strengths and

Limits.
Achievable
Technique pore size Advantages Limitations References
SLS 45-100 pm 1 High porosity 1 High processing [58]
1 High surface area to volume temperatures
ratio 1 Limited to small
1 Complete pore pore size
interconnectivity
1 Macro shape control
1 Independent control of
porosity and pore size
1 Wide range of materials
1 Solvent-free
SL >70 pm 1 Control over the internal and 1 Limited number [59, 60]
external geometry of the of resins
structure commercially
1 Well-defined pore sizes, pore available
geometries, and porosities
1 Good compressive strengths
1 High resolution
1 Wide range of materials
FDM 250-1000 pm 1 High porosity 1 High processing [58]
1 High surface area to volume temperatures
ratio 1 Limited material
1 Complete pore range
interconnectivity 1 Inconsistent pore
1 Macro shape control opening in x-, y
1 Independent control of and z-directions
porosity and pore size 1 Pore occlusion at
1 Good compressive strengths boundaries
1 Solvent-free 1 Requires support
structures for
irregular shapes
1JP Customer-based 1 High resolution 1 Limited to the [61, 62]
1 Good surface finish production of
1 Good mechanical properties miniaturized
1 Controllable porosity and pore structures
geometry. Can integrate with 1 Limited material
cells and growth factors range
1 Use of solvent
1 High cost
3DP 45-100 pm 1 Easy process 1 Use of toxic [58, 59]
1 High porosity organic solvents
1 High surface area to volume 1 Lack of
ratio mechanical
1 Complete pore strength
interconnectivity 1 Limited to small
1 Macroshape control pore sizes
1 Independent control of
porosity and pore size
1 Suitable for many kinds of
materials
Robocasting ~ 300-500 pm 1 Simple, flexible, and 1 Need for an ink [61, 63]

inexpensive approach
Suitable for many kinds of
materials

Low cost

Fast

with appropriate

rheological
properties
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Figure 7.7 Schematic diagram of a SLS system. Source: Legutko [64] available via license: Creative
Commons Attribution 3.0 Unported (CC BY 3.0).

the structure is completed, it is extracted from the powders [57, 58]. The schematic representation
of a typical setup for SLS is depicted in Figure 7.7.

A material is suitable to be processed by SLS if it absorbs light in the laser wavelength range and if
it is formed by flowable powders to form the bed correctly. Ideally, the particles should be between
10 and 150 pm in size.

The porosity of SLS scaffolds can be controlled by adjusting processing parameters, such as laser
energy density, scanning speed, and the hatching distance, i.e. the distance between two lines
scanned by the laser [13, 58].

In 2012, Liu et al. [65] produced the first Bioglass scaffold via SLS. They optimized the laser
power to obtain good sintering and densification and, as a result, potentially suitable porosity and
mechanical property for bone repair. They found that the material melts and starts flowing through
the layers below, creating holes and voids in the glass layer if a very high laser power is used [65].

Although SLS was developed as a direct technique, it was also used as an indirect method in
order to reduce the laser power and to achieve better dimensional accuracy.

In indirect SLS, a binder is added to the powders; then, the laser melts the binder, which holds
together the glass particles. After SLS, the de-binding and sintering process are necessary to remove
the binder and to sinter the glass, respectively [57]. For example, Kolan et al. [66] produced 13-93
glass scaffolds by indirect SLS using stearic acid as a binder. The surface roughness and the presence
of micropores due to SLS increased the surface area of the scaffold, improving bioactivity as well as
cell attachment and proliferation. In addition, these scaffolds exhibited total porosity (50-62 vol%)
and compressive strength (5.9-20.4 MPa) comparable to those of human spongy bone.

7.3.5.2 Stereolithography

SL is based on spatially controlled solidification of liquid-based resins by photopolymerization to
produce a 3D structure. Ultraviolet (UV) light is typically used and irradiated on the photosensitive
resin surface in a precise pattern, which is defined by CAD files.
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Figure 7.8 Schematic diagram of SL. Source: Kim et al. [67].

Free radicals and other reactive species, which are formed upon excitation of photo-initiator
molecules by UV light, cause resin polymerization and formation of a solid phase.

A build platform is used to provide support to the structure during the manufacturing process.
Therefore, the first layer of photopolymerized polymer adheres to this platform and, once it is
polymerized, the platform is moved a defined distance for the polymerization of the subsequent
layer. This procedure is repeated until the whole 3D structure is obtained [60]. Figure 7.8 shows a
schematic of the SL process.

In order to apply SL technology to BG-based scaffolds manufacturing, it is necessary to com-
bine the liquid photopolymer with glass or ceramic particles. Once the 3D structure is obtained,
a heat treatment is required, aiming at eliminating the organic component and achieving greater
densification [61].

In 2012, SL was applied for the first time for the production of Bioglass-based scaffolds, charac-
terized by arbitrary porosity and pore sizes of about 500 pm, similar to that of spongy bone [68].
Subsequently, dense structures of BGs and glass-ceramics were also fabricated by SL [69].

7.3.5.3 Fused Deposition Modeling
FDM employs the melt extrusion process to deposit a series of parallel fibers, thus forming a single
layer of material; stacking of layers generates the whole 3D object [58].

A heated liquefier head melts the filament material (generally thermoplastic polymers), which
is extruded by a nozzle with a small orifice [58]. The first extruded filament adheres to the support
platform and solidifies as it cools. Subsequently, the support platform is lowered a distance equal to
the thickness of the new layer, and the extrusion and lowering process is repeated until the structure
is completed [70], as depicted in Figure 7.9.

FDM technology allows to obtain scaffolds with highly uniform internal honeycomb-like struc-
tures, controllable pore morphology, and complete pore interconnectivity by modifying the mate-
rial deposition direction for consecutively layers and the space between the material fibers.
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Figure 7.9 Schematic diagram of a typical FDM setup. Source: Ciobota and Gheorghe [71]/Sciendo.

Furthermore, FDM allows developing scaffolds with overhanging features by depositing remov-
able supporting structures alongside the scaffold [58].

FDM can be basically implemented to obtain polymeric products; in order to apply FDM to the
fabrication of glass-based porous structures, filaments composed of BG particles and binder ther-
moplastic polymers have to be prepared. After obtaining the green body by FDM, de-binding and
sintering processes are necessary to get a fully ceramic sample [70].

7.3.5.4 Ink-Jet Printing

1JP employs micrometric printhead nozzles to dispense liquid-phase materials in a controlled man-
ner. The liquid-phase material, also known as ink, is dispensed in the form of droplets onto a surface
and, as the ink dries, a thin layer of ink residue is created. Subsequently, other layers are placed on
top of the previous ones in order to form a multilayer 3D structure [61].

The IJP technique can use two different ink delivery methods: continuous inkjet (CIJ) or
drop-on-demand (DOD) printing, as shown in Figure 7.10.

In the CIJ method, a stream of drops is dispensed by a controllable micronozzle. Afterward, an
electrostatic field influences the formed droplets and deviates their trajectories to print on a surface
or allows them to reach the collector for reuse. Just a few drops are printed on a substrate, and the
largest number of drops is recycled. Therefore, C1J is not very cost-effective [61].

The DOD method is more affordable than CIJ because it produces ink droplets when and where
it is required. In addition, it is more suitable for printing 3D structures due to the small size of
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Figure 7.10 1JP delivery methods: (a) continuous and (b) drop-on demand printing modes. Source: Figure
reproduced from Solis Pinargote et al. [61] under the Creative Commons Attribution License.

droplets and the high positioning accuracy. In the DOD method, the ink droplets can be formed by
the piezoelectric effect or thermal excitation in the printing nozzle head [61].

IJP can be used to print a wide range of materials. To date, this technique was used to produce
scaffolds based on natural and synthetic polymers as well as on calcium phosphates [72]. In prin-
ciple, ceramics cannot be processed in a molten state because of their high melting temperature;
therefore, in order to obtain an adequate ink, a binder is added to them. In this case, once the
3D structure is fabricated, a thermal treatment is necessary to eliminate the binder and sinter the
ceramic particles [73].

1JP allows multiple nozzles to be used simultaneously to speed up the printing process for each
layer and to obtain composite structures by using different inks [73].

No publications about IJP of BGs have been reported so far [57]; however, silica-based sol-gel
derived materials were inkjet-printed for biosensor applications [74].

7.3.5.5 Three-Dimensional Printing

The 3DP technique has a setup similar to that of the SLS. In fact, there is a first chamber where a

powder bed is created and a printing chamber where the actual printing process takes place. The

powders are transferred from one room to another by a set of rollers [13], as displayed in Figure 7.11.
3DP technique incorporates IJP technology for processing powders and, just like a common

ink-jet printer, it allows using two different ink delivery modes: CIJ or DOD [58].

A binder is ejected by a jet head, which moves onto thin layers of powder in accordance with the
object profile generated by the computer system [58, 76]. The binder dissolves and joins adjacent
particles. The piston chamber is lowered and filled with another layer of powder, and the process is
repeated [76]. After several cycles, the complete structure of the object is created. The final object
is incorporated inside unbound powders and can be extracted by brushing away the powders [58].

Although 3DP has its own technical characteristics and is a well-defined method in the wide
family of SFF approaches, generally speaking, this expression is often used in a broader sense as
an interchangeable synonym for AM.

Before printing, the parameters of the powder bed and ink delivery system should be optimized
in order to achieve a satisfactory final outcome. The powders must have a good packaging capacity
and sufficient flowability to be transferred from the feed bed to the printing one. These aspects
depend primarily not only on particle shape, size, size distribution, and roughness but also on the
wettability of the powders and ink droplets.

The 3D-printed ceramic and glass structures must be heat-treated after the molding process. The
heat treatment comprises the de-binding and sintering phases. Crystalline phase(s) may form dur-
ing the sintering process.
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Figure 7.11 Setup for 3DP manufacturing technology. Source: Alaboodi and Sivasankaran [75]/with
permission of Elsevier.

HA, several kinds of calcium phosphates, 45S5 Bioglass, 13-93 glass, and mesoporous bioactive
glasses (MBGs) were used to produce 3D-printed scaffolds. All of them exhibited low porosity
(<50vol%) and compressive strength up to 70 MPa, thus proving to be suitable for load-bearing
applications [57].

Recently, Mancuso et al. [77] produced porous silicate glass-ceramic scaffolds by 3DP having
mechanical properties comparable to those of cortical bone and dimensions of several centimeters.

7.3.5.6 Robocasting

Robocasting is an extrusion-based technique. A moving controlled nozzle extrudes the ink in order

to form a bidimensional pattern [61]. Once a layer is printed, the support platform is lowered to the

same distance as the new-layer thickness and a new layer is deposited on the top of the previous

one. Therefore, through a layer-by-layer procedure, the 3D structure is created [61] (Figure 7.12).
If the goal is to obtain a glass or ceramic product, the ink should be composed of inorganic par-

ticles and a polymeric binder. In order to be used for robocasting, the ink should

(i) Be pseudoplastic, i.e. it should flow through the nozzle by applying a small pressure.
(ii) Set-up into a nonflowable mass, i.e. it should preserve the rod-like shape of filaments once
extruded on the support platform.
(iii) Be strong enough to bear the weight of the overlying layers without undergoing deformation.

Extrusion can occur directly in the air or in a nonwetting oil bath. Extrusion in the air can cause
uneven shrinkage due to several air flows in the structure. In addition, the feed rate must be coor-
dinated with the drying kinetics to obtain sufficiently resistant layers. It is possible to bypass these
problems by extruding in an oil bath. This approach prevents drying of the structure at first; then,
the sample is extracted and dried in a controlled environment. In addition, this type of extrusion
prevents clogging of the nozzle [78]. On the other hand, the latter approach is more challenging
than the former from a technological viewpoint.
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In robocasting, the ink can be delivered in two different ways [79]:

(i) Constant displacement: the ink is extruded at a constant flow rate by moving the cartridge
plunger in a mechanical way by changing the extrusion pressure as needed.

(ii) Constant pressure: pressurized air, which is maintained at a constant pressure, moves the
plunger.

In addition to the intrinsic properties of the ink, other factors can influence the final structure
of the final scaffold. For example, the nozzle diameter, air pressure, and printing speed determine
the final diameter of the extruded rod. Moreover, the space between the various layers is crucial
to achieve good adhesion between the layers and good mechanical properties. The initial sub-
strate has to be flat and allow the ink attachment as well as the easily detachment of the final
scaffold [13].

Glasses or ceramics were extensively used to fabricate scaffolds by robocasting. De-binding and
sintering postprocess are necessary to produce BG or ceramic scaffolds without any organic com-
ponents [61]. Robocasting was first experimented for the fabrication of bioceramic scaffolds in 2010
by Franco et al. [80], who used an ink containing calcium phosphates (HA and p-tri-calcium phos-
phate [B-TCP]) and pluronic as a binder. Pluronic was also used as a binder by Fu et al. [81] to
fabricate BG (13-93)-based scaffolds for the first time by robocasting technology. Pluronic F-127
is one of the most frequently used binders for robocasting in BTE, along with ethyl cellulose,
poly(ethylene glycol), and carboxymethyl cellulose [78].

Eqtesadi et al. [82] produced 45S5 Bioglass scaffolds by robocasting using carboxymethyl cel-
lulose as the binder. All the scaffolds, including those sintered at temperatures below the onset of
crystallization (Tx), exhibited interconnected porosities ranging from 60 to 80 vol% and compressive
strength comparable to that of spongy bone. Therefore, robocasting was recognized to be the first
technique that allows obtaining vitreous 45S5 Bioglass scaffolds (no crystallization) with suitable
mechanical properties for clinical applications.

Recently, robocasting was successfully used to produce hierarchical scaffolds based on MBGs.
Wu et al. [83] robocast SiO,-CaO-P,05 MBG powders using poly(vinyl alcohol) as a binder.
They obtained hierarchical scaffolds with a compressive strength of 16 MPa and an excellent
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mineralization (i.e. HA-forming) capacity as well as sustained drug release property. A com-
prehensive overview of MBG scaffolds produced by robocasting has been recently reported
elsewhere [84].

7.4 Beyond Bone Tissue Engineering Through Using BG-Based
Scaffolds

7.4.1 Hierarchical MBG-Based Scaffolds as Drug Release Platforms for In Situ
Therapy

In recent years, the production of BGs in a mesoporous form has dramatically expanded the ver-
satility of glass systems, opening up new horizons especially in tumor therapy and drug deliv-
ery applications. MBGs exhibit ultrafast HA deposition rates as well as an intrinsic attitude to be
used as carriers for drugs and molecules owing to the presence of a well-organized mesoporous
structure [85].

MBGs are produced using sol-gel synthesis combined with structure directing agents (SDAs)
to create the ordered mesostructure. Some of the most commonly used mesopore templates are
cetyltrimethylammonium bromide (CTAB) and nonionic surfactants, such as Pluronic 123 (P123)
and Pluronic F-127, which are able to self-organize in micelles under specific pH and temperature
conditions [86, 87].

Using MBGs in the production of BTE scaffolds can be beneficial from different points of view,
the first of which is the possibility to provide multiple therapeutic actions at the defect site by incor-
porating and synergistically releasing therapeutic ions and molecules [88, 89].

The easiest approach for the production of hierarchical MBG scaffolds is to combine the EISA
method - responsible for the formation of ordered mesopores — with the replication of macrop-
orous templates or porogen burn-off techniques [88-92]. However, macro-mesoporous scaffolds
produced by such combinations of conventional fabrication methods exhibit either poor mechan-
ical strength or low inter-pore connectivity, thus arousing considerable interest in the application
of AM technologies to the processing of MBGs.

Despite promising results have been already obtained by several research groups, further efforts
are needed to define standardized protocols for both the printing process and the synthesis of
raw materials in order to promote the extensive use of 3D-printed MBG-based scaffolds in clinical
practice. For further details concerning the synthesis of MBGs and the production of MBG-based
scaffolds, the readers may refer to the dedicated bibliography [86, 93, 94].

7.4.2 Multilayer Scaffolds for Interfacial Tissue Engineering

Interfacial tissue engineering (ITE) deals with the application of basic TE principles at the interface
between two or more biological tissues characterized by different structural and biological prop-
erties. This approach mainly relies upon the production of functionally graded scaffolds and/or
multilayered scaffolds able to mimic the complexity of the physiological environment by exhibiting
gradients of densities, morphology, composition, and function [95].

Thinking about the bone tissue, the first interface that comes to mind is indeed the trabec-
ular/cortical one, characterized by a distinct change in microstructural and density features.
Pore-graded BG scaffolds mimicking the natural microarchitectural gradients of bone were
obtained by preforming the polymeric template in the foam replica method [96] or by combining
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foam replication with porogen burn-off and coating techniques [97]. Recently, scaffolds with finely
controlled porosity gradients were easily obtained by using AM technologies simply optimizing
the initial CAD model or text file. As an example, silica-based grid-like scaffolds with graded
porosity have been successfully obtained by Barberi et al. [98] using robocasting technology.

Concerning multi-layered scaffolds, osteochondral and periodontal regeneration certainly are
the most active research fields based on the use of BGs at tissue interface. Nevertheless, soft TE
and, in particular, dermal repair, should be mentioned.

As an example, bi-layered scaffolds have been produced by Balasubramanian et al. [99] through
combining BGs and polymers in order to mimic the interface between bone tissue and cartilage.
Specifically, polycaprolactone (PCL)-coated BG scaffolds served as a support for the bone side,
while composite collagen-PCL submicrometric fibers were intended for the cartilage side. This
study actually represents a successful combination of two of the most versatile strategies available
in material processing: on the one side, highly porous (about 95.8 vol%), trabecular like BG-based
scaffolds were obtained by foam replication technique, later coated by deep coating with a layer
of PCL to improve the compressive strength, and on the other side electrospun polymeric fibers
were used.

In another study, foam replication, gelation, and freeze-drying techniques were combined in
order to obtain stratified scaffolds mimicking the layered structure of native osteochondral tissue.
The 45S5 Bioglass and alginate were used to fabricate porous bioactive scaffolds for the underlying
subchondral bone layer, while freeze-dried alginate-based scaffolds were produced for the cartilagi-
nous side. The two layers were finally integrated by a novel alginate/45S5 Bioglass hybrid adhesive
interface substituting the cartilage-bone interfacial layer [100].

More recently, a tri-layered, functionally graded chitosan membrane (FGM) with BG gradient
(50, 25, and 0 wt%) was developed by lyophilization for potential application in periodontal regen-
eration. The lower layer was designed to replicate alveolar bone (with 50 wt% of BG), the middle
layer contained 25 wt% of BG, and the upper layer was nonporous (without BG) and did not support
cell growth. The interaction of the tissue with these tri-layered membranes was also investigated
in vivo, revealing good biocompatibility and confirming the suitability of these scaffolds for the
intended purpose [101].

7.5 Conclusion

After 50years from their invention, BGs are still considered materials of choice in bone regen-
eration owing to their capability to be gradually osteointegrate while stimulating osteogenetic
pathways.

Their enormous potential as basic materials for the production of synthetic bone grafts has been
recognized by many research teams all over the world and, over time, BG-based porous scaffolds
with morphological and structural features similar to that of human trabecular bone have been
successfully obtained by using both traditional and AM methods.

Despite this, there is still a long road ahead before this technology will be fully fledged in clinical
practice.

Most of the techniques currently available for the manufacturing of BG scaffolds, in fact, are
operator-dependent, poorly reproducible, and standardized. The only exception is currently
represented by AM technologies, but their spread in biomedicine is clearly lagging behind other
industrial fields due to the high technological costs required for the processing of high-quality raw
materials under strictly controlled environmental conditions.

139



140

https://lwww.twirpx.org & http://chemistry-chemists.com

7 Processing of Bioactive Glass Scaffolds for Bone Tissue Engineering

As a result, the clinical treatment of bone defects still is a quite controversial matter affected by
an obstinate lack of consensus around the definitions, robust models, and best practices for surgical
management.

Nevertheless, the world of BGs continues to have a huge charm, offering many new possibilities
year by year in several research fields, from traditional bone engineering applications to tumor
therapy and interfacial TE applications.

Despite this, the main line of research is still focused on the development of mechanically per-
formant 3D structures to be used in load-bearing applications as an alternative to metal implants,
most of the times associated to bone resorption resulting from the mismatch in metal-bone elastic
modulus.
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Strong, Tough Bioactive Glasses and Composite Scaffolds
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8.1 Introduction

Tissue and organ failures resulting from trauma, disease, or aging have been reported to account
for half of the annual health care expenditures in the United States [1]. Among them, bone is the
second most commonly transplanted tissue with blood being the first [2, 3]. Recent years have seen
an increasing demand of bone grafts to treat bone fractures or disease. There are over 6.2 million
bone fractures in the United States each year, and among them 10% fail to heal properly due to
nonunion or delayed union [4, 5]. Osteoporosis currently affects 10 million people, resulting in
healthcare costs of over US $25 billion per year [6]. An estimated 2.2 million bone graft procedures
are performed worldwide annually to promote fracture healing, fill defects, or repair spinal lesions
[7]. Current treatments such as transplantation of tissues and organs; surgical repair; the use of
artificial prostheses or mechanical devices; and drug therapy are effective but suffer from limita-
tions [1]. For the regeneration of bone defects, autograft with optimal osteoconductive, osteoin-
ductive, and osteogenic properties remains the gold standard [8], despite disadvantages of donor
site morbidity and limited availability. In the last two decades, tissue engineering has emerged as a
promising approach for the repair and regeneration of tissues and organs [5, 9]. Skin [10-13], bone
[14-16], and cartilage [17, 18] have been successfully regenerated. The approach has the potential
to overcome the problem of a shortage of available living tissues and organs for transplantation.
Biomaterials with a well-defined architecture are a critical component in this approach and serve
as temporary structures for cells and guide their proliferation and differentiation into the desired
tissue or organ while growth factors and other bio-molecules can be incorporated into the scaffold
along with the cells.

So far, autografts have been the gold standard for treatment of bone defects despite limited sup-
ply and donor site morbidity [8, 19]. Bone allografts as an alternative to autografts are expensive
with potential risks such as disease transmission and adverse host immune response. Synthetic bio-
materials would be ideal bone substitutes, but the clinical success of procedures performed with
available synthetic biomaterials does not currently approach that for autologous bone. Biomateri-
als used for creating scaffolds are designed to meet a set of stringent requirements that are either
essential or desirable for optimizing tissue formation [20]. However, there are no clear definite cri-
teria for the mechanical properties of scaffolds intended for bone repair, particularly for those to be
used in load-bearing bone defects.
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Table 8.1 Summary of the mechanical properties of human bone [22-30].

Compressive Flexural Tensile Fracture

strength strength strength Modulus toughness

(MPa) (MPa) (MPa) (GPa) (MPam?/2) Porosity (%)
Cortical bone 100-150 135-193 50-151 10-20 2-12 5-10
Cancellous bone 2-12 10-20 1-5 0.1-5 0.1-0.8 50-90

Itis generally recognized that the scaffolds should mimic the morphology, structure, and function
of bone in order to optimize integration with surrounding tissues. The variability in the architec-
ture and mechanical properties of bone, coupled with differences in age, nutritional state, activity
(mechanical loading), and disease status of individuals, provide a major challenge in the design
and fabrication of scaffolds for specific defect sites.

A typical long bone of the limbs is composed of two types of bone, each having a different
structural organization: cortical bone, also referred to as compact bone; and trabecular bone, also
referred to as cancellous or spongy bone [21] (Figure 8.1). Comprised mostly of an inorganic phase
(hydroxyapatite, HA) and an organic phase (collagen), cortical bone has a unique combination
of strength and toughness. Cortical bone has a compressive strength of 100-150 MPa in the long
direction, and a flexural strength of 135-193 MPa (Table 8.1) [22-30]. The fracture toughness, K,
of cortical bone (2-12 MPa-m'/?) has an upper range that is much higher than the values for most
ceramics and inorganic glass (typically K;¢ = 0.5-5MPa-m'/2 for ceramics and 0.5-1 MPa-m"/? for
glass). Extrinsic toughening mechanisms, such as microcracking, crack bridging, and deflection,
are the primary factors contributing to the high-fracture toughness of human cortical bone [31].
Although the requisite mechanical properties of scaffolds for bone repair is still the subject of
debate, it is accepted that their initial mechanical strength should be adequate to withstand
subsequent changes resulting from degradation and tissue ingrowth in the in vivo environment.

For synthetic biomaterials, the intrinsic material property determines their potential mechanical
performance. Figure 8.2a shows a map of the strength and elastic modulus of natural and synthetic
materials (typically with a dense microstructure containing no porosity). It is clear that the mechan-
ical response of bone is not matched by any synthetic materials used in orthopedic applications.
However, the properties of some synthetic materials can be made to approach those of bone by
incorporating a designed pore architecture into the microstructure of these materials. Despite low
fracture toughness (K;.) in inorganic oxide glasses, recent progress in glass-ceramics with tough-
ness close to Al,O, ceramics suggests the feasibility to achieve improved mechanical performance
in this material family (Figure 8.2b).

A variety of materials, including polymeric and inorganic, have been investigated to be used as
scaffolding materials. Synthetic bone substitutes based on biodegradable polymeric materials and
metals are commonly used [34-41]. However, for the regeneration of load-bearing bones, the use
of biodegradable polymer scaffolds is challenging because of their low mechanical strength. Metal-
lic implants have well-documented fixation problems, and unlike natural bone, cannot self-repair
or adapt to changing physiological conditions [42]. They are stronger and stiffer than bone and
promote bone resorption by shielding the surrounding skeleton from its normal stress levels. As a
consequence, the implant becomes loose over time [34, 35].

Although brittle, scaffolds fabricated from inorganic materials such as calcium phosphate-based
bioceramics and bioactive glass can provide higher mechanical strength than polymeric scaffolds.
There is an increasing interest in creating and evaluating scaffolds of these materials. Extensive
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Figure 8.1 Hierarchical structure of bone. In bone, macroscale arrangements involve both compact/cortical bone at the surface and spongy/trabecular bone
(foam-like material with ~100-pm-thick struts) in the interior. Cortical bone is composed of osteons and Haversian canals, which surround blood vessels. Osteons
have a lamellar structure, with individual lamella consisting of fibers arranged in geometrical patterns. The fibers comprise several mineralized collagen fibrils,
composed of collagen protein molecules (tropocollagen) formed from three chains of amino acids and nanocrystals of hydroxyapatite (HA), and linked by an
organic phase to form fibril arrays. Source: Reprinted with permission from Wegst et al. [21].
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Figure 8.2 (a) Material property chart showing Young’s modulus vs. strength. Source: Reprinted with
permission from Wegst and Ashby [32]. (b) Materials properties of glass, glass-ceramics, and ceramics.
Source: Reprinted with permission from Fu et al. [33].

reviews on the fabrication and properties of the calcium phosphate based bioceramics have been
published elsewhere and are not covered here [43-47].

This chapter provides an overview of recent development in the creation of bioactive glass and
composite scaffolds with the requisite structure and properties for bone tissue engineering, with a
focus on their mechanical properties. It is organized in the following manner: Section 8.2 provides a
brief summary of key bioactive glass families; Section 8.3 provides a brief description of typical fab-
rication technologies that have been commonly used to produce bioactive glass scaffolds, followed
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by Section 8.4 that contains a detailed analysis of the strength, fracture toughness, and toughening
mechanisms. Finally, a brief conclusion and future trends are included to provide suggestions for
future directions on the development of strong, tough, and reliable bioactive glass and composite
scaffolds.

8.2 Glass Composition

Certain compositions of glass are known to form a mechanically strong bond to bone [48]. Since the
discovery of 45S5 bioactive glasses by Hench et al. [49], they have been frequently used as scaffold
materials for bone repair [48-51]. Bioactive glasses have a widely recognized ability to foster the
growth of bone cells [52, 53] and to bond strongly with hard and soft tissue [48, 49]. Upon implan-
tation, bioactive glasses undergo specific reactions, leading to the formation of an amorphous cal-
cium phosphate (ACP) or crystalline HA phase on the surface of the glass, which is responsible
for their strong bonding with the surrounding tissue [48]. Bioactive glasses are also reported to
release ions that activate expression of osteogenic genes [54, 55] and to stimulate angiogenesis
[56-58].

Bioactive glass has demonstrated appealing characteristics including ease in controlling the
chemical composition and, thus, the rate of degradation, making them attractive for a variety of
applications. Several groups of glasses, based on silicate, borate, and phosphate glass compositions,
have been shown to be bioactive [48, 59, 60]. Among them, silicate-based glasses are the most
widely studied bioactive glass systems. In particular, 45S5 glass, sometimes referred to by its
commercial name Bioglass®, remains the de facto standard in this material family. Particles of
4585 glass have been commercialized in several successful medical products including Perioglas
(NovaBone Products LLC, Alachua, FL), Novabone (NovaBone Products LLC), and NovaMin
(Glaxo-Smith-Kline, UK) [61]. Another silicate glass designated 13-93 has received increasing
attention due to its better processing characteristics by viscous flow sintering [62, 63]. Borate
glasses such as 13-93B3 have a lower chemical durability than silicate-based bioactive glasses,
resulting in faster degradation kinetics [64-66]. The fast ion release resulting from glass degra-
dation is also found to promote angiogenesis and wound healing [67, 68]. Phosphate glasses
have the lowest chemical durability and are soluble in body fluid, which makes them a suitable
candidate for restorable materials [63]. A summary of major bioactive glass compositions is shown
in Table 8.2.

8.3 Fabrication Methods

In general, scaffolds containing interconnected pores with a mean diameter (or width) of 100 pm
or greater, and open porosity of >50% are considered to fulfill the minimum requirements to per-
mit tissue ingrowth and function in porous scaffolds [69-71]. A variety of methods have been used
to fabricate bioactive glass scaffolds, including sol-gel; thermally bonding of particles, fibers, or
spheres; polymer foam replication; freeze casting; and solid freeform fabrication (SFF). Depend-
ing on the pore orientation and architecture, bioactive glass scaffolds can be categorized into three
groups: isotropic, anisotropic, and periodic types. Representative microstructures of these struc-
tures made from bioactive glass 13-93 scaffolds are shown in Figure 8.3. A brief review of these
fabrication techniques is presented to give a general idea of the methodology.
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Table 8.2 Key bioactive glass compositions published in literature.

Composi- Apatite-
tion wollastonite
(Wt%) 45S5 13-93 S53P4 1-98 FL107 6P53B 58S 70S30C 13-93B1 13-93B3 P50C35N5 (A-W)

Na,O 245 6 23 6 10 10.3 0 0 5.8 5.5 9.3 0
K,0 0 12 0 11 0 2.8 0 0 11.7 111 0 0
MgO 0 5 0 5 6 10.2 0 0 4.9 4.6 0 4.6
CaO 24.5 20 20 22 16 18 32.6 28.6 19.5 18.5 19.7 44.7
CaF, 0 0 0 0 0 0 0 0 0 0 0 0.5
Sio, 45 53 53 53 64 52.7 582 714 344 0 0 34.0
P,0O, 2 2 6 92 0 3.8 3.7 71 16.2
B,0, 0 0 0 1 2 0 0 0 19.9 56.6 0 0

8.3.1 Sol-Gel Processing

Sol-gel process typically involves the foaming of a sol with the aid of a surfactant, followed by con-
densation and gelation reactions, as described for the glasses designated 58S and 70S30C [73-77].
The gel is then subjected to aging processes to strengthen it, drying to remove the liquid by-product,
and sintering to form porous, three-dimensional scaffolds. The scaffolds have a hierarchical pore
architecture, consisting of interconnected macropores (10-500 pm) resulting from the foaming pro-
cess, and mesopores (2-50 nm) that are inherent to the sol-gel process. The hierarchical pore archi-
tecture is considered to be beneficial for stimulating the response of the scaffold to cells because
it mimics the hierarchical structure of natural tissues and more closely simulates a physiological
environment. High surface area (100-200 m?/g) is often measured in sol-gel derived scaffolds due
to the nanopores in the glass network. As a result, these scaffolds degrade and convert faster to HA
than scaffolds of melt-derived glass with the same composition. However, these sol-gel derived
scaffolds suffer from low strength (0.3-2.3 MPa) [76], and consequently, they are suitable for sub-
stituting defects in low-load sites only.

8.3.2 Thermal Bonding of Particles or Fibers

In this process, the scaffold is formed by thermally bonding a loose and random packing of particles
(irregular or spherical in shape) or short fibers in a mold with the desired geometry [78-88]. A wide
range of compositions (e.g. 45S5; A-W; 13-93) have been fabricated into porous constructs using this
technique. In some studies, a porogen (such as NaCl, starch, or organic polymer particles) is mixed
with the bioactive glass particles as a fugitive phase to increase the pore size and porosity of the
scaffolds. The porogen is removed by leaching or decomposition after forming the scaffold, but prior
to sintering. The technique offers the advantage of ease of fabrication without the need for complex
machinery. However, the key disadvantage of the method is the poor pore interconnectivity at low
porogen loading.

8.3.3 Polymer Foam Replication

There has been increased interest in using the polymer foam replication method to create porous
glass scaffolds although the technique was first used almost 60 years ago to produce macroporous
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200 um

100 pm (e 4

Figure 8.3 Representative microstructure of bioactive glass 13-93 scaffolds prepared by different
techniques: (a) isotropic scaffold by a polymer foam replication technique; (b) anisotropic scaffold prepared
by a freeze casting technique; (c) periodic scaffold by a direct-ink writing technique. Source: Fu et al. [72],
Figure 03, p. 04/with permission of John Wiley & Sons, Inc.

ceramics [89]. A synthetic (e.g. polyurethane, PU) or natural (e.g. coral; wood) foam is initially
immersed in a ceramic suspension to obtain a uniform coating on the foam struts. After drying
the coated foam, the polymer template and organic binders are burned out through careful heat
treatment, typically between 300 and 600 °C, and the glass struts are densified by sintering at
600-1000 °C, depending on the composition and particle size of the glass.

The polymer foam replication technique creates an isotropic microstructure similar to that of
dry human trabecular bone (Figure 8.3a). Scaffolds of silicate, borosilicate, and borate bioactive
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glass have been prepared using this method [66, 90-102]. This technique produces scaffolds with
high porosity, in the range 40-95%, while containing open and interconnected pores. However, the
strength of the scaffold is low, typically in the range reported for trabecular bone, which limits its
use to the repair of low-load bone sites.

8.3.4 Freeze Casting of Suspensions

The freeze casting route involves rapid freezing of colloidally stable suspension of glass particles
in a nonporous mold, and sublimation of the frozen solvent under cold temperatures in a vacuum.
After drying, the porous constructs are sintered to remove the fine pores between the particles in
the walls of the macropores, which results in an improvement in the mechanical strength. Direc-
tional freezing of the suspensions leads to growth of the ice in a preferred direction, resulting in the
formation of porous scaffolds with an oriented anisotropic microstructure. The technique has been
used to produce porous polymer, glass, and ceramic scaffolds [103-112]. A benefit of the oriented
microstructure is higher scaffold strength in the direction of orientation, compared to the strength
of a scaffold with a randomly oriented microstructure [113]. Both 45S5 and 13-93 glass scaffolds
have been prepared using the technique [106, 109].

It has been shown that the addition of an organic solvent such as 1,4-dioxane to the aqueous
solvent [109], or the use of an organic solvent such as camphene [111], results in a change of the
lamellar microstructure to a columnar microstructure and an increase in the pore width. Bioac-
tive glass (13-93) scaffolds with columnar microstructures and pore diameters of 100-150 pm have
been prepared (Figure 8.3b). In addition to their higher strength, these anisotropic bioactive glass
scaffolds have shown the ability to support cell proliferation and differentiation in vitro, as well as
tissue infiltration in vivo [109, 110].

8.3.5 Solid Freeform Fabrication

SFF, also referred to as rapid prototyping or additive manufacturing, is a term to describe a
group of techniques that can be used to manufacture objects in a layer-by-layer fashion from a
computer-aided design (CAD) file, without the use of traditional tools such as dies or molds.
The technique can be used to build scaffolds whose structure follows a predesigned architecture
modeled on a computer. In that way, the scaffold architecture can be controlled and optimized to
achieve the desired mechanical response, accelerate the bone-regeneration process, and guide the
formation of bone with the anatomic cortical-trabecular structure [114]. Several SFF techniques
have been used for scaffold fabrication, including three-dimensional printing (3DP), fused deposi-
tion modeling (FDM), ink-jet printing, stereolithography (SL), selective laser sintering (SLS), and
robocasting [114, 115].

Scaffolds of apatite-mullite glass-ceramics, 13-93, and 6P53B glasses have been manufactured
using freeze extrusion, SLS, and robocasting methods [116-118]. The technique enables precise
manipulation of the three-dimensional architecture (Figure 8.3c) and printing of lines as thin as
30 pm using micron-sized glass powders. The sintered glass scaffolds, with a periodic structure,
show a compressive strength (136 MPa) comparable to human cortical bone, which indicates
that these scaffolds have excellent potential for the repair and regeneration of load-bearing bone
defects [116].
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8.4 Mechanical Properties

Mechanical properties (compressive strength, flexural strength, fracture toughness, fatigue, and
reliability) of the bioactive glass and composite scaffolds are reviewed in this section with special
reference to their process-structure-property relationships for improved mechanical performance.

Numerous studies have been conducted to evaluate the strength and elastic modulus of porous
bioactive glass and ceramic scaffolds in compression. However, during normal physiological activ-
ity, bone in load-bearing sites is subjected to multiple loading modes as well as cyclic loading.
Consequently, the response of porous scaffolds in multiple loading modes - such as compression,
flexure, and torsion - is necessary. Bioactive glass scaffolds are also brittle, so their resistance to
fracture, as determined by their fracture toughness, and evaluation of their mechanical reliability
using statistical analysis (Weibull statistics) are relevant to brittle materials.

8.4.1 Strength

Compressive strengths of bioactive glass scaffolds prepared from different compositions and using
a variety of methods were compiled in Figure 8.4a. A few trends can be observed. First, the com-
pressive strengths span almost 3 orders of magnitude, ranging from 0.2 to 150 MPa for porosities
of 30-95%. For the same glass composition and scaffold microstructure (fabrication method), the
strength increases with a decrease in porosity, which is also commonly observed for other porous
materials. The data show that porous bioactive glass scaffolds can be fabricated with compressive
strengths comparable to the values reported for human trabecular and cortical bones (Table 8.1).

Additionally, the data show that the architecture (or microstructure) of the scaffold, which results
from the fabrication method, has a strong effect on the strength, regardless of the composition of the
glass. For the same porosity, scaffolds with an oriented pore architecture show far higher compres-
sive strength (along the pore orientation direction) than scaffolds with a random or isotropic pore
architecture. Among the common fabrication methods, unidirectional freezing of suspensions and
SFF provide greater ease for the production of glass scaffolds with oriented pores. For example,
13-93 bioactive glass scaffolds by unidirectional freezing of camphene-based suspensions exhib-
ited a compressive strength along the pore orientation direction two to three times the value in
the direction perpendicular to the pore orientation direction [111]. Similar finding was reported in
6P53B bioactive glass scaffolds fabricated using a robocasting technique. The compressive strength
along the pore orientation direction was 2.5 times the value in the perpendicular direction [116].
The strength of these scaffolds in the orientation direction (136 MPa) is in the range reported for
human cortical bone. These “oriented” bioactive glass scaffolds are likely to provide the requisite
strength for the repair of load bearing applications.

The strength-porosity data in Figure 8.4a also suggests that for a given architecture (fabrication
method), the glass composition can also have a marked effect on the mechanical strength of the
scaffold. As an example, the strength of 13-93 bioactive glass scaffolds (11 MPa) was almost 20
times the value for 45S5-derived glass-ceramic scaffolds (0.5 MPa), each prepared by a polymer
foam replication technique and each with greater than 80% porosity. This difference in strength
resulted primarily from the difference in sintering characteristics of the two glasses. 45S5 glass
is prone to crystallization (devitrification) at sintering temperatures above ~1000 °C, which leads
to the formation of a predominantly combeite crystalline phase. This crystallization reduces the
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Figure 8.4 (a) Compressive strength of bioactive glass scaffolds compiled from literature and grouped
based on their structures. (b) Flexural strength of bioactive glass scaffolds and grouped based on their
structures. Each color symbol represents a specific study in literature. Purple: isotropic scaffolds; green:
anisotropic scaffolds; pink: periodic scaffolds. Source: Reprinted with permission from Fu et al. [72].

tendency of 45S5 glass to densify by viscous flow sintering. As a result, voids remaining from the
burnout of the polymer foam are difficult to fill and may remain as triangular-shaped pores in
the struts; these pores within the glass struts lead to a reduction in the strength of the scaffold.
In comparison, as the sintering temperature of 13-93 glass is below its crystallization temperature,
viscous flow sintering can lead to complete filling of the voids in the glass struts, leading to an
improvement in the strength of the scaffold.

Flexural strength data for bioactive glass scaffolds with isotropic and periodic microstructures
are shown in Figure 8.4b. The flexural strengths span almost 2 orders of magnitude, in the range
0.4-41 MPa for bioactive glass scaffolds [119, 120], within the range of trabecular bone and much
lower than that of cortical bone (Table 8.1). Similar as the trend in Figure 8.4a, both porosity and
structure impact the flexural strength in bioactive glass scaffolds. Bioactive glass scaffolds with a
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periodic microstructure prepared by a direct ink writing technique show a much higher flexural
strength than the scaffolds with an isotropic scaffold (Figure 8.4b). Failure typically occurs in the
regions of the scaffold that experience tensile stress during the bending test. Brittle materials such
as glass and ceramics are weak in tension, so they typically have flexural strengths that are much
lower than their typical compressive strength [47, 121, 122].

There have been limited studies on the testing of tensile strength of bioactive glass scaffolds
due to the complexity in machining, usually requiring numerically controlled machining and a
large amount of sample material removal from a cylinder, and the brittleness of the scaffolds.
And the testing methodology from American Society for Testing and Materials (ASTM) requires
dumbbell-shaped specimens placed in the grips of a tensile testing machine [123]. To overcome
these limitations, nonstandard setups were used for porous scaffolds by gluing them to the two load-
ing fixtures prior to the test [124-126]. Tensile strength of 0.011 MPa was determined for 45S5 glass
scaffolds (porosity >90%) prepared from a polymer foam replication method [125], and 7.4-2.3 MPa
for wollastonite glass-ceramic scaffolds with 40-79% porosity prepared using the same foam repli-
cation method [124, 126]. These tensile strength values fall within that of trabecular bone and are
much lower than that of cortical bone (Table 8.1).

To summarize, the compressive strength of bioactive glass scaffold falls within the range of that
for cortical and trabecular bone, indicating their great potential for applications in nonloading
and load-bearing sites. Both flexural and tensile strengths of glass scaffolds fall within the range
of trabecular bone, suggesting future work is needed to address the failure under tensile loading.
Optimization of the glass composition, coupled with improved control of the pore architecture and
application of desired polymeric coating are potential approaches for the creation of scaffolds with
the requisite combination of strength and porosity.

8.4.2 Fatigue Resistance

One of the primary causes of bone fracture in humans is repetitive and cyclic loading of bone dur-
ing daily living [127, 128]. Stress fracture, which is caused by prolonged and intense loading; and
fragility fracture, caused by a reduction of bone strength due to osteoporosis, are both reported to
occur in the trabecular bone region [129, 130]. Therefore, in addition to the investigation of sudden,
catastrophic failure, investigation of fatigue resistance in scaffolds for load-bearing applications
is essential for a safe design. Fatigue in glass and ceramics is a term used to measure processes
that lead to degradation of mechanical properties over time [131]. Two types of fatigue have been
observed in glass and ceramic materials: (i) slow crack growth resulting from stress-corrosion crack-
ing; (ii) cyclic fatigue resulting from fatigue-crack propagation [132].

For bioactive glasses, stress corrosion is caused and controlled by a chemical reaction between
water and the glasses, i.e. water attack on the Si-O network [133-135]. The presence of open poros-
ity in porous HA reduces fatigue resistance considerably in comparison to that in dense ceramics
[136]. There is as yet no systematic understanding of the impact of microstructure and porosity on
slow crack growth in bioactive glass and ceramic scaffolds.

Fatigue resistance of bioactive glass scaffold is relevant given that these scaffolds may be applied
in load-bearing sites in body fluid. A recent study indicates that bioactive glass 13-93 scaffolds with
a periodic structure have an excellent fatigue resistance at stresses far higher than normal phys-
iological stresses [137]. When tested in air at room temperature or in phosphate-buffered saline
(PBS) at 37 °C, fatigue life decreased with an increase of maximum cyclic compressive stress from
10 to 30 MPa (Figure 8.5). And a significant decrease was only observed for the samples tested in
PBS, suggesting the crack growth mechanism is due to the stress corrosion of Si—O—Si bonds at
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the crack tip [134, 138]. By assuming a uniform load distribution, the stress on an implant in a
segmental femoral defect was estimated to be <2 MPa [137]. The finding confirms the excellent
fatigue resistance of periodic bioactive glass scaffolds at stresses far higher than normal physiolog-
ical stresses. Fatigue resistance of glass scaffolds with isotropic or anisotropic structure has yet to
be tested.

8.4.3 Fracture Toughness and Reliability

Although high compressive strength can be achieved in bioactive glass scaffolds to meet the mini-
mal requirement for the repair of load-bearing bone defects, their use in these applications may be
limited by their intrinsic brittleness or low resistance to crack propagation (K,.). The K| values for
ceramics and glass, as shown in Figure 8.2b, are inherently low (typically K = 0.5-5MPa-m'/2 for
ceramics and 0.5-1 MPa-m'/? for glass), making them sensitive to the presence of small defects and
flaws (~10 pm). They tend to fail catastrophically when subjected to tensile or flexural stresses far
lower than their compressive strength [139, 140]. Therefore, it is necessary to quantify their brittle
behavior using one or more of the following parameters: fracture toughness, Weibull modulus, and
work of fracture.

Standard test methods for measuring the fracture toughness of brittle materials are specified by
ASTM [141]. The relatively low strength and the presence of surface defects in some bioactive glass
scaffolds often results in difficulties in sample preparation and a large scattering in the testing
results. Using a single edge notched beam (SENB) technique, K, values of 0.5 and 0.8 MPa-m'/2,
was reported in bioactive glass13-93 scaffolds with a periodic microstructure [122, 137], and
0.2-0.6 MPa-m'/? for a CaO-Al,0,-P,0; glass scaffold with porosities of 50-75% prepared using
a polymer foam replication method [120]. Both are far lower than the values reported for cortical
bone (2-12 MPa-m'/?).

Another way to measure the fracture toughness of porous scaffolds may be the work of fracture,
Ywop> 1-€. the total energy consumed to produce a unit area of fracture surface during complete
fracture [142]. Several groups have used the work of fracture to evaluate the toughness of porous
glass and ceramic scaffolds [119, 143-145]. However, the work of fracture can only be used for
comparison within a given study because it is not a true material property and it may vary due to
the differences in sample dimension, sample geometry, and testing conditions.
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In addition to fracture toughness, Weibull distribution serves as another means to quantify the
brittle behavior in glass and ceramics [146]. The Weibull distribution is given as a cumulative dis-

tribution:
~(c-0)" o
— (8.1)

Pi(c) =1—exp l
(4

where Py(c) is the probability of failure at a stress o, o, is a scaling constant, o, is the threshold
stress below which no failure occurs in the material, that practically can be taken as zero for brittle
ceramics, and m is the Weibull modulus. The Weibull modulus, m, determines the reliability of the
materials, with larger values corresponding to more reliable materials. To get an unbiased estimate
of the failure probability, the recommended number of specimens is between 20 and 30 [147, 148].

Despite the use of Weibull distribution in the evaluation of the reliability of porous ceramic scaf-
folds [121, 149, 150], few studies are focused on porous bioactive glass scaffolds. In one study,
Weibull modulus of 6.0 and 5.3 were measured on porous periodic bioactive glass 13-93 scaffolds in
compression and three-point bending test, respectively [122]. The finding is consistent with other
reported values on porous glass scaffolds [120, 137]. The measured Weibull modulus, in the range
3-8, was comparable to the values reported for porous calcium phosphate scaffolds [121, 149, 150].
The disadvantage of the evaluation is the requirement of many test specimens which may not be
practical for some studies.

In summary, while the compressive strength and elastic modulus of bioactive glass scaffolds have
been widely studied, more efforts are needed to quantity the brittle behavior and reliability of these
scaffolds, especially on those intended for the repair of defects in loaded bone. Based on the discus-
sions of strength, toughness, reliability, and fatigue resistance, it is clear that compressive strength
is not a controlling factor limiting application of some types of (anisotropic and periodic) scaffolds
in load-bearing sites. However, applications for these scaffolds are still constrained by the intrinsic
low-fracture toughness of their constituent materials. Further improvements on the toughness of
scaffolds utilizing extrinsic toughening mechanisms are being explored. The properties of strong
and tough natural biological materials such as bone and nacre are inspiring new approaches in the
design of strong yet tough scaffolds for bone tissue engineering.

8.4.4 Toughening of Bioactive Glass

Biological mineralized composites such as bone, dentin, and nacre are known to have unique struc-
tures that enable a high resistance to crack propagation when subjected to applied loads [151-154].
Extrinsic toughening mechanisms, shown in Figure 8.6a, including microcracking, crack bridg-
ing, and deflection, are the primary factors contributing to the high fracture toughness of human
cortical bone and nacre. The knowledge from these natural minerals and their intriguing mecha-
nisms have provided a fresh stimulus for the design of new synthetic materials with unprecedented
properties and performance.

The first approach comes from creation of a stronger and tougher scaffold material through
microstructure control and/or the addition of reinforcing phase(s) [156, 157]. Glass-ceramic A-W
is an example demonstrating the importance of the microstructure and reinforcing phase on its
strength and toughness [158]. The fracture toughness of the materials increased from 0.8 to 1.2 and
2.0 MPa-m'/2 when the crystallinity increased from 0% to 72%, which in turn resulted in an increase
of bending strength from 70 to 90 and 200 MPa. The increase in its body strength is attributed to
the crack deflection mechanisms from the formation of wollastonite phase [159]. A similar find-
ing has been observed in lithium disilicate, leucite, and apatite glass-ceramics, materials used for
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Figure 8.6 (a) Schematic illustration of the primary toughening mechanisms, including crack deflection,
microcrack, phase transformation, crack bridging, and presence of a ductile phase, in ceramics and
ceramic-matrix composites that enable their exceptional mechanical performance. Source: (a) Reprinted
with permission from Fu et al. [33]. (b) Crack deflection observed in lithium disilicate glass-ceramics.

(c) Crack bridging observed in leucite glass-ceramics (stoichiometric composition: K,0-Al,0,-4Si0,). Source:
(b, c) Apel et al. [155], Figure 03,05, p. 05,06/with permission of Elsevier.

dental replacement [155]. Crack bridging and crack deflection in these materials were determined
to be the most potent toughening mechanisms (Figure 8.6b,c), which were also the key extrinsic
toughening mechanisms of bone [31, 160]. Formation of interlocking microstructures and high
crystalline content in lithium disilicate glass-ceramics produced a crack deflection toughening
mechanism and a high fracture toughness (2.7 MPa-m'/2) [155]. The combination of high strength
and toughness in glass-ceramics has generated wide interest for development of new glass-ceramic
materials [33, 48, 161-167]. Although the fracture toughness values (1-3 MPa-m'/?) of some bioac-
tive glass-ceramics are in the lower range for cortical bone (2-12 MPa-m'/2), they are definitely
much tougher than either bioactive glass or ceramics (K in the range of 0.5-1 MPa-m'/?) [157].
Considering the high strength achieved in both anisotropic and periodic scaffolds, scaffolds made
of glass-ceramics may be potent candidates for load-bearing site applications.

The creation of an inorganic/organic composite serves as a second attempt to mimic the struc-
ture of bone, which is mainly composed of organic fibrils and inorganic HA. When measured by
the work of fracture, significant increases in toughness have been reported for polymer-coated glass
scaffolds. A variety of biodegradable polymers including poly(p,L-lactic acid), PDLLA [119, 168];
poly(3-hydroxybutyrate), P(3HB) [145]; alginate [169], and polycaprolactone, PCL [60] have been
used to toughen glass scaffolds. Upon compression, polymer-toughened scaffolds exhibit a “plastic”
deformation with a gradual failure mode, rather than “brittle” behavior with catastrophic fail-
ure [60]. The primary energy dissipation mechanism is believed to be PCL fibril extension and
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Figure 8.7 (a) A three-dimensional view of the joining of adjacent glass struts using synchrotron X-ray
tomography; (b) crack propagation path in a precracked uncoated glass scaffold; (c) crack propagation path
in a precracked PCL-coated glass scaffold; (d) PCL fibril elongation in coated glass scaffold after bending
test. Source: Fu et al. [122], Figure 09, p. 07/with permission of John Wiley & Sons, Inc.

crack bridging on the strut surface (Figure 8.7). Much success of toughening from polymer coat-
ing is observed primarily in isotropic scaffolds, which are generally much weaker than anisotropic
and periodic scaffolds. However, it is worth noting that the measurement of work of fracture is
not a standard method for testing the true toughness of a material, and the measured value is
highly dependent on sample geometry and other experimental factors [47]. A recent work on the
PCL-coated periodic glass (13-93) scaffold showed that the polymer coating failed to improve the
flexural strength or fracture toughness [122], suggesting the limited capability in providing effective
toughening mechanisms to the scaffolds with high strength intended for load-bearing sites.

The third approach focuses on the engineering of polymer/ceramic composites with a “brick
and mortar” structure similar to nacre (Figure 8.8a). In nacre, the “bricks” are platelets of the min-
eral aragonite comprising around 95vol% of the structure and contributing to its high strength,
while the “mortar” is an organic biopolymer filled in-between that provides extrinsic and intrinsic
toughening mechanisms [171-174]. Composites made by infiltrating an anisotropic Al,O; scaffold
(fabricated using the freeze casting technique) with an organic phase (poly(methyl methacrylate),
PMMA) have shown exceptionally high flexural strength of ~200 MPa and high fracture toughness,
up to 30 MPa-m'/2 (Figure 8.8b-d) [170, 175]. Multiple extrinsic toughening mechanisms including
microcracking, crack bridging, and crack deflection accounts for its unique mechanical properties,
making it an attractive material for applications in load-bearing bone sites. However, the draw-
back of the method is the formation of a dense scaffold, which does not have sufficient porosity for
the ingrowth of new tissue/bone. This can be potentially mitigated by choosing a biodegradable
polymer as an infiltration material to create open porosity upon degradation.

Although brittle than cortical bone, anisotropic and periodic scaffolds have demonstrated high
mechanical strength that are approaching that of cortical bone. However, challenges remain in the
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Figure 8.8 Mechanical response and toughening mechanisms in the synthetic hybrid composites.

(a) Scanning electron microscopy (SEM) image of the structure of nacre. (b) SEM image taken during an in
situ R-curve measurement of a lamellar structure. (c) Bending stress-strain curves for the Al,0,/PMMA
hybrid materials mimic those of nacre and show >1% inelastic deformation before failure. (d) Exceptional
toughness for crack growth, similar to that of natural composites, and display significant rising R-curve
behavior. Source: Launey et al. [170]/with permission of Elsevier.

development of new materials and methods to toughen the bioactive glass and ceramic scaffolds
for applications in load-bearing sites.

8.5 Conclusions and Future Trends

Despite their intrinsically low fracture toughness, bioactive glass scaffolds with compressive
strengths comparable to those of trabecular and cortical bone have been prepared using desired
fabrication methods. The toughness and mechanical reliability of bioactive glass scaffolds remain
limiting factors for their applications in loaded bone repair, which highlights the importance of
having additional toughening mechanisms in the materials. The incorporation of a biocompatible
polymer phase, as a coating or a secondary phase, provides multiple toughening mechanisms
for energy dissipation. A focus of future work should be on the creation of strong and tough
bioactive glass scaffolds using advanced fabrication techniques and their evaluation in loaded and
nonloaded bone defect sites both in vitro and in vivo.
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