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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 45SiO2–24.5Na2O–24.5CaO–6P2O5 (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, RediHealTM, 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 [Cu2+]) 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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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
Mashhad University of Medical Sciences, Mashhad, Iran

Francesco Baino
Saeid Kargozar

March 26, 2022
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Glass Crystallization and Glass-Ceramics – An Overview
Araceli de Pablos Martín 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.

Composition
(wt%)

Crystalline
phases

Crystallization
mechanism Application References

Dicor
56–64SiO2

15–20MgO
12–18K2O
4–9F
0.5ZrO2

Mica (K2Mg5Si8O20F4) Internal
crystallization from
phase separation

Dentistry [29]

Ceravital
40–50SiO2

5–10Na2O
30–35CaO
10–50P2O5

2.5–5MgO
0.5–3K2O

Devitrite (Na2Ca3Si6O16)
Ap

Internal
crystallization

Replacing the
ossicular chain
(middle ear)

[30, 31]

A/W Cerabone
34.0SiO2

4.6MgO
44.7CaO
16.2P2O5

0.5CaF2

Ap
Wollastonite (CaSiO3)

Surface
crystallization (from
the surfaces of glass
particles)

Bone replacement
(e.g. iliac crest)

[25, 32]

Biosilicate
48.5SiO2

23.75Na2O
23.75CaO
4P2O5

Na2CaSi2O6 or
Na2CaSi2O6 and
NaCaPO4 (depending on
the thermal conditions)

Internal
crystallization

Orthopedics,
dentistry, treatment
of dental
hypersensitivity

[30, 33–38]

Bioverit I
5.5–9.5Na2O/K2O
13–28CaO
6–28MgO
0–19.5Al2O3

29.5–50SiO2

8–18P2O5

2.5–7F
some TiO2

Fluorophlogopite mica
(Na/KMg3(AlSi3O10F2))
Ap

Internal
crystallization from
phase separation
droplets

Orthopedics, head
and neck surgery

[32, 39]

Bioverit II
7–10.5Na2O/K2O
0.1–3CaO
11–15MgO
26–30Al2O3

43–50SiO2

0.1–5P2O5

3.3–4.8F

Fluorophlogopite mica
(Na/KMg3(AlSi3O10F2))
Cordierite
(Mg2Si5Al4O18)

Internal
crystallization from
phase separation
droplets

Orthopedics, head
and neck surgery

[32, 39–43]

(Continued)
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Table 1.1 (Continued)

Composition
(wt%)

Crystalline
phases

Crystallization
mechanism Application References

Lithium silicate glass-ceramics
Li2O–K2O–
Al2O3–SiO2–
(ZnO)

Li2SiO3

Li2Si2O5

Li3PO4

Depending on the
composition

Internal
crystallization

Dentistry [44–47]

Bioverit III
45–44P2O5

6–18Al2O3

3–19CaO
11–18Na2O
1.5–10 Additional
agents

Ap
Berlinite (AlPO4)
Varulite-like type
(Na–Ca–Fe phosphate)

Internal
crystallization

Orthopedics [39, 40]

IPS d.SIGN®
50–65SiO2

8–20Al2O3

7–13K2O
4–12Na2O
0.1–6CaO
0–5P2O5

0.1–3F
0–3 Additional
agents

Leucite (KAlSi2O6)
Ap
NaCaPO4

Surface
crystallization of
Leucite. Internal
crystallization of Ap
and NaCaPO4 from
phase separation

Dentistry [48]

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 TC07 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]. It 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 TL), 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
Nucleation starts in the volume of the glass and the
probability of nucleation is equal everywhere

Presence of nucleation sites
Nucleation can start in the volume (through the
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, ΔG*

ΔG∗(HOM) = 16π𝜎3

3ΔG2
V

ΔG∗(HET) =

ΔG∗(HOM) •

[
(1 − cos 𝜃)2 • (2 + cos 𝜃)

4

]

𝜃 is the contact angle of the nuclei species at the surface of the active sites (𝜃 = 180∘ for HOM, 𝜃 < 180∘ for HET), 𝜎 is
the free energy per unit area of crystal/glass interface, and ΔGV is the free energy change per unit volume of crystals.



�

� �

�

1.3 Nucleation 5

Non-stable clusters

–ΔGv dependent term

σ dependent term

Stable nuclei

ΔG*

r*

F
re

e
 e

n
e
rg

y
 o

f 
c
lu

s
te

r 
fo

rm
a
ti
o
n
 Δ

G

N
u
c
le

a
ti
o
n
 a

n
d
 c

ry
s
ta

lli
z
a
ti
o
n
 r

a
te

Radius

(a)
Temperature

T
e
m

p
e
ra

tu
re

Time

(c)

(b)

0

TL

TN

tN

UI

x = 10–6

Figure 1.1 (a) Schematic representation of the free energy for cluster formation, ΔG, as a function of
cluster size r. ΔG* 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, I 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 = 10−6. Nose temperature and the corresponding time are
indicated as TN and tN, respectively.

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

ΔG = 4
3
πr3ΔGV + 4πr2𝜎 (1.1)

which contains a volume-dependent term (cubed dependence with radius, r3) and a surface-
dependent term (squared dependence with radius, r2) (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 = 4πr3/3 (for a spherical cluster) multiplied by the free energy of crystallization per unit
volume, ΔGV. 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 4πr2, i.e. the crystal/liquid interfacial
free energy, 𝜎, which can be estimated [68]. The free energy of crystallization, ΔGV, depends on the
undercooling, ΔT = T −TL, according to ΔGV = ΔT L/TL, where TL is the liquidus temperature,
T is a given nucleation temperature and L is the latent heat of fusion per unit volume. ΔGV is
negative (ΔGV = GV(crystal) −GV(amorphous)), since the forming nucleus has a lower Gibbs free energy
than the undercooled liquid for T <TL. The actual driving force for nucleation is ΔGV. Figure 1.1a
shows schematically the plot of ΔG as a function of r (Eq. (1.1)). For low values of r, the square
term dominates over the cubic term, so that ΔG initially increases until a maximum and then
decreases, when the volume-dependent term dominates. The maximum of the curve of ΔG vs.
r corresponds to the critical radius r*, where dΔG = 0. Deriving Eq. (1.1) and equaling zero, the
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critical radius r* is given by

r∗ = −2𝜎
ΔGV

(1.2)

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

ΔG∗ = 16π𝜎3

3(ΔGV)2 (1.3)

where ΔG* (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 ofΔG* on the temperature is clear (sinceΔGV =ΔT L/TL). Thus, theΔG curve
(Figure 1.1a) will vary depending on the nucleation temperature [62]. Considering that ΔG =ΔGV⋅
V m and ΔG = (ΔHm⋅ΔT)/Tm (V m is the molar volume of the crystalline phase, ΔHm is the melting
enthalpy per mole, ΔT is the undercooling, and Tm is the melting temperature), and substituting
ΔGV in Eq. (1.3), a more practical expression of ΔG* is given [68]:

ΔG∗ =
16π𝜎3V 2

mT2
m

3ΔH2
mΔT2

(1.4)

It is worth noting that r* (Eq. (1.2)) and ΔG* (Eq. (1.3)) decrease with increasing the degree of
undercooling,ΔT, i.e. with decreasing temperature. At very high temperatures (small undercooling
ΔT) r* would be so large that it would not be possible to form a stable nucleus (note that for the
extreme case ofΔT = 0 the values of r* andΔG* become infinite, Eqs. (1.2) and (1.4)). Moreover, this
would imply that all glasses should be able to nucleate at temperatures well below TL (because of
the very low thermodynamic barrier ΔG*), 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/m3 s):

I = A exp
(
−
ΔG∗ + ΔGD

kT

)
(1.5)

where A is a preexponential factor, A =nv⋅kT/h, h is the Planck constant and nv is the number of
atoms per unit volume, nv = NA/V m [68], and represents the probability of formation of a nucleus
of critical size (<1013 s−1 m−3 for HOM nucleation of silicate glasses [62]). ΔG*/kT (or W */kT) and
ΔGD/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, ΔGD/kT, can be expressed considering the atomic jump distance, 𝜆, and the
diffusion coefficient, D = kT/𝜆𝜂, [62] as follows:

ΔGD

kT
= ln

(
kT𝜆2

hD

)
(1.6)

ΔG* 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
Tg is reported in [72]. At temperatures lower than the temperature of maximum nucleation rate,
ΔGD 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 Tg (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, ΔG*, ΔGV, and 𝜎 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 (Nv, nuclei/m3) as a function of time of treatment at a fixed nucle-
ation temperature. Nv 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 Nv increases quasi exponentially with
time, then a linear increase of Nv takes place, which is the stationary nucleation regime. The nucle-
ation rate, I (nuclei/m3 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 (1017 m−3 s−1) measured in inorganic glasses [68, 75]. Nucleation rates of Li2O⋅SiO2 and
Na2O⋅2CaO⋅3SiO2 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, Tc) 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 TiO2, ZrO2, Fe2O3, 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 𝛩. 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 (r*) nucleus (ΔG*) 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 SiO2 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, 𝜎. Various
Nv 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 Höche 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 ΔGD), but also those which are detached and
return to the liquid (proportional to ΔGD+ΔGV). Considering these two contributions, the net
crystal growth rate is expressed by:

U = f𝜆kT
h

exp
(−ΔGD

kT

)(
1 − exp

(ΔGV

kT

))
(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], 𝜆 is the diffusion distance or distance
advanced by the interface (usually taken as a molecular diameter) [83], and 𝜂 is the shear viscosity.
The diffusion coefficient of the Stokes–Einstein/Eyring equation: D = kT/𝜆𝜂 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 TL
(undercooling ΔT = 0), ΔGV = 0 and U = 0 (Figure 1.1b). Lowering the temperature from TL
(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 (μm/min) [75].

Moreover, the time dependence of the crystal size (r) can be fitted according to r =U⋅tp, 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, t0, which is the time at which the first structural units are experimen-
tally detected, and which corresponds to the first experimental point of the Nv vs. time curve; the
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induction time, tind, which in the Nv vs. time curve comprises the time between t = 0 and the inter-
ception of the straight line with the time axis [70, 73]. The induction time, tind, is in fact the sum
of three contributions [91]: time lag, 𝜏, which is the period of time in which the size of the nuclei
grows until r* (r ≤ r* regime), the average time of formation of the first supercritical nucleus in the
steady-state nucleation regime, tss [91], and incubation time, ti, 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, tind, 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, qc. 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 = 10−6 (1 ppm), which is assumed to be the detection limit by conven-
tional experimental techniques. The critical cooling rate is then qc = (TL −TN)/tN, where TN is the
“nose temperature” of the TTT curve, which corresponds to the temperature at which the time to
achieve a crystal fraction of 10−6 is the shortest (shortest time, tN) [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 (2MgO⋅2Al2O3⋅5SiO2), diopside (MgO⋅CaO⋅2SiO2), and devitrite
(Na2O⋅3CaO⋅6SiO2) 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].



�

� �

�

10 1 Glass Crystallization and Glass-Ceramics – An Overview

Leucite–apatite glass-ceramics

CaO–P2O5 riched PS droplets

+ SiO2 rich matrixVolume

crystallization
Surface

crystallization

700 °C – 8 h

Droplet like- FAp

700 °C – 8 h + 1050 °C – 2 h

Needle like- FAp

900–1200 °C

Leucite

2 μm

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 Höland et al. [64], with permission
of Elsevier. Micrograph of the surface crystallization of leucite is from Höland 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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Crystallization of Glasses and Its Impact on Bioactivity
and Other Properties
Araceli de Pablos Martín 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+, Mg2+, Ca2+), 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 (PO4

3−) [9], NC of a glass is calculated accord-
ing to Eq. (2.1), where MI

2O and MIIO are typical modifier oxides [16, 17]:

NCSi =
4
[
SiO2

]
− 2

[
MI

2O + MIIO
]
+ 6

[
P2O5

]
[
SiO2

] (2.1)

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].

Bioactive Glasses and Glass-Ceramics: Fundamentals and Applications, First Edition.
Edited by Francesco Baino and Saeid Kargozar.
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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
SiO2–P2O5–CaO–MgO–CaF2, 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: SiO2 and P2O5. In general, it can be
said that SiO2 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
SiO2 increases glass stability against crystallization, P2O5 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 300 K 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) Blaeß 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
45S5 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 (CaSiO3) strongly improves the mechanical properties of glass-ceramics.
Especially compressive strength (up to 1080 MPa), flexural strength (up to 215 MPa), Young’s
modulus (118 GPa), and fracture toughness (up to 2 MPa/m1/2) 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) SiO2–Al2O3–MgO–K2O–F system. The base glass shows silicate phase separation (PS) droplets.
Controlled crystallization resulted in flat, flake-shaped (“house of cards”) phlogopite mica Na/KMg3AlSi3O10F2. After increasing the Al2O3 and MgO content,
curved phlogopite mica crystallized. As the glassy matrix becomes depleted in F and alkali during mica crystallization, additional crystallization of cordierite,
Mg2(Si5Al4O18), takes place (the same thing happens if the concentrations of MgO and Al2O3 increase further with respect to SiO2), 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 P2O5 content can lead to the separation in two or three phases (left and right, respectively). (b, left) In the P2O5-enriched mica-based
glass-ceramic-controlled heat treatment leads to crystallization of needle-like apatite. (b, right) For high MgO and Al2O3 content in addition to P2O5 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+ , P2O5,
and F leads to homogeneous nucleation of apatite, resulting in the typical microstructure of Bioverit I. 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 Höland [43], Figure 01, 02, 03, p 02, 03 / With
permission of Elsevier. Micrograph of apatite needles reprinted with permission from Höche 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 (Ca2+) 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.



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

Glass
composition
(wt%)

Crystalline phase
(heat treatment) Crystallinity Test solution

In vitro bioactive
properties of
the glass(es)

In vitro bioactive
properties of
the GCs References

48SiO2

9.5P2O5

20Na2O
22.5CaO

Na2CaSi3O8

Ca10(PO4)6(O(OH)2)
(nucleation at
670 ∘C – 15–180 min;
crystallization at
750 ∘C – 15–180 min)

62–100% Tris buffer HCA formation within
5 h

HCA layer formed in
GC with 62% and 89%
crystalline fraction
after >100 h immersion
No HCA formation in
GCs from 95% crystal
phase

Li et al. [4]

Bioglass 45S5
45SiO2

6P2O5

24.5Na2O
24.5CaO

Na2Ca2Si3O9
(nucleation at
550 ∘C – 150 h;
crystallization at
680 ∘C – 113–66 min)

8–100 vol% SBF HCA formation after
8 h

No inhibition of HCA
formation even with a
fully crystallized GC
Onset of HCA
crystallization
increases with
crystallinity up to
22–25 h for the
60–100% crystalline
material

Peitl et al. [49]

47.5–50.3SiO2

23.2–18.5Na2O
23.2–31.3CaO
0–6P2O5

Na2Ca2Si3O9
(nucleation at
520–590 ∘C – 3 min to
150 h; crystallization at
620–700 ∘C – 5–80 min)

5–100% SBF Onset of HCA
formation increases
with decreasing P
content between 8 h
(6% P2O5) and 31 h (0%
P2O5)

Onset of HCA
crystallization
increases with
crystallinity between
12 h (10% crystallinity)
and 25 h (100%
crystallinity), and
decreases with the
addition of P2O5

Peitl et al. [7]



Table 2.1 (Continued)

Glass
composition
(wt%)

Crystalline phase
(heat treatment) Crystallinity Test solution

In vitro bioactive
properties of
the glass(es)

In vitro bioactive
properties of
the GCs References

Bioglass 45S5
47.3SiO2

22.1Na2O
24.2CaO
(after chemical
analysis)
6.2P2O5

Na2Ca2Si3O9
(1000 ∘C – 1 h)

100% SBF (large SBF
volume/glass
surface ratio)

Ca2SiO4 layer
formed on the
surface after 7 d,
CaCO3 layer after
14 d immersion
No apatite
formation
(aggressive
corrosion under the
SBF test conditions)

Apatite formation after 7 and
14 d immersion

Plewinski et al. [50]

(mol%)
28.4–38.1SiO2

41.4–55.5CaO/SrO
4.7–6.3P2O5

0–25.5CaF2/SrF2

Compositions with
high CaF2/SrF2
content: uncontrolled
crystallization of FAp
and CaF2/SrF2 upon
cooling of the melt

n.m. SBF, Tris buffer FAp formation
within 3 h in Tris
and within 24 h
in SBF
P release: very
small percentages
(less than 2%)

FAp formation between 3 and 6 h
in both, Tris and SBF
Precrystallization favors further
FAp formation during immersion
P release: higher concentrations
(up to 11%)

Chen et al. [29]

52.75Ca3(PO4)2

30SiO2

17.25MgO

3(Ca,Mg)O⋅P2O5
(775 ∘C–4h)
3(Ca,Mg)O⋅P2O5 + not
cataloged silicate (775
and 975 ∘C–4h)

27%

63%

SBF Formation of an
amorphous Ca–P
layer after 48 h
Onset of HCA
formation after 5 d

GC-27% crystallinity: onset for
HCA formation after 24 h and
complete formation after 7 d
Data nonconclusive for the
GC-63% crystallinity

Daguano et al. [51]

(in mol%)
75NaPO3–(25− x)
CaO–xCaF2 (x = 0, 5,
10, 15, 20)

Ca2P2O7

CaF2 for x = 20
n.m. Tris buffer An increase in CaF2

content leads to an
increase in glass
solubility

The high dissolution rate of the
CaF2-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

Nommeots-Nomm
et al. [52]

GC, glass-ceramic; SBF, simulated body fluid; HCA, hydroxycarbonate apatite; FAp, fluorapatite; TCP, Ca3(PO4)2; W, CaSiO3; T, 3MgO⋅4SiO2; n.m., not mentioned.
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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 SiO2–CaO–MgO–P2O5–Al2O3–F, both
containing apatite and wollastonite crystal phases in similar weight percentages but showing com-
pletely different bioactivity. While the glass-ceramic with higher Al2O3 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 4.5SiO2–3Al2O3–3.2P2O5–3CaO–1.51CaF2 (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: SiO2 as the glass network former, Na2O and CaO in relatively
high contents to provide a composition that would dissolve in aqueous solutions, i.e. extracellu-
lar fluid, and some P2O5 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

Bioactive Glasses and Glass-Ceramics: Fundamentals and Applications, First Edition.
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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 Åbo 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 Åbo 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%) 47.5–68.0SiO2,
15.2–27.3Na2O, 8.9–20.6CaO, 2.3–8.9P2O5, 0–3.2Al2O3, and 0–3.3B2O3 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%): 46–65.5SiO2, 15–30Na2O, 11–25CaO, 0–8P2O5, 0–3Al2O3, and 0–3B2O3 [12]. Glass nr. 9 in
this series has the composition of 53SiO2, 23Na2O, 20CaO, and 4P2O5, 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[SiO2]2 − 0.980 188[Na2O] − 1.123 06[CaO]

− 1.205 56[P2O5] − 0.056 052 7[B2O3]2 − 2.086 89[Al2O3]

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 Na2O and CaO limits the RN model’s
usability range [14].

3.2.3 In Vivo Bone Bonding vs. Glasses with Al2O3 and P2O5

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% Al2O3 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 3 wt% Al2O3 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 P2O5 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 4 wt% P2O5 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% SiO2 and 7 wt% P2O5 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 P2O5 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 μm. 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).

Pt 1 Pt 2 Pt 3 Pt 4 Pt 5 Pt 6 Pt 7

SiO2 49.2 50.2 76 70.5 64.7 2 0.9
Na2O 20.1 20 0.3 0 0 0.5 0.5
CaO 19.5 10.5 7.9 9.5 9.9 45.5 39.9
P2O5 4.2 4.2 5.5 7.2 7.8 32.2 30.5
Total 93 94 89.9 87.5 82.8 81 72.9

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


