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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).
Themain advantages of bioactive glasses are associatedwith 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 crystallinematerial 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 45S5with the goodmechanical 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 formanucleus of critical size, with radius r*. Thiswill 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.
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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)

whereΔG* (orW * 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 thatΔG=ΔGV⋅
Vm andΔG= (ΔHm⋅ΔT)/Tm (Vm 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∗ =
16π𝜎3V2

mT2m
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/Vm [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 (orW */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 scanningmicroscopy 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 ofNv 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 angle𝛩. HET is partic-
ularly effective if the lattice parameters of crystal and nucleating site (in at least two directions) do
not differ bymore 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 andU) 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 andU 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 byDeubener 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 theminimumcooling 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-ceramicsmust be investigatedwhen bulk pieces are used for application asmonoliths. 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–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 whichmeet 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-solubilitymatrix 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 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) 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 themelt. 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 themiddle ear
[3] asmechanical load here is negligible and themechanical 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 160MPa 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 improvedwith 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 1080MPa), flexural strength (up to 215MPa), Young’s
modulus (118GPa), and fracture toughness (up to 2MPa/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, themica 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.
Themechanismof interaction between a 45S5-based glass-ceramic surface and SBFwas 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 contactwith 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 anegatively charged surface is formedwhen 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
10hours 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.
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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
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 – 15–180min;
crystallization at
750 ∘C – 15–180min)

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 – 113–66min)

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 – 3min to
150 h; crystallization at
620–700 ∘C–5–80min)

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]
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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 – 1h)

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 (19.04mol%) in the
residual glassy matrix was bioinert, the glass with much lower content (1.19mol%) 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 theway toward new clinical implantmaterials.
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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 showingHAp 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 graftmaterials 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.
Edited by Francesco Baino and Saeid Kargozar.
© 2022 The American Ceramic Society. Published 2022 by John Wiley & Sons, Inc.
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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 theAcademyof Finland. Thematerial research goalwas 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 themodels 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 somemilestones 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-electronmicroscopy)-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 (63.5–65.5wt%) 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. Theweight loss in vitro, in vivo formation of silica-rich andCa,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 lowweight
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 ProfessorHenchwell 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 thanNa2O and CaO limits the RNmodel’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 0–3wt% 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 3wt% 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 serieswere selected to study the impact of P2O5 in the glass on the initial stage of calciumphos-
phate formation on the glass surface. After eight weeks in rat tibia, both the composition without
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and with 4wt% 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 46wt% SiO2 and 7wt% 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 12weeks,
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.

BG

(a)

(b)

(c)

PTFE

1500 µm

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 μm 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 growthwas 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

Thefirst studies of the antibacterial effect of S53P4were carried out in glass powder suspension con-
taining the oral microorganisms Actinobacillus actinomycetemcomitans, Porphyromonas gingivalis,
Actinomyces naeslundii, Streptococcusmutans, and Streptococcus sanguis [23]. Powdered S53P4was
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 19–74months’ follow-up periods, no
reinfections or extrusion of the glass implants were found. The patients’ symptomswere 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 (≤45 μm) 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 μm) and putty based on microspheres
(<45 μm) 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 inmorphology 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 considerablymore 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 concordancewith the reported effect of S53P4 granules (500–800 μm),
powder (<45 μm), and putty (500–800 μm granules and <45 μm 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 observationswere 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 12months. 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 182months. 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, 2–37months, 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 12–68months.
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 (%).

Defect
Number of
patients

Follow-up
time (years)

Success
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 6–24months. 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 24months
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 12months, 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

(a) (b) (c)

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.
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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 granuleswith 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 fusionwas 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 bymany pathogens, includingMDR 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. Themean follow-up time after the surgery was 24months. 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 studywas 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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(a) (b) (c)

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
et al. [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 35months. 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., TurkuFinland [74]. The custom-madeGLACETM 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 Åbo 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 highlymoldable 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.

(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 Research for New Compositions and Applications

3.5.1 Compositions Derived from S53P4

After 50 years of the first bioactive glasses, new glass compositions and manufacturing techniques
are actively developed tomeet 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 theNa2O–K2O–MgO–CaO–B2O3–P2O5–SiO2 systemwas designed

at Åbo 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 compositionmodels
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 glassmelt. Both glasses contain equal amounts of SiO2,
P2O5, and CaO, but in addition to Na2O, 13-93 also contains MgO and K2O:

SiO2 P2O5 CaO Na2O K2O 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 4mol% 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 Na2O was gradually replaced with K2O 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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K2O for Na2O led to higher total concentrations of alkali ions released into the solution. The con-
centration of potassium ions was high, whichmight have a deleterious cellular effect in vivo. While
partial substitution ofMgO for CaOdid notmarkedly affect the ion release, the gradual substitution
of SrO for CaO led to increased release of all ions.

3.5.2 In Vitro Ion 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- andCa,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
1.0–2.0mm) enhanced the VEGF release, while the largest particles (2.0–3.15mm) inhibited the
VEGF 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(D,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 μm) in graphite forms at 600–1000 ∘C for one
hour [92]. The mechanical strength varied from 0.7MPa for the amorphous implants sintered at
635 ∘C to 10MPa 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 strengthwas low ormoderate, the porous structurewas 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 μm S53P4 granules at 720 ∘C for 90minutes. This thermal processing resulted
in porous structures with a thin crystallized surface layer consisting of Na2O⋅CaO⋅2SiO2 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 inducedmembrane 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-α (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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(a) (b)

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: Björkenheim 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 primarymacrophages 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 scaffoldswith amechanical strength

of 4.8MPa were successfully manufactured [96]. The amorphous scaffolds were assumed to have
similar osteostimulative properties as S53P4 granules and strength high enough for surgerywithout
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 themarket during the past years [97]. The putty consis-
tency resembles amixture of blood and bioactive glass particles in conditionswhen 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
48wt% S53P4 granules (0.5–0.8mm) mixed with 12wt% of S53P4-based spheres (0.09–0.425mm),
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 12months. 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 Na2O and P2O5 were very low. Thus,
the smallest SiO2-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 34months, 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 22months, 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
30 years. 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, thesematerials 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 Ib =

100
t0.5

with t0.5 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 productionmethod have been reviewed extensively [28]. As, pre-
viously, the aim of combining a synthetic polymer with a osteopromotivematerials lies in using the
advantages of bothmaterials while reducing/suppressing their disadvantages. Themain 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 structurewill 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 SiO2 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 SiO2 glass [31]. It is only in 1969
that L.L. Hench had the brilliant idea to decrease even further the SiO2 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%) 45SiO2–24.5CaO–24.5Na2O–6P2O5.
Themechanism 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+ 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)4. 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 t. The unsoluble silica, left in the glass network, forms a SiO2-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 SiO2-rich surface, where silanols act as nucleation points. Later the reactive layer will
crystallize and incorporate CO3

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 SiO2-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 SiO2 structure is widely discussed
based on the Qn 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 SiO2, Na2O, CaO but also P2O5. 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
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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:

NC =
4[SiO2] − 2

[
MI

2O +MIIO
]
+ 6[P2O5]

[SiO2]
(4.1)

where NC is the calculated network connectivity and MI
2O and MIIO 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

Themajority of the research, aiming at demonstrating the osteoconductivity and osteoinductivity of
bioactive glasses have been performed on the Food andDrug 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 EuropeanMedicines 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 inmedical 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 byN.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

As for the silicate, the phosphate structure is typically discussed based on theQn structure as shown
in Figure 4.5.
The phosphate structure can be made from solely Q3 units (pure P2O5), from a polymer-like

structure composed of metaphosphate (Q2) chains, or even from pyro- and ortho-phosphate (Q1
and Q0, 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:

NC =
3[P2O5] − [M2O] − [M′O]

[P2O5]
(4.2)

where [P2O5], [M2O], and [M′O] are themolar concentration in phosphate, themono- 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 P2O5 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 4.5 Qn structure in phosphate glasses (red sphere = silicon; blue sphere = oxygen, purple
sphere = cations).
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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).
As proposedBunker 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 dissolutionmechanism resemblesmore closely the dissolution of polymer

chain thereby the longer chains are primarily dissolved. Figure 4.7 showing the infrared spectra of
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Figure 4.7 Fourier-transform infrared
(FTIR) spectra of metaphosphate glass
(50P2O5–40CaO–10Na2O) at various
immersion times in simulated body
fluid [64].
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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 Q2 and Q1 units, (ii) upon dissolution the Q2 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 (50P2O5–(40− x)CaO–xSrO–10Na2O 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 20mol% of CaO and 20mol% 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 3mol% 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 H3PO4. 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
B2O3 is usually composed of a majority of boroxol rings and trigonal BO3 [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 andM2O content. Initially, the addition
of cations will result in neutral trigonal BO3 forming negatively charged BO4

− units, thus leading
to an initial increase in the network coordination. The BO4 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 B2O3–LiO2 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 (53.8SiO2–21.8CaO–22.7Na2O–1.7P2O5 [in mol%]) after 168 hours of

immersion in simulated body fluid and B53P4 (53.8B2O3–21.8CaO–22.7Na2O–1.7P2O5 [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 MirragenTM .

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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(a) (b)

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
SiO2 led to an increase in the rate of conversion of the glass to HA. Such a studywas 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
in vitro cell culture showed promising results toward cytocompatibility ofMLO-A5 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 vonWillebrand factor (vWF) andPECAM-1, two endothelialmarkers, thusmaking 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 [BO3] 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 SiO2 in silica-based glasses like 45S5 and 13-93 with B2O3 [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 μm pore size decreased along with
an increasing B2O3 content of the glass, from 11MPa for silicate 13-93 glass to 5MPa for borate
13-93B3, which values are in the range of human trabecular bone (2–12MPa) [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
markedlywithB2O3 content of the glass, and its limiting valuewas 8% for 13-93 and 67% for 13-93B3
(Figure 5.2a).

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 5.1 Nominal composition of borate bioactive glasses.

Composition (mol%)

Sample Na2O K2O MgO CaO SiO2 B2O3 P2O5

45S5B1 24.4 0 0 26.9 30.7 15.4 2.6
45S5B2 24.4 0 0 26.9 15.4 30.7 2.6
45S5B3 24.4 0 0 26.9 0 46.1 2.6
13-93B1 6.0 7.9 7.7 22.1 36.4 18.2 1.7
13-93B2 6.0 7.9 7.7 22.1 18.2 36.4 1.7
13-93B3 6.0 7.9 7.7 22.1 0 54.6 1.7

(a) (b)

(c) (d)

(e)

13-93B3

500 500 µm

500 500 µm

6 6 µm

500 µm

500 500 µm500 µm

500 µm

500 µm

6 µm

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) Deliormanl𝚤 [7], Figure 02, p. 04/with
permission of Elsevier; (e) Rahaman et al. [8], Figure 03, p. 06/with permission of Elsevier.
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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 (B0), 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 B2O3 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. Themechanism of degradation and
conversion of the borate bioglasses to apatite in the SBFwas reported by Haung et al. [4] as follows:
when the borate glasses are soaked in the SBF, the glass components such as Na2O, K2O, B2O3,
and SiO2 are dissolved into the solution to form Na+, K+, BO3

3−, and SiO4
4− ions, coupled with the

reaction of Ca2+ ions from the glass with PO3
4− 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 hormonemetabolism, healthy bone development, and cell membranemaintenance
[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 α (TNF-α) 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 boronmay 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 μg/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 SiO2 in 45S5 glass with B2O3 was evaluated by Brown
et al. [26]. They showed that the borate bioactive glasses with the higher B2O3 content resulted
in greater inhibition of MC3T3-E1 cell proliferation under a static cell culture condition, while no
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Bottom view Top view Cross section Bottom view Top view Cross section

13-9345S5

13-93B1 13-93B3

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.

cytotoxicitywas observed under dynamic culture conditionsmimicking 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 μm by fusing randomly oriented short fibers of 100–300 μm diameter and implanted
them into rat calvaria bone defects. They reported that a greater amount of new bone formationwas
observed for 13-93B3 after 12weeks 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 receivedUSAFood andDrugAdministration (FDA) approval
for the management of acute and chronic wounds in 2016.
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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].



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

�

� �

�

84 5 Borate Bioactive Glass

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 themechanismofwoundhealing 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(D,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 andwooden teeth have been found in commonuse. Based on the inter-
action of the syntheticmaterials 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 Greekmythological 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



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

�

� �

�

6.2 Glass Network and Bioactivity 89

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, Na2O, and P2O5 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 P2O5. They also termed this system of glasses as alkaline free
gel glass powders and concluded these gel powders, with lower SiO2 content and higher CaO and
P2O5 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 90mol%, whereas for melt-derived glasses, it is narrowed down from 40 to
60mol%. Later, Saravanapavan, Hench, et al. [5] reported that binary bioactive glass system (SiO2
and CaO) by a sol–gel method could be bioactive with SiO2 content up to 90mol%. 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 glasseswas 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 fromEgypt. The ancients greet scripts by Aristophanes, hasmentioned glasses as hyalos,
a transparent stone for kindling fire. The Romans and Egyptians probably used sand (Silica source)
mixedwith ground seashells (lime source) as rawmaterials 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 weremade
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 bothmelting 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 oxygenwith the nearby silica and nonbridging
oxygen. SiO2 and P2O5 are the network formers. The network modifier (Na+, Ca2+, K+, Zn2+, Sr2+,
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Bridging oxygen

Each tetrahedron
has a Si atom at
its core

And oxygen
atoms at its

corners

Non-bridging oxygen
Network-forming ion
Network-modifying ion

Network-modifying ion

Si4+ Na+O2–

(a) (b)

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+, Mg2+) does not create a covalent/ionic bondingwith the network structure and often has elec-
trostatic interactions. The intermediate network former/modifier compounds (A12O3, TiO2) 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 bymelt-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 μm 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 SiO2–CaO–Na2O–P2O5 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 45SiO2–24.5CaO–24.5Na2O–6P2O5 (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 (SiO2–CaO–P2O5), 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 P2O5 results in non-gelation. An
appropriate percentage of the glass composition needs to be chosenwith higher SiO2 and lesserCaO
source and very lesser P2O5 source to achieve proper gelling and bioactivity bymeans of apatite for-
mation on the surface. In addition to silica and calcium sources, the significant role on the presence
of P2O5 is not yet understood well. And the broad hypothesis is the network formation of P2O5 sim-
ilar to silica andmay 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 SiO2–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 SiO2–CaO–Na2O glass system
with constant 6% P2O5 and (b) tertiary diagram of SiO2–CaO–P2O5 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 SiO2 will lead to stable quartz structuring with operating temperature, a mixture of
quartz with CaSiO3 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 29Si
nuclear magnetic resonance spectroscopy (NMR) and Raman spectral signatures. The Si–O–Si
tetrahedra interaction with the silica subunits is represented by Qn, where n is the number of
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Figure 6.4 Possible ways of Si–O–Si tetrahedra interaction in bioactive glass.

bridging oxygen atoms per SiO4 tetrahedron and it varies from 0 to 4 (i.e. Q0, Q1, Q2, Q3, and Q4).
Qn 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 Q0, Q1, Q2,
Q3, and Q4. In this, Q0 type refers to a silicon atomwith zero connections to another silicon species
and the maximum Q4 is the condition of fully occupied silicon atom with four oxygen bonding
resulted in SiO4 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 Qn species with n< 4 in the glass structure (Figure 6.4). The bioactive glass with
higher Q2 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+, Ca2+) with H+ from body fluid.
Step 2 Loss of soluble silica, leaving behind —Si—OH bonds.
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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 4Migration of Ca2+ and [PO4]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 [CO3]2− 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 6bMacrophage actions.
Step 6c 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 H2O, ethanol, or the combination of both. Ethanol will be used for
hydrolysis of silica organic precursor. The presence of H2O 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 (SiO2–CaO–P2O5) [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. HNO3, HCl, citric
acid). Later, to enhance the surface area and to develop controlled microstructure bioactive glass
particles, Stöbermethodwas adopted [19]. Thismethod 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 150m2/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 Stöber method, large specific surface area of ∼1040m2/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 Stöber
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
(SiO2–CaO) 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 nudemice [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: It 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 μm.

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 themonoliths, 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 (μCT) 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 replicationmethod and coated with poly(lactic-co-glycolic
acid) PLGA/BG shows good osteogenic property. Bioactive glass scaffolds bymixture of borosilicate
glass (S53B50), borophosphate glass (P40B10), and a phosphate glass (PSr40) was also developed
using 60 and 70 vol% NH4(HCO3) as foaming agent (Figure 6.9) [34]. Porosity formation by vigor-
ous agitation of sol–gel bioactive glass in presence of 0.5ml Teepol and 1.5ml 5 vol% 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]. Asmost of the hydrogels are highly biocompatible for cell growth and prolif-
eration, the hydrogelswere incorporatedwith suitable cells in their structure. It also permits oxygen
andnutrient transport in the tissue environment andmimic 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 μm). (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 whichmethacrylate
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 bymeans of Van derWaals/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.

Glass composition Porosity/porous%
Mechanical
property

Tissue
engineering
applications

Cell culture
studies References

(mol%)60.8%
SiO2, 30.9% CaO,
2.4% P2O5, and
5.8% Na2O (PU
foam)

High level of
interconnective
porous (99.99%)

— Bone regeneration — [32]

13-93 bioactive
glass (PU foam)

Porosity:
85± 2% and
pore size:
100–500 μm

Compressive
strength of
11± 1MPa, and
elastic modulus
of 3.0± 0.5GPa

Bone repair and
regeneration

MC3T3-E1
preosteoblastic
cells

[40]

45S5 Bioglass
powder (particle
size 5mm).
Spongia
agaricina (SAg)
and Spongia
lamella (SL), as
template
materials

0–200 μm highly
interconnective
porous (99.99%)

Compressive
strength up to
4MPa

Bone regeneration — [41]

70S30C 300–600 μm at
82% porosity

Compressive
strength of
2.26MPa

— — [42]

70S30C
70mol% SiO2,
30mol% CaO

78% Compressive
strength 6.0MPa

— — [35]

45S5 bioactive
glass

200–500 μm and
80–90%

— — MC3T3-E1 [33]

(wt%): 50SiO2,
22.6CaO,
5.9Na2O, 4P2O5,
12K2O, 5.3MgO,
and 0.2B2O3
(poly(D,L-lactic
acid) [PDLLA])

68–73% Compressive
strength of
0.4MPa for
uncoated and
0.6MPa for
coated scaffolds

— — [43]

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)4–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 constructswere preparedusing 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



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

�

� �

�

102 6 Fabrication of Bioactive Structures from Sol–Gel Derived Bioactive Glass

Si

Zn2+

Ca2+

EGF

Figure 6.11 Schematic representation of new tissue formation with angiogenesis and antibacterial
efficacy of zinc bioactive glass composite hydrogels [63].

(a) (b)

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 : 1wt ratio
(Ag-BG/CS)

— — Endodontic
regeneration

Dental pulp
cells

[54]

Bioactive-glass-
reinforced
gellan-gum
spongy-like
hydrogels
70SiO2–30CaO
(% n/n)
66SiO2–22CaO–
10Na2O–2P2O5
(% n/n)

— Young’s
modulus
(225MPa)

Osteogenic
differentiation

Human adipose
stem cells

[55]

0.2SrO/0.2Na2O/
0.1CaO/0.1ZnO/
0.4SiO2 (mol.
fraction)
PEGDMA-
photopoly-
merization

50% Young’s
modulus
(2–8MPa)

Bone graft
substitutes in
cancellous bone
defects

— [45]

BG/gelatin
methacryloyl
(GelMA) molar
ratio of
SiO2:CaO:P2O5 =
40 : 45 : 15

75% Compressive
modulus of
237.9 kPa

Bone
regeneration

[65]

Dextran (Dex) and
sol–gel derived
bioactive glass
ceramic
nanoparticles
(nBGC:
0–16 (wt%))

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

Compressive
modulus, 33.42
and 76.61 kPa

Bone tissue
engineering

Human
osteoblasts

[67]

Copper-containing
bioactive glass
nanoparticles
(Cu-BG
NPs)/chitosan
(CH)/silk fibroin
(SF)/glycerophos-
phate (GP)
composites

— — Cell-free bone
repair

MC3T3-E1 and
human
umbilical vein
endothelial cells

[68]

(continued)
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Table 6.2 (Continued)

Glass composition Swelling ratio
Mechanical
property

Tissue
engineering
applications

Cell culture
studies References

Alginate
dialdehyde-gelatin
(ADA-GEL)
constructs
incorporating
bioactive glass
nanoparticles
(BGNPs) with the
composition
SiO2–CaO–P2O5
(mol%) = 55 : 40 : 5

— — Bone tissue
engineering

MG-63 cells [64]

Zinc-doped
bioactive glass
(ZBG)
nanoparticles
(60mol% SiO2,
30mol% CaO,
5mol% ZnO,
5mol% P2O5)

Swelling ratio of
gel is close to
560%

— Wound dressing Epidermal
growth factor
(EGFs)

[63]

Gelatin collagen
bioactive glass
nanocomposite
(Gel/Col/BG). BG
consisting of 45%
SiO2, 24.5% Cao,
24.5% Na2O, and
6% P2O5 mol%

Porosity 85% — Myocardial
tissue
engineering

Endometrial
stromal stem
cells (EnScs)

[69]

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 canmimic the ECMwith 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 tomicron fibers, nanostructure fibers withmicroporous 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 printingmethod. Thismethodwas first widely explored by additive
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Table 6.3 Earlier works of bioactive glass scaffolds prepared by the electrospinning method.

Glass composition Porosity/porous%
Mechanical
property

Tissue
engineering
applications

Cell culture
studies References

Silk fibroin/polyvinyl
alcohol/sol–gel
bioactive glass (58S)
composite

— UTS was
9.2± 0.6MPa

Bone tissue
grafts

Cord blood
derived
mesenchymal
stem cells

[91]

Soy protein isolate
(SPI)/nano- and
micron-sized 45S5
bioactive glass (BG)
powders

0.01–4.2 μm UTS
1.04N/mm2

Tissue
engineering

MEF cells [80]

PCL/chitosan — Ultimate tensile
strength (UTS)
17± 11MPa

Bone tissue
engineering

[81]

Polycaprolactone
(PCL) fiber mats
embedded with B and
Co codoped bioactive
glass nanoparticles
(BCo.BGNs)

— Young’s
modulus 11± 3

Soft tissue
engineering

ST-2 cells [84]

70S bioactive
glass/silk layer

Pore diameter
0.97± 0.34 μm

Elastic modulus
(MPa)
86.66± 4.32

Bone tissue
engineering

MG63−
osteoblast

[88]

Gelatin and bioactive
glass (BG-70S)

— Tensile strength
of 4.3± 1.2MPa

Bone
regeneration

MC3T3-E1 cells [92]

PLA and bioactive
glass (BG-70S)

— — Regeneration of
hard tissues

MC3T3-E1 [93]

Polycaprolactone-
gelatin incorporating
mesoporous bioactive
glass nanoparticles
(mBGn)

— — Novel
osteogenic
matrices

Stem cells
derived from
periodontal
ligament

[85]

Polyhydroxybutyrate/
Poly(ε-caprolactone)/
58S
Sol–gel bioactive glass

— Young’s
modulus
85–101MPa

Biodegradable
fibrous scaffolds
for bone
regeneration
applications

MG-63 [94]

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 AMmethodswith 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 bymeans 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 bymechanical 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
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Droplet
Extruded
filament

Droplet-based
bioprinting

Extrusion-based
bioprinting

Laser-based
bioprinting

Patterned
cells

Donor
layer

Laser
pulse

Extrusion
force

Figure 6.14 Modalities of bioprinting process for the fabrication of bioactive glass scaffolds [95].
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(a)

(c) (d)

(b)

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 bymeans 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 notablework ismesoporous bioactive glass, sodium
alginate and gelatin composited scaffold co-printedwithNaringin, 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.

Glass composition Porosity/porous%
Mechanical
property

Tissue
engineering
applications

Cell culture
studies References

PCL+ 13-93B3 Pore size of
∼400 μm

— — — [109]

ADA-GEL
incorporated
Sr-BGNPs

— Bone tissue
engineering

MG 63 [64]

Wood-based
cellulose
nanofibrils
(CNF) and
bioactive glass
(BaG)
incorporated
gelatin–alginate
bio-inks

Pore size of
∼400 μm

— Bone tissue
engineering
applications

Saos-2 and
human bone
marrow-derived
mesenchymal
stem cells
(hBMSCs)

[108]

Mesoporous
bioactive
glass/sodium
alginate/gelatin

80% porosity — Bone tissue
engineering

MG-63 cell [106]

Mesoporous
bioactive
glass/oxidized
chondroitin
sulfate
(OCS)/gelatin

Pore size of the
stent is
200–350 μm

Compression
modulus
∼58 kPa

Bone regenera-
tion/repair
applications

Rat bone
marrow
mesenchymal
stem cells in
vitro and rat
cranial defect
restoration in
vivo

[107]

MBG/silk fiber Porosity 70% Compressive
strength
19.9± 0.6MPa

Bone tissue
engineering

hBMSCs [112]
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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 tomod-
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 withmicrotubule 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, andmore than 2million 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.
Edited by Francesco Baino and Saeid Kargozar.
© 2022 The American Ceramic Society. Published 2022 by John Wiley & Sons, Inc.
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Biopsy

Bone
biopsy

Cell isolation

Bone tissue
engineering

Functional tissue
(external

stimulation)

Scaffold
(cell seeding and

colonization)

Cell cultivation
and expansion

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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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
– Promote cell differentiation and migration
– Promote ECM synthesis
– Induce minimal immune response

[9]

Bioactivity – Create a stable bonding interface with the host
tissue

[10]

Biodegradability – Match the physiological healing time of the tissue
– Do not release toxic degradation products

[11]

Mechanical properties – Shear mechanical load with the host bone
– Maintain mechanical integrity during degradation
and tissue remodeling

[10]

3D-structure – Open-cell architecture
– Promote mass transport
– Support cell migration, vascularization, and bone
ingrowth

[11, 12]

Manufacturing technology – Cost-effectiveness
– Scalability
– Repeatability/reliability
– Sterilization, delivery, and storage of the final
product

[10]

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 andmanufacturing 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 productionmethod used, BGs can be characterized by chemical andmicrostruc-

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, themost critical issue about the use
of BGs formaking porous bone substitutes concerns the possibility of obtaining suitablemechanical
performances. In fact, as widely known, glassmaterials 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 relationwas observed between porosity and elasticmod-

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 amorphousmatrix (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 μm), 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 scaffoldswith 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, whichmake
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 newmanufacturing 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 ofmanufacturing
processes, with the possibility to obtain patient-specific products as an undisputable added value
[25].Here, a brief overviewof 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]. Themain 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 themost 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.
Wu et al. [27] fabricated gel-cast BG foams with a modal pore size of 379 μm and modal inter-

connect size of 141 μm, 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 dissolvedwithin 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 (SiO2–CaO) or ternary compositions

(SiO2–CaO–P2O5) [30, 31].
Scaffolds obtained by sol–gel foaming are characterized by a hierarchical organization of pores,

consisting of interconnectedmacropores (10–500 μm)deriving from the foaming process andmeso-
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 (100–200m2/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 (0.3–2.3MPa), and therefore, their usage in
load-bearing applications is not recommended [19].

7.3.1.3 Thermal Decomposition of Chemical Compounds
All themethods 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 (H2O2) 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 H2O2 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 H2O2 was the principal factor affecting scaffold porosity. In
particular, an increase in H2O2 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(CO3)2) powder as a foaming agent for generating intercon-
nected macropores. The foaming process was based on the thermal decomposition of dolomite
associated with CO2 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 agentwas
appropriate for the intended purpose as Ca2+ and Mg2+ 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).

(a) (b)

(c)

200 μm

200 μm

200 μm
PE 50 vol.%, Ts= 700 °C/3h PE 60 vol.%, Ts= 700 °C/3h

PE 70 vol.%, Ts= 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
(a) 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
50SiO2–25CaO–16Na2O–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 μm and compressive strength of 6MPa, which
definitely falls in the range of spongy bone [35].
Wu et al. [36] used rice husk as a space-holder to produce 45S5 Bioglass®-based scaffolds. These

scaffolds exhibited lowporosity (43–49 vol%) compared to the reference ranges of human trabecular
bone, while the compressive strength (5–7MPa) 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 70 vol% was obtained with well-interconnected pores
within 100–200 μm or above 200 μm. By using small amounts and sizes of polyethylene particles,
a maximum compressive strength of 6MPa was obtained. In addition, these scaffolds exhibited
surface micropores smaller than 10 μm, the presence of which was attributed to the nucleation of
β-wollastonite crystals upon sintering [37]. The same fabrication method was also used to produce
ultrastrong fluoroapatite-containing glass-ceramic scaffolds (compressive strength up to 150MPa)
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 <50 vol%) [13]. For example, the scaffolds developed by Fu et al. [39] with 13-93
glass showed 40 vol% porosity and high compressive strength (22MPa).
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 μm, which is too low compared to spongy
bone (well above 100 μm). 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 μm 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 byMinaberry and Jobbágy [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 μm and low compressive strength (<0.2MPa), 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% andmicrostructural 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].

Binding
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Fine glass
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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 themost 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 CO2 or Nd:YAG (neodymium-doped yttrium aluminum garnet; Nd:Y3Al5O12) 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.

Technique
Achievable
pore size Advantages Limitations References

SLS 45–100 μm ↑ High porosity
↑ High surface area to volume
ratio

↑ Complete pore
interconnectivity

↑ Macro shape control
↑ Independent control of
porosity and pore size

↑ Wide range of materials
↑ Solvent-free

↑ High processing
temperatures

↑ Limited to small
pore size

[58]

SL ≥70 μm ↑ Control over the internal and
external geometry of the
structure

↑ Well-defined pore sizes, pore
geometries, and porosities

↑ Good compressive strengths
↑ High resolution
↑ Wide range of materials

↑ Limited number
of resins
commercially
available

[59, 60]

FDM 250–1000 μm ↑ High porosity
↑ High surface area to volume
ratio

↑ Complete pore
interconnectivity

↑ Macro shape control
↑ Independent control of
porosity and pore size

↑ Good compressive strengths
↑ Solvent-free

↑ High processing
temperatures

↑ Limited material
range

↑ Inconsistent pore
opening in x-, y
and z-directions

↑ Pore occlusion at
boundaries

↑ Requires support
structures for
irregular shapes

[58]

IJP Customer-based ↑ High resolution
↑ Good surface finish
↑ Good mechanical properties
↑ Controllable porosity and pore
geometry. Can integrate with
cells and growth factors

↑ Limited to the
production of
miniaturized
structures

↑ Limited material
range

↑ Use of solvent
↑ High cost

[61, 62]

3DP 45–100 μm ↑ Easy process
↑ High porosity
↑ High surface area to volume
ratio

↑ Complete pore
interconnectivity

↑ Macroshape control
↑ Independent control of
porosity and pore size

↑ Suitable for many kinds of
materials

↑ Use of toxic
organic solvents

↑ Lack of
mechanical
strength

↑ Limited to small
pore sizes

[58, 59]

Robocasting 300–500 μm ↑ Simple, flexible, and
inexpensive approach

↑ Suitable for many kinds of
materials

↑ Low cost
↑ Fast

↑ Need for an ink
with appropriate
rheological
properties

[61, 63]
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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.
Amaterial 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 μm 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 thematerial 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 (5.9–20.4MPa) 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 μm, 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.



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

�

� �

�

134 7 Processing of Bioactive Glass Scaffolds for Bone Tissue Engineering

Filament is led
to the extruder

Filament spool

The extruder uses torque
and a pinch system to feed
and retract the filament
precise amounts

A heater block melts the
filament to a useable
temperature

The extruded material is laid down
on the model where it is needed

The print head and/or bed is moved
to the correct X/Y/Z position for placing
the material

The heated filament is forced
out the heated nozzle at a
smaller diameter

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
IJP employsmicrometric printhead nozzles to dispense liquid-phasematerials in a controlledman-
ner. The liquid-phasematerial, also known as ink, is dispensed in the formof 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, CIJ is not very cost-effective [61].
The DODmethod 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 IJP delivery methods: (a) continuous and (b) drop-on demand printing modes. Source: Figure
reproduced from Solís Pinargote et al. [61] under the Creative Commons Attribution License.

droplets and the high positioning accuracy. In the DODmethod, 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].
IJP 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 fromone 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
(<50 vol%) and compressive strength up to 70MPa, 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. Amoving 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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Figure 7.12 Schematic representation of a
layer-by-layer deposition process by robocasting
technology.
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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]. Robocastingwas first experimented for the fabrication of bioceramic scaffolds in 2010
by Franco et al. [80], who used an ink containing calcium phosphates (HA and β-tri-calcium phos-
phate [β-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 from60 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 SiO2–CaO–P2O5 MBG powders using poly(vinyl alcohol) as a binder.
They obtained hierarchical scaffolds with a compressive strength of 16MPa 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 providemultiple 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 tomimic 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 0wt%) was developed by lyophilization for potential application in periodontal regen-
eration. The lower layer was designed to replicate alveolar bone (with 50wt% of BG), the middle
layer contained 25wt% 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 50 years 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 AMmethods.
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.
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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, robustmodels, 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
Qiang Fu

Science and Technology Division, Corning Inc., Corning, NY, USA

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
secondmost 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 6.2million
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 10million people, resulting in
healthcare costs of over US $25 billion per year [6]. An estimated 2.2million 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.

Bioactive Glasses and Glass-Ceramics: Fundamentals and Applications, First Edition.
Edited by Francesco Baino and Saeid Kargozar.
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Table 8.1 Summary of the mechanical properties of human bone [22–30].

Compressive
strength
(MPa)

Flexural
strength
(MPa)

Tensile
strength
(MPa)

Modulus
(GPa)

Fracture
toughness
(MPam1/2) 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

It is generally recognized that the scaffolds shouldmimic themorphology, 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 100–150MPa in the long
direction, and a flexural strength of 135–193MPa (Table 8.1) [22–30]. The fracture toughness, KIC,
of cortical bone (2–12MPa⋅m1/2) has an upper range that is much higher than the values for most
ceramics and inorganic glass (typically KIC = 0.5–5MPa⋅m1/2 for ceramics and 0.5–1MPa⋅m1/2 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 amap of the strength and elastic modulus of natural and synthetic
materials (typicallywith a densemicrostructure containing no porosity). It is clear that themechan-
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 (KIC) in inorganic oxide glasses, recent progress in glass-ceramics with tough-
ness close to Al2O3 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 lowmechanical 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-μm-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 theirmechanical properties. It is organized in the followingmanner: 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 amechanically 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
45S5 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 μm
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-
tion
(wt%) 45S5 13-93 S53P4 1-98 FL107 6P53B 58S 70S30C 13-93B1 13-93B3 P50C35N5

Apatite-
wollastonite
(A-W)

Na2O 24.5 6 23 6 10 10.3 0 0 5.8 5.5 9.3 0
K2O 0 12 0 11 0 2.8 0 0 11.7 11.1 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
CaF2 0 0 0 0 0 0 0 0 0 0 0 0.5
SiO2 45 53 53 53 64 52.7 58.2 71.4 34.4 0 0 34.0
P2O5 6 4 4 2 2 6 9.2 0 3.8 3.7 71 16.2
B2O3 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 interconnectedmacropores (10–500 μm) resulting from the foaming pro-
cess, andmesopores (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 (100–200m2/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 (0.3–2.3MPa) [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 randompacking of particles
(irregular or spherical in shape) or short fibers in amold with the desired geometry [78–88]. Awide
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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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 μm 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 μm using micron-sized glass powders. The sintered glass scaffolds, with a periodic structure,
show a compressive strength (136MPa) 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 improvedmechanical 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 150MPa 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 (ormicrostructure) of the scaffold,which results

from the fabricationmethod, 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 (136MPa) 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 (11MPa) was almost 20
times the value for 45S5-derived glass-ceramic scaffolds (0.5MPa), 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
0.4–41MPa 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 setupswere used for porous scaffolds by gluing them to the two load-
ing fixtures prior to the test [124–126]. Tensile strength of 0.011MPa was determined for 45S5 glass
scaffolds (porosity>90%) prepared from a polymer foam replicationmethod [125], and 7.4–2.3MPa
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 ceramicmaterials: (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 30MPa (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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Figure 8.5 Fatigue life (average number
of cycles to failure) of 13-93 bioactive glass
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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 <2MPa [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 (KIC). TheKIC values for
ceramics and glass, as shown in Figure 8.2b, are inherently low (typically KIC = 0.5–5MPa⋅m1/2 for
ceramics and 0.5–1MPa⋅m1/2 for glass), making them sensitive to the presence of small defects and
flaws (∼10 μm). 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, KIC values of 0.5 and 0.8MPa⋅m1/2,
was reported in bioactive glass13-93 scaffolds with a periodic microstructure [122, 137], and
0.2–0.6MPa⋅m1/2 for a CaO–Al2O3–P2O5 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 (2–12MPa⋅m1/2).
Another way to measure the fracture toughness of porous scaffolds may be the work of fracture,

𝛾wof, i.e. 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:

Pf (𝜎) = 1 − exp

[
−
(
𝜎 − 𝜎t

)m
𝜎m𝜑

]
(8.1)

where Pf(𝜎) is the probability of failure at a stress 𝜎, 𝜎0 is a scaling constant, 𝜎t is the threshold
stress below which no failure occurs in the material, that practically can be taken as zero for brittle
ceramics, andm is theWeibull modulus. TheWeibull 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 weremeasured 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 elasticmodulus 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

Biologicalmineralized 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 thematerials increased from 0.8 to 1.2 and
2.0MPa⋅m1/2 when the crystallinity increased from 0% to 72%, which in turn resulted in an increase
of bending strength from 70 to 90 and 200MPa. 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: K2O⋅Al2O3⋅4SiO2). 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 (2.7MPa⋅m1/2) [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 (1–3MPa⋅m1/2) of some bioac-
tive glass-ceramics are in the lower range for cortical bone (2–12MPa⋅m1/2), they are definitely
much tougher than either bioactive glass or ceramics (KIC in the range of 0.5–1MPa⋅m1/2) [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
thework of fracture, significant increases in toughness have been reported for polymer-coated glass
scaffolds. A variety of biodegradable polymers including poly(D,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

andmortar” structure similar to nacre (Figure 8.8a). In nacre, the “bricks” are platelets of the min-
eral aragonite comprising around 95 vol% 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 Al2O3 scaffold
(fabricated using the freeze casting technique) with an organic phase (poly(methyl methacrylate),
PMMA) have shown exceptionally high flexural strength of∼200MPa and high fracture toughness,
up to 30MPa⋅m1/2 (Figure 8.8b–d) [170, 175]. Multiple extrinsic tougheningmechanisms 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



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

�

� �

�

162 8 Strong, Tough Bioactive Glasses and Composite Scaffolds

0
0 0

0 0.2 0.4 0.6 0.8 1

10

20

30

40

40

80

120

160

0.004 0.008

Strain

0.012 0.016

S
tr

e
s
s
 (

M
P

a
)

Nacre

Hybrid

composite

(a) (b)

(c) (d)

2 µm 250 µm

Crack extension, Δa (mm)

Homogeneous
nanocomposite

Nacre

Lamellar

Al2O3

Kj = (J·E)1/2

“Brick & mortar”

T
o

u
g

h
n

e
s
s
, 

K
J
 (

M
P

a
 m

1
/2

)

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 Al2O3/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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Nano-bioactive Glass: Advances and Applications
Ahmed El-Fiqi

Glass Research Department, Advanced Materials Technology and Mineral Resources Research Institute, National Research Centre,
Cairo, Egypt

9.1 Introduction

Glass has been known by mankind for more than 10 000 years [1]. Glass is typically an inorganic
material which is chemically composed of oxides such as SiO2, P2O5, and B2O3 (glass-formers)
along with glass-modifiers, e.g. Na2O, CaO, and MgO. Actually, many organic substances form
glass however, inorganic glass is much more common. Accordingly, glass is defined by standards
of the American Society for Testing Materials (ASTM) as “glass is an inorganic product of fusion
which has been cooled to a rigid condition without crystallizing” [2]. Thus, glass is traditionally
prepared by melting together powders of oxides such as SiO2, P2O5, B2O3, Na2O, CaO, MgO, etc.,
usually in the range of ∼850–1550 ∘C depending on the chemical composition and then molten
glass is cooled to room temperature (by annealing or quenching) to form solid glass [3]. However,
melting is not the only route to prepare a glass and other methods such as sol–gel is also used for
glass preparation [4]. Structurally, the atomic arrangements in glass are random and atoms are not
ordered in awell-defined pattern like observed in crystals, i.e. glass lacks long-range ordered atomic
structure and it possesses noncrystalline (amorphous) structure [5]. Importantly, glass possesses
diverse structural, physical, chemical, optical, and electrical properties. The properties of glass can
be tailored through design and control of its chemical composition [6]. The great flexibilities in
composition–property designing, manufacturing, and processing allow glass to be considered as
an excellent material for many engineering and technological applications that are unmet by other
materials [7]. For example, glass can be manufactured into large segments of a 100m diameter
primary telescope mirror [8] and as nanofibers for photonic devices [9].
Interestingly, a special type of melt-derived glass named bioactive glass was discovered by Larry

Hench in 1969 [10, 11]. Typically, bioactive glass (later known as Bioglass®) possesses a biologi-
cally reactive chemical composition containing 45% SiO2, 24.5% CaO, 24.5% Na2O, and 6% P2O5
by weight. Bioglass has a reactive and biodegradable surface which releases soluble ionic species,
e.g. soluble silicates (SiO4

4−), soluble phosphates (PO4
3−), and calcium ions (Ca2+) when in contact

with biological fluids or physiological solutions. Such bioreactive surface of Bioglass can directly
and strongly bond to living bone tissue through the formation of hydroxycarbonate apatite (HCA)
layer on the interface between the host bone and the surface of the implanted Bioglass [12]. There-
fore, various bioactive glass compositions have been developed and widely investigated for bone
repair. Bioactive glasses have been mainly produced by the melting method used in glass-making
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industry in the form of blocks, micropowders, and microfibers [13, 14]. Conventional processing
of bioactive glass into powder is made either by crushing bulk bioactive glass into small pieces and
their subsequent grinding into micron-sized powder or by pouring the molten glass into water to
obtain bioactive glass frits followed by grinding step into fine powder [14]. Usually powder sieving
is necessary to prepare bioactive glass powder with a specificmicron-size range. However, there are
several limitations and disadvantages of such conventional bioactive glass processing methods in
reducing the particle size below the conventional micrometer scale [15]. To this end, this chapter
mainly focuses on bioactive glass nanoparticles (BGn) and the impact of nanoscale processing
and advances of sol–gel synthesis on the properties of BGn. Furthermore, highlighting the recent
progress and advances in the biomedical applications of BGn in bone and skin tissue regeneration.

9.2 Bioactive Glass Nanoparticles

BGn are processed or synthesized with particle sizes in the nanoscale range, typically less than
100 nm [16, 17]. Interestingly, reducing the particle size below the conventional micrometer scale
leads to significant improvements in physicochemical properties, bioactivity, biodegradability, and
biological properties of BGn [18, 19]. Therefore, BGn were developed in an attempt to increase
their specific surface area and enhance their properties. Actually, large specific surface area is a
very favored factor for the surface chemistry of BGn, i.e. the surface bioreactivity (which involves
surface dissolution, ions release, and calcium phosphate deposition reactions), protein adsorption,
and surface functionalization. Such increase in specific area significantly improves surface bioreac-
tivity, ions release kinetics, and biodegradability which would allow BGn to be completely replaced
by new bone tissue during bone regeneration process [20]. Indeed, blocks of silicate-based bioactive
glass takes long time to be completely resorbedwhen implanted into a living body [21]. Collectively,
large specific surface area, fast biodegradability, rapid release of bioactive ions, excellent bioactivity,
injectability, high-protein adsorption and intracellular uptake are among the merits of BGn.

9.2.1 Synthesis Approaches

Generally, BGn can be prepared either by the classical top-down [22–24] or the advanced bottom-up
synthesis approaches [18]. Accordingly, BGn can have an irregular or regular shape and broad or
narrow particle size distributions depending on the synthesis method. The bioactive glass parti-
cles obtained by conventional grinding/sieving processing of bulk bioactive glass, typically exhibit
particle sizes of several tens to hundred micrometers [25]. However, it is possible to prepare BGn
from bulk bioactive glass by the classical top-down approach which is the extension of mechanical
milling used for producing micron sized particles [22–24, 26]. Top-down approach starts with a
bulk glass and then breaks it into smaller pieces using some sort of energy, e.g. mechanical energy.
Mechanical milling, e.g. grinding, pulverization, and attrition is a traditional processing method
for macro- or microscale bioactive glass (m-BG) particles [27]. Grinding mills are mainly ball mills
with rotating balls (e.g. a planetary ball mill) to crush the material by impact and attrition into a
fine powder. The attrition mill mechanically reduces particle size by intense agitation of a slurry
of the material particles and coarse milling media. The nanoparticles produced by such classical
top-down approaches are neither uniform in size (broad size particle size distribution from tens to
hundreds of nanometers) nor regular in shape. Actually, there are several physical and technical
factors that limit the smallest particle size that can be produced by top-down milling of materi-
als, e.g. to obtain 100 nm particles, the ratio of the diameters of the milling balls and the particles
should be 1000 : 1, i.e. the milling balls should have a diameter of 100 μm [28]. Generally, top-down
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milling of materials is considered to be an energy- and a time-consuming process. Furthermore, no
control over the particle size, particle shape, size distribution, particle contamination, and degree
of agglomeration which all have significant impact on their biomedical applications.
Top-down processing of commercially available 45S5 Bioglass powder with nominal particle size

of 22 μm by wet comminution in a stirred media mill using n-pentanol was used to prepare sub-
micron bioactive glass particles [25]. Crushing and grounding in an attrition mill with high-purity
Y2O3-stabilized ZrO2 milling media and ethanol as the solvent were used in preparation of 100 nm
1393 melt-derived BGn [24]. Bioactive glass submicron particles with a wide size distribution
from ∼100 to 800 nm were prepared by milling of bioactive glass frit (obtained by quenching
molten glass in distilled water) in a milling machine using zirconia cups [22]. Nanoscale sol–gel
derived 58S bioactive glass powder with irregular particles and a size of 30–60 nm were obtained
by freeze-drying and grinding process [23].
The bottom-up synthesis approaches of BGn involve wet chemical reactions and self-assembly

processes of atomic or molecular species where particles can grow in size or gradually assemble
into a desired structure. The bottom-up synthesis approaches are more relevant in synthesis of
BGn due to several merits, e.g. better control on homogeneity, particle size distribution, particle
shape, surface chemistry, and textural properties. Among bottom-up synthesis approaches, sol–gel
[18, 20, 29–39], modified sol–gel [40–65], and modified Stöber [66–78] methods are widely used
in preparation of BGn along with other methods, e.g. microemulsion [79–87] and flame spray
synthesis [88–93]. However, this chapter focuses only on sol–gel and modified sol–gel methods for
production of BGn.

9.2.1.1 Sol–Gel Synthesis
Sol–gel synthesis is a liquid state synthetic route involving hydrolysis, condensation and polycon-
densation reactions (inorganic polymerization) of alkoxide precursor under acid, base, or acid/base
catalysis at room temperature [4, 94–96]. The sol–gel synthesis of bioactive glass powder started
beginning of 1990s [15]. Indeed, sol–gel bioactive glass can be prepared with higher silica contents
(up to 90% SiO2) compared to the melt-derived ones (limited to 60% SiO2). Nowadays, sol–gel syn-
thesis is considered a potential route for preparing bioactive glasses [97], mesoporous bioactive
glasses [98–101], and dense or mesoporous BGn [18, 20, 29, 31, 102]. Actually, sol–gel synthesis of
BGn can be achieved through acid/base cocatalyzed route [18, 103], base-catalyzed route [104, 105],
and modified Stöber method [35, 67, 76]. The acid/base co-catalyzed sol–gel route is a two-step
process involving acid hydrolysis of a silicon alkoxide precursor, usually tetraethoxysilane (TEOS)
to silicate sol and then base polycondensation to silicate gelled nanoparticles. The base-catalyzed
sol–gel route is a single-step one-pot process involving a quick alkali-mediated hydrolysis and poly-
condensation of silicate precursor with a rapid formation (gelation) of nanoparticles.

9.2.1.2 Modified Sol–Gel Synthesis
High-particle agglomeration, particle shape irregularity, polydispersity, and an uncontrolledmeso-
porositywere found to be associatedwith BGnprepared either by the acid/base cocatalyzed [106] or
base-catalyzed sol–gel routes [104]. Therefore, modified sol–gel routes were developed by involv-
ing soft-templates such as polymers and surfactants (template-assisted sol–gel synthesis) and/or
coupling with assisting techniques such as ultrasound irradiation (ultrasonic-assisted sol–gel syn-
thesis) or microemulsion formation (microemulsion-assisted sol–gel synthesis) [18, 40, 41, 47, 50,
59, 61, 79]. Soft templates such as surfactants or polymers can form micelles or self-assemble into
polymeric aggregates and thus can act as structure-directing agents by guiding hydrolysis and con-
densation of silicate precursor [107, 108]. This can provide better control over particle size, particle
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shape, particle texture, and reduce particles agglomeration. There are two common examples of
widely used soft templates, namely polyethylene glycol (PEG) and cetyltrimethylammonium bro-
mide (CTAB). PEG is widely used as a nonionic polymer template to tailor the particle size, particle
shape as well as to improve the dispersibility of BGn [17, 32, 45, 61, 109, 110], whereas CTAB is a
cationic surfactant mainly used in synthesis of mesoporous BGn [48, 49, 58, 65, 111–113]. Two
representative routes of modified sol–gel synthesis methods, namely ultrasonic-assisted sol–gel
synthesis and modified Stöber synthesis are given on Sections 9.2.1.3 and 9.2.1.4.

9.2.1.3 Ultrasonic-Coupled Sol–Gel Synthesis
Ultrasound has been introduced into the synthesis of a variety of novel nanomaterials with unique
properties [114–118]. The sonochemical effect is based on acoustic cavitation process (Figure 9.1)
which involves formation, growth, and implosive collapse of microbubbles (within 400 μs) in a
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Figure 9.1 Acoustic cavitation process which involves formation, growth, and implosive collapse of
microbubbles (within 400 μs) in a liquid medium. The violent collapse of microbubbles produces ultrahot
spots with an extremely high temperature (5200K) and pressure (500 bar). Ultrahot spots rapidly initiate
production of H• and OH• free radicals from H2O molecules (H2O = H• +OH•) in the aqueous sol–gel
reaction medium. The produced H• and OH• free radicals diffuse into the bulk solution and initiate
hydrolysis, condensation, and polycondensation reactions of TEOS. Source: Rearranged from El-Fiqi and
Bakry [119] with permission from Elsevier.
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liquid medium [115]. During this process, the violent collapse of microbubbles produces ultrahot
spots with an extremely high temperature (5200K) and pressure (500 bar) [116]. These ultrahot
spots can rapidly initiate chemical reactions and product formation. For example, for an aqueous
solution, water molecules can be broken into hydrogen (H•) and hydroxyl radicals (OH•) which
canmigrate into the bulk solution and participate in further chemical reactions (Figure 9.1). Based
on this mechanism, ultrasound has been widely applied to the synthesis of metals [117, 120, 121],
oxides [118, 122–125], mesoporous silica nanoparticles (MSN) [119, 126–131]. Of note, compared
with the conventional synthesis routes of MSN, the hydrolysis and condensation time of TEOS
was greatly shortened under ultrasonic conditions [128, 130]. Sonochemistry is, thus, an efficient
method for rapid and facile synthesis of a variety of novel nanomaterials. Interestingly, ultrasound
was coupled with sol–gel method for synthesis of BGn [41]. Figure 9.1 shows ultrasonic irradia-
tion during sol–gel processing of BGn. Application of ultrasound to the aqueous sol–gel reaction
medium leads to formation of ultrahot spots. These ultrahot spots rapidly initiate primary reac-
tions involving production of H• and OH• free radicals from H2O molecules (H2O = H• +OH•) in
the reaction medium. Then, the produced H• and OH• free radicals diffuse into the bulk solution
and initiate hydrolysis, condensation, and polycondensation reactions of TEOS and ultimately lead
to the formation of the silicate network.

9.2.1.4 Modified Stöber Synthesis
Modified Stöber method is another sol–gel procedure used to synthesize spherical BGn with con-
trolled particle size under basic conditions [76, 132]. Actually, Stöber synthesis is a well-known
sol–gel route for production of uniform, monodispersed silica nanoparticles with highly tailorable
size [133]. Stöber synthesis is an ammonia-catalyzed sol–gel reaction where hydrolysis of TEOS
occurs in the presence of water and ethanol, that is followed by subsequent condensation and poly-
condensation reactions. Modified Stöber synthesis of BGn is illustrated in Figure 9.2. A monodis-
persed silica nanoparticles are first formed through the hydrolysis and polycondensation of TEOS
in a highly alkaline media. Next, a calcium precursor such as Ca(NO3)2⋅4H2O is added to the sil-
ica nanoparticles. Then, post-treatment processes including washing and calcination (600–700 ∘C)
are performed to remove unbounded Ca and allow diffusion of bounded Ca into the silica network
of the nanoparticles, respectively. However, in this method much amount of Ca is lost during the
washing step and the maximum amount of Ca that can be incorporated using this method is lim-
ited to 10mol% CaO [76]. Accordingly, the actual composition of BGn prepared by modified Stöber
method significantly deviates from the nominal one.

9.3 Compositions of Sol–Gel BGn

Interestingly, sol–gel synthesis allowed production of bioactive glasses with just two components
namely, CaO and SiO2 [134]. Actually, it was reported that the 30% CaO–70% SiO2 bioactive glass
was as bioactive as the melt-derived 45S5 Bioglass [10, 134]. This CaO–SiO2 system is the basis
for many of the third-generation tissue regeneration biomaterials presently under development
[10, 47, 135–138]. Therefore, sol–gel BGn compositions basically depend on binary or ternary
calcium silicate-based glass systems with fewer components than melt-derived BG. Furthermore,
sol–gel BGn can have up to 95mol% SiO2, while melt-derived BG cannot exceed 60mol% of
SiO2. Typical sol–gel BGn compositions based on, e.g. the binary CaO–SiO2 system or the ternary
CaO–P2O5–SiO2 system are summarized in Table 9.1.
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Figure 9.2 Modified Stöber synthesis of spherical BGn with controlled particle size under basic conditions. Monodispersed silica nanoparticles are first formed
through the hydrolysis and polycondensation of TEOS in a highly alkaline media. Next, a calcium precursor such as Ca(NO3)2⋅4H2O is added to the silica
nanoparticles. Washing of particles is necessary to remove unbounded Ca and calcination (600–700 ∘C) is performed to allow diffusion of bounded Ca into the
silica network of the nanoparticles.
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Table 9.1 Chemical compositions, synthesis approach, particle size, Brunauer-Emmett-Teller method
(BET)-specific surface area (SSA), and texture of sol–gel BGn.

Particle composition
Synthesis
approach

Template
type

Particle
size (nm)

BET-SSA
(m2/g) Texture References

Binary systems
15% CaO–85% SiO2 US/sol–gel PEG 85± 15 54 Mesoporous [41]
15% CaO–85% SiO2 US/sol–gel CTAB 95± 15 830 Mesoporous [41]
25% CaO–75% SiO2 US/sol–gel PEG 62.7± 12.3 47.2 Mesoporous [139]
15% CaO–85% SiO2 MS/sol–gel Boltorn 250± 75 28 Nonmesoporous [59]
30% CaO–70% SiO2 ME/sol–gel CTAB 130± 10 229 Mesoporous [50]
40% CaO–60% SiO2 ME/sol–gel CTAB 250 424 Mesoporous [54]
05% CaO–95% SiO2 MS/sol–gel Nil 110 31.3 Nonmesoporous [71]
10% CaO–90% SiO2 MS/sol–gel Nil 110 29.7 Nonmesoporous [71]
30% CaO–70% SiO2 MS/sol–gel Nil 110 27.2 Nonmesoporous [71]
20% CaO–80% SiO2 ME/sol–gel CTAB 171± 21 677 Mesoporous [51]

Ternary systems
10% P2O5–40% CaO–50% SiO2 MS/sol–gel CTAB 130± 10 309 Mesoporous [68]
9% P2O5–33% CaO–58% SiO2 Sol–gel Nil 20 63.5 Mesoporous [103]
10% B2O3–40% CaO–50% SiO2 ME/sol–gel CTAB 194 346 Mesoporous [55]
15% CuO–15% CaO–70% SiO2 MS/sol–gel Nil 466± 31 11.1 Nonmesoporous [67]
05% Ce2O3–35% CaO–60% SiO2 ME/sol–gel CTAB 130± 24 314 Mesoporous [51]
05% Ga2O3–35% CaO–60% SiO2 ME/sol–gel CTAB 146± 25 496 Mesoporous [51]
05% Fe2O3–10% CaO–85% SiO2 US/sol–gel PEG 19.4± 2.9 117.9 Mesoporous [46]
10% Fe2O3–05% CaO–85% SiO2 US/sol–gel PEG 13.8± 2.2 288.1 Mesoporous [46]
05% SrO–10% CaO–85% SiO2 US/sol–gel PEG 58.3± 3.2 66.5 Mesoporous [43]
05% AgO–10% CaO–85% SiO2 US/sol–gel PEG 55.7± 6.1 84.4 Mesoporous [42]
4% P2O5–36% CaO–60% SiO2 Sol–gel DDA 551± 137.8 233.7 Mesoporous [140]

US, ultrasound-assisted; MS, modified Stöber; ME, microemulsion-assisted; DDA, dodecylamine.

9.4 Nanoscale Properties of Sol–Gel BGn

BGn have been prepared by several methods [17], e.g. modified Stöber method [67, 76, 132, 141],
microemulsion method [82, 83] and modified-sol–gel methods including template-assisted [40,
142], microemulsion assisted [55], and ultrasound-assisted sol–gel [41]. Actually, depending on
the synthesis method and type of template used, BGn have shown to have wide variations in their
properties including particle size, particle morphology, textural properties, bioactivity, ions release
kinetics, and biological behavior [17, 65]. Summary of common synthesis approaches, particle size,
and textural properties of some sol–gel BGn are given in Table 9.1.
Importantly, bone-like hydroxyapatite (HA) formation in vitro (in vitro bioactivity) is a char-

acteristic property of a bioactive glass [47, 143]. Actually, the bioactivity is greatly influenced by
glass composition, particle size, and textural properties (specific surface area and mesoporosity).
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The smaller the particle size (the larger the specific surface area), the faster HA formation rate.
Thus, decreasing the size of BG particles to nanoscale significantly improves their bioactivity and
ions release kinetics [19]. BGn prepared by ultrasound-assisted sol–gel method and PEG as a soft
template exhibited excellent in vitro bioactivity [143]. BGn showed the generation of HA spheres
with a few micrometers in size through a series of intriguing yet unprecedented phenomenon
involving aggregation of BGn, mineralization, and HA sphere growth during simulated body fluid
(SBF) immersion (Figure 9.3). Interestingly, the nano/micromorphology and HA crystal growth
changed dramatically during the SBF immersion period (Figure 9.3, field-emission scanning elec-
tron microscopy [FE-SEM] panel).
High resolution transmission electronmicroscopy (HR-TEM) images along with the correspond-

ing selected area electron diffraction (SAED) patterns (Figure 9.3, HR-TEM and SAED panels)
showed the progressive development ofHAnanocrystals from the aggregates of BGnduring immer-
sion in SBF for different time periods up to 21 days. Of note, focused ion beam-field emission
scanning electronmicroscopy (FIB-SEM) cross-sectional image and energy-dispersive X-ray (EDX)
point analysis (right image and its inset on Figure 9.3) at the core of the hydroxyapatitemicrosphere
(HAM) after 14 days of growth in SBF revealed the presence of Si element with approximately
1–1.5 at%. Another illustrative example of the excellent bioactivity of BGn and its nanohybrid with
collagen porous scaffold is shown in Figures 9.4 and 9.5.
HR-TEM image and SAED pattern (Figure 9.4a,c) of mesoporous BGn (prepared by

ultrasound-assisted sol–gel method and CTAB as a soft template) show spherical nanomor-
phology, mesoporous texture, and amorphous structure prior to SBF immersion. Immersion
of mesoporous BGn in SBF for three days led to significant growth of HA nanocrystals with
needle-like morphology as shown in HR-TEM image displayed in Figure 9.4b along with the
corresponding electron diffraction pattern (Figure 9.4d) which belongs to HA crystalline phase
as indexed on the diffraction rings [47]. Figure 9.5 shows BGn hybridized with fibrillar network
of collagen scaffold prior to SBF immersion along with the EDX spectrum (inset of Figure 9.5).
The BGn-collagen nanohybrid scaffold demonstrated excellent bioactivity after SBF immersion
for 7 and 14 days. Significant growth of needle-like HA nanocrystals along collagen fibrils after
7 days of SBF immersion was observed which then transformed to plate-like HA nanocrystals
(flower-like morphology) at 14 days. The HR-TEM images show well integration between the
HA nanocrystals and collagen fibrillar network. The TEM-SAED pattern of the scaffold at 7 days
exhibited diffused electron diffraction rings, whereas at 14 days, intense dotted electron diffraction
rings were observed which indicates to a significant increase in the bioactivity of the nanohybrid
thanks to the excellent bioactivity of BGn.

9.5 Biomedical Applications of BGn

The remarkable merits of BGn have attracted a wide interest for fabrication of novel nanomaterials
for biomedical applications, e.g. bone regeneration [47, 58, 81, 83, 135–137, 144–156], dental appli-
cations [37, 42, 43, 45, 48, 103, 157–165], skin regeneration, wound healing [140, 152, 166–176], and
drug delivery [136, 159, 177–181]. Indeed, BGn showed promising outcomes in bone regeneration
[136, 138, 147, 150, 182], dental adhesive resins [160, 183–187], dentin remineralization [90, 188,
189], dentine regeneration [103, 161, 190], dentin hypersensitivity [191–193], enamel demineraliza-
tion prevention [185, 194, 195], cementum regeneration [77], pulp capping [45, 81, 161], periodon-
tal regeneration [196–198], chronic, and diabetic wound healing [140, 152, 166, 168, 169, 173, 199].
Herein, representative examples of biomedical applications of BGn and its nanocomposites will be
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Figure 9.3 FE-SEM images, showing the growth of HA from aggregates of BGn at different periods up to 14 days. High-magnification FE-SEM (red rectangles)
reveals the surface nanomorphology of HA crystals. HR-TEM images showing the development of HA from aggregates of BGn during immersion in SBF for
different time periods up to 21 days, along with the corresponding SAED patterns. FIB-SEM image and EDX point probing (inset) of the core part of the HA
microsphere developed after 14 days in SBF (indicated as an arrowhead in cross-sectional sphere), revealing the presence of Si with approximately 1–1.5 at%.
Source: El-Fiqi et al. [143], Figure 01,02,03, p. 26,27,28/with permission of Elsevier.



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

�

� �

�

182 9 Nano-bioactive Glass: Advances and Applications

(a) (c)

(b) (d)

(002) (222)
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Figure 9.4 HR-TEM images (a, b) and TEM-SAED patterns (c, d) of as-prepared and SBF-immersed
mesoporous BGn. Immersion of mesoporous BGn in SBF for three days led to a significant growth of HA
nanocrystals with needle-like morphology showing the excellent in vitro bone-like hydroxyapatite
formation ability of BGn. Source: El-Fiqi et al. [45], Figure 01, p. 02/with permission of Elsevier.

highlighted. Interestingly, BGn were used as precursor for formation of biomimetic Si-containing
HAM in SBF [143].
The developed HAMs showed unique physicochemical properties including unique

nano-/micro-patterned surface topography, biomimetic composition, high mesoporosity, large
specific surface area, high protein adsorption, and release of bioactive ions, e.g. PO4

4−, Ca2+,
and SiO4

4−. Furthermore, the HAMs mediated excellent cellular interactions in 3D cultures
demonstrating its great potential for engineering of 3D cell spheroids for bone tissue engineering
(Figure 9.6). Thanks to BGn from which biomimetic Si-containing HAMs were obtained. On the
other hand, BGn are very promising in dental applications. Particularly, the effects of nanoscale
bioactive glass (n-BG) on odontogenic differentiation and dentin formation of dental pulp cells
were investigated and compared with those of m-BG [103]. Human dental pulp cells (hDPCs) from
third molars were cultured directly with m-BG and n-BG in vitro. The mineralization capacity and
expression of odontogenic-related proteins and genes (dentin sialophosphoprotein, dentin matrix
protein 1, and collagen type I) of hDPCs were significantly upregulated under BG induction,
and were particularly higher in the n-BG group than in the control group. Moreover, m-BG and
n-BG combined with pulp tissues were transplanted into the dorsum of immunodeficient mice
to observe their biological effects on dental pulp cells in vivo (Figure 9.7). A continuous layer
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Figure 9.5 Low- and high-magnification FE-SEM images and EDX spectrum (inset) of BGn/collagen
nanohybrid porous scaffold. Low- and high-magnification FE-SEM images of BGn/collagen nanohybrid
porous scaffold after immersion in SBF for 7 and 14 days along with the corresponding HR-TEM images and
SAED patterns. Significant growth of needle-like HA nanocrystals along collagen fibrils after 7 days of SBF
immersion were observed which then transformed to plate-like HA nanocrystals (flower-like morphology) at
14 days. Source: El-Fiqi et al. [47], Figure 04,05,06, p. 04,05/with permission of Elsevier.

of dentin-like tissue with uniform thickness, a well-organized dentinal tubule structure, and
polarizing odontoblast-like cells aligned along it was generated upon the n-BG layer, whereas
some irregular sporadic osteodentin-like mineralized tissues were observed in the control group
(Figure 9.7a–j). The study reveals that BG, especially n-BG, induces the odontogenic differentiation
and dentin formation of dental pulp cells and may serve as a potential material for pulp repair and
dentin regeneration [103].
Lately, there is a rapidly growing interest in application of BGn-based nanomaterials for

chronic and diabetic wound healing [140, 151, 152, 166, 168, 169, 173, 199]. The effects of BGn
on macrophages and their contribution to healing of diabetic wounds were investigated in rats
[140]. Interestingly, BGn affected the proliferation/viability and polarization of macrophages in
a dose-dependent manner. A low concentration of BGn stimulated the proliferation/viability of
macrophages, promoted the M1-to-M2 phenotype switch of macrophages and facilitated wound
closure. Whereas a high concentration of BGn showed significant cytotoxicity to macrophages,
prolonged theM1 phenotype of macrophages, and decelerated wound closure. Li et al. [152] devel-
oped a bioactive self-healing antibacterial injectable dual-network silica-based nanocomposite
hydrogel scaffolds that can significantly enhance the diabetic wound healing/skin tissue formation
through promoting early angiogenesis without adding any bioactive factors. The nanocomposite
scaffold comprises a main network of polyethylene glycol diacrylate (PEGDA) forming scaffolds,
with an auxiliary dynamic network formed between bioactive glass nanoparticles containing
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Figure 9.6 Cell spheroid formation (from mesenchymal stem cells derived from rat dental pulp) mediated
by biomimetic HA microspheres produced by biomineralization of BGn: low- and high-magnification SEM
images (a) of cell spheroids without HAM (W/O) and with HAM (b). HAMs present in cell spheroid are
indicated by red arrows. Source: El-Fiqi et al. [143], Figure 08, p. 33/with permission of Elsevier.

copper (BGNC) and sodium alginate (ALG) (PABC scaffolds) [152]. PABC scaffolds exhibited the
biomimetic elastomeric mechanical properties, excellent injectabilities, self-healing behavior, as
well as the robust broad-spectrum antibacterial activity. Importantly, PABC hydrogel significantly
promoted the viability, proliferation, and angiogenic ability of endothelial progenitor cells (EPCs)
in vitro. In vivo, PABC hydrogel could efficiently restore blood vessels networks through enhancing
hypoxia-inducible factor 1α (HIF-1α)/vascular endothelial growth factor (VEGF) expression and
collagen matrix deposition in the full-thickness diabetic wound, and significantly accelerates
wound healing and skin tissue regeneration [152]. A nanocomposite wound dressing with a
spatially designed multilayer structure composed of chitosan, polyvinyl alcohol (PVA), and
nanobioglass (nBG) was fabricated by sequential electrospinning for accelerating cutaneous
wound healing, especially chronic wound healing [166].
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Figure 9.7 In vivo model of subcutaneous transplantation in nude mouse. Masson’s trichrome staining
evaluation of the effects of m-BG and n-BG on dentin formation. (a, b) (b is a magnified image of a) crowns
implanted alone for two weeks; (c, d) crowns implanted alone for six weeks; (e, f) crowns covered with n-BG
after two weeks of transplantation; (g, h) crowns covered with n-BG after six weeks of transplantation;
(i, j) crowns covered with m-BG after six weeks of transplantation. The yellow arrow points to the
odontoblastic processes embedded in the newly generated dentin-like matrix. Abbreviations: D, dentin; DL,
dentin-like tissues; m-BG, microbioactive glass; n-BG, nanobioactive glass; OB, odontoblast-like cells; OL,
osteodentin-like tissues; P, pulp tissue. Source: Wang et al. [103], Figure 08, p. 09/with permission of
Elsevier.
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In vivo studies on a rat full-thickness skin defects model andmice diabetic woundmodel demon-
strated its significant efficiency in improving healing. As illustrated by histological assessments
(Figure 9.8), regenerated skin tissue exhibited complete re-epithelialization, improved collagen
alignment, and regeneration of skin appendages. For diabetic chronic wound, nBG-trilayer fibrous
membrane (TFM) accelerated wound closure through upregulating growth factors of VEGF, trans-
forming growth factor β (TGF-β) and downregulating inflammatory cytokines of tumor necro-
sis factor α (TNF-α), interleukin-1β (IL-1β). Therefore, nBG-TFM possesses a great potential in

(a)

(c)

(b)

Figure 9.8 The mechanism of synergistic effect of multiple components and the hierarchical structure of
nBG-TFM on exerting proper function at different healing stages in accelerating wound healing (upper
schematic). Evaluation of nBG-TFM on rat full-thickness cutaneous wound healing: (a) representative
images of full-thickness skin defects treated with the petrolatum gauze (control) and nBG-TFM at
predetermined time postsurgery (scale bar: 10mm), and (b) quantified as wound closure percentage, n = 3.
(c) H&E stained sections for the gross wound revealing similar tendency of healing. Also, the total
epithelium was significantly increased in nBG-TFM treated group, and the thickness of regenerated
epidermis was almost the same as the healthy skin. The black arrows indicate the width of unhealed site.
Blue arrows indicate inflammatory cells and black arrows indicate capillary vessels. Scale bar: 2mm. Source:
(a, c) Chen et al. [166], Figure 05, p. 08/with permission of Elsevier.
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cutaneous wound healing and chronic wound healing applications. The synergistic effect of multi-
ple components and the spatially designedmultilayer structurewere assumed to be themain reason
for accelerating chronic wound healing. nBG-TFM exerts proper functions at different healing
stages as illustrated in Figure 9.8 (upper schematic). The rapid hemostasis after injury was reached
by chitosan in the sublayerwith high density of positive charge to electrostatically interact with ery-
throcytes and activate platelets, leading to blood coagulations formation. Platelets released growth
factors to attract neutrophils andmacrophages to initiate inflammatory stage.With insufficient per-
fusion and angiogenesis in diabetic wounds, hypoxia amplified the inflammatory response through
augmentation of inflammatory mediators and increasing of reactive oxygen species (ROS) produc-
tion. The diabetic wounds usually get stuck in the inflammatory phase with continuing influx of
neutrophils that cause extensive collateral damage to surrounding tissue. nBG-TMF reduced per-
sistent inflammation by decreasing inflammatory cytokines (e.g. TNF-α and IL-1β) and enhancing
angiogenesis. The bioactive ions originated from nBG in the top-layer accelerated wound healing
through stimulating the angiogenesis and tissue regeneration, which were especially important for
chronic wound healing.
A micropatterned electrospun scaffold, with BGn incorporated inside the core layer of coaxial

polylactic acid (PLA) nanofibers with gelatin as the outer layer, was developed to accelerate angio-
genesis in diabetic wound sites [172]. Inorganic Si ions and Ca ions could be controllably released
from the BGn loaded inside the coaxial fibers in appropriate concentrations, which could upregu-
late the expression of angiogenesis-related cytokines such as HIF-1α and VEGF. Furthermore, the
extracellular matrix (ECM)-like structure of the micropatterned scaffold provided a large number
of adhesion sites and sufficient growth space for the cells, and thus played a role in temporarily
replacing the defective ECM at the wound site. The results showed that under the synergistic effect
of the composition and structure of the scaffold, the angiogenesis rate and collagen deposition of
the woundwere significantly improved, and thewound-healing periodwas also significantly short-
ened, which provides an ideal solution for the healing of chronic diabetic wounds with impaired
angiogenesis. The BGn loaded inside the coaxial PLA nanofibers can play a synergistic role in pro-
moting wound healing, which can not only act as a temporary ECM to promote endothelial cell
adhesion and growth but also upregulate the expression of proangiogenesis cytokines and effec-
tively promote the angiogenesis in the diabetic wound.
Bone ECM-biomimetic cell-free nanofibrous scaffolds were also developed for enhancing

healing in diabetic full-thickness wounds [173]. This bioactive nanofibrous matrix was composed
of ECM-componential collagen (Col, mimicking protein), polycaprolactone (PCL), and BGn
(mimicking biological apatite) (collagen (Col)- polycaprolactone (PCL)- bioactive glass nanopar-
ticles (BGNs) scaffold [CPB]) [173]. CPB significantly improved attachment and proliferation
of endothelial cells and upregulated the expression of the angiogenesis marker (CD31). In vivo,
CPB also significantly enhanced the angiogenesis, through greatly upregulating the mRNA and
protein expressions of HIF-1α, VEGF, Col1, and alpha smooth muscle actin (α-SMA).
Furthermore, due to rapid angiogenesis, granulation tissue formation, collagen matrix

remodeling, and epidermis differentiation were accelerated in the CPB group, and as a result
efficient diabetic wound healing was observed. These results demonstrated that the cell-free
bone-ECM-biomimetic BGn-based nanofibrous matrix could efficiently enhance blood tissue
regeneration and diabetic wound healing without additional growth factors. Wang et al. [174]
reported efficient local delivery of EPCs using a bioactive nanofibrous scaffold composed of
collagen, PCL, and BGns (CPB) for enhancing angiogenesis and wound healing [174]. Under
the stimulation of CPB nanofibrous system, the viability and angiogenic ability of EPCs were
significantly enhanced through the activation of HIF-1α/VEGF/stromal derived factor 1α (SDF-1α)
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Figure 9.9 In vivo wound healing after different treatments with Ce-BGn/GelMA hydrogels. (a) The diabetic skin defect model and flow chart of the in vivo
experiments. (b) Representative images of the skin wound area after different treatments on days 0, 7, 14, and 21. (c) Quantification of wound closure rate of
different treatment groups (n = 5). * p < 0.05, ** p < 0.01. The abbreviations of the hydrogels: GelMA (G), 0 Ce-BGn/GelMA (0/G), and 5 Ce-BGn/GelMA (5/G).
Source: (b) Chen et al. [199], Figure 06, p. 11/MDPI/CC BY 4.0.
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signaling. Moreover, owing to the increased local delivery of cells and fast neovascularization
within the wound site, cell proliferative activity, granulation tissue formation, and collagen
synthesis and deposition were greatly promoted by CPB/EPC constructs resulting in a rapid
re-epithelialization and regeneration of skin appendages. Therefore, CPB/EPC constructs effec-
tively stimulated the regeneration of diabetic wounds with a satisfactory vascularization and better
healing outcomes in a full-thickness wound model. Chen et al. [199] developed a multifunctional
injectable composite hydrogel based on cerium-containing bioactive glass nanoparticles (Ce-BGn)
and gelatin methacryloyl (GelMA) hydrogel for diabetic wound healing. The Ce-BGn were
synthesized by template-assisted sol–gel method using DDA (dodecylamine) as a soft template.
The incorporation of Ce-BGn into the GelMA hydrogel endowed the hydrogel with angiogenic
effect via releasing Si ions [200]. The Ce-BGn/GelMA hydrogels showed a good cytocompatibility,
promoted endothelial cells (HUVECs) migration and tubular formation. In vitro antibacterial tests
showed that 5mol% CeO2-containing bioactive glass/GelMA composite hydrogel (5/G) exhibited
excellent antibacterial properties. In in vivo study (Figure 9.9), the macroscopic images of diabetic
skin wounds with different Ce-BGn/GelMA hydrogels treatments revealed that the wound closure
time in groups of 0/G, and 5/Gwere faster than the G and control groups. The quantitative analysis
of skin wound area (Figure 9.9c) confirmed that the wound closure rate of 5/G group was the
highest compared to other groups. Therefore, the 5Ce-BGn/GelMA hydrogel could significantly
improve wound healing in diabetic rats by accelerating the formation of granulation tissue,
collagen deposition, and angiogenesis.

9.6 Conclusion

BGn have demonstrated excellent merits compared with conventional bioactive glass including
nanoscale size, uniform spherical shape, large specific surface area, fast biodegradability, rapid
release of bioactive ions, superior bioactivity, injectability, and intracellular uptake. Such unique
merits made BGn a potential platform for developing novel BGn-based biomaterials for a wide
range of biomedical applications such as bone regeneration, dental tissue repair, drug delivery,
wound healing, and skin regeneration. Especially, BGn-based biomaterials are currently receiv-
ing a rapidly growing interest for chronic and diabetic wound healing. Thanks to the remarkable
merits of BGn which allowed development of highly promising biomaterials for hard and soft tis-
sue regeneration. Finally, current biomedical applications of BGn and BGn-based biomaterials are
mainly directed to regeneration of normal bone and skin tissues. However, BGn and BGn-based
biomaterials are expected to be more potentially explored in treatment and repair of bone and skin
cancers.
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93 Mačković, M., Hoppe, A., Detsch, R. et al. (2012). Bioactive glass (type 45S5) nanoparticles: in
vitro reactivity on nanoscale and biocompatibility. Journal of Nanoparticle Research 14: 1–22.

94 Ciriminna, R., Fidalgo, A., Pandarus, V. et al. (2013). The sol–gel route to advanced
silica-based materials and recent applications. Chemical Reviews 113: 6592–6620.

95 Owens, G.J., Singh, R.K., Foroutan, F. et al. (2016). Sol–gel based materials for biomedical
applications. Progress in Materials Science 77: 1–79.

96 Danks, A.E., Hall, S.R., and Schnepp, Z. (2016). The evolution of ‘sol–gel’ chemistry as a tech-
nique for materials synthesis. Materials Horizons 3: 91–112.

97 Baino, F., Fiume, E., Miola, M., and Verné, E. (2018). Bioactive sol–gel glasses: processing,
properties, and applications. International Journal of Applied Ceramic Technology 15: 841–860.

98 Migneco, C., Fiume, E., Verné, E., and Baino, F. (2020). A guided walk through the world
of mesoporous bioactive glasses (MBGs): fundamentals, processing, and applications.
Nanomaterials 10: 2571.

99 Schumacher, M., Habibovic, P., and van Rijt, S. (2021). Mesoporous bioactive glass composi-
tion effects on degradation and bioactivity. Bioactive Materials 6: 1921–1931.

100 Kumar, A., Murugavel, S., Aditya, A., and Boccaccini, A.R. (2017). Mesoporous 45S5 bioac-
tive glass: synthesis, in vitro dissolution and biomineralization behavior. Journal of Materials
Chemistry B 5: 8786–8798.

101 Yan, X.X., Deng, H.X., Huang, X.H. et al. (2005). Mesoporous bioactive glasses. I. Synthesis
and structural characterization. Journal of Non-Crystalline Solids 351: 3209–3217.

102 Lin, W.W., Fang, W., Chen, I.H. et al. (2018). Fabrication of mesoporous bioactive glass
nanoparticles by sol–gel method. Key Engineering Materials 765: 136–139.

103 Wang, S., Gao, X., Gong, W. et al. (2014). Odontogenic differentiation and dentin formation of
dental pulp cells under nanobioactive glass induction. Acta Biomaterialia 10: 2792–2803.

104 Xia, W. and Chang, J. (2007). Preparation and characterization of nano-bioactive-glasses (NBG)
by a quick alkali-mediated sol–gel method. Materials Letters 61: 3251–3253.

105 Yun, H.-s., Kim, S.-h., Lee, S., and Song, I.-h. (2010). Synthesis of high surface area meso-
porous bioactive glass nanospheres. Materials Letters 64: 1850–1853.

106 Prabhu, M., Kavitha, K., Manivasakan, P. et al. (2013). Synthesis, characterization and
biological response of magnesium-substituted nanobioactive glass particles for biomedical
applications. Ceramics International 39: 1683–1694.

107 Zhao, T., Elzatahry, A., Li, X., and Zhao, D. (2019). Single-micelle-directed synthesis of
mesoporous materials. Nature Reviews Materials 4: 775–791.

108 Wan, Y. and Zhao, D. (2007). On the controllable soft-templating approach to mesoporous
silicates. Chemical Reviews 107: 2821–2860.

109 Peng, T.-Y., Tsai, P.-Y., Chen, M.-S. et al. (2021). Mesoporous properties of bioactive glass
synthesized by spray pyrolysis with various polyethylene glycol and acid additions. Polymers
13: 618.

110 Luz, G.M. and Mano, J.F. (2013). Nanoengineering of bioactive glasses: hollow and dense
nanospheres. Journal of Nanoparticle Research 15: 1457.

111 Li, Y., Chen, X., Ning, C. et al. (2015). Facile synthesis of mesoporous bioactive glasses with
controlled shapes. Materials Letters 161: 605–608.

112 Yoon, J.-Y., Kim, J.-J., El-Fiqi, A. et al. (2017). Ultrahigh protein adsorption capacity and
sustained release of nanocomposite scaffolds: implication for growth factor delivery systems.
RSC Advances 7: 16453–16459.



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

�

� �

�

196 9 Nano-bioactive Glass: Advances and Applications

113 Zheng, K., Torre, E., Bari, A. et al. (2020). Antioxidant mesoporous Ce-doped bioactive glass
nanoparticles with anti-inflammatory and pro-osteogenic activities. Materials Today Bio 5:
100041.

114 Hinman, J.J. and Suslick, K.S. (2017). Nanostructured materials synthesis using ultrasound.
Topics in Current Chemistry 375: 12.

115 Xu, H., Zeiger, B.W., and Suslick, K.S. (2013). Sonochemical synthesis of nanomaterials.
Chemical Society Reviews 42: 2555–2567.

116 Bang, J.H. and Suslick, K.S. (2010). Applications of ultrasound to the synthesis of nanostruc-
tured materials. Advanced Materials 22: 1039–1059.

117 Hujjatul Islam, M., Paul, M.T.Y., Burheim, O.S., and Pollet, B.G. (2019). Recent developments
in the sonoelectrochemical synthesis of nanomaterials. Ultrasonics Sonochemistry 59: 104711.

118 Pokhrel, N., Vabbina, P.K., and Pala, N. (2016). Sonochemistry: science and engineering.
Ultrasonics Sonochemistry 29: 104–128.

119 El-Fiqi, A. and Bakry, M. (2020). Facile and rapid ultrasound-mediated synthesis of spherical
mesoporous silica submicron particles with high surface area and worm-like mesoporosity.
Materials Letters 281: 128620.

120 Shchukin, D., Radziuk, D., and Möhwald, H. (2010). Ultrasonic fabrication of metallic nano-
materials and nanoalloys. Annual Review of Materials Research 40: 345–362.

121 Suslick, K.S., Choe, S.-B., Cichowlas, A.A., and Grinstaff, M.W. (1991). Sonochemical synthesis
of amorphous iron. Nature 353: 414–416.

122 Zhang, X., Zhao, H., Tao, X. et al. (2005). Sonochemical method for the preparation of ZnO
nanorods and trigonal-shaped ultrafine particles. Materials Letters 59: 1745–1747.

123 Díez-García, M.I., Manzi-Orezzoli, V., Jankulovska, M. et al. (2015). Effects of ultrasound
irradiation on the synthesis of metal oxide nanostructures. Physics Procedia 63: 85–90.

124 Ohayon, E. and Gedanken, A. (2010). The application of ultrasound radiation to the synthesis
of nanocrystalline metal oxide in a non-aqueous solvent. Ultrasonics Sonochemistry 17:
173–178.

125 Gedanken, A. and Perelshtein, I. (2015). Power ultrasound for the production of nanomate-
rials. In: Power Ultrasonics (Chapter 18) (ed. J.A. Gallego-Juárez and K.F. Graff), 543–576.
Oxford: Woodhead Publishing.

126 Sun, S., Wang, S., Wang, P. et al. (2015). Ultrasound assisted morphological control of
mesoporous silica with improved lysozyme adsorption. Ultrasonics Sonochemistry 23: 21–25.

127 Run, M., Wu, S., and Wu, G.J.M. (2004). Ultrasonic synthesis of mesoporous molecular sieve.
Microporous and Mesoporous Materials 74: 37–47.

128 Vetrivel, S., Chen, C.-T., and Kao, H.-M. (2010). The ultrafast sonochemical synthesis of
mesoporous silica MCM-41. New Journal of Chemistry 34: 2109–2112.

129 Fan, J., Du, P., Wang, X. et al. (2018). Ultrasound-assisted synthesis of ordered mesoporous
silica FDU-12 with a hollow structure. New Journal of Chemistry 42: 2381–2384.

130 Chareonpanich, M., Nanta-ngern, A., and Limtrakul, J. (2007). Short-period synthesis of
ordered mesoporous silica SBA-15 using ultrasonic technique. Materials Letters 61: 5153–5156.

131 Jiang, S.-D., Tang, G., Bai, Z., and Pan, Y. (2019). Ultrasonic-assisted synthesis of hollow
mesoporous silica as a toxic gases suppressant. Materials Letters 247: 139–142.

132 Naruphontjirakul, P., Greasley, S.L., Chen, S. et al. (2016). Monodispersed strontium con-
taining bioactive glass nanoparticles and MC3T3-E1 cellular response. Biomedical Glasses 2:
72–81.



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

�

� �

�

References 197

133 Ghimire, P.P. and Jaroniec, M. (2021). Renaissance of Stöber method for synthesis of colloidal
particles: new developments and opportunities. Journal of Colloid and Interface Science 584:
838–865.

134 Saravanapavan, P., Jones, J.R., Pryce, R.S., and Hench, L.L. (2003). Bioactivity of gel–glass
powders in the CaO–SiO2 system: a comparison with ternary (CaO–P2O5–SiO2) and quater-
nary glasses (SiO2–CaO–P2O5–Na2O). Journal of Biomedical Materials Research Part A 66A:
110–119.

135 El-Fiqi, A., Lee, J.H., Lee, E.-J., and Kim, H.-W. (2013). Collagen hydrogels incorporated with
surface-aminated mesoporous nanobioactive glass: improvement of physicochemical stabil-
ity and mechanical properties is effective for hard tissue engineering. Acta Biomaterialia 9:
9508–9521.

136 El-Fiqi, A., Kim, J.-H., and Kim, H.-W. (2015). Osteoinductive fibrous scaffolds of biopoly-
mer/mesoporous bioactive glass nanocarriers with excellent bioactivity and long-term delivery
of osteogenic drug. ACS Applied Materials & Interfaces 7: 1140–1152.

137 Kim, J.-J., El-Fiqi, A., and Kim, H.-W. (2017). Synergetic cues of bioactive nanoparticles and
nanofibrous structure in bone scaffolds to stimulate osteogenesis and angiogenesis. ACS
Applied Materials & Interfaces 9: 2059–2073.

138 Zhou, L., Fan, L., Zhang, F.-M. et al. (2021). Hybrid gelatin/oxidized chondroitin sulfate
hydrogels incorporating bioactive glass nanoparticles with enhanced mechanical properties,
mineralization, and osteogenic differentiation. Bioactive Materials 6: 890–904.

139 El-Fiqi, A. and Kim, H.-W. (2014). Mesoporous bioactive nanocarriers in electrospun biopoly-
mer fibrous scaffolds designed for sequential drug delivery. RSC Advances 4: 4444–4452.

140 Xie, W., Fu, X., Tang, F. et al. (2019). Dose-dependent modulation effects of bioactive glass
particles on macrophages and diabetic wound healing. Journal of Materials Chemistry B 7:
940–952.

141 Tsigkou, O., Labbaf, S., Stevens, M.M. et al. (2014). Monodispersed bioactive glass submicron
particles and their effect on bone marrow and adipose tissue-derived stem cells. Advanced
Healthcare Materials 3: 115–125.

142 Li, Y., Hu, Q., Miao, G. et al. (2016). Size-dependent mechanism of intracellular localization
and cytotoxicity of mono-disperse spherical mesoporous nano- and micron-bioactive glass
particles. Journal of Biomedical Nanotechnology 12: 863–877.

143 El-Fiqi, A., Buitrago, J.O., Yang, S.H., and Kim, H.-W. (2017). Biomimetically grown apatite
spheres from aggregated bioglass nanoparticles with ultrahigh porosity and surface area imply
potential drug delivery and cell engineering applications. Acta Biomaterialia 60: 38–49.

144 Erol-Taygun, M., Unalan, I., Idris, M.I.B. et al. (2019). Bioactive glass-polymer nanocompos-
ites for bone tissue regeneration applicat𝚤ons: a review. Advanced Engineering Materials 21:
1900287.

145 Kong, C.H., Steffi, C., Shi, Z., and Wang, W. (2018). Development of mesoporous bioactive
glass nanoparticles and its use in bone tissue engineering. Journal of Biomedical Materials
Research Part B 106: 2878–2887.

146 Gantar, A., Drnovšek, N., Casuso, P. et al. (2016). Injectable and self-healing dynamic hydrogel
containing bioactive glass nanoparticles as a potential biomaterial for bone regeneration. RSC
Advances 6: 69156–69166.

147 El-Fiqi, A., Kim, J.-H., Perez, R.A., and Kim, H.-W. (2015). Novel bioactive nanocomposite
cement formulations with potential properties: incorporation of the nanoparticle form of
mesoporous bioactive glass into calcium phosphate cements. Journal of Materials Chemistry B
3: 1321–1334.



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

�

� �

�

198 9 Nano-bioactive Glass: Advances and Applications

148 Olmos Buitrago, J., Perez, R.A., El-Fiqi, A. et al. (2015). Core–shell fibrous stem cell carriers
incorporating osteogenic nanoparticulate cues for bone tissue engineering. Acta Biomaterialia
28: 183–192.

149 Lee, J.H., El-Fiqi, A., Han, C.-M., and Kim, H.-W. (2015). Physically-strengthened collagen
bioactive nanocomposite gels for bone: a feasibility study. Tissue Engineering and Regenerative
Medicine 12: 90–97.

150 Park, J.-H., Kim, M.-K., El-Fiqi, A. et al. (2014). Bioactive and porous-structured nanocompos-
ite microspheres effective for cell delivery: a feasibility study for bone tissue engineering. RSC
Advances 4: 29062–29071.

151 Lin, C., Mao, C., Zhang, J. et al. (2012). Healing effect of bioactive glass ointment on
full-thickness skin wounds. Biomedical Materials 7 (4): 045017.

152 Li, Y., Xu, T., Tu, Z. et al. (2020). Bioactive antibacterial silica-based nanocomposites hydro-
gel scaffolds with high angiogenesis for promoting diabetic wound healing and skin repair.
Theranostics 10: 4929–4943.

153 Hu, M., Fang, J., Zhang, Y. et al. (2020). Design and evaluation a kind of functional biomate-
rial for bone tissue engineering: selenium/mesoporous bioactive glass nanospheres. Journal of
Colloid and Interface Science 579: 654–666.

154 Pontremoli, C., Izquierdo-Barba, I., Montalbano, G. et al. (2020). Strontium-releasing meso-
porous bioactive glasses with anti-adhesive zwitterionic surface as advanced biomaterials for
bone tissue regeneration. Journal of Colloid and Interface Science 563: 92–103.

155 Wang, L., Yan, J., Hu, X. et al. (2020). Effect of nanoscale bioactive glass with radial spherical
particles on osteogenic differentiation of rat bone marrow mesenchymal stem cells. Journal of
Materials Science – Materials in Medicine 31: 29.

156 El-Fiqi, A. and Kim, H.-W. (2015). Nano/micro-structured poly(ε-caprolactone)/gelatin
nanofibers with biomimetically-grown hydroxyapatite spherules: high protein adsorption,
controlled protein delivery and sustained bioactive ions release designed as a multifunctional
bone regenerative membrane. Ceramics International 29 (7): 954–964.

157 Zhang, J., Park, Y.-D., Bae, W.-J. et al. (2014). Effects of bioactive cements incorporating
zinc-bioglass nanoparticles on odontogenic and angiogenic potential of human dental pulp
cells. Journal of Biomaterials Applications 29: 954–964.

158 Lee, S.I., Lee, E.S., El-Fiqi, A. et al. (2016). Stimulation of odontogenesis and angiogenesis via
bioactive nanocomposite calcium phosphate cements through integrin and VEGF signaling
pathways. Journal of Biomedical Nanotechnology 12: 1048–1062.

159 Lim, H.-C., Nam, O.H., Kim, M.-J. et al. (2016). Delivery of dexamethasone from bioactive
nanofiber matrices stimulates odontogenesis of human dental pulp cells through inte-
grin/BMP/mTOR signaling pathways. International Journal of Nanomedicine 11: 2557–2567.

160 Jun, S.-K., Yang, S.-A., Kim, Y.-J. et al. (2018). Multi-functional nano-adhesive releasing thera-
peutic ions for MMP-deactivation and remineralization. Scientific Reports 8: 5663.

161 Mandakhbayar, N., El-Fiqi, A., Lee, J.-H., and Kim, H.-W. (2019). Evaluation of
strontium-doped nanobioactive glass cement for dentin–pulp complex regeneration therapy.
ACS Biomaterials Science & Engineering 5: 6117–6126.

162 Lee, J.-H., Kang, M.-S., Mahapatra, C., and Kim, H.-W. (2016). Effect of aminated mesoporous
bioactive glass nanoparticles on the differentiation of dental pulp stem cells. PLoS One 11:
e0150727.

163 Wang, S., Huang, G., and Dong, Y. (2020). Directional migration and odontogenic differentia-
tion of bone marrow stem cells induced by dentin coated with nanobioactive glass. Journal of
Endodontics 46: 216–223.



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

�

� �

�

References 199

164 Moonesi Rad, R., Alshemary, A.Z., Evis, Z. et al. (2018). Structural and biological assessment
of boron doped bioactive glass nanoparticles for dental tissue applications. Ceramics
International 44: 9854–9864.

165 Huang, W., Yang, J., Feng, Q. et al. (2020). Mesoporous bioactive glass nanoparticles promote
odontogenesis and neutralize pathophysiological acidic pH. Frontiers in Materials 7: 241.
https://doi.org/10.3389/fmats.2020.00241.

166 Chen, Q., Wu, J., Liu, Y. et al. (2019). Electrospun chitosan/PVA/bioglass nanofibrous mem-
brane with spatially designed structure for accelerating chronic wound healing. Materials
Science and Engineering C 105: 110083.

167 Zheng, K., Balasubramanian, P., Paterson, T.E. et al. (2019). Ag modified mesoporous bioactive
glass nanoparticles for enhanced antibacterial activity in 3D infected skin model. Materials
Science and Engineering C 103: 109764.

168 Zhu, J., Jiang, G., Song, G. et al. (2019). Incorporation of ZnO/bioactive glass nanoparticles
into alginate/chitosan composite hydrogels for wound closure. ACS Applied Bio Materials 2:
5042–5052.

169 Paterson, T.E., Bari, A., Bullock, A.J. et al. (2020). Multifunctional copper-containing meso-
porous glass nanoparticles as antibacterial and proangiogenic agents for chronic wounds.
Frontiers in Bioengineering and Biotechnology 8: 246.

170 El-Kady, A.M., Ali, A.A., and El-Fiqi, A. (2020). Controlled delivery of therapeutic ions and
antibiotic drug of novel alginate-agarose matrix incorporating selenium-modified borosilicate
glass designed for chronic wound healing. Journal of Non-Crystalline Solids 534: 119889.

171 Kargozar, S., Mozafari, M., Hamzehlou, S., and Baino, F. (2019). Using bioactive glasses in the
management of burns. Frontiers in Bioengineering and Biotechnology 7: 62.

172 Zhang, P., Jiang, Y., Liu, D. et al. (2020). A bioglass sustained-release scaffold with ECM-like
structure for enhanced diabetic wound healing. Future Medicine 15: 2241–2253.

173 Gao, W., Jin, W., Li, Y. et al. (2017). A highly bioactive bone extracellular matrix-biomimetic
nanofibrous system with rapid angiogenesis promotes diabetic wound healing. Journal of
Materials Chemistry B 5: 7285–7296.

174 Wang, C., Wang, Q., Gao, W. et al. (2018). Highly efficient local delivery of endothelial pro-
genitor cells significantly potentiates angiogenesis and full-thickness wound healing. Acta
Biomaterialia 69: 156–169.

175 Miguez-Pacheco, V., Hench, L.L., and Boccaccini, A.R. (2015). Bioactive glasses beyond bone
and teeth: emerging applications in contact with soft tissues. Acta Biomaterialia 13: 1–15.

176 Osmani, R.A.M., Singh, E., Jadhav, K. et al. (2021). Biopolymers and biocomposites: nature’s
tools for wound healing and tissue engineering. In: Applications of Advanced Green Materials
(Chapter 23) (ed. S. Ahmed), 573–630. Woodhead Publishing.

177 Kang, M.S., Kim, J.-H., Singh, R.K. et al. (2015). Therapeutic-designed electrospun bone
scaffolds: mesoporous bioactive nanocarriers in hollow fiber composites to sequentially deliver
dual growth factors. Acta Biomaterialia 16: 103–116.

178 Nawaz, Q., Fuentes-Chandía, M., Tharmalingam, V. et al. (2020). Silibinin releasing meso-
porous bioactive glass nanoparticles with potential for breast cancer therapy. Ceramics
International 46: 29111–29119.

179 Das, M.P., Pandey, G., Neppolian, B., and Das, J. (2021). Design of poly-L-glutamic acid
embedded mesoporous bioactive glass nanospheres for pH-stimulated chemotherapeutic
drug delivery and antibacterial susceptibility. Colloids and Surfaces B: Biointerfaces 202:
111700.

https://doi.org/10.3389/fmats.2020.00241


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

�

� �

�

200 9 Nano-bioactive Glass: Advances and Applications

180 Sui, B., Zhong, G., and Sun, J. (2016). Drug-loadable mesoporous bioactive glass nanospheres:
biodistribution, clearance, BRL cellular location and systemic risk assessment via 45Ca
labelling and histological analysis. Scientific Reports 6: 33443.

181 Wang, Y., Pan, H., and Chen, X. (2019). The preparation of hollow mesoporous bioglass
nanoparticles with excellent drug delivery capacity for bone tissue regeneration. Frontiers
in Chemistry 7: 283.

182 Wu, J., Zheng, K., Huang, X. et al. (2019). Thermally triggered injectable chitosan/silk
fibroin/bioactive glass nanoparticle hydrogels for in-situ bone formation in rat calvarial bone
defects. Acta Biomaterialia 91: 60–71.

183 Valanezhad, A., Odatsu, T., Udoh, K. et al. (2015). Modification of resin modified
glass ionomer cement by addition of bioactive glass nanoparticles. Journal of Materials
Science – Materials in Medicine 27: 3.

184 Choi, Y., Sun, W., Kim, Y. et al. (2020). Effects of Zn-doped mesoporous bioactive glass
nanoparticles in etch-and-rinse adhesive on the microtensile bond strength. Nanomaterials
(Basel) 10: 1943.

185 Nam, H.-J., Kim, Y.-M., Kwon, Y.H. et al. (2019). Fluorinated bioactive glass nanoparticles:
enamel demineralization prevention and antibacterial effect of orthodontic bonding resin.
Materials (Basel) 12: 1813.

186 Park, S.Y., Yoo, K.-H., Yoon, S.-Y. et al. (2020). Synergetic effect of 2-methacryloyloxyethyl
phosphorylcholine and mesoporous bioactive glass nanoparticles on antibacterial and
anti-demineralisation properties in orthodontic bonding agents. Nanomaterials (Basel) 10:
1282.

187 Odermatt, R., Par, M., Mohn, D. et al. (2020). Bioactivity and physico-chemical properties of
dental composites functionalized with nano- vs. micro-sized bioactive glass. Journal of Clinical
Medicine 9: 772.

188 Bae, J., Son, W.-S., Yoo, K.-H. et al. (2019). Effects of poly(amidoamine) dendrimer-coated
mesoporous bioactive glass nanoparticles on dentin remineralization. Nanomaterials 9: 591.

189 Corral Nuñez, C., Covarrubias, C., Fernandez, E., and Oliveira, O.B.D. Jr., (2017). Enhanced
bioactive properties of BiodentineTM modified with bioactive glass nanoparticles. Journal of
Applied Oral Science 25: 177–185.

190 Moonesi Rad, R., Pazarçeviren, E., Ece Akgün, E. et al. (2018). In vitro performance of a
nanobiocomposite scaffold containing boron-modified bioactive glass nanoparticles for dentin
regeneration. Journal of Biomaterials Applications 33: 834–853.

191 Son, S.-A., Kim, D.-H., Yoo, K.-H. et al. (2020). Mesoporous bioactive glass combined with
graphene oxide quantum dot as a new material for a new treatment option for dentin
hypersensitivity. Nanomaterials (Basel) 10: 621.

192 Camargos Lins, C.E., de Carvalho, S.M., de Oliveira, A.A.R., and de Magalhães Pereira, M.
(2016). Application of fluorine containing bioactive glass nanoparticles in dentin hypersensitiv-
ity treatment. Key Engineering Materials 696: 103–107.

193 Choi, Y.-J., Bae, M.-K., Kim, Y.-I. et al. (2020). Effects of microsurface structure of bioactive
nanoparticles on dentinal tubules as a dentin desensitizer. PLoS One 15: e0237726.

194 Song, H.-K., Yoo, K.-H., Yoon, S.-Y. et al. (2019). In vitro effect of gallium-doped bioactive
glass on enamel anti-demineralization and bond strength of orthodontic resins. Applied Sci-
ences 9: 4918.

195 Farooq, I., Majeed, A., Al Shwaimi, E., and Almas, K. (2019). Efficacy of a novel fluoride con-
taining bioactive glass based dentifrice in remineralizing artificially induced demineralization
in human enamel. Fluoride 52: 447–455.



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

�

� �

�

References 201

196 Carvalho, S.M., Moreira, C.D.F., Oliveira, A.C.X. et al. (2019). Bioactive glass nanoparticles
for periodontal regeneration and applications in dentistry. In: Nanobiomaterials in Clinical
Dentistry (Chapter 15), 2e (ed. K. Subramani and W. Ahmed), 351–383. Elsevier.

197 Moonesi Rad, R., Atila, D., Evis, Z. et al. (2019). Development of a novel functionally graded
membrane containing boron-modified bioactive glass nanoparticles for guided bone regenera-
tion. Journal of Tissue Engineering and Regenerative Medicine 13: 1331–1345.

198 Mota, J., Yu, N., Caridade, S.G. et al. (2012). Chitosan/bioactive glass nanoparticle composite
membranes for periodontal regeneration. Acta Biomaterialia 8: 4173–4180.

199 Chen, Y.-H., Rao, Z.-F., Liu, Y.-J. et al. (2021). Multifunctional injectable hydrogel loaded
with cerium-containing bioactive glass nanoparticles for diabetic wound healing. Biomolecules
11: 702.

200 Dashnyam, K., El-Fiqi, A., Buitrago, J.O. et al. (2017). A mini review focused on the proan-
giogenic role of silicate ions released from silicon-containing biomaterials. Journal of Tissue
Engineering 8: 2041731417707339.



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

�

� �

�



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

�

� �

�

203

10

Tailoring the Osteogenic Properties of Bioactive Glasses by
Incorporation of Therapeutic Ions for Orthopedic Applications
Sebastian Wilkesmann and Fabian Westhauser

Orthopedic University Hospital, Heidelberg, Germany

10.1 Introduction

Biomaterials have gained an important role in bone tissue engineering (BTE). As well-coordinated
interplay of multiple factors such as cells, growth factors, and remaining tissue is needed, bone
tissue regeneration remains a demanding challenge. To successfully tackle this challenge bioma-
terials should ideally supply mechanical support, as well as they should exhibit osteoregenerative
properties. These can be subdivided further into: osteoconduction, osteoinduction, and osteogen-
esis [1]. Osteogenic cells in general should be able to attach to the material, thus, the surface of
the material must be biocompatible and allow the osteogenic precursor cells to grow and to dif-
ferentiate and eventually to build new bone – this property is described as the “osteoconductivity”
of the material [2]. Osteoinduction is provided if pluripotent undifferentiated precursor cells are
driven into osteogenic differentiation in presence of the used graft [3]. New bone formation caused
by differentiated cells originating from either graft or host is referred to as osteogenesis [4].
Biomaterials should ideally stimulate precursor cells toward differentiation, e.g. by the release

of therapeutic ions. Starting in 2001 with the evaluation of the gene-profiles of human osteoblasts
that have been treated with the ionic dissolution product of 45S5-bioactive glass (BG – composition
in wt%: 45SiO2, 24.5CaO, 24.5Na2O, and 6.0P2O5) by Xynos et al., biodegradable bioactive glasses
(BGs) have not only been proven to bond to bone or soft tissue due to their excellent bioactivity
but also to effectively influence bone tissue regeneration by stimulating cells due to their supply
of ionic dissolution products [5]. Therefore, they fulfill all mentioned requirements to be given
the designation of being osteoregenerative. This inherent ability to guide surrounding cells into a
“path of regeneration and self-repair,” so-called by Hench [6], by modulating the differentiation
of osteoblast precursor or other cells related to bone defect healing makes BGs unique, promising,
and very attractive bone substitute materials. In the beginning, research focused on enhancing
the inherent osteogenic properties to eventually improve bone tissue regeneration. Subse-
quently, angiogenic, anti-inflammatory, antibacterial, or even anticancerogenic properties were
described adding further possible therapeutic options for the usage of BGs in various therapeutic
scenarios [7].
Besides the initial 45S5-BG composition, multiple other BGs of varying compositions produced

via different manufacturing processes (melt–quench or sol–gel method) were shown to exhibit

Bioactive Glasses and Glass-Ceramics: Fundamentals and Applications, First Edition.
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beneficial properties on bone healing [6, 8]. Moreover, BGs can act as vectors for the local applica-
tion of various therapeutic agents adding further options for the applications of BGs. These agents
can be delivered locally to guide bone tissue regeneration in the desired direction with minimized
risk of adverse effects that might be caused if applied systemically [6]. Candidate substances are,
for example antibiotics like gentamicine or other small molecules such as anti-inflammatory drugs
like dexamethasone [9, 10]. Even proteins like vascular endothelial growth factor (VEGF) have
been successfully loaded into the pores of mesoporous BGs produced by the sol–gel method [11].
Besides that, there is also the possibility of implementing therapeutically active ions directly in
the amorphous BG-structure [12]. Especially, these therapeutic ions have gained growing inter-
est of the BG-community lately as they are not only resistant to heat occurring during the BG
fabrication process but also therapeutically and cost-effective [13]. Due to their rapid diffusion
through cell membranes after being released from the glass network, metallic ions can influence
multiple cellular processes. The so reached therapeutic effects can be of various types such as
osteogenic, angiogenic, antibacterial, etc. (Figure 10.1). Furthermore, doping BGs with therapeuti-
cally active ions can be performed using all common BG fabrication methods such as the melt and
quench, sol–gel, or ion-exchange technique and has therefore been performed and investigated
extensively [14].
In this chapter, the biological effects of ions derived fromdissolution products of various BG com-

positions are summarized in order to give an idea of how the biological and therefore therapeutic
effects of BGs can be tailored by supplementing them with distinct ions.
Many of the below-mentioned therapeutically active ions can be cytotoxic when applied

in high concentrations. Considering this fact, BGs offer themselves as attractive vector as
the doping amount and ion release kinetics of the BGs can be modified by altering the BG
fabrication process and type of application [14]. The aim is to supply ions locally and contin-
uously in concentrations that show the most desired biological effect without being cytotoxic.

Ion release kinetics depending on:
Composition
Surface area

Surface roughness
Crystallinity

Density
Porosity

etc.

Cellular stimulation

Ionic dissolution products

Biological effects

Bioactive glass graft

Figure 10.1 BG grafts release ionic dissolution products in a physiological environment. The concentration
of the released ions depends on various factors that can be adjusted during the BG fabrication process, such
as the graft’s composition, surface area, porosity, crystallinity, or many more. Surrounding cells being
involved in bone tissue regeneration are stimulated by the released ions. In this way, various biological
effects, that can be tailored by altering the BGs release kinetics and composition are achieved.
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However, practical implementation of this knowledge is still challenging. For example, there
is evidence for better osteogenic or angiogenic properties for manganese (Mn) or cobalt (Co)
doped BGs compared to undoped BGs. But the desired stimulating influences are still connected
to cytotoxic effects of the dopant ion [15, 16]. This should be kept in mind when the published
biological effects of a selection of common and promising candidate ions in the following are
interpreted.

10.2 Ions Derived from Common Silicate-Based BGs

10.2.1 Calcium (Ca)

Starting with the ionic dissolution products of common silicate-based BG-compositions, calcium
(Ca) ions show an enormous number of roles in many processes widely distributed in the human
body – not only restricted to bone metabolism. Ca takes great part as secondmessenger in intracel-
lular signaling in almost any human cell [17]. Processes like osteogenic differentiation and osteo-
clast cell function are included making it important to maintain balanced Ca homeostasis for bone
tissue regeneration [18, 19]. However, most of the Ca in the human body is stored extracellular in
the inorganic phase of bone providing structural stability in form of hydroxyapatite (HA), where it
can be released and deposited if needed [20].
Keeping this major role in bone metabolism in mind, Ca also has cellular effects on osteoblast

progenitor cells enhancing osteogenic differentiation. Moderate extracellular calcium levels are
proposed to be most beneficial for bone tissue regeneration and different molecular mechanisms
are postulated for the osteogenic impact of Ca. On the one hand, fluid shear mediated activation
of extracellular signal-regulated kinases 1/2 (ERK1/2) and formation of nitric oxide, which is
both essential to osteoblast function and proliferation was found to be dependent on the influx
of extracellular Ca [19, 21]. There is further evidence that high extracellular calcium levels
increase osteoblast survival via the calcium sensing receptor (CaSR) and downstream signaling
cascades [22]. On the other hand, receptor activator of NF-κB ligand (RANKL)-induced increase
of intracellular Ca impacts cell motility and bone-resorbing activity of mature osteoclasts [23].
It might even cause osteoclast apoptosis by activation of the CaSR, which is also expressed on
osteoclasts [22].
Matching results were found when the osteogenic properties of Ca releasing biomaterials were

evaluated. For example,MG-63, known as osteoblast like cell line, showed better adhesion, prolifer-
ation, and osteogenic differentiation on Ca supplemented TiO2 nanotubes compared to untreated
ones [24]. When 70S30C sol–gel derived BG scaffolds made of 70mol% of silicon dioxide (SiO2)
and 30mol% of calcium oxide (CaO), thus only releasing Ca an Si ions (biological properties dis-
cussed below), were exposed to human osteoblasts, formation of mineralized bone nodules was
found without the supplementation of additional growth factors [25]. Also, in vivo projects investi-
gating composite HA/tricalcium phosphate (TCP) scaffolds showed promising results, with more
mature bone formed compared to HA-only scaffolds [26].

10.2.2 Silicon (Si)

Silicon (Si) being another fundamental component of silicate-BGs also takes part in bone
metabolism and formation when released as BG dissolution product. Dietary supply of Si was
found to be essential for skeleton development and beneficial for the bone mineral density of men
and premenopausal women [27, 28].
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However, the molecular mechanisms behind Si’s osteogenic properties are not entirely under-
stood. In general, Si is known to promote HA precipitation and is elevated during early bone
calcification. In in vitro studies, multiple positive effects on osteoblasts and osteoblast precursor
cells are published for Si. Si was found to stimulate collagen type 1 (COL1) synthesis in MG-63
and primary osteoblasts in the form of orthosilicate acid (Si(OH)4) and shifts the osteoprotegerin
(OPG)/RANKL balance toward OPG in Saos-2 cells [29, 30]. Also, in vivo studies showed promising
effects with increased bone mineral density in rats under oral Si supplementation [31]. When the
impact of dissolution products of β-TCP and β-calcium silicate/poly-D,L-lactide-glycolide (PDLGA)
scaffolds, that mainly differ in their Si content, are compared, advantages in osteogenic and
angiogenic properties are found in the Si-containing β-calcium silicate/PDLGA. More precisely,
human umbilical vein endothelial cells showed higher proliferation and VEGF secretion, rat
bone mesenchymal stromal cells (BMSCs) increased their expression of osteogenic marker genes
like runt-related transcription factor 2 (RUNX2) or osteocalcin (OCN), and more new bone was
formed in four weeks after scaffold implantation in critical size bone defects of rabbit femurs
[32]. Additionally, Si shows negative effects on bone resorption in vitro by interfering in various
important signaling pathways in osteoclast formation [33].
Besides the mentioned published data concerning the effect of Si alone, there is much more evi-

dence on the osteogenic properties of the dissolution products of silicate-based BGs [34–36]. Here,
Si cannot be made responsible for the BGs biological impact alone, as there are other ions released
as well. But as one of the main released agents and seen in combination with the abovementioned
findings, Si seems to exhibit promising osteogenic properties.

10.2.3 Phosphorus (P)

Phosphorus, usually found as phosphate (PO4
3−; Pi) in body fluids, is another common mineral

in the human body that participates in the amorphous glass structure of silicate-based BGs. As
one of the most prevalent minerals in the human body, Pi takes part in many different processes
such as cellular signaling, energy metabolism, or acid–base homeostasis [37]. Together with Ca,
it forms HA in the inorganic phase of bone and is therefore a relevant part of extracellular matrix
(ECM) mineralization. Additionally, extracellular Pi works as cellular signaling molecule affecting
a variety of cells including osteoblasts, osteoblast precursor cells, and osteoclasts. Via the ERK1/2
and cyclic adenosinemonophosphate (cAMP) protein kinase a pathways Pi is capable of increasing
the bone morphogenic protein 2 (BMP 2) expression in dental pulp stem cells [38]. Due to nega-
tive feedback, Pi inhibits osteoclast activity and therefore bone resorption via the receptor activator
of NF-κB (RANK)-RANKL pathway [39]. In hypophosphatemic dentin matrix acidic phosphopro-
tein 1 (DMP 1) null mice, reduced osteoclast numbers and impaired bone remodeling connected
to an imbalance of RANKL to OPG was found [40]. Moreover, bisphosphonates, which represent
structural analogs of the dimeric pyrophosphate (PPi), are commonly used in the therapy of osteo-
porosis as they cause apoptosis in osteoclasts and decrease bone resorption directly by inhibition
of the HA breakdown. Furthermore, bisphosphonates inhibit calcification of HA [41]. This inhibi-
tion of HA-calcification is physiologically controlled by the tissue nonspecific alkaline phosphatase
(ALP). Mediated by the hydrolyzation of PPi, this enzyme is responsible for the Pi to PPi ratio and
is adjusted continuously [42].
Apart from the already mentioned publications in the introduction and the recent ones eval-

uating the influence of single ions, there is much more evidence of the biological effect of the
dissolution products released by silicate-based BGs. 45S5-BG, S53P4-BG (composition in mol%:
53.85SiO2, 21.77CaO, 1.72P2O5, 22.66Na2O), 58S-BG (composition in mol%: 58SiO2, 36CaO,
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6P2O5), or 70S30C-BG (composition in mol%: 70SiO2, 30CaO) are common examples [6, 43–45].
Here, no single ion can be identified as the main osteogenic agent, but the combination of Si,
Ca, and Pi has been proven to be capable of enhancing osteogenic differentiation. This fact is
important to be kept in mind if BGs are supplemented with other therapeutically active ions like
the ones mentioned below that may alter the release kinetics of Si, Ca, and P. Possible effects on
cells might either be caused by the presence of the supplemented ion or the modulated release
kinetics of the dissolution products of the original BG-composition.

10.3 Ions Derived from BGs Supplemented with Further
Therapeutically Active Ions

Besides enhancing the inherent osteogenic effects of the common BG dissolution products, there
aremore reasons to supplement BGs with therapeutic ions. Adding angiogenic, anti-inflammatory,
antibacterial, or even anticancerogenic properties by supplementing specific ions is another
promising way to reach the goal of successful bone tissue regeneration or – generally spoken – to
tailor the properties of the BGs toward individual requirements. Among the available studies,
usually essential or nonessential trace elements that are known to have an impact on bone
metabolism are investigated. Strong hints on possible beneficial effects of a candidate ion to be
applied as part of BGs would be if deficiency of the specific ion causes an impact on bone or
skeleton formation or systemic application of the specific ion is already a therapeutic option for a
bone metabolism-related disease. In the next step, an essential requirement for the usage of the
distinct therapeutically active ion must be evaluated. The supplementation of the candidate ion
must not affect the unique bioactive properties of BGs. The fundamental beneficial properties
of BGs would be lost if bonding to bone and soft tissue by forming an HA layer upon contact
with a physiological environment was impaired by the implementation of the dopant ion in the
glass network. A selection of successfully supplemented ions that do not impair these important
properties and their distinct therapeutic effect is presented in the following in alphabetical order.

10.3.1 Boron (B)

Like many of the selected ions, the nonmetallic dietary trace element boron (B) has various tasks
in different compartments in the human body. Besides being involved in the metabolism of steroid
hormones, it is known to influence calcium, magnesium, and vitamin D homeostasis [46]. Due to
these facts and as dietary deficiency of B in rats caused impaired bone repair, trabecular thickness,
and total bone volume, it is very likely to be essentially involved in bone metabolism [47]. Addi-
tionally, B also seems to influence the bodies’ response on infection and injuries and might have
an impact on brain function, at least in rats [48].
The in vitro application of B to MC3T3-E1 cells resulted in increased bone morphogenic pro-

tein (BMP) expression, pointing out its osteogenic potential [13]. As a component of BGs, boron
has been investigated extensively. Compared to nonsupplemented BGs, B-doped BGs show faster
formation of HA, which is linked to a rapid release of B to the local environment [49]. As high
concentrations of above approximately 0.65mM of B in cell culture medium limit cell prolifera-
tion, application of B is only reasonable in a rather small therapeutic window [48]. In this window,
osteogenic and especially angiogenic effects of B have been discovered in vitro and in vivo. For
example, B-containing mesoporous bioactive glass nanoparticle (MBGN) scaffolds were shown to
enhance common osteogenic markers such as the α 1 type 1 collagen (COL1A1) or RUNX2 gene
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expression in osteoblasts in vitro and borate glass discs composed of Na2O, CaO, and B2O3 were
found to induce ALP activity in human mesenchymal stromal cells (hMSCs) [10, 50].
In vivo, more bone tissue was formed after implantation of B-containing 45S5-BG in the

medullary tibial compartment of Wistar rats compared to the conventional 45S5 composition [51].
Similar findings of higher bone formation were published when B-containing 13-93B3 BG was
implanted in rat calvarial defects [52].
Concerning angiogenic properties, 0106-B1-BG (composition in wt%: 37.5SiO2, 22.6CaO,

5.9Na2O, 4.0P2O5, 12.0K2O, 5.5MgO, and 12.5B2O3) could enhance the VEGF expression of mes-
enchymal stromal cells (MSCs) in vitro [53]. This finding was confirmed further in in vivo studies,
as 0106-B1-BG scaffolds also led to increased ectopic formation of mature bone 10weeks after
subcutaneous implantation in immunodeficient mice compared to 45S5-BG scaffolds [54]. With
this not being an individual case, other B-containing BG compositions like 13-93B3 (composition
in wt%: 53B2O3, 6Na2O, 20CaO, 5MgO, 12K2O, and 4P2O5) were shown to have similar effects
[55, 56]. These effects were found to be so strong that 13-93B3 fibers were compressed into a
cotton-like morphology and used as dressings for cutaneous wounds in rats. Upon degradation of
the fibers, HAmicrospheres with vessels attached to themwere discovered. Even better angiogenic
properties were shown when Cu (biological properties discussed below) was supplemented to the
13-933B fibers additionally [56].

10.3.2 Cerium (Ce)

One factor counteracting successful bone defect healing can be prolonged inflammation. This com-
plex processmediated by various players can result in tissue damage due to inactivation of enzymes
and protein degradation. Reactive oxygen species (ROS) play a main role in this process and are
usually fought by antioxidant enzymes such as superoxide dismutase and catalase to maintain
physiological processes [57]. Cerium can support the body’s anti-inflammatory response as it can
switch its oxidation state between Ce4+ and Ce3+ during redox reactions in physiological fluids. In
this way, it can neutralize radicals like ROS that would otherwise counteract successful osteo- or
angiogenesis during bone tissue regeneration [58].
For example, cerium nanoconjugates showed to trigger endothelial cell proliferation, increased

hypoxia-inducible factor 1α (HIF-1α) expression, and induced growth of blood vessels in chick
embryos [59]. Additionally, applying Ce oxide nanoparticles on titanium surfaces led to better
osseointegration depending on the Ce4+/Ce3+ ratio [60].
As conventional BGs usually do not provide extensive antioxidant properties, efforts have

been made to supplement BGs with Ce. Ce-doped MBGNs showed to significantly decrease
interleukin-1β (IL-1β) and IL-6 expression of murine macrophages upon exposure in in vitro
experiments compared to undoped MBGNs. The same Ce-containing MBGN composition also led
to decreased RANKL expression in Saos-2 osteoblast-like cells, whereas undoped MBGNs caused
a significant increase in this pro-osteoclastic gene. However, other osteogenic marker genes such
as OPG, COL1A1, or ALP were not positively influenced by these Ce-MBGNs [58].

10.3.3 Cobalt (Co)

In contrast to many other ions, the supplementation of cobalt (Co) is not performed out of
osteogenic but angiogenic rationales. In fact, it has shown to inhibit osteoblast proliferation
and ALP gene expression and furthermore was found to enhance osteoclastic differentiation
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and function [61]. Besides being an essential part of Vitamin B12, Co is capable of supporting
vascularization in bone tissue due to its “hypoxia-mimicking” properties, which results in
induction of HIF-1α [62].
This hypothesis is supported by data from Co releasing BGs as increased synthesis of VEGF

andHIF-1α-expressionwere found upon exposure of Co-supplementedmesoporous bioactive glass
scaffolds to BMSC [63]. Despite its lack of osteogenic properties, Co-supplemented BGs showed fur-
ther promising results in vitro and in vivo studies. A melt-derived Sr-Co-BG (composition in mol%:
41.2SiO2, 5.06P2O5, 29.64CaO, 6SrO, 7.17Na2O, 3.26MgO, 7.17K2O, and 0.5CoO) showed good cyto-
compatibility, osteogenic as well as angiogenic properties and highest bone formation 12weeks
after implantation in tibial or femoral critical size defects in rabbits compared to BGs that were not
supplemented or only supplementedwith a single ion [64]. Therefore, Co remains a promising ther-
apeutic ion as its angiogenic effects outweigh its possibly negative osteogenic impact. Especially,
a combined supplementation of Co and other ions with pronounced osteogenic properties may be
beneficial for successful bone tissue regeneration. Co could provide the required angiogenic envi-
ronment to enhance the inherent or by further supplementation reinforced osteogenic properties
of the respective BG.

10.3.4 Copper (Cu)

Copper (Cu) is linked to many enzymatic reactions performing electron-transfers involved in
many metabolic processes of the human body. While the majority of Cu is found in the liver,
Cu also affects bone formation and integrity [65]. Cu-depletion results in brittle bone structure
and impaired mechanical strength most probably due to reduced collagen crosslinking as Cu is
an essential cofactor for lysyl oxidase [66]. Like Co, Cu is known to inherit hypoxia mimicking
properties that result in increased activation of HIF-1α, expression of VEGF or fibroblast growth
factor 2 and proliferation of endothelial cells.
These findings were confirmed when BGs with Cu-supplementation were examined in vitro and

in vivo. Rat calvaria defects filled with Cu-BG showed improved angiogenesis and osteogenesis
compared to non-Cu-doped BGs. Additionally, also in vitro osteogenic effects like increased ALP
activity of Mouse MC3T3-E1 osteoblasts of Cu have been described [67]. Again, like Co, Cu is a
promising candidate for combined supplementation of trace elements in BGs to achieve synergistic
effects with Cu providing the angiogenic environment for successful bone healing driven by the
osteogenic properties of a potential additional therapeutically active ion.
Besides that, Cu can generate ROS. On the one hand, these ROS damage the cytoderm and DNA

of bacteria; on the other hand, they can also be toxic to human tissue. Therefore, antibacterial
effects of Cu-doped BGs were found but high concentrations of Cu might also do harm, as seen in
damaged liver and neuronal tissue caused by exceeding exposure of Cu [66, 67].

10.3.5 Fluoride (F)

Fluoride (F) is mainly known for preventing dental caries by substituting hydroxide-sites in dental
apatite resulting in increased acid resistance. Thus, controlled local release of F can have beneficial
effects on dental health by enhancing enamel remineralization [68]. Additionally, F is also capa-
ble of influencing bone mineralization and formation and F-containing BGs can form fluorapatite
which is more stable than HA [61, 69]. These properties make F-supplemented BGs interesting for
dental or oral applications in particular.
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Depending on its applied concentration, F showed osteogenic properties with elevation of the
common osteogenic markers such as ALP activity, collagen synthesis, or RUNX2 expression upon
F exposure of in vitro cultivated osteoblasts [70]. Some of these effects are most probably mediated
by an increase of intracellular Ca. However, with exceeding concentrations of F impaired bone
mineralization and suppressed osteoblast activity have been found [71].
Also, cytotoxic effects of F released by F-doped BGs onMG-63 cells have been published. F-doped

BGs showed to inhibit the pentose phosphate pathway indicating significant oxidative stress caused
by F [72]. Apparently, this F-mediated impact might also hit microbial cells. Antibacterial proper-
ties of F-supplemented BGs have been described [73].

10.3.6 Gallium (Ga)

Doping of BGs with gallium has multiple effects on the BGs biological properties that are not thor-
oughly understood yet. For over 20 years, Ga is used for the therapy of cancer-related hypercalcemia
as it inhibits osteoclast activity and was found to be effective in Paget’s disease [74, 75]. Later, this
anti-bone-resorbing effect has been confirmed in in vitro studies using different osteoclastic cell
models. It is important to mention in this context, that Ga was shown to have no negative impact
on osteoblast function [76].
Matching results were found when a Ga-doped mesoporous BG was exposed to osteoblastic

MC3T3-cells leading to increased ALP activity after seven days of direct in vitro culture. When
the same BG was exposed to osteoclastic RAW 2647 cells tartrate-resistant acid phosphatase
expression, a marker gene for osteoclastic differentiation, was inhibited [77]. These findings make
Ga-supplemented BGs an attractive therapeutic option for bone regeneration after osteoporotic
fractures.
However, there are evenmore beneficial biological effects of Ga-doped BGs related to bone tissue

regeneration. Like Ce, Ag, or Cu, Ga has antibacterial properties and inhibits the growth of various
bacterial stems. It shares chemical properties with Fe and therefore interferes with essential bacte-
rial enzymes usingFe as cofactor [78]. Furthermore, results onGa-dopedBGshemostatic properties
have been published. Ga-BG/chitosan composite scaffolds led to reinforced platelet aggregation,
whole blood clotting, and thrombus formation compared to solely chitosan samples [79]. These
diverse biological effects make Ga a valuable option for doping BGs and should be investigated
further in the future.

10.3.7 Iron (Fe)

Bone loss or bone defects can occur in different situations such as trauma, infection, or surgical can-
cer treatment. Especially in the last setting, bone substitute materials with magnetic properties are
promising new therapeutic options being developed. By applying a magnetic field, these materials
can be used to create hyperthermia in a locally controlledmanner directly at the defect site where it
is needed. With temperatures of 42–45 ∘C being reached, tumorous cells with impaired blood ves-
sel formation and their distinct microenvironment with low pH value are severely damaged. On
the contrary, surrounding physiological cells are harmed significantly less as a physiological blood
vessel system supplies sufficient heat transfer [80]. Magnetic BGs can combine bioactive properties
with a strong bond to hard and soft tissue at the defect sitewith the possibility to apply hyperthermia
without displacement of the magnetic agents [81].
Magnetite (Fe3O4), a magnetic iron oxide, is one common but not the only example of vari-

ous dopants supplemented in BGs for this purpose. A biphasic glass–glass ceramic with 15wt% of
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sol–gel-derived S58-BG (composition in mol%: 58SiO2, 6P2O5, 36CaO) and 85wt% of melt-derived
BG (composition in mol%: 40SiO2, 40CaO, 20Fe2O3) was shown to induce hyperthermia medi-
ated apoptosis and reduced proliferation Saos2 osteosarcoma cells [82]. Other examples of possible
ferrimagnetic dopants are barium ferrite (BaFe12O19), zinc ferrite (ZnFe2O4), or hematite (Fe2O3)
[83–85].

10.3.8 Lithium (Li)

The administration of lithium (Li) as a drug is usually performed to treat psychological disor-
ders. Interestingly, adverse effects on the patient’s calcium homeostasis such as hypercalcemia
and hyperparathyroidism can occur upon lithium treatment stating its influence on bone
metabolism [67].
There is evidence for positive effects of oral Li treatment on bone mineral density and decreased

risk of bone fracture during Li treatment [66]. Themolecularmechanism behind thatmight be con-
nected to inhibitory effects on glycogen synthase kinase-3 (GSK-3). Li replacesMg as enzyme cofac-
tor resulting in impaired enzyme functionwhich leads to decreased inhibition of theWnt/β-catenin
pathway. Activation of theWnt/β-catenin pathway results in osteoblast proliferation and activation
and is also crucial in cartilage formation and homeostasis [86, 87]; therefore, Li inherits promising
osteogenic properties. In vitro and in vivo projects confirmed these findings with Li applied locally.
Upon Li impact, MSC were shown to increase proliferation and Li2CO3 doped alginate scaffolds
led to accelerated bone regeneration in 14 days after implantation in tibial defects of rats [67].
There is limited knowledge on the biological properties of Li-supplemented BGs. Li-doped glass

ceramics were shown to have good cytocompatibility and induced mineralized matrix formation
detected by the Alizarin Red assay [88]. Besides that, positive effects of SiO2–Li2O sol–gel derived
glass dissolution products on the chondrogenic differentiation of murine chondrogenic ATDC5
cells were found emphasizing further therapeutic options of Li [86].
Again, high concentrations of Li might have adverse effects. If Li is applied for the therapy of

psychological disorders frequent monitoring of Li serum levels are indicated to avoid damage to
kidney or central nervous tissue [89].

10.3.9 Magnesium (Mg)

About half of the human body’s magnesium (Mg) can be found in bone tissue. It is an essen-
tial cofactor to many enzymes connected to the synthesis of organic structures and energy
metabolism [90]. Besides that, Mg was shown to be relevant in bone metabolism as well.
Mg-deficiency in rats and humans led to impaired bone formation due to decreased activity of
parathyroid hormone and calcitriol and enhanced bone resorption caused by increased levels of
tumor necrosis factor α (TNF-α) and RANKL [91]. In vitro studies evaluating the impact of Mg on
osteoblast-like cells showed good osteogenic properties. With a most favorable concentration of
50 ppm of Mg, MC3T3 cells’ expression of osteogenic marker genes and ALP activity was found to
be enhanced [92]. Also, increased ECM mineralization, higher expression of osteogenic marker
genes, and enhanced synthesis of VEGF were discovered upon stimulation of human BMSCs with
Mg [93]. Furthermore, the suppressing effects of Mg on bone resorbing mechanisms were proven
in vitro. Due to decreased nuclear factor-κB (NF-κB) activity, reduced RANKL expression and a
smaller number of osteoclasts were found [94].
Taking the next step, in vivo evaluation of Mg releasing biomaterials showed beneficial results.

Better osseointegration and osteoconductivity was found for coated titanium implants [95, 96].
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Matching results concerning good osteoconductive effects were also shown for Mg-supplemented
HA scaffolds [97]. Integrin-Mediation or increased calcitonin gene-related peptide (CGRP) pro-
duction by local neurons leading to stimulation of cAMP responsive element binding protein 1
(CREB1) in periosteum derived stem cells are interesting suggested explanations of the mecha-
nisms behind the biological properties of Mg [98, 99].
When added to BGs, Mg influences the BG degradation significantly as Mg—O bonds tend

to be less strong than Si—O bonds. Therefore, Mg supplemented BGs show a faster dissolution
rate than nonsupplemented BGs [100]. There is little evidence on the biological properties of
Mg-doped BGs where the release of Mg can securely be made responsible for osteogenic effects.
For example, BG mixed with TCP supplemented with a combination of Sr and Mg stimulated
mouse calvaria-derived pre-osteoblastic MC3T3-E1 cells toward increased ALP activity and
ECM formation and mineralization [101]. Another study showed good biocompatibility and
an increase in ALP activity of rat osteoblasts for BGs belonging to the CaO–MgO–SiO2 system
[102]. However, these results should be handled with care as there was no non-Mg-releasing BG
investigated serving as control. Additionally, there were contradictory findings with decreased
OCN expression of MC3T3-cells upon exposure to conditioned media of Mg-supplemented BGs
[103]. In conclusion, Mg-doped BGs should be investigated further as the promising osteogenic
and angiogenic properties of Mg are not yet proven when applied as part of BGs.

10.3.10 Manganese (Mn)

Another less extensively investigated ion in BGs is manganese (Mn). Dietary deprivation of Mn
causes skeletal abnormalities in the early development of the skeletal system. If the deficiency
occurs later it might be connected to osteoporosis [104]. Other roles of Mn in the human body are
mainly connected to it being an essential cofactor for metalloenzymes which are needed for gluco-
neogenesis, the antioxidant stress system or glutamine synthesis in nervous system. However, high
concentrations of Mn are known to be neurotoxic [105].
Upon addition of Mn to cell culture media, it showed to have a possible positive impact on

osteoblastic MG-63 cells. Most probably caused by modulating integrin affinity and therefore
cell adhesion to ECM. However, no pronounced osteogenic effects were found if all investigated
osteogenicmarkers such as ALP activity, expression of osteogenicmarker genes, or ECM formation
were taken into account [106].
As part of sol–gel or melt and quench derived BGs, Mn was shown to induce osteogenic differ-

entiation in MSC or osteoblast-like cell lines by stimulating ALP activity or enhancing osteopontin
(OPN) expression. Though, especially in direct culture settings cytotoxic effects for high concen-
trations of Mn-supplemented BGs were found indicating a smaller therapeutic window for the
application of Mn in bone tissue regeneration [15, 107]. As there are no results of in vivo projects
evaluating solely Mn-doped BGs are published up to this point of time, knowledge concerning this
issue could help specifying the therapeutic window of Mn supplementation in BGs significantly.

10.3.11 Niobium (Nb)

Niobium (Nb) is another therapeutic ion supplemented in BGs out of pro-osteogenic reasons. It first
gained interest substituting the commonly used vanadium in metallic alloys leading to increased
biocompatibility and corrosion resistance making it interesting for orthopedic applications, espe-
cially in implants [108, 109]. Mouse-derived MC3T3-E1 pre-osteoblast cells increased their ALP
activity and calcium deposition when cultured in Nb-containing media [110].
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In vitro studies with Nb-supplemented 45S5-BG showed good proliferating and osteogenic
differentiating effects when 1mol% of Si was replaced with Nb in the original composition. In
the following in vivo experiments, the same composition was found to be osteoconductive and
osteostimulative but did not offer advantages compared to the original 45S5-BG [111]. Comparable
BG-compositions with higher Nb-content showed to be more advantageous when examined in
vitro and in vivo tests by the same group. Further investigation is needed, in vitro as well as in vivo,
to evaluate Nb-supplemented BG’s full potential.

10.3.12 Silver (Ag)

Usually, silver (Ag) is added to biomaterials due to its well-established antimicrobial effects. It is
known to counteract colonization and adherence of bacteria on the implant and is used to avoid
impaired healing and severe infections [112]. Its antibacterial, antifungal, and antiviral properties
have been known for a very long time and there are multiple mechanisms discussed for being
responsible for these effects. Binding to DNA, interaction with cell components, increasing mem-
brane permeability or interference with electron transfers are mentioned ways. Therefore, only
very limited microbial resistance against silver is reported [113]. Apparently, dressings containing
nanocrystalline Ag are successfully used for the therapy of infected wounds.
By providing a controlled release of 0.05–0.20mg/ml of Ag, Ag-supplemented BG scaffolds were

shown to inhibit the growth of clinically relevant Gram-negative andGram-positive bacterial stems
such as Escherichia coli, Pseudomonas aeruginosa, or Staphylococcus aureus [114]. Additionally,
dental pulp cells showed a decrease in the expression of inflammatory-associated markers such as
IL-1β, IL-6, IL-8, and TNF-α [115]. However, Ag has a distinct therapeutic window like almost all
presented ions. Exceeding concentrations of Ag limit fibroblast and MG-63 proliferation and were
shown to suppress ALP, COL1, and OCN expression [116].

10.3.13 Strontium (Sr)

As a nonessential trace element, strontium (Sr) appears to be a less commonmineral in the human
body. Sr deficiency does not seem to be connected to relevant clinical problems. However, due to
its chemical and structural properties that are similar to those of Ca, the vast majority of Sr in the
human body is found in bone tissue [66]. Also, due to this fact, Ca can be substituted with Sr in
BG-compositions to a certain extent without losing bioactive properties [100]. With Sr-ranelate, a
Sr-salt, being used for osteoporosis treatment of postmenopausal women in Europe, it offers itself
as promising therapeutic ion in BTE [117].
Concerning its biological effects on bone-forming cells, Sr is known to influence osteoblasts

and osteoclasts via various pathways. On the one hand, Sr was shown to induce RUNX2, OCN,
and OPN expression, increased ALP Activity, and led to enhanced matrix mineralization, via the
WNT/β-catenin or Ras/mitogen-activated-protein-kinase (MAPK) pathway thus having strength-
ening effects on bone formation [118]. On the other hand, it inhibits proliferation and formation
of osteoclasts by activation of calcium-sensing receptors on osteoblasts. Here, it comes to increased
expression of OPG combined with decreased expression of RANKL, shifting the OPG/RANKL bal-
ance resulting in impaired bone resorption by osteoclasts [117].
Due to promising beneficial effect of the local delivery of Sr to bone defect sites, Sr-substituted

BGs have been investigated extensively. Various compositions have shown to possess the above-
mentioned osteogenic effects increasing osteogenicmarkers of the investigated cells (e.g. ALP activ-
ity, RUNX2 expression) upon in vitro cultivation with Sr-substituted BGs [101, 119–122]. Strikingly
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positive impact was found in an in vivo project evaluating BGs with a combined supplementation
of Co and Sr. Increased bone formation was found due to synergism of Co’s angiogenic and Sr’s
osteogenic properties as suggested above [64].
Adverse side effects such as cardiovascular events or venous thrombosis, as they occur in oral

treatment with Sr-ranelate, could be reduced by local delivery of Sr via BGs without cutting its
beneficial therapeutic effects [117]. Therefore, doping BGs with Sr represents a promising option
for increasing BGs therapeutic options and should be investigated and pursued further.

10.3.14 Zinc (Zn)

As another essential trace element zinc is involved inmany physiological processes throughout the
human body being a cofactor in many enzymatic reactions. Related to bone metabolism, its role as
cofactor for ALP is of great importance. ALP is essentially involved in maintaining an alkaline
environment which is required for precipitation and mineralization of phosphates during bone
maturation. Additionally, it cleaves PPi that otherwise would inhibit HA precipitation [123].
When applied to cells of osteoblast-like cell lines or osteoblast precursor cells, Zn has shown to

have osteogenic properties with an elevated expression of osteogenicmarker genes such as RUNX2,
OPN, or OCN, increased matrix mineralization, and a decrease in osteoclast activity by inhibition
of NF-κB activity. Zn-sulfate concentrations of 10–250 μM seemed to be most favorable for this
purpose [124]. Zn-supplemented TCP showed promising osteogenic properties as well. Human
MSCs increased their ALP activity on exposure with the supplemented TCP, and significantly
more new bone was formed after 12weeks in the paraspinal muscle of canines in the presence of
Zn [125].
However, there are contradictory findings concerning the osteogenic properties of Zn-

supplemented BGs. For example, the ALP activity of rat BMSCs stimulated with Zn-supplemented
sol–gel-derived BG granules increased compared to nonsupplemented granules, the opposite
effect was found when human adipose stem cells where exposed to Zn-containing BG-scaffolds
[126, 127]. CombinedMg and Zn loading of HA coatings on 45S5 scaffolds showedmore beneficial
results than the supplementation of the respective single ion in terms of MG-63 cell proliferation
[128]. On the contrary, cytotoxic effects of Zn-releasing BGs have been published. Here, evidence
for increasing oxidative stress with increasing amount of Zn have been found [129]. In vivo
evaluation of Zn-doped BGs resulted in improved mechanical properties of treated bone defects in
female Wistar rats when Zn-doped BGs were used [130]. It is known that Zn leads to a decrease
in the BG dissolution rate when incorporated in BG compositions and therefore slows down
the HA formation of the BG upon contact with physiological fluids. This might lead to limited
comparability when BGs from various studies investigating the biological effect of Zn in BGs are
compared that differ in bioactivity due to different compositions and forms of application [126].
Apart from that, dissolution products of sol–gel-derived Zn-supplemented 58S-BG managed to

decrease the inflammatory response of RAW 264.7 murine macrophage cells by inhibiting the
TNF-α and IL-1 secretion upon stimulation with lipopolysaccharide [131]. These findings match
others, where in vitro Zn application led to decreased inflammatory response of various none
bone-related cell types [132]. Also, antibacterial effects of Zn-supplemented MBGNs or titanium
dioxide (TiO2) coatings have been described, as Zn generates oxidative stress that damages not
only physiological cells but also microbial cells as well [78, 133–135].
Further studies on Zn-doped BGs should be conducted in order to clarify Zn’s therapeutic poten-

tial as part of BGs. The previous contradictory findings do not to deliver sufficient and clear infor-
mation to make definite conclusions.
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10.4 Summary and Conclusions

In summary, doping BGs with therapeutically active ions is a cost-effective, broadly accessible,
versatile, and potent way of enhancing BGs therapeutic implications for bone tissue regeneration.
Yet some questions are still to be answered and some problems are still to be solved. Many of the
molecular mechanisms behind the biological properties of specific ions are not definitely clarified.
Figure 10.2 and Table 10.1 give a schematic overview about the roles of the mentioned selection of
ions that are already known.
Furthermore, even though ions are applied locally if BGs are used as vector, there is no way

knownof how the ions can be directed to only affect the targeted cells. As the ions diffuse uncontrol-
lably, there is always the possibility of (negative) ion impact on surrounding cells that are involved
in bone defect healing. Even systemic side effects are possible but rather unlikely. Additional
knowledge concerning these topics would further increase the therapeutic value of ion doped BGs
significantly.
Besides continuous basic research involving BGs doped with various therapeutic ions, the aim of

the research should be to eventually introduce these materials into the clinical medicine. Clinical
trials will be the next essential step on the long journey toward the clinical use of ion-supplemented
BGs [156].

Inflammation

Bone resorption

Therapeutically active ion

Angiogenesis

Cancer cell growth

Microbial growth

Co

Bone formation

Ce, Zn, Ag

Ca, Si, P, Mg,
Sr, Zn, B, Mn,

Cu, Li, F, Nb, Ga

Co, Cu, B, SiAg, Cu, Ga, Mn,
Ce, F, Sr, Zn

Fe

Ca, Si, P, Mg,
Zn, Sr, Ce, Cu

Figure 10.2 Schematic overview of the biological effects of the selected therapeutically active ions that
can be released from BG grafts. Positive and negative effects on bone formation, bone resorption,
angiogenesis, microbial growth, or growth of cancer cells can be achieved depending on the
applied ion.
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Table 10.1 Biological effects of candidate ions for doping of bioactive glasses (BGs).

Biological effect as part of supplemented BGs

Ion Osteogenic Angiogenic Anti-inflammatory Antibacterial Others References

Boron (B) X X [10, 50–56]
Cerium (Ce) X X [58, 136, 137]
Cobalt (Co) X [63, 64, 138]
Copper (Cu) X X X [139–141]
Fluoride (F) X X [68, 73, 142]
Gallium (Ga) X X Hemostatic [77, 79, 143, 144]
Iron (Fe) Anticancerogenic [82–85]
Lithium (Li) X [86, 88, 145]
Magnesium (Mg) X [101, 102]
Manganese (Mn) X X [15, 107, 146, 147]
Niobium (Nb) X [110, 111, 148, 149]
Silver (Ag) X X [115, 150, 151]
Strontium (Sr) X X [64, 120–122, 152–154]
Zinc (Zn) X X X [127, 130, 131, 134, 135, 155]



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

�

� �

�

References 217

However, the limited interstudy comparability caused using different materials properties (e.g.
shape, surface layout) and cells complicate the introduction of newly developed materials into
clinical settings. For example it has recently been shown that broadly used “osteoblast-like” cell
lines react significantly different upon exposure to the well-known 45S5-BG composition [157].
These differences that are not only limited to different cell types but also include cultivation meth-
ods or bone defect models complicate quantification and direct comparison of the biological effects
of the respective ions.
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11.1 Introduction: From BG Themselves to Platform Materials

Bioactive glasses (BGs) initialized the generation of bioactivematerials instead of inert ceramics for
the application of hard tissue engineering. The implanted BGs can bond to host tissues through a
mineralization process and lead to new tissue growth while biodegrade over time themselves. Such
ability to induce hydroxyapatite (HA) deposition at the host-glass interface is referred as “bioactiv-
ity” [1]. BGs are complex oxides with tunable constituents including different network-forming,
network-modifying, and intermediate oxides. These constituents build a 3D extended network dis-
orderly with other oxide participants together that determine final structure and properties of the
glass materials.
Over the past few decades, BG family expanded from the first generation of well-known

45S5 Bioglass®, that was prepared by Prof. Hench’s group in 1960s with a composition of
45SiO2–24.5CaO–24.5Na2O–6P2O5 (wt%), to various BGs [2]. It is so far generally accepted that
BGs are categorized into three types according to the network units: silicate glasses, borate
glasses, and phosphate glasses. Early studies about BG materials focused on the constituent
adjustment among these main oxides (SiO2, CaO, P2O5, Na2O, B2O3) to obtain optimal bioactivity,
biocompatibility, and tissue regeneration performances [2]. However, encouraging successful
tissue regeneration is a sophisticated procedure regarding complex interactions among cells,
materials, biological growth factors (GFs), and host tissues. BGs themselves show limitations to
fulfill further higher or more specific requirements during tissue regeneration. For example, the
treatment of infected bone defects demands biomaterials with antimicrobial functions without loss
of osteoconductivity/inductivity, and moreover, implants associated with bacterial infections must
be prevented or treated afterward. Developing BGs integrated with antibacterial properties would
be meaningful to promote healing and tissue regeneration. Studies show that one popular strategy
is to load antibiotics into BGs that deliver and release the drugs to infected sites. To stimulate tissue
growth simultaneously, BGs can serve as a platform to deliver functional species that produce
enhanced performances. Therefore, BGs are destined to extend their use as carriers.
It is well-acknowledged that glass composition is readily to be designed as long as the additives do

not undermine the network stability and integrity. Furthermore, a variety of studies demonstrated
that bioactive inorganic ions contributed to improved pharmaceutic effects, such as angiogenesis,
anti-inflammation, osteogenesis, and so on [3]. Naturally, BGs dopedwith bioactive ions is achieved
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through the doping reactions during synthesis aiming to produce different biological effects, and
the doped ions in the BG network could in situ release in a certain manner to the periphery envi-
ronment and then influence the physiological processes. However, other species like therapeutic
drugs or biomolecules are difficult to be doped into the BG network directly as ions, then porous
structures of BG powders or BG-based implants are demanded for these bigger molecules.
Conventional fabrication methods of BGs include melt reactions and sol–gel processing. Unlike

the melt-derived BGs, BGs fabricated by a sol–gel process have inherent meso-/nano-scaled pores,
which enlarge the surface area of BGs and provide possibilities for drug loading and delivery.
Nonetheless, orderedmesoporous bioactive glasses (MBGs)were discovered byYan et al. in 2004 [4]
and Vallet-Regi and coworkers in 2006 [5] via an evaporation-induced self-assembly route. The
mesopores replicate the orderly packed surfactant micelle aggregates and exhibit regular poremor-
phology and narrowly distributed pore size. Compared with sol–gel-derived BGs, whose pores are
randomly distributed and pore structure are hard to adjust, MBG carriers are of great potentials
in controlled delivery of drug molecules. To date, increasing studies have reported various thera-
peutic drugs/molecules and bio-promotors that were encapsulated into mesoporous channels of
MBGs, and in addition, the engineering of MBG porous architecture together with surface func-
tionalities are performed to control the release kinetics of such moieties [6]. The spatiotemporal
regulation of species delivery for achieving a safe and effective therapeutic result is then likely to
be obtained. Another workable strategy of bigger molecule loading is constructing porous scaffolds
withBG-basedmaterials. Theneeded species can be either embedded in scaffold poreswith suitable
size or mixed into the scaffold body directly, in this way the release manner can be altered with
scaffold pore structure or scaffold degradations.
On the other hand, the introduction of such pores as described above, from sol–gel-derived

micropores, template-directed mesopores to macropores of scaffold/monolith, seeks not only to
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incorporate drugs but more importantly to mimic the hierarchical porosity of natural tissues.
The pore size ranges are designed according to specific biological processes and the properties of
key involved biocues (Figure 11.1). For example, synthetic scaffolds for bone tissue engineering
are required to possess 3D interconnected porous architecture with pores similar in size and
density to those existing in natural bone. It is well-acknowledged that submicro pores are suitable
to interact with proteins, and the nanoscale micropores are responsible for accelerated apatite
deposition when the surface area becomes larger. The pores with size in the range of several to
several 10 μm play important roles in cell adhesion, spreading and orientation that influence
cellular development. The last but not the least point, scaffold macropores larger than 100 μm are
essential to facilitate tissue regeneration throughout the whole scaffold template.
This chapter intends to give a brief introduction of BG-based carriers for local release of different

species for biomedical applications, especially for bone tissue engineering.

11.2 Therapeutic Ion Release

The bioactive effects of BG materials generally embodied in two fundamental ways both related to
ion dissolution: (i) Ion dissolutions induce hydroxycarbonated bone-like apatite (HCA) deposition
on the implanted BG surface that forms bone–material integrated bonding. In body fluid or sim-
ulated body fluid (SBF, similar ionic concentrations to body fluid), BGs can dissolve and release
certain metallic cations resulting in changes of environmental pH and surface chemical groups,
which then offer appropriate nucleation sites for apatite crystallites. Based on a great deal of exper-
imental data, a typical process of HCA formation involves five sequential steps, that are cation
dissolution and exchange with H+, Si–OH, and SiO2-rich layer formation, Ca2+ and PO4

3− deposi-
tion, amorphous CaO–P2O3 formation, and finally reactions of OH−/CO3

2− ions with amorphous
CaO–P2O3 to transform them into HCA crystals; (ii) a variety of ions in BGs are released and pro-
duce biological effects to stimulate cellular responses. Xynos’s group firstly investigated the ionic
products of 45S5 Bioglass and found its constitutive ions including Si4+, Ca2+, and PO4

3− exerted
stimulatory effects on osteoblast proliferation through insulin-like growth factor II (IGF-II) expres-
sion and mediation [7]. Several studies were succeeded to evaluate the ionic dissolution products
of 45S5 Bioglass. Sun et al. revealed that these ions can reduce the human osteoblast growth cycle
to pass through G1 and S phase and then enter G2 phase quickly [8]. Jell et al. suggested the
leaching liquor of Bioglass increased expressions of alkaline phosphatase (ALP) and bone sialo-
protein (BSP) promoting osteogenesis differentiation of fetal osteoblasts [9]. In addition, Day et al.
demonstrated that ions extracted from 45S5 Bioglass stimulated the secretion of angiogenic GFs
and promoted angiogenesis of tissue-engineered constructs [10]. Similarly, sol–gel-derived BGs
with different compositions also presented positive biological effects for tissue regeneration owing
to their particular released ions, such as Ca2+, phosphate ions, boron and silicon ions. Table 11.1
gives a sum up of the constitutive ions of BGs which elicit favorable responses and manifest
bioactivities.
Inspired by the positive biological effects of these therapeutic ions, more supplemental metallic

ions are taken into consideration to be doped in glass network. These doped ions are usually added
in terms of modifier oxides that do not participate in constructing glass network. Contrarily, the
metallic cations bond to oxygen atoms leading to the Si–O breakage. As a result, the integrity of
glass is destroyed and in turn, cation release kinetics are accelerated. Therefore, it is reasonable
and expectable to control the fluctuation of local ion concentration around the lesion over time
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Table 11.1 List of constitutive therapeutic ions of BGs and theirs main reported biological effects.

Ion Biological effects References

Silicon (Si) Enhance bone mineralization and osteogenesis
Influence homeostasis of ECM proteins
Stimulate the secretion of pro-angiogenic growth factors
Improve skin strength and elasticity

[11, 12]

Calcium (Ca) Major component of bone minerals
Promote ECMmineralization
Influence calcium signaling pathways which determine cellular functions
Play a key role in cell apoptosis in addition to the physiological processes
of muscle contraction and generation of cardiac pulse creation

[13–15]

Phosphate Regulate bone mineralization, cellular signaling and metabolism,
acid–base balance, and maintenance of cell membrane integrity
Induce apoptosis in osteoclasts and inhibits osteoclast differentiation and
bone resorption activity

[16, 17]

Boron (B) Promote osteogenic differentiation of BMSCs through enhanced ALP
activity and increased expression of osteogenic gene markers (OCN,
collagen I, and BMP-7)
Upregulate ERK, FAK and increase vascularization
Stimulate keratinocytes migration and accelerate wound healing

[18–20]

via controlling doping dosage, glass microstructures, and compositions. The in vitro and in vivo
pharmacological effects of some typical therapeutic ions doped in BGs are briefly summarized in
Table 11.2.

11.2.1 Bioactive Ion Delivery

11.2.1.1 Ionic Antibacterial Effects
Antibacterialmetallic ions have beenwell accepted and reviewed in literatures [27, 42]. Hence, BGs
can inherently inhibit the growth or viability of bacterial cells through the release of antibacterial
cations incorporated in their glass network. The antibacterial ions used are briefly summarized in
Table 11.2, including monovalent (Ag+), divalent (Zn2+, Cu2+, and Mn2+), and trivalent (Ce3+ and
Ga3+) ions with specific cellular and molecular antibacterial mechanisms.
Silver (Ag) gained popularity in the open wound healing, as largely due to the spread of

methicillin-resistant Staphylococcus aureus (MRSA) and the reduction in first-line antibiotic
prescribing [43]. Nowadays, silver ion is the most common metallic ion used in the antibacterial
BGs as it exhibits a broad-spectrum bactericidal behavior at low concentrations without causing
resistant bacteria, while keeping the bulk structure and main properties of the material mostly
unaltered. The major mechanism toward antibacterial effect of Ag+ ions is claimed by researches
that lies in de-energizing of bacteria cell membrane and inactivation of relative enzymes resulting
from Ag+ interactions with disulfide (S–S) and sulfhydryl (–SH) groups. Hu et al. studied the
potential of Ag-doped SiO2–CaO–P2O5–Ag2O nanoporous silicate BGs for wound healing [44].
The silicate BGs containing 0.02wt% Ag reached 75% of antibacterial efficiency against Escherichia
coliwithin 1 hour and the value increased to 99% in 12 hours. Moreover, they found that Ag-doped
silicate glasses were in possession of an exceptional hemostatic performance due to the high
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Table 11.2 List of additive therapeutic ions of BGs and theirs main reported biological effects.

Ion Biological effects References

Strontium (Sr) Enhances proliferation and osteogenic differentiation of osteoblastic cells
Inhibits osteoclast activity and upregulates osteoclast apoptosis
Improve osseointegration and bone remodeling

[21, 22]

Magnesium (Mg) Enhance matrix mineralization
Stimulate BMSCs osteogenic gene expression, and protein expression of
collagen and VEGF
Decrease the secretion of proinflammatory cytokines

[23, 24]

Zinc (Zn) Stimulate collagen synthesis, ALP activity, and matrix mineralization
Induces proliferation, expression of type 1 collagen and OCN in human
adipose-derived MSCs
Show anti-inflammatory and antibacterial properties

[25–27]

Copper (Cu) Upregulate HIF-1a to mimic hypoxia
Increase VEGF secretion and promote angiogenesis
Increase vascularization part of standard neural function, promotes
neural differentiation

[28, 29]

Cobalt (Co) Downregulate some osteogenic markers and reduce proliferation of
osteoblasts
Stimulate osteoclast activity
Enhance blood vessel formation by mimicking hypoxia and stabilizing
hypoxia inducible factor-1 alpha (HIF-1α)

[30, 31]

Manganese (Mn) Improve bone mineralization, extracellular matrix remodeling and
promotes osteoblastic-like cell adhesion
Promote the expression of ALP and BMPs
Antibacterial effect at a low concentration

[27, 32, 33]

Silver (Ag) Show antimicrobial actions in cell culture
Exhibit a marked bactericidal effect
Exposure of MC3T3-E1 cells to silver-based nanoparticles resulted in
upregulation of bone

[27, 34]

Gallium (Ga) Block bone reabsorption by inhibiting osteoclast activity
Inhibit P. aeruginosa growth and biofilm formation

[35, 36]

Cerium (Ce) Show antibacterial effect
Increase the proliferation and migration of fibroblasts, keratinocytes, and
vascular endothelial cells
Improve would healing by increase of collagen deposition

[37–39]

Lithium (Li) Capable to treat arthritis and stimulate subchondral bone formation
Stimulate chondrocyte proliferation

[40, 41]

surface area, and as such the glasses successfully promoted blood clotting and obtained hem-
orrhage control in the animal model. Pratten et al. prepared Ag-doped silicate BG coating on
surgical sutures to prevent bacterial colonization. By comparison to the 45S5 Bioglass coated
and the uncoated sutures, the in vitro investigations revealed that the Ag-doped BG coating
limited the attachment of Staphylococcus epidermidis more significantly [45]. Similar studies of
Ag ion incorporated BGs have been carried out by other groups. Catauro et al. demonstrated that
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Ag ion release from Na2O–CaO–SiO2 glasses showed high antimicrobial effects against E. coli
and Streptococcus mutans [46]. More importantly, the cytotoxicity of Ag ion was controlled in a
reasonable level from impairing bone tissue engineering performances [47].
Biofilm-associated bacteria show a decreased susceptibility to antibiotics, disinfectants, and

clearance by host defense system. Study has found that Ga3+ ions inhibit Pseudomonas aeruginosa
growth and biofilm formation in vitro by decreasing bacterial Fe uptake and interfering with Fe
signaling via the transcriptional regulator pvdS [48]. More importantly, a remarkable advantage of
Ga3+ for practical clinical use is that Ga3+ is already approved by the US Food and Drug Adminis-
tration (FDA) for intravenous administration, and the growing problem of antibacterial resistance
makes Ga3+-doped BGs a potentially highly promising new therapeutic agent against bacteria.
For example, Knowles and coworkers synthesized Ga2O3-doped phosphate-based glasses (PBGs),
which exhibit a potent antibacterial effect against planktonic bacteria including P. aeruginosa,
MRSA, and Clostridium difficile due to the therapeutic effect of the released Ga3+. However, the
increase of Ga content in PBGs decreased the degradation rate and subsequent Ga3+ release, which
need to improve the controlled delivery of Ga3+ for antimicrobial applications [36].
The application of antibacterial agents against infectious diseases needs not only excellent bac-

terial killing efficacy but also lower or even no toxicity to the human normal cells. However, the
biosafety of most metallic ion doped BGs is not ideal.
Nowadays, cerium (Ce) has been verified to possess the potential to serve as an effective and

long-lasting biocide for preventing bacterial infections, due to its higher safety to human cells
and unique antibacterial mechanism compared with other metal ions. The reversible conversion
of Ce3+ ions and Ce4+ ions could alter electron flow and respiration of bacteria and react with
the thiol groups (–SH) [49]. Moreover, the conversion could also induce oxidative stress on the
surface of bacterial membranes by the generation of reactive oxygen species (ROS) in vivo [50].
ROS can attack the nucleic acids, proteins, polysaccharides, lipids, and other biological molecules
to cause the loss of their functions, eventually killing and decomposing bacteria. In a previous
study, the antibacterial activity of BGs that doped with 1, 5, and 10mol% Ce was investigated by
the quantitative viable count method. As a result, the BGs containing 5 and 10mol% Ce showed a
significant antibacterial effect against E. coli, but there were no significant differences between the
antibacterial property of BGs containing 5 and 10mol%Ce [51]. Boccaccini and coworkers reported
phosphate bioglasses (PGs) co-doped with gallium and cerium at different ratios [52]. The antibac-
terial character of Ga/Ce-doped PGs is confirmed by turbidity measurements against E. coli and
Staphylococcus carnosus. PGs doped with Ga showed a high antibacterial effect, but became toxic
for cells when the Ga content increased. PGs doped with cerium oxide stopped (Gram-negative)
or inhibited (Gram-positive) the growth of bacteria and showed good cytocompatibility, espe-
cially glasses containing 7mol% of CeO2. Interestingly, PGs co-doped with Ga and Ce (3Ga2Ce)
not only showed strong antibacterial properties for both Gram-negative and Gram-positive
bacteria but also exhibited excellent cytocompatibility without being harmful to mammalian
cells.

11.2.1.2 Ionic Pro-osteogenesis Effects
Besides ions toward microbials, several metallic cations (Sr2+, Mg2+, Mn2+, Li+, Fe3+, Ce3+, etc.)
attracted concerns in the context of bone tissue engineering due to their therapeutic effects to
improve osteogenesis.
Strontium (Sr) is well known as an essential component in bone minerals with chemical

similarities to calcium. Given by this fact, strontium has already been used as medication for
osteoporosis in the form of strontium ranelate (SrR, C12H6N2O8SSr2) [53]. Studies demonstrated
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that daily ingestion of SrR can decrease the risk of vertebral fractures by 41% for those
postmenopausal women who were suffered from osteoporotic structural damage. The mechanism
of Sr anti-osteoporosis effect comes from its role in reducing osteoclastic activity and even causing
apoptosis of osteoblast cells, which suppress bone formation. In addition, Sr has the potential to
stimulate bone formation via enhancing the expression of osteoblast-related genes, promoting
osteogenic differentiation of mesenchymal stem cells, and upregulation of osteogenic genes such
as ALP and osteocalcin (OCN) [54]. However, direct oral administration of SrR is associated
with side effects, such as toxic epidermal necrolysis. BGs used as Sr2+ ion delivery systems can
provide an alternative therapeutic strategy on bone tissue engineering. Several formulations of
glasses have been developed, in which Ca is partially substituted by Sr. These formulations are
presented as silicate-, phosphate-, and borosilicate-based glasses [55–57], which can be produced
as fine powders, granules, fibers, and three-dimensional (3D) scaffolds. For example, Gentleman
et al. have created a series of BGs (SiO2–P2O5–Na2O–CaO) with Sr-substituted for Ca on a molar
percentage basis [22]. The released Sr2+ from BGs increased osteoblast proliferation and ALP
activity and inhibits tartrate resistant acid phosphatase (TRAP) activity and osteoclast-mediated
resorption of CaP films, in a similar manner to the osteoporosis drug SrR.
Magnesium (Mg) is distributed throughout human organs such as bone, dentin, enamel, muscle,

soft tissues, and serum. This element is emerging as a key player in many physiological functions,
for instance, promoting bone formation, adenosine triphosphate (ATP) metabolism, and activa-
tion of vitamin D. It has been reported that the presence of Mg in BGs can improve the expression
of collagen I, ALP, OCN, and osteogenic markers to improve bone growth [58]. Precise analysis
of sol–gel-derived SiO2–P2O5–CaO–MgO BGs (MgO 5, 8, and 10wt%) demonstrated that 8Mg-BG
showed the optimal compositions offering optimum hydroxyapatite formation rates and thicker
HCA layer on the surface after being immersed in SBF. Both cell viability and ALP activities of
8Mg-BG samples were higher than the control sample as well [59].
More to the point, lanthanide (Ln) ions also have close resemblances to Ca2+ including simi-

lar ion radius, donor atom preference, and almost the same protein binding site, thus Ln3+ are
called “bone-seeking materials” and used as a functional simulant of Ca2+. However, Ln3+-release
BGs applied in osteogenesis activation is still in its infancy and certainly needs more characteriza-
tions yet, the reported results could still provide references to future researches about lanthanide
ion family. For example, Salinas et al. prepared mesoporous SiO2–CaO–P2O5 BG with Ce2O3 par-
tially substituted for SiO2 by evaporation-induced self-assembly [60]. The mesopore size gradually
decreased with the increase of Ce2O3 substitution concentration, keeping the mesoporous order
and in vitro apatite-like formation ability and high biological activity in vivo. The Ce2O3-MBG
scaffold prepared by Shruti et al. has interconnected super-large pores and is suitable for vascu-
larization, nutrient supply, and normal cell growth [61].

11.2.1.3 Ionic Pro-angiogenesis Effects
Successful tissue engineering/regeneration requires sufficient neovascularization in an initial stage
in order to ensure cells, GFs, and nutrient/waste transport to function properly at new tissue for-
mation site. For instance, angiogenesis plays a crucial role in the scaffold-based bone tissue repair
process for cell survival and for the maintenance of any cell populations that may be recruited
during tissue formation. Angiogenesis, refers as generation of new blood vessels from host preex-
isting ones, is regulated by many conditions. While the development of biomaterials that promote
angiogenesis by their own degradation products, e.g. delivery of bioactive stimulating ions, is very
appealing. To date, a few literatures have demonstrated positive angiogenesis effect of Ca2+, Co2+,
Cu2+, Si4+, and Eu3+ ions.
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Cobalt (Co) ion supplementation has been seen toxicity to osteoblasts and reduction osteoblast
proliferation, especially at high concentrations [62]. However, studies also showed that a suitable
dosage of Co2+ could mimic hypoxia condition triggering the formation of new blood vessels
by stabilizing the activator of angiogenesis-related genes, hypoxia inducible factor 1 subunit
alpha (HIF-1α), and thereby upregulating the expression of vascular endothelial growth factor
A (VEGFA). Wu et al. incorporated Co2+ into MBG scaffolds. In vitro evaluation confirmed
enhanced expressions of genes encoding the proangiogenic proteins VEGF and HIF-1α, as well
as pro-osteogenic protein OCN in bone marrow stromal cells [31]. Furthermore, another in vivo
study also showed that Co-containing glasses stimulated VEGFA and HIF-1α expression in blood
vessels and cell nuclei, respectively, in the deep dermis layer of the dorsal region of rats, featuring
considerable local stimulation of the angiogenesis process due to Co2+ release [30]. Given that,
carefully selected doses of Co2+ in engineered tissue treatment that minimize the cytotoxic effects
and maximize angiogenic potential could prove to be beneficial overall.
Copper (II) ions recently also impressed us with the angiogenesis effect. Cu2+ can bind and

interact to important vessel growth mediators, e.g. VEGF, and modulate relative gene and pro-
tein expressions. Wang’s group has fabricated a series of borate BG powders doped with vary-
ing amounts of Cu (0–3.0wt% CuO), and afterward the powders were prepared into 3D porous
scaffolds using a polymer foam replication technique [29, 63]. As shown in Figure 11.2a, Cu2+
release from glasses was beneficial for blood vessel formation as well as new bone growth com-
pared to the undoped formula. According to in vivo study in a rat calvarial defect model, 3.0wt%
Cu-doped borate silicate glass scaffolds confirmed higher number of blood vessels for bone tissue
engineering. In 2015, the same group re-melt the Cu-borate BG particles and formed microfibers
by injecting a high-pressure jet of gas (Figure 11.2b) [64]. Ionic products of the Cu-doped glass
microfibers in vitro stimulated increased angiogenesis capacity in a manner of positive correla-
tion to Cu2+ content. When the microfibers were used to treat full-thickness skin defects in rat,
Cu-doped materials significantly induced more vessel formation at the defect site, while Cu2+ did
not show marked improvement of collagen deposition, maturity, and orientation compared with
the microfibers without doping at 14 days post-surgery.

11.2.1.4 Ionic Anticancer Effects
Magnetic hyperthermia therapy against tumors relies on the susceptibility of tumor cells to heat,
which may cause irreversible damage to tumor cell membranes and initiates protein denatura-
tion. The transition metallic ions are a category of photothermal agents for potential photothermal
therapy which are also likely to exert toxicity to tumor cells by depressing cell metabolism and
proliferation [65]. Therefore, several studies have proposed the incorporation of transitionmetallic
ions into BG network for tumor inhibition.
Liu et al. reported the element (Cu, Fe, Mn, Co)-doped bioactive glass-ceramic (BGC) scaffolds

fabricated by 3Dprinting technique [66]. All the doped-BGC scaffolds displayed good photothermal
performances following the sequence: Cu-BGC>Fe-BGC>Mn-BGC>Co-BGC. The photother-
mal effect of the scaffolds was also dosage dependent and could be modulated through changing
the doped ion type and amounts. On the other hand, compared to blank control, the Fe-BGC and
Mn-BGC scaffolds promoted cell adhesion, proliferation, and osteoblast differentiation of rat bone
mesenchymal stromal cells (rBMSCs) together with stimulated higher VEGF expression lever. It
concluded that Fe-/Mn-doped BGC scaffolds offered a neat choice for bone tumor therapy and
simultaneous bone regeneration.
Liu et al. also fabricated Mn-doped MBG scaffolds and further loaded chlorin e6 (Ce6) into

Mn-MBG scaffolds. Such composite scaffolds showed a combined photothermal and photodynamic



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

�

� �

�

11.2 Therapeutic Ion Release 235

(a)

(b)

BG

BG-3Cu
500 µm

2 µm

Control

BG

3Cu-BG

0
7 d 14 d

10

20

30

40

50
Control

B
lo

od
 v

es
se

ls
 (

m
m

2 )

0

20

40

60

80

V
es

se
l n

um
be

r

0
7 d 14 d

10

20

30

40

50

M
at

ur
e 

bl
oo

d 
ve

ss
el

s 
(m

m
2 )

BG
%

%

3Cu-BG

Control
BG
3Cu-BG

BG BG-3Cu

0

10

20

30

40

50

V
es

se
l a

re
a 

(%
)

BG BG-3Cu

CD31/α-SMA

Day 7 Day 14

Figure 11.2 (a) Cu-doped borate bioactive glass scaffolds as a controlled delivery system for copper ions
in stimulating osteogenesis and angiogenesis in bone healing. Borate glass scaffolds (pore
size∼ 200–400mm) doped with varying amounts of Cu (0–3.0wt% CuO) were fabricated using a polymer
foam replication technique. When implanted in rat calvarial defects for eight weeks, the scaffolds doped
with 3wt% CuO showed a significantly better capacity to stimulate angiogenesis and regenerate bone
compared to the glass scaffolds without doping. (b) Cu-doped borate bioactive glass microfibers stimulate
angiogenesis and full-thickness skin defect in a rodent model. The Cu-doped fibers (3.0wt% CuO) promoted
angiogenesis in the defect area and show great potential in wound or soft tissue regeneration. Source:
(a) Wang et al. [29], Figure 01, 06, 10 [p. 196, 199, 201]/with permission from Elsevier; (b) Zhao et al. [64],
Figure 01, 09, 12 [p. 382, 386, 389]/with permission from Elsevier.

effect caused by the doped Mn and the loaded Ce6, respectively [67], which achieved a synergis-
tic enhanced therapeutic efficacy against tumors in comparison to photothermal therapy (PTT)
or photodynamic therapy (PDT) treatment alone. More importantly, after a short term of PTT and
PDT therapy, there was no loss of the biocompatibility and osteoinductivity with theMn-MBG/Ce6
scaffolds. On the other hand, theMn-MBG/Ce6 scaffolds promoted expression of several osteogenic
genes of rBMSCs, indicating favorable bone regeneration with such scaffolds.

11.2.2 Control of the Ion Release Profiles

As discussed above, the pharmaceutic effects of functional ions are dosage dependent, and so do the
possible toxicities. Therefore, BGs with ion delivery attempt to achieve an optimal balance among
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particular issues regarding therapeutic effects and bio-safeties. It is undoubted that the ion release
profile predominates the final performances of the ion-doped BGs. Normally, the ion release is
accompanied with glass dissolution process which is determined cooperatively by the properties of
both the ions themselves and BG matrix materials.

11.2.2.1 Ion Solubility
The ions themselves exist within the glass network in different forms. Some participate in net-
work forming and are bonded with complete integrated network connectivity; however, some ions
mainly take the role of glass network modifiers that have significantly changed and less-bonded
chemical environment along with more nonbridged oxygen atoms. In this way, ions of higher
degree of freedom are ready to release out. A more open and disrupted network of BGs allows
water penetration easily to contact with the ions on the other hand. Molecular dynamics simu-
lations confirmed that modifier cations and nonbridging oxygen (NBOs) atoms can act as Lewis
acidic center allowing for strong interactions between BGs surface and H2O [68]. To the contrast,
bridging oxygen atoms are more hydrophobic, and no significant interaction with water has been
observed.
In addition, the ion release behaviors controlled by diffusion are dependent to their own dif-

fusion coefficient related to ionic radius, charges, and diffusion energy barriers. In many cases,
the use of mixed alkali ions of different ionic radii is noted to decrease ion release from standard
silicate glasses compared to structures with one loaded alkali oxide only [69]. And commonly an
alkali ion with larger radius, for example, K for Na, can open the glass structure and enable faster
ion exchange and ion release. Du and Xiang studied the Sr substitution effect on the structure, dif-
fusion, and dynamic properties of 45S5 BGs viaMD simulations [70]. The trajectories in Figure 11.3
provide direct visualization of different diffusion pathways for the three types of modifier ions
(Na+, Ca2+, Sr2+). Na+ diffuses much faster than Ca2+ and Sr2+ and explores much larger area

Figure 11.3 Diffusion pathways of three atoms: Na, Ca, and Sr. Trajectories from MD simulations for
45S5-5Sr at 2000K in the duration of 20 ps. Pink ball: Sr; blue ball: Ca; green ball: Na; small yellow ball: Si;
small purple ball: P; small red ball: O. Source: Reproduced with permission from Du and Xiang [70].
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and configurational space, and diffuses longer distances. The diffusion pathway of Ca2+ and Sr2+
by contrast are much more localized indicating much less diffusion of two alkali earth ions.

11.2.2.2 Crystallinity
BGs have a tendency to crystallize when there is a high concentration of NBO atoms contributing to
low network connectivity, either during the preparation process or further heat treatment. There-
fore, it is reasonable to modulate the ion release rate by altering the glass crystallinity. Sintering is
the most common approach to obtain different crystallinities, which has already been applied to
produce glass-ceramics with partial crystallization of selected phases and partially remained glass
phase [71]. Cacciotti et al. evaluated the dissolution rate of sol–gel derived BGs after heat treatment
at different temperatures [72]. Crystalline phases were detected and very slow dissolution behavior
was observed at 1100 ∘C as compared with BGs heated at 700 ∘C.
On the other hand, the compositions of BGs are able to change the devitrification tendency so as

to obtain different heat processing temperature windows. For instance, Peitl et al. showed that sili-
cate BGs can crystallize into either sodium calcium silicates (such as combeite, Na2O–2CaO–3SiO2)
or wollastonite (CaO–SiO2), with the latter showing a significantly increased processing window of
300K compared to around 100K for the former [73, 74]. Li et al. found that the substitution of Sr2+
for Na+ induced an increase of the glass transition temperature (Tg) from 591 to 760 ∘C [75]. Brauer
et al. reported that with partial substitution of MgO for CaO, the glass degradation rate decreased
with the delay in HCA layer formation, which was ascribed to the effect of ionic field strength and
diverse bonding configurations of glass [76].

11.2.2.3 Specific Surface Area
As mentioned before, the dissolution reaction starts from the interface between BG materials and
themedia after contacting with releasemedium. Hence, specific surface area is a critical parameter
that can influence the degradation rate.
The best example to elucidate the importance of high surface area is a comparison among

melt-quenching BGs, sol–gel derived BGs, and MBGmaterials. Due to the presence of micropores,
sol–gel glasses show higher specific surface areas and accelerate dissolution rate compared to
conventional melt-derived BGs. Likewise, mesoporous structure of MBGs greatly elevates the
specific surface area of sol–gel BGs. The interconnected nanoscale-pores within MBGs favor
solution penetration and circulation so as to improve the reactivity of BGs [4, 35].
On the other hand, the forms of BGs result differences in specific surface areas. For example,

Maçon et al. compared 45S5 in two different particle size ranges (Bioglass, BG: particle size
45–90 μm; NovaBone, NB: 90–710 μm). The results clearly showed that BGs formed apatite slightly
faster than NB, which is most likely caused by the smaller particle size and larger relative surface
area of BGs, allowing for faster ion exchange kinetics than NB [77].

11.2.2.4 Medium Condition
Preliminary characterizations of BGs before in vivo tests are typically accomplished via immersion
in acellular solutions, such as deionized water, SBF, different buffer solutions, and various cell cul-
ture medium formulations. Results proved that the dissolution rate of BGs can also be influenced
by the surrounding medium conditions including medium temperature, pH, and medium compo-
sition [78]. For example, the dissolution rate of silicate BGs was enhanced with an increment in
pH from 2 to 8.5 because of hydrolysis acceleration. The Si—O—Si bonds are destroyed due to the
nucleophilic attack of OH− in water-containing medium [78]. As the pH in the body can be acidic
under inflammation or infected conditions, BGs immersion studies at low pH are also necessary.
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A study by Bingel et al. investigated the ion release and apatite formation of fine 45S5 powder at an
initial pH of 5 in sodiumacetate buffer [79]. As expected, ion releasewasmuch higher comparing to
that in a Tris-HCl buffer at a pH of 7.35 due to faster ion exchanges. Proteins in the release medium
has an impact on the ion release as well. Sepulveda et al. performed a comparative assessment on
the dissolution behavior of BGs in SBF or in cell culture medium [80]. Inductively coupled plasma
(ICP) mass spectroscopy results demonstrated that positively charged serum proteins in culture
medium can adsorbed on the surface of BGs and then suppress the glass dissolution.
In addition, BGs in many cases are not solely used but form composites with other materials in

different terms of scaffolds, films, fibers, or hydrogels; hence, the ionic dissolution rate is influenced
by other components as well. Those second phase of materials are commonly expected to prolong
the ion release distance from BGs that are embedded. In this sense, the adjustment of therapeutic
ion release from complex BG-containing delivery system need to consider more factors besides the
BGs themselves.

11.3 Drug Release

As described previously, BGs can be reservoirs to release bioactive ions for specific purposes in
tissue regeneration processes including the improvement of osteogenesis, angiogenesis, and new
tissue growth. It is simply and straightforward to fabricate functional ion-doped BGs. However,
constraints in effective local ion concentration and the potential ion toxicitymake these ionic thera-
peutic agents not enough to achievemultifunctional properties of BGs.As a solution, BGshave been
explored to behave as a bioactive platform to load therapeutic agents including drugs, biomolecules,
and alternative smallmolecules of GFs. The drug loading aims at promoting tissue repair, providing
support of treatment and decreasing postsurgical complications.
Current drug/molecule delivery strategies with BGs can be grouped into four types according

to their loading mechanisms and the forms of carriers as well. A graphic illustration of four drug

Loading mechanism Release mechanism
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Figure 11.4 Illustrations of drug loading and release mechanisms from BG-based carriers.
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delivery strategies is depicted in Figure 11.4. Interactions between drug species and BGs can be
either physical or chemical in the final delivery systems:

(I) Drug and BGs powders are mixed together and directly compressed into a drug-loading
monolith.
Once contacting to fluids, drugs diffuse out and the diffusion kinetics are determined com-
prehensively by the weight ratio of drug/BGs, release medium volume, and BGs degrada-
tion rate. For instance, Xie et al. firstly prepared melt-derived borate glass powders with the
composition of 6Na2O–8K2O–8MgO–22CaO–54B2O3–2P2O5 mol%, and then mixed it with
vancomycin and phosphate-buffered saline (PBS) [81]. The paste was transferred into molds
for self-hardening and forming cylindrical pellets (VBG). In comparison to commercially cal-
cium sulfate (VCS), vancomycin in borate glasses showed longer antimicrobial effect due to
slower resorption rate and gradually released at the concentration sufficient to inhibit bac-
terial growth during 18 days. In vivo, VBG pellets also presented the highest 81.25% negative
rates of MRSA examination and osteomyelitis eradication for infected rabbits. However, the
release kinetic is still unsatisfied and uncontrolled for achievement of long-term and effective
drug concentrations at lesion sites. Therefore, additives including polymers, hydrogels, and
microbeads are simultaneously entrapped in this system to establish diffusion hindrances and
prolong drug release period [82]. The same group lately constructed similar borate BG pellets
containing teicoplanin using chitosan/PBS solution instead of pure PBS, and they found that
the release process sustained for around 30 days and still followed Fick’s diffusion rules [83].

(II) Drugs are anchored on BGs particle surface through chemical bonding.
Size reduction of BG particles on some occasions brings beneficials because of higher sur-
face area, enhanced bioactivity, and cell adhesion and other properties [84]. Bioactive glass
nanoparticles (BGNs) recently have been developed for potential drug/gene delivery, bioimag-
ing, and cancer therapy applications [85, 86]. In this regard, careful engineering of BGNs is
a prerequisite for proper drug/molecule delivery, such as physiological stability, dispersity,
improved immune responses, and so on.
The oxide network of BGs contains both bridging oxygens and nonbridging oxygens, and
the surface chemical reactivity, namely the surface groups, of BGs is readily to be altered.
Therefore, versatile functionalization/modification can be theoretically achieved, especially
silicate BGs. By this means, initial burst release can be prevented and drugs grafted on the
surface release along with bond lysis or BG matrix degradation. An interesting example is
about that γ irradiation can play an equivalent role with chemical modification for the pur-
pose of drug release modulation. Farag et al. prepared nano-bioactive 58S glasses particles
which were treated with 60Co γ irradiation at two different irradiation doses exposure times
(25 and 50 kGy) [87]. The irradiation createdmoreNBOs via breaking Si–O–Si network. These
NBOs were susceptible to form more Si–OH groups on the surface of glass particles. As a
result, negative-charged vancomycin drugs could present different states of interactions with
the silanol groups so that to alter release kinetics.
Zarghami et al. synthesized amino-grafted BGNs via a post reaction with (3-aminopropyl)
triethoxysilane (BGNs-APTES) [12]. Vancomycin was then immobilized via EDC/NHS
cross-linking process onto the BGNs-APTES surface, and at the same time, the rest of drug
entered pores in BGNs derived from sol–gel process. As a result, the release profile that had
two stages include an initial burst release and subsequent constant-rate release, which did
not fit any common models that have been explored to describe noncovalent bonding drug
release. They raised a new mathematical model that the logarithm of cumulative released
drug is a second-degree polynomial function of time logarithm.
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Poor dispersion stability of BGNs in a physiological environment has limited their wide
biomedical applications. Xue et al. proposed a novel idea to take advantage of Ca2+-phosphate
interaction to synthesize glycerolphosphate-functionalized bioactive glass nanoparticles
(GP-BGNs) [85]. The GP-BGN particles exhibited monodispersity without aggregation,
together with significantly enhanced particles stability in physiological environment, good
hemocompatibility, and cellular biocompatibility, as well as high cellular uptake ability. It is
worth noting that such modified particles can be further used to deliver other molecules by
reactions with the surface terminal groups [88, 89].

(III) Drugs are adsorbed into the pores of BG scaffolds or foams.
The use of highly 3D porous structures instead of BG powder forms in tissue engineering
is well accepted, such as macroporous scaffolds. The interconnected macropores facilitate
cell, vascular, and nutrient penetration and transportation. Similarly, the drug/biomolecule
species can also adsorb into such pores within scaffolds. Although physical adsorption of
molecules to material surfaces is the simplest method of delivery, the loading and release of
adsorbed functional molecules can be non-efficient. In such cases, surface functionalization
again becomes important to avoid short-time drug retention, as Strategy (II) addressed
above. For example, Wang et al. compared amino-modified MBG scaffolds with pure MBG
scaffolds to deliver alendronate (AL) [90]. When amino groups were grafted covalently on
the scaffold surface, the AL adsorption was increased almost twofold, with subsequent inten-
sification of drug in the required area. It also revealed that the proliferation and osteogenic
differentiation of rBMSCs-OVX were promoted by AL at a concentration of 10−8 M. Simul-
taneously, the osteoprotegerin (OPG) expression level was obviously upregulated by 10−8 M
AL as well as the ratio of OPG/RANKL, an indicator of the anti-osteoclastogenic effect
indicating that proper AL concentration can regulate osteoporotic bone regeneration by
directly promoting osteogenic differentiation of bone mesenchymal stromal cells BMSCs
as well as by promoting the osteoclastic inhibition effects of BMSCs to suppress osteoclast
activity.

(IV) Drugs are loaded in mesopores of MBGs.
From melt-quenching BGs to sol–gel BGs, the presence of micropores plays important roles
in improving bioactivity, degradation kinetic and biological properties. One step further, the
highly ordered micropores are produced so as to increase the surface area, pore homogene-
ity, and pore volumes of BGs. These micropores are of nanoscale size falling in the range of
2–50 nm, thus such BGs are called MBGs. Likewise, similar to other mesoporous inorgan-
ics, MBGs also offer great opportunities for constructing delivery systems. Different terms of
MBGs have been developed, e.g. powders, coatings, gels, nanoparticles, cements, and even 3D
scaffolds [6]. The drugs, proteins, and GFs realize their loading into the mesopores generally
through adsorption.
The adsorption process is driven by secondary forces between drug and surface including elec-
trostatic force, van derWaals force, hydrogen bond, π–πpacking, and capillary force. Chemical
bonding is certainly another important stimulation for adsorption as that is called chemical
adsorption. Adsorption is a superficial phenomenon; hence, either the physical or chemi-
cal interactions only occur on the pore surface. As such, the pore surface features (reactivity
and specific surface area) clearly influence the drug loading capacity and release behavior,
which is discussed in detail in Section 11.6. High specific surface area of MBGs represents
an augment on the surface available for drug adsorption, and on the other hand allows the
loading processes without the use of aggressive treatments, guaranteeing the stability of ther-
apeutic molecules. In a word, drug delivery behaviors could be controlled by MBG porous
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architectures. A variety of studies have demonstrated the achievements of optimal mesopore
textures forMBG-based host-guest assembly and drug delivery, which aimed to treat different
diseases or disorders.

11.3.1 Antibacterial Drugs

Prevention and treatment of bacterial infections is one of the greatest medical challenges in the
field of cell/tissue transplantation as well as biomaterial implantation. Specifically, this problem
occurs in various situations including trauma, reconstructive orthopedic procedures, and other
local surgery. The bacterial infections could range from hard (e.g. bone) to soft (e.g. skin) struc-
tures with dangerous effects [91]. For example, chronic osteomyelitis is one of the major causes of
morbidity and mortality worldwide. Oral or intravenous administration of large dosage antibiotics
brings out the well-known issues related to antibiotic-resistance bacteria (PDR). The last frontier
for the treatment of this disease requires the implantation of a controlled delivery system with
the ability to locally release appropriate amounts of antibiotics or other antimicrobial agents for an
extendedperiod [92]. The delivery systemcan achieve in situ long-termand sustainable drug release
all over the lesion area so as to reduce PDR risks and drug concentration change in plasma/organs
of human body.
MBGs have been proved higher drug loading efficiency and prolonged release period compared

to nonporous bioactive glasses (NBGs), thus attempts of delivering conventional antibiotics (gen-
tamicin, vancomycin, tetracycline, ampicillin, etc.) were mostly focused on MBG-based carriers in
recent decade.MBG carriers have been designed in various forms to achieve sufficient antibacterial
inhibitory concentrations and effective prevention of biofilm deposition on implant surface.
To take gentamicin (GS) for an example, different MBG-based drug carriers were devel-

oped. As early as 2006, Xia and Chang synthesized ordered M58S and M77S MBGs with high
specific surface area (277 and 400m2/g) by a two-step acid-catalyzed self-assembly process
combined with hydrothermal treatment, while that of sol–gel 58S BGs was only 58m2/g [93].
As a result, three- to four-fold of gentamicin loading amounts were obtained in M58S compared
with 58S, and the release curves crept slowly lasting for more than two weeks in SBF and in
water. Moreover, the release profiles could be modulated by changing medium pH. In order to
decelerate the drug release rate, Li et al. proposed to blend GS-preloaded MBG powders with
poly-(lactide-co-glycolide) (PLGA) polymer matrix to form microparticles [94]. In both water
and PBS, GS release from MBGs was very fast with more than 80wt% released in two days.
MBG/PLGA composite microspheres showed an initial release of about 33wt% in the first day,
and 48wt% in two days, and a subsequent sustained release lasting for more than four weeks
in PBS. Later on, Zhu and Kaskel fabricated MBG foams through sponge replication and also
compared GS delivery behaviors with nonporous BG foams [95]. Due to abundant Si–OH and
P–OH groups on the mesopore surfaces that linked to GS molecules by hydrogen bonds, MBG
foams sustained GS release for more than seven days and varied along with medium pH values.
In 2011, MBG precursor sols were dip-coated onto poly(L-lactic acid) (PLLA) porous scaffolds
by Zhu et al. [96]. The mesopore directing agents were then removed by ethanol extraction
instead of calcination so as to produce mesopores for GS loading. The drug-loading efficiency
was increased simply by more dipping-dry cycles. In addition, the MBG coating significantly
enhanced apatite deposition ability and bioactivity of PLLA scaffolds. Guo and coworkers in
2013 examined the antibacterial properties and biofilm formation on compacted MBG-GS disks
[97]. The results confirmed that MBG-GS was able to significantly reduce bacterial adhesion and
prevent biofilm formation of both ATCC25923 and ATCC35984. In vitro biocompatibility assays
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Table 11.3 Some typical antibiotic delivery systems based on BG carriers.

Antibiotic Drug carrier Drug release References

Gentamicin ● M58S/M77S powders
● M80S-PLGA microspheres
● Compacted MBG-GS disks

● Release curves crept slowly lasting for
more than 2wk

● 80% of GS released from MBG in the first
day while the percentage decreased to
44% from MBG/PLGA microspheres

● Gent-MBG exhibits sustained drug
release for more than 6 d

[93, 94, 97]

Vancomycin ● Borate bioglass powder
mixture

● Amino-functionalized BG
nanoparticles (BGNs)

● Surrounding drug concentration retained
above minimum inhibitory
concentration (MIC) for 18 d

● 1.5-fold increase of loading efficiency
and half burst release compared to
nonfunctionalized BGNs

[12, 81]

Tetracycline MBG–xS95–xC–5P CaO contents significantly influence the
release kinetics because the chelation
between the drug and the calcium species

[98]

Levofloxacin ● Zn-doped MBG scaffolds
● ATP-capped MBGs

● Showed synergistic antibacterial effects
against S. aureus and E. coli lasting for 18
and 8 d, respectively

● ATP-capped MBGs showed equitoxic
loading concentration of levofloxacin
and more effective against bacteria than
free drug

[99, 100]

Ampicillin CaO–SiO2 nanospheres Gradually released in almost a week
timeframe

[101]

Ceftriaxone 3D BG scaffolds with 60–65%
porosity (bimodal distribution
of macro- to micropore) with
average pore size ∼60 μm

In vitro and in vivo drug elution after 42 d
showed drug release at least 10–15 times
higher than minimum inhibitory
concentration of ceftriaxone against
S. aureus compared to parenteral treatment
(two injections a day for 6wk)

[102]

Curcumin Ga-containing
phospho-silicate glasses

25% within 72 h and prolonged release
afterward

[103]

demonstrated that MBGs had better biocompatibility than NBGs, likely due to its mesoporous
structure.
Table 11.3 summarized some typical BG-based antibiotic delivery systems, including commonly

used first-line antibiotics and natural antibacterial products. A typical natural drug example is cur-
cumin, which is highly expected to treat various diseases like inflammation, cancer, Alzheimer, and
cardiovascular diseases. Malavasi et al. synthesized and characterized mesoporous Ga-containing
phospho-silicate glasses loaded with curcumin as a new type of drug delivery systems (DDS) [103].
Their obtained results showed that Ga-containing glass loaded with curcumin is the most promis-
ing one as a DDS because it can be loaded with the largest amount of curcumin (4.7mg/g) that
is slowly released (25% within 72 hours), thereby allowing a prolonged therapeutic effect, and the
presence of curcumin molecules in the SBF solution stabilizes Ga3+ ions, thereby preventing their
precipitation. Besides, a few more herbal drugs (icariin, Yunnan Baiyao, polyphenols, etc.) have
been loaded into BG carriers that gave out interesting preliminary results and diversify BG drug
delivery systems [104, 105].
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11.3.2 Small Therapeutic Drugs for Diseases

Implant biomaterials are commonly necessary for auxiliary use in defects after surgery removal
of necrotic area or imperfects of other diseases. Local delivery of chemotherapeutic drugs by such
implants is helpful to improve targeted and regional therapeutic effects, meanwhile reduce drug
toxicity and side effects. It is well accepted in the fields of tissue engineering, would healing, pros-
thetic, and plastic medicine. Here, typical bone disorders as a representative treated with BG-based
implantable drug livery systems are summarized in Table 11.4.
Bisphosphonates (BPs), containing a P–O–P linkage in a drug molecule, are one of the most

used nonspecific synthesized chemo-drugs. The P–O–P linkage has an affinity to bone apatite, by
that BPs can regulate bone mineralization and metabolism. Nowadays, BPs drugs have received
widespread use toward bone disorders, such as osteoporosis, osseous imperfecta, osteosarcoma,
and osseous metastasis from tumors. Therefore, BPs are frequently selected as drug model to test
BG-based carrier performances to show potentials of BG–BPs complexes in clinic. Zhu et al. syn-
thesized mesoporous silicate bioglass microspheres with different CaO contents for AL delivery
[117]. It was found that increased CaO content can slow down AL release rate due to the com-
bination reasons of less integrated mesopore structure and stronger Ca–AL interaction. Both of
Ravanbakhsh’s [114] and Wang’s [90] groups attempted to functionalize MBG nanoparticles or
scaffolds with amino groups, and then negatively charged AL were trapped/adsorbed into meso-
porous channels. The amino groups certainly increased AL loading capacity and also prolonged
the release time period. Another interesting study on controlling AL release manner was proposed
by Diba et al. [110] who investigated the strong interaction between AL and 45S5 BG particles,
and created hybrid biomaterials by immersing BG particles into AL solutions at different pH and
AL/BG ratios. AL disrupted BG silicate network through substitution of phosphates in BG particles
and thereby formed Ca cation-AL coordination complexes presenting tunable morphology, chem-
ical composition, and structure. These hybrid particles showed in vitro controlled anti-osteoclastic
effect and in vivo strong capacity to facilitate regeneration of bone defects in an osteoporotic rat
model.
The third generation BPs including AL, zoledronate (ZOL) have attracted attentions to

be delivered for bone tumor treatment, either primary or secondary. For example, ZOL was
incorporated in metallic surgical implants via mesoporous glass coatings. Zhu et al. deposited
HA particulate coating on stainless Kirschner wires by plasma spraying, and then loaded
ZOL-containing mesoporous silica nanoparticles (MSN) onto the surface as well by acid etching
[118]. In a result, the MSN-HA composite coating showed eightfold of ZOL loading efficiency
compared to pure HA coating.
Besides those clinic medications, some interesting drug alternatives, which are not convention-

ally produced in industry for clinic use, have been encapsulated in BG-based carriers to create
functional biomaterials for tissue engineering. The alternative chemicals are capable of sometimes
simulating GFs without loss of activities or playing roles in regulating relative signaling pathways,
such as inhibitors or activators [119]. The local delivery of these particular drugs is definitelyworthy
to investigate.
For example, phenamil, known as an irreversible inhibitor of sodium channel, has recently been

highlighted as a potent small molecule bone morphogenic protein (BMP) signaling activator. Lee
et al. co-delivered phenamil and Sr2+withBGnanoparticles as carriers [120].While Sr2+ constitutes
“intrinsically” BG nanoparticle chemistry, phenamil is “extrinsically” loaded onto the mesopores
of nanoparticles. These two molecules are internalized to cells to synergize the osteo/odontogenic
stimulating BMP pathway.
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Table 11.4 List of therapeutic drug delivery systems based on BGs for bone disease/disorder treatment.

Bone disorder Drugs Drug carriers Drug release References

Osteoarthritis Acetaminophen Cu-doped BG spherical clusters Drug release profiles were influenced by Cu content,
particle morphology, and porosity

[106]

Dexamethasone ● Boron-containing MBG foams
● 3D-printed Sr-MBG scaffolds

● The foams with a higher large-pore porosity (86% and
90%) have higher loading efficiency, but the large-pore
porosity had no obvious effect on DEX release

● Sr-MBG scaffolds exhibited similar sustained release
behaviors. 75–85% of the loaded DEX was rapidly released
in the first day, and then much more slowly

[107, 108]

Ibuprofen ● Cu-doped BG spherical clusters
● 3D-printed MBG/SA–SA scaffolds

● Drug release profiles were influenced by Cu content,
particle morphology, and porosity

● Exhibited a relatively rapid release rate in 12 h, and then
70% of ibuprofen released slowly within 168 h

[106, 109]

Osteoporosis/
osteogenic
imperfecta

Alendronate
Zoledronic acid

● Amino modified MBG scaffolds
● Hybrid CaBG-AL complexes.
● 45S5 Bioglass®/PLA coated scaffolds

● AL release from amino-modified MBGs is slower than
that from unmodified scaffolds due to covalent bonding

● pH controlled AL release from lysis of phosphate–Ca2+
interactions

● PLA coating retarded ZOL release

[90, 110]

[111]

Osteoporosis/
osteogenic
imperfecta

Ibandronate Mesoporous SiO2–CaO–P2O5 and
SiO2–SrO–P2O5 bioglasses wrapped in
PCL films

Not discussed [112]

Osseous
tuberculosis

Isoniazid/
rifampin

3D-printed macro/meso-porous BG
composite scaffolds

COOH- and CH3-grafted silicate mesoporous bioglasses
enhanced the affinities specifically between drugs and
mesopore walls

[113]

Osteosarcoma Alendronate MBG sub-micro particles Si–OH and PO4 groups in MBG particles achieved sustained
release

[114]

Camptothecin MBG powders derived from rice husk
(rMBG) and that grafted with folic acid
(FA)

A rapid release of camptothecin (CPT) from rMBG and
rMBG-FA occurred within 1 d and was sustained until day 7

[115]

Doxorubicin ● MBG nanospheres
● Eu-containing MBG nanospheres
(60% SiO2–(36− x)% CaO–x%
Eu2O3–4% P2O5)

● The loading amount and release kinetics of doxorubicin
(DOX) can be controlled by adjusting the initial drug
concentrations and the pH microenvironment

● Eu content and pH of release medium controlled DOX
release behaviors

[101, 116]
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Wu’s groups have developed MBG scaffolds for delivery of dimethyloxallyl glycine (DMOG)
molecules, which is proved to be an effective reagent for enhancing HIF-1α stabilization [121]. The
locally released DMOG in the periphery of bone defects, functioned similar to VEGF, stimulated
better angiogenesis and osteogenesis performances simultaneously.

11.4 Biomolecule Release

Biomaterial-based tissue engineering is a comprehensive process involving cells, GFs and mate-
rials. In this context people have explored various physical cues and biochemical cues regarding
to materials or cell activities for the purpose of optimal tissue healing. GFs are the most com-
monly used biomolecules to create favorable micro-environment to guide cellular behaviors and
tissue growth by binding to cell surface receptors, which in turn activates signaling pathways. Local
release of GFs from 3D porous scaffolds was proposed in early studies. However, GFs adsorption in
scaffold reservoirs induced lowdrug retention and high burst release, which probably caused exces-
sive dosages followed by proteolytic degradation, short half-life of GFs, and the gravest problem of
immunological rejection. Similarly, other GFs carriers, such as hydrogels, sponges, bone cements,
are also restricted owing to rapid release and loss of GFs bioactivity [122]. Recently, much effort
has been made on MBG materials with feature of high surface areas that can obtain appropriate
GFs release kinetics, so as to become an ideal GFs carrier candidate with lower effective dosages,
low immunogenicity, and inherent pro-osteogenesis properties.
Wu et al., for the first time, investigated MBG scaffolds for the delivery of VEGF [123]. Here, the

mesopores of MBG was 5.2 nm, which was believed to be able to load VEGF. After directly being
impregnated into VEGF-PBS solutions at 20 or 80 ng/ml, about 95% of VEGFwas loaded into MBG
scaffolds. Although there was a slight burst release in the first day, the VEGF can still be detected
even on day 14. To the contrast, nonporous BG scaffolds released all of GFs in the first day. Such
sustain release of VEGF from MBG scaffolds was attributed to combined retardant effects of high
surface area and fast apatite formation on the surface.
BMP family have acknowledged acceptance of substantial potential to accelerate bone regenera-

tion. Two groups, Xia et al. [124] and Dai et al. [125], both developed mesoporous silicate bioglass
scaffolds of CaO–P2O5–SiO2 and CaO–MgO–SiO2 formulations respectively for BMP-2 delivery.
Berkmann et al. furthermore in vivo confirmed spray-dried MBG microspheres as prolonged
local release system for BMP-2 to support bone repair [126]. Tang et al. proposed the concept of
“size-matchedmesoporous entrapment” for rhBMP-2 delivery [127], and to fulfill such proposition
through the fabrication of a trimodal macro/micro/nano-porous BG scaffold. They tailored 7.5 nm
of mesopores and 3D cubic (Im3m) mesoporous structure matching the dimension of rhBMP-2
molecule (7× 3.5× 3 nm3) to achieve a desirable immobilization, and further realized optimal
bone regeneration by cooperation of multiscale structure and rhBMP-2 (Figure 11.5).
In consideration of inherent limitations about GFs, some other biomolecules have been con-

cerned to replace GFs and offer a much safer solution when avoiding concomitant complications
or even tissue regeneration failures, such as polypeptide, nucleic acid, small molecular GF
alternatives.
Parathyroid hormone (PTH) is an 84-amino-acid polypeptide secreted from the parathyroid

gland, that is essential for the maintenance of calcium homeostasis through, in part, its regulation
of bone remodeling. Liang et al. modified PTH (1-34) sequences and designed a new PTH related
protein named PTHrP-1, which was afterwards introduced into MBG scaffolds [128]. In vivo
results revealed that the PTHrP-1-MBG scaffolds facilitated new bone formation and a higher



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

�

� �

�

246 11 Bioactive Glasses as Carriers for the Controlled Release of Therapeutic Species

Hierarchical macro/micro/nano-porous
architecture

Osteogenic
growth factor

Interconnected
macroporous

network

Rotary
evaporation

Uniform
incorporation

Self-reinforcing agent:

MBG particle
Micropore template:

methyl cellulose

Macropore
template:

TMS

One-step
castingViscosity:

4.0 × 104 to 6.0 × 104 mPa.s
MBG

synthesis

Mesopore
template:
F127

Dried,
calcinated

Dried,

ball-m
ille

d

Microporous
topography

Mesoporous
texture

rhBMP-2
7 × 3.5 × 3 nm3

(a)

(b)

Figure 11.5 (a) Design of trimodal macro/micro/nano-porous scaffold loaded with rhBMP-2 for
accelerated bone regeneration. (b) Schematic illustration of preparing trimodal MBG scaffold (TMS) by a
modified multi-template method involving “viscosity controlling” and “homogeneous particle reinforcing”
processes. Source: (b) Tang et al. [127], Figure 01 [p. 310]/with permission from Elsevier.

rate and quality of spinal fusion in a rat posterolateral spinal fusion model. Zhu et al. grafted one
type of osteopontin sequenced polypeptide SVVYGLR onto mesopores of mesoporous CaO–SiO2
bioglasses, which can mimic VEGF to specifically facilitate endothelialization and new vessel
formation [129].
In recent years, increasing interests were raised to design BG nanoparticles for gene delivery due

to their biocompatibility, biodegradability, and biological stability. Genetic modification of cells by
proper delivery genes (siRNA,miRNA, and pDNA) toward cell cytoplasm or the nucleus has shown
great promise for treating diseases and repairing damaged tissues. Kim et al. endeavored to synthe-
size nano-MBG vehicles for standard siRNAmolecules [130]. They carefully selected different pore
directing surfactant and reaction solvent to obtain tunablemesoporeswithin BGnanoparticles. The
results showed that larger mesopores (∼6 nm) had a higher siRNA loading efficiency around 5–7%.
The in vitro release was fairly sustainable, showing an almost linear pattern for up to three to four
days, and the total siRNA quantity released was relatively high at ∼70–75% of the initial loading
quantity. This is not enough for continuous long-term release of geneticmolecules, but it is believed
to be acceptable for temporary target gene silencing in cells.

11.5 Dual/Multi-species Release

As summarized above, BG-based drug carriers in terms of nanoparticles, coatings, scaffolds, etc.
are one of the most versatile, sophisticated and safe candidates for local species release includ-
ing ion dopants, small drug molecules, large biomolecules or their alternatives. Basically, it is a
natural direction to develop BG systems to simultaneous deliver two or even more species so that
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multifunctional biomaterials are obtained. Those loaded species ready for local release can work
independentaly providing inherent functions or coordinate with other species achieving synergis-
tic performances. Loading sites within BG carrier matrices for larger drugs or biomolecules are
limited to pores and surfaces, while the ions are doped in the BG frameworkwithout occupying sur-
face areas, hence, diversities of multi-species delivery need to be considered among drug/bioactive
molecules and functional ions. In this regard, drug–drug, GF–GF, or drug–GF combinations com-
monly requiremore than one carrier besides the BG-basedmaterials to obtain particular separately
controlled release profiles of each species. As a solution, BG-based carriers could instead develop
composites with another cooperative delivery system.
Four typical types of loaded species combinations including (i) ion-therapeutic drug [104, 131];

(ii) ion–GF [116, 132, 133]; (iii) drug–drug [113, 134]; (iv) GF–GF [135] are briefly discussed here,
and some examples were depicted in Figure 11.6, Figure 11.6a gives the schematic mechanism
of Ag+-doped BG nanoparticles, which evidenced good antibacterial performances in a bacteria
infected tooth. Unlike microparticles or bulk materials [131], the Ag+/tetracycline-BGNPs present
unique intracellular delivery after bounding on bacterial membrane. On one hand, the internal-
ization of tetracycline inhibited bacterial protein synthesis. On the other hand, the internalization
of Ag+ ions primarily ruptured bacterial membrane. Both of the in situ delivered species cooper-
atively obtain thorough bacteria killing. Similarly, epidermal growth factor (EGF) loaded Cu-BGn
release EGF biomolecules and Cu2+ ions for synergistically enhancing angiogenesis before and
after cell-internalization via micropinocytosis [132]. In addition to the role of Cu2+ ions in inhibit-
ing bacterial infection, the released bioactive ions (calciumand silicate) could stimulate dental pulp
mesenchymal stromal cells (MSC) differentiation to odontoblast and ultimately for pulp regenera-
tion. However, ampicillin/gentamicin co-delivery system in Figure 11.6b employsmodified surface
for one drug grafting and inner mesopores for another one [134]. The results indicate that drugs
inside the nano-assembled layer on particle surface release less sustainedly compared to that inside
mesopores. Tang et al. (Figure 11.6c) developed a 2-N, 6-O-sulfated chitosan (26SCS) functional-
ized dual-modular scaffold composed of MBG with hierarchical porous structures (module I) and
GelMAhydrogel columns (module II) in situfixed in hollowed channels ofmodule I, which is capa-
ble of realizing differentiated delivery modes for osteogenic rhBMP-2 and angiogenic VEGF [135].
A combinational release profile consisting of a high concentration of VEGF initially followed by
a decreasing concentration over time, and a slower/sustainable release of rhBMP-2 was realized
by immobilizing rhBMP-2 in module I and embedding VEGF in module II. Systematic in vitro
and in vivo studies proved that the two coupled processes of osteogenesis and angiogenesis are
well-orchestrated and both enhanced due to the specific GFs delivery modes.

11.6 Release Modulation on MBG-Based Carriers

MBGs show superiorities to construct delivery systems in comparison to conventional BGs due
to the significant texture and bioactive features. The high specific surface area, tunable pore size
and pore volume, controllable porous texture, and versatile surface activity of MBGs have been
inspiring a surge of explorations on local species release.
The mesopores are supposed to serve as temporary species reservoirs till release occur upon

implantation. Hence, regulation of mesoporous texture properties, such as pore size, pore
inner-connectivity, pore surface charges, etc., are the most fundamental task for better species
delivery performances. Here, how the crucial factors of mesoporous structures influence species
delivery are briefly discussed for highlighting MBG potentials in drug/species delivery.



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

Ag-BGn Bacteria membrane binding

Peptidoglycan
cell wall

10 mM CTAB solution in
trizma buffer (10 mM, pH 8)

1

2

3
4

Bioglass (nBG)
nBGA1 nBGA2

Sequentially add
precursors at an
interval of 30 min

during stirring

TEOS
TEP
Sodium acetate
Calcium acetate

Interacted
with

APTES

50 mg/ml
GS sol for

15 min

1 mg/ml
Chi sol for

15 min

50 mg/ml
Amp sol for

15 min

Mesopore

rhBMP-2

1 mg/ml
Chi sol for

15 min

50 mg/ml
GS sol for

15 min

50 mg/ml
Amp sol for

15 min

nBG-GS

nBG-GS-Chi

nBG-NH2

nBG-NH2-Amp

nBG-NH2-Amp-Chi

nBG-NH2-Amp-Chi-GS

nBG-GS-Chi-Amp

Plasma
membrane

Rupture of membrane Protein synthesis inhibition

Antibacterial effects

Cytoplasm

TetracyclineAg+ , Ca2+, Si4+

Dual modular design and
26SCS decoration

26SCS

VEGF GeIMA

Module II:
GeIMA hydrogel columns

Module I:
MBG-based matrix

(a) (b) (c)

Figure 11.6 Example illustration of BG-based dual species delivery systems. (a) Design of the Ag ion and TC drug co-delivered BG NPs with enhanced
antibacterial activities through internalizing Ag+ and TC at the same time. (b) Schematic flowchart for the synthesis of dual drug loaded CTAB templated
bioactive glass. TEOS, tetraethyl orthosilicate; TEP, triethyl phosphate; GS, gentamicin sulfate; Chi, chitosan; Amp, sodium ampicillin; APTES, 3-aminopropyl
triethoxysilane. (c) Design of the 26SCS functionalized dual-modular scaffold for GFs delivery to enhance bone regeneration. The two modules include
rhBMP-2/26SCS loaded amino-functionalized MBG with multilevel pores (MN/B/S, module I) and VEGF/26SCS loaded GelMA hydrogel columns (G/V/S, module II)
in situ fixed in the hollowed channels of the module I. Source: (a, b) Reproduced with permission from Lee et al. [131], El-Fiqi et al. [132], and Gupta et al. [134];
(c) Tang et al. [135], Scheme 01 [p. 05]/with permission from Elsevier.
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11.6.1 Pore Size

Species-pore size match is one essential premise for encapsulating guest species. Only when the
guest molecules enter mesopores other than only adsorbing on the out surfaces, the loading effi-
ciency can then achieve a high level and then the porous microstructure of MBGs is able to take
responsible to adjust local release profile.
Pore size and size distribution are mainly determined by the synthesis process, namely the size

of surfactant micelles. Previous studies have adopted different surfactant templates to direct meso-
pore formation. A classic experiment by Zhao et al. assessed two surfactants (P123 and F127) for
preparing MBG powders. It was observed that P123-MBGs possess superior surface area and pore
volume, and thereby induce much better drug loading efficiency (47.3%) with metoclopramide, as
compared to F127-MBGs (16.6%) [136]. In another experiment, three surfactants (cetyltrimethy-
lammonium bromide [CTAB], P123, and F127) were compared for their ability as drug (triclosan)
delivery system. The loading efficiency of the MBGs were 10.7%, 9.1%, and 9.7% for CTAB, F127,
and P123 respectively. Therefore, it can be speculated that the use of surfactant-CTAB is a better
choice for improving drug loading efficiency of MBGs [137].
In recent years, large-mesopore structure of MBGs were achieved via some new methods. Miao

et al. [138] reported a relatively simple W/O microemulsion method to synthesize MBG micro-
spheres with loose and large-mesopore structure with an average pore diameter of 19.8 nm that
is very suitable to load biomacromolecules, for example, serum albumin protein [139]. Tang et al.
reported a novel biphasic delamination method to fabricate MBGs, and the average mesopore size
was up to 21.87 nm for biomacromolecule encapsulation [140].

11.6.2 Pore Structure

Pore morphology, volume, and internal pore connections are important factors influencing meso-
porous structure that concerns drug delivery. Recently, some delicate designed MBG carriers with
novel pore structures offer more divergent ways to improve the guest storage as well as sustained
drug release, for instance, hollow MBG nanostructures.
In comparison to solid nanospheres, hollow MBG nanospheres undoubtedly possess enlarged

space for species storage. Several groups have successfully prepared hollow mesoporous bioactive
glass (HMBG) nanoparticles with emulsion assisted sol–gel processing. Wang et al. firstly synthe-
sized HMBG with tunable shell thickness and then regulated mesopore structure within the shell
[141]. Corresponding to those different mesoporous structures, they achieved varied ibuprofen
loading capacities and release rates. Thereinto, HMBG with orderly penetrative tunnels exhibited
the best performance, which might transfer the drug molecules into the interior hollow cores and
ensure IBU sustained release behavior.
Sun and coworkers have developed MBG nanospheres with hierarchical dendritic structure

for cancer treatment, i.e. inner mesopores exhibit hexagonal channels and external mesopores
show radial channels [142]. Based on the plasma concentration of Dox after intravenous admin-
istration with Dox-dendritic MBG nanospheres, the Dox-dendritic MBG group showed longer
half-life, higher peak plasma concentration, and much slower release rate compared with regular
mesoporous silica nanosphere. Such superior bioavailability of Dox delivered by dendritic MBG
nanospheres is believed to be attributed to the unique mesopore structure that protects drugs from
degradation under physiological conditions and allows slow drug release from inner mesopores in
radial arrangements.
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11.6.3 Compositions

Particular constituents in MBG show varying degree affinities with certain species. Yu et al.
proposed a novel strategy of mesoporous BGN to deliver drugs and miRNA through interactions
between Ca2+ and drug/miRNA groups without any cationic polymer modification (Figure 11.7)
[143]. It is well known that Ca2+ ions have strong interactions with phosphate, carboxylate, or
sulfate groups in nucleic acid or drugs. Based on this mechanism, hydrophilic diclofenac sodium
was chosen as a drug model. After eliminating the specific surface area influences, BGN demon-
strated an over 45-fold increase in drug loading (diclofenac sodium) and 7-fold enhancement in
miRNA binding via Ca2+–PO4

3− interaction, over their corresponding MSN. BGN also showed
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Figure 11.7 Investigation of the effects of BGN (mesoporous bioactive glass nanoparticles) and MSN
(mesoporous silica nanoparticles) on the diclofenac sodium (drug) or miRNA-5106 (gene) binding (loading)
ability, controlled release behavior, cytotoxicity, cellular uptake, and gene transfection. (a) Illustrations of
drug/gene delivery process through BGN based on the calcium-organic group coordination mechanism.
(b) TEM images and microstructure of BGN and SN after loading miRNA. (c) Quantification analysis of
miRNA loading by BGN and SN with different concentrations (40–320 μg/ml) and the gel retardation
images indicated inherent high miRNA binding ability and stability of BGN. (d) Quantitative positive BMSC
cell expressions after miRNA transfection through various vectors, exhibiting the miRNA transfection
efficiency. (e) Relative cellular viability of BMSCs after culture with different concentrations of various
samples for 24 and 72 hours (relative to TCP). BGN shows significantly high cellular biocompatibility, as
compared to commercial PEI 25K and LIPO. *P< 0.05, **P< 0.01. Source: (b, c) Yu et al. [143], Figure 05
[p. 30]/with permission from American Chemical Society.
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significant low cytotoxicity, high cellular uptake, and miRNA transfection efficiency, as compared
to commercial transfection reagents polyethylenimine (PEI, 25K) and lipofectamine 3000.

11.6.4 Surface Modification

Mesopore surface properties regarding to surface hydrophilicity, surface charges, surface functional
groups, not only partially determine whether the drug can be loaded in but also influence bond-
ing strength between the loaded species and the mesopores. For example, regular MBG inherently
show good hydrophilicity so that hydrophobic oleo-soluble drugs have difficulties in entering the
mesopores, and the situation is similar for those species charged the same to MBG surface owing
to electrostatic repulsions. Heras et al. [99] evaluated the loading behaviors into MBG foams for
four types of antibiotics (levofloxacin, vancomycin, rifampicin, and gentamicin). To predict drug
loading efficiency and release kinetics through considering surface charges and superficial inter-
actions, the electrostatic potential mapped density calculations of the MBG matrix materials and
molecular modeling interaction studies between MBG receptor and drug ligands were utilized,
respectively.
In such cases, the surface of MBG-based carriers needs modifications to adapt species for load-

ing and release. So far, silanization is the most efficient and widely applied method for covalent
modification of BG surface. Alkoxysilane molecules by hydrolysis can produce Si–OH moieties,
which can condensewith the BG surface groups to form chemical bonds.Moreover, the grafted cou-
pling agents contain terminal functional groups, which alter the surface properties and facilitate
drug/biomolecule attachment. Early in 2006, Vallet-Regi’s group has already systematically investi-
gated the host–guest interactions during drug adsorption and release processes with several organi-
cally modifiedmesoporous silica (chloropropyl, phenyl, benzyl, mercaptopropyl, cyanopropyl, and
butyl) [144]. Ibuprofen as amodel drug which contains a carboxylic group underwent higher inter-
action with polar groups than with nonpolar groups. Moreover, the ibuprofen release rate was
considerably reduced frommesopores modified by mercapto- or amino- groups owing to hydrogen
bond formation. Another typical example is to control the nonpolar drug release through func-
tionalizing the mesopores with hydrophobic alkyl chains [145]. For this purpose, Doadrio et al. has
modified SBA-15 using hydrocarbonmoieties C8 andC18 for erythromycin delivery. As a result, the
wettability of the surface by aqueous solution decreased, and then the release rate of erythromycin
from C18-functionalized SBA-15 decreased by a factor of almost 1 order of magnitude as compared
with that of non-modified SBA-15. However, it should be noted that grafting coupling agents by
post-synthesis method will occupy quite a volume of mesopores. Thus, it is necessary to precisely
control the balance between the surface group number and pore diameter/volume, and thereby
optimize the species delivery profile.

11.7 Conclusions and Perspectives

More than bone and dental repair that BGs were initially invented for, BGs have broadened their
applications in regenerative medicine fields of hard and soft tissue engineering. Compositional
diversity gives birth of variable BGs, which thus specifically can be used against certain application.
Among them, the particular sol–gel derived BGs have been fabricated into different forms to meet
application requirements.
Basically, intrinsic bioactivity and therapeutic effects of BGs take their sources at ionic products

upon implantation. The “in situ” delivery of pharmaceutic ions from BGs or BG-based materials
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attracts tremendous interests; however, precise control of the release efficiency and manner
remains challenges. Ion concentrations around local site are demanded to match biological
processes at any time point. Although the beneficial ionic stimulations have been observed and
affirmed in vitro as well as in vivo, the mechanisms are still asked for in-depth elucidation, espe-
cially the long-term release of ions in vivo needs comprehensive assessments with standardized
test protocols. In addition, it is negligible to consider ion-doping influences to the BG matrix
materials including physical, chemical, and biological properties of their own.
Being different from ion releases, delivery of drugs or biocues with BG systems is much more

complicated. The loading strategies of those molecules majorly lie in surface adsorption/reaction
to BG-based carriers. Inorganic local delivery systems composed of BGs possess high biocompat-
ibility and biodegradability, however, which cause faster dissolution and less stability for species
retention. In this regard, MBGs emerged to provide some solutions to achieve sustained release of
species. Porous structures of this new generation BGs play pivotal roles in tailoring molecule type,
encapsulation and also release. However, it remains a tricky issue for MBG carriers to balance the
conflicts between loading efficiency and release rate with regular surface modifications, especially
for large biomolecules. More smart carriers are in demand with gate keepers that are able to trigger
cargo release responding to external stimuli, such as pH and temperature variations, light, redox
processes, or enzymes. In this sense, the therapeutic species are protected by pore capping and a
high local concentration of species release are targeted at the focus. For example, a decrease of envi-
ronmental pH is usually observed after surgery, infection, or implant loosening. The pH-responsive
BG carriers of certain species have been developed in the past. Yang et al. directly mineralized
MBG drug vectors to form hydroxyapatite cap and restricted metformin hydrochloride release in a
pH-sensitive controlled manner [146].
Furthermore, formulti-delivery of large biomolecules and tissue engineering purposes, BGs pow-

ders are inadequate while composite porous scaffolds show superiorities. Besides the basic require-
ments for scaffold use, the drug delivery properties influenced by every scaffold component are
important as well. It is also a necessity to explore appropriate preparation methods to obtain better
loading efficiency and controlled release.
Research and developments extended the use of BGs to a broader range of clinical applications

rather than limiting to the hard tissue regenerations. The potentials of BGs for regeneration of
spinal cord injuries, would healing, cardiac tissue engineering, muscle and ligament repair, and
cancer treatment are extremely attractive. Several commercial BG-based products are now avail-
able concerning bone/tooth repair and would healing. However, BG-based drug carriers are far
from commercialized or even being implanted in human patients. For one reason, in vivo testing
assays about the released species, such as concentration, transportation pathways, and working
principles, to date are not generally acknowledged and standardized. Additionally, the implantable
devices loaded with species are totally different with pure implants. Long-term, comprehensive,
and authentic investigations are in demand to achieve the clinic translation of BG-drug release
systems. Therefore, future researches are motivated to develop refined and safe BG-drug release
systems.
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Enhancing the Biological Performance of Bioactive Glasses by
Combination with Phytotherapeutic Compounds
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12.1 Introduction

The use of plant extracts to heal human disease and ailment can be traced back to the beginning of
human history. Animals swallow leaves and chew bitter piths to protect themselves from parasito-
sis and other illnesses [1]. Interestingly, from history, it is evident that most of the plants utilized
by local human populations for medicinal purposes have some links with those used by different
animals [2]. According to the World Health Organization (WHO), nearly 4 billion people exploit
plant species because of their remedial properties and rely on the effectiveness they have within
their extracts [3, 4]. A worldwide survey assessed that 35 000–70 000 plant species are used in tra-
ditional medicine [5, 6]. However, in 1897 synthesis of the drug “aspirin” led to an era dominated
by pharmaceutical synthetic drugs. Aspirin was synthesized from salicylic acid extracted from the
willow bark, with the success of aspirin the concept of effectiveness of mono-drug therapeutics
to cure complicated diseases emerged. As a consequence, the era of synthetic drug consumption
dominated and conquered the use of natural products [5]. However, more recently, the nontoxic
nature as well as the economical procurement of herbal drugs are driving research and innovative
approaches for biomedical application, usually combined with engineered biomaterials [7].
Generally, secondary metabolites in plants that are considered pharmacologically active

compounds comprise nitrogen-containing alkaloids, terpenoids, and phenolic compounds [8].
Phytotherapeutics are broad-spectrum phytochemicals which are extracted from medicinal plants
and their active components have the capability to cure ailments [6]. It is significant to state that
“medicinal plants” are neither phytomedicines nor phytotherapeutics. The WHO defined the eth-
ical standards according to which a phytotherapeutic is processed [9]. The term phytotherapeutic
drug is considered worthy after a cautious synthesis protocol from the interval of collection and
preparation until the time of wrapping and distribution. Therefore, phytotherapeutic drugs are
composed almost entirely of medicinal plants. However, on the other side, every medicinal plant
cannot be considered a phytotherapeutic agent [6]. Phytotherapeutic drugs, typically flavonoidal
drugs like quercetin (QT), rutin (RT), luteolin, diosmin, and curcumin (CUR), have the remark-
able potential of antioxidant activity [10] with other potential biological effects reported, such as
anti-inflammatory, anticancer, and anti-ulcer activities [7].
For the purpose of tissue engineering (TE), bioactive glasses (BGs) are being investigated for both

soft and hard tissue regeneration. BGs of silicate, phosphate, and borate compositions are being
used to develop suitable TE scaffolds [11, 12]. A recent approach being considered to enhance
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the biological performance of BGs is doping BGs with biologically active agents such as metal
ions, for example copper, strontium, zinc, cobalt, gallium, manganese, and silver [13, 14]. One
weakness associatedwith this ion doping strategy is that a high concentration ofmetal ion accumu-
lation can initiate inflammation and toxic effects after implantation in a living system. Moreover,
enhanced metal ion concentration may decrease the dissolution rate of BGs while replacing cal-
cium ions, they can reduce the mechanical property of BGs and can lead to possible cytotoxicity
[11, 15]. Similarly, different kinds of growth factors, such as bone morphogenetic proteins (BMPs),
transforming growth factor beta (TGF-β), insulin-like growth factors (IGFs), or platelet-derived
growth factor (PDGF), can be incorporated to boost the therapeutic properties of BGs [16, 17].
However, because of the relatively high costs of growth factors, this type of combination is not
always a favorable approach [18, 19]. To tackle these limitations, natural organic compounds such
as phytotherapeutic drugs can be combined with BGs in an emerging strategy to enhance biolog-
ical functionalities exploiting the several promising features provided by such combination [20].
Interaction of BGswith phytotherapeutic compoundsmodulates the biological performance in sev-
eral different ways [21], adding to the natural process of ionic dissolution of BGs to stimulate the
proliferation of cells, triggering specific gene expression to induce the required specific cellular
responses (e.g. osteogenesis, angiogenesis) [22, 23]. The coupling of BGs with the biological activ-
ities of plant extracts is an advanced step toward improved bioactive scaffolds for TE and novel
biomaterial combinations for a number of biomedical applications, e.g. antibacterial coatings and
anticancer therapies [22]. Table 12.1 summarizes the several combinations of BGs with different
herbal drugs and their loading techniques, including their biological activities and applications.
In this chapter, we cover comprehensively the emerging area of BG combinationswith phytother-

apeutic compounds to enhance the biological properties of BGs. The enhancement of the biological
functions of BGs by surface modification with different organic groups and by tailoring surface
topography as well as physical methods of drug loading onto mesoporous BGs are also discussed.
Finally, therapeutic applications of presently developed phytotherapeutic-loaded BGs are summa-
rized and areas for future research are highlighted. Figure 12.1 represents a schematic overview
of this chapter. This chapter expands and updates a previous review paper on the same subject
published in 2019 [21].

12.2 Phytotherapeutics: An Overview

Phytotherapeutic agents are natural organic compounds which are derived from medicinal
plants and have the special ability to stimulate biological activities like antibacterial and
anti-inflammatory responses [41]. The fusion of bio-friendly phytotherapeutic compounds or
medicinal plant extracts into biomaterials, especially in BGs, signifies a novel paradigm leading to
a new family of bioactive organic–inorganic biomaterials for TE and other biomedical applications.
This herbal drug incorporation strategy has potential clinical advantages, including inhibiting
surgical site inflammation, low risk for revision surgery, following better integration of implants,
enhanced regenerative capacity (in case of TE scaffolds) and above all, it provides a cost-effective
biomaterial approach to tackle healthcare challenges [29]. From a wide range of medicinal
plants, some well-known examples and their phytotherapeutic significance are described in this
section.
Curcuma longa (family name Zingiberaceae), a popular spice generally called turmeric, is

a yellow colored spice that has been applied as an effective ointment for wound healing since
ancient times [42]. It has been considered to have ingredients to cure a variety of skin infections
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Table 12.1 Overview of systems that combine phytotherapeutic compounds with BGs, including biological properties and clinical applications, as reported in
the literature.

Bioactive glass composition
Synthesis
route

Phytotherapeutic
compounds Drug loading technique

Biological
activity

Therapeutic
application References

58SiO2–33CaO–9P2O5 wt%
(silver doped BG)

Sol–gel Neem Mechanical mixing of
neem leaf powder by ball
milling with BG

Antibacterial and antiviral Bone tissue
engineering

[11]

45S5 (45SiO2–24.5Na2O–
24.5CaO–6P2O5) wt%

Melt quench Icariin Coating of 45S5 BG
scaffolds with icariin
dissolved in crosslinked
gelatin solution

Anti-inflammatory and
angiogenic

Bone tissue
engineering

[19]

45S5 (45SiO2–24.5Na2O–
24.5CaO–6P2O5) wt%

Melt quench Icariin Immersion of BG scaffolds
into the herbal drug
solution

Anti-inflammatory Bone tissue
engineering

[24]

45S5 (45SiO2–24.5Na2O–
24.5CaO–6P2O5) wt%

Melt quench Curcumin Coating of curcumin
mixed into the solution of
chitosan on
poly-ether-ether- ketone
PEEK/bioactive glass/
hexagonal

Antibacterial and
anti-inflammatory

Implant
protection
therapy

[25]

Boron nitride by EPD
15CaO–5P2O5–80SiO2 and
14.5CaO–4.8P2O5–77.3SiO2–
3.4Ga2O3 mol% (mesoporous
glass)

Sol–gel Curcumin Immersion of BG into the
ethanolic solution of
curcumin

Antibacterial and
anti-inflammatory activity

Drug delivery
system for bone
repair

[26]

80SiO2–15CaO–5P2O5 mol%
(microporous and
mesoporous glass)

Sol–gel Curcumin and
synthetic
curcuma derivates

Evaporation method Antibacterial activity Drug delivery
system for bone
repair

[27]

45S5 (45SiO2–24.5CaO–
24.5Na2O–6P2O5) wt%

Melt-derived Chrysanthemum
rubellum (durian)

Incubation of immersed
BG and Chrysanthemum
rubellum mixture

Anti-inflammatory,
antioxidant, and
antimicrobial

Dental tissue
regeneration

[28]

56.5SiO2–15CaO–11Na2O–
8.5MgO–6P2O5–3K2O wt%

Melt-derived Curcuma longa
(turmeric)

Coating of BG mixed with
Curcuma longa extract on
polymethyl methacrylate
(PMMA)-stainless steel

Osseointegration and
antimicrobial effects

Implant
protection
therapy

[29]
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56.5SiO2–15CaO–11Na2O–
8.5MgO–6P2O5–3K2O wt%

Melt-derived Ocimum sanctum
(holy basil)

Coating of BG mixed with
Ocimum sanctum extract
on PMMA-stainless steel

Osseointegration and
antimicrobial effects

Implant
protection
therapy

[29]

45S5 (45SiO2–24.5CaO–
24.5Na2O–6P2O5) wt%

Melt-derived Yunnan baiyao Mixing of yunnan baiyao
into vaseline containing
BG

Hemostatic,
anti-inflammatory,
angiogenic

Diabetic wound
healing

[30]

46SiO2–24CaO–24Na2O–
6P2O5 wt%

Melt-derived Curcumin Curcumin is loaded into
BG–chitosan films by
swelling method

Antioxidative activities Wound healing [31]

16CaO–4P2O5–
80SiO2 wt%

Sol–gel Propolis Propolis is incorporated
during sol–gel synthesis of
BG

Antifungal, antibacterial,
anti-inflammatory,
antiviral

Drug delivery
system for bone
repair implants

[32]

33CaO–9P2O5–
58SiO2 wt% (mesoporous
glass)

Sol–gel Propolis and
cranberry

Immersion of BG into
solution containing
propolis

Antifungal, antibacterial,
anti-inflammatory,
antiviral

Bone tissue
engineering

[33]

97.5SiO2–2.5CaO wt%
(mesoporous glass)

Sol–gel Coumarin Coumarin loading on
surface modified MBG and
irradiated with different
wavelength of UV light

Antimicrobial,
anti-inflammatory

Intelligent drug
delivery systems
for tissue
engineering
applications

[34]

45S5 (45SiO2–24.5CaO–
24.5Na2O–6P2O5) wt%

Melt-derived Lawsone Coating on stainless steel
with PEEK/BG by EPD

Anti-inflammatory,
antibacterial, antifungal,
antiviral

Implant
protection
therapy

[35]

40SiO2–45CaO–
6P2O5 mol%

Sol–gel and
melt-quenched
BGs

Polyphenols
extracted from
sage

Extracted polyphenols are
loaded on BG/PCL
composite film during
solvent casting method

Antioxidant,
anti-inflammatory,
anti-carcinogenic, and
antibacterial

Anticancer [22]

40SiO2–45CaO–
6P2O5 mol%

Sol–gel and
melt-quenched
BGs

Polyphenols
extracted from
sweet cherry

Extracted polyphenols are
loaded on BG/PCL
composite film during
solvent casting method

Antimicrobial Bone tissue
regeneration

[36]

57SiO2–34CaO–6Na2O–
3Al2O3 (SCNA) and
45SiO2–26CaO–15Na2O–
7MgO–3P2O5–4K2O (CEL2)
mol%

Melt-quenched Polyphenols
extracted from
grape skin

Grafted onto the surface of
functionalized BG

Antiviral, antioxidant,
antibacterial

Anticancer and
cardioprotective

[37]

(Continued)
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Table 12.1 (Continued)

Bioactive glass composition
Synthesis
route

Phytotherapeutic
compounds Drug loading technique

Biological
activity

Therapeutic
application References

45SiO2–26CaO–15Na2O–
7MgO–3P2O5–4K2O (CEL2)
mol%

Melt-quenched Green tea leaves
and red grapes
skin polyphenols

Grafted onto the surface of
functionalized BG

Antioxidant, anticancer,
antibacterial,
anti-inflammatory,
vasoprotective and bone
stimulating activities

Anticancer [38]

57SiO2–34CaO–6Na2O–
3Al2O3 (SCNA) and
45SiO2–26CaO–15Na2O–
7MgO–3P2O5–4K2O (CEL2)
mol%

Melt-quenched Gallic acid Grafted onto the surface of
functionalized BG

Antioxidant,
anti-carcinogenic, and
antibacterial

Anticancer [39]

45S5 (45SiO2–24.5CaO–
24.5Na2O–6P2O5) wt%

Melt-derived Ferulic acid Coating on stainless steel
with chitosan/BG by EPD

Antioxidant,
anti-inflammatory,
antimicrobial,
anti-allergic,
hepatoprotective,
anti-carcinogenic,
anti-thrombotic, antiviral,
and vasodilatory
properties

Implant
protection
therapy

[40]
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Bioactive glass

Enhanced cell
proliferation

Bone tissue engineering

Cardiovascular tissue
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Applications

Wound healing
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D
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Figure 12.1 Schematic representation of dual release of ions and phytotherapeutic drugs from BGs with
enhanced biological activities and therapeutic applications. (Illustration created with PowerPoint®
software.)

as well as pulmonary, gastrointestinal, and hepatic disorders. In literature, several evidences
show the efficacy of turmeric against cancer, microbial infections, and inflammation [43, 44].
Moreover, turmeric extract is popular because of its remarkable antibacterial property that
significantly inhibits biofilm formation and therefore protects dental and bone implants from
inflammation [45]. The chief phytochemical extracted from turmeric is “Curcumin.” Being a
polyphenol, it has a unique shielding property against bacteria and fungi. For example, its activity
against periodontopathic bacteria is promising [46]. The compound is capable of modifying the
architecture of developed multispecies biofilms; hence with this strategy, it is possible to decrease
the biofilmmetabolic activity [47]. These characteristics rank curcumin as a very effective antibac-
terial and antifungal agent [48]. Furthermore, curcumin has the potential to stimulate osteogenic
mesenchymal stem cell differentiation [49], as a consequence, it can contribute to implant
osseointegration [29].
Ocimum sanctum (family name Lamiaceae), in Hindi called as “tulsi” and “holy basil” in

English, is famous for its medicinal compounds used to cure numerous ailments including
infections [50, 51]. Not only its leaves have medicinal properties but also the other parts of the
plant have shown influence against diseases. The most remarkable property of this plant is its
capability to act as an antimicrobial, anti-inflammatory, analgesic, antipyretic, immunomodula-
tory, adaptogen, antidiabetic, antioxidant, and anticancer agent [50]. Moreover, the essential oil
of tulsi is a potent botanical source of eugenol, which is a phenolic compound well known for its
antimicrobial activity [52]. O. sanctum has also been reported to have bone fracture and wound
healing properties [53, 54].
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Neem (Azadirachta indica) has a significant history among medicinal herbs that have powerful
anti-inflammatory, antibacterial, and antiviral properties [55]. The amalgam of organic/inorganic
compounds present in it has encouraging physiological action on living organisms. Neem is con-
sidered a rich source of organic compounds used for the preparation of a variety of medicines to
cure several life-threatening illnesses [11]. Being an antibacterial agent, antibacterial polymeric
nanocomposite films with neem extracts have been applied for many years as food preservative
[56].
Chrysanthemum rubellum (durian), a beautiful flowering plant, belongs to the broad family

of species in genus Chrysanthemum and is renowned for its therapeutic properties [28]. It is widely
employed for the development of conventional as well as advanced drugs. It is normally marketed
as herbal drink, well-known for body cooling, soothing, and refreshing effects. In addition, its flow-
ers contain several constituents, that are nontoxic and accountable to provide relief against various
infectious diseases [28]. Moreover, several studies have shown the efficacy of its extract proving
that it has activity against inflammation [57, 58], cancer [59], and osteoporosis [60]. Similarly,
Chrysanthemum rubellum possess antioxidant [28] as well as antimicrobial activities [61]. The
prominent therapeutic compounds of this perennial herb are undecane [62], 1,3-butanediol (6),
benzene, eicosane 1,3-bis(1,1-dimethylethyl) (8), phenols, and 2,4-bis(1,1-dimethylethyl) [28].
Lawsonia inermis, is a well-known member to the family “Lythracae,” commonly called

Henna [63]. It is a widespread cosmetic agent being used to dye hair, paint skin, and stain
nails [64]. Besides its cosmetic popularity, this herb contains a treasure of chemical con-
stituents such as flavonoids, botulin, and coumarins. Additionally, approximately 0.4–1.5% of
2-hydroxy-1,4-naphthoquinone is present in the dried leaves [63]. All these components provide
lowsonia with anti-inflammatory, antifungal, and antiviral properties [65]. Lowsonia has been
used to treat burned skin of rats showing remarkable progress [64]. This herb can have the ability
to heal wounds and burns [21].
Propolis, popular for its wax-like nature generally called “bee glue,” Propolis is composed by

worker-bees from different plants commonly including beech, conifer, and alder [66]. Further,
it can be combined with pollen, bee wax, and several enzymes [67]. In antique civilizations, propo-
lis has been used as a traditional medicine to treat the common cold; it has also wound healing
capabilities and can cure ulcers [68]. Propolis consists of different polyphenols, aldehydes, and
ketones. It has more than 300 chemical substances that mainly depend on the species of plants
from where it is originated [68]. Propolis has encouraging properties toward hard and soft tissue
regeneration, its potential as an antibacterial, antitumor, anti-inflammatory, antifungal, antioxi-
dant, and antiviral agent has been reported [33, 69]. Hence, it is considered a potent herbal drug
for TE purposes [70].
Cranberry fruit juice with up to 65% of proanthocyanidins (PACs) has been considered an anti-

cancer and antibacterial agent. It has a long history of use against inflammations, and people used
to drink it for the treatment of urinary tract infections [71]. Natural organic compounds in cran-
berry have been reported to be highly effective to control dental caries as well as periodontitis [72].
Moreover, Kim et al. [73] reported that PACs extracted from cranberry are capable to inhibit bac-
terial adhesion on the exopolysaccharide matrix and impart mechanical stability to the biofilm for
microbial proliferation [73]. Several studies have also reported the antibiofilm potential of cran-
berry to treat bone-derived infections [33].
Natural polyphenols are secondary plant metabolites including coumarin (tonka bean),

flavonoids, tannins, anthocyanin, phenolic acid, stilbenes, lignans, and lignin from plant
extracts [21]. Coumarin represents a large group of polyphenols and is an essential constituent
of many herbal extracts as well as microorganisms such as bacteria and fungi [74]. Coumarin
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Table 12.2 Commonly used phytotherapeutic compounds that have been considered in combination with BGs.

Phytotherapeutic
compounds Classification Herbal source

Chemical
formula Chemical structure References

Curcumin Diarylheptanoids Curcuma longa C21H20O6

HO OH

O O
H

OCH3 OCH3 [21, 86]

Coumarin Flavonoid Tonka beans C9H6O2

O O

[87]

Quercetin Flavonoid Green tea, grapes skin,
berries, red onion, apples

C15H10O7

O

O

OH

OH

OH

OH

HO

[88]

Daidzein Flavonoid Soya beans, nuts, and
legumes

C15H10O4 OH

HO O

O
[21, 78]
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Lawsone
(hennotannic
acid)

Naphthoquinone Lawsonia inermis (Henna) C10H6O3 O

O

OH

[89]

Icariin Flavonoid Epimedium L. C33H40O15

O

O

O

O

O

O

OH

OH

OH

OH

OH

OHHO

HO CH3

CH3H3C

H3C

[21]

Gallic acid Phenolic acid Green tea, grapes skin,
nuts

C7H6O5

OH

OHO

OH

HO

[90]

Ferulic acid Phenolic acid Whole grains, seeds,
leaves, plant cell walls

C10H10O4 OCH3

O

HO

OH

[40]
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consists of many chemical compounds and their derivatives. However, two of them (pyrano- and
furano-coumarins) are widely used in the pharmacological industry. A special class of coumarin
having long-chain hydrocarbon provides a protective shield against microorganisms [75].
Furthermore, coumarins also provide defense against cancer and several inflammations. More-
over, according to several reports, coumarins comprise biocompatible natural compounds [76, 77]
and have anticoagulant and antioxidant activities [75]. Another compound belonging to secondary
plant metabolites is daidzein, an isoflavone. Soybeans, fruits, and nuts are an abundant source
of daidzein. This compound has a remarkable effect as chemoprevention for heart disease and
prostate cancer. Furthermore, it has been considered a potential drug for the treatment and
prevention of osteoporosis [78, 79].
Flavonoids represent many biological advantages when used in combination with biomateri-

als. One such flavonoid is icariin that is extracted from the dried leaves of the medicinal herb
Epimedium L. [80]. This phytotherapeutic substance has appealed several researchers in the past
few years because of its biocompatibility nature, high melting point, and stable chemical struc-
ture. Above all, it is a cost-effective substance [81, 82]. Besides its anti-inflammatory activities and
ability to improve neuronal viability, it is also recognized for its ability to heal disorders related
to bone [80, 83, 84]. Similarly, sage and sweet cherry are enriched with polyphenolic compounds
(PPhs) that include tannins, flavanols, hydroxycinnamates, and flavan-3-ols. All these flavonoids
exhibit antioxidant properties. Besides, sweet cherry is also a rich source of ascorbic acid which can
decrease the risk of cancer and cardiovascular diseases [85].
A large group of polyphenols consists of gallic acid and its derivatives, which can be extracted

from different parts of medicinal plants. Several reports proved that gallic acid is a natural antiox-
idant that possess several medicinal and clinical advantages. It can destroy cancerous cells; more-
over, it is widely employed as an antibacterial agent for drug development [21].
All in all, there is an endless list of botanical herbs treasured with phytotherapeutic compounds

and the use of these phytotherapeutic agents in combination with engineered biomaterials is
becoming more popular. Numerous studies have been conducted to evaluate the therapeutic
effects of natural compounds after incorporation in combination with BGs. The summary of
phytotherapeutic agents that have been used in combination with BGs, as reported in literature, is
given in Table 12.2.

12.3 Bioactive Glasses and Drug Delivery

The origin of BGs goes back to 1969, when Prof. L. Hench (University of Florida, USA) synthesized
the very first BG, which demonstrated a strong bonding to bone [91]. In the past years, numerous
silicate, phosphate, and borate BGs have been synthesized and explored for several applications
that include dental implants, bone substituting materials, antibacterial coatings, drug delivery car-
riers, and scaffolds to repair both bone and soft tissues [92, 93]. Osteostimulation activity and
vascularization potential are special characteristics associated with borate and silicate BGs [94, 95].
Bioreactivity of BGs is also related to their partial dissolution after immersion in physiological
solutions [92]. During this dissolution process, ions of biological significance are released from
BGs. These ions depend on BG composition; for example, silicon (Si), phosphorous (P), calcium
(Ca), magnesium (Mg), potassium (K) as well as many other biologically active ions in special
BG compositions are released (e.g. Ag+, Li+, Mn2+, Cu2+, Zn2+, etc.) [96]. Because of the surface
reactivity, a hydroxyapatite (HA) layer forms on the surface of BGs, which is responsible for the
bonding of BGs to bone [91]. Moreover, the ion release mechanism enables a direct interaction of
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BGs with cellular pathways, and such BGs can be considered a class of cell instructive materials.
BGs are produced traditionally by the melt quench method; however, more recently the sol–gel
technique has been conquering the field. By using the sol–gel route, mesoporous BGs with large
surface area can be synthesized that may improve bioactivity and enhance other properties desired
for TE applications [95, 97, 98]. For example, it is possible to produce ordered mesoporous BGs by
exploiting the supramolecular chemistry of surfactants during sol–gel synthesis [98, 99]. Ordered
mesoporous glasses with well-defined surface area and symmetric porosity are suitable for drug
delivery as they enable superior drug loading and release capability [100]. The fundamental reason
for the controlled drug release is the high surface area, pore diameter, pore volume, andhence better
functionalization of mesoporous BGs in comparison to melt derived counterparts [97, 98]. Several
studies have been focused on enhancing the biological characteristics of BGs by incorporating syn-
thetic or natural molecules, e.g. antibiotics [101], anticancer drugs [102] and/or phytotherapeutic
compounds aswell as growth factors [95]. In the past few years, the use of phytotherapeutics/herbal
drugs to boost the biological functions of BGs has been the focus of an increasing number of stud-
ies [21].
BGs loaded with phytotherapeutic agents combine the therapeutic/biological activities of the

loaded herbal extract with the specific properties of BGs, in particular their ability to release bio-
logically active ions [21]. Therefore,many researchers are increasingly investigating BGs as carriers
for phytotherapeutic drugs in order to improve the biological performance of BGs [103]. Interaction
of BGs with phytochemicals gives rise to novel bioactive materials that exhibit efficacy to reduce
the risk of inflammation, infection, and to prevent bacterial colonization on implant or scaffold sur-
faces. Before choosing a suitable material for the controlled release of a drug carrier, some general
requirements such as biocompatibility and bioresorbability must be considered [91]. Moreover, the
drug carrier should exhibit appropriate surface properties for enabling cell attachment, prolifera-
tion, and differentiation [104, 105]. It is not surprising that BGs fulfill all these requirements and
hence, BGs are being increasingly considered appropriate phytotherapeutic drug delivery vehicles,
specially mesoporous BGs [106].

12.4 Tailoring the Biological Response of Bioactive Glasses by the
Interaction with Phytotherapeutics

12.4.1 Bioactivity and Antimicrobial Tuning

Bacterial proliferation during treatment or bacterial attachment to the surface of implants may
cause the development of biofilms at the site of implantation [107]. An important approach to
avoid implant-related infections is the use of antibiotics. The selection of suitable antibiotics,
their application method, and administration time represent a common challenge in medicine
[108–110]. The need of the hour is to develop appropriate drug doses that can be efficiently admin-
istered directly to the specific location in order to avoid toxic side effects [111]. The advantage of
the direct and controlled release of drugs at the required site to achieve therapeutic effectiveness
has been often highlighted [107].
The use of medicinal plants as antimicrobial agents is emerging because of the excellent activity

of some phytochemicals against microbes as well as low risk of side effects [112]. Recently, Floroian
et al. [29] reported a new composite material, derived by the combination of C. longa with BG
(composition in wt%: 56.5SiO2, 15CaO, 11Na2O, 8.5MgO, 6P2O5, 3K2O) blended with a polymer
(poly(methyl methacrylate)) matrix. The composite was then deposited by matrix-assisted pulsed
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laser evaporation as smooth thin films onto the surface of stainless steel substrates. The composite
loaded with C. longa was reported to accelerate the osseointegration and to exert superior antimi-
crobial effects. Similarly, the authors described that combining the extract of tulsi with a BG (sim-
ilar composition mentioned above) enhanced the osseointegration and antimicrobial activities in
infected implants [29]. BG nanoparticles doped with neem have been synthesized and assessed for
their improved in vitro bioactivity and cytotoxicity [11, 55]. It was observed that neem-based BG
nanoparticles had excellent physical as well as chemical properties along with a broad spectrum of
antimicrobial activity [11]. Similarly, Prabhu et al. [11] described that the powder of neem leaves
incorporated into sol–gel derived nanoparticles (SiO2–CaO–P2O5) containing 1mol% of silver sig-
nificantly magnifies the bioactivity and antimicrobial activity, reporting thus a synergistic effect of
neem and Ag+ ions.
Propolis and cranberry have potent antimicrobial properties [72]. Several research groups have

studied their effect as anti-biofilm compounds [113]. In one study, propolis was incorporated
in different ternary sol–gel derived BGs (composition: (SiO2)x(P2O5)y(CaO)z) with and without
tetracycline and the release of the loaded components was studied [32]. Another group [33]
prepared anti-biofilm compound by combining 58S mesoporous BG (composition in wt%: 58SiO2,
33CaO, 9P2O5) with propolis and cranberry. The results showed the remarkable impact of these
BG-phytotherapeutics combinations as anti-biofilm compounds. Besides, it was observed that
the bioactivity of prepared samples was enhanced within 72 hours, which is suitable for clinical
applications. Figure 12.2 shows field emission scanning electron microscope (FESEM) images of
BG incorporated with propolis and cranberry [33], which shows that after 24 hours immersion in
simulated body fluid (SBF) an increased hydroxyl-carbonate apatite (HCAp) formation took place
on the surface of mesoporous bioactive glasses (MBG) particles loaded with 5mg/ml cranberry
PACs (Figure 12.2b). In addition, after 72 hours spherical apatite crystals were seen to form on the
surface of the BG (Figure 12.2b). However, in case of 10mg/ml cranberry PACs loaded MBG, a
delayed HCAp formation was observed. The surface of the MBG was smooth even after 24 hours
of immersion in SBF (Figure 12.2c). However, after 72 hours of immersion the presence of several
rounded apatite structures was observed (Figure 12.2c). MBG particles loaded with both propolis
concentrations (5 and 10mg/ml) are shown in Figure 12.2d,e. Both samples showed the formation
of an HCAp layer after 24 hours of immersion in SBF. The formation of HCAp, independently of
the presence of the phytotherapeutic compound, is significant considering the application of such
particles in bone TE.
Moreover, fruits and leaves of sweet cherry are a great source of PPhs. Dziadek et al.

[36] introduced these PPhs into poly(ε-caprolactone) films synthesized by solvent casting
method, which were modified with sol–gel and melt derived BG particles (composition:
40SiO2–54CaO–6P2O5 mol% with particle size< 45 μm). The result showed 100% entrapment
efficiency of polyphenols (extracted from leaves and fruits of sweet cherry) into the matrix. The
in vitro bioactivity of both BGs loaded with PPh was studied. It was noticed that even though the
leaf extracts had higher concentrations of PPh (72.63mg of chlorogenic acid (CGA) 100ml−1)
as compared to fruit extracts (58.82mg CGA 100ml−1), higher concentration of PPh could be
found on the surface of composite films combined with fruit extracts. Different composition
of PPh in both extracts resulted in various PCL-PPh and BG-PPh intermolecular interactions
[114]. Moreover, the fabrication method of the BG also induced different interactions between
the BG component and the PPh. For example, sol–gel derived BGs containing large number of
residual O–H groups on their surface can effectively bind PPh [115, 116]. It was concluded that
the combination of polyphenols either extracted from leaf or fruit of sweet cherry with both types
of BGs (synthesized by using sol–gel and melt quenching methods) represents a reliable approach
to enhance the in vitro bioactivity of the biomaterials.
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Figure 12.2 FESEM micrographs at magnification 10 000× recorded on 58S MBG particles after immersion
in SBF for 8, 24, and 72 hours. (a) Pure MBG particles, (b) MBG particles containing 5mg/ml cranberry PACs,
(c) 10mg/ml cranberry PACs, (d) 5mg/ml propolis, and (e) 10mg/ml propolis. Red squares exhibit
corresponding micrographs at 50 000×. Source: Galarraga-Vinueza et al. [33], Figure 06 [p. 23]/with
permission from John Wiley & Sons, Inc.

To prove the antibacterial efficiency as well as bioactivity of BGs loaded with herbal extracts, sev-
eral techniques have been studied in the last few years. Ur Rehman et al. [35] used electrophoretic
deposition (EPD) in order to investigate the antibacterial effects of a phytotherapeutic compound
(lawsone) combined with 45S5 BG particles and chitosan. After mixing, the resulting material was
deposited on top of stainless steel substrates by using EPD. Substrates previously coated with 45S5
BG and polyether ether ketone (PEEK)matrix were used. In addition to antibacterial effects, bioac-
tivity analysis showed the formation of an apatite layer on the surface of coated samples, as well
as a sustained release of the herbal drug from the composite coating (analyzed for a duration of six
months) [35].
Recently, Akhtar et al. [40] used the same technique (EPD) to produce novel ferulic acid

loaded BG (45S5) – chitosan composite coatings. It was observed that the presence of ferulic
acid significantly increased the antibacterial effect of the coatings against Staphylococcus aureus
and Escherichia coli. Moreover, it was observed that the antibacterial activity of the coatings was
correlated with different concentrations of ferulic acid in the composite coatings. However, no
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significant change in HA formation on the surface of the samples in SBF was observed with the
presence of the phytotherapeutic agent.
Another attractive antimicrobial phytotherapeutic compounds is gallic acid, which is obtained

from red grape skin and green tea leaves. Researchers have tried to co-functionalize two differ-
ent BGs: SCN1 glass (57SiO2, 34CaO, and 9Na2O, mol%) with larger reactivity and less reactive
SCNA glass (57SiO2, 6Na2O, 34CaO and 3Al2O3, mol%) with extracted gallic acid from green tea
and red grapes skin and combined themwith silver nanoparticles [117]. The resulting smart multi-
functional biomaterial exhibited enhanced antibacterial activities against S. aureus. The analyzed
results therefore show that such phytotherapeutic compounds combined with BGs represent a
novel biomaterial class with excellent antibacterial properties.

12.4.2 Biocompatibility and Cell Proliferation

Naturally occurringmaterials such as herbal extracts have inherent biochemical characteristics that
can be exploited to induce cell proliferation [118]. In order to evaluate the effect of phytotherapeu-
tic compounds, Zain et al. [28] reported the superior attachment and differentiation of dental pulp
stem cells after loading 45S5 BG with “Chrysanthemum rubellum” extract. This novel biomaterial
motivates the possibility to be applied as natural medicament for dental tissue regeneration [28].
Icariin is a well-known phytochemical for osteogenic differentiation of pre-osteoblastic cells and it
has been shown to enhance osteogenic activity [82]. Further, it has been confirmed that icariin has
the ability to encourage angiogenesis by inducing endothelial cell migration and attachment [82].
In this context, Jing et al. [24] reported in vitro experiments with rat adipose-derived stem cells
and endothelial progenitor cells. They prepared 45S5 BG-based scaffolds by using the foam replica
method, and then the surface of scaffolds was loaded with icariin. The results showed no consid-
erable difference of in vitro cell proliferation on both loaded and unloaded scaffolds. Therefore,
in vivo evaluation was performed by the same group, and it was found that icariin loaded scaf-
folds as compared to unloaded scaffolds showed not only better cell proliferation but also enhanced
bone regeneration and neovascularization [24]. Chen et al. [78] synthesized polymer microspheres
loaded with daidzein by using oil in water emulsion technique. 45S5 BG scaffolds were coated with
this material and it was observed that multilayered coatings significantly enhanced the alkaline
phosphatase (ALP) activity of MC3T3-E1 cells. Akhtar et al. [40] used EPD to develop composite
coatings of 45S5 BG and chitosanwith a phytotherapeutic compound (ferulic acid). It was observed
that the viability of MG-63 cells increased due to the incorporation of ferulic acid in the compos-
ite coatings. By summarizing the above findings, there is emerging evidence that phytotherapeutic
compounds may significantly improve the biological activity of BGs and synergistic effects of the
phytotherapeutic agents and BG dissolution products are expected.

12.4.3 Sustained Release Kinetics of BGs Loaded with Phytotherapeutics

Biodegradability is a critical property of biomaterials in the context of regeneration of new tissues.
During this process, some biomaterials need a few months to years to induce tissue regeneration
[119]. Therefore, functionalization ofmaterials and loading themwith drugs, e.g. phytotherapeutic
compounds, is a suitable option for the controlled release of non-covalently bonded phytochemi-
cals, and hence to improve the time-dependant biological performance of the material [119, 120].
A new approach to drug delivery is the light-sensitive intelligent release of coumarin introduced

by Lin et al. [34]. Coumarin was loaded into mesoporous binary BG (SiO2–CaO) particles. The pur-
pose of this combination was to design a photo-switched controlled release system. The strategy
involved blocking the pores of the mesoporous BG and entrapping the drug coumarin into the
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mesopores by irradiation with UV light (wavelength greater than 310 nm). After that, the same
mesoporous BG particles with the entrapped drug were exposed to UV light (wavelength shorter
than 250 nm). With this strategy, the induced photo-dimerization could be redeveloped, and the
release of the entrapped drug could be initiated. This study has thus shown an interesting novel
approach for controlled drug delivery from mesoporous BGs [34]. Moreover, microspheres incor-
porating daidzein synthesized by Chen et al. [78] depicted an alternative approach for the con-
trolled release of the drug. Both metallic substrates and BG scaffolds were coated by microspheres
loaded with daidzein. It was evident from this study that daidzein showed a tenable release by a
diffusion-controlled mechanism.
In a related study, gelatin–icariin coatings on 45S5 BG-based scaffolds were prepared and

crosslinked with N-(3-dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride/N-hydroxy-
succinimide or caffeic acid [19]. Icariin release was studied by immersing the scaffolds in SBF
solution. The results showed the sustained release of icariin from the scaffolds [19]. However, no
study has investigated the controlled dual release of this phytotherapeutic agent and biologically
active ions from BG scaffolds and long-term in vivo effects of such combination of icariin and ions
remain unknown.

12.5 Loading Techniques of Phytotherapeutic Compounds
on Bioactive Glasses

Several methods have been studied to incorporate or attach phytotherapeutic agents on the surface
of BGs. Among them, the potentially most effective approach is to modify the surface chemistry of
BGswith an organic functional group.Other strategies involve physical adsorption and the addition
of herbal drugs during the room temperature synthesis process of BGs (by sol–gel method) [91].

12.5.1 Surface Modification of BGs

In order to develop active sites on the surface of BGs, numerous organic functional groups, for
example, NH2, SH, or COOH, have been considered [121]. The surface-active sites are advanta-
geous for further molecular grafting to the surface of BGs or to insert specific properties. For the
surface modification of BGs, use of coupling agents or changing the pH of the targeted surface
are suitable strategies [122]. Generally, the introduction of the amino group (NH2) onto the sur-
face of BGs is performed by a silanization reaction with APTES [(3-aminopropyl) triethoxysilane,
C9H23NO3Si] [122]. Verné et al. [123] reported that APTES could attach BMPs, e.g. BMP-2, on the
surface of BGCEL2 (composition: 45% SiO2, 3% P2O5, 26%CaO, 7%MgO, 15%Na2O, 4%K2Omol%)
via a proper covalent bond. APTES is a chemical agent considered to have silane groups in combi-
nation with amino groups, which could encourage the development of spherical HA agglomerates
without reducing the bioactivity of the glasses [124]. The hydrolysis of APTES in an aqueous envi-
ronment results in the development of silanol groups, which could then react with O–H groups
exposed on the surfaces [121]. A typical surface modification could involve four steps, including
hydrolysis, condensation reaction, hydrogen bonding, andfinally bond formation [125]. Figure 12.3
is the graphical representation of these steps. Besides its use in silica-based BGs, APTES has been
effectively grafted to borate and phosphate glasses as well [126, 127]. Therefore, this strategy intro-
duces novel surface-functionalized materials for several biomedical purposes. In the domain of
drug delivery, functionalized BGs can be effectively combined with the drug [121]. For example,
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Figure 12.3 Schematic representation of different steps of surface functionalization of 45S5 BG-based scaffolds by using APTS. Source: Reproduced from Hum
[125] from a MDPI journal under the Creative Common CC BY license.
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in anticancer drug delivery approaches, functionalized BGs with surface grafted chemotherapeu-
tic drugs in combination with specific targeting molecules are considered reliable systems [128].
Natural polyphenols extracted from grape skins and tea leaves grafted to the surface of BGs via
gallic acid without using any coupling agent is another demonstrated approach for surface func-
tionalization that was investigated to stimulate osteoblast cell attachment [37]. Moreover, these
functionalized biomaterials are considered to have excellent antioxidant activities. The technique
for grafting polyphenols onto the surface of functionalized BGs involved first the washing of BG
samples with acetone solution which exposes OH groups, followed by functionalization with gal-
lic acid [38]. It has been also shown that functionalization of BG of composition: 45SiO2, 26CaO,
3P2O5, 7MgO, 15Na2O, 4K2O (mol%) itself imparts certain antioxidant activity which could be fur-
ther enhanced by grafting natural polyphenols to the surface [115]. Polyphenols extracted from
grape skin were successfully grafted on two different BG surfaces namely SCNA (composition:
57SiO2, 34CaO, 6Na2O, 3Al2O3, mol%) and CEL2 (composition: 45SiO2, 3P2O5, 26CaO, 7MgO,
15Na2O, 4K2O,mol%) by Zhang et al. [37]. Initially, O–H groups on the surface of BGswere exposed
and after that the BG was mixed with the phenolic solution. Furthermore, addition of citric acid
was employed to evaluate the effect of pH on phenolic uptake by the BGs [37]. It was observed that
CEL2 exhibited higher ability to bindwith phenolswhich can be explainedwith its higher reactivity
in comparison to SCNA. Summarizing, phytotherapeutic compound grafting to the functionalized
surface of BGs is attracting increasing attention due to the advantage of achieving sustained release
of herbal drugs [21]. Figure 12.4 shows a graphical representation of the technique for loading phy-
totherapeutic compounds onto surface-functionalized BGs.

12.5.2 Physicochemical Method

Physicochemical methods to combine phytotherapeutic agents with BGs include coating
procedures, solvent casting, particle leaching, and immersion of samples into the solution of
the phytotherapeutic drug [121]. Another approach is the addition of herbal drugs during the
manufacturing process of BGs. However, this method does not qualify for the traditional BG melt
quench process because of the high temperatures involved. On the contrary, the introduction
of drugs, proteins, or other bioactive components into the sol–gel process preserves their func-
tionality as the whole procedure is carried out at room temperature. Bonfim et al. [129] reported
the introduction of Brazilian red and green propolis extract solution into BG (composition: SiO2
80wt%, P2O5 4wt%, CaO 16wt%) during the BG synthesis via sol–gel process. It was observed that
the antimicrobial effect of the BG was significantly enhanced [129]. The simplest and commonly
used loading technique is the immersion of BGs (in form of particles, coatings and scaffolds) into
the solution containing the phytotherapeutic compound of interest. Immersion of MBG particles
into solutions of herbal drugs can be used to entrap the organic components into the pores with
or without chemical bonding, alternatively molecules can be simply adsorbed on the surface of
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Figure 12.4 Loading of phytotherapeutic compound on amino functionalized BG surface. (Illustration
created with PowerPoint® software.)
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the MBG particles [91]. There are several studies reporting the loading of herbal compounds into
BGs by the immersion method. For example, Galarraga-Vinueza et al. [33] successfully loaded
the organic compound PACs extracted from green propolis and cranberry on mesoporous 58S BG
by immersion of BG particles in the solution of the plant extract. Figure 12.5 shows a graphical
representation of the immersionmethod for loading phytotherapeutic agents ontomesoporous BG.
Similarly, icariin–gelatin coating onto 45S5 BG scaffolds were obtained by immersion technique
was reported by Reiter et al. [19].
EPD was used by Virk et al. [25] in order to combine CUR with BG particles. EPD was employed

first to produce poly-ether-ether-ketone/BG/hexagonal boron nitride layers on stainless steel sub-
strate, and then chitosan/CUR layers were deposited on the previously deposited coating. The
loading of CUR resulted in antibacterial effects [25]. In another study, polyphenolswere introduced
into polycaprolactone (PCL) and PCL/BG composite directly using a solvent containing the plant
extract via the solvent-casting method [36]. This method is effective to combine BG particles with
a wide variety of polyphenols to obtain multifunctional composites exhibiting several biological
activities [36].
Despite the encouraging results reported by the investigations mentioned above, BGs incorpo-

rating phytotherapeutic compounds have not been extensively characterized in vitro or in vivo.
Since BGs have the capability to combine with hydrophilic as well as hydrophobic groups, in vivo
and in vitro studies involving plant-derived compounds combined with BGs (scaffolds, micro and
nanoparticles) are expected to emerge. Future investigations (including relevant in vivo studies)
should be performed to quantitatively assess the benefits and synergies achieved by the incorpora-
tion of organic plant derived compounds and BGs in a variety of applications, some of which are
discussed in Section 12.6 [69].
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Figure 12.5 Schematic diagram showing the methodology proposed to prepare MBGs incorporating
propolis and cranberry PACs. Source: Galarraga-Vinueza [33], Figure 01 [p. 18]/with permission from John
Wiley & Sons, Inc.
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12.6.1 Bone Tissue Engineering

Owing to the increasing aging population, there is a pressing demand for bone autografts; however,
the procedure is limited primarily because of the surgical risk and the need for donor tissue [130].
Bone TE is an alternative approach, and the search for biomaterials with improved osteoconduc-
tivity and osteoinductive capability for bone TE is growing day by day [131]. Biomaterials based on
BGs loaded with phytotherapeutic compounds are emerging candidates for bone TE. For example,
the mechanical properties of BG (45S5) based scaffolds could be significantly reinforced by gelatin
coatings [19]. Such natural polymer coatings were further exploited for loading the scaffolds with
icariin to improve the bioactivity of scaffolds. The scaffolds thus showed a favorable combina-
tion of mechanical robustness, bioactivity, and drug delivery capability [19]. Similarly, ursolic acid
(UA) is a pentacyclic triterpenoid compound existing in several medicinal plants that can effec-
tively promote new in vivo bone formation. Recently, porous scaffolds of mesoporous BG/chitosan
loaded with UA (MBG/CS/UA) were prepared in order to enhance bone regeneration [132]. UA
had never been used in bone TE before; however, it was found that the MBG/CS/UA scaffolds
exhibited excellent biocompatibility. The controlled release of UA from the scaffolds promoted
stem cell osteogenic differentiation and in vivo new bone formation. The MBG/CS scaffolds were
fabricated by a freeze-drying method and then loaded with UA. The hierarchical porous structure
of the scaffolds resulted in a controllable UA drug release, which accelerated the expression of
genes and proteins related to osteogenesis. In vivo, a critical-sized defect model indicated that the
MBG/CS/UA scaffolds containing UA induced higher mineralization rate than the pure MBG/CS
group, confirming that MBG/CS/UA scaffolds offer great potential for applications in bone repair
and regeneration [132]. Moreover, for dental bone TE applications, Chrysanthemum rubellum
(durian) yellow-colored petals freeze-dried extracts (CRE) combined with melt-derived 45S5 BG
have been investigated [28]. It was observed that the presence of CRE in BG enhanced the dental
pulp stem cells viability and proliferation. This BG-CRE combination showed potential for dental
tissue regeneration [28].
Ur Rehman et al. [133] used EPD to deposit lawsone loaded BG/chitosan composite coatings.

Authors found that the presence of lawsone induces an antibacterial effect. The novel coating
approach combining a phytotherapeutic compound and BG particles was thus designed to protect
implants against bacterial infections [133]. Similarly, the combination of BGs with plant extract
blended with polymers (either natural or synthetic) to coat orthopedic implants, in order to protect
the outer surface from bacterial infections has been reported [29].

12.6.2 Wound Healing

In the skin and mucosal wound healing process, inflammation is a huge barrier [31]. During
healing, there is typically an initial inflammatory phase, then a proliferative phase and finally
tissue remodeling. The progress of each of these phases not only depends on the features of the
biomaterial used but also on the inflammation status sustained by oxidative stresses at the injury
site. In this context, many natural antioxidants have been investigated, owing to the fact that many
herbal compounds have been traditionally utilized as wound healing agents [119]. Increasing
attention is being focused on natural compounds for wound healing [134], among which several
reports distinguish CUR as phytotherapeutic agent presenting benefits such as antioxidative
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Figure 12.6 Skin histological observation: (a) hematoxylin and eosin staining of wounds treated with
curcumin (CUR) and CUR–bioglass–chitosan (CUR–BG–CH) (×100) after 7 and 14 days of treatment,
whereas IR represent the group of rats irradiated with γ rays. IR–CUR (irradiated and implanted with
curcumin), IR–CUR–BG–CH (irradiated and implanted with curcumin–BG–chitosan), and (b) wound area in
treated animals with curcumin (CUR) and curcumin–bioglass–chitosan (CUR–BG–CH) as compared with the
control (control femoral condyle Wistar rats [CT]). The statistical significance of the wound area was
evaluated on the 7th and 14th day of post-wounding. Source: (a) Jebahi et al. [31] Figure 05 [p. 157]/with
permission from John Wiley & Sons, Inc.

activities. CUR has demonstrated safety; however, it has limitations because of its extremely
rapid systemic elimination, inadequate tissue absorption, and degradation, which reduces its
bioavailability. Therefore, the incorporation of CUR in polymer carriers is desirable to increase its
availability for practical applications. Given its medicinal benefits, CUR has been introduced into
BG–chitosan composites (BG composition: 46SiO2, 24CaO, 24Na2O, 6P2O5, wt%) to investigate in
vitro antioxidative and antimicrobial effects. In vivo, biomaterial potency in wound healing was
investigated using a γ-irradiated model [31], and it was concluded that CUR–BG–chitosan com-
posite might have promising potential applications for wound healing. Figure 12.6a represents the
histological observation of the wound in rat skin, which shows the wound healing progress [31].
As described above, CUR exhibits several interesting properties to tackle microbial infections
[29]. The results indicate that the application of unmodified CUR or curcumin–BG–chitosan
(CUR–BG–CH) led to incomplete re-epithelialization of the epidermis after seven days. Inter-
estingly, the complete re-epithelialization of the epidermis at the 14th day post-wounding was
observed only in the irradiated curcumin–BG–chitosan (IR–CUR–BG–CH) group. Figure 12.6b
shows the wound-healing area in the different groups. Similarly, Yunnan baiyao ointments have
been investigated in combination with 45S5 BG. This combination was proven to be very effective
in accelerating the recovery of diabetes-impaired skin wounds [30]. It can be concluded from the
above discussion that BGs in combination with phytotherapeutic agents are attractive candidates
for wound healing application, and more research in this promising field is expected.

12.6.3 Anticancer and Cardiovascular Tissue Engineering

Many researchers are considering natural plant compounds approved by the Food and Drug
Administration (FDA) as anticancer agents. Such approaches are gaining attention due to their
biocompatibility, biological activities, and superior physicochemical properties as well as safety
profiles [135]. In this context, polyphenols extracted from different plant sources are at the center
of interest. Several reports regarding the anticancer activity of polyphenols have confirmed their
effectiveness when combined with BGs [21]. Polyphenols from sage, grape skin, and tea leaves
are considered to have inhibitory effects against the abnormal growth of cancerous cells, having



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

�

� �

�

References 283

also an effect to cure cardiovascular diseases [21]. For example, gallic acid grafted silica-based BG
particles have been shown to damage tumor causing cells [38]. Cazzola et al. [38] studied the effect
of CEL2 BG (composition: 45SiO2, 3P2O5, 26CaO, 7MgO, 15Na2O, 4K2O, in mol%) functionalized
with polyphenols on healthy and cancerous osteoblast cells. It was concluded that polyphenols, for
example, gallic acid and green tea extracts, can effectively exert a selective cytotoxic effect against
bone cancer cells upon grafting to the surface of a BG. Grapes are a great source of polyphenols
which possess various biological activities and health benefits against cardiovascular diseases
and certain types of cancer. Therefore, Zhang et al. [37] performed the surface functionalization
of two BGs (SCNA and CEL2) with polyphenols that were extracted from grapes skin. Results
demonstrated the possibility to prepare smart biomaterials by combining the inorganic activity of
BGs with the specific biological properties of natural molecules to develop anticancer, antioxidant,
and antibacterial activities. Similarly, to verify the positive effect of polyphenols extracted from
sage against cancer cells, Dziadek et al. [22] used different BGs (composition: 40SiO2, 54CaO, and
6P2O5, in mol%) produced by the melt-quenching technique and by sol–gel method, as discussed
previously. During the fabrication process polyphenols extracted from sage were incorporated in
order to enrich the composite films (PCL-BG). The composite showed remarkable hydrophilicity
and in vitro bioactivity. Additionally, potential antioxidant effects and anticancer activities against
cancerous cells (WM266-4) were observed.

12.7 Summary and Outlook

Owing to the broad spectrum of therapeutic properties and generally nontoxic nature of medici-
nal herbs, they are being increasingly considered in combination with engineered biomaterials for
specific clinical applications. The complex combination of phytotherapeutic agents with BGs rep-
resents a good example of such novel approaches using natural compounds to tailor the biological
properties of BGs and to intensify the positive effects of herbal drugs for medical applications. In
this context, physical and chemical loading methods to incorporate natural organic compounds
onto the surface of BGs with the aim to enhance biological properties for therapeutic applica-
tions are currently under extensive research. Moreover, the proper surface functionalization of
BGs to attach natural compounds is at the center of research efforts for the fabrication of supe-
rior phytotherapeutic–BG combinations. Finally, further research (in vitro and in vivo studies) with
deeper insights is needed to evaluate the complex interaction of herbal compounds and biologically
active ions released fromBGs. Generating knowledge on the positive (or non-desired cytotoxic) bio-
logical effects of the mentioned combinations will encourage the optimization of novel multifunc-
tional and cost-effective phytotherapeutic–BG systems. These represent an alternative biomaterial
technology for tackling multifactorial diseases combining the (synergistic) effects of ion releasing
BGs and phytotherapeutic agents for a variety of biomedical applications.
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13.1 Introduction

Implantable materials are utilized in nearly every facet of medicine, from drug-delivery systems
to weight-bearing hip replacements and can greatly improve a person’s quality of life. A wide and
diverse array of implantable materials of varying compositions and architectures are currently
being applied to the fields of orthopedics, dentistry, and cranio-maxillofacial reconstruction.
However, nearly 10% of these implants will fail within the recipient’s lifetime and are likely to fail
within the first five years post-surgery. In order to combat this and improve the biocompatibility
of medical materials in situ, coating technology has been developed for medical devices in order to
improve some of the currently used materials’ shortcomings. This includes enhancing a material’s
bioactivity (mineralization of material surfaces), osseointegration (bone bonding), imparting
antimicrobial properties (antibacterial, antifungal), enhance mechanical performance (hardness,
fatigue), in addition to being used as a delivery mechanism (drugs, therapeutics, ions). Applying
a coating has the benefit in retaining the bulk properties and chemistry of the parent material,
while tailoring the surface properties of the implant for the desired application.
Coatings on material surfaces can be applied using a variety of methods including sol–gel

processing, vapor deposition, sputtering, laser-assisted deposition, ultrasonic deposition, and spin
and dip-coating to name but a few. The selection of a particular coating method can rely on
specific characteristics of the substrate material (e.g. temperature, solubility), the coating material
itself, or the properties which need to be introduced. Bioactive glasses (BGs) have been shown to
be promising candidates for coating applications, particularly in the fields of hard tissue repair
(orthopedics and restorative dentistry) as they can induce mineralization in vivo and promote the
process of new bone growth [1]. Additionally, BGs can be specifically designed to incorporate ions
that have specific therapeutic functions, thereby facilitating greater design and tailoring of the
implantable materials for a specific application. Some examples would be the inclusion of copper
(Cu2+) for enhancement of angiogenesis, silver (Ag+) for antimicrobial effects, and strontium
(Sr2+) for promoting bone growth [2]. There are also numerous methods to process BGs (sol–gel,
melt quench) and procedures to synthesize different glass morphologies (glass fibers,microspheres,
differing particle sizes) depending on the desired application [3]. In relation to applying a coating
to a material’s surface, some of the more important characteristics include the thickness of the
coating the microstructure of the coating post synthesis, the adhesive nature of the coating to
the substrate, and the stability of the coating in its intended physiological environment [4].

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.



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

�

� �

�

294 13 Bioactive Glass-Based Coatings: Concepts for Improving the Biocompatibility of Implantable Materials

The versatility of BGs permits a high degree of design and the ability to significantly enhance the
biocompatibility of an implant material’s surface.

13.1.1 Current Concepts in Coating Technology

Currently, there are a wide array of materials beingmodified by the coating process. Metallic mate-
rials are extensively investigated with coating technology as they are typically bioinert, and coating
with ceramics, bioactive particles, organic molecules, or functionalized polymers can impart desired
physical properties, in addition to encouraging biological responses such as osseo-induction and
osseo-conduction [5]. Ceramic-based materials have been widely researched as coating materials
for orthopedic and dental applications, as there exists a high degree of versatility available for mod-
ification of the metallic substrate.
It is well known that hydroxyapatite (HAp) coatings can be applied to metallic material surfaces

to improve biocompatibility, promote bone growth, and reduce toxic ions leaching from the substrate
metal [6]. However, there are additional effects on themechanical properties of the substrate mate-
rial as a result of the coating process. A reduction in surface stiffness can be attributed to HAp coat-
ings, coupledwith significant improvement in themetallic substrate’s biocompatibility. Derivatives
of HAp have also been extensively studied to further the diversity of desired properties. Arres et al.
conducted tests on pure titanium (Ti) and citrate – hydroxyapatite (cHAp)-coated Ti. cHAp formed
a coating that imparted nanorod-like HAp particles that resulted in nano-roughness and wettabil-
ity, which ultimately improved the biological response. There were also mechanical benefits as the
uncoated sample of Ti exhibited a larger area under stress than in the coated sample, suggesting
the HAp coating reduces stress, and impacts stress distribution [7]. An additional study focused on
modifying HAp as a coating was conducted by Horandghadim et al., and found that when Ta2O5
is added (10, 15, and 20wt%) to a HAp coating on a NiTi substrate, several mechanical benefits
were achieved. Increased wt% Ta2O5 decreased surface roughness, which resulted in improved tri-
bology. Fewer Ni ions were leached from the substrate into a phosphate-buffered saline solution as
Ta2O5 was added. Additional other positive attributes were also observed, which included a more
stable attachment to the substrate, improved hardness, and increased elastic modulus, which were
all attributed to the addition of Ta2O5 [8].
Other ceramics that have been applied to a variety of orthopedic implants include Zirconia (ZrO),

Alumina (Al2O), and Titanium nitride (TiN). As one of the more recent advancements, TiN coat-
ings are of immense interest, as they have been shown to improve many properties useful to the
implementation of biomedical materials, including hardness, toughness, biocorrosion resistance,
antimicrobial efficacy, and elastic modulus [9]. Several studies on TiN have shown an increase
in the overall biocompatibility of the implant substrate, as ceramics are ideal in that they rarely
elicit any type of immune response. In implants that contact blood, especially in the cardiovascu-
lar system, the coating encourages tolerance and minimizes hemolysis [10]. Additionally, when
applied to implants (including titanium alloys and cobalt alloys), this coating has exhibited the
ability to influence the surface’s mechanical properties (i.e. the friction and wear characteristics
of the implant) [10]. The TiN coating itself has exceptional hardness and can withstand abrasion
with bone where typical wearing of the implant would be found, thus minimizing the release of
potentially harmful ions. A retroactive study conducted by van Hove et al. found that TiN coat-
ings, analyzed between one and six years after implant, had success rates of over 90% in vari-
ous clinical settings [10]. Additionally, Hussein et al. demonstrated that TiN deposited onto a Ti
alloy (Ti-6Al-4V) in nanocrystalline form improved several properties of the material. The hard-
ness values of the coated and uncoated alloys were observed to be 38.6 and 5.27GPa, respectively.
The coated sample exhibited a modulus of elasticity more than twice that of the uncoated sample
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(358 and 151GPa, respectively). Due to the increased hardness of the coated sample, the coefficient
of friction was lower in the coated sample, which acts to improve the material’s tribological prop-
erties and function as an articular implant. Furthermore, passivation tests in simulated body fluid
(SBF) showed that there was no occurrence of pitting corrosion in the coated sample, and the
calculated potential of pitting corrosion was reduced in the coated sample. Finally, the viability
of bacteria (gram negative Escherichia coli) on the coated sample was reduced significantly after
48 hours [11].
Typically, inert ceramic coatings are used to modify the underlying metallic material’s

mechanical properties. Due to motion and fatigue that result in wear with joint surfaces, these
coatings are required to endure extreme mechanical forces while existing in a corrosive and
hydrated physiological environment. For example, diamond-like coatings (DLCs) are amorphous
carbon-based coatings that mimic properties observed in diamonds due to a large concentra-
tion of sp3 hybridized carbon bonds. These properties include exceptional hardness, corrosion
resistance, biocompatibility, hemocompatibility, and a low friction coefficient. This makes DLC a
promising coating especially for articular surfaces that require corrosion resistance and favorable
tribological qualities. However, some of the limitations associated with DLCs include poor
adhesion to metal surfaces due to high internal stress and low levels of bioactivity. As a result,
work has commenced to modify these coatings in order to exhibit the beneficial properties, and
mitigate the harmful properties, to allow for use in biomedical applications [12]. A study by
Milan et al. investigated the effects of copper (Cu) within a DLC coating. The experimenters
found that the coating’s hardness increased as the [Cu] was increased until a saturation limit of
∼37wt%, at which point the addition of Cu reduced the hardness. An inverse trend was observed
for Young’s modulus. Cu was also found to reduce internal stresses within the coating, which
increased adherence to the substrate. The samples coated with Cu-enriched DLC demonstrated
improved antibacterial, osteogenic, and angiogenic properties, suggesting that both the mechan-
ical and biological properties of the coatings can be optimized by modulating [Cu] within the
coating [12].
Studies have also explored the use of polymericmaterials for coating applications. Both naturally

derived polymers (i.e. keratin and collagen) and synthetic polymers (polyurethane [PU], polyethy-
lene glycol [PEG], etc.) have been extensively investigated for coating implantable metallic mate-
rials. Collagen is a natural polymer, which constitutes the protein component of bone matrix and
has been widely investigated to improve the bioactivity and biocompatibility of inert metallic sub-
strates. Bone matrix itself is comprised of two components: the calcified, inorganic portion (HAp)
and the collagenous organic portion [13]. The calcified component imparts bone toughness and
compressive strength, while the organic collagen matrix lends bone the ability to have flexibility
and tensile resilience [14]. There have been many studies conducted on orthopedic implants that
are coated with a HAp to promote integration of the implant into bone tissue. However, this is an
imperfect process and bone-forming cells may be inhibited during integration [13]. Using collagen
type-I as coatings has been investigated to address this issue and has been explored by Rammelt
et al. [15]. In their study, Rammelt et al. investigated Ti rodswhichwere coatedwith type-I collagen,
and then inserted into rat tibia for observation over the course of 28 days. The first observation of
the tissue surrounding the implant was taken after four days, where preliminary granulation tissue
was forming at the interface between the implant and the bone tissue, and the presence ofmononu-
clear/phagocytic cells was observed. This process marks the beginning of the bone remodeling
process, which is necessary for proper integration into the bone tissue by the implant. After seven
days, there was a significant increase in the active osteoblasts surrounding the collagen-coated rods
in comparison to the uncoated rods. Osteoblasts are the cells responsible for laying the preliminary
matrix for bone tissue, and an increase in their presence indicates a higher bone formation rate
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near the implant. Finally, after 28 days, collagen-coated implants had roughly 75% of direct bone
contact between the implant and the bone tissue, indicating a high-degree of integration as opposed
to 62% direct bone contact observed for the uncoated implants. This study suggests type-I collagen
coatings as an effective tool in stimulating bone remodeling on Ti, thereby significantly improving
the implant’s biocompatibility [15].
In addition to naturally derived polymers, synthetic polymers can also be utilized to coat Ti

implants in a multifunctional way. Coatings of synthetic polymers can result in a variety of
novel properties, ranging from altering the substrate’s hydrophilicity and electrical conductivity, to
solubility, biocompatibility, and bioactivity. Synthetic polymers can incorporate multiple particles
and systems to facilitate specific properties within the coating itself. Studies by Szaraniec et al.
investigated a dip-coating method to adhere a PU composite of varying composition (which
included graphene and β-TCP [tricalcium phosphate]) to Ti metallic surfaces. This compositing
resulted in a coating with adequate stability, where the biocompatibility of the implant relied
heavily on the graphene component, while the bioactivity was attributed to the concentration
of β-TCP [16]. Another key area of research in terms of changing the material properties of an
implant using a coating is PEGylation of biologics to use for therapeutic purposes. In this process,
the polymer PEG is employed, and PEG chains are synthesized and conjugated onto a substrate,
which is often a drug or type of protein. The PEGylated structures possess the ability to circumvent
the immune system, as the PEG markers essentially “mask” the macrostructure from T cells,
B cells, and other host immune cells. Additionally, PEGylation inherently increases the size of the
drug or protein, making it less likely to dissolve in solution where it can be excreted out of the
body via the renal system. This enhances circulation time of the therapeutic and allows it to stay
in the body for the necessary amount of time to be effective. PEGylation can also form surfaces
that are non-conducive to bacterial colonization, limiting the chance of infection and limiting
the formation of biofilms [17]. PEGylated peptides have also demonstrated a notable reduction
in the ability of infection to spread in implants, particularly on Ti surfaces, as the spontaneous
adsorption of the peptide onto the surface of the implant acts to create a non-fouling surface.
Non-fouling surfaces repel adhesion by bacteria and other microorganisms, usually due to charge
incompatibility, and prevent the buildup of a biofilm. Studies by Khoo et al. found a significant
decrease in biofilm adherence, protein adsorption (nonspecific), inflammatory response, and
subsequent loosening and failure in implants when the surfaces were PEGylated. This method
displays tremendous promise in minimizing bacterial infection and can serve as both a nano-scale
therapeutic, as well as a macro-scale coating [17].
Smart coatings involve the combination of the release of a biologic (i.e. antibiotic)with active “tar-

geting” of a specific microbe which can potentially lead to implant failure. Antibiotics and other
wound-care treatments have long been administered to the implant site, but are only accessible
for a relatively short period of time. This means that the therapeutic properties of the biologic,
whether applied topically or directly to the implant site, are only available for a few days follow-
ing the operation and implant placement. This can be problematic, as it may mitigate the effects
from acute infection, but not prevent against chronic infection, which can occur for longer peri-
ods of time post-implantation. A controlled-release coating can supply the implant site with an
antibiotic for extended periods of time, and if the coating is a “smart” polymer, it can theoreti-
cally release antibiotics when challenged with bacteria based on specified triggers [18]. Studies
by Stavrakis et al. developed a poly(ethylene glycol)-poly(propylene sulfide) (PEGS-PPS) polymer
coating that can be applied to implant surfaces and act as a “smart” antibiotic delivery device.
PEGS-PPS is nontoxic and biodegradable, meaning that as the polymer breaks down to release
antibiotics to the body, it does not induce an immune response. This polymer is also “smart” as
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the reactive oxygen cascade that is triggered by bacteria activates the release of the antibiotic, so it
is only released where it is actually required. In a study conducted over the course of seven days
in mouse models, PEGS-PPS filled with the antibiotic tigecycline demonstrated statistical signif-
icance in lowering the infection rate and bacterial colony formation in the area surrounding the
implant (2.6× 102 CFUs vs. 5.9× 104 CFUs on the surrounding control tissue). It was particularly
effective against Staphylococcus aureus, which accounts for half of all infection in implantation
procedures. Combining with the antibiotic vancomycin also exhibited a decrease in colony forma-
tion. This experiment shows promise in developing devices that are able to slowly release antibiotic
agents in response to an external trigger, in order to maximize the efficacy of the antibiotic when
specific bacteria are locally present [19].

13.1.2 Bioactive Glasses – Therapeutic Value as a Coating Material

Bioceramicmaterials have been applied to the fields of hard tissue restoration due to their ability to
(i) incorporate therapeutic ionswhich can stimulate specific responses within a physiological envi-
ronment and (ii) tailor the material’s chemistry to control its solubility and to facilitate enhanced
biocompatibility with the surrounding tissues [20–22]. One key benefit of using a glass (amor-
phous) over a ceramic (crystalline) for applications within an aqueous environment is due to the
material’s solubility. The amorphous nature of glass generally permits greater solubility than crys-
talline ceramics, as glasses do not present long-range periodic atomic arrangement in contrast to
their ceramic counterparts, which results in more reactive surface and bulk environments, leading
to increased solubility within the aqueous environment present upon implantation [23, 24].
One class of materials that has taken advantage of their degradability in contact with

the corrosive environment within a living physiological system are BGs. The most widely
known of these being Bioglass® 45S5 (L. Hench 1969). This specific composition consists of
45% SiO2–24.5% Na2O–24.5% CaO–6% P2O5 and was found to form a direct bond to living bone
tissue when tested in rat models, as cast glass implants were inserted into rat femurs, and exhibited
a strong interfacial bond between implant and host tissue which formed over the course of six
weeks, as opposed to the control samples which were easily removed [25, 26].
One of the key benefits associated with the use of BGs is the ability of these materials to par-

tially degrade in vivo and initiate changes to the material’s surface by forming a polycrystalline
calcium phosphate (CaP) surface layer with respect to incubation time. This bioactive effect can
be attributed to rapid release of soluble ionic species (Ca2+, Na+, PO4

3−) from the glass resulting
in the formation of a high surface area, hydrated silica layer. This eventually leads to precipitation
of minerals on the surface and the formation of crystalline HAp. This effect is regarded as a highly
positive attribute stemming from the BGs solubility and composition. The HAp phase that forms
on bioactive BGs surface is chemically and structurally equivalent to the mineral phase of bone,
and this similarity is key to the formation of interfacial bonding, and its presence is considered to
be a precursor to bone bonding in vivo [1, 26].
Almost all BGs will experience dissolution in aqueous solutions; however, the rate of ion release

and the tendency to formHAp surface layers vary, depending largely on the BGs composition.Upon
immersion in an aqueous body fluid-like solution, BGs exhibit three general processes: leaching,
dissolution, and precipitation. Leaching is characterized by release of alkali or alkaline earth ele-
ments such as Na+ or Ca2+, which is accelerated by cation exchange with H+ or H3O+ ions. The
release of network modifying ions is rapid and this ionic exchange process leads to an increase
in pH. The dissolution stage occurs next and is initiated by the breaking of —Si—O—Si—O—Si—
bonds through the action of hydroxyl (OH) ions [2, 27]. Degradation of the Si network occurs locally
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and liberates Si4+ into solution in the form of silicic acid [Si(OH)4]. The rate of Si4+ dissolution is
highly dependent on the BGs composition and structure. Finally, in the precipitation stage, Ca2+
and PO4

3− ions are released from the BGs as a result of dissolution, and with mineral ions already
present in the solution migrate to the surface and precipitate to form a calcium-phosphate-rich
(CaP) layer. This calcium phosphate phase that accumulates in the gel surface is initially amor-
phous, but will crystallize over time to an analogous form of natural HAp [2, 28].

13.2 Bioactive Glass Synthesis

BGs are typically used in the orthopedic and dental fields as bone grafts in non-load bearing appli-
cations, primarily due to the lack of mechanical suitability. Commercial products typically consist
of glass particles of varying size, depending on the application, or glass monoliths [29]. However,
extensive research has been conducted on developing complex shapes such as porous scaffoldmate-
rials for tissue engineering applications [30–39], reinforcing and resorbable fibers in composite
materials [40, 41], and glass microspheres for tumor treatment [42], to name but a few. A common
characteristic associated with all the cited applications is the need to tailor the glass composition
and solubility to suit the target applications.
BGs can be formed using high-temperature processing (i.e.melt quench route) or through sol–gel

processing. Melt-derived BGs are melted and formed from mixed batches of high purity analyti-
cal grade reagents to minimize the concentration of trace impurities in the glasses. BGs are typ-
ically produced by melting batch components at temperatures ranging from 1350 to 1450 ∘C [3].
Melting times can be varying from 1 to 24 hours, and glasses can be re-melted in order to increase
homogeneity or annealed post-quenching to control degradation of the glass particles in aqueous
media [43]. Intricate shapes and morphologies can be produced by grinding, polishing, etching,
casting into monoliths, spinning into fibers, flame forming into microspheres, or quenching into
deionized water to produce glass granules [3].
Sol–gel processing of glasses offers an alternative to traditional melt-quenching. This process

occurs at low temperatures and involves the synthesis of a solution (sol), typically composed of
metal-organic and metal salt precursors followed by the formation of a gel by chemical reaction
or aggregation. The final step in the process is thermal treatment for drying, organic removal, and
for crystallization, if desired [44]. To produce sol–gel BGs, precursors used are typically tetraethyl
orthosilicate, calcium nitrate, and triethylphosphate. When the hydrolysis and poly-condensation
reactions are completed, a gel is formed which is subsequently calcinated (typically, between 600
and 700 ∘C) to form the glass. Some of the advantages to using this method are that sol–gel derived
products (e.g. glasses particles, thin films, or fibers) can be highly porous, with a much higher spe-
cific surface area compared to themelt-quench analogs [45]. Sol–gel processes alsomake it possible
to obtain highly homogeneous and chemically pure materials through lower processing tempera-
tures than those involved in the traditional glass melting process. It has also been suggested that
BGs produced through the sol–gel route retain superior compositional control are more easily syn-
thesized with the required combination of biodegradability and bioactivity and routinely exhibit
enhanced bioactivity compared to the melting-quenching method [46].

13.3 Principles of Coating Processing

With regard to metallic implants employed in the field of orthopedics, high mechanical strength
and fracture toughness are some of the key attributes which make these materials suitable for
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load-bearing applications. For the most part, metallic biomaterials can be classified as (i) Ti
and its alloys (i.e. Ti6Al4V) (ii) stainless steels (i.e. 316L stainless steel), (iii) cobalt–chromium–
molybdenum (Co–Cr–Mo) alloys, and (iv) preciousmetal alloys (i.e. gold, silver, or platinum-based
alloys). To be suitable for implant applications, ideal metallic biomaterials should exhibit a Young’s
Modulus comparable to that of bone tissue to ensure a uniform distribution of stress through
the implant [47]. Additionally, sufficient tensile, compressive, yield, and fatigue strength are all
properties that are required to prevent brittle fracture under cyclical loading. However, aside
from their mechanical benefits, metallic biomaterials can suffer with respect to bioactivity,
osteointegration, and corrosion resistance when in contact with physiological fluids [48]. Limiting
the corrosion of metallic implants is of the utmost importance, as this can negatively affect
the mechanical integrity of the implant, as well as its biocompatibility by compromising cell
metabolism and cell behavior. In particular, when motion is present, surface deterioration under
high loads can cause elevated levels of metallic ions to release into the bloodstream [49], which
can be extremely problematic, as some of these metallic degradation products have been linked to
physiological issues such as metal sensitivity, genotoxicity, and carcinogenicity. To limit metallic
ion release, encourage osseointegration, and improve overall biocompatibility, bioceramics of
varying morphology and composition can be used to coat the implant surface [4, 50]. However,
it is important to realize that the final characteristics of the coating are highly dependent on
the deposition and coating technique: i.e. the physical and chemical properties can vary widely
based on processing parameters. Physical characteristics which can vary include microstructure,
thickness, surface roughness, porosity, and adhesion, whereas chemical characteristics such as
long-term stability, dissolution/solubility, and cytocompatibility can be affected [3].
One of themore common and versatilemethods to apply coatings tometallic substrates is sol–gel

processing. The sol–gel method is widely employed and can be used to provide beneficial effects
such as improved bioactivity, antimicrobial efficacy, and improvedmechanical characteristics of the
implant surface. Sol–gel coatings consist of a colloidal solution or suspension of monomers that
exists within a liquid medium, which is hydrolyzed (typically by the Pechini process), and poly-
merized via condensation to form a gel, which is a suspension of a solid within a liquid and is
completely resistant to flow. The gel itself can then be added to the desired substrate to create a
thin film over the specimen. A variety of methods can be used to deposit sol–gel coatings on med-
ical device surfaces, including spin coating and dip-coating. Spin coating involves spinning a small
amount of the sol–gel (liquid form) onto a flat surface to create a uniform coating, which typically
ranges between 40 nm and 10 μm [51]. The thickness of the resultant coating will depend on fac-
tors such as viscosity, rotation speed, and time (coating duration). Dip-coating usually involves the
material being submerged in a solution for a short period of time, which allows for the deposition
of particles onto the substrate surface, and the formation of a thin layer that forms when the sub-
strate is removed from the solution. There are five steps associated with the dip-coating process,
and these include:

(1.) immersion of the substrate into solution,
(2.) allowing the substrate to remain in solution,
(3.) deposition of the particles in the solution onto the substrate,
(4.) removal of the material from the solution at a constant speed, and finally,
(5.) allowing the remaining liquid to evaporate from of the substrate surface, leaving behind a

thin film.

The addition of heat to the substrate prior to submersion may allow for better deposition and
adherence of the particles in the solution to the material [52]. This method can be applied to coat
materials with basic morphologies, all the way to three-dimensional materials such as those used
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Precursors
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Dip-coating

Powder

Spin-coating

Source for spin-
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Figure 13.1 Author’s schematic of sol–gel processing and associated coating methods. Source: Supporting
references include Thiagarajan et al. [54] and Owens et al. [55].

in joint arthroplasty, in order to deposit bioceramic coatings which can aid in the promotion of
bone bonding in vivo [53, 54] (Figure 13.1).
Electrophoretic deposition (EPD) is a method that requires the substrate to be electrically con-

ductive in the suspension medium.With this process, substrates which act as electrodes are placed
within the suspension medium, and an electric current is applied between the electrodes which
creates an electric field between the particles contained within the suspension and the substrate
(electrode), causing the particles to be attracted to the surface of the substrate [3]. The substrate
in this case can have complex shapes, and the thickness of the coating can range between 1 and
100 μm. The thickness typically depends on the nature of the materials (solvent, dispersant, parti-
cle size) and physical parameters, including voltage and immersion time [6]. After deposition on
the substrate surface, a heat treatment step is often required to densify the coating. This process is
extremely flexible, allowing for colloidal suspensions of glass, ceramics, polymers, andmetals to be
processed via EPD [3]. Numerous studies have been conducted on composite coatings containing
HAp and BGs. These materials are known to offer improvements in bioactivity, biocompatibil-
ity, and tissue adhesion, and their application as a coating avoids the weak mechanical properties
and brittle nature typically associated with bioceramics [6]. A study by Khanmohammadi et al. on
HAp/BG composite coatings on a pure Ti (99.9% purity) substrate employed isopropanol and tri-
ethanolamine (TEA) as the solvent and dispersant, respectively. This study utilized EPD to deposit
the coatingwith sintering to follow at 800 ∘C for one hour. It was then determined that the resulting
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coatings which performed best contained 50% HAp/50% BG, exhibiting sufficient bioactivity and
bond strength, as well as a high surface area (80m2/g) [53].
The ability to coat glass employing mechanical methods such as ultrasound also exists.

Depositing ionic nanoparticles (NaCl, CuSO4, and KI) onto different substrates has been studied
by Kiel et al. using the ultrasonic method. In this experiment, parylene-coated glass slides or
silicon wafers were submerged in a 0.04–0.5M solution of KI. A Ti horn was placed in the solution
and tuned to a frequency of 20 kHz for a time ranging between 15 and 90minutes, and ionic NPs
were embedded in these substrates by a one-step, ultrasound-assisted procedure. Optimization of
the coating process resulted in homogeneous distributions of nanocrystals (30 nm) on the surfaces
of the substrates. Solubility studies demonstrated that nanoparticles were still adhered to the
substrates after 24 hours, and it took over 96 hours for complete leaching to be achieved [56].
Another method used to form coatings is called thermal spray processing. Thermal spraying pro-

cesses can be categorized on the basis of different energy sources used to heat the coating material
to a softened/molten state (i.e. feedstock) during spraying, and include:

(1.) kinetic energy (cold spraying low/high pressure),
(2.) chemical energy (flame spraying [FS]),
(3.) high velocity oxygen fuel (HVOF),
(4.) high velocity air fuel (HVAF),
(5.) detonation gun (D-gun),
(6.) electric energy (plasma spraying such as atmospheric plasma spraying [APS]),
(7.) suspension plasma spraying (SPS), and
(8.) solution precursor plasma spraying (SPPS) [4].

Through the use of thermal spraying, molten particles (typically 10 μm to 2mm) are formed
and deposited onto a substrate in the form of drops that accumulate layer by layer. These parti-
cles are melted and accelerated toward the surface of the substrate. After the impact of the molten
or semi-molten particles at a high speed, they spread and solidify to form “splats.” The impact
forms near-circular lamellae (10–100 μm) in diameter and >10 μm in thickness [3]. Over time, this
results in a flattened and layered coating which can be deposited on a variety of different implant
shapes [57]. The subsequent microstructure of the coating and its properties depend heavily on
the feedstock and spray methods processing parameters. Thermal spraying employs a mixture of
gases (i.e. argon/hydrogen) and high temperature (thousands of degrees Celsius). Spray methods
that employ high temperatures are also one of the causes for concern when using this method for
coating ofmetallic implants with BGs. At high temperatures, crystallization of BGs occurs, and this
can lead to issues relating to the final density of the coating in addition to a reduction in bioactiv-
ity [4]. Some additional limitations have also been observed when spraying bioceramic particles
on metallic surfaces. Coatings can experience cracking over time, which has been attributed to
high dissolution rate, low mechanical strength, and low chemical stability of the BG coating [58].
The different types of deposition processes and the flexibility of this technique make it possible to
deposit coatings frommany different materials such as polymers and refractories to composite sys-
tems; however, much care must be taken in order to prevent against the development of negative
properties post-implantation.
Enameling is a process that applies a glass-like coating that is fused on metallic substrates. It is

a simple and relatively low-cost method. A powdered BG suspension is deposited on the metallic
substrate and the glass powder is then glazed using a specific heat treatment profile. The BG parti-
cles are often dispersed in a liquidmedium to obtain slurries which can be deposited on the surface
using spraying or dipping to deposit the coating [4]. Post-drying, heat treatment of the BG coated
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substrate is performed. The heat treatment temperature is usually between the glass transition
temperature (Tg) and the crystallization temperature (Tc) to ensure softening and sintering of the
BGs without inducing crystallization. Some glasses, such as Bioglass 45S5, experience crystalliza-
tion at relatively low temperatures due to their relatively weak network structures, thus limiting
their use in the enameling process. Altering the thermal profiles of the glass can be achieved by
the addition of alkaline oxides [4]. This can increase the crystallization temperature and enhance
the ability to retain an amorphous enamel coating [3]. The degree of adhesion between the BG
coating and the metallic substrate depends on (i) glass composition and its structural characteris-
tics, (ii) surface roughness, and (iii) the procedure used to apply coatings. One of the most pressing
concerns is the requirement to match the substrate coefficient of thermal expansion (CTE) [3, 4].
If this characteristic is not considered, the development of thermal residual stresses can occur. This
is likely due to the mismatch of the CTEs of the metallic substrate and the glass. Therefore, the dif-
ference between CTE of BGs and CTE of substrates should be as small as possible. To match the
CTE of a BG to that of substrate, the glass composition can be modified by adding oxides such as
MgO, K2O, or SrO, to have similar coefficients to metallic substrates. Other options include apply-
ing a bond coat between the coating and the substrate to reduce the CTE mismatch [4]. Studies by
Bharati et al. improved adhesion between a BG coating and the Ti–6Al–4V rod substrate by coating
with a BG containing B2O3 and TiO2. The B2O3 reduces both the CTE and the softening tempera-
ture of the glass, while the TiO2 promotes the development of a controlled chemical bond, with a
positive effect on the coating adhesion [59].

13.4 Characterization of Modified Surfaces

There are a number of technical tools used to characterize coatings. The most important char-
acteristics to consider with a BG coating include adhesion, thickness, microstructure, roughness,
porosity, and chemical phases. Another important aspect of coating a material’s surface, regard-
less of the technique employed, is employing characterization tools to gain important information
that can aid in experimental design and process optimization. Important characteristics such as
the determination of CTE and thermal transition temperatures can be used to design the experi-
mental process more accurately. There are several methods employed to perform thermal analysis
on materials which can also include coated materials (particularly if the coated material involves a
polymer). Thesemethods include thermogravimetric analysis (TGA), differential scanning calorime-
try (DSC), and differential thermal analysis (DTA), as well as dilatometry. TGA is the primary
method for determining how the overall weight of thematerial fluctuateswhen subjected to various
temperatures, and is particularly useful when working with polymers, as evaporation of moisture
or solvent leads to decomposition of the polymer, which helps to decipher the overall stability of
the coating (polymer) that may be adhered onto an implant surface [60]. DSC/DTA is utilized to
characterize thermal transitions such as the glass transition temperature (Tg), crystallization tem-
perature (Tc), melting temperature (Tm), and vaporizationwithin amaterial [60, 61]. If amaterial is
encased within a polymer, it is imperative to know where this transition points exist to ensure that
the polymer will not have an extensive property change that may compromise function. Dilatome-
try is a tool that can be employed to measure CTE. This tool is very important to analyze the CTE
mismatch between bioceramics used in the coating process and the metallic substrates.
Light microscopy, also referred to as optical microscopy, is also a simple yet powerful tool in the

initial characterization of coated materials. The mechanism behind this device is simple, as a spec-
imen is placed on the stage of the microscope and illuminated above by a light source. The purpose
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of using a light microscope is to make general observations on the surface of the coated material
and note certain characteristics that may not be visible in a macroscopic setting [62]. Modern light
microscopes can exhibit impressive magnifications, can visualize microstructures such as crys-
tal structure, and can be used to observe physical characteristics such as coating stability and
adherence [63]. A more advanced method for imaging a coating is scanning electron microscopy
(SEM). SEM utilizes the power of high-energy electrons in order to generate a beam that can
“scan” over a coated material to give a detailed image that provides insight to the surface struc-
ture and topography (cracks, porosity, coating thickness) of the coating on a material [64]. X-rays
can also be detected by the SEM and provide details on the elemental composition of the sam-
ple energy-dispersive X-ray spectroscopy (EDS). An X-ray detector can generate a spectrum that
contains energy level peaks that corresponds to known elemental analysis. EDS can therefore be
useful for confirming the presence of batched elements within a coating or identifying impurities.
However, as with every method, SEM has its limitations, including the difficulty with charging,
particularly on nonmetallic specimens [64]. Transmission electronmicroscopy (TEM)which differs
from SEM from the perspective that it relies heavily on an electron beam that will pass through
the surface of the specimen. This requires the sample to be extremely thin and often requires the
specimen to be prepared in fine layers using ultramicrotome or focused ion beammicroscopy (FIB).
Th TEM can develop a highmagnification image of the coating where the surface characteristics of
the coatedmaterial can be elucidated [65]. TEM can also be equipped with EDS, in addition to pro-
viding insight into internal structures, including crystallinity by selected area electron diffraction
(SAED). Crystallinity is an important characteristic to consider in the case of bioceramic coatings
as it can significantly influence the physical properties (hardness), surface solubility, and bioactiv-
ity. While limited by a small area of surface being analyzed at one time and a flat, two-dimensional
image, the detailed high resolution of the TEM lends itself to being an important device in charac-
terizing coated materials [65].
Spectroscopy can be a very useful tool when composite coatings are being deposited on implant

surfaces, particularly if a portion of the coating is comprised of organics. Raman spectroscopy is
utilized for characterizing coatedmaterials by analyzing vibrations ofmolecules to determine struc-
tural arrangement and molecular interactions [66]. The resultant peaks correspond to molecu-
lar bond vibrations which includes carbon double bonds, C–H groups, N–O groups, and other
portions of the composition of the structure, like benzene rings for example. This can be used
to not only infer the chemical identity of the coating but also the structural arrangement [66].
Fourier-transform infrared spectroscopy (FTIR) generates an infrared spectrum that provides similar
information as Raman, including chemical composition of a coated material, as well as informa-
tion related to the molecular interactions within the coating. FTIR can be used to map out the
various components within the coating which correspond to known specific molecular linkages.
This can help determine the presence of organic components such as polymer structure, cofactors,
amino acid side groups, in addition to watermolecules. These techniques are particularly useful for
investigating composite coatings, i.e. bioceramic particles embedded in organic coatings/polymeric
coatings [67].
Inductively coupled plasma mass spectroscopy (ICP-MS) is a technique that is employed to mea-

sure the release of ionic constituents frommaterials when in an aqueousmedium. It is important to
quantitatively determine the elemental release rates that may be exist in physiological fluids when
the coated materials are present in the body. Coatings can contain various ions, or concentrations
of ions, that can either provide positive therapeutic effects (osseointegration) or can have negative
side effects (induce an immune response resulting in inflammation) [68]. ICP-MS analysis usually
is done post-immersion after incubating coated samples in pseudo-physiological fluids such as SBF.
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This technique can be used to determine the stability of the coating as a function of time in aqueous
media, in addition to determining if the level of ion release remains within a therapeutic range or
exceeds toxicity limits for the intended application [68].
Imaging the topography of the coated sample can also provide insight into characteristics

such as defects within the coating, adhesion, coating thickness, porosity, and surface roughness.
Techniques such as atomic forcemicroscopy (AFM) and profilometry can be employed to provide 3D
topographic information at different resolution. AFM is a high-resolution (nanoscale), noninvasive
technique that can collect quantitative morphological measurements in real time [69]. There also
exists the ability to measure physical properties (mechanical properties, surface roughness) at the
nanometer level, in addition to performing experiments in both air and liquid environments [70].
Imaging and quantitative measurements of the surface roughness can also be achieved using
profilometry. Profilometry operates by employing a mechanical (contact) or optical (non-contact)
probe is passed across a surface. The probe follows the contours at each point on the surface, and
the height of the probe at each point is recorded resulting in a 1D scan or a 2D map. A mechanical
stylus captures the features over a large area (∼100mm), with a x–y resolution of 5 μm and a
z-resolution of 0.01 μm. AFM scans a much smaller area (100 μm) but provides much higher
resolutions (0.2 μm in x–y and 1.5 pm in z) [71].

13.5 Composite Coatings: Diversity of Inorganic–Organic Hybrids

Surface coating of metallic implants with bioceramics is one of the most widely adopted meth-
ods to improve the surface biocompatibility and bioactivity while retaining the properties of the
bulk materials. As previously highlighted, BGs are highly biocompatible and are known to inte-
grate with human tissues, which makes them an excellent candidate for initiating bond bonding
between host tissue and metallic prosthesis. Additionally, BGs also have the ability to facilitate
soft tissue regeneration and stimulate the deposition and crystallization of HAp when in contact
with physiological fluids, which supports their role as a potential coating to initiate interfacial
bonding between metallic implants and bone tissue or inhibit corrosions of the implant metals
in biological environments [57]. The most widely investigated BG composition is 45S5 Bioglass
(46.1SiO2–24.4Na2O–26.9CaO–2.6P2O5 [mol%]), but these glasses can accommodate a wide array
of different dopants, while still maintaining the basic physical and chemical properties of an amor-
phous glass. Many new compositions have been proposed for several different biomedical appli-
cations, including improved dental materials, improved coatings on load-bearing metal implants,
and tissue engineering scaffolds. In order to introduce additional functionality, various ions have
been incorporated into these glass structures, such as Sr2+ andMg2+ for enhanced bone formation,
and Ag+, Cu2+, and Zn2+ for antimicrobial efficacy. However, while concepts like the introduction
of ions with antimicrobial effects can be highly beneficial, cytocompatibility testing and solution
characterization should be carefully conducted to ensure the rate of ion release does not exceed
known toxicity limits [4].
Bioceramicmaterials also have the capability to be introduced into composite systems in order to

maximize the properties of a coating. These hybrid systems can occur where bioceramics are pro-
cessed with either natural or synthetic polymers. Collagen and chitosan polymers are examples of
materials originating from tissue-based sources that can provide additional functionalities to sur-
face coatings, such as enhanced biocompatibility. Chitosan, a naturally occurring polymer which
is primarily sourced from the exoskeletons of crustaceans, has the ability to exhibit antimicrobial
activity, biocompatibility, and biodegradability within the human body. To form a multifunctional
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coating, studies have investigated the combination of chitosan with 45S5 Bioglass and observed
enhanced adhesion of the implant to bonewhile garnering additional benefits from chitosanmatrix
[57, 72–75]. Studies by Montemor and coworkers also investigated the application of both collagen
and chitosan on multilayered (silane TiO2) coatings to improve corrosion-resistance of Mg alloys.
The biopolymer layers were found to significantly influence the composition of the corrosion prod-
ucts produced, assisting in the trapping of H+, and helping to prevent its release during the early
stages of immersion. Thismechanism resulted in enhanced corrosion-resistance of theseMg alloys,
which is theorized to result in enhanced biointegration [76]. Another natural polymer source of
interest is alginate, which has been investigated for applications in tissue regeneration and wound
healing. Alginate is biodegradable and is known to break down due to reactions that occur between
the crosslinking agents as monovalent ions are released and exchanged within body fluids. The
degradation rate of alginate can be tailored and controlled by oxidation/reduction reactions within
the molecular weight of the polymer, which suggests that this polymer could potentially be very
useful in a wide range of applications [77].
Synthetic polymers, such as polycaprolactone (PCL), polymethylmethacrylate (PMMA), poly-

lactic acid (PLA), poly(lactide-co-glycolic) acid (PLGA), polydopamine (PDA), and PU, have all
been investigated as a component of hybrid coatings designed for the improvement of metallic
implants [78]. However, coatings that consist solely of polymeric material inherently possess
some drawbacks compared to composited coatings. This is because polymers are usually flexible
and allow for adequate coating of even the most complex shapes, but often lack sufficient
mechanical strength and chemical stability for long-term internal use [78]. As for inorganic
materials as a solitary coating material, they generally exhibit weak adhesive strength on sur-
faces, poor film-forming ability, and tend to aggregate, rather than spread evenly. Therefore,
inorganic-polymer composite coatings have been widely investigated, as inorganic components
can reinforce the polymer, while polymers can work as matrices for the proper dispersion of
inorganic fillers [78]. PCL is an important synthetic polymer that can be used to reduce the
brittle nature of bioceramic coatings. PCL is known to be biocompatible, biodegradable, and
presents qualities similar to collagen in natural bone where it can improve elasticity and cell
adhesion. Since glass is brittle and can easily experience catastrophic failure, using a polymer
(like PCL) to help counter these effects and increase overall elasticity makes the BG more stable
in load-bearing or high fracture risk applications [57]. Studies on PMMA/BG coatings were
conducted by Floroian et al. where frozen solutions of PMMA/BG were deposited by matrix
assisted pulsed laser evaporation (MAPLE) deposition on Ti substrates. The corrosion behavior of
the Ti was greatly reduced compared to the non-coated Ti control, in addition to the BG initiating
the formation of a rapidly growing apatite layer on the coated Ti surface. This coupled result of
reducing the effect of corrosion and imparting bioactivity of the metal’s surface is significant, as it
will likely result in osseointegration [79]. Complex hybrid coatings were synthesized by Caddeo
et al. by incorporating the glass-ceramic (SiO2–P2O5–CaO–MgO–Na2O–K2O) within a blend of a
water-soluble mixture of PU and collagen. This study resulted in a strong interfacial covalent link
between the blend and the substrate. Biological tests (human periosteal derived precursor cells)
demonstrated that the polymer-coated material was a promising substrate for bone cell adhesion
and growth, and a good candidate to mimic the composite nature of the bone extracellular matrix
(ECM) [14].
The risk of infection in implants is a primary concern in the development of coatings, particularly

for orthopedic usages. Up to 15% of all joint replacements result in infection, and the downstream
effects include loosening, increased degradation of the implant which can result in heightened
debris in the joint cavity, and ultimately, failure. Since over 7million joint replacements are
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performed in the United States annually, the cost and economic impact of infection and revision
surgery is notable and can be upward of US $31 000 for each revision required. As a result, further
research into improved antimicrobial coatings is necessary, as the drug regimen used to combat
infection post-operation is not able to sustain an aseptic joint replacement on its own. Fortunately,
there are plenty of options, ranging from passive finishing surfaces, to bioactive, integrative
coatings [80]. Numerous studies have been conducted on incorporating antimicrobial ions and
antibiotics onto material surfaces to eliminate opportunistic bacteria. Perhaps one of the most
studied ions for implant purposes is silver (Ag+). In a retrospective study byWafa et al., it was found
that the postoperative rate of infection in silver-coated orthopedic implants (total hip replacement
[THR]) was reduced from 22.4% to 11.8%, compared to a non-silver coated control group [81]. This
ion is of even greater interest, asmetallic substrates plasma-sprayedwith a glass coating dopedwith
Ag+ through ion-exchange have exhibited that the mechanical properties of the coating remain
intact post-processing, while also introducing antimicrobial effects upon implantation, through
Ag+ leaching [82]. All of these prior studies suggest that not only are organic–inorganic composites
worthy of further investigation for coatings on metallic implants, but that these materials could
potentially provide a multitude of enormous effects, including reduced infection and revision
rates, reduced anti-biotic/pharmaceutical use, and ultimately, reduced societal cost for restorative
surgeries.

13.6 Conclusion

It is evident that the field of regenerative medicine can significantly expand and diversify through
the use of coating technology. The ability to fabricate BGs with novel compositions and morpholo-
gies presents a significant benefit to improving the biocompatibility of implantable metallic mate-
rials, and to synthesize novel bioactive composite materials with polymers. The true benefit in
employing BGs as a component of a coating lies in the ability of tailor the composition to a specific
therapeutic application. Versatility exists in the processing methods, the particle morphology and
solubility, and the ability to control the degradation rate under physiological conditions. BGs have
proven their ability to induce mineralization in vivo, in addition to presenting positive biological
responses in wound healing in soft tissues. It is likely in the near future that specific therapeutic
products released from BG coatings will be linked to the biological responses responsible for full
osseointegration of currently used implantable materials.

References

1 Jones, J.R. (2013). Review of bioactive glass: from Hench to hybrids. Acta Biomaterialia
9: 4457–4486.

2 Boccaccini, A.R., Brauer, D.S., and Hupa, L. (2016). Bioactive Glasses: Fundamentals, Technology
and Applications. Royal Society of Chemistry.

3 Ylanen, H. (2018). Bioactive Glasses: Materials, Properties and Applications, 2e. Woodhead
Publishing.

4 Sergi, R., Bellucci, D., and Cannillo, V. (2020). A comprehensive review of bioactive glass coat-
ings: state of the art, challenges and future perspectives. Coatings 10: 757.

5 Heinz, S.A., Paliwal, S., and Ivanovski, S. (2015). Mechanisms of bone resorption in periodonti-
tis. Journal of Immunology Research 2015: 1–10.



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

�

� �

�

References 307

6 Khanmohammadi, S., Ojaghi-Ilkhchi, M., and Farrokhi-Rad, M. (2020). Evaluation of bio-
glass and hydroxyapatite based nanocomposite coatings obtained by electrophoretic deposition.
Ceramics International 46: 26069–26077.

7 Arres, M., Salma, M., Rechena, D. et al. (2020). Surface and mechanical properties of a nanos-
tructured citrate hydroxyapatite coating on pure titanium. Journal of the Mechanical Behavior of
Biomedical Materials 108: 103794.

8 Horandghadim, N., Khalil-Allafi, J., and Urgen, M. (2019). Effect of Ta2O5 content on the
osseointegration and cytotoxicity behaviors in hydroxyapatite-Ta2O5 coatings applied by EPD on
superelastic NiTi alloys. Materials Science and Engineering C 102: 683–695.

9 Misra, D., Shariff, S.M., Mukhopadhyay, S., and Chatterjee, S. (2018). Analysis of instrumented
scratch hardness and fracture toughness properties of laser surface alloyed tribological coatings.
Ceramics International 44: 4248–4255.

10 van Hove, R.P., Sierevelt, I.N., van Royen, B.J., and Nolte, P.A. (2015). Titanium-nitride coat-
ing of orthopaedic implants: a review of the literature. BioMed Research International 2015:
485975.

11 Hussein, M.A., Adesina, A.Y., Madhan Kumar, A. et al. (2020). Mechanical, in-vitro corro-
sion, and tribological characteristics of TiN coating produced by cathodic arc physical vapor
deposition on Ti20Nb13Zr alloy for biomedical applications. Thin Solid Films 709: 138183.

12 Milan, P.B., Khamseh, S., Zarrintaj, P. et al. (2020). Copper-enriched diamond-like carbon
coatings promote regeneration at the bone-implant interface. Heliyon 6 (4): e03798.

13 Viguet-Carrin, S., Garnero, P., and Delmas, P.D. (2006). The role of collagen in bone strength.
Osteoporosis International 17 (3): 319–336.

14 Caddeo, S., Mattioli-Belmonte, M., Cassino, C. et al. (2019). Newly-designed colla-
gen/polyurethane bioartificial blend as coating on bioactive glass-ceramics for bone tissue
engineering applications. Materials Science and Engineering C 96: 218–233.

15 Rammelt, S., Schulze, E., Bernhardt, R. et al. (2004). Coating of titanium implants with type-I
collagen. Journal of Orthopaedic Research 22 (5): 1025–1034.

16 Szaraniec, B., Pielichowska, K., Pac, E., and Menaszek, E. (2018). Multifunctional polymer coat-
ings for titanium implants. Materials Science and Engineering C 93: 950–957.

17 Khoo, X., Hamilton, P., O’Toole, G.A. et al. (2009). Directed assembly of PEGylated-peptide
coatings for infection-resistant titanium metal. Journal of the American Chemical Society
131 (31): 10992–10997.

18 Wang, Y., Papadimitrakopoulos, F., and Burgess, D.J. (2013). Polymeric “smart” coatings to
prevent foreign body response to implantable biosensors. Journal of Controlled Release 169 (3):
341–347.

19 Stavrakis, A.I., Zhu, S., Hegde, V. et al. (2016). In vivo efficacy of a “smart” antimicrobial
implant coating. Journal of Bone and Joint Surgery 98 (14): 1183–1189.

20 Jones, J.R., Ehrenfried, L.M., and Hench, L.L. (2006). Optimising bioactive glass scaffolds for
bone tissue engineering. Biomaterials 27 (7): 964–973.

21 Hench, L.L. (2006). The story of Bioglass. Journal of Materials Science – Materials in Medicine
17: 967–978.

22 Hench, L.L. (2009). Genetic design of bioactive glass. Journal of the European Ceramic Society
29: 1257–1265.

23 Rahaman, M.N., Day, D.E., Bal, B.S. et al. (2011). Bioactive glass in tissue engineering. Acta Bio-
materialia 7 (6): 2355–2373.

24 Hoppe, A., Guldal, N.S., and Boccaccini, A.R. (2011). A review of the biological response to
ionic dissolution products from bioactive glasses and glass-ceramics. Biomaterials 32: 2757–2774.



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

�

� �

�

308 13 Bioactive Glass-Based Coatings: Concepts for Improving the Biocompatibility of Implantable Materials

25 Hench, L.L. (2016). Bioglass: 10 milestones from concept to commerce. Journal of
Non-Crystalline Solids 432 Part A: 2–8.

26 Hench, L.L., Day, D.E., Holand, W., and Rheinberger, V.W. (2010). Glass and Medicine. Interna-
tional Journal of Applied Glass Science 1 (1): 104–117.

27 Gerhardt, L.-C. and Boccaccini, A. (2010). Bioactive glass and glass-ceramic scaffolds for bone
tissue engineering. Materials 3: 3867–3910.

28 Kokubo, T. and Takadama, H. (2006). How useful is SBF in predicting in vivo bone bioactivity.
Biomaterials 27: 2907–2915.

29 Kumar, A., Singh, S., Thumar, G., and Mengji, A. (2015). Bioactive glass nanoparticles
(NovaMin®) for applications in dentistry. IOSR Journal of Dental and Medical Sciences 14 (8):
30–35.

30 Stábile, F.M., Stagnaro, S.Y.M., Ortiga, J., and Volzone, C. (2015). Production of porous scaffolds
from Bioglass 45S5-derived glasses. Procedia Materials Science 9: 558–562.

31 Vitale-Brovarone, C., Verné, E., Robiglio, L. et al. (2007). Development of glass–ceramic scaf-
folds for bone tissue engineering: characterisation, proliferation of human osteoblasts and
nodule formation. Acta Biomaterialia 3 (2): 199–208.

32 Vitale-Brovarone, C., Miola, M., Balagna, C., and Verné, E. (2008). 3D-glass–ceramic scaffolds
with antibacterial properties for bone grafting. Chemical Engineering Journal 137 (1): 129–136.

33 Srinivasan, S., Jayasree, R., Chennazhi, K.P. et al. (2012). Biocompatible alginate/nano bioactive
glass ceramic composite scaffolds for periodontal tissue regeneration. Carbohydrate Polymers
87 (1): 274–283.

34 Renghini, C., Giuliani, A., Mazzoni, S. et al. (2013). Microstructural characterization and in
vitro bioactivity of porous glass-ceramic scaffolds for bone regeneration by synchrotron radia-
tion X-ray microtomography. Journal of the European Ceramic Society 33 (9): 1553–1565.

35 López-Álvarez, M., Rodríguez-Valencia, C., Serra, J., and González, P. (2013). Bio-inspired
ceramics: promising scaffolds for bone tissue engineering. Procedia Engineering 59: 51–58.

36 Gerhardt, L.-C., Widdows, K.L., Erol, M.M. et al. (2011). The pro-angiogenic properties of
multi-functional bioactive glass composite scaffolds. Biomaterials 32 (17): 4096–4108.

37 Fu, Q., Saiz, E., Rahaman, M.N., and Tomsia, A.P. (2011). Bioactive glass scaffolds for bone
tissue engineering: state of the art and future perspectives. Materials Science and Engineering C
31 (7): 1245–1256.

38 Chen, Q.Z., Thompson, I.D., and Boccaccini, A.R. (2006). 45S5 Bioglass®-derived glass-ceramic
scaffolds for bone tissue engineering. Biomaterials 27 (11): 2414–2425.

39 Wren, A.W., Coughlan, A., Smale, K.E. et al. (2012). Fabrication of CaO–NaO–SiO2/TiO2 scaf-
folds for surgical applications. Journal of Materials Science – Materials in Medicine 23 (12):
2881–2891.

40 Yang, Q., Chen, S., Shi, H. et al. (2015). In vitro study of improved wound-healing effect
of bioactive borate-based glass nano-/micro-fibers. Materials Science and Engineering C 55:
105–117.

41 Vallittu, P.K., Närhi, T.O., and Hupa, L. (2015). Fiber glass–bioactive glass composite for bone
replacing and bone anchoring implants. Dental Materials 31 (4): 371–381.

42 Anderson, J.H., Goldberg, J.A., Bessent, R.G. et al. (1992). Glass yttrium-90 microspheres for
patients with colorectal liver metastases. Radiotherapy and Oncology 25 (2): 137–139.

43 Nicholson, J.W. and Wilson, A.D. (1993). Acid-Base Cements: Their Biomedical and Industrial
Applications, Chemistry of Solid State Materials, vol. 3. Cambridge: Cambridge University Press.

44 Li, R., Clark, A.E., and Hench, L.L. (1991). An investigation of bioactive glass powders by
sol–gel processing. Journal of Applied Biomaterials 2 (4): 231–239.



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

�

� �

�

References 309

45 Hong, Z., Liu, A., Chen, L. et al. (2009). Preparation of bioactive glass ceramic nanoparticles by
combination of sol–gel and coprecipitation method. Journal of Non-Crystalline Solids 355 (6):
368–372.

46 Vafaa, I., Bazargan-Laria, R., and Bahrololoom, M.E. (2021). Synthesis of 45S5 bioactive
glass-ceramic using the sol–gel method, catalyzed by low concentration acetic acid extracted
from homemade vinegar. Journal of Materials Research and Technology 10: 1427–1436.

47 Liu, X., Chu, P.K., and Ding, C. (2005). Surface modification of titanium, titanium alloys, and
related materials for biomedical applications. Materials Science and Engineering C 47: 49–121.

48 Pourhashem, S. and Afshar, A. (2014). Double layer bioglass-silica coatings on 316L stainless
steel by sol–gel method. Ceramics International 4: 993–1000.

49 Hanawa, T. (2004). Metal ion release from metal implants. Materials Science and Engineering C
24: 745–752.

50 Fathi, M.H. and Doostmohammadi, A. (2009). Bioactive glass nanopowder and bioglass coat-
ing for biocompatibility improvement of metallic implant. Journal of Materials Processing
Technology 209: 1385–1391.

51 Ben-Nissan, B. and Choi, A.H. (2006). Sol–gel production of bioactive nanocoatings for medical
applications. Part 1: an introduction. Nanomedicine (London) 1 (3): 311–319.

52 Scriven, L. (1988). Physics and applications of DIP coating and spin coating. MRS Symposium
Proceedings 121: 717.

53 Aksakal, B. and Hanyaloglu, C. (2008). Bioceramic dip-coating on Ti–6Al–4V and 316L SS
implant materials. Journal of Materials Science Materials in Medicine 19 (5): 2097–2104.

54 Thiagarajan, S., Sanmugam, A., and Vikraman, D. (2017: https://doi.org/10.5772/intechopen
.68708). Facile methodology of sol–gel synthesis for metal oxide nanostructures. In: Recent
Applications in Sol–Gel Synthesis (ed. U. Chandra). IntechOpen.

55 Owens, G.J., Singh, R.K., Foroutan, F. et al. (2016). Sol–gel based materials for biomedical appli-
cations. Progress in Materials Science 77: 1–79.

56 Kiel, S., Grinberg, O., Perkas, N. et al. (2012). Forming nanoparticles of water-soluble ionic
molecules and embedding them into polymer and glass substrates. Beilstein Journal of Nan-
otechnology 3: 267–276.

57 Oliver, J.N., Su, Y., Lu, X. et al. (2019). Bioactive glass coatings on metallic implants for
biomedical applications. Bioactive Materials 4: 261–270.

58 Garcia, E., Miranzo, P., and Sainz, M.A. (2018). Thermally sprayed wollastonite and
wollastonite-diopside compositions as new modulated bioactive coatings for metal implants.
Ceramics International 44: 12896–12904.

59 Bharati, S., Soundrapandian, C., Basu, D., and Datta, S. (2009). Studies on a novel bioac-
tive glass and composite coating with hydroxyapatite on titanium based alloys: effect of
γ-sterilization on coating. Journal of the European Ceramic Society 29 (12): 2527–2535.

60 Feist, M. (2015). Thermal analysis: basics, applications, benefits. ChemTexts 1 (8): 1–12.
61 Huangfu, M.G., Zhang, Y., Zhang, X.L. et al. (2019). Preparation and thermal evaluation of

novel polyimide protective coatings for quartz capillary chromatographic columns operated over
320 ∘C for high-temperature gas chromatography analysis. Polymers (Basel) 11: 6.

62 Thorn, K. (2016). A quick guide to light microscopy in cell biology. Molecular Biology of the Cell
27 (2): 219–222.

63 Masters, B. (2006). Confocal Microscopy and Multiphoton Excitation Micrscopy: The Genesis of
Live Cell Imaging. Bellingham: Optical Engineering Press.

64 Fischer, E.R., Hansen, B.T., Nair, V. et al. (2012 . Chapter 2: Unit 2B 2.). Scanning electron
microscopy. In: Current Protocols in Microbiology. Wiley.

https://doi.org/10.5772/intechopen.68708
https://doi.org/10.5772/intechopen.68708


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

�

� �

�

310 13 Bioactive Glass-Based Coatings: Concepts for Improving the Biocompatibility of Implantable Materials

65 Winey, M., Meehl, J.B., O’Toole, E.T., and Giddings, T.H. Jr., (2014). Convenional transmission
electron microscopy. Molecular Biology of the Cell 25 (3): 319–323.

66 Ember, K.J.I., Hoeve, M.A., McAughtrie, S.L. et al. (2017). Raman spectroscopy and regenerative
medicine: a review. npj Regenerative Medicine 2: 12.

67 Berthomieu, C. and Hienerwadel, R. (2009). Fourier transform infrared (FTIR) spectroscopy.
Photosynthesis Research 101 (2–3): 157–170.

68 Wilschefski, S.C. and Baxter, M.R. (2019). Inductively coupled plasma mass spectrometry: intro-
duction to analytical aspects. Clinical Biochemist Reviews 40 (3): 115–133.

69 Pompeo, G., Girasole, M., Cricenti, A. et al. (2005). AFM characterization of solid-supported
lipid multilayers prepared by spin-coating. Biochimica et Biophysica Acta (BBA) Biomembranes
1712 (1): 29–36.

70 Roa, J.J., Oncins, G., Díaz, J. et al. (2011). Study of the friction, adhesion and mechanical
properties of single crystals, ceramics and ceramic coatings by AFM. Journal of the European
Ceramic Society 31 (4): 429–449.

71 Williams, R. (2011). Surface Modification of Biomaterials: Methods, Analysis and Applications.
Woodhead Publishing Limited.

72 Akhtar, M.A., Mariotti, C.E., Conti, B., and Boccaccini, A.R. (2021). Electrophoretic deposition
of ferulic acid loaded bioactive glass/chitosan as antibacterial and bioactive composite coatings.
Surface and Coatings Technology 405: 126657.

73 Alaei, M., Atapour, M., and Labbaf, S. (2020). Electrophoretic deposition of chitosan-bioactive
glass nanocomposite coatings on AZ91Mg alloy for biomedical applications. Progress in Organic
Coatings 147: 105803.

74 Vafa, E., Bazargan-Lari, R., and Bahrololoom, M.E. (2021). Electrophoretic deposition of
polyvinyl alcohol/natural chitosan/bioactive glass composite coatings on 316L stainless steel
for biomedical application. Progress in Organic Coatings 151: 106059.

75 Zarghami, V., Ghorbani, M., Pooshang Bagheri, K., and Shokrgozar, M.A. (2020). Prolonga-
tion of bactericidal efficiency of chitosan – bioactive glass coating by drug controlled release.
Progress in Organic Coatings 139: 105440.

76 Córdoba, L.C., Marques, A., Taryba, M. et al. (2018). Hybrid coatings with collagen and chi-
tosan for improved bioactivity of Mg alloys. Surface and Coatings Technology 341: 103–113.

77 Ahmad Raus, R., Wan Nawawi, W.M.F., and Nasaruddin, R.R. (2021). Alginate and alginate
composites for biomedical applications. Asian Journal of Pharmaceutical Sciences 16 (3):
280–306.

78 Li, H.-y., Huang, D.-n., Ren, K.-f., and Ji, J. (2021). Inorganic-polymer composite coatings for
biomedical devices. Smart Materials in Medicine 2: 1–14.

79 Floroian, L., Sima, F., Florescu, M. et al. (2010). Double layered nanostructured composite
coatings with bioactive silicate glass and polymethylmethacrylate for biomimetic implant appli-
cations. Journal of Electroanalytical Chemistry 648 (2): 111–118.

80 Romano, C.L., Tsuchiya, H., Morelli, I. et al. (2019). Antibacterial coating of implants: are we
missing something? Bone & Joint Research 8 (5): 199–206.

81 Wafa, H., Grimer, R.J., Reddy, K. et al. (2015). Retrospective evaluation of the incidence of early
periprosthetic infection with silver-treated endoprostheses in high-risk patients: case-control
study. The Bone & Joint Journal 97-B (2): 252–257.

82 Miola, M., Ferraris, S., Di Nunzio, S. et al. (2008). Surface silver-doping of biocompatible glasses
to induce antibacterial properties. Part II: plasma sprayed glass-coatings. Journal of Materials
Science Materials in Medicine 20 (3): 741.



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

�

� �

�

311

14

Laser Cladding and Laser Direct Glass Deposition of Bioactive Glass
and Glass-Ceramics
Rafael Comesaña1,2, Jesús del Val1,3, Félix Quintero1,3, Antonio Riveiro1,2,
Felipe Arias-González1,3, Mohamed Boutinguiza1,3, Fernando Lusquiños1,3, and Juan Pou1,3

1LaserON Laser Applications Research Group, Research Center in Technologies, Energy and Industrial Processes, CINTECX,
University of Vigo, Vigo, Spain
2Department of Materials Engineering, Applied Mechanics and Construction, EEI, University of Vigo, Vigo, Spain
3Applied Physics Department, EEI, University of Vigo, Vigo, Spain

14.1 Laser Cladding and Laser Direct Glass Deposition

This chapter covers the production of bioactive glass (BG)-ceramic coatings by laser cladding (LC)
and the additive fabrication of BG-ceramic by laser direct glass deposition (LDGD). The first tech-
nique is applied to produce bioactive glass (BG) coatings strongly bonded to metallic surfaces for
metallic implant osseo-integration improvement (Figure 14.1a). The LDGD is able to generate BG
three-dimensional parts by additive manufacturing from BG microparticles (Figure 14.1b) [1, 2].

14.1.1 The Laser Cladding (LC) Technique

LC is an integrative technology employing laser technology, computer-assisted design and fabrica-
tion, robotics, sensors and control, and materials. LC employs a laser energy source to deposit a
layer of a desired material on a moving substrate. The precursor material can be conveyed to the
laser–material interaction zone by several methods: powder injection, pre-placed powder on the
substrate, or by wire feeding [3]. Figure 14.2 shows the LC principle with the different precursor
material feeding. Between these, LC by powder injection is the most effective in general applica-
tions. In the LC process, the laser beam melts the powder particles to deposit a layer of the molten
material on the substrate. Diverse materials can be deposited on a surface to create a layer with
thicknesses and widths from millimeters to some microns [4–6].
The LC technique was introduced in the 1980s and is extensively applied as coating method in

the metallurgical field [7]. In the biomedical field, LC with powder injection and Nd:YAG laser
source started to be investigated two decades later to produce calcium phosphate (CaP) coatings
on titanium alloys, as alternative to calcium phosphate coatings produced by plasma spray [8–11].
The obtained CaP coatings showed an improved bonding to the substrate and similar osteoblast
proliferation activity (Figure 14.3) [11–13]. In addition, LC with calcium phosphate preplaced lay-
ers was tested using Nd:YAG laser [14–17] and CO2 laser sources [18, 19]. The employment of LC
to produce BG and glass-ceramic coatings was initiated some years later. Preplaced powder LCwas
tested to produce BG coatings on pure Ti with CO2 laser [20, 21], and LC by blown BG powder was
applied to coat Ti6Al4V alloy and Al2O3/ZrO2 [1, 2, 22, 23].

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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Figure 14.1 (a) Cross section of bioactive glass coating on Ti6Al4V titanium alloy produced by laser
cladding [1]. (b) 3D bioactive glass parts produced by laser direct glass deposition. Source: (b) Comesaña
et al. [2], Figure 05 [p. 3480]/with permission from Elsevier.
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Figure 14.2 Laser cladding principle with different material feeding: (a) wire feeding, (b) preplaced
powder layer, and (c) powder injection.

14.1.2 The Laser Direct Glass Deposition Technique (LDGD)

In the last decade, the additive fabrication has exponentially grown due to the development of
affordable technology. The LDGD is an additive manufacturing technique based on LC (recently
standardized in the metallurgical field as laser direct energy deposition, LDED, and early known
as rapid prototyping based on LC), and it joined the group of revolutionary additive manufacturing
techniques commonly identified as “3D printing.” The capability to construct complex parts with-
out intermediate processing stages is provided by the combination of the LC technology with a 3D
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Figure 14.3 The first application of laser cladding in the biomaterials field was the production of calcium
phosphate coatings on Ti6Al4V alloy. (a) Surface of laser cladded CaP; cell morphology after (b) 6 hours, (c)
6 days, and (d) 18 days of coating cell seeding. Source: De Carlos et al. [12], Figure 02 and 03 [p. 1157 and
1158]/with permission from Springer Nature.

computer model, which is divided in the required additive layers [24]. The outline of LDGD, with
off-axis powder injection andwith coaxial powder injection, respectively, is presented in Figure 14.4
[2, 25].
The development of the LC technology and LDGD technology has strongly depended on the

enhancement and affordability of the involved equipment. Understanding the interconnections
between the process quality and the involved technologies is a major step for the development
of LC and LDGD. The large number of interrelations between the involved technologies not only
increases the process complexity but also increments the process parameters. In the field of the
glass and glass-ceramicmaterials, themain processing parameters are related to the laser beam, the
processedmaterial, thematerial feeding and injection system, themotion system, the environment,
and the control and monitoring system. The processing parameters and the associated physical
and chemical phenomena during processing determine the final part characteristics. Following, we
describe how themain process parameters are related to the laser–material interaction. In addition,
we analyze how the necessary parameters are substantiated in the LC and LDGD equipment.

14.1.3 Laser–Material Interaction

Laser assisted processes can be discriminated as a function of the laser–material interaction mech-
anism, which is mainly determined by the laser beam irradiance and the exposure time for a given
material and laser wavelength. The beam irradiance is the average optical power that impinges in a
unit surface area. At low irradiance, photochemical interaction occurs, leading to material chemi-
cal modifications. Increasing irradiances along to extended exposure times produce laser–material
thermal interaction, normally accompanied by transformation or melting of the material. High
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Figure 14.4 (a) The laser direct glass deposition allows to implement tailored additive manufacturing as
an integral procedure from the diagnostics to the final surgical implantation. Source: Comesaña et al. [24],
Figure 1 [p. 02]/Springer Nature/CC BY 4.0. Schematics of laser direct glass deposition with (b) off-axis
powder injection and (c) coaxial powder injection. Source: Lusquiños et al. [2] and Comesaña et al. [24].
Reproduced with permission of Elsevier.

irradiances and moderate to reduced irradiance times allow to reach the vaporizing regime and
material ablation is produced.Generally, LC andLDGD involvemelting of the precursor glassmate-
rial. Employed laser beam irradiances are comparatively low, and large interaction times allow to
produce material heating, melting, and cooling (in addition to specific transformations such as
phase transformation, crystallization, etc.). Figure 14.5a locates the LC technique within the dif-
ferent laser assisted processes. It has been experimentally observed that the BG particles injected in
LC and LDGD processes require interaction times in the order of tens of milliseconds to integrate
in the process molten pool (see Figure 14.5b).

14.1.4 The LC and LDGD Processing Station

The diagram in Figure 14.6 explains the systems basic function performed within the LC and
LDGD working station. From one side, the powder feeding system and the carrier gas delivery
systems must provide a homogeneous and consistent powder flow to the injection nozzle. Thus,
the powder-carrier gas biphasic stream reaches the laser–material interaction area. From the other
side, the laser radiation source provides the laser beam, which is guided and concentrated by the
laser focusing system and irradiates the desired area of the molten pool. The motion system must
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Figure 14.5 (a) Laser cladding and laser assisted processes as a function of the laser–material interaction
time and irradiance. Source: Steen and Mazumder [3]. Reproduced with permission of Springer Nature. (b)
High-speed video frames showing BG–laser interaction times in the order of tens of milliseconds to
produce the incorporation of the particle to the molten pool. Source: Comesaña et al. [2], Figure 03
[p. 3479]/with permission from Elsevier.
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Figure 14.6 Diagram of subsystems of the working stations employed in laser cladding and in laser direct
glass deposition.

locate very precisely the focusing and injection systems, and the relative displacement must be
suitable for coating production by deposited material overlapping; or for additive part generation
by deposited material overlying. In addition, the complex phenomena evolution during process-
ing, such molten pool dynamics, dynamical environmental conditions, intensely urge the imple-
mentation of real-time monitoring and control systems. The specific properties of BGs and other
bioceramic materials strongly determine the system requirements. Very specific solutions must be
implemented and general purpose LC and LDEDworking stations are not always suitable for glass
and ceramic processing.

14.1.4.1 Laser Energy Sources and Optical Guidance
In the field of laser materials processing, the group of most widespread laser sources include
the CO2 laser emitting at the fundamental wavelength of 𝜆 = 10 600 nm (mid-infrared region
of electromagnetic spectrum), and the Nd:YAG/Ytterbium-doped fiber lasers emitting at the
fundamental wavelength of 𝜆 = 1064/1070 nm (near-infrared region of electromagnetic spectrum).
Absorptivity of CO2 laser by silicate glass is high; therefore, this laser source is an appropriate
and versatile choice for LC coatings and LDGD three-dimensional processing. Low absorptivity
of silicate glass in near infrared region prevents using a Nd:YAG/fiber laser as energy source in
LDGD of BG. The reported value of silica absorptance at 1064 nm is as low as 0.04, in contrast to
value 0.96 at 10 600 nm; but the 1064 nm wavelength shows analogous possibilities to CO2 laser
for some glass-ceramic combinations, such as CaP–BG combination processing [26]. In the use of
1064/1070 nm wavelength lasers for LC of BG, the substrate material plays the main role of laser
energy absorption. The heat generated at the substrate transfers, by conduction predominantly, to
the injected BG particles. On the contrary, in the LC process with 10 600 nm laser, both substrates
surface and injected BG particles contribute to laser energy absorption. Therefore, feasible coating
thicknesses and optimal processing conditions in LC of BG on metallic implant alloys are strongly
reliant on the working station laser source.
In the LC and LDGD working stations, the laser source must be located at a certain distance

due to integrity preservation and operational aspects. Thus, the laser beam must be guided from
the laser source to the optical focusing system. The laser near-infrared wavelengths can be easily
coupled to passive optical fibers at the laser source, and guided to the working station. The LC rel-
ative displacement between the laser working head and the substrate can be produced with a fixed
working head, a fixed substrate, or intermediate solutions. Nevertheless, the CO2 laser wavelength
cannot be coupled to passive optical fibers, andmust be guided using specificmirrors. In the case of
this mid-infrared laser source, the working head displacement is usually limited to the laser beam
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Figure 14.7 Laser cladding working heads can be
equipped with molten pool temperature monitoring or
coaxial image acquisition. The partial cut shows a
focusing system equipped with a coaxial monitoring
system in a laser cladding working head.
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axis, although other options are available using adaptive optical system or with mobile CO2 laser
source configurations. At any case, the circular polarization of the laser beam is preferred to avoid
directional heterogeneity during processing.
The optical systems to focus the laser beam on the laser–material area comprise of single optics

or multi-lens systems, the common focal lengths are in the range 50–250mm. Focusing systems
employed in LC and LDGD processing accomplish the optical focusing function, but in addition
allow the possibility ofmolten pool observation coaxially to the laser beam. An example ofmonitor-
ing working head system is shown in Figure 14.7, where the laser radiation from a beam expander
is reflected by a dichroic mirror. The dichroic mirror reflects only a narrow wavelength band cen-
tered in the near-infrared laser wavelength. Reflected laser radiation is focused by an achromatic
cemented doublet; a flat protective window avoids damaging of the focusing optics by material
projections from the processing zone. Visible light and near infrared radiation (except the band cen-
tered at the laser wavelength) emitted by the molten pool and surroundings is collected and nearly
collimated by the laser focusing lens. Such radiation is transmitted through the dichroicmirror and
is refracted by convergent imaging optics before reaching the camera sensor. With this observation
system is also possible to perform temperature coaxialmeasurements, pyrometer specific optics are
used and the imaging optics are substituted by corrective divergent optics.

14.1.4.2 Precursor Material Feeder and Powder Injectors
Precursor Material Feeder Powder feeders can rely on several operating principles.Widespread com-
mercial systems are common to plasma spray coating technique and consist of a material particles
vessel from which powder flows into a slot in a rotating disk. The material particles are fed to a
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Table 14.1 Powder feed rate of different feeder configurations [2, 8, 11, 23, 27, 28].

Powder feeder configuration

Precursor material Rotating disk (mg/s) Screw feeder (mg/s)
Piezoelectric
microfeeder (mg/s)

Bioactive glass 5–200 2–20 0.2–1.0
CaP hydroxyapatite 5–140 4–15 0.1–1.5

suction system from which it is conveyed by a gas stream to an injection nozzle. The volumetric
powder feeding rate is governed by the slot dimensions of the disk rotation speed. High volumet-
ric flows of carrier gas are required to obtain stable powder mass flows. This system is suitable to
work with coaxial powder injection heads, especially at high laser power and elevated production
regimes.
A different method for precursor material distribution is the employment of a pneumatic screw

feeder. The powder is extracted from a vessel to the powder positive displacement pump and con-
veyed to the injection nozzle. The precursor material supply rate is determined by the rotational
speed, and the screw dimensions, and presents a good stability regardless the carrier gas flow.
An interesting property of this positive displacement system is the possibility of powder deliv-
ery without or with minimum carrier gas flow, which can be an advantage for ceramic materials
processing or when off-axis powder injectors are used. Particle sizes suitable to rotating disk and
screw feeders are roughly between 50 and 200 μm, depending on the precise particle morphology
andmaterial density. Other powder delivery systems were developed for more specific applications
like nano-sized powder delivery for laser micro-cladding, where the aforementioned systems do
not accomplish the required functions [27]. Table 14.1 provides useful feed rate ranges of different
feeder configurations for glass and ceramic biomaterials.
The gas distribution system supplies the gas employed during processing.Although reactive gases

can be used in bioceramic processing, argon gas is usually employed for LC and LDGD. Apart from
auxiliary gases with optics cooling and protection functions, main gas flows involved in the process
are the carrier gas and the assist gas. The carrier gas flow pneumatically transports the precursor
material powder. Powder particles are dragged from the powder feeding system to the powder injec-
tion nozzle, and impinge directly to the molten pool. Inert gas must be used if oxidation reactions
are not desired in the laser–material interaction area. Useful range of volumetric flow is preliminar-
ily restricted by gravitational effects that take place at low flow values, while excessive mechanical
effects into the molten pool penalize flow excessive values [7, 29, 30]. On the other side, the flow
of assist gas, also called shield gas or protection gas, avoids or modifies chemical reactions during
material laser irradiation. The initial function of this gas flow was to protect metallic alloys from
oxidation in the area surrounding the molten pool. Volumetric flow values are limited by several
secondary effects such as powder stream geometry modification or convection increase around
processed material.
Transition between gravitational governed particle flow and the regime of gas dragging particle

flow depends on the gas delivery system, the precursor powder system, and the powder injection
system. Configurations including a screw feeder, in conjunction with an off-axis powder injector
and properly selected processing parameters, can led to a minimum flow value around 1.5 l/min
in normal conditions. Below the minimum flow limit, particle movement is defined by the
particle–wall and gravitational interaction inside the feeding conducts. Parabolic powder stream
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geometry and high sensitivity to acceleration are claimed weaknesses of gravitational feeding.
Nevertheless, when protective gas is not required, processing without influence of carrier gas
flow allows to reduce cooling rates. This benefit of gravitational feeding is of particular interest to
reduce probability of ceramic material thermal shock.
Excessive values for the carrier gas or assist gas flows lead to shear stresses and distortion

of the molten pool, resulting in deficient particle catchment from the powder stream. In LC of
glass-ceramic coatings on metallic substrates, the argon assists gas flow around the laser–material
interaction area, together with argon carrier gas flow, avoid rapid oxidation of substrate material.
In addition to protective function, the assist gas stream can also be employed to modify the
convection and related cooling rates in LDGD three-dimensional parts.

Powder Injection System Two different configurations of powder injection system are usually
employed in LC and LDGD. One of them comprises of an off-axis injection nozzle (Figure 14.4a),
while the other employs a nozzle placed coaxially with the laser beam (Figure 14.4b). In
the off-axis injection system, or lateral injection system, the BG powder flows through the
nozzle axis, is focused, and directed toward the laser–material interaction zone. If provided,
the assist gas coaxially courses to the powder flow and enhances the stream focalization after
the nozzle exit. The process is very sensitive to the position of the injection nozzle relative to the
focusing system, and therefore relative to the laser beam spot. Therefore, the lateral injection
LC and LDGD working heads are usually equipped with injector position and polar angle
regulation.
The coaxial injection system is placed coaxially to the laser beam. The fluidized precursor powder

arrives to LC working head peripherally from a multi-conduct homogenizer, flows through the
conic coaxial conduct, and is injected toward a point located in the laser beam axis. The coaxial
property between the powder stream and the laser beam is ensured by fabrication tolerances or
xy regulation devices. The position of the injection point relative to the laser beam spot position is
adjusted by axial displacement of the injection nozzle. Another coaxial conduct, located externally,
is traversed by the assist gas flow. The coaxial injection systems are usually employed along with
slotted disk feeders, as the effective flow cross section and flow rate capability are higher than those
of the off-axis injection systems.

14.1.4.3 Moving Devices, Process Control, and Monitoring System
The moving devices and movement control play an important role in LC and LDGD processes.
Motorized linear translation stages, CNC tables, or robotic arms are used to scan the laser–material
interaction on the coated surface in LC or over the previous layer on additive LDGD. Although the
precision of the paths is important, the speed stability and smoothness are key factor to obtain
satisfactory results.
The thermal evolution experienced by the glass-ceramic during LC and LDGD processing

depends on several factors such as processing speed, temperature of underlying material, precur-
sor powder mass flow, or carrier and assist gas flows. An uncontrolled heterogeneous thermal
cycle leads to undesired heterogeneous microstructure of the processed part and even failure due
to thermal shock. Data acquisition in real time allows to study the phenomena occurred in the
processed material, especially in the molten pool, and supply required information for process
control. Thermal evolution of themolten pool can bemonitored using pyrometer or camera coaxial
observation as shown in Figure 14.7. In addition, molten pool behavior and thermal evolution
of the deposited glass-ceramic can be measured following a lateral line of view (Figure 14.8).
Laser power control is frequently implemented to keep a homogeneous molten pool temperature
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Figure 14.8 (a) Calcium phosphate glass-ceramic sample produced using a coaxial injection nozzle.
Source: Comesaña et al. [25], Figure 4 [p. 33]/with permission from Elsevier. (b) Schematics of high-speed
video and pyrometer lateral observation for molten pool and deposited BG. Source: Comesaña et al. [2],
Figure 01 [p. 3477]/with permission from Elsevier.
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Figure 14.9 Temperature evolution of bioactive glass deposited on Ti6Al4V substrate. The numerical
calculation was performed by finite element modeling of laser cladding with Nd:YAG laser irradiation at 90
and 120W. Source: Krzyzanowski et al. [31]. Reproduced with permission of Elsevier.

or to correct the LDGD working head displacement during deposition of the initial layers of an
additive manufacturing part. Krzyzanowski et al. showed the importance of substrate preheating
and optimization of the working head scanning path when implementing LC of BG on Ti6Al4V.
Figure 14.9 shows the temperature evolution of the deposited BG under an specific scanning path,
the temperature prediction was performed by finite element modeling of the coating process with
Nd:YAG laser irradiation [31].

14.2 Bioactive Glasses for Laser Cladding Processes

For a successful application of LC and LDGD to BG, the experimental system must comprise of
determinate essential elements (Figure 14.6). As explained in Section 14.1.4, there are particular
requirements for the powder feeding system, the laser radiation and positioning system. More of
90% of the commercially available laser sources do not fulfill these requirements, and, therefore,
they are not suitable for LC and LDGD of BG. On the other side, an undefined feeding system
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and precursor glass size combination can preclude the material injection, and a working head
uneven movement can completely ruin the process outcome. The precursor BG composition and
morphology are not an exception. The LC or LDGDwith appropriate experimental system compo-
nents can be a nightmare if inappropriate BG compositions or powder morphology are employed.
Sections 14.2.1–14.2.3 present and discuss on the BG requirements for feasible application of these
techniques.

14.2.1 Glass Working Range

The suitability of BGs is generally identified according their level of bioactivity [32]. The decreased
network connectivity of silicate-based BGs, achieved by chemical modification, allowed to reach
maximized osteoconductive and osteoinductive properties with high levels of resorbability. Nev-
ertheless, when LC or LDGD processes are to be applied, other properties, such as rheological
properties, have also to be considered. While cooling rates experienced by the material are still
moderated, the conditions are quite different from glass casting, and nucleation and crystal growth
can be produced. The BGs with high bioactivity are prone to phase-separation and devitrification
due to the reduced network connectivity [33]. The crystallization makes more difficult the control
of the deposited material part geometry due to abrupt viscosity–temperature relationship. More-
over, excessive crystallization deteriorates the mechanical properties of the obtained glass-ceramic
parts. Thus, BG compositions with increased glass processing windows, i.e. higher temperature
range between the glass softening point and the flow point, are employed in LC and LDGD pro-
cesses. The glass bioactivity and the width of the processing window present opposite dependence
on the silica network connectivity; therefore, the selected glass chemistry must provide a compro-
mise between bioactivity and processing window. The Hruby Hr parameter has been proposed to
quantify the processing window, this parameter relates the glass vitreous state stability with the
crystallization tendency [34, 35]. Table 14.2 collects different BG compositions applied in LC and
LDGD.Many of these alternative compositions to 45S5BGwere developed for fiber drawnprocesses
and present a smooth viscosity–temperature evolution.
In the production of glass-ceramic coatings, the viscosity dependence on temperature determines

the wetting angle on the metallic implant surface. It is observed a qualitative correlation between
the BG-metal wetting angle evolution observed by hot stage microscopy and the wetting angle
during LC processing. The wetting angle–temperature behavior of a BG powder pressed sample
is analyzed at temperatures around the half ball formation. The BG compositions with smooth
change of wetting angle with temperature are expected to behave better during LC processing.

Table 14.2 Composition (mol%) of bioactive glasses employed in laser cladding and laser direct glass
deposition.

BG designation SiO2 CaO Na2O P2O5 K2O B2O3 MgO Al2O3 Hr [34] References

45S5 46.1 26.9 24.4 2.6 — — — — 0.28 [2, 28, 32, 36]
S520 52.0 18.0 20.9 2.0 7.1 — — — 0.39 [2, 24, 28, 36–38]
S50B2 50.0 35.0 7.0 6.0 — 2.0 — — 0.37 [22, 23, 35]
1-98 53.0 22.0 6.0 2.0 11.0 1.0 — — 0.48 [20, 21]
13-93 54.6 22.1 6.0 1.7 7.9 — 7.7 — 0.47 [33, 39]
S57A7
(inert interlayer)

57.0 30.0 6.0 — — — 7.0 0.55 [22, 23, 35]
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Figure 14.10 (a) Evolution of 45S5 BG and S520 BG wetting angle on Ti6Al4V alloy as a function of
temperature measured by hot stage microscopy. (b) The high-speed video captions obtained during laser
cladding processing shows enhanced molten pool wetting angles and homogeneity of deposited material.
Source: Comesaña et al. [28], Figure 4 [p. 956]/with permission from Elsevier.

Figure 14.10a shows the wetting angle on Ti6Al4V alloy of two BGs with different glass process-
ing windows. The S520 BG has a wide processing window and presents a gradual wetting angle
decrease with temperature above the softening point. On the contrary, the 45S5 BG exhibits a nar-
row working window and a sharp wetting angle change at the flow point. Figure 14.10b shows the
molten pool wetting angle during LC processing. High wetting angles and poormaterial deposition
is produced with 45S5 BG powder, while good wettability of the melting pool and homogeneous
deposition is produced with S520 BG powder. In addition, the ideal thermal expansion coefficient
of the glass should be slightly lower than that of the metallic alloy. Thus, the glass-ceramic coating
would be subjected to compressive stresses after cooling. This situation is difficult to attain due
to the relatively high coefficient of thermal expansion of most of the BGs, several BG alternative
compositions with lower coefficient of thermal expansion have been proposed [35, 40]. The S50B2
is a BG with a slightly narrower working window in comparison to S520 BG, but with a lower coef-
ficient of thermal expansion due to the Na2O and K2O content and B2O3 addition [40]. This BG
composition is very attractive for both metallic and ceramic coating production by LC.

14.2.2 Particle Size, Apparent Density, and Morphology

According the Geldart diagram, a precursor material in form of powder can be categorized as a
function of fluidization behavior in ambient conditions [41]. In the specialized powder technology
fields, the Geldart diagram classifies the material into different groups according to the difference
between particle density and gas density and the particle size. For particle sizes below 20 μm and
density differences around 3 g/cm3 (values applicable to BG in powder form), the forces between
the particles are comparable to the inertial forces. The precursor material particles cannot separate
enough to be completely totally sustained by drag and buoyancy forces and, consequently it pre-
cludes the required fluidization [42]. Frequently, channels are produced by the gas throughout the
material powder and only uneven conveying is reached (this situation corresponds to C region of
Geldart diagram, see Figure 14.11). This kind of cohesive powder is not suitable for conventional
powder feeders. Moreover, a stable gravity flow of this powder is practically impossible.
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Figure 14.11 Geldart diagram for powder flow classification as a function of the particle size and density.
Source: Adapted from Geldart [41].

In contrast, powders of higher particle size are classified by Geldart as aeratable, regions A, B, D
in Figure 14.11. Therefore, a lower limit for particle size in precursor powder delivery with conven-
tional feeders is established by interparticle forces. Precursor powder particle size has influence on
several processing parameters, such as the LC layer width and thickness, the homogeneity of the
produced microstructure, or the surface roughness. Gravity flow of powder is favored by increas-
ing particle size. In addition to specifications of powder feeder, these features determine the upper
limit of the particle size.

14.2.3 Preplaced BG Powder

As mentioned before, the precursor BG particles for LC with powder injection have to fulfill a
number of requirements, particularly regarding to size distribution and working window. Specific
BG powder preparation is frequently necessary, the available commercial BG powder do not ful-
fill the required size distribution for conventional powder feeding and injection systems. Powder
preplacement can be applied as previous stage to laser irradiation. Thus, it is avoided the specific
BG powder preparation and the integration of a powder system in the LC processing station. A BG
particle size less than 45 μm, and much lower size, can be dissolved in liquid and dispersed on the
substrate. BG emulsion preparation in ethanol or other organic solvents, and subsequent substrate
dip-coating can be applied [28]. Nevertheless, this implementation of LC is limited to flat surfaces
and does not allow selective modification of the coating composition. Moreover, the thin BG pre-
placed layer requires fine regulation of the laser irradiance to avoid coating contamination due to
excessive substrate dilution. Kuo et al. coated Ti6Al4V substrates by spraying an emulsion of 45S5
BG in organic solvent. This preplaced layer was irradiated by a focused Nd:YAG laser, with optical
power values between 400 and 800W [43]. As a result, the coating lost the BG bioactivity due to Al
migration from the substrate to the coating. Three key factors were responsible of such excessive
substrate dilution: the thickness of the preplaced layer, the specific BG composition, and the laser
energy density. Preplaced powder LC is only feasible with a thin preplaced layer, and the very low
mass of BG per substrate surface cannot absorbmuch energy beforemelting. The 45S5 BG presents
a narrow working window and requires a precise energy input for glass flow without overheating.
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The operation range of high-power laser sources frequently lies above the 10% of the maximum
output, what makes difficult the fine tuning of laser energy at low output, even at high processing
speeds. As general rule to avoid excessive substrate dilution, high power laser sources can be only
applied with elevated powder mass flows, such as in LC with coaxial BG injection.

14.3 Bioactive Glass and Glass-Ceramic Coatings by Laser Cladding

The LC of BG and glass-ceramic coatings is proposed as alternative to other coating methods pro-
posed for metallic and ceramic bone prostheses. The conventional coating methods, such as enam-
eling, plasma spray, or rapid immersion present problems related to porosity and cracks at the
metal–glass interface [44]. The LCby powder injection can produce BG coatings (Figure 14.1a)with
soundmetal–glass interface. The obtained coatings show no significant substrate dilution and sim-
ilar bioactivity to that of the precursor BGs [28]. The coating presents surface roughness Ra values
in the range 5–16 μm. Such high roughness values are reported to enhance the cell adhesion and
promote more rapid bone formation at the tissue-implant interfaces in vivo [45]. In addition, LC
has been applied to produce BG coatings on ceramic acetabular cups by a multilayer strategy. The
coatings show sound interface bonding and the behavior in vitro. Moreover, the coatings present
intact BG apatite formation ability, and it is reported excellent biocompatibility in contact to mes-
enchymal stem and osteoblast-like cells [22, 23, 35].

14.3.1 Glass Structural Changes Induced by the Laser Cladding Process

The main structural changes produced in S520 BG coatings occur at the coatings surface. Devit-
rification in the coating surface has been observed by scanning electron microscope analysis
(Figure 14.12). The degree of devitrification is dependent on the LC processing parameters, such
as the laser beam power and the scanning speed. Surface of coatings obtained with high energy
density values show dispersed crater-like features, see Figure 14.13a. This topography is attributed
to crystals formation and associated shrinkage of the material. Nanometric sized bright crystals
are found in the center and boundaries of crater-like features. The nanometric crystals present Na
content as high as twice the precursor glass Na content, with an estimated composition close to
Na4CaSi3O9, or N2C1S3 in simplified notation (see pseudo-binary diagram in Figure 14.14). The
micro-Raman spectra show sodium calcium silicate characteristic spectrum at the center, along
with vitreous material background signal (see Figure 14.13b). The silicate presence in the spectra
increases from the boundary to the crater center.
On the contrary, Raman spectra from the zone surrounding the crater-like features are similar

to this of S520 BG, without existence of crystalline phase characteristic peak. Presence of two dif-
ferent phases is suggested by scanning electron microscopy (SEM) micrographs of this zone, see
Figure 14.13c. The elemental composition is similar to precursor BG composition, and the observed
morphology and Raman spectra information suggest amorphous phase separation [47, 48].
The S520 BG coatings obtained at moderate and low laser energy density presents extensive sur-

face crystallization (see Figure 14.12). Nevertheless, this fine silicate crystallite distribution reaches
a limited penetration, and no detrimental effects are observed in the coating consistency or in the
final bioactivity [25]. In such cases, elemental composition microanalysis of the aggregates, per-
formed by energy dispersive X-ray spectroscopy, indicates a less Na increment, suggesting a compo-
sition close to stoichiometric Na2CaSi2O6 orN1C2S2. The Fourier transform infrared (FTIR) spectra
of the coating surfaces reveal characteristic crystallization sharping of the bands corresponding to
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Figure 14.12 SEM micrographs of a S520 BG coating on Ti6Al4V alloy deposited by laser cladding. (a, b)
Surface view. (c, d) Cross-sectional view. The BG coatings obtained at moderate and low laser energy
density presents extensive surface crystallization. Source: Comesaña et al. [28], Figure 6 [p. 957]/with
permission from Elsevier.

stretching vibration modes of Si–O and Si–O⋅2NBO (Si–O in SiO4 groups with two non-bridging
oxygen). The surface crystallization of the S520 BG coatings produced by LC is confirmed by X-ray
diffraction (XRD), only sodium–calcium silicates are detected at surface [28]. This behavior is in
agreementwith BG reported crystallization. During crystallization of sodium calcium silicate, com-
position is continuously changing: crystals at very early stage of crystallization are sodium rich,
deviates from parent glass composition, and only approach to the silicate stable phase at the end
of crystallization [49]. Nucleated sodium rich crystallites are occasionally found on the brighter
phase of amorphous phase separation zone. A higher phosphorous content of this domain agrees
with reported separation in silica and phosphorous rich amorphous phases [48]. Phosphate-rich
domains act as heterogeneous nucleation sites for crystallization, in addition to sharp boundaries
of crater-like features.
Stoichiometric compound Na2CaSi2O6 is not considered as a stable compound in the reported

pseudo-binary diagram, but instead a solid solution of Na4CaSi3O9 and Na2Ca2Si3O9. Crystalline
phase derived from glasses with compositions similar to 45S5 BG is generally recognized as
Na2Ca2Si3O9 [50, 51]. Nevertheless, some authors consider this phase as Na2CaSi2O6, based on
closer composition of the parent glass, the occurrence of almost fully crystallization and density
variation [47, 48]. In short, although BG coating surface devitrification has been observed in any
LC processing conditions, it can be stated that increasing the energy density leads to an earlier
crystallization stage at coating surfaces.
The S50B2 BG coatings produced by LC are mainly amorphous, with minor occurrence of

crystallization into CaSiO3, as revealed by XRD and expected from the low Na2O content [23].
The presence of wollastonite crystallites in the coating is not a concern as this ceramic phase



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

�

� �

�

326 14 Laser Cladding and Laser Direct Glass Deposition of Bioactive Glass and Glass-Ceramics

(a)

500 600 700 800 900 1000 1100 1200

Wavenumber (cm–1)
(b)

(c)

a
b
c
d

e

f

g

In
te

ns
ity a

x
b
x

c
x

d
x

e
x

f
x

g
x

5 µm

Figure 14.13 (a) Scanning electron micrograph of a S520 BG coating on Ti6Al4V alloy showing crater-like
surface due to devitrification. The coating was deposited by laser cladding at elevated energy density values.
(b) Micro-Raman spectra acquired from the border to the center of a crater produced due to crystallization.
(c) Secondary electrons and backscattered electrons micrograph obtained from the crater surrounding areas.

is found in some biocompatible and BG-ceramic materials, it has been extensively investi-
gated and reported as biocompatible, even single wollastonite bioceramic coatings have been
proposed [52–54].
Regarding the coatings produced by LC with preplaced powder, Moritz et al. applied for first

time the LC with preplaced powder for BG coatings on Ti substrate. The pure Ti surface was
dip coated by a 1-98 BG glass suspension prepared in ethanol. These coatings are produced at
comparatively low laser irradiances, therefore present micro-sized drop morphology and require
several preplaced layers to produce a uniform coating. Nevertheless, the coating surface shows no
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Figure 14.14 Phase diagram of the pseudo-binary section CaO⋅SiO2–Na2O⋅SiO2 of the sodium calcium
silicate system. Equivalent compositions of the S520 and 45S5 bioactive glasses are signaled by arrows.
Source: Soboleva et al. [46]/Springer Nature.

evidence of surface crystallization and preserve the vitreous state of the precursor 1-98 BG [20, 21]
(Table 14.3).

14.3.2 Substrate-Coating Bonding Mechanism

In the S520 BG coatings on Ti6Al4V, a TiP rich phase is formed at the glass–metal boundary, result-
ing in a continuous interface without voids or cracks. The titanium phosphide phase performs as
adhesion enhancer at the interface. In addition to Ti incorporation from the metallic substrate to
the BG coating, K content reduction is produced due to high temperature processing. In BG coat-
ings produced by enameling, the high reactivity at the glass-implant interface is reported to produce
excessive Si and P combination with Ti from the substrate, leading to liberation of oxygen and bub-
ble formation [56]. In LC processing, the glass Marangoni flow in themolten pool helps to mitigate
void formation due to trapped gas. Nevertheless, to prevent pore formation due this effect, reduced
laser optical power andmoderate scanning speeds are selected duringBGcoating production byLC.
Baino et al. demonstrated the feasibility of BG coating production by LC on ceramic acetabular

cups for hip joint prosthesis. The coatings of BGon theAl2O3/ZrO2 ceramic substrates are produced
following a two-step LC procedure. An intermediate layer of S57A7 inert glass is deposited as previ-
ous stage to the S50B2 BG outer layer. The S57A7 glass layer works as bonding bridge between the
BG coating and the substrate (see Figure 14.15a), with very promising results in terms of interfacial
soundness.
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Table 14.3 Laser wavelength, optical energy density, and structural changes in LC and LDGD of BG.

Coating
precursor
BG

BG particle
size (𝛍m) Substrate

Laser
wavelength
(nm)

Laser energy
density
(J/mm2)

Glass layer
density
(mg/mm2)

Structural
changes References

45S5 100–250 Ti6Al4V 1 064 80 4.2 Na2Ca2Si3O9
volume
crystallization

[2, 28, 38]

S520 100–250 Ti6Al4V 1 064 50 4.2 Na2Ca2Si3O9
and Na2CaSi3O8
surface
crystallization

[2, 28, 38]

S520 100–250 Ti6Al4V 1 064 83 3.3 Amorphous
phase
separation

[55]

S50B2 60–150 Al2O3/ZrO2 10 600 35 4.2 Partial surface
CaSiO3
crystallization

[22, 23]

1-98
(preplaced)

<45 Ti 10 600 15 — — [21]

45S5
(preplaced)

<25 Ti6Al4V 1 070 2.0–4.0 0.11 Surface
crystallization,
excessive
substrate
dilution

[43]

(a) (b)

Figure 14.15 (a) S57A7 glass interlayer coating by laser cladding on a ceramic acetabular cup. Source:
Baino et al. [23], Figure 03 [p. 06]/with permission from Springer Nature. (b) SEM image of MSCs after
10 days of incubation on acetabular cup S50B2 BG coating. Source: Baino et al. [22], Figure 07
[p. 07]/MDPI/CC BY 4.0.

14.3.3 Bioactivity and Biocompatibility

The S520 BG coatings deposited by LC show comparable bioactivity to that of the precursor BG,
see Figure 14.16. After one day of immersion in simulated body fluid (SBF), the characteristic silica
rich layer is formed, as revealed by the Si–O⋅2NBO peaks absence from the surface FTIR spectrum.
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(a) (b)

(c)

Figure 14.16 Scanning electron micrograph of the bioactive glass S520 coatings deposited by laser
cladding after exposure in simulated body fluid: (a) two days exposure, (b) five days exposure, (c) nine days
exposure. Source: Comesaña et al. [28], Figure 12 [p. 959]/with permission from Elsevier.

The apatite layer forms on the coating surface after two days of immersion SBF and has an average
Ca/P ratio of 1.44± 0.1. By nine days of immersion, the biological-like carbonated apatite covers
completely the coating surface.
The S50B2 BG coatings produced by LC on ceramic acetabular cups show good apatite formation

ability in vitro, with characteristic average Ca/P ratios of calcium deficient apatite. Moreover, the
biological testing with osteoblast-like cells and mesenchymal stem cells (MSCs) revealed a very
good biocompatibility [22, 23]. Figure 14.15b shows flattened healthy morphology of MSCs, with
numerous lamellipodia and filopodia, and presence of mineralized nodules.
The preplaced LC BG coatings developed by Moritz et al. show similar apatite forming ability

in SBF than the precursor 1-98 BG [28]. These coatings on pure Ti cylindrical implants were in
vivo tested in the femoral epicondyle of rabbits. The histological analysis after eight weeks shows
that the 1-98 BG coated surfaces are covered by significantly more bone than bare metal and
NaOH-treated Ti surfaces (see Figure 14.17). Moreover, the biomechanical tests reveal that the
torsional load required to implant failure does not decrease due to BG coating [21].

14.4 Additive Manufacturing of Bioactive Glass by Laser Direct
Deposition

In the well-known applications of additive manufacturing based on LC, LDED (according
ISO/ASTM 52900 standard), metallic matrix materials are generally processed, the optical
irradiance of the laser beam determines very precisely the spatial domain where the material is
melted and deposited. The temperature field produced by a laser beam with Gaussian irradiance
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(a) (b) (c)

Figure 14.17 Histological slices of Ti implants after implantation in the femur of New Zealand white
rabbit. (a) Bare Ti implant, (b) NaOH-treated implant, (c) implant coated by laser cladding with preplaced
1-98 bioactive glass. Source: Moritz et al. [20], Figure 8 [p. 800]/with permission from Springer Nature.

distribution, together with the well-defined melting point of metals, leads to a good control of the
melting pool dimensions [4–6, 57]. Nevertheless, due to the rheological properties of glasses, in
LDGD the geometrical properties of the deposited layers are also significantly dependent on other
processing parameters such as glass powder mass flow, assist gas flow, or processing speed. The
LDGD technique has been reported to produce minimumwidths of approximately 1mm and layer
thickness down to 350 μm [38].

14.4.1 Influence of Processing Parameters in LDGD

When a layered three-dimensional part is produced by LDGD, the surface tension of the glass in the
surroundings of the glass–laser interaction area is high and the layer exceeds the laser beam diam-
eter dimensions. Moreover, the glass convection flow in the melting pool contributes to heat trans-
mission outward the glass–laser interaction area. To increase the layerwidth, it requires higher laser
irradiance. To increase the layer thickness, moderated laser irradiance is desired, as the increasing
too much the melting pool temperature leads to glass side flow.
For a given laser irradiance and spot size, the glass deposition efficiency and consolidation are

improved by setting the suitable powder injection rate. In LDGD, the total amount of injected glass
particles can be incorporated to the molten pool, leading to glass deposition efficiencies up to the
100% when applying a high laser power to glass flow ratio. The layer cross section dimensions can
be increased by injecting a higher amount of glass particles, keeping glass deposition efficiencies
above 85%. Nevertheless, when the glass mass flow surpasses a certain threshold, the melting pool
temperature decreases and the Marangoni flow is hindered, no more glass particles are molten
and the single layer dimensions stop growing. In these conditions, similar layer cross-sectional
area can be obtained over a wide range of glass flow, but the deposition efficiency dramatically
deteriorates. Moreover, the glass particles experience low time–temperature conditions, toward the
working range lower temperature, the particles only sinter, the aspect ratio (layer thickness towidth
ratio) increases, and full densification is not achieved.
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14.4.2 Cooling Rates, Bioactive Glass Structural Changes, and Mechanical Properties

A key factor to produce sound glass and glass-ceramic part by LDGD is the control of the melting
pool temperature and the glass cooling rate. The molten BG experiences exponential temperature
decay from the melting point to the glass transition temperature, and the cooling rate is progres-
sively reduced as the glass cools down. Cooling rates around nucleation and crystal growth tem-
peratures determined by differential scanning calorimetry (DSC) determine the number and size of
crystal aggregates. Cooling rates from 25 to 800 ∘C/min can be produced during additive fabrication
of BG-derived LDGD parts. Fully glassy LDGD structures are formed by high cooling rates. Never-
theless, thermal shock at high cooling rate produces extensive cracking and the minimal required
mechanical properties are not satisfied. On the other side, the occurrence of crystallization at low
cooling rates can be a problem for layer dimension control and even for the part soundness, if the
crystallization is extensive. As a result, the optimal cooling rate results from a compromise between
mechanical integrity and crystallization. The assist gas flow, annular gas stream flowing coaxially
to the BG injection stream, can change the heat convection around the processed part and allows
to produce the desired deposited glass cooling rate.
Substrate preheating is frequently proposed in additive manufacturing to improve temperature

related processes. When the substrate is preheated, better LDGD deposition efficiency is observed
for low values of the combined parameter laser power/mass flow.Nevertheless, in optimized LDGD
processing conditions, there is no clear evidence on the benefits of substrate preheating at temper-
atures below 250 ∘C. The influence of the substrate temperature is limited to the initial layers, due
to the elevated glass temperature at the melting pool, the relative low glass thermal conductivity,
and the use of insulating ceramic substrates. High temperature chambers or furnaces have been
proposed to improve the cooling conditions of the whole BG part [58, 59].
Figure 14.18 shows the lateral surface and cross section of BG parts additively generated by

LDGD. These optical and scanning electron micrographs correspond to LDGD processing condi-
tions andBGcompositions of the parts depicted in the Figure 14.1b. The parts produced by injection
of 45S5 BG particles are extensively crystallized due to the reduced working range of this precursor
BG. The crystallization of the surface is not a problem from the point of view of the material bioac-
tivity as analyzed by immersion in SBF or Tris-HCl buffer. Moreover, the parts are non-cytotoxic
in contact with pre-osteoblastic cells, and satisfactory results are observed in direct cell culture.
Nevertheless, the feasibility of 45S5 BG processing decays as the LDGD part dimensions and geo-
metrical complexity grows, and the narrow range or optimal cooling conditions are not satisfied in
the whole part.
The additive generation of LDGD parts from BGs with enhanced working window has proven to

be feasible over a wider range of processing conditions. The parts produced by injection of S520 BG
particles, see Figure 14.18b–f, present only surface crystallization. The level of surface crystalliza-
tion can be quantified from Raman spectra by comparison of the crystalline silicate characteristic
band located at 988 cm−1 and the Si–O (NBO) stretching band at 944 cm−1. A restrained surface
crystallization is produced by keeping cooling rates above 200 ∘C/min. Volume crystallization in
S520 BG parts produced by LDGD is inexistent and the X-ray diffractograms after pulverization are
hardly distinguished from precursor BG powder [2].
The cooling rate of parts additively generated by LDGD below certain processing conditions can

be too low to maintain the glassy nature of the precursor BGs. Crystal aggregate size and mor-
phology of 45S5 BG LDGD devitrified samples are comparable to crystallization produced in bulk
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500 µm 500 µm

(a) (b)

(c) (d)

(e) (f)

Figure 14.18 Surface and cross section of 3D bioactive glass parts produced by laser direct glass
deposition from 45S5 BG (a, c, e) and S520 BG (b, d, f). Optical micrograph of the surface (a, b). SEM
micrograph of the surface (c,d). SEM micrograph of the cross-section. Source: Comesaña et al. [2], Figure
06,09 [p. 3480,3482]/with permission from Elsevier.

45S5 glass after 30minutes at 700 ∘C [47, 60]. As mentioned before, crystallization tendency or
glass forming ability of a glass depends on nucleation rate and crystal growth rate. Thus, the glass
viscosity at the temperature of maximum nucleation and maximum crystal growth, along with the
thermal cycle, dominate the obtained crystal nucleation density and aggregate size [61, 62]. Accord-
ing to thermal analysis, reduced glass transition temperature calculated values for 45S5 and S520
precursor BGs are Tgr = 0.55 and 0.54, respectively (Tgr = Tg/Tm, Tm: melting temperature) [28].
Correlation developed by Fokin et al. [63] locates 45S5 BG and S520 BG respective temperature
of maximum nucleation rate above the transition temperature and states that volume and surface
crystallization is possible for both compositions. S520 BG LDGD parts present surface crystalliza-
tion, while the unclear crystallite orientation at cross section suggests the combination of limited
volume crystallization and intense surface crystallization in S45S5 BG LDGD parts.
Another factor used for crystallization tendency estimation is the already introducedHruby coef-

ficient, Hr = (Tp − Tg)/(Tm − Tg). Calculated values Hr = 0.28 and Hr = 0.39 for 45S5 and S520,
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respectively, indicate a lower crystallization tendency for the last one [34, 64]. Provided that sim-
ilar temperature evolution is observed during LDGD processing, higher size of crystal aggregates
suggests higher crystal growth rate in 45S5 BG derived parts. On the contrary, lower degree of crys-
tallization along with higher nucleation density of S520 BG derived parts reflects crystal growth
inhibition during processing. In order to correlate glass structure with crystallization tendency,
nucleation rate dependence on similarity of the overall connectivity degree between the parent
glass and nucleated crystal has been proposed [65]. Qn species distribution (Qn: silica tetrahedral
containing n bridging Si—O—Si bonds) of 45S5 and S520 BGs are strongly dominated by Q2 pro-
portion, same species present in the structure of nucleatedmetasilicates. Distribution of Q2 species
calculated by Doweidar’s method and corroborated by nuclear magnetic resonance (NMR) estab-
lishes a slightly higher density in 45S5 BG [65–67]. Hence, similar content of Q2 species predict
similar nucleation rates for both glasses. Presence of K2O in S520 BG is related to inhibition of
crystal growth during processing. Replacing Na2O by K2O is observed to decrease devitrification
and increase the working range of glasses in the system Na2O–K2O–CaO–P2O5–SiO2 [33].
The hardness and fracture toughness of the BG parts additively fabricated by LDGD is not sig-

nificantly different from the hardness and fracture toughness observed for bulk precursor BGs.
Figure 14.19 depicts the Weibull plot and the cumulative failure probability function for bulk 45S5
precursor BG and for S520 and 45S5 BG parts obtained by LDGD. The characteristic compressive
strength for S520 BG parts produced by LDGD is about a 20% superior to theWeibull characteristic
compressive strength shown by the 45S5 BG bulk reference. On the contrary, the extensive crys-
tallization of 45S5 BG parts produced by LDGD lead to a 22% characteristic compressive strength
reduction with respect to 45S5 bulk precursor BG, while still located in the upper values shown by
cortical bone [32, 38].

14.4.3 Bioactivity and Biocompatibility

The bioactive properties of the BG parts produced by LDGD are similar to those of the precursor
BGs. Analogous bioactivity to bulk BG is concluded from the unaltered behavior stated from differ-
ent approaches: solubility in physiological solutions, apatite precipitation, non-cytotoxic behavior
in contact to pre-osteoblastic cells, and cell morphology in LDGD BG parts direct cell seeding. The
assessment of apatite precipitation in SBF of LDGD processed samples shows carbonated hydrox-
yapatite formation. Comparison with 45S5 BG bulk samples reveals only minor delay in calcium
phosphate precipitation and allows to postulate that LDGD processed arts maintain the superior
osteoconductive properties of precursor BG. This condition is valid evenwhen considerable surface
crystallization is produced.
The solubility of the BG parts generated by LDGD is similar to the precursor BG. When tested

in Tris-HCl buffer solution, the Ca ion release profile of LDGD 45S5 BG parts up to 21 days do not
present substantial differences from the 45S5 BG release profile, despite of the extensive crystal-
lization shown by the additively manufactured parts. The reported Si and P ion release profiles of
LDGD BG parts could suggest a slightly higher solubility than that of the precursor BG, in contrast
to an expected solubility reduction due to surface crystallization. Nevertheless, if the apatite pre-
cipitation mechanism is carefully analyzed, it can be concluded that counterbalance between BG
dissolution and layer precipitation explains the ion concentration differences.
Surface crystallization produces a slight delay in the silica layer precipitation that precedes cal-

cium apatite precipitation, as already observed for BG coatings produced by LC. The delayed onsets
of silica-rich and carbonated apatite layer precipitation produce less return of ions from the sur-
rounding media, and can balance the lower solubility of silicate crystals. Between 2 and 10 days



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

�

� �

�

334 14 Laser Cladding and Laser Direct Glass Deposition of Bioactive Glass and Glass-Ceramics

5.0
–4

0.0
0.1
0.2
0.3
0.4
0.5

C
um

ul
at

iv
e 

pr
ob

ab
ili

ty

0.6
0.7
0.8
0.9
1.0

0 100 200 300
Compressive strength (MPa)

400 500 600

0.0
0.1
0.2
0.3
0.4

C
um

ul
at

iv
e 

pr
ob

ab
ili

ty

0.6
0.5

0.7
0.8
0.9
1.0

0 100 200 300
Compressive strength (MPa)

400 500 600

0.0
0.1
0.2
0.3
0.4

C
um

ul
at

iv
e 

pr
ob

ab
ili

ty

0.6
0.5

0.7
0.8
0.9
1.0

0 100 200 300
Compressive strength (MPa)

400 500 600

–3

–2

–1

0

1

2

3

5.2 5.4 5.6 5.8 6.0

Experimental data

Confidence interval 95%

σo = 302 MPa m = 5.27

Experimental data

Confidence interval 95%

σo = 355 MPa m = 5.15

Experimental data

Confidence interval 95%

σo = 235 MPa m = 4.34

Experimental data

Confidence interval 95%

σo = 235 MPa m = 4.34

Experimental data

Confidence interval 95%

σo = 355 MPa m = 5.15

Experimental data

Confidence interval 95%

σo = 302 MPa m = 5.27

ln
[ln

 1
/(

1 
−

 P
(σ

))
]

In(σ)
(a) (b)

(c) (d)

(e) (f)

5.2
–4

–3

–2

–1

0

1

2

3

5.4 5.6 5.8 6.0 6.2

ln
[ln

 1
/(

1 
−

 P
(σ

))
]

In(σ)

4.8
–4

–3

–2

–1

0

1

2

3

5.0 5.2 5.4 5.6 5.8

ln
[ln

 1
/(

1 
−

 P
(σ

))
]

In(σ)

Figure 14.19 Compressive strength test: Weibull plot and cumulative failure probability plot for (a, b)
45S5 BG bulk control; (c, d) S520 BG LDGD; (e, f) 45S5 BG LDGD (realize different values in the horizontal
axes of Weibull plots). Source: Del Vel et al. [38]. Reproduced with permission of Elsevier.

of immersion, LDGD 45S5 BG parts produce a higher Si and P concentration in Tris-HCl buffer
than the 45S5 BG. These increased Si and P concentration is early observed in SBF, between 0.5
and 2 days, which is consistent with a faster apatite precipitation produced in SBF. Carbonate
apatite layer covers the LDGD 45S5 BG parts after two days of immersion in SBF, while this time
is decreased to one day for LDGD S520 BG parts. Figure 14.20 shows SEM micrographs of precip-
itated apatite after seven days of immersion in SBF. No differences are found between nanometric
platelet apatite in LDGD glass and hot casted 45S5 BG.
The LDGD parts produced from 45S5 and S520 BGs present a non-cytotoxic behavior when

non-direct contact tests are performed with pre-osteoblastic cell line MC3T3-E1. High cellular
activity is reported byMTT quantification. The direct seeding cell culture on LDGDBGparts shows
that pre-osteoblast attaches and spreads well, with abundant filopodia and healthy characteris-
tic flattened morphology [2, 24]. Figure 14.21 shows quantified cell coverage, morphology, and
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(a) (b)

Figure 14.20 Precipitated apatite after seven days of immersion in simulated body fluid: (a) S520 BG part
produced by laser direct glass deposition; (b) 45S5 BG produced by hot casting. Source: Del Vel et al. [38],
Figure 9 [p. 13]/with permission from Elsevier.
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Figure 14.21 (a) S520 BG part produced by laser direct glass deposition from a three-dimensional CAD
model of a left orbital rim implant. (b) SEM morphology and spreading of MC3T3-E1 cell line at one day,
three days, and seven days on LDGD parts additively made from S520 and 45S5 BG. (c) Cell coverage of the
sample surface after three and seven days of incubation time. Source: Comesaña et al. [24], Figure 6
[p. 06]/Springer Nature/CC BY 4.0.

spreading of MC3T3-E1 cell line on LDGD BG parts surface. The in vitro behavior of LDGD BG
parts is very promising; however, no in vivo studies have been reported yet.
Recent reported applications of LDGD are directed toward additive smart implant synthesis.

The LDGD technique has been applied to produce glass-ceramic parts with variable resorbabil-
ity, with the purpose to match bone growth rates. Combination of LDGD CaP parts and LDGD BG
parts allows to produce low-load-bearing bone repair parts with variable dissolution rates. These
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BG-ceramic LDGD parts present tailor-made distributionwith a low-resorbabilitymultiphasic CaP
nucleus and a high-resorbability BG external region [24].

14.5 Conclusions

LC is a feasible method to produce BG coatings on metallic alloy and ceramic substrates. The laser
radiation must be precisely chosen to avoid BG contamination and preserve bioactivity. The pro-
cessing of thermal coefficient expansion tailored BG compositions enhances the coating-substrate
adhesion and opens the door to the application on a wide range of bioinert implant substrates. The
LDGD is an additive manufacturing technique that can produce satisfactory three-dimensional
additive parts if applied to BG compositions with enhanced working range. Processing parameters
must be carefully selected to achieve suitable cooling rates, limited crystallization, and mechan-
ically sound parts. Mechanical properties, dissolution rates, bioactivity, and osteoconductivity
comparable to precursor BGs is concluded from reported behavior of the LDGD BG parts. Tailored
dissolution rate parts can be produced by BG and CaP LDGD processing. These promising
results appoint now to research on in vivo behavior and on gradual multi-material production
challenges.
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15.1 Introduction: Bioactive Glasses and Glass-Ceramics

Bioactive glasses and glass-ceramics are attractive materials to be employed in tissue engineering,
as scaffolds in bone regeneration, for orthopedic and dental applications, and for in situ drug deliv-
ery [1–3]. Their utilization in biomedical applications has been a field of intense research since
the discovery of the first bioactive glass, Bioglass®, by Hench et al. in 1969 [4] which belonged
to the SiO2–Na2O–CaO–P2O5 system. Basically, a bioactive material is a material which under-
goes a two-stage process when implanted in the living body or immersed in simulated body fluid
(SBF). Firstly, the material undertakes specific surface reactions, giving rise, in the second stage, to
a hydroxyapatite (HA)-like layer, which interacts with hard and soft tissues [5, 6]. The formation
of this HA layer in an in vitro assessment, soaking the material into SBF, is mandatory prior to in
vivo evaluation of the biological activity [6–8].
Concerning bone tissue engineering applications, materials with similar characteristics to

the natural bone mineral phase are preferred, mainly bioceramics based on calcium phosphate
ceramics [9–11]. For instance, biphasic calcium phosphate, BCP, β-tricalcium phosphate (TCP),
Ca3(PO4)2, and HA, Ca10(PO4)6(OH)2. It is worthy of highlight that an essential characteristic
of bioactive glasses is that enhances osteoblast adhesion, revascularization, enzyme activity, and
differentiation of mesenchymal stem cells [12–14].
Bioglasses designmust consider an appropriate structural compatibility without inducing harm-

ful impact on the living tissue [15]. Their properties are very versatile and can be conceived accord-
ing to their initial composition and the processing conditions [6, 12, 13]. This design must also
ponder the risk of toxicity in order to maintain the release of elements below the biological safe
limits, hence providing negligible cytotoxicity. The fabrication of a glass is based on the rapid cool-
ing of the departingmolten composites avoiding crystallization to obtain a solidwith an amorphous
structure. The ability to glass formation depends on both glass transition and liquidus temperature,
which are related to the melt composition, and the cooling rate. This rate must be high enough
to avoid nucleation and crystal growth processes [3]. According to Lu and Liu [16], it is possible
to estimate the minimum cooling rate by using the dimensionless parameter 𝛾 = Tx/(Tg +Tl) as

Bioactive Glasses and Glass-Ceramics: Fundamentals and Applications, First Edition.
Edited by Francesco Baino and Saeid Kargozar.
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Figure 15.1 Image of a Europium-doped CaSiO3–Ca3(PO4)2 bioactive eutectic glass manufactured by the
casting technique.

an indicator of the glass-forming ability of the system, with Tx the crystallization temperature,
Tg the glass transition temperature, and Tl the melting temperature. The relationship between
this parameter and the critical cooling rate (Rc) for glass formation is, approximately, given by the
following expression:

Rc = R0 exp[(− lnR0)𝛾∕𝛾0] (15.1)

where the constants R0 and 𝛾0 are, for inorganic glasses, 8× 1027 K/s and 0.421, respectively [16].
The fabrication method limits, to some extent, the cooling rate. Among the techniques usually
utilized to fabricate glasses worthmentioning are by casting, sol–gel, and directional solidification.
As an example, Figure 15.1 shows an image of a Europium doped CaSiO3–Ca3(PO4)2 eutectic glass
manufactured by the casting technique.
Glass-ceramics are materials obtained through the controlled nucleation and crystallization

of a glass by means of thermal processes. These processes convert an amorphous material in a
crystalline ceramic with fine grains, randomly oriented, without microcracks or voids, in which
a broad variety of special microstructures can be developed [17]. In most cases, it is required a
nucleating agent to induce the nucleation process. The control of the crystal growth by means of
time and temperature, as processing variables, results generally in various types of crystals phases
instead of only one. Glass-ceramics present major thermal, mechanical, and chemical properties
compared to its parent glass. Nevertheless, the crystallization process affects the bioactivity,
resulting in a decrease of the level of bioactivity [18, 19]. In addition to biocompatibility and the
formation of a HA layer, it is needed for the bioglass/glass-ceramic to hold suitable mechanical
properties, interconnected and three-dimensional porous structure to support vascularization,
diffusion of nutrients and cell proliferation, and not to display any inflammatory response or
cytotoxicity.
A novel approach to develop an in situ porous HA-like structure in a dense bioactive ceramic

when implanted into a living body was proposed by de Aza et al. [20]. This material is consti-
tuted by two phases, CaSiO3 (wollastonite, W), which is bioactive with osteostimulative properties,
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Table 15.1 Calculated and measured eutectic composition and temperature in the CaSiO3–Ca3(PO4)2
system.

A B
TmA
(K)

TmB
(K)

HmA
(J/mol)

HmB
(J/mol)

Calculated/
measured
eutectic
XA–XB (mol%)

Calculated/
measured
Teut (K)

CaSiO3 Ca3(PO4)2 1821 1943 36.844 156.057 80.25–20.61/80–20 1670/1675

and Ca3(PO4)2 (TCP), which is osteoconductive and resorbable. This binary system presents an
invariant point, a eutectic point, at 1402 ∘C with a composition of 80mol% W and 20mol% TCP.
The estimation of the eutectic composition can be determined from the values of the melting
temperature and the heat of fusion of the components according to the following expressions [21]:

RT lnX l
i = −ΔHm

i

(
1 − T

Tmi

)
i = 1,2, 3,… , k (15.2)

k∑
i=1
X l

i = 1 (15.3)

where X l
i is the mole fraction of component i in the liquid, and Tmi and Hm

i are the melting tem-
perature and themolar heat of fusion of component i in the liquid, respectively. Both the calculated
eutectic composition and the eutectic temperature estimated with expressions (15.2) and (15.3) are
in good agreement with measured values, as shown in Table 15.1.
The mechanisms for the CaSiO3–Ca3(PO4)2 eutectic ceramic (Bioeutectic) to form a porous

ceramic consists in the dissolution of the CaSiO3 phase and the pseudomorphic transformation
of Ca3(PO4)2 into HA [20, 22, 23]. Both devitrification and crystallization processes of the
CaSiO3–Ca3(PO4)2 eutectic glass were described byMagallanes-Perdomo et al. [24, 25]. The parent
glass was manufactured by the casting technique and crystallization processes were carried out by
means of controlled thermal treatments in high-temperature furnaces. They found that that the
devitrification began at 870 ∘C with the crystallization of a Ca-deficient apatite phase, followed
by wollastonite-2M (CaSiO3) crystallization at around 1006 ∘C. At 1375 ∘C, the microstructure
was found to be composed of quasi-rounded colonies formed by a homogeneous mixture of
pseudowollastonite (CaSiO3) and TCP (Ca3(PO4)2), corresponding to irregular eutectic structures.
Bioactivity, biocompatibility, in vitro and in vivo assessment of these ceramics and glass-ceramics
have been widely studied [20, 22–27].
It is worthy of mention that these eutectic ceramics, glass-ceramics, and glasses have also been

manufactured by directional solidification employing the Laser Floating Zone (LFZ) technique.
In vivo evaluation of these directionally solidified ceramics has been carried out by means of
implantation into tibia of adults New Zealand rabbits, concluding that this directionally solidified
eutectic ceramic (DSEC) was also biocompatible, bioactive, and osteoconductive [28]. In addition,
the spectroscopic properties of these glass-ceramics and glasses doped with rare-earth (RE) ions
such as Nd3+, Er3+, and Eu3+, resulted very suitable for luminescence applications [29–33]. As an
example, Figure 15.2 shows Nd-doped (blue) and Er-doped (rose) CaSiO3–Ca3(PO4)2 bioactive
eutectic glasses manufactured with the LFZ method.
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Figure 15.2 Image of CaSiO3–Ca3(PO4)2 bioactive eutectic glasses doped with Neodymium (blue) and
Erbium (rose) ions manufactured by directional solidification with the laser floating zone technique.

15.2 Fundamentals of the Laser Floating Zone Technique

The LFZ fabrication method was first developed by Poplawsky and Tomas [34] and later improved
by Feigelson [35] and Fejer et al. [36]. This directional solidification technique delivers high axial
and radial thermal gradients, which provide a flat solid–liquid interface in the solidification front.
This feature is an essential key point to obtain a regular homogeneous growth. These character-
istics allow this technique to be used for the fabrication of fiber-shaped single crystals, DSECs,
glass-ceramics, and glasses [32, 37–39]. This method is based on the formation of a small melt liq-
uid zone between both seed and precursor rods, which is sustained by the liquid surface tension, as
shown in Figure 15.3. A limit in the length of the molten zone is superimposed by capillary stable
growth conditions as follows:

lm = 2πR (15.4)

Precursor

Molten zone

Fiber

Figure 15.3 Image of the molten zone between precursor rod and fiber grown by the Laser Floating Zone
technique. Source: Courtesy of Prof. J.I. Peña.
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1
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4

Figure 15.4 Image of the setup of the Laser Floating Zone. Reflaxicon (1), flat mirror (2), parabolic
mirror (3), and translation and rotation axes (4).

whereR is the radius of the grown fiber, which in turn, can be determined by themass conservation
law:

R2v = R20v0 (15.5)

where R0, v0, and R, v are the radius and rate of the feeding seed and grown fiber, respectively.
The LFZ system consists of a CO2 or Nd:YAG laser as the heating source, and a sealed growth

chamber to control the atmosphere in which the process is taking place. As shown in Figure 15.4,
inside the chamber the focalization optics of the laser beam consists of a reflaxicon (i), a flat mirror
(ii), and a parabolicmirror (iii). The reflaxicon turns the circular laser spot into a ring-shaped beam.
The ring beam is deflected by the flat mirror at 45∘ and then is focused on the fiber precursor
by means of a parabolic mirror, thus providing a homogeneous heating. The proper alignment
of the optical system is carried out with the aid of a He–Ne laser whose optical path is coaxial
to the heating laser beam. Two independent vertical axes control both rotation and translation
rates (iv).
The fabrication process starts by placing the precursor rod in the upper axis and heating its lower

end until a drop of molten material is formed, as shown in Figure 15.5a. Next, a small seed of the
samematerial as the precursor, placed in the lower axis, is slowly brought into contact to themolten
drop, establishing a bridge between the precursor and the seed, Figure 15.5b. Then, both precursor
and seed are counter rotated to provide a homogeneous heat distribution to the molten material.
Finally, the seed is withdrawn from the molten zone, whereas the precursor rod is moved toward
it, keeping the volume of the liquid zone constant, as shown in the schematic representation of
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(a) (b) (c)

DS composite

VG

VF

ω2

ω1

CO2
laser

Ceramic precursor

Figure 15.5 Images of the molten bridge formation as the previous stage to the growth process. The lower
end of the precursor rod is melted (a). Next, the seed is approached to create the molten zone (b).
Schematic representation of the growth process by the LFZ (c). Source: Courtesy of Prof. J.I. Peña.

Figure 15.5c. The feed and growth rates can be used to control the final diameter. Identical rates
provide equal precursor and grown diameters. By increasing or decreasing the growth rate, the
grown diameter is decreased or increased, respectively. In case the departing precursor is made up
of sintered powder, the fabrication process is usually carried out in two steps: densification and
growth, performing the latter downwards in order for the gas bubbles produced during the melting
process not to be trapped within the grown fiber.
It is worthy of mention that whilst the maximum length of the grown fiber is only limited by the

features of the movement system, the maximum crack-free diameter that can be attained depends
on both the thermal properties of thematerial and the thermal transfer achieved during the growth
process. The appearance of cracks during cooling is due to the high axial thermal gradients in the
solidification interface, which are due to the stresses produced by the difference of temperature
within the cylinder. Thermal gradients can be calculated using the simplifiedmodel of heat transfer
from the cylinder proposed by Brice [40]:

T(r, z) = T0 + (Tm − T0)
1 − hr2

2R

1 − 1
2
hR

exp

[
−
(
2h
R

)1∕2

z

]
(15.6)

where R is the radius of the cylinder, h is the cooling constant, Tm is the melting temperature, and
T0 is the room temperature. From this equation, axial and radial gradients are provided by:

Gz
)
r=R = (Tm − T0)

(
2h
R

)1∕2

(15.7)

𝜕T
𝜕r

)
z=0

≈ r
(
h
2R

)1∕2

Gz (15.8)

The maximum axial gradient that the material can support without cracking is given by:

Gcrit=
dT
dz

||||max =
2𝜀b

√
2

R𝛼

(
hR
2

)−1∕2(
1 − hR

2

)
(15.9)
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Figure 15.6 Stereoscopic image of cracks
appeared in an Al2O3–ZrO2(Y2O3) rod during
the directionally solidified growth.

1 mm

where 𝜀b is the deformation limit and 𝛼 is the thermal expansion coefficient. This equation allows
the calculation of the maximum radius without the appearance of cracks. As an example, in
Al2O3–ZrO2(Y2O3) and Al2O3–Y3Al5O12 eutectic composites, the critical radii were estimated
in 0.6 and 1.7mm, respectively, corresponding with thermal gradients of 9.4× 105 K/m and
4× 105 K/m [41, 42]. Figure 15.6 shows the cracks appeared in an Al2O3–ZrO2(Y2O3) rod during
the growth process.
Accounting that the origin of the thermal gradients is due to the heat dissipation by radiation

and air convection from the surface of the cylinder, they would be reduced by the aid of additional
heating sources such as lamp heaters, heat reservoirs, or by using a controlled atmosphere inside
the growth chamber, using a gas with thermal conductivity higher that air, such as helium [43–45].
Besides the limit in the maximum radius that can be achieved, the quality of the resulting sam-

ples may also be affected by the vibrations of the displacement system caused by the movement
of the stepper motors that control the axes, fluctuations in the laser power, non-uniformity heat
distribution due to the misalignment of the heating laser source, or by poor alignment of both the
rod precursor and the seed.
In addition to the LFZ technique, there are other unidirectional growthmethods, themost impor-

tant of which are the Bridgman and the Czochralski methods [46, 47]. The Bridgman method
utilizes tungsten or iridium crucibles to perform the unidirectional solidification. The ceramic
oxides are placed inside the crucible and melted by means of resistance or induction heaters. Then
the crucible is slowly withdrawn from the hot region giving rise to the unidirectional solidified
ingot. This method provides large samples which size is only limited by the size of the crucible.
Conversely, both the growth rates and the thermal gradients achieved are low, below 100mm/h
and 102 K/m, respectively. Concerning the Czochralski method, the material is unidirectionally
solidified by pulling the material from a melt pool in a crucible. Compared to these methods, the
main advantages of the LFZ technique are the low amount of material required to explore new
composites, the possibility to growth materials with high melting points, the control on the sur-
rounding atmosphere, and the high thermal gradients attained, up to 2 orders of magnitude higher
than in the Bridgman technique, which allow processing with high growth rates. In this way, it
is easy to control the solidification characteristics to provide materials with very small phase size,
or even glasses, managing the optical transmission, mechanical resistance, and thermal proper-
ties [48–60]. In addition, since this is a crucibleless technique, the resulting materials are with
absence of contaminants coming from the melt container.
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15.3 Fabrication and Characterization of Rare-Earth-Doped
CaSiO3–Ca3(PO4)2 Biocompatible and Bioactive Eutectic Glasses
and Glass-Ceramics

Directionally solidified CaSiO3–Ca3(PO4)2 eutectic glasses and glass-ceramics were fabricated by
using the LFZ technique. With this technique, in addition to the advantage for growing samples
at different rates, thus controlling the phase size, it is possible to incorporate small amounts of
doping ions to the composite which can be used as a probe to control the crystallization stage.
It is well-known that the spectroscopic properties of rare-earth (RE) ions depend on the chem-
ical composition of the ceramic matrix so they can be used as a local ordering probe to study
the local structure surrounding the rare-earth ion and the bonding at the ion site [54, 61, 62].
For this purpose, site-selective laser spectroscopy in the 4I9/2→ 4F3/2/4F5/2 and 4I15/2 → 4I13/2 tran-
sitions of Nd3+ and Er3+ ions, respectively, allow investigating the crystal field changes felt by these
ions because of the sample crystallization stage. The changes in the spectral characteristics of the
site-selective excitation and emission spectra of these ions enable to distinguish between crystalline
and amorphous environment for the rare-earth ions [61, 63, 64]. In addition, Eu3+ ions, with a 4f6

electronic configuration, are highly sensitive to the local environment and have a relatively sim-
ple energy level structure, especially the 5D0→

7FJ manifold. Taking into account that 5D0 state is
non-degenerate under any symmetry, the structure of the 5D0→

7FJ emission is only determined
by the splitting of the terminal levels caused by the local crystal field. Furthermore, the 7F0 level
is also non-degenerate, so that fluorescence line narrowing (FLN) spectroscopy in the 7F0→ 5D0
absorption band provide information on the different local environments around the Eu3+ ions,
making it an ideal experimental probe for crystalline as well as for glassy environments [65–67].
Bioactive glasses and glass-ceramics were prepared departing from a powder mixture of CaSiO3

and Ca3(PO4)2 in the eutectic composition, 80% and 20% mol% respectively. As optical probes, 1,
and 2wt% of Nd2O3, 1wt% of Er2O3, and 0.5wt% of Eu2O3 were added to the eutectic composite.
Next, themixture was isostatically pressed at 200MPa for twominutes to obtain the precursor rods.
Finally, the resulting powders were sintered a 1200 ∘C for 10 hours. Directionally solidified samples
were grown by the LFZ technique at 50, 100, 250, and 500mm/hmaintaining the diameter constant
at around 2.5mm. Also, rod diameter was varied keeping the growth rate at 100mm/h, modifying
the feed rate to obtain samples with diameters between 2.5 and 4.5mm. To relieve the inner stress
induced during the growth process, the samples were annealed at 650 ∘C for five hours.
Figure 15.7 shows an example of the microstructure found in the glass-ceramic samples doped

with 1wt% of Nd2O3 grown at 100 and 500mm/h, with a diameter of 2.5mm, (a) and (b), respec-
tively [32]. Details of the microstructure in the cross-section view is presented in the insets of each
micrograph. It was found a strong dependence of the microstructure on the processing parame-
ters, in accordance with the Hunt–Jackson law [68]. The microstructure was made up of fibers
with irregular shape (clear contrast) embedded in a grayish matrix (dark and black contrast). The
number of phases present in the sample and the parallel alignment to the growing direction were
correlated to the flatness achieved in the solidification front. A growth rate increase or a diameter
decrease led the microstructure to a parallel alignment and to a structural arrangement of from
three to two phases.
A semi-quantitative chemical composition analysis of the samples carried out by energy-

dispersive X-ray (EDX) microanalysis confirmed that the composition of the processed samples
was around the theoretical composition, as shown in Table 15.2. Composition of the samples was
close to the nominal value. The composition of the phases was also evaluated. In samples with
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50 µm 50 µm

100 µm 100 µm

(a) (b)

Figure 15.7 Micrograph of the longitudinal-section view of samples doped with 1wt% of Nd2O3 with a
diameter of 2.5mm and grown at 100mm/h (a) and 500mm/h (b), respectively. The inset shows the details
of the microstructure in a cross-section view. Source: Sola et al. [32], Figure 01 [p. 10706]/with permission
from The Optical Society.

Table 15.2 Theoretical (T) and experimental composition of the glass-ceramic samples in wt%.

V (mm/h) SiO2 P2O5 CaO Nd2O3 Er2O3 Eu2O3

T 31.00 18.30 50.70 (1.00–2.00) (1.00) (0.50)
50 29.50 18.92 51.57 0.91
100 31.06 18.50 50.44 0.90
250 31.31 18.30 50.38 1.02
500 30.89 18.61 50.50 1.08
100 31.17 18.51 50.32 1.83
100 31.75 18.00 50.24 2.05
50 32.23 21.10 46.67 1.20
500 32.27 20.87 46.86 0.93
50 30.28 18.95 50.77 0.63
500 30.40 18.95 50.65 0.70

three phases, the clear phase was rich in CaO and P2O5 with a low content of SiO2, the dark phase
was rich in SiO2 and CaO with a very low content of P2O5, and in the black phase there was a
high amount of CaO and SiO2 and a low content of P2O5. Concerning the amount of rare-earth
oxide, even though it was found in the three phases it was mainly placed in the black phase. In
the case of samples with two phases, the composition of the clear and dark phases was like in
the previous case. As an example, Table 15.3 shows the compositional analysis in wt% of samples
grown at 50 and 500mm/h with a diameter around 2.5mm and doped with 1wt% of Nd2O3. The
same behavior was observed in the samples doped with Er2O3 and Eu2O3.
Electron backscatter diffraction analysis (EBSD) was performed in each sample to determine

the crystalline nature of the phases. It was found that in the case of samples with three phases,
the clear phase had apatite-like structure whereas the dark phase had a Ca2SiO4 structure and the
black one was amorphous. It is highly remarkable that this crystalline phase had not been reported
previously in these eutectic glass-ceramics. In the case of samples with two phases, the clear phase,
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Table 15.3 Compositional analysis in wt% of the phases present in the eutectic glass-ceramic samples
grown at 50 and 500mm/h and doped with 1wt% of Nd2O3.

V (mm/h) SiO2 P2O5 CaO Nd2O3

Clear phase 50 15.54 31.67 52.17 0.61
Dark phase 50 50.18 3.18 46.11 0.53
Black phase 50 42.02 18.17 38.21 1.60
Clear phase 500 15.38 32.82 51.1 0.69
Dark phase 500 46.2 11.57 41.56 0.68

(2)

(1)

Figure 15.8 Cross section micrograph of a sample grown at 50mm/h doped with 1wt% of Nd2O3. The
insets show the electron backscatter diffraction patterns corresponding to an oxyapatite structure, (1), and
to the dicalcium silicate, (2). Source: Sola et al. [32], Figure 02 [p. 10707]/with permission from The Optical
Society.

as in the previous case, had apatite-like structure and the dark was amorphous. As an example,
Figure 15.8 shows the micrograph in cross-section view of a sample grown at 50mm/h doped with
1wt% of Nd2O3. The insets show the electron backscatter diffraction patterns corresponding to an
oxyapatite structure found in the clear phase, (i), and to the dicalcium silicate found in the dark
phase, (ii) [32].
The Ca2SiO4 structure observed in the glass-ceramic samples grown at low growth rate showed

an excellent in vitro bioactivity [69]. The samples grown at 50mm/h doped with 0.5wt% of Eu2O3
were soaked into SBF for three months. Figure 15.9 shows a micrograph in longitudinal-section
view of the sample after the immersion period [33]. It can be observed how the SBF dissolved the
amorphous phase as well as the one with Ca2SiO4 structure, giving rise to a porous layer made up
of fibers with a thickness of around 150 μm. EBSD analysis carried out in the sample confirmed
that the apatite-like structure of the fibers was unaltered after the immersion period.
Site-selective excitation spectra in the 4I9/2→ 4F3/2,5/2 and 4I15/2→ 4I9/2 transitions were per-

formed, respectively, by collecting the luminescence at different emission wavelengths along
the 4F3/2→ 4I11/2 and 4I13/2→ 4I15/2 laser transitions for the Nd3+ and Er3+, respectively. For the
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100 µm

Figure 15.9 Micrograph in longitudinal section view of a glass-ceramic sample doped with 0.5wt% of
Eu2O3 grown at 50mm/h after an immersion period of three months in simulated body fluid (SBF). Source:
Sola et al. [33], Figure 03 [p. 6567]/with permission from The Optical Society.
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Figure 15.10 Excitation spectra of the 4I9/2→
4F5/2,3/2 transitions obtained by collecting the luminescence

at 1066 nm in the glass and glass-ceramic samples obtained at different growth rates and doped with
1wt% of Nd2O3. Source: Adapted from Sola et al. [32].

case of Nd-doped glass-ceramics, Figure 15.10 shows the low temperature excitation spectra
corresponding to the 4I9/2→ 4F3/2,5/2 transitions obtained at 1066 nm for the glass-ceramic samples
doped with 1wt% of Nd2O3 grown at 50, 250, and 500mm/h [32]. The excitation spectrum
of the glass sample is also presented for comparison purposes. The spectra corresponding to
the 4I9/2→ 4F3/2 transition in the glass-ceramic samples presents four main bands instead of
the two associated with the two Stark components of the 4F3/2 doublet in a low crystal field
symmetry, which indicated the presence of different environments for Nd3+ ions in these matrices.
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By comparison with the excitation spectrum of the glass sample, the spectra of this transition
showed two new peaks at around 859 and 886 nm, pointed out with arrows. The spectra cor-
responding to the 4I9/2→ 4F5/2 transition also showed a new sharp peak at around 810 nm, not
observed in the excitation spectrum of the glass sample, which indicated that Nd3+ ions were in a
crystalline environment. It is worthy of highlight that the position of these new peaks was almost
independent of the growth rate and that as growth rate decreased the spectrum became more
defined with narrower peaks, pointing out that the crystalline character of the sample increase at
lower growth rate, confirming the results obtained by EDX analyses.
More precise information about the environments for Nd3+ ions was obtained by performing

excitation spectra at 1050, 1066, and 1080 nm for the sample obtained grown at 50mm/h and
doped with 1wt% of Nd2O3, Figure 15.11 [32]. Figure 15.11 depicts how the spectrum was very
different depending on the emission wavelength which indicated that Nd3+ ions were in differ-
ent crystal field sites. For the 4I9/2→ 4F5/2 transition, the spectrum obtained at 1050 nm showed
sharp and well-resolved peaks with the most intense one located at around 802.2 nm which indi-
cated a crystalline environment for Nd3+ ions. This intense peak disappeared, and the spectrum
became an unstructured broad band for the samples grown at 500mm/h, as shown in the left side
of Figure 15.11. The low energy band corresponding to the 4I9/2→ 4F3/2 doublet narrowed into
one single component as expected for one well defined crystal field site. Based on the previous
microstructural analysis, these results suggested that this spectrum corresponded to Nd3+ ions in
a crystalline phase, specifically in Ca2SiO4 structure which was only present for samples grown
at low rates (50 and 100mm/h). However, the spectrum obtained at 1080 nm showed broad bands
similar to those found in the glass sample. The spectrum corresponding to the 4I9/2→ 4F3/2 transi-
tion showed at least two components in the low energy band. This behavior had also been observed
in the glass sample being a consequence of contributions from Nd3+ ions in a multiplicity of envi-
ronments, as shown in the right side of the Figure 15.11. In the case of the excitation spectrum
collected at 1066 nm, sharp peaks appeared at around 810.8, 859, and 886 nm, which according to
the EBSD analysis might correspond to the apatite-like crystalline phase which was present in all
glass-ceramics samples.
Concerning the Er-doped glass-ceramics, Figure 15.12 shows the low temperature excitation

spectra corresponding to the 4I15/2→ 4I9/2 transition obtained at 1526 nm for the glass-ceramic sam-
ples grown at 50 and 500mm/h. The spectrum corresponding to the glass sample is also included
for comparison purposes. Excitation spectra of glass-ceramic samples showed two narrow peaks
around 787.0 and 789.5 nm, pointed out with arrows, which did not appear in the spectrum of the
glass sample. These peaks, independent of the growth rate, indicated that Er3+ ions were in a crys-
talline environment, which according to EBSD characterization corresponded to the apatite-like
crystalline phase. However, site-selective excitation spectra of Er3+ ions in these glass-ceramic did
not allow obtaining information about the Er3+ ions incorporated in the Ca2SiO4 crystalline phase.
Nevertheless, as in the Nd-doped glass-ceramic samples, the spectra obtained for the lower growth
rate became more defined with narrower peaks.
Site-selective steady-state emission spectra in the Er-doped glass-ceramics confirmed the results

provided by the excitation spectra. Figure 15.13 shows the emission spectra at 10K obtained under
excitation at 789.5 nm for the samples grown at 50 and 500mm/h. Emission spectrum of glass
sample is also included. Both glass-ceramic samples emission spectra showed sharp peaks which
indicated that Er3+ ions were in crystalline environment. In particular, for the sample grown at
low growth rate, a peak around 1519 nm appeared, pointed out with a black arrow, which was not
present in the sample grown at 500mm/h. Also, a narrow peak around 1526 nm was shown in
the emission spectra of both glass-ceramic samples, pointed out with green arrows, which was not
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Figure 15.11 Excitation spectra obtained at 1050, 1066, and 1080 nm emission wavelengths for the Nd-doped glass-ceramic samples grown at 50, 500mm/h
and for the glass sample. Source: Adapted from Sola et al. [32].
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Figure 15.12 Excitation spectra obtained at different emission wavelengths for the Er-doped
glass-ceramic samples grown at 50 and 500mm/h. Excitation spectrum of the glass sample is also included.
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789.5 nm for the Er-doped glass-ceramic samples grown at 50 and 500mm/h and for the glass sample.
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present in the emission spectrum of the glass sample. These results indicated that at this excitation
wavelength, Er3+ ions in the sample grown at low rate were excited in both crystalline environ-
ments, corresponding to dicalcium silicate structure at 1519 nm and also to the apatite-like struc-
ture at 1526 nm. The other components of the emission spectra might be associated to a mixture of
both crystalline environments but also to the emission of Er3+ ions in the amorphous phase. For
the samples grown at high rate, the sharp and narrow peak associated to dicalcium silicate dis-
appeared and the spectrum became broader and unstructured. For this rare-earth, the complexity
of its energy levels and the spectral overlapping of the emissions coming from the rare-earth ion
in different amorphous and crystalline environments, made it impossible to isolate the emission
corresponding to individual crystalline phases. Thus, Nd3+ ions showed better properties as optical
probe for site-selective spectroscopy characterization in these glass-ceramics.
Time-resolved line-narrowed fluorescence spectra of the 5D0→

7F0–2 transitions of Eu3+ doped
sampleswere obtained at 10Kbyusing different resonant excitationwavelengths into the 7F0→ 5D0
transition with a time delay of 10 μs. The spectral features of the dicalcium silicate phase, which
appeared only in the samples grown at low rate, 50mm/h, can be clearly observed in Figure 15.14a,
which shows the emission spectra obtained under excitation at 579.1 nm for the glass-ceramic sam-
ples grown at 50 and 500mm/h and for the glass sample [33]. It can be observed that the emission
spectrum of the sample grown at 500mm/h was quite similar to the one obtained in the glass sam-
ple, which indicated that Eu3+ ions in this sample at this wavelengthwere excited in the amorphous
phase. However, in the case of the glass-ceramic sample grown at 50mm/h, the spectrum showed
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sharp lines according to Eu3+ in the dicalcium silicate crystalline phase. This spectral feature is
also clearly shown in the excitation spectra corresponding to the 7F0→ 5D0 transition for the three
samples, as shown in Figure 15.14b. As can be seen, the excitation spectrum of the sample grown
at 50mm/h showed a band centered around 574 nm which corresponded to the apatite-like crys-
talline phase, together with a narrow peak at around 579.1 nm, the excitation wavelength at which
Eu3+ ions were excited in the dicalcium silicate crystalline phase. In the case of the sample grown
at 500mm/h, the spectrum showed the band around 574 nm and a shoulder at the long wavelength
side of the spectrum that corresponded to the Eu3+ ions in the amorphous phase.

15.4 Laser-Induced Breakdown Spectroscopy (LIBS) as a
Complementary Analytical Tool for Monitoring the Formation
of Hydroxyapatite Porous Layers

Laser-induced breakdown spectroscopy (LIBS) is a powerful technique for analytical characteriza-
tion. This technique is based on the generation of a micro-plasma and the subsequent assessment
of the induced spectral emission [70]. For this purpose, a laser pulse of high energy which is used
as the atomization and excitation source, is directly focused on the surface of the sample to be
assessed and the formed plasma is analyzed to obtain the multi-elemental composition of the sam-
ples. LIBS is a single step, fast, robust, and a stable technique with high spatial resolution which
can be carried out under atmospheric conditions [71, 72]. In addition, sample preparation is not
required thus providing a wide range of advantages when compared to other analytical techniques
[71–75].
Accounting the excellent features of the LIBS technique, it has been used to monitor and charac-

terize the formation of the HA porous layer developed on CaSiO3–Ca3(PO4)2 biocompatible eutec-
tic glasses after immersion in SBF [76]. The eutectic glasses were manufactured by the LFZ at a
growth rate of 500mm/h. After the fabrication process, samples were annealed at 650 ∘C for five
hours to relieve the inner stresses. Next, to develop the HA layer on the surface of the sample, the
glass was soaked in SBF and placed in a stove at human body temperature of 37 ∘C for a period of
one month.
LIBS characterization was carried out by means of a Q-switched Nd:YAG laser emission at

1064 nm, emitting 7.7 ns laser pulses with a pulse energy of 50mJ. Plasma emission was collected
by using a bifurcated optical fiber adjusted at 45∘ to the sample surface and connected to a
dual-channel spectrometer. To avoid the saturation of the detector, pulse energy and irradiance
were set at 30mJ and 73.5MW/cm2, respectively.
Figure 15.15a shows LIBS spectra recorded in the spectral range of 200–850 nm for both the

CaSiO3–Ca3(PO4)2 eutectic glass and the layer developed on the sample surface after the immer-
sion period in SBF. LIBS spectrumofHA is also presented for comparison purposes in Figure 15.15b
[77]. The spectra show strong characteristic emission lines which were assigned according to the
National Institute of Standards and Technology (NIST). The main atomic emission lines corre-
sponding to Si (I), Ca (I), Ca (II), Mg (II), Na (I), and O (I) are pointed out in Figure 15.15b and the
assigned wavelengths are listed in Table 15.4.
When the dense CaSiO3–Ca3(PO4)2 eutectic glass is immersed in SBF, the reaction of the mate-

rial with the SBF gives rise to a porous layer of HAwhich finally covers the surface of the sample. It
is well known that for a glass to be bioactive and hence to bond to bone, a calcium phosphate layer
must form at its surface. The mechanisms of this reaction were proposed by Hench et al. [78, 79]
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Table 15.4 List of main spectral lines observed in the samples.

Element Sample Wavelength (nm)

Si (I) W-TCP 243.5, 250.69, 251.61, 252.41, 252.85, 263.1, 288.16
Ca (I) W-TCP, HA 527.03, 559.45
Ca (II) W-TCP, HA 317.93, 373.69, 393.37, 396.85
Mg (II) W-TCP, HA 279.55
Na (I) W-TCP, HA 589
O (I) W-TCP, HA 777.5

and can be summarized in the following five stages: (i) rapid exchange of alkali or alkali-earth ions
with H+ or H3O+ from solution; (ii) loss of soluble silica in the form of Si(OH)4 to the solution;
(iii) condensation and repolymerization of SiO2-rich layer on the surface depleted in alkalis and
alkaline-earth cations; (iv)migration of Ca2+ and PO4

3−groups to the surface through the SiO2-rich
layer forming a CaO–P2O5-rich film on top of the SiO2-rich layer, followed by the growth of the
amorphous CaO–P2O5-rich film by incorporation of soluble calcium and phosphorous from solu-
tion; and (v) crystallization of the amorphous CaO–P2O5 film by incorporation of OH− anions from
solution to form a HA layer. Figure 15.16 shows LIBS spectral emission lines of Si (I) at 243.5 (a),
250.69, 251.61, 252.41, 252.85 (b), 263.1 (c), and 288.16 (d) [76]. It is worthy of mention that none of
these spectral emission signals appeared in the layer produced after immersion in SBF. Therefore,
these results confirm the absence of Silicon in the layer developed on the surface of the sample.
Next, once the dissolution of the CaSiO3 phase has been confirmed by LIBS, the pseudo-

transformation of TCP, Ca3(PO4)2, into HA was evaluated by micro-Raman spectroscopy.
Figure 15.17 shows the Raman spectra obtained in the 50–1200 and 3500–3700 cm−1 wavenumber
regions for the layer and for the TCP phase [76]. The Raman spectra collected from the layer
were made up of sharp peaks and broad bands which can be assigned to the HA Raman spectra
previously reported in the scientific literature as follows [20, 28]: a narrow intense peak placed
at 962 cm−1 corresponding to symmetric stretching of PO4

3− modes, broad bands at 400–500,
570–625, and 1020–1095 cm−1 attributed respectively to 𝜈2

−, 𝜈4−, and 𝜈3
− type internal PO4

3−
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Figure 15.17 Micro-Raman spectra obtained on the surface of the sample after a soaking period in SBF of
one month (a). Standard Raman spectrum of tricalcium phosphate (TCP) (b). Source: Sola et al. [76]/MDPI/CC
BY-4.0.
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Figure 15.18 General view SEM micrograph of the CaSiO3–Ca3(PO4)2 eutectic sample after a 1-month
immersion in SBF. The inset shows a detail of the layer developed on the surface.

modes, and a strong sharp peak located at 3576 cm−1 assigned to the O–H stretching mode.
It is worthy of note that Raman spectra obtained from the layer showed significant variations
when compared to TCP spectra, the most relevant of which is the absence of the O–H stretching
at 3576 cm−1. Consequently, micro-Raman analyses confirmed that the layer developed on the
surface of the sample was HA.
Finally, the elements present in both the glass and the layer, and the Ca/P ratio on the layer were

determined by SEM-EDX semi-quantitative chemical composition analysis. Figure 15.18 shows a
micrograph of a general view of the sample soaked in SBF. The inset shows a detail of the layer
developed on the surface. It can be observed that the layer formed on the surface of the samples
consisted of HA nanocrystals, fibrils in shape and randomly oriented, thus providing porosity to
the new surface. The cracks observed revealed that the coating formed had different properties
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Table 15.5 EDX compositional analysis in at% of both
CaSiO3–Ca3(PO4)2 glass and surface layer.

Sample Si P Ca

Glass 12.73 6.27 18.86
Layer — 16.56 21.70

than the parent glass, as cracks were not present on starting samples. The EDX spectrum showed
in Table 15.5 indicated that the layer was rich in Ca and P, with a Ca/P ratio of about 1.3. Worth
highlighting is that, according to these analyses, Si was not present in the layer. Therefore, during
immersion, the bioactive glass surface was dissolved, and a new surface was formed by precipita-
tion and transformation reactions leading to a crystallized, Ca-deficient apatite, similar to the bone
mineral in its composition.

15.5 Laser Machining and In Vitro Assessment of
CaSiO3–Ca3(PO4)2 Biocompatible and Bioactive Eutectic Glasses and
Glass-Ceramics

In bioactive glasses and glass-ceramics used as scaffolds, a macroporous interconnected structure
with controlled dimensions is essential. This structure may enhance bone ingrowth, vasculariza-
tion, nutrient delivery, and cell proliferation [80, 81]. The optimal pore size in scaffolds is still
subject to ongoing research and may range between 100 and 800 μm [82–87]. Laser machining is a
suitable technique to create a controlled porous structure without causing an important detriment
of its structural stability andmechanical properties. The interaction between pulsed laser radiation
at 532 nm and both CaSiO3–Ca3(PO4)2 biocompatible eutectic glass and glass-ceramic samples has
been studied, as a first approach, to generate a macroporous interconnected structure with con-
trolled dimensions [88]. The samples were manufactured by the LFZ technique by controlling the
solidification rate. Specifically, glass-ceramics were fabricated at a growth rate of 50mm/h and the
glass samples at 1000mm/h. As usual, the stresses induced during the growth processwere relieved
by an annealing process at 650 ∘C for five hours. As the laser source, a Q-switched Nd:YVO4 laser,
coupled to a second harmonic generator, delivering laser pulses at 532 nm, with 5.5 ns pulse dura-
tion, and 15 kHz repetition rate was used to machine the samples. Laser radiation was focused by
using an optical lenswith 100mm focal length. The samplesweremachinedwith 68μJ pulse energy
and 12.36 kWpeakpower. Craters 300 μmindiameterweremachined in the glass and glass-ceramic
samples to assess the interaction between the laser radiation at 532 nm in the nanosecond range
and the samples, and to determine the ablation rates. For this purpose, samples were processed
around the focal plane moving the surface of the samples upward and downward up to 3mm out
of focus. With these experimental conditions, the machining process was carried out processing
the samples 20, 40, and 60 iterations.
Figure 15.19 shows the machined depth achieved around the focal plane for both samples and

for the case of 60 iterations (a), and the profiles of the machined depth achieved in a 300 μm diam-
eter crater for both the glass and the glass-ceramic samples for a reference position of −2mm after
iterating the laser processing 60 times (b). It can be observed that the maximal machined depth
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Figure 15.19 Machined depth achieved for the CaSiO3–Ca3(PO4)2 glass and glass-ceramic samples around
the focal plane (cero position) for 60 iterations (a), and profile of the machined depth obtained in a 300 μm
diameter laser ablated crater at a reference position of −2mm out of focus (b). Source: Sola and Grima
[88]/MDPI/CC BY-4.0.

was achieved by placing the sample out of focus, specifically at −2mm. At this position, the max-
imal depths attained were 157.25± 4.21 and 134.99± 6.93 μm for the glass and the glass-ceramic,
respectively. As previously reported, the machined depth and the removed volume depend on the
lasermachiningmethod [39, 89–91].When the samples aremachined by using the percussion tech-
nique, i.e. delivering the whole laser pulses over the same area, the maximal machined depth and
removed volume are achieved when the surface of the sample is placed at the focal plane. However,
for machining large areas, it is required to deflect the laser beam over the sample or to move the
sample by using a translation stage if the laser system is not equipped with a scanning head. It was
shown that in this machining method the maximal machined depth and removed volume were
achieved by placing the sample out of focus [89–91]. As shown in Figure 15.19a, this phenomenon
also holds for the case of these eutectic glasses and glass-ceramic samples. It is worth mentioning
that the machined depth for the glass-ceramic was slightly lower than for the glass which is related
to the higher hardness of the glass-ceramic, 495HV, vs. 458HV for the glass. It was also demon-
strated that there exists a close relation between the ablation yields and the material hardness so
that the harder the material the lower the ablation yields [89, 91]. For the optimal conditions, the
removed volume and the ablation yieldwere found to be 200 μm3/pulse and 340 J/mm3 for the glass
and 183 μm3/pulse and 371 J/mm3 for the glass-ceramic sample.
Machined sampleswere characterized bymeans of SEM-EDX. Figure 15.20a and b show top-view

micrographs of the cratersmachined in the glass and the glass-ceramic sample, respectively. In both
cases, the surroundings of themachined areas presented a heat affected zone, HAZ, and deposition
of the ejected material. The origin of the HAZ relies on the photothermal nature of the interac-
tion between nanosecond laser pulses with matter [92]. Insets in Figure 15.20 show these areas in
detail. The scale bar stands for 10 μm. It is worth noting that the glass-ceramic sample presented a
higher amount of deposited material than the glass sample. EDX analyses were carried out on both
machined samples to evaluate whether the composition of the departing sample was modified.
Table 15.6 shows that composition of both glass and glass-ceramic samples was close to the theo-
retical eutectic composition. Additionally, these compositional analyses indicated that the HAZ’s
compositions were approximately the same as the departing materials.
Next, machined samples were immersed in SBF for two months to assess their bioactivity.

Figure 15.21 shows top-view micrographs of the craters machined in the CaSiO3–Ca3(PO4)2
eutectic glass and glass-ceramic after this soaking period (a) and (c) respectively, and the
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Figure 15.20 Top-view micrographs of the machined glass (a) and glass-ceramic (b). The insets show a
detail of the heat affected zone, HAZ, produced in the surroundings of the processed area in the glass and
glass-ceramic. The scale bar stands for 10 μm. Source: Sola and Grima [88], Figure 03 [p. 05]/MDPI/CC
BY 4.0.

Table 15.6 EDX compositional analysis in at% of both
CaSiO3–Ca3(PO4)2 glass and glass-ceramic sample.

Sample Si P Ca

Glass (G) 11.00 6.48 18.96
Glass-ceramic (GC) 10.01 6.40 16.89
HAZ (G) 10.89 6.42 18.07
HAZ (GC) 10.71 6.33 16.44

100 µm

100 µm 100 µm

200 µm

500 µm

10 µm

(a) (b)

(c) (d)

Figure 15.21 Top-view micrographs of the machined glass (a) and glass-ceramic (b) after two months
immersed in SBF, and details of the microstructure in the surroundings of the processed area in the glass (c)
and glass-ceramic (d). The scale bar in the inset of micrograph (c) is equal to 200 nm. Source: Sola and
Grima [88], Figure 04 [p. 06]/MDPI/CC BY 4.0.
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Table 15.7 EDX compositional analysis in at% of the microstructure found in the CaSiO3–Ca3(PO4)2
machined glass and glass-ceramic samples.

Sample Stage Site of interest Si P Ca

Glass Soaked Layer, surface — 13.92 19.48
Glass Soaked Layer, wall — 12.88 17.45
Glass-ceramic Non-soaked Fiber (clear contrast) 5.82 9.74 19.50
Glass-ceramic Non-soaked Matrix (dark contrast) 18.20 0.47 15.70
Glass-ceramic Soaked Layer, wall — 12.57 19.08
Glass-ceramic Soaked Fiber (clear contrast) 6.10 9.91 20.45

cross-section micrographs of the craters machined in the glass (b) and glass-ceramic (d). Details of
the microstructure found in the surroundings of the machined area for the samples are presented
in the insets. In the glass sample, a new layer was developed on the surface of the sample and
on the walls of the machined hole, as shown in Figure 15.21a,b. This new layer was made up of
fibrillar nanocrystals, randomly oriented, as shown in the inset of Figure 15.21a, hence providing
porosity to the layer. This new layer showed cracks, not present in the starting glass, which were
originated by the difference in the mechanical properties between the layer and the glass. The
composition of this layer was characterized by EDX as on the surface as on the wall of the crater
revealing that the layer did not contain Si and was rich in P and Ca, with Ca/P ratios of about 1.4
and 1.35 for the layer on the surface and the wall, respectively, Table 15.7.
Concerning the glass-ceramic samples, the microstructure was made up of fibers aligned to the

growth direction embedded in matrix, as shown in Figure 15.21c,d. As shown in Table 15.7, the
fibers, clear contrast, contained Si, P, and Ca, whereas the matrix, dark contrast, was rich in Si and
Cawith low content of P. After the soaking period in SBF, the new layer was found only in the lower
part of the walls of themachined hole, Figure 15.21c,d. The composition of this layer was similar to
that found in the glass sample, with a Ca/P ratio of 1.5. It is worth of mention that the immersion
of the glass-ceramic sample in SBF gave rise to the dissolution of the matrix, rich in Si, whereas
the fibers remained unaltered. Likewise, it is also worth noting that although this glass-ceramic
was obtained departing from a non-equilibrium state, the mechanisms of dissolution of the Si-rich
phase proposed by de Aza et al. still seem to be applicable [22].

15.6 Fabrication of Buried Waveguides in CaSiO3–Ca3(PO4)2
Bioactive Eutectic Glasses by Femtosecond Direct Laser Writing

Femtosecond laser radiation has excellent properties to be used to produce 2D and 3D perma-
nent structures inside transparent optical materials. This laser radiation, when focused through
high numerical apertures, induce nonlinear processes in the focal volume, such as multi-photon
absorption and avalanche ionization, which lead to localized micro- or sub-micrometric perma-
nent changes [93, 94]. These unique features have allowed the fabrication of diffraction gratings,
photonic crystals, beam splitters, waveguides, etc. [94]. In particular, since the first report on the
fabrication of femtosecond laser written waveguides in a glass sample by Davis et al. [95], inte-
grated optical waveguides have been produced in glasses, crystals, polycrystalline ceramics and
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Figure 15.22 Double-line (a) and depressed cladding (b). Waveguides produced in the CaSiO3–Ca3(PO4)2
eutectic glass. Source: (a) Sola et al. [115], Figure 3 [p. 291]/with permission from Elsevier; (b) Martínez de
Mendívil et al. [118], Figure 1 [p. 02]/with permission from AIP Publishing LLC.

polymers [96–124]. In femtosecond direct laser writing (f-DLW) the ultrashort laser radiation is
tightly focused beneath the surface of the sample giving rise to a local refractive index change (Δn)
in the focal volume forming the so-called track or filament [93]. This change can be either positive
or negative, depending on the characteristics of the material and on the processing parameters.
Optical waveguides are classified into four categories according to the structure generated by the
laser radiation: single track, double-line, cladding, and ridge [102].
Double-line and cladding waveguides have been fabricated in Nd-doped CaSiO3–Ca3(PO4)2

eutectic glasses by f-DLW using a tunable Ti:Sapphire laser emitting at the central wavelength of
795 nm with 120 fs laser pulses and 1 kHz repetition rate [115, 118]. Double-line waveguides were
structured at 150 and 250 μm beneath the surface of the sample, with pulse energy between 0.42
and 1.68 μJ, and scanning speed at 25 and 50 μm/s. The distance between filaments were set at 15
and 20 μm. The cladding waveguides, with a guiding core between 20 and 150 μm, were fabricated
at 300 and 600 μm beneath the surface, with 1.44 μJ laser pulse energy. In this case, both the
distance between filaments and the scanning speed were set constant at 3 μm and 500 μm/s.
Figure 15.22 shows an example of double-line and cladding waveguides obtained in this glass, (a)

and (b) respectively. The dimensions of the laser-induced tracks depend on the laser pulse energy,
with lengths from 16 up to 40 μm, as shown in Figure 15.22a. In the cladding structure, the close
distance between tracks required lower pulse energy to avoid cracks in the irradiated area.
The near-field intensity distribution in the waveguides was evaluated by a continuous wave

He–Ne laser with emission at 633 nm. All double-line waveguides were found to be monomode.
The best light confinement conditions were achieved for the waveguides produced at a depth of
150 μm, with a track distance of 15 μm, and a scanning speed of 50 μm/s. In the case of the cladding
waveguides, only the ones with the lower core diameter of 20 μm were monomode. Higher
diameter gave rise to multimode waveguides. In addition, TE and TM propagation was presented
in both types of waveguides. Figure 15.23 shows an example of the near-field distribution intensity
of the TE mode in a double-filament waveguide inscribed 150 μm beneath the surface with 15 μm
between tracks (a), and cladding waveguides (b) with core diameter of 20 μm (left) and 30 μm
(right).
The spectroscopic properties of the waveguides were evaluated by luminescence characteriza-

tion. It was found that these properties were well preserved in the volume of the waveguides and
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Figure 15.23 Near-field distribution intensity of the TE mode in a double-filament waveguide with 15 μm
between tracks (a) and cladding waveguides (b) with core diameter of 20 μm (left) and 30 μm (right). Source:
(a) Sola et al. [115], Figure 5 [p. 292]/with permission from Elsevier; (b) Martínez de Mendívil et al. [118],
Figure 02 [p. 03]/with permission from AIP Publishing LLC.
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Figure 15.24 Spatial variation of the Nd3+ fluorescence intensity for a double-filament waveguide at room
temperature (a) and at 550 ∘C (b), and emission of Nd3+ at 1060 nm under excitation at 808 nm for a
20 μm-diameter depressed cladding waveguide in the core of the waveguide and in the bulk (c). Source:
(a) Sola et al. [115], Figure 8 [p. 293]/with permission from Elsevier.

that an annealing treatment at high temperature recombined the damaged produced in the irradi-
ated areas, resulting in a worse light confinement. Fluorescence lifetimes were found to be around
240–250 μs. Luminescence spectra and μL map of the 4F3/2 → 4I11/2 transition in the bulk and in
the waveguide’s volume pointed out no significant modifications, as shown in Figure 15.24.
The refractive index modification was estimated accounting the refractive index distribution

generated by femtosecond laser pulses in double-filament waveguides [125, 126], resulting in a
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Δn ∼ 5× 10−3. This value was similar to those previously reported for other waveguides inscribed
by femtosecond laser writing, such as Nd:YAG ceramics, Nd:YVO4 and fused silica.

15.7 Conclusions and Outlook

Since the discovery of the first bioactive glass in the late 1960s by Hench et al., the development
of bioactive glasses has been a field of intense research for biomedical applications. Among
glass chemical compositions, the eutectic composite CaSiO3–Ca3(PO4)2 is particularly interesting
because when implanted into a living body or soaked in SBF an in situ a porous HA-like structure
is developed.
In this chapter, fabrication, characterization, and processing of CaSiO3–Ca3(PO4)2 eutectic

glass-ceramics and glasses by using laser radiation have been revised. As the fabrication method,
the fundamentals of the LFZ technique have been reviewed. This directional solidification
technique delivers high axial and radial thermal gradients in the solidification front, providing
control on the final microstructure so that it is possible to fabricate fiber-shaped single crystals,
ceramics, glass-ceramics, and glasses, directly from ceramic precursors as well as incorporating
doping ions.
Directionally solidified CaSiO3–Ca3(PO4)2 eutectic glass-ceramics and glasses doped with

Nd2O3, Er2O3, and Eu2O3 were fabricated by the LFZ technique, obtaining novel microstructures
nonreported in this system so far. Crystalline phases corresponded to Ca2SiO4 and apatite-like
structures. In addition, the Ca2SiO4 phase showed high reactivity when soaked in SBF, so that
the SBF dissolved this crystalline phase giving rise to a porous layer in which the apatite-like
structure phase remained unaltered in the sample after the immersion period. Rare-earth ions
were used as optical probes. It was shown that the differences among the spectral features allowed
distinguishing between crystalline and amorphous environments for the rare-earth ions and to
correlate the spectroscopic properties with the microstructure of these eutectics. These results
show the potential applications of rare-earth as multicolor bioprobes and biosensors in biomedical
applications.
LIBSwas used as complementary analytical tool tomonitor the formation ofHAon the surface of

a directionally solidified CaSiO3–Ca3(PO4)2 eutectic glass. The glass was soaked in SBF for a period
of time of onemonth. LIBS spectra acquired on the sample surface showed that Si (I) emission lines
were not present in the layer developed after the immersion period.Micro-Raman spectroscopy and
SEM-EDX analyses confirmed that this layer corresponded to a HA crystalline phase.
Laser machining with short laser radiation, in the nanosecond range, was assessed as first

approach to generate 3D interconnected porous structure in CaSiO3–Ca3(PO4)2 eutectic glasses
and glass-ceramics manufactured by the LFZ method. The laser-structured samples were
immersed in SBF for two months. In the glass samples, the HA layer was developed on the surface
of the whole sample, including the laser-machined areas. In the glass-ceramic samples, the HA
layer was found only in the surface of the walls of themachined hole. The soaking in SBF produced
the dissolution of the Si-rich matrix giving rise to a porous fibrillar structure so that the laser
machined holes enhanced the sample becoming a 3D porous structure.
Femtosecond Direct Writing was used for the fabrication of double-filament and depressed

cladding waveguides in Nd-doped CaSiO3–Ca3(PO4)2 eutectic glasses. Both types of waveguides
supported TE and TM polarization guiding under illumination of cw He–Ne laser radiation. All
double-filament waveguides were found to be monomode whereas for cladding waveguides, only
the one with the smallest core, 20 μm, presented monomode transmitted light. In addition, it was
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shown that spectroscopic properties were well preserved in the volume of the waveguides. Finally,
the refractive index modification, Δn, was estimated in 5× 10−3, in the same range of previously
reported works by this technique.
As future scope, taking advantage of the exceptional characteristics of the LFZ technique to

explore new composites, new multiphase bioactive ceramics have been recently developed in
the CaO–SiO2–MgO–P2O5 system. Microstructural features, bioactivity studies, and suitability as
porous scaffold are currently under research.
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16.1 Introduction

Theoretical and computational modeling is becoming ubiquitous in materials research. Modeling
can enormously reduce the timescales required for the translation of basic research in advanced
materials to manufacturing. Therefore, different governmental initiatives have been launched to
improve current modeling capabilities and increase industrial competitiveness [1, 2]. Various pro-
grams have initiated collaboration between materials scientists with experimental and theoretical
expertise and computer scientists in this framework. Therefore, the financial support, the improve-
ment of codes, algorithms, methods, and the access to extensive computational facilities made
possible by governmental actions and the research community’s cooperation to tackle several mod-
eling issues in materials science [1–3]. The appropriate choice of modeling technique depends on
the nature of the property under investigation, the availability of high-quality data, and the level of
physical understanding governing the materials’ relevant structure–property relationships. Often,
multiple modeling approaches at different levels can give a more comprehensive picture of the
properties of interest. Model predictions must, of course, be confirmed through experimental vali-
dation. Models incorporating a greater level of physical understanding may offer a better ability to
extrapolate into new composition spaces compared to purely empirical models [1–5].
In glass science, conventional experimental approaches to characterizing glass properties are

quite time-consuming and expensive. Recently, modeling approaches have emerged as a signifi-
cant research activity in glass science [1, 4, 5]. An extensive set ofmodeling techniques are available,
from purely empirical to those incorporating detailed fundamental physics. Molecular dynamics
(MD) simulations have proven to be especially helpful for understanding the atomic structure and
properties of new glass compositions, for example, bioactive glasses (BGs) [4, 5]. These biomate-
rials, which were invented by Larry Hench [6] and are capable to selectively stimulate a favorable
body response, exhibit unique properties including:

● Bone-bonding ability [7–9],
● Bone regeneration [10, 11],
● Regeneration of soft tissues [12–17],

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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● Bactericide [18],
● Therapeutic ion release [19],
● Drug delivery [20–23],
● Functionalizing resilient/tough bioactive implants (e.g. glass-ceramics) [24, 25], coatings [26],
composites [27], and hybrids [28, 29].

MD simulation is the most studied method for atomistic simulation of BGs. The glass dissolu-
tion controlling biological activity of glasses happens at the typical size and timescales of a few
angstroms. Elementary dynamical events lasting few picoseconds make atomistic computer simu-
lation particularly suitable to study BGs. The MD simulation of BG was introduced in the early
2000s, and concerning other simulation methods, it directly yields an unbiased structural and
dynamic picture of the system, regardless ofwhether experimental structural data are available. The
precision of the simulation depends mainly on the ability to capture accurate interactions between
atoms. The models can be either classical (such as with standard MD) or based on first-principles
quantum mechanics (ab initio) [4–6].
In the interest of writing this chapter, we first tried to survey researches in which themodeling of

the BGs has been addressed. Unfortunately, the range ofmodeling approaches or discussion on this
topic was very narrow to mostly MD simulations. Then, we summarize all promising methods in
modeling BGs byMD simulation. Finally, we offer a view to the future based on a review of current
approaches and results in glass and biomaterials science and their successes and limitations.

16.2 Molecular Dynamics (MD) Simulations

Chronologically, classical MD modeling using empirical force fields, such as the BKS, Pedone,
Stillinger, Rino-Vashista, or other potentials [30–33], is a versatile approach for calculating the
structure and properties of simple glass-forming systems [33]. Other advanced approaches, such
as the shell-model (SM) approach, where polarizability of atoms is incorporated into the model
using core-shell dipoles, have also been utilized. The SM approach has been applied to study sili-
cate glasses and calcium phosphates. Results showed the improvement mainly when studying the
medium-range structures, e.g. Qn distribution. Ab initiomolecular dynamics (AIMD) is employed
for a higher level of accuracy. The AIMD has much broader applicability than classical and SM
simulations. However, due to the too demanding calculations, only relatively small systems (<1000
particles) can be modeled in a reasonable timescale. Therefore, the maximum reasonable size and
timescales ofAIMDsimulations are usually too small to observe, e.g. sol–gel synthesis of nano-sized
bio-glasses or their long-time reactivity [30–33].
In contrast, classical MD can simulate much larger sizes and longer timescales. However, most

standard force fields are not adequate to describe the rapidly changing bonding configurations and
charge distributions of reaction processes. Glass dissolution typically happens at a sub-nanometer
length scale, with elementary kinetic events occurring over a few picoseconds. This is the relevant
timescale for attempting to jump over an activation barrier. However, with so many unsuccessful
jumps, the actual timescale of dissolution is much longer. Also, the dissolution process involves
multiple chemical reactions, which may require different force fields. To address this issue, MD
simulations of the silica polymerization, for example, have used “reactive” force fields capable of
producing realistic changes (rupture and formation) in covalent chemical bonds during the reac-
tions, such as dissociation silanol and of OH− groups and in water, absorption of hydroxyls in the
glass network and their condensation to Si–O–Si bridges, and so forth. The application of reactive
force fields (such as ReaxFF) to glassy systems has been recently reviewed [34, 35].
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Glass scientists often use classical MD with empirical potentials to obtain initial structures and
then switch to ab initiomethods using the classical structure as the “starting configuration.” This
method limits the study of short-range features or properties which havemainly local (short-range)
character. On the other hand, a full ab initio approach could solve the latter two problems and
view some structural features and dynamical properties of multicomponent BGs. The full ab initio
procedure requires significantly more computational resources than the mixed classical/ab initio
approach. At present, appropriate force fields are accessible, allowing one to investigate accurately
relatively large system sizes of ∼109 atoms for monoatomic systems and ∼106 atoms for multicom-
ponent. Models of these sizes, spanning lengths between two and a few tens of nanometer, are
needed to extract structural properties relevant to glass dissolution with high statistical accuracy
[30–37].
Here, we elaborate on all relevant findings related to this topic and discuss the remaining chal-

lenges. MD simulations have hitherto been applied to model nano bio-glasses, the structure,
ion migration in BGs, to find descriptors of the chemical degradation and crystallization of
BGs. In the following, we discuss those articles and point to relevant topics that warrant further
research.

16.2.1 Structure of BGs

The structure of well-known 45S5 Bioglass® has been simulated by Tilocca [38–40]. The modeled
structure (involving melt-quenched systems containing ∼103 atoms at cooling rates of 5–10K/ps)
dominated by short silicate chains containing two to four monomers (tetrahedrons of silicon),
confirming its low glass-forming ability and high solubility. The modeled structure essentially
unaffected by the cooling rate, besides statistical fluctuations. The distributions of chain lengths
also remained similar in a range of system sizes varied by a factor of 32; the only apparent effect
of a smaller size is a somewhat higher fraction of the smallest (dimer and trimer) chain fragments
[40, 41]. This finding conveyed that the medium-range structural order of BGs, obtained through
models of silicate and phosphate glasses using standard MD simulations, are typically reliable.
Therefore, the CPU-demanding to access more challenging conditions of larger size (N > 105
atoms) or slow cooling rate (<10−2 K/ps) is usually unnecessary [39, 42] because it demands an
arduous task even with powerful state-of-the-art computer resources. Then, Pedone et al. [43]
combined classical MD simulations with nuclear magnetic resonance (NMR) for 17O and 23Na,
29Si, 31P, and 23Na isotopes to study the 45S5 Bioglass with up to 248 atoms. Their results provided
deep insights into fundamental open questions regarding the atomic-scale structural details of
this glass. In particular, the host silica network, defined by the Qn distribution, consists of both
chains and rings of Q2 (67.2%) SiO4 tetrahedra, which are cross-linked with Q3 (22.3%) species
and terminated by a low quantity of Q1 (10.1%) species. No Si–O–P bridges were detected by
both 31P NMR and 17O NMR experiments, and therefore isolated orthophosphate units can form
nano-domains that subtract sodium and calcium cations from their network modifying role into
the silicate network. Finally, both the experimental and theoretical results showed a mixture of
different cations of Na and Ca surrounding nonbridging oxygen (NBO) [43]. Stevensson et al.
[44] also found through NMR experiments and MD simulations that the dispersion of phosphate
ions is independent of the silicate network connectivity and almost independent of the P content
of the glass in the space of 1–6mol% P2O5 and silicate network connectivities up to 2.9. These
results violated findings of Linati et al. that detected a small amount of Si–O–P link units in glasses
with low P2O5-content, but at high P2O5 concentration, the percentage of Si–O–P bridges became
important [45].
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Lu et al. [46] have prepared a series of B2O3-substituted 45S5 BGs and performed in vitro biomin-
eralization experiments. Hydroxyapatite (HAp) formation was observed on the glass surfaces of
all compositions within three weeks of in vitro tests, but the glasses with higher boron oxide were
slower and took longer to form HAp. MD simulations were used to complement the experimen-
tal efforts to understand the structural changes due to boron oxide to silica substitution by using
newly developed partial charge composition-dependent potentials. Overall network connectivity
obtained fromMD simulations increasedwith increasing boron oxide content: from 2.06 for 45S5 to
2.45 for its pure borate glass. The increase of network connectivity with boron oxide concentration
is partially responsible for the delayed HAp formation in vitro after inducing boron [46].
Mead and Mountjoy [47] have reported the first detailed models, obtained using MD simula-

tions, of the local atomic structure in bioactive gel-derived SiO2–CaO glasses, with the composition
of CaxSi1−xO2−x−y(OH)2y, which 0≤ x ≤ 0.5 and y = 0.2. The models were in satisfactory agreement
with experimental results and showed lower network connectivity of tetrahedral silica owing to the
presence of Ca and hydroxyl groups. Ca coordination was ∼6 for a Ca mole fraction of x = 0.5 and
it was mostly located near NBOs, but with a small contribution from bridging oxygens. Hydroxyl
groups bonded to Si form Si—O—H bonds, but there was a substantial contribution to Ca coordi-
nation with hydroxyl groups, reducing the number of NBO bonded to Si. The Ca distribution for
x = 0.5 was comparable to that seen in CaSiO3 melt-quenched glass models and neutron diffraction
results. For x ∼ 0.1, clustering of Ca greater than expected for a random distribution was observed.
Hydroxyl group coordination to Cawas supposed to enhance the dissolution of Ca and hence bioac-
tivity. Figure 16.1 shows the simulated structure of glass of composition x = 0.3 and y = 0.2, with
SiO4 tetrahedra, Ca (large spheres), and H (small spheres) [47].
Additionally, Malavasi et al. [48] derived a mathematical relationship that relates the Ca/P ratio

in the Ca-phosphate micro-segregation zones to the P2O5 content in ternary SiO2–CaO–P2O5
gel-glasses to fine-tuning the optimum amount of P in a glass for its very high in vitro bioactivity.
They determined that the composition with optimal Ca/P ratio is 80SiO2–14.8CaO–5.2P2O5
(mol%), which has been confirmed by experimental bioactivity measurements [48]. More recently,
Côté et al. [49] tried to understand through modeling how calcium interacts with silica sources
during sol–gel processing of BGs and influences their polycondensation. For this purpose, the
atomistic evolutions of a calcium-containing and Ca-free bioactive gel-glasses were compared
using reactive MD simulations. The simulations highlighted that calcium accelerates the con-
densation rate significantly, leading to the formation of large and ramified silica clusters within
5 ns. Apparently, the calcium can induce nanosegregation in calcium-rich and silica-rich regions
and promote the condensation reactions. Unveiling a possible mechanism behind incorporating
calcium in the early stages of the sol–gel process could guide further studies to identify com-
plementary experimental conditions to enhance initial calcium incorporation and thus produce
sol–gel biomaterials with different properties [49].
In addition to Na, Ca, and P, whose structural roles in well-studied 45S5 and gel-derived

SiO2–CaO–P2O5 glasses have been unveiled by solid-state NMR and MD simulations [50, 51], the
structure of silicate/phosphate BGs having other oxides and water [52] which lead to important
biological or structural changes, have been thoroughly studied through MD simulations and
compared with experimental data. These elements include cerium [53, 54], magnesium [55],
chlorine [56], fluorine [57–63], zinc [64–66], boron in borosilicate BGs [67–70], strontium [71–73],
gallium and aluminum [74], silver [75], copper and lithium [76, 77], and more [78–80]. In most
cases, MD simulations could confirm the experimental observations of the structure revealed
by NMR, neutron scattering, and other structural characterizations. For example, Figure 16.2
shows the local structure around cerium ions in cerium oxide doped bioactive phosphosilicate
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B

A

Figure 16.1 Structural model of a gel-derived bioactive glass of Ca0.3Si0.7O1.5(OH)0.4, showing SiO4
tetrahedra, Ca (large spheres), and H (small spheres). Source: Reprinted with permission from Mead and
Mountjoy [47]. Copyright 2006 American Chemical Society.
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Figure 16.2 Pair radial distribution functions, g(R), for the Ce–O pairs in the 3.6CeO2–44.6SiO2–
23.4Na2O–25.9CaO–2.5P2O5 (mol%) glass. The data values of full width at half maximum (FWHM) and the
typical oxygen arrangements around the Ce ions are shown. Source: Reproduced from Pedone et al. [53].
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and silicate glasses determined using X-ray absorption fine structure (XAFS) at the Ce K-edge,
in combination with classical MD simulations. Cerium ion (Ce3+ or Ce4+) is an antibacterial and
antioxidant that small quantities of it favor the depolymerization, dissolution, and antioxidant
activity in silicate glass. However, the formation of cerium phosphate domains in phosphosilicate
glasses is detrimental for both the solubility and the catalytic activity [53, 54].
In the memory of Larry Hench, the inventor of both bioactive melt and gel-derived glasses,

Christie et al. [79] and Côté et al. [80] demonstrate the successful use of high-energy X-ray and
neutron scattering/diffraction methods, NMR, and classical/ab initio/CPMD/reactive MD simula-
tions as components of a powerful tactic for the study of BGs. Overall, combining experimental
studies and MD simulations is very useful and promising to systematically investigate the impact
of glass structure on bioactivity and understand the structural origin of other properties of interest,
such as density and glass transition temperature, in complex glass compositions. This integrated
approach can be precious in designing the next-generation of BGs. Finally, the structural roles of
ions released from BGs revealed byMD simulations and experimental methods are summarized in
Table 16.1.

16.2.2 Chemical Degradation of BGs

The key challenges in biodegradation related to the glass structure are the need to have experimen-
tal datasets covering the biodegradation of a wide range of suitable compositions (e.g. commercial
ones), and the challenge of determining appropriate structural descriptors through MD simula-
tions, such as network connectivity, ion clustering, nano-segregation, organization in chain and
ring nanostructures or other new descriptors. For example, the initial dissolution stage following
implantation of Bioglass in a physiological environment was modeled by Tilocca and Cormack
[81, 82] using CPMD simulations of the interface between the 45S5 Bioglass and liquid water. The
calculated CPMD trajectories highlighted the importance of Na+/H+ exchange during the initial
stages of the bioactive mechanism [81, 82]. Then, Zeitler and Cormack [83] simulated the bulk
structure of 45S5 glasses to shed light on the second reaction step in the bioactivity mechanism
proposed by Hench, which is the dissolution of the network bonds between oxygen and the net-
work formers silicon and phosphorus. The simulation results showed that the dissolution energy
varies significantly depending on the environment around the Si—O—Si bonds which are broken.
However, no correlation with bioactivity was found, suggesting that while network disruption is
a necessary process, it is not rate-limiting [82, 83]. Then, Tilocca, Cormack, and De Leeuw [84]
simulated the coordination environment changes, network connectivity, and ion aggregation with
the silica content to support experimental data interpretation and provide new insight into the par-
ticular physicochemical behavior of these materials. The transition from highly bioactive to inert
compositions was identified through the modeling by a marked increase in the silicate network
connectivity and an increase in the fraction of phosphate groups involved in the network. Their
results found a potential correlation between the loss of bioactivity and aggregation between Ca2+

and PO4
3− ions, which leads to calcium-phosphate-rich regions for a bio-inactive composition con-

taining 65% SiO2 [84]. However, this phenomenon could be counterbalanced by a simultaneous
increase in the number of free orthophosphate groups, which release fast and enhance the bioac-
tivity. The strong affinity of the orthophosphates formation leads to a separation of silicate-rich and
phosphate-rich regions for the high content of phosphorus (12mol%) composition. Although this
could reduce the bioactivity, in general, the favorable balance between the above should result in a
beneficial effect of partial substitution of Si with P on the glass bioactivity [85].
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Table 16.1 The structural roles of ions released from BGs, revealed by MD simulations and experimental
techniques.

Ion Structural roles revealed by MD simulations and experimental techniques

Si 45S5® Bioglass contains chains and rings of Q2 (67.2%) SiO4 tetrahedra cross-linked with Q3

(22.3%) species and terminated by a smaller quantity of Q1 (10.1%) species [43]
Ca A modifier which surrounds NBOs [43]
P Isolated orthophosphate units can form, when P2O5 content is ∼1–6mol%, building

nano-domains with sodium and calcium cations. At higher concentrations, the Si–O–P
bridges were observed [43–45]

B Two species of boron (3B and 4B) have been observed. Increases the overall network
connectivity in 45S5 Bioglass [46]. Changing pH value tends to release of boric acid into the
solution. Also, the inability to form silica gel due to fast dissolution could be the main reason
for the slower rate of HAp formation with higher boron oxide in the glass composition [67]

Zn It plays an intermediate role. The majority of Zn ions (over 80%) are 4-coordinated and
connect with the SiO4 tetrahedra. Also, 5-coordinated Zn ions and oxygen were found in the
glasses [64]

Mg Mg in 45S5 Bioglass is coordinated by five NBOs of different PO4 or SiO4 tetrahedra leading to
large rings in the structures. Mg is almost absent in Ca–Na-phosphate rich regions [55]

Sr Have a slightly higher coordination number (CN) and longer cation–O bond distance than Ca.
In 5mol% SrO containing 45S5 Bioglass, CN≈ 7.0 and the Sr—O bond length is ∼2.56Å. The
diffusion energy barrier for Sr is ∼0.80 eV [71–73]

Ce Increase depolymerization, dissolution of silicate BGs. Conversely, the formation of cerium
phosphate domains in phosphosilicate BGs is detrimental for both the solubility and ion
activity [75, 79]

F Is usually present as isolated fluoride ions in silicate BGs, which form strong ionic bonds to
the network modifiers (CN∼ 4) rather than bonding to the silicate network (no Si—F bonds),
causing structural nano-heterogeneities [57, 63]. In contrast, it induces re-polymerization in
the phosphate BGs by stripping the network modifying cations from the glass network [58]
and forming F—P bonds, without inducing inhomogeneities [59]

Cl No Si—Cl and P—Cl bonds detected. Chlorine anions are present as Cl–Ca. In the
mixed-fluoride/chloride-containing glasses, fluorine tends to surround phosphate, whereas
chloride moves toward the silicate network [56]

Ga Predominantly is in a fourfold coordination environment, small amounts of five- and sixfold
coordinated atoms have been detected, suggesting its possible intermediate role in
phosphosilicate BGs and it does not form segregated regions [74]

Ag Bind to the phosphate chains and clustering happens at low concentrations of silver [75]
Cu Cu+ and Cu2+ ions form P–O · · · Cu linkages in phosphate glasses that could contribute to ion

diffusion and release [76, 77]
Li Fast moving modifier ion which should be released within the therapeutic range (<8.3 ppm).

Each Q3 unit is surrounded by approximately three lithium ions at an average distance of
320 pm, whereas the Q4 units are much more remote from lithium [78–80]

Themore detailed reaction of BGswithwater has been simulated byTilocca andCormack [86, 87]
to investigate the surface of a highly bioactive phosphosilicate glass, containing Na and Ca. They
tried to identify active sites in interaction with water (Figure 16.3). Spontaneous water dissociation
was observed on the surface, represented by three-coordinated Si atoms associated with a proton
acceptor such as NBOs. Additional adsorption sites related to the Na/Ca cation modifiers, which
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A1

A2

A3

A4

Figure 16.3 Water adsorption modes on the surface of BGs
simulated by MD. A1: water has significantly penetrated
within the surface, forming hydrogen bonds with a bridging
oxygen belonging to the 3M-ring and with adjacent
nonbridging oxygen. A2: water is coordinated near a Ca
cation and donates a Hb to a surface NBO. A3: one of the two
water O—H bonds is transferred to a surface NBO, leaving a
metastable hydroxyl close to a Ca ion. A4: optimized
structure after water adsorption and dissociation on the
3M-ring. Si, O, Na, Ca, and P atoms are represented as blue,
red, gray, green, and yellow spheres, respectively. Source:
Reprinted with permission from Tilocca and Cormack [86].
Copyright 2008 American Chemical Society.

involved in the glass dissolution and provided favorable paths allowing for water to penetrate the
surface. Smaller silica rings, i.e. two- or three-membered (2M or 3M) rings, were the stable fea-
tures of the surface, although there was a possible energetic configuration for opening the rings
upon dissociation with water. The lowest energy barriers for the 2M ring-opening mechanisms,
calculated using the String Method Car–Parrinello approach, revealed the energy barrier associ-
ated with the opening of small rings. The simulation showed that small rings not being open and
hydroxylated after immersion in an aqueous environment assist nucleation of Ca and P ions on the
surface, as previously proposed to understand the initial stages of the bioactive mechanism [86]. In
another investigation, they modeled a bioactive surface (46.1SiO2–24.35Na2O–26.9CaO–2.57P2O5
in mol%) and a non-bioactive (66.9SiO2–14.47Na2O–15.98CaO–2.63P2O5 in mol%) glass composi-
tion in aqueous conditions. Their research highlighted the critical role of network fragmentation
and sodium enrichment at the surface of the bio-glass in governing the rapid hydrolysis and release
of silica fragments in solution, which is characteristic of highly bioactive compositions. In contrast,
no correlation was found between the surface density of small (two- and three-membered) rings
and bioactivity, suggesting that additional factors must be considered to fully understand the role
of such sites in leading to calcium phosphate deposition on the glass surface [88].
In addition to phosphosilicate glasseswhich are themain representative of BGs, phosphate-based

BGs have several unique biomedical applications due to the chemical reactions/degradations they
experience with their surrounding environment, especially when implanted in the human body.
The dissolution rate of such glasses in physiological conditions is an important consideration
to ensure a desirable rate of drug delivery or therapeutic ions to the body. Christie et al. [89]
provide, for the first time, an atomistic explanation of the well-known fact that the substitution
of CaO with Na2O in these glasses lowers the dissolution rate. Their MD simulations of ternary
P2O5–CaO–Na2O glasses showed the atomic structural properties could enhance chemical
durability as more Ca is incorporated. Calcium binds to more fragments of the phosphate glass
network compared to Na. Moreover, calcium links more PO4 tetrahedra than Na and has a
lower concentration of intra-tetrahedral phosphate bonding compared to Na. This behavior is
because of the calcium ion’s higher charge and field strength. These results could help to open
the path to precise control and optimization of the degradation rate of phosphate BGs for specific
applications [89].
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Figure 16.4 Structure of 67.09SiO2–0.61P2O5–12.19Na2O–
12.19CaO–7.92Y2O3 (mol%) glass. The tetrahedra forming
the silicate backbone are shown in cyan, with the corner
oxygen atoms highlighted as red spheres. Yttrium atoms are
shown as pink spheres, and their Y–O links are also
displayed as regular bonds. Na and Ca ions are not shown for
clarity. Source: Reproduced with permission from Christie and
Tilocca [91]/Royal Society of Chemistry.

Tilocca, Christie, and Malik [90–92] managed to identify new structural descriptors that influ-
ence the solubility and, therefore, the performances of yttrium-doped bioactive glasses (YBGs) used
as radioisotope vectors for in situ radiotherapy, an application which also critically depends on the
glass durability. MD simulation identified this structural descriptor as non-covalent cross-links
between separate portions of the silicate network, bridged by a central modifier cation, which
was yttrium in this case (Figure 16.4). They found that higher yttria compositions with a con-
stant network connectivity are characterized by a less dense but stronger network of O· · ·Y· · ·O
cross-linking and lower yttrium clustering. Thus, their results demonstrated that it should be pos-
sible to design YBGs with adequate bioactivity to ensure the growth of new tissues and deliver
higher radiation doses through increased yttria concentration. The undesired dissolution of harm-
ful quantities of radioactive yttrium is limited by the strong bonding of yttrium with NBO, which
prevents a too rapid glass network degradation [90–92].

16.2.3 Diffusion in BGs

MD simulations have also been applied to study the kinetics of modifier ions in silicate and phos-
phate BGs. For example, it is known that the open structure of 45S5 Bioglasss leads to fast ions
migration which does not happen in the denser network of conventional high silica-containing
inert glasses [93]. It is known that the ionmigration in BGs is very slow at room temperature which
prohibitively needs long trajectories to gain a reasonably accurate sampling of the diffusion. One
strategy to address this problem is to run the simulations at a high temperature, below the glass tran-
sition [93–95]. Results show that themodifier ionsmovewithin a static glass network similar to that
at room temperature so that the description of the diffusive phenomenon at the higher temperature
is still representative of realistic conditions [93–95]. Another difficulty is the possible inadequacy
of force fields employed in classical MD runs. A potential that provides a good description of the
glass structure does not necessarily perform equally well in reproducing dynamic processes. A safer
solutionwould be represented by parameter-freeAIMDapproaches [96]. However, the higher com-
putational demands of this approach limit the AIMD trajectory length to below the nanosecond
range, with the consequence that a detailed investigation of themigration of slow-moving cations is
complicated, evenwith the higher temperature strategy described above [96].MD simulations have
been employed to trace the ion migration in the structure of 45S5. Modifier ions migrate through
transient vacancies created by interimdisplacements of anotherNa or aCa cation (Figure 16.5) [93].
The formation of such transient sites would not be as favorable in a more rigid glass network, e.g.
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Figure 16.5 Four snapshots extracted from the CPMD trajectory simulation, illustrating the jumps of a Na
ion (in red). Snapshots (a–d) are taken at t = 69.6, 72.7, 76.2, and 79.3 ps, respectively. The silicate network is
represented as gray ball and stick, whereas spheres represent Na and Ca ions. Na ions involved in correlated
jumps are highlighted in yellow, whereas Ca ions are colored blue. The arrows mark ionic displacements
discussed in the text. Source: Reproduced with permission from Tilocca [93]/AIP Publishing LLC.

having higher silica content [97]. The AIMD has been employed to characterize sodiummigration
in 45S5 Bioglass, but not enough calcium migration events were observed during the simulation
time to yield an equally clear picture of the (slower) diffusion of Ca [93]. Development of a more
rigorous approach for addressing the timescale problem inMD simulations of migration in glasses,
which experience more complex energy landscapes encountered by ions migrating in multicom-
ponent BGs, is required to enable future advances [32]. An effort was made by Tilocca to model,
through MD simulations, ion migration in two fluorine-containing BGs of significantly different
durability [98]. Structural features alone could not explain the chemical degradation behavior of
the BGs. Then, the ions’ diffusion analysis helped to correlate glass durability determined exper-
imentally and the activation barrier extracted by the simulations. This uncovered the source of
the changing solubility and suggested appropriate “dynamical” properties of bioactivity to predict
the degradation of a biomaterial, in some cases more effectively than with the current structural
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descriptors [98]. This study also suggested the possibility of examining some additionally interest-
ing compositions, the experimental ionic conductivities of the BGs could be used as an alternative
or complementary tool to the customary ion-release experiments in simulated body fluid [98].

16.2.4 MD Simulation of Nano-BGs

MD simulations can also model crystalline and amorphous nanoparticles (NPs). In an isolated
nanoparticle of a BGof 5–15 nm in size, 104–105 atoms exist, which is the simulable size for classical
MD simulations [99, 100].
Tilocca [99] has stimulated a 45S5 Bioglass spherical nanoparticle of 6 nm in diameter by MD

to study the impact of nanoparticle size on its structure, influencing the bioreactivity of the parti-
cles, in addition to altering the surface area to volume ratio. An appropriate computational method
would involve quickly quenching a liquid within an isolated sphere of the specified size, thereby
approximating the flame spray synthesis method used to prepare small BG NPs in the experi-
ment [100]. MD simulations found that the most relevant impacts of the reduced nanoparticle
size are a reduction in the network connectivity on the nanoparticle surfaces, together with an
increase in the population of three-membered rings, as well as a higher Na+/Ca2+ ratio at the sur-
face [99]. Moreover, the mobility of modifier cations and the density of three-membered silicate
rings – key features to support rapid dissolution and bone-bonding processes at the surface – are
also enhanced at the nanoparticle surface compared to samples of larger size [99]. Furthermore,
Pedone et al. [101] used MD simulations to study two glass nanoparticles with the composition
of 25Na2O–25CaO–50SiO2 (mol%) (Ce-K NP) and 46.1SiO2–24.4Na2O–26.9CaO–2.6P2O5 (mol%)
(Ce-BG NP) doped with 3.6mol% of CeO2. The MD results help to explain the effect of cerium on
the enhanced antioxidant properties of the system. Theirmodel structures (see Figure 16.6) showed
that the different antioxidant activity of the two glasses is related to the ratio of Ce3+/Ce4+ at the
surface. The Ce3+/Ce4+ ratio was ∼3.5 and 13 in the bulk and at the surface of the Ce-BG NP, and
1.0 and 2.1 for the Ce-KNPs, respectively. A higher Ce3+/Ce4+ ratio reduced the antioxidant proper-
ties. Moreover, the MD simulations identified reduced network connectivity and rapidly increased
Na+/Ca2+ ratio on the surface of the nanoparticle. The Na, Ca, and Ce sites near the surface are
found to be under-coordinated, which accelerates the reaction with water in physiological environ-
ments, enhancing the kinetics of glass biodegradation [101–103].
The challenge in MD simulation of nanoparticles is to consider perturbations from fluids that

contact the particle. Thus,modeling the specific interface between the nanoparticle and an aqueous
medium and assessing the effects of this interaction on the properties is still tricky. It demands
accurate force fields to model the other interactions at the biomaterial interface (the considerable
size of the models prevents the straightforward application of AIMD approaches in this case) and
a very long simulation time compared to the dry cases and largest NPs [32].

16.2.5 Crystallization of BGs

When studying glass-ceramics, the second most important parameter in the design is the con-
trol of crystallinity (after the compositional variables). Experimentally, this is often achieved by
either temporally expensive mapping of nucleation/growth curves followed by carefully select-
ing times and temperatures based on these curves or by the costly cook-and-look method [1].
The ultimate promise of these computational approaches is to reduce the cost of developing new
glass-ceramics by calculating the nucleation and growth rates (collectively called the crystallization
rates), superseding the traditional expensive methods [4]. Computational studies of crystallization
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BG NP K NP

Figure 16.6 Pictures of the MD-calculated nanoparticle structures of Pedone et al. Yellow and purple
tetrahedra are silicate and phosphate ions, blue spheres are Na, and Ce ions in cyan, and Ca in green
spheres [101].

can then generally be split into two categories: direct calculation of crystallization rates [104, 105]
and parameterization of models [106, 107]. For BG-ceramics, a direct calculation is not feasible
since the rates are much slower for oxides than what is accessible in MD, instead, we are forced to
rely on the parameterization of models.
Since parameterization is required, the models must be chosen carefully such that they can

accurately reproduce nucleation curves with as few parameters as necessary. There is a common
consensus that Wilson–Frenkel theory (WFT) of growth is able to capture the growth of crystalline
phases when parameterized correctly [108].WFT is given as a function of the free energy difference
between the crystalline and liquid phase, ΔG, the average jump distance of the underlying atoms
attaching to the crystal, d0, and some key kinetic parameter, D(U),

U = D (U)
d0

[
1 − exp

(
−ΔG
kT

)]
(16.1)

Sometimes an additional parameter relating to the dislocations is added that scales from 0 to 1
[109]. D(U) is typically calculated through the Stokes/Eyring–Einstein relationship (SEE) but
in literature, there are conflicting messages on whether this is reliable for all liquids due to a
breakdown reported in very fragile systems [109]. Further analysis of the calculations of growth in
glass-ceramics can be found in these locations.
Many possible nucleation models are available in the literature with the most common being

classical nucleation theory (CNT). These nucleation theories are often fiercely fought over with
each camp believing that their model is superior but the reality is that none of these models can
be directly parameterized entirely from experiments (without fitting parameters) [108]. As such,
they all fail to be truly useful for industrial applications. If the variables are not experimentally
accessible, the next best option is a computational route.
All nucleation models generally follow a general form [107],

I = D (I) exp
[
−W
kT

]
(16.2)

where W is the work needed to form a nucleus. To enable industrial glass-ceramic design, there
has been a large push to parameterize a nucleation model without any fitting parameters with an
emphasis on CNT. CNT is an interesting model since the experimental methods can often lead to
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an error in dozens of orders ofmagnitude (though some recent works have cast doubt on this exper-
imental error [110]), and as such, it was widely considered a failure when looking for quantitative
results. The advantages of CNT theory are that the calculation of nucleation only relies on three
simple parameters, ΔG, D(I), and the interfacial free energy (𝜎). The nucleation rate predicted by
CNT is given by [108],

I = D (I) exp
[
− 16π𝜎3

3(ΔG)2

]
(16.3)

Since CNT is so divisive, much of the recent computational work is focused on testing the valid-
ity of this theory. There have been several recent attempts with a variety of methods being used
for each CNT parameter to validate this theory [104–107]. These attempts have found that CNT
can successfully approximate the nucleation rates experimentally found; however, only one of
these systems was an oxide system: BaO–2SiO2. The rest of these tests were done on extremely fast
nucleating systems so that the nucleation rate could be directly observed in MD.
The driving force is the parameter that is commonbetween growth andnucleation and is the vari-

able describing the underlying thermodynamics. Due to its importance, a plethora of techniques
has been developed to calculate the driving force ranging from simple approximations based on
the enthalpy of melting (Hm) to full Monte–Carlo techniques. The simplest way to calculate the
driving force fromMD is to approximate the liquidus temperature (Tl) with different heating rates,
followed by calculating the enthalpy difference at that temperature (Hm). Once those variables are
known, they could be used in an approximation such as the Turnbull approximations [110, 111],

ΔG = Hm

(
1 − T

Tl

)
(16.4)

However, this method requires assumptions about the shape of the underlying free energy curve
which is not guaranteed to work for all systems. An improved method that still only relies on MD
comes from Lodesani et al., who was able to calculate the work function without even assuming
CNT. In their work, Lodensani et al. [112] used liquid structures with different sizes of embedded
crystalline phases to approximate the free energy with andwithout the crystals. Using this method,
they calculated the work function as a function of the crystalline size, in good agreement with
results expected from CNT, providing another check on the legitimacy of the theory.
The next twomethods are slight departures fromMD; however, they still rely on the same funda-

mental ideas, but with larger statistical constructs rather than relying on theNewtonian integration
of time steps. These twomethods come fromMcKenzie andMauro [106] and fromWilkinson et al.
[107]. McKenzie et al. uses an implicit solvated Monte–Carlo model to calculate the free energy of
nucleation sites by placing and removing atoms based on Boltzmann statistics. This technique is
compelling because the work function of the system is attainable without any assumptions about
the system.
Wilkinson et al.’s model is also an extension of MD with the mapping of an energy landscape

[4, 107, 108] corresponding to the systemof interest then classifying the basins into either crystals or
liquids based on their structure. This splitting of basins into liquids and crystals then allows not only
the calculation of the thermodynamic driving force but also enables a standard transition rate to be
found leaving only the interfacial free energy as an open parameter for CNT. This technique shows
promise but has some limitations that the other methods are not constrained to, such as using the
exact stoichiometric system for the crystal that is being calculated and much larger computational
costs than other techniques considered.
The kinetics of nucleation is often calculated either through the SEE equation or through the

mean diffusivity of MD [104, 105, 109]. The recent work from Wilkinson et al. has cast doubt on
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the validity of SEE with the transition rate calculated from Wilkinson et al. being many orders
of magnitude lower compared to that calculated from experimental data with SEE. Despite this,
SEE will continue to be used because the SEE is the only experimental technique to enable the
calculation of the kinetics without any fitting parameters and makes a prediction that can be com-
pensated by fitting the surface energy (which is required when parameterizing from experiments,
anyway). Using the diffusivities of the ions and fitting an Arrhenius expression to the diffusivi-
ties has appeared to work for simple systems; however, more work is needed to test its validity for
complex oxide glasses.
The last missing parameter that is needed for CNT (but not for McKenzie and Mauro [106] or

Lodesani et al. [112]) is the interfacial free energy. This parameter is often troublesome because it
cannot be calculated directly from experiments and is always reliant on fitting. To directly calcu-
late this, there have been two methods used in literature. The first comes from simulations where
the nucleation rate is directly observable such as the work by Prado et al. [104]. When the rate
is directly accessible, so is the lag time, which then allows for a calculation of the surface energy
directly. This method for the surface energy, the kinetic term from ion diffusivities, and the approx-
imation for the free energy difference have been used together on several occasions for simple
systems and each time has shown remarkable agreement between CNT and the recorded nucle-
ation rates. The other way that 𝜎 has been obtained is through the work done by Wilkinson et al.
[107] in which they simulated a liquid structure and a crystalline structure, annealed it at a high
temperature, and then quenched while measuring the total potential energy. The interfacial free
energy, they proposed, was then the difference between the structure with the interface’s potential
energy and the two independent structures’ potential energies. When this energy was then imple-
mented with the free energy difference and kinetics calculated from the energy landscape, a good
agreement with CNT was found. In Figure 16.7, we can see details that come from the study of
Wilkinson et al. [107] as well as the comparison with experimental data for the barium disilicate
system.

16.3 Conclusion

BG and glass-ceramics are posed to be necessary powerful tools as we enter a post-pandemic, more
health-conscious world; however, despite this promise, the scientific backbone is still being devel-
oped and requires more work to reach its fruition. MD and computational methods are the most
promising route to create science with the detail, accuracy, and speed needed for scientific and
commercial development. The combination ofMD simulations of structure with experimental data
such as degradability, therapeutic ions release, and bone-bonding ability of BGs deepen the under-
standing of the bioactivity. The bulk structural features and the glass characteristics in biological
applications have already been identified. However, more rigorous efforts are indispensable to shed
more light on the properties of these materials. More simulation studies should be encouraged to
further reveal the more complicated phenomena at the glass interface and body. For example, full
ab initiomodels using reactive force fields are envisaged to yield valuable information on the sur-
face properties of BGs. As the available computational power rapidly grows, it will become feasible
to further extend the ab initio approaches to model the interface of BGs on a larger scale and thus
fully understand the surface dissolution and interactions with biomolecules/cells. We believe with
the growing acquired knowledge on the properties of glasses, experimental data, force field devel-
opment, and computational power, the prospects for MD simulations of complex problems and
predicting the surface interactions and biological responses are possible in the future.
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Figure 16.7 (a) The comparison between the computed nucleation curve for two different system sizes vs.
experimental nucleation rates [113–115]. The error most likely originates in the fact that potentials were
not trained for this system and we are considering a finite system and thus cannot capture all possible
transition rates. (b) The first ever energy landscape reported for a glass-ceramic with the green showing the
crystalline states, the blue showing glass states, and the red showing hybrid states. Source: (b) More
information is available in the original work by Wilkinson et al. [107]/with permission of Elsevier.
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In Vitro and In Vivo Studies of Bioactive Glasses
Sadaf Batool, Zakir Hussain, and Usman Liaqat

School of Chemical and Materials Engineering (SCME), National University of Sciences and Technology (NUST), Islamabad, Pakistan

17.1 Introduction

Tissue regeneration is the most promising approach to regenerate lost and damaged tissues. At
present, the number of incidents causing tissue or organ failure is increasing due to multiple rea-
sons and their treatment is the major apprehension of health officials. To treat damaged or lost
body tissues or parts, several treatments like surgical repairs, prostheses, transplantation, mechan-
ical devices, and drug therapy have been used widely, but the results were not satisfactory enough
to continue these practices at clinical levels. Living organisms have the potential to repair damaged
tissues. Some organisms like lizards can regeneratewhole lost body parts. In humans, the process of
repairing and regeneration mainly occurs in bone and skin tissues. The healing process is efficient
in the case of minor defects. However, it is slower and can lead to several complications for major
tissue damages, musculoskeletal injuries, and lost body parts. To treat these defects, external sup-
port materials made up of metals, polymers, and ceramics are used. The earliest support materials
were bioinert. Their primary function was to provide mechanical support to newly grown tissues.
This process involves multiple surgeries which make the whole process not only painful but can
also lead to several severe complications. Moreover, cytotoxicity and immune system rejections
were the major drawbacks of these biomaterials. To avoid these complications and to make the
tissue repairing system robust and biocompatible organ transplantation, allografts and autografts
were introduced later. These practices have shown remarkable results, but the availability of the
donor tissues in case of large defects and immune system rejections were the major limitations.
Moreover, the repairing of damaged neuronal tissues was not possible using these traditional tech-
niques because it was well established that neuronal tissues do not possess stem cells; therefore,
they cannot regenerate themselves and need external assistance in the form of scaffold for regen-
eration. The traditional regenerationmethods were suitable for bone tissue regeneration somehow
but not for the repairing or regeneration of other body tissues. To repair other tissues, the tissue
engineering field was developed. It is a combined engineering and basic sciences approach to solve
the problem of tissue regeneration with minimal or no side effects. The term “tissue regeneration”
was first defined by Joseph Vacanti and Robert Langer. It is defined as “An interdisciplinary field in
which principles of engineering and life sciences are applied together for the synthesis of functional
biological substitutes to maintain, restore, and improve biological tissue function” [1].
To fulfill the high demand for tissue regeneration, several newmaterials andmethodswere intro-

duced. These materials have the potential to mimic the natural systems or to support the natural
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healing process without eliciting any reaction in the body. Despite remarkable results and clinical
applications of synthetic biomaterials, there are still several of limitations. In the past two decades,
the work to develop ideal materials for tissue regeneration emerged dramatically and several bio-
materials with different compositions have been developed. Practices have been done to regenerate
bone, cartilage, skin, liver, and heart tissues using efficient materials.
Bioactive glasses were considered an ideal material for bone tissue engineering due to their

osteogenic nature and the ability to promote angiogenesis [1, 2]. They are porous, biodegradable,
and can be used for treating long-lasting bone defects due to their innate antiseptic ability [3].
They stimulate gene expression [4, 5]. The silica ions stimulate the osteoprogenitor cells at the
genic level [5, 6] to induce osteoblast migration, adhesion, and proliferation at the defect site [7].
The exact mechanism by which bioactive glasses influence osteoblastic cells is uncertain; how-
ever, it is observed that the primary osteoblasts show higher phenotype expression and increase
the mineralized collagen nodules formation ability in the presence of these glasses during in vitro
experiments [8]. The byproducts elicit the overexpression of bonemitogenic growth factor (IGF-II)
[9]. 45S5 Bioglass is the oldest known bioactive glass [10]. 45S5 monoliths were commercialized
first and used as bone cement and substitutes [11]. However, the first bioglass particulates were
commercialized with the name of PerioGlas. It was a 45S5 Bioglass with the size of the particu-
lates in the range of 90–710 μm and used as bone grafts clinically. 45S5 Bioglass was also used in
toothpaste and commercialized with the name of Nova Min. The clinical trials have shown that
45S5 can treat sensitivity and root canal issues along with mineralization of dentine defects [12].
Its particles along with autologous bone tissues provide good adherence and relive pain in dentine
defects [13]. Another bioglass S53P4 was commercialized with the name of BonAlive in 2006 and
used for grafting the maxilla bone. Bioactive glasses are Class-A biomaterials, i.e. these materials
undergo rapid reactions on their surface and adapt to the surrounding environment quickly. The
active ions are released which initiate intracellular responses at the interface of biomaterial. They
have potential to regenerate tissue at the surface and along the interface in inward direction.

17.2 Bioactive Glass

Bioactive glasses were considered an ideal material for bone tissue engineering due to their excel-
lent tissue regeneration and angiogenesis properties [1, 2]. It is bioactive, biodegradable, and can
be used for treating long-lasting infectious defects due to its innate antiseptic ability [3]. It has the
potential to initiate regeneration by stimulating gene expression [5].
The silica ions of bioactive glass stimulate the progenitor cells at the genetic level [6] to induce

cell migration, adhesion, and proliferation at the defect site [7, 10]. Since its synthesis, it has been
researched extensively at an academic and industrial scale which resulted in the formation of dif-
ferent compositions with improved biological and mechanical properties [14].

17.3 Chemical Composition of Bioactive Glass

TheHenchBioglass did not formfibrous tissues at the interface [15]. Hench developed a quaternary
system which was later used to prepare different compositions of bioactive glass. The sole require-
ment for designing bioactive glass was not to include any element that is toxic to mammalian cells.
The first bioglass, i.e. 45S5 BG (45SiO2–24.5CaO–24.5Na2O–6P2O5) has silica as a major compo-
nent along with oxides of sodium and calcium [6]. It falls in the eutectic point but it is far from the
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typical soda-lime glass compositions. The composition of bioglass depends upon the bioactivity
index (IB) which should be 50% at t0.5 [16].
The bioactivity index can be measured by using the following formula.

IB =
[
100∕t0.5

]
days−1

The bioactivity level of any material is measured by bioactivity index (IB). It is a time taken by
biomaterial to form half of interface bond with surrounding tissues (t0.5). The bioactivity index
helps to categorize material on the basis of binding properties. For example, a material having IB
greater than 8 will make interface with soft as well as hard tissues. Materials having IB less than
8 but more than 0 will bind with hard tissues only. Bioactive glasses have IB more than 8 while
hydroxyapatite less than 8.
The typical composition of the bioglass and bioceramics is indicated in 45S5 BG and exists in the

form of amorphous, semi-crystalline, and crystalline. The in vitro/in vivo activity of all three forms
is the same; however, the crystallinity affects the mechanical properties [17]. Based on inorganic
oxides, bioactive glasses are divided into three major categories [18], i.e.

(1) Network forming oxides (SiO2, B2O3, P2O5)
(2) Network modifying oxides (Na2O, CaO, MgO, K2O)
(3) Intermediates oxides (Al2O3, ZnO, ZrO2, TiO2) [19]

The structure of bioactive glass is mandatory to understand the effect of composition on bioactiv-
ity. In 45S5 BG, the SiO2 network is covalently bonded with P2O5. Both these components occupy
a tetrahedron unit and are covalently bonded with oxygen atoms at the vertex. This structural
bonding is called the network forming bond. Covalently linked silica gives structural stability and
porosity to bioactive glasses [20]. Networkmodifiers form ionic interactions with the oxygen atoms
aswell as formnonbonding oxygen linkages. CaO is a networkmodifier. It provides the reactivity as
it undergoes hydrolysis reaction to yield Ca2+ ions in the surrounding fluid and facilitates the incor-
poration of hydrogen ions into the bioactive glass. The role of P2O5 is more complicated because
at the 10mol% concentration, it can make bioactive glass non-bioactive [21]. This is because the
P2O5 forms orthophosphate nanocrystals at the nucleation sites that limit the cation exchange
reaction, i.e. calcium and hydrogen ion exchange between fluid and bioactive glass surface. This
ion-exchange reaction is the base of carbonated hydroxyapatite (CHA) formation [22].
The network formers provide stability to the basic structural frameworkwhile networkmodifiers

increase the bioreactivity [23]. Bioactive glasses have lower connectivity values “Y” as compared
to pure glasses which have all the oxygen atoms bonded to silica and phosphate covalently. This
bonding results in the formation of dense structures. Bioactive glasses have a low Y value, i.e. 45S5
BGhas a connectivity value of 2.07. Network former andmodifier species influence bioactivity [24].

17.4 Key Concepts Before Using Bioactive Glass for Tissue
Regeneration

Following key points must be kept in mind before using bioactive glass-based scaffolds for tissue
regeneration.

a. Bioactive glass is amorphous and mechanically weak. Traditionally glasses are made crys-
talline to improve their mechanical properties. Crystalline glasses are not fully crystalline
rather the crystalline phase is embedded inside the amorphous glassy matrix. In the case of
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bioactive glasses, mechanical strength and bioactivity are the two major considerations of
researchers. The mechanical properties of 45S5 glass decrease with crystallization. Whereas
13-93 and borate 13-93B3 glass show higher elastic modulus and compressive strength after
crystallization. Crystallization enhances fracture toughness and flexural strength. Crystal-
lization in the case of bioactive glasses reduces their bioactivity and makes them inert. This
competition between mechanical strength and bioactivity has been focused and it leads to the
formation of bioactive glasses with different compositions. To date, the Na-containing 45S5
bioglass is crystalline glass with good bioactive and biodegradable properties. This glass is
sintered to form crystalline phases in the glassy matrix. Its degradation reaction complements
well with the healing rate of bone.

b. The bioactivity of BGs also depends uponmicrostructure alongwith the chemical composition.
13-93 BG scaffold with 60% porosity and 90–110 μm pore diameter showed good tissue infil-
tration in cortical bone than the same scaffold implanted to treat trabecular defect even with
much less porosity, i.e. 85% and 100–150 μm pore diameter. The exact reason for this behav-
ior is unknown; however, it is assumed that this could be due to improved mass transport and
cell–cell interaction in anisotropic pores rather than randomly oriented microstructures.

c. 13-93 BG forms active hydroxyapatite layer in seven days in vitro in simulated body fluid (SBF)
while 45S5 of same size forms CHA layer within eight hours. The lower biological activity of
these glasses is because the active components have greater interconnected linkages with each
other and higher content of silica which does not allow active ingredients to leave the surface
easily.

d. Pore morphology also plays a critical role in tissue regeneration, i.e. the columnar pores show
more biological activity. For example, themechanical strength and biological potential of 13-93
BG scaffold possessing microstructure oriented columnar pores were evaluated in vitro against
the rat calvarial defect model. Trabecularmicrostructure scaffolds were used as positive control
prepared by using the polymer foam replication method, whereas empty defects were consid-
ered as a negative control. The columnar-oriented scaffolds have 50%porositywith a pore diam-
eter of 50–100mm,while trabecular scaffolds have 80%porositywith a pore size of 100–150mm.
The trabecular scaffolds induced bone growth into the periphery of implants with good tissue
integration at 12weeks. However, columnar-oriented scaffolds showed maximum growth on
the Dural side and minimum into the periphery of the scaffold.

e. The surface roughness of bioactive glass cannot be neglected as it facilitates tissue infiltration
[25].

f. During the fabrication of bioactive glass into scaffold, heat treatment is done which leads to
nucleation of the crystalline phase. These crystalline phases must not induce toxicity in the
living cells or the surrounding of the implant and must form a layer of hydroxyapatite on their
surface when coming in contact with physiological fluids.

g. They should not elicit an inflammatory response and should not demonstrate immunogenicity.
h. They should undergo neogenesis and degrade into bioresorbable byproducts.
i. The surface and inner core of the bioactive glass scaffold should be designed in such a way that
it can be sterilized easily.

j. The mechanical properties must be comparable with the tissue’s mechanical strength which
it is going to replace. It should be strong enough to support the vascularization and healing
process.

k. It should have a controlled interconnect porous network to support adhesion and vascular-
ization. A porosity of more than 90% and at least 100 μm pore size is desired for facilitating
vascularization.
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l. Procedure should be cost-effective and maintain all the required features [26, 27].
m. The chemical pretreatment of bioactive glass affects its CHA layer formation ability. For

example, bioactive glass when immersed in K2HPO4 solution in vitro creates a rough layer
of CHA on the bioactive glass surface. The thickness of the layer increases directly with
immersion time. These implants show good tissue integration and 32± 13% bone growth in
the form of islands with large interfacial gaps. Because the surface was made rough before
implantation which provided better surface area to cells for growth and infiltration. The newly
grown CHA layer has a mesoporous structure and supports the adsorption of endogenous
proteins. This layer also plays important role in controlling the release of bone morphogenic
protein-2 (BMP-2) from the scaffold [28].

17.5 Reactions of BGs in Physiological Fluids

Bioactive glass forms an active layer of CHA on its surface that facilitates its binding with the
bone. This bonding mechanism was first proposed by Hench [14]. Eleven reaction steps occur to
regenerate tissue while using Class-A biomaterial. The first five reactions occur within 2–24 hours
post-implantation (Figure 17.1). The soluble ionic species are desorbed in these steps, and poly-
crystalline CHA and hydrated silica layers form on the surface of bioactive glass. The rate of layer
formation depends upon the localized concentration gradient.

a. Ion-exchange reaction
The first step after implantation is an exchange of active ions between the body’s fluids and
network modifying ions, i.e. Na+, Ca2+, Mg2+, and K+. The SiO2 groups undergo hydrolysis
reaction, and the interfacial pH is increased.
Following chemical reaction is involved in this step, i.e.

SiONa+ +H2O −−−−→ SiOH +Na+ + OH−

The rate of this reaction is controlled by the diffusion of active ingredients. The pH is increased
to 10.5 in the surroundings of the implant due to the consumption of hydrogen ions [29].

1. Si-OH formation
2. Release of active ions
3. Si-OH condensation
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Figure 17.1 Schematics of bioactivity of BGs.
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b. Dissolution of silica network
The increase in pH accelerates the dissolution of the basic silicon oxygen network. The layers
of silicic acid keep on growing on the scaffold surface. Dissolution of silica is a crucial step to
initiate reactions that lead to the formation of an amorphous hydroxyapatite layer [30].

−Si − O − Si − +H2O −−−−→ 2
[
SiOH+]

c. Condensation reaction
The condensation reaction occurs in Na+ and Ca2+ depleted region to induce polymerization of
silanol groups and forms a SiO2 rich layer on BGs surface.

d. Migration of calcium-phosphate ions
In this step, calcium and phosphate ions migrate to the surface to form a film of CaO–P2O5. The
film grows with time due to the continuous migration of calcium and phosphate ions from the
silica layer to the surface to form an amorphous apatite layer. This layer facilitates the bonding of
the implant with surrounding tissues [31]. However, some researchers do not support the idea of
migration of phosphate ions to the surface to facilitate tissue adhesion. The simpler hypothesis
about the precipitation of calcium and phosphate ions is that the interfacial pH facilitates this
step, not the amorphous silica layer as no amorphous silica layerwas detected betweenCHAand
biomaterial in later studies [32]. The interaction of BGs and surrounding tissues is governed by
mechanochemical forces.

e. Formation of calcium phosphate (CaP) film
These silica layers adsorbOH−, CO3

2−, and F− ions from physiological fluid and form a hydroxy-
carbonate/hydroxyapatite layer. After that, the reaction sequence follows up to initiate the tissue
bonding mechanism [33].

f. Cell bonding mechanisms
At stage 6, adsorption and desorption of growth factors occur, facilitated by the newly formed
hydroxyapatite layer (Figure 17.2). The adsorption and desorption of bioactive growth factors
influence the time required by macrophages to prepare the implant site for tissue repair.
Macrophages secrete chemokines at stage 7 and attachment of stem cells occurs at stage 8,
which leads to proliferation and differentiation of these cells during stage 9. The progenitor cells
form colonies on the surface of bioglass during stage 10 which occur within two days. These

Bioactive glass surface reaction
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Leaching of active
ions and formation of
bone like material

Bone forming cells
adsorbed on bioactive
glass surface

Crystallization of the
bone like matrix and
illustration of bone
cells lead to new bone
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cells
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CHA
layer

PO4
2–

Ca2+

Figure 17.2 Bioactive glass surface reaction.
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cells begin the production of growth factors that stimulate the biological repairing process, i.e.
cell division, mitosis, and production of extracellular matrix proteins. Then mineralization of
the matrix starts with the maturation of stem cells followed by encapsulation. Mineralization is
the final product of in vitro and in vivo studies and is achieved with 6–12 days post-implantation.
The formation of the hydroxyapatite layer is essential for the attachment and proliferation of
stem cells and stages 8–10 are critical stages in tissue regeneration.

17.6 Interaction of Bioactive Glass with Proteins

The adsorption of proteins on the bioactive glass surface is a complex phenomenon. It is crucial
step of the regeneration/repairing process and regulated by protein type, its environment, chem-
ical, and surface properties of bioactive glass. The surface properties affect the confirmation and
orientation of proteins which is necessary for the functioning of the protein. The exact phenom-
ena and factors influencing the adsorption of protein on the bioactive surface have been studied
extensively but it is not fully understood yet. The in vitro adsorption–desorption studies of proteins
give an insight into protein interaction with bioactive glass surface, but these experiments usually
involve a single type of proteins while in the natural system multiple proteins and parameters are
simultaneously affecting the adsorption/desorption process. To combat these issues, more studies
using serumproteins should be conducted alongwith advanced in situ characterization techniques.
The protein interaction studies give a deep insight to improve the properties of bioactive glass and
to reduce foreign body reactions. There are many driving forces like hydrogen bonding, van der
Waal interactions, hydrogen bonding, electrostatic interactions, and hydrophobic and hydrophilic
interactions that are responsible for the adsorption of proteins on the surface of bioactive glass.
Proteins have carbon backbone, carboxylic acid and amine groups thus possess polar and nonpolar
domains which bind with the surface groups of the bioactive glass to form chemical interactions.
Proteins have complex structures therefore, almost all aforementioned forces are contributing in
bioactive glass surface and protein interactions. However, the external environment, temperature,
pH of surrounding media, chemistry, and topography of the scaffold surface affect the abovemen-
tioned driving forces. Protein size also plays amajor role in adsorption, for example, larger proteins
have more adsorption sites and they interact with a surface easily as compared to smaller proteins.
Similarly, the surface properties of bioactive glass affect adsorption of proteins on surface. The sur-
face properties of bioactive glasses change dramatically by changing the synthesis methods. For
example, in the sol–gel synthesis method, material have a porous surface which facilitates protein
adsorption while melt-derived bioactive glasses have a smooth surface. However, proteins have
different types, i.e. some adsorb on the smooth surface while others adsorb efficiently on curved
surfaces. Thus, it is a collective response of protein type and surface properties.
Porous materials have high surface reactivity which facilitates the formation of dynamic interac-

tions with the biological fluids. The protein adsorption phenomenon starts immediately as soon
as the bioactive glass scaffold comes in contact with physiological fluids. Other body reactions
like the dissolution of active materials and formation of hydroxyapatite start immediately which
change the surface properties of bioactive glass thus, affect the adsorption/desorption of proteins
as it completely changes the surface chemistry of the bioactive glass. The surface reactions can be
controlled by controlling the surface morphology and chemistry of bioactive glass. The difference
in network former and networkmodifiers composition affects surface reactions significantly; how-
ever, detailed studies on these parameters will provide a deep insight to address these issues. To
improve the mechanochemical and biological properties of bioactive glass, sometimes additional
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metals are added which alter protein surface interactions completely. For example, in comparison
to simple glasses, bioactive glass contains calcium which is charged in aqueous media and forms
electrostatic bonds with charged domains of proteins. Moreover, calcium ions also alter textural
properties of bioactive glasses for example hydrophobicity and surface reactions. The inclusion of
calcium ions into bioactive glass reduces the interconnected network of bioactive glass, increases
pore size which increases surface activity, and thus facilitates surface mineralization. The hydrox-
yapatite layer has a good affinity with the amine group and carboxylic group of proteins. However,
some studies have shown that hydroxyapatite layer formation reduces silica ions concentration
on the surface and increases cation activity which sometimes inhibits the adsorption of protein
fibrinogen on the surface. But in the case of negatively charged proteins, the carboxy-glutamic
acid residues chelate with calcium ions and improves adsorption of proteins. Similarly, the addi-
tion of other elements also affects the protein adsorption affinity. For example, silver ions facilitate
the protein adsorption on the surface, and this may be due to the high binding affinity of bovine
serum albumin (BSA) with silver. Similarly, iron oxide incorporation into the bioactive glass gives
good surface coverage with BSA proteins. However, the bioactivity of foreign species depends upon
their concentration. For example, iron oxide present up to 15–20% in the bioactive glass gives good
surface coverage, while 10% concentration gives half surface coverage. These foreign species also
change the secondary/tertiary conformation of the proteins. These conformal changes sometimes
restrict the repairing of the damaged tissues. Thus, ionic content, surface reactions, interface, and
surrounding environment affect the bioactivity of the proteins [34].

17.7 Cell Cycle Involved in Tissue Regeneration

In the natural repairing process, for bone cells to regenerate or repair themselves, osteoprogenitor
cells must undergo mitosis. Older people have very few bone cells therefore, the repairing is slow
in them which causes osteoporosis and musculoskeletal injuries quickly. The regrowth is slower
and painful under extensive care. The local environment must send correct chemical stimuli to the
osteoprogenitor to direct them to enter the cell cycle.
The resting cells are represented as G0 phase. A cell cycle begins after a cell completes fore-

going mitosis. At step 1, the cell grows and carries out normal metabolism, called the G1 phase.
Osteoblasts synthesize phenotype-specific cellular products that act as osteoblast differentiation
markers. These cellular products can be an enzyme, protein, or alkaline phosphatase. This pro-
cess occurs at stage 9 of the repairing cycle. The osteoblast differentiates and becomes functional
to release tropocollagen macromolecules which self-assemble themselves to form type-I collagen.
Type-I collagen is a predominant collagenous molecule that is present in the mineralizable extra-
cellular bone matrix. The cell then enters in S phase if the local environment is favorably followed
by the growth period in the G1 phase. In S phase, the synthesis of DNA begins and duplication of
nucleus chromosomes occurs. After duplication, cell enters in G2 phasewhere it undergoesmitosis
after critical assessment of DNA replication accuracy by using a DNA repair enzyme. In this phase,
the synthesis of DNA and increase of mass are important. It is followed by the activation of various
growth factors. Two daughter cells with a complete set of nuclei are produced at the end of the G2
phase. The checkpoints ensure the transfer of correct information to the next phase in the cell cycle.
If the local chemical environment is not favorable, then the G1 or G2 phase is not completed and
the cell proceeds toward apoptosis. The bioactive glass has the potential to produce a favorable local
chemical environment that enables osteoprogenitor cells to grow and divide. Osteoprogenitor cells
pass through cell cycle checkpoints to stimulate osteo-production in vivo. At an older age, there
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is a fewer checkpoint through which progenitor cells can run the gauntlet to enter into M phase
safely. The cells that cannot pass the checkpoints are not healthy. They do not fulfill the replication
criteria and undergo apoptosis. The cumulative effect of damaged genes and the presence of fewer
osteoprogenitor cells results in a progressive decrease in bone density at an older age. In the bioac-
tive glass, rapid release of hydrated silica and calcium ions leads to nucleation and crystallization
of amorphous calcium phosphate layers into polycrystalline CHA layers. The CHA provides a high
surface area to cytokines of osteoprogenitor cells for binding. The osteoblasts grown on bioactive
glass surface has more fiber and filopodia like processes. These morphologies are characteristic of
cell activation. At S phase, the growth of osteoblasts on the surface of biomaterial is 100%. The in
vitro studies have shown that the percentage of osteoblasts is more than 100% at the G2 phase in the
case of bioactive glass scaffold than the other bioactive materials. The osteoblasts are more apop-
totic in the case of bioactive glass and the only cells capable of differentiating, survive the first few
days of growth on a bioactive glass substrate.
The rapid shift of the cell population in different phases is important as it leads to enhanced

growth of bone. The cells that are not apoptotic form confluent sheets on the biomaterial surface.
These cells cannot differentiate into mature osteoblasts. The confluent sheets form on the surface
of bio-inert materials usually. These cells do not form bone nodules in vitro nor bone matrix in
vivo. While in the case of bioactive glass, fiber-like processing is originated and cells become more
apoptotic which leads to the development of healthy cells that differentiate and grow into mature
bone osteocytes. However, the osteoblasts aremitotically active on the surface of bioactive glass and
results in the expression of osteoblast phenotype and alkaline phosphatase activity. The in vivo and
in vitro experiments show that bioactive glass takes control of the osteoblast cell cycle in six days.
After six days the proportion of cells in the S phase and G2-M phase is larger than on the surface
of bioactive glass. The bioactive stimulated expression of alkaline phosphate is greater than 700%,
and the proportion of cells undergo apoptosis is large. At the same time, mature osteoblasts grown
on the surface of bioactivematerials start producing osteocalcin (OCN) which is a non-collagenous
protein of the bone extracellular matrix. The formation of OCN is the onset of the mineralization
process which is the critical step of bone regeneration. It is stage 11 of the tissue regeneration pro-
cess by active biomaterials. The osteoblasts organize themselves into self-assembled 3-D structures
of the mineralized extracellular matrix.
In the case of bioactive glass, the time of collagen formation on scaffold surface is similar in vivo

and in vitro. The kinetics of bone nodule formed in vitro are also similar to bone formation in vivo.
The self-assembled 3-D architecture is formed by osteoblasts when the soluble ionic constituents of
bioactive glass reach a threshold concentration even if the substrate for supporting the osteoblast
attachment is not present in the culture media. The ionic concentration is 17–20 ppm for silica and
88–100 ppm for calcium ions. The threshold concentration is achieved only by the controlled disso-
lution active ingredients of bioactive glass into the culture medium. From these observations, it is
concluded that the role of bioactive glass is to release active ions in the culturemedia at the rate that
complements well with the time and concentration required to initiate the growth of osteoblasts
primarily. The bioactive glass stimulates the cell cycle on the 12th-day post-implantation. The cells
present in S andG2-Mphases are large in number and the process occurs so efficiently that the cells
not capable of differentiating into the healthy osteoblast phenotypes undergo apoptosis at a higher
rate than on the surface of class-B type biomaterials. The death of unhealthy cells and faster growth
of healthy cells lead to the formation of healthy bone nodules at a significant rate. These nodules
organize themselves into complex structures having a larger number of osteocytes (Figure 17.3).
The molecular biology studies of bone cell formation in the presence of bioactive glass sug-

gest that bioactive glass stimulates the shift of the osteoblast cell cycle genetically. Within few
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Figure 17.3 Cell cycle involved in bone tissue regeneration. Source: Image reproduced with permission
from Hench [35].

hours of exposure, the bioactive glass ionic constituents stimulate human osteoblasts genes encod-
ing nuclear transcription factors and growth factors. IGF-II, IGF-binding protein, and IGF-II pro-
teinases are activated particularly. The expression of genes is increased from 200% to 500% in the
case of bioactive glass. This quick gene activation along with the expression of several growth fac-
tors modulate the cell cycle of osteoblasts.
Thus, bioactive glass enhances bone tissue regeneration by controlling genes that are directly

involved in induction and progression. The G0 to G1 transition of osteoblasts, following initia-
tion of cell division, is controlled by a family of transcription factors. The transcription factors not
only initiate the cell division as well as provide definite stimuli for the development of osteoblas-
tic phenotype cells. These proteins must be present at the defect site for stem cells to differentiate
into bone phenotype growing cells. The bioactive glass ionic dissolution byproducts can stimulate
human osteoblast cell cultures to activate the expression of cell cycle regulators and transcription
factors after 48 hours of implantation or exposure to culture media. The osteoblast transcription
factors c-Jun, fra-1, and c-myc (myc proto-oncogene) are activated by the bioactive glass. The c-Jun,
a heterodimeric complex, is formedwith Fos protein. It interacts with the activator protein 1 (AP-1)
binding site of DNA. The Fos (FosssB, fra-1, and fra-2) and Jun (c-Jun, JunB, JunD) genes together
represent the AP-1 transcription factor. The AP-1 promotes osteoblast-specific genes like OCN, col-
lagenase (matrixmetalloproteinase-1 [MMP-1]), alkaline phosphatase, and α 1-collagen. This AP-1
transcription factor expression is crucial for osteogenesis in vitro and in vivo. It leads to osteogenic
differentiation of cartilage and plays a critical role in the regulation of endochondral osteogenesis
during earlier stages of bone formation as well as fracture healing in vitro. The transcription factor
c-myc is important for controlling the growth of osteoblast. It is a member of the helix-loop-helix
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transcription factor and a member of the myc family. It activates the growth-promoting genes like
rcl (RNA terminal phosphate cyclase like 1). These genes stimulate cell proliferation. This effect is
notably induced by ionic products of bioactive glass.
The post-fracture osteogenesis occurred by mediating parathyroid hormone-induced differenti-

ation by c-myc expression in vivo. AP-1 expression is regulated by c-myc transcriptional factor Puf
(Pumilio RNA-binding protein family) which binds with c-myc promoter in vivo. The osteoblast
phenotype expression and proliferation are emulated by transcription factors like c-myc and AP-1.
The successful progression of osteoblasts through the cell cycle is most important. It requires spe-
cific cyclin, i.e. D1 cyclin which is specific to move cells from the G1 phase to the S phase. This D1
cyclin phosphorylates the retinoblastoma gene product. The retinoblastoma gene releases tran-
scription factors that stimulate the replication of DNA. In the presence of bioactive glass ionic
products, the expression of cyclin D1 reaches 400% after 48 hours of exposure. It confirms that
the bioactive glass not only increases the gene expression but also produces essential stimuli that
are vital for the successful progression of a cell from the G1 to the S phase through checkpoints.
It also activates the cyclin D1 and its binding partners CDK4 (CDKN14) and cyclin K cell cycle,
regulators. These regulators are responsible for the supervision of the mitotic cycle at an earlier
stage. The bioactive glass dissolution byproducts hyperactivate the genes involved in DNA synthe-
sis, recombination, and repair up to 200%. These genes, i.e. DNA exclusion repair protein ERCC
excision repair 1, endonuclease non-catalytic subunit (ERCC1),mutL protein homolog, highmobil-
ity group protein (HMG-1), and replication factor C 38-kDa subunit (RFC38) evaluate whether the
daughter cells are damaged or healthy. They examine the extent of damage and correct it if possi-
ble so that the damaged cell cannot differentiate further. If the damage cannot be repaired, then
the cell leaves the mitotic cycle and undergoes apoptosis. In this way, the cell faces an arsenal
mechanism to prevent the creation of abnormal cells. Only healthy osteoblasts are differentiated.
They grow and self-assemble into the complex 3-D architecture of extracellular matrix proteins
and mucopolysaccharides. These proteins and polysaccharides are essential for the conversion
of mature osteocytes into the mineralized matrix. The bioactive glass also activates the calpain
and dolichyl-diphosphooligosaccharide—protein glycosyltransferase subunit DAD1 (DAD1) gene.
DAD1 is a defender gene and the N-glycosylation-linked DAD1 regulator is essential for cell sur-
vival. The calpain gene activates the proteolytic mechanism which instigates apoptosis.
Bone covers a large number of phenotypes but the most prominent and dominant one is

osteoblast. Bone has a central cellular population of osteocytes. Osteocytes are terminally differ-
entiated osteoblasts that are not capable of cell division. They are postmitotic and maintain the
mineralized extracellular matrix of the bone throughout life. They represent the cell population,
responsible for the synthesis and maintaining of the bone mass. The bioactive glass increases the
expression of CD44 phenotype up to 700%. It is an osteocyte marker that increases the number
of cell transduction molecules. It also increases the expression of insulin-like growth factor II
(IGF-II) to 300%. IGF-II is the strongest osteoblast mitogenic growth factor of bone which induces
the proliferation of osteoblast in vitro. It creates paracrine effects. Bone cells produce it in situ and
it is present in high quantity in developing bone periosteum growth plate. It also plays important
role in healing fracture callus tissue and ectopic bone tissues. The bioactive glass has the potential
to increase the concentration of unbound IGF-II protein by inducing transcription of growth
factors and carrier proteins responsible for IGF-II production. The unbound IGF-II increases the
cell proliferation of osteoblast. The most important and final step in bone development is collagen
and CHA bonding. This bonding determines the mechanical strength of the bone [35].
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17.8 In Vitro/In Vivo Evaluation of Bioactive Glass for Bone Tissue
Regeneration

Some materials behave differently in vivo and in vitro like dicalcium phosphate di-hydrate forms
the HA layer in vitro but not in vivo, and β-tricalcium phosphate (β-TCP) strongly bonds with bone
in vivo but does not form the HA layer in vitro [36, 37]. There are two methods used for hard tissue
engineering, i.e. in vitro and ex vivo. Multiple factors are affecting in vivo like the interaction of scaf-
fold with blood, vascularization, clot formation, and requirements of stem cells. A variety of genes
as well as cells, participating in regeneration, are interactingwith the biomaterial. Despite all these,
in vitro studies cannot be ignored as they provide future insight into possible in vivo results. Animal
models are used for the assessment of scaffolds in vivo before clinical trials (Figure 17.4). In these
studies, different loading conditions like time duration, age, and tissue qualities can be assessed.
The animal selected as a model must show pathophysiological and physiological similarities to
humans. The other important factors that must consider before selecting an animal are

● controllable operation
● observation on a variety of testing after surgery over the different period
● implant size
● number of animals
● number of implants per animal
● test duration must follow international standards.

Other selection parameters include animal availability, the cost for acquiring and care, the ability
of the animal to withstand testing, social acceptability, and ease of housing. More specifically, an
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Figure 17.4 In vivo application of BGs for bone tissue regeneration (W = with, W/O = without). Source:
El-Rashidy et al. [28]/with permission from Elsevier.
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understanding of the species-specific bone characteristics, such as bone microstructure and com-
position, and bone remodeling characteristics is important for investigating bone-scaffold interac-
tions, especially for later translating the results to the human situation. The possible bone defect
models studied on animals are long bone, calvarial, and maxillofacial defects. The animal models
can be classified into noncritical and critical-sized defects and used for testing osteogenesis and
osteocompatibility. The calvarial defects are considered as a non-load bearing model for evaluating
scaffolds with inferior mechanical properties to bone. The osteo-regenerative potential of scaffolds
with similar properties to the bone is evaluated in the load-bearing defect model, e.g. femur, radius,
humerus, and tibia.
An acellular scaffold is incorporated into the tissue injury site that initiates regeneration by

attracting the osteoconductive mediators and stem cells in situ method. However, in ex vivo, the
cells are seeded on the scaffold that orchestrates the bone formation by allowing them to divide
and grow [38, 39]. Hench and his coworkers demonstrated the interaction of BGs with bone by
performing a test on rats. The bioactive glass scaffold showed good tissue integration and new bone
was formed within few days after implantations [40].
Silicon is present in the bone and extracellular matrix of the body in the range of 100–550 ppm.

It exists at calcification sites and takes part in mineralization during bone growth [41]. 45S5 BG is
a silicate-based bioglass. It has a 3-D network of Si–O–Si atoms coordinated in the fourfold axis.
[42]. It forms a layer of CHA on its surface, similar to the bone inorganic phase, in contact with
the physiological fluids. This layer forms a strong interfacial bond with surrounding tissues [43].
45S5 BG undergoes chemical degradation reactions which release active ions from its matrix onto
the surface to form the biological layer. Although silica is toxic to the cells, the silica released from
the BGs is either eaten up by phagocytes within the body or excreted out through urine [44, 45]. The
excretion mechanism for silica was studied in vivo against tibia defects in rabbits. The histopatho-
logical analysis of bone tissue and other organs confirmed that silica is excreted out of the body via
urinewithout affecting any other body part. Although 45S5 BGhas the importance of gold standard
in bioactive materials. It has several limitations. It has poor mechanical strength, porosity, and is
difficult to fabricate into 3-D scaffolds. Silicate-based glasses devitrify upon sintering to form a crys-
talline phase which improves their mechanical properties and density. Sintering does not affect the
HA formation ability of 45S5 [46]. However, the hydroxyapatite layer forms, in this case, are highly
crystalline whose degradation time does not complement tissue regeneration. Moreover, all silica
present in the sintered 45S5 matrix is not released. It stays for a longer time in the body which can
induce toxicity [47]. The limitation with amorphous, porous 45S5 BG is the sudden increase in pH
in the surrounding environment. Because the ion exchange reaction occurs spontaneously, lead-
ing to fast degradation of the silica network. The active ions released quickly results in a sudden
increase in the pH. It creates an ionic imbalance in the surrounding environment [36, 48]. This
imbalance can be toxic to surrounding tissues especially during the initial stages of development.
Another silicate-based glass 13-93 BG has been developed which is different from 45S5 BG based
on a large concentration of silica. It contains an additional network of MgO and K2O as modifiers.
It has been approved to use clinically because it can be processed into 3-D scaffolds. The in vitro
biological response of 13-93 and 45S5 forMC3T3-E1 andmurine osteoblast cell line (MLO-A5) cells
is similar but the degradation rate of amorphous 13-93 BG is much slower than the 45S5 [49].
The first studies on the evaluation of osteoinductive properties of 45S5 BG were conducted on

dogs. The 45S5 porous foam was implanted in the thigh muscles of dogs for threemonths. Later
another studywas conducted on Fisher 344 rats to treat noncritical size load bearing femoral defect.
As pH varies suddenly in these glasses, therefore, to minimize the pH variations in cell, culture
media scaffolds were conditioned for seven days in (Tris base) with ions of Na+, K+, Ca2+, Cl−,
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HCO3
−, and HPO4

2−. The minimal pH variation facilitates the formation of a CHA surface layer
quickly on scaffold surface which improves the bone cell activity.
For the critical-sized defect (a “critically-sized” defect is regarded as one thatwouldnot heal spon-

taneously despite surgical stabilization and requires further surgical intervention) rabbit, femoral
defects exhibited that 45S5/ZB4-500 scaffold osteoconductive potential was evaluated. It is a porous
scaffold. 45S5 in vivo response was also studied to treat radius bone defects of Bengal goats. It shows
faster vascularization. These scaffolds have fewer interfacial gaps between host and implant and
more interfacial strength. Push out tests show that bioactive glass scaffold has a strong interface
as they did not exhibit smooth fracture path along with the interface. The oral and maxillofacial
defects vary from small alveolar gaps which result from mandibulectomy. 45S5 BG was first used
commercially to prevent resorption of alveolar bone in jaws before dental surgery. The compara-
tive analysis of bioactive glass with commercially available allogeneic and forsterite demineralized
bonematrix was evaluated against lamellar and woven bone. The bioactive glass and commercially
available scaffolds were implanted in jawbone defects in Persian male dogs. The forsterite showed
the highest biological activity which could be attributed to its small size, i.e. in the nanometer range
while bioactive glass and allogeneic are in the micrometer range. The nanosized materials have a
large surface area which improves scaffold surface reactions and facilities good tissue integration
[28]. 45S5 granules promote rapid bone growth as compared toHAwhenused to treat rabbit femurs
defects [50]. The role of silica in inducing cell response is controversial as in recent studies, the bio-
logical activity of borate-based glasses has ruled out the role of silica in improving the biological
response of BGs [39].
Borate-based bioactive glasses have lower chemical stability. They dissolve rapidly in physiolog-

ical fluids to form a CHA layer [51, 52]. The mechanism of amorphous HA layer formation is the
same as that of silicate-based glasses with one difference only, i.e. they do not form a SiO2 rich
layer [53]. They are osteogenic in vitro with good tissue integration in vivo. These bioglasses are
highly porous and can be used as stimuli-responsive drug delivery systems [54]. Silicates required
special conditions, i.e. pH, temperature to release from their crystalline matrix. However, with
borate-based glasses it was assumed that borate ion will release from the matrix immediately after
immersion and react with hydrogen ions present in physiological fluids to form boric acid which is
cytotoxic. In-vitro results confirmed this theory. However, in vivo results showed good tissue inte-
gration and non-cytotoxicity in a rat model [55]. Similar studies conducted on the rabbit model
confirmed the presence of borate ions in the blood. However, the concertation was far below the
toxic level. Despite all controversies, these glasses are used clinically because of some good proper-
ties of borate ions. These glasses have a controlled degradation rate and other essential ions present
in bones can be added to themwithout affecting biological activity and stability because of flexibility
in their structure matrix [36, 56].
Cells like mesenchymal stem cells (MSCs) can be seeded in vitro on 13-93 glass scaffolds to

improve their biological properties and tissue integration in vivo. In vitro study in the dorsum, rat
model has shown tissue infiltration three times larger than the un-seeded control of the samemate-
rial [37]. Borate-based glasses have shown promising results in vivo, but their in vitro toxicity cannot
be ruled out. The amount of borate ions is far low than the threshold value of cytotoxicity for cells. It
is assumed that maybe at some time the borate ions can cross this threshold value and can become
toxic for the body and cells [38]. In vivo results with the dorsum of rats and calvaria of rats did not
show any toxic results in histological evaluation after implantation [39]. These scaffolds also did
not exhibit any toxicity to liver and kidney cells in the rat subcutaneous implantationmodel. Thus,
borate-based BGs scaffolds are nontoxic in a dynamic body environment and have shown excellent
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tissue infiltration alongwith good proliferation and differentiation of bone cells. In vivo studies also
showed that borate glasses can be used to cure bone infectious diseases like osteomyelitis. A study
was conducted on the osteomyelitis rabbit tibia model [53].

17.9 A Comparative Analysis of Silicate- and Borate-Based Glasses
in Bone Tissue Regeneration

The silicate-based BGs (45S5 and 13-93) support proliferation and differentiation ofMC3T3-E1 and
MLO-A5 cells during in vitro cell culture experiments. On the other hand, borate-based glasses like
45S5B3 and 13-93B3 have shown very low cell proliferation and differentiation in vitro [57, 58].
45S5 BGs induce bone formation during in vivo studies. However, studies have shown that the

chemical composition of BGs affects the in vivo activity and tissue ingrowth. 13-93 BG scaffolds
facilitated the attachment and proliferation of MC3T3-E1 pre-osteoblastic cells on their surface
as well as in the internal pores prepared by the polymer foam replication method [58]. Similarly,
apatite-mullite glass-ceramic has shown bone ingrowth into the pores of scaffolds in the rabbit tibia
model. The bonding between bone and scaffolds occurred quickly and bone ingrowth started after
four weeks of implantation [59].
13-93B BGswhich are rich in borate ions, the reaction is controlled by the bone-implant interface

and follows the 3-D contracting spheremodel. While in silicate glasses, the reaction is initially con-
trolled by the interface and later it depends upon the diffusion of ionic species through the reaction
interface to the surroundings, thus it follows the 3-D diffusion model. If the degradation reaction
takes a long time, then the by-product obtained is crystallized HA. In general, the product obtained
is amorphous hydroxyapatite with a Ca/P ratio of less than 1.67. The amorphous hydroxyapatite
surface layer contains carbonate ions. The stoichiometry of HA formed change significantly from
the surface to the interior of the BGs scaffold [47]. The formation of carbonated HA indicates the
substitution of phosphate ions by carbonate ions and the formation of calcium carbonate on the
bioactive glass surface alongwith hydroxyapatite. These carbonates can also substitute the hydroxyl
ions of HA in vitro or nonaqueous but it is not possible in aqueous or biological systems. [60]. The
by-products obtained are macroporous structures of HA. Depending upon the chemical compo-
sition of BGs, it can be fully converted to HA as in the case of highly reactive borate glasses or
partially converted, i.e. the surface is made up of HA with unreacted core inside in case of slow
reactive BGs like 45S5. However, the formation of the HA layer depends upon the concertation
of Ca in the BG’s chemical composition. As the reaction follows a pseudomorphic path, there-
fore, hollow products are obtained [61] which have in-homogenous, complex layered structure,
i.e. outermost layer is compact, homogenous with the lowest porosity while the inner layers are
porous and inhomogeneous [47]. The exact mechanism of the formation of the layered structure is
unknown.However, it is assumed that the degradation reaction does not proceed continuously, and
it starts and stops many times depending upon the concertation of ionic species taking part in the
reaction.
A comparative analysis for borate and silica-based glass was done on dorsal rats, with the

same microstructure. The borate-based BG scaffolds converted into HA-like material completely
while silica-based glass showed partial conversion. The in vivo and in vitro results confirm
that borate-based glasses are more bioactive when compared with silica-based glasses and are
non-cytotoxic. 13-93 BG was also used to treat critical-size defects of the load-bearing femur bone
in rats and the same results were obtained [62].
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17.10 Bioactive Glass for Dentin Regeneration

Bioactive glass is used in dentistry to treat dentinal hypersensitivity. Hypersensitivity is a common
dental disease that occurs due to periodontal disease, abrasive tooth brushing, and wear of enamel
layer due to trauma. It leads to exposed dentinal tubules. Dental hypersensitivity is explained
through hydrodynamic theory, i.e. the external stimuli in the form of hot, cold, or pressure
affect fluid movement in the tubules. It results in pressure change which causes excitation of
nerve endings in the pulp. Bioglass (NovaMin) has been used clinically to treat hypersensitivity.
It mineralizes exposed dentinal tubules, reduces plaque growth and gingival bleeding up to
16.4–58.8%. A bioactive glass containing dentifrice shows superior occlusion of dentinal tubules
as compared to regular dentifrice in vitro. The innate antimicrobial property of bioactive glass
control bacterial counts kills Streptococcus mutants, Actinomyces naeslundii, and Aggregatibacter
actinomycetemcomitans. These microbes cause enamel caries, periodontitis, and root caries. Bioac-
tive glass is also coated on a metallic dental implant to improve its tissue integration properties.
However, bioactive glass-based coating remove with time which results make metallic implant
unstable in the physiological environment [63].
The apatite forming ability of bioactive glass in vitrowas evaluated by using Kokubo SBF at 37 ∘C

[64]. After immersing the bioactive glass base scaffold in SBF for 14–28 days, the X-ray diffraction
(XRD) analysis was used for the cumulative analysis of calcium and silicon ions released from the
bioactive glass surface. For cell culture, rDPSCs (rat dental pulp stem cells) were harvested from old
male Sprague-Dawley rats’ incisors. The rats were sacrificed and the rDPSCs were harvested from
upper and lower incisors and added to phosphate-buffered saline (PBS) containing antibiotics like
streptomycin, penicillin. Then, 0.08% collagenase type I and cells were incubated for 30minutes
The rDPSCs were collected after enzyme digestion through centrifugation. The cells were then cul-
tured in α-MEM (minimum essential medium) containing 10% fetal bovine serum and antibiotics
under a 5% CO2 environment. The cells were cultured in an odontogenic supplemental medium to
promote their differentiation into odontoblast. The culture medium also contains ascorbic acid,
dexamethasone, and 10mM β-glycerophosphate. The adenosine triphosphate (ATP)-dependent
endocytosis pathway was locked by amiloride, amantadine, and genistein. It did not influence the
endocytosis pathway. The mRNA expression of bone sialoprotein (BSP), collagen Type I alpha 1
chain (COL1A), and OCN genes was increased in the presence of bioactive glass. The mRNA level
of dentin matrix acidic phosphoprotein 1 (DMP1), dentin sialophosphoprotein (DSPP), and OCN
was also upregulated in the presence of bioactive glass. Alkaline phosphatase (ALP) activity also
increased. BSP and COL1A are odontoblast differentiation markers. Their expression was upreg-
ulated. Other odontogenic markers like DMP1, DSPP, and OCN are expressed in the later stage
of development. The ALP activity and alizarin red staining (ARS) have a relation with phosphate
matrix formation in dentin before mineralization initiation. The higher the ALP activity, the high
concentration of phosphate ions at the mineral site deposition. ARS is used to analyze the cal-
cific deposition by cells and it is a crucial step in dentin formation. As bioactive glass biological
properties are highly dependent upon concentration. The stem cells must rapidly differentiate into
osteogenic lineage from stem cells. Endocytosis of bioactive glass and stem cells is initiated because
of similar hard tissue regeneration potential of osteogenic [65].
In another study, the biological response was studied on dental pulp stem cells (DPSCs). DPSCs

were collected from the crown and root of teeth by digesting in a collagenase type I (3mg/ml), dis-
pase (4mg/ml) solution for one hour at 37 ∘C. Cell suspensions were seeded in the six well culture
plates containing αDMEM (modified Eagle’s medium) supplemented with 15% fetal bovine serum
and antibiotics like penicillin, streptomycin. The culture plates were incubated under 5% CO2 at
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37 ∘C. 96well culture plates were then used for seeding of DPSCs at the density of 5× 103 cells/well.
Cell viability and proliferation were measured using a cell counting kit 8 (CCK-8) assay. Flow
cytometrywas used to evaluate cell apoptosis by using the fluorescent detection of phosphatidylser-
ine buffer (FITC) annexin VApoptosis detection kit. Apoptotic cells were positive and healthy cells
were negative under annexinV-FITCwhile the oppositewas PI. To identify cellmarkers, theDPSCs
were subcultured on 12 chamber slides and grown to 80% confluence. Then, cells were incubated
for one hour. After growth DPSCs were fixed in 4% paraformaldehyde with no specific antigen. The
cells were then incubated with diluted primary antibody CD73 (1 : 50), CD105, CD90 overnight
at 4 C, washed, and incubated with fluorescein-conjugated secondary goat anti-mouse polyclonal
antibody at room temperature.
To study the change in mesenchymal phenotype of DPSCs, flow cytometry analysis was done.

Cells were trypsinized and incubated in PBS for one hour with conjugated fluorescein antibody
CD73, CD90, and CD105. To study the cell differentiation of DPSC, a pulp-less tooth slice was
incubated in a culture medium to stimulate odontogenic differentiation. The DPSCs showed
good cell proliferation, viability, and higher growth of extra cellular matrix (ECM). The apoptosis
rate was lower in the case of bioactive glass. Cell phenotype markers CD73, CD90, and CD105
showed positive expression and their phenotype characteristic remained unchanged. The DPSCs
differentiated after 21 days post-incubation. Higher calcium deposition and gene expression were
observed in the presence of bioactive glass. The expression of DMP1, Runx2, and ALP which are
odontogenic differentiation markers was upregulated. Moreover, tooth slices showed significant
expression of DSPP in the presence of bioactive glass. The pulp/dentin complex formation was
induced eight weeks post-incubation. The newly grown tissues showed dentin-like morphology
with a collagenous matrix which is deposited perpendicular to odontoblast-like layers on the
surface of hydroxyapatite particles. The dentin-like matrix in dental mineralizing cells displayed
protruding cytoplasmic processes in the matrix. They are positive immune-stained for DSP
which is a main phenotypic marker of odontoblasts. This dentin-like matrix interfaces with
pulp-like interstitial tissues containing blood vessels. The newly formed dentin-matrix complex
expressed a negative response to anti-human nuclei antibody staining. Moreover, a higher number
of odontoblast-like immune-positive cells for DSP were observed in the presence of bioactive
glass [66].

17.11 Bioactive Glass for Cartilage Regeneration

It is difficult to regenerate cartilage as compared to bone. The engineered cartilage has limited abil-
ity to achieve mechanical and biochemical properties of native cartilage as full-thickness articular
cartilage defects involve subchondral bone damage mostly. Moreover, the cartilage to bone inter-
face integrates slower. Several studies have been conducted, but the role of subchondral support
material on tissue integration and cell viability is still not clear.
The in vitro analysis of bioactive glass (13-93) has shown the formation of neocartilage when

co-cultured with bovine chondrocytes. The bovine chondrocytes were cultured in transforming
growth factor (TGFβ) 3 serum-free media for 28 days. The biological potential of bioactive
glass-based agarose gel was evaluated after 7 and 14 days. The in vivo potential of bioactive glass
as osteochondral graft has been evaluated by fabricating a polyethylene glycol (PEG)/13-93 based
scaffold. New Zealand white adult rabbits MSCs allogenic bone marrows were suspended in
scaffold before implantation into the rabbit knees. The 6- and 12-week post-implantation analysis
showed good tissue integration and formation of viable cartilage cells at the articular layer [47].



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

�

� �

�

414 17 In Vitro and In Vivo Studies of Bioactive Glasses

Calcium ions play a critical role in cartilage regeneration and being an essential component of
bioactive glass, it is assumed that maybe it is calcium that facilitates the repairing of cartilage. The
foundation for cartilage reconstruction could be prepared by activating the Wnt signal pathways.
These pathways assist the expression of the cartilage repair gene. Silicon ions of bioactive glass
stimulate the differentiation of MSCs by activating theWnt pathway. Moreover, silicon ions protect
chondrocytes from osteoarthritis by suppressing their metabolic activity. Silicon ions of bioactive
glass inhibit the hedgehog pathway and increase autophagy. Calcium along with silicon also
activates the hypoxia-inducible factor (HIF) pathway which stimulates gene expression related to
cartilage repair and suppresses osteoarthritis caused by the Wnt pathway by increasing autophagy
and inhibiting the hedgehog pathway [67].
For in vitro analysis, bioactive glass composites were first placed in PBS solution and analyzed

qualitatively as well as quantitively for the release of active ions. Mice chondrocytes were cultured
in PBS solution containing ionic dissolution products of the bioactive glass. After 24 hours of
incubation, the cultured cells were washed thrice with PBS solution. Then 4% paraformalde-
hyde was added for cell fixation at room temperature. The cultured samples were incubated
in rhodamine-phalloidin for 30minutes and in DAPI for 5minutes before taking fluorescence
microscopy images. qRT-PCR is used generally for evaluating chondrocyte gene expression, i.e.
Cartilage-specific proteoglycan core protein (AGGRECAN), MMP13, SRY-box transcription factor
9 (SOX9), COL2. For this, the mice chondrocytes are seeded at the density of 2× 104 cells/well
and incubated for seven days. The cells are then harvested using TRIzoI reagent to extract RBA
which is reversely transcribed into complementary DNA by using RevertAid First Strand cDNA
Synthesis Kit. The qRT-PCR analysis is performed using ABI 7300 prism with the SYBR Green
detection reagent. The fluorescence microscopic images confirm that the bioactive glass initiate
regeneration of cartilage as prominent filopodia and unidirectional lamellipodia extensions have
appeared. However, an increase in bioactive glass results in more proliferation and growth of
chondrocytes. The gene’s AGGRECAN expression increased in the presence of bioactive glass as
well as the expression of biomarkers SOX9 and COL2 were also upregulated. The regeneration of
cartilage leads to the formation of the extracellular matrix. The extracellular matrix is composed
of collagen II and proteoglycans. MMP13 is a gene of metalloproteinase13 which has the potential
to degrade the extracellular matrix. Bioactive glass downregulates the production of the MMP13
gene thus, supports cartilage regeneration and repair [67].
NewZealandwhite rabbit’s articular cartilagewas used to isolate chondrocytes by digestion using

collagenase II. These chondrocytes were cultured in 10% fetal calf serum, 100U/ml penicillin, and
100 μg/ml streptomycin in DMEMmedium. The whole mixture was incubated at 37 ∘C in 5% CO2
and the growth medium was changed every three days. Six well culture plates were used for inoc-
ulation. 5ml of cell suspension was added to each well containing a bioactive glass-based scaffold.
The specimen was harvested at 4, 8, and 12-weeks post-implantation. A green fluorescent protein
labeled chondrocyte line was used to study cell migration. The cells were fixed using formaldehyde
at room temperature and sectioned at 5mm on a freezing microtome. For the cell adhesion study,
the scaffolds were soaked in ethanol (75%) for 48 hours for sterilization under UV radiation. After
sterilization, the scaffoldswerewashed using PBS and seededwith chondrocytes in 48well plates at
70 cells/mm2 density. The chondrocytes sued for this test were incubated for three hours before the
addition of 1ml freshmedium in cell culture well. For quantitative in vivo cartilage formation anal-
ysis, the total glycosaminoglycan and collagen were determined. The bioactive glass-based scaffold
exhibited superior migration of cells toward the inner region of the scaffold with an increase in
vitro culture time. The percentage of cell adhesion was also increased from 60% to 84% by adding
bioactive glass as well as the DNA content measured in vitro before implantation was also higher
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in a bioactive glass-containing group rather than control groups. Moreover, cells were proliferated
better. The gross evaluation of in vivo constructs was monitored and the regeneration of cartilage
was better in the presence of a bioactive glass-based scaffold. The mechanical properties of carti-
lage produced can be measured by glycosaminoglycan (GAG) content and collagen. The content
of GAG and collagen was higher in the case of bioactive glass. The cartilage-like tissue formed in
the control as well as bioactive glass scaffold group, but an obvious lacuna structure with strong
expression of type II collagen was present in the case of bioactive glass. Cells migrated toward
inner regions and formed thicker cartilage in the presence of bioactive glass. The neocartilage
formed has better mechanical properties and ECM. The bioactive glass supported the cell activity,
produced extracellular matrix, expressed phenotype, and played role in preserving characteristic
spherical morphology associated with the synthesis of cartilage and proteoglycans. The thicker car-
tilage formed has a homogeneous structure. Bioactive glass has a direct effect on the lamellar bone
repair of subchondral bone and restoration of the articular surface of primary hyaline-like cartilage
in 12weeks in rabbit femur osteochondral defects along with good integration with surrounding
tissues [68, 69].

17.12 Evaluation of Bioactivity in Cartilage Regeneration

Bioactive glass reduces the gene expression of pro-inflammatory cytokines like IL-1β and tumour
necrosis factor α (TNF-α). Transwell migration and scratch assays are used to evaluate the effect of
bioactive glass on the migration of mouse aortic endothelial cells (MAEC) and L929 cells. MAEC
and L929 are endothelial and fibroblast cells of mouse connective tissues. The in vitro studies on
these cell lines have demonstrated that bioactive glass fastens the migration of these cells. Thus, it
was hypothesized that bioactive glass can behave similarly in vivo, i.e. more migration, more dif-
ferentiation, and proliferation. The in vitro studies on mouse cell lines also show that bioactive
glass composites improve the protein and gene expression of collagen I, collagen III, fibronectin,
and elastin. Similarly, the MAEC cell cultures have stimulated the gene expression of basic fibrob-
last growth factor (bFGF) and kinase insert domain receptor (KDR), while L929 upregulated the
expression of vascular endothelial growth factor VEGF, KDR, and endothelial nitric oxide synthase
(eNOS) in the presence of bioactive glass. These genes play role in angiogenesis.
The macrophage-depleted mouse model was used to study the functional aspects of

macrophages in vivo in the presence of bioactive glass. C587 mice were used as model animals.
Clodronate-liposome were injected in mice to reduce macrophage secretion. Clodronate-liposome
is an artificially created hydrophilic vesicle. The shell of the vesicle has a lipid bilayer-like
consistency. The liposomes are ingested by macrophages which result in the release of clodronate
in the body’s aqueous media. The clodronate accumulates in the body and when they reach a
certain concentration, they stimulate the apoptosis of macrophages. The GFP fluorescence and
immunohistochemistry staining images indicated the migration of L929 and MAEC cells at a
higher rate in normal mice in the presence of bioactive glass. While in the macrophage depleted
model, the migration of L929 and MAEC cells was depleted even in the presence of bioactive
glass at the wound site. Based on these observations, it was concluded that bioactive glass affects
the migration of macrophages at the wound site which results reduce the migration of L929 and
MAEC cells.
The Hematoxylin and eosin stain results confirm that wound healing was faster in normal mice

in the presence of bioactive glass composite than macrophage depleted mice. This implies that
macrophages are important for wound healing. Moreover, in normal mice, the haemotoxylin and
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eosin (H&E) stain confirms that more granulation occurs at the site treated with bioactive glass
than in the control group. After seven days, the thick, intact nonepidermal layer formed at the
bioactive glass treated site. While in macrophage-depleted mice, the bioactive glass treated site has
a very thin new epidermis layer. However, after 14 days, all groups have formed a new epidermis
layer but with different thicknesses. The bioactive glass treated site in normal mice has a thicker
layer, while themacrophage depletedmicemodel has a thin layer but it was thicker than the control
group.
CD68 immunohistochemistry test for total macrophages was performed which showed that

macrophage depletedmice and normalmice have a higher number ofmacrophages at the bioactive
glass treated site than that of the control site. However, the number of macrophages is a very low
normal site in macrophage depleted mice which confirms the effect of clodronate liposome. The
CD163 immunohistochemistry results showed the M2 macrophages are higher at the bioactive
glass treated sites than the normal sites.
Masson staining confirms the deposition of collagen at the wound site in macrophage-depleted

and normal mice. The collagen growth was enhanced at the bioactive glass site in normal and
macrophage-depleted mice after 14 days. The collagen fibers arrangement was highly ordered in
the presence of bioactive glass than at the control site. The CD-31 IH staining and CD-31/α-SMA
IF staining were performed to study the angiogenesis at the wound site. The CD-31 positively
stained cultures were present in a large amount at bioactive glass treated site in normal mice than
macrophage depletedmice. The size of capillaries grown at the bioactive glass treated sites is larger
as compared to the control site. After 14 days, the number of capillaries falls in normal mice at the
bioactive glass treated site which confirmed the regeneration of skin while inmacrophage depleted
mice the number and thickness of capillaries increased after 14 days at the bioactive glass treated
site which shows the role of macrophages in wound healing.
Bioactive glass can stimulate the M2 phenotype of macrophages in vitro as well as in vivo. Bioac-

tive glass has a 3-D porous structure which facilitates the adhesion and ingrowth of cells as well as
its polar nature help it to dissolve in body fluids quickly. TheM2 phenotype activation results in the
secretion of cytokines and chemokine which are pro-regenerant. It enhances the release of TGF-β,
VEGF, and bFGF in vitro which attract endothelial and fibroblast cells at the wound site. While in
vivo studies demonstrate that macrophages have an important role in wound healing. These results
suggest that bioactive glass is only active in the release of M2 phenotype and other gene expression
proteins in the presence of macrophages. The wound site showed good growth in the presence of
bioactive glass in normal mice, while in macrophages depleted mice, no significant difference was
observed between the control and bioactive glass site. This suggests that the repairing cells in vivo
are recruited by macrophages which secrete chemokines and cytokines [70, 71].

17.13 Regeneration of Soft Connective Tissues

Bioactive glass can be used for the regeneration of soft tissues. In vivo and in vitro study using fibrob-
last model has suggested that bioactive glass increases the cell proliferation and produces VEGF.
The increased neo-vascularization is due to the release of VEGF which is a highly pro-angiogenic
factor as endothelial cells only [43, 72].
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17.14 Bioactive Glass for Skin Tissue Regeneration

Bioactive glasses are used for skin regeneration in wound healing. A wound healing process
is divided into three phases, i.e. inflammation, proliferation, and tissue remodeling. Tissue
regeneration has been used to boost the natural wound healing process. When the biomaterial is
implanted into the wound site the inflammatory responses by host cells occur which are undesir-
able and delay healing. The consensus is to use inert biomaterials to avoid inflammatory responses
[70]. However, a detailed study of host reactions has revealed that immune system responses play
critical roles in wound healing. These inflammatory responses can be tuned to achieve desired
properties. Macrophages are released by immune cells during wound healing. At the same time,
chemokines are secreted by neutrophils at the wound sites. Macrophages are neutrophils assemble
and secrete different kind of molecules which enhance the growth of fibroblasts and endothelial
cells at the defect site. Macrophages have a paracrine effect. They support the MSCs in bone
healing and human dermal fibroblasts during skin regeneration thus enhance the deposition of
fibroblast and angiogenesis. The effect of biomaterials on the macrophage’s behavior has been
studied in vitro.
It has been concluded that the physical, chemical, and structural characteristics of bioma-

terial influence the secretion and phenotypes of cytokines and chemokines by macrophages.
Macrophages bond with all biomaterials, i.e. polymers, ceramics, and metals. The biomaterial and
macrophage interaction involve adhesion, activation, and secretion of cytokines by macrophages
at the implantation site. This collectively stimulates the chain of downstream biological reactions.
Bioactive glass assists skin tissue regeneration by stimulating angiogenesis and extracellular
matrix deposition. The ionic products of bioactive glass have the potential to activate the M2
phenotype and stimulate the secretion of anti-inflammatory growth factors by macrophages.
There is one drawback to using pure bioactive glass for wound healing is that they incur pain at
the defect site by increasing the pH. However, the fabrication of bioactive glass with polymers like
sodium alginate can be done to reduce the pain. The polymeric composites also help in keeping
the wound site moist which is necessary for wound healing [70].

17.15 Bioactive Glass for Angiogenesis

The bioactive glass increases cell proliferation and produces VEGF. The increased neo-
vascularization is due to the release of VEGF which is a highly pro-angiogenic factor as
endothelial cells only [43, 72].
For the in vitro analysis, the 45S5 bioactive glass with a composition (45% SiO2, 24.5% Na2O,

24.5% CaO, and 6% P2O5) was used. A slurry of 45S5 was made in deionized water and 594 μl of
this slurry was added in 94 or 24 well plates. CCD-18Co cell lines (CRL-1459) were used for in
vitro analysis. It is a human colon fibroblast cell line. The cells were obtained from passage 9,
grown in Eagles minimal essential media with 2mM/l glutamine and 1mM sodium pyruvate, 1
non-essential amino acid, antibiotics (penicillin, 50U/ml; streptomycin, 50 g/ml) supplemented
with 10% fetal bovine serum. 45S5 BG was coated in triplicate on 96 well cell culture plates on
which CCD-18Co cells were seeded. The plates were incubated for different intervals, i.e. 24, 48,
and 72 hours at 37 ∘C in the 5% CO2. After the incubation, the total number of cells was calculated
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using Cell Titer 96 AQueous non-radioactive cell proliferation assay. For the measurement of VEGF
and bFGF secretion, CCD-Co cells were seeded on 24 well cell culture plates coated with 45S5 and
incubated under 5% CO2 for different intervals, i.e. 24, 48, and 72 hours. After incubation, the cul-
ture medium was immediately stored at −70 ∘C and the amount of VEGF and bFGF produced in
the culture media was measured by a quantitative sandwich enzyme immunoassays. A commer-
cial angiogenesis assay (angiogenesis assay kit; TCS Cell Works) was used to evaluate the effect
of bioactive glass on fibroblast biological activity in the release of growth factors. The assay was
prepared by the following method.
At first, the medium in culture plates was replaced by an optimized medium obtained from TCS

Cell works. The plates were divided into positive control, negative control, and sample sections
according to the amount of optimized medium used (alone [OM]; OM: conditioned medium
[0 g/cm2 or 0.3125mg/cm2 at 1 : 1 [v/v]]; OM containing VEGF at 2 ng/ml [positive control]; or
OM containing 20 μM) suramin (negative control). The culture medium was removed on different
days 4, 7, and 9 and replaced with a fresh preequilibrated (37 ∘C and 5% CO2) optimized medium.
The endothelial cells were stained for CD-31 after 11 days by using indirect immunocytochemistry
and allowed to air dry. Photomicrographs of each were recorded using Nikon Eclipse TE 2000-S
inverted photomicroscope fitted with a digital camera using an ×4 magnification lens. Image
analysis software was used for the quantitative measurement of endothelial tubule development.
The amount of VEGFmRNA produced was determined by QuantikinemRNA colorimetric mRNA
quantitation assay.
HumanCCD-18Co (0.031 25–6.25mg/cm2) was grown on cell culture wells coatedwith 45S5 BG.

The fibroblasts grown on 45S5 secreted VEGF in a significant amount as compared to fibroblasts
grown in control wells. The amount of bFGF and VEGF mRNA released was significant after 48
and 72 hours. The increase in VEGF mRNA and VEGF secretion in the presence of bioactive glass
is attributed to de novo synthesis.
In another study to evaluate and confirm the potential of bioactive glass being angiogenic human

dermalmicrovascular endothelial cells were culture in the endothelial basal medium in 1 : 1 condi-
tionedwith CCD-18Co cell lines. The growth of fibroblasts endothelial cells increased to 61.5% after
24 hours of conditioningmediawhich confirms the angiogenic behavior of the bioactive glass. After
11 days of culture, the endothelial cells were stained for CD-31 expression, and the results were
recorded in the form of digital micrographs to study in vitromodel of angiogenesis. The endothelial
cells grown on 45S5 produced an increased number of anastomosed endothelial tubules compared
with control. The micrographs show that bioactive glass stimulated fibroblasts to secrete growth
factors that increased angiogenesis.
The tubule branching increases, which results in the formation of a complex network in the

presence of 45S5 BG. The endothelial tubules and junctions have increased significantly. The for-
mation of tubules and complex networks mimics the angiogenesis stages, i.e. cell migration, cell
proliferation, vessel branching, and anastomosis [73].
The effect of bioactive glass on angiogenesis was studied using the arteriovenous loop (AVL)

model. The AVL model was created between the femoral artery and vein of a rat by injecting a
venous graft from the contralateral side. The 45S4 BG with fibrin gel was embedded in a Teflon
isolation chamber in which the loop was placed. The effect of bioactive glass on angiogenesis was
studied three weeks post-implantation by using μ-CT tomography and histological analysis of the
newly formed network of blood vessels. The μ-CT images showed that axial vascularization. For
in vivo analysis, six male Lewis rats of 200–300 g weight were used. The incision from the groin to
the knee in the medial thigh exposed the left femoral vessel. The contralateral leg was interposed
between the femoral left vessel and 2 cm log femoral vein produced after separation of femoral
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vein and artery to create AVL model. The microvascular anastomoses were performed using 11-0
sutures. A Teflon chamber is filled with a 45S5 BG-based granular matrix containing fibrinogen
and thrombin in 10mg/ml and 2 I.U/ml. Then, the AVL was placed in the Teflon chamber and it
was covered with 45S5, fibrinogen, and thrombin mixture having the same concentration present
below. After that, the chamber was closed and sutured to thigh musculature using 3-0 Prolene
sutures. The isolation chamber was made up of Teflon having an internal diameter of 10mm with
a height of 10mm. Four plastic tubes were placed inside the chamber to prevent the luxation of
AVL. After three weeks post-implantation, the animals were perfused using Microfil. The aorta
and Caval veins were exposed surgically under anesthesia. The aorta was flushed using 150ml of
heparin solution along with a 20ml yellow Microfil containing a 5% MV curing agent. After that,
the rats were placed at 4C for 24 hours, and the specimenwas transferred to nutrientmedia,macro-
scopically inspected, and fixed in a 3.5% formalin solution for histological analysis. After formalin
fixation, the specimens were placed in ethylenediaminetetraacetic acid (EDTA) for decalcification
for threeweeks. Then, the μ-CT analysis was performed. After this, the tissues were dehydrated in
graded ethanol and embedded in paraffin. The Leica microtome was used to obtain a cross section
of two planes perpendicular to the AVL axis. The cross sections were stained using hematoxylin,
eosin, and Masson’s trichrome, and digital photographs were obtained. The Teflon chamber was
surrounded by fibrous tissues, and fibrin gel was replaced by vascular connective tissues. The yel-
low filling of functional vessels with Microfil was visible which confirms the vascularization and
patency of AVLs. Abundant connective tissuewas formed and localized around the vascular pedicle
without predominance in the venous and arterial parts of AVL.
The newly formed vessels penetrate the construct and are present in the form of connective tis-

sues. The capillary sprouts were visible in μ-CT analysis that is penetrating the matrix. The blood
vessel distribution was equal to 43–61 vessels/cross section and 43–23 vessels/cross section in the
arterial and venous parts. The average vessel area formed as a result of exposure to bioactive glass
was 658–195mm2. There was a significant increase in blood vessel length in the bioactive glass
region [74].

17.16 Role of Other Metal-Based Network Modifiers in Tissue
Regeneration (In Vivo/In Vitro Study)

To improve the biological properties of bioactive glasses, several new elements are incorporated as
network modifiers in the bioactive glasses, i.e. boron, copper, cobalt, silver, zinc, cerium, gallium,
strontium, etc. [75]. These ions have enhanced the cell proliferation and osteogenic response of
BGs (Figure 17.5), but the relative toxicity of these ions must be considered before employing in
vivo testing [76].
Strontium ions improve the cell adhesion, growth, proliferation, and mechanical property of

BGs. These ions activate the fibroblast growth factor and calcium-sensing receptor simultaneously
by using two different molecular pathways [77, 78]. It inhibits osteoclast activity and stimulates
osteoblast differentiation and proliferation.
Lithium ions also facilitate osteoblast proliferation and differentiation. The in vitro cytotoxic

study conducted using NIH3T3 mouse embryonic cells confirmed lithium and strontium pres-
ence in BG is non-cytotoxic. Similarly, the in vivo study conducted in rabbit femoral defect
model following two to four months post-implantation showed bone growth for four months.
However, microstructural studies of bone-implant interface, histological, radiological, μ-CT, and
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Figure 17.5 Immune system response to ionic species of bioactive glass.

fluorochrome labeling analysis showed that the Sr- and Li-based scaffolds accelerated early-stage
bone formation [28].
Copper and cobalt ions improve the angiogenesis response of BGs in vivo as well as

in vitro [79, 80].
Magnesium oxide slows down the hydroxyapatite formation reactions but improves the

thickness of the CHA layer. It forms a whitlockite-like phase along with apatites on the surface
of bioactive glass and thus reflects the significant role of network modifiers in apatite layer
formation. The SiO2–CaO–P2O5–MgO (Quaternary system) has an excellent ability to support the
growth of human fetal osteoblastic cells in vitro. The in vivo studies in the goat model confirm, its
nontoxicity [81].
Zinc ions provide high surface area and nucleation sites for apatite layer formation but decrease

the rate of glassy network dissolution. It forms covalent interactionswith networkmodifiers cations
and plays a critical role to prevent inflammation by forming a direct linkage with key regulatory
pathways for inflammatory responses [82].
Iron is also added in bioactive glasses to treat cancerous bones. These glasses prevent metasta-

sis and grow new bone as a result of magnetic hyperthermia treatment [83]. Iron improves matrix
metalloproteinase expression by executing the hypoxia conditions which results in stalk cell pro-
liferation, migration, and faster degradation of extracellular matrix [84].
Bioactive glasses have innate antiseptic properties. The network modifier ions generate reactive

oxygen species (ROS) in culture media which destroy the DNA/RNA of gram-positive and
gram-negative bacteria. To further improve the antimicrobial property of BGs, cerium and silver
ions are added [85, 86]. Cerium ions enhance the production of ROS which damage bacterial
protein along with DNA and RNA [87]. They also protect the mammalian cells from ROS by
emulating the superoxide dismutase activity [88] while silver forms strong bonds with di-sulfide
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(S–S) and sulfhydryl (–SH) groups present onmicrobial cells wall proteins. It disrupts the oxidative
mechanism and blocks the nutrient uptake which ultimately leads to the death of bacteria [89].
Silver and zinc ions improve the anti-inflammatory response of bioglass by inducing apoptosis
of inflammatory cells and suppressing the production of α-tumor necrosis factor, TGF-β, and
β-interleukin (IL). These ions also suppress MMP activity and improve the gene expression of
peroxisome proliferator-activated receptors [90, 91].
58.60SiO2, 9.32Na2O, 23.66CaO, 3.38P2O5, 3.78, B2O3, and 1.26TiO2, the biological potential was

investigated in vivo by using radial segmental defect of Black Bengal goat’s animal model. Porous
scaffolds with a porosity range of 4–165 nm were prepared by using β-naphthalene and polyvinyl
alcohol (PVA) as a combustible organic binder. Studies were done 90 days post-implantation which
showed extensive bone growth as a result ofOxytetracycline labeling. Both groups showed vascular-
ization and formation ofwell-organized blood vessels suggesting remarkable angiogenic properties.
Similarly, the Osseo-regenerative ability of 70S30C BG was studied in vivo using the rat tibial

defect model. The 70S30C scaffold was used in the form of dry andwet foam. The μ-CT and isomor-
phic analysis showed defective bone healing by wet and dry foams which could be due to a sudden
increase in pH of scaffold surroundings. However, the preconditioned samples showed osteointe-
gration and differentiation up to 60%which prevent the burst release of calcium ions from scaffolds.
The burst release of calcium ions is the main reason for the sudden increase in pH. These scaffolds
degraded up to 80% at the 11th-week post-implantation. The degraded surface was replaced by
healthy new bone.
60% SiO2–36% CaO–4% P2O5 scaffold was implanted in a maxillary alveolar atrophic edge

(a four-wall defect) of Mongrel dogs. The thickness of the alveolar ridge was measured with
clinical observation of the defect region and taking a biopsy of the entire implanted region after
90 days post-implantation. Empty defect site was used as control. There was no difference in the
defect areas in both groups and a normal-looking new bone is formed with the same color and
texture. However, H&E-stained sections showed that mature and better organized new bone is
formed at the region where the bioactive glass-based scaffold is used. The bone was grown in such
a manner that it was difficult to distinguish the defect area from the surrounding bone. The new
bone is grown from the edges to the center of the defect region which justifies the osteoconductive
behavior of the bioactive glass-based scaffolds.
75wt% SiO2 and 25wt% CaO BG were implanted for six weeks in sheep mandible and the

osteogenic properties were evaluated. Scaffold has generated internal microchannels six weeks
post-implantation which is the evidence of high surface activity of BG. The surface activity was
because the initial SiO2–CaO scaffold was completely changed into CaP after continuous and
systematic surface reactions post six-week implantation. However, sometimes it is difficult to
distinguish between the mineralized scaffold and surrounding bone. The calculated CaP ratio is
1.6 in the case of new bone formed while using bioactive glass. It falls in the range of 1.6–2.0 Ca/P
ratio, which exists in natural bone. The amount of silicon was in the range of a few 100 ppm
after six weeks and less than 100 ppm Si traces are present in the surrounding tissues which is a
confirmation of successful elimination of silica from the scaffold surface. Trace amounts of Zn, Sr,
and Mg were also present whose concentration gradually increases from the scaffold to surround-
ing bone but in biological systems, these atoms converted into calcium over time during apatite
mineralization [28]. With time several new ions were added in BG to improve their properties
as well as they were fabricated in different forms, i.e. from 2D scaffold to porous 3D scaffolds to
BG fibers to improve their physical and biological properties. A 3-D bioactive glass fiber of 53.6%
SiO2, 13.2% CaO, 11.9% Na2O, 15.1% K2O, 3.2% MgO, 2.0% P2O5, and 1.0% B2O3 was pretreated in
SBF and its osteogenic potential was evaluated in vivo using noncritical size rabbit calvarial bone
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defect model. The comparative analysis was done using 45S5 Perioglass particles. The 3D fibers
showed more bone deposition than commercially available fibers. The pilot animal study on New
Zealand white rabbits was conducted for six months. Twomorphologically different implants were
investigated with different morphologies, i.e. cylindrical and morsels. Commercially available
Perioglass particulate was used as positive control and empty bone cavity as a negative control.
After six months, the animals were sacrificed and visual observation indicated the complete
healing of the operative area. However, the glass fibers showed homogenous growth while
commercially available Perioglass showed non-homogenous growth which could be attributed to
its slower resorption rate. As it was a non-critical defect, therefore, negative control also showed
complete physiological recovery. The noncritical defects heal spontaneously. Microbial infections
are the major complications induced in internal prostheses and percutaneous implants. Therefore,
antibiotic-loaded biomaterials were proposed more than 40 years ago. These materials are now
part of standard medical practice. The main goals of these materials were to prevent infection
in the implant area as well as to provide the correct quantity of drugs for sufficient time and to
reduce the risk of systemic effects of drugs. These materials are used to treat infectious bones
mostly. The in vivo studies of these biomaterials were conducted and divided into three groups.
Group I was not given any CFS-loaded BG, group II was injected with CFS injection parenterally,
and group III with impregnated bioactive glass scaffold. Scaffolds with higher porosity, i.e. from
macro to micropores exhibit more efficient and prolonged drug release both in vitro and in vivo.
CFS is used against Staphylococcus aureus normally. Group III has a constant drug concentration
during the study which was 15 times higher than the minimum inhibitory concentration of
CFS against S. aureus. This group showed prominent growth of periosteal bone. The parenteral
treatment showed growth of bridging callus and fibrocartilaginous tissue but with the absence of
mature bone. While the group I has decalcification of the bony matrix which is an indication of
the osteolytic activity of S. aureus.

17.17 List of FDA Approved Bioactive Glass

Sr. # Bioactive glass Commercial name Year Application

1. Ceravital® 1977 To replace the middle ear
small bone

2. Bioglass 45S5® Bioglass 45S5 1978 Ocular implant
3. Bioglass 45S5 Bioglass ossicular

reconstruction
prosthesis/middle ear
prosthesis MEP®

1985 To replace small bone in
the middle ear for
treatment of conductive
hearing loss

4. Radioactive Bioglass 45S5 1987 Treatment of liver cancer
5. 45S5 Bioglass® Endosseous ridge

maintenance implant
(ERMI®)

1988 In periodontal surgery
(tooth root replacement
and as support for
dentures)

6. 45S5 Bioglass 1990 Temporal bone defects in
deaf patients
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Sr. # Bioactive glass Commercial name Year Application

7. 45S5 Bioglass particulate PerioGlas® 45S5 Bioglass
particulate

1993 Dental defects repairing
(jawbone defects,
regeneration of bone
around the root tooth)

8. Radioactive Bioglass TheraSphere® 1999 Liver cancer treatment
9. 45S5 Bioglass particulate NovaBone® 1999 Idiopathic scoliosis in

posterior spinal fusions
surgery

10. 45S5 Bioglass
(300–360 μm)

Biogran® 1995 Maxillofacial and dental
applications (repair of
defects in the jawbone)

11. S53P4 plates
(53SiO2–20CaO–23Na2O–
4P2O5)

BoneAlive® 2000 For the growth of orbital
bone

12. Ag containing 45S5 BG Arglaes® (film, Powder) 2002 In wound healing and
peripheral nerve
regeneration

13. BG-coated orbital implant Medpor®-PlusTM (Porex
Surgical, Newnan, GA, USA)

2002 In orbital implants and for
fibro vascularization

14. 45S5 Bioglass particulate
(mean size 18 μm)

NovaMin® 2004 To treat dental defects
(tooth surface
remineralization and
occlusion of dentinal
tubules)

15. 45S5 Bioglass TheraGlass® 45S5 Bioglass 2007 Oral care
16. (44.5SiO2–4Na2O–4K2O–

7.5MgO–17.8CaO–
4.5P2O5–17.8SrO) mol%

StronBone® 2010 Bone implants (to reduce
bone resorption)

17. 13-93B3 Biodegradable tiny
cotton-candy borate BG
(Mo-Sci Corp., Rolla, MO,
USA),
DermaFuseTM/MirragenTM

RediHeal

2011 Angiogenic function,
wound healing, healing of
venous stasis ulcers in
diabetic

[92].
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18.1 Introduction

Glass-ceramics (GCs) are polycrystallinematerials, derived from controlled crystallization of a par-
ent glass. They were discovered by Stookey at Corning Inc., USA, in 1953, and are considered as a
combination of a glass with ceramic crystallized phases [1–4]. The discovery of GCs itself reveals
the direct relationship between the resultant GCs and the parent glasses. This relationship imme-
diately reveals the importance of the chemical composition of the parent glass as well as of the
heat-treatment, which was actually the way that the GCs were discovered, i.e. through heat treat-
ment [1, 3–5].
Nowadays, GCs are widely used in a variety of technological applications, including biomedical

ones, such as dental materials, which is the focus of this chapter. More specifically, glasses and
GCs attract a great interest in repairing and replacing natural bone and dental hard tissues, owing to
their biocompatibility [1, 3, 6–9]. Also, various glasses andGCs exhibit, apart frombiocompatibility,
bioactivity that is the ability to develop chemical bond to bones and soft tissues [1, 3, 10].
Various systems of GCs have been studied bymany research groups and are proposed as potential

materials for biomedical applications (Table 18.1). The first and probably the best-known bioactive
glass is the famous 45S5 Bioglass, whichwas invented by LarryHench and his coworkers in Florida,
USA, at the end of 1960s [10, 11]. The strong chemical bond between the bioactive glasses or bioac-
tive GCs and living bone is due to the formation of a biologically active layer of hydroxyapatite
(HA), which is spontaneously developed on the surface of the glasses/GCs, when they are in bio-
logical environment [11]. Nevertheless, it was soon realized that bioactive glasses cannot be used
in load-bearing applications (e.g. in orthopedics or dentistry) due to their poor mechanical prop-
erties [6], as the bioactive glasses have a bending strength of ∼70MPa and fracture toughness of
∼0.5MPa⋅m0.5 [12].
Therefore, the scientific interest was shifted to bioactive GCs, starting with Ceravital® (invented

by Bromer in 1973), because they can combine the characteristics of the bioactive glass (i.e. high
bioactivity) with the properties of the ceramic of the same composition (i.e. high mechanical prop-
erties) [1, 3, 4, 13]. Nowadays, there are bioactive GCswhich exhibit significantly bettermechanical
properties compared to bioactive glasses [14–17]. Nevertheless, they still demonstrate lower values
of fracture toughness than that of human jaw bone (which is KIC = 2–12MPa⋅m0.5) [14].

Bioactive Glasses and Glass-Ceramics: Fundamentals and Applications, First Edition.
Edited by Francesco Baino and Saeid Kargozar.
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Table 18.1 Various systems of GCs proposed as potential materials for biomedical applications.

Glass composition/GC system Crystalline phases

Alkaline and alkaline earth silicates SiO2–Li2O Lithium disilicate
Aluminosilicates SiO2–Al2O3–CaO Wollastonite

SiO2–Al2O3–K2O Leucite
Fluorosilicates SiO2–Al2O3–MgO–CaO–ZrO2–F Mica, zirconia
Silicophosphates SiO2–CaO–Na2O–P2O5 Apatite

SiO2–MgO–CaO–P2O5–F Apatite, wollastonite
SiO2–MgO–Na2O/K2O–CaO–P2O5 Mica, apatite

Phosphates P2O5–Al2O3–CaO Apatite

Source: Höland and Beall [4]/The American Ceramic Society/CCBY 4.0.

Dental implants are a reliable solution to restore lost teeth [12, 18]. The disadvantages of com-
mercially pure titanium (cpTi) and Ti6Al4V dental implants, such as patients’ allergic reactions
and poor aesthetic performance in the case of replacing anterior teeth, have been overcome by the
introduction of zirconia dental implants. Nonetheless, the mismatch of the mechanical properties,
in particular the modulus of elasticity and fracture toughness, between the human jaw bone and
these dental implant materials is still a serious problem. The mismatch of the above properties can
cause the stress shielding phenomenon (which is discussed in detail in Section 18.6) [12]. Zirconia
presents other problems, as well, which are related to the intrinsic nature of this material, such as
accelerated aging in the presence of moisture, leading to surface degradation and propagation of
microcracks that can eventually result in catastrophic failure. In the case of dental implants, the
expression of bioactivity, beyond the fact that it improves osseointegration by suppressing the for-
mation of fibrous tissue around the dental implant (which prevents osteogenesis), should also be
related to the improvement of the load distribution between the dental implant and the jaw bone,
by means of interfacial bonding, resulting in suppressing the stress shielding phenomenon.
This work reports on the design and the development of novel bioactive GC materials in the

Na2O/K2O–CaO–MgO–SiO2–P2O5–CaF2 system. TheGCs produced are suggested for dental appli-
cations as dental implants because their mechanical properties are a good match to those of the
human jaw bone and dentine.

18.2 State-of-the-Art

The discovery of the bioactive glass 45S5 by Prof. Larry Hench, 50 years ago, inaugurated the field
of modern bioactive glasses and ceramics [13]. However, the relatively poor mechanical properties
of the bioactive glasses limit their application in many areas of biomedical applications. This fact
triggered the research toward GCs [12, 19–26]. Bioactive GCs, produced by controlled crystalliza-
tion of glasses with a specific composition, attract increasing interest in biomedicine, either in bulk
form or as coatings [4], because they can optimally combine the characteristics of the bioactive
glass and the high mechanical strength of the ceramic of the same composition [3, 27].
A fundamental presupposition for a successful hard tissue implantation is a continuation at the

interface between the implant and the living part. TheHA layer formed onto the surface of bioactive
glasses or ceramics serves a dual aim, where the optimum combination of these two functions
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is the key to the success of an implantation [26]. First, the chemical resemblance of the newly
formedHAon the surface of the bioactivematerial with the biologicalHAof the living bone assures
the development of a strong chemical bonding with the living tissue at the interface and favors
osteointegration. Additionally (i.e. the second aim), this HA layer facilitates the distribution of the
stress between the biomaterial and the surrounding bone and thereby reduces stress shielding [28].
The success of a material intended for use as a dental material is based on its ability to work in

balance with the surrounding tissues without causing injury to them. Thus, according to the ISO
6872 standard, a dentalmaterial, should exhibit good chemical, mechanical, and optical properties,
comparable to those of natural teeth [29].Hence, in the case of dental implantmaterials, in the stage
of the design of the compositions, it would be useful to take into account (i) where (i.e. anatomically,
at which point) a dental implant will be placed, and which hard dental tissue a dental implant is
called on to replace, (ii) what requirements a dental implant should meet (i.e. which properties
must reach specific values in order to be similar to the adjacent physiological tissues), and (iii)
the materials which are used nowadays, in order to highlight how much they satisfy the above
requirements and consequently to emerge the challenges that the future research has to face, as
the present work does.
A dental implant is a prosthetic device of alloplastic materials that is surgically placed on the

jaw bone to replace one or more missing teeth, and, specifically, is called on to replace the root
of the tooth. Macroscopically, the human jaw bone, like most human bones, is divided, based on
porosity, into an external dense cortical bone, whose structure andmicrostructure provide the prin-
cipal mechanical strength of the jaw bone, and its thickness and the inside cross-sectional areas
are strong indicators of gross bone strength and fracture resistance [30], and an internal trabecu-
lar bone (spongy or cancellous), the structure of which is less in density and has a greater degree
of macro-porosity than the cortical bone [31]. Microscopically, the human jaw bone is made up
of an extracellular matrix, bone cells (osteoblasts, osteocytes, and osteoclasts), blood vessels, and
nerves. In the case of dental implants, cells are inevitably involved in the formation of the strong
bond between the jaw bone and an implantedmaterial. This process was discovered by Brånemark
in the 1950s and it is called osseointegration [32, 33]. In Section 18.6, the importance of cells in
osteointegration is discussed in more detail and emphasis.
A dental implant aims at restoring the root of natural teeth that comes in contact with the jaw

bone, which, in contrast to a crown (which protrudes into the oral cavity), is mostly composed of
dentine, which is covered by a thin layer of cementum (it is the smallest dental hard tissue, with
10–200 μm thickness). Cementum has a structure similar to that of bone tissue but has a lower
hardness than dentine (<0.6GPa). Thus, it has no contribution to the mechanical strength of the
natural tooth, but its role is limited to lining the root and to maintain the tooth in the alveolar
[34, 35]. Hence, an ideal dental implant material should exhibit mechanical properties that are
close to those of the natural teeth without (far) exceeding those of the jaw bone.
The mechanical properties of both the natural tissue (jaw bone and dentine) and the materials

used for the production of a dental implant play a crucially important role in the longevity of a
dental implant in the oral cavity [36]. More specifically, the mechanical properties of the natural
tissue (jaw bone and dentine), listed in Table 18.2, are of the utmost importance in cases where the
bones come in contact with biomaterials (due to either loss or destruction of a natural hard/soft
tissue). Ideally, in most clinical cases and evenmore in the case of dental implants (which are in an
intensely continuous changing dynamic environment), themechanical properties of the implanted
biomaterial should be a goodmatch for themechanical properties of the natural human tissue (jaw
bone and dentine). Otherwise, a mismatch of the above properties may cause injury to the human
tissue or fracture of the restoration.
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Table 18.2 Mechanical properties of the natural tissues [6, 10, 17, 18] and dental implant materials of
zirconia and Ti-alloys [9, 10, 12, 30].

Flexural
strength
(MPa)

Modulus of
elasticity
(GPa)

Micro-
hardness
(GPa)

Fracture
toughness
(MPa⋅m0.5) References

Dentine 230–305 15–30 <0.6 3 [6]
Cortical bone 50–150 7–30 0.06–0.075 2–12 [6, 10, 17, 18]
Trabecular bone 10–20 0.05–0.5 0.5–1 0.7–1.1 [17, 18]
Zirconia >500 210 12 6–10 [9, 10, 12, 30]
Ti alloys >1200 105–110 2.2–4 — [9, 10]

In dental implant applications, the most popular materials used, such as titanium (Ti) or zirco-
nia, are non-bioactive or bioinert. Like any other dental material, Ti has some minor drawbacks.
For instance, according to Simonis et al., who conducted a long-term clinical study with Ti dental
implants, frequent occurrences of biological (such as peri-implant mucositis and peri-implantitis)
and technical complications were observed [37]. In addition, a disadvantage of Ti dental implants
is the poor aesthetics in the gingival area, especially in the case of anterior teeth, because of the
dark grayish color of titanium [12, 38]. These disadvantages of Ti dental implants motivated the
researchers to develop novel implant materials, such as ceramic materials [39–41].
Thus, in recent years, thematerial of choice, among other ceramicmaterials (e.g. ceria-stabilized

tetragonal zirconia polycrystals, Ce-TZP), is yttria-stabilized tetragonal zirconia polycrystals
(Y-TZP). Y-TZP exhibits very good aesthetics (i.e. tooth-like color), excellent mechanical prop-
erties (bending strength 1200MPa, modulus of elasticity 200GPa, and fracture toughness of
6–10MPa⋅m0.5), and attractive biological properties [12, 41]. Nonetheless, early clinical findings
showed that there is a main drawback for zirconia related to an inherent accelerated aging,
which is intensified in the presence of moisture, known as “low-temperature degradation (LTD).”
This problem is due to spontaneous phase transformation of the zirconia crystals from the
tetragonal phase to the weaker monoclinic phase. The above problem negatively influences the
fracture toughness of zirconia dental implants, resulting in surface degradation and microcracks
propagation [12, 42]. The process of chemical degradation of zirconia ceramic implants results
in formation of a space between the dental implant and the bone, which is getting bigger over
implantation time. There is a debate if this phenomenon creates the necessary space for newly
formed bone growth between the implant and the bone (i.e. it may favor osseointegration process,
also known as biointegration), or it leads to formation of fibrous tissue or collagen. The above
mechanism is not completely known, yet [43].
Besides the mismatch of mechanical properties of the abovementioned dental implant materials

(Ti and zirconia) with those of human jaw bone and dentine, since the mechanical properties of
Ti and Y-TZP (Table 18.2) are higher than those of the human jaw bone and dentine (Table 18.2),
thesematerials are also non-bioactive or bioinert. The surface of such bioinert materials can obtain
bioactive properties through bioactive coatings, for instance with plasma-sprayed HA. Neverthe-
less, this configuration has the drawback of not displaying a uniform degradation, giving rise to
weak points at the bone-coating interface [12, 44–46].
Thus, the development of novel bioactive dental implant materials, which can develop a

strong chemical bond between the dental implant and the jaw bone, as well as to accelerate
implant anchorage by inducing the formation of an HA layer on the implant surface [12, 44, 45],
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is vitally important in these applications. The HA layer will not only speed up the process of
osteoconduction, but the formation of such an HA surface layer adjacent to the bone will prevent
the formation of fibrous tissue around the dental implant, favor osteointegration, and suppress
stress shielding [28, 46].
Bearing the above in mind and being aware of the problems arising from the mismatch of the

mechanical properties between the natural tissues (i.e. jaw bone and dentine) and dental implant
materials, it is important to develop new materials, such as GC materials, capable of producing
dental implants. Several research teams around the world have been involved in the development
of GC materials for dental implant applications [12, 19, 28, 34, 44, 47]. Although the materials
resulted from these studies (whichwill be discussed inmore detail in Section 18.6)meet the desired
chemical and biological properties, the values of their mechanical properties (whenever reported)
are higher than the desired ones, and actually they are far beyond those of the human jaw bone.

18.3 Design of Novel Compositions in the CaO–MgO–SiO2 System

The selection of glass composition and of the heat treatment schedule are key factors for
GC-production process. In order to obtain the desired final properties, the components of the glass
and their proportions should promote the precipitation of specific crystalline phase (or phases)
and avoid long heat treatment. The addition of an oxide (network former, modifier, or intermediate
oxide) in a glass composition influences the chemical, physical, and mechanical properties of the
final material. Therefore, in the stage of designing a glass composition, it is important to know the
influence of each oxide/fluoride on the final material (glass or GC).
GCs in the ternary CaO–MgO–SiO2 system have attracted considerable technological interest in

biomedical applications because of their good mechanical and chemical properties [3, 48]. As far
as the crystalline phases are concerned, the GCs used in biomedical applications consist of wollas-
tonite CaSiO3, fluorapatite Ca5(PO4)3F, and diopside CaMgSi2O6 [4]. Fluorapatite (FA)-based GCs
are potential candidates in various medical and dental applications due to the antibacterial effect
of F− ions [49]. Moreover, fluorapatite and wollastonite are bioactive materials that form a surface
layer of HA upon their exposure to SBF (simulated body fluid) solution, which is a key require-
ment for an artificial material to be used as a bioactive bone substitute [3, 50]. Diopside plays an
important role in producing a durable GCmaterial. It providesmechanical strength to GCs, needed
in dynamically changing environments [4, 9, 51–54]. Accordingly, a combination of the crystalline
phases of diopside, fluorapatite, and wollastonite is expected to result in GCs with high mechani-
cal strength and excellent bioactivity. Despite the above very interesting prospects, literature survey
reveals that GCs of diopside–fluorapatite–wollastonite has received little attention and are poorly
documented [9].
The physicomechanical properties and the in vitro and in vivo performance of bioactive glasses

and GCs in the ternary CaO–MgO–SiO2 system can be modified and improved with the addition
of oxides (and fluorides), such as K2O/Na2O, P2O5, CaF2, B2O3, Li2O, Ti2O, and ZrO2. However,
this has to be done carefully, since the addition of an oxide may improve one property, but it may
eventually jeopardize another desired property in the final material [1, 4, 48, 55].
The effect of incorporation of various oxides on bioactivity has been well investigated [1, 55, 56].

For example, the presence of MgO promotes the formation of apatite layer, and, according to in
vitro studies,Mg increases cell adhesion, proliferation, and differentiation of osteoblast cells [1, 57].
Thus, the presence of Mg in compositions, which aim to be used in biomedical applications, such
as in jaw bone environment, is essential.
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In the course of the design of a glass composition, it is necessary to understand the influence
of each oxide on various parameters that are equally important to biological performance, such
as melting point, glass transition, and crystallization temperatures. For instance, the oxides of
K2O/Na2O and MgO favor the increase of glass transition and crystallization temperatures and
hence the sintering window. A wide sintering window means that there is enough time to com-
plete the sintering before the crystallization of the glass begins. A striking example is the Bioglass
45S5, since the early crystallization, which occurs just above Tg [58], results in GCs with unde-
sirable crystalline structure and microstructure. Consequently, a wide sintering window is very
welcome in GC technology.
In the light of the above general aspects, the next lines in this section describe the evolution of the

design of the novel compositions in the above system, as performed by our research team. The early
efforts of our research team for producing GCs in the CaO–MgO–SiO2 system for use in biomed-
ical applications (dentistry and orthopedics) began in 2006. According to Tulyaganov et al. [7],
the produced GCs in the CaO–MgO–SiO2 system with B2O3, P2O5, Na2O, and CaF2 additives, dis-
played satisfactory physicomechanical properties, such as modulus of elasticity and hardness, for
applications in dentistry. Agathopoulos et al. [54], who studied these compositions with focus on
their ability in HA formation, used “composition 1” (Table 18.3), whichwasmodified by increasing
the percentage of P2O5 (from 3.26 to 4.81, and finally 6.32wt%). Thus, after full characterization,
they concluded that the increase in the amount of P2O5 favored the formation of A-type HA. This
composition was named as “composition 1b”.

Table 18.3 Glass compositions (in wt%) of the previous works, which led to the bioactive parent glasses
1d and 1e.

Glass SiO2 B2O3 CaO MgO P2O5 Na2O CaF2

1 41.39 5.33 30.05 9.25 3.26 4.74 5.98
2 42.23 4.89 31.54 8.50 2.99 4.36 5.49
3 42.95 4.52 32.80 7.86 2.77 4.03 5.07

Source: Tulyaganov et al. [7]/Elsevier.

Glass SiO2 B2O3 CaO MgO P2O5 Na2O CaF2

1 41.39 5.33 30.05 9.25 3.26 4.74 5.98
1a 40.73 5.24 29.57 9.10 4.81 4.67 5.88
1b 40.08 5.16 29.10 8.96 6.32 4.59 5.79

Source: Agathopoulos et al. [54]/Elsevier.

Glass SiO2 B2O3 CaO MgO P2O5 Na2O CaF2

1b 40.08 5.16 29.10 8.96 6.32 4.59 5.79
1d 46.06 — 28.66 8.83 6.22 4.53 5.70
1e 43.48 — 30.44 8.75 7.19 4.49 5.65

Source: Data from Tulyaganov et al. [48].
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Table 18.4 The modified compositions (in wt%).

Composition SiO2 CaO MgO P2O5 Na2O K2O CaF2

Base compositions [48]
1d 45.45 30.30 12.99 2.60 4.33 0 4.33
1e 43.10 32.33 12.93 3.02 4.31 0 4.31

Complete substitution of K2O for Na2O
1d-k 45.45 30.30 12.99 2.59 0 4.33 4.33
1e-k 43.10 32.32 12.93 3.02 0 4.31 4.31

Partial substitution of MgO for CaO
1d-m 45.45 25.97 17.31 2.59 4.33 0 4.33
1e-m 43.10 28.01 17.24 3.02 4.31 0 4.31

Further, B2O3 was omitted from the “composition 1b” [48] resulting in the boron-free “composi-
tion 1d” and “composition 1e” (Table 18.3). It is briefly stated that the compositions 1d and 1e refer
to two glasses which differ by about 2mol% in the content of both SiO2 and CaO [6]. Furthermore,
1e has a higher amount of P2O5 than 1d (3.02 and 2.60mol%, respectively). The glasses 1d and 1e
were considered as promising materials for biomedical applications, since they were biocompati-
ble, bioactive, and nontoxic. In vivo animal studies showed that the glass 1d was fully compatible
with the surrounding tissue without showing any significant adverse reactions [20]. Further pre-
liminary clinical trials demonstrated that 1d glass particulates would be particularly interesting in
conventional treatment of bone defects [20]. Bearing the above in mind, the compositions 1d and
1e were qualified and selected as the parent compositions.
Importantly, that no attempt was undertaken earlier to produce and characterize GCs based on

compositions 1d and 1e. Therefore, in this work, GCs with compositions 1d and 1e were prepared
through sintering and crystallization of corresponding fine glass powder compacts.
The GCs 1d and 1e were also modified aiming at producing GC materials which are suitable

for dental implant applications. Two series of novel modified compositions were designed. In the
first series, complete substitution of K2O for Na2O was carried out in both 1d and 1e. These new
compositions (Table 18.4) are denoted as “1d-k” and “1e-k,” (where the letter k is after K2O). In
the second series of compositions, partial substitution of MgO for CaO took place in 1d and 1e,
and these new compositions (Table 18.4) are denoted as “1d-m” and “1e-m,” (where the letter m is
after MgO).
The properties of the producedGCs, such as sintering behavior, crystallization,mechanical prop-

erties, aesthetics, and bioactivity, were evaluated with regard to their suitability for dental implant
applications.

18.4 Synthesis of the Novel Glass-Ceramics and Characterization
Methods

The process for fabricating the above GCs (Figure 18.1) included the preparation of a homogeneous
parent glass, either in bulk form or in a glass-frit form, followed by its sintering and crystallization
through a controlled heat treatment [1, 4].
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Figure 18.1 Outline of the production process of the GCs by the glass-melting method.

18.4.1 Glass Synthesis and Thermal Analysis

Fine powders of SiO2 (Sigma Aldrich; 99.8%), CaCO3 (Fluka; ≥99.0%), Mg(NO3)2⋅6H2O (Sigma
Aldrich; ≥99.0%), (NH4)2HPO4 (Merck; ≥99.0%), Na2CO3 (Lachner; 99.6%), K2CO3 (Sigma
Aldrich; 99.99%), and CaF2 (Alfa Aesar; 99%) were used as raw materials. For each composition,
batches of 100 g were prepared by weighing the raw powders, which were homogenized through
ball-milling. Next, each mixture was preheated at 900 ∘C for one hour in air (Controller S5,
Nabertherm®, Germany) in an Al2O3 crucible, at a heating rate of 1.5K/min. Then, for each
composition, the obtained oxide powder mixture was melted (Fornos Electricos, Termolab,
Portugal) in a platinum crucible (Alfa Aesar, Germany) at 1400–1450 ∘C for one hour, in air.
Bulk glasses with no crystalline inclusions (confirmed by X-ray diffraction [XRD] analysis, after-

wards) were produced by casting the molten glass into preheated bronze molds, which were then
immediately subjected to annealing at 650 ∘C (that is close to the glass transition temperature) for
one hour, in air, and then let to slow cooling inside the furnace. Glass frit was also produced by
rapid pouring of the molten glass into cold water. The glass frit was dried, ground in a planetary
ball-mill (Pulverisette, Fritisch, Germany; at 400 rpm, for 45minutes) resulting in a fine glass pow-
der and then sieved through a sieve of 32 μm. This allowed to exclude relatively course particles
and to get fine glass powder with a final particle size <32 μm.
In order to decide on the crystallization process via controlled heat treatment, which had to be

followed in order to produce the GCs, full characterization of the thermal properties of the pro-
duced glasses was performed. Differential scanning calorimetry (DSC, STA 449C, Netzsch, Selb
Germany), in the temperature range of 25–1000 ∘C in air, was conducted, where ∼15mg of glass
powder was placed into an Al2O3 crucible in the DSC equipment. The recorded thermographs
allowed the determination of the temperatures of glass transition (Tg), of the onset crystallization
(Tc), of the peak of crystallization (Tp), and of the liquids (Tl) for each investigated composition
(Figure 18.1) (these temperatures are calculated automatically by the software of the equipment,
according to the geometric determinationmethod on the thermographs, as shown in Section 18.5).
From the thermographs, two important thermodynamic magnitudes were also calculated:

the activation energy (Ea) of glass crystallization, and the Avrami exponent (nA or m), which
is an index of the growth dimensionality. In order to determine these two thermodynamic
parameters, DSC experiments were performed at five different heating rates (𝜑), between 5 and 25
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(i.e. 5, 10, 15, 20, and 25) K/min. For each heating rate, three independent runs (n = 3) were
performed. The nA refers to the growth dimensionality, where three-dimensional growth of
crystal occurs for nA ≥ 3, nA ≥ 2 signifies a two-dimensional crystallization, and for nA ≥ 1.0 it
corresponds to one-dimensional growth of crystal [59–62]. The calculation of them was done from
the thermographs as follows.
The Ea (in kJ/mol), was evaluated by the Kissinger equation [63, 64]:

Ea
RTp2

= ln
Tp
𝜑

+ constant (18.1)

where Tp is the temperature of the crystallization exothermal peak, R is the universal gas constant
(8.314 J/mol⋅K), and 𝜑 is the heating rate. The plot of ln((Tp2)/𝜑) vs. 1000/Tp yields a straight line,
whose slope can be used to calculate the value of Ea.
The nA (it is also designed often with the letter m) was estimated by using the Augis–Bennett

equation [65]:

nA = 2.5
ΔT

•
RTp2

Ea
(18.2)

where ΔT is the full width at the half maximum of the exothermic crystallization peak, Tp is the
temperature of the crystallization exothermal peak, Ea is the activation energy of crystallization,
and R is the universal gas constant (8.314 J/mol⋅K).

18.4.2 Glass-Ceramics Production and Characterization

Fine glass powders were granulated by mixing with a 2.5 vol% polyvinyl alcohol (PVA) solution
(glass powder/PVA = 97.5/2.5, in wt%). Parallelepiped bars (5× 4× 40mm3) were prepared by uni-
axial pressing (150–200 bar). The bars of the glass powder compacts were heat-treated at 450 ∘C for
two hours in air, for debinding, and then at various temperatures, according to the results from
thermal analysis, for one hour, in air.
The crystalline phases developed in the produced GCswere identified by XRD analysis (XRD, D8

Advance, Bruker AXS, Billerica, Massachusetts, USA; Cu Kα radiation [𝜆 = 1.5406Å], produced at
30 kV and 25mA, was used), in the range of diffraction angles (2𝜃) between 20∘ and 60∘ with a
2𝜃 step of 0.02∘/s. The diffractograms were compared to standards complied by the International
Center for Diffraction Data (ICDD).
The microstructure of the GCs was observed in a scanning electron microscope (SEM, 6510

LV, JEOL, Freising, Germany, using an acceleration voltage of 20 kV) equipped with an energy
dispersive spectroscopy (EDS) device for elemental analysis. The sample preparation was as fol-
lows. The GC specimens were embedded in an acrylic resin (Resine Phenolique, Presi, France) and
ground using SiC papers (from 200 to 1400 grid) in a polishing machine (RotoPol-25, Struers, Den-
mark) under continuous water cooling. Then, they were polished with diamond pastes (Diamant
Mecaprex Spray, Presi, France), using a diamond paste of 1 μm as a final polishing step, i.e. mir-
ror finishing. The polished surfaces, after being cleaned in an ultrasonic bath with distilled water
and dried, were chemically etched by immersion in 2 vol% HF solution for 30 seconds. Immedi-
ately after this period of time, they were washed with tap water in order to stop the etching process
and avoid the formation of fluorides on the GCs surface, and finally cleaned with distilled water.
To obtain a conductive surface, the samples were sputtered with a Au–Pd thin film (4–8 nm) in a
sputtering machine.
The linear shrinkage during sintering was calculated from the difference of the dimensions

between the green and the sintered bars. The Archimedes immersion method (in water) was used



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

�

� �

�

440 18 Production of Bioactive Glass-Ceramics for Dental Application Through Devitrification of Glasses

to measure the density of the sintered GC specimens (which were fully dense with no porosity).
For comparison purposes, the density of the bulk-glass samples was also measured.
In order to determine the mechanical properties of the produced GCs, the bars were rectified

by grinding with SiC papers (from 200 to 1400 grid) to obtain the dimensions, according to the
ISO 6872 “Dentistry – Ceramic materials” [29]. More specifically, the dimensions of the specimens
were width 4.0 (±0.2) mm, thickness 3.0 (±0.2) mm, and length 35.0 (±0.2) mm, (according to this
standard, the samples must be at least 2mm longer than the span between the supporting rods,
and the ratio of thickness to length (b/L) must be ≤0.1).
The flexural strength (𝜎, MPa) and the modulus of elasticity (E, GPa) were calculated according

to the ISO 6872 [29] by using the results of three-point bending strength tests (conducted in an
Autograph AGS-H equipment, Shimadzu, Japan), carried out with a head speed of 1.0mm/min
and a span of 25mm between the supporting rods. The values of 𝜎 and E were calculated by using
the following equations, respectively

𝜎 = 3FL
2wh2

(18.3)

and

E = L3m
4wh3

(18.4)

where F is the fracture load, L is the span between the supporting rods (25mm), w is the specimen
width (4mm), h is the specimen thickness (3mm), andm is the slope of the straight line in the plot
of load vs. displacement.
Vickers microhardness (HV) measurements were performed on polished surfaces (prepared as

reported above for the preparation of the samples for SEM, up to themirror finishing stage)with the
use of a Digital Microhardness Tester (Time Instrument, Indonesia), by applying a load of 500 g (or
4.9N) for 30 seconds. From the length (l) of the cracks propagated from the corners of the pyramid
indentation, the value of fracture toughness (KIC, in MPa⋅m0.5) was also calculated by using the
Niihara equation [66]:

𝜑KIC
H𝛼1∕2

(
H
𝜑E

)2∕5

= 0.035
( 1
𝛼

)−1∕2
(18.5)

where 𝜑 is a constraint factor (∼3), E is the modulus of elasticity (in GPa), H is the hardness (in
GPa), and 𝛼 is the indent half-diagonal.
The presenting results (shown in the Sections 18.5.1.2 and 18.5.2.2) for the above properties of

the GCs are the average (and their standard deviation) from 10 independent measurements made
on different GC specimens (i.e. n = 10, for each GC).
Brittleness is a measure of the relative susceptibility of a material to deformation and fracture. It

is related with hardness (H), which quantifies the resistance to deformation, and toughness (KIC),
which quantifies the resistance to fracture. Accordingly, the ratio of hardness to fracture toughness
(H/KIC) has been proposed as a simple index of brittleness (BI) [67].
Finally, the in vitro bioactivity of the produced GCs was evaluated by their ability for inducing

HA formation on their surface, after immersion in SBF (which has an ionic concentration (in mM)
of Na+ 142.0, K+ 5.0, Ca2+ 2.5, Mg2+ 1.5, Cl− 147.8, HCO3

− 4.2, HPO4
2− 1.0, and SO4

2− 0.5, and
buffered at pH = 7.25 by tris-hydroxymethyl-aminomethane and hydrochloric acid) at 37 ∘C for
several periods of time [48, 68] (i.e. 7, 14, and 21 days). Polished bars and fine powders (0.2 g, which
exposed an area of ∼1 cm2) of the investigated GCs were immersed (separately) in 25ml SBF (SBF
had passed through a filter of 0.2 μm, aiming at sterilizing the SBF, since the small pore size of
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the filters is generally smaller than the average size of bacteria), sealed in sterilized plastic flasks,
and stored at 37 ∘C. At the aforementioned periods of time, measurements of the pH of the liquid,
XRD analysis of the powders, and SEM/EDS analysis of the surface of the bars were conducted (the
conditions of the XRD and SEM analyses have been reported above).

18.5 Properties of the Glass-Ceramic Materials

This section presents the properties of the novel GCs, which are (i) the densification and crys-
tallization, as estimated by the thermal properties of the glasses (i.e. Tg, Tc, Tp, and Tl for each
investigated composition), the crystallization mechanism (Ea and nA), sintering, and aesthetics,
crystalline structure and microstructure, (ii) the mechanical properties (flexural strength, modu-
lus of elasticity, hardness, fracture toughness, and brittleness index [BI]), and (iii) the bioactivity
performance. Before their presentation, it should be reminded in brief that theseGCswere obtained
through controlled crystallization of the parent glasses, which occurs via heat treatment, whereby
the crystalline phases are precipitated from the reservoir of the parent glasses. As far as the parent
glasses are concerned, they were produced by melting in a Pt crucible at 1400 ∘C for one hour, in
air, and subsequently by quenching (in cold water). The schedule of the heat treatment is based on
the results of the thermal analysis of the glass and is crucially important for the successful sintering
and crystallization process of the resultant GCs.
According to the design of the compositions, presented in Section 18.3, the section is subdivided

into two subsections. The first one presents the experimental results related to the qualification of
the parent compositions 1d and 1e, with regard to the production of bioactive GCs which are suit-
able for fabricating dental implants. The second subsection presents the results of themodifications
made to the parent glasses 1d and 1e, i.e. complete substitution of K2O for Na2O (1d-k and 1e-k)
and partial substitution of MgO for CaO (1d-m and 1e-m), in order to obtain GCs with mechanical
properties as close as possible to those of dentine and human jaw bone.

18.5.1 Parent Glass-Ceramic Compositions

18.5.1.1 Densification and Crystallization
Thermal Analysis of the Parent Glasses and Crystallization Mechanism The DSC thermographs of the
parent glasses 1d and 1e are shown in Figure 18.2a (these plots correspond to a heating rate of
15K/min). The first endothermic peak (marked with the downwards arrow) corresponds to Tg
and the second indicates the onset of crystallization, Tc, followed by a strong and sharp exother-
mic peak at Tp, attributed to glass crystallization. The endothermic peak at Tl reveals the liquidus
temperature, which resulted from the decomposition and the dissolution of the crystalline phases.
The values of Tg, Tc, Tp, and Tl (calculated by three independent experiments) are summarized in
Table 18.5.
DSC was also performed at five different heating rates. The results (not shown) showed that the

temperatures ofTg,Tc,Tp, andTl was increased as the heating ratewas increased. Besides choosing
the heat treatment processing of the glasses in order to prepare the corresponding GCs, the plots of
ln((Tp2)/𝜑) vs. 1000/Tp were made, using the results of the DSC analyses. It should be stressed that
in these calculations, temperature should be expressed in K. A good linear fitting was obtained for
the five tested heating rates in both glasses, 1d and 1e, as shown in Figure 18.2c.
The calculated Ea of crystallization for each glass is shown in Table 18.5. The values of Ea for the

glasses 1d and 1e were 430± 30 and 384± 18 kJ/mol, respectively. Furthermore, from the analysis
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Figure 18.2 Thermographs of (a) the parent and (b) the modified glasses recorded with a heating rate of
15K/min. The insets in (a) show the measurement of the full width at the half maximum of the
crystallization peak. The graphical estimation of Tg, Tc, Tp, and T l is shown (the software of the equipment
used in this work automatically estimates these temperatures through this method). The plot of ln((Tp

2)/𝜑)
vs. 1000/Tp for these glasses is presented in (c).

Table 18.5 Mean values (and standard deviation; n = 3) of glass transition temperature (Tg), onset
crystallization temperature (Tc), crystallization temperature (Tp), liquidus temperature (T l), activation
energy (Ea) of crystallization, and Avrami exponent (nA) (determined by the DSC measurements) of the
glasses 1d and 1e.

Glass Tg (
∘C) T c (

∘C) T c − Tg (∘C) Tp (
∘C) T l (

∘C) Ea (kJ/mol) nA

1d 649± 9 783± 2 134 815± 13 936± 9 430± 30 3.8± 0.2
1e 653± 8 788± 8 135 847± 16 952± 5 384± 18 3.0± 0.2

The sintering window (Tc − Tg) is also presented.
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of the exothermic peaks (i.e. from the measurements of the full width at the half maximum at Tp,
as shown in the insets of Figure 18.2a), the nA for each glass was calculated. The results are listed in
Table 18.5 and suggest that the glasses 1d and 1e are prone to three-dimensional growth of crystals,
since nA ≥ 3 in all cases.

Sintering and Aesthetics The parallelepiped bars of the glass-powder compacts were heat-treated at
temperatures which were suggested from the results of the thermal analysis of the glasses. Thus,
the heat treatment of the parallelepiped bars of the glass-powder compacts was carried out at the
temperatures of 800, 850, and 900 ∘C.
Well-sintered dense GC bars of white color (as shown in the insets of Figure 18.3a,b) were pro-

duced from the glass powder compacts. Their densities along with the density of the correspond-
ing bulk parent glass (which was always smaller than that of the corresponding GC, suggesting
that crystallization occurred in the glass powder compacts at these temperatures) are presented in
Table 18.6. The linear shrinkage of the GCs ranged between 9.6% and 11.6% (Table 18.6).

Crystalline Structure and Microstructure In the GCs 1d and 1e, diopside CaMgSi2O6, fluorapatite
Ca10(PO4)6F2, and wollastonite (CaSiO3) were predominantly crystallized (Figure 18.3a,b). There
is no evidence of formation of other secondary or minor phases, according to the assignment of the
peeks in the diffractograms.
Figure 18.4a,c shows typical SEM images of the microstructure of the produced GCs 1d and 1e,

heat-treated at 850 ∘C (observed after chemical etching with HF). Three different types of crystals
were observed, whose identification was made with the aid of EDS spot analysis, in conjunction
with the results of the XRD analysis (Figure 18.3a,b). More specifically, in the EDS spectra, Mg was
registered only in the bigger crystals, where the Mg/Ca/Si/O molar ratio was found approximately
as 1/1/2/6, respectively; thus, these crystals were assigned to diopside (D). Flour was detected in
the coralloid-like small crystals marked with FA, assigned, therefore, to fluorapatite. In the crystals
marked with the letter W, the Ca/Si molar ratio was 1/1; hence, these crystals were assigned to
wollastonite. Consequently, SEM/EDS (Figure 18.4a,c) and XRD (Figure 18.3a,b) analyses suggest
that themicrostructure of the producedGCs 1d and 1e is composed of a glassmatrixwith embedded
prismatic diopside (D) and smaller acicular wollastonite (W) crystals, along with small crystals of
fluorapatite (FA).

Table 18.6 Mean values (and standard deviation, n = 5) of linear shrinkage and density of the parent
annealed glasses and the prepared GCs 1d and 1e heat-treated at various temperatures for one hour.

Heat treatment temperature (∘C)

GCs Annealed glass 800 850 900

Linear shrinkage (%)
1d — 11.6± 1.14 10.2± 1.13 9.6± 0.07
1e — 10.4± 0.95 10.2± 0.46 9.7± 0.32

Density (𝜌, g/cm3)
1d 2.57± 0.12 3.03± 0.33 2.85± 0.31 2.70± 0.09
1e 2.53± 0.61 3.07± 0.51 3.01± 0.15 2.99± 0.29



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

20 30 40
2θ (°)

(a)

50 60 20 30 40
2θ (°)

(b)

50 60

20 30 40
2θ (°)

(c)

50 60 20 30 40
2θ (°)

(d)

50 60

In
te

ns
ity

 (
a.

u.
)

In
te

ns
ity

 (
a.

u.
)

In
te

ns
ity

 (
a.

u.
)

In
te

ns
ity

 (
a.

u.
)

1d 1e

900 °C

850 °C

800 °C

900 °C

850 °C

800 °C

04-008-0676 Fluorapatite

01-071-1067 Diopside

00-084-0655 Wollastonite

04-008-0676 Fluorapatite

01-071-1067 Diopside

00-042-0550 Wollastonite

04-008-0676 Fluorapatite

01-071-1067 Diopside

00-042-0550 Wollastonite

04-008-0676 Fluorapatite

01-071-1067 Diopside

00-019-0973 α-Potassium magnesium silicate

1e-m 1e-k

1d-k1d-m

Figure 18.3 X-ray diffractograms of the glass-powder compacts of the parent compositions (a) 1d and (b) 1e heat-treated at various temperatures for one hour,
and of the modified GCs (c) 1d-k and 1e-k heat-treated at 900 ∘C and (d) 1d-m and 1e-m at 850 ∘C for one hour. The standard patterns of diopside (CaMgSiO6,
01-071-1067), fluorapatite (Ca(PO4)3F, 04-008-0676), wollastonite (CaSiO3, 00-042-0550), and α-potassium magnesium silicate (K2MgSi3O8, 00-019-0973) are
plotted at the bottom of the diagrams. The insets present the resultant well-sintered dense GC bars with white color.
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Figure 18.4 Typical microstructure of the GCs (a) 1d, and (b) 1d-m and 1d-k, produced after heat-treatment
at 850 ∘C, and (c) 1e, and (d) 1e-m and 1e-k produced after heat-treatment at 900 ∘C, revealed after
chemical etching of polished surfaces with 2% HF solution (D, diopside; FA, fluorapatite; W, wollastonite;
α-PMS, α-potassium magnesium silicate).

18.5.1.2 Mechanical Properties
The influence of heat treatment temperature on the mechanical properties of the produced GCs
1d and 1e is presented in Table 18.7. At 800 ∘C, crystallization in glass powder compacts 1d and
in 1e was seemingly just initiated (Figure 18.3a,b). Owing to the fact that crystallization causes
an improvement in mechanical properties, the highest values of mechanical properties, such as
flexural strength, modulus of elasticity, hardness, and fracture toughness, were recorded in the
GCs heat-treated at temperatures near their corresponding Tp (Table 18.5).
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Table 18.7 Mean values (and standard deviation, n = 10) of mechanical properties of the investigated GCs
1d and 1e, heat-treated at various temperatures for one hour.

Heat treatment
temperature
(∘C)

Flexural
strength
(𝝈, MPa)

Modulus of
elasticity
(E, GPa)

Vickers
microhardness
(HV, GPa)

Fracture
toughness
(K IC, MPa⋅m

0.5)

GC 1d 800 119± 10 24± 6 6.0± 0.4 1.6± 0.1
850 171± 11 27± 5 6.1± 0.5 1.7± 0.1
900 141± 6 22± 4 5.2± 0.7 1.4± 0.1

GC 1e 800 86± 19 24± 5 5.9± 0.5 1.8± 0.3
850 141± 9 30± 1 6.0± 0.5 1.9± 0.3
900 122± 9 25± 1 5.8± 0.1 1.7± 0.2

Cortical jaw bone — 50–150 7–30 0.06–0.075 2–12
Dentine — 230–305 15–30 <0.6 3

For comparison purposes, the mechanical properties of cortical jaw bone and dentine are also presented.
The significance for bold formatting of 850 ∘C is made to emphasize that the highest values of mechanical properties
were recorded in the GCs heat-treated at temperatures near their corresponding Tp.

From the values of Vickers microhardness and fracture toughness, the BI of the produced GCs
was calculated and was found in the range of 3.6–3.7 μm−0.5 for the GCs 1d and 3.3–3.5 μm−0.5 for
the GCs 1e.

18.5.1.3 Bioactivity
The excellentmechanical properties of the producedGCs 1d and 1e,motivated to assess their bioac-
tivity by SBF tests. The results of the SBF testing showed a clear evidence of bioactivity. More
specifically, the pH of the solution (Figure 18.5a,c) was rapidly increased in the first week (from
7.25 to ∼9.5), and then there was a slight tendency for a slow increase, suggesting an ion exchange
between the surface of the GC and the SBF.
The formation of HA layer on the surface of the produced GCs was verified by SEM observations

and EDS analyses (characteristic images for each composition are presented in Figure 18.5a,c),
which showed that the Ca/P molar ratio on the surface of the 1d and 1e GC samples, after 21 days,
was 1.67 and 1.68, respectively. It was also observed that the EDS spectra (not shown), recorded
from samples immersed in SBF at different times, showed an increase in the intensity of the peaks
attributed to Ca and P (which are ascribed to HA formed on the surface of the GCs) and a decline
or disappearance of the Si, Na, and Mg peaks (with are witnesses of the elements in the bulk of the
GC). Consequently, the GCs 1d and 1e induce the formation of HA on their surface from the very
first time of their immersion in SBF at 37 ∘C.

18.5.1.4 General Evaluation of the Parent GCs 1d and 1e
The above experimental results show that the produced GCs 1d and 1e display bioactivity,
reflected in their ability to spontaneously form HA on their surface after immersion in SBF at
37 ∘C. Besides bioactivity, the assemblage of the crystalline phases formed leads to well-sintered
and well-crystallized GCs with a dense microstructure, which affects their mechanical properties.
These features, in conjunction with the attractive aesthetics (white color), qualify the produced
GCs 1d and 1e for further consideration and experimentation as potential dental implant materi-
als. More specifically, heat treatment at 850 ∘C resulted in GCs with mechanical properties close
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Figure 18.5 Evolution of pH in the solution over immersion time of powder of the GCs in SBF (at 37 ∘C)
and SEM images and the corresponding EDS spectra (in the inset) of the surface of bulk samples after
immersion in SBF for 21 days for (a) 1d, (b) 1d-m and 1d-k, (c) 1e, and (d) 1e-m and 1e-k GCs.

enough to those of dentine (which is the biological tissue that a dental implant is called on to
replace) and jaw bone (that is the biological tissue with which the material of an implant comes
into contact) (Table 18.7).

18.5.2 Modified Glass-Ceramic Compositions

18.5.2.1 Densification and Crystallization
Thermal Analysis of Glasses and Crystallization Mechanism The DSC thermographs of the parent
glasses 1d-k, 1d-m, 1e-k, and 1e-m are plotted in Figure 18.2b. The values of Tg, Tc, Tp, and Tl
(calculated by three independent experiments) are summarized in Table 18.8. The K-free glasses
(1d-m and 1e-m) have a Tg between 650 and 660 ∘C and a Tp close to 850 ∘C. K-substitution (in
the glasses 1d-k and 1e-k) causes an increase in both temperatures, i.e. Tg is 670–677 ∘C and Tp is
∼900 ∘C. The experimental results (not shown) showed that the temperatures of Tg, Tc, Tp, and Tl
were increased as the heating rate was increased.
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Table 18.8 Mean values (and standard deviation; n = 3) of glass transition temperature (Tg), onset
crystallization temperature (Tc), crystallization temperature (Tp), liquidus temperature T l, activation energy
(Ea) of crystallization, and Avrami exponent (nA) (determined by the DSC measurements) of the modified
glasses.

Glass Tg (
∘C) T c (

∘C) T c − Tg (∘C) Tp (
∘C) T l (

∘C) Ea (kJ/mol) nA

1d-k 670± 8 816± 7 146 872± 14 >988 469± 9 3.3± 0.4
1d-m 652± 8 785± 3 133 824± 14 973± 3 428± 15 3.7± 0.2
1e-k 677± 9 820± 11 143 907± 15 >992 476± 29 2.6± 0.2
1e-m 660± 7 788± 9 128 838± 16 960± 8 385± 31 3.3± 0.1

The sintering window (Tc − Tg) is also presented.

The Ea of crystallization for each glass was calculated using the plots of ln((Tp2)/𝜑) vs. 1000/Tp
(Figure 18.2c) and the results are listed in Table 18.8. The nA value for each glass (Table 18.8) was
calculated from the analysis of the exothermic peaks through the measurement of the full width
at the half maximum at Tp. The results, listed in Table 18.8, suggest that the modified glasses are
generally prone to three-dimensional growth of crystals since nA ≥ 3, while the glass 1e-k is prone
to two-dimensional crystallization (nA ≥ 2).

Sintering and Aesthetics The parallelepiped bars of the glass-powder compacts of these four compo-
sitions were heat-treated at temperatures, whose choice was based on the findings of the thermal
analysis of the glasses, i.e. the temperatures Tg, Ts, and Tp (Table 18.8). Here, it is necessary to
notice that the highest values of mechanical properties of the GCs 1d and 1e were recorded in the
GCs heat-treated at temperatures near to their corresponding Tp. Accordingly, after a plateau at
450 ∘C for two hours (to complete the de-binding), the K-free glasses were heat-treated at 850 ∘C
and the K-containing glasses at 900 ∘C.
Well-sintered GCs were produced at 850 ∘C in the case of the 1d-m, and 1e-m GCs, and at 900 ∘C

in the case of the 1d-k and 1e-k GCs. The density values of the produced GCs at these temperatures,
along with the density of the corresponding parent bulk glass (which was always smaller than that
of the corresponding GC, suggesting that crystallization occurred in the glass powder compacts at
these temperatures) are presented in Table 18.9. The linear shrinkage of the GCs ranged between

Table 18.9 Mean values (and standard deviation, n = 5) of linear
shrinkage and density of the modified GCs.

Density
(g/cm3)

Linear
shrinkage (%)

Composition Glass GC GC

1d-k 2.49 2.61 9.4± 0.3
1d-m 2.58 2.77 10.6± 0.3
1e-k 2.48 2.80 9.1± 0.3
1e-m 2.55 2.68 9.3± 0.8

For comparison purposes, the density values of the bulk glasses are also
presented (The SD of density values was <5%).
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9.1% and 10.6% (Table 18.9). As far as the aesthetics is concerned, the produced GCs had a white
color, but K-substitution favored this effect markedly (as shown in the insets of Figure 18.3c,d).

Crystalline Structure and Microstructure Similar to the GCs 1d and 1e, the GCs 1d-m and 1e-m
were comprised of diopside (CaMgSi2O6), wollastonite (CaSiO3), and fluorapatite (Ca10(PO4)6F2)
(Figure 18.3c), while diopside (CaMgSi2O6), fluorapatite (Ca10(PO4)6F2), and α-potassiummagne-
sium silicate (α-PMS, K2MgSi3O8) were formed in the GCs 1d-k and 1e-k (Figure 18.3d). There is
no evidence of formation of other secondary or minor phases, according to the assignment of the
peaks in the diffractograms.
The microstructure of these GCs (Figure 18.4b,d), according to elemental EDS analysis, is

composed of well-defined big prismatic crystals assigned to diopside (D, where the Mg/Ca/Si/O
molar ratio was found approximately as 1/1/2/6, respectively), and smaller acicular crystals
assigned to wollastonite (W, where the Ca/Si molar ratio was 1/1), or to α-PMS, in the case of
the potassium-substituted GCs (since potassium was recorded by EDS on these crystals), whose
thickness was smaller than those of wollastonite, embedded in a glassy phase. Flour was detected
in the coralloid-like small crystals marked with FA, assigned, therefore, to fluorapatite. The
microstructure observations are consistent with the results of the XRD analysis (Figure 18.3c,d).

18.5.2.2 Mechanical Properties
The mechanical properties of these modified GCs are summarized in Table 18.10 and are a direct
result of both the crystalline assemblage and the microstructure. The flexural strength varied from
107 to 129 and the modulus of elasticity ranged between 23 and 31GPa. The microhardness and
fracture toughness values of these GCs ranged between 5.4 and 5.6GPa, and 1.7–1.9MPa⋅m0.5,
respectively. Additionally, the BI values for the GCs 1d-k, 1d-m, 1e-k, and 1e-m were 3.0± 0.6,
3.3± 0.5, 3.0± 0.4, and 3.0± 0.4 μm−0.5, respectively. Because of their excellent mechanical proper-
ties, the produced 1d-k, 1d-m, 1e-k, and 1e-m GCs were subjected to further studies to assess their
bioactivity in SBF.

18.5.2.3 Bioactivity
The results of the SBF testing showed clear evidence of bioactivity of all the modified GCs. The pH
of the SBF solution (Figure 18.5b,d) was rapidly increased in the first week (from 7.25 to ∼9.5 and
∼9.7), and over the immersion time there was a tendency for a slow increase, suggesting that ion
exchange occurs between the surface of these GCs and the SBF at 37 ∘C.
The bioactivity performance of these GCs was confirmed by SEM/EDS analysis on their surface

after immersion in SBF. Characteristic images for each GC are presented in Figure 18.5b,d. The

Table 18.10 Mean values (and standard deviation, n = 10) of the mechanical properties of the modified
GCs, heat-treated at 850 ∘C (for 1d-m and 1e-m) and 900 ∘C (for 1d-k and 1e-k) for one hour.

GC

Mechanical properties 1d-k 1d-m 1e-k 1e-m

Flexural strength (𝜎, MPa) 129± 5 128± 10 117± 5 107± 16
Modulus of elasticity (E, GPa) 26± 1 23± 1 26± 1 31± 2
Vickers microhardness (HV, GPa) 5.6± 0.4 5.6± 0.4 5.4± 0.4 5.6± 0.3
Fracture toughness(KIC, MPa⋅m0.5) 1.9± 0.5 1.7± 0.2 1.8± 0.2 1.9± 0.2
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EDS analyses showed that the Ca/P molar ratio, after 21 days immersion in SBF, was in the range
of 1.67–1.69 (note that the Ca/P molar ratio of stoichiometric HA is 1.67). Similar to 1d and 1e
GCs, the EDS spectra showed that the peaks attributed to Ca and P (on account of HA formed
on the surface of the GCs) increase over immersion time, while a decline or disappearance of
the Si, Na, and Mg peaks (which are witnesses of elements in the bulk substrate of the GCs) is
observed.

18.5.2.4 General Evaluation of the Modified Glass-Ceramics
The results showed that the modified GCs 1d-k, 1d-m, 1e-k, and 1e-m exhibit the ability to sponta-
neously form HA on their surface after immersion in SBF at 37 ∘C. Besides bioactivity, the results
show that both substitutions (i.e. K for Na, and Mg for Ca) in group 1d resulted in lowering of the
modulus of elasticity from 27 to 26 and 23GPa and in increasing of the fracture toughness, from
1.7 to 1.9MPa⋅m0.5. In group 1e, K-substitution led to a reduction of the modulus of elasticity from
30 to 26GPa, but there is a negligible effect of this substitution on the value of fracture toughness,
which remained almost stable (1.9–1.8MPa⋅m0.5). In all cases, the attempted substitutions caused
a reduction in themicrohardness of the produced GCs (Figure 18.6). It is important to note that the
proposedmodifications resulted in GCs with mechanical properties evenmore close (than those of
the non-modified 1d and 1e GCs) to those of dentine (which is the biological tissue that the dental
implant is called on to replace) and jaw bone (that is the biological tissue with which the material
of the implant comes into contact) (Figure 18.6).
Consequently, the most important issue is that the above modifications have a positive effect

as far as the adaptation of the mechanical properties of produced GCs (1d, 1d-k, 1d-m, 1e, 1e-k,
and 1e-m) to those of human jaw bone and dentine, suggesting these materials as promising
ones for dental implant applications (Figure 18.6). The Section 18.6 focuses on this important
aspect.
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Figure 18.6 Influence of substitutions of K for Na and of Mg for Ca in the compositions 1d and 1e on the
mechanical properties (flexural strength, 𝜎; modulus of elasticity, E; Vickers microhardness, HV; and fracture
toughness, KIC) of the produced GCs, 1d-k, 1d-m, 1e-k, and 1e-m. For comparison purposes, the values of the
mechanical properties of natural tissues (cortical bone, trabecular bone, and dentine) are also shown in the
diagram.
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18.6 Feasibility of the Application of the Novel Glass-Ceramics
in Dental Implantology

In the field of dental implantology, it is important to stress the biological importance of themechan-
ical properties of natural tissues (jaw bone and dental hard tissue). In the case of dental implants,
bone cells (osteoblasts, osteocytes, and osteoclasts) are directly involved in the process of forming
a strong bond between the jaw bone and the implant material. This is called osteointegration and
was discovered by Branemark in the 1950s. Osteointegration is not an isolated phenomenon, but
it depends on previous osteoinduction (the process by which osteogenesis is induced, because it
implies the recruitment of immature cells and the stimulation of these cells to be developed into
preosteoblasts) and osteoconduction, which is associated to the formation of HA (i.e. an osteocon-
ductive surface permits bone growth on it, or down into pores, channels, or pipes) [1, 33]. Once
the bone’s organic matrix production is successfully completed by the osteoblasts, the majority of
the osteoblasts undergo programmed cell death, while a small portion of osteoblasts that had been
embedded in the organic matrix transforms into osteocytes. Osteocytes contribute to conservation
of the extracellular matrix, by responding to local strains resulted from external loads applied on
bone. In the case of the human jaw bone, these external loads come mainly from the forces of the
repeated chewing cycles. Osteoclasts are responsible for bone resorption. It is important to note
that, in order to sustain skeletal remodeling and to maintain bone mass, there is a continuous
balanced interaction between osteoblasts and osteoclasts.
The knowledge of the rules of biomechanics in living jaw tissues is crucially important because

these rules are related to the longevity of a dental implant in the oral cavity. Obviously, the eval-
uation of the influence of the factors that play an important role in the ultimate success of dental
implant restorations is necessary. The above factors, among others, are related to the mechani-
cal properties of both the human jaw bone and the materials used for the production of a dental
implant [36]. After the placement of a dental-implant prosthetic restoration, the dental implant
receives the loads from the occlusal forces. If the value of the modulus of elasticity and the fracture
toughness of the dental-implant material is close to the corresponding values of the jaw bone, then
the dental implant distributes the load from the occlusal forces to the adjacent bone (jaw-bone) and
thereby its density is maintained (actually, this is the main aim of the majority of research teams).
On the other hand, if the values of the above properties are far from the corresponding values of
the jaw bone, then the dental implant is the only one that is charged by the occlusal forces; as a
result, the implant does not transfer the occlusal forces to the jaw bone. This phenomenon is called
stress shielding. Thus, the osteocytes lose their main role (i.e. the conservation of the extracellular
matrix), resulting in a reduction of the bone density of the jaw bone. This eventually leads to the
failure of the dental implant restoration.
As mentioned in Section 18.2, a dental material must have notably good chemical, mechani-

cal, and optical properties, comparable to those of the dental hard tissues (i.e. enamel, dentine)
and bone, depending on the application [34]. In the case of dental implants, the knowledge of
the mechanical properties of cortical bone, trabecular bone, and dentine will help in designing of
new dental materials [27, 34, 69–72]. The values of the modulus of elasticity of the popular (in den-
tistry) implantmaterials used, i.e. titaniumand zirconia (110 and 220GPa, respectively) [12, 44], are
markedly higher than that of the jaw bone (7–30GPa) and dentine (15–30GPa) [34, 44]. The values
of the mechanical properties of the novel GCs produced in the present study are at desired levels.
Actually, through the substitutions, the values of the natural tissues were satisfactorily approached.
To stress this issue, in the light of the fact that the produced bioactive GCs are still not in use as den-
tal implant materials in the daily dental clinical practice, it is important to compare the properties
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of the novel GCs both with the properties of materials used in dental clinical practice (titanium and
zirconia) and of the natural tissues (jaw bone and dentine). This is comprehensively presented in
Figure 18.6.
Starting from the fracture toughness value and knowing that after the placement of a prosthetic

restoration, the occlusal forces are mostly received by the body of the dental implant, unlike the
natural teeth, where jaw bone plays this role, it would be ideal for this property to range from
2 to 12MPa⋅m0.5 [34]. The experimental results showed that the substitutions of K and Mg in
the initial compositions 1d and 1e affected the mechanical properties of the resultant GCs, since
the fracture toughness was increased. The fracture toughness of the produced GCs, after the
substitutions of K and Mg (1.7–1.9MPa⋅m0.5) was clearly lower than that of zirconia implants
(6–10MPa⋅m0.5) [12], which are used in the daily clinical dental practice, but very close to that of
compact bone (2–12MPa⋅m0.5) [14, 34].
In order to increase the fracture-toughness value and maintain (as much as possible) the mod-

ulus of elasticity value, it was proposed a complete substitution of K2O for Na2O and a partial
substitution of MgO for CaO. The experimental results showed that these substitutions affected
the mechanical properties of the resultant GCs, since the modulus of elasticity was reduced while
the fracture toughness was increased. The produced GCs have a considerably smaller modulus of
elasticity, for instance 26 and 23GPa for the series 1d, which almost fits to the maximum value of
the jaw bone. This anticipates an efficient suppression of stress shielding.
As far as microhardness is concerned, the substitutions resulted in a slight reduction. Neverthe-

less, these values (5.4–5.6GPa) are higher than those of the spongy bone (0.5–1GPa) [73, 74], with
which a dental implant comes in contact, but they are still lower than that of zirconia implants and
rather close to that of titanium implants (12 and 4GPa, respectively) [74–76].
The BI, which is a measure of machinability, is 3.0–3.7 μm−0.5 for the produced GCs. In glasses

and ceramics, BI values in the range of 3–9 μm−0.5 anticipate good machinability [67, 77]. In the
light of the rapid development of additive manufacturing, Baino and Verné [47] have suggested
interesting ideas, such as the production of bi-layered prototype implants for total tooth replace-
ment. The above idea is very promising, especially nowadays, on account of the introduction of
digital technology, such as the computer aided design (CAD) and the CAD/chorioallantoic mem-
brane (CAM) technology, in dentistry, for fabricating dental prosthetic restorations [78–80]. Ideally,
the combination of bioactive [46] (in order to fabricate the root of the tooth) and bio-inert (in order
to fabricate the crown of the tooth) GCs in a CAD/CAM plate, which will then undergo mechani-
cal cutting, might be possible to occur, provided that a strong interface between the bioactive and
the bio-inert GC materials can be achieved. Selective laser melting (SLM), or, for ceramics, selec-
tive laser sintering (SLS) technique is a modern solution of the later problem (i.e. development of
strong interface), since sintering takes place layer by layer, in a single mass [81, 82]. Indeed, Fateri
et al. [83] successfully fabricated the first GC tooth, with a size similar to the human tooth by
SLM. Accordingly, the SLM technique is a very promising technique in the construction of dental
restorations and the produced GCs display properties that satisfy the requirements of this modern
fabricating technique.

18.7 Concluding Remarks

The results of this study demonstrated that the produced novel GCs were well-sintered and dense
materials. This is greatly attributed to the fact that sintering was not impeded by crystallization.
As far as the substitutions are concerned, the partial substitution of Mg for Ca and the complete
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substitution of K for Na were attempted in the two parent glasses, 1d and 1e, whose bioactivity
is well documented in literature. In the case of K for Na substitution, the glass transition (Tg)
and the crystallization temperatures (Tp) were shifted to higher temperatures, while there were
no significant alterations in Tg and Tp in the glasses with Mg for Ca substitution. The GCs were
produced through sintering-crystallization of fine glass-powder compacts in the temperature inter-
val of 800–900 ∘C, and comprised of an assemblage of diopside, wollastonite, and fluorapatite, or
diopside, fluorapatite, and α-PMS, depending on the type of substitution. TheGCmaterials showed
ability to spontaneously formHA on their surface in vitro that might be attributed to the formation
of wollastonite or α-PMS crystalline phases.
Compared to the parent GCs, themodifiedGC compositions featured lowermodulus of elasticity

and microhardness, and higher fracture toughness. Consequently, the substitutions attempted in
the parent GCs offer the possibility to suitably tune themechanical properties of the novel bioactive
GCs in order to be a good match to the properties of the natural hard tissues, such as bone and
dentine.
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19.1 Introduction

Froma biomaterials point of view, the path ofmiddle ear reconstruction has somehow retraced that
of orthopedic implants, searching for stiff, permanent biocompatible materials with osteointegra-
tion capacity [1]. Even if ear and limb bones deal with very differentmechanical forces, the peculiar
constraints of biocompatibility after reconstructive surgery have rendered the long-term survival
of any replacements extremely difficult in the ear [1, 2]. Biocompatibility relies on the ability of
a biomaterial to perform with a suitable host response, so it is strongly dependent on the specific
tissue/organ and pathologic state [3]. Anatomically, ossicular bone is special type compact bone tis-
sue, quite similar to femoral compact bone [4]. Other important bones in the auditory compartment
include the mastoid bone, a porous bone made up by mastoid cells, either filled with air or bone
marrow, and external auditory canal, which is an osseocartilaginous structure extending from the
auricle to the tympanic membrane. Overall, ear tissues can be affected by congenital, infectious,
inflammatory, traumatic, and neoplastic diseases, thus reconstructive materials are required [5].
Along with non-toxicity and effective sterilization, mechanical forces and cell–material interac-
tions have been highlighted among the most important key factors affecting biocompatibility. Mid-
dle ear biocompatibility is a very special case, which has deserved specificity. Indeed, the failure
of biomaterial-based devices (i.e. passive implants) in the ear has deeply been studied, and was
found to rely on anatomic modifications due to reconstructive surgery, such as inefficient aera-
tion, perpetration of inflammation sustained by residual infections, and continuous vibration of
the involved tissues, which overall render this environment very aggressive toward any biomateri-
als [6]. To face these issues, mostly bioinert stiff materials, including alloplastic materials, metals
and later on bioinert ceramics were applied, using a thin slice of cartilage as an interface between
the ossicular prosthesis and the eardrum [2, 7]. The presence of an interposed autologous mate-
rial concurs to reduce the device extrusion, which is a consequence of poor biocompatibility, as
defined above. Differently, biological tissue grafts tend to be resorbed as a consequence of inflam-
matory processes [8–10]. Several surgical techniques have also been explored to stably connect the
ossicular replacement prosthesis (ORP) to the tympanic membrane softer tissue at one end, and
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to the harder bony tissue on the opposite end, including drilling grooves to allow fibrous tissue to
grow in [11].
In the search for better biocompatible materials for orthopedic applications than metal alloys,

about 60 years ago, silicate-based glasses and glass-ceramics containing high amounts of Ca and
P ions appeared as very intriguing options [12]. Bioactive materials are intermediate between
resorbable and bioinert, meaning that they dissolve at a small rate sufficient to trigger chemical
and biochemical reactions. In fact, bioactive glasses (BAGs) are surface reactive glasses. There are
three main compositional characteristics that enable the surface to be highly reactive in a water
solution, thus making them different from traditional glasses: (i) less than 60mol% SiO2; (ii) high
Na2O and CaO content; and (iii) a high CaO/P2O5 ratio, namely, low P2O5 [13]. As intermediate
between bio-inertness and bio-resorption, the actual behavior of BAGs is greatly affected by
composition. Their peculiarity is to elicit a specific biological response at the material/tissue
interface as a consequence of chemical changes occurring in wet environment [13]. Once in
contact with biofluids, the ions released from the BAG surfaces can locally induce biological
reactions leading to new bone formation. This phenomenon was discovered in the late 1960s by
Larry Hench and colleagues at the University of Florida (USA). After implanting a low content
(45wt%) SiO2 glass containing (24.5wt%) Na2O and (24.5wt%) CaO and (6wt%) P2O5 (namely,
45S5; also known with the tradename Bioglass®), it was found that the material was chemically
bound to bone tissue, becoming inseparable [14]. The interfacial adhesion strength of BAGs to
biological tissues may even be higher than the cohesive strength of the implant, leading to difficult
revision surgery [15]. In addition to the BAG family, BAG-ceramics and dense hydroxyapatite are
also able to form an interfacial bond with neighboring tissues. A key advantage of a BAG is the
ability to bond to both hard and soft tissues. The mechanism leading to chemical bond formation
with tissues is a multistep process, which in turn prevents the formation of a fibrotic capsule,
typical of bioinert materials. BAGs attach to human tissues through the formation of hydrated
silica, further covered by a carbonate hydroxyapatite surface layer, the latter being responsible for
interfacial bonding [16]. After, cell adhesion and consequent collagen deposition occur, which
entail the strong connection to tissues. Moreover, BAGs can stimulate osteogenesis by locally
exerting a control over gene expression in the bone lineage induced by the microenvironment. As
such, they naturally possess not only osteoinductive (i.e. osteoblast spreading) but also desirable
osteoconductive (i.e. osteo-differentiative) properties.
Since 1979, ceramics have been used in tympanoplasty, in particular to reconstruct the ossicular

chain (i.e. ossiculoplasty) or the posterior canal wall [17]. Hench’s Bioglass was in fact modified by
Brömer et al., whomarketed another BAG-ceramic under the tradename of Ceravital® [18]. In 1983,
the first histologic and clinical experience with the BAG-ceramic Ceravital showed that, unlike
other types of ceramics, it could be applied without the need of cartilage for protection, thus behav-
ing similarly to the homologous bone ossicles [19]. Importantly, the use of interposedmaterial with
BAGs is controversial, as it would prevent implant-to-tissue fixation, desirable for stability [11]. In
a similar fashion, Ceravital showed good outcomes for external auditory canal; the reconstructed
wall displayed no extrusion, but re-epithelization [19]. In general, bioactive ceramics have demon-
strated an excellent rate of integration with the surrounding osseous tissue: 8–10 days after the
implant, osteoblasts initiate proliferation, leading to a stable connection with bone in 2months.
After such initial intriguing results, BAGs and glass-ceramics started to became popular among
otologic surgeons, and still represent a possible option [20, 21]. The optimal biomaterial for middle
ear reconstruction, in terms of long-term functional outcomes – and therefore, biocompatibility – is
still an ambitious challenge. Recently, emerging disciplines, such as tissue engineering, have dis-
closed new option for otology, which could also boost novel applications of BAGs in this field [1].
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Figure 19.1 Bioactive glasses (BAGs) for
ear implants.
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This chapter overviews the available results using BAGs in the ear and surrounding compart-
ments (Figure 19.1), including nose–throat and craniofacial, to finally approach new options for
reconstruction and regeneration of these tissues.

19.2 Bioactive Glasses in Otorhinolaryngology: Biological
Properties

19.2.1 Bioactive Glasses in Otorhinolaryngology

In this section, we provide a brief description of the BAGs used in the ear–nose–throat, head–neck,
and maxillofacial surgery.
Bioglass 45S5 (SiO2–CaO–P2O5), also called Novamin, has been the first bioglass introduced in

surgery in 1970s, thanks to its ability to form direct chemical bonds with both hard and soft tissues
through surface chemistry more rapidly than other materials of the same class [22]. As the Si4+
and Ca2+ ions remarkably influence cell differentiation and regulation [23–25] earlier works have
shown osteogenic properties in vitro [26]. Due to its intrinsic brittleness, BAG is less suitable for
load-bearing devices, making it preferred as a composite with polymers [27]. For instance, Qu and
Liu, proposed a scaffold made of gelatin and BAG for odontoiatric applications [28].
Bonalive (S53P4) is a BAG that is composed of silicon dioxide, sodium oxide, calcium oxide, and

phosphorous pentoxide. This BAG has shown remarkable osteoconductive and antibacterial prop-
erties [29, 30], and has been successfully used as amaterial formicro-prostheses [31] and structural
obliteration [32–35]. Ceravital was introduced by Reck in 1980s and after a decade had been used
in 1300 cases [11]. To activate the biogenic reaction of Ceravital with the eardrum side, bone paste
or powder were used also in combination with fibrin glue, leading to better anatomical results than
alloplastic material Plasti-Pore. The long-term outcomes have highlighted material degradation in
case of persistent inflammation sustained by an infected mucosa [36].
Biosilicate is a bioactive vitroceramic that is able to bind to bone or soft tissues because of the

hydroxy-carbonateapatatie that are formed as a coating on its surface when in contact with body
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fluids [37]. It has been extensively used to reconstruct the ossicular chain in several animalmodels,
showing no ototoxicity or vestibular toxicity [38–42].
Bioverit is a glass ceramic that exists in four different types based on a glass of composition

SiO2–Al2O3–MgO–Na2O–K2O–F+CaO+P2O5 [43]. Bioverit II is the one that has been largely
employed in dentistry, otorhinolaryngology, and orthopedic surgery because of its machinability
and stability [44–46]. It has shown a high level of biocompatibility, observed with implants in mice
and rabbits [44, 45, 47–50], and can be implanted even in infected sites since it possesses antifouling
properties [51].

19.2.2 Antimicrobial Activity

One of the most important challenges for an implant is undoubtedly the capability of preventing
infections. The antimicrobial and antifouling properties are key features that a biomedical device
must possess in order to ensure a biological stability in the host tissues [52]. A remarkable example
is given by cochlear implants that can be infected by bacteria following pathologies like otitismedia
[53–57]. BAGs have been successfully employed in the clinics because of their ability to positively
react with biological fluids and, through a progressive release of ions, increase the osmotic pres-
sure and pH [58], thus making the environment unsuitable for a bacterial colonization [59–61].
A large number of studies have been carried out using S53P4 granules, which have been employed
both in vitro and in vivo also as coatings for structural replacements [59–62]. Positive effects have
been observed in applications for filling bone cavities [63], orthopedic surgery [64], or sinus and
mastoid obliterations [32, 34, 65] using granules with diameters below 3.5mm. A recent study has
also observed how the dimensions of the granules can have a remarkable effect on the antimicro-
bial property of the material, highlighting how granules with diameters below 45 μm can reduce
recurrent infections from Staphylococcus aureus in both planktonic and biofilm states [66].
Anotherwork observed a pronounced reduction of the biofilm formationwhenusing S53P4 gran-

ules as a coating for middle-ear prostheses or fracture fixtures. Remarkable results were observed
either in normoxic or hypoxic conditions, this latter used to mimic the oxygen conditions in bone
and bone cavities [67]. Although this study was carried out in vitro, the achieved results make
BAGs good candidates for reducing post-operative infections against clinically important bacteria
[22, 26, 68–70].
S53P4 has been also tested on the components of cochlear implants: evidences from two different

works showed, with an observation via Scanning Electronic Microscope, a significant reduction of
the biofilm against S. aureus and Pseudomonas aeruginosa [71, 72].
Other studies involved Bioverit II, a material that has shown a high level of biocompatibility

and whose antimicrobial properties were demonstrated as improved when posing a layer of
Ciprofloxacin on a BAG-coated ossicular prosthesis [73].

19.2.3 Tissue Induction and Integration

Kwon et al. studied a composite made of BAG-embedded methacrylated gelatin-based cryogel and
observed the bioactivity of the nanobioglass for bone regeneration. Results showed that a small
amount of BAG is able to trigger the formation of hydroxyapatite, which is dependent on the Ca2+
and P3+ ions [74]. This outcome also confirmed the findings achieved by Hench et al. in an earlier
work [60].
Vallittu et al. investigated the differences on implant-induced ossificationwhen using either 45S5

or S53P4 as coatings for a fiber-reinforced composite implant to replace cranial bone structures
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both in vitro and in vivo. The authors observed that while in both cases collagen subunits and
pro-osteogenic genes were enhanced, 45S5 dissolved faster than S53P4 due to a higher induced
pH in the site. In contrast, 45S5 was able to inhibit mesenchymal stem cell (MSC) proliferation and
differentiation due to the environmental basicity, an effect that was not observed for S53P4 [75].
Vogt et al. investigated the stability of a middle-ear structural replacement made of Bioverit II

without or in the presence of nanostructured silica coating. Aggregates of material were detected
after 84 days in both cases [49]. Using this cylinder-like structure as a total ossicular replacement
prosthesis (TORP) between the manubrium and the stapes footplate, they also observed prolifera-
tion of the epithelium that wasmore pronounced for the coated implants. Moreover, implants after
6 and 12weeks showed augmented bone formation in case of nanocoated structures. These out-
comes supported the hypothesis that a nanostructured coating may enhance cell growth and bone
formation [44].

19.3 Clinical Applications

19.3.1 Mastoid Obliteration and Posterior Meatal Wall Reconstruction

Cholesteatoma surgery aims at eradicating the disease and at preventing of its recurrence. This
can be achieved through two main techniques, namely canal wall up (CWU) and canal wall down
(CWD) mastoidectomy. In CWU, the posterior canal wall is preserved to some extent. This surgery
results in a normal-sized outer ear, thus avoiding ear discharge and the need for recurrent cavity
cleaning by surgeons. In contrast, it is associated with a high recurrence rate (∼36% in adults and
∼67% in children) [76, 77]. The CWD technique, instead, is associated with quite a low recurrence
rate but the resulting open tympano-mastoid cavity leads to several drawbacks, including ear dis-
charge that is reluctant to antimicrobial administration, vertigo on exposure to water and even to
wind, debris accumulation within the cavity requiring frequent surgical removal, and inability to
wear traditional hearing aids since they do not fit the enlarged ear canal [76].
Such issues can be avoided by mastoid obliteration, a procedure in which the mastoid cavity

is filled by one or more materials, thus separating the mastoid cavity from a normal-sized outer
ear canal. Two types of materials are used for mastoid obliteration: biological (autologous grafts,
allografts, and xenografts) and synthetic [78]. In the ear, biological materials possess undoubtable
biocompatibility but tend to resorb over time, they are difficult to shape, and require to bemorbidly
harvested. Previous surgical operations or local spread of ear infection can limit the availability
of such materials or use make their use disadvantageous, due to increased donor site morbidity
[79, 80]. In contrast, synthetic materials are handy, free from exogenous contamination, and avail-
able in large amounts [81], and the increased costs associated with their use can be compensated
by the shorter surgical time [82].
In a recent review on 15 case series, the most widely applied materials for mastoid obliteration

(i.e. 9 studies out of 15) were BAGs, mostly S53P4 and 45S5 [83]. Sorour et al. presented the results
of a rather peculiar technique on a group of 20 patients operated for the first time in absence of
intracranial complications [84]. Here, only the posterior meatal wall was reconstructed by means
of a small amount (∼0.5 g) of BAGmixed with the patient’s blood held in place with foil and cotton,
while the void mastoid cavity was obliterated with a superiorly based musculoperiosteal flap (i.e.
Palva flap) (Figure 19.2).
Tympanic membrane reconstruction was achieved by means of temporalis muscle fascia graft

placed over and beyond the newly reconstructed posterior meatal wall, and eventually covered by
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(a) (b)

(c) (d)

Figure 19.2 Obliteration of the mastoid using foil templates (a), bioactive glass (BAG) mixed with patient’s
venous blood (b). Placement in the implant site (c) and removal of the foils after BAG has hardened (d).
Source: Sorour et al. [84], Figure 01 (p. 017)/reproduced with permission from Elsevier.

the tympano-meatal flap held in place of Gelfoam®. The reported surgical results were satisfactory,
with neither intraoperative complications nor technical difficulties. During follow-up periods up to
36months, the postoperative appearance of the external auditory canal contour was found smooth
without hidden pouches, irregularities, and stenosis in all cases. None registered granulation, for-
eign body reaction, extrusion, resorption, nor displacement of the BAGwere observed. Audiological
results were also quite satisfactory, as all patients gained more than 10 dB hearing gain. No wors-
ening of bone conduction thresholds occurred in any operated ear, thus supporting the fact that
there is no toxic effect by BAG on the cochlea. Therefore, BAGs appeared to be a reliable, safe,
and effective solution for surgical reconstruction of the posterior meatal wall. de Veij Mestdagh
et al. presented a single-center retrospective follow-up study on 67 patients, in which the tech-
nique was quite clear-cut [85]. Patients underwent either CWU or CWD tympano-mastoidectomy.
In both cases, the mastoid cavity was filled with 2.5ml S53P4 granules and fibrin glue, while sub-
cutaneous tissue was used to cover the BAG and close the mastoid. Postoperative wound infections
did not occur in any patients. During follow-up period (mean 22months), diffusion-weightedmag-
netic resonance imaging (MRI) and clinical otoscopy were performed for detection of recurrent
cholesteatoma, occurring in four patients, mainly young (6% of cases) localized in the tympanic
sinus or epitympanum. No residual disease in the obliterated mastoid was encountered. A revision
of the CWD procedure was required by drilling out granule samples, showing that an acceptably
dry ear was obtained in 96% of cases. A persistently wet ear after surgery (defined as Merchant
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grade 3) was not observed in any patients. General audiometric performance was determined by
preoperative and postoperative pure tone audiometry in 66 patients. Overall, both air conduction
(AC) thresholds and air bone gap (ABG) did not change significantly. S53P4 mastoid obliteration
did not worsen hearing capacity and there were no signs of inner ear damage. In contrast to the use
of hydroxyapatite outlined by Yung and Bennett [86], there was no need to cover the S53P4 gran-
ules with a vascularized pedicle flap to prevent exposure and leakage of the filler materials into the
ear canal [85].
In 2017, a retrospective follow-up study reported on 94 patients (i.e. 96 ears) to evaluate the

efficacy and safety of BAG S53P4 as a filler material in mastoid obliteration surgery (both CWU
and CWD) performed on non-cholesteatomatous chronic otitis media patients with chronically
discharging ears despite conservative therapy. Specifically, 23 patients (23 ears) were treated with
additional mastoid obliteration with S53P4, whereas the remaining 71 patients (73 ears) were con-
sidered as controls. The mean follow-up length was 2.4 years for the S53P4 group. The number of
previous mastoid surgeries was significantly higher in the S53P4 group when compared to the con-
trol group. Sixteen patients (70%) in the S53P4 obliteration group received empirical intravenous
wound infection antibiotic prophylaxis intravenously vs. three patients (4%) in the control group.
A complete control of infection and a dry, safe ear at the last postoperative clinic visit (defined as
Merchant grade 0) could be obtained only in the S53P4 obliterated group, specifically in 17 out
of 23 (74%) patients. Of note, all seven patients who did not receive intraoperative antibiotics in
the S53P4 obliteration group yet achieved Merchant grade 0 outcome. Mastoid obliteration using
S53P4 granules increased the odds of achieving a completely dry and safe ear by 3.6-folds. None
of the patients in the S53P4 obliteration were graded 3 on Merchant’s scale. This positive effect of
S53P4 was prominent when considering only revision procedures. A number of 14 out of 18 (78%)
ears in the S53P4 obliteration group vs. 10 out of 25 (40%) in the control group, previously operated,
achieved complete control of infection. Both groups showed no significant difference between pre-
operative and postoperative hearing status. Patients withMerchant grade 0 or 1 outcomeswere able
to use their hearing aids. No postoperative complications, such as wound infections, facial nerve
paralysis, and cochlear or vestibular damage, were encountered in each group [87].
In 2017, Bernardeschi et al. published a prospective observational uncontrolled study aimed to

analyze the anatomical, functional, radiological, and quality-of-life results of mastoid and epitym-
panic obliteration using the BAGs in primary and revision CWD and CWU mastoidectomy. They
reported that out of 41 cases (39 patients, 2 operated bilaterally), 88% required revision surgery,
while in 17% perioperative complications occurred. Anatomical results were overall defined satis-
factory. Three months after surgery, 34 cases (83%) presented a well-healed external auditory canal
with an intact tympanic membrane; two cases (5%) presented a narrow but functional external
auditory canal with an intact eardrum. Only one patient (2%) presented uncovered granules in the
external auditory canal and underwent revision surgery five months after being implanted, under
local anesthesia, to cover the granules with cartilage. At one year, the patient had a well-healed
external auditory canal and tympanic drum, with unchanged results in the second follow-up. No
cases of recurrent cholesteatoma and/or retraction pocket were observed. No residual disease was
found one year after surgery and the mean ABG closure was 7.7± 1.84 dB. No statistically sig-
nificant differences were found in the ABG closure when comparing the different types of tym-
panoplasty, primary vs. revision surgery, CWU vs. CWD procedures, and the presence vs. absence
of cholesteatoma [88].
In a retrospective observational study conducted along four years (2008–2013), Ezzat and Eid

evaluated the effectiveness of obliteration with 45S5 Bioglass in overcoming the open cavity
problems in a cohort of 40 patients who underwent CWD tympanoplasty for eradication of
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cholesteatoma. The surgery included removal of the cholesteatoma sac, pathologic mucosa,
incus, malleus head, and tensor fold. In a vast majority of cases, the result of the procedure was
a Merchant grade 1 (47.5%) or grade 0 (30%). Postoperative hearing assessment showed that
an average gain in air conduction of 29.1 dB. Serviceable hearing (i.e. threshold 40 dB or less)
was obtained after surgery in the totality of cases. No patient developed facial palsy without a
previously exposed facial nerve. Hence, according to the authors, there is no relation between
the obliteration materials or techniques and facial nerve palsy. Albeit little is known about the
length of the follow-up in this case series, information on the incidence and type of complications
is provided. Ear discharge was found in 36 patients (90%) preoperative and only in 6 (15%)
postoperative. Cholesteatoma recidivism or recurrence was present in four patients (10%). One
case (2.5%) developed inflammatory reaction from biomaterial with aural polyp managed by
repeated packing, free at secondary look. A second case (2.5%) developed inflammatory reaction
from biomaterial with frequent discharge, healed after performing fascia interposition between
the skin and bioactive material. Second look operation was performed in six patients (15%) in case
of persistent discharge or computer tomography (CT) suspicion of cholesteatoma recurrence. One
of them had cholesterol granuloma and other three patients had cholesteatoma in the oval window
and at the under surface of the tympanic membrane. No otoscopic incidence of retraction pockets
is reported. Altogether in this study, the authors claimed that the observed complications of an
open cavity with obliteration of the mastoid are less than those given by the CWU technique [89].
A former case series is reported by Shokry in 2012 on 20 cases: 6 operated with CWUmastoidec-

tomy followed by obliteration with particulate BAG and a large anteriorly based Palva flap to cover
the filled cavity; 9 cases with CWDmastoidectomy and reconstruction of the posterior meatal wall
with BAG held in place by foil templates where conchal cartilage has been used to fit the defect in
the posterior canal wall reinforced by the same temporalis fascia graft applied below the remaining
eardrum; and 5 cases with CWDmastoidectomy, followed by closure of the defect in the posterior
meatal wall with conchal cartilage reinforced by temporalis fascia graft in the same fashion, and
obliteration of thewholemastoidectomy cavity by particulate formBAG. Complicationsmentioned
in this series were infection of the surgical wound, occurring in two cases and controlled by appli-
cation of topic antibiotics daily for one week, and extrusion of the conchal cartilage, occurring in a
case from the latter group one month postoperatively. The authors believed that obliteration using
a BAG is a technique that facilitates exposure of the middle ear and ensures complete removal of
cholesteatoma, thus providing biocompatibility, resistance to infection, favoring healing and new
bone formation, while a reconstruction of the posterior canal wall with conchal cartilage and BAG
recreates the normal external canal anatomy [90].
In a single-institution case series, Sarin et al. reported on 26 consecutive patients operated

between 1996 and 2011. Twenty patients had undergone previous surgery because of chronic
otitis media, and the number of previous operations varied between 1 and 5. Eight patients had an
active middle ear and/or mastoid cavity cholesteatoma at the time of surgery, and eight patients
had previous cholesteatoma in the operated ear. Three patients also had a bony dehiscence at
the middle cranial fossa with intact dura resulting in a loss of dural support toward the mastoid
cavity, and three patients had a dural fistula at the middle cranial fossa region resulting in
cerebrospinal fluid leakage. All operations in this series were performed under general anesthesia
via retroauricular approach. Previously operated patients underwent through revision surgery,
while two patients in the naive group received CWD mastoidectomy. The mastoidectomy cavity
was filled with BAG granules, moistened with 0.9% saline solution, along with bone pate when
applicable and fibrin glue. The temporalis muscle fascia served as a cover for the granules to avoid
contact with the posterior meatal skin flap and a Palva musculoperiosteal flap was accordingly
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applied for the retroauricular area. Lyoplant (B. Braun, Melsungen, Germany) was used in many
patients in addition to fascia to ensure complete coverage of all BAG granules. Dural protrusion
was treated with a BAG plate, designed for blowout fractures of the orbital floor, thus giving
support to the dural plane. Two patients with dural fistulas and cerebrospinal fluid leakage were
treated via a CWU mastoidectomy by occluding the fistula with a suitable fascia or Lyoplant with
fibrin glue in addition to mastoid cavity obliteration via BAG [65].
In this early case series by Stoor et al., seven patients received a CWDmastoidectomy via retroau-

ricular incisionwith a superiorly basedmusculoperiosteal flap according to Palva. The cavity result-
ing from the effacement of all mastoid cells was then filled with S53P4 granules, mixed with saline
to obtain a malleable mass. Closure of the BAG filled cavity occurred through proper distension
of the Palva flap, positioning of temporalis muscle fascia under the ear canal skin sometimes rein-
forced with Lyoplant. After the operation, antibiotics were administered for 10 days and Merocel
wickswere removed from the outer ear canal 1week after surgery. Cleaning and topical administra-
tion of boric acid was applied when indicated. In all the patients, the cavities were reduced in size,
in two patients totally eliminated and the obtained posterior meatal wall resembled a normal one.
In five patients, a small cavity remained. A transient fistula with granulation, along with growth of
S. aureus in microbiological examinations, was seen in one patient over several months. However,
no bioactive extrusion occurred. The infection responded to conservative treatment without the
use of antibiotics, showing no association with the filling material. The study concluded that BAG
is a well-tolerated and easy-to-use filler material, sparing the morbidity of autologous materials by
offering a low susceptibility to infection despite a potentially infected environment and a gradual
dissolution which maintains the obliteration of the cavity while the tissue growth slowly proceeds
from the surrounding cells [91].
Król et al. in 2020 reported a study enrolling 11 adult patients who received obliteration of the

postoperative cavity with S53P4 after a CWDmastoidectomy for eradication of cholesteatoma. The
posterior meatal wall was hence reconstructed with periosteum and cartilage harvested from tra-
gus or temporal bone, and the cavity was filled with S53P4 granules. Preoperative swabs resulted
negative in seven patients, S. aureus in two patients, P. aeruginosa in one subject, and concurrent
fungi in another subject [92].
Al Tamami et al. in 2020 published the results of a retrospective study conducted between

November 2017 and January 2019 to evaluate the tolerance of both the external and middle ear
along with the safety of the inner ear after using 45S5 Bioglass as a synthetic bone graft filler
on patients operated for primary cholesteatoma, revision surgery, or rehabilitation of a previous
CWD mastoidectomy. Preoperative and postoperative pure tone audiometric data were collected
and analyzed, comparing the preoperative and one-year postoperative bone conduction thresholds
averages [93].

19.3.2 Replacements for the Ossicular Chain

Conductive hearing loss is a condition that affects more than 300million people worldwide and
mainly the ossicular chain in the middle ear. The employment of ORPs has been the most largely
used approach to recover the hearing sense in this setting. These piston-like structures connect
the tympanic membrane with the stapes (i.e. partial ORP; PORP) or the stapes footplate (i.e. total
ORP; TORP), thus enabling thematerial continuity that is gone due to surgery ormissing following
pathologies or traumas [10]. Even though the initially preferred material in this field was alumina
because of its inertness, Ceravital has been successfully used in animal models by exploiting the
inherent bioactivity for forming osseous junctions [94]. Later, another similar study was carried
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out by Zikk et al. who employed Ceravital granules in guinea pigs [40]. Applications of Ceravital in
humans was documented with reasonable results after eight years post-implant [19, 95]. Another
approach consists in using 45S5 Bioglass since, in contrast to Ceravital, it is able to bond also with
soft tissues, and in this specific scenario, to the eardrum. Prostheses made of 45S5 Bioglass have
been used in several in vivo studies, and the results compared with a control group composed of
alumina implants [96–99]. The main outcome concerns the good adhesion of the BAG on the soft
tissues on one hand, and on the stapes footplate on the other hand, while alumina-based implants
eroded the tympanicmembrane, thus inducing the extrusion in few years [100]. As also reported by
Rust et al., sound conduction with 45S5-based devices is generally acceptable without any appre-
ciable migration of the prostheses [101]. More recently, other studies observed a fragmentation of
45S5-based implants after 14 years from the implant, raising concerns about the durability of this
material [102]. A valuable alternative to 45S5 is biosilicate that was tolerated by guinea pigs with
no signs of toxicity after 90 days from the implant [38]. In 2013, Hesse et al., manufactured a TORP
made of Bioverit II composed of a plate with a diameter of 3mm and a 2.5-mm long cylinder with
a diameter of 1mm. The prosthesis, having a weight of 8mg, was treated to embed a layer of tested
in synergy with a layer of ciprofloxacin to prevent the formation of a biofilm. This study did not
aim at evaluating the acoustic properties of the prosthesis, but rather its biocompatibility and bac-
terial colonization [73]. Turck et al. employed Bioverit II as the constitutive material for TORPs in
rabbits (Figure 19.3). The authors investigated the differences in using a nanoporous silica layer,
eventually achieving no significant differences with the plain Bioverit II prosthesis [49].

19.3.3 Cochlear Implants

Cochlear implants are complex electronic devices devoted to recover sensorineural hearing loss, a
condition that affects themechano-electric transduction function in the cochlea. 45S5 Bioglass was

Figure 19.3 TORP made of Bioverit II. Source: Turck et al. [49], Figure 01, (p. 03)/reproduced with
permission from 2007 Taylor & Francis.
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employed in a few studies to anchor the implants to the temporal bone thanks to its ability to form
strong connections with hard and soft tissues. Bioglass has resulted as a good sealing material to
protect the electronic components [103], but it was replaced by titanium in the late 1990s because
of several concerns about its stability in the long term [104].

19.3.4 Other Uses in the Craniofacial Area

19.3.4.1 Cranial Defect Repair
S53P4 has been largely applied to coat fiber-reinforced composites in order to reconstruct cra-
nial defects. Outcomes from a large number of studies have shown a significant osteoconduction
induced by the BAG, which enables the proliferation and differentiation of the cells on the implant
site. Moreover, the increase of the local pH due to the implant bioactivity activates an antimicro-
bial effect that prevents inflammations and infections [105, 106]. The ossification process, fully
activated from 10months after implantation [107], can be considered completed after 6 years [105].

19.3.4.2 Sinonasal Obliteration
Obliteration is a major surgical procedure reserved for those chronically infected sinuses that have
failed to respond to other means of treatment [108, 109]. Sinuses are filled with suitable material
after complete removal of themucosal surface. The benefits of syntheticmaterials are the avoidance
of donor-site morbidity and scars, the reduction of the operatory time and complexity of surgical
technique [110]. Also, the risks related to the use of heterologous materials, such as biohazard
infections, for example human immunodeficiency (HIV) and hepatic viruses, are limited [111].
Peltola et al. carried out a study on 45 male rabbits to investigate the clinical usefulness of bioac-

tive glass 9 (BAG1), bioactive glass 13 (BAG2), and hydroxyapatite, in terms of new bone formation
by means of Fourier transform infrared spectroscopy (FTIR) and scanning electron microscopy
(SEM) studies. A coronal U-shaped incision was made over the frontal bone, and the upper walls
of paired frontal sinuses were drilled with four 5-mm separate holes. Sinuses were filled with BAG1
and BAG2 on one side, and with hydroxyapatite on the other side (Figure 19.4). Two parallel open-
ings in the posterior part of the frontal sinuses were covered with a pedicled flap, and the other
two anterior openings with a free periosteum flap. In the histologic evaluation after six months
postoperatively, all the implants were found in their original places without signs of infection
or inflammatory reactions. Moreover, there were no postoperative mortality and complications.

Figure 19.4 Sinonasal obliteration on a rabbit
model. The periosteum (P) was separated from the
skin (S). A number of four 5-mm holes were drilled and
filled with bioactive glass (BAG) on the right and
hydroxyapatite (HA) on the left. Source: Peltola et al.
[112], Figure 02, (p. 366)/reproduced with permission
from John Wiley and Sons.
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SEM and FTIR analyses supported each other in the estimation of the composition of new bone
formation, including the reaction layers both at the interface with the used materials and within
the new bone formation front. The latter started from the periphery of the defects and progressed
toward the center. New bone deposition was stronger in defects covered by a pedicled than a free
periosteumflapwith all the biomaterials used. In general, bone formation and healing processwere
faster with BAG1 than BAG2 and hydroxyapatite in both conditions of periosteum vascularization.
An influence of the periosteum vascularization on the healing process was documented: the earlier
sufficient vascularization occurred, the faster new bone formation and resorption ofmaterials were
seen in the filled sinuses [112].
The same authors in 2006 reported on the long-termusefulness of the frontal sinuses obliterations

performed on 42 patients performed via bicoronal or eyebrow access. The nasofrontal duct was
obliterated using a dense three-layer containing occlusion plug and fibrin glue. The results of the
clinical examinations and patient symptomswere recorded at 1week, 1–3–6months, and thereafter
annually. CT scans were obtained at each observation point. The stability and preservation of BAG
obliteration were estimated by the variation in Hounsfield units (HU). The cortical calvarial bone
was used as a reference in the clinical evaluation. All the patients reported a relief from their intense
frontal pain and had a satisfactory cosmetic result at 12months postoperatively. Two patients had
discomfort related to the miniplates used for fixation of the osteoplastic flap and, thus, they were
removed.Onepatient had severe basal cell carcinoma in the frontal skin area and a residual excision
was performed. In addition, twopatients underwent re-obliteration because ofmucocele formation.
Histologic andmicrobiologic sampleswere harvested from the abovementionedfive patients. These
samples were harvested from different patients at 6, 12, 60, 104, and 120months after the primary
BAG obliteration. In the obliterated frontal sinuses, the dense fibrous tissue revealed by histopatho-
logic studies, between the BAG granules and the reaction layers formed on the granule surface at
6 and 12months. The histologic studies revealed more new bone formation with less scattered
fibrous tissue formation between the BAG granules in frontal sinuses at 104 and 120months vs. at
60months. FTIR spectroscopy studies showed that the natural anterior frontal bone was very sim-
ilar to the bone produced by the BAG in the frontal sinus obliteration. Microbiologic cultures from
the BAG obliterations showed no growth of bacteria. In CT studies, the variation in HU showed
reliable preservation of BAG obliteration in frontal sinuses [34].
The same research group published in 2008 more detailed data on one case complicated by post-

operative mucocele formation. At reoperation, SEM analysis and histologic examination demon-
strated normal bone without connective tissue in direct contact with the biomaterial particles.
No inflammatory changes or foreign body reactions were observed. A three-year follow-up exam-
ination after reoperation revealed a progressive healing process with diminishing postoperative
clinical symptoms and normally progressing skin wound healing. CT studies demonstrated accu-
rate frontal sinus obliteration with no loss of volume. Microbiologic cultures showed no growth
of bacteria, and blood chemistry results revealed to be in basic blood parameters. SEM studies
demonstrated new bone formation with BAG granule remnants covered by a calcium phosphate
layer 12 years after the original frontal sinus obliteration. The energy-dispersive X-ray (EDX) spec-
troscopy profile revealed continuous traces of P, Si, and Ca across the interface of host bone and
the surface layer induced by BAG [113].

19.3.4.3 Septal Cartilage Repair
Nasal septal cartilage repair represents a surgical challenge due to the poor tendency to prolifera-
tion of cartilaginous tissue. BAG was hypothesized to exert stimulatory effects on chondrogenesis.
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Hence, implantation of autologous chondrocytes in combination with this biomaterial was
considered a promising strategy to support cartilage repair.
In a clinical study in 2001, Stoor et al. reported on 11 patients who underwent surgery for septal

perforation. The mucosal damage was repaired by means of anteriorly based inferior turbinate
mucoperiosteal flap either performed on both sides or combined with an advancement flap on the
other side. The perforation was grafted with one or two discs of the BAG S53P4 andwhen available,
also with crushed autosomal cartilage or bone from the operation area. In one patient with a nearly
total septum perforation after hypophysis surgery, the perforation could not be closed. Ten patients
with successful primary closure of the septum perforation were followed up for 2–37months. No
extrusions of the BAG implants or BAG-associated infections of the nasal cavity were seen. In eight
patients, the recovery was uneventful. In two patients, a small recurrent perforation was closed in a
second operation. No re-perforationwas seen in these patients during the follow-up. In vitro studies
showed anti-microbial properties of S53P4 in adhesion tests and growth inhibition experiments as
evaluated by electron microscopy and adsorption percentage results [114].
In a subsequent publication from the same research group, the results of the abovementioned

surgical techniquewere analyzed, though partly combinedwith BAG interposition graft, and partly
without. The authors drew the conclusion that S53P4 was a good interpositional graft in the repair
of nasal septal perforations and was especially suitable in medium and large perforations, which
are difficult to close without an interpositional implant material. Turbinate flaps are reliable and
often sufficient alone in the closure of small perforations no larger than 10mm in diameter or in
oval-shaped perforations up to 20mm in which sufficient cartilage and bone can be harvested and
used as an interpositional graft [115].
In a molecular study on rat nasal chondrocyte cultures exposed to 45S5, Asselin et al. demon-

strated a significant ability of the biomaterial to support the growth of chondrocytes, as shown
in contrast-phase and SEM, and to stimulate osteo-chondrogenic markers, such as alkaline phos-
phatase, collagen X, transcription factors Sox-9, Runx-2, and Indian hedgehog [116].
Another molecular study investigated the functionalization of poly(L-lactic acid) (PLLA) foams

with BAG 1393 using human nasoseptal chondrocytes from healthy donors. PLLA scaffolds
allowed the maintenance of chondrogenic phenotype, as indicated by mRNA analysis, in addition
to immunohistochemistry and Alcian blue staining. Thus, unlike the findings reported for 45S5,
which was associated with the osteoblastic marker Runx-2 and the hypertrophic cartilage marker
collagen type X, BAG 139/PLLA promoted the expression of chondrogenic markers, like collagen
type II and aggrecan [117].

19.3.4.4 Orbital Floor Repair
Orbital floor repair is another interesting application of BAGs. This structural target comes from
the need to repair the eye socket after eye evisceration [118, 119], in order to later place a pros-
thesis into the orbital cavity [120]. Glasses have been used in this field since 1880s in the form of
spheres [121], and later replaced by silicone and poly(methylmethacrylate) (PMMA). However, the
complications in using suchmaterials spanning from inflammations, traumas, and rejections have
pushed the need to develop new and better biocompatiblematerials able to adapt to the host tissues
[120, 122–124].
Since 1969, BAGs have been considered a valuable alternative to the traditional materials used

in this field. Recent applications in animal models observed the ability of such materials to be
integrated in the body. Brandão et al. highlighted the differences between 45S5 Bioglass and two
types of biosilicate (single-1P and double-2P crystalline phase). The results confirmed that with all
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the samples, infections did not occur, being the best results achieved with 45S5 and biosilicate-P,
less inflammatory and more efficiently integrated with the host tissue [125].

19.4 Conclusions and Future Directions

The application of BAGs has led to innovative reconstruction of bone structures in the craniofa-
cial area with remarkable clinical outcomes. Spanning from replacing the orbital floor after eye
surgery to the replacement of spare parts of the skull, the BAG capability of providing a reliable
reconstruction or replacement with adequate mechanical and biological properties, has deeply
been appreciated in surgery over the years. In the specific case of otorhinolaryngology, BAGs have
become an actual alternative to other biomaterials, mainly because of their tight binding to soft
and hard tissues, which prevents fibrotic encapsulation, antimicrobial activity in such contami-
nated tissues and biostability within chemically aggressive environments, overall enabling a proper
adaptation and strong connection to the host tissues.
As such, BAGs have been successfully employed in a large number of otologic applications.

Among the others, structural obliterations and ossicular replacements are definitely themost inter-
esting ones, as supported by the successful results achieved in clinics. Otologic surgeons have used
different types of BAGs, either as granular components to reconstruct the structural integrity of the
mastoid bone after invasive surgeries or as constitutive materials of PORPs and TORPs to recover
from conductive hearing loss.
Among the different classes of BAGs described in this chapter, 45S5 and Bonalive (S53P4) have

demonstrated the most promising results by showing both remarkable long-term mechanical and
antimicrobial properties that still encourage their employment in clinical settings. In contrast,
the use of other classes of BAGs has been progressively reduced due to a number of long-term
follow-ups reporting disputable results. Instead of using such materials, surgical approaches have
thus moved toward other biomaterials with similar mechanical properties, which can be better
tolerated by the host tissues even if they are not entitled with the bioactivity proper of these
glasses.
To date, the increasingly wide use of additive manufacturing approaches, such as the

three-dimensional (3D) printing, suggest new promises for BAG applications, since they could
be used as reinforcement for polymeric inks to create functionalized composites for fabricating
personalized replacements [126]. These composites could successfully synergize the mechanical,
bioactive, and antimicrobial properties of BAGs with the flexibility and moldability of poly-
meric matrices. Such a new generation of prosthetic devices would enable the development of
patient-specific structures with a high level of customization in terms of shape and behavioral
functionalization, leading to a reduction of extrusion phenomena in the medium and long term.
As an example, a 3D printed BAG auricle has been recently fabricated, assuming that this material
could promote the regeneration of the cartilaginous structure [127]. Having bioactive, antimicro-
bial, mechanically strong yet middle ear biocompatible and finally customizable replacements
could drastically reduce failures and suboptimal outcomes in otologic surgery.
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20.1 Introduction

The discovery of Bioglass® in 1971 has led to numerous developments in the tissue engineering
applications of skeletal tissues like bone and teeth. Bioglass owing to its bioactivity and osteogenic
properties (i.e. osteoconduction and osteostimulation) lead to its clinical use for the first time as
middle-ear prosthetics (MEP®) in 1985 to treat the otomastoiditis-induced hearing loss [1]. It was
reported that the ability of the Bioglass to bind with the soft tissue of the eardrum eliminated the
need for the interposition of cartilage in between the prosthetics and the eardrum. Furthermore,
these prosthetics were improvised and marketed as DOUEK MEDTM (US Biomaterials, Alachua,
FL) with the advantage of being shaped at the time of surgery as per the anatomical variations of
the middle ear of the patients.
Bioglass was further commercially molded as cones to fill up the tooth extraction sites to secure

the dentures and launched as Endosseous Ridge Maintenance Implant (ERMI®) in 1988 [2]. Later
on, with the escalating clinical demand of cutting the grafts as per the requirement, Bioglass was
synthesized in the form of granules to be pressed into the defects that lead to the development of
NovaBone® (NovaBone, Florida) in 1993 for periodontal diseases. Following the success of Nov-
aBone, the Food and Drug Administration (FDA) approval was granted in 2005 for orthopedic use,
mainly for adolescent idiopathic scoliosis. Bioglass was later explored to restore the jaw defect, and
thus Biogran® (Biomet 3i, Palm Beach Gardens, FL) came into existence [3]. Similarly, Unigraft®
(Unicare Biomedical, Laguna Hills, CA) and GlassBone® (Noraker, Lyon-Villeurbanne, France),
the particulate form of Bioglass, were marketed for orthopedic and cranio-maxilo-facial surgeries.
With the success of Bioglass, another bioactive glass (BAG), i.e. S53P4, received FDA approval in
2008 and was marketed as BonAlive® (BonAlive Biomaterials Ltd., Turku, Finland) for bone filling
purposes [4], currently available in more than 50 countries.
BAGs also have an immense impact on the healthcare sector, and themost extensive commercial

use of BAGs is toothpaste. The dentine and enamel of the teeth are homologous due to carbonated
hydroxyapatite (HCA). In 2004, Bioglass particulate-incorporated toothpaste was marketed
as NovaMin® (GlaxoSmithKline) for treating dentinal hypersensitivity. Currently, available as
Sensodyne Repair and Protect® toothpaste formulation (GlaxoSmithKline), and clinical data
reported that NovaMin significantly alleviated the pain compared to the dentifrice containing
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anesthetic potassium nitrate [5]. After the discovery of soft connective tissue bonding to Bioglass
in 1981 [6], in recent years, numerous studies have reported the beneficial interaction of BAGs
with the nonosseous and soft tissues [7–13]. Despite this, limited BAG-based products have
received FDA clearance for clinical use. For instance, ophthalmic porous polyethylene orbital
implants (Medpor®), commercially available since 1985, suffered from poor tissue anchorage.
A modified version of this added melt-derived Bioglass particles in a 30 : 70 volume ratio and
received the FDA clearance in 2002. It has since been commercialized worldwide as Medpor
PlusTM Sphere (Porex Surgical Products Group) for achieving a higher fibrovascularization rate and
good tissue anchorage [14]. Furthermore, yttrium-90 microspheres (TheraSphere®; MDS Nordion,
Ottawa, Canada) received humanitarian device exemption (HDE) FDA approval in December
1999. TheraSphere delivered high levels of yttrium-90 β radiations in patients with unresectable
hepatocellular carcinoma [15]. Recently, a borate-based bioactive glass (BBG) matrix was FDA
approved for dressing acute and chronic deep wounds (MIRRAGENTM , ETS Wound Care LLC,
USA) [16].
Despite the myriad of scientific evidence available so far, a limited number of FDA-approved

products are commercially available for nonosseous and soft tissue applications. In the domain
of tissue regeneration and repair, much has already been known for the role of BAGs in osseous
tissues. However, for a faster pace of developing clinically valuable products for the nonosseous
and soft tissues, a detailed understanding of the experimental, preclinical, and clinical evidence
is available so far, with the limitations hindering clinical translation biological activities observed
under laboratory settings, is required. The nonosseous applications, including the regenerative and
reparative potential of BAGs in noncalcified soft tissues, have been reviewed and critically compre-
hended in separate subsections.

20.2 BAGs in Contact with Soft Tissues

BAG is a well-established, clinically adopted inorganic biomaterial for the restorative and recon-
structive procedures of the hard calcified tissues such as bone [17, 18] and teeth [19, 20]. In recent
years, BAGs have found their way for regenerating and repairing nonosseous and noncalcified tis-
sues, including the epithelial tissue [13, 21], fibrous connective tissues including ligaments [22],
and tendons [23, 24], nervous tissue [25–27], voluntary skeletal muscles [28–30], and involuntary
organ systems including pulmonary [7–11], cardiac [31–33], gastrointestinal [34–36], and urinary
system [37]. Further, BAGs have also been explored for the repair and restoration of the defects of
eyes [14, 38–44], ears [45–54], nose [55–60], larynx [61, 62], and mouth [63–69].

20.2.1 Wound Healing

Wound healing is the dynamic and well-orchestrated physiological process involving the overlap-
ping of four differentmechanisms: hemostasis, inflammation, proliferation, and tissue remodeling.
It requires an optimal environment to heal, but the extreme loss of blood increases the chance of
hypothermia, acidosis, infections, and causes multiple organ failure [70]. The existing treatment
strategies mainly involve palliative wound dressings, which otherwise are incompetent; thus, there
is a need for safe and biocompatible biomaterials to stop arterial and venous bleeding. Current
research has paved the way for BAGs as an effective hemostatic agent (Table 20.1) due to the release
of ions simulating various processes involved in different stages of wound healing [75]. A study has
investigated the silver exchangedmesoporous silica sphere (AgMSS) for its antibacterial properties
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Table 20.1 Overview of the studies performed highlighting the application of BAGs in wound healing.

Bioactive
glasses
(BAGs) Composition Formulation

Proposed mechanism
of action References

SiO2–CaO
sol–gel
system

100− xSiO2–xCaO
system (mol%),
(coded as 100− xSx)
70S30C, 80S20C

3D BAG fiber by
electrospinning

– Significant increase in
VEGF production in cells
exposed to the BAG
samples compared to
control

[71]

Borosilicate
BAG0106-B1

37.5SiO2–22.6CaO–
5.9Na2O–4.0P2O5–
12.0K2O–5.5MgO–
12.5B2O3 wt%

Scaffold prepared
using the foam
replica technique

– Enhanced expression of
the VEGF-A

[72]

Borosilicate
BAG (BBG)

— Borosilicate BAG
incorporated sodium
alginate composite
dressing (SA-BBG)

– Increased collagen
deposition

– The SA-BBG group
exhibited a faster wound
healing than other groups,
suggesting accelerated
wound healing in
full-thickness skin defects
in rats

– The incorporation of BBG
stimulated cell
proliferation of fibroblasts
(L929) and human
umbilical vein endothelial
cells (HUVECs)

[73]

Sol–gel
derived
mesoporous
BAG particles

70SiO2–30CaOmol% Absorbable
nanocomposites

– The composites had the
lowest blood loss in the
hepatic hemorrhage model
in rabbits, which was
reportedly due to the
negatively charged surface
of mesoporous BAG
particles that activated the
intrinsic cascade of blood
clotting

– The nanocomposite was
cytocompatible to
MC3T3-L1 fibroblasts with
increased viability

[74]

for uncontrollable hemorrhage control [12]. The thromboelastographic analysis reported the
thrombotic property of AgMSS. The time for the fibrin formation in the silver-doped mesoporous
silica sphere (2.9± 0.2minutes) was significantly lower than the control (9.1± 2.5minutes).
The prothrombin (PT) and activated partial thromboplastin time (aPTT) are critical parameters
for predicting the hemostatic properties of a biomaterial. AgMSS treatment reduced PT, and
aPTT, supporting the fascinating role of BAG in hemostasis. Similarly, silver-doped nanoporous
BAG (n-BGS) prepared using the sol–gel process possessed significantly greater hemostatic and
antibacterial properties compared to the BAG without nanopores (BGS) [76]. Further, due to the
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high surface area of the nonporous n-BGS, complete in vivo hemostasis in substantially less time,
i.e. 27± 2.0 seconds, than BGS and control (86± 3 and 193± 8 seconds, respectively) was observed.
More recently, BAGs were explored in diseases like diabetes, where the wound healing ability is

primarily compromised and hence causes a greater risk of infection. Diabetic foot ulcer (DFU), one
of the severe complications of diabetes mellitus, was treated using the rubidium-doped bioactive
glass nanospheres (Rb-BGNs) [21]. The in vitro study reported that the ionic dissolution prod-
ucts (IDPs) of Rb-BGMs induced the proliferation of fibroblasts (FBs) and human immortal ker-
atinocytes (HaCaTs) along with cell migration in the scratch assay, gold standard for repair of
the injured tissues. The consolidated findings support the role of Rb-BGMs in wound healing as
FBs and HaCaTs are primarily associated with the re-epithelialization and collagen deposition,
vital steps of wound healing. Besides, Rb-BGMs increased the expression of various growth factors
essential for wound healing (i.e. vascular endothelial growth factor [VEGF], epidermal growth fac-
tor [EGF], and platelet-derived growth factor [PDGF]). Based on the effectiveness of growth factor
on wound closure, EF was loaded into Rb-BGM and produced a synergistic effect with improved
hemostasis and collagen deposition compared to unloaded Rb-BGMs. A further study by Mao
et al. [13] established the potential of BAGs in accelerating the healing of full-thickness diabetes
wounds in rodents. Bioglass ointment significantly improved the fibroblast proliferation and for-
mation of the granulation tissue compared to the saline-treated diabetic rats. Hence, BAGs can heal
wounds by incorporating various other ions to elicit several different cellular responses.
BAGs also possess angiogenic properties, a pivotal phase of wound healing as it forms the gran-

ulation tissue that acts as a matrix for the proliferating blood vessels [72]. In a study, extracts
of 58S-NBG (60SiO2–36CaO–4P2O5 wt%) and 80S-NBG (80SiO2–15CaO–5P2O5 wt%) have been
reported to enhance the expression of VEGF, basic fibroblast growth factor (bFGF), and their recep-
tors alongwith the downstreammediator, endothelial nitric oxide synthase (eNOS), suggesting that
the angiogenic activity of BAG is nitric oxide (NO) dependent. The ability of 58S-NBG and 80S-NBG
to stimulate angiogenesis at multiple physiological downstream cascades in vitro also further sug-
gests its potential as an angiogenesis promoting material in tissue engineering constructs [77].
Studies have reported that six hours postinjury, the chemotaxis of the neutrophils occur at the site of
tissue insult, leading to debridement of the damaged tissues and phagocytosis of foreign bodies [78].
Following this, the inflammatory cytokines and chemokines are released, which are the critical
parts of the complexwoundhealing process.Dong et al. [79] demonstrated that incubating theRAW
264.7 cells with Bioglass alleviated the expression of pro-inflammatory cytokines (tumor necrosis
factor alpha [TNF-α] and IL-1β) and increased the anti-inflammatory interleukin-10 (IL-10) com-
pared to the control group. A recent study also reported the anti-inflammatory potential of the
barium-doped bioactive glass (BaBG) [80]. BAGs having a profound effect on the immune response
affect the extracellular matrix (ECM) remodeling and hence wound healing.
The US-FDA has approved a melt-derived borate-based Bioglass matrix as a wound dressing

(MIRRAGEN, ETS Wound Care LLC, USA) to treat acute and chronic deep wounds [16]. The
preclinical study data reported MIRRAGEN® advanced wound matrix to exhibit the slightest
inflammation and healed deep wounds in less time. There was significantly more granulation
tissue than synthetic polymer fiber and silver-doped collagen fiber [16]. Following these seminal
results, BAGs can serve as an advanced material system for faster wound healing. However, more
preclinical and clinical research is required to translate BAGs efficiently.

20.2.2 Skeletal Muscle, Ligament, and Tendon Regeneration

Skeletalmuscles, accounting for approximately 50%of the total bodymass, have regenerative capac-
ity after response to appropriate stimuli and activate themuscle resident stemcells, namely, satellite
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cells (SCs) [81]. Muscle loss could be due to acute conditions such as sports injury or trauma
or progressive diseases such as muscular dystrophy, diabetes mellitus, and amyotrophic lateral
sclerosis. Posttrauma, muscle SCs form new myotubes within 1week, and within 28 days, almost
the entire muscle regenerates [81]. However, up to the threshold of 20%, the muscle fibers can
renew and restore, and beyond 20% of severe loss at the myofiber level leads to muscular disabil-
ity and affects locomotion. This putative wastage of skeletal muscles leads to chronic functional
deficiency, termed “volumetric muscle loss” (VML). Therefore, to restore the typical architecture
and functionality, therapeutic reconstructive procedures are required. The clinically prevalent gold
standard for muscle repair includes “autologous muscle graft” and supportive therapies such as
acupuncture and physiotherapy, which otherwise have their limitations [82]. Cell-based tissue
engineering strategies coupled with the delivery of growth factors using biopolymers have cer-
tainly been promising in overcoming the limitations associated with current therapies. For smaller
tissue loss, biological scaffolds of decellularized extracellular matrix (dECM) incorporating xeno-
geneic ECMhave been under research formuscle reconstruction [83]. However, limitations such as
poor biomechanical properties, lack of degradation, poor biocompatibility, immunogenicity, infec-
tion transmission, and absence of SCs migration into the decellularized scaffold have limited their
widespread clinical use [82, 84]. Hence, for the safer and efficient repair and regeneration of size-
able skeletal muscle tissue, there is a need to look for new regenerative strategies. BAGs offer a
tremendous opportunity to be used in skeletal muscle engineering to provide initial support and
specific biophysical cues for regeneration by being bioactive and biodegradable at the same time
(see Figure 20.1).
Ideally, the degradation rate of the scaffolds used for cell transplantation applications should

be predictable and match the pace of tissue regeneration. More than a decade back, phosphate
BAG-based scaffolds were studied for skeletal muscle regeneration by several research groups
[29, 30, 85, 86]. A key challenge has been to identify the composition and concentration of the
BAG, including the structure and substrate coating of the scaffold, which could promote both the
unidirectional myocyte alignment and myofiber maturation in vitro and degrade at a predictable
rate, in vivo. The initially synthesized phosphate-based BAG fibers (CaO–Na2O–P2O5) doped with
a low concentration of iron (1–5mol%) were chemically durable due to the formation of durable
cross-links between the phosphate chains and the Fe3+ ions [29]. Enhanced glass durability
endowed scaffolds with predictable degradation rate imparting improved biocompatibility, in vitro
myocyte attachment, and myotube formation along the axis of the fibers. In preceding studies,
the role of scaffold configuration, macrotopography, and substrate coating on cell behavior and
in vitro myogenesis was reported. A 3D soluble scaffold material coated with gelatin or Matrigel
(a cocktail of entactin, heparan sulfate proteoglycan, collagen type IV, and laminin) arranged into
a bundle, spread, or mesh for craniofacial skeletal muscle regeneration based on phosphate-based
BAG (62.9P2O5–21.9Al2O3–15.2ZnO) (diameter 6.5 μm and solubility rate 0.16mg/g/d) was
synthesized. The mesh scaffolds coated with Matrigel supported better myocyte attachment,
migration, and differentiation into myotubes over the bundle and spread. However, the mesh
arrangement of the BAG fibers could not support in vitro cell alignment [86].
Phosphate-based BAG fibers encased within the collagen matrix mimic the skeletal muscle

architecture and provide mechanical compliance to the stiffer glass fiber constructs, thus pre-
venting breakage during in vivo myofiber contraction. The 3D fiber scaffolds of phosphate BAG
containing 5mol% Fe2O3 and coated with collagen supported better in vitro human masseter cell
attachment, unidirectional alignment, maturation, and formation myotube-like structures along
the axis of the glass fibers over the 2D disks [85]. Furthermore, iron-phosphate BAG fibers (with
5mol% Fe2O3) encased within reinforced collagen gel showed mechanical compliance. They
could support unidirectional orientation and “end-to-end” alignment, cell retention, myofiber
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Figure 20.1 Illustrative representation of the BAG-based scaffold for the skeletal muscle regeneration in volumetric muscle loss.
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formation, and maturation. The use of reinforced collagen-supported myofiber formation and
growth by maintaining a sustained and enhanced expression of myogenin regulatory factors,
including the developmental (MYH8) and adult (MYH1, MYH2, MYH6, MYH7) genes for myosin
heavy chain isoforms [30]. These studies suggested that iron-phosphate BAG fibers could serve
as a biomimetic scaffold for cell transplantation applications. The myotubes grown on these
phosphate-iron BAG fibers could afterward be implanted in vivo after the degradation of the glass
during skeletal muscle regeneration.
In a recent comparative study, silicate (Bioglass), borate (13-93B3: 56.7B2O3–5.5Na2O–11.1K2O–

4.6MgO–18.4CaO–3.4P2O5 wt%), and aluminoborate (8A3B: 50.7B2O3–10.8Al2O3–4.9Na2O–
9.9K2O–4.1MgO–16.4CaO–3.2P2O5 wt%) glasses could regenerate muscles in VML without
resorting to additional growth factors or stem cells [28]. The formation of aluminum polyhedra
and subsequent reduction of nonbonding oxygen atoms in the BAG network improved glass
durability. It showed better degradation and a stable pH profile of 8A3B over 13-93B3 and Bioglass.
Moderate in vitro degradation rate was suggested to be a crucial factor affecting cell behavior.
The optimum release of ions such as B3+ and Ca2+ from the aluminoborate 8A3B supported
better in vitro endothelial cell migration, tube formation, and VEGF secretion, indicating their
ability to stimulate angiogenesis without being cytotoxic due to a lower level of B3+ release. The
IDPs of the BAGs also enhanced in vitro gene expression of muscle-defect-related growth factors
(CX43 and insulin-like growth factor-1 [IGF-1]) from mouse muscle myoblast cells (C2C12s),
required for the growth, differentiation, and increased contractility of skeletal muscle tissues.
Moreover, in vivo activation of SCs and formation of laminin and muscle fibers along with the
mature blood vessels after implantation in a rat VML model suggested the potential of these
BAGs for vascularized regeneration of skeletal muscles. 8A3B being relatively better than either
Bioglass or 13-93B3. The 3D fibers of iron-phosphate-based BAG (CaO–Na2O–P2O5) with 3mol%
Fe2O3 for the tissue engineering of the hard–soft tissue interface had the slowest degradation rate
and good biocompatibility [87]. These BAG fibers supported higher viability, proliferation, and
functional differentiation of human craniofacial osteoblasts and oral fibroblasts and the expression
of osteogenesis-related genes (Cbfa1, osteonectin, collagen 1). In contrast, the more soluble BAG
fibers with 1mol% Fe2O3 failed to support the survival of cells beyond seven days in culture. The
study also suggested that the glass dissolution rate is a decisive factor in determining the nature of
cell–composition interaction.
Regeneration of another soft tissue component of the musculoskeletal system, ligaments such

as anterior cruciate ligament (ACL) and/or posterior cruciate ligament (PCL) reconstruction is
required after knee injury due to accidents and trauma when these cannot heal on their own and
have to be surgically replaced. The first attempt for ACL reconstruction using an artificial liga-
ment was made at the beginning of the twentieth century using silk sutures hammered into the
bone and stitched to the infrapatellar tendon, which failed within the three months of implanta-
tion [88]. Currently available options for ACL reconstruction include the gold standard autograft
of four-strand hamstring tendons or bone-patellar tendon-bone and have their limitations. By the
end of the twentieth century, a synthetic graft, Ligament Advanced Reinforcement System (LARS)
(Surgical Implants and Devices, Arc-sur-Tille, France), made of polyethylene terephthalate (PET),
was introduced and is still preferred clinically for reconstructing human knee ligaments in con-
junct with autograft and allograft [89]. PET grafts suffer from poor osseointegration due to their
hydrophobicity and chemical inertia. This delays healing and leads to the formation of the fibrous
scar tissue between the artificial ligament graft and the bone tunnel and subsequent ligament loos-
ening and graft failure [90–92]. PET sheets coated with 58S (58SiO2–33CaO–9P2O5 wt%) show
enhanced osseointegration [93]. After implantation into the proximal tibia metaphysis of New
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Zealand rabbits, 58S-coated PET sheets formed a dense vascularized trabecular network of new
bone at the graft-bone interface with less scar tissue formation. Higher secretion of VEGF and
BMP-2 growth factors induced by 58S BAG coating around the implanted graft was beneficial for
vascularized new bone formation at the interface between the graft and host bone tunnel [93].
In the following study, PET grafts coatedwith 5mol%CuO-dopedBAG (CuBG/PET) forACL recon-
struction enhanced in vitro osteogenic and angiogenic differentiation of rat BMSCs. Expression
of osteogenesis-related genes (S100A10, BMP-2, OCN) and angiogenesis-related genes (HIF-1α,
VEGF) was upregulated, thereby activating the HIF-1α/S100A10/Ca2+ signal pathway. Therefore,
Cu2+ doping coupled angiogenesis and osteogenesis. Additionally, after implanting CuBG coated
grafts in a goat model, the IDPs provided soluble signals promoting in vivo bone and blood vessel
formation and ligament healing in the bone tunnel [22].
Tendons (similar to ligaments) are a tough band of fibrous connective tissue (made of colla-

gen) that connects muscle to bone and can withstand tension. Traumatic injury to the tendon,
such as rotator cuff tear, causes shoulder pain and dysfunction and requires surgical attachment
of the tendon to its bony insertion, which, however, suffers higher retear rates following surgical
repair [94]. The mechanisms and processes of tendon–bone repair are considered highly complex.
The implant material required is a functionally graded material that exhibits a gradual transition
from soft tissue to hard tissue through a fibrocartilaginous transition region. In a study, the semi-
tendinosus healing of an interfacial gap between a bone and a tendon or ligament in an in vivo
model of ACL reconstruction in adult male New Zealand white rabbits was enhanced after being
filled with a paste of BAG [23]. Formation of new bone and the Sharpey’s fiber adjacent to the
grafted tendon surface was observed. BAG has also been implicated in tendon tissue engineer-
ing as a synergistic mixture with platelet-rich plasma (PRP) [24]. BAG upregulated the in vivo
expression of osteogenesis-related genes, improved angiogenesis, strength, and maturity of the
remodeled tendon-to-bone junction [24]. While, PRP (preparation of autologous plasma contains a
higher concentration of autologous growth factors) released relevant growth factors such as PDGF,
transforming growth factor-beta (TGF-β), IGF, and EGF [95], thus enhancing the remodeling and
healing process in tendon-bone healing. A mixture of 58S BAG (0.02mg) and PRP (2ml) sprayed
onto the sutured conjunction at the rotator cuff tear inmale New Zealandwhite rabbits accelerated
the tendon–bone healing process [24]. PRP+BAG caused an initial acute inflammatory reaction,
which resolved spontaneously within 12weeks of implantation. Enhanced healing was reported
with no implant migration or gross infection. Histologically, hyperchromatic cells and capillary
blood vessels were observed. The interface between the tendon–bone integration was much stur-
dier with re-established collagen-fiber, orderly arranged tendon fibers with aligned chondrocytes
and osteocytes, and higher ECMs were observed in the PRP+BAG group after 12weeks of oper-
ative implantation. Enhanced mRNA expression of BMP-2 was also reported, suggestive of bone
formation. However, load failure at the tendon-bone joint was a limitation and concern.

20.2.3 Gastrointestinal Tissue Regeneration

The gastrointestinal epithelium has an immense potential for rapid self-renewal and regeneration
that continues throughout life [96]. The progenitor cells of the stomach and intestine give rise to
almost all kinds of epithelial-lineage cells. Despite such enormous regenerative potential, in patho-
logical conditions like peptic ulcer disease (PUD), dysfunction of stem cellmachinery is proposed to
be causative of poor quality of ulcer healing leading to relapses, recurrences, and refractoriness. The
regenerated epithelium is aberrant, scarred, with histologic and structural abnormalities, includ-
ing poor differentiation and degenerative changes in glandular cells, increased connective tissue,
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and disorganized microvascular arrays, increasing susceptibility of the regenerated epithelium to
damage and other diseases [97]. PUD is a group of pathologies that include crater-like excavations
lying at the interphase of the distal side of the glandular borderline (mucosal rule) and line of
distortion of movement (muscular rule) [98]. Depending upon the extent and dimension of ulcer-
ation, healing can take days or months. Moreover, considering the interplay of Helicobacter pylori
infection and infective ulcer, the chronic inflammation, as induced by infection, also adversely
affects differentiation and promotes stem cell metaplasias [99]. In these cases, an optimal approach
for complete regeneration of damaged gastrointestinal epithelia is desirable. Current treatment
approaches include medications that reduce gastric acid secretion (proton pump inhibitors, H2
receptor antagonists), enhance gastric pH (nonsystemic antacids), form a protective layer over
ulcerated epithelium (colloidal bismuth subcitrate), heal ulcer (Carbenoxolone sodium), and abate
H. pylori infection (Anti-H. pylori antibiotics) [100]. None of the clinically available treatments
focuses on enhancing the regenerative potential of the ulcerated zones. It is where tissue engi-
neering and regenerative approaches come into play.
The first study reporting the possible application of BAGs in gastrointestinal regeneration was

almost 10 years ago [34]. BAG conditioned media could promote the process of epithelial restitu-
tion in the injured superficial intestinalmucosal wound (simulated by using the coculturemodel of
wounded intestinal epithelial cell monolayers and subepithelial myofibroblasts). Bioglass at a low
concentration (0.1%) promoted the migration of epithelial cells across the wound margin along
with the secretion of bFGF frommyofibroblasts. However, a high concentration (1%) was reported
to be cytotoxic and adversely affect cell viability, migration, and wound healing due to the raised
pH of the culture medium [34]. The beneficial role of Bioglass on paracrine mucosal signaling by
enhancing cell migration and bFGF secretion in a dose-dependent manner would promote rapid
epithelial repair modulating intestinal epithelial cell growth and migration without causing cell
proliferation. Based on these preliminary findings, the researchers suggested the possible applica-
tion of Bioglass in tissue regeneration and repair via a process of epithelial restitution in superficial
mucosal ulceration.
In the following study, the anti-gastric ulcer activity of Bioglass was evaluated in rodent mod-

els [35]. Single and multiple oral gavages of Bioglass in acute and chronic experimental animal
models of ulcer protected against gastric ulceration and recurrence in a dose-dependent manner.
Moreover, the IDPs of Bioglass could restore in vitro cell proliferation after injury of mucosal cells
(GES-1) with ethanol in a concentration-dependent way. Additionally, the apparent absence of sys-
temic absorption after multiple oral dosages suggested that the anti-ulcer activity is local. Thus,
there is a minimum possibility of adverse effects associated with the systemic absorption, which
otherwise is frequent with the proton pump inhibitor, omeprazole, and an anionic clay antacid,
hydrotalcite, making it a suitable alternative to the currently available drugs of choice for the treat-
ment of gastric ulcer. However, an appropriate mechanism for the observed effect was still elu-
sive. Hence, to further assess the anti-gastroduodenal activity and its probable pharmacological
mechanism, in vivo experiments in rats using BAG containing 1.3mol% of BaO (BaBG) were per-
formed [36]. The researchers reported a higher pH in simulated body fluid (SBF) for BaBG over
Bioglass, maintained for a more extended period, hence chosen for in vivo evaluation. The mecha-
nistic findings included the gastric pH incrementing behavior, termed as an “antacid-like” activity,
without altering the gastric volume. BaBG treatment in experimental models of gastroduodenal
ulcers in rats enhanced gastric mucosal cell proliferation and differentiation. Electron microscopy
showed the adhesion of BaBG particles to the gastric and duodenal mucosa, acting as a local pro-
tective barrier, protecting the damaged epithelium from further damage. The layer of BaBG and
probable apatite was suggested to provide local binding sites for proteins and cells, conferring a
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suitable milieu to the ulcerated wounds against a holistic gastric environment for rapid healing.
Figure 20.2 gives a consolidated schematic representation of the probable mechanisms of gastro-
protection in gastroduodenal ulcers elucidated so far for the IDPs of the BAGs.
The gastrointestinal environment is dynamic and highly motile. A suitable tissue engineering

scaffold for the regeneration at these sites must offer sufficient mechanical strength and maintain
the integrity of the construct in these conditions. A BAG-polymeric scaffold has been designed
as a scaffold material for the engineering of tissues with a tubular shape such as the trachea,
esophagus, and small intestine [101]. The tubular foams of polylactide-co-glycolide (PLGA) and
1% Bioglass synthesized via a thermally induced phase separation process had radially aligned
and highly interconnected pores with a wall thickness in the range 1.5–3mm. The tube geome-
try and pore morphology of the synthesized composite foams would allow rapid cell infiltration
while maintaining the sufficient mechanical strength and structural integrity required for success-
ful tissue regeneration. Ahybrid nanoglue of Bioglass (15wt%) and ceria nanoparticles (85wt%) has
been formulated through amethod of liquid feed flame spray pyrolysis for tissue gluing in patholog-
ical anastomotic leakages and impaired wound healing [102]. The addition of Bioglass enhanced
the hemostatic activity, small intestine adhesion, and cytocompatibility of the metal oxide-based
nanoglue. However, high concentrations of BAG caused hemolysis and impaired cell membrane
integrity.
In infancy, these studies have suggested the ocean of opportunities that lie ahead for the inter-

ested researchers in exploring BAG applications in gastrointestinal tissue regeneration in patholog-
ical conditions where failed regenerative machinery becomes causal for more worst relapses and
subsequent other following diseases [103]. Even the surgical treatment options in conditions such
as perforated and bleeding peptic ulcers and Crohn’s disease demand rapid wound healing and
faster tissue regeneration [104, 105]. A BAG-based tissue engineering scaffold should, however,
assist these processes. Nevertheless, one consideration should involve the multilayered, complex
architectural design of the gastrointestinal system, including the gut neuronal and vascular sys-
tem. The aim is to regenerate the tissue structurally and restore the maximum functionality and
intrinsic anatomy with the vascular and neuronal connections.

20.2.4 Lung Tissue Engineering

Adult lung tissue fails to regenerate itself beyond the local level spontaneously. Localized pro-
genitor cells (e.g. type II alveolar pneumocyte) have shown to be capable of epithelial repair;
however, these progenitor cells lose their regenerative potential in multiple lung diseases. Lung
regeneration offers an attractive opportunity to replace the injured or the failed parts of the lungs.
Cell-based tissue engineering scaffolds, for repairing the tracheal and large airways, have been
reported to have some success. However, among the scientific community, regenerating the distal
part of lung tissue has been most challenging. Major issues, including poor host tissue integration,
immunogenicity, and scaling up the in vitro miniaturized cell aggregate to a whole human-sized
lung while maintaining a higher degree of anatomic organization for the physiological function,
prevent clinical translations [106]. A suitable matrix for supporting cell adhesion, growth, and
differentiation while helping propagate the essential rhythm of the spatial and temporal patterns
of cellular signals between the progenitor cells is crucial. Based on the available scientific evidence,
BAGs have been looked upon to certainly address some of these issues for developing a genuinely
applicable scaffold for lung tissue regeneration. About 20 years back, a group of researchers
reported that murine lung epithelial (MLE-2) cells could grow favorably into the macropores
of the sol–gel derived 58S BAG-based foams. The foams were functionalized with amine and
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Figure 20.2 Illustrative representation of the mechanisms involved in the gastroprotection by the IDPs of the BAGs in gastroduodenal ulcers.
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coated with laminin, a noncollagenous extra-cellular matrix protein present in the basement
membrane of lung epithelial cells [8]. Laminin coating was reported beneficial for the in vitro
growth, attachment, and migration of cells into the amine-functionalized foams over mercaptan
functionalization, the mechanism for which was not evaluated.
Considering the need for mechanical strength, structural integrity, and a suitable microenviron-

ment for attachment, growth, and proliferation of human lung cells, polymeric composite porous
foams of poly-D,L-lactic acid (PDLLA) with Bioglass were evaluated as a lung tissue engineering
construct [7]. The in vitro analysis revealed that the human lung adenocarcinoma epithelial cells
(A549) could attach and proliferate inside the mesopores of the scaffold, based upon the con-
centration of Bioglass used for synthesis. The scaffold containing 5% Bioglass provided favorable
microenvironment changes and alkalization of the medium, supporting optimum cell behavior
over the scaffold containing 40% Bioglass and pure PDLLA foams. Similarly, the addition of poly-
mer (PLGA) enhanced the overall mechanical competence of 1% Bioglass based tubular composite
foams [101]. The addition of polymer enhanced the general mechanical competence. The com-
pound walls could sustain axial and diametrical compressive loads without collapsing while main-
taining the porous structure, supporting the regeneration of tubular tissues such as the trachea.
These studies demonstrated the critical role of concentration, microstructural, and topographical
features on cell behavior and the chemistry of cell–biomaterial interaction.
In another study, the effect of BAG composition on A549 cells adhesion and proliferation was

explored [9, 10]. The presence of phosphate in the BAG system, 58S (60SiO2–36CaO–4P2O5 mol%),
has been beneficial for in vitro A549 cell adhesion and proliferation over binary S70C30
(70SiO2–30CaOmol%) substrates. The discrepancy was attributable to the rapid dissolution and
the nucleation of amorphous calcium phosphate occurring at the surface of the ternary gel BAG
over the binary system [9]. Despite the slower pace of proliferation on the binary BAG system,
both the glass system were nontoxic, supporting cellular viability, and proliferation even after
four weeks of cell seeding. Similarly, 2mol% silver-doped sol–gel-derived 58S BAG evaluated for
its anti-Leishmania activity was also reported to be noncytotoxic toward A549 cells under in vitro
setting [10]. Interestingly, in another research, a sol–gel-derived magnetic BAG based on the qua-
ternary composition (SiO2–CaO–Na2O–P2O5) doped with iron was developed for hyperthermia
therapy to treat lung carcinoma [11]. The magnetic BAG was reported to be noncytotoxic toward
normal human lung fibroblasts (HFL1) (<20mg/ml). The magnetic BAG reduced the cell viability
of A549 cells when exposed to the alternating magnetic field based upon the concentration of Fe3+
used for doping [11]. The study suggested a possible prospect for the magnetic BAGs in magnetic
hyperthermia therapy of lung cancer and subsequent regeneration of lung tissues.
The failing lung conditions such as emphysema, cystic fibrosis, sarcoidosis, and cancers demand

awhole new lung or a segment for replacement when the existing disease is incurable with the con-
ventional therapies. While lung transplantation has its limitations, tissue engineering approaches
for segmental or complete lung regeneration are still far from being applicable clinically [106].
There are particular challenges associated with the currently available approaches; hence, we are
in a dire need to explore beyond. Amongst the biomaterial, BAGs have been a promising tool for
soft tissue engineering applications after a successful establishment in orthopedic and dentistry.
The amalgam of existing resources and techniques for regenerating lung tissue with BAG would
address some current limitations. Limited scientific evidence has helped understand the beneficial
role of concentration, microstructural, and topographical characteristics of BAGs in supporting
in vitro pneumocyte adhesion, growth, and proliferation. The mechanism behind these has been
insufficient. For a contractile organ like the lung, the apatite mineralization may prove hazardous.
Thus, the inherent stretching capability of alveoli could be affected, hampering fast and efficient air
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exchange despite supporting tissue regeneration. These issues need consideration when applying
the principles of material science to physiology.

20.2.5 Cardiac Tissue Engineering

Myocardial infarction (MI) is one of the leading causes of death worldwide, leading to irreversible
tissue necrosis [107]. The current treatment strategies mainly involve invasive surgery and cardiac
catheterization. These are expensive and cannot regenerate the cardiomyocytes at the infracted
site [108]. Based on these shortcomings, BAGs have been investigated for cardiac tissue engi-
neering either as injectable hydrogels or as cardiac patches (see Figure 20.3). Mechanical support
is an essential criterion for cardiac patches. Heart beating generates higher filling pressure that
prevents the cells supplied during cell therapy from adhering and leads to negative remodeling
of the affected region. In a study, incorporation of the microsized Bioglass particles improved
the mechanical properties of the elastomeric poly(glycerol sebacate) (PGS) with enhanced
Young’s modulus (from 0.38 to 1.62MPa). It maintained this trend even in the physiological
fluid and eliminated cytotoxicity associated with the acidic degradation by-product of PGS [31].
The addition of Bioglass prevented the composites from hardening when implanted in vivo and
enhanced the stability over a more extended period, desired characteristics for soft tissue engi-
neering. Following this, the same researcher group designed another Bioglass nanocomposite to
address post-MI pathological conditions, i.e. irreversible cellular loss and ventricular dilation [32].
The elastomer-Bioglass nanocomposites could serve as a cell-delivery vehicle to supply viable,
functional cells to the infarct zone and provide mechanical support. The addition of Bioglass
(5wt%) counteracted the acidic degradation of the PGS and hence improved the durability of
the patch postimplantation. Moreover, the nanocomposites did not affect the viability of the
human endometrial stromal cell (ESC)-derived cardiomyocytes (hESC-CM). Thus, establishing
that nanocomposites can be used both as cell-therapy vehicle as well as catch patch.
In another study, injectable hydrogels of gelatin and collagen (Gel/Col) incorporated with Bio-

glass were designed [109]. The endometrial stromal stem cells (EnScs) cultured on the hydrogel
differentiated into cardiomyocytes, as evident from the presence of the cardiac-specific proteins
like α-Actinin, Desmin, and Con43. Further, in a recent study, Bioglass-loaded sodium alginate
(BG-SA) hydrogel was investigated for their cytocompatibility for the cardiomyoblasts cells (H9C2)
andwas reported not to influence the proliferation of the cells [33]. Besides, in a rodentmodel ofMI
(ligation of the left anterior descending coronary artery), the intramyocardial injection of theBG-SA
hydrogel showed a significant improvement in the cardiac functions, as evident from the echocar-
diography studies. Surprisingly, the histological analysis of the left ventricular tissue of the heart
postinjection showed significant increase in the relative scar thickness with attenuated infarct
expansion index in theBG-SA treated group compared to the SAgroup. The currently available liter-
ature highlights the ability of the Bioglass to induce positive tissue remodeling post-MI. Moreover,
the Bioglass loaded hydrogel also suppressed the apoptosis of the cardiomyocytes and hence can be
a potential treatment for MI. However, more preclinical research is required to establish the BAGs
for cardiac tissue engineering.

20.2.6 Ophthalmology

BAGs have been explored in the field of ophthalmology for the osseous and nonosseous applica-
tions. The osseous applications include repair of orbital floor fractures [110–112] while nonosseous
purposes comprises of orbital implants for promoting fibrovascularization [38–40], wound
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post-MI. Injectable hydrogels encapsulating the BAG and differentiated stem cells are injected directly into the infraction area.
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healing [41], anchorage [42], and preventing their infection [43], and postenucleation/evisceration
after anophthalmic surgery and replacing the opacified portion of cornea in patients unresponsive
to corneal donor transplant as keratoprostheses (artificial cornea) [113, 114]. The early work
describing the use of a bioactive glass-ceramic (BGC) as an orbital implant dates back to the
end of the twentieth century [115]. After six months of BGC implantation in the eviscerated
rabbits, fibrovascular tissues filled the 90% gaps of the implant. The porosity of the BAG implants
support fibrovascular colonization, tissue ingrowth, and anchorage, thereby improving the clinical
success rate and implant life. The satisfactory clinical outcomes of these, including the cosmetic
appearance and motility, laid down the foundation for future researches [116].
The formation of the surface hydroxyapatite (HA) layer is not a goal in orbital implants.

However, neovascularization for anchoring the implant to orbital tissues and supporting nutrient,
growth factor, and oxygen delivery along with immune surveillance and chemotaxis of the stem
cells to the injured site for healing is needed [117]. Medpor Plus Sphere received FDA clearance
in 2002 for use as orbital implants for achieving a higher fibrovascular ingrowth and tissue
integration [14]. Despite this, a study showed that the implantation of Medpor Plus Sphere
postenucleation or evisceration in rabbits did not significantly influence vascular connective tissue
ingrowth. However, one week after surgery, a statistically significant increase in fibrovascular
ingrowth of the Medpor Plus group indicated faster fibrovascularization in the early phase [118].
Contrarily, postenucleation implantation in human patients, a statistically significant higher
fibrovascularization rate was reported for Medpor Plus over Medpor implants [38, 39]. Postop-
erative follow up of 170 human patients showed new bone formation, biocompatibility, absence
of immunogenicity, and an increased fibrovascularization rate, rendering it less susceptible
to contraction, fistulization, infection, inflammation, migration, and a lower extrusion rate,
suggesting the suitability of Medpor Plus for orbital reconstruction after primary enucleation or
as a secondary implant [39]. In another preclinical study, implantation of orbital cones of Bioglass
and Biosilicate® (48.5SiO2–23.75Na2O–23.75CaO–4P2O5 wt%) with a single crystalline phase
(Biosilicate 1P) into the eviscerated sockets of rabbit lead to an initial inflow of fibroblasts and
inflammatory cells, neovascularization, and formation of a pseudocapsule around the implant
followed by chronic healing and reduction in edema and inflammatory cell count supporting
wound healing with the replacement of injured intraocular tissues by connective tissue [41]. A
superior biological response was obtained for Bioglass and Biosilicate 1P over Biosilicate with
double crystalline phase (Biosilicate 2P). Additionally, all the implants bonded with soft tissue,
thereby preventing extrusion. Recently, the clinical implantation of cone-shaped Biosilicate orbital
implant has also been reported to increase the orbital volume of anophthalmic sockets with few
inflammatory signs and no systemic adverse effects [42].
The presence of interconnected and large macropores (∼250 μm) favors fibrovascularization

and tissue ingrowth. Foam-like wollastonite-containing implants (57SiO2–30CaO–6Na2O–
7Al2O3 mol%) having high porosity (55 vol%), pore size (240 μm), chemical stability, and
mechanical strength have been fabricated as an economical alternative to existing poly-
meric or ceramic bioinert orbital implants [44]. In another study, two types of macroporous
glass-ceramic orbital implants (type A and B) based on different silicate glass compositions
were synthesized, characterized, and the morphological and surface topographical param-
eters (such as porosity, roughness) were compared with the commonly used commercial
devices (bioceramic implant, Medpor, acrylic, and silicone ball) for ocular tissue engineer-
ing [117]. Type A implant (57SiO2–34CaO–6Na2O–3Al2O3 mol%) had 53 vol% porosity,
an average pore size of 230 μm, and compressive strength of 18.5MPa. In contrast, type B
(45SiO2–26CaO–15Na2O–7MgO–4K2O–3P2O5 mol%) had 60.5% porosity, an average pore size
of 520 μm, and compressive strength of 4.2MPa, suggesting the morphological features to be
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potentially suitable for ocular tissue engineering. Additionally, type A glass was bioinert with
excellent stability in an aqueous solution which is a crucial feature for preventing in situ degra-
dation and resorption of the orbital implants. In contrast, type B glass was bioactive, facilitating
angiogenesis required for implant stability and anchorage.
To prevent infection of the orbital implants, systemic or local delivery of antibiotics is needed.

The systemic approach is mostly inefficient for nonporous implants due to insufficient vascular-
ization and subsequent drug concentrations at the infection site below the minimum inhibitory
concentration (MIC), leading to multidrug-resistant strains. Additionally, adverse effects associ-
ated with systemic exposure to drugs and ions are also a concern. With porous implants, it is
possible to achieve local delivery of antibacterial drugs and biocide ions in the same cargo. Porous
HA orbital implants coated with sol–gel-derived copper (Cu2+)-doped mesoporous bioactive glass
(MBG) and loaded with ofloxacin have been developed [43]. The sustained release of Cu2+ ions
from the Cu-MBG coated implant with 2, and 5mol% of CuO provided in vitro antibacterial activ-
ity against Gram-positive (Staphylococcus aureus) and Gram-negative (Escherichia coli) bacteria.
The same scaffold implanted in the rabbit panniculus carnosus muscle supported early-stage vas-
cularization attributable to its porous architecture, suggesting that Cu-MBG modification would
provide favorable functionality to the porous HA orbital implants for future orbit reconstructive
procedures [40].
Keratoprostheses include implantable composite devices that typically comprise a transparent

part capable of transmitting light from the eye’s exterior to the retina. The central optical part
surrounded by a supporting skirt keeps the keratoprostheses anchored within the cornea. In
the early clinical attempts, implantation of Ceravital® anchorage skirt around experimental
osteo-odonto-keratoprosthesis (OOKP) was deemed unsuitable due to its resorption [119–121].
Later on, it was reported that the porous skirt of Bioverit® I and II could successfully integrate
into the corneal tissue of rabbits without irritation [122]. To prevent the infections and extrusion
of the prosthesis associated with ingrowth of corneal or conjunctival epithelium into the anterior
chamber, glass-ceramic coated titanium prostheses were designed and implanted in the rabbit eyes
giving successful outcomes [123]. However, paradoxical findings were reported [124]. Experimen-
tal Bioglass ceramic disk implants (diameter 8mm, thickness 0.5mm, pore diameter 20–70 μm,
and porosity 37–62 vol%) were deemed unsuitable keratoprosthetic material due to their rough,
brittle, and hard nature. After seven months of implantation in 11 New Zealand albino rabbits,
five implants with higher porosity (51–62 vol%) were all broken and extruded within one month
of operation along with other complications such as corneal edema, the opacity of the corneal
lamella, lipid deposits, and severe degrees of corneal neovascularization. However, the authors
suggested that structural modifications such as porosity and implant thickness may lead to more
satisfactory results.
To date, finding an ideal synthetic replacement for the dental laminate of the OOKP remains a

cause of concern.Glass-reinforced hydroxyapatite (GRHA), a porous composite of phosphate-based
BAG (65P2O5–15CaO–10CaF2–10Na2Omol%) in a proportion of 2.5wt%withHA, was synthesized
as a synthetic skirt material for the artificial cornea. Poly(vinyl alcohol) (PVA), as a porogen agent
(10–50 vol%) mixed to the physical powder blend of HA and phosphate-based glass, was pressed
and sintered at 1300 ∘C for one hour to obtain small porous disks of GRHA. GRHA with 30% and
50% PVA porogen with a mean pore size of 110 μm promoted in vitro human dermal fibroblasts
invasion, growth, and proliferation compared with those of the dense GRHA (control), suggesting
the suitability to support cellular implant colonization [125].
Ideally, the skirt materials must be flexible, must not loosen or leak at their interface, form a per-

manent, firm anchoragewith the optic and the host tissue, and be biocolonizable [126]. Since BAGs
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have a rough surface, are brittle, and suffer from inferiormechanical strength, composite formation
with polymeric substances helps address some of these limitations. Composites of PMMA
and BAGs, namely Bioglass, S53P4, and 1-98 (53SiO2–22CaO–6Na2O–11K2O–5MgO–1B2O3–
2P2O5 mol%) and a slowly resorbing glass, FL107 (64SiO2–16CaO–10Na2O–6MgO–2B2O3–
2P2O5 mol%), were fabricated as a synthetic OOKP keratoprosthesis skirt [114]. Their comparative
morphological parameters, mechanical properties, and dissolution behavior were studied. FL107
had the slowest dissolution in aqueous humor (2.4% of the initial glass content in three weeks)
with limited pore formation. On the other hand, composites of PMMA and BAGs had higher
dissolution rates (12–17%) with porosity on the outermost surfaces of the composite. Composite
with BAG1-98 showed moderate bioactivity and could be worked into different shapes (i.e. fibers,
particles, and sintered blocks), while the composite with BAGs, Bioglass, and S53P4 showed
higher bioactivity. The study suggested that all the composites had sufficient mechanical strength
and could withstand the intra-ocular pressure. In another study, porous BBG, namely, 1-98 and
28-04 (60.1SiO2–16.2CaO–4.9Na2O–7.2K2O–9.0MgO–2.6B2O3 mol%), were investigated as a
potential synthetic OOKP skirt material. BAG 1-98 showed a faster dissolution over 28-04 with a
proportionate increase in the pH of the simulated aqueous humor. The porous BAGs supported
keratocytes adhesion and spreading onto the surface, with the highest adhesion for 1-98 BAG
with particle size in the range 250–315 μm limited inflammatory potential based upon in vitro
pro-inflammatory interleukins (IL-8 and IL-6) production [113].
Retinal pigment epithelium (RPE) transplantation is required to restrict visual deterioration

in patients with age-related macular degeneration (AMD). An appropriate substrate material
is desired to support the RPE monolayer and protect it from the diseased Bruch’s membrane
(separates the RPE and the choroid layer), which otherwise prevents cell adhesion and pro-
liferation [127]. In this regard, the electrospun poly(ε-caprolactone) nanofibers loaded with
sol–gel-derived BAG nanoparticles (60SiO2–36CaO–4P2O5 wt%) have been synthesized and
suggested as a substrate for attachment and proliferation for RPE cells transplantation in RPE
dysfunction [128]. Incorporation of BAG nanoparticles into PCL nanofibers supported in vitro
nonimmortalized human ARPE-19 and Müller cells (MIO-M1 cells; specialized glial cells that
support the functioning andmetabolism of retinal neurons) attachment, viability, and proliferation
with good biocompatibility and absence of toxicity, vascular injury, or coagulation in hen’s egg
test-chorioallantoic membrane (HET-CAM) assay.
Reviewing the recently available literature, it is clear that the potential of BAGs in ophthalmology

is not fully explored, and the limited understanding of the biomolecular mechanisms hinders the
clinical applicability. Additionally, the development of compositions or composites with tailorable
biological behavior in the ocular environment is yet to be exploited to its full potential. For instance,
resorption is beneficial in repairing orbital floor fractures, while it is a cause of concern when used
as an OOKP keratoprosthetic skirt material or for corneal healing.

20.2.7 Stomatology

The term “stomatology” derived from the Latin word Stoma- (mouth) and -ology (the study of) is
also called oral medicine. Stomatology is a dental specialty that deals with studying the structure
and function of the oral cavity, including its disorders and diseases [129]. BAGs play an essential
role in the repair and regeneration of oral tissues and oral health maintenance. Damaged dental
pulp requires endodontic treatment for both preventing and curing apical periodontitis. Vital pulp
therapy (VPT) protects the injured pulp, reduces inflammation, and promotes reparative hard tis-
sue formation that shields the pulp tissue from harmful agents [130]. Re-infection of the tooth can
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occur due to a poorly obturated root canal, causing periapical periodontitis; hence, a treated root
canal is obturated with a biocompatible filling material. BAG-based root canal sealer has been sug-
gested as a next-generation direct pulp capping material in clinical endodontic treatment. S53P4
studied as a filler material postpulpotomy in a preclinical study showed an initial acute inflam-
matory response at two weeks, which resolved spontaneously at four weeks of pulpotomy without
producing localized necrosis and fibrosis [131]. Direct pulp capping preserves pulp viability and
induces wound healing, including reparative dentin formation on the exposed dental pulp caused
by deep caries or tooth fracture. Ideally, pulp-capping material should adhere to the tooth sub-
strate and maintain a sufficient seal. It should be dimensionally stable, nonresorbable, nontoxic,
noncarcinogenic, nongenotoxic, radiopaque, and exhibit biocompatibility, bioactivity, bactericidal,
and anti-inflammatory properties [63, 130]. No material currently available satisfies all the desir-
able properties for direct pulp capping [132]. Commercially available root canal sealers containing
BAG include GuttaFlow Bioseal (GFB) (Colte’ne/Whaledent, Altstätten, Switzerland) and Nishika
Canal Sealer bioactive glass (NBG) (Nippon ShikaYakuhin, Yamaguchi, Japan) [63, 64]. GFB com-
prises gutta-percha powder, polydimethylsiloxane, a platinum catalyst, zirconium dioxide, silver
(preservative), and BAG ceramic [133]. It has alkalinizing activity, low porosity, low solubility,
shows bioactivity, and forms HA [133], shows dentin penetration [134], and possesses cytocom-
patibility [135]. However, evidence concerning the mechanism of hardening or its ability to seal
the canal and be removed for retreatment is limited [64]. NBG, initially intended for both dental
pulp and bone regeneration, is available as a two-phased paste in a double syringe. Upon push-
ing the plunger, the two-phase paste is dispensed at a 1 : 1 ratio and hardens upon exposure to
heat or moisture [64]. Silica dioxide, bismuth subcarbonate, and fatty acids constitute phase A
paste. Phase B paste consists of calcium silicate glass, magnesium oxide, silica dioxide, and puri-
fied water [65]. It is stored in the syringes in a resealable aluminum foil bag and then placed in
a cold storage location (1–10 ∘C) without freezing to prevent in-bag hardening. Biologically, NBG
hardens in SBF and shows HA formation [136], promotes cell viability and migration of human
periodontal ligament cells and osteoblast-like cells [137]. NBG offers excellent sealing ability with
the root canal dentinal wall required to avoid reinfection postroot canal obturation [138]. Addi-
tionally, it can be removed entirely, allowing reopening of dentin cavities, suggesting NBG allows
subsequent endodontic retreatment when reinfection at the periapical tissue of a treated tooth
occurs [137]. NBG-treated human periodontal ligament stem cells (hPDLCs) and human umbilical
vein endothelial cells (HUVECs) showed enhanced in vitro alkaline phosphatase (ALP) activity and
osteogenic differentiation along with endothelial cell tubulogenesis and expression of angiogenic
genes (VEGF, PDGF-BB, bFGF) without increasing the expression of inflammatory genes (IL-6,
TNF-α, IL-17) suggesting the potential of NBG to give vascularized healing of apical periodontitis
and bone formation without inflammation [65]. NSY-222-S (a modified form of NBG) promoted
reparative dentin formation without inflammation in rats [63]. Moreover, root canal obturation
withNBG supported periapical clinical wound healing and bone formation of the periapical tissues
after one year of obturation with or without a semisolid core material [64, 66]. For better wound
healing and the regeneration of complex tissues such as dental pulp (soft tissue) and dentin (hard
tissue), gelatin hydrogel sponges with BAG capable of the controlled release of FGF-2 have been
recently devised [63].
Dental caries is a biofilm-mediated, dietomicrobial multifactorial dynamic disease resulting in

the phasic demineralization and remineralization of dental hard tissues. It is classified among
the most common chronic diseases worldwide [139, 140]. Treatment involves using materials
with regenerative and antibacterial properties, and controlling inflammation is critical for
successful endodontic regeneration. The incorporation of BAGs could impart antibacterial and
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anti-inflammatory properties to the dental pulp-capping material for future clinical applications.
Treatment of lipopolysaccharide (LPS)-induced inflammatory-reacted dental pulp cells (DPCs)
with a sol–gel-derived silver-doped BAG (AgBG) (60SiO2–6CaO–3P2O5–14Al2O3–5Na2O–5K2O–
7Ag2Owt%) in chitosan (CS) hydrogel at a 1 : 1 weight ratio (AgBG/CS) downregulated the in
vitromRNA expressional levels of inflammatory cytokines (IL-1β, IL-6, TNF-α, IL-8) and reduced
nuclear translocation of p65 significantly, suggesting the inactivation of NF-κB pathway in the
inflamed DPCs [67]. The ALP activity decreased when DPCs became inflamed but significantly
recovered after being treated with AgBG/CS, even higher values than noninflamed DPCs.
AgBG/CS promoted adherence and in vitro odontogenic differentiation potential of DPCs to
AgBG/CS without negatively affecting the cell proliferation. Furthermore, the addition of CS
(thermogelling, biocompatible, and bacteriostatic) enhanced the operability of AGBG dental pulp
capping agents. Ag-BG/CS strongly inhibited the growth of Gram-positive bacteria, Streptococcus
mutans, and Lactobacillus casei.
High mechanical strength with elastic modulus matching that of the natural bone is a prereq-

uisite for tooth-periodontal implants [141]. Poor mechanical properties, such as high brittleness
and low-tensile strength of BAGs, limit their applicability in dental tissue engineering. Compos-
ite formation of polymer PCL with submicron BAG through solvent casting technique and the
thermal pressing method improved mechanical properties required for long-term performance in
tooth engineering [142]. Additionally, the hybrid significantly promoted human DPCs prolifera-
tion, odontogenic differentiation, and generation ofmineralized nodules compared to the pureBAG
or PCL scaffolds.
Zirconia has been a preferred dental implantmaterial over titanium owing to its superior esthetic

and biocompatibility features. However, poor tissue integration and bond formation at the inter-
faces between zirconia and peri-implant soft tissues are associated concerns. Additionally, to hasten
the healing process of the wounded marginal gingiva following implant surgery, the migration,
attachment, and proliferation of gingival fibroblasts are required for underlying collagen matrix
production and soft-tissue regeneration. To promote the formation of a stable bond and efficient
seal between the Zirconia abutment dental implant and the surrounding soft tissue at the abutment
surface and/or transmucosal portion of the implants, and to slow the marginal bone loss following
implantation, thermal coating with Biosilicate (Vitrovita, Sao Carlos, SP, Brazil) has been investi-
gated [143]. Biosilicate promoted proliferation, viability, migration, and collagen synthesis by L929
fibroblast cells, suggesting in vitro wound healing with superior biocompatibility.
Woundhealing of any kind is delayed in diabetesmellitus. Complications associatedwith delayed

wound healing in the oral cavity lead to inflammatory soft tissue pathologies, including gingivitis
and irreversible periodontitis. Reduced salivation andpersistent high plasma glucose concentration
leading to reduced cell proliferation and migration, obstructive vascular sclerosis, and prolonged
hypoxia impair the process of wound healing. Electrospun sol–gel-derived borate-based bioactive
glass nanofibers (BGnfs) with (1–2) mol% of B2O3, (68–69) mol% of SiO2, and (29–30) mol% of
CaO have been synthesized for enhancing oral mucosal wound regeneration in diabetes melli-
tus [144]. Bilateral elliptical oral mucosal defects in type I diabetic New Zealand male rabbits
grafted with borate-based BGnfs promoted normal epithelialization with mature connective tissue
matrix formation without inflammation. BGnfs also promoted cell migration from the surround-
ing epithelium toward the center of the wounding area and in vivo VEGF expression suggestive of
vascularized wound healing, starting from one-week postoperation.
Oral bisphosphonates (such as zoledronic acid), primarily prescribed for the treatment of

osteoporosis, have an antiangiogenic activity and produce direct soft tissue toxicity in the oral
cavity. Long-term treatment leads to a high turnover of alveolar bone. It exposes the jaw to the
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outside environment through the teeth and periodontal ligament, leading to a well-known clinical
condition called bisphosphonate-related osteonecrosis of the jaw (BRONJ) [145]. Treatment with a
BBG (53.8B2O3–20CaO–12.1K2O–4.6Na2O–4.6MgO–3.8P2O5 wt%) has promoted in vivo soft tissue
regeneration and restoration of vascularization in the bisphosphonate-associated jaw lesions [69].
Treatment with zoledronic acid prevented in vitro BMSC proliferation and ALP activity which was
reversed by BBG treatment. BBG upregulated expression of osteogenesis-related genes (Runx2,
OPN, OCN, BMP-2, and ALP). Similarly, zoledronic acid-induced apoptosis of HUVECs and
reduced migration and tubulogenesis were restored post-BBG treatment. Additionally, treatment
with BBG in rats with BRONJ lesions promoted in vivo soft tissue recovery and a decrease in
necrotic bone area and empty osteocyte lacunae in the extraction sockets and neovascularization.
With or without cleft palate, a cleft lip is a congenital craniofacial defect caused by disturbed

embryonic development of soft and hard tissues around the oral cavity and face area [146]. Recon-
structive procedures promoting vascularized tissue regeneration in highly vascularized bones have
been a critical challenge [147]. A clinical study has reported the transoral mucosal repair of cleft
alveolar bone with Z-plasty and Bioglass use in unilateral alveolar cleft patients. Implantation of
Bioglassmixedwith blood into the pocket after the closure of the nasal floor, post-Z-plasty improved
wound healing and bony bridge formation up to the level of the typical alveolar crest (type 1 Berg-
land’s scale) after one year of clinical follow-up [68]. BAGs have been reviewed as a suitable mate-
rial for the reconstruction of soft and hard tissues of the cleft lip/palate based on their favorable
biological (osteoconduction, biocompatibility), and physiological (facilitation of proliferation and
osteoblast differentiation) properties [148].

20.2.8 Otorhinolaryngology

20.2.8.1 Otology
Conditions of the middle ear such as chronic inflammation, tumors, congenital disorders, infec-
tion, or prior surgeries can damage the ossicular chain and tympanic membrane and lead to con-
ductive hearing loss [149]. Treatment involves reconstructive ossiculoplasty and tympanoplasty,
respectively. The first attempt to repair the perforated tympanum dates back to 1640 when the first
tympanoplasty was performed using a pig’s bladder [150]. In the early 1950s, basic techniques for
tympanoplasties using alloplastic graft materials were starting to be explored, and since then, mul-
tiple strategies and materials have been investigated [151, 152]. Based upon the ability to establish
a firm bondwith both hard and soft tissues, regenerative applications of BGCs in otology have been
sought for middle-ear reconstruction and as cochlear implants. BAGs are well-known to promote
bone regeneration; however, few studies have been discussed here highlighting the applicability
of BAGs to bond to soft and connective tissues for repair and regeneration after ear surgery. Con-
sidering the limitations of the current reconstructive strategies, the early preclinical and clinical
investigation using Ceravital has been for posterior auditory canal wall reconstruction and tympa-
num transplantation [45]. Fibroblasts and macrophages surge at the implant site within the first
week of operative implantation, favoring tissue regeneration without inducing inflammatory reac-
tions and resorption [45]. Clinical investigations have also shown good tissue compatibility and
hearing gains with Ceravital for tympanoplastic reconstruction [46, 47]. BAG implants formed a
stable bond with the collagen of the tympanum and are not extruded, suggesting good stability
[48, 49].
External auditory canal wall reconstruction is performed post-canal-wall-down (CWD) mas-

toidectomy in patients with persistent infections in the mastoid cavities, desiring freedom
from frequent mastoid bowl debridement. Post-CWD-mastoidectomy, mastoid cavities can be
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obliterated with BAG. Ceravital implant in external auditory canal wall reconstruction formed
a firm bond with the bone and did not disintegrate with time owing to the thickness of the
implant [153]. Incidences of postoperative otorrhea and cholesteatomas were observed in a few
of the patients. The researchers suggested that canal wall reconstruction shall be avoided in
patients suffering from conditions that impair healing like diabetes and hypothyroidism and due
to retraction of the soft tissue part of the graft (i.e. either the homograft tympanic membrane
or temporalis fascia graft), respectively. In another study, BGC particulate, NovaBone produced
mastoid cavity obliteration in Mongolian gerbils in addition to angiogenesis and wound healing
within nine weeks of implantation. The implant remained biocompatible, with no signs of
inflammatory reactions and ototoxicity along with trabecular bone formation and minimal
resorption, suggesting NovaBone as a suitable graft material for mastoid obliteration procedures
[154]. Successful clinical obliteration, preventing postoperative infections, and ceasing regular
outpatient cleaning with S53P4 (BonAlive) have also been reported [155].
Studies have also suggested BAGs to be a safe and promising prosthetic material for clinical

ossiculoplasty. In 1985, the FDA cleared Bioglass-based implant (Bioglass Ossicular Reconstruc-
tion Prosthesis) (MEP) for middle-ear ossicle replacement. Despite good short-term and mid-term
performance results, long-term clinical studies (10 years of clinical follow-up) showed that Bioglass
was prone to progressive dissolution and fragmentation in the physiological milieu of the middle
ear [54]. Therefore, MEP implants were taken off the US market a few years later. A modified ver-
sion of the original MEP implant (Douek-MEDTM; Bioglass cones of three different sizes) is still
commercialized in a fewEuropean countries since 1985 [156]. Similarly, BAG-based ossicular grafts
in the chronic otitis media break down into small fragments and get partially resorbed by a host
response within the middle ear despite being were enveloped by a lining of connective tissue and
mucosal epithelium [157]. Thus, warranting caution in the use of ear prostheses made of BAGs.
Clinical studies have reported stable hearing outcomes of Ceravital middle-ear implant with

minimal resorption over an eight-year implantation follow-up [50]. A pseudarthrotic connection
develops between the Ceravital implant and the stapedial footplate in the rabbit’s middle ear [158].
However, in another study, Ceravital granules after themiddle-ear implantation in guinea pigs have
shown to produce a temporary postoperative conductive hearing loss due to the surgical manipula-
tion of themiddle ear and the biochemical reactions between the Ceravital granules and themiddle
ear wall due to the silica-rich layer and collagen bed formation which resolved spontaneously
after 20 days of operation without altering the cochlear function [159]. Another study reported
a lack of oto- or vestibular toxicity of Biosilicate (23.75Na2O–23.75CaO–48.5SiO2–4P2O5 wt%)
after middle-ear implantation in guinea pigs [160]. In another clinical study, BAG UF45S5
(45SiO–24.5CaO–24.5Na2O–6.0P2O5 wt%) maintained the biomechanical motion between
malleus and stapes with minor inflammation and fibrous tissue encapsulation compared to the
control prosthetic material, Silastic [161].
The combined bioceramic stapedial implant (Bioverit I and Bioverit II) has been studied for

reconstructing sound-conducting ossicular chains. In the middle ear of guinea pigs, the implant
bonds to the bony walls of the tympanic cavity irrespective of the differences in their bioactivity.
However, the enormous potential for bone regeneration in the middle-ear ossicular chain makes
this species unsuitable for exploring human middle-ear reconstruction [162]. A thin epithelium
layer covered the Bioverit II implanted in the middle ear of rabbits and establishes a direct con-
nection between bone and implant. Additionally, strategies to prevent bacterial growth on middle
ear prostheses are highly desirable. It has been found that Bioverit II middle-ear prostheses func-
tionalized with silver-containing dense and nanoporous silica films stopped bacterial growth in
the middle ear of rabbits and hastened healing by reducing fibrosis [163]. Similarly, when used
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in the mastoid and epitympanic obliteration for clinical chronic otitis surgery, S53P4 provided a
bone-conduction hearing threshold [53, 54]. Antibacterial activity [164] and absence of labyrinth
complications [54] were the added advantages.
Severe hearing loss due to cochlear sensory hair damage requires cochlear implants comprising

a microphone, a speech processor, a transmitter, and a receiver sending signals to the cochlear
nerve through thin wire electrodes. Bioglass anchored the cochlear implants with four platinum
electrodes insulated by Al2O3 [52]. This device was commercialized as Bioglass-EPI (extracochlear
percutaneous implant) about 30 years ago. Bioglass connector sleeve binds to the temporal bone
and collagenous soft tissues as it protrudes through the skin and acts as a percutaneous and stable
seal, protecting the interior electronics. However, due to temporal glass dissolution and structural
integrity (similar to MEP), Bioglass-EPI was taken off the market in the late 1990s. However, to
address the shortcoming of the Bioglass sleeve, a titanium peg was installed in the next-generation
design by the University College London [165].

20.2.8.2 Rhinology
One of the essential aspects and a formidable challenge of oral and maxillofacial surgery is the
nasal reconstruction considering the complex 3D structure, varying degrees of thickness of the skin
covering, associated support structures ranging from rigid bone to flexible cartilage, and the sen-
sitive inner nasal epithelium [166]. The purpose of nasal reconstruction is to restore the normal
anatomy and function of the nose by replacing the damaged tissue or augmenting the existing
undamaged tissue associated with trauma, animal bite, toxins (cocaine, sulfuric acid, mercury,
phosphorus, nasal decongestants), inflammatory conditions (lupus erythematosus, vasculitis,
sinonasal sarcoidosis), infections (nasal tuberculosis, fungal rhinosinusitis, leprosy, and syphilis),
or cancers. Significant aspects of nasal reconstruction to be taken into consideration include the
lining, support, skin coverage, local nasal flaps, nasolabial flap, and paramedian forehead flap.
BAGs play a crucial role in the field of facial plastic surgery, including nose reconstruction.
Atrophic rhinitis (also called “ozena”) is a debilitating nasal mucosal disease characterized by

progressive nasal mucosal atrophy, nasal crusting, fetor, and enlargement of the nasal space with
paradoxical nasal congestion [167]. Implant materials (such as glass beads, acrylics, plastic gauzes,
Teflon, Dacron, Proplast, Silastic, glycerine, paraffin) for the surgical treatment of atrophic rhinitis
suffer limitationswithout long-lasting success [168].Moreover, postimplantation, the development
of biomaterial-associated infections due to direct contact of implant material with the atrophic
rhinitis-associated microorganisms is a concern. S53P4 has been implicated in the treatment of
infected paranasal sinuses. A study demonstrated the inhibitory effect of S53P4 plates and granules
on the atrophic rhinitis-associated Gram-negative bacterium, Klebsiella ozaenae, both experimen-
tally and clinically after implantation in the sub-perichondrial/periosteal space, along the septum,
the floor of the nose, and lateral wall of the patients suffering from severe atrophic rhinitis [55].
S53P4 prevented in vitro adhesion and surface colonization/biofilm formation of K. ozaenae, due
to the high pH and the nonphysiological concentration of ions caused by the presence of the glass
while preserving bioactivity and Si-rich layer formation. The clinical follow-up of 19–74months
showed an absence of implant extrusion and BAG-associated infections or reinfections of the
nasal cavity. The study suggested S53P4 without serum precoating to be a suitable filling material
of greatly enlarged internal nasal cavities in patients suffering from atrophic rhinitis. Another
research group investigated the electrospun fibrous composite membranes of PCL coated with
a 5mol% zinc-doped sol–gel-derived BAG (40SiO2–49CaO–6P2O5–5ZnOmol%) as an implant
layering material of the scaffold for the reconstruction of the upper layer of the nasal septum [56].
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Incorporation of Zn2+ ions into nasal implants could potentially provide antibacterial properties
to decrease or eliminate bacterial infections on the implant surface and subsequent surgical
complications and favor osteogenic differentiation at the same time.
Nasal septal perforation is another complication requiring surgical reconstruction. It includes

a full-thickness defect of the nasal septum consisting of necrosis of the septal cartilage and
soft tissues associated with trauma, autoimmune (such as granulomatosis with polyangiitis),
infections, cancer, intranasal drug abuse, steroid, or vasoconstrictor nasal spray, or even as an
occupational hazard. Prolonged atrophic rhinitis also often results in septal perforation [169].
To minimize discomfort, crusting, and epistaxis; surgical repair techniques such as external,
intranasal, endoscopic, midfacial degloving, or sublabial approach, with the use of various grafts
(synthetic or autograft) and combined flaps (unilateral or bilateral), are recommended when
other conventional methods are unsuccessful; each with their advantages and disadvantages.
A substitute graft material that is biocompatible, nontissue toxic, integrates with the bone and
soft tissue, and is osteoconductive is desirable. Surgically, for effective closure and resolution
of symptoms associated with the repair of nasal septal perforations, the interposition of grafts
between the repaired mucoperichondrial flaps is required [170]. S53P4 disc implants as an
interpositional graft successfully obliterates the clinical nasal septal perforations without being
extruded and causing BAG-associated infections [57, 58]. S53P4 interpositional graft favored
cartilage and soft tissue formation in medium and large perforations, which otherwise are difficult
to close without interpositional implant material. Experimentally, the S53P4 discs without serum
precoating showed low adhesion for respiratory infection-associated Gram-negative (Haemophilus
influenzae) and Gram-positive (Streptococcus pneumoniae) bacteria [58].
Osteoplastic flap frontal sinus obliteration has been traditionally recommended in trauma

(frontal sinus fractures), frontal sinus diseases such as chronic frontal rhinosinusitis, or tumor
[59, 60]. After removing the mucosal lining of the frontal sinus and the intersinus septum, the
frontonasal duct is occluded using the pedicled pericranial flap rest of the sinus is packed with
autologous or alloplastic material. Several autogenous (such as autogenous fat, muscle, bone) and
alloplastic (such as HA, calcium phosphate, glass ionomer cement) materials have been advocated
for this purpose, each having its strengths and limitations [171]. S53P4 has been investigated
for human frontal sinus obliteration [172, 173]. S53P4 granules and blocks moistened in sterile
physiologic saline implanted in the frontal sinus cavity of the patients suffering from chronic
frontal sinusitis produced absolute obliteration of sinusal recesses and excavations without
any inflammation or foreign-body reactions over a mean follow-up period of five years. The
obliteration was maintained due to the implant material stability, circumventing the need for a
second operation to harvest autogenous material [173]. BAGs have also been implicated in sinus
augmentations such as elevating the human sinus floor in edentulous patients with severely
resorbed maxillae suffering from inferior dental implants and prostheses retention [174–176].
Sinus floor augmentation followed by the consecutive installation of implant fixtures in the
reconstructed bone is required to stabilize these implants [177]. Bioglass-based product, Biogran
(Biomet 3i, Palm Beach Gardens, Florida, USA) [178], and S53P4 granules [174] mixed with
autologous bone chips showed mineralized tissue formation and healing in clinical sinus floor
augmentation.
Analyzing and consolidating findings these far, the antimicrobial activity of BAG against nasal

pathogens along with the ability to promote tissue formation without producing inflammatory
responses would successfully provide benign conditions for wound healing, postnasal reconstruc-
tive procedures.
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20.2.8.3 Laryngeal Repair
The need to repair larynx is required in postoperative vocal cord paralysis in laryngeal cancer, laryn-
geal lesions inWegner’s granulomatosis, laryngeal sarcoidosis, adductor laryngeal dystonia, or viral
infection. The laryngeal lesion is manifested as vocal fatigue, dysphagia, dyspnea, and tracheal
stenosis caused by reduced vocal cordmobility. The goal is to provide a safe and stable breathing air-
way and repair the voice box. Approaches employed by phono-surgeons include metal alloy plates,
vocal cord injections of bovine gelatin products, injectable polytetrafluoroethylene (PTFE), HA, or
silicone rubber insertion for vocal cord medialization. Nonresorbable implants, Teflon, and sili-
cone rubber (to a lesser extent) produce an infiltration of lymphocytes, eosinophils, and histiocytes
[179]. While HA supports soft tissue regeneration and cartilage formation in the fenestra region,
between the implant and thyroid lamina, implant extrusion and airway obstruction secondary to
edema is a concern [179, 180].
Aqueous suspensions of photopolymerizable derivatives of bioactive and biocompatible

glasses viz 45SS Bioglass, 52S4.6 (46.1SiO2–24.4Na2O–26.9CaO–2.6P2O5 mol%), SSS43 (52.1SiO2–
21.5Na2O–23.8CaO–2.6P2O5 mol%), 6OS3.8 (60.1SiO2–17.7Na2O–19.6CaO–2.6P2Omol%) in car-
rier dextran have been prepared and patented for injection through a needle into the tissue of
the vocal fold on the affected side for several otolaryngologic conditions [61]. The spherical BAG
particles (with carrier) after injection as a viscous liquid polymerize in situ, forming a solid to
establishing the functional aspect of the affected vocal cord. The degradation rate of dextran
can be tailored to match the regeneration of new tissue. A study has shown that implantation
of Bioglass-based particulate in a functional canine model improved bark characteristics over
the paralyzed control suggesting an increased laryngeal valving during phonation caused by
collagen-BAG bonding [62]. The Bioglass particulate lodged between the vocal cord and thyroid
cartilage supported bony metaplasia, conducive to the physiological cartilage repair. The Bioglass
particulate implant could provide vocal cord medialization caused by an immobilized implant
along with hard and soft tissue regeneration (Table 20.2).

20.2.9 Urinary Tract Infection

Urinary tract infections (UTIs) are the most common ambiguous bacterial infections caused by
the uropathogens that colonize and invade the urinary bladder [184]. It is primarily a hospital
or community-acquired infection leading to dysuria, pyuria, and irritation in the urinary tract,
and even pyelonephritis that may cause irreversible damage to the bladder. Studies have reported
that catheter-associated UTI is one of the most common device-associated infections in healthcare
facilities and 30 days of continuous catheterization leads to deposition of biofilms [185]. To over-
come these complications, zinc-doped phosphate-based bioactive glass (Zn-PBG) was devised, and
its antimicrobial activity was reported [186]. Zn-PBG exhibited a significantly higher antimicro-
bial effect against Gram-negative E. coli (the commonly associated pathogen with UTI) within
twohours of incubation, unlike Gram-positive bacteria S. aureuswhere the outcome was observed
after four hours incubation. This discrepancy in the activity was attributable to the thick layer of
peptidoglycan that restricts the penetration of released ions.
Furthermore, the BAGs have even been explored as a coating over the silicone catheters used for

peritoneal dialysis [187]. Typically, the catheterization leads to the development of a fibrous layer
around it, and the space between them acts as a passage for the pathogens that cause UTI. Thus,
catheters need cuff to anchor them properly and also act as a barrier for the microbes. The coating
of Bioglass binds to the host tissue due to HA formation, thus eliminating a cuff. BAGs have shown
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Table 20.2 Nonosseous application of BAGs in ophthalmology, stomatology, and otorhinolaryngology.

Field of
application BAG Composition Application Remarks References

Ophthalmology Silico-
phosphate

60SiO2–36CaO–
4P2O5 wt%

RPE cell transplantation
for the regeneration of
diseased retina in AMD

Incorporation of BAG nanoparticles into PCL
nanofibers supported in vitro human ARPE-19
and Müller cells (MIO-M1 cells) attachment,
proliferation with good biocompatibility, and
absence of toxicity, vascular injury, or coagulation
in HET-CAM assay

[128]

Silico-
phosphate

80SiO2–10CaO–
5P2O5–5CuOmol%

Prevention of implant-site
infection of the artificial
implants in anophthalmic
orbit restoration

The sustained release of antibacterial ion (Cu2+)
and drug (ofloxacin) from the 5mol%
CuO-containing MBG (Cu-MBG)-modified
porous HA scaffolds provided in vitro antibacterial
activity against S. aureus and E. coli

[43]

Silico-
phosphate

53SiO2–23Na2O–
20CaO–4P2O5 wt%

Maintenance of the
retrobulbar orbital volume
postorbital floor
reconstruction

Clinically, a drop-shaped S53P4 implant restored
the shape of the distorted orbital floor and the
original volume of the orbit without negative soft
tissue changes, scar formation, diplopia,
implant-related infection, or sinus dysfunction
after 32months follow-up of orbital implantation

[181]

Stomatology Borate 60SiO2–6CaO–
3P2O5–14Al2O3–
5Na2O–5K2O–
7Ag2Owt%

Dental caries Antibacterial activity against S. mutans and
L. casei, reduced in vitromRNA expressional
levels of inflammatory cytokines IL-1β, IL-6,
TNF-α, IL-8, and inactivation of NF-κB pathway
in inflamed DPCs along with enhanced in vitro
odontogenic differentiation potential of DPCs
after treatment with sol–gel-derived AgBG in a
chitosan hydrogel in a 1 : 1 weight ratio

[67]

Borate (68–69)SiO2–
(1–2)B2O3–
(29–30)CaOmol%

Diabetic oral wound In vivo regeneration of epithelial cell layers, dense
collagen fibers with regular vascular distribution
leading to complete wound closure with the
absence of inflammation signs starting from one
week postoperative in type 1 diabetic New
Zealand rabbits with bilateral elliptical oral
mucosal defects

[144]

(Continued)
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Table 20.2 (Continued)

Field of
application BAG Composition Application Remarks References

Borate 53.8B2O3–20CaO–
12.1K2O–4.6Na2O–
4.6MgO–3.8P2O5 wt%

Bisphosphonate-induced
osteonecrosis of the jaw

Restoration of in vitro proliferation of BMSCs and
HUVECs, upregulation of osteogenesis (Runx2,
OPN, OCN, BMP-2, and ALP)- and angiogenesis
(CD31, HIF-α, KDR, and VEGF mRNA)- related
genes, enhanced in vitro tubulogenesis, and in vivo
soft tissue recovery and neovascularization along
with a reduced necrotic bone area and empty
osteocyte lacunae in the extraction sockets

[69]

Otology Bioverit® II Nonresorbable
glass-ceramic based
on SiO2–Al2O3–
MgO–Na2O–K2O–F
composition with
crystal phase (approx.
60%) mainly
phlogopite embedded
in an aluminosilicate
BAG matrix (approx.
40%)

Prevention of bacterial
growth on middle ear
prostheses

Bioverit II middle ear prostheses functionalized
with silver-containing dense and nanoporous
silica films prevented bacterial growth in the
middle ear of rabbits along with supporting
healing by reducing fibrosis after 21 days of
implantation

[163, 182]

Silico-
phosphate
(S53P4)

53SiO2–3Na2O–
20CaO–4P2O5 wt%

Mastoidectomy cavity
obliteration

Successful clinical obliteration, preventing
postoperative infections, and ceasing of the
regular outpatient cleaning

[155]

Ceravital® (40–50)SiO2–
(5–10)Na2O–
(30–35)CaO–
(2.5–5)MgO–
(10–15)P2O5 wt%

Tympanoplasty Tissue regeneration and epithelialization at the
implant site without inducing inflammatory
reactions, perforation of the eardrum over the
implants, resorption, and extrusion post 1.5 years
of clinical follow-up

[45, 183]
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Rhinology Silico-
phosphate
(S53P4)

53SiO2–23Na2O–
20CaO–4P2O5 wt%

Prevention of
implant-related infection
of paranasal sinuses in
atrophic rhinitis

Prevention of in vitro adhesion, growth, and
colonization, and in vivo implant-related infection
or reinfection of K. ozaenae

[55]

Silico-
phosphate
s20(S53P4)

53SiO2–23Na2O–
20CaO–4P2O5 wt%

Nasal septal perforation The interpositional S53P4 graft promoted
cartilage and soft tissue formation and closure of
medium and large perforations, clinically, without
extrusion

[57]

Silico-
phosphate
(S53P4)

53SiO2–23Na2O–
20CaO–4P2O5 wt%

Prevention of infection of
implants used for
repairing the nasal septal
perforation

In vitro growth inhibition and low adhesion for
respiratory infection-associated Gram-negative
(H. influenza) and Gram-positive (S. pneumonia)
bacteria

[58]

Laryngology Bioglass® 45SiO2–24.5Na2O–
24.5CaO–6P2O5 wt%

Vocal cord medialization Hard and soft tissue regeneration and cartilage
repair causing improved in vivo bark
characteristics due to increased laryngeal valving
during phonation caused by collagen-BAG
bonding after implantation of Bioglass
particulates between the vocal cord and thyroid
cartilage in a functional canine model

[62]
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the potential to be used in the UTI based on their antimicrobial properties and a supportive coating
over the catheters. However, further research is required involving the detailed in vivo preclinical
studies to assess the efficacy of BAG in the treatment of UTI.

20.3 Conclusion

It has beenmore than 50 years since the first BAG, 45S5Bioglass, was invented by Prof. LarryHench
to regenerate fractured bones. BAGs have been established as a new field in bioceramic and have
been well known for restoring and repairing hard calcified tissue (bones and teeth). With further
research, BAGs could have immense potential in biomedical tissue engineering of nonmineral-
ized soft tissues. On a gross level, out of 11 systems present in the human body, the reparative
and regenerative potential of BAGs, more or less, has been explored in 9 systems: namely, skele-
tal, integumentary, muscular, cardiovascular, respiratory, nervous, digestive, and urinary; reports
concerning the endocrine and reproductive systems are unknown.
BAGs have been referred to as versatile bioceramic because of the freedom in synthetic (compo-

sitional, structural, and topographical) and postsynthesis processing (electrospun fiber, polyphasic
composite, substrate coating, or obtained as powder) it provides to the material scientist and wide
spectrum of biological activity it would offer to a clinician. The IDPs of BAGs regenerate, repair, or
restore the diseased or missing tissue. The fundamental biochemical processes such as adsorption
of protein, chemotaxis of macrophages, stem cell migration, proliferation, and differentiation form
the basis of osteoconduction, osteoinduction, and osteostimulation required for regenerating hard
calcified tissues, are also crucial for nonmineralized soft tissue regeneration and growth.
The successful integration of BAGs with the soft tissues bases upon the temporal pattern of

ion dissolution and bonding at the interface of host tissue and BAG upon contact with physio-
logical fluids. The extent of regeneration and repair is also a function of the series of interfacial
spatial reactions governing protein adsorption and cell attachment. The nature of subsequent cell
surface-specific receptor-ligand interaction and downstream signaling pathways determine the sci-
entifically reported physiological significant activity. Understanding the biochemical pathways at
the interplay behind the in vitro and in vivo effects has been in their formative years. Elucidation
of the specific molecular biological mechanism involved in regulating these processes due to the
ionic products that result from the dissolution of BAGs when implanted into soft tissue is the next
step challenge required for translating the findings of material science and biomedical engineering
to the clinics.
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Abbreviations

bFGF Basic fibroblast growth factor
ECM Extracellular matrix
HCA Hydroxycarbonate apatite
HDF Human dermal fibroblast
HUVEC Human umbilical vein endothelial cell
IL-6 Interleukin 6
NMR Nuclear magnetic resonance
PDGF Platelet-derived growth factor
TNF-α Tumor necrosis factor-alpha
VEGF Vascular endothelial growth factor

21.1 Introduction

Since the invention of 45S5 bioactive glass (45.0SiO2–24.5Na2O–24.5CaO–6.0P2O5 [wt%]) as the
first generation of materials with the ability to bond to living tissues, bioactive glasses have opened
the gates for developing bioceramics with the aim of hard tissue repair and regeneration [1, 2]. The
mechanism of bone-bonding relies on the bioactivity of glasses, and the concept of bioactivity arises
from the formation of hydroxycarbonate apatite (HCA) at the surface of glasses in contact with
physiological fluids [1, 2]. Over the years, the possible potential of bioactive glasses for the regen-
eration of cardiac tissue [3], peripheral nerve [4] and spinal cord injuries [5], cancer treatment [6],
gastrointestinal applications [7], and wound healing [8] have been investigated more intensively,
which has extended the concept of bioactivity.
All over the world, wound healing is still one of the main challenges in healthcare systems since

the healing process may be more complicated by the presence of underlying diseases, diversity of
wound types, and aging population [9, 10]. In some cases, the wounds fail to progress over the nat-
ural healing phases, and the conventional therapeutic approachmay be ineffective in treating these
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nonhealingwounds [9]. Thus, advanced therapeutic approaches should be undertaken to fulfill the
unmet requirements of the healing process [9]. The ongoing improvement of wound dressings and
skin substitutes composed of natural and synthetic materials (e.g. polymers), biomolecules, and
drugs associated with growth factors and cells is bringing hope to successfully restore the missing
skin tissue [11, 12].
Until now, various compositions and forms (e.g. nano/microparticles, fibers, and scaffolds) of

melt-derived or sol–gel-derived bioactive glasses have been applied alone or in combination with
polymeric materials [13]. Furthermore, different biologically active elements including silver
(Ag) [14], gold (Au) [15], copper (Cu) [16], cobalt (Co) [17], gallium (Ga) [18], selenium (Se) [19],
and zinc (Zn) [14] can be incorporated in the glass composition, and the gradual release of them
in physiological environments may stimulate multiple cell functions and elicit angiogenesis,
anti-inflammatory, and antibacterial effects. As a result, the multifunctionality and tunability
of bioactive glasses have motivated researchers to use their beneficial effects for accelerating
the wound healing process. Additionally, the development of mesoporous bioactive glasses by
Yan et al. [20] has led to utilizing these nanostructured materials as delivery systems of drugs
and biomolecules besides the local release of therapeutic ions [21]. This approach has further
improved the functionality of bioactive glasses in tissue regeneration due to the synergistic effect of
ions and biomolecules/drugs in biological responses, for example, angiogenesis and antibacterial
activity [21].
This chapter aims to present an overview of the possiblemechanisms of bioactive glasses contain-

ing biologically active elements in the wound healing process. To this end, the biological effects of
bioactive glasses and the role of their ionic products in the wound environment and healing stages
are discussed, and the investigations on the specific role of bioactive glasses incorporated into the
wound dressings and skin tissue engineering scaffolds are summarized.

21.2 The Healing Process of Skin Wounds and Wound Care
Approaches

Skin is an active immune organ in the human body, which serves as a protective barrier against
ultraviolet radiation, micro-organisms, harmful chemical substances, and physical damages [22].
The disruption of normal structure and functionality of the skin may lead to the formation of skin
wounds [23]. These injuries can arise from accidents, burns, or surgeries. Based on the severity
of the damage, skin layers comprised of epidermis, dermis, and hypodermis, and even muscles or
bones may be affected [11, 12].
Wound healing is a physiological process that immediately initiates after the injury to restore

the native structure and functions of the skin. This process is regulated by different cell types and
chemical mediators and includes four distinct but overlapping phases of hemostasis, inflamma-
tion, proliferation, and remodeling [24]. Unlike the acute wounds that heal in a reasonable time,
the healing of chronic wounds is prolonged and stuck in one of the phases of healing [25]. The
normal healing process may be impaired or delayed due to several local and systemic factors such
as infection, malnutrition, ischemia, aging, and diseases [26, 27].
Different wound care approaches have been emerged owing to the diversity of the nature and

characteristics of wounds. Generally, skin grafts may be a preferable choice for surgeons and
clinicians in severe burn injuries and chronic wounds, relying on their clinical experience [28].
However, the limitations of the grafting method have attracted considerable attention for develop-
ing tissue engineering products and skin substitutes for the treatment of severe skin injuries [29].
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Additionally, according to the wound type, biomaterial-based temporary wound dressings may
be selected to shield the wounds and provide a better environment to facilitate the healing
process [30].
The first generation of dressings was developed to protect thewound against external contamina-

tion and trauma [25, 31]. Gauze dressings are a known example of these traditional coverings, and
they are still available in themarket. However, their drawbacks, including being unable to provide a
moist environment and absorb excesswound exudate, have limited their application [32]. Although
these dressings met the basic requirements of wound healing, they were mainly based on passive
materials that did not play an active role in the healing process. Understanding the importance of a
moist wound environment for cell metabolism and functions of growth factors and optimal wound
healing requirements revolutionized the traditional wound care approaches [32]. Over time, mod-
ern dressings such as polyurethane films, hydrocolloids, hydrogels, foams, and fibers appeared in
the market to compensate for the ineffectiveness of traditional dressings [24].
Furthermore, wound dressings with different physical forms (e.g. fiber, film, hydrogel, and

sponge) based on natural and synthetic polymers containing antimicrobial agents, drugs,
and biomolecules were investigated to promote the healing process more effectively [33, 34].
Interestingly, bioceramics were also identified as potential materials for soft tissue repair and
regeneration [35]. Bioactive glasses are among the widely discussed types of bioceramics in
regenerative medicine of soft tissues, including wound healing [36–38].

21.3 Overview of Bioactive Glass Structure

Bioactive glasses are amorphous materials with the atomic arrangement of short-range order in
which this specific atomic organization is related to their composition [39]. Generally, the com-
ponents of bioactive glasses are divided into three main oxide groups, including network forming
oxides, intermediate oxides, and network modifying oxides [40]. As the main constituent of bioac-
tive glasses, network-forming oxides are able to form the glass backbone. The most common net-
work forming oxides in bioactive glasses are SiO2, B2O3, and P2O5 [40]. Intermediate oxides such
as ZnO,MgO, TiO2, and Al2O3 may behave as a network former or networkmodifier depending on
the glass composition [40]. Networkmodifiers are the oxides of alkali or alkaline earth metals such
as CaO, Na2O, and K2O that disrupt the glass network by altering the bridging oxygen between
network forming elements to nonbridging oxygen [40].
According to the type of network former in the glass composition, bioactive glasses are clas-

sified into the silicate, borate, or phosphate-based ones. In silicate glasses, the basic structural
unit is SiO4 tetrahedron, which can be linked to other silica tetrahedra by (Si—O—Si) covalent
bonds [41]. The incorporation of modifier cations (M+) into the glass network can disrupt the
Si—O—Si bonds by altering the bridging oxygen atom to a nonbridging oxygen atom that leads to
the formation of Si—O—M+ bonds [42].When thenumber ofmodifier cations increases in the glass
structure, the average number of bridging oxygen per network forming atom decrease, that leads
to the decrease in network polymerization or connectivity and chemical stability of the obtained
glass [43].
In borate glasses, BO3 trigonal groups are present as basic structural units.Whenmodifier cations

are added to these glasses, the trigonal groups transform into the BO4 tetrahedral units, which
increase the network connectivity of glass. The addition of higher amounts of modifying oxides
can lead to the conversion of BO4 to BO3 groups and an increase in the number of nonbridging
oxygen [41, 44]. This behavior, called “boron anomaly,” can be used to tune the glass properties
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Figure 21.1 Schematic representation of silicate-, borate-, and phosphate-based bioactive glasses
structural units and the biological effects of their dissolution products in different stages of the wound
healing process. Source: Tina Mehrabi.

such as stability [45]. For example, it is reported that the addition of copper as a modifier cation to
the borosilicate glass has led to the BO3 to BO4 transformation andmore stable glass. The obtained
Cu-doped glass showed a slower degradation rate and sustained release of copper ions with the
potential application in wound healing [46].
The structural unit of phosphate glasses is the orthophosphate tetrahedron (PO4

3−) in which the
phosphorous atom is connected to three oxygen atoms by single bonds and one oxygen atom by a
double bond [47]. Thus, the phosphate tetrahedron is able to connect to a maximum of three other
phosphate tetrahedra with its three single-bonded oxygen atoms [47]. The basic structural units
of silicate, borate, and phosphate-based bioactive glasses are presented in Figure 21.1. The struc-
tural building units of bioactive glasses are denoted asQn species,whereQdefines network-forming
polyhedron andn is the number of bridging oxygen atoms [47]. The structural changes anddistribu-
tion ofQn species in the glass network upon changing the composition of glasses can be determined
by nuclear magnetic resonance (NMR) spectroscopy [44]. This structural assessment may provide
insight into the dissolution rate of glasses, which are correlated with the glass composition [46].
Investigating the glass dissolution behavior is necessary due to the importance of the controlled
release of therapeutic ions for targeting specific disease conditions, including different types of
wounds.



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

�

� �

�

21.4 Metallic, Metalloid, and Nonmetallic Elements: The Main Role Players of Biological Effects of Bioactive Glasses 523

21.4 Metallic, Metalloid, and Nonmetallic Elements: The Main Role
Players of Biological Effects of Bioactive Glasses in Human Body

Several metallic, metalloid, and nonmetallic elements of the periodic table can be incorporated
into the glass network to obtain glass composition with specific properties [13]. According
to the literature, ionic dissolution products of bioactive glasses are key players for inducing
different biological responses in the target tissue, including wound site [13], which is illustrated
in Figure 21.1. Generally, several chemical elements are present in the human body to maintain
a healthy state by regulating body fluids and acid–base balance and by involving in cell functions
and enzymatic reactions [48]. On the other hand, some of these elements have specific biological
roles in the human body, making them a potential candidate for biomaterial-based therapeutic
purposes. Although the biological effects of the elements are in a dose-dependent manner, and
there is an optimal concentration range for the following ionic products to be effective in the
human body [49, 50]. Table 21.1 presents a brief overview of the most investigated elements found
in the composition of bioactive glasses, emphasizing their biological effects in wound healing.

Table 21.1 A summary of the reported biological roles relevant to chemical elements that can affect skin
wound healing.

Element Biological effects

Boron (B) – Involving in the inflammatory response, cell membrane maintenance [51], and
synthesis of ECM [52]

– Stimulating the release of TNF-α in fibroblasts [53]
– Stimulatory effect on migration of fibroblasts [54] and keratinocytes [55]
– Enhancing angiogenesis [54]

Calcium (Ca) – Modulating cell proliferation and differentiation in the epidermis [56]
– Regulating the proliferation of fibroblasts and collagen synthesis [57, 58]
– Hemostatic effects as clotting factor [56]

Cerium (Ce) – Antioxidant and anti-inflammatory activity [59]
– Antibacterial activity [60]
– Increasing the proliferation and migration of keratinocytes, fibroblasts and vascular
endothelial cells [61]

– Increasing the deposition of collagen and wound strength [62]
Cobalt (Co) – Promoting angiogenesis [63]
Copper (Cu) – Antibacterial activity [64]

– Involving in the activity of angiogenin, PDGF, and VEGF [65]
– Stimulating the angiogenesis [65]

Gallium (Ga) – Antibacterial activity [66]
– Possible effects in accelerating blood clot formation [67]

Magnesium (Mg) – Regulating epidermal proliferation, differentiation, and barrier functions of skin
[68, 69]

Phosphorus (P) – Stimulating the angiogenesis [63]
Selenium (Se) – Increasing angiogenesis and reducing oxidative stress [70]

– Antifungal [71], antibacterial [72], and antibiofilm activity [73]
Silicon (Si) – Stimulating the secretion of pro-angiogenic growth factors [74]

– Improving the strength and elasticity of skin [75]
– Involving in the synthesis of glycosaminoglycans [75]
– Important for optimal synthesis of collagen and formation of collagen network [75]

(Continued)
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Table 21.1 (Continued)

Element Biological effects

Strontium (Sr) – Promoting the proliferation of fibroblasts and enhancing the expression of VEGF and
bFGF from fibroblasts [76]

– Promoting angiogenesis [77]
– Inhibitory effect on the expression of pro-inflammatory factors including IL-6 and
TNF-α [78, 79]

Zinc (Zn) – Antioxidant, anti-inflammatory, and antibacterial activity [80]
– Involving in the proliferation of melanocytes and keratinocytes [36]
– Involving in hemostasis of Langerhans cells and maturation of dendritic cells [36]

ECM, extracellular matrix; PDGF, platelet-derived growth factor; IL-6, interleukin 6.

21.5 The Applications of Bioactive Glasses in Skin Wound Healing

Over the last decade, the potential therapeutic effects of bioactive glasses in soft tissue healing
have received much attention [81]. In this regard, a number of in vitro and in vivo studies have
been conducted on silicate; borate- and phosphate-based bioactive glasses in which glasses have
been used alone (in the form of microfibers) or as additives (in the form of nano/microparticles)
embedded in a polymeric matrix to take advantage of their unique features for accelerating skin
wound healing [36]. A list of bioactive glass compositions, which have been investigated in this
field, is provided in Table 21.2.

Table 21.2 Overview of the type of bioactive glasses used for wound healing applications.

Form
Glass
composition (mol%)

Synthesis
method Type of study References

Particle 46.1SiO2–26.9CaO–
2.6P2O5–24.4NaO2

Melt-quenching In vitro (fibroblast and
endothelial cell)/in vivo
(rabbit ischemic chronic
wound)

[82]

50SiO2–40CaO–
5P2O5–2.5Ag2O–
2.5CoO

Sol–gel Characterization of
physicochemical and
mechanical properties
required for wound
healing applications

[83]

54.6SiO2–22.1CaO–
1.7P2O5–6NaO2–
7.7MgO–7.9K2O

Flame-spray In vitro (fibroblast) [84]

56SiO2–17CaO–
1.8P2O5–6.1NaO2–
7.9MgO–8.1K2O–
3.1SrO

Flame-spray In vitro (fibroblast)

60SiO2–36CaO–4P2O5 Sol–gel In vitro (endothelial cell)/
in vivo (rat diabetic
full-thickness wound)

[85]

70SiO2–(20− x)
CaO–10P2O5–xCuO
(x = 0, 3, 5)

Sol–gel In vitro (fibroblast) [86]



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

�

� �

�

21.5 The Applications of Bioactive Glasses in Skin Wound Healing 525

Table 21.2 (Continued)

Form
Glass
composition (mol%)

Synthesis
method Type of study References

34.7SiO2–10.9B2O3–
25.3CaO–2.7P2O5–
24.9Na2O–1.5ZnO

Sol–gel In vivo (rat second-degree
scald)

[87]

80SiO2–18B2O3–2Se2O Sol–gel In vitro (fibroblast) [19]
Fiber 46.1SiO2–26.9CaO–

2.6P2O5–24.4Na2O
Melt-quenching In vitro (endothelial cell)/

in vivo (rat full-thickness
dermal wound)

[88]

49.7B2O3–24CaO–
1.9P2O5–6.5Na2O–
8.3MgO–8.5K2O–
0.3CuO–0.8ZnO

Melt-quenching In vitro (fibroblast) [89]

16.6SiO2–33.2B2O3–
20.1CaO–1.8P2O5–
5.5Na2O–7.4MgO–
7.3K2O–5.5SrO–
2.6CuO

Melt-quenching In vitro (fibroblast and
endothelial cell)/in vivo
(rat full-thickness wound)

[90]

45P2O5–10CaO–
24Na2O–18MgO–
3CeO2

Melt-quenching In vitro (keratinocyte and
fibroblast)

[91]

45P2O5–10CaO–
24Na2O–18MgO–
3Ga2O3

Melt-quenching In vitro (keratinocyte and
fibroblast)

46P2O5–17CaO–
11Na2O–22MgO–
4Fe2O3

Melt-quenching In vitro (keratinocyte) [92]

21.5.1 Can Bioactive Glasses Meet the Requirements of a Hard to Heal Wound to Be
Successfully Healed?

Considering the inherent characteristics of soft tissues, the fact is that polymeric materials are
more suitable candidates for mimicking the natural structure of the skin. However, a wide range of
additives can improve the biological and physicochemical properties of polymeric constructs to get
close to natural skin in terms of functionality [35]. The combination of bioactive glasses as an addi-
tive with polymers represents a promising approach to integrate the advantages of both materials
while minimizing the disadvantages of each phase [93]. In this regard, biocomposite wound dress-
ings and skin tissue engineering scaffolds containing bioactive glass particles have been fabricated
using freeze-drying, solvent casting, and electrospinning methods in different forms of sponges,
hydrogels, films, and fibers [36]. To date, many attempts have been made in order to elucidate
the mechanisms of the bioactive glasses in the wound healing process, which are mainly related to
the composition and ionic dissolution products of bioactive glasses in thewound environment [36].
The possible biologicalmechanisms of bioactive glasses and the approaches of using them inwound
healing are depicted in Figure 21.2.
In recent years, some studies have proposed bioactive glasses for hemostatic applications. In a

study by Ostomel et al. [94], the glass morphology, porosity, surface area, pore volume, Si/Ca ratio,
and the presence of Ca2+ (coagulation factor IV) in the composition of glass have been reported as
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Figure 21.2 The possible biological mechanisms of bioactive glasses in wound healing and different
approaches of incorporating bioactive glasses in the polymeric matrix to be used in wound treatment.
Source: Tina Mehrabi (author).

major effective factors for the hemostatic ability of silicate-based bioactive glass [94]. Furthermore,
it is suggested that the formation of Si–O− negatively charged functional groups following the sur-
face reactions of glass in contact with physiological body fluid may trigger the intrinsic pathway of
blood coagulation by contact activation of factor XII [18, 95]. The hemostatic potential of bioactive
glasses is desirable for controlling hemorrhage at the early stages of healing.
It should be noted that the regulation of anti-inflammatory response by bioactive glasses has also

been addressed in a number of investigations. For instance, in the case of 45S5 bioactive glass, the
released ions have shown anti-inflammatory properties by activating the macrophages toward the
M2 phenotype and upregulating the expression of anti-inflammatory factors in macrophages [96].
Moreover, the results of in vivo studies on full-thickness wounds of rats treated with bioactive
glasses have also clarified the reduction of inflammatory response due to the presence of fewer
neutrophils and more M2macrophages in the wound site [96]. On the other hand, introducing the
metallic ions with inherent anti-inflammatory activity such as zinc [97] and cerium [98] into the
glass formulation is another approach to increase the efficacy of glasses for accelerating the healing
process of nonhealing wounds.
The ionic dissolution products of bioactive glasses have also elicited biological effects on cell

functions, which favor the new tissue formation of healing process. For example, the ions released
from the Cu-doped borate glass microfibers increased the proliferation of human umbilical vein
endothelial cells (HUVECs) and fibroblasts [99] and in another study, the proliferation rate of ker-
atinocytes enhanced by SiO2–CaO–P2O5 glasses doped with gold nanoparticles [100].
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The importance of new blood vessel formation in the healing process is to provide the oxygen,
nutrients, and also immune cells in the wound bed for the regeneration of damaged skin [101].
Moreover, considering the fact that in chronic wounds, the angiogenesis may be impaired because
of a decrease in expression of pro-angiogenic and overexpression of anti-angiogenic cytokines [101],
the stimulating effect of angiogenesis can further increase by using angiogenic agents along with
bioactive glasses. The angiogenic potential of bioactive glasses, which arise from the potential of
inorganic ions in stimulating the secretion of pro-angiogenic growth factors such as basic fibroblast
growth factor (bFGF) and vascular endothelial growth factor (VEGF) and proliferation of endothe-
lial cells, has sparked an interest to use them is soft tissue engineering [63, 102]. One example is
the synergistic effect of bioactive glass and deferoxamine drug embedded into an alginate-based
injectable hydrogel on tube formation and migration of HUVEC and healing of the diabetic
chronic wound of rat [103]. On the other hand, this approach can be regarded as an effective inor-
ganic ion delivery method that may overcome the limitations of growth factor-based therapeutic
strategies.
Wound infections, especially those caused by antibiotic-resistant micro-organisms, are among

the main issues for caregivers, which lead to serious and challenging complications in the normal
healing process [104]. Accordingly, alternative antimicrobial agents are necessary to reduce the
bacterial colonization in the wound site and deal with life-threatening wound infections [105].
Interestingly, bioactive glasses have possessed antibacterial activity against Gram-positive and
Gram-negative bacteria [106]. In general, the main factors influencing the antibacterial activity
of bioactive glasses are composition, particle size, and concentration of glass and also bacterial
species [106]. According to the previous studies, the antibacterial activity of bioactive glasses can
be explained by the following mechanisms. First, the dissolution of bioactive glasses in contact
with physiological fluids, which results in the release of alkali and alkaline earth ions, can increase
the pH and osmotic pressure of the local environment [106, 107]. Second, it is suggested that
the sharp glass debris may induce damage to the bacterial cell wall, which can facilitate the
penetration of antibacterial agents into the bacterial cytoplasm [107]. Finally, several metallic
elements with antibacterial properties such as copper, zinc, silver, cerium, and gallium can also
be incorporated into the glass network [18], and bioactive glasses with porous structure (e.g.
mesoporous glasses) have the potential to serve as carriers for controlled release of antibiotic drugs
through their pores, which can further inhibit the growth of bacteria [108].
Owing to the antimicrobial potential of bioactive glasses, wound dressings that contain these

materials may be appropriate candidates for shielding the wound from contamination. In a recent
investigation, neat alginate–agarose membranes which were designed for chronic wound heal-
ing showed no antibacterial effect against Staphylococcus aureus bacteria and also Candida albi-
cans fungi, while nanocomposites containing 5 and 10wt% of 80SiO2–18B2O3–2SeO2 (mol%) nano
bioactive glasses exhibited significant microbial reduction and the antifungal activity of composite
enhanced with the increase of glass content [19].
It is expected that a product, which aims to use for accelerating the healing, would be able to

fill the irregularly shaped wound sites. To this end, in situ-forming hydrogels containing bioactive
glasses have been investigated to address the needs of the wounds mentioned above. In a study,
an injectable hydrogel composed of agarose, alginate, and 45S5 Bioglass has developed by Zeng
et al. [82]. The findings confirmed the role of ionic products of glasses in promoting the healing
of chronic wounds. This composite hydrogel was able to provide a moist environment and signifi-
cantly increases themigration of humandermal fibroblast (HDF) and humanumbilical endothelial
cells [82]. Furthermore, the stimulatory effect of this hydrogel on angiogenesis was assessed in vitro
and in vivo, which showed the up-regulation of VEGF gene expression in HDF and HUVEC and
formation of more new blood vessels in ischemic wounds of rabbit ear [82]. It is worth mentioning
that bioactive glass fibers in the form of flexible dressings were also able to fill the voids and fit the
shape of chronic wounds of patients in clinical trials.
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Table 21.3 Commercially available bioactive glass-based products for wound healing applications.

Product name/glass system Form and use Producer

Arglaes®/phosphate Film and powder Medline Industries (USA)
Human use

Dermfactor®/silicate Powder UEG Medical Group
(China)Human use

MIRRAGEN®/borate Fiber ETS Wound Care (USA)
Human use

RediHealTM /borate Fiber and ointment Avalon Medical (USA)
Animal use

TendaHealTM /borate Fiber, spray, and hydrogel Tenda Horse Products
(USA)Animal use

21.5.2 Clinical Studies and Commercial Products

The first advanced glass-based wound dressing is MIRRAGEN® (also known as DermaFuseTM ),
which has received Food and Drug Administration (FDA) clearance in 2016. The dressing
comprises of 13-93B3 borate glass fibers with the formulation of 53B2O3–20CaO–2K2O–6Na2O–
5MgO–4P2O5 (wt%) and a fibrous morphology that resembles the natural microstructure of
fibrin clot [38, 109]. Besides, this wound dressing has been shown its effectiveness in increasing
angiogenesis and migration of epidermal cells [109]. The dressing is also easy to apply in different
wound geometry and can be used to treat acute and chronic wounds, including traumatic ones,
first- and second-degree burns, diabetic ulcers, pressure ulcers, and venous ulcers [36, 110].
A recent case study has evaluated the efficacy of MIRRAGEN borate-based bioactive glass fibers
to treat four patients with chronic wounds that their previous therapeutic interventions using
negative-pressure therapy, skin grafts, and synthetic/biological based wound care products have
been failed for about a year [110]. MIRRAGEN dressing has significantly reduced the cost of
treatment and duration of wound closure compared to previous interventions in all patients and
their wounds completely healed in an average of 55 days after the initial application of dressing
[110]. Borate-based bioactive glasses have also been formulated in the form of fiber, ointment
hydrogel, and spray for treating various types of wounds in animals [36].
Dermfactor® and Arglaes® are other bioactive glass-based commercial products for wound heal-

ing applications composed of silicate glass powder and Ag-doped phosphate glass, respectively
[36, 111]. Dermfactor has been used in form of powder for burn wounds, diabetic foot ulcers,
and bedsores; meanwhile, Arglaes is designed to control the infection of partial and full-thickness
wounds by sustained release of Ag ions [36, 112]. An overview of available bioactive glass-based
commercial products for animal and human use are summarized in Table 21.3.

21.6 Conclusions and Outlook

Despite the ongoing development of biomaterials for wound healing purposes, there is still a need
for seekingmore effective biomaterial-based wound care approaches to successfully restore the full
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anatomy and functions of the skin tissue after an injury. In the light of recent investigations, there
is now considerable interest in using bioactive glasses in wound repair and regeneration. Bioac-
tive glasses can be used as delivery systems of therapeutic ions for accelerating wound healing
by hemostatic ability, antibacterial activity, anti-inflammatory properties, promoting angiogenesis,
and regulating cell functions in the wound bed. Even though the aim of using bioactive glasses in
soft tissue applications is controlled release of ions instead of HCA formation, most of the bioac-
tive glass compositions that have been used in this field are prone to mineralize in contact with
physiological fluids and possible risk of calcification in soft tissues due to the potential of HCA for-
mation at the surface of bioactive glasses, remains unclear. However, HCA’s durability that formed
on the surface of bioactive glasses may be affected by the local condition of the surrounding tissue,
including pH. For healthy skin tissue, the pH is between 4 and 6, unlike the alkaline pH of chronic
wounds. Hence, it would be expected that as the wound progresses toward successful healing, the
acidic pH of the skin will be restored, and the hydroxyapatite dissolves under the acidic condition.
Taken together, further studies are needed to formulate the composition of bioactive glasses

and optimize the biological and physicochemical properties of bioactive glass-based therapeutic
approaches according to the requirements of wounds. More importantly, future research should
focus on the explanation of HCA’s role in wound healing applications.
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22.1 General Aspects of Cancer Molecular Biology

Cancer is a complex disease with many faces behind a name. It is caused by a series of suc-
cessive changes in normal cell and tissue physiology, breaking down the evolved and balanced
tumor-suppressive mechanisms that avoid uncontrolled cell proliferation. For a somatic cell to
disrupt such equilibrium, it must acquire adaptive solutions from internal controls and constraints
from tissue microenvironment forces. Throughout a sequence of genetic and epigenetic alterations
accumulated over time, selected clones may adopt different identities, evolve, and expand into
more adapted subclones exhibiting signatures of positive selection with unlimited proliferative
capacities and increased potential to disseminate and colonize other tissues [1, 2].
Hanahan and Weinberg have originally proposed six essential hallmarks involved in the

progression of benign tumors of proliferating cells (hyperplasia) to malignant tumors with
acquired metastatic properties: (i) sustained proliferative signaling, (ii) loss of sensitivity to growth
suppressors, (iii) resistance to cell death, (iv) uncontrolled proliferation, (v) new blood vessels
formation (angiogenesis), (vi) increased capacity to invade tissues and become metastatic [3].
Based on the development of new critical concepts in the cancer biology field over the past
two-decade, additional hallmarks have been proposed, including (vii) development of genomic
instability, yielding random mutations including chromosomal rearrangements; (viii) evasion of
immune surveillance, and (ix) reprogramming energetic cellular metabolism to support unlimited
proliferation [4]. Furthermore, epigenetic changes have been proposed as another hallmark of
cancer as evidence showing that deregulated epigenetic mechanisms also contribute to every
single hallmark in the tumorigenic process. Therefore, to acquire a malignant phenotype, a cell
must be exposed to a complex interplay of genetic and epigenetic disorders that act cooperatively
with extracellular microenvironmental signals to yield a favorable context for tumor development.
Genetic changes in cancer result from inherited and environmental factors [5]. Replication errors

or deoxyribonucleic acid (DNA) damage is the leading causes of mutations. These abnormalities
can be induced either by extrinsic (e.g. ionizing radiation, ultraviolet light, chemicals) or intrinsic
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(e.g. reactive oxygen species, DNA repair enzymes, mistakes during mitosis) factors [6]. Some viral
integration may also promote tumorigenesis by expressing cellular oncogenes [7]. Although most
mutations are neutral and do not contribute to cancer development, multiple gain-of-function
modifications in proto-oncogenes and loss-of-function in tumor suppressor genes are critical to
driving tumor development and progression andmetastasis [8]. Different types ofmutations can be
observed in the genome during the development of cancer (e.g. gene amplification, pointmutation,
truncation, insertion activation, deletion, and translocation), which can result in inappropriate
expression or activation/inactivation of genes and their protein products [9].
Epigenetic silencing such as DNA methylation also alters gene expression but independent of

changes in the DNA sequence. Methylation in DNA is catalyzed by a group of DNA methyltrans-
ferases (DNMT) that add a methyl group to the 5′ carbon of cytosine residues present in regions of
the genome known as CpG Island, which is typically found within the promoter of many human
genes. In this way, CpGmethylation regulates gene expression by controlling transcription factors’
interaction to promoter regions of genes preventing or allowing their transcription.Moreover, DNA
methylation is heritable during cell division through well-known propagation mechanisms [10].
Hence, it is not surprising that proto-oncogenes are commonly hypomethylated in several cancers,
while tumor suppressor genes are hypermethylated [11].
Histones acetylation is another epigenetic mechanism that affects gene expression by altering

chromatin structure [12], although the heritability of this modification is less known. Histones
comprise a group of positively charged proteins associated with DNA forming a nucleosome
structure, which is the basic element of chromatin [13]. Acetylation of lysine residues on histone
tails neutralizes the positive charge of histones and control chromatin compaction. This chemical
modification diminishes DNA interaction in the nucleosome, making the chromatin less compact
and accessible to proteins and transcription factors to target genes [14]. Therefore, transcriptional
activation is associated with acetylation of histones, whereas transcription repression is linked
with deacetylation. The oscillation between these two states is regulated by a family of enzymes
known as histone acetyltransferases (HATs) and histone deacetylases (HDACs) [15, 16]. Both HAT
and HDACs must function in equilibrium to properly control gene expression (STRUHL, 1998).
However, abnormal histone acetylation patterns have been common in cancer [17, 18]. It has
been demonstrated that HDACs are overexpressed in cancer, causing aberrant loss of histone
acetylation and silencing of tumor suppressor genes [19]. Accordingly, HDAC inhibitors have been
extensively developed and are in many clinical trials for tumor therapy [20].
Aberrant changes in genetic and epigenetic events can accumulate throughout the tumorigenic

process, which dramatically alter the function of proteins that participate in biochemical and sig-
naling networks, therefore, providing cells with solid pressure to acquire cancer hallmarks.

22.1.1 Cancer Treatment in the Clinical Practice

Current standard treatments for most cancers include surgical resection, chemotherapy, and
radiotherapy [21], among which chemotherapy has remained the backbone of cancer treat-
ment [22]. Traditional cancer chemotherapeutics were the first line of antitumor drugs established
to effectively kill the fast proliferating tumor cells and avoid mitotic division by inhibiting the
replication machinery involved in DNA synthesis. Prominent traditional chemotherapeutic
agents include alkylating agents (e.g. cyclophosphamide, dacarbazine, and platinum compounds),
antimetabolites (e.g. methotrexate, 6-mercaptopurine, and 5-fluorouracil), antimitotics of natural
origin (e.g. vinblastine, vincristine, vinorelbine, vindesine, teniposide, etoposide, topotecan,
irinotecan, paclitaxel, docetaxel, and cabazitaxel), cytotoxic antibiotics and related substances



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

�

� �

�

22.2 Bioactive Glasses Applied in Hyperthermia 539

(e.g. daunorubicin, doxorubicin actinomycin-D, and bleomycin), polyamine inhibitors (e.g.
α-difluoro methyl ornithine), and iron-modulating drugs (e.g. desferrioxamine, di-2-pyridyl
ketone-4,4,-dimethyl-3-thiosemicarbazone, ciclopirox, and triapine) [23].
Despite the existence of numerous adversities related to severe side effects, rapid drug

metabolism, and drug resistance, traditional chemotherapeutics are still actively used either
isolated or in combination with surgical resection and/or radiotherapy. Although these strategies
can overcome early diagnosed tumors and impact patient survival and even cure some types of
tumors, the overall outcome of these approaches is disappointing, as statistics have shown that
cancer incidence and mortality are growing.
The scientific community’s understanding of cancer’s molecular biology has significantly

improved over the past decades, revealing that malignant cells dynamically evolve during tumor
development, generating random heterogeneous populations with distinct molecular phenotypes
resulting from genetic, and epigenetic abnormalities (intratumor heterogeneity) [21]. Moreover,
it has been recognized that intratumor heterogeneity is the basis for the expansion of resistant cells
due to selective pressures triggered by chemotherapy, which is one of the causes of therapeutic
failure. Also, intratumor heterogeneity is distinct between different patients holding the same
histological type of tumor (intertumor heterogeneity) [21]. Besides the complexity of this chaotic
molecular milieu, more than 100 types of cancer are originated from different cell types and
tissues, which may contain specific molecular subtypes or express distinct marks depending on
the location or stage of the tumor [24]. Hence, a comprehensive understanding of all these mul-
tifactorial variables is essential to paving new and better therapeutic strategies that contemplate
novel personalized or targeted approaches. In fact, in the last two decades, we have witnessed the
development of a collection of new techniques for treating cancer based on identifying potential
molecular biomarkers for designing targeted drugs in contrast with the nonselective conventional
chemotherapeutic method. Besides, emerging therapies have been proposed such as magnetic
hyperthermia, brachytherapy, and even improved technologies for chemotherapies’ drug delivery
approaches. Nevertheless, glass technologies are related to the crucial development of these
therapies, mainly in treating bone cancer.

22.2 Bioactive Glasses Applied in Hyperthermia

22.2.1 Magnetic Hyperthermia: Introduction and Physics Aspects

Hyperthermia derives from two Greeks words, hyper and therme, which mean high and temper-
ature. Therefore, hyperthermia can be any medical procedure that increases body temperature to
bring anymedicinal effect, regardless of being awhole body or local hyperthermia. Probably, hyper-
thermia may stand as one of the most ancient modalities of cancer treatment. The first historical
report of hyperthermia dates back to 2655–2600 BC in ancient Egyptian society, where Egyptians
were used to kill tumors using fire drills, according to Edwin Smith’s papyrus [25]. Like the Greeks,
Chinese, Indians, and Romans, other ancient societies also used heat sources to treat diseases [26].
Hippocrates used to say: “That which drugs fail to cure, the scalpel can cure. That which the scalpel
fails to cure, heat can cure. If heat cannot cure, it must be deemed incurable.”
In modern history, the first evidence of whole-body hyperthermia as a possible cancer treatment

was pointed out by Carl D.W. Busch (1826–1881) who reported the regression of an advanced
sarcoma in the face of a 43-years-old woman after she had a fever due to bacterial infection,
erysipelas. This fact encourages Dr. Busch to carry out clinical trials in which he infected
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patients with pathogenic agents – like malaria-contaminated blood – on open wounds of cancer
patients [25]. Some years later, the American surgeon William B. Coley (1862–1936) developed
Coley’s toxins based on streptococcal, which was used to treat more than 1000 patients with bone
or soft-tissue sarcoma by whole-body hyperthermia [27].
Later in the 19’ sec, whole-body hyperthermia derived from infectious agents was eclipsed by

modern methods that caused an increase in temperature by external stimuli like magnetic fields
and microwaves. In 1891, Jacques-Arsene d’Arsonval built a human-sized induction coil device,
which allowed the passage of a 3A current to induce eddy current effect in water molecules due to
the high magnetic field frequencies (>10MHz). Later, Dr. d’Arsonval also developed other devices
that also allowed him to perform localized hyperthermia treatments. This kind of cancer treatment
was later called diathermia in clinical practice. Using a similar device, Nils Westermark observed
that cancer cells were likely to be killed at temperatures spam between 40 and 45 ∘C, bringing
therapeutic effects with fewer side effects to healthy cells [28].
Because diathermia was based on water molecules’ heat, side effects related to increased

blood flow were uncontrollable, thereby interfering with venous return, leading to necrosis [29].
Therefore, at that time, there was a need for devices that could allow the local increase in
temperature without affecting blood flow and healthy cells. In 1957, R.K. Gilchrist et al. [30]
reported the infusion of a suspension of fine magnetic ferrite particles into lymph node tumors
(Figure 22.1). Upon applying a low-frequency (5 kHz to 1.2MHz) external alternating magnetic
field, the magnetic particles heated up due to the dispersion of magnetic energy as heat, causing
a localized increase in temperature to kill cancer cells selectively and minimally affecting healthy
ones. This work was the first report of magnetic hyperthermia as it is currently known, that is, a
treatment of cancer based on magnetic micro or nanoparticles heated up by an external magnetic
field.
In the experiment of Gilchrist et al. [30], magnetic energy dissipation as heat happens due to

hysteresis loss. This phenomenon is typical of ferromagnetic and ferrimagnetic materials like those
used by Gilchrist, which consisted of maghemite microparticles. These materials show a hysteresis
cycle when the magnetization is measured as an external magnetic field function. The hysteresis
cycle is a consequence of domainwallmovement in themagnetic domain boundaries. Thesemove-
ments are responsible for absorbing magnetic energy and its later release as heat [26]. Therefore,
the power loss (P1) associated with this physical process can be defined according to Eq. (22.1):

P1 = 𝜇 ⋅ f ⋅
∫

H dM (22.1)

Figure 22.1 Photomicrograph of a lymph node
after administration of colloidal maghemite. The
photomicrograph was stained with Prussian blue;
therefore, the darkest regions contain the
submicron particles. Source: Gilchrist et al. [29],
Figure xv (p. 09)/Wolters Kluwer Health, Inc.
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H is the field strength,M is themagnetization, f is themagnetic field frequency, and 𝜇 is a constant
hysteresis. It is worth noting tomention that ∫ H dM is equivalent to the area of the hysteresis cycle.
In this sense, the ferrimagnetic materials’ delivery of heat depends on the hysteresis loop area [26].
The advent of nanotechnology in the 1990s allowed the synthesis of materials to control their

size [31]. In this sense, instead of using microparticles of magnetic materials as Gilchrist did, the
advances in magnetic hyperthermia shifted toward superparamagnetic nanoparticles. The main
reason for using superparamagnetic materials was the possibility of generating heat under lower
magnetic field strength, minimizing eddy current events that could compromise the surrounding
tissue as diathermia did in the past.
Superparamagnetism is a property found only in nanometric materials that were supposed to be

ferrimagnetic or ferromagnetic. Because the particle size is smaller than the magnetic domain, the
whole particle behaves like a single magnetic domain, and domain wall effects are negligible [32].
Therefore, thesematerials donot display hysteresis,whichmeans that the saturationmagnetization
can be reached at lower frequencies (Figure 22.2). Besides, the power loss (P2, Eq. (22.2)) does
not depend on the hysteresis area, but it is somewhat influenced by other parameters like Néel
relaxation (𝜏N), Brownian relaxation (𝜏B), particle volume (V), saturation magnetization (Ms), and
temperature (T).

P2 = π𝜇0𝜒 ′′H2
0 f = π𝜇0

(
𝜒0

2πf 𝜏eff
1 + (2πf 𝜏eff)2

)
H2
0 f = π𝜇0

(
𝜇0M2

sV
KBT

)( 2πf 𝜏eff
1 + (2πf 𝜏eff)2

)
H2
0 f

(22.2)

Single domain Multi-domain
d < DSD d > DSDd = DSD

Superparamagnetic regime
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(iii)

Ferromagnetic regime

Particle size d (nm)

Figure 22.2 Magnetic behavior under the influence of a magnetic field. Ferromagnetic regime occurs in
multidomain materials – the particle or crystal size (d) is bigger (i) than or equal (ii) to the magnetic
domain size (DSD) – where domain walls effect is tangible, and there is the presence of coercivity.
Superparamagnetic regime occurs in single-domain particles or crystals, in which the particle or crystal size
is smaller than the magnetic domain (d<DSD), thereby do not display coercivity (Hc = 0). (iii) When the
particle size is much smaller than the magnetic domain (iv), the effect of glass spins on the surface is more
pronounced. Source: Mohapatra et al. [32]/MDPI/CCBY 4.0.
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where 𝜇0 is the permeability in the free space,H0 is the maximum field strength, f is the frequency
of the magnetic field, 𝜒 ′′ is the imaginary part of the susceptibility (𝜒 = 𝜒 ′ + i𝜒 ′′), 𝜒0 is the ini-
tial susceptibility, Ms is the saturation magnetization, V is the particle volume, KB is Boltzmann
constant, T is the temperature, and 𝜏eff is the effective relaxation time (𝜏eff), which is given by
Eq. (22.3):

1
𝜏eff

= 1
𝜏N

+ 1
𝜏B

(22.3)

where 𝜏N is the Néel relaxation time, and 𝜏B is the Brownian relaxation time. The Néel relaxation
is associated with the time and energy required for a spin fluctuation and its relationship with
temperature. Below a given temperature (Tb), the spins do not have thermal energy needed for spin
fluctuation between up and down orientation. However, above a given temperature (Tb), the spins
have enough energy to overcome an energy barrier (ΔE) that allows spin fluctuations. Then, Tb is
known as blocking temperature. This relationship is given by Eq. (22.4). Note thatΔE is equivalent
to KV , which implies that the energy barrier is related to particle volume; thereby, the bigger the
particle, the higher the energy [33]

𝜏 = 𝜏0 exp
(

KV
KBTb

)
= 𝜏0 exp

(
ΔE
KBTb

)
(22.4)

where 𝜏0 typically is a value between 10−12 and 10−9 seconds, KB is the Boltzmann constant, Tb
is the blocking temperature in Kelvin, K is the effective magnetic anisotropy constant, and V is
particle volume. KV also represents the anisotropy barrier energy (ΔE).
On the other hand, the Brownian relaxation time is the relationship between the time for a spin

fluctuation, considering that the nanoparticle will mechanically rotate in a fluid with viscosity 𝛾 to
align their spins with the applied magnetic field (Eq. (22.5)).

𝜏B =
3VH𝜂
KBT

(22.5)

where VH is the hydrodynamic volume of the particle, and 𝜂 is the viscosity of the fluid. Note that
the Brownian relaxation is dependent on the fluid viscosity as well as the hydrodynamic particle
volume. Furthermore, VH is different from the V of Néel relaxation because it also includes the
attached layers of water surrounding the nanoparticles, which are considered due to the particle’s
rotation in the fluid [34].
One may infer that determining the power loss through the variable from Eqs. (22.2–22.5) may

be time-consuming and propagate some uncertainties. In this sense, the specific absorption rate
(SAR) of superparamagneticmaterials and ferromagneticmaterials can be experimentally obtained
from Eq. (22.6). The SAR is also equivalent to the power loss divided by the density of the super-
paramagnetic material. Briefly, to get the data needed for Eq. (22.6), the material is placed in a
container in nonadiabatic conditions, and an external alternating magnetic field is applied from a
coil. A thermometer is then used to measure the increase in temperature (dT) in the function of
time (dt).

SAR (W∕g) =
Cwmw + CMNPmMNP

mMNP

dT
dt

(22.6)

Cw is the water heat capacity, CMNP is the nanoparticle heat capacity, mw is the water mass, and
mMNP is the nanoparticle mass.
The most used magnetic nanoparticles for hyperthermia applications are magnetite and

maghemite; once these nanoparticles display high saturation magnetization, covering a high
power loss that, in turn, increases the efficiency of the cancer treatment [35]. Indeed, in Europe,
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the treatment of glioblastoma by magnetite nanoparticle-induced hyperthermia is already
approved [36], and as more clinical trials are being conducted, other tumors’ treatment modalities
may be approved as well.
Despite its efficiency in inducing tumor cell death, in the clinical practice, some technical and

physiological limitations make the use of hyperthermia as a single anticancer therapy only par-
tially satisfactory. Thus, hyperthermia is currently used in multimodal tumor therapy approaches,
combined with other antitumor treatments, mainly with surgery, immunotherapy, radiotherapy,
and chemotherapy. In this way, hyperthermia promotes thermal chemosensitization and thermal
radiosensitization of tumor cells, amplifying the therapeutic effects of radiation and anticancer
drugs by increasing vascular permeability, blood flow, and tumor oxygenation. As a result, hyper-
thermia improves disease-free survival and local tumor control without increasing toxicity for the
combined treatments [37, 38].
Besides its use inmultimodal cancer treatment, an increasing number of works demonstrates the

potential use of hyperthermia in heat-controlled gene therapy or heat-enhanced immunotherapy
or vaccination. In these studies, the increase in temperature induced by hyperthermia acts as an
enhancer of cellular functions or a switch that can turn on or turn off cellular mechanisms such
as those associated with gene expression, cell cycle progression, DNA repair, and regulated cell
death.However, to explore these opportunities for clinical purposes, it is essential that sophisticated
control of temperature, both spatially and temporally, must be improved in deep body regions.
To understand the limitation of using hyperthermia as the only cancer treatment strategy as well

as the advantages of its use combined with radiotherapy and chemotherapy, we first need to under-
stand the systemic and cellular effects of hyperthermia and how such effects can sensitize the cells
to radiation and chemotherapeutic drugs or synergize with them. As we will see in the following
topics, hyperthermia displays direct cytotoxicity, systemic effects, chemosensitization, radiosensi-
tization, and immune modulation, which fosters apoptotic and immunogenic death of tumor cells
leading to local and, in exceptional cases, to systemic tumor control.

22.2.2 Biological Effects of Hyperthermia

Understanding the direct cytotoxicity of hyperthermia is linked to the preclinical research
developed since the 1970s. Such studies demonstrated that temperatures ranging from 41 to 47 ∘C
exhibited an immediate cell-killing effect in vitro and in vivo hyperthermic experiments [39, 40].
However, when analyzing the growth curve of the cells subjected to these experiments, it was clear
that there were two distinct stages in this process: at the beginning of exposure to heat, a linear
growth arrest was observed, followed by exponential cell death. Interestingly, the researchers
observed a correlation between the thermal energy dose necessary to induce exponential cell death
and cellular proteins’ denaturation. Therefore, from these studies, it was possible to conclude that
hyperthermia treatment’s direct cytotoxicity was based on the denaturation and aggregation of
cytoplasmic, nuclear, or membrane proteins [41].
Today, hyperthermia presents multiple effects and induces many changes in cells, including dis-

ruption of the cytoskeleton, fragmentation of theGolgi systemand endoplasmic reticulum, changes
in nuclear processes and cell membrane, and decrease in the number of mitochondria and lyso-
somes [42]. More than modifying the cellular structure, the alteration of these molecules, many
of which are signaling proteins, induced by the increase in temperature can affect cell signaling
pathways responsible for the control of cellular processes such as growth capacity, proliferation,
adhesion, migration, death, among others [43, 44]. Importantly, hyperthermia has been shown to
induce apoptosis in cancer cells by activating the intrinsic pathway and inducing the activity of
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death receptors and activation of the extrinsic pathway. Furthermore, hyperthermia activates the
apoptotic machinery due to the endoplasmic reticulum stress induced by unfolded or misfolded
proteins. The signaling pathways associated with the induction of apoptosis in cancer cells will
depend on the duration and intensity of heat stress in addition to the cell type [42, 45].
Over time, it became increasingly clear that thermal stress induced by hyperthermia promoted

cell death through apoptosis and was also associated with the induction of systemic immunomod-
ulatory effects, which are essential for controlling recurrent tumors and metastases [41]. Inter-
estingly, the immune response triggered by hyperthermia is a direct result of its ability to induce
cell death, which, in this way, can be described as immunogenic cell death. Several types of cell
death differ in biochemical mechanisms and morphological characteristics. Also, some types of
cell death can be considered immunogenic, while others can be known for their inability to induce
an immune response. Apoptosis is an example of cell death that can be regarded as nonimmuno-
genic andnoninflammatorymost of the time.However, currently, the newconcept of immunogenic
cell death has challenged this traditional view and has granted apoptosis with immunogenic abili-
ties [46]. Unlike apoptosis, necrosis is recognized for being an extraordinarily inflammatory and
immunogenic cell death. Necrotic cells are affected by the loss of plasma membrane integrity,
swelling, and release of cytoplasmic content in the medium. Present in the released cytoplastic
content is danger signals or damage-associated molecular patterns (DAMPs). Danger signals can
be recognized by innate immune cells or dendritic cells inducing innate immune responses or adap-
tive immune responses, respectively. Among the potent danger signals released by cells undergoing
hyperthermia are high-mobility group box 1 (HMGB1) protein, adenosine triphosphate (ATP), and
heat-shock proteins like Hsp70 [41, 47].
Molecular chaperones, such as the stress proteins Hsp70 and Hsp90, facilitate the folding of

numerous oncogenic proteins, maintain proliferative potential, and inhibit apoptosis in cancer
cells contributing to the malignant phenotype’s maintenance [48]. These proteins undergo
increased expression when stimuli induce intracellular stress, such as increased temperature
caused by hyperthermia, and help in protein folding, the resolution of protein aggregates, and
intracellular protein transport to prevent heat-induced stress and cell death. Interestingly, when
HSPs, especially Hsp70, are exposed to the cell membrane or stay free in the extracellular
environment, it will act as a messenger communicating the cells’ interior protein composition to
the immune system to initiate immune responses against intracellular proteins from the cancer
cells [49]. Such events can induce both innate immune responses through the activation of natural
killer (NK) cells as adaptive immune responses through maturation and activation of dendritic
cells [50].
During the innate immune response stimulation, Hsp70 is exposed to the cancer cell surface

and can be recognized and lysate by NK cells [51]. The induction of an adaptive immune response
showed a different role forHsp70, which acts as a carrier of tumor antigens peptides recognized and
processed by dendritic cells stimulated to mature and secrete cytokine by heat shock proteins like
Hsp70. Once acquired by the tumor cells’ antigenic profile, dendritic cells induce antigen-specific
T cell recognition and activation via major histocompatibility complex (MHC) class I molecules, a
cross-presentation mechanism [49, 52, 53].
It is known that generating a cancer cell is formed by multiple stages and to become a com-

plete cancer cell, premalignant cells must learn to avoid the so-called “immunosurveillance” and
promote immune subversion, actively suppressing immune responses [4, 54]. Thus, efficient anti-
cancer therapies must, among other characteristics, be able to restore the ability of the immune
system to detect cancer cells inducing immune responses. This fact is the case of hyperthermia that,
mainly throughHsp70, can trigger an immune response that fights cancer at the local and systemic
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levels preventing the local tumor recurrence and the appearance of distant metastasis [55]. Studies
have also shown heat-dependent immunological reactions of human leucocytes and specific effects
on NK cells and cytokine depletion in response to hyperthermia, demonstrating that this therapy’s
actions are not restricted to the consequences of the Hsp70 expression [50, 56].
The biological effects of hyperthermia also include changes in the cellular and tissue structures

of the tumor and repression of cellular programs associated with gene expression, DNA repair,
proliferation, macromolecules synthesis, cell cycle progression, among others [42]. Results from
preclinical studies have been demonstrated that in temperatures of 40–41 ∘C, most human tumors
have increased blood flow under hyperthermia and hours later. In agreement, clinical data and
experiments in vivo show increased perfusion in the tumor and the surrounding microenviron-
ment, leading to a higher oxygen concentration (pO2) [57, 58]. Such effects can be associated with
hyperthermia’s ability to increase the vascularization of the tumor mass and, at the same time,
enhance the vessel’s permeability.
From a biochemical point of view, all these effects can be seen as consequences of the struc-

tural alteration of biomolecules and, consequently, loss or changes in their functions, promoted
by increased temperature. The biological effects of hyperthermia are not yet fully understood and
are still under investigation. However, it is known that these effects comprise direct cytotoxicity,
systemic effects, and immune modulation [41].

22.2.3 Bioactive Glass-Ceramics Applied in Magnetic Hyperthermia

In the 1970s and 1980s, magnetic hyperthermia from magnetic materials flourished as a counter-
point to magnetic induction hyperthermia derived from eddy current. Therefore, the search for
materials able to perform magnetic hyperthermia and allow high selectivity and safety was at the
center of researches in this field. Then, in 1983, Albert A. Luderer proposed the first ferrimagnetic
glass-ceramic suggested for hyperthermia applications. According to Dr. Luderer, The reason for
using a glass-ceramic material as opposed to a pure ferrimagnetic ceramic material was that much
greater control could be exercised over the physical, chemical, biochemical, and magnetic properties
of the glass-ceramic by virtue of glass composition, glass-forming technique, and thermal history. The
glass-ceramic was based on the 60.5Fe2O3–23.7P2O5–11.6Li2O–3.4SiO2–0.4Al2O3 system and was
tested in subcutaneous cancer in mice, and the results evidenced significant tumor regression or
complete cure [59].
Simultaneously, in the 1970s and 1980s, Dr. Larry L. Hench published his first works about

bioactive glasses for bone regeneration applications [60], which encourages other researchers to
develop other glass-ceramics for the same purpose [61]. Some years later, by putting together the
valuable ideas from Luderer and Hench, Ebisawa et al. [62] proposed the first magnetic bioactive
glass-ceramic (MBGC), which was able to display (i) ferrimagnetic properties for applications in
magnetic hyperthermia and (ii) bioactivity properties able to bond to the host tissue through an
apatite-like layer grown on its surface through a bioactivity process.
Since the work from Ebisawa et al. [62], many other researchers developed glass-ceramic and

composites aiming for better magnetic properties – which is required for high efficient hyper-
thermia – or better bioactivity properties, considering that the growth of crystalline phases dur-
ing the thermal treatment to produce glass-ceramics sometimes jeopardize the bioactive ability
of the final material. These scientific breakthroughs were mainly driven by the development of
new synthesis routes like the sol–gel synthesis. In Sections 22.2.3.1–22.2.3.3, we will cover the
advances of MBGCs from the perspective of glass processing technologies, including melt-derived
glass-ceramics, biphasic glass-ceramics, and sol–gel-derived glass-ceramics.
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22.2.3.1 Melt-Derived Glass-Ceramics
The first bioactive glass-ceramics were produced by melt-quenching, followed by thermal treat-
ment, which is the most traditional method to make glass-ceramics. That was the first approach
used by Ebisawa et al. [62]. The first generation is divided into two subcategories: (i) glass-ceramics
containing magnetite crystals; (ii) glass-ceramics containing zinc ferrite crystals.
Glass-ceramics containing magnetite crystals were the first studied glass-ceramics aiming at

hyperthermia applications in bone cancer. Ebisawa et al. [62] produced a glass based on the
Fe2O3–CaO⋅SiO2 system. Later, to nucleate magnetite (Fe3O4) crystals, the glass was submitted
to different thermal treatments between 600 and 1100 ∘C. Their results evidenced that thermal
treatment between 700 and 950 ∘C leads to the crystallization of magnetite crystals, but above
950 ∘C, there is thermal oxidation of magnetite converted into hematite, besides the formation of
wollastonite.
Moreover, themagnetic characterization of these glass-ceramics showed that ferrimagnetic prop-

erties were related to the fraction of magnetite crystals. Therefore, these results raised awareness
about precise temperature control to enhance magnetic properties suitable for the hyperthermia
effect. Furthermore, the authors also showed in in vivo studies that these glass-ceramics were able
to generate heat under safe frequencies and magnetic field strength and bond to the bone tissue,
which is evidence of proper bioactivity [63].
Once Ebisawa observed that thermal treatments could lead tomagnetite thermal oxidation, other

researchers evaluated other variables related to loss of magnetic properties, such as the fraction of
iron oxide in the glass structure. In this sense, two works were complementary to one another:
(i) the work from Singh et al. [64] that evaluated the influence of low content of iron oxide in the
glass-ceramic structure, (ii) and the work from Leventouri et al. [65] that studied the influence of
more extensive contents.
Singh et al. [64] showed that glass-ceramics based on the system 41CaO–(52− x)SiO2–4P2O5–

xFe2O3–3Na2O (x = 0, 2, 4, 6, 8, and 10mol%) treated at 1050 ∘C yields ferrimagnetic properties
proportional to the iron oxide content in the glass composition,mainly regarding saturationmagne-
tization and hysteresis loop area, which suggests that thermal oxidation is less intense at lower iron
oxide fractions. However, in the work of Leventouri et al. [65], it was shown that at high fractions
of iron content, thermal oxidation is more prominent and limits ferrimagnetic properties. It was
studied the influence of heat treatment between 600 and 1100 ∘C on the crystallization and mag-
netic behavior of glasses based on the system [45(CaO, P2O5)(52− x)SiO2–xFe2O3–3Na2O], x = 5,
10, 15, 20wt%. The results evidenced that iron oxide content up to 15wt% and thermal treatment
until 950 ∘C favors magnetite crystallization. On the other hand, either higher iron oxide fractions
or higher temperatures favor the formation of hematite in the thermal treatment. Consequently,
the magnetic properties are favored in the same conditions that favor the crystallization of mag-
netite. Despite hematite formation, the glass-ceramics from Leventouri et al. still display better
magnetic properties than those produced by Singh et al. For example, Leventouri et al. reached
Ms ∼ 26 emu/g, while Singh et al. obtainedMs ∼ 7.95 emu/g.
Another significant contribution to the field of MBGC was brought by Bretcanu et al. [66], who

showed that the magnetic phase’s crystal size plays an essential role in maximizing power loss
in ferrimagnetic glass-ceramics. Glass-ceramics based on the Na2O–CaO–SiO2–P2O5–FeO–Fe2O3
system containing 20 and 45wt% of magnetite phase, named as S35 and S45, respectively, were
produced without the formation of undesired phases. Although the glass-ceramic S35 had fewer
magnetite crystals and displayed lower saturation magnetization (Figure 22.3a), a more significant
coercive force was addressed to this glass-ceramic due to smaller magnetite crystals responsible
for creating more magnetic domains per unit of volume. Consequently, under low magnetic field



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

�

� �

�

22.2 Bioactive Glasses Applied in Hyperthermia 547

–600

–20

0

2

4

6

8

10

12

14

16

18

–10

0

10

20

–400 –200 0
H (Oe)

(a) (b)

200 400 600

M
 (

em
u/

g)

H
ys

te
re

si
s 

ar
ea

 (
ke

rg
/g

)

S35

S35 S45
Composition

S45

10 kOe

10 kOe

500 Oe

500 Oe

Figure 22.3 Magnetic characterization performed by Bretcanu et al.: (a) magnetization vs. magnetic field
strength of the S35 and S45 glass-ceramic; (b) hysteresis loop area of glass-ceramics at 10 kOe and at
500Oe that is the magnetic field strength used in clinical practice. Source: Bretcanu et al. [66]/with
permission of Elsevier.

strength of 500Oe, which is commonly used in the clinical practice, the glass-ceramic S35 showed
higher hysteresis area (Figure 22.3b), once coercive force displays a more substantial influence
on the hysteresis area under external magnetic fields lower than the Ms. In this sense, a crystal
engineering approach can be used to tune magnetic properties.
Zinc ferrite’s magnetic crystal is another strategy to enhance magnetic properties, thus making

the glass-ceramic better transductor of magnetic energy into heat. Zinc ferrite is an oxide of spinel
crystalline structure and paramagnetic.However,whenZn2+ andFe2+ assume aleatory distribution
in the tetrahedral A sites or octahedral B sites, their spins are coupled by superexchange interac-
tions, turning zinc ferrite into a ferrimagnetic material [67]. Besides, zinc ferrite displays higher
saturation magnetization than magnetite, which favors a more significant hysteresis area and a
consequent higher power loss.
The superior magnetic properties of glass-ceramics containing zinc ferrite were showed by

Shah et al. [67], who studied the influence of different ZnO content on the magnetic properties
of glass-ceramics based on the system xZnO–25Fe2O3–(40− x)SiO2–25CaO–7P2O5–3Na2O (x = 4,
6, 8, and 10wt%). An increase of saturation magnetization as in the function of ZnO in the
glass-ceramic composition was reported. Also, Shah et al. [68] showed that if an external magnetic
field (1 T) is applied during the cooling of the thermal treatment used to grow zinc ferrite, the
magnetic domains become trapped and more stable preferential directions. Consequently, these
materials’ coercive force becomes much higher, which increases the hysteresis area and their
power loss, as shown in Figure 22.4.
Although the melt-derived MBGC had significant advances in magnetic properties, bioactivity

and glass dissolution were still concerned about melt-derived glass-ceramics, once crystallization
of undesired phases could negatively affect bone regeneration in the long term. Besides, the advent
of sol–gel synthesis enabled bioactive glass and glass-ceramics with tuned bioactivity [69, 70], and
many researchers tried to figure out how to produce MBGC by this method to enhance bioactivity
and bone regeneration properties. Altogether, these points lead us to the next topic, which is the
biphasic MBGC.

22.2.3.2 Biphasic Glass-Ceramics
The period between 1950s and 1990s was crucial for the establishment of sol–gel synthesis based
on alkoxides. One of the first materials studied for such a purpose was silica particles derived from
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Figure 22.4 Comparison of zinc ferrite glass-ceramics power loss after heat treatment performed in an
aligned or nonaligned magnetic field. Source: Shah et al. [68]/with permission of Elsevier.

alkoxides like tetraethyl orthosilicate (TEOS) or tetramethyl orthosilicate (TMOS). The advance
of sol–gel synthesis had a tremendous impact not only in electronics and biomedicine but also
in glass science [71–73]. The main advantage of sol–gel synthesis was the control of particle size
and shape, which is not easily controlled by traditional techniques like frit glasses. Concerning
bioactive glasses and glass-ceramics, the advance of sol–gel synthesis meant controlling the
effective surface area and chemical reactivity of glass powders; thus, these glasses display better
apatite forming-ability in simulated body fluid (SBF) solution than their melt-derived counterparts
[70, 74].
To overcome the bioactive limitations of MBGC produced by the melt-derived method, Arcos

and Real [75] introduced the concept of biphasic glass-ceramics, which is a mixture of sol–gel glass
with other phases that show magnetic properties. In this sense, there are two types of biphasic
glass-ceramics: (i) mixture of sol–gel glass with melt-derived magnetic glass-ceramic, and (ii) mix-
ture of sol–gel glass with magnetic crystals. In the following paragraphs, we shall cover both types
of biphasic glass-ceramics.
In 2003, Arcos and Real [75] introduced the concept of biphasic glass-ceramics, which were

made of a mixture of sol–gel-derived highly bioactive glasses and melt-derived ferrimagnetic
glass-ceramics. Then, these biphasic glass-ceramics were able to take advantage of the best of each
phase, that is: (i) the high bioactivity of sol–gel bioactive glasses; (ii) the ferrimagnetic properties
of melt-derived glass-ceramics.
The first biphasic glass-ceramic was based on different ratios (5 : 1, 2 : 1, and 1 : 1) of a 58S sol–gel

glass (58SiO2–33CaO–9P2O5) and glass-ceramic based on the 45SiO2–45CaO–10Fe2O3 system. The
powders were homogenized, uniaxially pressured, and heat-treated at 750 ∘C for three hours at
the N2 atmosphere. This last step allowed the growth of crystalline phases of ferroan wollastonite
(CaSiO3⋅FeSiO3) and ε-(Fe, Ca)SiO3 in the melt-derived phase, where the ferroan wollastonite was
the ferrimagnetic phase. Although these biphasic ceramics were highly bioactive due to the sol–gel
glass content, they still displayed low saturation magnetization, ranging from 0.09 to 0.75 emu/g.
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To overcome this limitation, Ruiz-Hernandez et al. [76] increased the iron oxide content in the
melt-derived phase, yielding a system based on the system 40SiO2–40CaO–20Fe2O3. The 58S glass
wasmaintained as the sol–gel phase. The increase in iron oxide content led to saturationmagnetiza-
tion between 10 and 17.2 emu/g, much higher than the previous biphasic glass-ceramic. However,
the power loss was dependent on the crystal size. The composition containing intermediate iron
oxide content (G33-GC67 in Figure 22.5) showedmore refinedmagnetic crystals; thus, this compo-
sition had amore effective interface area between the crystals and the glassy phase,which increased
the coercive field strength, increasing the area in the hysteresis loop. Consequently, this compo-
sition showed higher power loss than the composition of G150GC85 that had higher saturation
magnetization.
In 2010, Li and coworkers [77] proposed a similar method to obtain MBGCs, but the authors

replaced the glass-ceramic with ferrite crystals. Therefore, instead of using a glass-ceramic and
a sol–gel glass as precursors of the biphasic composite, the author used magnetic crystals and
sol–gel glasses. Two interesting examples are biphasic glass-ceramics based on magnesium ferrite
(Fe2MgO4) [77] and manganese ferrite (MnFe2O4) [78]. In both cases, the ferrimagnetic crystals
were mixed with sol–gel glasses based on the CaO–SiO2–P2O5–MgO–CaF2–Fe2O3 system, sintered
at 1200 ∘C/2 h at air atmosphere. The author employed a ferrite to sol–gel glass ratio of 1 : 10. In both
cases, the authors evidenced that part of the ferrites was consumed during sintering, affecting the
saturation magnetization. For example, before sintering, mixtures showed Ms values between 16
and 25 emu/g, which was decreased to values between 6 and 8 emu/g after sintering. Moreover, the
bioactivity was delayed in the biphasic glass-ceramics when compared with the pure sol–gel glass.
From processing and chemical structure, the biphasic glass-ceramics are different from the

glass-ceramic that belongs to the first generation because the biphasic ones are made of two
different materials, besides being partially derived from sol–gel glasses. However, some limitations
of crystalline glass-ceramics were still persistent, such as the formation of undesired phases or
delayed bioactivity. The different phases also showed different thermal coefficients, yielding
thermal coefficient mismatch, which could favor crack propagation during thermal treatment.
Taking these points into account, one may infer that the melt-derived and biphasic glass-ceramics
still had room for improvements, which drive us to the sol–gel-derived MBGC.
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22.2.3.3 Sol–Gel-Derived Glass-Ceramic
Melt-derived and sol–gel MBGC could not overcome either limitation in magnetic properties or
bioactivity. However, the advance of sol–gel synthesis enabled the production of glass-ceramics
entirely by the sol–gel method, making these glasses different from the glass-ceramics from the
other classification, and deserves a new one. These glass-ceramics belonging to the third generation
of MBGC were able to improve these ceramics’ bioactivity. It is worth noting that bioactive glasses
produced by the sol–gelmethod usually exhibit better bioactive properties due to the higher surface
area and reactivity than their melt-derived counterparts [79]. The glass-ceramics from the third
generation can be grouped into three categories: (i) MBGC powers; (ii) mesoporous MBGC; (iii)
MBGC scaffolds. In the next paragraphs, we shall describe the advances and the properties of each
subcategory of MBGC from the third generation.
If Li et al. [69] were the first group to report bioactive glasses’ development using the sol–gel

method, thenWang et al. [80] was the first research group to produceMBGC by the sol–gelmethod.
Their glass-ceramics were based on the system (100− x)(40CaO–39.6SiO2–12P2O5–8.4Na2O)–
xFe2O3 (where x = 16.6, 33.3, 42.2, and 50) and were produced by an acidic route proposed
by Brinker and Scherer [73]. In this method, the glass precursors are dissolved in an acidic
medium, and the sol–gel reaction occurs during aging at mild temperatures (60–70 ∘C). Also,
along with aging, the precipitation of iron oxide crystals concomitant to the glass precursors’
gelling caused the incorporation of magnetic crystals in the glass network. Finally, after heat
treatments at 220 ∘C/20 h and 800 ∘C/2 h, the final glass-ceramic showed ferrimagnetic properties
with saturation magnetization between 4 and 5 emu/g with different coercive field strength. This
method evidences the lack of control of the magnetic phase’s growth once these crystals are grown
during aging.
Nevertheless, these glasses showed the ability to selectively kill tumor cells in in vitro experi-

ments under an external alternating magnetic field, which evidences their potential application
in hyperthermia. Figure 22.6 shows the effect of hyperthermia of these glass-ceramics on healthy
fibroblast cells (HFL 1) and human lung cancer cells (A549). Note that cancer cells were much
more affected by glass-ceramics under AC magnetic field than the healthy cells, evidencing the
selectively hyperthermic effect displayed by the glass-ceramics.
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Figure 22.6 Magnetic and biological characterization of sol–gel derived magnetic glass-ceramic:
(a) cytotoxicity test in human lung cancer cell linage (A549); (b) cytotoxicity test in fibroblast cell linage
(HFL 1). In both cytotoxicity tests, signals positive or negative in the labels refer to the variable’s presence
or absence. Source: Wang et al. [80]/with permission of John Wiley & Sons.
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The method proposed by Wang et al. [80] demonstrated that the control of magnetic crystal
growth was not possible due to their precipitation along with glass precursors’ aging. Almost
10 years later, Shankhwar and Srinivasan [74] further showed that the concentration of iron
precursors used in the sol–gel synthesis also plays a significant role in the growth of magnetic
phases. Shankhwar et al. proposed a sol–gel synthesis to produce glass-ceramics based on the
45S5 bioactive glass (45SiO2⋅24.5CaO⋅24.5Na2O⋅6P2O5) containing fractions of iron oxide of 2
and 3wt%, named BG_Fe2 and BG_Fe3, respectively. They showed that the BG_Fe2 glass did
not have any crystalline phase, while the BG_Fe3 glass-ceramic had sodium calcium silicate and
maghemite. This fact evidenced that a lower fraction of iron precursor in the synthesis could
not promote the precipitation of iron oxide phases. Further thermal treatment was needed to
induce the nucleation of magnetic crystals in the BG_Fe2 glass, yielding a glass-ceramic, named
BC_Fe2, containing magnetite. However, this method yields glass ceramic with low saturation
magnetization (<1.5 emu/g), which can be considered as a limitation of this “co-precipitation”
sol–gel synthesis.
Besides the fraction of iron oxide precursors used in the sol–gel synthesis to produce MBGC, the

calcination atmosphere is another crucial variable. Baino et al. [81] showed that glass-ceramics
based on the system 60SiO2–(40− x)CaO–xFe2O3 (x = 2 and 10wt%) and calcined either at air or
argon atmosphere lead to different crystallization paths. After performing the calcination at 800 ∘C,
Baino et al. observed that low fractions of iron oxide (2wt%) do not lead to glass devitrification
during calcination, regardless of the employed atmosphere, similar to the results reported by
Shankhwar and Srinivasan [74]. On the other hand, at high iron contents (10wt%), calcination
performed at the air atmosphere yields the formation of hematite, while the calcination performed
at argon atmosphere yields the formation of magnetite and maghemite crystals. Undesired crys-
talline phases were also grown in high iron content synthesis. Once magnetite and maghemite are
inherent ferrimagneticmaterials, those glass-ceramics calcined at argon atmosphere showedmuch
bettermagnetic properties (2.17 emu/g)when comparedwith the other compositions (<0.2 emu/g).
Therefore, calcination or thermal treatment atmosphere can be used to tune magnetic
properties.
The advances in the sol–gel synthesis allowed the development ofmesoporous structures, includ-

ing mesoporous bioactive glasses [82, 83]. In summary, these mesoporous structures are obtained
by adding self-assembled micelles and the synthesis, which are responsible for forming highly
ordered structures. When the gels are calcined, the ordered micelles are degraded, leaving empty
mesopores.
The production of mesoporous MBGC can be performed in two different ways: (i) a mesoporous

glass can be synthesized, and magnetic crystals can be grown within the mesopores [84]; (ii) mag-
netic nanoparticles can be added to the synthesis of the mesoporous glasses [85]. Note that the
different approaches yield different structures, as evidenced in Figure 22.7. It is worth noting to
mention that in the first case, the magnetic crystals are confined in the mesopores, enabling the
control of crystal growth. In contrast, in the second approach, the magnetic nanoparticles are pre-
viously synthesized and dispersed within a mesoporous structure.
The production of mesoporous MBGC through the growth of magnetite crystals confined in the

mesopores was proposed by Yan et al. [84], which produced an amorphous mesoporous structure
through the ELISA method, and based on the system 80SiO2–(15− x)Fe2O3–5P2O5–xCaO (x = 0,
5, and 10mol%). After obtaining the powders, after calcination, the glasses were submitted to a
heat treatment at 380 ∘C in an H2 atmosphere. It caused the reduction of Fe2O3 into Fe3O4. The
pores were exposed to the hydrogen atmosphere, favoring the nucleation of crystals within the
mesopores, although crystals were also grown on particle surfaces. Also, because the grown crystals
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(a) (b)

50 nm

50 nm

Figure 22.7 Transmission electron microscopy of mesoporous MBGC obtained by different methods.
(a) Growth of nanocrystals confined in the mesopores (the white arrows are pointing these crystals).
The inset shows the diffraction pattern of the samples, which show that the MBG is fully amorphous.
Source: Li et al. [86], Fig 02a (p. 3262)/Elsevier. (b) Magnetite nanoparticles added in the ELISA process.
Source: Liu et al. [85], Fig 3c (p. 200)/Elsevier.

were nanometric, they display superparamagnetic properties that, in turn, were dependent on the
iron content in the glass structure (Ms from 0.21 to 3.57).
The production of mesoporous MBGC by incorporating nanoparticles in the ELISA method

was proposed by Liu et al. [85], yielding nanocomposites based on the system 75SiO2–15CaO–
5P2O5:5Fe3O4. In this case, there is no need for additional thermal treatment besides calcination.
However, the ELISA method does not allow the incorporation of large quantities of nanoparticles,
limiting the magnetic properties (Ms ∼ 1.5 emu/g).
Themesoporous structure can also be used to load drugs to be delivered into the cancer site, thus

combining hyperthermia to drug delivery approaches. Both mesoporous MBGC proposed by Li
et al. or Liu et al. were incorporatedwith ibuprofen and gentamicin, respectively (Figure 22.8). Both
studies showed that the magnetic crystals affected drug loading and accessibility, which disturb
the pores’ permeability over a concentration-dependent manner. As more crystals are in the final
material, less drug or less accessible becomes the mesopores.
Besides drugs, therapeutic ions can also be incorporated into the glass structure and cause a spe-

cific desired biological response. Koohkan et al. [87] produced glass-ceramics through the EISA
process, based on the system SiO2–CaO–Fe2O3–P2O5 with the addition of copper oxide (CuO).
However, the authors did not report any thermal treatment to induce crystals’ formation in the
mesopores once the crystals were grown along with the EISA process. In this case, the copper was
intended to display an angiogenic effect, favoring bone regeneration. In this case, the authors not
only showed that the HUVEC (human umbilical vein endothelial cells/C554) had an enhanced
proliferation under indirect contact with dissolution products from the Fe–Cu-containing MBGC
but also showed that the addition of copper caused tuned magnetic properties (Ms from 0.2 emu/g
in the Fe-MBG to 1.0 emu/g in the Fe–Cu-MBG).
The development of scaffolds allowed osteoconductive 3D structure production and gives

mechanical support for cell growth and bone regeneration. The production of powders by the
sol–gel method also favored scaffold production by foam-replication process, one of the most
widely employed methods to produce bioactive glass scaffolds.
Baikousi et al. [88] were the pioneers in producing MBGC scaffolds. In their work, scaffolds

based on the system 70SiO2–25CaO–5P2O5 (CSP, mol%) were produced and subsequently sub-
mitted to a chemical treatment sequence to grow maghemite crystals in the pores. First, the scaf-
folds were immersed in an iron III nitrate solution, dried, and treated under vapor of acetic acid
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Figure 22.8 Drug release results of mesoporous MBGC obtained from different methods. (a) Growth of
nanocrystals confined in the mesopores. Source: Li et al. [86]/with permission of Elsevier. (b, c) Magnetite
nanoparticles added in the ELISA process. Source: Liu et al. [85]/with permission of Elsevier.

(99.5%). Then, the scaffolds were submitted to two thermal treatments, which favored the growth
ofmaghemite: 15minutes in argon (Ar) flowing atmosphere at 400 ∘C (CSP400@mag-17) or 800 ∘C
(CSP800@mag-17). In this work, it was evidenced that the thermal treatment played an essential
role in magnetic crystal growth: the higher the thermal treatment, the higher the saturation mag-
netization values. Besides, the grown crystal did not jeopardize the scaffold bioactivity, even though
undesired crystalline phases were also formed.
Wu et al. [89] showed that the polymer foam replication method could be coupled with the

EISA method to produce scaffolds with mesoporous structures. The authors then immersed a
polyurethane sponge (25 ppi) in a sol phase of the EISA method. After calcination at 700 ∘C to
eliminate the polymer template, a trabecular-like scaffold containing a mesoporous structure was
obtained (Figure 22.9). The authors were able to produce glasses similar to that from Li et al.
[86] (Aforementioned in the Section 22.2.3.3), with the addition of 5 and 10mol% of magnetite.
The final scaffolds showed ferrimagnetic properties, besides being bioactive and stimulating the
gene expression of osteocalcin and alkaline phosphatase activity. However, the final scaffolds’
saturation magnetization was still low, ranging from 0.2 to 1.0 emu/g, a limitation of mesoporous
MBGC when the crystals are grown in the mesopores.

22.2.4 Future Perspectives, Open Questions, and Challenges

Based on the three generations of MBGC showed so far, it is clear that allying magnetic properties
with bioactivity is still a challenge. None of them could make highly magnetic and highly bioactive
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(a) (b)

500 µm 60 nm

Figure 22.9 Magnetic scaffolds produced by the sol–gel method. (a) SEM micrograph of the
trabecular-like structure of the scaffold. Source: Wu et al. [89], Figure 02 (p. 04)/Elsevier. (b) TEM
micrograph showing the mesoporous structure of the walls of the scaffold. The inset figure shows the
diffraction pattern of the mesopores. Source: Wu et al. [89], Figure 03 (p. 05)/Elsevier.

materials, and the fourth generation of MBGC may be the one to overcome this challenge. It is
worth noting that the only material approved for clinical applications is superparamagnetic iron
oxide nanoparticles (SPIONs) intended for applications in neuroblastoma. It means that magnetic
hyperthermia, as a whole, needs more advances to make this treatment widely available for differ-
ent cancer treatments. However, the comparison between scientific knowledge about SPIONs and
MBGC can bring interesting questions about physical and biological studies.
WhenMBGCs are comparedwith SPIONs, it is noted thatmagnetic interactions between SPIONs

and how to make them more effective transducers in clinical applications have been exhaustively
studied [90, 91]. There is limited knowledge about the magnetic interactions between magnetic
crystals embedded in a bioactive glass matrix. Maybe, suppose more studies were performed by
magnetic susceptibility or zero-field cooling, field cooling (ZFC–FC),measurements are performed.
In that case, we could understand howmagnetic crystals interact with one another, bringing more
new ideas about glass-ceramic structure engineering [90]. For example, it is already known that
SPIONs coated with SiO2 are likely to display magnetic coupling if the coating is too thin to enable
interparticle interactions [92], which leads to lower power loss. Ideas like that can be interesting to
enhance the magnetic properties of MBGC without changing glass composition.
Regarding biological properties, there is a considerable lack of in vivo studies about the effec-

tiveness of MBGC. Ironically, the first study of MBGC was maybe the only one to perform in vivo
studies. There is a need for more evidence about these glasses’ ability to treat the bone tumor and
regenerate the tumor’s bone defect. So far, studies have been focused on evaluating the effective-
ness of these glasses through in vitro cell culture. Of course, these in vitro studies are needed, but
the lack of in vivo studies establishes a gap between technological innovation and clinical practice
in the long term. Nonetheless, in vitro studies still lacks an understanding of the molecular biol-
ogy interplay happening duringMBGC-derived hyperthermia. This kind of approach could help to
understand the success or failure of these materials in treating cancer.

22.3 Bioactive Glasses Applied in Brachytherapy

22.3.1 Brachytherapy: Classification and Physical Aspects

The name brachytherapy is derived from ancient Greek words for “short distance” (brachios) and
“treatment” (therapy) and has been developed formore than 100 years, merging with the evolution
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of oncology and nuclear medicine [93]. Thus, it is considered a generic term used to treat different
cancer types when a sealed ionizing radiation source is positioned near the diseased tissue. It is
also known as internal radiation therapy.
Compared to external therapy, themain advantage of brachytherapy is the radiation concentrated

only in the region of interest, i.e. in a tumor, significantly reducing the harmful side effects of radi-
ation on healthy tissues [94, 95]. Ionizing radiation comes from the decay of radioisotopes, α or β
particles, or γ rays. These radioisotopes react with cells by direct or indirect mechanisms. Through
the direct mechanism, they interact with the atoms of biomolecules, such as DNA. On the other
hand, they can break downwatermolecules by the indirectmechanism, resulting in highly reactive
oxidizing agents, which affect other vital cells, leading to cell death [96].
Some therapies use nonsealed radioactive sources, such as radiopharmaceuticals. Once injected

into the patient’s body, these bioactive are chemically attracted to the damaged tissue to be diag-
nosed or treated. On the other hand, in brachytherapy procedures, the radiation source is located
at short distances from the tissue to be irradiated, up to 12mm. It is surrounded by a capsule,
thread, needle, or microsphere to keep radionucleotides immobilized without migrating to other
body regions. It is successfully applied in treating several types of cancer, including prostate, breast,
uterus, skin, rectum, head and neck, esophagus and stomach, eyeball, and liver. In addition to the
direct therapeutic approach, this technique can be used together with other conventional tech-
niques, such as external radiotherapy and chemotherapy, or even as a complementary treatment
after tumor extraction [97].
Brachytherapy can be classified as interstitial, intracavitary, intraluminal, superficial, and

intravascular, according to the radioactive source’s implantation technique [98, 99]. Interstitial
brachytherapy occurs when the source is placed directly on the tissue to be irradiated, as in
the case of head and neck, prostate, among others. Intracavitary brachytherapy is used to treat
gynecological diseases, in which the radioactive source is introduced in the vagina or uterus.
In intraluminal brachytherapy, the source is placed inside the lumen, such as the esophagus
and trachea. On the other hand, skin and eyeball can be treated by superficial brachytherapy, in
which molds or plate sources are positioned on the surface of damaged tissue. Finally, considering
intravascular brachytherapy procedures, the radioactive source, as microspheres containing the
radioisotope, achieve the damaged tissue through the blood vessels, being suitable for liver cancer
treatment.
Another classification of brachytherapy can be related to the applied radiation rate. In the high

dose rates (HDRs), the radioactive source is implanted temporarily, reaching up to 12Gy/h at 1 cm
from the source. Themiddle dose rate (MDR) is considered between 2 and 12Gy/h, rarely clinically
used. The low dose rates (LDR) are procedures with doses between 0.4 and 2Gy/h. The very low
dose rates (vLDR) are applied considering dose rates below 0.4Gy/h. For the last ones, radioactive
sources can be permanently implanted [100].
The treatment can also be performed with a pulsed dose rate (PDR), where the high-intensity

radiation dose is applied periodically (typically at every hour) for short periods, aiming to simulate
the LDR treatment [93].
The type, site, and stage of cancer, togetherwith the patient’s health conditions, are essential vari-

ables to be considered to choose themost appropriate dose rate to be applied.High-dose brachyther-
apy is commonly used once the treatment period is reduced, diminishing possible associated side
effects. LDRs are typically used to reduce the patient’s pain [93].
Finally, brachytherapy can be classified as permanent or temporary, depending on the patient’s

interaction with the radiation source. Examples of brachytherapy with permanent implants are
prostate, liver, head and neck, lung cancer, and sarcoma treatments. The sources permanently used
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must have low energy and a short half-life so that the patient is not excessively exposed to radiation.
On the other hand, the temporary procedures consider a limited radiation source action, thus being
removed after an established treatment period. This treatment can be from a few minutes, consid-
ering HDR, to a few days, for LDR [101].
Among the several factors that should be taken into account in brachytherapy procedures, the

source of ionizing radiation, called radioisotope, deserves significant attention. The choice of the
most suitable radioisotope for a specific brachytherapy treatment must consider the type of radi-
ation emitted (α, β, or γ radiation), the radiation energy, the radioisotope half-life, their specific
activity, safety radiology procedures, and the involved cost of production [102].
Radioisotopes can be produced from the bombardment either by natural nonradioactive

isotopes, neutrons in nuclear reactors or by protons and other ions (deuterons, α particles, etc.)
particle accelerators, such as cyclotrons. During this bombardment, the atomic nucleus is modified
due to the difference between the number of protons and neutrons, becoming unstable and with
excessive energy. Therefore, radioisotopes produced in reactors are neutron-rich, such as Mo-99,
while those produced in cyclotrons contain more protons in their nuclei, such as F-18. Through
radioactivity, the unstable isotope reduces its nucleus’s excessive energy to achieve a more stable
configuration. This energy reduction process, called radioactive decay or disintegration, occurs
through the emission of α or β particles, or γ radiation, in a spontaneous and stochastic process.
However, through the probabilistic approach, it is possible to estimate the proportion of atoms
as a function of the total number of radioactive N atoms, which will decay in a certain period,
known as decay rate [99]. Such a decay rate (Eq. (22.7)) also indicates the radioactive source
activity (A).

A = dN
dt

= −𝜆N (22.7)

where 𝜆 is the decay constant, the negative sign indicates that, over time, the number of remaining
radioactive atoms is continuously decreasing. The number of remaining radioactive atoms can also
be predicted as a function of time (N(t), Eq. (22.8)). The radioactive source activity can be estimated
(A(t), Eq. (22.9)). At time t = 0, the total number of radioactive atoms is N0, and the respective
activity is A0:

N(t) = N0 ⋅ e−𝜆t (22.8)

A(t) = A0 ⋅ e−𝜆t (22.9)

Another critical characteristic of radioisotopes is the corresponding half-life (t1/2), i.e. the
estimated time for half of the initial atoms to decay. Replacing t by t1/2 in Eq. (22.8), it is possible
to predict N(t1/2) (Eq. (22.10)) and the radioisotope half-life (t1/2), according to Eq. (22.11)
[100]. Each radioisotope has its decay rate related to the instability of its nucleus. Therefore,
half-life varies from milliseconds (like 20.2ms for 12B) to billions of years (4.47× 109 years
for 238U).

N(t1∕2) = N0∕2 = N0 × e−𝜆t
1∕2 (22.10)

t1∕2 = ln 2
𝜆

(22.11)

Knowing the radioisotope half-life is essential for any areawhere these radionuclides are applied. It
gives information about how long a radioisotope can remain active. For brachytherapy, the half-life
is necessary for choosing the radioactive source and the most suitable treatment.
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Table 22.1 β-Emitters useful in particulate radiopharmaceuticals.

Radioisotope Half-life
Average/maximum
𝛃 energy (keV)

Maximum range
in tissue (mm) 𝛄-Lines

3H 12.3 yr 5.7/18.0 None
14C 5730 yr 49.5/156.0 None
32P 14.3 d 694.9/1710.2 8.7 None
90Y 64.1 h 933.6/2280.0 12.0 None
131I 8.0 d 181.7/806.9 2.4 131Te (β−)131I
153Sm 46.5 h 224.2/808.2 3.0 103.2 keV (29.8%)
165Dy 2.3 h 440.2/1286.7 6.4 94.7 keV (3.6%)
166Ho 26.8 h 665.1/1853.9 10.2 80.6 keV (6.7%)
169Er 9.4 d 99.6/350.9 1.0 168Er(n,γ)169Er
177Lu 6.7 d 133.3/497.8 1.7 176Lu(n,γ)177Lu
186Re 89.2 h 346.7/1069.5 5.0 137.2 keV (9.42%)
188Re 17.0 h 764.3/2120.4 11.0 155.0 keV (15.1%)
198Au 2.7 d 311.5/960.7 4.4 411.8 keV (95.5%)

Source: Burrill et al. [103]/with permission of Springer Nature.

Considering the characteristics of radiation emitted by the radioisotope, the α particles’ penetra-
tion ability in living tissue does not exceed 90 μm. On the other hand, β particles have a maximum
penetration of 12mm, while γ radiation can penetrate deep several centimeters. Thus, the most
appropriate radioisotope for cancer treatmentmust consider, in addition to the characteristicsmen-
tioned above, the type and energy of emitted radiation [103].
In general, the radioisotope used in brachytherapy must have a radiation spectrum that allows

the treatment of tumors with different dimensions. In this sense, a radioisotope emitting β radia-
tion with high-energy, high-activity, and a short half-life is preferable. This radioisotope must not
emit α particles but γ radiation once this last one is used for imaging diagnostics and follow-up.
Thereby, it is possible to identify the radioactive source site in the body and monitor its biodistri-
bution. However, this γ radiation must be of low energy to avoid unnecessary radiation dose to the
patient [104].
Several radioisotopes have characteristics that allow their application in brachytherapy to treat

tumors: 32P, 90Y, 109Pd, 140La, 153Sm, 165Dy, 166Ho, 169Er, 186Re, 188Re, 198Au. Table 22.1 shows the
main characteristics of these radioisotopes. 188Re, 90Y, 166Ho are close to ideal conditions. It is also
possible to combine radioisotopes with different traits, considering the type of emission, radiation
dose, and the half-life, aiming to promote the most appropriate conditions for a specific treatment
[105, 106].

22.3.2 Radiobiology of Brachytherapy for Cancer Treatment

The biological effects of antitumor therapies based on ionizing radiation are related to inducing
damage to biological molecules such as DNA, proteins, and lipids. Ionizing radiation can inter-
act directly or indirectly with these molecules. The direct interaction of ionizing radiation occurs
when an incident photon or an electron released into the medium by ionization interacts directly
with the molecules causing structural and functional changes. In indirect interaction, the photon
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or free-electron interacts with some molecule in the environment, usually water, leading to the
formation of reactive oxygen species such as the hydroxyl radical (⋅OH) that interacts and causes
damage to the other molecules in the environment [96].
The main target of radiotherapy, including brachytherapy, is the DNA chain that can undergo

single or double-strand break in addition to chromosomal rearrangements, translocations, and
inversions. For dose rates used in brachytherapy (ranging from 0.3Gy/h to 1Gy/min), DNA repair
is the preeminent parameter of cell lethality, and the ability to repair sublethal damages was a sig-
nificant factor of the radiobiological effect [95]. At the time of cell replication, DNA’s structural
integrity is assessed before the cell replicates this molecule to pass copies to daughter cells. Check-
ing systems inhibit cell cycle progression and cell replication when DNA single or double-strand
breaks and other damage types are detected while DNA repair mechanisms are activated. These
mechanisms involve many proteins capable of identifying the type of injury that has occurred
and initiating processes that aim to eliminate the damage and correct the error. Once the error
is restored, the cell progresses through the cell cycle phases until it can finish its replication phase.
However, if the damage cannot be corrected, the cell is often induced to death by apoptosis or is
eliminated in the next proliferative cycle. According to lethality, damage caused by ionizing radia-
tion can be classified as lethal DNA damage, which is irreversible and irreparable, potentially fatal
damage, which becomes lethal if not repaired (mainly double-strand DNA break), and sublethal
damage, which become lethal when accumulating during a fractionated irradiation, resulting in a
cumulative dose effect [95, 107].
Cells’ ability to repair the damages caused by ionizing radiation to DNA is associatedwith several

factors, such as the type of damage and its extent. DNA single-strand breaks and double breaks are
induced by ionizing radiation, the latter being more lethal because it has less ability to be corrected
by cell repair systems. When high doses of ionizing radiation are applied to a cell, DNA damage
accumulates, especially the DNA double-strand breaks, leading to cell death. In this way, DNA
double-strand breaks have been associated with lethal and potentially lethal damage from ionizing
radiation. In contrast, single breaks are generally seen as sublethal damage that can only cause cell
death when accumulated after irradiation sessions [108].
Understanding radiobiology, that is, the effects of ionizing radiation on cells and tissues, goes far

beyond knowing the types and extent of damage caused by radiation to DNA molecules. Indeed,
after a cell is exposed to irradiation, its ability to survive or commitment to deathwill be determined
not only by the type of DNA damage that has occurred and the ability of the cell to repair it but
also by its proliferation rate, brachytherapy specificities, and radiosensitivity of cancer and normal
cells. The last one is related to cancer cells’ interaction and the tumor microenvironment, immune
responses, the radiation dose, dose rate, and the treatment duration [108].
The “4R” concept has been used to understand the radiobiology of treatments using external

beam radiotherapy (EBRT) to describe the cellular response to ionizing radiation concerning DNA
repair, redistribution in the cell cycle, repopulation, and reoxygenation. However, it can also be
used to understand BT’s biological effects, although some considerations are needed [108].

22.3.2.1 DNA Repair
As mentioned earlier, cells rely on DNA repair systems, and sublethal and potentially lethal dam-
age, especially DNA single-strand breaks, can be repaired. Radiotherapies like BT exploit the dif-
ferences in normal and tumor cells’ capabilities to detect and repair DNA damage as a strategy
for treating cancer. Normal cells have a higher DNA repair capacity than tumor cells. Tumor cells
generally have defects in the G1 and G2 cell cycle checkpoint systems, often allowing DNA dupli-
cation or distribution among daughter cells even in the presence of damage to these molecules.
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The p53 transcription factor is considered a tumor suppressor protein whose activity is associated
with the modulation of molecular mechanisms responsible for detecting DNA damages and DNA
repair machinery. In the presence of structural damage in the DNA molecule, p53 accumulates in
the nucleus, where it transactivates the target gene leading to the expression of proteins responsible
for inhibiting the cell cycle’s progression and repairing the detected damage. If the damage cannot
be corrected, p53 induces the expression of proteins associated with the activation and execution
of programmed cell death programs, such as apoptosis. The p53 gene (TP53) is the most frequently
mutated tumor suppressor across all cancers, and the loss of its normal function justifying these
cells’ high sensitivity to the effects of ionizing radiation [108]. Malignant cell transformation, a
process that leads a normal cell to become neoplastic, involves the loss of function in various com-
ponents ofDNA repair systems, allowing the future tumor cell to acquire genetic instability. Genetic
instability is still fundamental in developing many of a neoplastic cell’s characteristics and its pro-
gression to more aggressive and resistant phenotypes [4]. In this way, the tumor cells can be seen
as defective cells in repair mechanisms and are continually undergoing DNA changes and accu-
mulating genetic alterations. Therefore, in radiotherapy treatments including BT, if the ionizing
radiation dose is fractionated and the fractions administered six to eight hours apart (time required
to allow the repair in normal tissues), normal cells can repair the DNA damages. Under the same
conditions, the tumor cells accumulate potentially lethal and sublethal damage causing them to
turn into lethal damage leading to cell death.

22.3.2.2 Redistribution in the Cell Cycle
From the moment a cell is induced to proliferate, a series of molecular events responsible for cell
growth will begin, including the synthesis of macromolecules and the duplication of genetic mate-
rial, and the division of the synthesizedmaterial between the daughter cells. These steps character-
ize the cell cycle that can be divided into twomajor phases: interphase andmitosis. The interphase
can be subdivided into three phases called G1 (gap1), S (synthesis), and G2 (gap 2). In the S phase,
DNA is duplicated, while the G1 and G2 phases are those that precede and succeed, respectively,
this event. Mitosis is known as the M phase of the cell cycle, and together with the G2 phase, and
they are recognized as the phases of the cell cycle most sensitive to the effects of ionizing radiation.
The highly compacted state of the genetic material in phase M contributes to a more significant
accumulation of damage in the cells submitted to irradiation at this phase. At the same time, in
this more compacted state of the genetic material, proteins from DNA repair systems have more
difficulty accessing DNA.
In contrast, the S phase presents a lower sensitivity to irradiation, most likely due to the duplic-

ity and decompression of DNA and the increase of the DNA-PKc enzyme involved in repairing
DNA double-strand breaks [109, 110]. Thus, tissues with a higher proliferative rate generally have
greater sensitivity to radiotherapy and brachytherapy since more cells will be progressing through
the cell cycle and reaching theM phase. Tumor cells have a high proliferative rate, while cells from
normal nontumor tissues are more differentiated and have a less replicative capacity, which par-
tially explains the greater sensitivity of tumor cells to the effects of ionizing radiation. Each time
a tumor tissue is exposed to radiotherapy or brachytherapy, tumor cells in the M phase are elimi-
nated or accumulate sublethal or potentially lethal damage. Tumor cells in the remaining phases
of the cycle that have survived continue to progress through the cell cycle and are redistributed in
each phase, including phase M. Then, if the tumor tissue is irradiated again, more tumor cells are
eliminated. Therefore, the continuous redistribution of tumor cells throughout the cell cycle and
treatment with fractional doses of ionizing radiation contributes tomore efficient radiotherapy and
brachytherapy.
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22.3.2.3 Repopulation
The irradiation of nontumor cells during treatments with ionizing radiation is responsible for the
usual late side effects associated with the use of this type of therapy. Over the years, imaging
techniques and equipment improvement have enabled the development of precision EBRTs, such
as stereotactic irradiation and intensity-modulated radiotherapy (IMRT). However, evenwith these
improvements and even in brachytherapy, considered highly accurate, it is still necessary that the
protocols aim to minimize the effects on healthy cells and increase the impact on tumor cells.
The principle of repopulation is based on the fact that normal cells have a greater capacity to repair
the damage caused by ionizing radiation. In this way, as long as there is an appropriate time inter-
val between the fractions of the applied radiation dose, normal tissue cells can repair the sublethal
and potentially lethal damage caused by the first radiation exposure and regrow, repopulating the
tissue. In contrast, the tumor cells tend to accumulate the lesions culminating in the induction of
death.

22.3.2.4 Reoxygenation
The presence of oxygen in the irradiated tissue is essential in radiotherapy treatments because oxy-
gen “fixes” the damage caused to the DNA by radiation. In this way, cells located in environments
with low oxygen availability are less affected by ionizing radiation. It is the case, for example, of
cells found in the innermost parts of the tumors that constitute markedly hypoxic regions. In gen-
eral, the tumor environment is marked by an O2 pressure gradient from the most peripheral cells
(more oxygenated) to the most internal and most hypoxic cells in the tumor mass. Unlike healthy
tissues, where blood vessels ensure adequate distribution of oxygen and nutrients to all cells, blood
vessel networks often present with irregular and chaotic distribution in tumor tissues.
In contrast, blood vessels can be structurally altered, impairing adequate oxygen perfusion in the

tissue [111]. The situation becomes even worse for the tumor mass’s innermost cells, considering
that in the trajectory of the blood vessels, the most peripheral cells are the first to come into contact
with the blood, managing to capture oxygen and nutrients in an adequate amount. In contrast, the
innermost cells end up in contact with blood vessels where the amount of oxygen and blood nutri-
ents is already quite limited. In the cancer treatment performed by radiotherapy or brachytherapy,
there is the more apparent death of peripheral cells, which are more prone to suffer the effect of
ionizing radiation. With the loss of the most peripheral cells, the innermost cells have increased
oxygen availability, are reoxygenated, and become more sensitive to exposure to a new fraction of
radiation.
The “4R” theory is of great importance for fractional radiotherapy treatments that aim to expose

tumors to higher total radiation doses while ensuring less toxicity to neighboring healthy tissues.
In these treatments, the total dose administered, dose per fraction, number of fractions, and whole
treatment time are also carefully defined to increase treatment efficiency and reduce side effects.
Importantly, in the last decades, the progress in tumor biology understanding and further studies
on the impact of radiotherapy in cancer treatment have brought new components to the study of
radiobiology and those already described by the “4R” theory. The amount of radiation tolerated
by each patient, intrinsic sensitivity to radiation, radiation interaction with the tumor microenvi-
ronment, and the induction of an immune response are among the main biological factors to be
considered together with the 4R.
Different types of tumors may differ markedly in their intrinsic radiosensitivity. Radioresistance

may be related to tumor cells’ inability to activate death mechanisms in the face of lethal damage,
among other factors [112]. In these cases, the planning of radiotherapy treatments may involve
high doses of radiation to achieve better results. Then, radioresistance has been considered another
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radiobiological factor to be considered when planning brachytherapy and radiotherapy in general,
therefore, being considered the fifth R to be added to the 4R theory [113].
Although for a long time, tumor characteristics have been associated only with the features and

abilities of the tumor cells, today we know that the behavior of the tumor cells and the charac-
teristics of the tumor result from the interaction between the tumor cells and their surrounding
environment, the tumor microenvironment. Understanding cancer is understanding the intricate
relationships established between tumor cells and fibroblasts, cells of the immune system, blood
vessels, and signaling molecules distributed by the extracellular matrix. It is through interaction
with the tumormicroenvironment that preneoplastic cells acquire, among other characteristics, the
immune system’s evasion and subversion capabilities, as already described in Section 22.2 of this
chapter [4, 54]. Currently, immunotherapies are being introduced as adjuvants to treat metastatic
cancers to restore antitumor immunity allowing the target of such cells that fail to be eliminated
by the traditional antitumor therapies [114].
Remarkably, radiotherapy is an efficient immune-modulatory therapy. Indeed, radiotherapy’s

immune-stimulatory effects, referred to as the “abscopal effect,” emerged as a hypothesis to explain
the rare clinical observations of tumor response in metastases outside the radiation field. Accord-
ing to preclinical models, the abscopal effect is largely immune-mediated, involving the priming
of tumor antigen-specific T cells, immune cell infiltration into the tumor tissue, changes in the
immunosuppressive tumor microenvironment, and immunogenic modulation of the tumor cell
phenotype, leading to an increased sensitivity of irradiated tumor cells to lymphocyte-mediated
lysis [115, 116].
The association of BT to immunotherapy is a promising strategy for cancer treatment, includ-

ing cases where the disease reached the metastatic stage. The higher radiation doses of BT may
induce a massive release of tumor-associated antigens, triggering distant abscopal responses. In
addition, the heterogeneity of the radiation dose delivered to the tumor may minimize antago-
nistic effects on peripheral immune cells by avoiding irradiation of draining lymph nodes at the
same time allowingmultiple immunogenic mechanisms corresponding to each distinct dose range
[117, 118]. Indeed, it has been shown that close to the radiation source, the exposure of the cells
to hyperdoses results in a high rate of immunogenic tumor cell death followed by the release of
tumor-specific antigens needed for the priming of T cells [115]. Along the dose gradient, survivor
tumor cells exposed to high-to-intermediate doses per fraction (5–12Gy) may suffer phenotype
modifications that can undergo immunogenic modulation [119]. Tumor regions exposed to mod-
erate doses per fraction (2–5Gy) may induce leukocyte infiltration in the tumor tissue enhanced by
immune-stimulatory cytokines [120, 121]. Even regions exposed to low doses per fraction (1–2Gy)
could benefit from BT promoting the local depletion of suppressive immune cell lineages, highly
sensitive to radiation [122, 123]. Besides the potential improvement that can be reached by com-
bining brachytherapy with immunotherapy, only a few preclinical studies have been reported. The
results have shown that coupling irradiation of colorectal carcinoma, lung, and pancreatic ade-
nocarcinoma with immunotherapy increase the occurrence of abscopal effects in mice models
[121, 124, 125], reinforcing the need for more studies to be carried out in this area.
The effects of brachytherapy on the tumor microenvironment depend on the type of treatment

used, the radiation sources, and how they are implanted in patients. As already mentioned, the
sensitivity to ionizing radiation’s effects is hugely dependent on the availability of oxygen in the irra-
diated environment, and the higher the oxygenation, the greater the treatment’s ability to induce
lethal effects. Although brachytherapy effects on tumor vascularization are poorly known, some
studies have shown an increase in partial oxygen pressure (pO2) in murine tumor models treated
with 125I seeds [126]. Besides, experiments usingmammalian cell cultures irradiated with HDR-BT
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(66Gy/h) and LDR-BT (0.32Gy/h) showed that the oxygen enhancement ratio for HDR-BT was
approximately 2.4 vs. 1.5 for LDR-BT, suggesting a more significant oxygen effect with HDR-BT in
contrast to LDR-BT [127, 128]. Finally, data from preclinical studies indicate that BT’s implantation
technique can determine the level of perfusion and oxygenation in the irradiated tissue, potentially
affecting treatment outcomes. In a preclinicalmousemodel, a significant decrease in perfusion and
oxygenation was observed after implantation of interstitial catheters suggesting that this procedure
could lead to local hypoxemia with a substantial reduction in the radiation effect of an HDR-BT
treatment [129].
In the past and even nowadays, studies of brachytherapy’s radiobiology seem to be scarce and

limited only to evaluate the dose-rate effects of the radiation. Indeed, most available data have
been obtained in the 1980s from studies focusing on the dose-rate effect. Little data are known
concerning the cell cycle distribution, repopulation, or reoxygenation, which are significant thera-
peutic index parameters. As in the case of immunotherapy, BT could be an excellent adjuvant with
other therapies reinforcing the need to develop more studies of the radiobiological effects of BT in
isolated and combinatory ways.

22.3.3 Biocompatible Glasses Applied in Brachytherapy

This section of this chapter deserves special attention regarding definitions. The authors of this
chapter define “biocompatible glasses” as any vitreous material used in biomedical applications,
regardless of any bioactivity property. In contrast, we define “bioactive glasses” as glasses that
show bioactivity. Therefore, bioactive glasses are a subgroup of biocompatible glasses; once the
last one is a more broad definition because it includes bioinert, resorbable, and bioactive glasses.
This section was named “Biocompatible Glasses Applied in Brachytherapy” because we will dis-
cuss the applications of bioinert aluminosilicate glasses in radioembolization, as well as bioactive
glasses containing rare-earth elements aiming treatment of bone cancer. Considering that most of
the literature concerning glasses in brachytherapy applications is focused on radioembolization,we
shall introduce radioembolization principles and later discuss aspects related to glass technologies.

22.3.3.1 Introduction to Radioembolization: Materials and Applications
Radioembolization, also known as selective internal radiation therapy (SIRT), is intra-arterial
brachytherapy, in which the radioactive source comes from ceramic or polymeric microspheres
containing the radioisotope in their structure [103]. The microspheres are injected into the
patient artery, and the microspheres are accumulated in the tumor site due to the tumor’s high
vascularization. The world’s brachytherapy market could reach US $2.4 billion in 2030, with a
growth rate of 8% per year, driven mainly by the development of microspheres and electronic
devices used in brachytherapy [130].
The success of radioembolization procedures relies on the properties of the microspheres, which

should fulfill some characteristics, such as [131, 132]: be easily labeled and resistant to elution of
the radioactive label,macrophage removal, or radiolysis; and present uniformmicrosphere size (i.e.
greater than microcapillary diameter of around 8 μm and small enough to lodge as distal as possi-
ble) and density comparable to that of blood is necessary to prevent settling and ensure uniform
distribution. The radionuclide label must be a high-energy β-emitter with an acceptable range and
an intermediate half-life of a few days for suitable efficacy. Finally, themicrospheres should be visi-
ble by PET (positron emission), SPECT (γ-emission), CT (sufficient density), orMRI (paramagnetic
properties) to assess distribution [103, 133].
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Figure 22.10 Illustration of a highly vascularized
tumor and microspheres distribution throughout
the tumor. Source: Bretcanu and Evans [134],
Fig 03 (p. 270)/Elsevier.
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Currently, there are three different kinds of microspheres commercially available: (i)
TheraSphere® (BTG International Medicine, USA): glass microspheres containing 90Y as a
radioisotope; (ii) SIR-Spheres® (SIRTEX Medical Limited, USA): resin microspheres containing
90Y radioisotope; (iii) QuiremSpheres® (Quirem Medical, Deventer, The Netherlands): PLLA
microspheres, with 166Ho radioisotope [133–136]. Figure 22.10 shows glass microspheres contain-
ing 90Y (TheraSphere) used in radioembolization. The most used microsphere in clinical practice
is the TheraSphere and the SIR-Spheres. A systematic review [137] that evaluated the adverse
event profile of TheraSphere and SIR-Spheres in the treatment of hepatocarcinoma suggested
using a glass microsphere as a vector of 90Y is more suitable than resin ones. For example, patients
treated with SIR-Sphere had a more hepatobiliary adverse event of grade 3 or higher. The review
concluded that glassmicrospheres were safer than resinmicrospheres due to fewer gastrointestinal
and pulmonary adverse effects in the treatment of hepatocarcinoma. These outcomes evidence
that technological advances are more likely to be performed in the glass microsphere once they
are more promising for cancer treatment than the other materials available.
Although microspheres for radioembolization can be made of different materials, glassy micro-

spheres have been researched once they display two critical properties that make them suitable for
brachytherapy applications: lack of periodical structure and tailored chemical durability. Because
of the lack of periodical structure, glasses can successfully incorporate different radioisotopes into
their glassy structure even at different concentrations. Furthermore, by controlling their chemical
durability and dissolution kinetics, the release of radioactive ions into the body can be successfully
avoided [138, 139]. When the glasses are produced as microspheres, precise control of microsphere
size is required to ensure that the microsphere can circulate in an arteria until it reaches the tumor.
The initial concepts of radioembolization were first published in 1960 [102, 134], significantly

improving since then. This therapy is currently widely used to treat renal tumors [140], primary
hepatocellular carcinoma (HCC) [135], or metastasis, such as colorectal, neuroendocrine, breast,
and uveal melanomas [103].
For example,when surgical removal is no longer desired in the advanced stage of renal cancer due

to the risk of spreading cancer cells to other tissues, treatment with radioactive microspheres can
be considered a promising alternative. After initial treatment, in which microspheres are applied
through the renal artery, tumor reduction is expected because of cancer cells’ death caused by ion-
izing radiation. Consequently, surgery removal can be performed withmore success. Hamoui et al.
[140] reported the successful treatment of an advanced renal cancer stage using glass microspheres
containing 90Y. In vivo studies have also shown exciting results about radioactive glass microsphere
usage in renal cancer radioembolization. Ehrhardt andDay [141] used glassmicrospheres based on
52SiO2–21Al2O3–20MgO–7Sm2O3 composition (in wt%) in in vitro rabbit experiments that varied
the radiation dose and showed a reduction in irradiated kidney size (25–35%) and no side effects to
the other tissues.
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Figure 22.11 Delivery of microsphere
through a catheter in the hepatic artery.
Source: Bretcanu and Evans [134]/with
permission of Springer Nature.

Brachytherapy can be successfully used by the particular feature of the liver’s vascular irrigation
concerning liver cancer. The liver tumors are almost entirely irrigated by the hepatic artery, while
the blood supply to healthy tissue occurs through vein access (Figure 22.11). Thus, by introducing
radioactive microspheres through the hepatic artery, they will be located into the small arterioles
inside and on the tumor’s periphery through amicrocatheter (Figure 22.11). The cancer cells’ death
occurs by high-energy β-particles irradiation, with almost no damage to healthy cells. Besides cell
death induced by ionizing radiation, microspheres are lodged within arterioles that irrigate the
tumor, obstructing the blood circulation due to their diameter (between 20 and 30 μm).

22.3.3.2 Advances in Glass Microspheres for Radioembolization
The glasses used in brachytherapy are first proposed in the early 1980s. The microspheres of these
glasses were first proposed for the treatment of rheumatoid arthritis and intracavitary tumor. Since
2005, they have offered radioembolization or intra-arterial brachytherapy to treat liver cancer [103,
134]. The radioactive microspheres for cancer treatment by radioembolization were first reported
by Debert E. Day and colleagues in 1987 [139, 141, 142]. These microspheres were glasses based on
the system Y2O3–Al2O3–SiO2 (YAS), with a diameter size between 20 and 30 μm, being the basis
for the commercial 90Y TheraSpheres. However, the YAS composition of the glassmicrospheres has
some limitations, such as melting and spheroidization temperatures are too high; the dissolution
rate is very low, considering the half-life of 90Y. Thus, the possible long-side effects of these micro-
spheres were not yet evaluated. Finally, it is challenging to monitor its biodistribution due to the
radioactive characteristics of the 90Y.
The success of glassmicrospheres for brachytherapy applications relies on threewell-known vari-

ables: (i) biocompatibility, (ii) chemical durability (dissolution kinetics), (iii) radioactive properties.
Concerning the differentmaterials, glassmaterials are among the scarce ones that combine all these
variables. Of course, their chemical structure plays a crucial role in explaining how all these fea-
tures can be found together. Therefore, let us first understand the glass structure of glasses used in
biomedical applications.
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The prominent glasses for biomedical applications can be classified according to their network
formers oxides: silicates (SiO2), phosphates (P2O5), and borates (B2O3) [143]. Besides the network
formers oxides, the glasses are also made of network modifiers, including Li2O, Na2O, K2O, CaO,
and MgO; other elements from the periodic table either behave like network formers or modifiers
and are so-called “intermediate oxides” (such as Al2O3, ZnO, TiO2, CuO, Ag2O3). The network
formers are linked to one another through covalent oxygen-bridging bonds, such as Si—O—Si,
P—O—P, and B—O—B, leading to a tridimensional connected network. The network modifiers
form covalent and ionic nonbridging oxygen bonds, such as Si—O—X, P—O—X, and B—O—X,
where X is an alkaline, alkaline-earth, or a transition metal. In contrast to bridging oxygens that
yield a connected network, the nonbridging oxygens are responsible for disrupting the tridimen-
sional network, thereby decreasing the glass network connectivity. The intermediate oxides are
responsible for a complex modification of the glass network once their inclination to a more for-
mer or modifier role depends on their concentration and all the other elements that are part of the
glass composition [144–146].
It is worth noting to mention that since the glass network is free of periodicity, it is also free of

crystalline defects that, in turn, allows the inclusion of almost all the elements from the periodic
table in a glass structure [147]. Consequently, elements with suitable properties for brachytherapy
applications can be included in the glass composition, such as 90Y, 186Re/188Re, 32P, 156Sm, 142Pr,
and 166Ho. A note of caution is due here; these chemical elements are added in the glass struc-
ture as stable isotopes and are later submitted to neutron activation when the microspheres are
already done.
The glass formers oxides play a significant role in glass reactivity and stability. In this sense,

understanding the behavior of glass formers on glass reactivity helps design new compositions of
glasses aimed at brachytherapy applications. Phosphates glasses are formed by orthophosphate
(PO4

3−) tetrahedron units [148]. However, one oxygen atom is double-bonded with phosphorus,
remaining the other three oxygen atoms available to be shared with another tetrahedron, form-
ing bridging oxygen bonds. This particularity reduces its connectivity network but allows more
options about glass composition. In contrast to silicate glasses, in which the increase in SiO2 con-
tent increases their chemical reactivity, pure phosphate glasses are very reactive and hygroscopic.
Thus, network modifier oxides increase the chemical stability of phosphate glasses by breaking
the P—O—P bonds and forming nonbridging oxygen. The nonbridging oxygen bonds of phos-
phate glasses are stronger than bridging oxygen ones. The strength of P—O—X bonds increases
as the valence of modifier ion increases or ionic radius decreases, leading to an overall increase in
the chemical stability of the phosphate glass structure [149, 150]. Like phosphate glasses, borates
glasses are also very reactive, with low chemical stability leading to faster dissolution. These glasses
have been developed as borosilicate, varying the SiO2/B2O3 ratio to control their dissolution prop-
erties and chemical stability [145].
Once known as glass formers influence the strength of chemical bonds in the glass structure,

one can infer how the glass composition is responsible for the glass chemical durability, the glass
dissolution in an aqueous medium. Moreover, their chemical durability must be enough to resist
the elution of radioactive ions and compatible with the radioisotope’s half-life. Ideally, they should
have high chemical stability in the medium during the high activity of radioisotope, maintaining
activity only in the specific tumor site. However, after eight half-lives, when the radioisotope activ-
ity reaches less than 0.4% of the initial activity, the dissolution process is desired. It is worth noting
that the 90Y TheraSphere does not meet the dissolution criteria for the ideal glass microsphere for
radioembolization once it shows very high chemical durability.
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Taking all these points into account, special attention should be given to aluminosilicate glasses
once these glasses show high chemical durability due to their well-connected glass network
and high bond strengths between silicate and alumina species. Over the past few years, several
studies have focused on overcoming the limitations of the 90Y TheraSphere, mainly its high
chemical durability. Then, these proposed alternatives rely on glass compositions based on the
system RE2O3–Al2O3–SiO2, known as rare earth aluminosilicate (REAS) glasses. The REAS
glasses aim at replacing 90Y with other rare earth like 186Re/188Re, 32P, 156Sm, 142Pr, and 166Ho.
In addition to β emitters, they also are γ-emitters, having suitable radioactive characteristics
(Table 22.1) [102].
Despite the remarkable properties of REAS glasses, other systems have also been researched

and deserve some mention, such as glasses based on phosphates (32P2O5–MgO–Al2O3–SiO2) and
borates (186/188Re2O3–B2O3–MgO–Al2O3–SiO2). Note that the glasses are also aluminosilicate
glasses, but they also contain other glass formers like phosphorus and boron oxides. Because
of the high chemical reactivity of phosphorous and boron in the glass structure, the chemical
durability of these glasses is lower than in REAS and the 90Y TheraSphere. Although these
glasses are noncommercial compositions, there are intended to overcome the too high chemical
durability of the 90Y TheraSphere, allowing the glass to be dissolved after the cancer treatment
[134].
Special attention must be given to the fact that all the aluminosilicate glasses developed for

radioembolization, so far, are classified as bioinert materials; that is, they neither chemically inter-
act nor trigger any biological response in living tissues that could be related to dissolution products
from glass dissolution. The bioinert properties of these microspheres are addressed to their high
chemical durability, which impedes ion-exchange reactions or the break of network formers bonds
that are considered the initial mechanisms needed to trigger a bioactive response [102, 138].
Considering the radioisotope that is commonly applied in radioembolization, some characteris-

tics should be considered [105]: (i) to have a radiation spectrum that allows the treatment of tumors
of different sizes, which means having an emission of β-energy that allows the particle’s penetra-
tion through the entire tumor tissue; (ii) to ally HDRwith a shorter half-life, which provides amore
effective treatment; (iii) to emit low-energy γ-radiation, just enough to determine the radioisotope’s
biodistribution by mammography, thereby avoiding the patient’s exposure to unnecessary doses;
(iv) the incorporation of the radioisotopemust be focused, without dispersing it through thematrix;
(v) to have a high shock session for thermal neutrons, guaranteeing a high specific activity with a
shorter activation period inside the reactor. Currently, 166Ho radioisotope has been showing the
most promising results, considering all these requirements mentioned above.

22.3.3.3 Manufacturing Methods of Glass Microspheres
Glass microspheres can be produced by different methods, considering specificities related to raw
materials, size and porosity distribution, and cost. They can be classified into sol–gel or thermal
processes (Figure 22.12). The sol–gel methodology includes many variations, such as hydrother-
mal process, emulsification, internal gelation, solvent extraction, spray-pyrolysis, and spray drying
[152–154]. Thermal methods, on the other hand, require melting with flame spheroidization, drip-
ping, or plasma.
The melting and spheroidization process is the most traditional method to produce glass micro-

spheres in size range between 20 and 40 μm is through [138, 155–157]. The process can be sum-
marized into four steps: (i) the oxides components are manually mixed and melted in a platinum
crucible, at specific conditions defined for each composition; (ii) the fusedmaterial is fast cooled to
avoid possible crystallization. The powder is grounded and classified to have the desired particles
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Figure 22.12 Illustration of glass microsphere production by the (a) sol–gel, (b) flame spheroidization, and
(c) furnace methods. Source: Hossain et al. [151]/with permission of Springer Nature.

size range; (iii) spheroidization process,which consists of using a gas flame at high temperature that
softens the particles, making them spherical due to the superficial tension effect; (iv) the obtained
spheres are submitted to a size classification.
The melting and particle spheronization conditions depend directly on the glass composition,

as exemplified for REAS compositions in Figure 22.13 that show the region in which REAS glasses
can be spheroid at an acetylene/oxygen flame temperature in a short period. Different rare earth
displays additional compositional features due to the different chemical bond strengths displayed
by them. The phase diagram in Figure 22.13 is also interesting to design glass composition
with final density suitable to allow microspheres to be transported throughout the blood flux in
arteries.
After themicrosphere production, they are neutron-irradiated in a nuclear reactor to produce the

intended radioisotopes. Although the radioisotope is not sealed or encapsulated, as in other seeds, it
remains immobilized into the matrix, which allows its positioning at short distances from the irra-
diated tissue without being spread to other body regions. They must fulfill the glass specification,
as discussed above.

22.3.3.4 Bioactive Glasses for Treatment of Bone Cancer by Brachytherapy
Because aluminosilicate glasses display high chemical durability and very low dissolution
kinetics in the body fluid, they do not chemically interact with the living cell from the human
body and are classified as bioinert glasses. However, other glass compositions have been pro-
posed aiming at bioactive glasses with radioactive properties. The development of Bioglass®
(24.35Na2O–26.9CaO–2.57P2O5–46.1SiO2, in mol%) by Larry Hench et al. in 1971 [158] was a
milestone of glass and vitroceramics applications in the biomedical field, mainly in bone tissue,
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Figure 22.13 Compositional diagram showing
the glass formation range for rare earth
aluminosilicate (REAS) compositions that melt
below 1600 ∘C. Source: Day [102]/with permission
of John Wiley & Sons.

due to its biocompatible properties and strong chemical bond interface with hard and soft
tissues [60]. Since then, advances have been made aiming at new compositions for other specific
applications beyond bone regeneration, which led to the development of bioactive and resorbable
glass compositions with radioactive properties for cancer treatment [101, 144, 159, 160].
In 2003, the first report of resorbable glass as a radioisotope vector was published by a Brazilian

research group [159]. This glass was based on the SiO2–CaO system containing between 4.5 and
11.5wt% of Sm2O3 as a precursor of 153Sm radioisotope. Although glasses based on the SiO2–CaO
system are known to be bioactive, the glasses developed by Roberto and Magalhães showed a high
dissolution rate, yielding a resorbable glass. Moreover, these glasses were intended to replace 125I
seeds used in the brachytherapy of prostate cancer, being the reason why 153Sm was chosen as
a radioisotope. While 125I has a half-life of 54.9 days, 153Sm has a half-life of 46.27 hours, mak-
ing 153Sm more suitable for resorbable seeds for brachytherapy. In vivo studies of these resorbable
glasses in the rabbit’s liver model showed that the glasses completely dissolve in living tissues after
seven months.
After the work of Roberto et al. [159], other research groups also developed studies focusing on

prostate cancer treatment by brachytherapy.Most of these works consist ofMonte Carlo simulation
to study the dose calculation of different resorbable glasses containing other radioisotopes such as
153Sm, 32P, 90Sr/90Y, 166Ho, 142Pr, and 188Re. These studies focused on finding which radioisotope
can combine a high initial dose ratewith a short distance of β-particle emission. So far, these studies
have suggested 166Ho, 188Re, and 153Sm as the best radioisotopes for applications in prostate can-
cer. It is essential to highlight that these Monte Carlo simulations are performed using the AAPM
TG-60 (American Association of Physicist in Medicine, Task Group-60) formalist, which recom-
mends a dosimetry protocol for interstitial brachytherapy, considering parameters such as source
of β emitters, dose rate, radial dose function, and material’s anisotropy [101].
Besides resorbable glasses, bioactive glasses have also been proposed for brachytherapy applica-

tions, but their focus relies on bone cancer treatment. Fascinatingly, the first studies of bioactive
glass matrix as a vector of a radioactive isotope came from dynamic molecular studies carried out
by Christie et al. [144] that proposed a 90Y-bioactive glass (90Y–BG, SiO2–Na2O–CaO–P2O5–Y2O5).
The computational simulation carried out by Christie showed that yttrium plays an exciting role in
the glass network.While yttrium addition fragments in the silicate network favor glass dissolution,
the high bond strength of yttrium-mediated cross-linked silicates bonds disfavor glass dissolution.
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Therefore, the counterbalance between bond strength and network fragmentation is responsible
for not changing the glass chemical durability, thereby keeping their bioactivity [161].
A series of experimental studies performedwith rare-earth-containing bioactive glasses (RE-BG)

helped to understand the role of rare earth on the glass structure, dissolution, and bioactivity,
encouragingmore studies of radioactive bioactive glasses, besides confirming the theoretical results
from computational simulations. Borges et al. experimentally showed that the rare-earth major-
ity plays a modifier role in the glass structure of bioactive silicate glasses, being responsible for a
decrease in network connectivity [162]. Despite the less-connected network, experimental results
confirmed that RE-BG dissolves slower than nondoped glasses because of the strong chemical
strength of Si—O—RE bonds [163]. On the other hand, the slower dissolution rate does not seems
to affect the bioactivity of RE-BG, which shows the formation of hydroxyapatite on their surface in
bioactivity studies using SBF.
Recently, Delpino et al. [164] showed that sol–gel-derived bioactive glasses based on the

system SiO2–CaO–P2O5–Ho2O3 are prominent compositions for the treatment of bone cancer by
brachytherapy. This study showed that a less-connected glass network caused by the holmium
addition is responsible for favoring glass dissolution in an early stage. However, in the long-term,
Si—O—Ho bonds’ strength takes place, diminishing the glass dissolution rate. Those finds were
essential to understanding howRE-BG can be bioactive despite the addition of rare earth elements.
It was confirmed that the initial faster dissolution kinetics is responsible for releasing calcium
and phosphate ions toward the body fluid, favoring bioactivity. In contrast, the slower dissolution
kinetics retains holmium ions attached to the glass structure in the long term. Considering bone
cancer treatment, these glasses would bond to the bone tissue through osteointegration and treat
the bone cancer without releasing 166Ho in the body fluid over pathological concentration. In
other words, these bioactive glasses are safe materials for brachytherapy applications.

22.3.4 Challenges and Future Perspective

Despite the advantages of brachytherapy, there is a decline in its usage over the last years, which
has raised awareness in the scientific community, which was exhaustively reported by the “Na-
ture Outline: Prostate Cancer,” an editorially independent supplement from the journal Nature.
In the United States, brachytherapy has been eclipsed by sophisticatedly specialized treatment
like robot-assisted surgery and proton therapy, caused by facilitated reimbursement policies that
favor new approaches in private healthcare facilities [165, 166]. However, brachytherapy is a safe,
effective, and cheaper procedure than other current interventions like robot-assisted surgery and
beam therapy [167]. Therefore, in countries that offer universal healthcare afforded by public funds,
brachytherapy is one of the most cost-effective options for treating some types of cancers [93]. In
this sense, brachytherapy still deserves special attention and new technological advances to keep
this treatment affordable, effective, and less invasive [98].
The advances in glasses for brachytherapy applications rely mainly on rare-earth development

containing silicate glasses, once rare-earth isotopes such as 166Ho, 188Re, and 152Sm among those
with the most suitable properties for application in radioembolization or interstitial brachyther-
apy. Currently, there is much more understanding about the influence of these rare earth on the
glass structure, enabling the better design of glass compositions aiming at the desired properties
for brachytherapy. However, there is a considerable gap between glass characterization and bio-
logical properties, which impedes this technology from reaching the market soon. Of course, the
need for nuclear facilities is a limitation of these studies, but those interested in stepping forward
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in this field need to understand how brachytherapy from biocompatible glasses affects the tumor
microenvironment and immune responses.
Also, the combination of brachytherapy with immunotherapy can be the key to successful treat-

ments in the future. Brachytherapy is therapy with spatial resolution, able to treat tumors locally.
However, brachytherapy also causes an abscopal effect that affects cancer cells in areas that radio-
therapy has not been performed through immune-mediated anti-tumor effect. This biological effect
favors the treatment of metastatic cancers, making the treatment more effective. Nonetheless, if
immunotherapy is combined with brachytherapy, a synergy between local and whole-body ther-
apy would treat the tumor and avoid metastasis events. This strategy may be advantageous to
treat bone cancer, which is metastatic cancer. Considering that bioactive glasses can regenerate
bones, the advances in radioactive bioactive glasses combined with immunotherapy may be an
effective alternative to treat bone cancer and regenerate bones by using the same material. Again,
the need for biological experiments remains the limitation of studies of brachytherapy combined
with immunotherapy once immune responses can be better understood in integrated biological
systems. However, efforts in these studies are needed to bring more advances in this area.
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Bioactive Glasses with Antibacterial Properties: Mechanisms,
Compositions, and Applications
Mostafa Awaid and Ilaria Cacciotti

Department of Engineering, University of Rome “Niccolò Cusano”, INSTM RU, Rome, Italy

23.1 Introduction

Bioglasses (BGs) were discovered in 1969 by Hench with the first composition (45S5, SiO2 45%,
Na2O 24.5%, CaO 24.5%, P2O5 6%, all in wt%), and provided for the first time an alternative interfa-
cial bonding of an implantwith host tissues [1–4]. A series of biophysical and biochemical reactions
occur at the tissue interface once the bioactive material is implanted in the human body, leading to
mechanically strong chemical interfacial bonding called “bioactive fixation” [5]. Third-generation
BGs are being designed to activate genes that stimulate regeneration of living tissues [2, 6, 7]. Vari-
ous studies have been done onBGand glass-ceramicmaterials formore than 50 years and hundreds
of different formulations have been developed [8].
BGs have been successfully used in many medical applications such as repairing or replacing

damaged tissues, bone grafting scaffolds, and as coating for implants [9–13], due to their unique
ability to bond with the bone tissue through ion exchange in biological fluids (e.g. simulated body
fluid [SBF]) when implanted into the human body [14].
A lot of efforts have been recently devoted to the BGs chemical modifications in order to provide

additional properties, such as antimicrobial activity, as well as improved osteogenic behavior [8],
taking into account the development of infections in the case of joint and bone implants, whose
need and request are progressively increasing due to population aging [15].
Indeed, the occurrence of bacterial infections and inflammations due to the contamination

of implanted medical devices is a critical complication that often leads to the implant failure
with significant impact concerning public health in developed countries [16–18]. Moreover,
for the management of medical-device associated infections (MDAIs), surgical intervention
or/and prolonged usage of intravenous or oral antibiotic therapies are necessary with consequent
possible bone loss, significant morbidity, and, thus, severe limitations to the patient’s normal
life and well-being [19, 20], as well as the development of bacteria resistance to antibiotics. For
example, chronic osteomyelitis is considered as one of the main causes of morbidity and mortality
worldwide, as a consequence of reconstructive orthopedic procedures, trauma, and other local
surgery [21].
In particular, for the infectious diseases treatment, several antibiotics have been developed, and

they are commonly intaked through oral administration and injection [22, 23], to accomplish
and maintain minimum inhibitory concentrations (MICs) in the target tissues. The situation

Bioactive Glasses and Glass-Ceramics: Fundamentals and Applications, First Edition.
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is more complicated in the case of bone, due to its reduced blood supply, and, thus, the use
of very high systemic antibiotics concentrations is strongly requested to reach the MIC in this
tissue. Additionally, antibiotic levels below the MIC favor the development of antibiotic-resistant
species [24].
For all these reasons, a lot of efforts have to be devoted to the development of local controlled

delivery systems aimed at releasing proper amounts of antibiotics or other antimicrobial agents (e.g.
ionic dissolution products) for an extended period [21], to avoid/decrease the bacterial attachment
and growth, and biofilm formation [25].
In this context, the proper design of antimicrobial BGs could allow to overcome these criticisms,

fighting the bacterial colonization of implant sites which usually leads to the implant failure [9].
Different approaches can be followed in order to provide antimicrobial features to BGs, includ-

ing the incorporation of biocidal metals within their network, the addition of antibiotics, and the
combination with antimicrobial agents, compounds, and materials.
The present chapter is aimed at providing a complete overview about the strategies employed

to obtain BGs with improved antimicrobial behavior, starting from the underlying mechanisms,
associated to the antimicrobial action, to the most widely investigated compositions, on the basis
of specific biocide metal ions and antibiotics, and potential biomedical and clinical applications.
Finally, some concluding remarks and future perspectives are reported.

23.2 Mechanisms of Antimicrobial Activities

BGs antibacterial effects depend on several aspects, such as the bacterial type, the glass composition
and concentration [26–28].
However, the exact mechanisms associated to the BGs antibacterial behavior have not been com-

pletely comprehended yet and are still under investigation.
It has been suggested that BG exerts antibacterial activity by increasing pH, osmotic effects, and

calcium ion concentrations [29, 30]. Indeed, BGs are able to diminish pathogens’ biofilm produc-
tion [15] and to kill microbes, owing to the induction of enhanced pH caused by high alkali cations
release during dissolution [31].
Recently, several involvedmechanisms have been summarized according to theirmode of action,

such as the change in the environmental pH (alkaline) and osmotic pressure, and the ability of BG
debris to damage the bacterial cell walls [15] (Figure 23.1).
In particular, the most accredited mechanism is related to the calcium and alkalis release from

the BG surface within themedium. Zhang et al. [28] assumed that the BGs fast dissolution, leading
to an increase in the pH value (on the basis of the BG alkali oxide/silica ratio), and the alkali ions
concentration (controlled by the total BG composition) at the powder interface strongly influence
the antibacterial behavior [28].
Similarly, Drago et al. [15] supposed that the BGs antibacterial properties are due to the increase

in local pH and the in vivo and in vitro sodium ions exchange with protons in body fluids. Due to
the interaction with biological fluids, the ions are released from the granules’ surface with con-
sequent increase in the osmolarity and pH. In detail, the high calcium and alkalis concentra-
tions within the medium lead to a high increase in the environment pH due to the rapid ion
exchange between the alkaline ions (Na+, Ca2+) from the glass surface and the hydrogen ions
from the solution [33, 34], as well as to the bacteria membrane potential perturbation [27]. Thus,
the surrounding environment resulted hostile for the microbial growth without affecting the host
tissues [15].
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Figure 23.1 (a) Potential and main mechanism of metal ions antimicrobial activity. Source: Singh et al.
[32]/MDPI/Licensed under CC BY 4.0. (b) Hypothesized mechanisms ascribed to the metal ions antibacterial
activity. Source: Reproduced with permission from Fernandes et al. [8].

Zehnder et al. [34] proposed another mechanism based on the silica release from BGs, Hu
et al. [26] reported that the “needle-like” sharp glass debris are able to damage the bacterial cell
walls, leading to their inactivation [15].
The same considerations were reported and confirmed by Echezarreta-López and Landin [35],

who created an artificial intelligence tool (neurofuzzy logic technology), using amachine learning,
from a wide literature database on the BGs compositions, antibacterial properties, and microbio-
logical experiments. They concluded that the antibacterial activity is mainly defined by the release
of alkaline ions (Ca2+ ions) to the medium and pH increasing. These mechanisms of action unbal-
anced the bacterial intracellular Ca2+, leading to cell membrane depolarization and subsequent
death [35].
Moreover, the particles size plays a pivotal role in determining the BGs antimicrobial activ-

ity. Waltimo et al. [36] reported that nanometric BGs show stronger antimicrobial effect than
micron-sized ones, due to the release of more alkaline species because of the large surface
area.
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23.3 Intrinsic Antibacterial Properties of Bioactive Glass
Compositions Without Any Specific Bactericidal Ion

BGs and BG-ceramics compositions, also without any specific bactericidal ions, are intrinsically
effective against bacteria sessile communities, due to several well-known chronic infections [8].
Indeed, they show strong antibacterial effects against numerous bacteria species, even if at a
high sample concentration (100mg/ml) [28]. Their antimicrobial activity depends on the bacteria
species, BGs composition and concentration [28], and is effective against a wide range of aerobic
and anaerobic bacteria, in forms of either planktonic or sessile. The BGs intrinsic antimicrobial
activity depends on the network degradation and on the species leaching to the surrounding
environment [8].
Stoor et al. [30] demonstrated the in vitro antibacterial properties of S53P4 BG composition, based

on sodium, silicate, calcium, and phosphate, against oral bacteria, for the first time.
Successively, many authors reported the in vitro antibacterial action of several BG formula-

tions, including both sol–gel- and melt-quenching-derived particles, such as in the case of 45S5
[26, 36–38].
Similarly, different formulations of S53P4 showed the ability to reduce the methicillin resis-

tant Staphylococcus aureus (MRSA) and multi-drug-resistant Pseudomonas aeruginosa (MDRPA),
avoiding the bacterial biofilm production on prosthetic material [39], as well as the potentiality to
be used in the chronic osteomyelitis treatment [40, 41].
Allan et al. [29] demonstrated the Bioglass® supernatants antibacterial activity against certain

supragingival and subgingival bacteria in all media after three hours exposure. The same experi-
mental evidences were reported by Hu et al. [26], highlighting that 45S5 Bioglass showed a higher
antibacterial effect (against Gram+ and Gram− bacteria) in the case of suspensions with 45S5 Bio-
glass particles with respect to the supernatants without particles, due to the aqueous pH value
increment [26].
Munukka et al. [27] reported the sol–gel-derived glass CaPSiO2 antibacterial action against 29

bacterial species. TheCaPSiO2 antibacterial featureswere comparable to BGS53P4 ones, even if the
detected pH increase was lower. Zhang et al. [28] found that the BGs antibacterial effects enhanced
with the BG concentration, and with increasing the ratio of BG surface area to suspension vol-
ume (SA/V). Moya et al. [42] proved that soda-lime glasses based SiO2–Na2O–CaO–B2O3 system,
enriched with a high concentration of calcium oxide (“Ca-rich glass”) (15–20wt%), are efficient
biocides against Gram+ and Gram− bacteria and yeast, and considered as “green” antimicrobials.
It has been also evidenced that BG fillers are able to provide antibacterial features to natural or

synthetic polymers. For example, Misra et al. [38] showed that poly(3-hydroxybutyrate) (P(3HB))
based biocomposites, loaded with 45S5 BG nanoparticles (10wt%), were able to inhibit the Strepto-
coccus aureus NCTC6571 growth, ascribing this experimental evidence to the pH increase of the
culture medium during the incubation period. Rivadeneira et al. [33] evidenced the capability
of 45S5 coating on agar–gelatin films to provide in vitro antistaphylococcal activity, owing to the
medium alkalinization.

23.4 Strategies to Provide Antimicrobial Properties

Several strategies can be applied and followed in order to provide improved antimicrobial proper-
ties to BGs compositions, such as the doping with biocidal metals and the functionalization with
antibiotics (Figure 23.2), as described in detail in the following paragraphs.



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

Metal ions incorporation

Ga+
Ag+

Cu+ Zn+

Sr+

Ce+

F–

Scaffolds

Coatings

N
at

ur
al

 a
nt

im
ic

ro
bi

al
s 

ad
di

tio
n

Nanofibers

MBGs

BGs

Composites with

antimicrobial

materials

Antibiotics addition

Medical applications

Bone
regeneration

Dental Wound
healing

Drug
delivery

B. cereus
S. aureus

Bacillus subtilis

Osteomielites
treatment

Bone cancer
treatment

Bone cancer

E. coli

C. albicans
G

ra
m

 +
 a

nd
 G

ra
m

 –
ba

ct
er

ia
 g

ro
w

th
 in

hi
bi

tio
n

Clinical applications

Figure 23.2 Main strategies aimed at improving the BGs antimicrobial features and leading applications of antimicrobial BGs formulations.



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

�

� �

�

586 23 Bioactive Glasses with Antibacterial Properties: Mechanisms, Compositions, and Applications
A

ve
ra

ge
 ti

m
e 

fo
r 

in
 v

itr
o

bi
oa

ct
iv

e 
re

sp
on

se
 (

d)

0

2

4

6

8
MPGs-1969

Granules
small monoliths

SGGs-1991
Fibers

coatings

MBGs-2004
Tissue engineering

scaffolds

1970 1990 2010
Time line (yr)

Upgraded
with ions

Biological effect

Zr

Zn

Ce Ga
Ag

Mg

Fe

Li Sr

Cu Co

B

Osteogenesis

Cementogenesis

Angiogenesis

Antibacterial
activity

Figure 23.3 Timeline in the discovering of bioactive glasses and the average time required for in vitro
bioactive responsiveness (surface deposition of an apatite layer during soaking in a simulated body fluid)
(left side); biological actions of some ions commonly added to BGs compositions (right side). Source:
Reproduced from Salinas and Vallet-Regí [43] with permission.

23.4.1 Addition of Biocidal Metals in the Formulated Compositions

The incorporation of antimicrobial metallic ions into BGs is considered as one of the most promis-
ing strategies for inhibiting bacterial growth and reproduction, due to their controlled and gradual
release during BGs dissolution in aqueousmedia [24], as well as for enhancing their bioactivity and
promoting the osteogenesis and angiogenesis (Figure 23.3). They could be added as pure metal,
colloids, metal or oxide nanoparticles, and coordinative bound metal ions [44]. The doped BGs
antimicrobial behavior depends on the bacteria type and the incorporated biocide metal ion [45]:
for instance, the integration of bivalent cations as copper (Cu2+), zinc (Zn2+), strontium (Sr2+), etc.
within the bio-glass structure has been proposed to improve the antimicrobial effect, promoting
the tissue formation, and, simultaneously, inhibiting its resorption by osteoclasts [15].
Therefore, the use of specific biocidemetal ions as antimicrobial agents in differentmedical appli-

cations is paying much attention [24], because of their well-known antibacterial properties [46].
The biocide ions incorporation within BGs does not only improve their antibacterial properties
but also strongly influences their physical, chemical, and biological properties [47, 48]. Indeed, it
leads to a decrease of the glass transition temperature, of the density and the local symmetry of the
network, of the material viscosity, and to an increment of the glass solubility in the physiological
medium, as well as to an improved therapeutic behavior, due to the release of antibacterial (Ag,
Cu, Au, Mg, Ti, Ga), osteogenic, and/or pro-angiogenic (B, Cu, Co, Sr, Li) ions [49, 50].
Several BGs compositions, including silicates, phosphates, and borates, have been doped with

selected metals [51], making them carriers of specific antibacterial agents, since they are able to
exchange ions within their networks with those present in the biological fluids. Many researchers
have developed bio-glasses substituted with additive biocidal metals such as monovalent (Ag+,
Cu+, and B+), divalent (Zn2+, Sr2+, Mg2+, and Cu2+) [52], and trivalent (Ce3+, Ga3+, and Ti3+) [53]
ions, to fabricate glassy biomaterials with efficient antimicrobial properties and enhanced bioactiv-
ity and functionality (Table 23.1). Different approaches can be followed in order to obtain biocidal
metals doped BGs: (i) by their addition during the glass-melting process, (ii) by their addition dur-
ing the sol–gel synthesis, (iii) by their incorporation within the glass network via an ion-exchange
route, and (iv) by coating the glass structure with ionic metals or dispersing the metal compound
within the glass matrices [89].
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Table 23.1 Compositions, synthesis methods, and antimicrobial action related to antimicrobial metals doped BGs.

Agent(s) Composition(s) Method(s) Antimicrobial action References

Ag+ Ag-BG
Bioglass® 45S5
AgNO3 solution (concentration: 0.01M or 0.1M)

Tape casting and heat
treatment+dipping

Inhibition of the bacterial growth [54]

Ag-BG
(1− y)(58SiO2–33P2O5–9CaO)–yAg2O (mol%)
y = 1 and 2 (mol%)

Sol–gel Effective antimicrobial action against blaIMP
gene-positive P. aeruginosa strains, Klebsiella
pneumonia, S. aureus, and E. coli

[55]

Ag-BG
(76SiO2–2P2O5–19CaO)–3Ag2O (wt%)

Sol–gel Inhibition of the E. coli, P. aeruginosa, and
S. aureus growth

[56]

Ag-BG
(70SiO2–30CaO)–xAg2O (mol%)
0.08 ≤ x ≤ 0.27

Sol–gel Effective antimicrobial action against S. aureus [57]

Ag-SM58S
(58SiO2–9P2O5–33CaO) (wt%)
AgNO3 solution (concentration: 0.1002mol/l)

Sol–gel (surfactant:
P123)+dipping

Effective antimicrobial action against E. coli and
S. aureus

[58]

Ag-BG
(64SiO2–26CaO–5P2O5)–5Ag2O (mol%)

Sol–gel Inhibition of the E. coli growth [59]

Ag-BG
(70.1SiO2–15.2CaO–4.7P2O5)–10Ag2O (wt%)

Sol–gel Effective antimicrobial action against E. coli DH5α
ampicillin-resistant and S. mutans

[45]

Ag-BG
Bioglass® 45S5
AgNO3 solution (concentration: 2 %wt)

Transition metal ion
dopants via
bio-inspired route

Effective antimicrobial action against E. coli
NCIMB-1 and S. aureus NCIMB-17

[60]

Ag-BG
(76SiO2–19CaO–2P2O5)–3Ag2O (wt%)

Sol–gel Effective antimicrobial action against E. coli
(MG1655)

[61]

Ag-MBGN
(86SiO2–14CaO) (mol%)
AgNO3 solution (concentration: 0.05 M)

Microemulsion-
assisted
sol–gel+impregnation

Effective antimicrobial action against
P. aeruginosa and S. aureus

[62]

Ag-BG/Ag-BG-ceramic
Bioglass® 45S5
(45SiO2–24.5Na2O–24.5CaO–6P2O5)–xAgNO3 (wt%)
x = 0.5 and 1 (wt%)

Melt-quenching Inhibition of the E. coli and B. subtilis growth [31]

(Continued)



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

Table 23.1 (Continued)

Agent(s) Composition(s) Method(s) Antimicrobial action References

Cu+/Cu2+ Cu-MBG
(75SiO2–15CaO–5P2O5)–5CuO (mol%)

Evaporation Induced
Self-Assembly (EISA)
(surfactant: F108)

Inhibition of the E. coli growth [63]

Cu-MBG
(80SiO2–10CaO–5P2O5)–5CuO (mol%)

Polymer sponge
method (surfactant:
P123)

Inhibition of the E. coli growth [64]

Cu-PGF
(10Na2O–30CaO–50P2O5)–10CuO (mol%)

Fiber drawing method
(fiber-rig)

Effective antimicrobial action against
S. epidermidis

[65]

Cu-PBG/Cu-BG
(68SiO2–23CaO–4P2O5)–5CuO (mol%)

Sol–gel (surfactant:
P123)

Inhibition of the E. coli growth [66]

Cu-BG
(67.7SiO2–18.9CaO–5P2O5)–8.4CuO (wt%)

Sol–gel Effective antimicrobial action against E. coli DH5α
ampicillin-resistant and S. mutans

[45]

Cu-BG
Bioglass® 45S5
CuCl2 (concentration: 2 %wt)

Transition metal ion
dopants via
bio-inspired route

Effective antimicrobial action against E. coli
NCIMB-1 and S. aureus NCIMB-17

[60]

Cu-MBG NPs
(85SiO2–13CaO–2CuO) (mol%)

One-pot
ultrasound-assisted
sol–gel

Effective antimicrobial action against E. coli,
S. aureus, and S. epidermidis

[67]

Zn2+ Zn-BG
(70SiO2–(26− x)CaO–4P2O5)–xZnO (mol%)
x = 0, 3, and 5 (mol%)

Sol–gel (surfactant:
P123)

Inhibition of the B. subtilis and P. aeruginosa
growth

[9]

Zn-MBG
((80− x)SiO2–15CaO–5P2O5)–xZnO (mol%)
x = 4 and 7 (mol%)

Sol–gel Inhibition of the S. aureus growth [68]

Zn-BG
(38.73SiO2–49.96CaO–6.53P2O5–4.35Na2O–
0.43CaF2)–xZnO (mol%)
x = 0, 0.76, 3.96, 7.78, 15.53 (mol%)

Melt-quenching Inhibition of the S. epidermidis, K. pneumoniae,
S. aureus, and B. subtilis growth

[69]

Zn-BG
(57.00SiO2–29.45CaO–3.80P2O5–4.75MgO)–5ZnO
(mol%)

Sol–gel Effective antimicrobial action against
P. aeruginosa

[70]
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Zn-BG ceramic
(45B2O3–29.4SiO2–8.2Na2O–4.6Al2O3)–12.8ZnO
(mol%)
(35.3B2O3–23.1SiO2–6.4Na2O–3.6Al2O3)–31.6ZnO
(mol%)

Melt-quenching Effective antimicrobial action against E. coli [71]

Zn-BG (Glass A)
(42SiO2–5CaO)–53ZnO (mol%)
Zn-BG (Glass B)
(42SiO2–5SrO)–53ZnO (mol%)

Melt-quenching Inhibition of the S. mutans and Actinomyces
viscosus growth

[72]

Zn-BG/Zn-BG-ceramic
Bioglass® 45S5
(45SiO2–24.5Na2O–24.5CaO–6P2O5)–xZnO ( wt%)
x = 0.5 and 1 (wt%)

Melt-quenching Inhibition of the E. coli, and Bacillus subtilis
growth

[31]

Sr2+ Sr-BG
(47.32SiO2–(10.41–x)CaO–(11.04-y)
CaF2–31.23MgO)–xSrO–ySrF2 (mol%)
x = 0, 0.26, 1.04, and 5.21 (mol%); y = 0, 0.28, 1.10,
and 5.52 (mol%)

Melt-quenching Effective antimicrobial action against S. aureus
and Streptococcus faecalis

[73]

Ga3+ Ga-MBGNPs
(60SiO2−(40−x)CaO)–xGa2O3 (mol%)
x = 1, 3, 5 (mol%)

Microemulsion
assisted sol–gel

Effective antimicrobial action against E. coli and
S. aureus

[86]

Ga-(13-93B3)BG
(56.6B2O3–18.5CaO–5.5Na2O–11.1K2O–4.6MgO
–3.7P2O5)–xGa2O3 (wt%)
x= 1, 5 (wt%)

Melting-cast technique No antibacterial response against E. coli and
S. aureus

[87]

Ga-MBG
((80− x)SiO2–15CaO–5P2O5)–xGa2O3 (mol%)
x = 0, 1, 2, and 3 (mol%)

Evaporation-Induced
Self-Assembly (EISA)
(surfactant: P123)

Effective antimicrobial action against E. coli and
S. aureus

[74]

Ga-PBG
(16CaO–45P2O5–yNa2O)–xGa2O3 (mol%)
y = 34, 36, 38, and 39 (mol%)
x = 1, 3, and 5 (mol%)

Melt-quenching Effective antimicrobial action against E. coli,
P. aeruginosa, S. aureus, methicillin-resistant
S. aureus and Clostridium difficile

[75]

Ga-PBG
(xCaO–45P2O5–(52− x)Na2O)–3Ga2O3 (mol%)
x = 14, 15, and 16 (mol%)

Melt-quenching Effective antimicrobial action against
P. aeruginosa

[76]

(Continued)
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Table 23.1 (Continued)

Agent(s) Composition(s) Method(s) Antimicrobial action References

Ga-BG
Bioglass® 45S5
Ga(NO3)3 solution (concentration: 200, 400, and
600mM)

Commercially
available powder (by
melt-quenching)/foam
replication
technique+coating
with sodium alginate
crosslinked with Ga3+

Inhibition of the S. aureus growth [77]

Ga-PBGs
(14CaO–45P2O5–38Na2O)–3Ga2O3 (mol%)

Melt-quenching Inhibition of the S. mutans growth [78]

Ga-(13-93 BGs)
((53–x)SiO2–4P2O5–20CaO–6Na2O–12K2O–5MgO)–
xGa2O3 (wt%)
x = 0, 1, 3, and 5 (wt%)

Sol–gel Inhibition of the S. aureus and E. coli growth [79]

F− F-BG
Bioglass® 45S5
NaF solution (concentration: ∼0.59mg/ml)

Commercially
available
powder+dipping

Effective antimicrobial action against
Streptococcus mutans

[80]

F-CPG
(37.7CaO–59.7P2O5–1.3Na2O–1.3MgO–0.5NaF)
(wt%)

Melt-quenching Effective antimicrobial action against S. mutans [52]

F-BG
(1− x)(58SiO2–33P2O5–9CaO)–xCaF2 (mol%)
x = 0, 5, 10, 20 (mol%)

Sol–gel Inhibition of the E. coli, S. aureus, and
P. aeruginosa growth

[81]

Ce3+ Ce-BG
(50SiO2–(45− x)CaO–5P2O5)–xCeO2

x = 0, 1, 5, 10 (mol%)

Sol–gel Effective antimicrobial action against E. coli [82]

GR-HAp_Ce
(10CaF2–10Na2CO3–15CaO–60P2O5)–5CeO2
(mol%)

Melt-quenching Effective antimicrobial action against S. aureus
and S. epidermidis

[83]

Ce-BG
(20Na2O–14CaO–(66− x)P2O5)–xCeO2 (wt%)
x = 0.1, 0.3, 0.7, 1.0 (wt%)

Melt-quenching – Effective antimicrobial action against E. coli
and S. aureus

– No effective antimicrobial action against
B. cereus, B. subtilis, and C. albicans

[84]
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Ce-BG
(46.1SiO2–2.6P2O5–16.9CaO–10.0MgO–
19.4Na2O)–5.0CeO2 (mol%)

Sol–gel Effective antimicrobial action against E. coli [85]

Ce-MBGNPs
(60SiO2–(40− x)CaO)–xCe2O3 (mol%)
x = 1, 3, 5 (mol%)

Microemulsion
assisted sol–gel

Effective antimicrobial action against E. coli and
S. aureus

[86]

Ce-BG
(50SiO2–(45− x)CaO–5P2O5)–xCeO2

x = 0, 1, 5, and 10 (mol%)

Sol–gel No effective antimicrobial action against E. coli [53]

Ce-(13-93) BGs
((53 − x)SiO2–4P2O5–20CaO–6Na2O–12K2O–
5MgO)–xCe2O3 (wt%)
x = 0, 1, 3, and 5 (wt%)

Sol–gel No effective antimicrobial action against S. aureus
and E. coli

[79]

Ce-(13-93B3)BG
(56.6B2O3–18.5CaO–5.5Na2O–11.1K2O–
4.6MgO–3.7P2O5)–xCe2O3 (wt%)
x = 1, 3, 5 (wt%)

Melting-cast technique No antibacterial response against E. coli and
S. aureus

[87]

Ag+ and Sr2+ AgSr-BG
(55SiO2–40CaO–(5− x)SrO–xAg2O) (mol%)
x = 0, 2, 4 (mol%)

Sol–gel Effective antimicrobial action against E. coli and
S. aureus

[14]

Ga3+ and Ag+ GaAg-PBGs
(xCaO–45P2O5–(47− x)Na2O)–5Ag2O–3Ga2O3
(mol%)
x = 10, 11, 12 (mol%)

Melt-quenching Inhibition of the P. aeruginosa growth [88]

BG, bioactive glass; MBG, mesoporous bioactive glass; MBGNPs, mesoporous bioactive glass nanoparticles; SM58S bioactive glass, surface modification of mesoporous 58S
bioactive glass; PGF, phosphate-based glass fibers; PBG, phosphate-based glasses; CPG, calcium phosphate glass; GR-HAp, glass-reinforced hydroxyapatite.
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The main biocidal metals and the related doped BG compositions are described in details in the
following paragraphs.

23.4.1.1 Bioactive Glasses Doped with Silver
Silver (Ag) is characterized by high thermal stability and, mainly, by a broad antimicrobial
action spectrum, which is relevant in the case of polymicrobial colonization associated with
infections [61]. Ag+ ions antimicrobial properties have been exploited since ancient times by
Mediterranean and Asiatic cultures [90]. Historical use of silver in surgical treatment of wounds
and bone regeneration is documented [61]. Moreover Ag+ ions have limited toxicity toward the
human cells [14] and their bacteriostatic and bactericidal action impacts against Escherichia coli
and Gram+ and Gram− bacteria without human cells damage [2].
Different mechanisms have been reported for Ag antimicrobial behavior: (i) interference with

electron transport, (ii) binding to DNA, and (iii) interaction with the cell components [91]. The
unelucidated antibacterial mechanism of the silver ions might be related to its complexation with
membranes, enzymes, and other cellular components, mainly with thiols (electron donors) groups
[61, 91].
Owing to the showed antimicrobial properties, inmajor of the studies aimed at providing antimi-

crobial properties to BG compositions, silver was used as main dopant. Furthermore, the dissolu-
tion rate of silver ions from the prepared BGs resulted slower comparedwith othermaterials, aspect
which makes them even more interesting, taking into account that the slow dissolution is required
for applications based on sustained antibacterial action [61].
The antibacterial effects of Ag-containing BGs against Streptococcus mutans [45], S. aureus

[55–58, 60, 62], E. coli [55, 56, 59–61], Klebsiella pneumoniae [55], P. aeruginosa [55, 56, 62] have
been reported (Table 23.1).
Bellantone et al. [61] investigated a BG system, i.e. 76SiO2–19CaO–2P2O5–3Ag2O (wt%), with

controllable degradation properties, demonstrating its ability to minimize the risk of microbial
infections through the Ag+ ions leaching from the glass matrix. An efficient antibacterial action
against E. coli was revealed with a very low concentration (0.2mg/ml).
Clupper and Hench [54] reported that the release of silver ion was above the minimum con-

centrations (0.1 μg/ml) required to inhibit bacterial growth, and thus Ag-containing BGs can be
considered promising for the use in clinical applications and have been tested in bone replacement
and wastewater treatment.
Similarly, Catauro et al. [92] highlighted the high antimicrobial activities against E. coli and

S. mutans in the case of Ag containing Na2O–CaO–SiO2 glass system.
El-Batal et al. [31] reported the antibacterial and antifungal effects of BG and BG-ceramics based

on Hench’s 45S5 Bioglass doped with 1wt% Ag (AgNO3) in comparison with free-Ag against sev-
eral microorganisms. The collected findings demonstrated an antibacterial activity against Gram
positive (Bacillus subtilis) and Gram negative (E. coli) bacteria, as well as a moderate inhibitory
effect against yeast (Candida tropicalis) and fungi (Aspergillus niger), without presenting any cell
damage [31].

23.4.1.2 Bioactive Glasses Doped with Copper
Copper (Cu) has shown to act as an efficient antimicrobial agent against some Gram-negative and
Gram-positive bacteria [93], as well as a promoting agent for the bone growth and healing [94].
Thus, Cu-doped BG have been employed for bone regeneration and wound healing applications
[94, 95], due to their antimicrobial activity against E. coli [45, 60, 63, 64, 66, 67], Staphylococcus
epidermidis [65, 67], S. aureus [60, 67], and S. mutans [45, 96] (Table 23.1).
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Similar to Ag-BGs, the Cu-BGs antibacterial behavior has been completely ascribed to the Cu2+
ions release from the glass matrix [65, 82], increasing with the Cu amount [65, 82, 94]. However, as
known, Cu-BGs provide weaker antibacterial features than Ag-BGs, due to themuch lower Cu ions
release during the first 24 hours with respect to the burn Ag ions release [82], as well as to more
effective Ag ions action in inhibiting the bacteria growth [45]. Indeed, Ag-doped BGs presented
a minimum bactericidal concentration around 30 times and 8 times lower than Cu-BGs, against
E. coli and S. mutans, respectively [45].
El-Batal et al. [31] showed a remarkable increase of the antibacterial and antifungal effects of BGs

and BG-ceramics based onHench’s 45S5 Bioglass substituted with 0.5 and 1wt% Cu (CuO) in com-
parison with free-Cu against Gram-positive, Gram-negative bacteria, fungi, and yeast. The results
showed better antifungal activity against fungi (A. niger) than yeast (C. tropicalis) [31]. Moreover,
they reported that the glass-ceramic derivatives have more antimicrobial effects than the parent
glasses [31].

23.4.1.3 Bioactive Glasses Doped with Zinc
Among other doping ions, zinc (Zn2+) has gained a special interest due to its characteristics and
benefits, showing an antimicrobial action against many bacterial strains through direct contact
with cell walls [97].
Zn is able not only to provide antibacterial activity but also to improve the mechanical strength

of the bio-glasses [9], to play an important role in bone cell attachment, growth, development, and
differentiation [98], and to maintain the biological fluids pH within the physiological limits [99].
Indeed, it is a cofactor for many enzymes, promoting the protein synthesis, which is essential in
DNA replication, bone cell growth, development, and differentiation [9].
ZnO antibacterial mechanism is ascribed to the induction of oxidative stress and to the Zn ability

to damage the cell membrane and interact with intracellular contents [71, 100].
The antibacterial effects of Zn doped glasses against S. mutans [52], S. aureus [68, 69],

S. epidermidis and K. pneumoniae [69], P. aeruginosa and B. subtilis [9, 69], and S. mutans and
Actinomyces viscosus [72] have been reported (Table 23.1).
In particular, Baghbani et al. [70] demonstrated the antimicrobial features of the sol–gel derived

SiO2–CaO–P2O5–MgO–ZnO (ZnO 5mol%) composition against P. aeruginosa, bymeans of the halo
zone test. Similarly, Esteban-Tejeda et al. [71] revealed the antimicrobial action against E. coli in
the case of B2O3–SiO2–Na2O–ZnO based coatings applied on different biometallic substrates.
Atkinson et al. [9] highlighted the good biocompatibility and antibacterial activity against

P. aeruginosa and B. subtilis strains of the mesoporous bio-glasses substituted with 3 and 5mol%
ZnO by a sol–gel technique, using surfactant (Pluronic P123) as structure directing agent. Non-
ionic block polymer P123 (EO20–PO70–EO20) is commonly used to produce mesoporous (several
nanometers) structures [64]. Moreover, this surfactant is able to improve the homogeneity of
mesoporous structures and biological characteristics of BGs [66]. The revealed decrease of the
infections associated with implant materials was ascribed to the Zn ions release.
Similarly, El-Batal et al. [31] reported a significant increase of the antibacterial and antifungal

effects against Gram positive bacteria, Gram negative bacteria, fungi, and yeast, in the case of 45S5
composition doped with 0.5 and 1wt% Zn (ZnO) in comparison with free-Zn samples.
In agreement with the Ag-doped or Cu-doped BGs behavior, the Zn-doped BGs antimicrobial

efficiency also increases with Zn concentration [9, 69, 71], as well as the bioactivity. However, the
cytotoxicity tends to enhance with Zn amount [101].
On the basis of the collected data, Zn-doped BGs antibacterial activity has not been properly and

deeply investigated yet and further studies are requested.
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23.4.1.4 Bioactive Glasses Doped with Strontium
Among various metal ions, strontium (Sr2+) is a promising bactericidal one, widely employed in
the bone tissue engineering field, due to its capacity to induce an enhancement of bone stability,
diminish/inhibit the bone resorption, promote bone recovery processes, stimulate bone formation,
provide antioxidant properties [14], and increase the BGs degradation [73]. Due to the ionic radius
similarities of Ca and Sr, they can be substituted for each other without significantly changing the
silicate network.
Sr2+ ions antimicrobial activity allows to inhibit the bacterial growth and reproduction, avoid-

ing the cytoplasmic membrane permeability, the cell wall synthesis, the replication of bacterial
chromosomes, and cell metabolism [73]. This behavior has to be ascribed to Sr2+ ions release that
relies on BG composition and increases with strontium concentration, resulting in higher concen-
trations in the culture medium over time [73]. In this regard, Brauer et al. [73] demonstrated the
antibacterial activity of melt-derived Sr-doped BGs against S. aureus and Streptococcus faecalis for
the treatment of osteoporosis-related vertebral compression fractures [73].

23.4.1.5 Bioactive Glasses Doped with Gallium
Gallium (Ga3+) has emerged among the new generation of antimicrobial and anticancer elements
[102], resulted effective in the treatment of some disorders (including autoimmune and infectious
diseases) [24], and may serve as a promising new therapeutic agent [76].
Many studies have found that gallium ion (Ga3+) (approved by Food and Drug Administra-

tion [FDA]) is able to treat hypercalcemia, to prevent localized infections [75], and to inhibit
P. aeruginosa, MRSA, and Clostridium difficile [77]. Other studies have reported that gallium
ions have antibacterial effect against the organisms involved in the development of tuberculosis,
malaria, and in pneumonia due to Rhodococcus equi in foals [76].
Concerning the action mechanism, bacterial cells (which require iron for their survival and

growth) are unable to distinguish Ga3+ from Fe3+ [103], due to their similar oxidation state and
atomic radius, thereby leading to the microorganism death [24, 75].
Thus, Ga is very interesting as antimicrobial agent, since it is able to target the bacterial Fe3+

metabolism, vital for the most microbes survival, and it is not sensible to antibiotics induced resis-
tance mechanisms [104].
For all aforementioned reasons, gallium-doped, melt-quenched, and sol–gel phosphate BGs [75,

76, 78, 105–107], borate BGs [87, 108], and silicate BGs [79, 109, 110] have been prepared and
tested atGa2O3 concentrations in the range 1–8mol%, investigating several bacterial strains,mainly
those involved in biomaterial-associated infections (e.g. MRSA, S. aureus, S. epidermidis, E. coli,
P. aeruginosa) and human oral pathogens associated to oral infections (e.g. Streptococcus gordonii,
Porphyromonas gingivalis, and S. mutants) (Table 23.1).
In details, Ga-doped phosphate-based glasses (PBGs) revealed good antibacterial behavior

against several planktonic bacterial pathogens and some biofilms [78, 88], due to the controlled
gallium ions release [78]. Thus, the antibacterial activity strictly depends on the BGs degradation
rate, that can be monitored properly tailoring the glass composition [75], and is also influenced
by both Ga and Ca amount. Indeed, Valappil et al. [76] evidenced that the degradation rate
and the related Ga ions release decrease with the concentrations of both Ga (1–5mol%) and Ca
(14–16mol%). Consequently, Valappil et al. [75] reported that BGs containing a Ga concentra-
tion of 1mol% were able to induce an inhibition zone larger than those related to higher Ga
concentrations (i.e. 3 or 5mol% Ga).
Finally, it has to be taken into account that, even if increasing the gallium concentration can

improve the antimicrobial behavior, high Ga concentrations could be toxic and may cause side
effects to nonbacterial healthy cells [24].
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23.4.1.6 Bioactive Glasses Doped with Fluoride
Fluoride (F−) is a well-known agent which can prevent dental cavities by inhibiting enamel and
dentine demineralization.Moreover, fluoride-implants releasingmight be of interest for osteoporo-
sis patients [111].
F−- and Zn-doped calcium phosphate glasses (CPGs) were prepared by Liu et al. [52], evidenc-

ing the F ability to improve the antibacterial action against S. mutans, even if less efficiently than
Zn. Indeed, fluoride shows biocidal activity at certain concentration. For example, Xu et al. [80]
synthesized fluoride-doped 45S5 samples and they showed their antibacterial activity on S. mutans
biofilm at concentrations of 75 (∼0.59mg/ml) [80].
Rostami et al. [81] produced sol–gel-derived BG particles doped with different amounts of F (i.e.

5–20mol%), demonstrating their ability to inhibit the E. coli, S. aureus, and P. aeruginosa growth
with a concentration depending on trend, whereas F-free BG samples did not show any antibacte-
rial activity. Moreover, all the produced compositions resulted cytobiocompatible both in vitro and
in vivo.

23.4.1.7 Bioactive Glasses Doped with Cerium
Cerium is able to promote the osteoblast growth and bone formation, improve bone mechanical
properties, provide antibacterial and antioxidant properties, and it owns multi-enzyme mimetic
properties, being able to resemble enzymes such as superoxide dismutase, oxidase, and catalase
[112–114]. Furthermore, Ce can change its oxidation states (Ce4+ and Ce3+) in physiological fluids,
and, in this manner, it can lead to a reactive oxygen species (ROS) reduction, pivotal for healthy
biological functions [115].
For all these reasons, Ce-doped BGs have been widely synthesized [82–86, 113, 115–117]

(Table 23.1).
Ce-BGs present antibacterial and microbicidal actions against E. coli [82, 84–86] and S. aureus

[83, 86]. However, in other works, the lack of Ce-doped BGs antibacterial properties was evidenced
[118–121].
Concerning the Ce antibacterial action, several mechanisms have been reported, mainly asso-

ciated to the direct contact between Ce and the bacterial membrane [122]: (i) impaired transport
exchange through the bacterial membrane followed by decreased growth [84, 123]; (ii) Ce reaction
with proteins or transporters within the cell [124]; and (iii) oxidative stress induction [24, 125].
Recently, it has been suggested that Ce antibacterial activity depends on glass composition, glass

morphology, and Ce concentration [126]. In particular, it has been reported that the cerium con-
centration increase enhanced the antibacterial activity against E. coli and S. aureus, but not against
Bacillus cereus,B. subtilis, andCandida albicans, in the case of Ce-doped phosphate glasses [84]. For
example, Goh et al. [82] highlighted that Ce-BGs presented higher antibacterial activity for cerium
oxide concentration between 5 and 10mol% range than for 1mol%.
Moreover, the oxidation inhibition and assimilation of glucose and of endogenous respiration

have been also proposed as possible mechanisms responsible of Ce antibacterial activity [127].

23.4.2 Bio-glasses Loaded with Antibiotics

Another strategy aimed at providing antibacterial features to BGs is the loading with antibiotics. It
has been highlighted that the simultaneous incorporation of therapeutic metallic ions and antibi-
otics can further promote the antibacterial action [128]. Generally, the synergistic effects of incor-
porated antibacterial ions and loaded antibacterial drugs lead to an acceleration of tissue repair and
regeneration. This approach has been mainly applied in the case of mesoporous bioactive glasses
(MBGs), with the final aim to improve and monitor their antibacterial activity in the long term,
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taking into account the slower drug release from MBGs than that from conventional BGs, with a
consequent more prolonged effect.
For example, tetracycline hydrochloride (THC) was added to BG particles synthesized by sol–gel

process [129–132], evidencing that the drug-loading capacity is strongly affected by the particles
surface area and porosity [130] and the release profile controlled by diffusion through the porosi-
ties [132].
Teicoplanin [133, 134], vancomycin [135], and gentamicin [136] were added to pellets produced

starting from melt-derived borate BGs microparticles. However, a limited drug loading was
achieved due to the pellets tendency to fracture after immersion for several days in SBF, as well as
to the pellet’s high density [132].
Miola et al. [137] loaded BGs with carbenicillin by dipping them in SBF. Some samples were

submitted to a pre-treatment in SBF, in order to promote the development of a silica gel layer before
the surface exposition to the antibiotic. They demonstrated the ability of all the produced systems
to incorporate a significant antibiotic amount and to tailor the drug release by modifying the SBF
pre-treatment.
Despite all their limits, melt-derived BGs scaffolds have been employed as drug delivery systems,

loading them with the antibiotic by means of the vacuum infiltration method which consists in
dipping them in a drug solution, applying a negative pressure [138].
This approach was employed in the case of gatifloxacin and cefuroxime axetil [138, 139], reveal-

ing a Fickian diffusion mechanism for their release, as well as an influence of the initial drug
concentration on the loading efficiency and/or release kinetics. On the other hand, their release
is not affected by the BG scaffolds composition.
However, MBGs resulted more promising and a wide plethora of antibiotics has been added

to MBGs, such as the gentamicin sulfate (GS) for its local delivery to bone defects for the ortho-
pedic peri-implant infections treatment [140]. In this case, high antibiotic loading (79–83%) was
achieved, due to the MBGs structure high surface area, ensuring a GS sustained release for more
than six days and, thus, the inhibition of Scleropages aureus and S. epidermidis bacterial adhesion
and biofilm formation [140].
Ultrathin MBG hollow fibers, obtained by electrospinning technique associated to a

phase-separation-induced polymer, i.e. poly(ethylene oxide) (PEO), were also proposed as a
gentamicin carrier. Antibiotic loading was strongly affected by the fiber length: fibers with length
>50 μm could be considered good drug delivery carriers, whereas reduced finer lengths could
decrease the drug loading and promote the drug release [141].
Moreover, in order to guarantee a prolonged drug release,GS-loadedMBGsparticleswere embed-

ded within poly(D,L-lactide-co-glycolide) (PLGA) matrix [142]. As expected, the GS release, in both
distilled water and phosphate-buffered saline (PBS) for more than 30 days, was faster from MBG
(60 and 80wt% after 24 and 48 hours, respectively) with respect to MBG/PLGA composite (33 and
48wt% after 24 and 48 hours, respectively).

23.5 Applications of Antimicrobial Bio-glasses

Antimicrobial BGs have been used for several applications, such as for the production of scaffolds
for bone tissue engineering [60, 68, 143], for wound healing [63, 65], as implant [9] and coating
[144–147] materials (Table 23.2, Figure 23.2).
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Table 23.2 Main outputs and applications for antimicrobial BGs.

Agent(s) BGs Main outputs Application sector(s) References

Cu+/Cu2+ Cu-BG No influence on the cytotoxicity for CuO amount up to 0.8wt% Bone regeneration and angiogenesis
in osseous defects

[94]

Cu-MBG – Control of the moisture over the wounds
– Angiogenic effect
– Enhancement of the Vegfa, Vegfc, Pdgfb, and Fgf2 (bFgf) genes
expression

Chronic wound healing [63]

Cu-MBG – Improved angiogenesis capacity
– Osteostimulation - Drug delivery
– Antibacterial properties

Large bone defects treatment [64]

Cu-PGF – Prevention of the implant or biomaterial-related infections Wound healing [65]

Cu-PBG/Cu-BG – Low risk toxic bioactive glasses
– Improved drug delivery and biological behavior

Bone defects treatment in tissue
engineering

[66]

Cu-BG – Inactivation of both E. coli and S. mutans bacteria growth at
higher concentrations

– Influence of the metal ions release into solution on the
antimicrobial behavior

Medical applications [45]

Cu-BG Enhanced biocompatibility Bone tissue engineering [60]
Cu-MBGNPs Inhibition of the biofilm formation by S. epidermidis Bone regeneration [67]

Zn2+ Zn-BG Enhanced in vitro bioactivity by formation of both calcite and
apatite layers

Implant material [9]

Zn-MBG – Enhanced HOS cell development in the case of lower ZnO
amount

– Antibacterial properties against S. aureus

Bone regeneration [68]

Ag+ Ag-BG – Enhanced bioactive response
– Fast surface hydroxyapatite layer formation

Bone treatment [54]

Ag-BG – Infection prevention
– Pain reduction
– Removal of excessive exudates

Wound healing [55]

Ag-BG — Orthopedic, dental graft material
and tissue engineering

[56]

(Continued)
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Table 23.2 (Continued)

Agent(s) BGs Main outputs Application sector(s) References

Ag-BG High bioactivity and biocompatibility Dental implants [57]
Ag-SM58S (58S
bioactive glass)

– Sustained release of Ag+
– Good bioactivity and osteoblast biocompatibility

Treatment of bone infection [58]

Ag-BG Controlled sustained delivery of the antibacterial agent Dental sector [59]
Ag-BG – Inhibition of both E. coli and S. mutans bacteria at higher

concentrations
– Influence of the metal ions release into solution on the
antimicrobial behavior

Medical applications [45]

Ag-BG Enhanced biocompatibility Bone tissue engineering [60]
Ag-BG – Enhanced tissue integration

– Direct inhibition of the bacterial adhesion
Medical applications [61]

Ag-MBGN – Non-cytotoxicity toward fibroblasts
– Drug delivery carriers

Tissue regeneration [62]

Ag+ and Sr2+ AgSr-BG Enhanced cell proliferation Orthopedic coating and osteoporosis
treatment

[14]

Sr2+ Sr-BG Enhanced bone formation Bone enhancing cements [73]
Ga3+ Ga-MBG Controlled hemorrhage Wound infection [74]

Ga-PBG Promising new therapeutic agent for bacterial pathogens and
hypercalcemia treatment

Bone tissue engineering [75]

Ga-PBG Employment as coating either subcutaneously or transcutaneously
on fracture fixation pins

Treatment of bone infection [76]

Ga-(45S5 Biactive
glass)

Improved mechanical properties without decrease of the high
bioactivity level

Bone tissue engineering [77]

Ga-PBGs Helping to maintain the integrity of the enamel Dental sector [78]
Ga-(13-93 BGs) Control on microbial toxicity Soft tissue repair and regeneration [79]

Ga3+ and Ag+ GaAg-PBGs Catheters coating to avoid bloodstream infections Antibiotics treatments or
supplement current therapies

[88]

F− F-BG (45S5) Higher effectiveness for microorganism inactivation Dental sector [80]
F-BG Preventing of post-surgery infections, especially hydatidosis Surgery [81]
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Ce3+ Ce-BG Good in vitro bioactivity Bone regeneration [82]
GR-HAp_Ce Enhanced osteoblastic cell response and cell adhesion and

proliferation
Bone tissue regeneration [83]

Ce-BG Promoted bone metabolism Tissue engineering [84]
Ce-BG Improved bioactivity and biocompatibility Orthopedic implants [85]
Ce-MBGNPs – No cytotoxicity toward MG-63 osteoblast-like cells

– Improved cell viability (>10w/v%)
– Drug delivery carriers
– Bioactive fillers for bone tissue
engineering

[86]

BG, bioactive glass; MBG, mesoporous bioactive glass; MBGNPs, mesoporous bioactive glass nanoparticles; SM58S bioactive glass, surface modification of mesoporous 58S
bioactive glass; PGF, phosphate-based glass fibers; PBG, phosphate based glasses; CPG, calcium phosphate glass; GR-HAp, glass-reinforced hydroxyapatite.
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For tissue engineering applications, the improved antibacterial, bone regeneration capability
and/or angiogenesis activity of BGs doped with therapeutic and antibacterial metal ions (e.g. Ag,
Sr, Cu, Zn, Co, and Ga) could guarantee a bacteria-free environment in implanted sites during the
soft and hard tissue healing and regeneration [148].
For instance, Ni et al. [149] produced a scaffold by the sol–gel dip coating of porous anodic alu-

mina (PAA) with CaO–SiO2–Ag2O formulation, then submitted to a specific thermal treatment.
They demonstrated the efficacy of the obtained CaO–SiO2–Ag2O/PAA system in decreas-
ing/avoiding the E. coli and S. aureus bacteria growth, due to Ag ions release with consequent
enhanced medium pH values.
Yazdimamaghani et al. [150] fabricated gelatin/bioactive-glass/silver nanoparticlesmacroporous

scaffolds, characterized by a macro-scale 3D interconnected porosity with pore size between 350
and 635 μm, increasing the pore size and the porosity with the Ag nanoparticles (NPs) concentra-
tion. They highlighted a remarkable decrease of S. aureus and E. coli growth and reduction of the
biofilm formation on the scaffolds.
Alginate/60S BG (containing zinc and magnesium) scaffolds (porosity of 80%) were produced

by Zamani et al. [151], significantly improving the mechanical behavior and antibacterial activity
against E. coli and S. aureus bacteria, as well as MG-63 cells responsiveness in terms of adhesion,
viability, attachment and proliferation, and osteoblast differentiation.
Mouriño et al. [77] developed multifunctional composite scaffolds for bone tissue engineering

with prophylaxis effect against S. aureus by coating the 45S5 based scaffold surface with sodium
alginate films crosslinked with Ga3+, without changing the pore structure, and improvingmechan-
ical properties and antibacterial effects to prevent any possible bacterial colonization of the bioma-
terial after surgery [77].
A good antibacterial action againstE. coli (antibacterial rate of 75% in 1 hour and 99% in 12 hours)

was demonstrated in the case of sol–gel derived SiO2–CaO–P2O5–Ag2O silicate BG (Ag 0.02wt%)
scaffolds (pore size ∼6 nm, specific surface area of 467m2/g) by Hu et al. [152], for wound healing
applications.
MBGs were also used to produce pH-sensitive 3D hierarchical meso-macroporous 3D scaffolds,

loaded with levofloxacin (Levo) as an antibacterial agent for the treatment and prevention of bone
infection [153]. The obtained systems were able to simultaneously inhibit the S. aureus growth
and promote the bone regeneration. The shown controlled Levo release was pH-dependent: it was
sustained with time at physiological pH (7.4) and remarkably increased at infection pH (6.7 and
5.5), due to the different Levo species/silica matrix interaction rate.
Co-doped MBG scaffolds with large interconnective pores (300–500 μm) and well-ordered

mesopore channels (∼5 nm) were produced to promote the hypoxia-inducible factor (HIF)-1α
and vascular endothelial growth factor (VEGF) expression in human bone marrow stromal
cells (hBMSCs), as well as their osteogenic differentiation [64] (Table 23.1). The antimicrobial
properties were further enhanced by the addition and consequent sustained release of ibuprofen.
On the basis of the collected outcomes, Cu2+ ions incorporation within MBGs structure is
able to remarkably increase the hypoxia-like tissue reaction, promoting both angiogenesis and
osteogenesis.
Macroporous poly(L-lactic acid) (PLLA) scaffolds coated with GS-loaded MBGs by dip-coating

method were proposed to improve the cell adhesion/growth, due to the higher surface hydrophilic-
ity, and to provide significant antibacterial behavior for an extended period (more than seven days),
as well as enhanced bioactivity and promoted attachment to the host tissue [154]. Preliminary tests
performed on coatings obtained by the laser ablation method and enriched with Ce-BGs suggested
high antibacterial activity due to the presence of partially crystallized layers with cerium cations
embedded in a glassy matrix, which was more prone to degradation [85].
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The employment of antimicrobial BGs as drug delivery systems has been also reported. Valappil
et al. [75] investigated a novel drug delivery system based on gallium-doped PBGs (1mol% Ga2O3)
against both Gram-negative and Gram-positive bacterial pathogens. The proposed approach may
offer advantages over conventional therapeutic agents as antibiotic-resistant organisms. This sys-
tem presented controlled and long-term release profile of Ga3+ ions [75].
In another study, Valappil et al. [76] prepared Ga2O3-doped PBGs as a novel drug delivery system

against bacteria associated with hospital-acquired infections (HAIs), and their results showed a
controlled delivery of gallium ion and demonstrated a relevant antimicrobial activity against both
planktonic cells and P. aeruginosa biofilms.
Another possible application of antimicrobial BGs consists in the coating ofmetallic or polymeric

substrates and implantable systems.
For instance, Ti–6Al–4V substrates were coated with Ga- and Zn-doped 80SiO2–15CaO–5P2O5

(mol%) MBG in combination with polycaprolactone (PCL) to provide enhanced in vitro bioactive
responsiveness, adequate mechanical strength, and antibacterial properties [147]. Pratten et al.
[146] coatedMersilk sutures with undoped and Ag doped 45S5, using an “in house” slurry-dipping
process, demonstrating that Ag-doped 45S5 was able to prevent in vitro bacterial colonization
on surgical sutures, by reducing the bacterial attachment. In vitro tests were performed against
S. epidermidis under both batch and flow conditions, to evaluate the number of viable cells
adhered to the surface and to study the cell attachment and detachment over time, respectively.
Comparable results were reported by Blaker et al. [144, 145].
For wound healing applications, fibers based on Cu doped BGs were proposed as wound dress-

ing meshes for severe burns and leg ulcers treatments [65]. Similarly, Ga-containing BGs could be
promising for wound healing applications [74].
Another interesting application of metal ions doped BGs is related to photothermal therapy of

bone tumor, associated to its regeneration, taking into account the laser-induced photothermal
properties of Cu-, Fe-, Mn-, or Co-doped bioactive scaffolds prepared by the 3D printing technique,
aswell as their osteogenic differentiation activity [155]. The potential antimicrobial activity of these
systems could enhance their photothermal activity.
Moreover, in some cases, applications different from bone healing have been evidenced and

reported, such as the use of Cu-containing MBG for coating the orbital implants for ocular surgery
[156], characterised by the S. aureus and E. coli growth inhibition due to the simultaneous release
of Cu2+ and ofloxacin antibiotic sustained release.
Intrinsically antimicrobial BGs have been also used in clinical applications. For example, S53P4

formulation, commercially available and known as BonAlive®, has been clinically employed for
over 25 years for several applications, such as mastoid and benign bone tumor, frontal sinus,
trauma, and spine surgery, with success and without relevant toxic reactions [157].
Moreover, it has been exploited for the treatment of chronic osteomyelitis, due to the S. aureus

that is commonly involved in orthopedic infections, and, after an initial colonization, leads to the
production of a biofilm difficult to eliminate [158–160].
Lindfors et al. [40] treated the spine of 11 patients with diagnosed chronic osteomyelitis in

the lower extremity, filling the cavitary bone defect and the spinal implant surroundings with
S53P4. They highlighted that nine patients healed without complications.
Similarly, Romanò et al. [41] compared the employment of S53P4 and antibiotic-loaded

calcium-based bone substitutes (antibiotic-loaded hydroxyapatite and calcium sulfate compound
and a mixture of tricalcium phosphate and an antibiotic loaded demineralized bone matrix) in
the treatment of chronic osteomyelitis. They evidenced the obtainment of a comparable infection
eradication (up 85%) and less drainage for S53P4 with respect to the different antibiotic-loaded
calcium-based bone substitutes.
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23.6 Concluding Remarks and Future Perspectives

Actually, for the treatment of bone infections, few effective antimicrobial molecules have been
identified and the development of multidrug-resistant (MDR) bacteria is causing the failure of the
antibiotic therapy with consequent remarkable morbidity and mortality increase [15]. For these
reasons, the use of specific BGs formulations is gaining a lot of attention, taking into account that
they are characterized by strong antibacterial action against several aerobic and anaerobic bacteria,
due to the pH and osmolarity increase in the surrounding environment, and,mainly, by the absence
of resistance selection [15]. Indeed, bacteria are not able to adapt to the hostile BG induced environ-
ment. Furthermore, BGS can reduce the biofilm mass, improve the diagnostic process and patient
compliance, and, thus, can be considered ideal bone substitutes for the osteoarticular and pros-
thetic joint infections treatment [15]. However, their action mechanism has not been completely
comprehended yet, and many mechanisms have been proposed to explain the antimicrobial prop-
erties of specific BG compositions. Generally, the antibacterial properties are due to the release of
ions into the reaction media and their effect in the surrounding physiological environment such as
pH and osmotic pressure [8]. Indeed, BGs can provide antimicrobial action easily raising the pH
of an aqueous environment [29]. In particular, they could inhibit the bacterial colonization at the
surgical site [37] by increasing the pH and calcium levels [29], if implanted in areas of periodontal
defects.
The strategies commonly followed in order to obtain BGs formulations with enhanced antimi-

crobial behavior consist in the incorporation of biocidal ions and the addition of specific antibiotics.
However, recently, further approaches have been proposed, such as the addition of natural

antimicrobials and/or antimicrobial particles to BGs formulations (Figure 23.2) [80, 161], the
co-doping with more than one metallic ion [162–164], and the co-loading of different drugs
[165, 166].
For example, concerning the use of natural antimicrobials, Prabhu et al. [161] reported sol–gel

derived silicate and phosphate BGs loaded with neem (Azadirachta indica) leaf powder and silver
nanoparticles, ascribing the good antimicrobial behavior against S. aureus and E. coli to neem
leaf powder, and evidencing their less bioactivity with respect to Ag NPs. Similarly, 58S sol–gel
MBGs were loaded with green propolis dry extracts from Baccharis dracunculifolia and cranberry
proanthocyanidins (PACS) dry extracts from Vaccinium macrocarpon, due to their well-known
antibiofilm properties, even if no any antibacterial activity was detected [167]. In another study,
mesoporous Ga-doped MBGs were loaded with curcumin [168], evidencing a curcumin slow
release (25% within 72 hours), which would ensure a prolonged therapeutic effect, as well as a
stabilization of Ga3+ ions, in the SBF solution, avoiding their precipitation.
Regarding the production of composites based on antimicrobial particles and BGs, BGs loaded

with graphene-oxide (GO), reduced graphene-oxide (rGO), and nitrate acid treated-graphene-oxide
(N-GO) (5wt%) were characterized by improved antibacterial activity with respect to neat BG pow-
der (reduction of 1.6%) [169]. In details, the highest antibacterial activity (82.7% reduction) against
E. coliwas revealed in the case of N-GO/MBGs with respect to the other composites (3.8% and 1.2%
for GO/MBG and rGO/MBG, respectively).
For the BGs co-doping strategy, Valappil andHigham [88] producedGa–Ag–PBGs, able to ensure

a Ga and Ag controlled release, with a consequent synergic antibacterial action against planktonic
and biofilm growth of P. aeruginosa [88] and biofilm of oral human pathogens [107].
Similarly, Ranga et al. [14] investigated a new sol–gel BG composition (SiO2–CaO–SrO–Ag2O)

doped with strontium and silver as antibacterial agents. The results demonstrated a significant
effect on E. coli and S. aureus bacteria (Table 23.1).
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A new proposed approach consists in the combination and simultaneous release of different
drugs. For instance, Kaur et al. [165] loaded (25− x)CaO–xCuO–10P2O5–5B2O3–60SiO2 (x = 2.5,
5, 7.5, and 10mol%) with both doxorubicin (anticancer drug) and vancomycin (antibacterial drug).
Similarly, Polo et al. [166] loadedMBGs with doxorubicin (anticancer) and levofloxacin (antibacte-
rial drug), but they proposed amolecular gated approach,modifying someMBGswith triamine and
adenosine triphosphate (ATP) and other oneswith isocyanates and ε-poly(L-lysine), as functionaliz-
ing and capping agents, respectively. Both molecular gates (ATP and ε-poly(L-lysine)) usually open
when exposed to related enzymes (alkaline phosphatase [ALP] and pronase, respectively), pro-
moting the doxorubicin (DOX) and levofloxacin release, respectively, and, thus, allowing a finer
controlled drug delivery.
Furthermore, contradictory data are available about the antimicrobial properties of some BGs

formulations tested both in in vitro and in vivo experiments. Even if the 45S5 Bioglass antibacterial
action has been widely demonstrated in in vitro studies [26, 29], very interestingly, Xie et al. [170]
evidenced a completely different behavior in in vivo experiments. They highlighted the 45S5 par-
ticles inability in inhibiting/decreasing the S. aureus infection rate after the fixation of open tibial
fractures in rabbits. Their findings were ascribed to the unaltered local body fluid pH also after
BG release, due to the buffering fluids capacity. However, the study by Xie et al. [170] was lim-
ited, taking into account that only a single strain of S. aureus was exploited, and a single body site
was considered. Thus, the incapacity of BGs to induce the bacteria growth inhibition in vivo has to
be further confirmed and investigated, carrying out deeper studies with other strains or species of
bacteria and other body sites.
Similarly, the antibacterial activity of Ga-doped phosphate-based BGs was also studied in in vivo

tests, with contradictory results. Sahdev et al. [106] demonstrated, in in vivo studies in rats, their
antibacterial action against P. gingivalis, whereas, in another studies Ga-doped 13-93-based BG
electrospun fibers [79] and borate 13-93 BG scaffolds [87] did not show antibacterial properties,
probably due to the used Ga concentration and its slow release, as well as to the considered BGs
shape and architecture. Comparable experimental evidences were highlighted in the case of Ce
doped 13-93 electrospun fibers [79] and scaffolds [87], in the same works. The same behavior was
observed for Ce-doped BGs coated electrospun poly(lactic acid) (PLA)/chitosan nanofibers, and
this lack of antibacterial activity was ascribed to the very low amount of adsorbed BG on the fibers
surface, as well as to the ions slow release [53].
Taking into account all the collected data and results in the present chapter, it is evident that

there is an urgent need to carry out further and deeper studies about specific antibacterial and
antibiofilm activities, to better comprehend the underlying mechanisms and optimize and finalize
the employment of BGs in eradicating bone and joint infections [15]. Moreover, it is necessary to
perform in vivo studies using antimicrobial BGs, in order to develop optimized BG-based biomate-
rials for regenerative medicine applications.
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histone deacetylases (HDACs) 538
histones acetylation 538
hollow mesoporous bioactive glass (HMBG) 249
holy basil see Ocimum sanctum
homogeneous vs. heterogeneous nucleation 4
homogenous sol–gel bioactive glass 95
166Ho radioisotope 566
Hruby Hr parameter 321
HSP70 544
human adipose stem cells (hASCs) 48
human bone 148
humanmesenchymal stromal cells (hMSCs) 208
human tooth germ stem cells (hTGSCs) 81
Hunt–Jackson law 348
hydrogel method, tissue engineering scaffolds

98–104
hydroxyapatite (HAp)
coatings 294
crystals 33

formation 378
scaffolds 99

hydroxyapatite (HA) layer 62
hydroxyapatite (HA)-like layer 341
hydroxycarbonate apatite (HCA) 23, 62, 64, 92,

173
hyperthermia
biological effects 543–545
magnetic 539–543
magnetic bioactive glass-ceramics (see

magnetic bioactive glass-ceramics
(MGBCs))

i
ice-segregation-induced self-assembly 128
implantable materials 293
implant biomaterials 243
implicit solvated Monte–Carlo model 387
inductively coupled plasma (ICP) 238
inductively coupled plasma mass spectroscopy

(ICP-MS) 303–304
ink-jet printing (IJP) 134–135
insulin-like growth factor II (IGF-II) 407
interfacial free energy 388
interfacial tissue engineering (ITE) 138–139
intermediate oxides 521
intermediates oxides 399
internal radiation therapy 555
interstitial brachytherapy 555
intracavitary brachytherapy 555
intraluminal brachytherapy 555
intravascular brachytherapy 555
intrinsic antibacterial properties, of BG

compositions 584
in vitro assessment, of CaSiO3–Ca3(PO4)2

bioactive eutectic glass and glass ceramics
360–363

in vitro bioactivity 21, 24–25
in vitro ion release 48
ionic anticancer effects 234–235
ionic dissolution products, of bioactive glass 526
ionic pro-angiogenesis effects 233–234
ionic pro-osteogenesis effects 232–233
ion migration 383
ion release profiles
crystallinity 237
ion solubility 236–237
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ion release profiles (contd.)
medium condition 237–238
specific surface area 237

ion solubility 236–237
ions released, structural roles of 381
iron (Fe) 210–211
iron-phosphate BAG fibers 483, 485

k
keratoprostheses 494

l
Lamiaceae see Ocimum sanctum
laminin coating 490
laryngeal repair 502
laser-based bioprinting (LBB) 108
laser cladding (LC) technique
bioactive glass
composition 321
particle size, apparent density and
morphology 322–323

preplaced powder 323–324
working range 321–322

bioactivity and biocompatibility 328–329
with different material feeding 311, 312
glass structural changes induced by 324–327
processing station 314
laser energy sources and optical guidance
316–317

monitoring system 319–320
moving devices and movement control 319
powder injection system 319
precursor material feeder 317–319
subsystems 316
working heads 317

substrate-coating bonding mechanism 327,
328

Ti6Al4V alloy
bioactive glass coating on 311, 312
calcium phosphate coating on 311, 313

laser direct glass deposition (LDGD) technique
312–314

additive manufacturing 329
bioactivity and biocompatibility 333–336
compressive strength test 333, 334
cooling rates 331–332
crystallization tendency 331–333

processing parameters 330
processing station 314
laser energy sources and optical guidance
316–317

monitoring system 319–320
moving devices and movement control 319
powder injection system 319
precursor material feeder 317–319
subsystems 316

laser floating zone (LFZ) technique 343
fabrication process 345–347
feature of 344
fundamentals of 344–347
setup of 345

laser-induced breakdown spectroscopy (LIBS)
advantages 356
HA porous layer on CaSiO3–Ca3(PO4)2

biocompatible eutectic glass
dissolution of CaSiO3 phase 357
main spectral lines 356, 357
micro-Raman spectroscopy 357, 359
Q-switched Nd:YAG laser emission 356
SEM-EDX semi-quantitative chemical
composition analysis 359–360

Si (I) spectral emission lines 357, 358
laser machining, of CaSiO3–Ca3(PO4)2 bioactive

eutectic glass and glass ceramics 360–363
laser–material interaction mechanism 313–315
lateral tibial plateau fracture 42
Lawsonia inermis 269
leucite-apatite glass-ceramics 9
ligament regeneration 485–486
light microscopy 302–303
lipopolysaccharide (LPS)-induced

inflammatory-reacted dental pulp cells
497

lithium (Li) 211
lithium aluminosilicate (LAS) 1
low-temperature degradation (LTD) 434
lung tissue engineering 488, 490–491
Lythracae see Lawsonia inermis

m
macrophages 417
macroporous glass-ceramic orbital implants

493–494
magnesium (Mg) 211–212, 233
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magnesium ferrite based biphasic glass-ceramics
549

magnetic bioactive glass-ceramics (MBGCs)
biphasic glass-ceramics 547–549
challenges 553–554
future perspectives 553–554
melt-derived glass-ceramics 546–547
sol–gel-derived glass-ceramic 550–553

magnetic iron oxide 210
manganese (Mn) 212
manganese ferrite based biphasic glass-ceramics

549
mastoid bone 459
mastoid obliteration 463–467
MBGs seemesoporous bioactive glass (MBGs)
MC3T3-cells 212
medicinal plants 263
Medpor Plus Sphere 493
melt-derived BGs scaffolds 596
melt-derived bioactive glass
borate glass
structure/dissolution 71–73
for tissue engineering 73

phosphate bioactive glass
bone tissue engineering 69–70
structure/dissolution 67–69

phosphate glass fibers 70–71
silicate bioactive glass
bone tissue engineering 65–67
structure/composition of 63

melt-derived borate-based bioglass matrix 482
melt-derived glass-ceramics 546–547
MEP implants 499
mesenchymal stromal cells (MSCs) 208, 247
mesoporous bioactive glass (MBGs) 138,

595–596
antibacterial drugs 241
compositions 250–251
pore structure 249
species-pore size 249
surface modification 251

mesoporous bioactive glass nanoparticles 95,
207, 208

metal ions antimicrobial activity 582, 583
metallic elements, biological role in human body

523–524

metalloid elements, biological role in human
body 523–524

methacrylated gelatin-based cryogel,
BAG-embedded 462

methicillin-resistant Staphylococcus aureus
(MRSA) 82, 230

microspheres, for radioembolization 562–564
middle ear reconstruction 459
middle-ear structural replacement, stability of

463
MIRRAGEN® advanced wound matrix 482
MIRRAGEN dressing 528
modified glass-ceramic compositions
bioactivity 449–450
crystalline structure and microstructure 449
densification and crystallization 447–448
evaluation of 450
mechanical properties 449
sintering and aesthetics 448–449
thermal analysis 447–448

modified Stöber synthesis 177–178
molecular chaperones 544
molecular dynamics (MD) simulations 375, 383
of nano-BGs 385
of ternary P2O5–CaO–Na2O glass 382

multidrug-resistant (MDR) bacteria 39–40, 602
myocardial infarction (MI) treatment 491

n
Na-containing 45S5 bioglass 400
nano-bioactive glass
MD simulation of 385
sol–gel BGn
biomedical applications of 180–189
compositions of 177–179
nanoscale properties of 179–180

sol-gel synthesis 175
approaches 175–176
Stöber synthesis 177
ultrasonic-couple 176–177

nasal reconstruction 500
nasal septal cartilage repair 470–471
nasal septal perforation 501
natural polymers 304
natural polyphenols 269, 272
nBG-trilayer fibrous membrane (TFM) 186–187
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Nd-doped CaSiO3–Ca3(PO4)2 eutectic glass
double-line and cladding waveguides

fabrication
luminescence characterization 364, 365
near-field intensity of TE mode 364, 365
refractive index modification 365–366
spectroscopic properties 364, 365

necrosis 544
Néel relaxation time 542
Neem 269
network connectivity (NC) model 17
network formers 18, 399
network forming bond 399
network forming oxides 399, 521
network modifiers 399, 521
network modifying oxides 399
Niihara equation 440
niobium (Nb) 212–213
Nishika Canal Sealer bioactive glass (NBG) 496
nonbridging oxygens (NBO) 63
nonmetallic elements, biological role in human

body 523–524
nonosseous application BAG application

503–505
NovaBone 499
Novamin 461
nucleation
critical radius 6
driving force for 5
homogeneous vs. heterogeneous 4
phase separation 7

o
Ocimum sanctum 268
off-axis powder injection system 319
omeprazole 487
ophthalmology 491, 493–495
optical waveguides, classification of 364
oral bisphosphonates 497
oral medicine see stomatology
orbital floor repair 471–472
organ-on-a-chip engineering 107
orthopedic implants 294
orthopedics, S53P4 granules in 41–43
osseointegration 433
osseo-regenerative ability, of 70S30C BG 421
ossicular bone 459

osteocalcin (OCN) 405
osteocytes 407
osteogenic cells 203
osteointegration 451
osteomyelitis treatment 44
osteo-odonto-keratoprosthesis (OOKP) 494
osteoplastic flap frontal sinus obliteration 501
otology 498–500
otorhinolaryngology 461–462
antimicrobial activity 462
clinical applications
cochlear implants 468–469
cranial defect repair 469
mastoid obliteration 463–467
nasal septal cartilage repair 470–471
orbital floor repair 471–472
ossicular chain, replacements for 467–468
posterior meatal wall reconstruction
463–467

sinonasal obliteration 469–470
uses in craniofacial area 469–472

laryngeal repair 502
otology 498–500
rhinology 500–501
tissue induction and integration 462–463

oxidized alginate (OAL) 101
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parathyroid hormone (PTH) 245
parent glass-ceramic compositions
bioactivity 446
crystalline structure and microstructure

443–445
1d and 1e, evaluation of 446–447
densification and crystallization 441–443
mechanical properties 445–446
sintering and aesthetics 443
thermal analysis 441–443

PEGylation 296
Perioglass particulate 422
phase separation (PS) phenomena 7
pH, for healthy skin tissue 529
phosphate-based BAG fibers 483
phosphate-based bioactive glass 382
phosphate-based bioactive glass structural units

522
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phosphate bioactive glass
bone tissue engineering 69–70
structure/dissolution 67–69

phosphate glass fibers 70–71
phosphorus (P) 206–207
physicochemical method of BGs 279–280
physiological fluids, BG reactions in
calcium phosphate film formation 402
calcium-phosphate ions migration 402
cell bonding mechanisms 402–403
condensation reaction 402
dissolution of silica network 402
ion-exchange reaction 401

phytotherapeutic compounds
agents 264–272
biological response of
bioactivity and antimicrobial tuning
273–276

biocompatibility and cell proliferation 276
sustained release kinetics of 276–277

chemistry of 270–271
drug delivery 272–273
dual release of ions 268
loading techniques of
physicochemical method 279–280
surface modification of 277–279

overview of 264–272
plant extracts 263
therapeutic applications
anticancer and cardiovascular tissue
engineering 282–283

bone tissue engineering 281
wound healing 281–282

poly(D,L-lactide-co-glycolide) (PLGA) 48
polycaprolactone (PCL) 139, 305
poly-D,L-lactic acid (PDLLA) foams 490
polyether ether ketone (PEEK) 275
polyethylene glycol (PEG) 176
polyethylene terephthalate (PET) grafts 485–486
polymer foam replication 152–154
polytetrafluoroethylene (PTFE) 37
pore-forming agents 127
pore size 249
post-canal-wall-down (CWD) mastoidectomy

498–499
posterior meatal wall reconstruction 463–467

powder injection system, LC and LDGD
technique 319

preplaced powder LC 311
proanthocyanidins (PACs) 269
Propolis 269
protein adsorption 403–404
pulp-capping material 496
putty-like S53p4 bone filler 50–51

q
QuiremSpheres 563

r
radioactive decay/disintegration 556
radioactive microspheres 563–564
radioembolization
glass microspheres for 564–568
materials and applications 562–564
microspheres for 562–564

radioisotope half-life 556
radioisotopes 556, 557
radiopharmaceuticals 555
rare earth aluminosilicate (REAS) glass 566
rare-earth-containing bioactive glass (RE-BG)

569
rare-earth-doped CaSiO3–Ca3(PO4)2 bioactive

eutectic glass and glass-ceramics
compositional analysis 349, 350
electron backscatter diffraction analysis 349,

350
excitation spectra 351–354
fluorescence line narrowing spectroscopy 348
LFZ technique 348
microstructure 348, 349
sample micrograph after immersion period

350, 351
semi-quantitative chemical composition

analysis 348
site-selective laser spectroscopy 348
steady-state emission spectra 352, 354, 355
theoretical and experimental sample

composition 348, 349
time-resolved line-narrowed fluorescence

spectra 355–356
rat bone mesenchymal stromal cells (rBMSCs)

234
reactive force fields 376
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reconstructive ossiculoplasty 498
resorbable glass 568–569
retinal pigment epithelium (RPE) transplantation

495
rhinology 500–501
robocasting technique 136–138
root canal sealers 496
rubidium-doped bioactive glass nanospheres

(Rb-BGNs) 482

s
satellite cells 482–483
45S5-based glass-ceramic 23
45S5 bioactive glass 398–399
micro CT images 82

45S5 Bioglass 431, 432
antibacterial action 603
particulates size 398
sodium migration 384
spherical nanoparticle 385
structure 377

scaffold
electrospinning method 104–106
foam replication method 97–98
hydrogel method 98–104
properties of 96–97
3D printing method 106–110

scanning electron microscopy (SEM) 303
bioactive glass 64
borate bioactive glass 80
crystallized S53P4 scaffold 50
metaphosphate glass 69
rabbit tibia, defect closure 38
S53P4 35, 37

SEE see Stokes/Eyring–Einstein relationship
(SEE)

selected area electron diffraction (SAED) 180,
303

selective internal radiation therapy (SIRT) see
radioembolization

selective laser melting (SLM) 452
selective laser sintering (SLS) 130–132
shell-model (SM) approach 376
silicate-based BGs
calcium (Ca) 205
phosphorus (P) 206–207
silicon (Si) 205–206

silicate-based bioactive glass structural units
522

silicate bioactive glass 61
bone tissue engineering 65–67
structure/composition of 63

silicate/phosphate BGs 378
silicon (Si) 205–206
silver (Ag) 213
silver (Ag)-doped BGs 592
silver exchanged mesoporous silica sphere

(AgMSS) 480, 481
simulated body fluid (SBF) 21, 23, 39, 48, 79, 81,

341
sinonasal obliteration 469–470
Si–O–Si tetrahedra interaction, BG 92
SIR-Spheres 563
skeletal muscle regeneration 482–485
skin grafts 520
skin tissue regeneration 417
skin wound healing
bioactive glass applications 524–528
chemical elements affecting 523
commercially available bioactive glass-based

products 528
process 520–521

smart coatings 296
45S5 monoliths 398
soft connective tissue regeneration 416
soft tissue regeneration 82–84
sol–gel BG foams 125
sol–gel BGn 175
approaches 175–176
biomedical applications of 180–189
compositions of 177–179
nanoscale properties of 179–180
Stöber synthesis 177
ultrasonic-couple 176–177

sol–gel derived bioactive glass
advantages of 89
glass network and bioactivity 89–93
regenerative glass 88–89
scaffold structure
electrospinning method 104–106
foam replication method 97–98
hydrogel method 98–104
properties of 96–97
3D printing method 106–110
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synthesis process 94
synthesization 93–96

sol–gel-derived copper-doped mesoporous
bioactive glass 494

sol–gel-derived glass CaPSiO2 antibacterial action
584

sol–gel-derived glass-ceramics
categories of 550
magnetic and biological characterization of

550
MBGC scaffolds 552–553
mesoporous MBGC production 551, 552

sol–gel process
coating methods 300
fabrication methods 152

solid freeform fabrication (SFF) techniques 154
fused deposition modeling 133–134
ink-jet printing 134–135
robocasting 136–138
selective laser sintering 130–132
stereolithography 132–133
three-dimensional printing 135–136

S53P4 bioglass 398
bone growth into 51
bone infections, treatment 43–44
composition, in vitro antibacterial properties of

584
compositions 47–48
efficacy and safety of 465
fiber-reinforced calvarial implants 44–46
granules, orthopedics 41–43
weight-bearing applications 49–50

S53P4 disc implants 501
species-pore size 249
specific absorption rate (SAR) 542
specific surface area (SSA) 179
S53P4 plates and granules 500
Staphylococcus aureus 44
stereolithography 132–133
Stimuli–responsive hydrogel swelling 101
Stöber synthesis 177–178
Stokes–Einstein/Eyring equation 8
Stokes/Eyring–Einstein relationship (SEE)

386–388
stomatology 495–498
String Method Car–Parrinello approach 382
strontium (Sr) 213–214, 232

strontium-doped BGs 594
succinyl chitosan (SCS) 101
superficial brachytherapy 555
superparamagnetic iron oxide nanoparticles

(SPIONs) 554
superparamagnetism 541
surface coating 304
surface crystallization 9
surface modification of BGs 277–279
synthetic polymers 295, 296, 304, 305

t
teicoplanin (TEC) 82
tendon regeneration 486
ternary CaO–MgO–SiO2 system 435–437
therapeutic drug delivery systems 244
therapeutic species, BGs
biomolecule release 245–246
drug release
antibacterial drugs 241–242
small therapeutic drugs for diseases
243–245

species 238–241
dual/multi-species release 246–247
loaded species 247
MBG-based carriers
compositions 250–251
pore structure 249
species-pore size 249
surface modification 251

platform materials 227–229
therapeutic ion release
bioactive ion delivery (see bioactive ion
delivery)

constitutive therapeutic ions 229–230
ion release profiles (see ion release profiles)

TheraSphere 563
thermogravimetric analysis (TGA) 302
third-generation bioglass 581
3D printed BAG auricle 472
three-dimensional printing (3DP) technique

106–110, 135–136
Ti6Al4V alloy
bioactive glass coating on 311, 312
calcium phosphate coating on 311, 313
45S5 BG and S520 BG wetting angle on 322

Ti6Al4V dental implants, disadvantages of 432
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time–temperature–transformation curves (TTT
curves) 9

tissue engineering (TE) 96
anticancer and cardiovascular 282–283
borate glass 73
hierarchical pores of 228
hydrogel method 98–104

tissue regeneration 397
bioactive glass-based scaffolds for 399–401
cell cycle in 404–407
elements role in
cerium 420
copper and cobalt 420
iron 420
lithium and strontium 419–420
silver 421
zinc 420

in vitro/in vivo evaluation of BGs 408–411
titanium nitride (TiN) coating 294
TORP, Bioverit II based 468
trabecular microstructure scaffolds 400
Transmission electron microscopy (TEM) 303
transparent glass-ceramics 1
tulsi see Ocimum sanctum
tumor necrosis factor α (TNF-α) 81
turmeric extract 268
Turnbull approximations 387
tympanic membrane reconstruction 463–464
tympanoplasty 498
type-I collagen 404

u
ultrasonic-coupled sol–gel synthesis 176–177
ultrathin MBG hollow fibers 596
urinary tract infections (UTIs) 502, 506

v
vascular endothelial growth factor A (VEGFA)

234, 245
vascular endothelial growth factors (VEGF) 48,

204

vital pulp therapy (VPT) 495
volume crystallization 9
volumetric muscle loss (VML) 483

w
water adsorption modes 381, 382
Weibull distribution 159
weight-bearing bones 49–50
Wilson–Frenkel theory (WFT)

386
wound care approach 520–521
wound healing 281–282, 417, 480–482,

497, 519 see also skin wound healing

x
X-ray, lateral tibial plateau fracture 42

y
90Y-bioactive glass 568
90Y TheraSphere 565, 566
yttria-stabilized tetragonal zirconia polycrystals

(Y-TZP) 434
yttrium-doped bioactive glass (YBGs) 383

z
zinc (Zn) 214
zinc (Zn) bioactive glass hydrogels 102
zinc (Zn)-doped BGs 593
zinc-doped bioactive glass (ZBG) 101
zinc (Zn)-doped calcium phosphate glass

595
zinc-doped phosphate-based bioactive glass

(Zn-PBG) 502
zinc ferrite glass-ceramics power loss

547, 548
zinc ferrite’s magnetic crystal 547
Zingiberaceae 264
zirconia
ceramic implants, chemical degradation of

434
dental implant 497
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