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Abstract: The interest around bioactive glass-ceramics (GCs)
has grown significantly over the last two decades due to
their appropriate biochemical and mechanical properties.
The intense research effort in this field has led to some new
commercial products for biomedical applications. This
review article begins with the basic concepts of GC process-
ing and development via controlled heat treatments of mon-
olithic pieces or sinter-crystallization of powdered glasses.
We then go on to describe the processing, properties, and

applications of some commercial bioactive GCs and discuss
selected valuable reported researches on several promising
types of bioactive GCs. The article finishes with a section on
open relevant research directions for bioactive GC develop-
ment. © 2016 Wiley Periodicals, Inc. J Biomed Mater Res Part A:
104A: 1231-1249, 2016.
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INTRODUCTION

Glass-ceramics (GCs) are polycrystalline materials that con-
tain one or more crystal phases embedded into a residual
glass and are produced by the controlled heat treatment of
certain glasses. The heat treatment is usually (but not
always) performed in two stages: first, at relatively low tem-
peratures, not far from the glass transition, T, to induce
internal nucleation, followed by a second stage at a higher
temperature to promote the growth of different phases.
Another, less frequent, process is sometimes used in which
glass powders are shaped with some binder and then sin-
tered and simultaneously crystallized. Sintering and crystal-
lization usually proceed concurrently, where the free surfa-
ces of the glass frits encourage crystallization.'™ Recently, a
third method, the synthesis of GCs via the sol-gel method
has been thoroughly investigated. This method allows for
low-temperature chemistry-based synthesis, where a solu-
tion of chemical precursors or a dispersion of colloidal par-
ticles gelifies under certain pH and chemical concentrations
near room temperature. Gels are wet inorganic networks of
silica that can then be dried and heated, for example, at
400-700°C, and are finally converted into glass. Through a
controlled (normally very slow) heat treatment of a gel, a
powder or monolith glassy or crystalline material may
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result. Internally nucleated and crystallized monoliths or
sinter-crystallized glass powder compacts can be called GCs.
In the latter case, each particle of the GC powder is a con-
glomerated piece of many individual finer particles, which
have been crystallized from their surfaces. Figure 1 shows
the main stages in the synthesis of bioactive GCs.

GCs always contain a residual glassy phase and one or
more embedded crystalline phases. Their crystallinity varies
between 0.5% and 99.5%, most frequently between 30%
and 70%. Controlled crystallization yields a group of materi-
als with interesting, sometimes unusual, combinations of
properties such as biological, electrical, thermal, and
mechanical.'”

A bioactive glass or GC is one that elicits a particular
biological reaction at the interface of the material, which
stimulates cell proliferation, gene response and the forma-
tion of a bond between living tissues and the material. A
common characteristic of bioactive GCs is that their surface
develops a biologically active hydroxycarbonate apatite
(HCA) layer that bonds to bone. The HCA phase that forms
on bioactive GCs is chemically and structurally equivalent to
the mineral phase of bone. This similarity is key for interfa-
cial bonding.*™*° Figure 2 shows an example of HCA growth
on a GCs surface. Bonelike HCA developed on the sample
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FIGURE 1. Schematic diagram of the main stages in the synthesis of GCs.

surface after immersion in simulated body fluid (SBF). The
details of HCA formation could be identified by scanning
electron microscopy (SEM) when the rate of HCA growth
was reduced by ZrO, addition to the gel-derived SiO,-CaO-
P,05 bioactive GCs.""

Figure 3 shows the number of scientific publications
(papers, books, and conference papers) per year in the field
of bio GCs. We searched the Scopus database using the key-
words “bio* + glass-ceramic*” only in the publication title
(blue line) and in the title, abstract and keywords (maroon
line). It should be noted that the actual number of publica-
tions per year related to bio GCs falls between these two
extremes. The number of publications shows some fluctua-

Glass-ceramic
Surface

tions over the years; however, an exponential increase over
the past four decades is observed. The same graph for
“bioactive + glass-ceramic*” keywords is shown in Figure 4.
This figure definitely shows an increasing trend for research
related to bioactive GCs, which indicates that the field of bio
and bioactive GCs has been a “hot” research topic in the
past 4 decades. Furthermore, a comparison between these
two graphs reveals that almost 50% of research related to
bio GCs is actually related to bioactive GCs. The other half is
connected to inert (biocompatible) dental GCs.

In this article, we review the fabrication method, proper-
ties and applications of biologically active GCs. First, we
summarize their history. We then discuss their properties

Glass-ceramic
Surface

FIGURE 2. Hydroxycarbonate apatite (HCA) formation on the GC surface after 24 h exposure to simulated body fluid (SBF).""
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FIGURE 3. Number of publications (papers, books and conference
papers) per year extracted from the Scopus database by searching the
keywords (“sittal” OR “vitroceramic*” OR “glass-ceramic*” OR “glass
ceramic*”) AND (bio*) in the publication title (blue) and also in the title,
abstract and keywords (maroon) during the period of 1972-2014.

and applications, and we provide a summary of most com-
mon fabrication methods of the most famous and commer-
cially available bioactive GCs. Finally, we highlight recent
relevant research and possible developments in this field.

BACKGROUND
Bioactive glasses have been widely investigated for diverse
clinical applications for >4 decades. Several families can be
distinguished in the historical evolution of bioactive glasses.
The first melt-derived bioactive glass, Bioglass 4555, was
discovered by Hench in 1969,* followed by bioactive gel-
derived glasses, also proposed by Hench in 1991.° Most
recently, bioactive glasses with ordered mesoporosity were
designed by Vallet-Regi et al.®

Bioactive glasses show both osteoconduction and
osteoinduction properties and can be used in a variety of
applications, such as bone grafting, scaffolding, drug deliv-
ery, coatings, and soft tissue engineering. However, despite
their excellent bioactive properties, the major disadvantages
of bioactive glasses are their low mechanical strength and
low fracture toughness, Kic (a bending strength of approxi-
mately 70 MPa and K¢ of 0.5 MPa-m'/?). These characteris-
tics restrict their use to only a few applications that do not
demand significant loads. To improve their mechanical
strength, various types of glasses that undergo the precipi-
tation of different crystalline phases under heat treatment,
known as bioactive GCs, have been developed. The most
famous and commercially available bioactive GCs are
Cerabone®, Biosilicate®, Ceravital®, and Bioverit®.>1°

Ceravital® has apatite (CaO-P,0s) precipitates in a
Na,0-K,0-Mg0-Ca0-Si0,-P,05 glass matrix and was first
developed by Bromer et al. in 1973.° Kokubo et al. devel-
oped A-W GC in the late 1980s, commercially known as
Cerabone®, in which apatite and wollastonite crystallize in a
MgO-Ca0-Si0,-P,0s glass.!® Bioverit®, with apatite and
mica dispersed in a Na,0-MgO-Ca0O-Al,03-Si0,-P,05-F
glass, was developed by Holand et al. in 1985.'2 All these
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GCs are composed of an apatite-like crystalline phase and
are much less soluble than Bioglass® 45S5. In 1996, Peitl
et al.'® developed an apatite-free GC based on the crystalli-
zation of (a somewhat modified) Bioglass®. They called their
product Biosilicate® and demonstrated that controlled crys-
tallization that led to a well-designed microstructure of a
Na,0-Ca0-Si0,-P,05 glass could increase its average 4-
point bending strength from 75 to 210 MPa. This value is
similar to that found for the A-W GC (215 MPa), which
exhibits the best mechanical performance of all commercial
bioactive GCs.'**

We will provide more details on the properties, applica-
tions and fabrication methods of the above-cited bioactive
GCs in Cerabone®, Bioverit®, Biosilicate®, and Ceravital® sec-
tions. In addition to these commercially available bioactive
GCs, there are less investigated GCs based on canasite,
apatite-mullite, chain silicate, oriented apatite, chlorapatite,
calcium pyrophosphate, rhenanite, and alkali-free which will
be discussed in Miscellaneous Bioactive Glass-Ceramics
section.

Recent developments associated to gel-derived GCs, scaf-
fold fabrication, GCs for soft-tissue engineering, GCs for
hyperthermia, and GCs as composites or coatings will be
explained in Coatings and Composites, Bioactive GC Scaf-
folds, Gel-Derived Bioactive GCs sections. Finally, possible
developments and trends will be highlighted in Future
Research Directions section.

CERABONE®

Definition

Apatite-wollastonite GC, commercially available with the
brand name Cerabone®, is the most extensively and success-
fully used bioactive GC for bone replacement. It was devel-
oped by Kokubo'®and commercially produced under license
by Nippon Electric Glass Co., Japan.>®
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FIGURE 4. Number of publications (papers, books and conference
papers) per year extracted from the Scopus database by searching
the keywords (“sittal” OR “vitroceramic*” OR “glass-ceramic*” OR
“glass ceramic*”) AND (bioactive) in the publication title (blue) and
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TABLE I. Crystalline phases, bending strength and fracture toughness of parent glass, apatite GC, apatite-wollastonite GC and

human cortical bone.®

Fracture
Bending strength toughness
Samples Phases (wt %) (MPa) (MPa-m"2)
Parent glass 100% glass 70 0.8
Apatite GC 38% apatite + 62% glass 90 1.2
Apatite-wollastonite GC 38% apatite + 34% wollastonite + 28% glass 220 2.0
Human bone Mainly apatite and collagen 160 2-12

Kokubo et al.'® envisaged that they should develop a
biomaterial with a microstructure and biomedical properties
similar to those of natural bone. Bone is a composite mate-
rial consisting of nanosized apatite particles reinforced by
collagen fibers. Those authors, therefore, expected that a
composite containing apatite and a fibrous mineral could
exhibit mechanical properties analogous to those of bone.
They have thus selected B-wollastonite (a fibrous mineral of
Ca0-Si0, composition) for its inherent bioactivity and rein-
forcing ability as a sister phase for apatite.>*°

They designed a glass composition based on apatite-
wollastonite. The phase diagram of the 3Ca0-P,05-Ca0-SiO,
system shows an eutectic at 36 wt % (3Ca0-P,05)—64 wt %
(Ca0-Si0;) at 1420°C. Additionally, the partial replacement of
Ca0-Si0, by Ca0-MgO0-2Si0, could decrease the liquidus tem-
perature. Therefore, a composition containing 36 wt %
(3Ca0-P,05), 40 wt % (Ca0-Si0y), and 24 wt % (CaO-MgO-
2Si0,), that is, 4.6Mg0-44.9Ca0-34.2Si0,—16.3P,05 in wt %,
was chosen as the base glass composition in Kokubo’s study.>*°

To produce this GC, a batch mixture of reagent grade
MgO, CaCOs, SiO,, and CaHPOs5-2H,0 was melted in a Pt-
10% Rh crucible at 1450°C for 2 h in an electrical furnace.
Then, the melt was poured onto a stainless steel plate, and
then pressed into a plate approximately 2 mm thick. This
glass plate was heated to 1050°C at a heating rate of 5°C/
min. Fine-grained apatite and fibrous B-wollastonite nor-
mally precipitate in the parent glass using this heat treat-
ment. However, large cracks were formed in the interior of
the crystallized product because the fibrous wollastonite
precipitated perpendicularly to the outer surface of the
glass specimen.>'° To suppress the preferred orientation of
wollastonite, those authors crushed the glass plate into a
powder with a particle size below 44 pm, pressed it uniax-
ially and subsequently isostatically into a disc, and then
subjected it to the same heat treatment described above. As
a result, fine-grained apatite and wollastonite crystallized
from the glass particles surfaces. However, the crystallized
product contained 3.5% residual porosity because the glass
powder compact began to crystallize before full densifica-
tion. The addition of 0.5 wt % CaF, to the composition pro-
vided a fully densified crystallized product because it
decreased the softening temperature of the glass powder
and increased the crystallization temperature of the wollas-
tonite. This polycrystalline material was denominated A-W
GC after the names of the crystalline phases it contains. The
apatite phase was identified to be oxyfluorapatite. The
apatite, (-wollastonite, and glassy phase content were
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calculated to be 38, 34, and 28 wt %, respectively. The den-
sity of the A-W GC was approximately 3.1 g/cm®. A-W GC
can be machined into various shapes to be used as a bone
substitute,>>91°

Mechanical properties

The bending strength and fracture toughness of the A-W GC
are shown in Table I, which compares the values for the
parent glass, apatite GC, containing only apatite, and human
cortical bone.’

The average bending strength of 220 MPa of A-W GC is
higher than that of human cortical bone. Comparing the bend-
ing strength of A-W GC with that of parent glass and apatite
GC, it is obvious that the high bending strength of the A-W GC
is conferred by the precipitation of the wollastonite crystals in
addition to apatite. A-W GC exhibits a fracture toughness of
2.0 MPa-m'/?, whereas parent glass and apatite GC show frac-
ture toughnesses of 0.8 and 1.2 MPa-m'/?, respectively. Other
mechanical properties of the A-W GC, such as compressive
strength, Young’s modulus and Vickers hardness were approx-
imately 1080 MPa, 118 GPa, and 680 HV, respectively.”

To evaluate the fatigue resistance of this GC as a bone
substitute under load-bearing conditions, it was subjected
to a cyclic load at 36.5°C in a simulated body fluid (SBF)
with ion concentrations nearly equal to those of the human
blood plasma. The test results suggested that A-W GC is
able to withstand >10 years in a living body, even under
the constant loading of a bending stress of 65 MPa.”

Biological properties

The interaction of bone with A-W GC was investigated by
Kokubo’s team, which implanted 10 X 15 X 2 mm?® samples
into the tibial metaphyses of a rabbit. The cross-section of
an interface between A-W GC and bone after 25 weeks of
implantation revealed that the GC directly adhered to the
bone without the formation of any fibrous tissue. When a
tensile stress was applied perpendicularly to the interface,
the bone did not break at the interface, and GC was tightly
bonded to the bone. After the implantation of 200-325 pum
granular particles of this GC into a hole drilled at a rat’s
tibia, they were covered with newly grown bone on up to
90% of their surface in 4 weeks.” Figure 5 shows the bond-
ing mechanism of A-W GC to bone.”

Applications

Apatite-wollastonite GC has been used to fabricate various
types of prostheses and spacers used in spinal and tumor
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FIGURE 5. Bone-bonding mechanism for A-W GC: (1) just after implantation; (2) formation of bonelike apatite; (3) growth of new bone; (4) bond-
ing of new bone with apatite layer; (5) and (6) increase in density of new bone.®

surgeries. In particular, lumbar intervertebral spacers and
cervical laminoplastic spacers have been used in thousands
of clinical cases with excellent clinical, radiological, and bio-
mechanical results. A-W GC has also been used as a coating
material of hip prostheses by the technique of coating on
the porous surface. A mid-term follow-up study of several
thousands of clinical cases of hip replacement demonstrated
a significantly earlier osseointegration at the A-W GC
bottom-coated area of the implant compared with a
hydroxyapatite-coated implant.”

It has been clinically shown that the A-W GC is useful as
a bone substitute and as a coating material. For further
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details about clinical applications of the A-W GC, readers
are encouraged to refer to chapter 26 of Ref. [5].

BIOVERIT®

Definition

Bioverit® is the commercial name of two different types of
GCs that contain mica-apatite and mica crystals. They are
produced and distributed under the brand names of Bio-
verit® 1 and Bioverit® II by Vitron Spezialwerkstoffe, Ger-
many. Bioverit® I and II are machinable. They can be easily
cut, drilled and shaped by standard metal tools and instru-

ments. Their workability depends on the mica content and
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TABLE II. Bioverit® I and Il (mica and mica-apatite GCs)
compositions.®

Bioverit® | Bioverit® Il

Sio, 29.5-50 43-50
MgO 6-28 11-15
CaO 13-28 0.1-3
Na,O/K,0 5.5-9.5 7-10.5
Al,O5 0-19.5 26-30

F 2.5-7 3.3-4.8
P,Os 8-18 0.1-5
TiO, some -

on the morphology of the GCs; for example, a GC with high
mica content shows excellent machinability.®

The base glass compositions of Bioverit® I and II, which
are produced via casting the melt in a metallic mold, are
summarized in Table II.

Holand and Beall found that through the addition of
Na0, K;0 and F to the Si0,-Al,03-MgO base glass, con-
trolled crystallization takes place when the glasses are heated
to form mica crystals. Interlocked, elongated, and plane mica
crystals precipitate after liquid-liquid phase separation and
the precipitation of other crystal phases, such as chondrodite
(Mg,Si04-2MgF,) and norbergite (Mg,Si0,-MgF,).2

However, if Na,O, K,0, F, and further additions <3 wt %
of Ca0 and P,0s are introduced (Bioverit® Il in Table II),
then phase separation is greatly reduced, preventing the
nucleation of the primary phase. As a result, a new curved
mica crystal, which is called cabbage-head mica, develops in
this Bioverit® II-type GC.> The SEM images in Figure 6 show
the microstructure of elongated and cabbage-head mica GCs.

In this eight-component glass, if the CaO and P,0s5 con-
tents are considerably increased, a new mica-apatite GC,
Bioverit® I, develops. This type of base glass shows the
phase separation of two droplet-like phases. One phase is
alkali-fluorine rich, and the other is rich in Ca, P and F.
After a twofold heat treatment of the glass between 750°C
and 1100°C, mica and fluorapatite crystals precipitate. The
formation of fluorapatite follows a homogeneous nucleation
mechanism within the CaO-, P,0s-, and F-rich droplet phase
at a lower temperature than mica nucleation.?

TABLE lIl. Mechanical properties of Bioverit™ | and II.2

Properties Bioverit” | Bioverit” Il
Density (g/cm?®) 2.8 2.5
Bending strength (MPa) 140-180 90-140
Compressive strength (MPa) 500 450
Young’s modulus (GPa) 70-88 70
Hardness Vickers (GPa) 5 ~8
Fracture toughness (MPa-m"?) 1.2-2.1 1.2-1.8
Properties

Some mechanical properties of Bioverit® I and II are shown
in Table IIl. The bonding strength of Bioverit® I to bone was
measured by Holand et al. A value of approximately 2.3
MPa found for GC implants is eight times greater than that
for Al,05 implants. Bioverit® II is a biocompatible GC but
with lower reactivity than Bioverit® I. An in vivo test has
shown that bone intergrowth occurs without causing any
adverse effects. Intergrowth takes place as if the implant
were part of the body.

Applications

After being approved in in vivo tests, Bioverit® I and II were
accepted for application as bone substitutes in humans.
More than 850 implants were successfully applied by 1992
in different orthopedic surgeries, particularly spacers and
middle ear implants.*” It has been reported that implanted
Bioverit® II in the middle ear tends to be coated with an
epithelial layer that exhibits not only the absence of inflam-
mation but also a minimal osteogenic response and an anti-
bacterial effect against gram-negative bacteria.>'® In 2009,
to improve the bone-bonding ability of Bioverit® I, the coat-
ing of the implant with a nanostructured silica layer was
proposed, and promising results in animal middle ear mod-
els (mice and rabbits) were reported.'®

BIOSILICATE®

Definition

A recent comprehensive review of the literature on Bio-
silicate® is available.'” In the mid-1990s, a great challenge
was the development of a new material that could combine

FIGURE 6. Microstructures of elongated and cabbage-head mica GCs. Reproduced from Ref. 3, with permission from John Wiley and Sons.
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TABLE IV. A summary of the in vivo and clinical tests per-

formed with Biosilicate®™."”

Applications and

Analysis material form
In vivo Animal model
Rat tibia Solid particles,
scaffolds
and scaffolds +
laser irradiation
Rat calvaria Monolithic discs
Rabbit femur Monolithic rod
implants
Rabbit eviscerated Orbital implants
sockets
Dog mandibular Coarse particles
socket
Guinea pig middle Ossicle implants
ear
Clinical Specialty
Dentistry Dentin hypersensitivity

(fine powder)
Orbital implants
(monolithic)
Middle-ear ossicle
implants
(monolithic)

Ophthalmology

Otorhinolaryngology

both high bioactivity, as shown by Bioglass® 45S5, and the
good mechanical strength and toughness of GCs such as
Cerabone®. A straightforward strategy to achieve this goal
was to improve the mechanical strength of Bioglass® 45S5 or
any other bioactive glass through controlled crystallization.
However, two questions arose: (1) Does crystallization impair
bioactivity? (2) Can the crystallization of such bioactive
glasses significantly improve their mechanical properties?

In 1996, Peitl et al.'® published a groundbreaking report
that revealed that the crystallization of Bioglass® 45S5
slightly decreased the kinetics of HCA formation but did not
inhibit its formation, even in the case of “full” crystalliza-
tion. Later on, Peitl et al.'* tested the in vitro bioactivity of
GCs with different compositions and crystallized fractions
within the Na,0-Ca0-Si0,-P,05 system. The result was
similar: Crystallization did not hinder HCA formation for
glasses of this system. The HCA layer forms fast on these
GCs surface due to the presence of a soluble nonphosphate
crystal phase with phosphorus ions in solid solution that
are rapidly released to the medium, in a similar way to Bio-
glass® 4585.31* However, even the stoichiometric composi-
tion 1Na,0-2Ca0-3Si0O, without P,05 was bioactive when
fully crystallized. Peitl and Zanotto™®'* gave their product
the brand name Biosilicate®.

Biosilicate® is the designation of the composition
23.75Na,0-23.75Ca0-48.5Si0,—4P,05 (wt %) and other
compositions with minor modifications. Under controlled
double-stage heat treatments, the microstructure of the
material can be engineered to be composed of one or two
crystalline phases: a sodium-calcium silicate phase (Na,Ca-
Si,0¢) plus a sodium-calcium phosphate (NaCaPO,4) phase.'”
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Properties

Peitl et al.'* showed that the controlled crystallization of
glasses of the above system could increase their average 4-
point bending strength by a factor of 2.8 compared with
that of the parent glass (from 75 to 210 MPa). This value is
similar to that found for the A-W GC (215 MPa), which
exhibits the best mechanical performance among the com-
mercial bioactive GCs. The elastic modulus also increased
slightly, from 60 to 80 GPa, but it is still the closest value to
that of human cortical bone (~20 GPa) among the commer-
cial bioactive GCs. This characteristic is important to mini-
mize “stress-shielding” effects. In addition, the fracture
toughness increased by 60% to ~ 1.0 MPa-m'/? due to a
crack deflection mechanism. Finally, Biosilicate® has the
highest bioactivity index (/g >8) among all the commercial
GCs.'” Biosilicate® was also found to exhibit fair machinabil-
ity. It is relatively easy to cut and drill, which is an impor-
tant feature that allows for the fabrication of implants with
different shapes for specific purposes and last-minute adap-
tations that are performed in situ by surgeons during surgi-
cal procedures.'”

Applications

Several in vitro bioactivity tests using SBF have shown that
the crystallization of the Biosilicate® parent glass, whether
in solid or scaffold form, does not significantly affect the for-
mation of HCA when soaked in SBF. Instead, it can even be
improved, depending on the crystalline phases present. This
result makes Biosilicate® a potential candidate for applica-
tions in which bone bonding or bone regeneration is
desired. After 20 years of research, Biosilicate® was eval-
uated in different situations and by various in vitro, in vivo,
and clinical tests, as shown in Table IV.'” After successful in
vivo tests on rabbits, 12 patients who had undergone enu-
cleation or evisceration procedures were implanted with
Biosilicate® orbitals (Fig. 7).7

FIGURE 7. Implantation of a Biosilicate® orbital implant in a patient
after an evisceration procedure. Courtesy of Drs. Simone M. Brandao
and Suzana Matayoshi (Medical School, Sao Paulo State University,
Botucatu, SP, Brazil).
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CERAVITAL®

Definition

Ceravital is another osteoconductive GC that contains only
apatite as the crystalline phase. Various GCs of the SiO,-
Ca0-MgO-Na,0-K,0-P,05 base system containing the main
crystal phase of apatite were developed by Bromer et al. at
the beginning of the 1970s, immediately following the
development of Bioglass®. Later on, they were produced by
the Leitz Wetzlar Company under the brand name
Ceravital®.’

The composition range of Ceravital® GCs selected by
Bromer et al. was (40-50)SiO,-(30-35)Ca0-(2.5-5.0)MgO-
(5-10)Na0-(0.5-3)K,0-(10-15)P,05 in wt %. The GCs
were fabricated by the melting-casting method followed by
controlled heat-treatments. Nucleation was encouraged at
600°C for 24 h, and apatite crystallization took place after
24 h soaking at 750°C. Components such as 5-15 wt %
Al,03, 0-5 wt % Ta,05 and 5-15 wt % TiO, were added to
the base composition. Ceravital® contains apatite crystals
with an average size of 40-50 nm.’

Properties and applications

The bioactivity of Ceravital is comparable to that of Bio-
glass® and higher than that of Cerabone®. However, it has
much lower mechanical strength than human cortical bone.
Its bending and compressive strengths are 100-150 and
500 MPa, respectively. Therefore, it has not been recom-
mended for load-bearing conditions or orthopedic surgery.
Commercial prosthetic ossicles are currently the unique
clinical application of Ceravital® GC.°

MISCELLANEOUS BIOACTIVE GCs

In addition to those well-known 4 types of GCs, numerous
studies have been published on, for example, apatite-mullite,
canasite, oriented fluorapatite, chain silicate, chlorapatite,
calcium pyrophosphate, rhenanite, and other GCs for bio-
medical applications.

Apatite-mullite GCs
In the mid-1990s, Hill et al.'® introduced apatite-mullite GC
as a potential bioactive GC with a good fracture toughness
and mechanical properties. They prepared two series of
glasses based on the (2-x)SiO,-xP,05-Al,03-Ca0-yCaF,
composition: In the first series of glasses, y was fixed at 1,
and x varied from 0 to 1; there was thus a systematic sub-
stitution of one silicon ion by two phosphorous. In the sec-
ond series of glasses, x was kept constant at 0.5, and y was
varied from 0 to 1. Glasses in which x=0.5 and y was
greater than 0.5 crystallized to fluorapatite and mullite.
Crystallization occurred by a bulk nucleation mechanism
involving prior amorphous phase separation. The glass with
x=0.5 and y=0.5 was converted into a GC consisting of
elongated fluorapatite crystals that had a relatively high
fracture toughness. They have reported fracture toughness
values of 1.0 to 3.3 MPa-m'/?, a bending strength of 90-330
MPa and a Young’s modulus of 70-90 GPa.'®"%°

Later, Goodridge et al.?* reported on the biological prop-
erties of apatite-mullite GCs produced via laser sintering for
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use as tissue-engineered scaffolds. Some apatite-mullite GCs
did not form HCA in vitro after immersion in SBE. There
were no pH changes following immersion and no significant
ion release into the SBF solution. However, they show
osseointegration in vivo with no sign of fibrous capsule for-
mation. On the contrary, some glasses are degradable and
form HCA in SBF but do not osseointegrate in vivo. The in
vitro and in vivo responses of this GC depend on the pres-
ence of the crystalline and residual glass phases. The GC,
which crystallized to apatite but had not crystallized to
mullite, osseointegrated poorly. The sample crystallized to
both apatite and mullite exhibited better osseointegration
and evidence of osteoconduction. Increasing the apatite vol-
ume fraction in the glass appears to increase the osseointe-
gration ability. The residual glass phase may add to
osseointegration by promoting apatite formation or may
hinder osseointegration if the glass phase degrades and
releases ions such as Al3+, which are known to inhibit bio-
logical mineralization. In the case of aluminum-containing
GC compositions, it is important that all the aluminum ions
be either locked away in a chemically inert glass phase or
in a chemically inert crystalline phase (Even trace amounts
of the order of 1 ppm of aluminum are known to inhibit the
mineralization of a newly forming osteoid). The SBF test
developed by Kokubo is widely used as a predictor of bioac-
tivity and the ability of a bioceramic to osseointegrate.
Although Hill says that this test is applicable for bioactive
glasses and A-W GC, its value with regard to aluminum-
containing glasses and GCs should be questioned. It seems
that extensive research is still being conducted on these GCs
as bioactive bone substitutes or implant under the supervi-
sion of Profs. Hill, Wood, and Stanton in the UK and
Ireland.'®"%?

Canasite-based GCs
G. Beall and his team at Corning developed glasses based on
a fluorocanasite (CasNayK;Si;;0309F4) composition that was
made by the melting-casting method and then crystallized
into a GC. They managed to produce materials with a high
content of fluorocanasite crystals that displayed significant
fracture toughness up to 4 MPa-m'/2.>°¢ Then, in 1994, Wol-
cott”® managed to develop apatite-canasite GC by the con-
trolled crystallization of two phases from a (42-70)Si0,-(6-
12)Na,0-(3-10)K,0-(20-30)Ca0-(3-11)F-(2-13)P,05 (wt
%) base glass composition with additions of B,03, Al,03,
and ZrO, up to 6 wt %. Controlled crystallization was car-
ried out in a temperature range of ~580°C-640°C for nucle-
ation and 900°C-950°C for crystallization. Canasite was
formed by heterogeneous nucleation on the CaF, primary
crystals. The crystallization of apatite, however, takes place
during the nucleation of the droplet glass phase rich in Ca
and P. Apatite-canasite GCs have high fracture toughness, up
to 3.9 MPa-m'/?, combined with bioactive properties. There-
fore, the material has been suggested for use as a biomate-
rial for replacing bone tissue.”

In 2002, Miller et al.** and Barros et al.>° investigated
the in vitro and in vivo properties of canasite-based GC.
Miller et al.** modified the composition by either increasing
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FIGURE 8. SEM-micrograph of an oriented fluorapatite GC prepared by extruding of the GC (previously crystallized at 1200°C). (a): cut parallel to
the extrusion direction; (b): cut perpendicularly to the extrusion direction.®’

the concentration of calcium in the glass or by adding P,0s.
Samples of these novel materials were placed in simulated
body fluid (SBF), along with a control material (commercial
canasite GC), for periods ranging from 12 h to 28 days. No
apatite was detected on the surface of commercial canasite,
even after 28 days of immersion in SBF. A crystalline apatite
layer was formed on the surface of a P,0s-containing cana-
site after 5 days and after 3 days for calcium-enriched cana-
site.?* However, in vivo bone tissue response to canasite GC
evaluated by Barros et al.>° revealed that the canasite for-
mulation is not osteoconductive and degrades in the biologi-
cal environment. They therefore concluded that the canasite
formulation was inappropriate for use as implants.25 Fur-
ther work is required to improve the biocompatibility of
these materials with bone tissue. It is possible that this
could be achieved by reducing the solubility of the glass
and GC*® because there should be an optimum level of solu-
bility. High soluble materials will not remain in the body
after implantation.

Later on, the canasite glass composition was further
modified by Mirsaneh et al?® at Sheffield University when
they tried to develop a new GC based on another chain-
silicate mineral, K-fluorrichterite (KNaCaMgsSigO,,F,, KFR).
The authors knew that excess CaO in canasite-based GCs
enhances their bioactivity. Therefore, two new GC composi-
tions were fabricated with 5 mol % CaF, (glass A) and
5 mol % CaO (glass B) substituted for MgO in the KFR for-
mula. For glass A, the fracture toughness (2.7 MPa-m'/?)
and biaxial flexural strength (227 MPa) were optimized for
samples crystallized at 900°C for 4 h. In glass B, however,
the best toughness (2.1 MPa-m*/?) and strength (217 MPa)
were obtained after treatment at 950°C. In view of their
excellent mechanical properties and castability, these GCs
were considered potential candidates for the fabrication of
custom medical devices in restorative dentistry and moder-
ate load-bearing reconstructive bone surgery.*®

Bhakta et al.*’~2? investigated some in vitro and in vivo
characteristics of modified K-fluorrichterite GCs. They modi-
fied the composition by either increasing the concentration
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of calcium or by addition of P,05 and suggested that an
apatite forming ability of the materials (seen in SBF tests) is
responsible for osteoconductivity.?” In vitro biocompatibility
assessment, including investigation of solubility, ion release,
and cell culture indicated that potassium fluorrichterite GCs
appear to be biocompatible.”® Osteoconductivity was inves-
tigated by implantation into defects in the midshaft of rab-
bit femora. All samples showed direct bone tissue contact
with evidence of new bone formation and cell proliferation
along the implant surface into the medullary space. There
was no evidence of bone necrosis or fibrous tissue encapsu-
lation around the test specimens. A P,0s-containing K-
fluorrichterite GC showed the greatest promise as a bone
substitute for load-bearing conditions due to its osteocon-
ductive potential and good mechanical properties (Kic = 2.7
MPa-m'/? and MOR = 250 MPa), but further investigations,
for example, clinical tests are still required.?®°

Oriented fluorapatite GCs

At Friedrich Schiller University in Jena, Germany, Moisescu
et al.®! tried to improve the mechanical properties of apatite
GCs by developing orientated needle-like apatite crystals
within the glass matrix. They selected GCs with bioactive
properties in the systems 24.5Si0,—16.8A1,03—18.3P,05—
16.4Ca0-16.2Na,0-7.8F (wt %) and 26.25i0,—17.9Al,03—
19.6P,05—17.5Ca0-10.5K,0-8.3F° (wt %) and demon-
strated that anisotropic apatite crystals can be oriented in
the glassy matrix by extruding the GC at high tempera-
tures.>' Figure 8 shows the typical microstructure of these
GCs.

Oriented mica GCs have also been developed by hot
extrusion. Habelitz et al.®? reported that the fracture tough-
ness varies in direction by approximately 350%, the Knoop-
microhardness varies by approximately 30%, and the
Young’s modulus varies by approximately 15%. Through a
comparison with randomly oriented mica GC, an enhance-
ment of the mechanical properties was obtained in the
direction perpendicular to the extrusion axis.*?
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Bioactive rhenanite GC

Apel, Holand and Rheinberger®® have registered a patent for a
new bioactive GC. They designed a glass composition of (29.5-
70.0)Si0,-(5.5-23.0)Ca0-(6.0-27.5)Na,0-(2.0-23.5)P,05-
(0-1.5)F in wt % (for example, 58Si0,—12.9Ca0-22.9Na,0-
6.0P,05—0.3F in wt %3'34) and claimed that their GCs con-
tained rhenanite, B-NaCaPO,, as the main crystal phase.*
The bioactive residual glass phase contributes to quick apa-
tite formation due to its high solubility in SBF, whereas the
osteoconductive-acting rhenanite crystal phase leads to a
slower apatite formation but guarantees the improved
mechanical stability of an implant. This double mechanism of
the reactivity of the GC allows for the control of the bioactiv-
ity and is a particular advantage of this material. This GC is
preferably free of Al,03 because it reduces the bioactivity
and the formation of apatite.®*

The solubility of this particular GC is lower than that of
known bioactive glasses. Its reduced solubility prevents it
from being transported away from the implantation site
before new bone can form. In addition, the decomposition
and conversion rates are not as high as with the glass-free
phosphates in which the processing time and storage stabil-
ity of biocompatible materials are limited by the rapid chemi-
cal conversion of materials for apatite formation. As a result
of the variation of the crystalline proportion of rhenanite in
the GC, control of the Kinetics of apatite formation is possi-
ble, and GCs with 4-50 wt % rhenanite are preferred.®*>*

Bioactive calcium pyrophosphate GCs
In 1998, Kasuga et al. developed bioactive calcium phos-
phate glasses and GCs in the pyrophosphate region. They
have published comprehensive reviews on the processing,
properties and promising applications of their novel materi-
als.*>3® Kasuga and his team first synthesized glasses of the
system xCa0-(90-x)P,05—10TiO, in mol %, where x <62.
Then, they showed that glasses containing CaO > 55 mol %
do not have a long phosphate chain structure; they are
invert glasses containing ionic pyrophosphate and ortho-
phosphate groups, which are connected through Ca®" or
Ti**. They reported that the apatite did not form on these
phosphate glasses with x <55 in SBFE. However, bonelike
apatite particles were detected on the phosphate invert
glass with 60Ca0-30P,05—10Ti0,.2>3¢

Later on, Kasuga et al. included Na,O in the glass com-
position to enhance its bioactivitiy and sinterability. When
60Ca0-30P,05-yTiO,-(10-y)Na,0 glass powders (y =3, 5)
below 10 pm were isostatically pressed at 100 MPa and
subsequently heated at 800°C-850°C in air, dense GCs with
relative densities >93% were prepared. The resulting GCs
contained bioactive crystalline phases such as B-Caz(PO4);
(B-tricalcium phosphate) and B-Ca,P,0; (B-calcium pyro-
phosphate). Apatite formed on the 60Ca0-30P,05—3TiO,—
7Na,0 GC after soaking in SBF for 14-20 days. However,
apatite-forming ability significantly improved to 3-10 days
after a hydrothermal treatment in distilled water at 120°C-
160°C. Negatively charged, hydrated titania groups and ana-
tase crystals on the surface stimulated the nucleation of
apatite after a short time.®>3¢
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FIGURE 9. Drilling test of the calcium pyrophosphate GC. The diameter
of the drilling tool is 1.5 mm and the rotation speed was 1800 rpm. A
load of 19.6 N was constantly applied. The insert in the upper photo-
graph is a result of the test. Five holes were easily drilled without chip-
ping. Reproduced from Ref. 35, with permission from Elsevier.

Fracture toughness and bending strength of the 60Ca0-
30P,05—3Ti0,—7Na,0 GC was estimated to be 1.8
MPa-m'/? and 100 MPa, respectively. However, the bending
strength of hot-pressed samples with relative density >99%
was 160 MPa. We agree with Kasuga that the main advant-
age of his material or other bioactive GCs over HA or (3-TCP
bioceramics is that they can be easily machined using con-
ventional tools rather than diamond tips. As shown in Fig-
ure 9, both 60Ca0-30P,05—3TiO,—7Na,0 and 60CaO-
30P,05—5Ti0,—5Na,0 GCs can be successfully drilled using
a conventional carbide tool without chipping®® The machi-
nablity is suggested to result from the interlocking plate-
like microstructure of B-calcium pyrophosphate crystals dis-
persed in the glassy matrix phase (similar to microstructure
of the mica GC in Fig. 6).3°3¢

This GC has been used to coat Ti-based implants and
synthesize macroporouse scaffolds.>”® It seems that experi-
ments to prepare biomedical material devices for dental and
plastic surgery using these calcium pyrophosphate GCs are
still in progress.2>36:3?

Bioactive chlorapatite GCs

Recently, Chen et al.*® under the supervision of Robert G.
Hill reported on the development and characterization of
new bioactive GCs based on chlorapatite. They believed that
chlorapatite GC would be more interesting than fluorapatite
for medical and dental applications, because it is more solu-
ble than fluorapatite and will convert completely to
hydroxyapatite in the presence of water.** They developed
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numerous GCs derived from a wide range of glass composi-
tions of (30.3-38.1)Si0,-(44.1-55.5)Ca0-(5-6.3)P,05-(3-
13.2)CaF,-(1.1-20.6)CaCl, after adequate heat-treatment at
10°C above crystallization temperature. The GCs contained
mixed chlor/fluor-apatite and wollastonite depending on the
glass composition and heat-treatment schedule. They con-
cluded that the chloride-containing glasses are very reactive
and appear to react with atmospheric water. Therefore, fur-
ther investigation is required to develop practical chloroapa-
tite and mixed chlor/fluor-apatite GCs and to study their in
vitro and in vivo biocompatibility.*’

Alkali-free bioactive GCs

In recent years, ].M.F. Ferreira’s group has designed and
developed a series of alkali-free bioactive CaO-MgO-SiO,-
P,05-CaF, glasses and GCs, which is along the diopside
(CaMgSi;0¢) - fluorapatite (Cas(P0O4)3F) - tricalcium phos-
phate (3Ca0.P,05) join.**™** The authors were successful in
sintering their glasses to appropriate density with good
bending strength. They believe the unfavorable effects of
alkali ions on the sintering and crystallization behaviors of
glasses can be avoided by choosing alkali-free compositions.
Additionally, crystallization of a chain silicate mineral, like
diopside, with elongated and interlocking morphology,
would contribute to the enhancement of mechanical proper-
ties. It seems that their materials have proper structure and
crystalline phases (diopside and hydroxyapatite) in order to
trigger bioactivity and improve the mechanical properties.
Preliminary in vitro tests and strength measurements are
promising, but in vivo experiments still need to be
performed.**™*3

COATINGS AND COMPOSITES

Most of the bioactive GCs previously discussed form a
mechanically strong interfacial bond with bone. The
strength of the bond is generally equivalent to or greater
than the strength of the host bone. Therefore, all those bio-
active GCs have excellent biochemical compatibility. How-
ever, their fracture toughness is typically less than and the
elastic modulus is greater than those of bone, indicating
that most bioactive GCs have a suboptimal biomechanical
compatibility when used in load-bearing applications. Two
approaches examined to overcome this problem were the
development of bioactive GC composites and the develop-
ment of coatings.**

Bioactive GC coatings

One approach for solving the mechanical restrictions of bio-
active GCs for load-bearing applications is to apply them as
a coating on a mechanically tough substrate.

A-W GC (Cerabone®) has been used for this function.
Takatsuka et al,*® Li et al,*® and Kitsugi et al.*’ tried to
apply an A-W GC on Ti-6Al-4V and Al,03 implants. Takatsuka
et al.*® modified the A-W GC by removing CaF, and adding
B,0s. A Ti alloy plate coated with this GC was implanted into
the tibiae of rabbits for 2, 3, 4, 8, and 25 weeks. Then the
detaching failure loads of the coated plates were compared
with those of conventional A-W GC plates, hydroxyapatite
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(HA) plates, and uncoated Ti alloy plates implanted in the
same way. The failure load of the coating was as high as that
of the A-W GC for all periods, whereas at 3 and 4 weeks it
was significantly higher than that of HA. Uncoated Ti alloy
showed lower failure loads for all periods, differing signifi-
cantly from the other materials. Histological examinations by
contact microradiographs (CMR), Giemsa surface staining,
and SEM showed that the coating bonded directly to bone
without any intervening soft tissue layer. Those results indi-
cate that the coating has earlier bone-bonding ability than
pure Ti and good mechanical strength, making it a promising
veneer material.*® Li et al.*® applied the same GC coating on
Al,03 implant and performed in vivo test in femoral condylus
of mongrel dogs. They suggested that A-W GC stimulated
bone ingrowth. The bonding behavior of bioinert Al,0;
ceramics was, therefore, improved by the coating.*® Later on,
Kitsugi et al.*” further explored the bone-bonding behavior
of plasma spray coatings of A-W GC on Ti-6Al-4V in compari-
son to Bioglass 45S5 and B-tricalcium phosphate (TCP) coat-
ings. A rectangular specimen was implanted into the tibial
bones of mature male rabbits, which were sacrificed 8 or 24
weeks after implantation. Eight weeks after implantation, the
failure loads for implants coated with Bioglass, A-W, and TCP
were 1+=1, 2+ 1, and 4 = 2 kg, respectively, and 24 weeks
after implantation, the respective failure loads were 3 =1,
2*1,and 4+ 1 kg.*’ It thus appears impossible to obtain a
higher failure load using a bioactive-ceramic coating on tita-
nium alloy. Histologically, the coating layer was found to
detach from the metal implant and the bone tissue bonded
to the coating layer. Those scientists believed that for clinical
application, it would be better to use coated metal implants
for short-term implantation. However, there is a possibility of
breakage of the coating layer because of dissolution of the
bioactive ceramic and the mechanical weakness at the inter-
face between the coating and the metal implant.*”

In another series of experiments, A-W GC particles have
been added to a sol made from tetraethyl-orthosilicate
(TEOS) and methyl-triethoxysilane (MTES) in order to pre-
pare a hybrid coating. The TEOS-MTES-SiO; + bioactive GC
coatings on 316 L stainless steel promoted the formation
and growth of HCA during in vitro tests when the amount
of SiO, particles was 10 mol %. The stiffness of the newly
formed bone in vivo seems to be similar to the values for
old cortex bone, showing short periods of maturation and
mineralization of newly formed bone tissue around the
implant.*®

Similar hybrid coatings of silica sol containing bioactive
GC particles (57.44Ca0-35.42Si0,—7.15P,05 in mol %)
were prepared and applied by Dr. Duran’s group on stain-
less steel, cobalt based alloys and titanium alloys.*>*® The
coating on the metallic alloys triggered bioactivity and
improved the corrosion resistance. This improvement could
be due to the reaction of the particles with the physiological
medium, which encourages the formation of HCA, and
blocks the porosity of the coating.***°

Ignatius et al.>! evaluated the osseointegration of Al,03
coated with Bioverit® I, in a load-bearing implant model in
sheep in comparison to uncoated Al,03; and to a minimally
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loaded situation. Both types of implants were inserted into
the proximal tibia (load-bearing model) and in a drill hole
defect into the tibia diaphysis (minimally loaded model).
They suggested that the osseointegration of Al,03 could be
improved by the coating under load-bearing conditions,
under which uncoated Al,03 ceramics cannot directly bind
to bone.”?

An apatite-mullite GC has been tested as coating on Ti-
6Al-4V implants.”?">° Some modified glass compositions
have been applied by electrophoretic deposition,® sputter-
ing>® and enameling.°® The glasses showed good sinterabil-
ity and fully crystallized below the o — { transformation of
the Ti-6Al-4V, viz, 970°C. Initial bioactivity tests in SBF
showed that these coatings are biologically active and have
good adhesion, and evidence for an interfacial reaction
between the coating and substrate.>*>°

Calcium pyrophosphate GC have been also used to coat
Ti-based implants.37°6~58 Kasuga et al.37°%57 prepared a
fine coating consisting of a bioactive calcium phosphate GC
by reaction of the glassy phase with an oxide layer formed
on a new B-type titanium alloy, Ti-29Nb-13Ta-4.6Zr (TNTZ),
when the metal, on which the mother glass powders with a
composition of 60Ca0-30P,05—7Na,0-3TiO, (mol %) were
placed, was heated at 800°C in air. A compositionally gradi-
ent layer was developed on the titanium alloy. The tensile
bonding strength of the coating to the metal (20-25 MPa)
was significantly higher than those of the coatings to con-
ventional metals such as Ti-6Al-4V alloy or pure tita-
nium.***” A rod-shape coated TNTZ-alloy of 5 mm diameter
X 10 mm in height was implanted into a femur of a Japa-
nese rabbit. The sample was autoclaved in water at 121°C
for 1 h to accelerate bioactivity. Figure 10 shows contact
microradiographs (CMR) after 52 weeks of implantation. No
significant change in the thickness of the GC coating layer
after the implantation was observed. The examination
shows new bone formation around the autoclaved GC-
coated TNTZ. When the samples after 52 weeks of implanta-
tion were sliced and polished for observation, no crack
occurred between the coating and bone or between the
coating and TNTZ, while crack propagation was seen to
have a tendency to occur between the TNTZ (sample with-
out the coating) and bone. Kasuga® concluded that the GC
coating on TNTZ had excellent bioactivity and could be
applicable in surgical implants, such as Kirschner-wires and
hip joints, which need to be bioactive.’” The fatigue endur-
ance limit of the coated alloy was found to be about 15%
higher than that of uncoated alloy.”®

Bream et al.>®®° have used two novel methods to coat
Ti alloy with bioactive GCs. In one research, two sol-gel-
derived bioactive glasses were applied by sol impregnation
into the open porous network of Ti alloy with a pore throat
size of 1-20 pum. The gel-glasses of 60Si0,—35Ca0-5P,05
(wt %) and 60Si0,—20Ca0-15Na,0-5P,05 (wt %) were
converted to micrometer thin bioactive GCs by an appropri-
ate heat treatment, while the original porosity and the open
pore structure of the Ti coatings were maintained.’**® The
tensile adhesion strength of coatings was 22-29 MPa.>?°°
In their work, they have deposited a bioactive GC layer by
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FIGURE 10. CMR image from calcium pyrophosphate GC-coated
TNTZ rods after 52 weeks implantation into the femurs of rabbits.
Reproduced from Ref. 57, with permission from Elsevier.

electrophoresis on flat Ti alloys. Uniform coatings with
thickness of 8 pm were applied by cathodic deposition from
nonaqueous suspensions followed by sintering in vacuum,
avoiding uncontrolled oxidation of the Ti substrates. The
tensile bond strength of the coating was 41 + 11 MPa.>*°°
These two researches suggested feasible techniques to apply
coatings with good mechanical adhesion on commercial
implants, which have complex shapes.>®®°

Mg alloys have been also coated using the dip-coating
method and sol-gel-derived 4555 glass.®™* Sol concentra-
tion, calcination temperature and the dip-coating cycle have
been optimized to prepare compact coatings. The results
showed that homogeneous and crack-free coatings with a
thickness of 0.50-1.00 pum, consisting of an amorphous phase
and Na,Ca,Siz0g crystals were successfully fabricated on
magnesium alloy (AZ31).°" The coating encouraged bioactiv-
ity and showed good adhesion resistance.®*~%*

Good examples of research to develop bioactive GC coat-
ings on metallic alloy, alumina and zirconia implants were
reported by Verné and her co-workers.®>"®® Verné et al.®®
prepared double-layer bioactive GC coatings on Ti-6Al-4V
substrates by dip coating and firing. A 61.1Si0,—12.6Ca0-
10.3Na,0-7.2Mg0-6.0P,05—2.8K,0 in wt % based glass was
used as the first layer in direct contact with the metallic sub-
strate, and a 26.2S5i0,—17.9A1,05—17.5P,05—10.5K,0-
19.6Ca0-8.3F in wt % based GC was used as the outer bio-
active layer. They designed that low-melting intermediate
glass composition to be able to work below the o —  trans-
formation of the Ti alloy and to ensure the adhesion of the
outer bioactive layer. The intermediate layer was also chosen
to match the thermal expansion coefficient of both the metal
and the outer GC. The process used for the coating did not
affect the bioactivity of the GC surface and did not modify
either the nature of the crystalline phases (needle-like fluor-
apatite) or their shape. Their method has been recommended
to coat Ti-6Al-4V screws for dental applications.®

Verné et al.®® also managed to coat pure and dense
Al,03 substrates by a similar GC. Through a careful
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optimization of the coating process, they obtained coatings
approximately 200 pm thick. The results revealed that to
obtain adherent and low-porosity coatings on alumina sub-
strates, the above GC should be used, with very short ther-
mal treatments at a temperature slightly above 1300°C.
Lower temperatures did not guarantee a satisfactory degree
of adherence between the substrate and the coating and
moreover gave the GC coating an excessively high degree of
porosity. By optimizing the time and temperature schedule,
they could minimize the alumina diffusion through the GC.
A further thermal treatment at 1200°C was required to pro-
mote the needle-like fluorapatite crystallization.®®

Ferraris et al.®” reported that glazing can be successfully
used to coat zirconia by bioactive GCs. An intermediate
layer often forms between the coating and the substrate, for
example, between a glass coating and a zirconia substrate,
there is a “composite” layer made of glassy phase and zirco-
nia particles. During the thermal treatment above its liqui-
dus, the glass diffuses within the zirconia substrate; hence,
the zirconia granules are surrounded by a glassy matrix,
leading to the formation of a “composite” layer, which
assures the continuity of the thermal and mechanical prop-
erties from the zirconia substrate to the glass coating. The
osseointegration of bioactive glass-coated zirconia cylinders
has been evaluated in an animal model and compared to
uncoated cylinders.®” After 30 days, the bone bonding was
better than that of the uncoated cylinders, but after 60
days, the difference was within statistical uncertainty.®’

For further reading about the processing, properties,
and challenging issues related to bioactive GC-coated
implants, readers are encouraged to refer to a book chapter
by Verné, which recently reviewed the literature related to
bioactive glasses and GCs coatings.®®

More recently, Marghussian®® classified nanostructured
bioactive GC coatings for biomedical applications. He con-
cluded that “all the coatings that are produced as amor-
phous or glassy layers in the first stage of their fabrication
process, and subsequently are subjected to a controlled heat
treatment, in order to transform them into partially crystal-
line products, can structurally be classified as glass-ceramic
coatings.”®® As an example of the development of this type
of nanostructured coating, Xiao et al.”® attempted to deposit
bioactive GC coatings on titanium substrates by the liquid
precursor plasma spraying (LPPS) process. Tetraethyl ortho-
silicate, triethyl phosphate, calcium nitrate, and sodium
nitrate solutions were mixed together to form a sol
after hydrolysis, and the liquid suspension was used as the
feedstock for the plasma spraying of P,05-Na,0-Ca0-SiO,
bioactive GC coatings. Bioactive GC coatings with nanostruc-
tures were successfully synthesized, and the coatings
showed a quick formation of a nanostructured HCA layer
after being soaked in SBE. Overall, their results indicate that
the LPPS process is an effective and simple method to syn-
thesize nanostructured bioactive GC coatings with good in
vitro bioactivity.”® Wang et al.”" utilized the same technique
to coat a Ti-alloy with nanostructured bioactive hardystonite
(CazZnSi07) and sphene (CaTiSiOs) GC.
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Composites

Ceramic and metallic reinforcements. Materials with high
fracture toughness, such as metallic or ceramic phases, are
utilized to reinforce bioactive glasses or GCs. The reinforced
bioactive GCs are usually improved in both the bending
strength and the fracture toughness. For example, Kasuga
et al.”?>”? reinforced well-known A-W GC with zirconia par-
ticles, performed in vivo tests, and reported that by using a
controlled crystallized glass powder and zirconia powder as
raw materials, a sintered body densified to near its theoreti-
cal density by hot isostatic pressing (HIP). This bioceramic
exhibited an extremely high bending strength of 400-1000
MPa and a fracture toughness of 3-5 MPa-m'/? for 30 to 80
vol % of zirconia.”*”® Montazerian et al.”*”> also used zir-
conia to reinforce mica and mica-apatite GCs, and both the
bending strength and the fracture toughness were
improved. The addition of 15 wt % ZrO, to the GCs
increased the 3-point bending strength from 50 to 130 MPa,
and the fracture toughness was doubled from 0.7 to 1.4
MPa-m'/27%7> Rawlings’® reviewed early researches related
to metal-reinforced bioactive glasses and GCs in 1993, when
there was a growing interest on this topic. He reported on
the processing and properties of GC matrix composites rein-
forced with silver, titanium, Co-Cr alloy, stainless steel, and
aluminum. He showed that the strength of the composites
was 26-47% greater than that of the monolithic matrix. The
in vitro and in vivo characteristics of such composites have
also been investigated; for example, Ag- and Ti-reinforced
bioactive GCs showed no adverse effects on the osteointe-
gration or biocompatibility of the composite.”®”’® One disad-
vantage of GCs reinforced with ceramic or metallic phases is
that they are generally denser; they all have elastic moduli
much greater than the bone and thus may cause stress
shielding of a bone under stress.”®

GC-reinforced polymers. It has been demonstrated that bio-
polymers have a closer modulus of elasticity to bone than
ceramics and metals. Therefore, stress shielding effects
diminish when these polymers are used in the vicinity of
bone. However, the lack of mechanical strength and bioactiv-
ity are well-known drawbacks of polymers that limit their
applications for load-bearing conditions. Therefore, numer-
ous attempts have been made to develop a biopolymer
matrix composite reinforced with bioactive GCs.”®

It has been discussed that Bioglass® is highly bioactive,
but its mechanical properties are low. In contrast, for exam-
ple, Cerabone® and Biosilicate® have much better mechani-
cal properties while still possessing high bioactivity.
Particulate Cerabone® can be used as a stiffer reinforcement
in the composite while still providing the composite with a
much higher bioactivity than hydroxyapatite (HA) par-
ticles.”*"8! Therefore, the processing technology established
for HA/polyethylene composites (also known as HAPEX®
since 1995, when Smith & Nephew Richards Inc. introduced
their series of middle ear implants made of the composite)
has also been used for producing the Cerabone®/polyethyl-
ene composite.””®! Young’s modulus and the microhardness
of the composite also increased with an increase in GC
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volume fraction as the tensile strength and fracture strain
decreased. Even with 40 vol % of GC particles, the compos-
ite exhibited considerable ductility.” 5

Despite the enormous numbers of studies on bio glass/
polymer composites, there are a few studies related to bio
GC/polymer composites.®? It seems that in most cases, the
conversion of glasses to GCs reduces the bioactivity as an
essential role of these reinforcements. However, highly bio-
active glasses or GCs (e.g, Biosilicate™) can be successfully
used to develop polymer-based composite or new hybrid
materials.?®

BIOACTIVE GC SCAFFOLDS

Bioactive GCs are very attractive materials for producing
scaffolds dedicated to bone regeneration due to their versa-
tile properties, which can be properly designed depending
on their composition. Scaffolds should possess 3D intercon-
nected porosity to support vascularization to encourage
cells to grow into the required physical structure. A typical
porosity of 90% along with a pore diameter of at least 100
pum is required for the proper vascularization of the tissue.
For making scaffolds, almost every bioactive glass is sin-
tered to a specific density and shape, which leads to the
nucleation and growth of crystalline phases embedded in a
residual glass matrix. These crystallized phases must not
induce any cytotoxic effect or hinder any bioactive process
inside the cell/tissue. An advantage of crystallization is that
it improves the mechanical properties.®*

A comprehensive review of the state of the art in bioac-
tive glasses and GCs scaffolds was authored by Gerhardt
and Boccaccini.®® Furthermore, in their review article, Fu
et al.®® concluded that “use of inorganic scaffolds is still lim-
ited by their inherent brittleness (low fracture toughness; in
the range of 0.4-0.7 MPa-m'/?)”8® They believe one
approach to minimize this problem would be the develop-
ment of bioactive GC scaffolds.®® Although the fracture
toughness values (1-3 MPa-m'/?) of monolithic bioactive
GCs are in the lower range of cortical bone (2-12 MPa-m"/
%), they are much tougher than bioactive glasses (Kic = 0.4-
0.7 MPa-m'/%).858¢ Therefore, GC scaffolds may have a com-
bination of higher strength and toughness (due to their
unique toughening mechanisms) than glass scaffolds.2>®®
For example, the fracture toughness of sintered 4555° glass
is quite low (Kic ~ 0.5 MPa-m%/?) and scaffolds made from
this glass have very low mechanical strength, approximately
0.5 MPa.®”8 On the other hand, relatively stronger scaf-
folds can be made from bioactive GCs that may be candi-
dates for load-bearing sites.8>86 Therefore, almost all
commercial bioactive GCs and others being developed have
been the subject of study for scaffold development using
various fabrication techniques, including, for example, foam-
replication methods, salt or sugar leaching, thermally
induced phase separation, microsphere emulsification sin-
tering, electrospinning to form nanofibrous structures,
computer-assisted rapid prototyping techniques and so
forth.B>8%99-93 More recently, Fiocco et al.”*> and Elsayed
et al”® have used novel approach based on the use of
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preceramic polymers to develop porous bioactive GCs. GCs
derive from thermal treatment of preceramic polymers, in
the form of silicone resins, containing micro- and nanosized
filler powders such as Ca/Mg-carbonate, Na-carbonate, Na-
phosphate or even glass particles.’*™?® Shaping, especially in
the form of highly porous scaffolds, can be easily obtained
using conventional polymer-forming technologies (e.g.,
direct foaming or extrusion). The synthesis proceeds after
the reaction between silica, provided by the thermo-
oxidative decomposition of the silicone resins, and the fillers
at approximately 1000°C. GCs based on the composition of
45S5 and 58S glasses have been synthesized by this
method.”* GC scaffolds consisting of apatite-wollastonite
and diopside crystals were also developed and subjected to
biological and mechanical tests.”>?® The above listed results
indicate that glass ceramization is a promising method for
stronger scaffold development.

Moreover, there is now a stronger focus on engineered
scaffolds from bioactive glass/GC combined with biodegrad-
able polymers. Fracture toughness values within the range
reported for cortical bone (2-12 MPa-m'/?) are required for
load-bearing applications, and therefore, toughness must be
improved in these types of scaffolds. This improvement can
be achieved by producing composites. Polymer-based scaf-
folds reinforced with bio glasses or GCs represent a suitable
option due to the possibility to tailor their various proper-
ties (for example, mechanical and structural behavior, degra-
dation kinetics and bioactivity). Polymers exhibit generally
high ductility, toughness, favorable formability and process-
ability and plasticity. The glass or GC phase adds stiffness
and adequate mechanical strength to the composite. For fur-
ther reading, comprehensive review papers and book chap-
ters in Refs. 97-100 are recommended.

GEL-DERIVED BIOACTIVE GCs

The main advantages of the gel-derived glasses over melt-
derived glasses are'®'%%: Jower temperatures are required
for their synthesis, easy powder technology production,
improved homogeneity, and purity of the powder, wider
range of bioactive compositions with increased bioactivity
of compositions up to 90 mol % SiO,, they exhibit meso-
porosity and ability to form macroporous structures (scaf-
folds), sol-gel processing is a versatile technique to develop
thin layers of bioactive glasses/GCs on bulk materials with
high homogeneity and mechanical and chemical stability.

Upon adequate heat treatment, gel-glasses can be con-
verted to GCs (Fig. 1). Proper heat treatments, which may
induce crystallization, are required to stabilize the glass
structure or develop mesoporous granules, coatings, and
scaffolds with interconnected pore structure. On the other
hand, crystallization may reduce the surface area but it is
helpful for modulating mechanical properties and
bioactivity.

Gel-derived GCs have started to emerge in various appli-
cations in medicine and dentistry, including dental tissue
and bone regeneration, drug delivery and hybrid materials.
For example, Figure 11 shows a good example of scaffold
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FIGURE 11. Features that make gel-derived bioactive scaffolds optimum candidates for bone tissue engineering. The extra properties coming for

the additions of inorganic ions are highlighted."®

development based on a mesoporous gel-derived Si0,-CaO-
P,0s5 GC. This figure also shows that various elements like
Ce, Ga, and Zn can be easily included in the glass composi-
tion to activate especial biological responses, such as antimi-
crobial, neuroprotective, and osteoblast growth.lo3
Vallet-Regi’s team has demonstrated that controlled heat
treatment of mesoporous gel-derived glasses can lead to GCs
with improved mechanical properties without deteriorating
their bioactive behavior. For instance, in [104, 105], a GC con-
taining pseudo-wollastonite, wollastonite, tricalcium phos-
phate and cristobalite, was obtained by heating a gel-derived
glass (55Si0,—41Ca0-4P,05 in mol %) at 1300°C. This GC
shows efficient in vitro bioactive behavior, i.e. an apatite layer
covers the sample surface after 3 days soaking in SBE 104105
In order to use this material as a substrate for bone tissue
engineering, the authors have synthesized scaffolds with a
network of designed three-dimensional interconnected macro-
pores of 400-500 pm in diameter.'°® Further studies revealed
that the resulting GC is bioactive, cytocompatible and capable
of promoting in vitro the differentiation of mesenchymal stem
cells into osteoblasts. For that reason, it could be a suitable
matrix for bone tissue regeneration.'®” Additionally, in vivo
evaluation of 70Si0,—30Ca0, 80Si0O,—17P,05—3Ca0, and
36Si0,—7P,05_44Ca0-13Mg0 (mol %) glasses and GCs in
New Zealand rabbits showed potential for bone substitute
and regeneration."®®'%° Femoral bone diaphyseal critical and
smaller size defects were filled with glass/GC cylinders, discs,
or scaffolds. An intimate union of the new-formed bone to all
materials was observed. A study showed improved mechani-
cal properties for the GC, whereas the gel-glasses showed no
differences when compared to the control specimens.
The negligible degradation of GC cylinders suggested their
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application in critical bone defects for moderate load-bearing
applications. The performance of the gel-glass samples sug-
gested their usefulness in locations where quick resorption is
desirable considering the possibility of serving as drug or cell
vehicle. They could also be used as dental cavity fillings and
coatings of metal or ceramic implant surfaces. %1%

Another example is the gel-derived microporous bioac-
tive GC developed by Chatzistavrou et al,'°**? which has
potential application in dental restoration. These GCs are
able to show bioactive behavior around the margins of fixed
restorations and to provide a bioactive surface which can
lead to periodontal tissue attachment, providing complete
sealing of the marginal gap between teeth and fixed
prosthesis.

The sol-gel route was employed for the development of
a 60Si0,—3P,05—14Al,03—6Ca0-7Na,0-10K,0 (wt %)
GCs and a related composite material combining this GC
with a 585i0,—33Ca0-9P,05 (wt %) bioactive glass.'*****
Their method resulted in a homogeneous microporous GC
composite which can be applied as a coating on commercial
dental ceramic substrates.'*®''! The attachment and prolif-
eration of both periodontal ligament and gingival fibroblast
cells confirmed the bioactive behavior of the new materials
and their potential ability to be used in dental restorations
for soft tissue regeneration and sealing of the marginal
gap.'™  Furthermore, an Ag-doped composite showed
pulp-cell proliferation and antibacterial properties that may
facilitate potential applications in tooth regeneration
approaches.!'?

Furthermore, mesoporous magnetic bioactive GCs for
hyperthermia treatment of cancer are suggested by Vallet-
Regl’s team.'*®>"*®> Hyperthermia is a method for destroying
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cancer cells by heating them between 41°C and 46°C. Ferro-
or ferrimagnetic materials locally generate heat by hystere-
sis loss under an alternate magnetic field, damaging only
tumoral cells and not the healthy tissue. The power loss
produced by magnetic materials can be dissipated in the
form of heat.’ For this special application, biphasic materials
containing a melt-derived magnetic GC (45Si0,—45Ca0-
10Fe,03 in mol %) and a gel-derived bioactive glass
(588i0,—6P,05—36Ca0 in mol %) were developed.!*3-1%
The mesoporous gel-glass gives rise to bioactivity and GC,
which contains magnetite (Fe30,4) crystals, induces the mag-
netic properties."*® Generally, iron should remain in the
crystal structure, because it would diminish the apatite
forming ability of the residual glass. Additionally, the bipha-
sic nature of these materials allows the changing of both
magnetic and bioactive properties, depending on the
requirements of the patient.'*>"'® There are several other
publications on this particular subject, but it is clear that
further in vivo and clinical tests are required before these
interesting materials reach the market.

The interested reader is encouraged to refer to compre-
hensive papers, reviews and book chapters such as [6-9]
and [99-103], which are dealing with gel-derived glasses
and GCs and their derivative products. They believe that
biomimetic regeneration of complex structure of bone and
teeth demands 3D porous structure and incorporation of
growth factors, therapeutic drugs, and seeded stem cells.
Gel-derived bioactive glasses and GCs are promising to meet
these requirements,*®-%99-103

FUTURE RESEARCH DIRECTIONS

Bioactive GCs were originally developed to overcome one
marked weakness of bioactive glasses, brittleness. However,
a glancing comparison of the fracture toughness of commer-
cial GCs (1-2 MPa-m'/2) and cortical bone (2-12 MPa-m*/%)
reveals that this property still needs to be significantly
improved. Furthermore, highly bioactive glasses and GCs
with adequate biological and mechanical properties should
be developed for soft-tissue engineering or drug delivery
and for preventive treatments to slow down deterioration
and maintain tissue health. These two general objectives
can be achieved by the efficient engineering of new GC com-
positions, processing methods and heat treatments. A few
key areas for further exploration are summarized below:

e Chemistry-based processes can be used to expand the
bioactive GC composition ranges. Recently, it has been
demonstrated that new gel-derived glasses with a high
Zr0, content can be converted to bioactive nano apatite-
zirconia GCs with improved mechanical properties.!*®117

e Adequate matrices can be engineered for the develop-
ment of hierarchical nanostructured bioactive GCs based
on variations in the size, shape, distribution, and compo-
sition of nanosized crystals.

e Engineering of porosity is a current research field for the
development of hierarchical porous bioactive GCs.
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e New or improved crystallization processes, such as micro-
wave heating, the biomimetic assemblage of crystals, tex-
tured crystallization, laser crystallization, and electron
beam crystallization, should be developed.

e Coating properties should be improved. For example, deg-
radation over time, which leads to detachment of coating,
is a noticeable drawback.

e Further investigations are required to improve polymer/
GC composites (hybrids). There is a lack of in vivo testing
in this interesting area. The use of bioactive GC nanopar-
ticles and their combination with bioresorbable polymers
is of great interest. However, the toxicity of nanoparticles
will have to be investigated.

e Doping bioactive GCs with various elements that provide
specific biological responses or cell gene expression
should be deeply investigated before being translated into
clinical applications.

e Many issues, including sterilization, packaging and inter-
national standards for the production of bioactive GCs for
clinical applications, need to be resolved to make new
GCs commercially viable. For example, conventional steri-
lization is an issue regarding polymer/glass-based scaf-
fold because it changes the molecular weight of
resorbable polymers.

e Not all toughening mechanisms have yet been thoroughly
activated in bioactive GCs. There are still several toughen-
ing mechanisms, such as transformation toughening,
bridging, microcracking, and pull out, that can be stimu-
lated by the controlled crystallization of different crystals
with a variety of morphologies and structures.**®

e Borate and phosphate-based bioactive glasses are promis-
ing biodegradable materials for soft-tissue engineering,
for example, wound healing."**'2° However, the effects of
crystallization on their biological and mechanical proper-
ties are unknown. Controlled crystallization may control
their degradation rate and improve their mechanical
properties.

e (Expensive, time-consuming) clinical tests have been very
limited so far and should be encouraged.

e Finally, we fully agree with an inspiring sentence by Prof.
Larry L. Hench: “Previous revolutions in healthcare, preven-
tion of death and replacement of tissues, need to be aug-
mented with two new, innovative revolutions: tissue
regeneration and prevention of tissue deterioration,”*12%122
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