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A study of bioactive glass—ceramic’'s mechanical
properties, apatite formation, and medical
applications
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Apparently, bioactive glass—ceramics are made by doing a number of steps, such as creating
a microstructure from dispersed crystals within the residual glass, which provides high bending strength,
and apatite crystallizes on surfaces of glass—ceramics when calcium ions are present in the blood.
Apatite crystals grow on the glass and ceramic surfaces due to the hydrated silica. These materials are

biocompatible with living bone in a matter of weeks, don't weaken mechanically or histologically, and
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Accepted 2nd August 2022 exhibit good osteointegration as well as mechanical properties that are therapeutically relevant, such as
fracture toughness and flexural strength. As part of this study, we examined mechanical properties,

DOI: 10.1039/d2ra03235] process mechanisms involved in apatite formation, and potential applications for bioactive glass—ceramic
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Introduction

Ceramics have made remarkable progress in the last few
decades for improving the quality of life of people. This revo-
lution has produced ceramics manufactured and designed to
repair and replace biological parts that are damaged, aged, or
underperforming. Ceramics used for this purpose are known as
bio ceramics.' Ceramics are also utilized to replace circulatory
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in orthopedic surgery, including load-bearing devices.

system components, particularly heart valves. Unique glass
compositions are also used therapeutically in the treatment of
malignancies. Hip and knee replacements, heart valves, and
dental root implants® are just a few of the implants that are now
commonplace and well-known to the general population.** Bio
ceramics are created in a variety of stages. Nearly inert ceramics
(sapphire or zirconia), porous ceramics (hydroxyapatite), glass
(Bioglass®), glass ceramics (A/W glass—ceramic), or composites
(polyethylene-hydroxyapatite) are commonly used for these
applications.® Apatite is called after the Greek word apat, which
means deception since apatite is frequently misidentified as
a variety of other minerals. Because of its flexible framework
structure, the apatite lattice can easily withstand a wide range of
ionic substitutions. Apatites are naturally present in rocks on
Earth, and fluor- and hydroxyapatite (HAp) variations have
recently been identified on the Moon's surface. Apatite is also
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the most important inorganic mineral. Because it is a compo-
nent present naturally in vertebrate hard tissues, it has both
biological and therapeutic implications. Cas(PO,);(OH) is the
chemical formula for natural apatite’s, with some “CO;>~
replacing PO,*”, F~ substituting OH™, and Na" or Mg
replacing Ca®" ions. Artificial HAp has been employed in
a number of medical applications, including bone replacement,
dental cement, and dental porcelains”.® Nonetheless, sintered
porous or even dense HAp bone implants frequently fail
because to mechanical properties inferior to those of real bone.

Glass—ceramic systems are not one-component systems,” and
the crystal composition differs from the parent glass. As a result,
the leftover glass in the glass-ceramic must be designed differ-
ently than the parent glass.® S. Donald Stookey in the United States
developed glass—ceramics® by accident in 1953 as a result of a heat
treatment oven failure. An 18th-century Frenchman, René-Antoine
Ferchault de Réaumur, used crystallization to make porcelain in
the 18th century. However, this feature was usually looked at as
a flaw until a few magnificent art pieces were incorporated into its
design.” A high amount of materials has been produced by
controlling nucleation and crystal growth processes for a multi-
tude of industrial applications'* Glass-ceramics have been used
for a variety of things, including cooking utensils, windows, fire-
place doors, and kitchenware since they were discovered.” In
addition to dental implants and telescope mirrors, radomes for
missiles, waste management matrices, and optical purposes,
ceramics also have many important applications.

A glass—crystal composite may be obtained by the heating
glass. The contents and sizes of the crystalline phase may be
controlled. In comparison to parent glass and sintered ceramic,"
a glass-ceramic can outperform it; the mechanical strength of
monophasic bioactive ceramics is higher."* For example, the
strength of bioglass-type glasses and sintered HAp is often less
than that of human cortical bone. Kokubo et al. developed a glass
crystallization method for making a similar composite in 1982.%
Reinforcing the endeavor was B-wollastonite (CaOSiO,), which has
a silicate chain structure. Commercial bio-ceramics'*"” interfacial
thickness (mm) is different depending on their mechanical
properties and is justified as labeled in Fig. 1 below.
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Fig. 1 Commercial bio-ceramics interfacial thickness (mm).51®
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Bioactive ceramics that attach to bone must be chemically
bonded to the bonelike apatite layer; this may change their
bioactivity from A/W glass-ceramic to sintered HA due to the
faster time for this layer to form." A/W ceramics are thought to
release a significant amount of calcium and silicate ions into
simulated body fluids, resulting in apatite formation on the
surface of these objects. glasses and glass—-ceramics provide
calcium to the body, increasing apatite activity and silica on the
glass surface, providing the conditions for nucleation, which
results in the formation of apatite on these surfaces.”**

The purpose of this study is to examine the mechanical
properties of bioactive glass—ceramic materials and their
formation of apatite, as well as how they can be incorporated
into surgical instruments for treating bones in orthopedic
surgery, such as loading bearing devices.

Glass—ceramic microstructure
formation

Glass—ceramics have exceptional characteristics due to their
microstructure composed of homogeneously distributed crys-
tals in a residual glass phase. Microstructures can have a range
of features, as seen in Fig. 2. The percentage of crystals in any
particular material can range from 20 to 90 vol%, with typical
crystal sizes ranging from a few nm to a few microns.

Take notice of the various scales used in the micrographs.>*
(a) Glass-ceramic Macro®. Mica is the primary crystalline
phase. (b) Keralite® is a glass-ceramic material. (c) Ker-
awhite® is a glass-ceramic material. A chemical etching has
exhibited the microstructure in these three glass-ceramic
products made using volume nucleation.*® When heated, glass
ceramics have a higher viscosity than glass precursors. As
a result, two factors limit the change in viscosity*® with
temperature: “the presence of crystals as well as the penetra-
tion of glass modifiers into the crystals during heating, leaving
left over glass that is more viscous than its precursor”. In most
cases, liquors that have a modest crystal concentration (a few
percent by volume) are not referred to as glass ceramics,
probably because crystallization does not have a significant
impact on their viscosity. Photochromic glass lenses can be
made with these glasses, which contain tiny crystals of silver
halide that are exposed to light.*”

A homogeneous crystallization of glasses® is often impos-
sible because the surface is lacking in nucleation or a defect,
generating surface nucleation or large-scale nucleation.” Using
the surface nucleation technique, glass crystals are formed from
a frit bound with binders and then heated under ceramic
temperatures. They are then removed during the early thermal
treatment phases.® Sintering of the grains and then crystalli-
zation®' occur at higher temperatures. Crystallization is some-
times split into two stages. Having the ability to create early
seeds and then to move on to the next stage that allows for the
formation of the main crystal phase silicate glasses' nucleation
phase is “typically 50 °C to 100 °C above the glass transition
temperature”.®> In contrast, the development phase occupies
a temperature range of 100 to 200 °C above the freezing point.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Typical systems and a description of how the glass—ceramic is produced as a function of thermal treatment time. This figure has been
reproduced from ref. 33, with permission from Elsevier, Copyright ©2022.

Glass-ceramics may be produced in various glasses, not just
silicate glasses, as long as this nucleation is accomplished, as
shown above in Fig. 3 illustrated. The quantities of nucleating
chemicals required vary significantly from system to system.
They are generally 2 to 8 mol percent for oxides and fluorine and
less than 1% for colloids.**

Mechanical properties of glass—
ceramics

It is easy to shape A/W glass-ceramic with diamond cutters
using screws; this glass—ceramic is approximately twice as
strong as dense sintered HA (115 MPa) and even more
substantial than a human cortical bone (160 MPa) in an airy
environment (215 MPa).>* Bending strengths® of the parent
glass G and glass-ceramic A, which precipitate apatite solely,
are 72 and 88 MPa, respectively. This suggests that A/W glass—

© 2022 The Author(s). Published by the Royal Society of Chemistry

ceramic's extraordinary bending strength is related to their high
fracture toughness due to the precipitation of wollastonite and
apatite.’”*® Glass-ceramic implants placed in the AW create
a strong bond with the live bone and don't degrade in the body,
mechanically and histopathologically.** Having a glassy phase
in the A/W glass—ceramic enables it to bond to bone more
quickly than synthetic HA, possibly due to the release of more
calcium ions after implantation, as shown in Fig. 4 which may
trigger the formation of crystallized apatite nuclei.*

Thin sintered HA, glass-ceramic A, and glass-ceramic G
should sustain continuous bending stress of 65 MPa for more
than ten years, whereas A-W glass-ceramic should only last
a minute. Some bio ceramics’ failure loads** after implantation
is different, as shown below in Table 1 and bio ceramics with
higher bioactivity,**** such as bioglass and cervical, are weaker
than bone.

Surface modifications such as Zr' ion implantation can
further minimize the degree of A/W glass—ceramic fatigue. This

RSC Adv, 2022, 12, 23143-23152 | 23145
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Fig. 4 Tensile strength in kilograms per square centimeter (vertical
axis) over implant time in weeks (horizontal axis).>**

glass—ceramic, like other ceramics, displays a decrease in
mechanical strength when loaded in an aqueous body envi-
ronment due to stress corrosion-induced progressive fracture
development. As shown below in Table 2 different bioceramics
have varying properties depending on their surface energy and
other mechanical properties.®***

Problems with 45S5 bioglass mechanical properties, Peitl
and Zanotto altered the composition of 45S5, and it was feasible
to create a glass—ceramic with identical biological behavior but
far better mechanical properties.’” Bio silicate is currently
ineligible for usage in load-bearing implants. It lacks sufficient
mechanical properties. As shown in Fig. 5 below different
prosthetic materials can have a comparison with bone in
respect to the elastic modulus.

Glass G and glass—ceramic A®® have fracture surface ener-
gies of 3.3 and 6.4 Jm?, respectively. For A/W glass-ceramic,
this high fracture energy helps explain its extraordinary frac-
ture toughness.®?* A/W glass-ceramic® has a “roughened

Table 1 Some bio ceramics' post-implant failure loads®#4-6*
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Fig. 5 The elasticity modulus of prosthetic materials in comparison to
bone>®

Table 3 Physical properties of AW_GC359397-112

Corresponding

Physical properties measured values Ref.

Density (g cm™?) 3.07 36 and 98-100
Strength in bending (MPa) 215 101-104
Strength in compression (MPa) 1080 105 and 106
Young's modulus (GPa) 118 107-109
Vickers hardness (HV) 680 110 and 111
Toughness to fracture (MPa'?) 2.0 94

Slow crack expansion (1) 33 112 and 113

fracture surface, while glass G and glass-ceramic A have
relatively smooth fracture surfaces”.”"** Incredibly, wollas-
tonite has such a powerful reinforcing effect while not being

Materials Failure load (kg) Fracture location Ref.
Alumina with high (p) 0.13 £ 0.02 Interface 45-48
Bioglass 45S5 2.75 £+ 1.80 Within material 49-51
Ceravital (GC) 3.52 +1.48 Within material 52-54
Cerabone A/W (GC) 7.43 +1.19 Within bone 3 and 55-58
Hydroxyapatite 6.28 + 1.58 Within material 59-62
Table 2 Bioglass—ceramics' typical characteristics®4-2°

Flexural strength KIC MPa Bioactivity Load to Fracture
Bio ceramics (MPa) m"? E (GPA) IB = 100/t50 failure (kg) location Machinability Ref.
Bio silicate 210 1.0 60 12 7.0-7.4% Bone Fair 65-68
4585 70 0.6 50 12 2.8 Material Poor 69-72
Cerabone (A/W) 215 2.0 220 3 7.4 Bone Low 73-75
Ceravital 150 ? 150 6 3.5 Material Low 76-78
Hydroxyapatite 40-70 <1 120 2.5 6.2 Material Low 79-82
Bioverit 160 1-2 90 3 ?? ?? Good 83-86
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a fibrous substance. This suggests that wollastonite effectively
prevents fractures from spreading straight rather than forcing
them to turn or branch out. Table 3 shows the general prop-
erties of AW-GC and illustrates as follows.”” A/W glass
ceramic®® decreases with decreasing stress rate in the pres-
ence of simulated body fluid at pH 7.25 at 36.5 °C that has ion
concentrations comparable to that of human blood plasma,
which is significantly lower than that of glass G.”® In A/W
glass—-ceramic, slow cracks are seen as 33. In glass—ceramic
G, it has an average value of 9, while glass-ceramic A has an
average value of 18 >>%7,

Clinical application of glass—ceramic

There are currently several ceramics available for the treat-
ment of severe bone and joint illnesses or anomalies. Bio
ceramics are used to replace significant volumes of bone loss
due to medical diseases such as cancer."™* These may be rings
concentric around a metallic pin put up the center of the
residual bone itself.**>*'® Because the pores in these implants
are porous, new bone will grow into them, essentially func-
tioning as a scaffold for new bone production, as seen in Fig. 6
shown below. The A-W glass-ceramic exhibits excellent
osseointegration as well as therapeutically relevant mechan-
ical properties,"” like fracture toughness and flexural
strength. Furthermore, the system's inability to bulk nucleate
and lack of bioresorbability provide further research and
design problems. Although freshly generated chlorapatite
glass ceramics exhibit the required resorbability and Osseo
integration,"*® more research is needed on their in vivo activity
and structure-property connection, including microstructure
and mechanical characteristics.

A/W glass-ceramic was aimed at using spine and hip
surgeries of patients with severe lesions or bone abnormalities
since 1983, but the mechanical strength of A/W glass—-ceramic
is not as good as that of cortical bone. There are no compar-
isons between hydroxyapatite and A/W glass—ceramics
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disc space
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Fig. 7 Vertebral prosthetic device selection.>*

One year
later )

Bone forming
in disc spaces

Fig. 8 Bone development and bone-bonding.*12°

regarding mechanical strength,'"” with a compressive strength
of 10 800 kg cm ™ and a bending strength of 2000 kg cm >
powerful. A/W glass ceramic**>'** has chemical compositions
of Mg O 4.6, Ca O 44.9, SiO, 34.2, and CaF, 0.5 in weight
percent. Calcium oxyfluorapatite (CaO;¢(PO4)s(O, F,)) and
calcium silicate (CaSiO3) comprise 35, 40, and 25% of the total

a

Fig. 6 Anterior cervical discectomy illustration of (a) vertebral bodies (b) photo of bone graft substitute, and (c) X-ray result of implanted

part 119-121

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 A/W Glass—ceramic linked to the bone.5**

weight of each component, respectively. Several glass—ceramic
vertebral prostheses have been developed for clinical use by
Kokubo et al. (1986) to provide a stable, radiopaque anchor
that bonds well to the bone. The prosthesis is available in
various sizes, allowing the surgeon to choose the best one in
the operating room, as seen in Fig. 7 below.

Alumina heads have been used for hip prosthetic crowns
since 1965 because it is relatively strong and fracture-
resistant, withstands severe mechanical loads, and is
completely biocompatible. In orthopedics, zirconia-
toughened alumina composites, particularly for knee
replacements and hip prostheses, are increasingly used.
Stronger than 4 MPa m"/? and more rigid than 500-1500 GPa,
these materials are offered in a range of strengths from 500-
1500 GPa." A variety of applications for biomedical glass-
ceramics is presently being explored because of their
enhanced mechanical resistance or bioactivity, such as fillers
in composites, dense pieces, or granules. A/W GC>*'** can be
used to make thick blocks. This powder is fully densified at
830 °C before a heat treatment at 880 °C begins the crystalli-
zation of oxy-fluoro apatite (Ca;(PO4)6(O, F),. A glass—ceramic
material with a fracture toughness of approximately 2 MPa
m'? and a fracture strength of about 210 MPa has fascinating
mechanical properties.””® Interestingly, Cerabone® A/W
features similar characteristics to glass—ceramics based on
lithium disilicate, albeit it is considerably more bioac-
tive.'?”1?® A glass-ceramic that is in contact with biological
fluids releases Ca®" ions, saturating the ceramic with bioactive
properties, such as hydroxyapatite, calcium phosphates, and
other forms of bioactive glass. Fig. 8 shows what happens
when these materials are put in bone tissue. They stimulate
bone formation and bind to the bone in varying degrees,
showing how this is done.

This glass-surface ceramic also has a high concentration of
silanol groups and apatite nucleation sites.** Glass-ceramic
surfaces develop a hydroxyapatite layer when these two prop-
erties are present. This layer can expand further due to the
biological fluids' supply of Ca and P.**>*** A/W GC bonded to
bone at a tightness equivalent to dense synthetic HAp, and its
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load was 70% that of bone. The A/W GC was attached to the
bone with the same tightness as thick synthetic HAp, and its
load was 70% that of the skeleton. A/W GC groups had
a primarily fractured bond in the bone, compared with the
HAp groups, which had a fractured principally bond in the
ceramic; the bonded interface in neither group was disrupted,
though.**

In Fig. 9 we show how A/W glass—ceramic, like synthetic HAp,
soon binds to bone tissue when it is in contact with it by
creating a Ca/P rich layer.

Apatite layer formation on glass—
ceramics

An in vivo generalized mechanism of apatite formation on
surfaces of glass—ceramics and CaO-SiO,-based glasses has been
suggested."® When calcium ions are dissolved in the Glass and
glass—-ceramic surfaces, they increase the apatite ion activity in
the surrounding body fluids.*** In addition, the hydrated silica
on the surfaces of glasses and glass—ceramics allows for the
nucleation of apatite.***** Although, as shown in Fig. 10, there
was no silica gel layer present on the surface of the A/W glass-
ceramic, “apatite nuclei” formed independently after absorbing
calcium and phosphate ions™® from the surrounding body
fluid.**” A significant fraction of silicate ions in the glass—ceramic
dissolves into the simulated body fluid, which indicates that
many silanol groups are present at the glass-ceramic surface.

Stage _2 of bioactive glasses compositions occurs even at
neutral pH. From stage-3 H,O to solution, they were followed by
Si-0-Si net regeneration in silica gel form. Type II glasses are
ordered to test the following surface chemical reactions: as
Fig. 10 stage I and stage II (to pH > 9). The bioactive glasses
proceed through stage-1 and two and then engage in other
surface chemical processes.' Glass-ceramic implants con-
structed by five steps form a thin layer rich in calcium and
phosphorus, which binds to surrounding bone and is found to
be an apatite layer by micro X-ray diffraction.>>"*

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 Formation stages of apatite on diverse substrates, including: (a) stage 1: fast ion exchange Na* and Ca®* ions with H* from solution, (b)
stage 2: breaking Si—-O-Si bonds Si(OH), to solution, (c) stage 3: re-polymerization of a SiO-rich layer, (d) stage 4: migration Ca>* and PO4>~ to
surface SiO,-rich layer forming amorphous CaO—-P,Os rich (ACP) film, and (e) crystallization ACP film by incorporation OH™ and COs>~ from

solution forming hydroxycarbonate—-apatite.*®>81:8

Conclusion

Taking everything into account, this review covers the topics of
bioactive  glass—ceramics, microstructure  development,
mechanical characteristics, a method for apatite layer produc-
tion on glass-ceramic surfaces, and medical applications. Glass-
ceramic systems are not one-component systems, and the crystal
composition differs from the parent glass. As a result, the left-
over glass in the glass—ceramic must be designed differently than
the parent glass. A glass—crystal composite may be obtained by
heating glass. The content and size of the crystalline phase may
be controlled, and have distinct challenges in surface coating
since their thermal expansion coefficient does not match that of
the substrate. In comparison to parent glass and sintered
ceramic, a glass-ceramic can outperform it; the mechanical
strength of monophasic bioactive ceramics is higher. When
heated, glass-ceramics have a higher viscosity than glass
precursors. As a result, two factors limit the change in viscosity
with temperature: the presence of crystals as well as the pene-
tration of glass modifiers into the crystals during heating, leaving

© 2022 The Author(s). Published by the Royal Society of Chemistry

behind glass that is more viscous than its precursor. Glass—
ceramics have exceptional characteristics due to their micro-
structure composed of homogeneously distributed crystals in
a residual glass phase. Microstructures can have a range of
features. Glass homogeneous crystallization is frequently
impossible because the surface lacks nucleation or has a defect,
resulting in surface nucleation or large-scale nucleation. Using
the surface nucleation technique, glass crystals are formed from
a frit bound with binders and then heated under ceramic
temperatures. This work review's glass-ceramic (apatite-wollas-
tonite) exhibits excellent osseointegration and therapeutically
acceptable mechanical properties, such as fracture toughness
and flexural strength. Hence, bioactive glass-ceramics mostly
possess higher mechanical properties than ordinary bioglass
because of the presence of crystal phases formed, and hence they
can be employed for load-bearing applications in medical
applications for many years, and even substitute the use of
metals in such applications, since their strength after a surface
modification becomes enhanced, and that is why they are hot
research issues in many research institutes. The author intends

RSC Adv, 2022, 12, 23143-23152 | 23149
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to show that the issue of biomaterials research, basically bioac-
tive glass-ceramics research, continues to amaze and convey new
concepts on the structure of solids covered, with an undeniable
and potentially immense future. More study is needed to
examine in vivo activity and the structure-property link,
including the microstructure and mechanical properties.

Author contributions

ABW: conceptualization, methodology, writing original draft,
review & editing the whole paper. SJS: structure the overall
framework of the paper, methodology, review, and edit the
whole paper. All authors have read and agreed to the published
version of the manuscript.

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

We acknowledge the funding for National Science and Tech-
nology Council of Taiwan (grants numbers of NSTC 108-2923-E-
011-007-MY3 and 111-2221-E-011-117).

References

1 P. F. James, J. Non-Cryst. Solids, 1995, 181, 1-15.

2 J. A. Dyson, P. G. Genever, K. W. Dalgarno and D. J. Wood,
Tissue Eng., 2007, 13, 2891-2901.

3 L. L. Hench, 1999.

4 M. Ikenaga, K. Ohura, T. Nakamura, Y. Kotoura,
T. Yamamuro, M. Oka, Y. Ebisawa and T. Kokubo, in
Bioceramics, Elsevier, 1991, pp. 255-262.

5 L. L. Hench, An introduction to bioceramics, World Scientific,
2013.

6 R. Goodridge, K. Dalgarno and D. Wood, Proc. Inst. Mech.
Eng., Part H, 2006, 220, 57-68.

7 R. G. Hill, A. Calver, S. Skinner, A. Stamboulis and R. V. Law,
2006.

8 G. H. Beall and L. R. Pinckney, J. Am. Ceram. Soc., 1999, 82,
5-16.

9 R. Doremus, J. Mater. Sci., 1992, 27, 285-297.

10 R. Rawlings, J. Wu and A. Boccaccini, J. Mater. Sci., 2006, 41,
733-761.

11 V. Marghussian and A. S.-M. Mesgar, Ceram. Int., 2000, 26,
415-420.

12 W. Vogel, W. Hoeland, K. Naumann and J. Gummel, J. Non-
Cryst. Solids, 1986, 80, 34-51.

13 W. D. Kingery, H. K. Bowen and D. R. Uhlmann,
Introduction to ceramics, John wiley & sons, 1976.

14 T. Nakamura, T. Yamamuro, S. Higashi, T. Kokubo and
S. Itoo, J. Biomed. Mater. Res., 1985, 19, 685-698.

15 T. Kokubo, J. Non-Cryst. Solids, 1990, 120, 138-151.

16 J. R. Jones, D. S. Brauer, L. Hupa and D. C. Greenspan, Int. J.
Appl. Glass Sci., 2016, 7, 423-434.

23150 | RSC Adv, 2022, 12, 23143-23152

View Article Online

Review

17 W. Vogel and W. Holand, Angew. Chem., Int. Ed. Engl., 1987,
26, 527-544.

18 Bioactive glass and glass ceramics, Journal, 2012, 960, 720.

19 E. Bernardo, R. Castellan, S. Hreglich and I. Lancellotti, /.
Eur. Ceram. Soc., 2006, 26, 3335-3341.

20 A. Abdelghany, M. Ouis, M. Azooz, H. ElBatal and G. El-
Bassyouni, Spectrochim. Acta, Part A, 2016, 152, 126-133.

21 W. Holand, M. Schweiger, M. Frank and V. Rheinberger, J.
Biomed. Mater. Res., 2000, 53, 297-303.

22 L. Fu, H. Engqvist and W. Xia, Materials, 2020, 13, 1049.

23 M. Comte, in From glass to crystal, EDP Sciences, 2021, pp.
361-374.

24 M. Dittmer, C. Ritzberger, M. Schweiger, V. Rheinberger,
M. Worle and W. Holand, J. Non-Cryst. Solids, 2014, 384,
55-60.

25 H. Yuan, J. D. de Bruijn, X. Zhang, C. A. van Blitterswijk and
K. de Groot, J. Biomed. Mater. Res., 2001, 58, 270-276.

26 W. Holand, V. Rheinberger, E. Apel, C. van't Hoen,
M. Holand, A. Dommann, M. Obrecht, C. Mauth and
U. Graf-Hausner, J. Mater. Sci.: Mater. Med., 2006, 17,
1037-1042.

27 W. Holand, E. Apel, C. van't Hoen and V. Rheinberger, J.
Non-Cryst. Solids, 2006, 352, 4041-4050.

28 C. Sagui and M. Grant, Phys. Rev. E: Stat. Phys., Plasmas,
Fluids, Relat. Interdiscip. Top., 1999, 59, 4175.

29 W. Hoéland, V. Rheinberger and M. Schweiger, Philos. Trans.
R. Soc., A, 2003, 361, 575-589.

30 C. Yuan, A. Levin, W. Chen, R. Xing, Q. Zou, T. W. Herling,
P. K. Challa, T. P. Knowles and X. Yan, Angew. Chem., 2019,
131, 18284-18291.

31 W. Holand, J. Non-Cryst. Solids, 1997, 219, 192-197.

32 Y.]. Park, S. O. Moon and J. Heo, Ceram. Int., 2003, 29, 223~
227.

33 S. Zhu, H. Ma, L. Calvez, X. Zhang, J. Lucas, ]J.-L. Adam,
H. Shang and T. Rouxel, J. Non-Cryst. Solids, 2007, 353,
1298-1301.

34 C. G. Bischak, C. L. Hetherington, H. Wu, S. Aloni,
D. F. Ogletree, D. T. Limmer and N. S. Ginsberg, Nano
Lett., 2017, 17, 1028-1033.

35 T. Kitsugi, T. Yamamuro, T. Nakamura, T. Kokubo,
M. Takagi, T. Shibuya, H. Takeuchi and M. Ono, J.
Biomed. Mater. Res., 1987, 21, 1109-1123.

36 A. B. Workie and A. A. Tsegaw, 2020.

37 H. Guo, Y. Gong and S. Gao, Mater. Lett., 2010, 64, 997-999.

38 L. L. Hench, R. J. Splinter, W. Allen and T. Greenlee, J.
Biomed. Mater. Res., 1971, 5, 117-141.

39 F. Tavangarian and R. Emadi, Mater. Lett., 2011, 65, 740-
743.

40 A. M. Khorasani, I. Gibson, M. Goldberg, J. Nomani and
G. Littlefair, Sci. Adv. Mater., 2016, 8, 1491-1511.

41 T. Yamamuro, Adv. Ser. Ceram., 1993, 1, 89-104.

42 T. Yamamuro, CRC handbook of bioactive ceramics, 1990, pp.
335-342.

43 P. Li, C. Ohtsuki, T. Kokubo, K. Nakanishi, N. Soga,
T. Nakamura and T. Yamamuro, J. Am. Ceram. Soc., 1992,
75, 2094-2097.

© 2022 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2ra03235j

Open Access Article. Published on 16 August 2022. Downloaded on 7/24/2025 8:03:32 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Review

44 C. Ohtsuki, M. Kamitakahara and T. Miyazaki, J. Tissue Eng.
Regener. Med., 2007, 1, 33-38.

45 X. Chen, X. Chen, D. S. Brauer, R. M. Wilson, R. G. Hill and
N. Karpukhina, Materials, 2014, 7, 5470-5487.

46 X. Chen, X. Chen, D. S. Brauer, R. M. Wilson, R. G. Hill and
N. Karpukhina, J. Non-Cryst. Solids, 2014, 402, 172-177.

47 P. Boutin, P. Christel, J. M. Dorlot, A. Meunier, A. De
Roquancourt, D. Blanquaert, S. Herman, L. Sedel and
J. Witvoet, J. Biomed. Mater. Res., 1988, 22, 1203-1232.

48 M. Schwentenwein and J. Homa, Int. J. Appl. Ceram.
Technol., 2015, 12, 1-7.

49 I. D. Xynos, A. J. Edgar, L. D. Buttery, L. L. Hench and
J. M. Polak, J. Biomed. Mater. Res., 2001, 55, 151-157.

50 I. Xynos, M. Hukkanen, J. Batten, L. Buttery, L. Hench and
J. Polak, Calcif. Tissue Int., 2000, 67, 321-329.

51 M. Cerruti, D. Greenspan and K. Powers, Biomaterials, 2005,
26, 1665-1674.

52 C. Ohtsuki, H. Kushitani, T. Kokubo, S. Kotani and
T. Yamamuro, J. Biomed. Mater. Res., 1991, 25, 1363-1370.

53 O. Peitl, E. D. Zanotto and L. L. Hench, J. Non-Cryst. Solids,
2001, 292, 115-126.

54 U. Gross and V. Strunz, J. Biomed. Mater. Res., 1985, 19, 251~
271.

55 T. Kokubo, M. Shigematsu, Y. Nagashima, M. Tashiro,
T. Nakamura, T. Yamamuro and S. Higashi, Bull Inst.
Chem. Res., Kyoto Univ., 1982, 60, 260-268.

56 T. Kokubo, H. Kushitani, C. Ohtsuki, S. Sakka and
T. Yamamuro, J. Mater. Sci.: Mater. Med., 1992, 3, 79-83.

57 O. Peitl, E. D. Zanotto, F. C. Serbena and L. L. Hench, Acta
Biomater., 2012, 8, 321-332.

58 T. Kokubo, in An introduction to bioceramics, World
Scientific, 1993, pp. 75-88.

59 R. Z. LeGeros and J. P. LeGeros, in An introduction to
bioceramics, World Scientific, 1993, pp. 139-180.

60 A. S. Posner, A. Perloff and A. F. Diorio, Acta Crystallogr.,
1958, 11, 308-309.

61 V. Orlovskii, V. Komlev and S. Barinov, Inorg. Mater., 2002,
38, 973-984.

62 J. C. Elliott, P. Mackie and R. Young, Science, 1973, 180,
1055-1057.

63 C. Ohtsuki, T. Kokubo and T. Yamamuro, J. Non-Cryst.
Solids, 1992, 143, 84-92.

64 N. Nishimura, T. Yamamuro, Y. Taguchi, M. Ikenaga,
T. Nakamura, T. Kokubo and S. Yoshihara, J. Appl
Biomater., 1991, 2, 219-229.

65 A. C. M. Renno, P. A. McDonnell, M. C. Crovace,
E. D. Zanotto and L. Laakso, Photomed. Laser Surg., 2010,
28, 131-133.

66 J. Moura, L. N. Teixeira, C. Ravagnani, O. Peitl,
E. D. Zanotto, M. M. Beloti, H. Panzeri, A. L. Rosa and
P. T. de Oliveira, J. Biomed. Mater. Res., Part A, 2007, 82,
545-557.

67 J. Peng, P. Chen, H. Lou and X. Zheng, Energy Fuels, 2008,
22, 3489-3492.

68 V. M. Roriz, A. L. Rosa, O. Peitl, E. D. Zanotto, H. Panzeri
and P. T. De Oliveira, Clin. Oral Implants Res., 2010, 21,
148-155.

© 2022 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

69 Q. Z. Chen, I. D. Thompson and A. R. Boccaccini,
Biomaterials, 2006, 27, 2414-2425.

70 O. P. Filho, G. P. La Torre and L. L. Hench, J. Biomed. Mater.
Res., 1996, 30, 509-514.

71 P. Sepulveda, J. Jones and L. Hench, J. Biomed. Mater. Res.,
2002, 61, 301-311.

72 O. Bretcanu, X. Chatzistavrou, K. Paraskevopoulos,
R. Conradt, I. Thompson and A. R. Boccaccini, J. Eur.
Ceram. Soc., 2009, 29, 3299-3306.

73 H. M. Kim, F. Miyaji, T. Kokubo and T. Nakamura, J.
Biomed. Mater. Res., 1997, 38, 121-127.

74 T. Duminis, S. Shahid and R. G. Hill, Front. Mater., 2017, 3,
59.

75 L. Yin, X.-F. Song, Y.-L. Song, T. Huang and ]. Li, Int. J.
Mach. Tools Manuf., 2006, 46, 1013-1026.

76 C. A. Mangham and R. C. Lindeman, Ann. Otol., Rhinol.,
Laryngol., 1990, 99, 112-116.

77 C. C. Della Santina and S. C. Lee, Arch. Otolaryngol., Head
Neck Surg., 2006, 132, 617-623.

78 A. Blayney, J.-P. Bebear, K. Williams and M. Portmann, J.
Laryngol. Otol., 1986, 100, 1359-1366.

79 1. Mobasherpour, M. S. Hashjin, S. R. Toosi
R. D. Kamachali, Ceram. Int., 2009, 35, 1569-1574.

80 A. Ruys, M. Wei, C. Sorrell, M. Dickson, A. Brandwood and
B. Milthorpe, Biomaterials, 1995, 16, 409-415.

81 E. S. Ahn, N. J. Gleason, A. Nakahira and J. Y. Ying, Nano
Lett., 2001, 1, 149-153.

82 R. Martin and P. Brown, J. Mater. Sci.: Mater. Med., 1995, 6,
138-143.

83 S. Taruta, K. Mukoyama, S. S. Suzuki, K. Kitajima and
N. Takusagawa, J. Non-Cryst. Solids, 2001, 296, 201-211.

84 W. Vogel and W. Hoéland, J. Non-Cryst. Solids, 1990, 123,
349-353.

85 E. Verné, R. Defilippi, G. Carl, C. V. Brovarone and
P. Appendino, J. Eur. Ceram. Soc., 2003, 23, 675-683.

86 W. Holand, P. Wange, K. Naumann, J. Vogel, G. Carl,
C. Jana and W. Goétz, J. Non-Cryst. Solids, 1991, 129, 152-
162.

87 J. Li, S. Forberg and L. Hermansson, Biomaterials, 1991, 12,
438-440.

88 C. Wu and J. Chang, J. Biomater. Appl., 2006, 21, 119-129.

89 G. H. Beall, J. Non-Cryst. Solids, 1991, 129, 163-173.

90 A. Sakamoto and S. Yamamoto, Int. J. Appl. Glass Sci., 2010,
1, 237-247.

91 T. Kokubo, S. Ito, S. Sakka and T. Yamamuro, J. Mater. Sci.,
1986, 21, 536-540.

92 Z. Strnad, Biomaterials, 1992, 13, 317-321.

93 P. Alizadeh, B. E. Yekta and A. Gervei, J. Eur. Ceram. Soc.,
2004, 24, 3529-3533.

94 T. Kokubo, S. Ito, M. Shigematsu, S. Sakka and
T. Yamamuro, J. Mater. Sci., 1985, 20, 2001-2004.

95 T. Kokubo, S. Ito, M. Shigematsu, S. Sanka and
T. Yamamuro, J. Mater. Sci., 1987, 22, 4067-4070.

96 L. R. Pinckney and G. H. Beall, J. Am. Ceram. Soc., 2008, 91,
773-779.

and

RSC Adv, 2022, 12, 23143-23152 | 23151


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2ra03235j

Open Access Article. Published on 16 August 2022. Downloaded on 7/24/2025 8:03:32 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC Advances

97 T. Kitsugi, T. Yamamuro, T. Nakamura, Y. Kakutani,
T. Hayashi, S. Ito, T. Kokubo, M. Takagi and T. Shibuya, J.
Biomed. Mater. Res., 1987, 21, 467-484.

98 A. Karamanov and M. Pelino, J. Eur. Ceram. Soc., 2008, 28,
555-562.

99 Y.-H. Yun, S.-D. Yun, H.-R. Park, Y.-K. Lee and Y.-N. Youn, J.
Mater. Synth. Process., 2002, 10, 205-209.

100 E. Bernardo, R. Castellan and S. Hreglich, Ceram. Int., 2007,
33, 27-33.

101 S.-D. Yoon, J.-U. Lee, J.-H. Lee, Y.-H. Yun and W.-J. Yoon, J.
Mater. Sci. Technol., 2013, 29, 149-153.

102 W. Zhang and H. Liu, Ceram. Int., 2013, 39, 1943-1949.

103 S. C. Cox, J. A. Thornby, G. J. Gibbons, M. A. Williams and
K. K. Mallick, Mater. Sci. Eng., C, 2015, 47, 237-247.

104 Q. Fu, M. N. Rahaman, F. Dogan and B. S. Bal, J. Biomed.
Mater. Res., Part B, 2008, 86, 514-522.

105 J. Juhasz, S. Best, R. Brooks, M. Kawashita, N. Miyata,
T. Kokubo, T. Nakamura and W. Bonfield, Biomaterials,
2004, 25, 949-955.

106 M. Hashimoto, H. Takadama, M. Mizuno and T. Kokubo, J.
Mater. Sci.: Mater. Med., 2007, 18, 661-668.

107 A. Gantar, L. P. da Silva, J. M. Oliveira, A. P. Marques,
V. M. Correlo, S. Novak and R. L. Reis, Mater. Sci. Eng., C,
2014, 43, 27-36.

108 J. Tamura, K. Kawanabe, M. Kobayashi, T. Nakamura,
T. Kokubo, S. Yoshihara and T. Shibuya, J. Biomed. Mater.
Res., 1996, 30, 85-94.

109 S. A. Saadaldin and A. S. Rizkalla, Dent. Mater., 2014, 30,
364-371.

110 X. Liu, M. Morra, A. Carpi and B. Li, Biomed. Pharmacother.,
2008, 62, 526-529.

111 T. Yamamuro, J. Shikata, H. Okumura, T. Kitsugi,
Y. Kakutani, T. Matsui and T. Kokubo, J. Bone Jt. Surg., Br.
Vol., 1990, 72, 889-893.

112 Q. Fu, E. Saiz, M. N. Rahaman and A. P. Tomsia, Adv. Funct.
Mater., 2013, 23, 5461-5476.

113 S. S. Hossain, S. Yadav, S. Majumdar, S. Krishnamurthy,
R. Pyare and P. Roy, Ceram. Int., 2020, 46, 833-843.

114 K. Anagnostakos and C. Meyer, BioMed Res. Int., 2017, 2017,
1-7.

115 R. Pitto and 1. Spika, Int. Orthop., 2004, 28, 129-133.

116 S. Yoshii, Y. Kakutani, T. Yamamuro, T. Nakamura,
T. Kitsugi, M. Oka, T. Kokubo and M. Takagi, . Biomed.
Mater. Res., 1988, 22, 327-338.

117 1. Thompson and L. Hench, Proc. Inst. Mech. Eng., Part H,
1998, 212, 127-136.

23152 | RSC Adv, 2022, 12, 23143-23152

View Article Online

Review

118 Q.-Z. Chen, Y. Li, L.-Y. Jin, J. M. Quinn and
P. A. Komesaroff, Acta Biomater., 2010, 6, 4143-4153.

119 Mark A.and Wolgin M., Journal, 2022.

120 K. Anagnostakos, J. Kelm, T. Regitz, E. Schmitt and
W. Jung, J. Biomed. Mater. Res., Part B, 2005, 72, 373-378.

121 G. P. Jayaswal, S. Dange and A. Khalikar, J. Indian
Prosthodont. Soc., 2010, 10, 8-12.

122 D. K. Pattanayak, Mater. Sci. Eng., C, 2009, 29, 1709-1714.

123 S. Shinzato, M. Kobayashi, W. F. Mousa, M. Kamimura,
M. Neo, Y. Kitamura, T. Kokubo and T. Nakamura, J.
Biomed. Mater. Res., 2000, 51, 258-272.

124 G. Kaur, V. Kumar, F. Baino, J. C. Mauro, G. Pickrell,
I. Evans and O. Bretcanu, Mater. Sci. Eng., C, 2019, 104,
109895.

125 L. L. Hench and H. Paschall, J. Biomed. Mater. Res., 1973, 7,
25-42.

126 L. Hallmann, P. Ulmer and M. Kern, J. Mech. Behav. Biomed.
Mater., 2018, 82, 355-370.

127 S. V. Dorozhkin, Materials, 2013, 6, 3840-3942.

128 K. Ono, T. Yamamuro, T. Nakamura, Y. Kakutani,
T. Kitsugi, K. Hyakuna, T. Kokubo, M. Oka and
Y. Kotoura, J. Biomed. Mater. Res., 1988, 22, 869-885.

129 J. E. Davies, Biomaterials, 2007, 28, 5058-5067.

130 L. Gremillard, M. Magallanes-Pedromo, S. Meille,
J. Chevalier and L. Lefebvre, in From glass to crystal, EDP
Sciences, 2021, pp. 375-386.

131 A. El-Ghannam, Expert Rev. Med. Devices, 2005, 2, 87-101.

132 T. Kitsugi, T. Yamamuro, T. Nakamura and T. Kokubo, Int.
Orthop., 1989, 13, 199-206.

133 S. B. Cho, K. Nakanishi, T. Kokubo, N. Soga, C. Ohtsuki,
T. Nakamura, T. Kitsugi and T. Yamamuro, J. Am. Ceram.
Soc., 1995, 78, 1769-1774.

134 W. Pannhorst, J. Non-Cryst. Solids, 1997, 219, 198-204.

135 G. Takaoka, R. Tanaka, H. Usui, S. Koh, M. Current,
I. Yamada, S. Akamatsu and T. Kokubo, MRS Online Proc.
Libr., 1991, 252, 23-28.

136 A. Hoppe, N. S. Giildal and A. R. Boccaccini, Biomaterials,
2011, 32, 2757-2774.

137 Y. Zhang and ]. Santos, J. Eur. Ceram. Soc., 2001, 21, 169-
175.

138 P. N. Gunawidjaja, R. Mathew, A. Y. Lo, L. Izquierdo-Barba,
A. Garcia, D. Arcos, M. Vallet-Regi and M. Edén, Philos.
Trans. R. Soc., A, 2012, 370, 1376-1399.

139 D. Clark and E. L. Yen-Bower, Surf. Sci., 1980, 100, 53-70.

140 O. Kozo, T. Yamamuro, T. Nakamura and T. Kokubo,
Biomaterials, 1990, 11, 265-271.

© 2022 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2ra03235j

	A study of bioactive glasstnqh_x2013ceramic's mechanical properties, apatite formation, and medical applications
	A study of bioactive glasstnqh_x2013ceramic's mechanical properties, apatite formation, and medical applications
	A study of bioactive glasstnqh_x2013ceramic's mechanical properties, apatite formation, and medical applications
	A study of bioactive glasstnqh_x2013ceramic's mechanical properties, apatite formation, and medical applications
	A study of bioactive glasstnqh_x2013ceramic's mechanical properties, apatite formation, and medical applications
	A study of bioactive glasstnqh_x2013ceramic's mechanical properties, apatite formation, and medical applications
	A study of bioactive glasstnqh_x2013ceramic's mechanical properties, apatite formation, and medical applications
	A study of bioactive glasstnqh_x2013ceramic's mechanical properties, apatite formation, and medical applications
	A study of bioactive glasstnqh_x2013ceramic's mechanical properties, apatite formation, and medical applications
	A study of bioactive glasstnqh_x2013ceramic's mechanical properties, apatite formation, and medical applications


