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Production and characterization of a glass-ceramic biomaterial and
in vitro and in vivo evaluation of its biological effects

Bir cam-seramik biyomalzemenin uiretimi, tanémmlanmasi ve
biyolojik etkilerinin canli-disi ve canli-ici ortamda degerlendirilmesi

Taskin CEYHAN,! Volkan GUNAY,? Ahmet CAPOGLU,? Hakan SAYRAK,* Cetin KARACAS

!Orthopaedic Department of Private Cevre Hospital; *Institute of Material of Tubitak-Mam; *GScience and Engineering of Depart-
ment of High Technology Institute of Gebze; *Pathology Cilinic of Goverment Hospital of Pasabahge;
>Animal Breeding and Experimental Studies Labarotory of Cerrahpasa Medical Faculty of Istanbul University

Amac: Cam-seramikler kemik yerine kullanilabilen, ge-
nellikle sol-jel yontemiyle elde edilen biyomalzemelerdir.
Kemik dokusu ile organik baglarla butinlesmesi (osteoen-
tegrasyon) onemli ozellikleridir. Bu ¢aligmada bir biyocam-
seramik Uretilerek, yapisal ozellikleri ve canli-dis1 (in vitro)
ve canli-i¢i (in vivo) biyolojik etkileri degerlendirildi.
Cahisma plani: Sol-jel toz sentezi yontemiyle, tetraetilorto-
silikat, dibuitilfosfat, magnezyum ve kalsiyum nitrat kulla-
nilarak, 30SiO,-17MgO-53Ca,(PO,), formiline yakin cam
seramik elde edildi. Orneklere 1100 °C’ye kadar sicaklik
uygulanarak, mikroyapilar1 ve olugan kristal fazlar taramali
elektron mikroskobu ve X-1gin1 kirinimi (difraksiyon) (XRD)
ile incelendi. Canli-dig1 test igin, cam-seramik ornekleri 10,
30 ve 40 guin sureyle, plazma igindeki iyonlar1 igeren yapay
viicut stvist (Y VS) i¢inde bekletildi. Daha sonra, XRD ile in-
celendi. Son olarak, canli-ici test icin drnekler Sprague-Daw-
ley turii sicanlarin tibia kemiklerine gomillerek kemik doku-
su ile 4, 6 ve 8 haftalik suirelerde butiinlesmesi incelendi.
Sonugclar: Uretilen cam-seramikte sicaklik artmasiyla
kristal fazlarin buyudugu goruldu. Yapay viicut sivist i¢in-
de 10 giin bekletilmis orneklerde XRD’de degisiklik ol-
mazken, 30 ve 40 giin bekletilen orneklerin 2. ve 3. derece
kristal evrelerinde hidroksiapatit kristal olusumu gozlendi.
Canli-ici deney sonuglari, cam-seramigin kemiksi doku-
nun yerini almaya ileri derecede yatkin oldugunu ve sekiz
hafta icinde kemik ile butuinlestigini gosterdi.
Cikarmmlar: Urettigimiz cam-seramik yuizey-reaktiftir ve or-
topedide kemik yerini tutucu malzeme olarak kullanilabilir.

Anahtar sozcukler: Biyouyumlu malzeme; seramik; cam; toz;
sican; yuzey ozellikleri.

Objectives: Glass-ceramics are biomaterials that are usu-
ally produced by the sol-gel technique and can be used
as a substitute for bone. One important feature of glass-
ceramics is osteointegration with bone tissue. This study
was designed to produce a glass-ceramic and evaluate its
structure and in vitro and in vivo biological effects.

Methods: With the sol-gel method, a glass-ceramic was
synthesized in the form of 30Si0,-17Mg0O-53Ca,(PO,), us-
ing tetraethylorthosilicate, dibutyl phosphate, magnesium,
and calcium nitrate. Glass-ceramic jel samples were sin-
tered at temperatures up to 1100 °C and their microstruc-
ture and phases were examined by the X-Ray diffraction
(XRD) technique and scanning electron microscopy. For
in vitro tests, the samples were immersed in a simulative
body fluid (SBF) for 10, 30, and 40 days to be analyzed
by XRD. For in vivo tests, the samples were placed in
tibial metaphyses of Sprague-Dawley rats for 4, 6, and 8
weeks for histological evaluation of osteointegration.

Results: As the temperature increased, growth of crystal
phases was noted. While XRD analysis showed no change
in samples that were kept in SBF for 10 days, hydroxyapa-
tite crystals were seen after 30 and 40 days of SBF treat-
ment in the second and third degree of crystal phases. In
vivo test results showed that the glass-ceramic possessed
a high tendency to replace osteoid bone tissue, with full
osteointegration at eight weeks.

Conclusion: The glass-ceramic produced has a high surface
reactivity and can be used as a bone substitute material.

Key words: Biocompatible materials; ceramics; glass; powders;
rats; surface properties.

Correspondence / Yazisma adresi: Dr. Tagkin Ceyhan. Ozel Cevre Hastanesi, Cemal Sair Sok., No: 2, 34394 Mecidiyekoy, Istanbul..
Phone: +90212 - 274 69 25 Fax: +90212 - 275 94 26 e-mail: tceyhan@tnn.net

Submitted / Basburu tarihi: 12.02.2007 Accepted / Kabul tarihi: 05.09.2007

Presented orally at XVIIL Turk National Congress of Orthopedic and Traumatology .18-23 Octobre 2003,Congress Center of Grand Cevahir
Hotel, Istanbul. Presented orally at World Congress of Sicot/Sirot 2002,San-Diego California, ABD.

©2007 Turk Ortopedi ve Travmatoloji Dernegi / ©2007 Turkish Association of Orthopaedics and Traumatology



308

Acta Orthop Traumatol Turc

The ceramics, comprising a major part of the bio-
materials, can be classified according to their live tis-
sue attachment as inert (Al1203), resorbed (Ca3P0O4,
hydroxyapatite) and surface-reactive (glass-ceramic,
glass). Surface-reactivity is the ability to transfer Ca,
P elements to the surface and form the HA (hydroxy-
lapatite) crystal. Surface-reactive ceramics are gene-
rally fabricated by melting, ceramic processes or the
sol-gel method, where sol-gel stands for the first two
letters of the “solution-gelation” processes. In other
words, it is a method of solution-gelation. In the sol-
gel technique, mainly various metal alcosytes, metal
salts, alcohol and organic solutions and water are used,
and it is the most convenient production method for
surface-reactive ceramics to be used in powder. The
grain size of the crystal phases of the powder can be
caught only in a nanometer scale. All these characte-
rizations can be achieved by both the productive and
post-productive heating processes. The glass cerami-
cs are harmles to the body, integrating with the bone
tissue when they are implanted into the live bones.
This is also an indication of their biocompatibility.

Due to hardness and less abrasion, hard ceramics
are used for head and acetabular cups of prothesis.
It is also likely to use them in powder as a substitute
material for bones. Such ceramics should be easy to
produce and have a controllable production process.
Many local ceramic scientists as well as their fore-
igner collegaues are concerned about the biological
effects of the material they produced. The produced
material must be tested in vitro with plasma-like flu-
ids and several cells such as fibroblast, osteoblast, and
also in vivo in animal models to determine the supe-
riority and diversity of its interaction with the tissue.
It is essential for the producer to describe the charac-
teristics and biological effects of the material.

The discipline of “Biocompability Research” is a
rarely studied field in our country. The main feature
of the present study was that the biocompability of
the material was studied with a team experienced in
surgery and the bone tissue, including a multidiscip-
linary approach.

The aim of the present study was to produce and
characterize glass and glass-ceramic powders by the
sol-gel process with a formula of 30% SiO2-17MgO-
53Ca3PO4 for use in the orthopedic surgery and also
analyse their in vitro and in vivo biological effects.

Material and method

Preparation of Glass Ceramics

In order to prepare the glass and glass-ceramic in the
target structure of 30% SiO2-17Mg0O-53Ca3PO5; TEOS
(tetraethylorthosilicate), dibutylphosphate (C12H2704P),
and Ca-nitrate (CaNO3) and Mg-nitrate (MgNO3) salts
were used as sources of SiO2, P205Si02 and MgO and
CaO, respectively. Furthermore, a solution was prepared
using distilled water, hydrochloric acid and acetic acid.
As a result of hydrolysis and polimerization reactions,
the solutions transformed into gel. Then, a clear soluti-
on prepared at the room temperature using a magnetic
mixer, was kept in incubator at a temperature of 40°C to
achieve the gelation process after gradual drying. The
calcination of the gel was achieved by sintering it in an
electrical oven at temperatures 100, 500, 900 ve 1100°C
for one hour, and afterwards leaving it to cool down. The
calcinated gel samples were softly pounded to powder,
and they were used in all characterization procedures
and in vivo and in vitro tests. The calcination is perfor-
med by heating, which provide diversification and mul-
tiplication of the crystal structure in ceramic, and then
the crsytal structure disappears after induction of exces-
sive heats above the limits -1400° C for our sample- to
form the glass.

Characterization

During characterization, for chemical analysis,
semi-quantitative X-Ray-Flourescence Spectrometer
(XREF, Philips, PW 2404 WDXRF); for phase analysis,
X-Ray Diffraction (XRD, Shimadzu, XRD-6000), and
for micro-structural examinations and analyses, Scan-
ning electron microscopy (SEM-EDS, JEOL, SEM-
6335F) were used.

The XRD analyses in the glass-ceramic powders
were carried out at where 2 teta scanning angles had an
interval of 0-70°.

The mechanical properties of the powder glass-ce-
ramic were not studied.

In-vitro test method: A Simulated Body Fluid (SBF)
including equal weights of the ions (Na+142 K+5,Ca+
+2.5,Mg++2,CI-147.8, HCO3-2,HPO-1,S04-5, as mol
mm-1) in the plasma was prepared for use (Biofarma®
/Turkiye). The samples derived from the glass ceramics
and calcinated at 100, 500, 900 until 1100°C were kept
in the Simulated Body Fluid (SBF) for 10, 30 and 40
days. Then, they were analyzed by XRD to determine
the crystal changes and crystals including Ca, P and
HCA.
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Table 1. Aimed and actual formula results in the chemi-
cal analysis of ceramics with XRD flouroscopy.

Table 2. Chemical distribition of main components of
ceramic samples in heated at 500 C in XRD

. . . fluoroscopy
Compound Aim (% Weight) Measured (% Weight)
. Oxide % Weight

Sio, 30 28 :

MgO 17 15 Si0, 34.15
CaO 2873 38 MgO 18.59
PO, 24.27 18 CaO 32.57

In-vivo test method: Based on the appropriate per- Results

mission relevant to the study protocol for the Experi-
mental Animal Breeding and Cultivation Center of the
Medical Faculty of the Cerrahpaga University, the glass
ceramic samples processed by the sol-gel technique and
calcinated at 900°C were implanted into the proximal
tibial metaphysis of the right and left extremities of the
Sprague Dawley rats in groups of five. To do that, samp-
les with more surface reactivity and the most hydrox-
yapatite crystals were selected following the heat tre-
atment at 900°C and immersion in SBF. The ceramic
powder was placed onto areas of Imm3 (1x1x1) by fine
carving tips in ceramic. The proximal tibial metaphyses
of the rats sacrified after weeks 2, 4, 6 and 8 were sur-
gically removed. The bones with implants were fixed in
the buffered formalin solution, and following decalcifi-
cation by formic acid, they were dehydrated with incre-
asing degrees of alcohol, and embedded in paraffin, and
then prepared in sections of 5-10 mm thick, and stained
with Hemotoxylin-Eosin (H-O) followed by an analysis
of light microscopy (Bx50 Olympus).

The interaction of the glass ceramics dried keeping

in sections at 100°C with the osteoid tissue of live bones
was analyzed over time.

A post-production chemical analysis by XRF
showed deviations from the target formula. The tar-
get and actual formulas defined by XRF are shown at
Table 1. As shown in the table, the deviations usually
occurred in the CaO and P205 components, in whi-
ch the chemicals initially used might have played a
role. As the objective was not to obtain a completely
cytometric formula in this production, the glass ce-
ramic formula we obtained was suitable for the aim
of the study. The XRD studies on the the glass-ce-
ramic powders were performed with a scan angle of
two teta ranging from O to70°. The post-calcination
XRD results are shown at Figure 1. With increase in
calcination temperature in the glass-ceramic samples,
a growth was observed in the size of the XRD pe-
aks (Figure-1). The phases described according to the
XRD diagrams are shown at Table 2.

Micro-structural and elemental analyses by SEM
showed that the distribution of elements in the system
was highly homogenous and the gel powders were ge-
nerally consisted of very small crystals in nanometric

Table 3. Defined phases according to X-ray difraction diag-
rams.

Temperature (°C) Phases
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Figure 1.X-Ray Difraction diagrams of glassceramics hea-
ted at different temparatures.(100,500,900,1100).
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100 . Saponite-Ca, ,Mg;(Si, Al),O,o(OH),.4H,0
. Monohydrocalcite - CaCO;.H,O
. Calcite - CaCO,
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. Paragonite - Mg,(PO,),

. Akermanite - Ca,MgSi,0,

. Quartz - SiO,

. Paragonite - Mg,(PO,),
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. Paragonite - Mg,(PO,),
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Figure 2. SEM microphotographs of ceramics heated at different temparatures 100° 500°, 900°,1100° C.

dimensions. No procedure was performed on the ma-
terial for SEM analysis. The samples, being vacuu-
med as part of the technique, were studied later on.
Analysis of microstructural SEM images indicated
that as the temperature increased, new phases emer-
ged or growth of the emerging phases was increased.
It was also oberved that various crystals became dif-
ferentiated (Figure-2 a,b,c,d.).

During the analysis of SEM micro-structures, a
loose structure was observed at 100°C while with the
increased temperature, bacilliform structures were
formed, and initiation of sintering was observed par-
ticularly at 900 and 1100°C. In both cases, formation
of grains/crystals in nanometric dimensions can be
mentioned, which means both a wide surface area
and a high reactivity.

In-vitro test results

No remarkable changes were observed in the pha-
se formation and micro-structures of the powders
kept in SBF (Simulated Body Fluid) for 10 days. This

can be explained by the fact that an experimental in
vitro period of 10 days was not sufficient for occu-
rence of any reaction. On the other hand, detection of
hydroxylapatite crystals not at the main phases, but at
the 2nd and 3rd degree phases in the XRD diagrams
taken at the similar device adjustments in the samples
which were kept for 30 to 40 days is an indication of
the exchange of Ca, P elements on the particule surfa-
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Figure 3.Comparative demostration of XRD changes
after being heated at 100,900 °C and treated
with simulative body fluid.
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ces and formation of HA crystals, which means that
the glass-ceramic is surface reactive (Figure- 3).

Although it forms more stable crystals at higher
temperatures of 900°C, the glass-ceramic exchanges
ions, which is an indication of its surface reactivity
(Figure-3).

The glass-ceramics form more stable rod crystals
at 900°C, resulting in novel hydroxyapatite crystals by
exchanging ions after treatment with YVS, and that is
an indication of more surface reactivity (Figure-3) ,
and also our main rationale using the in vivo model.

In-vivo test results

The sections obtained 14 days after the implant
showed presence of the thin immature bone (osteid)
trabeculae attached to the material. No inflammatory
reaction against any potential foreign body and fib-
rous tissue were observed between the glass-ceramic
material and the thin lamellar bone tissue (Figure-
4a). As a result of histologic analysis, it was found
that half of the glass-ceramic material was replaced
and surrounded by the lamellar and spongy type of
bone (Figure-4b). At the day 60, the entire material

Tl

Figure 4.(a) Osteointegration in rat’s tibia bone during two

weeks. There was no inflamation of foreign body
type between bone and ceramic interface. A
newly formed thin bone trabecula of osteid type
is observed around and between the seramic
particules (two arrow heads). Glassceramic par-
ticles are shown (two dark arrow heads) (HEx40).
(b) Osteointegration in rat’s tibia bone during
four weeks. Nearly half of the material was sur-
rounded by osteid type bone tissue (two arrow
heads). Glassceramic particles are shown (two
dark arrow heads) (HEx40 (c) Osteointegration
in rat’s tibia bone during eight weeks. All the
material was invaded by osteid bone tissue of
lamellar type (two arrow heads). (HEx100).

implanted was replaced by a lamellar bone tissue (Fi-
gure-4c). It can be indicated that the pseudoeosinop-
hilic appearance of the bone marrow in each section
resulted from the declacification by strong acid for
a long period of time. One of our significant results
was the augmentation, and expansion of the osteoid
tissue over time, and absence of any fibrous tissue in
between.

Discussion

The sol-gel technique is one of the most convenient
methods for powder synthesis in order to control the
size, shape and surface area of the grains, i.e. controlled
features. As it is studied at the room temperature under
very simple conditions, it is a very practical, fast and
economic method and it succesfully achieves synthesis
of the compositions, which are very complicated to be
produced by conventional methods as it provides the
mixture at a molecular level. Its biological characteris-
tics can also be controlled as it can produce powders
of any size and morphology as well as the of chemical
purity. The morphological features such as granule or
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powder forms can alter the biological effects of glass-
ceramic.

High porous ceramics can be obtained by the sol-
gel technique, with a more bioactive synthesis of the
glass compared to the one obtained by the melting met-
hod. 12

As seen in Table-1, the deviations usually occur-
red at the compounds CaO and P205. Here, the initial
chemicals might have played a role. The glass-ceramic
formula was found convenient for the present study as
the objective of this production was not to obtain an
entirely stoichiometric formula.

The mechanical tests were excluded as the material
was in powder and no mechanical benefits were expe-
cted in use although it was essential for the characte-
rization of the material. Furthermore, the mechanical
properties can be studied when required.

In order to obtain the ceramic by the sol-gel method,
heat application, i.e. thermal decomposition (calcinati-
ons) is required to remove the organic wastes, gas pro-
ducts and water molecules. In the present study, proce-
dures with increasing heating temperatures were used
for the crystallization of the glass-ceramics prepared
by the sol-gel technique. The duration for the heating
procedures carried out in the electrical ovens was one
hour.

The sample diagram analyzed at 100° C showed an
initial higher peak, however it disappeared in the fol-
lowing gradually increasing heats. It is associated with
the organic solvents inside the ceramic.It was found that
with increased temperature, the crystal phases inside
the glass-ceramic structure are grown and enhanced,
and its boundaries become more remarkable (Figure-
D).

The results of the studies on glass and glass-cerami-
cs including bioactive silica support that the SiO2 incre-
ases the formation of a surface layer rich in calcium and
phosphore due to its solubility in an amorph or crystal
phase. ! The glass-ceramics attach to the live bone tis-
sue, forming hydroxylapatite by exchanging ions when
interfaced with the fluid (SBF, plasma) with the Si-OH
groups formed in the silica (SiO2) and its surfaces,™¥
and furthermore, significance of soluble silica has been
reported by many authors, highlighting that the layer
rich in silica (SiO2) is an important focus for apatite
nucleation.!'>*71 When the solubility of several oxides
in the material is high, the formation of surface layer

responsible from bioactivity has been facilitated.”!

Presence of calcium and phosphore in the apatite
phase of the glass-ceramic prevents precipitation of the
surface apatite.’®

The surface reactive ceramics are available in se-
veral formulas. For an ideal mixture, it should be con-
trolled with easy and quick in vitro tests. The SBF
including the ions in the blood plasma is the initially
prepared test material, which is a test fluid frequently
used in the assay of the surface reactivity of the glass-
ceramics. Another in-vitro test is the analysis of the ef-
fect of glass-ceramics on the shape and number of the
osteblast cells. It was found that in the in vitro culture
tests performed using the human osteoblasts, the silicon
derived from the bioactive glasses in a critical density
(derived from 45S5® glass ceramic by melting at a spe-
ed of 15 ppm) organizes the growth factor proteins and
increase the osteoblast ingrowth.  In the present study,
no osteoblastic cell was used.

The fact that glass-ceramic sintered at 900ocC forms
hydroxylapatite and other crystals, interacting with the
ions in the SBF is an indication of the presence of sur-
face reactivity.

The surface-reactive glass-ceramics have been
analysed in detail for potential use as bone grafts due
to their attachment characteristics with the live bone.
01 Naturally, glass-ceramics can also attach to the
bone.*”! The glass systems, which were produced in
formulas including SiO2-CaO-P205-Na20 in natural
ratios are the first glass materials with bioactive beha-
viors. 812131

For the biocompatibility of materials, some tests are
performed in the bone tissues of animals and use in hu-
man volunteers. These are particulary required for the
clinical trials of the biomaterials.

The in-vivo tests are complicated, time-consuming
and expensive, and also require compliance with the
ethical principles for animal rights. It is not possible
to carry out a new transplantation test for each change
in the formula of the glass-ceramic in living subjects.
Thus, such tests are held at the final stage.

In the present study, the osteo-integration of the
glass-ceramic samples with the rat bone was progressi-
ve without any inflammation and fibrous tissue. Another
important point was the resistance experienced during
the preparation of 2 to 8 week sections when cutting
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by microctome. The glass-ceramic material is hardened
during interaction with the live bone tissue.

Based on the in-vivo test results, the glass-ceramic
we produced have the ability to osteo-integrate with the
bone tissue, and it can be potentially used as a biomate-
rial, as other similar examples around the world.

The hydroxyapatite crystals of ceramic are used in
forming the inorganic component of the bone with the
activity of the alkaline phosphotase enzyme while the
osteoid matrix is formed. The enlargement of the purp-
le stained tissue sections (Figure ..), and reduction in the
ceramic granules indicate that more ceramic was used
for the structure.

The quantitative and qualitative analysis results of
the reactioner cells in the histological analysis of the
bone sections are inadvertently non-available. It will
be possible to provide the morphometrical and nume-
rical results with a computer-aided microscope only
after preparing the sections without decalcifying by
Saw-Microtome, supplied by means of a governmen-
tal support. We plan to provide the time-based changes
by taking sections more frequently, which is subject to
another histological research article (ref)

The disadvantages of the bioglass-ceramics we pro-
duced include lack of necessary hardness, and lack of
elasticity and resistance to heavy load. However, its
hardening following interaction with bone after it was
implanted, and its integration with the bone without any
fibrous tissue is a significant feature of this material.

Conclusions

Following the removal of cysts and tumoral lesi-
ons, they can be used as replacement grafts for the
bones. When it is prepared compositely in combina-
tion with other hard materials, its value will be inc-
reased if required much harder. The use of osteoblast
cells in in vitro tests should be an additional option in
the analysis of the biological efficacy.
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