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ABSTRACT

Bone-like apatite formation on the surface of implant is of key importance during the physical and
chemical processes leading to the formation of bonds between the implanted material and the newly formed
bone tissue. The smartness of such a mimetic process is likely the action of silanole groups (Si-OH) which
serve as the nucleation sites for the biocompatible interface formation capable to coexist between the
original tissue and the implants which can be made from ceramics, glass-ceramics, composites as well as
certain metals (titanium) respecting the condition of suitable surface reactivity. Lasak Co.Ltd., is the
leading manufacturer of these materials in the Czech Republic and provides various kinds of bioactive
implants, based on calcium phosphate ceramics, apatite wollastonite glass-ceramics and implants with
hydroxyapatite surface coatings, permitting differentiated applications in clinical practice. The bioactive
materials used as bone substitutes are all the subject of continuing research to attain biological, mechanical
and chemical properties as similar as possible to those of the tissue to be replaced — mimetic materials.
Clinical applications in orthopaedics, neurosurgery, maxillofacial surgery, auricular surgery, dental surgery
and in other fields are demonstrated.
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INTRODUCTION

Degeneration of the skeletal system in time results in dysfunction of bones, teeth and joints. Extensive bone
defects left after the removal of tumours, infections or as a result of injuries are idedly replaced by
autogenic bone tissue. As the amount of this material for the patient is limited and the use of allogenic bone
is accompanied by biological, mechanical and aso sociological difficulties, there is a great need for
alternate material.

Since discovery of Bioglassin 1971 (1), various kinds of bioactive materials have been found and clinically
used. The uniqueness of surface bioactive materials is their high bioactivity, opening qualitatively new
application fields, especially for anchoring of the implant in the host tissue, with practical use in
orthopedics, stomatology, neurosurgery, oncology, craniofacial surgery and possibly other fields.

LASAK developed and provides three basic kinds of bioactive materials, BAS-O, BAS-HA and BASR,
permitting differentiated applications in clinical practice. More than 7000 people received these implants as
their bone substitutes during last eight years.

BAS-O GLASS-CERAMICS-BIOACTIVE LONG-TERM STABLE IMPLANT

MATERIAL WITH HIGH MECHANICAL STRENGTH

BAS-O isaninorganic, polycrystalline material prepared by controlled crystallization of glass, whose main
components are Ca0, P205, Si02 MgO, and Al203 During the crystallization process, the amorphous
material is converted to a glass-ceramic material whose main crystalline phases are apatite and wollastonite
(2,3). Controlled crystallization permits not only controlled phase conversion during the process, but also



control of the chemical composition and structure of the residual glass phase, which are decisive factorsin
determining the bioactivity of the final material (4).

BAS-O exhibits extraordinary biocompatibility, which has been demonstrated in many experiments and
clinical tests. The basic condition for the formation of a bond between the BAS-O implant and the living
bone tissue is the formation of athin layer enriched in Ca and P on the glass-ceramic surface as aresult of a
reaction between the implant and body fluids (Fig,1).
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Fig. 1. Surface layer formed on a BAS-O implant after exposure in a simulated body fluid for 28 days.
a. Cross-section through the surface layer (SEM 1000x),
b. Content of elements (P, Caand SiO2) in the surface layer.

This layer, which is initially amorphous, changes in time to form a polycrystalline layer of apatite
agglomerates, into which are incorporated organic components in the interface zone, produced by
osteoblasts, such as collagen fibers, with the formation of atight bond (Fig. 2).

Fig.2: Detail of the interface of the bone tissue with a Fig.3: Photomicrograph of a section of BAS-0 granule
BAS-O implant 6 months after implantation implant in bone, 2 years after implantation
(SEM). (toluidine blue stain).



Thus, the implant is not considered to be a foreign body; on the contrary, a strong bond is formed directly
between the implant and the bone tissue, without an intermediate layer of soft tissue, in atime period of 4-8
weeks after implantation (Fig. 3).

BAS-O exhibits intense osteoconductive properties and also the ability to form bonds between the
individual BAS-O particles in a body fluid medium. BAS-O is awhite material with an apparent density of
3000-3100 kg/m3. The material has a similar bending strength to the cortica bone, 170 MPA, and
approximately double the compressive strength, > 400 MPa. The strength of the junction of the BAS-O
implant with bone tissue, measured by the push-out test (with shear stress) after implantation for 2 months
is15-20 MPa.

Clinical application

BAS-0 granules and ground material are used to fill cysts, defects left by injuries, defects left by
excochleation of benign tumors, and to reconstruct extensive acetabular defects (Fig. 4). Compact, wedge-
shaped blocks (with various heights and surfaces) can be used, e.g., for condyl elevation. Individually
shaped implants can be used in neurosurgery to cover defects |eft from cranial trepanation and as onlaysin
plastic surgery.

BAS-O granule

a. b.
Fig. 4: Reconstruction of extensive acetabular defects by bioactive glass-ceramics BAS-0 in reoperation of
total endoprotheses. a. Schematic drawing of implantation. b. Radiogram taken 8 months post-
operatively. [5]

The special shape of intervertebral prostheses have been developed and successfully used in surgery of spin
(Fig. 5). In cranio-facial surgery, the material can be used as plates, blocks, or individually shaped implants
to replace bone defects, rebuilding of orbit, for reconstruction of partial mandibular defects. It can be used
to enlarge the mandible or for plastic chin and nose profiles.



a. b.
Fig.5: a. BAS-0 intervertebral prostheses. b. Radiogram taken post-operatively [6].

BAS-HA - BIOACTIVE NONRESORBABLE IMPLANT MATERIAL BASED ON

HYDROXYAPATITE CA10(P04)s(OH)

Hydroxyapatite is synthesized from aqueous solutions under precisely defined pH, temperature and other
physical parameters, which ensure reproducible preparation of a highly pure, crystallographically defined
product, which does not contain any unwanted calcium phosphates. This product is further processed to
yield the fina BAS-HA product with defined biophysical properties., Its structure and composition are
similar to bio-apatite, which is the main inorganic component of living bone tissue. Implants form a strong:

Fig.6: Direct contact between the BAS-HA implant and bone tissue, 2 months after implantation
(thin-section, toluidine blue stain)

BAS-HA exhibits high biocompatibility, which has been demonstrated in many preclinical and clinical
tests, including tests of cytotoxicity, carcinogenesis and mutagenic effects. The material exhibits
osteoconductive properties. After implantation in the defective part of the bone, bone tissue is newly



formed in the space between the granules of this substance. A complex of artificial substances and living
bone tissue is formed.

BAS-HA is a very dense ceramic with apparent porosity of 1.7 %. The Ca/P molar ratio is 1.66. The
material exhibits a bending strength of 60 MPa and compression strength of 200 MPa. The strength of the
junction with the bone tissue measured by the push-out test (shear stress) is equa to 19 MPa two months
after implantation and 29 MPa 4 months after implantation.

Clinical application

BAS-HA materia is designed for bone grafting especialy at sites where only compressive forces are
expected to act on the implant. It can be used in dentoalveolar surgery to fill bone defects left after
extirpation of cysts, surgical extractions, or to remodel the alveolar ridge. In paradontology, it can be used
to treat bone paradontological defects. Bioactive BAS-HA material is also used for production of middle
ear implants (Fig. 7) and dental implants with hydroxyapatite coating (Fig. 8) 7, 8].

Fig.7: Middle ear implants made of BAS-HA. Fig.8: Dental implant (Impladent)
with hydroxyapatite coating.

BASR - BIOACTIVE RESORBABLE IMPLANT MATERIAL BASED ON

TRICALCIUM PHOSPHATE CA3(P0,),
BAS-R is asurface bioactive, resorbable, inorganic, crystalline material based on tricalcium phosphate

(b-TCP) .The material is prepared by a special procedure at high temperature by melting and controlled
cooling of the melt. BAS-R forms direct bonds with living bone tissue without forming a fibrous interlayer.
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Fig. 9. Gradual resorption of granules ( - - - ) of BAS-R and simultaneous formation of new bone tissue
at the edges of the granules; 8 months after implantation (thin-section, toluidine blue stain)



The material greatly stimulates formation of new bone tissue and has osteoconductive properties. The
material gradually disintegrates in the body as .a consequence of hydrolytic corrosion and active
phagocytosis, accompanied by resorption and replacement with newly formed bone tissue (Fig. 9) BAS-R
iswhite in color and has an apparent density of 2900-3100 kg/m3

Clinical application
It is designed for bone replacement where resorption is required, with gradual replacement by living bone
tissue. It isused in paradentology and in dentoalveolar surgery to treat bone defects [10] (see Fig.10).
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Fig.10: Filling of bone defects |eft by tooth extraction and extirpation of aradicular cyst a) prior to
the operation b) after application of BAS-R

OUTLOOK

Today bioceramics are used in a broad field of devices inside the human body. This is mainly due to their
good biocompatibility. Among the ceramic materials used for bone replacement, bioactive ceramics appear
particularly promising because of their ability to form stable interface with living host tissue. The major
problem of these materials, which inhibits their application on several types of implants, is their poor match
of mechanical behavior of the implant with the tissue to be replaced. Principally, the coating, composites,
porous structured materials and/or new resorbable materials are promising ways for the next devel opment.

However, no one has succeeded todate, in finding a material, which fully corresponds to bone or other
living parts of the body. It is the task of a growing number of researchers and institutions working in the
field of biomaterials to further improve performance of these materials. Nature is still the better engineer.
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Abstract

Correlations between the structural properties of Na,0—CaO-SiO, glasses characterized by the ac-
tivity of oxygen ions and the bioactivity were examined by comparing the compositional de-
pendence of the structural parameters calculated on the basis of a thermodynamic consideration with
that of the bioactivity. A simple model of characterizing the glass structure by considering the bridg-
ing and non-bridging oxygen ions was employed as the first step for this purpose. Further detailed
thermodynamic analysis on the anionic constitution in the glass was performed and the
compositional dependences of the relative proportions of bridging, non-bridging and free oxygen
ions were calculated. The bioactive region corresponded to the compositional region characterized
by the higher relative proportion of non-bridging oxygen ions with co-existing an appreciable con-
centration of bridging oxygen ions, suggesting a possible important role of the non-bridging oxygen
ions on the surface chemical process of bone-like apatite layer formation.

Kevwords: bio-compatible, bone-like apatite, glass-ceramics, mimetic material, thermodynamics

Introduction

Degeneration of a human skeletal system in time results in dysfunction of bones,
teeth and joints. Extensive bone defects, left after the removal of tumors, infections or
as a result of injuries, are ideally replaced by autogenous bone tissue. As the amount
of this material for the patient is limited and the use of allogenic bone is accompanied
by biological, mechanical and also sociological difficulties, there is a great need for
alternate non-human synthetic sources.

Merely four decades ago it was considered inconceivable that a man-made material
could bond to living tissues in view of the deep-rooted experience that it would result in a
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foreign body reaction and the formation of non-adherent scar tissue at the interface with
inserted material. This understanding was irreversibly altered when a special composi-
tion of soda-lime-phosphate-silica glass was synthesized by Hench [1] and successfully
implanted in the femurs of rats. About 6% of P,O, was added to simulate the Ca/P con-
stituents of hydroxyapatite, Ca,(PO,),(OH),, that is the inorganic mineral phase naturally
existing in bones. Therefore the bone-like apatite formation on the surface of implant is
of a key importance during the physical and chemical processes leading to the formation
of an enough firm connection between the implanted material and the newly formed bone
tissue [2—6]. The bioactivity leads to both the osteoconduction and osteoproduction as a
consequence of rapid reaction on the bioactive glass surface. The surface reac-
tions [7-16] involve ionic dissolution of calcium and sodium ions, phosphates and
hydrated silica that give rise to both the intercellular and extracellular responses at the in-
terfaces of the glass with its physiological environment. The smartness of such a mimetic
process is likely hidden in the activity of oxygen characterized by the action of silanole
groups (Si—OH). They likely serve as the nucleation sites for the bio-compatible interface
formation capable to coexist between the original tissue and the implants which can be
expediently made from glass, glass-ceramics, ceramics, cements and other composites as
well as from certainly treated metals (etched titanium) respecting the set-in condition of
its suitable surface reactivity.

We have taken part in the research progress of bioactive materials since early eight-
ies [17-22]. This matured in their actual appliance in practical implantology under the
trademark IMPLADENT- (a system for oral implantology produced by LASAK, Co.
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Fig. 1 Surface layer formed on a BAS-O implant after exposure in a simulated body
fluid for 28 days (a) and the cross section of the actual body implant (c):
a— View of the surface layer formed on the BAS-O material after exposure in
SBF (SEM 1000x, fracture), b — Content of elements (P, Ca and SiO;) in the
surface layer, and ¢ — Detail of the interface of the bone tissue with a BAS-O
implant 6 months after implantation (SEM 1200x)

J. Therm. Anal. Cal., 71, 2003
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Ltd) and BAS-O, BAS-HA, BAS-R-bioactive bone tissue substitutes [23]. Figure 1 illus-
trates the bone-bonding ability of BAS-O which is based on inorganic, polycrystalline
material prepared by controlled crystallization of glass, whose main components are
Ca0, P,0O,, Si0O, and MgO. During the crystallization process, the glassy material is con-
verted to a glass-ceramic material whose main crystalline phases are apatite and
wollastonite. BAS-O granules and ground material are used to fill cysts, defects left by
injuries, defects left by excochleation of benign tumors, and can be of help to reconstruct
extensive acetabular defects. Compact, wedge-shaped blocks (with various heights and
surfaces) became useful for, e.g., condyl elevation. Individually shaped implants can be
used in neurosurgery to cover defects left from cranial trepanation and as onlays in plastic
surgery. In Fig. 2, there is revealed another case of biomaterial BAS-HA (hydroxy-
apatite) which is synthesized from aqueous solutions under precisely defined pH, temper-
ature and other physical parameters, which ensure reproducible preparation of a highly
pure, crystallographically defined product, which does not contain any unwanted calcium
phosphates. Its structure and composition are similar to bio-apatite, which is the main in-
organic component of living bone tissue. Implants form a strong bond between the bone
tissue and the implant material without any intermediate fibrous layer. Final product is
the BAS-R, which is the surface bioactive, resorbable, inorganic, crystalline material
based on tricalcium phosphate.
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Fig. 2 a — Direct contact between the BAS-HA implant and bone tissue, 2 months after
implantation. BAS-HA material is a very dense ceramics with apparent porosity of
1.7%. The Ca/P molar ratio is 1.66. The material exhibits a bending strength of
60 MPa and compression strength of 200 MPa. The strength of the junction with
the bone tissue measured by the push-out test (shear stress) is equal to 19 MPa
(two months after implantation) and 29 MPa (4 months after implantation).
b — Dental implant (‘Impladent’) with hydroxyapatite coating

Bioactivity has since attracted increased attention being aimed to further molecular
manipulation (doping surfactants, micro-additives of various organic molecules such as
proteins, glyco-proteins and polysaccharides, useful in easier mine-realization) which in-
telligent response by host organism is evaluated in order to achieve well-tailored im-
plants. Bio-glass-ceramics that activate genes offer the possibilities of repairing, or per-
haps even preventing, many disease states, such as osteoporosis, in which a large fraction
of women lose a substantial amount of bone mass as they age. They can be also used as a
second phase in a composite that mimics the structure and properties of bone. In future

J. Therm. Anal. Cal., 71, 2003
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the implication of glass activation of genes it may be possible to design therapeutic treat-
ments or food additives that will inhibit the deterioration of connective tissues with age.
Further understanding bioactivity may even help in better perception of the creation of
life [24-26]. It shows a great variability in the application of different glasses and amor-
phous materials in many fields of human activities [23, 27-31].

Structural parameters of the soda-lime-silica glasses and
bioactivity

It is generally accepted that the bioactivity of glass and glass-ceramics is closely con-
nected with the surface chemical reactions of formation of a bone-like apatite layer
that bonds to the bone [2—6]. Very important is systematic understanding on mecha-
nisms and kinetics of the reactions that occur at the surface of glassy implants of sil-
ica-specialized composition. The early stages of the bone-like apatite formation on a
surface of bioactive glass have been studied systematically [7-16] and summarized
as follows [16]. The alkali ions in the bioactive glass are rapidly exchanged by hydro-
gen ions in the surrounding solution, e.g., body or simulated body fluids (SBF), and
the network dissolution rapidly reduce the amount of the Si—O-Si and Si—-O—Ca
modes and replace them with Si—-OH bonds at the glass-solution interface. Single
non-bridging oxygen modes of Si—OH are then gradually replaced by more spherical
OH-Si—OH and the condensation and repolymerization of a SiO,-rich layer take
place on the surface. An amorphous CaO—P,O.-rich film is produced on the top of the
SiO,-rich layer by incorporating soluble calcium and phosphate from solution. The
characteristic double layer composed of a SiO,-rich layer and a mixed crystalline
layer of hydroxy carbonate apatite and/or hydroxyl fluorapatite results from the crys-
tallization of the amorphous CaO-P,0,-rich film by incorporating OH", CO3 , or F
anions from the surrounding solution.

The rates of consecutive and/or concurrent chemical processes of bone-like apatite
formation on the glass surface depend largely on the composition of glass or glass-
ceramics and on the associated physico-chemical properties of these materials such as
solubility, volumetric ratios of glass phase and so on [7-16]. An evaluation of the correla-
tion of the bioactivity with the structure of glasses is thus of interest, as have been the
cases of the compositional dependence of all physico-chemical properties of glass, such
as viscosity, electrical properties, immiscibility, glass formation region, nucleation, crys-
tallization, phase separation, and so on [23, 27, 28, 32—40]. The constitution of bridging
and non-bridging oxygen ions in glasses [23] is one of the most frequently used concept
for characterizing the glass structure. Various physico-chemical properties have been
correlated to the chemical composition in view of the thermodynamic state of oxygen
ions. Although there are various different theories on evaluating the constitution of bridg-
ing and non-bridging oxygen ions in glasses [41-45], earlier we evaluated the state of ox-
ygen ions in an iron-rich borate glasses [46] according to the model proposed by Toop
and Samis [42]. In the present case of bioactivity, the state of oxygen ions is also likely
important in relation to the chemical processes of the early stage of the bone-like apatite

J. Therm. Anal. Cal., 71, 2003
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formation, especially in the dissolution process of Si—-O—Si mode with bridging oxygen
and intermediate formation of Si—OH with non-bridging oxygen. Previously, one of the
present authors was evaluated the correlation of the bioactivity of Na,0-CaO-SiO,—P,0,
and CaO-MgO-SiO,—P,O; glass-ceramic systems with the structural parameter related
to the bridging oxygen [17] using the Stevels model [41].

The Stevels’s parameters [17, 41], i.e., X and Y, can be correlated to the mean
number of non-bridging (O") and bridging (O°) oxygen ions per polyhedron in the
glass lattice, respectively, and calculated from the molar composition of glass accord-
ing to the following equations.

X=2R—Z
Y=27-2R

where Z is the mean number of all types of oxygen ions per polyhedron, i.e., the mean co-
ordination number of the glass-forming cations and R is the ratio of the total number of
oxygen ions to the total number of glass-forming cations in glass. The parameters (X, Y)
vary from (0, 4) for, e.g., the pure silica glass, to (1, 3) for, e.g., Na,0-2Si0, glass, and to
(2, 2) for, e.g., CaO-Na,0-2Si0, glass. When X>2 and Y<2, the glasses are called as in-
vert glasses. Having the same values of (X, Y), these glasses are characterized as structur-
ally similar.

In the previous work on the Na,0-CaO-SiO,-P,0, and CaO-MgO-SiO,—P,0,
glass-ceramic systems [17], the bioactivities of these systems evaluated by in vitro
test of mutual bonding after soaking in SBF and by in vivo test of implantation in dog
tibia were correlated to one of the Stevels’s parameter Y, i.e., mean number of bridg-
ing oxygen ions. It was found that the Y value of the residual glass phase in the
glass-ceramic system to be close to 2 is the suitable condition for the higher bio-
activity. When Y>3, the glass loses its bioactivity.

In the present study, the attention was turned to the non-bridging oxygen ions in the
glass as expressed by the Stevels’s parameter X. In order to correlate the structural pa-
rameter X of a glass with its bioactivity, we focused on an empirical index of bioactivity,
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Fig. 3 Bioactive index /p as a function of mean number of non-bridging oxygen ions X,
calculated using the data of compositional dependence of /s in the soda-lime-
-silica system containing 6 mass% P,Os reported by Hench [2, 16, 47, 48]
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I, introduced by Hench [47] as 1,=100/¢ 5, , where £, ,, is the time for more than 50% of
the implant interface to be bonded to bone. The compositional dependence of /; in the
Na,0-CaO-Si0, system containing 6 mass% P,O, has been clearly represented by
Hench [2, 16, 47, 48] and employed usefully to discuss the bioactivity of the glass with a
certain composition. By reading the values of /; at various typical points of glass compo-
sition from the reported Iso 7, plots in the Na,0—CaO-SiO, ternary system [2, 16, 47, 48],
we calculated the structural parameters (X, Y) from the molar composition and relations
of these structural parameters and the value of /, were examined. Figure 3 shows the cor-
relation between the calculated structural parameter X and the value of I, for the
Na,0—-CaO-Si0, ternary system containing 6 mass% P,0,. When X<1.5 (¥>2.5), the
glass looses its bioactivity and bioactivity index, /,~0. The value of X>1.5 (and ¥Y<2.5) in-
dicates the range of bioactive glasses, ,>0. Essentially a linear dependence with negative
intercept has been found between the mean number of non-bridging oxygen ions and
bioactivity index.

Anionic constitution in the soda-lime-silica glass-forming melts
and bioactivity

Since the Stevels model considers only non-bridging and bridging oxygen ions, it
cannot hold in the more basic regime (X>>2) where free oxygen ions reach an appre-
ciable concentration. Therefore, after Fincham and Richardson [49], one can propose
the dominant reaction in the formation of silicate solution (glass): 0°+O*=20" where
O” refers to the free oxygen ions. The compositional dependence of relative propor-
tion of non-bridging oxygen ions [O7] in the soda-lime-silica system has been also
calculated applying methods currently used in the chemistry of organic polymers.

According to Masson [43—45], the following assumptions were applied to derive
the anionic distribution in M,0-Si0O, or MO-Si0, glass forming melts:

1) The silicate ions are presented exclusively as linear and branched chains of general
formula: SixO(z’”z)’. These species may arise by the poly-condensation reactions ex-

3x+l1

pressed generally according to the following equation:

. (2x+2)- . Qy+2)- _ Qs (2x+2y+2)— 2-
NINO) +51,0 =81, 0 +0 (D)

3x+l 3y+l 3(x+y)tl

2) The equilibrium constant &, of Eq. (1) can be approximated using that for the low-
est k-members k,, i.e., x=1 and y=1.
3) The Eq. (1) may be written in a more general form:

20=0+ 0" )
where O”, O° and O™ are the non-bridging oxygen, bridging oxygen and free oxygen
ions, respectively.
4) According to the Temkin’s equation [50], the activity of M,0 or MO oxides in the

M,0-Si0, or MO-Si0O, binary melt a,,, is equated to the ion fraction of free oxide
ion N , .
o
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ayo=N . 3)

5) For linear and branched chains, the a,,, has the following relation with respect to
the mole fraction of SiO,, i.e., for X, it follows

[P B 3 @

X 1-
Sio, no 1+aM0[k3_1j
1"

6) Knowing the value of k,, for the binary system M,0-SiO, or MO-Si0O,, the ion

fraction N of any silicate ion Si O"\”" is given by the following equation:

x-1 2x+1
(Bx)! 1 1
- l-a 5
) (2x+1)!x! 1+3a¢ ]+M ( MO) ( )
ky(=ay) 3ay,

7) The ion fraction of non-bridging oxide N = in Eq. (2) is approximated by the sum-
mation of N, using x up to 50.

N, =D, ©)

8) The ion fraction of bridging oxide N , is then obtained by
Ny=l-N_, -N_ (7)

Taking the literature values for k,,=1.6:10° and =8:10° for CaO-SiO, and
Na,0-SiO, binary melts [51], respectively, the X', dependence of a,,, can be calcu-
lated according to Eq. (4). Figure 4 shows the compositional dependence of q,,, for
Ca0-Si0, and Na,0-Si0, systems. The ion fraction NV, is obtained according to Eq. (5).
The calculated ion fractions N, for CaO-SiO, and Na,0-SiO, binary melts are repre-
sented in Fig. 5 as a function of mass fraction of SiO,. Using the compositional
dependences of the acti1v(i]tv of oxides, i.e., N _,_, shown in Fig. 4 and the relative propor-

Activity of oxides

i". 1 | 1
0.5 0.4 0.3 0.2 01 0.0
Mass fraction of SiOy

Fig. 4 The dependence of activity of sodium and calcium oxides, ayo, on the mass
fraction of SiO; in the binary CaO-SiO, and Na,0-SiO, systems
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04}

02
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0.0 L= 3 | fle S
0.0 0.2 0.4 0.6 0.8
Mass fraction of SiO2
Fig. 5 The dependence of ion fraction N, of silicate ions Si 0>~ on the mass of SiO,

in the binary a — CaO-Si0O, and b — Na,0-SiO, systems

tions of O™ obtained by summing up N, from x=1 to 50, the relative fraction of bridging
oxygen ions N , ata mass fraction of SiO, was calculated according to Eq. (7). Figure 6
shows the compositional dependences of the relative fractions of O°, O and O* in the bi-
nary CaO-Si0O, and Na,0-Si0, systems. According to the conventional pseudo-binary
assumption [52], the compositional dependence of the relative proportion of O™ in
Na,0—-CaO-Si0, ternary melts was obtained using the values for the binary melts shown
in Fig. 6. The compositional dependence (in mass fraction) of the calculated relative pro-
portion of O™ in the Na,0-CaO-SiO, ternary melts is shown in Fig. 7. These findings
were compared with the compositional dependence of [, for the system containing

1.0 7 <
c % Y
§ o8f \ [/ 11

2— - \

E [0%-] N/ -.
E‘ 06 A\V/ Y
a —cao| N
2 04 Na,0 // s
©
QD -
3 02 Y :

0.0 L i 1 v 1

0.0 0.2 0.4 0.6 0.8

Mass fraction of SiO»

Fig. 6 The relative proportions of non-bridging oxygen ions O, bridging oxygen ions O°
and free oxygen ions 0% in the binary a — CaO-SiO, and b — Na,0-SiO, systems,
calculated vs. the mass fraction of SiO, using the relations in Eqs (3), (6) and (7)
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Nazo

(in mass fraction)

Fig. 7 A comparison of the relative proportion of non-bridging oxygen ions O in the
Na,0O—-Ca0O-Si0O; ternary system calculated in the present study with the Iso /g
plots for the system with 6 mass% P,0Os reported by Hench [2, 16, 47, 48]

6 mass% P,O; [2, 16, 47, 48]. The region of the remarkable high bioactivity /,>8 can be
observed in the compositional region characterized by the higher relative proportion of
non-bridging oxygen ions >0.8 in the side of SiO,-rich composition where an appreciable
concentration of bridging oxygen ions exist, Fig. 7.

The ability to form the bone-like apatite layer after soaking P,O.-free
Na,0—Ca0O-Si0, glasses in SBF has been investigated experimentally by Kim et al. [53].
It was shown that the compositional region of the apatite layer formation on the surface
of the P,0O.-free Na,0—CaO-SiO, glasses corresponds closely to the region of 7,>0 for
the Na,0-CaO-Si0, glasses containing 6 mass% P,O;. It was also pointed out that the
rates of apatite formation of P,O,-containing Bioglass 45S5-type and a corresponding
P,Os-free Na,0-CaO-SiO, glass are comparable. Those findings indicate that the
bioactivity of the glass characterized by the bone-like apatite formation depends largely
on the properties of the basic P,O,-free Na,0—-CaO-SiO, ternary glass. From the present
results, it is predicted that a close connection exists between the structural property of the
glass characterized by the activity of oxygen ions and its bioactivity. The special notice is
concerning the proportion of non-bridging oxygen ions in the glasses, where the region of
remarkable high bioactivity is observed for the compositional region with the higher rela-
tive proportion of non-bridging oxygen ions >0.8, indicating a possible important role of
the non-bridging oxygen ions during the course of the surface chemical processes of
bone-like apatite layer formation.
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Conclusions

A close correlation between the structural properties of the Na,0—CaO-Si0O, glasses
and its bioactivity was found. Using the structural parameters X and Y related, respec-
tively, to the mean number of non-bridging and bridging oxygen ions, the bioactive
region can be correlated to the structural parameters X>1.5 and Y<2.5. Further de-
tailed analysis of the anionic constitution in the glass system indicated that the re-
markable high bioactive region is seen in the compositional region of higher relative
proportion of non-bridging oxygen ions with co-existing an appreciable concentra-
tion of bridging oxygen ions and no significant free oxygen ions.

The structural correlations of the bioactivity shown in the present study can be
used as a useful tool for designing the bioactive glass and for tailoring bioactive
glass-ceramics and composites with a glass-ceramic matrix. At the same time, a pos-
sible important role of the non-bridging oxygen ions on the surface chemical pro-
cesses of the bone-like apatite layer formation is expected from the close correlation
of the relative proportion with the bioactivity.
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Abstract

Interaction of acid and acid+alkali treated titanium samples with simulated body fluid was studied. In
case of alkali treated titanium, the dynamic arrangement of the test enabled the detection of primary
calcium and phosphate ion adsorption from the solution and later apatite crystal growth (XRD). The
induction time for crystal growth was 24.2+0.3 h. On acid-only treated titanium no crystal growth was
detected. The calcium phosphate adsorption layer formed on the acid treated samples was detectable
by XPS only, however it differed from that one formed on the acid+alkali treated samples. The
adsorption layer formed on the acid+alkali treated samples contained larger amount of calcium,
especially in the shortest exposure times. Charging of the apatite crystallites during the XPS
measurement enabled the determination their Ca/P ratio separately from Ca/P ratio of the adsorption
layers. XPS and EDS analyses indicated that the spherulitic crystallites consisted of carbonated
hydroxyapatite with the Ca/P ratio close to that one of the stoichiometric hydroxyapatite. It is
proposed that the adsorption layer formed spontaneously and immediately on the acid+alkali treated
titanium can provide an ideal interface between the metal implant and the apatite cement line, the first
structure formed by osteoblast cells during the formation of the new bone on foreign surfaces.

Keywords: bioactivity, body liquid, calcium phosphate, dental implant, EPS, osseointegration,
osteoblast, surface treatment, titanium, XPS

Introduction

Titanium has been the most widely used material for dental implants since the late
seventies, when its osseointegrative ability was first discovered and documented [1].
At that time the phenomenon of osseointegration was defined as a formation of an

* Author for the correspondence: E-mail: strnad@lasak.cz
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intimate contact of the implant with the bone tissue without intermediate layers on the
optical microscopy level. Machined titanium implants were used in the early days;
later, implants with surface modifications took over offering more stable and long-term
functional interface between the implant and the bone bed. Sand-blasted or titanium
plasma sprayed implants showed higher bone-implant contact or removal torque values
compared to machined surfaces [2, 3]. Currently, chemical modification of titanium by
acid etching is introduced to support and speed-up the healing and the bone formation
processes around the implant further [4-8]. The acid etching procedure creates a
micro-rough texture that is able to retain the fibrin network of the blood clot, through
which cells migrate to the surface of the implant where the new bone is formed [8].

Non-metal bioactive materials such as bioactive glasses, glass-ceramic, silica
and titania gels or hydroxyapatite have the ability to form a very stable interface with
bone tissue by a formation of a calcium phosphate layer on their surfaces as a
consequence of chemical interaction with body fluids [9]. The mechanical strength of
this interface usually exceeds the strength of the bone tissue to which bioactive
material is bonded [10, 11]. Due to their poor mechanical properties, which disable
them from application under load-bearing conditions, bioactive materials (especially
hydroxyapatite) are applied onto the surface of titanium implants to achieve faster
and more reliable bonding with bone tissue. In spite of the success in accelerating the
bone healing process and in the increase of the bone-implant contact in the early
phases of healing [12—-14], hydroxyapatite plasma sprayed coatings were subject to
many controversies regarding their long-term stability.

The ability of bioactive materials to form a bone-like apatite on their surfaces in
the body can be reproduced in vitro using a simulated body fluid (SBF) [15]. All
bioactive materials, e.g. bioactive glasses, glass-ceramics, SiO, and TiO, gels, use
their hydrated surfaces rich in hydroxyl group to adsorb calcium and phosphate ions
and induce spontaneous apatite crystal growth within hours or days [9, 16, 17]. It is
the kinetic of precipitation that differs from one material to another [18] and it has
been shown that the rate of apatite formation is related to the bone bonding ability of
material. The most bioactive of contemporary materials — the 45S5 Bioglass® — forms
an interfacial apatite layer 0.8 pm thick within 1 h of implantation in a rat bone [19].

In contrast to bioactive materials, machined titanium forms calcium phosphate
layers in SBF’s at much lower rate and the thickness of the precipitated layers is much
smaller. Hanawa [20] used XPS to detect apatite-like calcium phosphate layers after
immersing c.p. titanium in Hanks balanced salt solution and after 30 days of soaking the
thickness of the adsorbed layer was 7.9 nm. Ducheyne [21] detected a calcium phosphate
precipitated on the surface of c.p. titanium by XPS only after 30 days of soaking in SBF.
It is assumed that c.p. titanium does not provide such suitable surface for apatite forma-
tion as bioactive materials and that this can be the cause of its poorer bone-bonding
ability (e.g. compared to hydroxyapatite) especially in shorter healing periods and under
non ideal healing conditions [14, 22, 23].

Therefore, various attempts have been made to modify the surface of titanium in or-
der to make it bioactive, but without the use of a thick coating of other bioactive material.
The most successful methods of titanium bioactivation are e.g. alkali or fluoride treat-
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ment [24]. Especially the ability of alkali-treated titanium to induce apatite precipitation
after such short times as 24 h of soaking in SBF was well documented [25, 26].

Surface treatments modifying micro-roughness (acid etching) or bioactivity (alkali
etching) showed promising results in tests run in-vivo, as well as superior clinical perfor-
mance compared to machined or grit blasted surfaces [5-7, 27, 28]. It was found that
the combination of treatments, ensuring both optimal roughness and bioactive properties,
could result in an implant surface with outstanding ability of quick and reliable
osseointegration [29]. It was confirmed that acid+alkali treated titanium surfaces induce re-
producible apatite formation in vitro [30] and exhibit promising clinical performance [31].

The ion exchange between the biomaterial’s surface and the body fluid is the
fastest interaction mode; it precedes and affects the adsorption of larger molecules
such as amino acids and proteins. Therefore, a hypothesis can be made that the ion
exchange has a profound effect on the later stages of the healing process.

The aim of this study was to compare the initial ion interactions of acid and
acid+alkali treated titanium with simulated body fluid (SBF) and to discuss the possi-
ble effect of the surface treatments on implant healing.

Materials and methods

Preparation of samples

Titanium samples were used in the form of turnings or titanium discs (diameter 14 mm
c.p. Ti grade 4), Fig 1. The machined samples (Ti-M) were washed in isopropanol in an
ultrasonic cleaner and dried at 110°C. The first group of samples was acid-etched (Ti-
AE) in a solution of hydrochloric acid (40°C, 90 min), washed in deionized (DI) water
and ethanol in an ultrasonic cleaner. The second group of samples, designated Ti-AAE in

B

Fig. 2 Surface topography of machined- Ti-M a — acid etched-Ti-AE b — acid and
alkali treated — titanium Ti-AAE and ¢ — (SEM, magnification 4000)
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this text, was acid-etched under the same conditions and subsequently etched in sodium
hydroxide solution (60°C, 4 h), washed in DI water and ethanol in ultrasonic cleaner. All
samples were dried at 110°C after washing. The surface topography is showed in Fig. 2.

Experimental arrangement

The SBF solution was prepared using following reagents: KCI, NaCl, NaHCO;,
MgSO, 7H,0, CaCl,, Tris, NaN3 and KH,PO,. Tris buffer was used to adjust the pH to
7.55-7.60 at 25°C. Sodium azide was added to inhibit bacterial growth. Samples were
exposed in a flow-through reaction cell with SBF preheated at 37°C (Fig. 3). The flow
rate of SBF solution through the cell was 0.042 mL min™'. Samples of the output solution
were collected for calcium and phosphate ion concentration measurement (Fig. 4). The
composition of SBF in comparison to the inorganic part of the blood plasma is given in
Table 1. The preparation of the solution was carried out after Jonasova et al. [32].

The exposure in SBF is usually carried out as a static experiment, where a sample is
placed in the SBF solution of a constant volume, or the solution is periodically renewed
[14, 21, 33]. If the solution volume is sufficiently high to keep approximately constant so-
lution composition it is difficult to detect compositional changes in the solution caused by
the material-SBF interaction. If the volume is small, concentration changes are measurable
but in case of apatite formation the driving force for nucleation and crystallization de-
creases as calcium and phosphate ions are consumed from the solution. Static exposure

Fig. 3 Flow-through cell used for exposure of samples to SBF

<
<

Spectrophotometer

Effluent

SBF solution

o Sample
Peristaltic pump

g Thermostat 37°C v |

Fig. 4 Experimental arrangement of the exposure in SBF
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Table 1 The composition of SBF used in experiments compared to that of human blood plasma

SBF/mmol L™ Blood plasma/mmol L™
Na' 142.0 137-147.0
K' 5.0 3.8-5.1
Ca® 2.5 2.25-2.75
Mg* 1.0 0.75-1.25
Cr 131.0 98-106
HCO; 5.0 24-35
HPO? 1.0 0.65-1.62
SO; 0.5 0.5

also does not resemble the conditions during implantation, where blood circulates. There-
fore, a dynamic exposure is suggested to keep constant composition during the experiment
and to detect compositional changes in SBF during the initial stages of interaction.

Surface and solution analysis

Composition of the Ti samples’ surfaces was analyzed using X-ray photoelectron
spectroscopy. UHV facility with Microtech X-ray source and Omicron multi-channel
hemispherical analyzer EA 125 was used. The source has Mg/Al dual anode and the Mg
anode was used for the measurements. The X-rays were not monochromated. The photo-
electron spectra were measured with the analyzer pass energy of 20 eV. The spectra were
fitted using a standard fitting procedure with Gaussian—Lorentzian curves.

After exposure in SBF the surface of samples was analyzed by Scanning electron mi-
croscopy and energy dispersive spectroscopy (SEM-EDS, Jeol XA-733-superprobe, Jeol
USA, Inc.). The EDS analysis results are based on semi-quantitative analysis without
the use of standards. X-ray diffraction (XRD) measurements were performed using 3000P
diffractometer, Cu anode, measured at 40 kV, 30 mA (Seifert Co., Ahrensburg, Germany).

The concentration of calcium in the output solution was determined using
atomic absorption spectroscopy (Varian-Spectr AA300) and phosphate concentra-
tion was determined spectrophotometrically (UV-1201, Shimadzu Europe, Ltd.).

The rate of hydration of the prepared titanium samples was measured using FTIR
(Fourier transformed infra-red) spectroscopy (Nicolet 740, Nicolet Madison, USA). A
wavenumber interval of 400-4000 cm™' was used. Incident radiation angle was 45°.

Results and discussion

Concentration changes in the output solution

The time dependence of Ca>" and PO ion concentration in the output solution, mea-
sured after exposure of Ti-AAE samples in SBF, indicated three main phases of inter-
action (Fig.)??. First, a rapid but temporary decrease of calcium and phosphate con-

J. Therm. Anal. Cal., 76, 2004
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centration in the effluent was detected. This decrease indicated a significant
adsorption of Ca>" and PO .~ ions by the material. During the second phase, effluent
concentration almost returned to its initial value (100 mg L' Ca*, 96 mg L' PO 7).
Approximately 25 h from the beginning of the experiment, another concentration de-
crease was detected. This concentration decrease stabilized at the level
of 60-63 mg L' of PO?", indicating the crystal growth at a constant rate. The forma-
tion of apatite crystals on the surface of Ti-AAE samples was also confirmed by SEM
and XRD measurement (Fig. 8)77.

The dynamic experimental arrangement enabled simple determination of the
induction times using a plot of total mass of PO, consumed by samples’ surfaces vs.
time and by extrapolation of its late-time linear part to the zero mass (Fig. 6). After the
induction period, a spontaneous consumption of calcium and phosphate ions from the
solution occurred. The induction time value, which is 24.2+0.3 h, is in good agreement
with the results obtained using static exposure and reported earlier [26, 34]. In case of
Ti-AAE samples the initial calcium and phosphate adsorption was remarkable in the
time dependence of the output ion concentrations. The amount of calcium and
phosphate ions adsorbed was significantly higher than in case of Ti-AE samples, where
no changes in the effluent concentration were detected (Fig. 5).

The finding that only Ti-AAE samples induce apatite formation is in agreement
with results of Nancollas ef al. [35], who detected apatite growth only on the KOH
treated titanium surface, whereas on acid (HNOs) treated titanium the growth did not
occur within 3 days of exposure.

1I. 111.

T
0 10 20 30 40 50 60 70 80
Time/h

40 ¢ —Ti-AAE
20 - —-Ti-AE

0 10 20 30 40 50 60 70 80
Time/h

Fig. 5 Time dependence of the PO} and Ca”" concentration in the output SBF solution
during exposure of Ti-AE (upper) and Ti-AAE (below) samples, indicating
three phases of interaction
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Fig. 6 Time dependence of the precipitated PO, mass plotted for Ti-AAE and Ti-AE samples
FTIR analysis

It was found by Li [16] that not only the negative charge of hydroxyl groups (of
titanium oxides) but also their high density on the surface is necessary prerequisite
for apatite formation. The FTIR analysis was used to determine the level of hydration
of the titanium samples. The peak intensity of hydroxyl groups in the wavenumber
range of 3300-3600 was evaluated. The Ti-AAE samples showed significantly
higher absorption at 3384.50 cm ' (1.36 Kubelka—Munk units, Fig. 7) compared to
Ti-AE samples. The absorption of the Ti-M samples was negligible compared to
Ti-AAE. The position of the peak is characteristic to OH groups present e.g. in
sol—gel prepared TiO, films [36].

These results indicate that the ability of alkali-treated titanium to induce apatite
formation can be caused by higher density of hydroxyl groups present in its porous
gel-like structure compared to the lower density on the acid-treatedtitanium.

The results of the dynamic flow-through test (Fig. 5) and XPS analysis (Fig. 9)
indicate that although ion adsorption occurs on both acid and alkali treated titanium

0.2
0.1
0.0
3800 3600 3400 3200 3000 2800

Wavenumber/cm ™!
Fig. 7 The FTIR spectrum of Ti-M, Ti-AE and Ti-AAE samples
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Fig. 8 XRD spectrum of the Ti-AAE sample after 48 h of exposure in SBF solution
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Fig. 9 Photoelectron spectra of Ca 2p and P 2p of a — Ti-AE (HCl-corroded)
samples b — Ti-AAE (HCI+NaOH-treated) samples and ¢ — immersed in SBF
for various periods of time

surfaces, the adsorbed amount of phosphate and especially calcium ions is larger in case
of more hydrated alkali-treated titanium in the first stages of interaction. This could be
caused by the detected difference in the density of hydroxyl groups present on the surface
of Ti-AAE and Ti-AE samples. It was shown that during the process of peri-implant
healing, calcium phosphate cement line containing non-collagenous proteins is formed
on the implant’s surface before collagenous matrix formation occurs [37, 38].

Intensive calcium adsorption mediated by hydroxyl groups can induce apatite
crystal growth but also attract non-collagenous proteins as good calcium binders [39].
By this mechanism an apatite-protein cement layer can be formed on the surface of an
implant. Chemical and structural similarity between the preformed cement layer on the
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implant’s surface and that one produced later by cells can result in a faster formation of
a more mechanically stable interface with newly formed bone tissue.

XRD analysis

Although apatite crystallites did not cover the surface of Ti-AAE samples completely,
it was possible to detect weak diffraction peaks confirming the presence of hydroxy-
apatite crystalline phase (Fig. 8).

XPS analysis

On the sample Ti-AE (corroded in HCI without subsequent SBF treatment) carbon C,
nitrogen N, oxygen O and titanium Ti were detected, sodium Na was present in
barely detectable amount. In the spectrum of Ti-AAE sample (before SBF treatment)
sodium Na 1s signal was more intense (by ~3 orders of magnitude) than for Ti-AE
sample, as a result of the NaOH treatment. The energetic intervals measured in the
photoelectron spectra were those of C 1s, N 1s, O 1s, Na 1s, Ti 2p, Ca 2p and P 2p. In
this work, the evolution of calcium and phosphorus spectra was crucial and it will be
discussed in detail.

The spectra of carbon, oxygen, calcium and phosphorus exhibited substantially
different behavior in case of Ti-AAE compared to Ti-AE samples. In this article, the
Ca 2p and P 2p spectra (Fig. 9) are used for illustration. Spectra of O 1s and C 1s
evolved likely and they are not shown here. The spectra of Ti 2p showed no difference
(between Ti-AE and Ti-AAE samples) and no evolution in peak positions, as well as
the N 1s spectra. The intensity of Na 1s peak in Ti-AAE measurements decreased with
time in SBF in agreement with models of Kim et a/. [40] and de Andrade et al. [41], for
Ti-AE it remained at the just detectable intensity mentioned above. All the analyzed
spectra, including those in Fig. 9, were corrected with respect to position of C 1s peak
at 285.0 eV to eliminate the shifts in peak positions due to surface charging under
X-ray illumination. As shown in Fig. 9, the calcium peak position in case of Ti-AE
samples is 347.5 eV, whereas in case of Ti-AAE samples it is 347.3 eV. Additionally,
the spectra of Ca 2p of Ti-AAE samples divide in two overlapping peak doublets for
the 48 and 74 h periods of SBF treatment. The non-shifted Ca 2p position at 347.3 eV
(Ti-AAE samples) corresponds to that of hydroxyapatite [42].

Phosphorus spectra exhibit a similar behavior. For Ti-AE samples, the P 2p peak
position is 133.6 eV and it does not change with time of SBF treatment (peak at
138.7 eV shall be discussed later). In case of Ti-AAE samples, the P 2p peak is at
133.3 eV with additional peaks at 136.5 and 137.9 eV, appearing at 48 and 74 h in
SBF, respectively. The non-shifted P 2p position at 133.3 eV (Ti-AAE samples) cor-
responds to that of hydroxyapatite [43].

As shown in Fig. 9, additional intense peaks appeared in calcium and phospho-
rus spectra of Ti-AAE samples treated in SBF for 48 and 74 h periods. These new
peaks are shifted by 3.2 and 4.5 eV, respectively. Similar new peaks at the same shifts
from basic positions were observed in the C 1s and O 1s spectra (not shown here),
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too. In coherence with SEM observation of crystal growth on the Ti-AAE samples
(48 and 74 h of SBF treatment, see SEM-EDS results below) we conclude that the
shifted signal comes from the crystallites. The constitution of calcium, phosphorus,
oxygen and carbon indicates a carbonated calcium-phosphate nature of the crystal-
lites. Being of insulating nature, the crystallites take on electrical charge. Since they
charged independently from the sample surface, i.e. much more, it was possible to
distinguish them from the adsorbed calcium- and phosphate-rich layer. The large
shift may also indicate their weak bond to the sample surface. The peak at 138.7 eV
in P 2p (74 h of SBF treatment) spectrum stands out of all other data, because no
spectrum of other elements has shown such a feature. Having eliminated the possibil-
ity of presence of foreign element as an impurity on the sample, it was suggested that
some phosphorus-based clusters may have formed on the surface. However, another
experiment will have to be done to verify this suggestion.

The Ca/P ratios measured for Ti-AE samples and Ti-AAE samples are shown in
Fig. 10. Supposing that all ‘charged’ signal comes from HA crystallites, the Ca/P
ratios for the crystallites and for the adsorbed calcium phosphate were calculated
separately. For the Ti-AAE samples the Ca/P ratio of the adsorbed layer varies from
2.5 up to 6.2. The Ca/P ratio of the crystallites is in the range from 1.0 to 1.7, that is,
significantly lower than the Ca/P ratio of the adsorbed layer. This relation between
Ca/P ratios of the adsorbed layer and the growing crystallites corresponds to the
model of Takadama et al. [43] saying that the calcium deposition precedes the
deposition of phosphate groups. The values of Ca/P ratio for the set of Ti-AE samples
were between 0.7 and 1.4, which is lower than any of the previous.

From the calcium and phosphorus photoelectron peak positions, as well as from
the Ca/P ratio measurements, it can be concluded, that crystallites appearing at
Ti-AAE (HCl+NaOH-treated) surfaces consist of carbonated hydroxyapatite. The
adsorbed precursor layer created on the surface within the first 24 h could be distin-
guished from the hydroxyapatite crystallites on basis of the Ca/P ratio, under the as-

adsorbed layer Ca/P ratio

s NaOH-treated samples
6 -
5 .
] — . 4
]
=4 - -
s crystallites Ca/P ratio
o ] NaOH-treated samples
331
O ] .,./ adsorbed layer Ca/P ratio
5 ] HCl-corroded samples
o
] LT e
14 - +o b -7 N
T T T + +
0 T T T

25min 1h 3h 24h 48h 74h
Samples (time in SBF)

Fig. 10 The Ca/P ratios measured for the Ti-AE (HCl-corroded) samples and Ti-AAE
(HC1+NaOH-treated) samples, immersed in SBF for various periods of time
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sumption of crystallites charging independently on the adsorbed precursor layer.
Between these two no significant difference in binding energies of elements in-
volved has been observed. On the samples with sole HCI treatment (Ti-AE sam-
ples), a thin layer of a calcium phosphate (not detected by other methods used),
which differs from HA, is created. The Ca/P ratio here is remarkably lower than
the Ca/P ratio of the layer adsorbed on NaOH treated (Ti-AAE) samples and
the binding energies peak positions differ from those of HA, as discussed above.
The primary calcium- and phosphate-rich layers adsorbed on surfaces of Ti-AE
and Ti-AAE samples could not be assigned more specific chemical formulae at a
reasonable level of confidence. It is a consequence of complicated surface mor-
phology, as well as the fact that XPS spectra of several representatives from the
calcium-phosphates family differ too little to distinguish in our measurements
[42]. The atomic Ca/P ratio of the crystallites, the coherence in shifts in Ca 2p, P
2p, C Is and O 1s spectra (48 and 74 h in SBF), and the Ca 2p and P 2p peak posi-
tions lead us to a conclusion that the calcium-phosphate developed to the crystals
on the Ti-AAE surfaces is most likely carbonated hydroxyapatite. From the Ca/P
ratios and SEM observation we conclude that the higher relative abundance of
calcium atoms in the adsorbed precursor layer is essential for later formation of
hydroxyapatite crystallites.

SEM-EDS

SEM-EDS method was used to detect the changes in the surface structure during
exposure in SBF and to analyze precipitates formed on the surface of samples. Fig-
ure 11 shows the porous structure of the Ti-AAE samples after exposure in SBF. It
can be seen that after 2.5 min up to 24 h only small denser (lighter) areas are
formed. These can represent possible nucleation sites of future apatite crystal

Fig. 11 The surface structure of the Ti-AAE samples after exposure in SBF for
a—25minandb—1hc—-24hd-48he—72h (SEM, mag. 4000)
(arrows mark the apatite crystallites)
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growth. On the sample exposed in SBF for 48 and 72 h formation of crystallites was
observed. The SEM-EDS analysis of the Ti-AAE sample exposed in SBF for 48 h is
shown in Fig. 12. The analysis indicates that the surface of Ti-AAE sample (not cov-
ered by the precipitating crystallites) after exposure in SBF contains a detectable
amount of calcium but not detectable (by EDS) amount of phosphorus. The EDS analy-
sis from the spherical crystallite (Fig. 12b) shows strong lines of calcium and phospho-
rus in the atomic ratio of 1.77, which is slightly higher than that one of stoichiometric
hydroxyapatite (1.67). From EDS and XPS results we conclude that spherical bodies
consist of hydroxyapatite.

The Ti-AE samples did not show any difference in surface structure and EDS analysis
during the exposure in SBF and only titanium was detected after 48 h in SBF (Fig. 13).

Conclusions

The solution analysis during the dynamic SBF test detected calcium and phosphate
ionadsorption on the acid+alkali-etched samples in the first stages of interaction. This
method was not sensitive enough to detect less intense adsorption in case of Ti-AE
samples, where the adsorption layer was detected by XPS analysis. Already after the
shortest exposure time of 2.5 min the adsorption layer on the acid+alkali treated
samples contained larger amounts of phosphate and especially calcium (also Ca/P ratio
was significantly higher than in the case of acid-treated samples). After the induction
time of 24.2 h the acid+alkali treated titanium induced apatite crystal growth. The
onset of the crystal growth was clearly indicated by the solution analysis.

Charging of the spherulitic crystallites during the XPS measurements allowed
us to determine the Ca/P ratio separately for the adsorption layer and the crystallites.
Using XPS and EDS analysis the crystallites were identified as carbonated apatite
with the Ca/P ratio close to that of stoichiometric apatite. The determination of the in-
duction time could serve as a measure of a substrate ability to support apatite nucle-
ation and growth. The alkali-treated titanium compared to the acid-treated one in-
duced apatite formation in vitro and could therefore provide a suitable substrate for
apatite like calcium phosphate precipitates in the cement lines formed on the im-
plants surfaces during the process of new bone formation.

The study is continuation of the series of our communication dealing with
glass-ceramic substance and surfaces [44, 45] perspective as mimetic materials for
the bone tissue substitution particularly applicable in the dental practice.

This study was supported by the Ministry of Industry and Trade of Czech
Republic under the project number FB-CV/64 as well as by the Grant Agency of
Academy of Sciences of Czech Republic under the project number A 4010101 and
was also a part of the research program MSMT 113200002 financed by the Ministry
of Education of Czech Republic.
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Abstract

Correlations between the structural properties of Na,0—CaO-SiO, glasses characterized by the ac-
tivity of oxygen ions and the bioactivity were examined by comparing the compositional de-
pendence of the structural parameters calculated on the basis of a thermodynamic consideration with
that of the bioactivity. A simple model of characterizing the glass structure by considering the bridg-
ing and non-bridging oxygen ions was employed as the first step for this purpose. Further detailed
thermodynamic analysis on the anionic constitution in the glass was performed and the
compositional dependences of the relative proportions of bridging, non-bridging and free oxygen
ions were calculated. The bioactive region corresponded to the compositional region characterized
by the higher relative proportion of non-bridging oxygen ions with co-existing an appreciable con-
centration of bridging oxygen ions, suggesting a possible important role of the non-bridging oxygen
ions on the surface chemical process of bone-like apatite layer formation.

Kevwords: bio-compatible, bone-like apatite, glass-ceramics, mimetic material, thermodynamics

Introduction

Degeneration of a human skeletal system in time results in dysfunction of bones,
teeth and joints. Extensive bone defects, left after the removal of tumors, infections or
as a result of injuries, are ideally replaced by autogenous bone tissue. As the amount
of this material for the patient is limited and the use of allogenic bone is accompanied
by biological, mechanical and also sociological difficulties, there is a great need for
alternate non-human synthetic sources.

Merely four decades ago it was considered inconceivable that a man-made material
could bond to living tissues in view of the deep-rooted experience that it would result in a
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foreign body reaction and the formation of non-adherent scar tissue at the interface with
inserted material. This understanding was irreversibly altered when a special composi-
tion of soda-lime-phosphate-silica glass was synthesized by Hench [1] and successfully
implanted in the femurs of rats. About 6% of P,O, was added to simulate the Ca/P con-
stituents of hydroxyapatite, Ca,(PO,),(OH),, that is the inorganic mineral phase naturally
existing in bones. Therefore the bone-like apatite formation on the surface of implant is
of a key importance during the physical and chemical processes leading to the formation
of an enough firm connection between the implanted material and the newly formed bone
tissue [2—6]. The bioactivity leads to both the osteoconduction and osteoproduction as a
consequence of rapid reaction on the bioactive glass surface. The surface reac-
tions [7-16] involve ionic dissolution of calcium and sodium ions, phosphates and
hydrated silica that give rise to both the intercellular and extracellular responses at the in-
terfaces of the glass with its physiological environment. The smartness of such a mimetic
process is likely hidden in the activity of oxygen characterized by the action of silanole
groups (Si—OH). They likely serve as the nucleation sites for the bio-compatible interface
formation capable to coexist between the original tissue and the implants which can be
expediently made from glass, glass-ceramics, ceramics, cements and other composites as
well as from certainly treated metals (etched titanium) respecting the set-in condition of
its suitable surface reactivity.

We have taken part in the research progress of bioactive materials since early eight-
ies [17-22]. This matured in their actual appliance in practical implantology under the
trademark IMPLADENT- (a system for oral implantology produced by LASAK, Co.
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Fig. 1 Surface layer formed on a BAS-O implant after exposure in a simulated body
fluid for 28 days (a) and the cross section of the actual body implant (c):
a— View of the surface layer formed on the BAS-O material after exposure in
SBF (SEM 1000x, fracture), b — Content of elements (P, Ca and SiO;) in the
surface layer, and ¢ — Detail of the interface of the bone tissue with a BAS-O
implant 6 months after implantation (SEM 1200x)
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Ltd) and BAS-O, BAS-HA, BAS-R-bioactive bone tissue substitutes [23]. Figure 1 illus-
trates the bone-bonding ability of BAS-O which is based on inorganic, polycrystalline
material prepared by controlled crystallization of glass, whose main components are
Ca0, P,0O,, Si0O, and MgO. During the crystallization process, the glassy material is con-
verted to a glass-ceramic material whose main crystalline phases are apatite and
wollastonite. BAS-O granules and ground material are used to fill cysts, defects left by
injuries, defects left by excochleation of benign tumors, and can be of help to reconstruct
extensive acetabular defects. Compact, wedge-shaped blocks (with various heights and
surfaces) became useful for, e.g., condyl elevation. Individually shaped implants can be
used in neurosurgery to cover defects left from cranial trepanation and as onlays in plastic
surgery. In Fig. 2, there is revealed another case of biomaterial BAS-HA (hydroxy-
apatite) which is synthesized from aqueous solutions under precisely defined pH, temper-
ature and other physical parameters, which ensure reproducible preparation of a highly
pure, crystallographically defined product, which does not contain any unwanted calcium
phosphates. Its structure and composition are similar to bio-apatite, which is the main in-
organic component of living bone tissue. Implants form a strong bond between the bone
tissue and the implant material without any intermediate fibrous layer. Final product is
the BAS-R, which is the surface bioactive, resorbable, inorganic, crystalline material
based on tricalcium phosphate.

i a4 -5
e
s

e

Fig. 2 a — Direct contact between the BAS-HA implant and bone tissue, 2 months after
implantation. BAS-HA material is a very dense ceramics with apparent porosity of
1.7%. The Ca/P molar ratio is 1.66. The material exhibits a bending strength of
60 MPa and compression strength of 200 MPa. The strength of the junction with
the bone tissue measured by the push-out test (shear stress) is equal to 19 MPa
(two months after implantation) and 29 MPa (4 months after implantation).
b — Dental implant (‘Impladent’) with hydroxyapatite coating

Bioactivity has since attracted increased attention being aimed to further molecular
manipulation (doping surfactants, micro-additives of various organic molecules such as
proteins, glyco-proteins and polysaccharides, useful in easier mine-realization) which in-
telligent response by host organism is evaluated in order to achieve well-tailored im-
plants. Bio-glass-ceramics that activate genes offer the possibilities of repairing, or per-
haps even preventing, many disease states, such as osteoporosis, in which a large fraction
of women lose a substantial amount of bone mass as they age. They can be also used as a
second phase in a composite that mimics the structure and properties of bone. In future
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the implication of glass activation of genes it may be possible to design therapeutic treat-
ments or food additives that will inhibit the deterioration of connective tissues with age.
Further understanding bioactivity may even help in better perception of the creation of
life [24-26]. It shows a great variability in the application of different glasses and amor-
phous materials in many fields of human activities [23, 27-31].

Structural parameters of the soda-lime-silica glasses and
bioactivity

It is generally accepted that the bioactivity of glass and glass-ceramics is closely con-
nected with the surface chemical reactions of formation of a bone-like apatite layer
that bonds to the bone [2—6]. Very important is systematic understanding on mecha-
nisms and kinetics of the reactions that occur at the surface of glassy implants of sil-
ica-specialized composition. The early stages of the bone-like apatite formation on a
surface of bioactive glass have been studied systematically [7-16] and summarized
as follows [16]. The alkali ions in the bioactive glass are rapidly exchanged by hydro-
gen ions in the surrounding solution, e.g., body or simulated body fluids (SBF), and
the network dissolution rapidly reduce the amount of the Si—O-Si and Si—-O—Ca
modes and replace them with Si—-OH bonds at the glass-solution interface. Single
non-bridging oxygen modes of Si—OH are then gradually replaced by more spherical
OH-Si—OH and the condensation and repolymerization of a SiO,-rich layer take
place on the surface. An amorphous CaO—P,O.-rich film is produced on the top of the
SiO,-rich layer by incorporating soluble calcium and phosphate from solution. The
characteristic double layer composed of a SiO,-rich layer and a mixed crystalline
layer of hydroxy carbonate apatite and/or hydroxyl fluorapatite results from the crys-
tallization of the amorphous CaO-P,0,-rich film by incorporating OH", CO3 , or F
anions from the surrounding solution.

The rates of consecutive and/or concurrent chemical processes of bone-like apatite
formation on the glass surface depend largely on the composition of glass or glass-
ceramics and on the associated physico-chemical properties of these materials such as
solubility, volumetric ratios of glass phase and so on [7-16]. An evaluation of the correla-
tion of the bioactivity with the structure of glasses is thus of interest, as have been the
cases of the compositional dependence of all physico-chemical properties of glass, such
as viscosity, electrical properties, immiscibility, glass formation region, nucleation, crys-
tallization, phase separation, and so on [23, 27, 28, 32—40]. The constitution of bridging
and non-bridging oxygen ions in glasses [23] is one of the most frequently used concept
for characterizing the glass structure. Various physico-chemical properties have been
correlated to the chemical composition in view of the thermodynamic state of oxygen
ions. Although there are various different theories on evaluating the constitution of bridg-
ing and non-bridging oxygen ions in glasses [41-45], earlier we evaluated the state of ox-
ygen ions in an iron-rich borate glasses [46] according to the model proposed by Toop
and Samis [42]. In the present case of bioactivity, the state of oxygen ions is also likely
important in relation to the chemical processes of the early stage of the bone-like apatite
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formation, especially in the dissolution process of Si—-O—Si mode with bridging oxygen
and intermediate formation of Si—OH with non-bridging oxygen. Previously, one of the
present authors was evaluated the correlation of the bioactivity of Na,0-CaO-SiO,—P,0,
and CaO-MgO-SiO,—P,O; glass-ceramic systems with the structural parameter related
to the bridging oxygen [17] using the Stevels model [41].

The Stevels’s parameters [17, 41], i.e., X and Y, can be correlated to the mean
number of non-bridging (O") and bridging (O°) oxygen ions per polyhedron in the
glass lattice, respectively, and calculated from the molar composition of glass accord-
ing to the following equations.

X=2R—Z
Y=27-2R

where Z is the mean number of all types of oxygen ions per polyhedron, i.e., the mean co-
ordination number of the glass-forming cations and R is the ratio of the total number of
oxygen ions to the total number of glass-forming cations in glass. The parameters (X, Y)
vary from (0, 4) for, e.g., the pure silica glass, to (1, 3) for, e.g., Na,0-2Si0, glass, and to
(2, 2) for, e.g., CaO-Na,0-2Si0, glass. When X>2 and Y<2, the glasses are called as in-
vert glasses. Having the same values of (X, Y), these glasses are characterized as structur-
ally similar.

In the previous work on the Na,0-CaO-SiO,-P,0, and CaO-MgO-SiO,—P,0,
glass-ceramic systems [17], the bioactivities of these systems evaluated by in vitro
test of mutual bonding after soaking in SBF and by in vivo test of implantation in dog
tibia were correlated to one of the Stevels’s parameter Y, i.e., mean number of bridg-
ing oxygen ions. It was found that the Y value of the residual glass phase in the
glass-ceramic system to be close to 2 is the suitable condition for the higher bio-
activity. When Y>3, the glass loses its bioactivity.

In the present study, the attention was turned to the non-bridging oxygen ions in the
glass as expressed by the Stevels’s parameter X. In order to correlate the structural pa-
rameter X of a glass with its bioactivity, we focused on an empirical index of bioactivity,

14
12l 18=18.157%-20502 o
o R2=0.9043
¥ 101
©
£ st ofo
2
= 6
k3
©
2 4
[as]
2
0 Y e G e O . ——

0 1 2 3
Structural parameter X

Fig. 3 Bioactive index /p as a function of mean number of non-bridging oxygen ions X,
calculated using the data of compositional dependence of /s in the soda-lime-
-silica system containing 6 mass% P,Os reported by Hench [2, 16, 47, 48]
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I, introduced by Hench [47] as 1,=100/¢ 5, , where £, ,, is the time for more than 50% of
the implant interface to be bonded to bone. The compositional dependence of /; in the
Na,0-CaO-Si0, system containing 6 mass% P,O, has been clearly represented by
Hench [2, 16, 47, 48] and employed usefully to discuss the bioactivity of the glass with a
certain composition. By reading the values of /; at various typical points of glass compo-
sition from the reported Iso 7, plots in the Na,0—CaO-SiO, ternary system [2, 16, 47, 48],
we calculated the structural parameters (X, Y) from the molar composition and relations
of these structural parameters and the value of /, were examined. Figure 3 shows the cor-
relation between the calculated structural parameter X and the value of I, for the
Na,0—-CaO-Si0, ternary system containing 6 mass% P,0,. When X<1.5 (¥>2.5), the
glass looses its bioactivity and bioactivity index, /,~0. The value of X>1.5 (and ¥Y<2.5) in-
dicates the range of bioactive glasses, ,>0. Essentially a linear dependence with negative
intercept has been found between the mean number of non-bridging oxygen ions and
bioactivity index.

Anionic constitution in the soda-lime-silica glass-forming melts
and bioactivity

Since the Stevels model considers only non-bridging and bridging oxygen ions, it
cannot hold in the more basic regime (X>>2) where free oxygen ions reach an appre-
ciable concentration. Therefore, after Fincham and Richardson [49], one can propose
the dominant reaction in the formation of silicate solution (glass): 0°+O*=20" where
O” refers to the free oxygen ions. The compositional dependence of relative propor-
tion of non-bridging oxygen ions [O7] in the soda-lime-silica system has been also
calculated applying methods currently used in the chemistry of organic polymers.

According to Masson [43—45], the following assumptions were applied to derive
the anionic distribution in M,0-Si0O, or MO-Si0, glass forming melts:

1) The silicate ions are presented exclusively as linear and branched chains of general
formula: SixO(z’”z)’. These species may arise by the poly-condensation reactions ex-

3x+l1

pressed generally according to the following equation:

. (2x+2)- . Qy+2)- _ Qs (2x+2y+2)— 2-
NINO) +51,0 =81, 0 +0 (D)

3x+l 3y+l 3(x+y)tl

2) The equilibrium constant &, of Eq. (1) can be approximated using that for the low-
est k-members k,, i.e., x=1 and y=1.
3) The Eq. (1) may be written in a more general form:

20=0+ 0" )
where O”, O° and O™ are the non-bridging oxygen, bridging oxygen and free oxygen
ions, respectively.
4) According to the Temkin’s equation [50], the activity of M,0 or MO oxides in the

M,0-Si0, or MO-Si0O, binary melt a,,, is equated to the ion fraction of free oxide
ion N , .
o

J. Therm. Anal. Cal., 71, 2003





KOGA et al.: BIO-COMPATIBLE GLASS-CERAMICS 7

ayo=N . 3)

5) For linear and branched chains, the a,,, has the following relation with respect to
the mole fraction of SiO,, i.e., for X, it follows

[P B 3 @

X 1-
Sio, no 1+aM0[k3_1j
1"

6) Knowing the value of k,, for the binary system M,0-SiO, or MO-Si0O,, the ion

fraction N of any silicate ion Si O"\”" is given by the following equation:

x-1 2x+1
(Bx)! 1 1
- l-a 5
) (2x+1)!x! 1+3a¢ ]+M ( MO) ( )
ky(=ay) 3ay,

7) The ion fraction of non-bridging oxide N = in Eq. (2) is approximated by the sum-
mation of N, using x up to 50.

N, =D, ©)

8) The ion fraction of bridging oxide N , is then obtained by
Ny=l-N_, -N_ (7)

Taking the literature values for k,,=1.6:10° and =8:10° for CaO-SiO, and
Na,0-SiO, binary melts [51], respectively, the X', dependence of a,,, can be calcu-
lated according to Eq. (4). Figure 4 shows the compositional dependence of q,,, for
Ca0-Si0, and Na,0-Si0, systems. The ion fraction NV, is obtained according to Eq. (5).
The calculated ion fractions N, for CaO-SiO, and Na,0-SiO, binary melts are repre-
sented in Fig. 5 as a function of mass fraction of SiO,. Using the compositional
dependences of the acti1v(i]tv of oxides, i.e., N _,_, shown in Fig. 4 and the relative propor-

Activity of oxides

i". 1 | 1
0.5 0.4 0.3 0.2 01 0.0
Mass fraction of SiOy

Fig. 4 The dependence of activity of sodium and calcium oxides, ayo, on the mass
fraction of SiO; in the binary CaO-SiO, and Na,0-SiO, systems
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Fig. 5 The dependence of ion fraction N, of silicate ions Si 0>~ on the mass of SiO,

in the binary a — CaO-Si0O, and b — Na,0-SiO, systems

tions of O™ obtained by summing up N, from x=1 to 50, the relative fraction of bridging
oxygen ions N , ata mass fraction of SiO, was calculated according to Eq. (7). Figure 6
shows the compositional dependences of the relative fractions of O°, O and O* in the bi-
nary CaO-Si0O, and Na,0-Si0, systems. According to the conventional pseudo-binary
assumption [52], the compositional dependence of the relative proportion of O™ in
Na,0—-CaO-Si0, ternary melts was obtained using the values for the binary melts shown
in Fig. 6. The compositional dependence (in mass fraction) of the calculated relative pro-
portion of O™ in the Na,0-CaO-SiO, ternary melts is shown in Fig. 7. These findings
were compared with the compositional dependence of [, for the system containing

1.0 7 <
c % Y
§ o8f \ [/ 11

2— - \

E [0%-] N/ -.
E‘ 06 A\V/ Y
a —cao| N
2 04 Na,0 // s
©
QD -
3 02 Y :

0.0 L i 1 v 1

0.0 0.2 0.4 0.6 0.8

Mass fraction of SiO»

Fig. 6 The relative proportions of non-bridging oxygen ions O, bridging oxygen ions O°
and free oxygen ions 0% in the binary a — CaO-SiO, and b — Na,0-SiO, systems,
calculated vs. the mass fraction of SiO, using the relations in Eqs (3), (6) and (7)
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Nazo

(in mass fraction)

Fig. 7 A comparison of the relative proportion of non-bridging oxygen ions O in the
Na,0O—-Ca0O-Si0O; ternary system calculated in the present study with the Iso /g
plots for the system with 6 mass% P,0Os reported by Hench [2, 16, 47, 48]

6 mass% P,O; [2, 16, 47, 48]. The region of the remarkable high bioactivity /,>8 can be
observed in the compositional region characterized by the higher relative proportion of
non-bridging oxygen ions >0.8 in the side of SiO,-rich composition where an appreciable
concentration of bridging oxygen ions exist, Fig. 7.

The ability to form the bone-like apatite layer after soaking P,O.-free
Na,0—Ca0O-Si0, glasses in SBF has been investigated experimentally by Kim et al. [53].
It was shown that the compositional region of the apatite layer formation on the surface
of the P,0O.-free Na,0—CaO-SiO, glasses corresponds closely to the region of 7,>0 for
the Na,0-CaO-Si0, glasses containing 6 mass% P,O;. It was also pointed out that the
rates of apatite formation of P,O,-containing Bioglass 45S5-type and a corresponding
P,Os-free Na,0-CaO-SiO, glass are comparable. Those findings indicate that the
bioactivity of the glass characterized by the bone-like apatite formation depends largely
on the properties of the basic P,O,-free Na,0—-CaO-SiO, ternary glass. From the present
results, it is predicted that a close connection exists between the structural property of the
glass characterized by the activity of oxygen ions and its bioactivity. The special notice is
concerning the proportion of non-bridging oxygen ions in the glasses, where the region of
remarkable high bioactivity is observed for the compositional region with the higher rela-
tive proportion of non-bridging oxygen ions >0.8, indicating a possible important role of
the non-bridging oxygen ions during the course of the surface chemical processes of
bone-like apatite layer formation.
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Conclusions

A close correlation between the structural properties of the Na,0—CaO-Si0O, glasses
and its bioactivity was found. Using the structural parameters X and Y related, respec-
tively, to the mean number of non-bridging and bridging oxygen ions, the bioactive
region can be correlated to the structural parameters X>1.5 and Y<2.5. Further de-
tailed analysis of the anionic constitution in the glass system indicated that the re-
markable high bioactive region is seen in the compositional region of higher relative
proportion of non-bridging oxygen ions with co-existing an appreciable concentra-
tion of bridging oxygen ions and no significant free oxygen ions.

The structural correlations of the bioactivity shown in the present study can be
used as a useful tool for designing the bioactive glass and for tailoring bioactive
glass-ceramics and composites with a glass-ceramic matrix. At the same time, a pos-
sible important role of the non-bridging oxygen ions on the surface chemical pro-
cesses of the bone-like apatite layer formation is expected from the close correlation
of the relative proportion with the bioactivity.
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