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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 ideally 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 also sociological difficulties, there is a great need for
alternate material.

Since discovery of Bioglass in 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 BAS-R,
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 is an inorganic, polycrystalline material prepared by controlled crystallization of glass, whose main
components are CaO, P205, Si02 MgO, and Al2O3 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 factors in
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 a thin layer enriched in Ca and P on the glass-ceramic surface as a result of a
reaction between the implant and body fluids (Fig,1).

                             a.             b.

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, Ca and 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 a tight bond (Fig. 2).

         

Fig.2: Detail of the interface of the bone tissue with a
BAS-O implant 6 months after implantation
(SEM).

Fig.3: Photomicrograph of a section of BAS-0 granule
implant in bone, 2 years after implantation
(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 a time 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 a white material with an apparent density of
3000-3100 kg/m3. The material has a similar bending strength to the cortical 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
is 15-20 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 left from cranial trepanation and as onlays in
plastic surgery.

  

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.

BAS-O granule



    
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)6(OH)2
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 final 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:
bond between the bone tissue and the implant material without an intermediate fibrous layer (Fig. 6).

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 equal to 19 MPa two months
after implantation and 29 MPa 4 months after implantation.

Clinical application
BAS-HA material is designed for bone grafting especially 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.

BAS-R - BIOACTIVE RESORBABLE IMPLANT MATERIAL BASED ON
TRICALCIUM PHOSPHATE CA3(P04)2
BAS-R  is  a surface bioactive,  resorbable,  inorganic,  crystalline  material based on   tricalcium phosphate
(β-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.

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
is white 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 is used in paradentology and in dentoalveolar surgery to treat bone defects [10] (see Fig.10).

Fig.10: Filling of bone defects left by tooth extraction and extirpation of a radicular 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 development.

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 Na2O–CaO–SiO2 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 P2O5 was added to simulate the Ca/P con-
stituents of hydroxyapatite, Ca10(PO4)6(OH)2, 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 1000×, fracture), b – Content of elements (P, Ca and SiO2) in the
surface layer, and c – Detail of the interface of the bone tissue with a BAS-O
implant 6 months after implantation (SEM 1200×)



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
CaO, P2O5, SiO2 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.

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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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



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 SiO2-rich layer take
place on the surface. An amorphous CaO–P2O5-rich film is produced on the top of the
SiO2-rich layer by incorporating soluble calcium and phosphate from solution. The
characteristic double layer composed of a SiO2-rich layer and a mixed crystalline
layer of hydroxy carbonate apatite and/or hydroxyl fluorapatite results from the crys-
tallization of the amorphous CaO–P2O5-rich film by incorporating OH–, CO3

2– , 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 Na2O–CaO–SiO2–P2O5

and CaO–MgO–SiO2–P2O5 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 (Oo) 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=2Z–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., Na2O�2SiO2 glass, and to
(2, 2) for, e.g., CaO�Na 2O�2SiO2 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 Na2O–CaO–SiO2–P2O5 and CaO–MgO–SiO2–P2O5

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 IB as a function of mean number of non-bridging oxygen ions X,
calculated using the data of compositional dependence of IB in the soda-lime-
-silica system containing 6 mass% P2O5 reported by Hench [2, 16, 47, 48]



IB, introduced by Hench [47] as IB=100/t0.5bb, where t0.5bb is the time for more than 50% of
the implant interface to be bonded to bone. The compositional dependence of IB in the
Na2O–CaO–SiO2 system containing 6 mass% P2O5 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 IB at various typical points of glass compo-
sition from the reported Iso IB plots in the Na2O–CaO–SiO2 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 IB were examined. Figure 3 shows the cor-
relation between the calculated structural parameter X and the value of IB for the
Na2O–CaO–SiO2 ternary system containing 6 mass% P2O5. When X<1.5 (Y>2.5), the
glass looses its bioactivity and bioactivity index, IB~0. The value of X>1.5 (and Y<2.5) in-
dicates the range of bioactive glasses, IB>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): Oo+O2–=2O– where
O2– refers to the free oxygen ions. The compositional dependence of relative propor-
tion of non-bridging oxygen ions [O–] 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 M2O–SiO2 or MO–SiO2 glass forming melts:

1) The silicate ions are presented exclusively as linear and branched chains of general
formula: Si Ox 3x+1

(2x+2)– . These species may arise by the poly-condensation reactions ex-

pressed generally according to the following equation:

Si O Si O Si Ox 3x+1

(2x+2)–

y 3y+1

(2y+2)–

x+y 3(x+y)+1

(2x+� � 2y+2)– 2–O� (1)

2) The equilibrium constant kxy of Eq. (1) can be approximated using that for the low-
est k-members k11, i.e., x=1 and y=1.
3) The Eq. (1) may be written in a more general form:

2O–= Oo+ O2– (2)

where O–, Oo and O2– are the non-bridging oxygen, bridging oxygen and free oxygen
ions, respectively.
4) According to the Temkin’s equation [50], the activity of M2O or MO oxides in the
M2O–SiO2 or MO–SiO2 binary melt aMO is equated to the ion fraction of free oxide
ion N

O2 – .
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a NMO O2 –� (3)

5) For linear and branched chains, the aMO has the following relation with respect to
the mole fraction of SiO2, i.e., for X SiO2

it follows
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6) Knowing the value of k11 for the binary system M2O–SiO2 or MO–SiO2, the ion
fraction Nx of any silicate ion Si Ox 3x+1

(2x+2)– is given by the following equation:

N
x

x x a

k a

x

MO

MO

x–1

�
�

�




�

�
�
�
�



�

�
�
�
�

( )!

( )! !

( – )

3

2 1

1

1
3

1

1

11

1
1

3

1
11�




�

�
�
�
�



�

�
�
�
�

k a

a

a
( – )

( – )
MO

MO

2x+1

MO (5)

7) The ion fraction of non-bridging oxide N
O– in Eq. (2) is approximated by the sum-

mation of Nx using x up to 50.

N N
O x

x=1

– ��
50

(6)

8) The ion fraction of bridging oxide N
Oo is then obtained by

N N N
O O Oo 2 – –�1– – (7)

Taking the literature values for k11=1.6�10–3 and =8�10–8 for CaO–SiO2 and
Na2O–SiO2 binary melts [51], respectively, the X SiO2

dependence of aMO can be calcu-
lated according to Eq. (4). Figure 4 shows the compositional dependence of aMO for
CaO–SiO2 and Na2O–SiO2 systems. The ion fraction Nx is obtained according to Eq. (5).
The calculated ion fractions Nx for CaO–SiO2 and Na2O–SiO2 binary melts are repre-
sented in Fig. 5 as a function of mass fraction of SiO2. Using the compositional
dependences of the activity of oxides, i.e., N

O2 – , shown in Fig. 4 and the relative propor-
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Fig. 4 The dependence of activity of sodium and calcium oxides, aMO, on the mass
fraction of SiO2 in the binary CaO-SiO2 and Na2O-SiO2 systems



tions of O– obtained by summing up Nx from x=1 to 50, the relative fraction of bridging
oxygen ions N

Oo at a mass fraction of SiO2 was calculated according to Eq. (7). Figure 6
shows the compositional dependences of the relative fractions of Oo, O– and O2– in the bi-
nary CaO–SiO2 and Na2O–SiO2 systems. According to the conventional pseudo-binary
assumption [52], the compositional dependence of the relative proportion of O– in
Na2O–CaO–SiO2 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 Na2O–CaO–SiO2 ternary melts is shown in Fig. 7. These findings
were compared with the compositional dependence of IB for the system containing
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Fig. 5 The dependence of ion fraction Nx of silicate ions Si Ox 3x+1

(2x+2)– on the mass of SiO2

in the binary a – CaO–SiO2 and b – Na2O–SiO2 systems

Fig. 6 The relative proportions of non-bridging oxygen ions O–, bridging oxygen ions Oo

and free oxygen ions O2– in the binary a – CaO–SiO2 and b – Na2O–SiO2 systems,
calculated vs. the mass fraction of SiO2 using the relations in Eqs (3), (6) and (7)



6 mass% P2O5 [2, 16, 47, 48]. The region of the remarkable high bioactivity IB>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 SiO2-rich composition where an appreciable
concentration of bridging oxygen ions exist, Fig. 7.

The ability to form the bone-like apatite layer after soaking P2O5-free
Na2O–CaO–SiO2 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 P2O5-free Na2O–CaO–SiO2 glasses corresponds closely to the region of IB>0 for
the Na2O–CaO–SiO2 glasses containing 6 mass% P2O5. It was also pointed out that the
rates of apatite formation of P2O5-containing Bioglass 45S5-type and a corresponding
P2O5-free Na2O–CaO–SiO2 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 P2O5-free Na2O–CaO–SiO2 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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Fig. 7 A comparison of the relative proportion of non-bridging oxygen ions O- in the
Na2O–CaO–SiO2 ternary system calculated in the present study with the Iso IB

plots for the system with 6 mass% P2O5 reported by Hench [2, 16, 47, 48]



Conclusions

A close correlation between the structural properties of the Na2O–CaO–SiO2 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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ENVIRONMENT
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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 hydroxy apatite. 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
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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
hydroxy apatite) 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, SiO2 and TiO2 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 mm 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].

There fore, var i ous at tempts have been made to mod ify the sur face of ti ta nium in or -
der to make it bioactive, but with out the use of a thick coat ing of other bioactive ma te rial. 
The most suc cess ful meth ods of ti ta nium bioactivation are e.g. al kali or flu o ride treat -
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ment [24]. Es pe cially the abil ity of al kali-treated ti ta nium to in duce ap a tite pre cip i ta tion
af ter such short times as 24 h of soak ing in SBF was well documented [25, 26].

Sur face treat ments mod i fy ing mi cro-rough ness (acid etch ing) or bioactivity (al kali
etch ing) showed prom is ing re sults in tests run in-vivo, as well as su pe rior clin i cal per for -
mance com pared to ma chined or grit blasted sur faces [5–7, 27, 28]. It was found that
the com bi na tion of treat ments, en sur ing both op ti mal rough ness and bio active prop er ties,
could re sult in an im plant sur face with out stand ing abil ity of quick and re li able
osseointegration [29]. It was con firmed that acid+al kali treated ti ta nium sur faces in duce re -
pro duc ible ap a tite for ma tion in vi tro [30] and ex hibit prom is ing clin i cal per for mance [31].

The ion ex change be tween the biomaterial’s sur face and the body fluid is the
fast est in ter ac tion mode; it pre cedes and af fects the ad sorp tion of larger mol e cules
such as amino ac ids and pro teins. There fore, a hy poth e sis can be made that the ion
ex change has a pro found ef fect on the later stages of the heal ing pro cess.

The aim of this study was to com pare the ini tial ion in ter ac tions of acid and
acid+al kali treated ti ta nium with sim u lated body fluid (SBF) and to dis cuss the pos si -
ble ef fect of the sur face treat ments on im plant heal ing.

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 
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Fig. 1 Samples - titanium discs and turnings used for exposure in SBF

Fig. 2 Surface topography of machined- Ti-M a – acid etched-Ti-AE b – acid and
alkali treated – titanium Ti-AAE and c – (SEM, magnification 4000)



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 so lu tion was pre pared us ing fol low ing re agents: KCl, NaCl, NaHCO3,
MgSO4×7H2O, CaCl2, Tris, NaN3 and KH2PO4. Tris buffer was used to ad just the pH to
7.55–7.60 at 25°C. So dium azide was added to in hibit bac te rial growth. Sam ples were
ex posed in a flow-through re ac tion cell with SBF pre heated at 37°C (Fig. 3). The flow
rate of SBF so lu tion through the cell was 0.042 mL min–1. Sam ples of the out put so lu tion 
were col lected for cal cium and phos phate ion con cen tra tion mea sure ment (Fig. 4). The
com po si tion of SBF in com par i son to the in or ganic part of the blood plasma is given in
Ta ble 1. The prep a ra tion of the so lu tion was car ried out af ter Jonasova et al. [32].

The ex po sure in SBF is usu ally car ried out as a static ex per i ment, where a sam ple is
placed in the SBF so lu tion of a con stant vol ume, or the so lu tion is pe ri od i cally re newed
[14, 21, 33]. If the so lu tion vol ume is suf fi ciently high to keep ap prox i mately con stant so -
lu tion com po si tion it is dif fi cult to de tect compositional changes in the so lu tion caused by
the ma te rial-SBF in ter ac tion. If the vol ume is small, con cen tra tion changes are mea sur able
but in case of ap a tite for ma tion the driv ing force for nu cle ation and crys tal li za tion de -
creases as cal cium and phos phate ions are con sumed from the so lu tion. Static ex po sure
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Fig. 3 Flow-through cell used for exposure of samples to SBF

Fig. 4 Experimental arrangement of the exposure in SBF



also does not re sem ble the con di tions dur ing im plan ta tion, where blood cir cu lates. There -
fore, a dy namic ex po sure is sug gested to keep con stant com po si tion dur ing the ex per i ment
and to de tect compositional changes in SBF dur ing the ini tial stages of in ter ac tion.

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.

Af ter ex po sure in SBF the sur face of sam ples was an a lyzed by Scan ning elec tron mi -
cros copy and en ergy dispersive spec tros copy (SEM-EDS, Jeol XA-733- super probe, Jeol
USA, Inc.). The EDS anal y sis re sults are based on semi-quan ti ta tive anal y sis with out
the use of stan dards. X-ray dif frac tion (XRD) mea sure ments were per formed us ing 3000P
diffractometer, Cu an ode, mea sured at 40 kV, 30 mA (Seifert Co., Ahrensburg, Ger many).

The con cen tra tion of cal cium in the out put so lu tion was de ter mined us ing
atomic ab sorp tion spec tros copy (Varian-Spectr AA300) and phos phate con cen tra -
tion was de ter mined spec tro pho to met ri cally (UV-1201, Shimadzu Eu rope, 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–1 was used. Incident radiation angle was 45°.

Results and discussion

Concentration changes in the output solution

The time de pend ence of Ca2+ and PO 4
3–  ion con cen tra tion in the out put so lu tion, mea -

sured af ter ex po sure of Ti-AAE sam ples in SBF, in di cated three main phases of in ter -
ac tion (Fig.)??. First, a rapid but tem po rary de crease of cal cium and phos phate con -
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Ta ble 1 The com po si tion of SBF used in ex per i ments com pared to that of hu man blood plasma

SBF/mmol L–1 Blood plasma/mmol L–1

Na+ 142.0  137–147.0

K+ 5.0 3.8–5.1

Ca2+ 2.5 2.25–2.75

Mg2+ 1.0 0.75–1.25

Cl– 131.0  98–106

HCO3
– 5.0 24–35

HPO4
2– 1.0 0.65–1.62

SO4
2– 0.5 0.5

Which fig ure do 
you mean?
Please, re fer to
fig ures in or der



cen tra tion in the ef flu ent was de tected. This de crease in di cated a sig nif i cant
ad sorp tion of Ca2+ and PO 4

3–  ions by the ma te rial. Dur ing the sec ond phase, ef flu ent
con cen tra tion al most re turned to its ini tial value (100 mg L–1 Ca2+, 96 mg L–1 PO 4

3– ).
Ap prox i mately 25 h from the be gin ning of the ex per i ment, an other con cen tra tion de -
crease was de tected. This con cen tra tion de crease sta bi lized at the level
of 60–63 mg L–1 of PO 4

3– , in di cat ing the crys tal growth at a con stant rate. The for ma -
tion of ap a tite crys tals on the sur face of Ti-AAE sam ples was also con firmed by SEM 
and XRD mea sure ment (Fig. 8)??.

The dynamic experimental arrangement enabled simple determination of the
induction times using a plot of total mass of PO4

3–  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 find ing that only Ti-AAE sam ples in duce ap a tite for ma tion is in agree ment
with re sults of Nancollas et al. [35], who de tected ap a tite growth only on the KOH
treated ti ta nium sur face, whereas on acid (HNO3) treated ti ta nium the growth did not
oc cur within 3 days of ex po sure.
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Fig. 5 Time dependence of the PO4
3–  and Ca2+ concentration in the output SBF solution 

during exposure of Ti-AE (upper) and Ti-AAE (below) samples, indicating
three phases of interaction



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 (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 TiO2 films [36].

These re sults in di cate that the abil ity of al kali-treated ti ta nium to in duce ap a tite
for ma tion can be caused by higher den sity of hydroxyl groups pres ent in its po rous
gel- like struc ture com pared to the lower den sity 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
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Fig. 6 Time dependence of the precipitated PO4
3–  mass plotted for Ti-AAE and Ti-AE samples

Fig. 7 The FTIR spectrum of Ti-M, Ti-AE and Ti-AAE samples



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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Fig. 8 XRD spectrum of the Ti-AAE sample after 48 h of exposure in SBF solution

Fig. 9 Photoelectron spectra of Ca 2p and P 2p of a – Ti-AE (HCl-corroded)
samples b – Ti-AAE (HCl+NaOH-treated) samples and c – immersed in SBF
for various periods of time



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 sam ple Ti-AE (cor roded in HCl with out sub se quent SBF treat ment) car bon C, 
ni tro gen N, ox y gen O and ti ta nium Ti were de tected, so dium Na was pres ent in
barely de tect able amount. In the spec trum of Ti-AAE sam ple (be fore SBF treat ment)
so dium Na 1s sig nal was more in tense (by ~3 or ders of mag ni tude) than for Ti-AE
sam ple, as a re sult of the NaOH treat ment. The en er getic in ter vals mea sured in the
pho to elec tron spec tra were those of C 1s, N 1s, O 1s, Na 1s, Ti 2p, Ca 2p and P 2p. In
this work, the evo lu tion of cal cium and phos pho rus spec tra was cru cial and it will be
dis cussed in de tail.

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 al. [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].

Phos pho rus spec tra ex hibit a sim i lar be hav ior. For Ti-AE sam ples, the P 2p peak 
po si tion is 133.6 eV and it does not change with time of SBF treat ment (peak at
138.7 eV shall be dis cussed later). In case of Ti-AAE sam ples, the P 2p peak is at
133.3 eV with ad di tional peaks at 136.5 and 137.9 eV, ap pear ing at 48 and 74 h in
SBF, re spec tively. The non-shifted P 2p po si tion at 133.3 eV (Ti-AAE sam ples) cor -
re sponds to that of hydroxyapatite [43].

As shown in Fig. 9, ad di tional in tense peaks ap peared in cal cium and phos pho -
rus spec tra of Ti-AAE sam ples treated in SBF for 48 and 74 h pe ri ods. These new
peaks are shifted by 3.2 and 4.5 eV, re spec tively. Sim i lar new peaks at the same shifts 
from ba sic po si tions were ob served in the C 1s and O 1s spec tra (not shown here),
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too. In co her ence with SEM ob ser va tion of crys tal growth on the Ti-AAE sam ples
(48 and 74 h of SBF treat ment, see SEM-EDS re sults be low) we con clude that the
shifted sig nal co mes from the crys tal lites. The con sti tu tion of cal cium, phos pho rus,
ox y gen and car bon in di cates a car bon ated cal cium-phosphate na ture of the crys tal -
lites. Be ing of in su lat ing na ture, the crys tal lites take on elec tri cal charge. Since they
charged in de pend ently from the sam ple sur face, i.e. much more, it was pos si ble to
dis tin guish them from the ad sorbed cal cium- and phos phate-rich layer. The large
shift may also in di cate their weak bond to the sam ple sur face. The peak at 138.7 eV
in P 2p (74 h of SBF treat ment) spec trum stands out of all other data, be cause no
spec trum of other el e ments has shown such a fea ture. Hav ing elim i nated the pos si bil -
ity of pres ence of for eign el e ment as an im pu rity on the sam ple, it was sug gested that
some phos pho rus-based clus ters may have formed on the sur face. How ever, an other
ex per i ment will have to be done to ver ify this sug ges tion.

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 cal cium and phos pho rus pho to elec tron peak po si tions, as well as from
the Ca/P ra tio mea sure ments, it can be con cluded, that crys tal lites ap pear ing at
Ti-AAE (HCl+NaOH-treated) sur faces con sist of car bon ated hydroxyapatite. The
ad sorbed pre cur sor layer cre ated on the sur face within the first 24 h could be dis tin -
guished from the hydroxyapatite crys tal lites on ba sis of the Ca/P ra tio, un der the as -
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Fig. 10 The Ca/P ratios measured for the Ti-AE (HCl-corroded) samples and Ti-AAE
(HCl+NaOH-treated) samples, immersed in SBF for various periods of time



sump tion of crys tal lites charg ing in de pend ently on the ad sorbed pre cur sor layer.
Be tween these two no sig nif i cant dif fer ence in bind ing en er gies of el e ments in -
volved has been ob served. On the sam ples with sole HCl treat ment (Ti-AE sam -
ples), a thin layer of a cal cium phos phate (not de tected by other meth ods used),
which dif fers from HA, is cre ated. The Ca/P ra tio here is re mark ably lower than
the Ca/P ra tio of the layer ad sorbed on NaOH treated (Ti-AAE) sam ples and
the bind ing en er gies peak po si tions dif fer from those of HA, as dis cussed above.
The pri mary cal cium- and phos phate-rich lay ers ad sorbed on sur faces of Ti-AE
and Ti-AAE sam ples could not be as signed more spe cific chem i cal for mu lae at a
rea son able level of con fi dence. It is a con se quence of com pli cated sur face mor -
phol ogy, as well as the fact that XPS spec tra of sev eral rep re sen ta tives from the
cal cium-phosphates fam ily dif fer too lit tle to dis tin guish in our mea sure ments
[42]. The atomic Ca/P ra tio of the crys tal lites, the co her ence in shifts in Ca 2p, P
2p, C 1s and O 1s spec tra (48 and 74 h in SBF), and the Ca 2p and P 2p peak po si -
tions lead us to a con clu sion that the cal cium-phosphate de vel oped to the crys tals 
on the Ti-AAE sur faces is most likely car bon ated hydroxy apatite. From the Ca/P
ra tios and SEM ob ser va tion we con clude that the higher rel a tive abun dance of
cal cium at oms in the ad sorbed pre cur sor layer is es sen tial for later for ma tion of
hydroxyapatite crys tal lites.

SEM-EDS

SEM-EDS method was used to de tect the changes in the sur face struc ture dur ing
ex po sure in SBF and to an a lyze pre cip i tates formed on the sur face of sam ples. Fig -
ure 11 shows the po rous struc ture of the Ti-AAE sam ples af ter ex po sure in SBF. It
can be seen that af ter 2.5 min up to 24 h only small denser (lighter) ar eas are
formed. These can rep re sent pos si ble nu cle ation sites of fu ture ap a tite crys tal
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Fig. 11 The surface structure of the Ti-AAE samples after exposure in SBF for
a – 2.5 min and b – 1 h c – 24 h d – 48 h e – 72 h (SEM, mag. 4000)
(arrows mark the apatite crystallites)
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Fig. 12 EDS analysis of the a – crystallite b –  the substrate of the sample not covered
by the crystallites after exposure of Ti-AAE sample in SBF for 48  h

Fig. 13 Surface of the Ti-AE samples after a – 24, b – 48 and c – 72  h of soaking in
SBF together with EDS analysis (below) after 48 h of soaking in SBF
(SEM-EDS, magn. 4000)



growth. On the sam ple ex posed in SBF for 48 and 72 h for ma tion of crys tal lites was
ob served. The SEM-EDS anal y sis of the Ti-AAE sam ple ex posed in SBF for 48 h is
shown in Fig. 12. The anal y sis in di cates that the sur face of Ti-AAE sam ple (not cov -
ered by the pre cip i tat ing crys tal lites) af ter ex po sure in SBF con tains a de tect able
amount of cal cium but not de tect able (by EDS) amount of phos pho rus. The EDS anal y -
sis from the spher i cal crys tal lite (Fig. 12b) shows strong lines of cal cium and phos pho -
rus in the atomic ra tio of 1.77, which is slightly higher than that one of stoichiometric
hydroxyapatite (1.67). From EDS and XPS re sults we con clude that spher i cal bodies
consist of hydroxyapatite.

The Ti-AE sam ples did not show any dif fer ence in sur face struc ture and EDS anal y sis 
dur ing the ex po sure in SBF and only ti ta nium was de tected af ter 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 crys tal lites dur ing the XPS mea sure ments al lowed
us to de ter mine the Ca/P ra tio sep a rately for the ad sorp tion layer and the crys tal lites.
Using XPS and EDS anal y sis the crys tal lites were iden ti fied as car bon ated ap a tite
with the Ca/P ra tio close to that of stoichiometric ap a tite. The de ter mi na tion of the in -
duc tion time could serve as a mea sure of a sub strate abil ity to sup port ap a tite nu cle -
ation and growth. The alkali-treated ti ta nium com pared to the acid-treated one in -
duced ap a tite for ma tion in vi tro and could there fore pro vide a suit able sub strate for
ap a tite like cal cium phos phate pre cip i tates in the ce ment lines formed on the im -
plants sur faces dur ing the pro cess of new bone for ma tion.

The study is con tin u a tion of the se ries of our com mu ni ca tion deal ing with
glass-ceramic sub stance and sur faces [44, 45] per spec tive as mi metic ma te ri als for
the bone tis sue sub sti tu tion par tic u larly ap pli ca ble in the den tal prac tice.

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 MŠMT 113200002 financed by the Ministry
of Education of Czech Republic. 
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Abstract

This study was carried out to quantify the effect of an alkali-modified surface on the bone–implant interface formation during healing

using an animal model. A total of 24 screw-shaped, self-tapping, (c.p.) titanium dental implants, divided into test group B—implants with

alkali-modified surface (Bio surface) and control group M—implants with turned, machined surface, were inserted without pre-tapping

in the tibiae of three beagle dogs. The animals were sacrificed after 2, 5 and 12 weeks and the bone–implant contact (BIC%) was

evaluated histometrically. The surface characteristics that differed between the implant surfaces, i.e. specific surface area, contact angle,

may represent factors that influence the rate of osseointegration and the secondary implant stability. The alkali-treated surface enhances

the BIC formation during the first 2–5 weeks of healing compared to the turned, machined surface.

r 2007 Elsevier Ltd. All rights reserved.
1. Introduction

More than a quarter century ago, two material groups
have been found to be able to form a mechanically stable
and functional interface with bone. One group consisted of
certain soda–lime–silica glasses, with or without addition
of phosphorus (V) oxide, and the first glass exhibiting the
bone-bonding ability (discovered by Hench) [1,2] was
named and registered under the name Bioglass. The glasses
exhibiting the bone-bonding ability were designated as
bioactive by the following definition: ‘‘the bioactivity is the
characteristics of an implant material which allows it to
form a bond with living tissues’’.

Another material found to exhibit the bone-bonding
ability was machined titanium. This characteristic of
e front matter r 2007 Elsevier Ltd. All rights reserved.
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titanium was first described by Branemark [3] and cow-
orkers and the phenomenon of attachment to bone was
named osseointegration with the following definition:
‘‘osseointegration represents the formation of a direct
contact of a material with bone without intermediate
fibrous tissue layer’’, often when observed by means of a
light microscope. The major difference between the two
material groups was represented by the materials reactivity
and related kinetics of the bone–material interface forma-
tion. Very reactive bioactive glasses formed a stable
interface with bone within days where as machined
titanium required healing periods of several months to
reach the same bone–implant contact (BIC). Thanks to
high reactivity of bioactive glasses, the course of the
glass–body environment interaction could be investigated
more easily, and the bone-bonding ability was described
and quantified in direct relation to the glass composition
[4–7]. Soon other materials like hydroxyapatite, sol/gel
prepared glasses or glass ceramics, which were found to
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exhibit similar bone-bonding ability, were included into the
‘‘bioactive’’ group. All these materials had in common a
reaction step, which occurred during exposure to body
environment and before the formation of the mechanically
stable interface with bone. This step was the precipitation
of apatite mineral on the surface of the original material as
a result of chemical interaction of the materials surface
with body environment [1,8].

This apatite formation was accepted as a hallmark of the
bioactive materials and it is assumed that this bone mineral
formation enables quick formation of the mechanically
stable and functional interface of bone and a bioactive
material. For initial assessment of potential bioactivity
of a material, the apatite formation occurring in vivo was
reproduced in vitro in simulated body environment and a
good correlation of in vivo and in vitro results was found
for the above mentioned, highly bioactive materials [9–11].

The investigation of the osseointegration observed in the
titanium group was much more difficult because of the low
reactivity of titanium in body environment. Changes
detected in the passive oxide layer during the exposure to
body environment were not comparable in magnitude to
those occurring in bioactive materials [12,13]. With the
intention to increase the implant surface available for bone
ingrowth and fixation and/or to increase the blood clot
retention on the materials surface, machined titanium is
most often modified by sand blasting, plasma spraying or
acid etching. Resulting roughened surfaces showed higher
bone/implant interface strength (removal torque values)
and higher BIC after the same healing time compared to
machined titanium [1,14–21]. It was suggested that surfaces
with the mean roughness parameter Sa (arithmetic average
height deviation) in the interval of 1.0–1.5 mm show
stronger bone response than smoother or rougher implant
surfaces [22]. These suggestions however do not consider
the chemical composition changes introduced to the
compared surfaces by the roughening procedures. It was
shown that the optimal roughness value varies according to
the chemical composition of the tested surfaces [13,23,24].
Some authors also demonstrated the ability of titanium
oxide layer to attract preferentially calcium and phosphate
ions from simulated body solutions—a characteristic
property of bioactive materials [12,25]. Although rough-
ening surface treatments always change both surface
chemistry and morphology of the titanium substrate, they
are usually regarded as tools for optimization of surface
roughness only. The mechanism of bone–titanium attach-
ment of the moderately roughened surfaces is considered to
be solely morphology based and dependent on the
mechanical interlocking [22,26]. Acceleration of the bone–
implant interface and the increase of the BIC in the early
phases of healing [27–29], was successfully achieved by
plasma spraying of a hydroxyapatite as a bioactive
material on the titanium substrate, however, hydroxyapa-
tite plasma sprayed coatings have been the subject of many
controversies [30,31] regarding their long-term stability and
thickness and low long-term success rates [32,33]. On the
other hand, some authors reported mid- and long-term
clinical results showing high success rates of hydroxyapa-
tite-coated implants [34–36].
As lately as in the late 1990s, specific surface modifica-

tions of machined titanium have been developed with the
intention to modify the reactivity of titanium chemically so
that it gains the best defined characteristics of well-proven
bioactive materials—the ability to induce apatite mineral
formation in vitro. Until now, to the knowledge of the
authors, only two surface modifications of titanium
supporting the precipitation of bone mineral apatite have
been developed and clinically introduced. In 1999, alkali
treatment [37] was used in combination with sand blasting
and acid etching on LASAK implants (Bio surface) [38–41]
and in 2000 fluoridated titanium surface (Osseospeed) was
introduced by ASTRATECH [42,43].
From the present scientific literature, it seems necessary to

evaluate both surface roughness and chemistry in order to be
able to draw reliable conclusions regarding the effect of the
surface treatment on the bone–implant interface formation.
A method of quantitative evaluation of the clinical benefit of
a surface treatment has not yet been established. Machined
surface with defined surface roughness is often used as a
reference when evaluating the effect of a surface treatment.
The aim of this study is to evaluate the physicochemical
properties and the stability time dependence during healing
of potentially bioactive titanium surface and to compare it
with the machined surface as a reference. The surface
properties of both surfaces were compared to those of other
commercially available implant surfaces.

2. Material and methods

Twelve pairs of screw shaped, self-tapping, (c.p.) titanium
dental implants, divided into test group B—implants with
alkali-treated surface (Bio surface) and control group M—
implants with turned, machined surface, were inserted
without pre-tapping in the tibiae of three Beagle dogs. The
animals were sacrificed after 2, 5 and 12 weeks and the BIC
was evaluated histomorphometrically.
Surface roughness of implants was determined using

scanning surface topography instrument a Talysurf CLI
1000 with confocal CLA gauge (Taylor Hobson, Leicester,
United Kingdom) that provides highly accurate non-
contact 3D measurement. Dynamic contact angle measure-
ment was performed using the Wilhelmy plate method,
using Tensiometer K15 (Kruss GmbH, Germany). The
wetting angle values in water were determined from the
dependence of the wetting force on the immersion depth.
The mean values of the wetting angle were calculated
from four repeated measurements (Table 2). The surface
area was calculated by the BET method from the results of
the krypton gas absorption study. The surface area is
expressed in relation to unit geometric surface area of the
implant (Table 2). The determination was performed
by absorption of krypton on a ASAP 2010M instrument
(Micromeritics, USA).
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A total of three beagle dogs (mean weight 16.2 kg) were
used in this study, which was approved by the ethics
committee for work with experimental animals at the
Teaching Hospital, Charles University, Hradec Králové,
Czech Republic. Under total anaesthesia, in a position on
its back, following the usual preparation of the operation
field and toweling, a surgical cut with a length of 7 cm was
made on the anteromedial surface of the tibia. A sharp cut
was made in the fascia and then in the periosteum, which
was widened to the side with a raspatory. Following
uncovering of the surface of the tibia, the positions for
drilling the holes for implanting the tested implants were
marked. The implant sites were prepared with 1.5mm,
2.0mm pilot and 3.0mm drills at low rpm with simulta-
neous cooling with a physiological solution. Then a
countersink drill was used. The three pairs of implants
with alkali etched surface and machined surface were
inserted in the tibia side by side. The implants were blinded
with screws and, following control of hemostasis, the
operation wounds were closed in layers and were finally
covered with a sterile bandage. Following completion of
the experiment, the dogs were sacrificed after 2, 5 and 12
weeks by an overdose of thiopental and the tibiae were
removed, a contact X-ray was made and then they were
fixed in 10% formaldehyde prior to histological evaluation.

The tibiae were dissected and blocks of 7mm thickness
containing one implant each were prepared. Non-decalci-
fied (ground) sections were processed according to the
method of Donath and Breuner. Thin sections with a
thickness of 30–50 mm were stained with toluidine blue and
examined using an optical microscope (Olympus BX-60,
Tokyo, Japan), equipped with an image system (Quick
PHOTO Industrial 2.0, Prague, Czech Republic.). Bone–
implant interfaces at the threaded part were histometrically
analyzed by evaluating the percentage of BIC. The length
of the bone tissue in direct contact with the implant (BC)
and the total interface length (IL) were measured. The
percentage of BIC is given by the ratio of the direct contact
length to the total interface length (BC/IL� 100 ¼ BIC%)
(see Fig. 1). The presented mean values were calculated
from three measurements available for both types of
implant surfaces (B,M).
Fig. 1. The histometric analyses. Calculation of the bone–implant contact

(BIC,%).
3. Results and discussion

Histological examination of the bone–implant interface
was performed for both types of tested implant surfaces 2,
5 and 12 weeks after implantation. Three pairs of implants
from each group were evaluated for each time interval. The
cervical part of the implants was mostly surrounded by
cortical bone, while the thread part is surrounded by
trabecular bone. An intimate BIC was frequently observed
at the cervical part of the implants with the Bio surface. In
contrast, the specimens with turned, machined surfaces
showed patchy implant–bone contacts and intermediate
soft tissue was indicated in some cases.
The time development of the BICs% at the thread part of

the implant was evaluated histometrically. The results of the
histometric analysis (mean BIC%(B)7SD and mean
BIC%(M)7SD) are presented in Fig. 2. Friedman ANOVA
revealed statistically significant differences in BIC%(B) (test
group) (p ¼ 0.029) as well as in BIC%(M) (control group)
(p ¼ 0.032) throughout the measured intervals during a 12-
week follow up. The BIC of the Bio surface increased
sharply during the first 2 weeks in contrast to the turned,
machined surface, which exhibited a gradual increase
starting at a later follow-up time (cf. Fig. 2). Using the
Mann–Whitney U-test, statistically significant differences
between the test and control groups were observed after
2(p ¼ 0.046), 5(p ¼ 0.049) and 12 (p ¼ 0.049) weeks.
The time dependence of the differences [BIC%IC%(M)]

in the first 5 weeks of follow-up was evaluated by the method
of linear regressions and the parameters of the straight line
(slope and intercept) were determined: BIC(B)�BIC(M) ¼
7.93859*t (weeks)+10.9210. The positive slope D [BIC%(B)
�BIC%(M)]/Dt ¼ 7.93859 BIC%/week)t ¼ 0.5 of the regres-
sion line with correlation coefficient R ¼ 0.7561 was found
to be statistically significant (p ¼ 0.013).
This study presents the results of measurement of

changes in the BIC during healing of implants with Bio
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Fig. 2. Mean values of the bone–implant contact (BIC%67SD) for the—

Bio implants (test group B) and implants with machined surfaces (control

group M) 2, 5 and 12 weeks after implantation. (� significant difference

(po0.05) at 95% confidence level).
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Table 1

Mean roughness parameters of Bio and turned, machined implant surfaces measured at 3 different sites of implant threads

Surface treatments Sites of measurement Sa (SD) (mm) Sq (mSD) (mm) Sdr (mSD) (%) Sds (mSD) (mm�2)
Gaussian filtre size 50� 50 mm

Bio surface Top 1.11(0.13) 1.50(0.19) 15.90(4.5) 0.019(0.002)

Valley 1.32(0.27) 1.72(0.36) 18.28(7.46) 0.022(0.003)

Flank 1.15(0.14) 1.55(0.20) 19.99(6.88) 0.031(0.003)

Turned, machined surface Top 0.57(0.14) 0.73(0.17) 8.35(3.06) 0.025(0.005)

Valley 0.28(0.03) 0.36(0.03) 2.5(0.04) 0.051(0.009)

Flank 0.50(0.11) 0.68(0.18) 8.29(4.10) 0.034(0.004)

Sa-arithmetic average height deviation; Sq— root mean square of height deviation; Sdr—developed surface ratio, Sds—the number of summits in a unit

sampling area.

Table 2

Contact angles and specific surface areas of Bio and turned, machined

surfaces

Surface

modification

Contact angle

G7SD(deg.)

Specific surface area G7SD

(mm2/mm2)

Turned,machined

surface

79.574.6 1.470.7

Bio-surface 27.276.9 138.0742.5
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surface and a turned, machined surface as a reference.
These findings demonstrated that the Bio surface more
rapid formation of the BIC in the early stages of healing. It
can be speculated that the differences in the rates of
osseointegration in the initial stages of healing for the
Bio and machined surface could be related to different
surface reactivities [44] following from the different surface
material properties, e.g. surface area or surface wettability
[45]. In general, the surface reactivity, which is a common
characteristic of bioactive materials, increases with increas-
ing surface area. Therefore, the three-dimensional macro-,
micro- and nano-structured Bio surface, which is more
than 100� larger (Table 1) compared to the machined
surface, may significantly enhance the surface reactivity
with the surrounding ions, amino acids, and proteins,
which determine the initial cellular events at the cell–
material interface. In addition, easily wettable hydrophilic
Bio surface (Table 1) allows the establishment of the
contact between the body environment (blood) and the
complicated rough and porous structure of the implant,
and thus contribute to cell and biomolecule migration and
adhesion [46]. Moderately, hydrophilic surfaces (20–401
water contact angle) were also shown to promote the
highest levels of cell attachment [47] (Table 2).

The Bio surface, which is rich in hydroxyl groups, in
contrast to the machined surface (cf. Fig. 1), rapidly induces
adsorption of calcium and phosphate ions on contact with
the ions of the blood plasma [48]. The calcium phosphate-
rich layer promotes adsorption and concentration of proteins
[49] and constitutes a suitable substrate for the first apatite
structures of the bone matrix, which are synthesized by the
osteogenic cells at the beginning of the formation of the new
bone tissue. This mechanism can accelerate the formation of
a stable bone–implant interface, formed by fusion of the
biological cement line matrix with the reactive calcium
phosphate layer on the surface.
4. Conclusion

It was demonstrated that sand-blasted, acid etched and
alkali etched titanium surface (Bio) enhances the formation
of BIC during the first 2–5 weeks of healing when compared
to the machined-turned titanium surface. This phenomenon
is likely to be related to the increased roughness and
chemical reactivity of the Bio surface. Further investigation
is necessary to differentiate the contribution of both surface
roughness and surface chemistry.
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Introduction

More than a quarter century ago two material groups

have been found to be able to form a mechanically

stable and functional interface with bone. One group

consisted of certain soda-lime-silica glasses, with or

without addition of phosphorus oxide, and the first

glass exhibiting the bone-bonding ability was discov-

ered by Hench [1–3] and registered under the name

'Bioglass'. The glasses exhibiting the bone bonding

ability were designated as bioactive, with the follow-

ing definition: ‘the bioactivity is the characteristics of

an implant material which allows it to form a bond

with living tissues’.

Another material found to exhibit the

bone-bonding ability was machined titanium. This

characteristic of titanium was first described by

Branemark and coworkers [4] and the phenomenon of

attachment to bone was named osseointegration with

the following definition: ‘osseointegration represents

the formation of a direct contact of a material with

bone without intermediate fibrous tissue layer, when

observed using light microscope’.

The major difference between the two material

groups was represented by the materials reactivity and

related kinetics of the bone-material interface formation.

Very reactive bioactive glasses formed a stable interface

with bone within days where as machined titanium re-

quired healing periods of several months to reach the

same bone-implant contact. Thanks to the high reactiv-

ity of bioactive glasses, the course of the glass-body en-

vironment interaction could be investigated more easily,

and the bone bonding ability was described and quanti-

fied in direct relation to the glass composition [5–7].

Soon other materials like hydroxyapatite, sol/gel pre-

pared glasses or glass-ceramics, which were found to

exhibit similar bone-bonding ability, were included into

the ‘bioactive’ group [8–10]. All these materials exhib-

ited the precipitation of apatite mineral on their surfaces

as a result of chemical interaction of the materials sur-

face with body environment [1]. For initial assessment

of potential bioactivity of a material, the apatite forma-

tion occurring in vivo was reproduced in vitro in simu-

lated body environment [11] and a good correlation of

in vivo and in vitro results was found for the above men-

tioned, highly bioactive materials [1, 9].

The investigation of the osseointegration ob-

served in the titanium group was more difficult be-

cause of the low reactivity of titanium in body envi-

ronment. Changes detected in the passive oxide layer

during the exposure to body environment were not

comparable in magnitude to those occurring in

bioactive materials. With the intention to increase the

implant surface available for bone in-growth and fixa-

tion and/or to increase the blood clot retention on the

materials surface, machined titanium is most often

modified by sand-blasting, plasma spraying or acid

etching. Roughened surfaces showed higher bone/im-

plant interface strength (removal torque values) and

higher BIC (=bone/implant contact) after the same

1388–6150/$20.00 Akadémiai Kiadó, Budapest, Hungary

© 2007 Akadémiai Kiadó, Budapest Springer, Dordrecht, The Netherlands

Journal of Thermal Analysis and Calorimetry, Vol. 88 (2007) 3, x–x

PHYSICO-CHEMICAL PROPERTIES AND HEALING CAPACITY OF
POTENTIALLY BIOACTIVE TITANIUM SURFACE

J. Strnad1*, Z. Strnad1 and J. �esták2

1LASAK – Laboratory for Glass and Ceramics, Papírenská 25, 16200 Praha 6, Czech Republic
2Institute of Physics, Academy of Sciences of the Czech Republic, Cukrovarnická 10, 162 53 Prague 6, Czech Republic

The aim of this study was to evaluate physico-chemical properties and the healing capacity of surface treated titanium. Surface

treatment combining sand-blasting, acid etching and alkaline etching (BIO surface) was evaluated together with machined titanium

as a reference surface. Hydration, wetting angle, surface area and roughness parameters were evaluated for both surfaces. Stability

of dental implants with both surfaces implanted in the tibia of dog was measured during the healing of twelve weeks. BIO surface

exhibited lower wetting angle, larger surface area, higher degree of hydration and higher average roughness compared to machined

titanium. Implants with the BIO surface maintained their stability during the whole healing period in contrast to those with ma-

chined titanium surface, which showed a statistically significant decrease in stability three and nine weeks after implantation.
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healing time compared to machined titanium [12–17].

Some authors suggested that surfaces with the mean

roughness parameter Sa in the interval of 1.0–1.5 �m

show stronger bone response than smoother or

rougher implant surfaces [18]. On the other hand it

was shown that the optimal roughness value varies

according to the chemical composition of the tested

surfaces [19, 20]. Acceleration of the bone-implant

interface and the increase of the bone-implant contact

in the early phases of healing [21–23] was success-

fully achieved by plasma spraying of a

hydroxyapatite as a bioactive material on the titanium

substrate, however, hydroxyapatite plasma sprayed

coatings have been the subject of many controversies

regarding their long-term stability and thickness as

well as low long-term success rates [24–27]. On the

other hand some authors reported mid and long term

clinical results showing high success rates of

hydroxyapatite coated implants [28–30].

As lately as in the late nineties specific surface

modifications of machined titanium have been devel-

oped with the intention to modify the reactivity of tita-

nium chemically so that it gains the best defined charac-

teristics of well proven bioactive materials - the ability

to induce apatite mineral formation in vitro. Until now,

to the knowledge of the authors, only two surface modi-

fications of titanium supporting the precipitation of

bone mineral apatite have been developed and clinically

introduced. In 1999, alkali treatment [31] was used in

combination with sand-blasting and acid etching on

LASAK implants (BIO surface) [32, 33] and in 2000

fluoridated titanium surface (Osseospeed) was intro-

duced by ASTRATECH [34, 35].

From the present scientific literature it seem nec-

essary to evaluate both surface roughness and chemis-

try in order to be able to draw reliable conclusions re-

garding the effect of the surface treatment on the

bone-implant interface formation. A method of quan-

titative evaluation of the clinical benefit of a surface

treatment has not yet been established. Machined sur-

face with defined surface roughness is often used as a

reference when evaluating the effect of a specific sur-

face treatment. The aim of this study is to evaluate the

physicochemical properties and the stability time de-

pendence during healing of potentially bioactive tita-

nium surface and to compare it with the machined

surface as a reference.

Experimental

Sample preparation

This study was designed as a comparative study of two

surfaces: turned machined titanium surface (Ti-M) and

potentially bioactive titanium surface (BIO). The BIO

surface is created by sand-blasting, acid etching and a fi-

nal treatment in an alkaline solution. Ti-M and BIO

surfaces were prepared on implants used for the stability

time dependence measurement.

Methods of surface characterization

Surface characterization was performed using a scan-

ning electron microscope (SEM, Hitachi, Japan) with an

accelerating voltage of 15–30 kV. Surface roughness

measurement was carried out using a Talysurf 6

profilometer (Taylor Hobson, Leicester, United King-

dom). The mean roughness (Ra) was measured and re-

corded at a traverse speed of 0.5 mm s–1 on a traverse

length of 2 mm with a diamond-tipped stylus. The spe-

cific surface area was calculated by the BET method

from the results of the krypton gas absorption study. The

surface area is expressed in relation to unit geometric

surface area of the implant. The determination was per-

formed by absorption of krypton on a ASAP 2010 M in-

strument (Micromeritics, USA). Diffuse.

Reflectance Infrared Fourier Transformed

(DRIFT) Spectroscopy was used to determine the de-

gree of surface hydration. The measurement was per-

formed on a Nicolet 740 instrument (Nicolet Madi-

son, USA) with resolution of 4 cm–1. The presence of

hydroxyl groups on the sample surface was quantified

using the absorption band height at 3400 cm–1 [36].

Dynamic contact angle measurement was performed

using the Wilhelmy plate method, using

Tensiometer K15 (Kruss GmbH , Germany). The wet-

ting angle values in water were determined from the

dependence of the wetting force on the immersion

depth. The mean values of the wetting angle were cal-

culated from four repeated measurements.

To evaluate the stability time dependence for im-

plants with TI-M and BIO surfaces the resonance fre-

quency analysis (RFA, Integration Diagnostics,

Gothenburg, Sweden) was performed using an animal

model and a commercially available F37 L5 trans-

ducer attached to the implant. The Implant stability

measurement was performed in the 1st, 3rd, 9th and 12th

week of healing time. A total of 6 implants per time

point and per treatment group were used for the mea-

surement. Implants were placed in a dog tibia with the

same average primary stability for both groups. The

experimental procedure was described earlier [37].

Results and discussion

BIO surface treatment alters the initial, low-rough-

ness surface of the machined titanium

(Ra=0.828�0.024 �m) to a rough surface

(Ra=2.264�0.311 �m) (Fig. 1, Table 1)) with micro-

and nano-porous gradient structure.

2 J. Therm. Anal. Cal., 88, 2007
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The surface area measurements showed that

combination of sand-blasting and acid and alkali

treatments used in the BIO surface preparation results

in a structured porous surface exhibiting an approx.

100-fold increase in surface area compared to the ma-

chined surface (Table 2).

Table 2 summarizes the results of the contact an-

gle measurements for the machined and BIO surface.

The machined surface exhibited hydrophobic charac-

teristics. On the other hand, the low contact angle of

the BIO surface (27.2°) indicates an easily wettable

hydrophilic surface.

The diagram in Fig. 2 shows that the number of

hydroxyl groups is greater on the BIO surface com-

pared to the machined surface. The level of

hydroxylation of the BIO surface was roughly an or-

der of magnitude greater (1.3·108) compared to the

other surfaces (Ti-Unite-2.4·107; SLA 3.0·107).

The time dependence of the stability for implants

with machined surfaces ISQt(M) (control group) ex-

hibits a statistically significant decrease after three

(p=0.0098) and nine (p=0.0082) weeks of healing and

this decrease in the stability ends in the 9th week

(Fig. 3). The stability increased again after the ninth

week and returned to almost the initial values in the

twelfth week. In contrast to this, the ISQt(B) values of

the BIO implants (test group) did not exhibit statisti-

cally significant changes (p>0.05) throughout the

measured intervals between 0 and 1, 3, 9 and

12 weeks of healing time (Fig. 3).

The time dependence (Fig. 3) indicates that the

BIO surface helps to maintain implant stability during

the early healing time compared to the machined sur-

face. A statistically significant difference between the

test and control groups was observed after 3

(p=0.0064) and 9 (p=0.00019) weeks.

The net contribution of the BIO surface to the

implant stability (with reference to machined sur-

faces) during the healing time (t=1; 3; 9 weeks) was

estimated as the difference between the BIO implant

stability ISQt(B) and the machined implant stability

ISQt(M). The time dependence of the stability differ-

ences exhibits a statistically significant positive slope

(0.84) of the linear regression line in the first nine

weeks of follow-up (Fig. 4).

The slope value (0.84 ISQ/week) represents the

difference in the rate of osseointegration between the
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Fig. 1 Scanning electron microscopic images of the machined

surface a – TI-M and the b – BIO surface

Table 1 Roughness parameters of BIO and machined surfaces

Ra�SD/�m Sm�SD/�m Rku�SD

BIO surface 2.264�0.311 86�12 3.7�1.7

Machined surface 0.828�0.024 44�3 4.2�1.3

Ra=arithmetic mean of the profile departures from the mean line; Sm=mean spacing of adjacent local peaks; Rku=profile sharpness

Table 2 Contact angles and specific surface areas of BIO and machined surfaces

Surface modification
Contact angle
mean�SD/°

Specific surface area
mean�SD/mm2 mm–2

machined surface 79.5�4.6 1.4�0.7

BIO-surface 27.2�6.9 138.0�42.5
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Fig. 2 DRIFT spectra of the BIO surface (machined surface as

a reference)



implants with BIO surface and those with machined sur-

face (�ISQ(B)/�t–�ISQ(M)/�t), where �ISQ corre-

sponds to the changes in ISQ values and �t represents

the corresponding interval of the healing time of im-

plants in the bone. Taking machined implants as a refer-

ence, the slope value can be regarded as a stability

growth rate gained by the BIO surface modification.

It can be speculated that the differences in the

rates of osseointegration in the initial stages of heal-

ing for the BIO and machined surface could be related

to different surface reactivities [20] following from

the different surface material properties, e.g. specific

surface area, surface wettability, surface contact an-

gle or surface hydroxylation/hydration [38]. In gen-

eral, the surface reactivity, which is a common char-

acteristic of bioactive materials, increases with in-

creasing specific surface area. Therefore, the three-di-

mensional macro-, micro- and nano-structured BIO

surface, which is more than 100× larger (Table 2)

compared to the machined surface, may significantly

enhance the surface reactivity with the surrounding

ions, amino acids, and proteins, which determine the

initial cellular events at the cell-material interface.

In addition, easily wettable hydrophilic BIO sur-

face (Table 2) allows the establishment of the contact

between the body environment (blood) and the com-

plicated rough and porous structure of the implant,

and thus contribute to cell and biomolecule migration

and adhesion [39]. Moderately hydrophilic surfaces

(20–40° water contact angle) were also showed to

promote the highest levels of cell attachment [40].

The BIO surface, which is rich in hydroxyl groups,

in contrast to the machined surface (Fig. 2), rapidly in-

duces adsorption of calcium and phosphate ions on con-

tact with the ions of the blood plasma [41]. The calcium

phosphate-rich layer promotes adsorption and concen-

tration of proteins [42] and constitutes a suitable sub-

strate for the first apatite structures of the bone matrix,

which are synthesized by the osteogenic cells at the be-

ginning of the formation of the new bone tissue. This

mechanism can accelerate the formation of a stable

bone-implant interface [43–45], formed by fusion of the

biological cement line matrix with the reactive calcium

phosphate layer on the surface.

Conclusions

Implants with the BIO surface maintained their stabil-

ity during the whole healing period in contrast to

those with machined titanium surface, which showed

a statistically significant decrease in stability three

and nine weeks after implantation. The BIO surface

exhibits more favorable values of the major surface

characteristics compared to the machined surface.
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Abstract: Some historical and recent attitudes aimed to bioactive inorganic materials are reviewed. 
The theory of bridging and non-bridging oxygen is reconsidered as well as the acid and alkali 
treatment of titanium surface necessary to achieve a good osteointegration. Some theoretical mod-
els to characterize mechanical properties are also reviewed.   

 
Bulk bio-glass-ceramics 

 
Merely quarter century ago it was considered inconceivable that a man-made material [1-3] 

could bond to living tissues because the selection of biomedical materials for use in the living body 
was dependent on those materials already available off the shelf and until a better understanding of 
body immune system many of them proved to be either pathogenic or even toxic. This understand-
ing was irreversibly altered when a special composition of soda-lime-phosphate-silica glass was 
synthesized by Hench [4] and successfully implanted in the femurs of rats. About 6% of P2O5 was 
added to simulate the Ca/P constituents of hydroxyapatite, Ca10(PO4)6(OH)2, that is the inorganic 
mineral phase naturally existing in bones. The glasses exhibiting the bone bonding ability were des-
ignated as bioactive, with the following definition: “the bioactivity is the characteristics of an im-

plant material which allows it to form a bond with living tissues”. The bioactivity [5-9] leads to 
both the osteoconduction and osteoproduction because of rapid reaction on the bioactive glass sur-
face. The surface reactions [9-12] involve ionic dissolution of critical concentrations of soluble Si, 
Ca, Na and P ions that give rise to both the intracellular and extracellular responses at the interfaces 
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 silanol groups (Si-OH). They likely 
serve as 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, ceram-
ics or cements.  

Empirical index of bioactivity, IB, was introduced by Hench [6, 13] as IB = 100/t0.5bb , where 
t0.5bb is the time for more than 50% of the implant interface to be bonded to bone. By reading the 
values of IB at various typical points of glass composition from the so far reported iso- IB plots in 
Na2O-CaO-SiO2 ternary system, the structural parameters, such as non-bridging X  [O´] and bridg-
ing Y [Oo] oxygens per polyhedron in the glass lattice can be derived on basis of the molar compo-
sition. When X<1,5 (Y>2,5), the glass looses its bioactivity and bioactivity index comes close to 
IB~0. The value of X>1,5 (and Y<2,5) indicates the actual range of bioactive glasses where IB>0. 
Essentially linear dependence with negative intercept has been found between the mean number of 
non-bridging oxygen ions and bioactivity index. The compositional dependence of relative propor-
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tion of non-bridging oxygen in the soda-lime-silica system was also calculated by applying methods 
currently used in the chemistry of organic polymers. It was assumed that the silicate ions are present 
as linear and branched chains see the equation below. The calculated relative proportion of [O´] in 
the Na2O-CaO-SiO2 glasses was compared with their ability to form the surface calcium phosphate 
layer in the simulated body liquid, which indicates its bioactivity [7]. The concept of non-bridging 
oxygens was already applied for various cases and treated under different theories [14, 15] which, 
we, earlier, evaluated when describing the oxygen states in the iron-rich borate glasses [16]. We 
used it as a simple and useful way for the description of bio-glass compositions and their structures 
[15]. These parameters can be readily calculated from the molar composition of glass assuming that 
Y = 2Z - 2R and X = 2R – Z where Z is the mean number of all types of oxygen per polyhedron, i.e., 
the mean coordination number of the glass-forming cations, and R is the ratio of the total number of 
oxygens to the total number of glass-forming cations in glass 

 

 
The relative proportions of non-bridging oxygen ions O

-
, bridging oxygen ions O

o
 and free oxygen 

ions O
2-
 in the binary (a) CaO-SiO2 and (b) Na2O-SiO2 systems [15]. 

 
A comparison of the relative proportion of non-bridging oxygen ions O

-
 in the Na2O-CaO-SiO2 ter-

nary system calculated in the reference [15] compared with the Iso- IB plots for the system enriched 

by 6 wt% P2O5 as reported by Hench [16]. 

  
 Surface treated inorganic substrates 

 

It follows that the specific biological response is elicited at the interface with bioactive ma-
terials with high surface reactivity resulting in the formation of a bond between the tissue and the 
material surface [17, 18]. Biomedical inorganic materials with well a adjusted bulk composition, 
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such as bioactive glasses, glass-ceramics, hydrated silica and titanium gel-oxides or ordinary hy-
droxyapatite, have the ability to provide a very rapid formation the stable interface with bone tissue 
through the creation of a calcium phosphate layer on their surfaces as a consequence of chemical 
interaction with body fluids. The mechanical strength of this interface usually exceeds the strength 
of the bone tissue to which bioactive material is bonded. However, because of their poor mechani-
cal properties (glass brittleness), which prevent the use under load-bearing conditions; such bioac-
tive materials (especially hydroxyapatite) are preferably applied to the surface of suitable supports 
(titanium) as to achieve better mechanical properties [19]. It means that the scientific interest moves 
from bulk materials to the surface layers, which can be formed by various methods on various sub-
strates.  

 

  

  

0 1 3 9 12

WEEKS

62

64

66

68

70

72

74

76

78

80

IS
Q

 BIO surface
 machined surface

 

Twelve pairs of screw were inserted without pre-tapping in the tibiae of three Beagle dogs. 
The resonance frequency analysis method was used to measure the implant stability quotient 
(ISQ). Time dependence of the mean stability for an implant with a special BIO surface 
(solid line, test group B) and analogous implants with mere machined surface TI-M (dashed 
line, test group M) at the instant of placement (0) and after 1, 3, 9 and 12 weeks of insertion. 

To enhance secondary stability and accelerate the formation of stable and functional bone-
implant interfaces, a number of implant surfaces have been developed. Surface morphology includ-
ing deposition, etching or mere roughening is the most frequently studied property as a factor af-
fecting secondary stability [17-22]. The surface chemistry is also thought to affect the secondary 
stability independently of the surface topography, although it is difficult to separate the effects of 
these two factors. There is ample experimental evidence that biomaterials with different chemical 
compositions trigger different biological responses.  

M B B M B M 

M B 
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Alternative material found to exhibit the bone–bonding ability became machined titanium, 
which shows to be most convenient dental material with suitable bone-implant contact 

and mechanical properties. This characteristic of titanium was first described by Branemark 
 and the phenomenon of attachment to bone was named osseointegration with the following defini-
tion: “osseointegration represents the formation of a direct contact of a material with bone without 

intermediate fibrous tissue layer, when observed using light microscope”. Surface modification of 
titanium by acid etching was introduced to support and speed-up the healing and bone formation 
processes around the implant. It creates a micro-rough texture that is able to retain the fibrin net-
work of the blood clot, through which cells migrate to the surface of the implant, where the new 
bone is formed. Apparently, surface quality determines tissue reactions to an oral implant and its 
assets can be classified [23, 24] regarding: (1) mechanical (2) topographic (roughness, porosity) and 
(3) chemical properties. The latter bio-chemical bonding is related to bioactivity, which existence 
has often been questioned because there is not a clear evidence of separated effects of surface 
roughness and interfacial chemical reactions, which needs a clear definition. It can be speculated 
that the differences in the rates of osseointegration in the initial stages of healing for different sur-
face can be related to different surface  reactivity [5, 6] following from the different surface proper-
ties, e.g. specific surface area, surface wettability, surface contact angle or surface  hydroxyla-
tion/hydration [23-25]. In general, the surface reactivity, as the most common characteristics of bio-
active materials, increases with increasing specific surface area.  

A specific procedure was developed to properly activate titanium surface by three-step sur-
face treatment of implants that included sand-blasting, acid and alkali etching [23-25], abbreviated 
as BIO. Such a three-dimensionally macro-, micro- and nano-structured BIO surface, which is more 
than 100x larger than the machined surface [23], significantly enhances the surface reactivity with 
the surrounding ions, amino acids, and proteins, which determine the initial cellular events at the 
cell-material interface. In addition, more easily wettable hydrophilic BIO surface [24] allows the 
contact formation between the body environment (blood) and the complicated rough and porous 
structure of the implant, and thus contributes to cell and bio-molecule migration and adhesion. 
Moderately hydrophilic surfaces (20-40o water contact angle) were also showed to promote the 
highest levels of cell attachment [23]. The BIO surface, which is rich in hydroxyl groups in contrast 
to the machined surface, rapidly induces adsorption of calcium and phosphate ions on contact with 
the ions of the blood plasma. The calcium phosphate-rich layer promotes adsorption and concentra-
tion of proteins and constitutes a suitable substrate for the first apatite structures of the bone matrix, 
which are synthesized by the osteogenic cells at the beginning of the formation of the new bone 
tissue. This mechanism can accelerate the formation of a stable bone-implant interface formed by 
fusion of the biological cement line matrix with the reactive calcium phosphate layer. 

 
Modeling of mechanical properties 

 

Hard and soft biological tissues are remarkable materials when regarding their ability to 
adapt the whole scale of external conditions by rapid changes of their physical properties. Concern-
ing the mechanical properties, they are able to undergo considerable deformations without damag-
ing their structure and return back to the initial state. Smooth muscle tissues, for example, are able 
to exert considerable internal forces changing mechanical properties of the tissue in several orders. 
It opens another important question, namely, how describe and model effectively important features 
of their design. The crucial role seems to play the cellular arrangement of tissues. Living cells are 
perfect controlling units with many remarkable properties. They are able to control precisely and 
reorganize quickly the local structural and mechanical properties of their cytoskeleton - a protein 
fiber network spanning any eukaryotic cell [26]. The cell construction resembles a perfect structure 
whose building blocks may change considerable and very quickly in dependence on external condi-
tions. Though many physical and structural properties of cytoskeleton are well known, we are still 
very far from a detail understanding the cells' enormous ability to control very effectively the over-
all properties of tissues. The main method of characterizing mechanical properties of living tissues 
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may be defined as follows. At the beginning, a macroscopic sample is in thermal equilibrium with-
out an external load. Its state is defined by the temperature and a set of work parameters, A(0), defin-
ing its configuration. Then the work parameters are changed with time by some external manipula-
tion (e.g. the extension of the sample) during which the sample's surrounding serves as a heat reser-
voir with the constant temperature. At the end of the process, the sample has the configuration A. 
The work performed on the sample during the process, W, depends essentially of the chemical com-
position and the structure of the material and on a concrete realization of the process. Only if the 
process is reversible, W equals to the Helmholtz free energy difference ∆F = F (A) – F(A

(0)
) be-

tween the initial and final state. Otherwise, we have only the inequality W ≥  ∆F. The dependence 
of the density of the free energy on the parameters A is thus an important characterization of the 
material because it measures a minimal value of performed work to reach a demand configuration 
of a unified material sample. The existence of a reversible path, however, is not trivial. Finite 
changes of configurations of many materials are unavoidably accompanied by irreversible processes, 
like motion of defects in polycrystallic materials. In living tissues, however, the existence of re-
versible paths may be assumed because they function effectively in living organs, which are able to 
change considerably their configurations in many operating cycles. An estimation of the free energy 
of a living tissue in dependence on microstructural parameters is thus an effective tool in characteri-
zation of their mechanical properties [27, 28].  

The study was supported by the projects: No A100100639 of the Grant Agency of Academy of Sci-

ences, No 1M06031 of the Grant Agency MSMT (Ministry of Education) and No FT-TA/087 of the Grant 
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Abstract


Correlations between the structural properties of Na2O–CaO–SiO2 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 P2O5 was added to simulate the Ca/P con-
stituents of hydroxyapatite, Ca10(PO4)6(OH)2, 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 1000×, fracture), b – Content of elements (P, Ca and SiO2) in the
surface layer, and c – Detail of the interface of the bone tissue with a BAS-O
implant 6 months after implantation (SEM 1200×)







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
CaO, P2O5, SiO2 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.


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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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







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 SiO2-rich layer take
place on the surface. An amorphous CaO–P2O5-rich film is produced on the top of the
SiO2-rich layer by incorporating soluble calcium and phosphate from solution. The
characteristic double layer composed of a SiO2-rich layer and a mixed crystalline
layer of hydroxy carbonate apatite and/or hydroxyl fluorapatite results from the crys-
tallization of the amorphous CaO–P2O5-rich film by incorporating OH–, CO3


2– , 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 Na2O–CaO–SiO2–P2O5


and CaO–MgO–SiO2–P2O5 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 (Oo) 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=2Z–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., Na2O�2SiO2 glass, and to
(2, 2) for, e.g., CaO�Na 2O�2SiO2 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 Na2O–CaO–SiO2–P2O5 and CaO–MgO–SiO2–P2O5


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 IB as a function of mean number of non-bridging oxygen ions X,
calculated using the data of compositional dependence of IB in the soda-lime-
-silica system containing 6 mass% P2O5 reported by Hench [2, 16, 47, 48]







IB, introduced by Hench [47] as IB=100/t0.5bb, where t0.5bb is the time for more than 50% of
the implant interface to be bonded to bone. The compositional dependence of IB in the
Na2O–CaO–SiO2 system containing 6 mass% P2O5 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 IB at various typical points of glass compo-
sition from the reported Iso IB plots in the Na2O–CaO–SiO2 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 IB were examined. Figure 3 shows the cor-
relation between the calculated structural parameter X and the value of IB for the
Na2O–CaO–SiO2 ternary system containing 6 mass% P2O5. When X<1.5 (Y>2.5), the
glass looses its bioactivity and bioactivity index, IB~0. The value of X>1.5 (and Y<2.5) in-
dicates the range of bioactive glasses, IB>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): Oo+O2–=2O– where
O2– refers to the free oxygen ions. The compositional dependence of relative propor-
tion of non-bridging oxygen ions [O–] 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 M2O–SiO2 or MO–SiO2 glass forming melts:


1) The silicate ions are presented exclusively as linear and branched chains of general
formula: Si Ox 3x+1


(2x+2)– . These species may arise by the poly-condensation reactions ex-


pressed generally according to the following equation:


Si O Si O Si Ox 3x+1


(2x+2)–


y 3y+1


(2y+2)–


x+y 3(x+y)+1


(2x+� � 2y+2)– 2–O� (1)


2) The equilibrium constant kxy of Eq. (1) can be approximated using that for the low-
est k-members k11, i.e., x=1 and y=1.
3) The Eq. (1) may be written in a more general form:


2O–= Oo+ O2– (2)


where O–, Oo and O2– are the non-bridging oxygen, bridging oxygen and free oxygen
ions, respectively.
4) According to the Temkin’s equation [50], the activity of M2O or MO oxides in the
M2O–SiO2 or MO–SiO2 binary melt aMO is equated to the ion fraction of free oxide
ion N


O2 – .
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a NMO O2 –� (3)


5) For linear and branched chains, the aMO has the following relation with respect to
the mole fraction of SiO2, i.e., for X SiO2


it follows
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6) Knowing the value of k11 for the binary system M2O–SiO2 or MO–SiO2, the ion
fraction Nx of any silicate ion Si Ox 3x+1


(2x+2)– is given by the following equation:
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7) The ion fraction of non-bridging oxide N
O– in Eq. (2) is approximated by the sum-


mation of Nx using x up to 50.


N N
O x


x=1


– ��
50


(6)


8) The ion fraction of bridging oxide N
Oo is then obtained by


N N N
O O Oo 2 – –�1– – (7)


Taking the literature values for k11=1.6�10–3 and =8�10–8 for CaO–SiO2 and
Na2O–SiO2 binary melts [51], respectively, the X SiO2


dependence of aMO can be calcu-
lated according to Eq. (4). Figure 4 shows the compositional dependence of aMO for
CaO–SiO2 and Na2O–SiO2 systems. The ion fraction Nx is obtained according to Eq. (5).
The calculated ion fractions Nx for CaO–SiO2 and Na2O–SiO2 binary melts are repre-
sented in Fig. 5 as a function of mass fraction of SiO2. Using the compositional
dependences of the activity of oxides, i.e., N


O2 – , shown in Fig. 4 and the relative propor-
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Fig. 4 The dependence of activity of sodium and calcium oxides, aMO, on the mass
fraction of SiO2 in the binary CaO-SiO2 and Na2O-SiO2 systems







tions of O– obtained by summing up Nx from x=1 to 50, the relative fraction of bridging
oxygen ions N


Oo at a mass fraction of SiO2 was calculated according to Eq. (7). Figure 6
shows the compositional dependences of the relative fractions of Oo, O– and O2– in the bi-
nary CaO–SiO2 and Na2O–SiO2 systems. According to the conventional pseudo-binary
assumption [52], the compositional dependence of the relative proportion of O– in
Na2O–CaO–SiO2 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 Na2O–CaO–SiO2 ternary melts is shown in Fig. 7. These findings
were compared with the compositional dependence of IB for the system containing
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Fig. 5 The dependence of ion fraction Nx of silicate ions Si Ox 3x+1


(2x+2)– on the mass of SiO2


in the binary a – CaO–SiO2 and b – Na2O–SiO2 systems


Fig. 6 The relative proportions of non-bridging oxygen ions O–, bridging oxygen ions Oo


and free oxygen ions O2– in the binary a – CaO–SiO2 and b – Na2O–SiO2 systems,
calculated vs. the mass fraction of SiO2 using the relations in Eqs (3), (6) and (7)







6 mass% P2O5 [2, 16, 47, 48]. The region of the remarkable high bioactivity IB>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 SiO2-rich composition where an appreciable
concentration of bridging oxygen ions exist, Fig. 7.


The ability to form the bone-like apatite layer after soaking P2O5-free
Na2O–CaO–SiO2 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 P2O5-free Na2O–CaO–SiO2 glasses corresponds closely to the region of IB>0 for
the Na2O–CaO–SiO2 glasses containing 6 mass% P2O5. It was also pointed out that the
rates of apatite formation of P2O5-containing Bioglass 45S5-type and a corresponding
P2O5-free Na2O–CaO–SiO2 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 P2O5-free Na2O–CaO–SiO2 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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Fig. 7 A comparison of the relative proportion of non-bridging oxygen ions O- in the
Na2O–CaO–SiO2 ternary system calculated in the present study with the Iso IB


plots for the system with 6 mass% P2O5 reported by Hench [2, 16, 47, 48]







Conclusions


A close correlation between the structural properties of the Na2O–CaO–SiO2 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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