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Abstract

Bioactive glass ceramics are materials which develop a strong bond with living tissues through a carbonate-containing hydroxyapatatite layer,
similar to that of bone. Recently, the use of thermally treated bioactive glass in dental restorations has been proposed, as it could provide a
bioactive surface, which in combination with a tissue regenerative technique could lead to periodontal tissues attachment. The purpose of this
study was the investigation of the qualitative and quantitative alterations of thermally treated bioactive glasses after incubation in simulated
body fluid (SBF) for different time intervals, through the use of Image Analysis methods. There is a remarkable decrease in the dimensions of
bioactive glass particles—their shape being more elongated—with the immersion time in SBF and the depth from the surface. The influence
on particles morphology in deeper layers is recognizable and the species in the coating, present bioactivity on the surface and in the volume.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

Despite the well-documented bond formation between
bioactive glasses and living tissues,1–6 and their extended
clinical use in orthopedics,7 otolaryngology,8 oral surgery9

and periodontology10,11, the potential of their attachment to
soft periodontal tissues has received little investigation.

Tuominen et al.12 observed the formation of hemidesmo-
somes of oral epithelial and connective tissues in contact to
bioactive glass, while Kontonasaki et al.13 reported that even
with a considerable retardation, bioactive glass can still elicit
bioactive behavior when coated on dental porcelain used in
metal–ceramic restorations.

The formation of a well-bonded to the underlying bioac-
tive glass–porcelain substratum hydroxycarbonate apatite
layer, after immersion for various times in simulated body
fluid (SBF)14 evidenced the expression of bioactivity. The
apatite layer was gradually formed in SBF by a continuous
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dissolution–reprecipitation process, leading initially in the
formation of small calcium-phosphate crystals, which sub-
sequently nucleated to apatite. The time for this nucleation
varies depending on substratum crystallinity. Heat-treated
Bioglass® has a varied degree of crystallinity and it was
found that the nucleation on the smaller crystals—low de-
gree of crystallinity and high surface energy—requires a
smaller driving force or lower supersaturation than that for
the induction of nucleation on a low-energy surface such as
a well-crystallized surface.15

The knowledge of the condition in which bioactive glass
particles are, as long as they are in contact to solutions that
promote apatite formation, is crucial, as the bond between
bone and bioactive materials largely depends on the rate of
apatite formation on their surface,16 which is in turn, related
to the dissolution rate of bioactive glass in vitro.17

The way in which bioactive glass particles are gradually
transformed through dissolution to apatite and the effect of
their distance from surface has been investigated in some in
vivo studies.18–20 In these studies bioactive glass was not
thermally treated which means that was mainly amorphous
with little or no crystallinity.21
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The aim of the present work was the quantitative study of
the changes in the morphology (surface and volume changes)
of bioactive glass particles of thermally treated bioactive
glass coating applied on dental porcelain substrate, after its
immersion in SBF for varying time periods.

2. Materials and methods

2.1. Specimen preparation

The materials used for the specimen preparation were
dental porcelain IPS Classic (Margin, Ivoclar, Schaan,
Liechtenstein) and bioactive glass (Bioglass 45S5), under
the commercial name PerioGlas®. Ceramic disks with a
diameter of 6 mm and a height of 1 mm were prepared as
it is described analytically elsewhere13 and exposed to the
recommended thermal cycle, according to manufacturer’
instructions (finalT = 950◦C, heating ratet = 80◦C/min,
vacuum). They were then coated with a specific pre-weighed
amount of bioactive glass powder and exposed to a second
thermal cycle (T = 940◦C, t = 80◦C/min, vacuum), since
it was found that applying the particles to an already fired
coating and using a second heat treatment particles adhesion
could be promoted.

2.2. SEM-EDS and optical microscopy

Surface and in depth examinations were performed us-
ing the techniques of scanning electron microscopy (SEM)
[(JEOL JSM 840-A) with associated energy dispersive spec-
troscopy (EDS) (EDS—Energy Dispersive Spectroscopy—
Oxford ISIS-300)] and Optical Microscopy (Light Micro-
scope Axiolab, Zeiss, Germany) with an attached CCD
(SSC-DC58AP Color Video Camera, Sony Corporation,
Japan) in order morphological and compositional variations
of the developed apatite layer during different experimental
conditions related to time to be determined. For the depth
examination (cross-sectional study), the samples were em-
bedded in an epoxy resin and were cut, vertical to the
samples’ surface.

2.3. Quantitative image analysis

The digital images were processed via image analysis soft-
ware (Image Pro Plus 4.1, Media Cybernetics). For the statis-
tical analysis One-Way Analysis of Variance (ANOVA) was
used while homogeneity of groups was tested with Tukey’s
tests.

3. Results

The SEM image of an area of a characteristic heat treated
sample with porcelain substrate coated with Bioglass and
immersed in SBF for 30 days, is shown inFig. 1. Bioglass

particles and the surface layers of hydroxyapatite on their
surface can easily be identified. InFig. 1b and 1cthe re-
spective EDS spectra from the center of the particles and
the surface layer are presented.

The images taken by Optical Microscope, are shown in
Fig. 2. Also, the images after their processing for morpho-
logical image analysis are included.

The image analysis software allowed:

• The improvement of the images appearance, after images
were transferred from the microscope to the computer
workstation, while rendering them appropriate for calcu-
lations.

• The immediate comparison between two different areas
of the specimens in order to reveal the different sum of
particles.

• Fast and correct calculations, as the separation of particles
from the rest of the specimen (background) was insured
via image analysis.

• The immediate and automatic count of particles and the
classification, by their size, in pre-chosen classes.

The measurements were performed throughout all layers
of bioglass and the following parameters were calculated:

a. The major diameter of particles (Fig. 3a).
b. The minor diameter of particles (Fig. 3b).
c. The ratio of major to minor diameter of particles.
d. Mean diameter: the average length of the straight lines

that connect two different points of particles outline and
go through the weight center and that were measured per
2◦ (Fig. 3c).

The efficacy of the approach—use of longest and shortest
lengths of various intersection shapes—has been tested in
computer simulations of randomly oriented sections through
the centers of ellipsoids and through randomly oriented el-
lipsoids distributed evenly in a sample volume above and
below the section plane.22–25

In the surface of every specimen an area of 600�m ×
350�m in the middle of the thickness of bioactive ceramic
coating was studied. The percentage of the surface which
the particles occupied was calculated at this area via image
analysis (Table 1).

At the central part of every specimen an area of 440�m
thick and 480�m deep from the surface of bioglass was cho-
sen. The specific depth was chosen after several measure-
ments so that this area did not exceed the bottom of bioglass
coating. This area was divided to three parts, each 160�m
deep and was calculated the percentage of the surface cov-
ered by bioactive particles (Fig. 4). The results are shown in
Table 2. In Tables 3–5, the results of statistical analysis are
presented.

Results from the above analysis reveal a statistically sig-
nificant reduction of the amount of bioglass particles in rela-
tion to both immersion time and distance from the exposed
in SBF surface, but for the combined effect of these pa-
rameters the reduction was not statistically significant. This
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Fig. 1. (a) Heat treated sample coated with bioglass and immersed in SBF for 30 days. (b) EDS spectra from the center of the particles. (c) EDS spectra
from the surface layer.

Table 1
Morphological characteristics of particles throughout all layers of Bioglass

Major diameter
(�m)

Minor diameter
(�m)

Ratio of major to
minor diameter

Mean diameter
(�m)

Percentage occupied
by the particles (%)

CB after 12 h 31.49 20.29 1.60 23.82 55
CB after 24 h 25.13 16.07 1.63 19.09 32
CB after 3 days 20.19 11.94 1.80 14.89 21
CB after 7 days 20.06 11.77 1.75 14.75 29
CB after 11 days 16.91 10.24 1.72 12.70 22
CB after 30 days 15.06 8.29 1.8 10.97 16

reduction remains significant from the first few hours to even
30 days immersion time.

4. Discussion

A significant transformation of the bioactive ceramic par-
ticles was evidenced not only on the exposed to SBF surface

but even in deeper layers. The dimensions of the particles
were reduced as the duration of the incubation in SBF in-
creased and at the same time their shape became more elon-
gated.

The dependence of mean bioactive glass particles surface
on immersion time is presented inFig. 5where results from
the quantitative image analysis are given. From this depen-
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Fig. 2. Digital images before and after image analysis. (a) Images as taken by microscope. (b) Images after processing via image analysis software.

(a) (b) (c)

Fig. 3. Major diameter of particles (a), minor diameter (b), mean diameter (c).
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Fig. 4. Three layers (upper, mid and lower) of bioglass.

Table 2
Characteristics of bioactive glass particles in each layer

Area Specimen n Mean (�m)2

Upper layer (0–160�m) 12 h 56 568.64
24 h 27 350.07
3 days 90 256.31
7 days 45 156.36

11 days 99 147.96
30 days 74 196.92

Mid layer (161–320�m) 12 h 71 534.08
24 h 59 385.29
3 days 86 218
7 days 95 268.38

11 days 86 183.67
30 days 95 90.86

Lower layer (321–480�m) 12 h 59 700.07
24 h 64 546.75
3 days 50 285.28
7 days 79 233.67

11 days 74 190.05
30 days 93 100.73

Table 3
Results of ANOVA with which, the effect of immersion time in SBF on
bioglass surface in association to the distance of bioglass particles from
the exposed to the solution surface, was investigated

Source ANOVA Bioactive glass particles’ surface (�m2)

Sum of
squares

d.f. Mean square F P

Corrected
model

36270728 17 2133572 14.672 0.001

Intercept 1.06E+08 1 1.06E+08 728.278 0.001
Specimen 31354519 5 6270904 43.124 0.001
Area 1061658 2 530828.9 3.65 0.026
Specimen

×area
2578716 10 257871.6 1.773 0.061

Error 1.87E+08 1302 145416.6
Total 3.24E+08 1301

Table 4
Tukey’s tests for bioactive glass surface homogeneity of different groups
of specimens

Groups

1 2 3 4

30 days +
11 days + ++
7 days ++
3 days ++
24 h +++
12 h ++++

Table 5
Tukey’s tests for bioactive glass surface homogeneity of different areas
within the same specimens

Groups

Upper layer (0–160�m) +
Mid layer (161–320�m) +
Lower layer (321–480�m) +

dence, it is obvious that there is a decrease in the mean par-
ticle surface that follows a characteristic exponential profile
in each layer.

In the three layers from the surface—upper, mid and
lower—, the experimental results are well-fitted by the ex-
ponential model according to the relation

S = A e−at + S0

whereS being the mean particle surface area;t, immersion
time andα the exponential factor. The value of this factorα

is representative of how quickly the phenomenon proceeds
in each layer. Its value is decreased from the surface to the
lower layer (αsurface = 1.46 day−1, αmid = 1.00 day−1,
αlower = 0.57 day−1) suggesting a retardation of the SBF
influence with the depth.

Following the introduction of a bioactive ceramic to
SBF, a partial dissolution of the surface is taking place
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resulting in the release of Ca2+, HPO4
2− and PO4

3−, in-
creasing the supersaturation of SBF in respect to apatite.
A hydroxy-carbonate apatite layer (HCAp) can then be
formed by the calcium and phosphate ions uptake from
solution and by the incorporation of other electrolytes.24

The bioactive behavior of these glasses depends on the
cation diffusion for the development of a HCA layer, and
such diffusion is related to the chemical structure of the
glass (cation environment).25 In more details, the mecha-
nism responsible for HCA formation is the cation exchange
between the bioactive glass surface and the aqueous envi-
ronment (i.e., Ca2+, Na+ with H+/H3O+), which involves
a pH excursion from de-alkalization. Loss of soluble silica
of silicic acid will then occur due to the breaking up of the
silicate network (Si–O–Si) that also contributes to a change
in pH. This is the reason for the reduction of bioglass parti-
cles dimensions after immersion in the solution, as the role
of sodium in 45S5 Bioglass® is that of network modifier
and it takes no part in the nucleation and growth of a HCAp
layer and although calcium release is also reduced, it is
retained as part of the amorphous calcium phosphate layer.
Further dissolution results in the mass transport of calcium
from the center of the particulate glass through the silica
rich layer into the aqueous media, causing a reduction in
the rate of dissolution. This effect is more pronounced for
larger particle sizes.20

Results of this study revealed a significant interaction of
the inner bioglass particles with SBF although they were
not in contact with the solution. This was caused by so-
lution penetration in the interior parts of bioglass coating
through surface cracks which are consistently observed in
the coatings when the inter-particle spacing is smaller than
the particle diameter. For coatings with Bioglass® particles,
sodium calcium silicate (Na2Ca2Si3O9) is crystallized on
the surfaces of the coatings, as was evidenced by FTIR.26,27

Following the specific thermal cycle for bioactive glass
coatings preparation,13 the degree of crystallinity was esti-
mated higher than 60%, as reported by Filho et al.21 Crys-
tallization and stress generation due to thermal expansion
coefficient mismatch28,29 limit the maximum concentration
and size of the embedded particles.26

EDS analysis confirmed that in regions where the par-
ticles of bioactive glasses were dissolved (outer parts of
each particle), the Ca/P ratio ranged from 1.6 to 1.8, a
value corresponding to non-stoichiometric biological ap-
atite (calcium-deficient apatite).30 The rate-controlling pro-
cess of this Ca–P layer can change depending upon parti-
cle size, solution concentration and surface properties of the
crystallites.31

Particle size is a factor influencing the reaction rate and
particles of different size present different behavior under
the same conditions, as it is considered that different particle
sizes might bring in the factor of surface morphology, which
has great influence on the reaction rate.31 Large bioglass
particles cause a greater and more rapid increase in pH from
Si and Na exchange with H+ from the solution resulting

in higher Ca and P uptake and a faster HCAp formation.32

The Ca adsorption and consequently HCAp formation rate
is slower for the smaller particles. This may be attributed
to physical differences such as the radius of curvature and
surface roughness.32

The specific surface area is not the only factor that may
affect the reaction behavior of various HA powders-the de-
gree of crystallinity can probably play an important role in
the reaction rate.31 As has been reported, the earliest the
precipitation of Ca and P in SBF the shorter the time neces-
sary to block further ion exchange, dissolution and silica gel
layer formation on bioglass, and thus the slower the surface
reaction stages leading to HCAp formation.33 In the present
study bioglass coatings were substantially crystallized com-
pared to non-thermally treated bioglass27,34 and in this way
silica network dissolution required more time to take place
and as a result solution had more time to diffuse in the in-
ner parts of the coatings, before hydroxycarbonate apatite
sealed the reacting bioglass particles.

A dense HCAp layer covering the surface of bioactive
glass coating was formed after 3 days in SBF34 slowing
down further ion exchange between bioactive glass particles
and solution, thus inhibiting the complete transformation
of the inner particles to HCAp. From that point forward
any possible increase of the HCAp layer thickness occurs
through nucleation and growth of the already formed apatite
crystals.34

5. Conclusions

The bioactive glass particle dimensions decreased during
the immersion in SBF and at the same time their shape be-
came more elongated. A significant transformation of the
bioactive ceramic particles was obvious not only on the ex-
posed to SBF surface but even in deeper layers. Bioglass
coatings crystallization upon heat treatment, through a dual
mechanism of: (a) surface cracks formation and (b) retarda-
tion of silica network dissolution of the outer bioglass parti-
cles resulting in increased time for solution–particles inter-
actions, may be responsible for these observations.
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