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Abstract This study looks for grounds to alter the chemi-
cal composition (phosphate, calcium, silica and carbonate),
dissolution properties, structure and nanotopography of the
biomimetically processed surfaces on bioactive ceramics to
optimize their shown ability to influence bone cell behaviour
and production of new bone. In the bone environment de-
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sirable characteristic of these materials is their ability to be
remodeled by natural osteoclastic resorption. Different silica
and carbonate containing calcium phosphate layers were pre-
pared on bioactive glasses 9 (S53P4) and 1-98 (S53P2) and
sol-gel processed pure silica SiO; in C- and R-SBF (conven-
tional and revised simulated body fluid) for varying periods
of time. It was shown that in R-SBF the CaP layer formed
faster compared to C-SBF. The CaP layer in the R-SBF con-
tained more carbonate (CO327) compared to that formed with
the same immersion time in C-SBF. The CaP so formed in
R-SBF with faster precipitation is more amorphous than the
bonelike HCA formed in C-SBF. The results indicate that the
most suitable surface for both osteoblasts and osteoclasts was
found to be an amorphous CaP having mesoporous nanoto-
pography and proper dissolution rate of calcium and silica.

Introduction

When melted bioactive glasses [1-7] and sol-gel derived
bioactive ceramics [8—11] are implanted in vivo, a hydrox-
yapatite (HCA) layer, similar to that of the mineral of bone,
is formed on the surface of the material. It is believed that
the prerequisite for glasses and ceramics to bond to living
bone is the formation of a layer of carbonate containing hy-
droxyapatite on the materials surface [12—13]. Furthermore,
the influences of different surface characteristics of bioactive
glasses and CaP ceramics on adhesion and proliferation prop-
erties of osteoblasts have been widely studied. A known fact
is that the surface roughness (on micro-meter scale) and sur-
face reactivity of the bioactive ceramics has an effect on cell
attachment, proliferation, differentiation and mineralization
of bone cells [14—15]. In addition, some studies show that
there are specific nanodimensions between 1-100 nm that
have a direct influence either on the adsorption of proteins
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(e.g., vitronectin) [ 16] that are important with respect to adhe-
sion and growth of osteoblasts and endothelial cells or on the
gene activation of fibroblasts [16—19]. In our previous studies
we found also that the sol-gel derived TiO,-coatings contain
a lot of “surface pores” at dimensions of 15-50 nm. These
dimensions promote the formation of bone mineral-like cal-
cium phosphate as well as attachment to hard and soft tissues,
although a thick CaP layer is not formed [20-23]. In recent
studies also the importance of the dissolving ionic products of
the Bioglass 45S5 on the osteoblast proliferation and differ-
entiation has been shown [24-26]. It was suggested that rela-
tively high steady state silicon concentration (10-20 ppm) in
cell culture (or in tissue) induces osteoblast proliferation and
differentiation [26]. Although the significance of Ca in the
bone mineralisation process is well-known, the ability of ex-
tracellular Ca to regulate cell specific responses has recently
only been demonstrated [27]. In addition, it has been shown
that lower inorganic phosphate content in bioactive glasses
favors osteoblast differentiation [28]. Furthermore, also the
surface pH seems to have an influence on cellular activity
[29-30].

The current trend in biomaterial research is to design ma-
terials that will help the body’s own healing and regenerative
processes. In bone repair, recent studies have focused on
materials that could be remodeled by osteoclastic resorption
and subsequently would be replaced by newly formed bone
through osteoblastic activity [31]. Redey et al. suggested that
osteoclastic resorption may be limited to the solubility of the
biomaterial [32]. Best resorption activity was obtained us-
ing calcium carbonate as a substrate. In addition to the sol-
ubility, surface energy plays an essential role in osteoclast
adhesion, whereas osteoclast spreading may depend on the
surface chemistry, especially on protein adsorption or formed
CaP layer. It has also been shown that carbonated apatite is
superior to other apatites or calcium phosphates as a biore-
sorbable bone substitute, which leads to normal osteoclastic
resorption [33-34]. Furthermore, Langstaff et al. found that
silicon-stabilized microporous calcium phosphate ceramics
are insoluble in biological fluid but are resorbed when acted
upon by osteoclasts [35-36]. Also the effect of particle size
on macrophage differentiation, osteoclast differentiation and
bone resorption has been studied [37-38]. It was found that
osteoclast formation is not significantly influenced by parti-
cle size (0.1, 1, 10 and 100 um) and it was suggested that
particles derived from uncemented HA are likely to induce
less osteoclast formation than cemented HA. However, the
reason for this behaviour was not discussed.

To study the bioactivity of biomaterials or to produce
biomimetic CaP coating in vitro, a simulated body fluid (con-
ventional SBF (C-SBF)) was developed for more than ten
years ago [39-40]. The fluid contains all essential inorganic
constituents found in human plasma. The only difference is
the lower concentration of HCO3; ™ and higher concentration
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of Cl~ compared to those of human plasma. Oyane et al.
[41] has introduced a series of renewed SBFs and among
them was the R-SBF (revised simulated body fluid) [42]. In
the R-SBF, the concentrations of HCO3;~ and C1~ have been
changed to equal levels to that in human plasma. Thus, the
biomimetic CaP coatings produced in various SBFs provide
the possibility to create CaP layers with different chemi-
cal composition and dissolution properties. Therefore, the
biomimetically produced CaP layers have been used to study
the influence of the surface properties on bone cell response.
Although, the osteoblast responses have been widely studied
[14, 29, 43] in respect of CaP layer properties such studies
on osteoclastic response are still lacking.

The objective of this study was to prepare and characterize
different silica and carbonate containing calcium phosphate
surfaces. The CaP precipitates were formed on bioactive
glasses (glass 9 and 1-98) and on mesoporous sol-gel derived
silica during immersion in C-SBF and R-SBF for varying pe-
riods of time. The structure and chemical composition of the
biomimetically processed CaP layers was studied by a scan-
ning electron microscope equipped with energy dispersive
X-ray (SEM-EDX), fourier transform infrared spectroscopy
(FTIR), X-ray photoelectron spectroscopy (XPS), atomic
force microscopy (AFM) and a thin-film X-ray diffractome-
ter (TF-XRD). The dissolution properties of the ionic species
from the produced CaP layers were studied using a tris buffer
solution. The osteoblast and osteoclast activities were deter-
mined using the specific alkaline phosphatase (ALP) [44] and
tartrate-resistant acid phosphatase (TRACP 5b) [45] assays,
respectively.

Materials and methods

Preparation of specimens (Glass 9 and 1-98, sol-gel-derived
SiO, monoliths)

For the manufacturing of the bioactive glasses (glass 9
(S53P4) and 1-98 (S53P2)), a standard method was used
[46]. Table 1 gives the composition of the glasses. The final
cast of the bioactive glasses was made to a form of a quad-
rangular bar (11 x 11 mm). From the bar, discs (2 mm thick)
were sawn using a diamond precision saw (Buehler Isomet
5000, Lake Bluff, IL,, USA). The surfaces of the discs were
polished using fine paper and water.

Table 1 Compositions of the studied glasses in oxide weight-% of
the glass

Si02 CaO NazO P2 05 Kzo MgO B203

Glass 9 53 20 23 4
Glass 1-98 53 22 6 2 11 5 1
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Table 2 Composition [mM] of the C-SBF, R-SBF and human plasma

Ton C-SBF R-SBF Plasma
Na* 142.0 142.0 142.0
K+ 5.0 5.0 5.0
Mg+ 1.5 1.5 1.5
Ca’*t 2.5 2.5 2.5

Cl~ 147.8 103.0 103.0
HCO;~ 4.2 27.0 27.0
HPO,*~ 1.0 1.0 1.0
SO4%~ 0.5 0.5 0.5

A pure silica gel was prepared from tetraethylortosil-
icate (TEOS), deionized water, polyethyleneglycol (PEG;
MW~10,000) and nitric acid as a catalyst. PEG (0.70 g) was
dissolved in deionized water (8.00 g). A constant molar ratio
of the silica sol was TEOS:H,O:HNO3; = 1:15:2.9. The sil-
ica sol was pipetted into round plastic moulds (1 ml/mould)
that were tightly closed and kept at 40°C and 40% relative
humidity for gelation, aging and drying. After gelation (18 h)
the holes were made to the caps of moulds. The gel specimens
were dried for 9 days and then heat-treated at 500°C (10°C/h
from 25°C to 500°C — 2 h at 500°C — slow cooling to room
temperature) to porous monoliths. Porous silica monoliths
were round with a diameter of approximately 12 mm and a
thickness of 2 mm weighing about 120 mg.

Biomimetic preparation of CaP layers

The polished glass specimens and the SiO, specimens were
immersed in two different SBFs, a conventional C-SBF and
a revised R-SBF. The composition of the SBFs is given in
Table 2. The glass specimens were immersed in 6 mL and
the SiO, specimens in 50 mL of SBF in closed polyethylene
test tubes. The ratio of surface area (SA) to SBF solution
volume (V) was for glasses 0.4 cm ™! and for SiO, specimens
0.06 cm~!. All the test tubes were placed in a shaking water
bath at 37°C (Comfort Heto Master Shake, SBD 50 BIO).
The glass specimens were immersed in either of the SBFs
for 6, 12, 24, 48, 96, and 168 h. The respective time periods
for sol-gel derived SiO, specimens were 12, 48, 96, 168,
240, and 336 h. After immersion, the glass specimens were
rinsed and kept in ethanol before the analyses. The SiO,
specimens were washed in deionized water, dried at 40°C
and 40% relative humidity (1-3 days) and in a desiccator (4—
7 days) to a constant weight and sterilized for 2 h at 170°C.
The sterilized SiO, specimens were stored in the desiccator
before the analyses.

SBF tests and ion concentration analysis

The silica dissolution and the calcium phosphate formation
ability of the specimens were studied using two different

SBFs that were prepared as described above. Three pieces
of each specimen were used to investigate the reactions of
glasses 9 and 1-98 and pure SiO; in the SBFs. Each glass
specimen was immersed in 6 ml and SiO, specimen was
immersed in 50 ml of C-SBF or R-SBF in a polyethylene
test tube covered with a tight lid. Three samples of both
SBFs enclosed in test tubes without a specimen were used as
controls to examine solutions stability. The glass specimens
were immersed in the SBF solutions for 7 days and SiO,
specimens for 14 days. The test tubes were placed in a shaking
water bath at a constant temperature of 37°C.

The silica dissolution of the specimens was determined
by measuring the silicon released into the SBF. Sample
solutions were monitored for silicon, phosphorus and cal-
cium concentrations as a function of immersion time. Silicon
and phosphorus concentrations were measured separately by
two different Molybdenum blue methods with an UV-Vis
spectrophotometer (Shimadzu UV-1601). The silicon mea-
surement was based on reduction of 1-amino-2-naphthol-
4-sulfonic acid [47] and the phosphorous was determined
by Lowry-Lopez method [48]. Calcium concentrations were
determined with spectrophotometer as an o-cresolphtalein
complex at As79 (Microplate reader, Multiskan EX, type 355)
[49]. Three parallel measurements were done for all the sam-
ple solutions at each time point.

SEM-EDX analysis

The morphology and the chemical composition of the sur-
face of the specimens were examined using a scanning elec-
tron microscope (SEM, LEO 1530, Cambridge, England)
equipped with a energy dispersive X-ray analyzer (EDXA,
Thermo Noran 2226A-1 SES-SN, Waltham, MA, USA). The
surfaces of the specimens were sputtered with carbon for the
SEM-EDX monitoring.

FTIR

Infrared adsorption measurements were carried out us-
ing Fourier transform infrared spectroscopy (FTIR, Spec-
trum One, Instrument serial number 52434, Perkin Elmer,
Beaconsfield, England) and a diffuse reflectance unit
(DRIFT, accessory serial number 181296, Perkin Elmer,
Beaconsfield, England). Spectra in the region 4000-450 cm ™!
were recorded using potassium bromide as a background
material. The resolutions of the FTIR measurements were
2cm™ L

XPS
The chemical nature of the outermost surface of the spec-

imens was obtained by X-ray photoelectron spectroscopy
(XPS, Perkin-Elmer PHI 5400 ESCA System Spectrometer).
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The XPS measurements were performed at a base pressure of
1 x 1078 Torr using Mg Ka X-ray (A = 1253.6 eV) source.
The electron analyzer pass energy in the XPS high-resolution
scans was 89.45 eV and the grazing angle of the photoelec-
trons was 45°. The UNIFITTU (version 2.1) software was
used for peak fitting and quantitative chemical analysis. The
high-resolution spectra were charge compensated by setting
the binding energy (BE) of the C 1s contamination peak to
284.6 eV.

TF-XRD

Specimens were subjected to X-Ray diffraction (XRD) anal-
ysis on a thin-film Philips X-Ray Diffractometer (PW 3710)
using CuKe-radiation. The diffractometer was operated at
40 kV, 40 mA with a scanning speed of 0.013°/s at 20-steps
of 0.020°. The angle of incident beam was 2.5°.

Specimens’ dissolution after biomimetic process

The dissolution of the different reaction layers formed on the
surface of the bioactive specimens during biomimetic pro-
cesses was studied using a tris buffer (pH 7.4, 37°C) as a
dissolution medium. The volume of the solution was 25 mL.
Ateach sampling interval, 6 mL of sample solution was with-
drawn and replaced immediately with an identical volume of
fresh medium. Three parallel samples were examined. Sam-
ple solutions were monitored for silicon, phosphorus and
calcium concentrations as described above.

Osteoblast growth

Human osteosarcoma Saos-2 cells were used in this study,
although these cells can not form bone. However, these cells
are osteoblastic and we were studying their growth charac-
teristics only. Saos-2 cells (4 x 10*) were grown on SBF
treated and untreated glasses 9 and 1-98, and SiO, mate-
rial in the culture medium («-minimal essential medium
(x-MEM) + 10% fetal calf serum (FCS)) for 4 days. Six
parallel glass specimens were used. At the end of the test,
the culture medium was removed and the cells were lysed
with a lysis buffer (50 mM Tris-HCI, 0.1% Triton X-100,
pH 7.6). Then the cell lysates were frozen (—20°C) over
night and thawed. ALP/protein were used as an osteoblast
marker, which showed the growth of osteoblastic cells on
different biomaterials [50]. ALP activity was determined col-
orimetrically using pNPP as a substrate at pH 9.7. The total
protein content was analyzed with the protein assay (Bio-
Rad Laboratories). ALP activity levels varied from culture
to culture. In order to compare the results between the exper-
iments we adjusted the specific ALP activity in the control to
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100 and the other results were multiplied by this coefficient.
The results were expressed as ALP activity/mg protein (% of
control).

Osteoclast survival

Long bones (femur and tibia) from 1-to 2-day-old rat
pups were dissected and the osteoclasts were scraped into
o-minimal essential medium (¢-MEM) containing 10% fe-
tal calf serum (FCS). The preparation contained highly active
osteoclasts and marrow stromal cells [51, 52]. Stromal cells
were essential, because they supported osteoclast activity by
expressing growth factors, such as RANKL, on their surface.
Cell suspension (50 ul/specimen) was pipetted carefully onto
the specimens (SBF treated and untreated glasses) that were
in a 24-well culture plate (1 ml medium/well). Six parallel
glass specimens were used. Osteoclasts were cultured for
4 days. At the end of the culture, the media were collected
and the cells were detached by adding 0.2 ml of lysis buffer
(10 mM Tris-HCI, pH 7.4, 300 mM NaCl, 0.5% Triton
X-100, 1 mM EGTA, 1 mM PMSF) into the wells. Samples
were frozen (—20°C). Alatalo et al. have shown before that
TRACP 5b activity in the culture correlates with the number
of osteoclasts. TRACP 5b/mg protein was determined from
the lyzed cells using immunoassay with anti-TRACP anti-
body prepared in rabbits [45]. First, TRACP of the specimen
was bound to the well plate, and its enzyme activity was de-
tected colorimetrically using p-nitrofenylphosphate (pNPP)
as a substrate at pH 5.7. The protein content in the cell lysate
was analyzed with a protein assay (Bio-Rad Laboratories).
First of all, in this assay we measured osteoclast survival
on the biomaterials. When osteoclasts undergo into apopto-
sis, they detach from the biomaterial surface. We measured
TRACP 5b from the survived cells after lysing the cells with
a detergent. Also for the osteoclasts, the specific TRACP-
5b activity was calculated as a relative osteoclast activity.
The results were expressed as TRACP 5b activity/mg protein
(% of control).

AFM

The surface topography and roughness of the specimens
was determined by the non-contact tapping mode atomic
force microscopy (AFM) using a NanoScope III multimode
AFM (Digital Instruments, Santa Barbara, CA) apparatus.
The line profiles (3 specimens of each material surface) ob-
tained from the image analysis software of the microscope
was analyzed more closely for the topography of the materi-
als by image analysis utilizing a CAD program (Rhinoceros
Beta).
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Results
SBF tests and ion concentration analysis

The amount of dissolved silica was nearly equal for both
glasses in C-SBF (Fig. 1A). However, in C-SBF approx.
twice the amount of silica is dissolved from the glass 9 com-
pared to that in R-SBF. Also for the glass 1-98 the amount of
released silicain R-SBF is lower than in C-SBF. The constant
level of released silica was achieved after 4 days of immer-
sion in C- and R-SBF for the glass 9 (95 ppm and 47 ppm)
and for the glass 1-98 (95 ppm and 68 ppm). The dissolu-
tion profiles of silica were quite similar for the pure SiO,
specimens in both SBFs.

In general, the faster reactivity (CaP formation ability) was
obtained for all studied materials after immersion in R-SBF
than in C-SBF as evidenced by the decreasing phosphorus
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—A— glass 1-98 R-SBF
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Fig. 1 (A) Silicon concentrations of glass 9, glass 1-98 and sol-gel
derived SiO, as a function of immersion time in C-SBF and R-SBF.

(B) Phosphorus concentrations of glass 9, glass 1-98 and sol-gel derived
SiO, as a function of immersion time in C-SBF and R-SBF.

concentration (Fig. 1B). Similar trend was observed in the
Ca concentration analysis (not shown). The CaP formation
started within 12 h for the glasses 9 and 1-98 immersed in
R-SBF and within 24 h immersed in C-SBF.

SEM-EDX analysis

Similarly to the solution analysis, the EDX analysis showed
(as evidenced by the decrease in the relative amount of silica
as a function of time) that the CaP layer grew on glass 9
significantly slower in C-SBF than in R-SBF (Fig. 2). The
reaction layers were dominated by calcium and phosphorus
after 48 h and 12 h in C-SBF and R-SBF treated glasses,
respectively. Although the glass 1-98 reacted slower than
glass 9, similar trend was observed for the C-SBF and R-SBF
treatments, respectively (Fig. 2). Elemental compositions of
the reaction layers of the sol-gel-derived SiO, specimens
immersed in C- and R-SBF showed that the CaP layer was
formed after 168 h of immersion in C-SBF and after 96 h
of immersion in R-SBF (Fig. 2) having similar elemental
compositions with the C-SBF treated glass 1-98 (12 h and
24 h) and glass 9 (6 h) surfaces.

FTIR

In addition to the SEM-EDX analysis further information of
the molecular composition of the formed CaP layer was pro-
vided by FTIR measurement, especially for identification of
carbonate [53]. The CaP layers on both glasses were difficult
to analyze due to the disturbing effect of glass substrates it-
self. However, the carbonate bands were visible earlier in the
R-SBF than in the C-SBF. For the glass 9 carbonate bands
become visible after 6 h immersion in R-SBF and after 96 h
immersion in C-SBF (not shown). For the glass 1-98 car-
bonate bands become visible after 6 h immersion in R-SBF
and after 168 h immersion in C-SBF (not shown).

XPS

Because FTIR analysis did not give any quantitative results
for carbonate, further information of the elemental composi-
tion of the outermost calcium phosphate surface layer was ob-
tained by the XPS analysis (Fig. 3). Carbonate (C1s: CO5-C)
peak was detected having binding energy (BE) of ~289 eV.
The amount of carbonate was found to increase as a function
of increasing Ca/P ratio. The Ca/P ratios approx. 1.15 and
1.4 corresponds to the literature values for amorphous and
crystalline CaP phases, respectively [54-55]. In addition, the
amount of carbonate was found to reach its maximum value
already after 6 h of immersion in R-SBF, whereas in C-SBF
the equal carbonate amount was observed only after 168 h of
immersion.
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Fig. 2 The elemental compositions (obtained by EDX) of the reaction layers of the test specimens as a function of immersion time in C- and

R-SBF.
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Fig. 3 Relative atomic percentages of carbonate (obtained by XPS) as
a function of Ca/P ratio.
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TF-XRD

The crystal structure of the formed CaP layer was deter-
mined by TF-XRD measurement. The XRD patterns for
the glass 9 immersed in C-SBF and R-SBF showed re-
flections resulting from poorly crystalline bone-like HCA
only after 168 h of immersion (Figs. 4(A) and (B)). How-
ever, the HCA is less crystalline in the sample immersed
in R-SBF, in addition, the formed CaP phases in both
SBFs were not as crystalline as the reference bone pow-
der. The glass 1-98 immersed in C-SBF and R-SBF showed
no evidence of a crystalline phase (not shown). There
were also some crystalline HCA present in the sol-gel de-
rived SiO, sample immersed in C-SBF for 336 h (not
shown).
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Fig.4 XRD patterns of the surfaces of (A) glass 9 immersed in C-SBF
and (B) in R-SBF as a function of time. The XRD pattern of bone
powder is given as a reference.

Specimens dissolution after biomimetic process

The dissolution of the specimens after the biomimetic treat-
ment in SBFs was studied in tris buffer solution. The dissolu-
tion rates (ppm/h) were calculated from the linear portion of
the original dissolution curves. Especially, for the glass spec-
imens a general trend was seen. The longer the immersion
times in SBFs, the lower the silica dissolution rates (Fig. 5).
Thus, the formed CaP layer significantly hindered the silica
dissolution from the substrate glasses. The dissolution rate
of calcium decreased gradually after 24 h immersion in both
SBFs. The dissolution rate of phosphorus was approximately
equal regardless of the immersion time in both SBFs. In ad-
dition, the dissolution rates of silica, calcium and phosphorus
are slightly lower for the glass 1-98 than those for the glass
9. In contrast to the glass specimens, the CaP layer formed

on sol-gel derived SiO, specimens did not have significant
influence on the release of silica (Fig. 5). The calcium and
phosphorus dissolution rates from the SiO, specimens im-
mersed either in C-SBF or in R-SBF were quite low.

Osteoblast growth

In general, osteoblasts grew well on all the SBF treated
and untreated glass 9 and 1-98 specimens (Fig. 6). For all
glasses (except R-SBF treated glass 9) the control specimen
gave the highest osteoblast activity. As shown in Fig. 7, the
sol-gel-derived SiO, specimen gave the highest ALP activity
and was two-fold higher than in the bioactive glasses. How-
ever, the SBF treated sol-gel-derived glasses gave very low
ALP activity. Otherwise there were no significant differences
in osteoblast activities between the specimens.

Osteoclast survival

The osteoclastic activity as measured by the specific TRACP
5b activity (Fig. 8) is expressed as relative TRACP 5b ac-
tivity (Fig. 9). The TRACP 5b activity of the C-SBF treated
(24 h) glass 9 was almost 3-fold compared to other speci-
mens. For the R-SBF treated glass 9 the TRACP 5b activity
increased gradually until 96 h immersion time point. The
glass immersed for 168 h gave almost the same activity as
the control glass. The highest TRACP 5b activity was ob-
tained for the glass 9 immersed for 24 h in C-SBF or 96 h in
R-SBF (TRACP 5b activity was 2-fold compared to control).
For the glass 1-98, there were no significant differences in the
TRACP 5b activities between C- and R-SBF treated or un-
treated specimens. However, short immersion time in C-SBF
(6 h, 12 h and 24 h) and in R-SBF (48 h) gave lower TRACP
5b activities than the other SBF treated 1-98 glass specimens.
In addition, the osteoclast response was not obtained for the
SBF treated sol-gel-derived glasses due to difficulties in cul-
ture preparation.

AFM

The C-SBF treated glass 9 (24 h) and glass 1-98 (48 h) sur-
faces that had quite similar elemental compositions but dif-
ferent dissolution properties or the C-SBF treated glass 9
(24 h) and the R-SBF treated glass 9 (96 h) that had the high-
est osteoclast survival properties were analyzed in detail with
AFM. The peak distance distribution, describing the “surface
pore size” distribution, for the C-SBF treated glass 9 (24 h)
surface was between 5-50 nm, having median and mean val-
ues of 28 and 38 nm, respectively (Fig. 10). The glass 1-98
(48 h) surface is smoother and the peak distance distribution
is wider (Fig. 10) than in the glass 9. Nearly all of the peak
distances appear to be between 5-110 nm, having median and
mean value of 43 and 58 nm, respectively. In addition, for the
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Fig. S The dissolution of calcium, phosphorus and silicon from the C-

calculated from the linear portion of the original dissolution curve.

R-SBF treated glass 9 (96 h) (Fig. 10) the surface topography
was nearly similar (surface pore size 5-50 nm, median value
24 nm and mean value 27 nm) with the C-SBF treated glass
9 (24 h).

Discussion

The current study looked for grounds to alter the chemical
composition (phosphate, calcium, silicon and carbonate),
dissolution properties, structure and nanotopography of the
biomimetically processed surfaces on bioactive ceramics to
optimize their shown ability to influence bone cell behaviour
and production of new bone. The objective of this study was
to prepare and characterize different silica and carbonate
containing calcium phosphate surfaces. The CaP surfaces
were prepared using a conventional C-SBF and a revised R-
SBF. The SBF, EDX and FTIR results showed that reactions
occurred fastest on glass 9 surface and slowest on pure silica
surface (Figs. 1 and 2). In addition, also the presence of
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and R-SBF treated specimens in tris buffer. The dissolution rate was

soluble calcium and phosphate (increases supersaturation of
SBF) in glasses decreases the CaP formation time compared
to pure silica where mainly the materials surface characteris-
tics control the heterogenous nucleation and CaP formation.
The reactions were faster in R-SBF compared to C-SBF for
all studied materials. This finding is inconsistent with the
results of a recent study of Zhang et al. [56]. According to
their results, the studied phosphate free glass reacted slower
in R-SBF compared to C-SBF. Furthermore, they found that
during the immersion of the phosphate free glass in R-SBF,
calcite (CaCOs3) was formed on the glass surface. The for-
mation of calcite in R-SBF can be explained by its six-fold
concentration of HCO3;~ compared to C-SBF (Table 2).
However, in our study no calcite was found on any of the
surfaces. As expected, the CaP layers formed in R-SBF was
found to contain more CO32~ than the CaP layers formed
in C-SBF (Fig. 3). Theoretically, immersion of bioactive
material in the R-SBF should result in the formation of bone
like HCA due to the increased amount of CO52~. However,
TF-XRD measurements showed clearly that the CaP layers
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Fig. 9 TRACP-5b activities on 3 350-
glass 9 and glass 1-98. € glass 9
Specimens were pretreated in ,g 300+
C-SBF and R-SBF for varying < 2501
periods of time. c
L 200+
o
o
S 150+
£
S 100+
0
% 50
<
g o
control 6 12 24

Pretreatment in C-SBF / hours

350+
300+
250
200+

TRACP-5b / mg protein (% of control)

control 6 12 24
Pretreatment in C-SBF / hours

formed in C-SBF were more crystalline than the CaP layers
formed in R-SBF (Figs. 4(A) and 4(B)) and resembled to
that of carbonated hydroxyapatite (HCA) as the immersion
time increases. The reason may be the observed instability of
the R-SBF solution, which was also shown by Oyane et al.
[57].

The dissolution tests in tris buffer showed that, in general,
the longer the immersion times in SBFs, the lower the silica
dissolution rates in both SBFs (Fig. 5). This is explained
by the fact that during the immersion in SBF the CaP layer
grows thicker and becomes more dense and crystalline as
the immersion time increases. It is obvious that the denser
and thicker CaP layer blocks the dissolving ions from the
substrate materials more effectively than thinner CaP layers.
This is more evident in the bioactive glass samples than in
the pure sol-gel derived SiO, materials. This indicates that
although the formed CaP layers were “dense” for both of
these materials the underlying sol-gel material still shows
high reactivity and silica dissolution as compared to the SBF
treated bioactive glass specimens.

The osteoblast activity was high for all SBF treated
or untreated glass 9 and 1-98 specimens (Fig. 6). Cells
on control glasses (also sol-gel derived) gave the highest
activities, except for the glass 9, where cells on some R-SBF
treated surfaces gave slightly better results than the control
glass. This is in contrast to the result reported by Olmo et al.
[43], where they showed that the biomimetically produced
CaP layer significantly increased the osteoblast activity (by
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1.7 fold). However, this difference can result from the slight
differences in the reactivity of the used glasses. Although
the sol-gel derived SiO; treated with SBF showed almost no
osteoblast activity, the pure sol-gel SiO, showed even higher
activity than the bioactive glass specimens (Fig. 7). To date,
no reports exist where pure SiO, materials express better
osteoblast activity than calcium and phosphate containing
bioactive glasses. The reason for this is still unclear and needs
to be verified. Nevertheless, this might indicate that the dis-
solving silica ions could be more important to bone-cell acti-
vation than the formation of CaP on materials surface. This is
partly in agreement with Xynos et al. where the importance
of dissolving silica on osteoblast activition has been shown
[24-26].

It has been suggested earlier [33, 34] that biomimetic CaP
coatings on bioactive material having variable compositions
in terms of solubility and carbonate content would affect the
osteoclastic response. In this study, the highest osteoclast
survival was observed for the C-SBF treated glass 9 (24 h),
which showed three-fold higher survival than the other stud-
ied specimens (statistically significant, p < 0.05). In addi-
tion, for the R-SBF treated glass 9 it was shown that osteo-
clast survival was statistically higher as the immersion time
was increased up to 96 h i.e. the carbonate content of the
CaP layer increases. However, for the most crystalline CaP
layer having also the highest content of carbonate the osteo-
clast survival decreased to the same level as in the control
glass. These results are in contrast to the observations, where
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Fig. 10 Line profiles, calculated peak distance histograms and 3D images for the C-SBF immersed (24 h) glass 9, C-SBF immersed (48 h) glass

1-98 and R-SBF immersed (96 h) glass 9.

the increasing amount of carbonate in the CaP layer was
found to increase the osteoclastic survival [32-34]. In addi-
tion, no clear trends were observed between the solubility
and the osteoclastic survival, which is in contrast to earlier
report [32]. However, our results suggest that for a good os-
teoclast survival the surface should rather be an amorphous
HCA than crystalline with the appropriate carbonate con-
tent. This is in agreement with de Bruijn et al. [58]. Thus,
the osteoclast survival is not a function of only one material
parameter.

Interestingly the C-SBF treated glass 9 (24 h) and glass
1-98 (48 h), which had a similar kind of calcium, phospho-
rus and silicon balance in the composition as well as similar
crystallinity and carbonate amount, had significant differ-

ences in the osteoclast survival (Fig. 9). The osteoclast sur-
vival is much higher for the glass 9 (24 h) than for the glass
1-98 (48 h). Though the chemical composition is similar,
the nanotopography and dissolution properties are different.
The silica and calcium solubility is much higher for the glass
9 (24 h) and also most of the surface pores are between 2-
50 nm that is different from the glass 1-98 (48 h) (surface is
smoother and the peak distance distribution is wider than in
the glass 9). Also for the R-SBF treated glass 9 (96 h) having
the second highest osteoclast survival had similar topography
with the C-SBF treated glass 9 (24 h). These nanodimensions
match well with the dimensions shown to be important with
respect to adhesion and growth of osteoblasts and fibroblasts
[16-23].
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Conclusions

The composition and structure of biomimetically processed
CaP layers and dissolution properties of bioactive sub-
strates can be modified with wide range by controlling the
immersion time and by changing the SBF solution. Addi-
tionally, it was shown that amorphous CaP containing silica
and carbonate with favourable nanotopography seems to be
beneficial for the osteoclast survival. The best osteoclast sur-
vival was obtained for the glass 9 immersed 24 h in C-SBF.
Also osteoblasts grew well on this surface. However, the pure
sol-gel Si0; showed the highest osteoblast activity. Thus, this
study gives important information about the implant material
properties of bioresorbable bioactive ceramic that we should
use and develop for osteoclastic resorption.
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