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Abstract The aim of this work was to study the influence

of the composition and thermal treatment of the in vitro

bioactivity of wollastonite materials obtained by sol–gel

method. For this purpose, gels in the system SiO2–CaO

were obtained applying calcium nitrate and tetraethoxysi-

licate as precursors. The gels were heated to 700�C and

then sintered up to 1400�C. The bioactivity of the gel-

derived materials in simulated body fluid (SBF) was

investigated and characterized. Additional changes in ionic

concentration, using inductively couple plasma atomic

emission spectroscopy (ICP-AES), were determined. The

results showed that all materials obtained were bioactive

and indicate that the absence of phosphorous in the mate-

rial composition is not an essential requirement for the

development of a Hydroxyapatite layer. The bioactivity

was influenced by the thermal treatment, the different

phases (glass-phase, wollastonite and pseudowollastonite)

as well as the porous size. On the gel-derived materials the

bioactivity decreased with the sintering temperature.

1 Introduction

Bioactive materials are known to bond to living bone in the

body via formation of an apatite layer on their surfaces

[1–8]. Because of this unusual property, they are widely

studied for biomedical applications in areas including

orthopedics and dentistry [9–12]. The bone-bonding

mechanism is still not fully understood. However, all bio-

active materials form on their surface a calcium phosphate

layer that crystallizes to hydroxyapatite (HA)-like when in

contact with physiological fluids [13–21]. Thus, the for-

mation of a biologically active HA-like layer on the mate-

rials surface was proposed as the prerequisite for bonding to

the living tissues [22–26]. The HA-like layer is also formed

in vitro when bioactive materials are soaked in buffer

solution (Tris-(hydroxymethyl) aminomethane and hydro-

chloric acid (SBF) at pH 7.4 [16–32]). It can be also

reproduced in an acellular SBF with ion concentrations early

equal to those of the human blood plasma [33]. Some SBF

solutions are recently revised [34–36] and some cell culture

media [37, 38] are also used. The ability to form an HA-like

layer in vitro is related to bone-bonding ability or the ability

to induce bone formation in vivo. Thus, in vitro studies

predict the behaviour of a material inside the human body.

Since Hench and co-workers developed the first bioactive

glass [39], several types of silicate glasses, glass–ceramics

and calcium silicates [4–6] have been studied as biomate-

rials for repair and replacement of hard tissues. The results

have shown that materials containing CaO and SiO2 are

bioactive, and were found to bond to living bone [40, 41].

However, most melt-derived glasses and glass–ceramics

contain other elements, in more complex compositions

[42, 43]. The use of the sol–gel technique allowed to obtain

glasses with a simple composition which, in addition,

resulted markedly more bioactive than melt-derived glasses

with the same composition [44–46]. In recent years studies

have appeared suggesting the possibility of applying the

sol–gel method for this purpose [44–46]. The sol–gel pro-

cess allows obtaining materials of higher purity, surface area

and homogeneity than the fusion method. An additional

advantage of this method is that glasses can be prepared at

low temperatures without the need to include components
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aimed to decrease the melting temperature (i.e., Na2O),

which allows simplifying the composition. The purpose of

the present paper was the preparation of bioactive gel-

derived materials with the simplest composition 50 wt%

SiO2 and 50 wt% CaO by means of the Pereira el al. [44, 45]

sol–gel method, as well as the study of the influence on the

bioactivity of the initial gel composition and the crystalline

phases induced by thermal treatment. The bioactivity of

these materials was studied by soaking them in simulated

body fluid (SBF) in order to evaluate the influence of the

changes in the microstructure and the crystallization of

different phases on the bioactivity of the materials as a result

of different thermal treatments.

2 Materials and methods

2.1 Gel-derived materials

The gel-derived materials were synthesized by hydrolysis

and polycondensation of tetraethyl orthosilicate (TEOS)

and hydrated calcium nitrate in 2 N nitric acid in water.

The nitric acid was used to catalyse the TEOS hydrolysis,

using a molar ratio of H2O/TEOS of 8. After the addition of

each reactant, the solution was stirred for 1 h. The sol was

obtained in a sealed container that was kept at room tem-

perature to allow the hydrolysis and polycondensation

reactions, until the gel was formed. Aging was performed

at 70�C for 3 days in the same container. The drying of the

gel was carried out by replacing the previous top by one

displaying a hole with a diameter of 1 mm, to allow the

leak of gases, and heating the gel at 150�C for 2 days. The

dried gel was milled and sieved.

Thermogravimetric and differential thermal analysis

(TG/DTA) of the dried gel were performed at a heating rate

of 10�C/min, starting at room temperature up to 1350�C.

The test was carried out in a platinum crucible and under

atmospheric conditions. DTA results established the tem-

peratures at which the crystalline phases formed and their

possible polymorphic transformations. Based on the DTA

results, the pellets were heated at 800, 900, 1000, 1200,

1300 and 1400�C at a rate of 5�C/min with a dwell of 6 h.

From this temperature the samples were further cooled

inside the furnace down to room temperature. These sam-

ples were compared with the material heated at 700�C, the

stabilization temperature generally used for sol–gel mate-

rial [44–48].

2.2 SBF in vitro test

The in vitro bioactivity study was performed by soaking

the pieces in the simulated body fluid (SBF No. 9) pro-

posed by Kokubo et al. [21] with an ion concentration

nearly equal to that of human blood plasma. After being

ultrasonically washed in acetone and rinsed in deionised

water the pellets were soaked in 100 ml of SBF in poly-

ethylene bottles at 36.5�C. The immersion period of the

pellets in SBF was up to 4 weeks. The choice of this time

span was based on the results obtained from previous in

vitro experiments performed in the same media [27–32].

2.3 Sample characterization

Samples were characterized before and after the SBF in

vitro test. Samples obtained after the thermal treatments

were studied by X-ray Diffraction (XRD) using a Bruker

D8 Advance instrument. XRD were recorded automated

diffractometer using Cu Ka1,2 radiation (1.5418 Å). Data

were collected in the Bragg–Brentano (h/2h) vertical

geometry (flat reflection mode) between 20 and 60� (2h) in

0.05� steps, counting for 3 s per step. The diffractometer

optic was a system of primary Soller foils between the

X-ray tube and the fixed aperture slit of 1 mm. One scat-

tered radiation slit of 1 mm was placed behind the sample,

followed by a system of secondary Soller slits and the

detector slit of 0.1 mm. The X-ray tube was operated at

40 kV at 30 mA.

The microstructure of the samples was studied by

Scanning Electron Microscopy (SEM) using a Hitachi

S-3500N, fitted with X-ray Energy-Dispersive Spectrome-

try (EDX). The samples surfaces, before and after the

exposure to the SBF, were examined at 15 keV. The cross-

sections were previously polished using diamond paste of

1 lm, cleaned in an ultrasonic bath, and carbon coated for

SEM examination and microanalysis. EDX elemental

maps of the cross-sections was collected for Ca, Si and P.

Additional changes in ionic concentration of the SBF using

Inductively Couple Plasma Atomic Emission Spectroscopy

(ICP-AES) were determined.

2.4 Textural properties

After drying the samples in order to avoid the humidity, all

samples were degassed at 250�C during 24 h to remove

physically adsorbed molecules from their surfaces. The

specific surface areas were estimated in relation to the

masses of the degassed samples.

The porous texture characterisation of all the samples

was carried out by physical adsorption–desorption iso-

therms of nitrogen at 77 K using an automatic volumetric

adsorption system Autosorb-6 supplied by Quantachrome.

The pore size distribution in the mesoporosity range was

estimated by analysis of the adsorption and desorption

curves using the BJH method [49] and assuming cylindrical

pores.
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3 Results

The TG/DTA results of the dried gel at 150�C for 2 days is

shown in Fig. 1. The DTA show an endothermic effect

around 140�C, which was attributed to the elimination of

humidity from the atmosphere and the residual alcohol in

the pores of the gel, corresponding to a weight loss of 14%.

The endothermic peaks at 570 and 560�C, with a weight

loss of 54% were attributed to the elimination of the

nitrates introduced as calcium nitrate in the preparation of

sol. These results agree with those of Duval [50], which

indicated that calcium nitrate is stable up to 475�C and

from that temperature the NO2 elimination starts. Then the

weight remains almost constant up to 1350�C. The exo-

thermic maximum at 900�C is due the crystallization of the

wollastonite-2M. This finding was confirmed by XRD

analysis of the quenched sample from 1000�C. The small

endothermic effect at *1200�C was due to the polymor-

phic transformation of wollastonite-2M into pseudowo-

llastonite also confirmed in the XRD analysis of the residue

TG/DTA.

Figure 2 shows the XRD patterns of the pellets heated at

different temperatures. The materials treated at 700 and

800�C showed XRD patterns typical of amorphous mate-

rials and no crystalline phases were detected. Glass crys-

tallization was observed from 900�C. The samples heated

between 900 and 1200�C show peaks that correspond to

wollastonite-2M (low temperature form of wollastonite)

and at 1200�C the crystallization of pseudowollastonite

starts, presenting the XRD a mixture of wollasotnite-2M

and pseudowollastonite. However, in the sample heated at

1300�C the wollastonite-2M phase was transformed into

pseudowollastonite, which is the most stable phase at high

temperature. At higher temperature (1400�C) the pseu-

dowollastonite is the only phase present.

Figure 3 shows the nitrogen adsorption isotherms at

77 K (Fig. 3a) of the samples and the pore size distribution

(Fig. 3b) for those two samples without heat treatment after

the stabilization of the sol–gel material. The isotherms of

these samples are type IV and show the typical hysteresis

of mesoporous materials [51]. In the samples heat treated at

temperatures above 800�C the volume of mesopores is

almost negligible.

The bioactivity study was made in samples treated at

1000, 1200 and 1400�C, because these samples are repre-

sentative of the different phase composition and micro-

structures of the obtained glass–ceramics. The behaviour of

these samples was compared with that of material treated at

700�C. The SEM micrographs of samples surface after

polishing and chemical etching with diluted acetic acid

during 5 s are shown in Fig. 4. The micrographs show a

microstructure formed by irregular particles of different

size with a homogeneous distribution. The temperature

promotes an increase in the number and in the size of the

particles, and in addition, the glassy phase diminishes.

Figure 4a shows a typical homogeneous glass without

microstructure on it. EDX analysis of the particles confirm

the presence of CaO and SiO2 in the grains with a 1:1

molar ratio, the same as the theoretical composition of

CaSiO3. The EDX analysis of the silica-rich glassy phases

present a molar SiO2/CaO ratio of 0.73. The sintering

process took place in the sample of 1400�C where the

amount of glassy phase is very small (Fig. 4d).

After 1 week soaking in SBF it was observed that a new

layer covered homogeneously the surface of all materials

(Fig. 5). The layer morphology and the formation rate of

this layer depended on the thermal treatment. The fastest

formation of the layer (5 h) was observed in samples

treated at 700�C. This layer was composed by spherical

particles smaller than 0.6 lm in diameter, some of which

reach the size of 1.5 lm after 1 week of soaking. This

morphology does no further change with soaking time

(from 1 to 4 weeks) although the density of the layer

increases. In samples treated at higher temperatures the

layer appeared after longer soaking times but once this

layer was formed, the spherical particles could be appre-

ciated. In sample 1000�C the layer was observed after

3 days, whereas in the samples heated at 1200 and 1400�C

the layer was not observed until after 5 days.

Table 1 shows the results of the EDX analysis of samples

surface after 7 days of soaking in SBF. The results after

immersion in SBF showed that the Si content decreased

significantly while the Ca and P content increased, indicat-

ing that the layer formed on the samples surface is rich in

calcium and phosphorus. The EDX analysis of the surface

without spherical precipitated of sample 1200 and 1400�C

showed a higher content of Si and lower content of Ca that of

the surface before soaking in SBF. This effect indicates a

higher solubility of CaSiO3-phase and therefore SiO2-rich

surface obtained.

Figure 6 shows the microstructure of the cross-section

of 700�C gel derived material after 28 days in SBF. The
Fig. 1 DTA and TG curves of the gel powder after being dried at

150�C
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elemental X-ray maps of silicon, calcium and phosphorus

are also presented. The outer layer, with an average

thickness of about 45 lm (±1 lm), was composed of a Ca/

P-rich phase, while the underlayer in direct contact with the

material substrate was rich in silicon. The crack visible in

the figure between the specimen surface and Ca/P-layer is

an artifact caused by the polishing of the specimen.

Changes in the elemental ionic concentrations of SBF

after 28 days of immersion are shown in Fig. 7. The

chemical analysis of the SBF used in the study agreed with

the composition of the one reported in the literature [21]. It

was found that calcium and silicon ion concentrations in

SBF increased slightly over the exposure time indicating

partial dissolution of the gel derived material. On the other

hand, phosphorous ion concentration decreased more sig-

nificantly because of the precipitation of Ca–P phase on the

surfaces of the gel derived materials. Although the for-

mation of Ca–P phase consumed some calcium ions, the

calcium ions dissolution from the gel derived material were

more than those consumed. This results in a porous Ca/P

layer structure that provides a path for the dissolution of

both the underlying CaSiO3 grains and the amorphous SiO2

interlayer. However, the dissolution of the CaSiO3 grains is

suppressed gradually when the Ca/P layer reaches an

appropriate thickness. Thus the Ca and Si concentrations

in the SBF solution approach an apparent equilibrium

state after prolonged soaking (14 days) of the gel-derived

CaSiO3 materials.

Figure 8 shows the change of thickness of the Ca/P layer

as a function of soaking time. In the 1000�C glass–ceramic,

a significant thickness of Ca/P layer forms at a rate of about

4.8 lm per day after 7 days of soaking. The formation rate

gradually slows down after prolonged soaking due to the

depletion of P from the SBF solution (*0.5.7 lm per day)

reaching a total thickness of *44.4 lm after 28 days.

In the 1400�C glass–ceramic, the Ca/P layer reached a

thickness of about *35 lm after 28 days of soaking,

Fig. 2 XRD patterns of

samples treated at different

temperatures (filled circle
wollastonite-2M, asterisks
pseudowollastonite

Fig. 3 a N2 isotherms at 77 K, b BJH pore size distribution
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corresponding to the formation of Ca/P layer with ball-like

particle morphology attached to the 1400�C glass–ceramic

surfaces. The formation rate and thickness of Ca/P layer

formed on the glass–ceramic were much greater than var-

ious reference materials, such as A-W glass–ceramic, as

reported by Kokubo [52] and Liu [53], respectively. The

good bioactivity of the present gel derived CaSiO3 mate-

rials is considered to be due to the influence of their sol-

ubility in SBF solution and to the presence of the silica rich

glassy phase, which induces rapid nucleation and growth of

the Ca/P layer in the surface.

4 Discussion

Since CaSiO3 grains are reported to dissolve more slowly in

SBF solution than the silica-rich glassy phase at the grain

boundaries [13, 23, 27, 28, 47], the differences in micro-

structure between the 700 and the 1000, 1200 and 1400�C

glass–ceramic materials are considered to influence the

formation of Ca/P layer on their surfaces. The 1000�C

glass–ceramic material consists of small wollastonite-2M

grains and silica-rich glassy phase, which is suggested to

promote surface dissolution with the formation of silanol at

the surface of the amorphous SiO2 interlayer. These pro-

cesses should proceed prior to the formation of the Ca/P

layer, increasing the Ca and Si concentrations in the SBF

solution (Fig. 6) in contact with the 1000�C glass–ceramic

to suitable levels for rapid Ca/P layer formation. On the

other hand, the very small amount of glassy phase at the

grain boundaries for the 1400�C glass–ceramic materials

can be considered the cause for the slow formation rate of

the amorphous SiO2 interlayer and the slower dissolution

rate of the pseudowollastonite grains. This means that the

Ca/P layer appears later in this sample (7 days) than in the

samples with a high content of silica-rich glassy phase

(3 days).

Our gel-derived materials abruptly decreased the vol-

ume of mesopores when they were heat-treated at tem-

peratures above 800�C, as shown in Fig. 3. The heat

treatment causes the disappearance of the porosity. This

indicates that the numbers of active sites for apatite

nucleation on the surface of the gel-derived materials were

abruptly reduced by heat treatment above 800�C. Therefore

the rate of apatite nucleation on the gel-derived materials

was controlled not only by the catalytic effect of the sur-

face of the gel-derived materials, but also by ion dissolu-

tion from the gel-derived materials.

Generally, the rate of apatite formation in an aqueous

solution is controlled by nucleation and crystal growth.

These are possible only within a supersaturated environ-

ment. As it is well known, the body fluid is already

supersaturated with respect to the apatite even under nor-

mal condition [54]. In such an environment, once apatite

nuclei are formed, they can grow spontaneously by con-

suming calcium and phosphate ions from the surrounding

Fig. 4 SEM images of the microstructure of the gel-derived materials at a 700, b 1000, c 1200 and d 1400�C
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fluid. The rate of formation of apatite in a body environ-

ment is, therefore, determined by the rate of apatite

nucleation. In view of this, it can be seen from the present

results that the rate of apatite nucleation decreases

remarkably by the heat treatment of gel derived materials

above 700�C.

This observation confirms also the results obtained by

other authors [42, 43, 47]. Hench et al. reported also pre-

viously that the apatite-forming ability of a gel was lost

when the gel was heat-treated at 900�C [55]. In their case,

however, the gel contained CaO and P2O5, beside the SiO2,

while the test solution contained neither calcium nor

phosphate ions. Also, Padilla et al. [56] in a gel containing

CaO–SiO2–P2O5 reported that the sintering process plays

an important role in the bioactivity of the heated materials,

indicating that the apatite formation rate decreases with the

sintering temperature and the content of pseudowollaston-

ite phase in the materials.

5 Conclusions

All the gel-derived CaSiO3 materials studied are bioactive,

growing an apatite layer on their surface, by taking phos-

phorous from the SBF.

The sintering process played an important role in the

bioactivity of heated samples, where the glassy phase,

Wollastonite-2M and pseudowollastonite phase were the

Fig. 5 SEM images of the samples after immersion in SBF for a 3, b 7 and c 28 days
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main phases. It was observed by the ionic changes in the

SBF that the layer formation rate decreased with the sin-

tering temperature. In these samples, the sintering process

seems to hinder the dissolution process of wollastonite,

Fig. 6 X-ray elemental maps of Si, Ca, P, and a relevant SEM image

of the cross-section of the 700�C glass after 4 week of immersion in

SBF

Table 1 Surface composition (at%) obtained by EDX of samples

before and after 7 days soaking in SBF

Si Ca P

Before soaking 49 51 –

7 days soaking

700�C 3 69 28

1000�C 2 75 23

1200�C layer 1 62 37

1200�C surface 87 12 1

1400�C layer 1 65 34

1400�C surface 90 10 –

Fig. 7 Changes of Ca, P and Si concentration of the SBF solution

measured by ICP after soaking the gel-derived materials for various

periods

Fig. 8 Change of thickness of the Ca–P layer of the gel-derived

materials as a function of soaking time
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mainly from the bulk, and therefore delays the formation of

the apatite layer.
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6. Clèries L, Fernández-Pradas JM, Morenza JL. Bone growth on

and resorption of calcium phosphate coatings obtained by pulsed

laser deposition. J Biomed Mater Res. 2000;49:43–52.

7. De Aza PN, De Aza AH, De Aza S. Crystalline bioceramic

materials. Bol Soc Esp Ceram Vidrio. 2005;44(3):135–45.

8. De Aza PN, De Aza AH, Pena P, De Aza S. Bioactive glasses and

glass-ceramics. Bol Soc Esp Ceram Vidrio. 2007;46(2):45–55.

9. Van Blitterswijk CA, Hesseling SC, Grote JJ, Koerten HK, de

Groot K. The biocompatibility of hydroxyapatite ceramic: a study

of retrieved human middle ear implants. J Biomed Mater Res.

1990;24:433–53.

10. Buser D, Dula K, Beser U, Hirt HP, Berthold H. Localised ridge

augmentation using guide bone regeneration. I. Surgical procedure

in the maxilla. Int J Periodontics Restor Dent. 1993;13:29–45.

11. Yamamuro Y. A-W glass-ceramic: clinical applications. In: Hench

LL, Wilson J, editors. An introduction to bioceramics. Singapore:

World Scientific Publishing Co.; 1993. p. 89.

12. Negroiu G, Piticescu RM, Chitanu GC, Mihailescu IN, Zdrentu L,

Miroiu M. Biocompatibility evaluation of a novel hydroxyapa-

tite-polymer coating for medical implants (in vitro tests). J Mater

Sci Mater Med. 2008;19:1537–44.

13. Ohtsuki C, Kokubo T, Yamamuro T. Mechanism of apatite for-

mation on CaO-SiO2-P2O5 glasses in a simulated body fluid.

J Non-Cryst Solids. 1992;143:84–92.

14. Nonami T. In vivo and in vitro testing of diopside for biomate-

rials. J Soc Mater Eng Resour Jpn. 1995;8(2):12–8.

15. De Aza PN, Luklinska ZB, Anseau M, Guitian F, De Aza S.

Bioactivity of pseudowollastonite in human saliva. J Dent.

1999;27:107–13.

16. Dorozhkin SV, Schmitt M, Bouler JM, Daculsi G. Chemical

transformation of some biologically relevant calcium phosphates

in aqueous media during a steam sterilization. J Mater Sci Mater

Med. 2000;11:779–86.

17. De Aza PN, Luklinska Z, Anseau M, Hector M, Guitian F, De Aza

S. Reactivity of a wollastonite-tricalcium phosphate bioeutectic in

human parotid saliva. Biomaterials. 2000;21(17):1735–41.

18. De Aza PN, De Aza S. Bioactivities of a SiO2-CaO-ZrO2 in

simulated body fluid and human parotid saliva. Key Eng Mater.

2004;254–256:75–8.

19. De Aza PN, Luklinska Z, Anseau M. Bioactivity of diopside

ceramic in human parotid saliva. J Biomed Mater Res. 2005;

73B(1):54–60.

20. Ohsawa K, Neo M, Okamoto T, Tamura K, Nakamura T. In vivo

absorption of porous apatite and wollastonite containing glass

ceramic. J Mater Sci Mater Med. 2004;15:859–64.

21. Kokubo T, Kushitani H, Sakka S, Kitsugi T, Yamamuro T.

Solutions able to reproduce in vivo surface-structure changes in

bioactive glass-ceramics A-W. J Biomed Mater Res. 1990;24:

721–34.

22. Kamitakahara M, Yagi T, Ohtsuki C. Effect of preparation con-

ditions on the properties of bioactive glasses for testing SBF.

J Mater Sci Mater Med. 2009;20(12):2419–26.

23. Ohtsuki C, Aoki Y, Kokubo T, Bando Y, Neo M, Yamamuro T,

Yacamura T. Characterization of apatite layer formed on bioac-

tive glass-ceramic A-W. Bioceramics. 1992;5:87–94.

24. De Aza PN, Luklinska ZB, Martı́nez A, Anseau MR, Guitian F,

De Aza S. Morphological and structural study of pseudowollas-

tonite implants in bone. J Microsc (Oxf). 2000;197:60–7.

25. De Aza PN, Luklinska ZB, Anseau MR, Guitian F, De Aza S.

Transmission electron microscopy of the interface between bone

and pseudowollastonite implant. J Microsc (Oxf). 2001;201:

33–43.

26. De Aza PN, Luklinska Z, Santos C, Guitian F, De Aza S.

Mechanism of bone-like apatite formation on a bioactive implant

in vivo. Biomaterials. 2003;24:1437–45.

27. De Aza PN, Guitian F, De Aza S. Bioactivity of wollastonite

ceramics: in vitro evaluation. Scripta Metall Mater. 1994;31:

1001–5.

28. De Aza PN, Guitian F, De Aza S. Polycrystalline wollastonite

ceramics. Biomaterials free of P2O5. In: Vincenzini P, editor.

Advances in science and technology. vol. 12. Materials in clinical

application. Faenza: Techna Srl; 1995. p. 19–27.

29. De Aza PN, Luklinska Z. Efecto de la microestructura sobre la

bioactividad de dos materiales vitroceramicos del sistema

CaSiO3-ZrO2. Bol Soc Esp Ceram Vidrio. 2003;42(2):101–6.

30. De Aza PN, Luklinska Z. Effect of the glass-ceramic micro-

structure on its in vitro bioactivity. J Mater Sci Mater Med.

2003;14(10):891–8.

31. De Aza PN, Fernandez-Pradas JM, Serra P. In vitro bioactivity of

laser ablation pseudowollastonite coating. Biomaterials. 2004;25:

1983–90.

32. Alemany MI, Velásquez P, de la Casa-Lillo MA, De Aza PN.

Effect of materials’ processing methods on the ‘‘in vitro’’ bio-

activity of wollastonite glass-ceramic materials. J Non-Cryst

Solids. 2005;351:1716–26.

33. Kokubo T, Ito S, Huang T, Hayashi T, Sakka S, Kitsugi T,

Kitsugi T, Yamamuro T. Ca, P-rich layer formed on high-strength

bioactive glass-ceramic A-W. J Biomed Mater Res. 1990;24:

331–43.

34. Oyane A, Kim HM, Furuya T, Kokubo T, Miyazaki T, Nakamura

T. Preparation and assessment of revised simulated body fluids.

J Biomed Mater Res. 2003;65A:188–95.

35. Oyane A, Onuma K, Ito A, Kim HM, Kokubo T, Nakamura T.

Formation and growth of clusters in conventional and new

kinds of simulated body fluids. J Biomed Mater Res. 2003;64A:

339–48.

36. Takadama H, Hashimoto M, Mizuno M, Kokubo T. Round-robin

test of SBF for in vitro measurement of apatite-forming ability of

synthetic materials. Phosphorus Res Bull. 2004;17:119–25.

37. Dufrane D, Delloye C, McKay I, De Aza PN, De Aza S, Shneider

YJ, Anseau M. Indirect cytotoxicity evaluation of pseudowo-

llastonite. J Mater Sci Mater Med. 2003;14(1):33–8.

38. Sarmento C, Luklinska ZB, Brown L, Anseau M, De Aza S, De

Aza PN, Hughes SF, McKay IJ. The in vitro behaviour of

osteoblastic cell cultured in the presence of pseudowollastonite

ceramic. J Biomed Mater Res. 2004;69A(2):351–8.

914 J Mater Sci: Mater Med (2011) 22:907–915

123



39. Hench LL, Spinter RJ, Allen WC, Greenlee TK Jr. Bonding

mechanisms at the interface of ceramic prosthetic materials.

J Biomed Mater Res. 1971;2:117–41.

40. Kitsugi T, Nakamura T, Yamamuro T, Kokubo T, Shibuya T,

Takagi M. SEM-EPMA observation of three types of apatite

containing glass ceramics implanted in bone: the variance of a

Ca, P-rich layer. J Biomed Mater Res. 1987;21:1255–71.

41. Ebisawa T, Kokubo T, Ohura K, Yamamuro T. Bioactivity of

CaO SiO2-based glasses: in vitro evaluation. J Mater Sci Mater

Med. 1990;1(4):239–44.

42. Kokubo T, Ito S, Sakka S, Yamamuro T. Formation of a high-

strength bioactive glass-ceramic in the system MgO-CaO-SiO2-

P2O5. J Mater Sci. 1986;21:536–40.

43. Eriksson G, Wu P, Blander M, Pelton AD. Critical evaluation and

optimisation of the thermodynamic properties and phase dia-

grams of the MnO-SiO2 and CaO-SiO2 systems. Can Metall Q.

1994;33:13–21.

44. Pereira MM, Clark AE, Hench LL. Calcium-phosphate formation

on sol-gel derived bioactive glasses in vitro. J Biomed Mater Res.

1994;28(6):693–8.

45. Pereira MM, Clark AE, Hench LL. Effect of texture on the rate of

HA formation on gel-silica surface. J Am Ceram Soc. 1995;

78(9):2463–8.

46. Ortega-Lara W, Cortés-Hernandez DA, Best S, Brooks R, Bre-

tado-Aragón L, Renterı́a-Zamarrón D. In vitro bioactivity of

wollastonite-titania materials obtained by sol-gel method or solid

state reaction. J Sol-Gel Sci Technol. 2008;48:362–8.

47. Izquierdo-Barba I, Vallet-Regi M. In vitro calcium phosphate

layer formation on sol-gel glasses on the CaO-SiO2 system.

J Biomed Mater Res. 1999;47:243–50.

48. Laczka M, Cholewa K, Laczka-Osyczka A. Gel derived powders

of CaO-P2O5-SiO2 system as a starting material to production of

bioactive ceramics. J Alloys Compd. 1997;248:42–51.

49. Lowell S, Shields JE. Powder surface area and porosity. London:

Chapman and Hall; 1984.

50. Duval C. Inorganic thermogravimetric analysis. New York:

Elsevier; 1963. p. 274.

51. Sing KSW, Everet DH, Haul RAW. Reporting physisorption data

for gas/solid systems. Pure Appl Chem. 1985;57:603–19.

52. Kokubo T. Surface chemistry of bioactive glass-ceramics. J Non-

Cryst Solids. 1990;120:138–51.

53. Liu DM. Bioactive glass-ceramic: formation, characterization and

bioactivity. Mater Chem Phys. 1994;36:294–303.

54. Neuman W, Neuman M. The chemical dynamics of bone mineral.

Chicago: University of Chicago; 1958. p. 34.

55. Li R, Clark AE, Hench LL. Effects of structure and surface area

on bioactive powders by the sol-gel process. In: Hench LL, West

JK, editors. Chemical processing of advanced materials. New

York: Wiley; 1992. p. 627–34.

56. Padilla S, Roman J, Carenas A, Vallet-Regi M. The influence of the

phosphorus content on the bioactivity of sol-gel glass ceramics.

Biomaterials. 2005;26:475–83.

J Mater Sci: Mater Med (2011) 22:907–915 915

123


	Influence of thermal treatment on the ‘‘in vitro’’ bioactivity of wollastonite materials
	Abstract
	Introduction
	Materials and methods
	Gel-derived materials
	SBF in vitro test
	Sample characterization
	Textural properties

	Results
	Discussion
	Conclusions
	Acknowledgment
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


