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Abstract

Titania–wollastonite materials that show high in vitro bioactivity, appropriate cell proliferation and antibacterial behavior have been developed.

Titania–wollastonite compounds were synthesized by two different routes: (i) solid state reaction and (ii) sol–gel. The in vitro bioactivity

assessment was performed by immersing samples in a simulated body fluid (SBF). The materials characterization, before and after immersion in

SBF, was performed by SEM and EDS. Cytotoxicity was assessed by estimating cell proliferation and the antibacterial properties were evaluated

by performing a kinetic study of a bacterium growth (Burkhoderia cepacia). In order to evaluate the band gap value UV–vis spectroscopy was

performed. A faster apatite layer formation was observed on the samples processed by sol–gel. However, these agglomerates were smaller than

those formed on the solid state reaction substrates. The highest inhibition of the bacteria growth and the highest cell proliferation were observed on

the samples synthesized by solid state reaction.
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1. Introduction

Since Hench’s theory of bone-bonding ability was

formulated, several bioactive compounds in the system

SiO2–CaO–Na2O–P2O5 have been studied [1]. Bioglass 45S5

has demonstrated to be the highest bioactive glass, which

bonds rapidly to bone, even to soft tissue [2,3]. Later,

Kokubo and co-workers [4] reported that Na2O–SiO–CaO

glasses showed a higher strength besides bioactivity proper-

ties through the formation of a bonelike apatite layer when

such materials were in contact with physiological fluids, even

with acellular fluids (SBF). Therefore, for a material to bond

to living bone, the material has to form a biologically active

bonelike apatite layer on its surface when it is contact with

SBF. Wollastonite has been recently studied as an implant
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material since it is bioactive, non-toxic and compatible with

hard tissue. This apatite layer formed is dense, uniform and

nucleates not only on flat surfaces, but also on curved

surfaces, fibers, etc. [5]. CaSiO3 and pseudowollastonite

compounds were firstly investigated by De Aza and co-

workers [6] as phosphorous-free materials that promote the

formation of apatite in both, in vitro and in vivo tests. The

synthesis method has an important effect on the performance

of those compounds; wollastonite synthesized by sol–gel

shows a faster apatite formation. According to various

authors [7], the mechanism of apatite formation on materials

rich in SiO–CaO begins with an ionic exchange between

H3O+ ions, originally present in the SBF, and Ca ions from

the substrate. Then, a silica layer is formed due the fact that

the negative charged sites attract the H3O+ ions. The silanol

layer formed attracts the solvated cations leading to the

nucleation of the apatite layer. On other hand, in 1994 titania

gel was found to be bioactive when exposed to SBF. Ceramic

compounds based on titania and titanates generally show a

higher elastic modulus and higher chemical durability than
d.
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Table 1

Processing methods and precursors used in the preparation of the wollastonite–titania materials.

Synthesis method TiO2 precursor CaSiO3 precursor

Sample Type 1 (S1) Solid state process Rutile powder (wt. 50%) Wollastonite powder

Sample Type 2 (S2) Sol–gel method Titanium butoxide Calcium nitrate and TEOS

Sample Type 3 (S3) Sol–gel method Titanium butoxide Wollastonite powder
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silicates and phosphates. Similarly to compounds based in

silicates, when titanium compounds are in contact with SBF,

water molecules react with Ti–O–Ti bond to form additional

Ti–OH groups. These groups induce apatite nucleation by

increasing the ionic activity product of apatite in the fluid.

Once the apatite has nucleated, apatite grows spontaneously by

taking calcium and phosphate ions from the surrounding SBF

[8–11]. Furthermore, titania has proved to posses photo-

sensitivity properties, thus this material has applications in

photovoltaic cells, total/partial degradation of pollutants, gas

sensors and, as it shows appropriate physicochemical stability

and mechanical integrity during the surgical process, titania is

a highly potential material for bone replacement applications

and, due to its photosensitivity properties, it may also be an

ideal antibacterial material [12,13]. The photosensitivity

phenomena is induced when a photon with enough energy

promotes the jump of an electron from the basal level to an

excited level (from the valence band to the conduction band),

during this process the formation of a vacancy (hole) is

involved. This created electron–hole pair recombines or form

highly reactive species that are able to destroy surrounding

species, such as bacteria nucleus, stopping the bacteria

reproduction [14–17]. Titania/wollastonite composites have

been prepared to improve pigments [18,19]. Recently, Ding

and Liu [20–22] studied bioactivity and compatibility

properties of non-heat-treated titania–wollastonite compo-

sites, the phases formed were only rutile and anatase (titania

polymorphs) besides of wollastonite in a lamellar structure.

After immersion in SBF, samples with higher content of

wollastonite formed an apatite layer on the substrate.

Furthermore, all composites demonstrated osteoblast prolif-

eration resulting in cytocompatible materials.

The aim of this study is to develop bioactive, biocompatible

and antibacterial materials from wollastonite and titania

compounds obtained by sol–gel or solid state reaction followed

by heat treatment. Different to that observed by Ding and Liu

[20–22], the heat treatment of the samples of this work leads to

the formation of other phases, such as titania, titanite,

wollastonite and calcium titanate [23]. In this paper, the effect

of the synthesis method on the antibacterial properties, the in

vitro bioactivity and the cytocompatibility behavior was

evaluated.

2. Materials and methods

As mentioned above, materials were synthesized by solid

state reaction and sol–gel process. In this section the

experimental procedure followed for the preparation of the

materials by each method is presented.
2.1. Solid state reaction method, S1

The powder mixtures (Table 1) were ball-milled in

polypropylene flasks with alumina balls using acetone as

dispersing medium for 3 h. The slurries were dried at 80 8C for

24 h. The dried powders were then disk-shaped by uniaxial

pressing at 150 MPa for 15 s. The disks were sintered at

1150 8C for 2 h.

2.2. Sol–gel methods, S2 and S3

Two different routes were used in order to obtain materials

with a similar chemical composition to those obtained by solid

state reaction. In the first one, the sol was prepared by mixing

0.39 mol of titanium butoxide (Aldrich, 97%+), 0.32 mol of

tetraethyl-orthosilicate (TEOS) (Aldrich, 98%+) and 0.25 mol

of calcium nitrate tetrahydrate (Aldrich, 99%+), the H2O/TEOS

molar ratio was 8 at pH 7. The mixture was vigorously stirred

and heated at 60 8C for 1 h and dried at 80 8C for 48 h. The

powder was heat treated at 400 8C for 2 h (S2, Table 1).

In the second sol–gel route, titanium butoxide was also used

as the titania precursor, however, this reagent was directly

mixed with wollastonite powder (S3, Table 1). The obtained

powders were uniaxially pressed at 145 MPa for 20 s and heat

treated at 500 8C for 2 h.

2.3. Immersion of samples in simulated body fluid (SBF)

The ceramic materials obtained were immersed in 100 ml of

SBF under static conditions and kept at 36.5 8C for different

periods of time (14 and 21 days). The SBF was prepared by

dissolving appropriate amounts of reagent grade chemicals

of sodium chloride (NaCl), sodium hydrogen carbonate

(NaHCO3), potassium chloride (KCl), dipotassium hydrogen

phosphate (K2HPO4�3H2O), magnesium chloride hexahydrate

(MgCl2�6H2O), calcium chloride dihydrate (CaCl2�2H2O) and

sodium sulfate (Na2SO4) into de-ionized water and buffered to

pH 7.4 at 36.5 8C with 1N hydrochloric acid or tris(hydrox-

ymethyl) aminomethane ((CH2OH)3CNH2) [24]. After com-

pleting each immersion period, the samples were washed with

de-ionized water and dried at room temperature.

The surface of the substrates, before and after immersion in

SBF, was analyzed by scanning electron microscopy (SEM)

(XL30 ESEM, Philips1), energy dispersive spectroscopy

(EDS), X-ray diffraction (XRD) (X’ Pert, Philips1) and

phase-quantification was carried out with Sietronics XRD

Trace Processing software, version 3.0.

The UV–vis absorption spectra of the solid samples were

obtained by diffuse reflectance studies using a PerkinElmer



Fig. 1. SEM images of samples S1, S2 and S3 before and after 14 and 21 days of immersion in SBF and EDS spectra of the samples after 21 days of immersion.
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spectrophotometer model Lambda 12 coupled to an integration

Labsphere RSA-PE-20. A Spectralon standard USRS-99010

with 100% reflectance was used as reference.

2.4. Bacterial culture tests

For testing antibacterial properties Burkholderia cepacia

was selected. This bacterium was cultivated in a nutrient broth

containing dehydrated Bacto Nutrient Agar (DIFCO Lab). All

glassware and test samples were sterilized in an autoclave at

121 8C and 15 atm for 15 min or by UV irradiation for 5 min

before culturing. Each sterilized sample was immersed in 60 ml

of nutrient broth containing 5 ml of inoculum. The flaks were

covered and placed in a wrist-action shaker at 100 rpm (VWR

Scientific, 1500E) and 36 8C. A sample of 5 ml of the solution

was removed at different times and the bacteria proliferation

was indirectly evaluated by turbidimetric readings (Spectro-

meter Spectronic 20D+ with a wavelength 600 nm, Milton

Roy). The bacteria proliferation in the nutrient broth with no

ceramic sample was used as a control.

2.5. Cell culture tests

For testing cytotoxicity a cell culture model (Alamar blue

assays) was used. MG63 cells, originally isolated from human

osteosarcoma cells, were cultured in a Dulbecco Modified

Eagle’s Medium (DMEM, Aldrich) containing penicillin/

streptomycin (100 units/ml) and gentamicin (100 g/ml). Thirty

microliters of 2 � 106 cells/ml were directly seeded on the
substrates and on positive (a seeded polyethylene plate) and

negative (non-seeded) controls and cultured for 1, 3, 5 or 7 days

at 37 8C in a humidified air with 5% CO2. After each period of

time, Alamar blue (Serotech, Nalgene) was added to the

cultured surface and kept for 3.5 h. The characterization was

performed using a spectrophotometer (Fluorstar Optima, BMG,

Labtech). The surface of samples after cell culturing was also

analyzed by SEM.

3. Results and discussion

Fig. 1 shows SEM images and EDS spectra of the samples

before and after immersion in SBF. The sample obtained by solid

state reaction (before immersion in SBF, S1 in Fig. 1) shows a

granular microstructure. In contrast, the morphology of the

samples obtained by sol–gel consists of wollastonite whiskers

embedded in a matrix composed of small particles (S2 in Fig. 1).

The microstructure of the sample obtained also by sol–gel but by

mixing titanium butoxide directly with wollastonite (S3 in Fig. 1)

shows wollastonite whiskers of a larger size.

The XRD analysis reported in a previous work [23] is

summarized in Table 2, which shows the phase quantification of

substrates S1, S2 and S3. The main phases detected were rutile

(JCPDS: 87-0920; 27.438, 54.318, 36.078; tetragonal; TiO2),

wollastonite (JCPDS: 43-1460; 29.988, 26.848, 25.28; Mono-

clinic; CaSiO3-2 M) and a calcium silicon titanate, called titanite

(JCPDS: 87-0256; 27.458, 29.658, 34.158CaTi(SiO4)O). Sample

S3 presented only rutile and b-wollastonite due to the nature of

the precursors used.



Table 2

Phase-quantification of S1, S2 and S3.

Sample Phase-quantification

% TiO2 % CaSiTiO4 % b-CaSiO3 CaTiO3

S1 16.2 27.86 55.93 –

S2 21.58 38.26 22.95 18.19

S3 6.4 – 93.59 –

Fig. 3. Growth curves of Burkhoderia cepacea on wollastonite–titania samples

at 37 8C in a nutrient broth.
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According to the XRD studies reported previously [23] a

faster apatite formation was observed on the substrates

synthesized by sol–gel than on those obtained by solid state

reaction. These results are in agreement with the SEM and EDS

analyses. The SEM images of the sample S1 after 14 days of

immersion in SBF (Fig. 1) shows no a significant change in

comparison with the sample before immersion. In contrast, the

samples obtained by sol–gel (S2 and S3, Fig. 1) show the

formation of a Ca, P-rich layer after 14 days of immersion.

While the initial stages of the apatite nucleation can be

observed on S1 after 21 days of immersion in SBF, a thicker and

homogeneous apatite layer was formed on S2 and S3 after this

period of time. The EDS spectra, which correspond to the

samples after 21 days of immersion in SBF, show a high content

of Ca and P. These results indicate that the samples obtained by

sol–gel, especially S2, show a higher bioactivity than that

observed on the sample obtained by solid state reaction (S1).

The UV–vis spectra are shown in Fig. 2, the band gap was

evaluated by the following equation:

aðhnÞ ¼ Aðhn� EgÞm=2
(1)

in which, when a = 0, the band gap value was Eg = hn. Eg was

calculated from the UV–vis spectra by extrapolating a straight

line from the absorption curve to the abscissa axis. The lowest

Eg value corresponds to the sample processed by solid stated

reaction followed by the samples synthesized by sol–gel S2 and

S3. This behavior can be explained taking into account the

Quantum Size Effect, which supposes that the particle size has a

strong effect on the spectral properties of semiconductors when
Fig. 2. UV–vis spectra of samples.
their size becomes comparable to the size of the exciton.

Semiconductors such as CdS, ZnS and AgI have shown spectral

blue shifts in the absorption band edge as a consequence of

exciton confinement by decreasing the particle size. Several

studies concerning the photophysics of TiO2 colloids have

reported this phenomenon [25]. The band gap of the material

in a semiconductor is closely related with the formation of free
Fig. 4. Metabolic activity of cells on S1, S2, S3 and positive and negative

controls.



Fig. 5. SEM images of S1, S2 and S3 after 1, 3 and 7 days of cell culture testing.
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radicals and unstable products which are responsible for the

killing of bacteria [26].

Fig. 3 shows the kinetic study performed for analyzing the

bacteria growth on S1, S2 and S3. As observed, the antibacterial

behavior of these samples was similar. Nonetheless, the highest

antibacterial activity was observed for S1 and S2, which

showed lower Eg values than S3. The B. cepacea average time

life decreases from 238.19 min in the nutrient broth (control) to

137.37 min for the sample S2 and 139.49 for the sample S1.

There is no significant difference between the antibacterial

activity of S1 and S2, considering the difference in particle size.

Fig. 4 shows the results of the cell culture assays. The cell

activity on all the samples at days 1 and 3 is similar to that

corresponding to the positive control and slightly higher than

that of the negative control. An increase in cellular activity was

observed on all the materials over the range between 1 and 3

days of culture. However, the cell activity on S2 and S3 stopped

and decreased slightly at 5 and 7 days of culture. On the other

hand, a substantial increase in cell proliferation with time was
Fig. 6. SEM images (at high magnifications) of S
observed on sample S1. Furthermore, the cellular activity on

this sample was considerably higher than that corresponding to

the positive control over the 7 day culture period. It is important

to remark that the surface of S1 was considerably smoother than

that of S2 and S3. According to the literature [27,28], the effect

of surface roughness is not totally understood due to several

parameters, such as cell type, surface topography, physico-

chemical properties, etc. Some works report that cell

proliferation is linked to smooth surfaces [29,30], while others

indicate that proliferation is related to roughness [31,32]. As the

nature of the materials is very similar since their main

compounds are wollastonite, TiO2 and titanite, the results of

this work indicate that human MG63 cells show a clear

preference for smooth surfaces.

Fig. 5 shows SEM images of the cell cultured samples. A

typical evolution of cells attachment with time (from 1 to 7

days) is observed. The image of S1 at day 1 shows some round

cells that exhibit homogeneity in cytoplasmatic prolongation,

larger cells are presented at day 3 showing lamellipodia, the
1 and S3 after 7 days of cell culture testing.
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apparition of these spindle cells may be associated to the

proliferation increase as observed in Fig. 5. A higher cell

proliferation is observed at day 7, a large amount of elongated

cells are attached to the substrate and joined one to another by

filopodia. In contrast, on sample S2, a crystalline Ca, P-rich

compound was formed over the period culture with MG63 cells

in nutrient broth (DMEM) and no cell attachment was

observed. The formation of this compound may limit the cell

growth, since it may be in competition with cells by nutrients.

Although sample S3 shows a lower cell proliferation than S2

(Fig. 4), a localized area with round cells at day 1 can be

observed in Fig. 6. These cells proliferated as a function of

culture time and became spread; in this case, cells show a

heterogeneous cytoplasmatic growth. Cells are better spread

and flattened on S1 in contrast to those on selected areas of S3, a

higher proliferation was also observed. It is well known that in

the cell adhesion process are involved phenomena such as

protein adsorption, contact of round cells to the substrate,

attachment of those cells to the substrate and the cell spreading.

Fig. 6 shows SEM images of S1 and S3 after 7 days of

culture. Spindle cells are attached to the surface of S1 by

filopodia and microvilli and covered with ruffles. The image

corresponding to S3 shows a spindle cell covered with

microvilli anchorage to the substrate and covered with ruffles

and some bundles. These images show also a comfortable

growth.

4. Conclusions

Potentially bioactive wollastonite and titania-containing

materials, which have also an appropriate antibacterial

behaviour, can be obtained by either solid state reaction or

sol–gel method. A thicker apatite layer was formed on the

samples processed by sol–gel. However, as the sample

processed by solid state reaction showed a smoother surface,

a higher cell proliferation was observed by using this method.

This may indicate that cell proliferation is closely related to

smooth surfaces. The feasibility to obtain materials with similar

band gap values (Eg) by both synthesis methods was

demonstrated. Due to this similarity in band gap values, a

high and similar antibacterial efficiency was observed in all the

cases.
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