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Abstract

Bioactive materials possess properties that allow them to interact with natural tissues to induce reactions that favor the development
and regeneration of those tissues. In this study, silica was prepared by the sol-gel method, using tetraethylorthosilicate as the
precursor. The calcium and phosphor sources used here were calcium ethoxy and phosphoric acid, respectively, in ethanol solvent.
The solid obtained was dried at 50 °C. In vitro bioactivity assays were performed by soaking the materials in simulated body fluid
(SBF). The samples were characterized by transmission electron microscopy (TEM), thermal analysis and photoluminescence.
TEM images of the samples before contact with SBF revealed amorphous aggregates and after 12 days in SBF showed two phases,
one amorphous with large quantities of Si and O, and the other a crystalline phase whose composition contained Ca and P. The
electron diffraction pattern showed a planar distance of 2.86 A, corresponding to 26 = 32.2°. This was ascribed to hydroxyapatite.
The Eu IIT was used as structural probe. The relative band intensity correspondent the transition D, = F, /D, = ’F, showed a
high symmetry surrounding the Eu III ion. These materials, produced by the sol-gel route, open up new possibilities for obtaining
bioactive biomaterials for medical applications.
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Resumo

Os materiais bioativos apresentam propriedades que permitem a sua interacdo com um tecido de origem natural podendo induzir
a sua regeneragdo. Neste estudo, o método sol-gel foi utilizado para a preparagcdo de silica dopada com fons cdlcio e fosforo,
partindo dos precursores tetraetilortosilicato, etoxido de cdlcio e dcido fosforico em etanol como solvente. O sdlido obtido foi seco
a 50 °C. Ensaios de bioatividade foram realizados in vitro em uma solugdo que simula o fluido corporeo (SBF). As amostras foram
caracterizadas por microscopia eletronica de transmissdo (MET), andlise térmica e fotoluminescéncia. As imagens de MET das
amostras antes do contato com SBF revelou a presenga de aglomerados amorfos. Depois de 12 dias em SBF a amostra apresentou
duas fases, uma amorfa com grande quantidade de silicio e oxigénio, e outra cristalina contendo cdlcio e fosforo. A difracdo de
elétrons mostrou uma distancia planar de 2,86 A, correspondendo a 20 = 32,2°. Esse dngulo foi atribuido ao principal pico da
hidroxiapatita. O ion Eu Il foi usado como sonda estrutural, apresentando em seu espectro de emissdo uma intensidade relativa
entre as transi¢ées °D, = ’F, /°D, =’F  que indica um ambiente de alta simetria para este ion. Estes materiais obtidos pelo método
sol-gel a baixa temperatura apresentam possibilidade de se obter biomateriais bioativos para aplicacdo em medicina.
Palavras-chave: biomateriais, eurdpio 111, sol-gel, nanoparticulas, hidroxiapatita.

INTRODUCTION

Every year, thousands of patients around the world
require bone implants due to aging, bone defects arising
from trauma, tumors, bone diseases and other causes.
Several constraints, such as availability, storage, and others,
have hindered implantation with natural bone [1].

Tissue engineering has been defined as the application of
scientific principles to the design, construction, modification
and growth of living tissues using biomaterials, cells and
factors, alone or in combination [2]. Hydroxyapatite (HA) is
widely used as a bone substitute to fill bone defects or to coat
prosthetic metal in order to promote its biocompatibility.
However, analyses of tissues retrieved from unsuccessful
implants have suggested that phagocytosis of HA wear

debris by monocytes/macrophages may provide a potent
stimulus for the release of a variety of cytokines [3]. In
1971, a new biomaterial was introduced — Bioglass® 45S5
— which showed the ability to bond to bone through the
formation of a HA surface layer [4]. In the last few years,
materials with high levels of bioactivity have increased the
formation of HA layers, because of the mechanically strong
bond that bioactive implants form with bone [5-8].

In the future, biomaterials are expected to enhance the
regeneration of natural tissues, promoting the restoration
of structure, function, metabolic and biochemical behavior,
and biomechanical performance [7].

The new materials have been employed in a variety of
implant applications, as indicated in a comprehensive review
on the subject published recently by Liu and Webster [9]. In
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addition, several research works have discussed a variety of
materials used in bone implantation. One of these materials
is silicon, a substrate commonly used in microimplants but
which can produce undesirable interactions with the human
immune system, thus requiring the use of biomolecules
[10]. Another study synthesized and evaluated a novel
polyurethane-based injectable in situ curable polymer
platform to determine its potential uses as a tissue-engineered
implant [11]. Carbon nanotubes have also been studied by
possible applications in implants, thanks to their excellent
mechanical properties as reinforcements, imparting strength
and toughness to brittle hydroxyapatite bioceramic coating
[12]. In addition, protein can be used as a tissue-engineering
strategy for bone regeneration [13]. Glass and ceramics
containing CaO-P,0.-Si0,, in vivo, have shown properties
such as osteoconductivity and osteoinductivity [14-16].

Hydroxyapatite and calcium carbonate are biominerals
that can be combined with glasses and/or organic polymers
to form biocompatible hybrid, organic-inorganic materials
[1, 17-20]. Moreover, sol-gel processes are now used to
produce bioactive coatings, powders and substrates that
offer molecular control over the incorporation and biological
behavior of proteins, and cells with applications as implants
and sensors [5, 21, 22].

Natural bone 1is an inorganic-organic composite
consisting mainly of nanohydroxyapatite and collagen fibers.
Hybrid materials obtained by the sol-gel route combine the
advantages of both organic and inorganic properties. Several
kinds of precursors of organofunctional alkoxysilanes have
been studied in the preparation of silica nanoparticles. The
sol-gel process is based on the hydrolysis and condensation
of metal or silicon alkoxides and is used to obtain a variety
of high purity inorganic oxides that are simple to prepare
[23,24]. This process can be employed to obtain and prepare
functionalized silica with controlled particle size and shape
[25-30].

Hybrid inorganic-organic nanocomposites first appeared
about 20 years ago, and the sol-gel process was the main
technique whose conditions proved suitable to produce these
materials and provide nanoscale combinations of inorganic
and organic composites [31]. The sol-gel process presents
advantages to obtain homogeneous hybrid materials under
low temperature, allowing for the incorporation of a variety
of compounds [32-37].

In this work, materials containing Ca-P-Si were prepared
by mixing tetracthylorthosilicate (TEOS), calcium alkoxide
and phosphoric acid synthesized by the sol-gel route. The
matrix was prepared by the hydrolysis and condensation
of the alkoxide, using basic catalysis. Europium chloride
was used as a structural probe due to its luminescence
properties and the possibility of its exchange with calcium
ion in the phosphate, allowing for the study of the chemical
surroundings. The resulting xerogel structure were analyzed
before and after contact with SBF by thermal analysis
(TG/DTA/DSC), photoluminescence (PL), transmission
electron microscopy (TEM) and energy dispersive X-ray
spectroscopy (EDX).

EXPERIMENTAL

The material was synthesized by the sol-gel route. In
10 mL of ethanol (solvent) were added 9.60x10° mol of
TEOS, 3.84x107 mol of calcium ethoxide and 6.73x10* mol
of phosphoric acid, under stirring, basic catalysis (NH,
ethanolic saturated solution) was used. Europium III chloride in
ethanolic solution was added as structural probe. After 5 h gel
was formed, the bulk was obtained after dried at 50 °C during
1 day.

The sample was characterized by thermal analysis
(TG/DTG), photoluminescence (PL), transmission electron
microscopy (TEM) and energy-dispersive  X-ray
spectroscopy (EDX), then immersed in Simulated Body
Fluid (SBF) [38], pH = 7.40 during 12 days. The sample
was characterized before and after contat with SBF. The
thermal analysis was carried out in a thermal analyzer
(TA Instruments SDT Q600, Simultaneous DTA-TG) in a
nitrogen atmosphere, at a heating rate of 20 °C.min"' from
25 to 1500 °C. The luminescence data was obtained with a
Spex Fluorolog II spectrofluorometer at room temperature.
The emission was collected at 22.5° (front face) from
the excitation beam. The morphology of the system was
investigated by TEM, analyzing a droplet of the suspension
deposited on a copper grid. The TEM analysis was performed
with a 200 kV Philips CM 200 microscope.

RESULTS AND DISCUSSION

Figs. 1 and 2 show the thermogravimetric curve and
derivate of the matrix Ca-P-Si dried at 50 °C before and after
contact with SBF, respectively.

The matrix displayed different behaviors before and after
contact with the SBF solution. Before contact, the matrix
showed a 45% weight loss. The first stage, which appeared at
100 °C, was ascribed to water and solvent molecules adsorbed
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Figure 1: TG and DTG curves of the matrix Ca-P-Si before contact
with SBF.

[Figura 1: Curvas TG e DTG da matriz de Ca-P-Si antes do
contato com SBF.]
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Figure 2: TG and DTG curves of the matrix Ca-P-Si after contact
with SBF.

[Figura 2: Curvas TG e DTG da matriz de Ca-P-Si depois do
contato com SBF.]

in the matrix, while the other stages, which took place between
200 and 650 °C, were possibly due to the decomposition of
residual organic groups of the precursor. After contact with
the SBF, the matrix showed a weight loss of only 17%, which
was ascribed to the migration of residual organic groups into
the solution and to the deposition at surface of a mineral phase
constituted by calcium phosphate. This deposition mineral
phase is to thin to be responsible for such a drop of weight
loss, as confirmed by transmission electron microscopy.

Fig. 3 shows the excitation spectra of the Ca-P-Si matrix
doped with Eu III ions by the sol-gel method. The maximum
emission was found to occur at 612 nm (°D, = ’F,). Note the
band from ’F; (fundamental level) to °L, (excitation level)
and the wide band at 250 nm, which was ascribed to the
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Figure 3: Excitation spectra of the Ca-P-Si matrix doped with Eu
III ions before (a) and after (b) contact with SBF, A =612 nm.
[Figura 3: Espectros de excitagdo do ton Eu Il dopado na matriz
de Ca-P-Si antes (a) e depois (b) contato com SBF, A, = 612 nm.]

charge transfer band (CTB). The spectra’s intensities were
normalized.

Fig. 4 depicts the emission spectra of the Ca-P-Si matrix
doped with Eu III ions, showing the excitation wavelength
in °L, level (394 nm).

The emission spectra presented transitions arising from
D, to’F,(J=0,1,2,3 and 4) manifolds. The Eu Il emission
bands in these spectra are characterized by nonhomogenous
distributions of the ion in the Ca-P-Si matrix [39- 41]. The
band corresponding to °D = F, transitions at 579 nm is due
to sites without inversion centers occupied by Eu III ions.

Because of its electrical-dipolar nature, [42] the
relative intensity of the °D, = F, and °D, = 'F, transitions
was strongly dependent on the surrounding Eu III. The
corresponding band of D = 7F transitions had a magnetic-
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Figure 4: Emission spectra of the Ca-P-Si matrix doped with Eu
IIT ions before (a) and after (b) contact with SBF, A__ =394 nm.

[Figura 4: Espectros de emissdo do ton Eu IIl dopado na matriz
de Ca-P-Si antes (a) e depois (b) contato com SBF, &, = 394 nm.]

Figure 5: TEM images of the Ca-P-Si matrix before immersion in
SBF.

[Figura 5: Imagens de MET da matriz de Ca-P-Si antes da imersdo
em SBF.]
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Table I - Relative intensity ratio of D —"F / °D ~"F, and
°D, = 'F,/°D, = F transitions and lifetime of the °D, = 'F,
transition.

[Tabela I - Intensidade relativa das transicées °D,>’F
/°D,>'F, e’D, > "F,/°D, = 'F e o tempo de vida da
transi¢do ’D, = 'F,.]

Samples °D,~F,/°D,>F, °D,—7F,/°D,~>F,
Before SBF 0.07 1.15

After 12 days 0.13 1.29

in SBF

(a)

Figure 6: TEM images of the Ca-P-Si matrix after immersion in
SBF; a) bright and b) dark field.

[Figura 6: Imagens de MET da matriz de Ca-P-Si depois da
imersdo em SBF, a) campo claro e b) campo escuro.]

dipolar nature whose intensity was unaffected by its
surroundings. Therefore, it can be considered a standard to
measure the relative intensity of the other bands, [43, 44] and
the °D, = 'F, emission intensity can thus provide valuable
information about environmental changes around the Eu III
ions. Table I shows the relative intensity of the °D, = 'F,
and °D = 7F, transitions in the ratio between the °D, = 'F,

Figure 7: Electron diffraction of the sample’s crystalline phase after
immersion in SBF.

[Figura 7: Difracdo de electrons da amostra na fase cristalina
depois da imersdo em SBF.]

transitions. The gradual increase of the ratio between transitions
indicates a change in the surrounding ions.

TEM can provide structural information about
materials, such as particle shape, size and crystallinity.
Figs. 5 and 6 show TEM images of the Ca-P-Si matrix
before and after immersion in SBF, respectively.

The TEM images in Fig. 5 reveal the formation of
small particles with an average size of 20 nm. Electron
diffraction revealed an amorphous phase. The bright and
dark fields in Figs. 6a and b indicate that the materials
have crystalline and amorphous phases. Fig. 7 shows the
electron diffraction of the crystalline phase.

The electron diffraction pattern shows planar
distances of 2.86 A and 1.88 A, which, according to
Bragg’s law, indicates that these distances correspond to
20 = 31.2 (211) and 48.6°(320). This peak was ascribed
to hydroxyapatite (JCPDS - 9-0432) [45].

The EDX analysis served to reveal the two phases
present in the materials after immersion in SBF, as
indicated in Figs. 8 and 9.

The EDX spectrum of the amorphous phase reveals
large quantities of Si and O, indicating amorphous
silicate and lower quantities of Eu and CI. The emission
spectra of Eu III ions show a surrounding inhomogeneous
site, characterizing the amorphous phase. The crystalline
phase, whose composition contained Ca and P, was
ascribed to the crystallization of hydroxyapatite. The
matrix is an efficient biomaterial in the amorphous phase,
but its level of bioactivity declines as the crystallinity
increases [8].
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Figure 8: EDX spectrum of the sample’s amorphous phase after
immersion in SBF.

[Figura 8: Espectro de EDX da amostra na fase amorfo depois da
imersdo em SBF.]
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Figure 9: EDX spectrum of the sample’s crystalline phase after
immersion in SBF.

[Figura 9: Espectro de EDX da amostra na fase cristalina depois
da imersdo em SBF.]
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CONCLUSION

The nanoscale combination of hybrid inorganic-
organic composites offers new possibilities for obtaining
new materials with special properties. Control of the
nanoscale structure is the most important factor in
materials for implant applications. In the case reported
here, the material we developed presented good
characteristics, firstly because the material was obtained
on a nanoscale and secondly because the hydroxyapatite
was crystalline. According to Eglin, [14] “the formation of
hydroxyapatite (HA) is the first indication of a successful
implant”. Nevertheless, these materials still require more
extensive testing. The materials produced here presented

good properties for application in biomaterials. Moreover,
the samples were not subjected to thermal treatment,
which is a great advantage of the sol-gel method.
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