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The bioinert surface of silicon nitride ceramics led us to investigate the additions of SiO2, CaO and 
Al2O3 in order to aid the liquid phase sintering and improve the mechanical properties and biological 
behavior of the final materials. The sintered materials reached ca. 97% of theoretical density and total 
α→β-Si3N4 transformation. The samples had relatively high values of fracture toughness while their 
elastic modulus values were lower than those of conventional silicon nitride ceramics. Apatite deposits 
were observed on the surfaces analyzed after SBF (simulated body fluid) immersions, suggesting 
their bioactivity. Osteoblasts proliferation and calcified matrix were also detected as response to cells/
materials contact. This combination of properties suggests that all studied compositions are promising 
for applications in biomedical devices. Moreover, compositions with alumina additions and higher silica 
content had better in vitro biological behavior, densification and mechanical properties, suggesting 
greater potential to be used in bone substitute devices.
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1. Introduction
Silicon nitride is a covalent ceramic widely used in 

many structural applications due to its excellent mechanical 
properties, such as high flexural strength, high hardness and 
relatively high fracture toughness1. These properties are due 
to elongated β-Si3N4 grains that promote an interlocking 
microstructure produced by solution-reprecipitation 
mechanisms during liquid phase sintering2. After cooling, the 
liquid phase will remain in the grain boundaries and triple 
points of the β-Si3N4 grains as an amorphous or partially 
crystalline phase, affecting the microstructure of the sintered 
material. The type, amount and combination of additives 
influence the viscosity of the liquid phase, and also control 
the interfacial strength, morphology and growth of Si3N4 
grains. Thus, it is evident that the resulting secondary phase 
plays a fundamental role in controlling the properties and 
characteristics of ceramics3,4.

On the other hand, the interest in using silicon nitride 
in biomedical applications has increased in recent decades, 
with works on biocompatibility and in vivo reactivity 
evidencing its potential in hard tissue surgeries5-14. The good 
performance of silicon nitride in biological environments was 
demonstrated by its non-cytotoxicity9,15,16, high antibacterial 

function and better osseointegration than titanium and 
PEEK (polyether ether ketone) implants 17,18. Unlike metal 
devices, silicon nitride is a partially radiolucent material 19, 
producing no distortion in radiographic images and allowing 
an accurate view of the implant during surgical procedure 
and in postoperative evaluation.

Previous works also related the silicon nitride ability to 
promote intense bone growth and bone apposition on its surface 
when installed in rabbit tibia, with a bone formation process 
similar to that found for titanium implants10. This means that 
silicon nitride is a bioinert material with a good biological 
response, as also detected by Neumann et al.20 in their in vivo 
studies with alumina and silicon nitride ceramics. A good 
way to improve bioactivity and promote faster and stronger 
silicon nitride osseointegration is coating its surface with a 
hydroxyapatite layer or even producing composites with a 
bioactive phase7,21,22. Amaral et al.7 studied a silicon nitride 
composite containing a bioglass of composition (in wt.%) 
45.0SiO2-24.5Na2O-24.5CaO-P2O5. However, in addition to 
the previous preparation of the bioglass by melting, adding 
an extra step to the processing of the material, the authors 
used hot pressing for the materials consolidation, which is an 
extremely costly sintering technique. Also, the low softening 
temperature of the glass limited the sintering temperature and 
damaged the α→β-Si3N4 transformation, which is required 
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to ensure better mechanical properties to the material. 
Frajkorová et al.21 also studied silicon nitride biocomposites 
containing the 45.0SiO2-24.5Na2O-24.5CaO-P2O5 bioglass, 
although aiming to obtain porous bodies. In this case, the 
materials were pressureless sintered in air at only 900 ºC, 
also resulting in large amounts of residual α-Si3N4.

Thus, the present work aims to obtain silicon nitride 
ceramics with high amount of β-Si3N4 by using, as sintering 
aids, oxides with compositions similar to those used to produce 
some bioactive glasses22. The oxides (SiO2, CaO and Al2O3) 
are introduced during the grinding step of the processing, 
eliminating the need to obtain the glass previously, so that 
the compositions could be sintered by liquid phase using 
the simple pressureless sintering method. These means that 
the selected additives were added to enable the formation 
of a liquid phase during the sintering process, which tends 
to solidify in a vitreous phase with bioactive composition 
similar to that studied by Ohura et al22.

With the presence of this bioactive glassy phase, the 
reactions expected to occur in vivo on the material surface 
would be similar to those promoted by the so-called Bioglass 
developed by Hench et al.23. Due to these reactions, which 
may be reproduced in vitro with SBF (simulated body fluid), 
an apatite layer forms on the ceramic surface. Each of the 
added oxides should contribute to the reactions of apatite 
formation. Calcium oxide (CaO) should help the first step 
of the reactions due to the release of Ca2+ ions from the 
surface via an exchange with H3O

+ ions present in the SBF. 
And silicon oxide (SiO2) tends to promote the formation 
of Si-OH groups, as a consequence of the ion exchange 
favored by the first step described above, inducing apatite 
nucleation23. Besides, bioactive glasses tend to support the 
adhesion, maturation and proliferation of human osteoblast-
like cells, promoting a complete fusion between the bone 
tissue and the material surface24-26.

Additions of Al2O3 are also used in view of this oxide 
assists silicon nitride sintering and considering it is helpful 
to strengthen the mechanical properties of silica glasses27. 
However, the concentration of this oxide in studied 
compositions was limited to 1.5 wt. % of the total additives, 
since higher contents may inhibit bone binding, as observed 
in other studies28.

Hence, this work investigates the influence of SiO2, CaO 
and Al2O3 on the densification, microstructure, mechanical 
properties and potential reactivity in vitro for bone repair 
of silicon nitride ceramics.

2. Experimental Procedure

2.1 Samples preparation

The starting materials used were: Si3N4 (SN-E10 
α-Si3N4 powder, UBE); Al2O3 (99.9% purity, CT 3000SG 
Almatis); SiO2 (quartz, 99.9% purity, Sigma-Aldrich); and 

CaCO3 (P.A., Vetec). Different compositions with 10 to 
20 wt.% of additives, prepared according to Table 1, were 
ground in a high energy mill at 400 rpm for 4 hours, dried 
in rotoevaporator and compacted as pellets by uniaxial (50 
MPa) and cold isostatic (200 MPa) pressing.

The pellets were embedded into a bed of Si3N4 powder 
in a graphite crucible to be sintered at 1815 ºC for 1 hour, 
using a graphite resistance furnace (Thermal Technology) 
under nitrogen atmosphere.

2.2 Characterization

The apparent density of the sintered samples was determined 
by the Archimedes method, and the relative density calculated 
considering the theoretical density - previously calculated 
using the mixing rule. The α→β-Si3N4 transformation and 
the crystalline phases formed in the grain boundaries were 
evaluated by X-ray powder diffraction (XRPD) (Bruker D8 
X-ray diffractometer, CuKα radiation). The porosity, as well 
as the morphology and grain size, were analyzed by scanning 
electron microscopy (SEM) (PHILIPS - XL30 microscope) 
in polished and plasma etched samples using SF6 and O2.

2.3 Mechanical properties

The Young modulus (E) was determined by a non-
destructive dynamic method (ASTM E 1876-15) from 
vibration frequencies (resonance) of the specimens and their 
geometric parameters, according to Spinner & Tefft model, 
in the flexion mode (Grindosonic MKS 5 Instrument). The 
hardness (HV) and fracture toughness (KIc) were determined 
using the Vickers indentation method (Buhler VH1150 
Durometer), with the fracture toughness values calculated 
by the equation proposed by Anstis et al.29.

2.4 Simulated body fluid

The biological behavior was evaluated by reactivity tests 
in SBF. Is was used a ratio of 0.1 cm-1 between the total sample 
area and the solution volume. Duplicate disk-shaped specimens 
were immersed in SBF during 16 days and the solution was 
changed every 84 hours. The specimens were removed 
from SBF immersion every 4 days and their surfaces were 
characterized by backscattered scanning electron microscopy 
(Hitachi TM 3000 microscope) and Fourier transform infrared 
spectroscopy (Thermo Nicolet 670 - FTIR - NEXUS). The 
spectra were collected in the diffuse reflectance (DRIFT) 

Table 1. Studied compositions (wt.%)

Sample Si3N4 SiO2 CaO Al2O3

SSC-06 90 6 4 0

SSC-06A 90 6 3.85 0.15

SSC-10 80 10 10 0

SSC-12 80 12 8 0

SSC-12A 80 12 7.7 0.3
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mode in the 4000-400 cm-1 spectral range, at 126 scans per 
sample and a resolution of 2 cm-1.

2.5 In vitro cell behavior

MG63 osteoblast-like cells (ATCC) were cultured in 
Minimum Essential Medium (MEM) (Gibco), supplemented 
with 10 % fetal bovine serum (Cultilab) and 1 % antibiotic/
antimycotic solution (Gibco) at 37 ºC under a humidified 
atmosphere and 5 % CO2. When they reached 80% of 
confluence, they were washed with PBS (phosphate-buffered 
saline) and detached with trypsina 0.05%-EDTA 0.02% 
solution (Sigma) at 37 ºC for 5 min. The cells were collected 
and centrifuged for 5 min at 3000 rpm and resuspended in 
MEM medium.

Prior to use, discs of silicon nitride with dimension of 10 
mm x 2 mm were sterilized in an autoclave at 121 ºC for 20 
min. Each disc was placed in a single well of 24-well culture 
plates and 1 mL of culture medium was added for wetting 
the system for 40 minutes. After this time, the previous 
medium was changed by a suspension with 2x104 MG-63 
cells. The plates were placed in a 37 ºC incubator and the 
culture medium was changed every 3 days.

After culturing for 3, 5, 7 and 14 days, the discs were 
removed from the original plate and transferred to a cleaned 
and sterile one. The discs were washed with PBS and the 
viable cells attached to samples were quantified by MTS assay. 
The MTS (Promega) reagent was diluted with the culture 
medium as recommended by the supplier. The volume of 
culture medium was standardized as 500 µL for all samples. 
After 2 h incubation, supernatant aliquots of 100 µl were 
transferred to a 96-well plate and the absorbances at 492 
nm read using an Elisa Plate Reader. The amount of viable 
cells was calculated with a calibration curve (cell number 
X absorbance).

The cell morphology and adhesion on samples were 
observed using SEM (Hitachi TM 3000 microscope) after 
formaldehyde fixation and dehydration treatments. The 
mineralization was observed under light and confocal 
microscopes (Olympus BX51 and Olympus LEXT OLS4100) 
after staining the cells with an aqueous solution containing 
2% Alizarin Red S (Sigma-Aldrich), pH 4.2.

3. Results and Discussion

3.1 Densification and microstrucuture

Table 2 shows the density values of the sintered samples. 
The used compositions led to high relative density, evidencing 
the good performance of the amount and type of additives to 
promote the sintering of silicon nitride with the heat treatment 
conditions used in this study. The larger amount of oxides 
introduced in SSC-10, SSC-12 and SSC-12A coded samples 
resulted in a slight increase in the density values, possibly due 
to the larger amount of liquid phase formed in the sintering 
process. The presence of Al2O3 in SSC-06A and SSC-12A 
samples also led to a slight increase in the relative density 
values as compared to SSC-06 and SSC-12 samples of the 
same compositions, but Al2O3-free. Also, higher calcia content 
improves densification, with the SSC-10 sample having the 
highest relative density value. These results indicate that the 
features of the liquid (i.e, solubility, wetting, viscosity, etc.) 
with Ca-Si-Al-O-N composition or with high Ca2+ content 
are more suitable to promote the liquid sintering process.

The X-ray diffraction in Figure 1a showed total α→β-
Si3N4 transformation in all the studied samples. It was also 
possible to identify Si2ON2 peaks in samples with high silica 
contents, i.e., in SSC-12 and SSC-12A. This phase could be 
formed during cooling by crystallization from the liquid phase30 
or by the reaction between α-Si3N4 and SiO2

31. Despite the 
presence of Si2ON2, all samples exhibited a similar fibrous 
lace-like microstructure with high aspect ratio β-Si3N4 
grains surrounded by a Ca-Si-Al-O-N or Ca-Si-O-N grain 
boundary glassy phase. Figure 1b shows the microstructure 
of SSC-10 sample after polishing and etching representing 
the microstructure of the five studied compositions.

3.2 Mechanical properties

Depending on the prosthesis application, specific 
values of mechanical properties must be assured (such as 
hardness, elastic modulus and fracture toughness) either by 
choosing the appropriate material or controlling the material 
microstructure during the processing. Improved fracture 
toughness, for example, is a critical property to select a 
material which will be loaded during service. Biomaterials 

Table 2. Physical properties of the sintered samples

Sample Apparent density 
(g/cm3)

Relative density 
(%)

Young’s modulus 
(GPa)

Vickers hardness 
(GPa)

Fracture 
toughness 
(MPa.m1/2)

SSC-06 3.0019 ± 0.0046 95.34 ± 0.14 290.90 ± 3.57 12.40 ± 0.29 5.69 ± 0.50

SSC-06A 3.0235 ± 0.0098 96.01 ± 0.31 300.73 ± 7.65 12.17 ± 0.26 5.59 ± 0.45

SSC-10 3.0400 ± 0.0080 97.01 ± 0.25 265.40 ± 4.31 10.92 ± 0.13 5.76 ± 0.43

SSC-12 2.9957 ± 0.0216 96.08 ± 0.69 269.80 ± 6.39 11.71 ± 0.42 4.88 ± 0.52

SSC-12A 3.0126 ± 0.0115 96.59 ± 0.37 271.63 ± 3.13 11.07 ± 0.23 5.70 ± 0.55
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with low values of fracture toughness have low ability to 
resist the propagation of pre-existing cracks due to routine 
patient’s activities32-34.

For silicon nitride ceramics, the amount and type of 
additives are primordial factors to control the mechanical 
properties of the sintered material due to interfacial strength 
or the β-Si3N4 grains morphology. From Table 2, it is possible 
to note no significant difference in the values of fracture 
toughness, considering the samples compositions, possibly 
because of their similar microstructures. Such microstructures 
composed of elongated β-Si3N4 grains resulted in relatively 
high values of fracture toughness, analogous to those of 
silicon nitride ceramics containing rare earth oxides as 
sintering aids3,35, recommended for applications subjected 
to more severe conditions than those proposed in this study. 
Hence, these results indicate the materials ability to prevent 
failure during its handling and during the patient’s normal 
activities, such as chewing, walking, running, etc.

The hardness and elastic modulus were considerably 
different, yielding smaller values for compositions with 

greater amount of additives and, consequently, of glassy 
phase. This reduction is extremely important, since it 
decreases the difference in relation to the elastic modulus 
of the cortical bone (15 to 20 GPa) and, consequently, the 
probability of device subsidence, although this undesirable 
effect is not only related to this mechanical property, but also 
to the design, shape and size of the prosthesis36.

3.3 Reactivity in Simulated Body Fluid (SBF)

In orthopedics and implantology, the material is considered 
bioactive when it is integrated with the bone tissue without 
formation of fibrous tissue at the bone-implant interface23. 
Tests with simulated body fluid are very used to evaluate 
bioactivity. Many studies have reported that materials able to 
form apatite on the surface after SBF tests tend to bind to the 
living bone in short periods during their implantation in vivo. 
In 2003, Fujibayashi et al.37 compared in vivo bone growth 
and in vitro apatite formation in different Na2O-CaO-SiO2 
glasses and confirmed that the evaluation of apatite formation 
in SBF has a good correlation with in vivo test results.

This good correlation was also detected by Kokubo et 
al.38. They concluded that the bioactivity of a material in 
vivo can be predicted in vitro by formation of an apatite 
layer on its surface after SBF immersions. Many other 
examples of works confirm the efficiency of SBF tests to 
evaluate bioactivity of different materials. Here we also cite 
those with plasma-sprayed TiO2 coatings39, phosphosilicate 
glasses based on Bioglass 45S5 with various amounts of 
zinc oxides40 and nonwoven composite fabric composed of 
randomly mixed PCL and CaO-SiO2 gel fibers41.

In this work, the samples surfaces were examined after 
4, 8 and 16 days of SBF immersion. Backscattered scanning 
electron micrographs (Figure 2) of the samples indicate that 
from the 4th day of immersion onwards, a bright phase was 
formed on the samples surface. In addition, the bright phase 
increased gradually with immersion time until to form a 
layer with globular particles, typical of hydroxyapatite38.

In Figure 2, it is possible to observe that although the 
nucleation process had been similar for all samples in 4 days 
of SBF immersion, the SSC-06A and SSC-12A samples had 
their nucleation process inhibited on the 8th day. On the other 
hand, this behavior changed for longer immersion times (16 
days of SBF immersion), with the SSC-06A and SSC-12A 
samples showing higher precipitation on the surface than 
the SSC-06 and SSC-12 samples, respectively.

This behavior can be explained considering silicate 
glasses formed by silica tetrahedra connected by oxygen 
bonds. When these glasses also contain calcium as a 
network modifier, Ca2+ forms non-bridging oxygen bonds 
and disrupts the network, increasing the glass reactivity, as 
happen in Al2O3-free samples. On SSC-06A and SSC-12A 
samples, CaO was partially replaced by alumina (Table 1), 
creating Si-O-Al-Si bonds and reducing the glass reactivity 
and the calcium phosphate formation 42. In contrast, after 

Figure 1. (a) X-ray powder diffraction patterns of the samples (S 
is the Si2ON2 phase and β is the β-Si3N4 phase) and (b) scanning 
electron micrograph of the polished and etched SSC-10 sample.
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Figure 2. Images of samples submitted to bioactivity test in SBF after 4, 8 and 16 days of immersion. (a) SSC-06/4 days, (b) SSC-06/8 days, 
(c) SSC-06/16 days, (d) SSC-06A/4 days, (e) SSC-06A/8 days, (f) SSC-06A/16 days,(g) SSC-10/4 days, (h) SSC-10/8 days, (i) SSC-10/16 
days, (j) SSC-12/4 days, (k) SSC-12/8 days, (l) SSC-12/16 days, (m) SSC-12A/4 days, (n) SSC-12A/8 days and (o) SSC-12A/16 days.
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the growth of calcium phosphate nuclei in glasses with Al3+, 
the apatite layer tends to be more stable due to replacements 
of P2O5 by Al2O3

43.
Moreover, Figure 2 shows a slight variation in the apatite 

deposition on SSC-10 and SSC-12 samples, with the same 
content of Si3N4 but with different silica-to-calcia mass 
ratio. The greater deposition on SSC-10 reveals the positive 

effect of a high content of CaO in the ceramic composition. 
However, even with the positive effect of CaO, the deposition 
on SSC-10 did not exceed that on SSC-12A, which confirms 
that alumina is actually significant to control the dissolution 
and crystallization reactions of apatite in SBF.

Figure 3 shows the FTIR spectra of the samples before 
and after immersions in SBF solution. By this figure, it is 

Figure 3. FTIR spectra of the samples surfaces before and after SBF immersions: (a) SSC-06, (b) SSC-06A, (c) SSC-10, (d) SSC-
12 and (e) SSC-12A.
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a quick osteoblastic proliferation during the first 5 culture 
days. SSC-06 and SSC-12 (Al2O3-free) also lead to a large 
cells proliferation but their cells number was similar to that 
of SSC-06A sample only after 7 culture days. As well as 
this, the number of cells around the SSC-12 sample did not 
increase between 7 and 14 culture days. From Figure 5, it 
is also possible to observe that the slower cells proliferation 
was obtained around the SSC-10 sample, which has high 
contents of silica and calcia.

As the greater osteoblasts in vitro proliferation suggests 
the material has a potential ability to form bone tissue 
around its surface when installed in vivo50, the SSC-12A 
sample seems to be the more promising studied composition. 
The high SiO2 concentration combined with Al2O3 in this 
composition favored the cell proliferation possibly owing 
to the high amount of intergranular glassy phase which had 
good ability to form apatite in SBF tests.

In order to detect the cell adhesion, MG63 cells cultures 
on the materials were observed by SEM. Together with the 
detected proliferation on the samples surfaces, MG63 osteoblast-
like cells are attached on the samples surfaces and present 
a normal morphology, as shown by the SEM images of the 
samples submitted to 3 culture days (Figures 5a to 5e). After 
this culture time, it is possible to note that the cells filled ca. 
55 % of the observed areas and they are growing to cover 
the entire surface. This trend is verified after 7 culture days 
(Figures 5f to 5j) when a cell monolayer was formed on 
all samples surfaces, which is the result of the enhanced 
proliferation and adhesion results.

These results are similar to those found by Miola et 
al.51 which observed suitable MG63 cell adhesion on three 
different bioactive glasses, revealed by the good substrate-cell 
and cell-cell contacts. Also, Cozza et al.52 investigating the 
biological behavior of bioactive samples containing powders 
of hydroxyapatite, cuttlefish bone and Bioglass® 45S5, 
noted that the MG63 osteoblast-like cells started to grown 
on the materials surfaces after 3 culture days, as observed by 
the silicon nitride samples studied here (Figures 5a to 5e). 

possible to follow the evolution of the apatite formation 
also shown in SEM images of Figure 2. Before immersion, 
peaks around 460, 590, 1020 and 1200 cm-1 are observed as 
a consequence of the O-Si-O and Si-N vibrations of Si3N4, 
Si2ON2 and intergranular glassy phase44.

Weak peaks associated to phosphate groups (PO4
3-) around 

550 cm-1 and from ~ 945 to ~1120 cm-1 45-47 can be noted on 
SSC-06, SSC-10 and SSC-12 surfaces after 4 days of SBF 
immersion. Considering no phosphorus-based compounds 
were added to initials compositions of the samples, the 
phosphate ions observed in this assay were supplied only 
from the surrounding fluid.

Peaks around 873 cm-1 are also present and can 
correspond to CO3

2- or HPO4
2- vibrations (resulting from 

the hydrolysis of phosphates occurring in SBF). As the 
immersion time increases, it is noted the increase of these 
peaks in all the Al2O3-free samples. Just as the Al2O3-free 
samples, PO4

3- and CO3
2-/HPO4

2- peaks are present in SSC-
06A and SSC-12A samples surface, but only after 8 days 
of SBF immersion, suggesting that Al2O3 additions delayed 
the nucleation process, as observed in the SEM results of 
Figure 2, although no peaks related to Si-O-Al vibrations 
could be identified in substrates, possibly due to low amount 
of these chemical bonds.

Peaks of CO3
2- around 1400 cm-1 on surfaces immersed for 

16 days suggest the formation of carbonated hydroxyapatite46-48, 
even as peaks around 3500-3600 cm-1 indicate the presence 
of OH- on a hydrated layer in the material48. In addition, a 
peak around 640 cm-1 in SSC-12A sample is attributed to 
OH- vibrations.

These results indicate that the intergranular glassy 
phases in compositions shown in Table 1 are able to induce 
the formation of an apatite layer on the materials surfaces 
(Figures 2 and 3), precisely because of the selected oxide 
additives. Bock et al.49 support that a silicon yttrium aluminum 
oxynitride glassy phase is promising to form an apatite layer 
on silicon nitride ceramics. However, analyzing their results 
of bioactivity in SBF, it is possible to observe merely the 
presence of isolated islands of Ca and P deposits on the 
material surface after 28 days of immersion. This comparison 
of results demonstrates the importance of the proper choice 
of silicon nitride sintering additives when considering its 
application as biomaterials.

3.4 In vitro cells behavior

The MTS assay in silicon nitride samples illustrated in 
Figure 4 shows that cells grow in appreciable number from 
3 days after seeding. These results indicate that the ceramic 
components are adequate to regulate the bone formation, 
since the cellular growth (adhesion and proliferation) plays 
an important role in the healing process.

Moreover, proliferation proceeded more significantly 
on compositions containing alumina, suggesting that 
additions of Al2O3 in SSC-12A e SSC-06A samples favor 

Figure 4. Cell proliferation assays in the studied samples.
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Figure 5. Backscattered scanning electron micrographs of MG63 cells after 3 culture days on (a) SSC-06, 
(b) SSC06A, (c) SSC-10, (d) SSC-12, (e) SSC-12A and after 7 culture days on (f) SSC-06, (g) SSC06A, 
(h) SSC-10, (i) SSC-12, (j) SSC-12A.
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Figure 6. Images of Alizarin Red S staining of MG63 cells in the presence of samples after 3, 7 and 14 culture days obtained by (a) light 
microscopy and (b) confocal microscopy.

Although Cozza et al.52 have shown that appreciable cellular 
growth arises in all samples after 7 culture days, a cell 
monolayer was not formed as happened in this research 
(Figures 5f to 5j). It shows that the additives oxides used 
in obtaining silicon nitride ceramics actually support the 
cells adhesion and proliferation, even without the presence 
of growth factors or other agents in the culture medium53.

Other important response of cell/material contact for bone 
regeneration is the cell ability to produce calcified matrix. 
Hence, Figure 6 shows low magnification views of MG63 
cells stained with Alizarin Red S after different culture times. 
This assay allows evaluating the formation of calcium deposits 
on the surface of materials subjected to osteoblasts cultures. 
Alizarin Red S reagent may bind to calcium deposits and 

form salt and chelate54 which produce an orange-red color, 
with brightness proportional to calcium content.

During the first 3 days in culture, detectable amounts 
of calcium could be revealed with Alizarin Red S staining, 
demonstrating the formation of mineralization nodules in 
all samples. Increasing the culture time, the mineralization 
of the matrix and the nodulus were improved, occupying the 
total analyzed surfaces areas from 7 culture days. Among the 
studied samples, the SSC-10 presented greater initial mineral 
deposition, probably due to the highest calcium concentration 
in its composition. Also with increasing culture time, it is 
possible to note that the analyzed areas have an intense 
orange color as consequence of calcium complexation with 
the phosphate ions present in culture medium.
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Laser confocal microscopy images of osteoblastic cells 
stained with Alizarin Red S after 14 culture days (Figure 6b) 
prove mineral deposition for all studied samples. In SSC-
10 sample, we can observe some nodule-like accumulation 
of staining, indicating non complexed calcium-containing 
deposits related to its surface composition, as also shown 
by light microscopy images (Figure 6a).

Figure 6b clearly shows that SSC-12 and SSC-12A 
samples - with a higher amount of silica - exhibit a brighter 
and more orange color than others, having SSC-12A sample 
the most intense orange color. This behavior indicates the 
calcium complexation with phosphate ions present in the 
culture medium, suggesting formation of hydroxyapatite, 
the neo-bone precursor. Then, the SSC-12A seems to be the 
most promising composition since it could produce more 
mineralized tissue upon implantation.

4. Conclusions

The additives amount and their combination promoted 
the liquid phase sintering of silicon nitride, yielding a 
microstructure with interlocked β-Si3N4 grains and a secondary 
phase containing an amorphous phase and Si2ON2. However, 
the addition of alumina resulted in a slight increase in the 
relative density of the materials, confirming the efficiency 
of this oxide as sintering additive for silicon nitride.

Microstructure materials provided relatively high fracture 
toughness, regardless of their composition. However, the 
hardness and elastic modulus values varied according to 
the total amount of additives. The compositions with greater 
amount of additives had lower hardness and elastic modulus 
values, suggesting greater potential for bone substitutions.

The presence of alumina significantly favored apatite 
deposition with increasing immersion time in SBF as well 
as promoted better cell in vitro proliferation, what tends 
to result in improved implant-bone fixation and long-term 
reliability of the device. On the other hand, the Alizarin Red 
S assay shown that samples with high content of additives 
led to better mineralization results.

Hence, all studied compositions have great potential for 
use in medical applications, although the one containing 
alumina and larger amount of additives SSC-12A presented 
the best combination of in vitro biological behavior and 
mechanical properties. Many components and prosthetic 
devices can benefit from such properties, whether in 
maxillofacial surgery, mini-osteofixation systems or even 
in well-established applications for metal implants, as 
intervertebral spacers in spine fusion.
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