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Abstract

Titanium, silicon and calcium ions have demonstrated positive effects in bone healing. Therefore, this paper
investigates the densification, mechanical properties and in vitro biological behaviour of TiO,, together with
Si0, and CaO, on silicon nitride ceramics to be used in clinical applications. The results revealed that the
sintered samples reached high values of relative density and fracture toughness, non-cytotoxicity as well as
good ability to promote cell proliferation and form a layer of carbonated hydroxyapatite on their surfaces,
after immersion in simulated body fluid. The sample with the highest amount of TiO, reached the highest value
of relative density and the best results of cell proliferation and fracture toughness, indicating the great potential
to be explored by in vivo experiments for later application as intervertebral devices.
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I. Introduction

Pain in the back is a health problem usually re-
lated to musculoskeletal injuries and degenerative dis-
eases [1]. Although many problems can be treated by
physiotherapy sessions, medication and rest, sometimes
these methods are not enough, requiring surgical inter-
ventions for rehabilitation of the patient [2]. The suc-
cessful spine surgeries are those using interbody cages
[3] because they can promote lower postoperative pain,
shorter hospitalization time, fewer complications and
higher fusion rates than the fusion surgeries using au-
togenous bone exclusively [4].

The intervertebral devices incorporate the bone graft,
preserve the disc height and provide immediate stability
of the operated segment. They are usually made of tita-
nium, titanium alloys or PEEK (polyether ether ketone),
and may have different sizes and shapes, depending on
the patient’s anatomy [5,6]. Titanium devices were in-
troduced in the 90’s owing to low density, high corro-
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sion resistance, good osseointegration and bone adhe-
sion. However, this material exhibits high elastic modu-
lus and poor imaging features. On the other hand, PEEK
is a non- cytotoxic, radiolucent material with an elastic
modulus close to the cortical bone [6—8], but it does not
adequately integrate to the neighbouring bone and can
develop connective tissue at the interface, causing mi-
cro movements and implant failures [9,10].

In this context, silicon nitride has appeared as an al-
ternative material to make spinal devices [11]. The good
biologic response of silicon nitride is evidenced by the
high flexural strength, non-cytotoxicity [12] and abil-
ity to promote intense bone growth [13,14]. Moreover,
this ceramics is a partially radiolucent material while
it presents a high antibacterial function and better con-
nection between living bone than titanium and PEEK
implants [15,16].

However, sintering aids must be carefully selected to
obtain silicon nitride components with propitious me-
chanical properties and adequate biological response. A
good way to select these additives is considering the
therapeutic effect of their ions. Ions as calcium and sil-
icon, for example, play an important role in angiogene-
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sis, growth and mineralization of bone tissue, inducing
the precipitation of hydroxyapatite on implants surfaces
and improving the collagen synthesis in osteoblasts [17—
20]. A previous work [21] focused on researching the
effect of SiO, and CaO additions on silicon nitride ce-
ramics, demonstrating the potential of these oxides to
obtain silicon nitride components for biomedical appli-
cations [21].

As titanium has antitumour properties and favours
cell response [22,23], the present work aims to evaluate
the effect of different contents of TiO,, SiO, and CaO
on sintering, microstructure, mechanical properties and
biological response of silicon nitride ceramics for use as
prosthetic components.

II. Experimental details

2.1. Sample preparation

Silicon nitride based ceramics were prepared us-
ing: commercial a-Si;N, powders (UBE, SN-E10),
SiO, (quartz, 99.9% purity, Sigma-Aldrich), CaCO,
(PA., Vetec) and TiO, (anatase, 99.9% purity, Sigma-
Aldrich). As the temperature of liquid formation is one
of the most important factors that favours the liquid sin-
tering of silicon nitride, the amount of each additive was
defined so that the compositions (Table 1) could reach
liquidus temperatures between 1350 and 1500 °C in the
CaO-TiO,-Si0, phase diagram described by DeVries et
al. [24]. Next, the powders of the desired compositions
were ground for 4h in a high-energy mill at 400 rpm
using isopropanol as the solvent and Si;N, balls as me-
dia. After drying using a rotary evaporator, the powders
were compacted by uniaxial (50 MPa) and cold isostatic
(200 MPa) pressing. Due to the decomposition temper-
ature of Si;N, at atmospheric pressure at about 1840 °C
[25], the pellets were pressureless sintered at 1815 °C
for 1h using a graphite resistance furnace (Thermal
Technology) in a high purity nitrogen atmosphere. The
samples were finished with a diamond wheel to achieve
a surface roughness between 0.3 and 0.4 um.

2.2. Structural characterization

The density of the sintered samples was determined
by the Archimedes’ method using distilled water, while
the relative density was calculated according to the rule
of mixtures, considering the theoretical density of the
starting powders. Crystalline phases after sintering were
identified by X-ray diffraction (XRD) with a Brucker D8
X-ray diffractometer using CuKa radiation. The TiN/8-
Si;N, ratios were determined by Rietveld method using
Topas Academic V5 software [26]. The microstructural

analysis was performed on the polished and plasma-
etched (using SF,:0,) surfaces by scanning electron
microscopy (SEM) using JEOL JSM6701F FEG-SEM
equipped with an energy dispersive spectroscope (EDS).
Grain size was estimated using ImagelJ as image analy-
sis software [27].

2.3. Hardness and fracture toughness

Vickers indentations were performed on the ground
and polished disc-shaped samples (10 mm in diameter
and 1.0 mm in thickness) using a hardness tester (Buhler
VH1150 Durometer), load of 100 N and loading time of
15 s at room temperature. The lengths of the impression
diagonals and surface cracks were measured immedi-
ately after indentations to determine the fracture tough-
ness (Kjc) by the equation of Anstis et al. [28] (prior to
examination, the samples were sputter coated with Au):

E\'"* P X
o an (1)
where H, is the Vickers hardness, P is the applied load,

¢ is the half-length of radial crack and E the Young’s
modulus (300 GPa) [29].

K;c =0.016 (

2.4. Acellular biological response

In vitro reactivity tests were performed by immers-
ing the samples in simulated body fluid (SBF) solution
at pH = 7.20 and 37 °C. pH measurements of the solu-
tion containing each sample were performed every 84 h.
After 14 days, the samples were washed with water,
dried at 37 °C and their surfaces were analysed using
scanning electron microscopes (Philips XL30 SEM and
JEOL JSM6701F FEG-SEM) and EDS.

2.5. Cellular response

Tests of cytotoxicity were performed by indirect
method according to ISO 10993-5, using mouse fibrob-
lasts cells (Balb/c, ATCC). Extracts of each sample were
obtained by incubating them in the culture medium
(DMEM, Gibco) at 37 °C for 72 h under sterile condi-
tions. At the end of the incubations, the extracts were
transferred to 96-well plates with a confluent monolayer
of Balb/c cells (2x 10* cells per well). After 24 h, the ex-
tracts were replaced by culture medium containing MTS
vital dye (Promega). This dye reacts with living cells
to form a coloured compound that can be quantified by
measuring the absorbance at 490-500 nm. Aliquots of
the sterile media were used as a control and the optical
density of the wells was used to calculate cell viability.

For cell proliferation study, human osteoblast-like
cells IMG63, ATCC) were grown in Minimum Essential

Table 1. Composition of the prepared samples

Sample  Si;N, [wt.%] SiO, [wt.%] TiO, [wt.%] CaO [wt.%]
SSCT-1 90.0 1.0 5.0 4.0
SSCT-2 90.0 2.5 35 4.0
SSCT-3 90.0 3.0 3.0 4.0
SSCT-4 90.0 4.0 2.5 3.5
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Table 2. Densities and apparent porosity of the samples

Apparent density ~ Relative density ~ Apparent porosity

sample T rem] [%TD] (%]

SSCT-1 3.131 + 0.006 97.56 £ 0.18 0.32 £0.11
SSCT-2 3.050 +£0.013 95.64 + 0.36 1.01 £0.48
SSCT-3 3.052 + 0.008 95.82 + 0.24 0.78 £ 0.20
SSCT-4 3.040 + 0.020 96.32 + 0.29 0.93 £ 0.55

Medium (MEM, Gibco) supplemented with 10% fetal
bovine serum (Cultilab) and 1% antibiotic/antimycotic
solution (Gibco) at 37°C in 5% CO, and 100% hu-
midity. After confluence, the cells were trypsinized with
trypsin 0.05%-EDTA 0.02% solution (Sigma). The cells
were cultured with the samples for 3, 7 and 14 days. Be-
fore seeding, cleaned and sterilized silicon nitride sam-
ples were placed in 24-well culture plates and 2 x 10*
cells per sample were added and incubated at 37 °C. The
culture medium was changed every 3 days. After each
seeding period, MTS (Promega) reagent was added to
culture medium, standardized as 500 pl for each sample.
After 2h incubation, supernatant aliquots were trans-
ferred to a 96-well plate and the absorbance at 492 nm
was read using an Elisa Plate Reader. The samples were
dehydrated, fixed in formaldehyde and coated with Au
to be analysed by scanning electron microscopy (SEM,
Hitachi TM 3000 microscope).

III. Results and discussion

The densities and apparent porosity of the studied
materials are given in Table 2. All silicon nitride sam-
ples reached high relative densities and low apparent
porosities after sintering at 1815 °C for 1h. It means
that the oxides (SiO,, CaO and TiO,) formed a liquid
phase with adequate characteristics (viscosity, solubil-
ity, wetting, etc.) to promote the sintering of silicon ni-
tride and its densification. However, the SSCT-1 sample
had a slightly higher value of apparent density and the
lowest value of porosity. It indicates that the presence
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Figure 1. X-ray diffraction patterns of silicon nitride samples
(B - SizNy, o - TiN, s - Si,ON,)

65

of TiO, in the Si;N, ceramics played a great role during
the densification of silicon nitride using the pressureless
sintering technique. Besides Ca ions from additions of
CaO, Ti ions tend to increase the disruption of the silica
network [30], decreasing the liquid viscosity during the
sintering process and improving the densification.

The efficient performance of the used additives is also
verified by XRD diffractograms shown in Fig. 1 that
demonstrate the total @ — f-Si;N, transformation af-
ter 1h of sintering for all samples. This behaviour was
similar to that found using only SiO, and CaO as sinter-
ing aids for silicon nitride [21], showing that TiO, did
not damage the liquid phase characteristics needed to
promote the dissolution of the @-Si;N, phase.

Beside $-Si;N,, identified as the major crystalline
phase in the samples (Fig. 1), TiN was found as the sec-
ond phase owing to reactions between Si;N, and TiO,
[31] as follows:

6 TiO, + 4 Si;N, — 6TiN + 12Si0(g) + 5N,(g) (2)
6TiO, +2Si;N, — 6TiN + 6SiO(2) + N,  (3)

TiN/B-Si;N, ratios calculated by Rietveld refinements
from XRD data (Table 3) show that the content of TiN
was increased with the initial concentration of TiO, in
the samples. The formation of TiN phase is very in-
teresting because its high electrical conductivity makes
possible to manufacture biomedical devices by means of
EDM (electrical discharge machining) which is able to
produce complex parts with dimensional accuracy and
great surface finish [32].

Table 3. TiN/Si;N, ratios in the samples

Sample  TiN/B-Si;N, ratio [wt.%]
SSCT-1 0.0456
SSCT-2 0.0283
SSCT-3 0.0265
SSCT-4 0.0222

The presence of Si,ON, in the SSCT-2, SSCT-3 and
SSCT-4 ceramics is also verified and it can be associated
with the reaction SiO, + Si;N,—2 Si,ON,, [33] due to
the high contents of SiO, in the samples.

Fig. 2 shows a SEM image of the SSCT-1 sam-
ple, representing the plasma-etched microstructure of
the four studied samples. The samples developed sim-
ilar microstructures with low porosity and elongated (-
Si;N, grains with the dispersant mean sizes determined
as 0.66+0.45,0.67+0.48,0.67+£0.47 and 0.67+0.40 um
for the SSCT-1, SSCT-2, SSCT-3 and SSCT-4 ceramics,
respectively. Moreover, the 8-Si;N, grains are embed-
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Figure 3. SEM image of SSCT-1 sample (a) and the element
mapping images of Si (b), Ca (c) and Ti (d)

ded in the intergranular phase appearing in the image as
light grey areas containing white particles.

A SEM image of the SSCT-1 sample with the EDS
mapping images of Si, Ca and Ti are shown in Fig. 3.
Figure 3b illustrates that silicon is distributed in both
dark (8-Si;N, grains) and light grey areas (intergranu-
lar phase). Calcium is rather present in the light grey
areas while titanium is both in light grey and white ar-
eas. These results together with those of XRD (Fig. 1)
demonstrate that the dark grey areas in Figs. 2 and 3a are
the B-Si;N, grains, the white areas are the TiN particles
and the light grey areas are the intergranular phase that
contains Si, Ca and Ti. This last phase is very likely an
amorphous phase resulting from the cooling of the lig-
uid formed by the oxides during the sintering process.

This kind of microstructure [34,35] plays a funda-
mental role in obtaining ceramics with good mechani-
cal properties, mainly fracture toughness, important for
preventing implant failures usually initiated by cracks
during tasks in daily activities [36,37]. Here, values of
fracture toughness around 6.0 MPa-m'/? were reached as
shown in Table 4.
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Table 4. Hardness (Hy) and fracture toughness (K;¢)

Sample  Hy [GPa]  Kj;c [MPa-m'?]
SSCT-1 12.65+0.30 6.48 + 0.52
SSCT-2 1240 +£0.37 6.14 £ 0.52
SSCT-3 12.27 +£0.30 6.00 = 0.62
SSCT-4 12.40+0.32 5.52 + 0.60

Also, it is noted (Table 4) that similar values of frac-
ture toughness have been found for all samples. How-
ever, there is a tendency that higher content of titania
in compositions increases the fracture toughness of the
material. This trend may be due to the increased content
of the TiN phase in the grain boundaries that is able to
induce different toughening mechanisms, such as crack
bridging, crack deflection and microcracking [37]. This
is why TiN is often used as the second phase in silicon
nitride composites.

Very similar values of hardness were found for the
studied compositions, except for the SSCT-1 sample
whose value was slightly higher than those reached in
the others samples, probably due to its higher density
(Table 2), i.e. lower porosity.

During the immersion in SBF, pH changes of the so-
lutions were observed (Fig. 4) as an indication of the
reactions proposed by Kokubo et al. [38]. After 84 h
of immersion, the pH values increased for all solutions
owing to the fast release of Ca>*, Ti** or Ti** from the
sample surfaces followed by the increased concentra-
tion of hydroxyl groups. These groups tend to react with
the intergranular phase of the samples, producing acidic
radicals in the form of silanols and decreasing the pH
of the solutions. After 14 days of immersion, the pH of
the solutions increased again and can be attributed to
dissociation reactions that increase both amounts of hy-
droxyls and cations (coming from the samples) in SBF.
In addition, it is possible to see in Fig. 4 the high pH
variation reached by the SSCT-1 sample, which is prob-
ably due to the loss of the Si—O-Si network connec-
tivity in the intergranular glassy phase with Ca and Ti
as modifier cations [39]. This mechanism can introduce
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Figure 4. Variation of pH of the SBF solutions containing
Si;N, samples
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Figure 5. SEM images and EDS of samples surfaces after 14
days of immersion in SBF solution

non-bridging oxygen in the glass network favouring the
reactions in SBF.

SEM images (Fig. 5) of the surfaces after 14 days of
immersion in SBF reveal that a dense layer with min-
eral nodules was formed in all samples. Cracks are also
present since they are the result of the drying process.
The EDS analysis indicates that the layer consists of
calcium phosphate (CaP) phase, also containing silicon,
titanium, magnesium, potassium and other ions coming
from the solution or the sample itself. The globular mor-
phology of the nodules confirmed by FEG-SEM images
(Fig. 6) together with the elemental analysis from EDS
(Fig. 5) strongly suggests that the formed layer is car-
bonated hydroxyapatite (CHA). The formation of CHA
on the samples after immersion in SBF is a great re-
sult for the application of materials as devices in spine
arthrodesis. Surfaces like those studied in this work are
very promising to have strong interaction with the newly
formed bone besides favouring its rapid growth in vivo.

Figure 7 shows the cytotoxicity evaluation of the
extracts obtained from each sample as previously de-
scribed. It is noted that the samples exhibited no in vitro
cytotoxicity effect and there was no significant differ-
ence in cell viability considering the four studied com-
positions.

The cellular behaviour of MG63 cells was investi-
gated on the disks of the four silicon nitride samples
(Fig. 8). It is observed that MG63 cells could prolifer-
ate on all substrates, indicating the positive influence of
the doping, roughness and grain sizes of the samples.
It is clear from Fig. 8 that the cells number increased
with the seeding time, with cells forming a thick layer
on the substrates after 14 days of culture. Cell adhesion
and proliferation are a great demonstration of the bio-

Figure 6. FEG-SEM images of the samples surfaces after 14 days of immersion in SBF: a) SSCT-1, b) SSCT-2,
¢) SSCT-3 and d) SSCT-4
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compatibility of materials because these responses are
involved in the healing and tissue integration processes

in vivo [40].

SSCT-2 SSCT-3 SSCT-4
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Cell viability (%)
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Figure 7. Cell toxicity of the control and the samples extracts
determined by MTS assay in Balb/c cells
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Figure 8. SEM images of the MG63 cells cultured on the
silicon nitride samples surfaces: a) SSCT-1/7 days,
b) SSCT-1/14 days, ¢) SSCT-2/7 days, d) SSCT-2/14 days,
e) SSCT-3/7 days, f) SSCT-3/14 days, g) SSCT-4/7 days
and h) SSCT-4/14 days
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Moreover, during the cell culture, the effect of tita-
nium on cell growth can be noted, since the sample with
higher content of TiO, (SSCT-1) had the greater cell
proliferation, demonstrated by the higher average val-
ues of absorbance (Fig. 9). Possibly, the higher amount
of TiN and the great ability of these samples to form
CHA on their surfaces as demonstrated by SBF tests,
favours the protein adsorption on the material surface
and the subsequent process of cell proliferation. This is
because protein adsorption involved in cell interactions
depends on factors such as pH and ionic composition of
the solution, both influenced by the surface chemistry of
the material [41].

0.351

0.30+
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—m— SSCT-2
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T T T T T T
2 4 6 8 10 12 14

Incubation time (days)

Figure 9. MTS assay at 3, 7 and 14 days of cell culture

The silicon nitride ceramics doped with titania, cal-
cia and silica are promising for applications in the or-
thopaedics field. The results of densification, fracture
toughness, reactivity in SBF, cytotoxicity as well as cell
proliferation indicate that the materials tend to have high
interaction with the host bone and perform their me-
chanical function properly when implanted in vivo. This
behaviour is desirable for materials to be used as inter-
vertebral devices, as it is a requirement for better fu-
sion rates, height restoration and long-term stabilization
[2,6]. Moreover, the studied materials present an impor-
tant advantage of containing bioinorganic ions in their
composition, i.e. titanium, calcium and silicon. The re-
lease of these ions into the body during in vivo implanta-
tion is expected to increase the osteoblasts proliferation
while improving the balance between osteoclast and os-
teoblast activity, and the antibacterial function [17-19].

IV. Conclusions

Silicon nitride ceramics with titania, calcia and silica
additives were prepared from corresponding commer-
cial powders by sintering at 1815°C for 1h in a high
purity nitrogen atmosphere. The used additives enabled
production of silicon nitride ceramics with high rela-
tive density, absence of cytotoxicity and microstructures
containing elongated grains of 5-Si;N,. Increased con-
tents of TiO, in the initial formulations promoted bet-
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ter results of densification, fracture toughness, reactiv-
ity in SBF and in vitro cell proliferation. The presence
of TiO, also favours crystallization of TiN phase in the
grain boundaries, which may simplify the production of
materials for the spine devices by using advance manu-
facturing methods such as electrical discharge machin-
ing.
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