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a b s t r a c t
Although the oxide ceramics have widely been investigated for their biocompatibility, non-oxide ceramics,
such as SiAlON and SiC are yet to be explored in detail. Lack of understanding of the biocompatibility restricts
the use of these ceramics in clinical trials. It is hence, essential to carry out proper and thorough study to assess cell adhesion, cytocompatibility and cell viability on the non-oxide ceramics for the potential applications. In this perspective, the present research work reports the cytocompatibility of gas pressure sintered
SiAlON monolith and SiAlON–SiC composites with varying amount of SiC, using connective tissue cells
(L929) and bone cells (Saos-2). The quantiﬁcation of cell viability using MTT assay reveals the noncytotoxic response. The cell viability has been found to be cell type dependent. An attempt has been made
to discuss the cytocompatibility of the developed composites in the light of SiC content and type of sinter
additives.
© 2011 Elsevier B.V. All rights reserved.

1. Introduction
The search for ideal prosthetic materials is extensively being persuaded and it is believed that ceramic based articulating surfaces in
a joint would give superior properties with longevity as compared
to the available metal-polymer joints [1–3]. Metals/alloys such as
stainless steels e.g. 316L, CoCr alloys, Ti, and Ti-alloy have widely
been used as biomedical implants since a long time. However, the
leaching of metal ions into the body ﬂuid restricts the long term application of the metal based knee prosthesis [4–6]. Therefore, in practice, a protective ceramic based coating, like TiN, CrN, diamond-like
carbon etc. over metallic implants is used to solve this problem [7].
The oxide ceramics, such as alumina has extensively been studied
for load bearing bio-implant application [8,9]. Because of inherent
brittleness of alumina ceramics (KIC = 4 MPa m 1/2), zirconia ceramics
are considered as load bearing implants, due to higher fracture toughness (7–10 MPa m 1/2) [10]. But, the problem of aging with zirconia
ceramics in vitro causes failure of implants [11,12]. In contrast, the
non-oxide ceramic materials have not been investigated adequately
as potential biomaterials for implants [13–19]. Since the non-oxide
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ceramics have been reported to have better mechanical properties
for many engineering applications as compared to oxide ceramics, it
is therefore important to investigate the potential applicability of
non-oxide ceramics in biomedical ﬁeld, speciﬁcally as load bearing
joints. Advances in manufacturing technology and characterization
techniques have resulted in the production of non-oxide ceramics,
such as, silicon nitride, and oxynitride ceramics with high mechanical
reliability. Dense nitrides synthesized by hot pressing or hot isostatic
pressing possess better strength and hardness than Al2O3 [13,14]. Insitu toughened nitrides with ﬂexural strengths of ~1 GPa and fracture
toughness of 10–12 MPa m 1/2 have been reported in the literature
[19]. Although nitride and oxynitride ceramics have extensively
been used in structural applications, these materials have not been
tested for medical applications. There are few reports about processing of Si3N4-bioglass biocomposites [20] and their in vitro [20–22]
and in vivo [23] studies. Very recently, Mazzocchi et al. [24,25] have
reported cytotoxicity studies of three different silicon nitride-based
ceramics, conﬁrming that they are inert and biocompatible in nature.
In a different work, Santos et al. [26] investigated SiAlON ceramics for
potential applications as biomaterials due to their chemical stability,
and suitable mechanical property, such as high fracture toughness.
Therefore, SiAlON ceramics can be used as load bearing biomedical
application provided they show good biocompatibility in vivo. Another
important class of structural ceramics is SiC. Dense SiC, produced by
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hot pressing or hot isostatic pressing, possess a better strength and
hardness than Al2O3, with comparable fracture toughness [27]. Nowadays it has been possible to prepare even tougher SiC with ﬂexural
strength of ~650 MPa and fracture toughness of 9–10 MPa m1/2 [28].
Naji et al. [29] reported non-cytotoxicity of SiC with human osteoblast
and ﬁbroblast cells. In a different work carried out by Wan et al. the
non-cytotoxic behavior of SiC using MTT assay was demonstrated
[30]. Nevertheless, systematic study on cell biocompatibility of
SiAlON ceramics with or without addition of SiC is lacking in the
literature.
In the above perspective, the motivation of the study is three fold:
(a) A lacuna in the study regarding cytocompatibility study of SiAlON ceramics against relevant cell line (connective tissue cells
and bone cells)
(b) Lack of report regarding in vitro study on SiAlON–SiC composite.
(c) The sintering of non-oxide ceramics typically requires sintering
additives. It is therefore, essential to study the inﬂuence of sintering additives on cytocompatibility of non-oxide ceramics.
At this end, the cell adhesion and cell viability of a number of SiAlON and SiAlON–SiC composites are investigated in vitro using L929
mouse ﬁbroblast cells and Saos-2 osteoblast-like cells and reported
in this paper. Efforts will be made to explain the experimental results
in the light of available literature.
2. Materials and methods
2.1. Sample preparation
Four different SiAlON–SiC composites were prepared by addition
of SiC (Saint Gobain) powder to Si3N4 powder (Table 1). In addition
to these, required amount of AlN and Al2O3 were added to each composition to get substitutional solid solution of Si3N4, i.e. SiAlON phase.
Since the presence of both α (provide the hardness) and β (provide
the toughness) phases of SiAlON improves the mechanical properties
of SiAlON monolith [31,32], therefore attempts are made to produce
SiAlON with different α SiAlON:β SiAlON ratio (30α:70β, 50α:50β
and 25α:75β (Table 1)). To obtain the SiAlON–SiC composites, SiC
powder was added in varying amounts (15, 17.5 and 25 wt. % and
designated as S2, S3 and S4 respectively; S1 being SiAlON without
SiC). This was followed by addition of multication sintering additives,
such as, CeO2, CaCO3, Y2O3, Sm2O3 and Yb2O3 (Table 2). The resultant
mixtures were then wet milled in isopripyl alcohol using Si3N4 media
followed by drying in rotavapor and sieving down to 250 μm. Then,
the powder mixtures were subjected to uniaxial pressing at 25 MPa
followed by cold isostatic pressing at 300 MPa. The latter improved
green density of the composites. Finally, the green pellets were subjected to gas pressure sintering at 1990 °C, 22 bar N2 for an hour. All
the sintered samples obtained were identical in dimension, i.e.
12 mm in diameter and 4 mm thickness. These were diamond
polished up to 0.25 μm (cat. no.: 40-6629, Buehler, USA).
2.2. Physical characterisation
The densities (Table 2) of the sintered pellets were measured by
Archimedes principle, using water. Prior to this, the samples were
dried in oven at 80 °C for 40 min.
Table 1
Details of various Si3N4 powders used to prepare the specimens in the present work.
Codes

UBE E10

Silzot HQ

α-Si3N4 (wt. %)
β-Si3N4 (wt. %)
Oxygen content (wt. %)
D50 (μm)

98
2
b 1.4
0.55

89
11
≤1
2.1

465

Table 2
Speciﬁcation of tested SiAlON and SiAlON–SiC ceramics. All ceramics are gas pressure
sintered at 1990 °C with 22 bar N2 for 1 hour.
Sample Si3N4
powder,
commercial
source (size)

α:β
SiC
content SiAlON
(wt. %) ratio

S1

–

S2
S3
S4

Silzot
(D50:2 μm)
Silzot
(D50:2 μm)
UBE
(D50:0.5 μm)
UBE
(D50:0.5 μm)

Sintering
additives
content
(moles)

Sinter
Relative
density density
(kg/
(% ρth)
m3)

30α:70β Ca–Ce

0.046

3230

99.5

15

30α:70β Ca–Ce

0.046

3195

98.6

17.5

50α:50β Yb–Sm– 0.046
Ca
25α:75β Y–Sm–Ca 0.0203

3190

98.3

3130

96.6

25

Sinter
additive
(cation
system)

2.3. Cell culture experiments
In this study, two cell lines, L929 (cat. no.: CCL-1) mouse ﬁbroblast
cells and Saos-2 (cat. no.: HTB-85) osteoblast-like cells of ATCC
(American Type Culture Collection, USA) were used. Cell culture
was performed using standard protocol, previously reported elsewhere [33,34]. Brieﬂy, before seeding the cells on sample surfaces,
cells were revived in tissue culture graded culture ﬂask (cat. no.
169900, Nunc, Denmark). L929 and Saos-2 cells were independently
cultured in Dulbecco's modiﬁed Eagles medium (cat. no.: D7777,
Sigma Aldrich, Germany) and McCoy's 5A modiﬁed media (cat. no.:
M4892, Sigma Aldrich, Germany) respectively. To make complete
medium, base medium was supplemented with heat-inactivated
fetal bovine serum, (cat. no.: F2442, Sigma Aldrich, Germany), and
1% of antibiotic antimycotic solution was stabilized with 10,000
units of penicillin, 10 mg streptomycin, and 25 μg of amphotericin B,
per milliliter (cat. no.: A5955, Sigma Aldrich, Germany). Cultured
cells were incubated (model: 3311, Thermo Scientiﬁc, USA) at 37 °C
and 5% CO2 humidiﬁed atmosphere. After incubation, sub-conﬂuent
monolayer of cells was trypsinized using trypsin-EDTA solution (cat.
no.: T4049, Sigma Aldrich, Germany).
2.3.1. Cell adhesion test
The trypsinized cells (L929 and Saos-2) were seeded on the sterilized SiAlON–SiC samples. For sterilization, the samples were ultrasonically cleaned, autoclaved (121 °C, 15 lb pressure), soaked in 70%
ethanol for 2 hours, followed by UV light exposure for 1 hour. The
densities of seeded cells were 44208 cells/cm 2 and 88417 cells/cm2
for L929 and Saos-2, respectively. Cell density measurement was carried out using haemocytometer (model: BS748, Rohem, India). Seeded samples of L929 were incubated for 48 hours and Saos-2 for
72 hours, at 37 °C, 5% CO2 and 95% relative humidity. 0.2% Gelatine
(cat. no.: G1890, Sigma Aldrich, Germany) coated glass was taken as
control.
After completion of incubation, samples were washed with 1 ×
PBS and then cells were treated with 2% glutaraldehyde (cat. no.:
111-30-8, Loba Chemie, India) for 20 min for ﬁxation. This was followed by dehydration using a series of ethanol solution (30, 50, 70,
90 and 100 vol. %) and drying with hexamethyldisilazane (cat. no.:
RM2239, Himedia, India). The dried samples were sputter coated
with gold and investigated using SEM (Zeiss EVO50 and Carl Zeiss
NTS, Oberkochen, Germany) for adhesion and morphology.
2.3.2. MTT assay
For the study of cytotoxicity/cell viability, the samples were incubated
for 3–5 days and subjected to MTT assay. The viability and proliferation
of the cells in contact with material surface were studied using modiﬁed
colorimetric method of Mosmann [35]. Comparisons were made among
S1, S2, S3, S4 and control (0.2% gelatine coated glass disk). For MTT
assay, the incubated samples were washed twice with 1× PBS followed
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by addition of reconstituted MTT (cat. no.: 0793, Amresco, USA) solution
and DMEM without phenol red (MTT solution: 5 mg powder in 1 ml 1×
PBS). The MTT treated culture plates were again incubated for 7 hours
followed by treating them with dimethyl sulfoxide (cat. no.: 802912,
Merck, Germany) to dissolve the formazan crystals. The samples were removed from the wells and optical densities (OD) were measured at
540 nm using ELISA automated plate reader (model: ELx800, Bio-Tek,
USA). The obtained OD results were statistically analyzed with commercial software (SPSS17.0, IBM, USA). Post hoc tests (multiple comparisons)
were carried out for the comparison of mean values and two way ANOVA
(analysis of variance) was used to ﬁnd the signiﬁcant difference. Dunnett
t (2 sided) test was followed to compare the viability of cells on
samples with respect to control and Dunnett C test was carried out to determine the signiﬁcant difference between groups, at pb 0.05, where p is
the probability that there is no difference existing among the group
means.

clear that Si3N4 powder (Table 1) with varying SiC, AlN and Al2O3, and
different sinter additives (Table 2) are used in obtaining the SiAlON–
SiC composites. Although sintered under identical condition (at
1990 °C with 22 bar N2 for 1 hour), phase assemblage (α:β SiAlON
ratio) and the relative density (Table 2) of the resultant composites
are different. Around 99.5% ρth at 30α:70β ratio was obtained for SiAlON monolith (S1). However, an increase in SiC content (15–25 wt. %)
to SiAlON and addition of different sinter additives leads to drop in sinter density from 98.6% to 96.6% ρth. This is incommensurate with the
fact that SiC acts as a non-densifying phase in SiAlON matrix [36]. It
is possible that, SiC addition inhibits the rearrangement, and subsequently solution-reprecipitation of SiAlON phase in the presence of
the liquid phase [37–39]. The detailed phase evolution and microstructure analysis is under study and will be communicated later.

3. Results and discussion

3.2.1. Cell adhesion behavior
To investigate cell adhesion and morphology, two different cell
lines, viz. L929 mouse ﬁbroblast and Saos-2 human osteoblast-like
cells were used. The reasons are the following: (1) L929 cells can easily adhere and proliferate in reproducible manner on diverse variety
of biomaterial surfaces. These cells are the typical cell type, which

3.1. Physical property
The details of starting powder, sinter additives as well as phase assemblage of the investigated ceramics are listed in Tables 1 and 2. It is

a

3.2. In vitro studies

b

S1: SiAlON

Control

c

d

S2: SiAlON-15 wt% SiC

S3: SiAlON-17.5 wt% SiC

e

S4: SiAlON-25 wt% SiC
Fig. 1. SEM (Carl Zeiss EVO50, Oberkochen, Germany) images of L929 mouse ﬁbroblast cells grown for 48 hours on (a) control, (b) S1, (c) S2, (d) S3, and (e) S4. Filopodia and lamellipodia extensions (marked by arrow) are visible on all ceramic substrates.
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participates in the early stage of wound healing process [40,41]; (2)
Saos-2 (human osteosarcoma cell line) is a non-transformed cell
line which exhibits several features of osteoblast cells [42].
Scanning electron micrographs exhibiting adhesion of L929 cells
on control, S1, S2, S3 and S4 after 48 hours of incubation are shown
in Fig. 1. It is apparent that the morphology and adhesion of L929
mouse ﬁbroblast cells are similar on control and the ceramic composites samples under investigation. One can easily see the lamellipodia
and ﬁlopodia extension, cell elongation and cell to cell connections
(marked by arrow). This result shows the independency of ﬁbroblast
cells (L929) adhesion on SiC content and also α:β SiAlON ratio. Therefore cell adhesion is independent of phase present in the composite,
which is a unique result. Fig. 2 shows the SEM images of Saos-2
cells cultured on control, S1, S2, S3 and S4 for 72 hours. The inset images in Fig. 2a–e reveal the anchoring sites of the cells on the substrate with lamellipodia and ﬁlopodia extension. The spreading of
cells on sample surface is clearly visible in these ﬁgures. Since the
lamellipodia and ﬁlopodia extension, cell to cell connection, cell elongation and cell spreading are signs of interaction of cell with biomaterial; therefore SEM observation in present work conﬁrms the good
cytocompatibility of the composite samples under investigation.

a
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3.2.2. Cell viability
It is clear from the cell culture experiment (48 hours for L929 and
72 hours for Saos-2) that the adhesion behavior and morphology of
L929 mouse ﬁbroblast cells and Saos-2 osteoblast-like cells are similar
on the control and the ceramic composites. This is found to be independent of SiC content and α:β SiAlON ratio. The cell adhesion test
shows good cytocompatibility of SiAlON–SiC samples. In order to
quantify the viability of the cells, MTT assay was carried out for 3
and 5 days. In this assay, MTT reagent undergoes reaction catalyzed
by mitochondrial dehydrogenase enzyme of metabolically active
cells [35]. Hence, the reaction rate will be higher if more number of
metabolically active cells is present. The quantiﬁcation of the cell viability in terms of metabolically active cells can be calculated using formula: % Viability = (Mean absorbance of sample/Mean absorbance of
control) × 100. Therefore, measured optical density (OD) is directly
proportional to the number of viable cells. Figs. 3 and 4 represent
the measured optical densities of solutions corresponding to different
samples to quantify the viability of L929 and Saos-2 cells for 3 and
5 days, respectively. In case of L929 cells, the numbers of metabolically active cells on samples were found to be statistically lower than the
control (Fig. 3). Dunnett C test showed the statistical signiﬁcant

b

Control

c

S2: SiAlON-15 wt% SiC

S1: SiAlON

d

S3: SiAlON-17.5 wt% SiC

e

S4: SiAlON-25 wt% SiC
Fig. 2. SEM (Carl Zeiss NTS, Oberkochen, Germany) images of Saos-2 osteoblast like cells grown for 72 hours on (a) control, (b) S1, (c) S2, (d) S3, and (e) S4. ECM formations with
ﬁlopodia and lamellipodia extension (marked by arrow) are clearly evident on all ceramic substrates.
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Fig. 3. Viabilities of L929 cells were determined by measuring the optical density
(absorbance at 540 nm) in MTT assay. Error bars represent the standard deviations of
mean. Data were expressed as mean ± standard deviation of mean (n = 3). Dunnett
C test used to determine the signiﬁcant difference between groups (** and ## denote
the mean difference is signiﬁcant at 0.05 level). Dunnett t (2 sided) test treat one group
as reference (here control) and compared all other group against it (* and # denote the
mean difference is signiﬁcant at 0.05 level).

difference between groups at p b 0.05. No signiﬁcant difference in the
cell viability on S1 was noticed after 3 days of experiment with respect to control, while the samples S2, S3 and S4 showed signiﬁcant
difference as compared to the control. The comparison among other
samples did not show any signiﬁcant difference after 3 days. After

5 days, the comparisons among the samples showed signiﬁcant difference at 95% conﬁdence level, but, comparison between the control
and S2 did not show any signiﬁcant difference. Dunnett t (2 sided)
test analysis showed signiﬁcant difference when all samples are compared with the control (considered as reference) after 3 and 5 days. In
contrast, for Saos-2, MTT results showed an increase in viability
(Fig. 4), when all samples are compared to the control after 5 days.
Dunnett C test analysis after 3 days showed signiﬁcant difference between samples S1 and the control as well as S1 and S3. However,
comparison among other sample pairs showed no signiﬁcant difference at p b 0.05. After 5 days, a signiﬁcant difference was found between control and other samples (S1, S2, and S3), except S4.
Comparison between S1 and S2 also showed signiﬁcant difference
at p b 0.05. Dunnett t (2 sided) test showed signiﬁcant difference between all samples with the control (considered as reference here)
after 3 and 5 days.
From the results presented above, it is evident that all the investigated composite samples can support the adhesion and proliferation
of both L929 and Saos-2 cells, and viability of the cells is dependent
on the cell type. This observation can be explained on the basis of
composition as well as phase assemblage of composites, which is
under investigation. Since Saos-2 is a kind of the bone forming cell,
the increased viability of these cells after 5 days on SiAlON–SiC composite implicates that such material can be useful in bone replacement applications. However, the clinical trials are required to
conﬁrm in vivo biocompatibility. As far as sinter additives are concerned, Ca–Ce, Y–Sm–Ca and Yb–Sm–Ca sinter additives did not
cause any toxicity to the Saos-2 cells in vitro. However, it is found
that the use of Yb–Sm–Ca sinter additives possibly has caused less viability of L929 cells after 5 days of incubation.
4. Conclusions
The experimental results conﬁrm that the sintered SiAlON and
SiAlON–SiC composites can be used as a substrate to support adhesion and proliferation of L929 mouse ﬁbroblast and Saos-2
osteoblast-like cells. Extensive ﬁlopodia and lamellipodia extension,
cell to cell and cell to substrate contacts, as well as cell spreading
and cell elongation for both L929 and Saos-2 cells are observed on
the investigated ceramic substrates. The cell viability of the investigated ceramics is found to be cell type dependent. MTT assay for
Saos-2 bone cells reveals good cellular viability for all ceramic compositions after 3 and 5 days of culture. The use of Yb–Sm–Ca as a sinter
additive appears to degrade the viability of L929 cells after 5 days of
incubation.
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