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Introduction

Abstract

Introduction: Alumina-titanium (ALO,-
Ti) composites with enhanced mechanical
and corrosion properties have been recently €
developed for potential applications in 3
orthopaedics and hard tissue replacements.
However, before any clinical use, their
interactions with biological environment
must be examined.

Methods: The aim of this study, therefore,
was to assess the biocompatibility of three
AIZO3—Ti composites having 25, 50, and 75
volume percentages of titanium. These materials were made by spark plasma sintering (SPS), and
MC3T3-E1 cells were cultured onto the sample discs to evaluate the cell viability, proliferation,
differentiation, mineralization, and adhesion. Furthermore, the apatite formation ability and
wettability of the composites were analysed. Pure Ti (100Ti) and monolithic Al,O, (0Ti) were also
fabricated by SPS and biological characteristics of the composites were compared with them.
Results: The results showed that cell viability to 75Ti (95.0%), 50Ti (87.3%), and 25Ti (63.9%) was
superior when compared with 100Ti (42.7%). Pure Al,O,also caused very high cell viability (89.9%).
Furthermore, high cell proliferation was seen at early stage for 50Ti, while the cells exposed to 75Ti
proliferated more at late stages. Cell differentiation was approximately equal between different
groups, and increased by time. Matrix mineralization was higher on the composite surfaces
rather than on 0Ti and 100Ti. Moreover, the cells adhered differently to the surfaces of different
biomaterials where more spindle-shaped configuration was found on 100Ti, slightly enlarged cells
with dendritic shape and early pseudopodia were observed on 75Ti, and more enlarged cells with
long dendritic extensions were found on 0Ti, 25Ti, and 50Ti. The results of EDS analysis showed
that both Ca and P deposited on the surfaces of all materials, after 20 days of immersion in SBE.
Conclusion: Our in-vitro findings demonstrated that the 75Ti, 50Ti, and 25Ti composites have
high potential to be used as load-bearing orthopedic materials.
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The biological properties of the biomaterials used in bone

Nowadays, orthopaedic prosthetic implants are very
important because of the increase in the elderly
population worldwide which is associated with age-related
musculoskeletal pathologies. To enhance the quality of
life and healthy ageing, implantable biomaterials with all
their forms are used for different purposes, from healing
and repair (e.g., scaffolds) to the complete replacement of
bones and joints (e.g., total knee and hip replacements)."?

prostheses should be acceptable to perform successfully
after implantation in the body.’ Ideally, the biomaterial
must be non-toxic and provide no adverse effects in-vivo.
Various materials including metals, ceramics, polymers,
and their composites can all be used to manufacture bone
implants.*® Metallic components are employed in most of
orthopaedic prostheses among which Ti and its alloys are
the most commonly used. Despite many advantages, these
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materials are susceptible to corrosion and wear in human
body.*!? Tons and debris released from the implants into
the neighbouring tissues may lead to implant-loosening
through stimulating inflammation condition which
can activate macrophages and cause bone loss."" The
application of Ti and its alloys, therefore, has been limited
in the load-bearing locations such as femoral condyles of
knee prostheses and femoral head of hip implants. The
alternative biomaterials based on Ti have been developed
to provide improved functioning implants.

Alumina (ALO,) is a ceramic which generates small
amounts of wear debris and osteolysis,'>"* because of its
high hardness and low friction coefficient. Furthermore,
the ALO, corrosion resistance and stability in human
body can help reducing the ion detachment from Ti
implants.'* Alternatively, Ti can improve the brittleness,
and low osseointegration ability of alumina. Therefore,
ALO,-Ti composites have been recently made by spark
plasma sintering (SPS), and their superior mechanical
properties™ and corrosion characteristics?®* have
been reported. This is due to the advantages of SPS
process including high heating rates, achieving fully
dense materials in a very short time, and combination of
temperature and pressure reducing the phases reactivity
in composite materials. In one study, Gutierrez-Gonzalez
et al's fabricated a composite with 25 vol.% titanium by
SPS machine and evaluated its mechanical properties
and microstructure. The authors obtained improved
flaw tolerance and toughness rather than pure AlLO..
Furthermore, in another study' a series of Al O,-Ti
composites with different metal to ceramic weight ratio
was developed using TiH, and Al O, as starting materials.
The developed composites were assessed for their phase
composition, microstructure, and mechanical behaviour.
Theyfound that Tiand Al,O,phases were evenly distributed
in the composites, and the increase of modulus of elasticity
and hardness, and decrease of fracture toughness with the
increase in Al O, content in the composites. Moreover,
similar series of Al,O,-Ti composites made by SPS process
were analysed for their phase constituents and dynamic
response of the composites under loading."” Fujii et al®
also investigated the influence of different raw powders
including pure Ti and TiH, on the mechanical behaviour
of ALO,-Ti composites. Further, Bahraminasab et al'®
fabricated functionally graded and composite ALO,-Ti
samples and evaluated their microstructural, physical, and
mechanical properties. Their results showed an increase
in the strength by the increase of AL O, percentage. The
flexural strengths of 25vol.%Ti, 50vol.%Ti, and 75vol.%Ti
were 172.97, 164.28, and 149.98 MPa, respectively. Two
studies also assessed the corrosion characteristics of
AL O,-Ti composites having 75vol.%Ti and 50vol.%Ti and
compared their properties with pure Ti.?**' The composites
showed high corrosion resistances, particularly 75vol.% Ti.
Regarding the biological properties, the only study is that
of Guzman et al” in which a composite with 25vol.%T1i

was investigated for cytotoxicity, and for its effect on cell
proliferation, differentiation, and adhesion using pre-
osteoblast MC3T3-E1 cell line. Their findings rejected any
cytotoxicity of the new composite, and indicated improved
proliferation and early-differentiation of the cells.

To the best of the authors’ knowledge, the effect of
chemical composition of these composites on the biological
properties has not been studied yet. In the current study,
therefore, different AL O,-Ti composites along with pure
Ti and AL O, were investigated for their apatite formation
ability, chemical stability, and osteoblastic cell responses.
The composites and pure samples were first fabricated by
SPS process and some of them were subsequently subjected
to simulated body fluid (SBF) to evaluate their ability to
adsorb Ca and P, and some samples were immersed into
phosphate-buffered saline (PBS) to assess their chemical
stability. The others were subjected to MC3T3-E1 cells
to evaluate cell viability, proliferation, differentiation,
mineralization, and adhesion at different time points.

Materials and Methods

Sample preparation

AL O,-Ti composites, pure Ti and Al,O, were fabricated
using SPS machine (SPS-20T-10, Easy Fashion Metal
Products Trade CO. Ltd. China). Almost full dense
materials were obtained (Table 1). This was in agreement
with our previously published paper,'® based on which the
manufacturing approach was carried out. Briefly, the raw
powder of a-Al O, (particle size: 0.1-3 um) and Ti powder
(particle size: <45 um) with different volume fractions
including 0:100, 25:75, 50:50, 75:25, and 100:0 were used
to make the samples. Each mixture of the powders was
ball milled (PM400, Retsch, Germany) under the same
conditions of 100 rpm rotating speed for 1 hour using
zirconia jar and balls. The ball to powder ratio was 5:1.
The powders were added into a graphite die having a
diameter of 30 mm. The step-wise pressure was applied;
10 MPa for 3 minutes, 20 MPa for the next 10 minutes,
and 40 MPa until the end of the SPS process. The sintering
temperature and heating rate were 1350°C and 50-100
°C/min, respectively. The soaking time at 1350°C was 3
minutes for the composite and pure Ti specimens and it
was 30 minutes for the monolithic AL,O, samples. The
provided discs were 3 mm in height.

In vitro bioactivity

To evaluate the ability of the composites, Ti and AL O, in
apatite forming on their surfaces SBF was prepared based
on Kokubo and Takadama® by sequentially dissolving
NaCl, NaHCO,, KCl, K,HPO,.3H,0, MgCl,.6H,0, CaCl,,
Na,SO, in distilled water, and buffering the solution to
pH=7.4 at 36.5°C by Tris and 1M HCI. All materials were
purchased from Merck, Germany. The concentrations of
ions in the solution are similar to those of human blood
plasma (Na*:142.0, K*:5.0, Mg*:1.5, Ca?*:2.5, Cl:147.8,
HCO,:4.2, HPO,*:1.0, and SO,*:0.5 (mM)). To do this
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Table 1. Compositions, density, and Ca/P ratios of the samples

Sample codes Compositions

Measured density (g/mm?)

Theoretical density (g/mm?3)  Surface finish Ca/P (W) at day 20

100Ti 100vol.%Ti 4.47+0.008
75Ti 75v0l.%Ti-25vol. %Al,0, 4.46+0.020
50Ti 50vol.%Ti-50vol.%Al,0, 4.27+0.008
25Ti 25v0l.%Ti-75vol.%Al,0, 4.06:0.026
oTi 100vol.% AlLO, 3.9610.004

45 5 microns 0.52+0.21
' grit 1200 0.68+0.49
5 microns 0.46+0.29
4.37 .
grit 1200 0.28+0.09
5 microns 0.78+0.26
4.24 .
grit 1200 0.29+0.12
5 microns 1.08+0.59
4.11
grit 1200 0.64+0.22
5 microns 0.3910.06
3.98 .
grit 1200 0.78+0.58

test, 2 series of samples (grit 1200 and 5 um) were used
which were cleaned ultrasonically in ethanol (70%)
for 10 minutes. Subsequently, after rinsing, they were
ultrasonicated in distilled water for another 10 minutes.
The samples, then, were dried in a thermostatic oven
(Behdad Company, Iran) for 24 hours. In the end, they
were immersed in individual containers of SBF solution at
37 £ 0.5°C and kept for 10, 20, and 30 days. The volume of
SBF required for the samples were calculated by dividing
the apparent surface area of specimen by 10 (Ve = Ssampte
). The SBF was refreshed every two days. At the end of the
exposure time, the specimens were cleaned three times
with distilled water and then dried. Scanning electron
microscope or (Philips XL30, the Netherlands) SEM
images were taken from the surfaces of the samples before
exposure to SBE and after 10 and 30 days of immersion.
Furthermore, the surfaces of materials after 20 days of
immersion were analysed by energy-dispersive X-ray
spectroscopy or EDS (TESCAN MIRA3 LMU) at several
regions on the surfaces of the samples. Atomic Force
Microscope (Bio-AFM, Ara-Research Company, Iran)
was also employed for imaging the surface topography
of the samples before and after 20 days of immersion in
SBE The surfaces were scanned using non-contact mode
at the ambient condition. The scanning area was 10 um x
10 um. AFM images were analysed by Imager version 1.00
software supplied by Ara-Research Company. The surface
roughness values of the samples were also determined
by the same software after scanning three regions on the
surfaces of each sample. The arithmetical mean deviation
of the assessed profile (Ra) and root mean squared
roughness (Rq) values were obtained in 10 lines of each
image (totally 30 lines for each material). Finally, the mean
values and standard deviations (STDVs) were reported.

Chemical stability in phosphate-buffered saline

The specimens were first weighed and ultrasonically
cleaned by ethanol and distilled water (10 minutes each),
respectively. They were then immersed in PBS individually
in separate containers which were kept at 37+£0.5°C in a
thermostatic oven (Behdad Company, Iran) for 4 weeks.
The samples were weighed twice a week. To do this, the

samples were first removed from the PBS solution, washed
with distilled water, dried in the oven for about 1 hour,
and finally weighed.

Wettability test

Liquid-solid contact angle (CA) is a surface characteristic
which can affect the biological response.** Static water
CAs with the surfaces of the samples were measured by
the sessile drop method at room temperature. This was
done using CA goniometer; the distilled water droplet was
deposited automatically by a syringe pointed vertically
down onto the specimen surface and a video camera
which was situated on the microscope recorded the water
drop images immediately after deposition on the surface
using DFK 23 USB 3.0 Color Industrial Camera with the
help of a 2X lens. For doing this test, the samples were
wet grinded (water used as lubricant), and polished up
to 5 pm. The samples were then ultrasonically cleaned in
ethanol for 20 minutes. Three-four measurements were
performed on each specimen at different points. The CA
on the right and left sides of the drop, and the drop width
and height were measured at each point.

In vitro biocompatibility tests

Samples sterilization

After polishing of the fabricated materials up to 5 um on
all sides, and ultrasonically cleaning with ethanol and
distilled water, they were covered by aluminium foil,
and sterilized by heating within a hot air oven (Behdad
Company, Iran) at 100°C for 1 hour, and immediately
transferred to a laminar flow bench to carry out the in-
vitro tests.

Cell culture

Pre-osteoblast MC3T3-E1 cell line (Mouse C57BL/6
calvaria, ECACC, Sigma-Aldrich, Sweden) culture was
performed in complete Dulbecco's Modified Eagle's
medium or DMEM * (Gibco Life Technologies; USA).
Complete medium of DMEM was prepared by adding 10
vol.% FBS (Gibco Life Technologies; USA), penicillin (100
IU), and streptomycin (100 pg/mL), and 2 mM I-glutamine
(Gibco Life Technologies; USA). The cells were cultured
in an incubator with a balanced atmosphere of 5% CO,
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and 95% humidity at 37°C. Routine passaging was carried
out on flasks by discarding the culture medium, rinsing
with PBS, trypsinization, centrifugation, and insertion to
new flask/flasks with fresh complete medium.

Cell viability test

Viability of the cells was assessed by a lactate
dehydrogenase (LDH) cytotoxicity detection kit (Roche
Applied Science, Germany). MC3T3-E1 cells (10° cells/
well) were seeded in 6-well plates containing the sample
discs in complete growth medium (DMEM/F12+10%
FBS). After 3 days of incubation with materials, the plates
were centrifuged, and the supernatants were transferred
to a 96-well ELISA plate. In this test, dilutions of [1:5] and
[1:10] were also prepared. The LDH detection mixture
was, then, added into the wells (0.1 mL to each well),
and the plates were incubated for 30 minutes at room
temperature. The absorbance was measured at 490 nm
by a microplate ELISA reader (Synergy H1 Hybrid Multi-
Mode Microplate Reader, BioTek, USA). The percentage
of cell viability was determined by equations 1 and 2.

experiment value — low control
p x100 (1)

o) —
Cytotoxicity (%) high control — low control

Viability(%) = 100 - Cytotoxicity (2)

In this test, low control was prepared by mixing the
supernatants of cells cultured without materials with LDH
detection mixture, and high control was provided through
lysing the cells with triton X-100 provided by the kit.

Cell proliferation

Cell proliferation after 3, 7, and 10 days from plating
was assessed by MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide] cell proliferation kit (Cell
Growth Determination Kit, Sigma Life Science) according
to the manufacturer’s instruction. MC3T3-E1 cells (10°
cells/well) were seeded in 6-well plates containing thediscs
of samples in complete growth medium (DMEM +10%
FBS). After the incubation (for 3, 7, and 10 days), 100 pL
MTT solution was added into each well and incubated at
37°C for 4 hours. At the end of the incubation, 1000 pL
of isopropanol containing hydrochloric acid (0.04 N) was
added to each well, and the insoluble formazan formed
was dissolved by pipetting up and down. Then, 100 uL of
solution was transferred to each well of a 96-well ELISA
plate (two samples from each material with three replicas
in 96-well ELISA plate (6 reads for each material)). The
absorbance was measured at 570 nm by a microplate
ELSA reader (Synergy H1 Hybrid Multi-Mode Microplate
Reader, BioTek, USA). Optical micrographs were also
taken after 10 days of exposure.

Cell differentiation and mineralization

MC3T3-El cells were seeded on the sample discs at a
density of 10* cells/well in 6-well plates. Osteogenic factors
includingascorbicacid, 50 pg/mL,and -glycerophosphate,
10mM (Sigma-Aldrich, USA) were added after 72 hours.
The ALP activity was evaluated after 7, 14, and 21 days

using an Alkaline Phosphatase Colorimetric Assay Kit
(SensoLyte pNPP Alkaline Phosphatase Assay Kit, Ana
Spec Inc., USA). Osteoblasts were lysed with 1000 uL of
Triton X-100 and the cellular extracts were incubated with
the colorimetric ALP substrate, pNPP, in 96-well plate for
20 minutes at room temperature. The ALP activity was
analysed by measuring the absorbance at 405 nm. The
OD values were extrapolated to a calibration curve of ALP
standard from calf intestine provided by the kit (the serial
dilutions were from 100 to 0 ng/mL). The mineralization
(the calcium matrix) was assessed after incubation for
7 and 14 days. The cells on the samples were fixed by
4% paraformaldehyde at 4°C for 20 minutes. The fixed
samples were then washed three times with PBS, and the
Alizarin Red kit (Kia Zist Company, Iran) was added on
the samples and the plate was kept in dark for 40 minutes.
The samples were then washed with PBS three times again,
and observed under a loop microscope. The percentage
of red-stained area on each sample was calculated using
Image J software.

Cell adhesion

The ability of the cells to adhere on the surfaces of
materials was analyzed using SEM (TEGA//TESCAN,
Czech Republic). To this end, 10° cells were seeded on the
center point of each sample surface and cultured for 72
hours. After the incubation time, the adhered cells were
dehydrated with a series of gradient alcohol (30%, 50%,
70%, and 96%) and dried. SEM Images were acquired at
different magnifications in the secondary electron (SE)
and backscattered electron (BS) modes at an accelerating
voltage of 20 kV.

Statistical analysis

Statistical analyses were performed through analysis of
variance (ANOVA) using Minitab V17 software. The
confidence level in all tests was set to be 95% (a=0.05).
The normal probability plot of residuals was checked in all
analyses. Furthermore, the post hoc pairwise comparisons
were conducted using Tukey test or Games-Howell test
depending on the variance homogeneity. The bar charts
were provided using GraphPad Prism (version 8).

Results

Apatite forming ability of the materials and chemical
stability

The ability of 75Ti, 50Ti, and 25Ti composites to adsorb Ca
and P on their surfaces was tested and compared with that
of 0Ti and 100Ti samples. The samples were immersed in
SBEF solution for 10, 20, and 30 days at 37°C. Subsequently,
their surfaces were observed by SEM and analyzed by EDS
for both grit 1200, and 5 microns polished samples. Fig. 1
represents the SEM images obtained before immersion in
SBF and after 10 and 30 days of immersion for grit 1200.
The images showed that deposits were formed on the
surfaces of all samples. Meanwhile, the amount of mineral
deposits increased by time. Small white or light grey spots
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Fig. 1. SEM images of the surfaces of samples; (A-C) 100Ti, (D-F) 75Ti, (G-I) 50Ti, (J-L) 25Ti, (M-O) OTi, (A, D, G, J, and M) before immersion, (B, E, H, K,

and N) day 10 of immersion, and (C, F, |, L, and O) day 30 of immersion.

in the middle images of Fig. 1 (pointed by arrows) are
indicative of the deposits on the surfaces of samples after
10 days of immersion. It seems 100Ti had more deposits
on its surface compared to other materials after 10 days
of exposure to SBE. After 30 days, however, the deposits
increased and grew so that the surfaces of all samples
became non-uniform and rough. The EDS analysis 20 days
after immersion in SBF indicated that same elements such
as Ca, P, K, Mg, Na, and Cl were deposited on all sample
surfaces. Fig. 2 shows one of the EDS analyses for 75Ti,
50Ti, and 25Ti. Ca/P ratio is important in the formation
of apatite and new bone for which the molar ratio should
be 0.58-2.34 (theoretically 1.67) or the mass (weight) ratio
should be 1.3-2.2 (theoretically 2.15).%° The mean values
obtained here (both grit 1200 and 5 microns) were lower
than the identified range for apatite formation (Table 1),
however, some regions on the samples were found with
Ca/P ratio within or near the specified range.

The surface roughness and topography of the samples
were obtained by AFM after 20 days of immersion.
Despite having the same polishing protocol (up to 5
microns) for all specimens, the unlike nature of materials
(i.e., pure metal, pure ceramic, and composites) caused
differences in topography and roughness. Fig. 3 shows

the AFM images taken from the surfaces of the studied
materials before and after 20 days of immersion in SBE. It
can be seen that the surfaces were rougher after 20 days
of exposure to SBE. Fig. 4 compares the mean values of
Ra and Rq (as measures of surface roughness) of different
materials before and after 20 days of immersion in SBF.
As it can be seen in Fig. 4, the surface roughness of all
samples increased after immersion where the highest ARa
and ARq belonged to 50Ti, followed by 25Ti. The least
ARa and ARq were obtained for 75Ti.

The chemical stability of the fabricated materials was
studied by immersion in PBS for 4 weeks and by regular
weighing of the samples. The measured values showed no
decrease in the weights of the materials during this time
meaning that they were very stable in PBS and did not
release any unwanted products.

Wettability of the materials

One-way ANOVA was used to identify the effect of
materials compositions on their wettability. The results
of Welchs Test on CAs indicated that material was a
significant factor (P=0.000). Fig. 5a shows differences
between the means of CAs in different materials. As it
can be seen in this figure, the lowest CA was associated
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Fig. 2. SSEM and EDS analysis of (A) 75Ti, (B) 50Ti, and (C) 25Ti after 20 days of immersion in SBF.

with 50Ti (mean value of 53.66°) followed by 25Ti (mean
value of 70.28°). However, 100Ti, 75T1, and 0Ti had higher
CAs (89.45°,92.88°, and 92.07°, respectively). The Games-
Howell pairwise test was run to identify the significant
differences between the studied groups. The significant
differences between the groups are also shown in Fig. 5a,
where the means that do not share a letter are significantly
different. Therefore, 50Ti and 25Ti were significantly
different from each other, and from other materials (i.e.,
100Ti, 75Ti, and OTi). However, differences between
100T1, 75T1, and 0Ti were not statistically significant. The
results of drop width and height were also in agreement
with the contact angle where the largest drop width and
lowest drop height were obtained on the surfaces of 50Ti
composite (Figs. 5b and 5c). Furthermore, based on the
ANOVA results, the material was a significant factor on
drop width (P=0.002) and height (P=0.000). Generally,
if the water CA is <90°, the material surface is considered
hydrophilic, meaning that a water droplet can more
spread on its surface resulting in a large drop width and a
low drop height. In contrast, when the water CA is >90°,
the material surface is known as hydrophobic having a

low drop width and a high drop height. Therefore, 50Ti
and 25Ti showed hydrophilic surface properties while
other fabricated materials had hydrophobic surface
characteristic.

Cell viability to the materials

One-way ANOVA was employed to evaluate the viability
of MC3T3-E1 cells exposed to the fabricated materials.
The material was found to be a significant factor (P
=0.000) meaning that the composition of studied
materials influenced the cell viability. Fig. 6A shows the
mean and STDV values of cell viability (%) with statistical
differences among the groups. Considering cell viability
above 80%, 75Ti, 50Ti, and 0Ti rejected any cytotoxic
effect. The least viability was related to exposure to
100Ti. The viability (%) of 100Ti was below the limit line
meaning that the 100Ti has cytotoxicity effect, followed by
25Ti. Furthermore, Games-Howell pairwise comparisons
showed the cell viability to 75Ti (mean value of 95.01%)
was significantly higher than other materials except for
0Ti (mean value of 89.90), and the cell viability to 50Ti
(mean value of 87.26%) was significantly higher than
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Fig. 3. AFM images of the material surfaces; (A) 100Ti, (B) 75Ti, (C) 50Ti,
(D) 25Ti, and (E) OTi before and after 20 days of immersion in SBF.

25Ti (mean value of 63.89%) and 100Ti (mean value of
42.70%).

Cell proliferation

MC3T3-E1 cell proliferation cultured onto the fabricated
materials was evaluated using MTT assay after 3, 7, and
10 days. Fig. 6B illustrates the means and STDVs of
proliferation (%) of the studied materials. It can be seen
from Fig. 6B that at early exposure (day 3) of the cells to
the materials, the proliferation rate was very high (mean
proliferation (%) of 215.5, 188.3, 252.3, 200.5, and 214.1
respectively for 100Ti, 75Ti, 50Ti, 25Ti, and 0Ti). The
maximum proliferation was related to 50Ti. However,
after 7 and 10 days of culture, the trend of proliferation
was changed and the cells cultured onto 75Ti provides
the highest proliferation (%) (66.9 and 89.9 after 7 and
10 days, correspondingly). Statistical analysis (two-way
ANOVA) was run only for data of day 7 and day 10, as the

Ra (nm)
IS

(=Y}

100Ti 75Ti 50Ti 25Ti OTi A

(A)

Rq (nm)

100Ti 75Ti 50Ti 25Ti OTi A

(B)

Fig. 4. The roughness values of the material surfaces; (A) Ra, and (B) Rq
before and after 20 days of immersion in SBF.

whole data did not have normal distribution because of
the very high values related to day 3. The ANOVA results
indicated that both materials and time (P values of 0.000)
were significant factors in cell proliferation (%). Tukey
pairwise analysis was also carried out which indicated
the proliferation (%) associated with 75Ti after 10 days
was significantly higher than those of other groups after
7 and 10 days (small bar chart in Fig. 6B). Furthermore,
proliferation (%) associated with this material after 7
days was significantly higher than those of other groups
in the same time point. Optical micrographs were also
taken after 10 days which are shown in Fig. 7. It can be
seen from this figure that the cells in contact with 75Ti
were numerous and provided very dense layer. The cells
exposed to 50Ti formed a uniform monolayer, but the
layer was not as dense as that of 75Ti. In 25Ti, however,
the cell layer was uneven so that cell accumulation sites
and large free spaces were observed. Furthermore, cells
cultured onto 100Ti and 0Ti provided a layer of lower
density with free spaces.

Cell differentiation and matrix mineralization
ALP assay was used to evaluate the differentiation from
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Fig. 5. Wettability results; (A) contact angle, (B) drop width and height, and
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pre-osteoblasts to osteoblasts (the osteogenic function)
of MC3T3-E1 cells exposed to the fabricated materials
at three-time intervals. ALP activity of different groups
was similar, while the ALP activity increased by the
culture time (Fig. 6C). As it can be seen in Fig. 6C, at day
7, the ALP concentration rapidly increased up to day 14.
Nevertheless, the increase of ALP concentration occurred
in alower degree from day 14 to day 21. Two-way ANOVA
also revealed that material was not a significant factor
(P=0.083) on ALP activity, but time (P value=0.000) was.
The statistical analysis also showed significant differences
between different time points, but not between the tested
materials.

To determine the mineralization and calcium deposit,
MC3T3-El cells were seeded and maintained in the
osteogenic cell culture medium for 7 and 14 days, and the
samples were stained using calcium staining Alizarin Red
kit. Fig. 8A shows the Alizarin Red staining of different
materials after osteogenic induction for 7 and 14 days,
and Fig. 8B shows the percentages of red-stained area
on the discs. As it can be observed, the red-stained area
was found on the surfaces of all samples. The highest
mineralization was seen on the surface of 25Ti, followed
by 50Ti. The mineralized area was increased by time on
100T1, 75Ti, 50Ti, and 0Ti.

Adhesion of cells to the material surface

The capability of the studied materials on cell adhesion
was inferred by SEM images. Fig. 9 clearly shows that the
morphology of adhered cells on different substrates was
dissimilar. The cells were quite spindle-shape on 100Ti,
and slightly enlarged on 75Ti where more pseudopodia
and dendritic shape were observed. This means that 75Ti
had better ability for cell adhesion rather than 100Ti.
Furthermore, the cells stretched and enlarged multi-
directionally on the surfaces of 50Ti, 25Ti, and 0Tij,
particularly on 50Ti with long pseudopodia (Fig. 9C right
image). The cytoplasmic extensions and interconnected
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Fig. 6. Mean % SD values of (A) cell viability, (B) proliferation (%), and (C)
ALP concentrations.

adhered cells present good adhesion morphology,”* thus
50Ti exhibited better cell adhesion. The pseudopodia and
interconnectivity, however, were lower for 25Ti and 0Tij,
respectively.

Discussion

The apatite formation ability of a material surface in an
SBF solution may preliminary indicate the in-vivo bone
bioactivity of that material.”> The materials developed
here with potential applications in replacements of high
load-bearing joints such as hip and knee, need to possess
bone-bonding ability at their interfaces with the bony
bed, particularly if they would be fixed without bone
cement. Our results indicated that all materials performed
similarly and mostly with Ca/P below the identified
range of natural bone. Therefore, to improve their
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Fig. 7. Optical images of the cells cultured onto the materials at day 10
(x40)
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Fig. 8. (A) Alizarin Red-stained samples after 7 and 14 days, and (B)
percentages of the red-stained area.

apatite formation ability, surface treatment is a possible
way forward. Previous studies showed that pure Ti and
alumina-based materials have low apatite formation
ability, however applying surface treatments can enhance
the bioactivity.”?* For example, Kim et al* conducted
NaOH treatment of pure Ti alone, and along with heat
treatment at 600°C, which resulted in the formation of
sodium titanate having a smooth graded structure on Ti.
This layer provided a smooth graded apatite layer on the Ti
metal substrates in SBE. Another approach for treatment
of Ti was anodic oxidation in H,SO, solution® which
caused the formation of anatase and rutile on Ti surface
inducing apatite formation when soaked in SBE On the
other hand, alumina-based materials could be treated
using aqueous solution of Mg(H,PO,),, Ca(NO,),, and
CaCl, to induce apatite formation. The treated 3Y-TZP
was found to be more bioactive than 12Ce-TZP, and
alumina, respectively.* The bioactivity of porous alumina
was also enhanced by decorating bioactive CaO-SiO,-
Ag 0 glass materials onto and into nano-pores by a simple
sol-dipping technique.”? Therefore, for the fabricated
composites here, a hybrid surface treatment seems to
be required to modify Ti and alumina concurrently and
provide Ca/P ratio in the order of human natural bone.

The results of AFM and surface roughness showed
rougher and non-uniform surfaces after immersion
in SBF which can be attributed to the deposition of
minerals on the surfaces and the corrosion phenomenon
occurred in the solution for metallic phase.”® This is in
agreement with the wettability values obtained, where
50Ti and 75Ti respectively with the lowest and highest
CAs (the highest and lowest wettability), had the largest
and smallest ARa and ARq. The high wettability means
the material has hydrophilic high-energy surface resulting
in strong molecular attraction. Therefore, higher mineral
adsorption on 50Ti surface can be attributed to its
hydrophilicity which may attract more minerals and
provide rougher and more non-uniform surface meaning
that larger ARa and ARq. Guzman et al*? who measured
the CAs of pure alumina and a composite with 25vol.% Ti
found that the CA of the composite surface was lower than
that of alumina, which supports our finding.

The cytotoxic potential of the materials was assessed
by analyzing the activity of LDH enzyme released from
the damaged cells. The higher the LDH concentration
released into the medium, the higher the cellular
membrane damage. This means higher cytotoxicity of
the materials and lower viability of the cells. Materials
with cytotoxicity below 20% (viability above 80%) are
usually considered to have almost no changes in the
cell membrane.?* ¥ Therefore, 75Ti, 50Ti, and OTi are
considered non-toxic. Furthermore, the results of MTT
assay on 50Ti showed high cell proliferation at early
stage while the cells exposed to 75Ti proliferated more
at later stages. Surprisingly, the percentages obtained by
MTT at day 3 showed high cell proliferation which do
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Figure 9. SEM images of the adhered cells on different materials; (A) 100Ti, (B) 75Ti, (C) 50Ti, (D) 25Ti, and (E) OTi

not correspond with the observations resulting from the
LDH after 3 days of exposure. One possible explanation
is that the testing materials act as metabolic enhancers.
Therefore, despite the lower number of viable cells (as
determined by the LDH test), the conversion of MTT into
formazan was enhanced, leading to the overestimated cell
proliferation.’* The difference observed in the results of
MTT and LDH assays emphasizes the need to carry out
various tests to make an appropriate conclusion on the
safety of biomaterials. The cell proliferation percentage
above 100% resulted from MTT assay (similar to the

present study) has been observed in other studies for
different biomaterials including Ti.*>*® The proliferation
percentages became lower by time suggesting that the
effect of studied materials on cell metabolism was higher
at the early exposure. The viability obtained here for
alumina (0Ti) is in agreement with** in which viability of
80%< for alumina was reported under the same testing
condition. However, their results on 25vol.% Ti composite
was different from ours. Furthermore, in many studies
the cytotoxicity of Ti was assessed usually as a benchmark
material to be compared with the newly developed or
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surface-modified biomaterials.*’*! For example, Hahn et
al”” conducted LDH cytotoxicity assay on MC3T3-E1 after
24-hour culture on Ti, HA coating, and HA-CNT coating
for which the cytotoxicity of 57.6% was obtained for Ti.

Differentiated osteoblasts are capable of producing
ALP and depositing calcium (extracellular matrix
mineralization). Osteoblasts are specific fibroblasts which
are derived from mesenchymal precursors. These cells
secrete, precipitate, and mineralize the bone matrix. In
fact, their differentiation includes cell proliferation, matrix
maturation, and matrix mineralization, respectively.*
When the mineralization is completed, calcium deposition
can be detected by Alizarin Red staining. Calcium forms
an Alizarin Red S-calcium complex which provides a
bright red stain. The studied composites showed higher
matrix mineralization compared with 0Ti and 100Ti (the
pure form of Ti and AL O,). However, cell differentiation
based on ALP activity showed that all fabricated materials
had similar performance (no statistical difference). This
indicates the necessity of conducting these two tests
together to better understand the material osteogenic
performance. Another issue is that the osteogenic factors
used here, for the differentiation of MC3T3-E1 were
ascorbic acid and B-glycerophosphate, which have been
commonly implemented to make osteogenic medium for
these cells.*** Nevertheless, some studies have additionally
used dexamethasone,”" that has been avoided to be
used due to its toxic effect on the cells, in many studies.
However, it would be beneficial to investigate the effect
of this osteogenic factor on differentiation of MC3T3-E1
cells, particularly in evaluation of ALP activity.

Different cellular interactions were identified on the
surfaces of the tested materials. This might be due to the
variations in chemical composition, surface topography,
and wettability*®* because the adhesion of cells initiates
with the physical/chemical attachment of the cells on the
material surface® and the early interaction zone with cells
narrows to an atomic layer on the surface. Three processes
occur successively after a biomaterial implantation.® First,
ions and water molecules reach the surface which interact
and bind differently depending upon the biomaterial
surface properties such as hydrophobicity. This influences
the attachment of proteins and other molecules, which
arrive a little later. For example, water-soluble proteins
which have hydration shells interact with the surface
water layer. This would affect the structures of the protein
adlayers such as denaturation, orientation, and coverage.
These structures are realized by the cells arrived at the
surface to adhere, spread, and form an interface on the
biomaterial surface. Consequently, the surface properties
and structures of the protein adlayers highly influence the
initial cell adhesion. The superior cell adhesion capability
of 50T1, therefore, can be explained by its low contact angle,
that is high wettability or hydrophilicity. 25Ti also had low
contact angle (higher than 50Ti), thus its surface could
show good cell adhesion but in a lower degree than 50Ti,

Research Highlights

What is the current knowledge?

v Ti implants suffer from several shortcomings, thus
composite materials are being developed.

) AL O,-Ti composites have been shown to have superior
mechanical and corrosion behaviour.

v ALO,-Ti composites require to be examined for their
biocompatibility to ensure safe use.

v In-vitro cytotoxicity of spark plasma sintered AL, O,, Ti and
AL O,-Ti composites was assessed.

What is new here?

V Cell viability and proliferation was highest in exposure to
75Ti and 50Ti composites.

V Cell adhesion was better on the composites and ALO,
particularly 50Ti, rather than Ti.

as observed in SEM images. Other studies also investigated
the adhesion of MC3T3-El cells on pure Ti substrate
and found spindle-shaped configuration,”>* similar to
the present study. Fernandez-Garcia et al** assessed the
biological interaction of a set of ZrO,-Ti composites and
measured the surface area of the adhered cells on different
materials. They found the lowest cell surface area on pure
Ti meaning that the cells could not stretch and enlarge on
Ti surface. This is in agreement with our result on pure
Ti. To further analyse the morphology of cells and the
cytoskeleton organization of MC3T3-El on the samples,
fluorescent staining of the adhered cells can be done. It
would be interesting for future research to stain the F-actin
and nuclei of the cells for example by FITC-phalloidin
and DAPI, and analyse them by confocal laser scanning
microscope. This helps in better realizing the cytoskeleton
structure of the adhered cells and provides insights on the
cell differentiation.***

Conclusion
All materials were processed under the same procedure,
however, they presented different surface characteristics
due to the difference in composition. Apatite formation
test showed that both Ca and P deposited on the surfaces
of all materials. However, Ca/P ratio in most of the regions
obtained after 20 days of immersion in SBF were below
the identified value in natural bones. Cell viability to 75Ti,
50Ti, and 25Ti was superior when compared with 100Ti.
Furthermore, 50Ti showed high cell proliferation at early
stage while the cells exposed to 75Ti proliferated more
at later stages. The cells adhered differently on different
materials where more spindle-shaped configuration was
found on 100Ti and more enlarged cells on 0Ti, 25Ti, 5074,
and 75Ti. The matrix mineralization was also different
on the surfaces of different materials. 25T1 showed high
mineralized area, followed by 50Ti.

In summary our findings demonstrated that 75Ti, 50Ti,
and 25Ti have high potential to be used as load-bearing
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orthopedic materials. However, more analyses based on
the animal tests are required.
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