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ABSTRACT

Background: In clinical orthopedics, a critical problem is the bone tissue loss produced by a disease or injury. The
use of composites from titanium and hydroxyapatite for biomedical applications has increased due to the result-
ing advantageous combination of hydroxyapatite bioactivity and favorable mechanical properties of titanium.
Powder metallurgy is a simple and lower-cost method that uses powder from titanium and hydroxyapatite to
obtain composites having hydroxyapatite phases in a metallic matrix. However, this method has certain limita-
tions arising from thermal decomposition of hydroxyapatite in the titanium-hydroxyapatite system above 800°C.
We obtained a composite from titanium and bovine hydroxyapatite powders sintered at 800°C and evaluated its
bioactivity and cytocompatibility according to the ISO 10993 standard.

Methods: Surface analysis and bioactivity of the composite was evaluated by X-ray diffraction and SEM. MTT
assay was carried out to assess cytotoxicity on Vero and NIH3T3 cells. Cell morphology and cell adhesion on the
composite surface were analyzed using fluorescence and SEM.

Results: We obtained a porous composite with hydroxyapatite particles well integrated in titanium matrix which
presented excellent bioactivity. Our data did not reveal any toxicity of titanium-hydroxyapatite composite on Vero
or NIH3T3 cells. Moreover, extracts from composite did not affect cell morphology or density. Finally, NIH3T3 cells
were capable of adhering to and proliferating on the composite surface.

Conclusions: The composite obtained displayed promising biomedical applications through the simple method
of powder metallurgy. Additionally, these findings provide an in vitro proof for adequate biocompatibility of

titanium-hydroxyapatite composite sintered at 800°C.
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Introduction

In clinical orthopedics, a critical problem is the bone tis-
sue loss produced by a disease or injury. Hydroxyapatite
(Ca,,(PO,),(OH),) (HA) is a bioceramic material frequently used
for implants of human hard tissue because its chemical and
crystallographic structure is similar to that of bone minerals of
mammalian bones and teeth (1-3). As a result, HA is nontoxic,
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bioactive and biocompatible (4) allowing osseointegration
between implants and bones (5). HA can be obtained from
animal bones, or it can be artificially produced. However, in
clinical applications, the use of synthetic HA has several dis-
advantages, such as its higher dissolution rate in physiological
environments, which can trigger an immune response (6-9),
and the high cost of the raw materials. Therefore, natural HA
is more suitable to biomedical applications (10). A major limi-
tation of using HA is its poor mechanical properties (11, 12).
In contrast, although titanium (Ti) is a biocompatible metal
with better mechanical properties, its biocompatibility is not
as good as that of HA. Moreover, failure of the implantation
can be observed due to poor interaction between the host
bone and titanium, which can result in loss of the implant
(13). Consequently, with the purpose of generating high effi-
ciency biomaterials for bone replacements, Ti-HA composites
have been considered an encouraging group of materials for
research and development of implants. Different methods of
HA coatings on Ti surfaces have been tested (14-20). It has
been reported that in implants coated with HA, it facilitates at-
tachment to the bone surface, leading to a higher integration
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rate compared with uncoated implants in in vitro and in vivo
experiments (21, 22). However, HA coating stabilization can
only be observed for a short time, since bone formation, in-
tegration and stability around implants (coated and uncoated
ones) does not show any differences at 6 months after implan-
tation.

Another method to get Ti-HA composites is powder met-
allurgy (PM) (23-25). PM uses powders from Ti and HA to
obtain sintered composites with HA particles as “islands” in
the Ti matrix. This method simplifies and reduces the cost
of the composite by using TiH, powder instead of pure Ti.
Additionally, the sintering at the final stage of the process
allows control of the surface porosity. Although pure HA is
stable in an inert argon atmosphere at temperatures as high
as 1200°C (26), it has been reported that in a Ti-HA system,
the dehydroxylation and decomposition of HA was acceler-
ated by the presence of Ti to form tetracalcium phosphate
and calcium oxide at temperatures above 800°C (27). This
imposes certain limitations on the thermal conditions that
can be used for the manufacture of Ti-HA composites. An-
other important issue to consider is the amount of HA in
the composite, Popa et al (28) reported that the “amount of
HA is of major importance and has to be kept within strict
limits: too much (more than 30%) leads to excessive brittle-
ness, whereas too little (5%) in contact with the bone is in-
sufficient for the required bioactivity.”

Lastly, the innovation of new biomaterials requires
methodical and quantitative assessment of the biocompat-
ibility of their components (29). In fact, biomaterial bio-
compatibility is very intimately related to cell behavior in
contact with the material, particularly to the adhesion to
its surface.

In the present study, we sintered a composite of Ti and
bovine HA at 800°C in an argon atmosphere and evaluated its
bioactivity and cytocompatibility according to the I1SO 10993
standard for composite extracts. Furthermore, we assessed
proliferation and adhesion of Vero and NIH3T3 cells on the
composite surface.

Materials and methods

Preparation of composites

Ti-HA composites were prepared by PM from TiH, 98%
pure (Sigma) mesh-325 and bovine HA (Inbiomed S.A.,
Argentina). TiH, powder was mixed 20% HA powder (Ti-20HA),
and the mixture was homogenized for 30 minutes. The pow-
ders were compacted at 390 MPa without addition of lubri-
cant to obtain samples of size 8-mm diameter and 2-mm
height. Then, these were sintered in an argon atmosphere
at atmospheric pressure at 800°C for 2 hours. This inert
atmosphere is achieved with argon preflow for 30 minutes.
Hydrogen from TiH, was released at the beginning of the
sintering step by heating samples at 500°C for 30 minutes.
Discs of pure Ti (Ti) and porous Ti (Ti-Por) were prepared in
the same way, with Ti-Por being obtained from a mixture
of Ti with 20% in NH,HCO,. All composites were ultrasoni-
cally cleaned in 100% acetone, then with distilled water for
10 minutes at each step, and then were sterilized by dry heat
at 140°C for 2 hours.

© 2017 The Authors. Published by Wichtig Publishing
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Surface characterization and in vitro bioactivity of Ti-HA
composites

To investigate the chemical and structural composition
of the samples, X-ray diffraction (XRD) analyses in a Philips
PW1800/10 diffractometer (LAMARX-UNC) were carried out.
The surface topography of composites was examined by scan-
ning electron microscopy (SEM) using a FE-SEM ZIGMA micro-
scope at 12 kV (LAMARX-UNC). The samples were mounted
on stubs and sputtered coated with chrome. To analyze their
bioactivity, Ti-HA composites were immersed in simulated
body fluid (SBF) (30) and kept at 37°C. After 5 and 10 days,
surface composites were examined by SEM.

Preparation of composite extracts

Extracts of all composites were prepared to assess the
hazard potential of samples. Extraction conditions were se-
lected in accordance with ISO 10993-12 (31). The sterilized
composites were put into sterile, chemically inert and closed
containers. Dulbecco’s modified Eagle’s medium (DMEM)
(Gibco) was added at a ratio of 0.1 g/mL (mass of disc to
volume of DMEM). Then, samples were incubated in a hu-
midified atmosphere of 5% CO, in air at 37°C for 72 hours.
The discs were removed from the media, and a 100% extract
(100-extract) was obtained after addition of fetal bovine se-
rum (FBS) (PAA) (10% v/v). For the cytotoxicity assay, 75%,
50% and 25% extracts (75-, 50-, 25-extracts) were obtained
by dilution in supplemented DMEM of 100-extract.

Cell culture

Experiments were performed using the epithelial Vero cell
line and fibroblastic NIH3T3 cells (provided by CIQUIBIC-Argen-
tina).The Vero cell line is mandatory for cell cytotoxicity and
cell-substratum interaction studies in biomaterial research (32).
In addition, the NIH3T3 cells were also used here because they
share a common origin with osteoblastic cells. Both cell lines
were cultured in DMEM with 10% FBS, 4 mM of L-glutamine
(Gibco), 4 mM of sodium pyruvate (Sigma) and 10,000 IU/mL of
penicillin with 10,000 pug/mL of streptomycin in a humidified 5%
CO, atmosphere at 37°C. Cells were seeded on 96-well plates
at a density of 10,000 cells per well and incubated in supple-
mented DMEM. The culture medium was replaced every 3 days.

Cytotoxicity assay

Cytotoxicity of extract composites was performed by
the MTT assay (33), according to I1SO 10993-5 (32). Vero or
NIH3T3 cells were seeded as described above for 24 hours,
after which media were removed, and extracts from dif-
ferent composites were added. After 24 hours, cells were
rinsed with phosphate-buffered saline (PBS) twice, and 50 uL
of 1 mg/mL MTT in DMEM was added to the appropriate
wells and incubated at 37°C for 1.5 hours. The formazan crys-
tals formed were dissolved by adding isopropyl alcohol in
each well. Absorbance was quantified at 595 nm using a Mul-
tiskan Spectrum microplate reader (Thermo Scientific). High-
density polyethylene (HDPE) 100-extract (ratio of 6 cm?/mlL,
surface of HDPE to volume of DMEM) was used as negative
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control, and 0.2% phenol solution was assayed as positive
control. The percentage of cell viability was calculated ac-
cording to the optical density measured for each incubation
condition with respect to the optical density determined for
cells grown in supplemented DMEM x100. All experiments
were carried out in sextuplicate.

Cell morphological analysis

The morphology of Vero and NIH3T3 cells grown in the
presence of extracts of composite was observed by microsco-
py (34). The morphology and relative density of Vero cells cul-
tured in the presence of 100-extract or supplemented DMEM
were examined using SEM (JEOL JSM 6480 Brand LV; Iniqui,
Argentina). Cells were plated at a density of 10,000 cells/cm?
on glass coverslips, and incubated in the presence of 100-ex-
tracts or supplemented DMEM for 4 days. After incubation,
samples were washed with PBS and fixed overnight in 4% glu-
taraldehyde buffered in PBS at 4°C. Next, the samples were
washed 3 times with PBS and dehydrated in graded ethanol
(10%-100%) for 10 minutes each step. Finally, after critical
point drying, the samples were mounted on stubs and were
sputtered coated with gold.

NIH3T3 cell morphology was analyzed by light microsco-
py. NIH3T3 cells were suspended in 0.5 mL of supplemented
DMEM and seeded in 24-well plates (10,000 cells/well). Af-
ter incubation for 24 hours, the media were removed, and
100-extract from each composite was added. The culturing
was stopped at days 2 and 5 of culture, and cell images were
captured digitally (Eclipse TE2000-U microscope, Digital Sight
DS-U1 camera, Nikon).

Cell adhesion assessment

NIH3T3 cells were seeded on the surface of the compos-
ites placed on 24-well plates at a density of 10,000 cells/well
or on glass coverslips as controls, and then they were incu-
bated in supplemented DMEM. NIH3T3 cell adhesion was ob-
served using fluorescence microscopy through DAPI staining
to determine the presence of nuclei. Cultures on all surfaces
were stopped when the cells covered the entire glass cover-
slip. Then, they were washed several times with PBS, and cells
were fixed with 4% paraformaldehyde solution, permeabilized
with 0.1% Triton X-100 in PBS, and incubated with DAPI for 10
minutes at room temperature for each step. Subsequently, all
samples were observed with a Nikon Eclipse TE2000-U micro-
scope with a fluorescence filter (range 340-360 nm) for DAPI.
The number of cells growing on composite surfaces was esti-
mated using Image) software (n = 3 for each group).

The morphology of cells attached to the Ti-20HA surface
was examined by SEM at 1 kV with variable magnification
(x2,000 and x5,000) (LAMARX-UNC). Cells adhered to the sur-
face of composites were washed carefully with PBS and fixed
overnight in 4% glutaraldehyde buffered in PBS at 4°C. Then,
the samples were prepared as previously described.

Statistical analysis

Experimental data were expressed as means + standard er-
ror of the mean (SEM). Results from the cytotoxicity and cell
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count were analyzed using 1-way ANOVA, and whenever the
test indicated significant effects (p<0.05), a pairwise comparison
(Newman-Keuls posttest) was also carried out. A p value <0.05
was considered to represent a significant difference in all cases.

Results

Surface characterization and in vitro bioactivity of the Ti-HA
composites

The XRD pattern of the Ti-20HA composite showed char-
acteristic peaks of Ti and HA (Fig. 1A). HA and Ti mainly ex-
isted in their simple substance, suggesting that reactions
between HA and Ti did not take place. HA decomposition
products were not identified. Peaks characteristic of titanium
(near 26 40°) and a broad halo in the range 31°-34°, due to
crystalline HA, were observed.

SEM micrographs of composite surfaces before immersion
in SBF showed micropores and macropores on all surfaces,
with HA particles well integrated into the Ti matrix (Fig. 1B, A).
After 5 days of composite immersion, calcium phosphate de-
position was observed (Fig. 1B, b), and at 10 days postimmer-
sion, depositions covered the whole surface, especially into
the pores (Fig. 1B, d). An energy-dispersive spectroscopy (EDS)
spectrum is presented in Figure 1C.

Cytotoxicity

The cytotoxicity of the Ti-20HA as well as Ti and Ti-Por
composites was evaluated in vitro by measuring Vero and
NIH3T3 cell viability after incubation with the composite ex-
tracts for 24 hours. One-way ANOVA revealed a significant
effect of 100-extracts of the different composites on Vero
cell viability (F(Ms) =791.55, p<0.0001). Figure 2A shows that
the percentages of viability for Ti-20HA (95.7% + 0.81%; p =
0.397) and Ti (100.11% * 1.35%; p = 0.155) were not signifi-
cantly different from those of the negative control (98.50%
+ 1.44%). Although viability of the cell exposed to Ti-Por
100-extract (88.83% + 1.84%; p<0.02) was significantly lower
than negative control, it was greater than 70%. According to
the ISO 10993 standard, the samples are considered nontoxic
whenever cell viability is greater than 70% (31). All groups
(p<0.001) revealed percentages higher than that of the posi-
tive control (9.80% + 0.83%).

In the same way, 1-way ANOVA showed a significant ef-
fect of 100-extracts of all composites on NIH3T3 cell viability
(F(4 ,5=463.56, p<0.0001). The percentages of viability of NIH3T3
cells for the Ti-20HA, Ti and Ti-Por 100-extracts were 91.30% +
2.38%, 92.30% * 2.06% and 93.24% + 1.64%, respectively,
which were significantly different from the negative control
group: 99.49% + 1.52% (p<0.02) (Fig. 2B). Nevertheless, NIH3T3
viability was greater than 70% in all cases, thereby indicating a
lack of extract composite toxicity to this cell line. Extract dilution
did not show any effect on composite cytotoxicity (Fig. 2).

Cell morphological analysis
The Vero cell morphology did not reveal any differences

between the cells incubated with supplemented DMEM
medium or composite 100-extract (Fig. 3A, C, E). Moreover,

© 2017 The Authors. Published by Wichtig Publishing
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Fig. 1 - Characterization of Ti-HA composite surface. (A) X-ray diffraction of the Ti-HA composite. Ti (solid circles), HA (open diamond).
(B) Scanning electron micrographs of composite. Composite surface before simulated body fluid (SBF) immersion (a). Composite surface
after 5 days (b, c) and 10 days of SBF immersion (d, e). (C) Energy-dispersive spectroscopy (EDS) spectrum of the surface of Ti-20HA com-

posite immersed in SBF for 10 days.
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Fig. 2 - Cell viability for diluted extracts (25%, 50%, 75% and 100%) from Ti, porous Ti (Ti-Por) and Ti-20HA composites after cell culture
for 24 hours,for Vero cells (A) and NIH3T3 cells (B). (N = 6). Values are means + SEM. NC = negative control. ¥*p<0.02, vs. NC; **p<0.001, vs.

100% extracts of different composites.

the cell confluence reached on day 4 of cell culture was simi-
lar among Ti-20HA, Ti-Por and control. In addition, compos-
ite extracts did not affect the cell size (Fig. 3B, D, F). Similar
effects of different composite extracts on cell morphology,
cell size and density of NIH3T3 lineage were also observed.
After 2 and 5 days of incubation in the presence of extracts
from Ti-20HA, Ti and Ti-Por, the microphotographs showed
the NIH3T3 cells to be well attached and with similar
morphologies compared with the controls (Fig. 4A-D). Fur-

© 2017 The Authors. Published by Wichtig Publishing

thermore, these cells proliferated widely between days 2
and 5 of incubation and were almost confluent on day 5
(Fig. 4E-H), indicating that the extracts did not alter their
growth ability or development.

Cell adhesion

The micrographs showed that NIH3T3 cells stained with
DAPI were able to attach to all surfaces (Fig. 5A), reaching
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Fig. 3 - Scanning electron micro-
graphs of Vero cells exposed for
24 hours to 100-extract of (A, B)
Ti-HA, (C, D) porous Ti (Ti-Por),
(E, F) supplemented DMEM (pan-
els a,c: magnification x200, bar =
100 um; panel e: magnification
%300, bar = 50 um; panels b,d:
maghnification x1,000, bar = 10
pm; panel e: magnification x900,
bar =20 um).

Fig. 4 - Representative phase
contrast images of NIH3T3 cells
cultured in 100-extracts of (A)
supplemented DMEM, (B) Ti-
20HA, (C) Ti and (D) porous Ti (Ti-
Por) composites. Top panels: at
day 2 of culture. Bottom panels:
at day 5 of culture. Bars =200 um.

a similar density on surfaces of Ti-HA, Ti and Ti-Por (Fig. 5A
b, d, f). Cell number was not significantly different between
the 3 surfaces (Fig. 5B) (p = 0.69). These results suggest that
Ti-20HA as well as Ti-Por and Ti composites were harmless to
the cells. Furthermore, on the Ti-20HA surface, cells adhered
to HA of the composite (Fig. 6B) and grew by spreading out
across the surface with extensions observed of up to 10 umin

W

length (Fig. 6A, B). Cells also grew into the pores of the com-
posite (Fig. 6C), thus supporting a possible biological fixation.

Discussion

In the present study we obtained a composite from Ti
and bovine HA powders sintered at 800°C through the sim-

© 2017 The Authors. Published by Wichtig Publishing
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Fig. 5 - Representative fluorescence
micrographs of NIH3T3 cell DAPI
staining cultured for 96 hours on
different composite surfaces. (A)
cell grown on Ti-20HA (b); Ti (d) and
Ti-Por (f) composites. Panels a, c, e:
Ti-20HA, Ti and Ti-Por composites
without cells. Bars = 100 um. (B) Cell
count by ImageJ software.

composite Ti-20HA Ti Ti-Por

COIpUTOST | 487468 | 368%95 | 417 £117

Fig. 6 - Scanning electron micrographs of NIH3T3 cells cultured for 96 hours on Ti-20HA surface (A): magnification x2,000, bar = 20 pum;
(B): magnification x5,000, bar = 10 um; (C): magnification x5,000, bar = 10 um).

ple and low-cost method of PM. The XRD pattern showed a in SBF, the whole surface of the composite was covered with
composite with Ti and HA that mainly existed in their simple apatite, indicating its good bioactivity. Cytotoxicity assay did
constituents. Micropores and macropores were observed on not reveal any toxicity of the composite to epithelial Vero or
composite surfaces using SEM. After 10 days of immersion  fibroblast NIH3T3 cells. Moreover, exposure of both these
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cell types to composite extracts displayed similar morpholo-
gies to those grown in the presence of supplemented DMEM,
thereby demonstrating the cytocompatibility of the extracts
from the Ti-20HA composite sintered at 800°C. Additionally,
NIH3T3 cells were able to proliferate and spread out on the
Ti-20HA surface.

It is well known that HA is thermally stable up to 1250°C in
air (35) and up to 1050°C in vacuum (36). However, in Ti-HA sys-
tems, it has been reported that the HA decomposition at tem-
peratures above 800°C is related to the presence of Ti (27). For
example, Ye et al (26) reported that Ti accelerated dehydroxyl-
ation of HA and stimulated the formation of tetracalcium phos-
phate and calcium oxide at temperatures below 1000°C. For
this reason, we decided to work with a sintering temperature
of 800°C to develop a stable composite, and we verified a good
biological performance that to date had not been reported in
the literature. Ti-HA composites have been developed by PM,
which were sintered between 1000°C-1300°C (37) and demon-
strated to be bioactive when immersed in SBF (23). Moreover,
the cytocompatibility of Ti and Ti alloys have also been evalu-
ated, and these showed different toxicity grades (38).

The capacity of apatite formation in SBF has been widely
used to assess the bioactivity of biomaterials (30). Our results
from SEM analysis showed that the composite was able to
induce calcium phosphate deposition, covering the whole
surface of the composite at 10 days post SBF immersion. Ning
and Zhou (23) reported that calcium phosphate precipita-
tions are bone-like apatite and would play an essential role in
the formation of new bone (39).

On the other hand, cytotoxicity assay is one of the man-
datory tests for biological safety evaluation of biomedical de-
vices established in ISO 10993-5 (32). In this study, we used
the MTT method to assess cytotoxicity, as an accurate indi-
cator of potential toxicity in 2 cell lines. Figure 2 reveals cell
viability higher than 70% for Vero and NIH3T3 cells when ex-
posed to various diluted extracts from Ti, Ti-Por and Ti-20HA
composites. This suggests that the Ti-20HA composite sin-
tered at 800°C is not cytotoxic to either Vero or NIH3T3 cells,
in accord with 1ISO 10993. Even more, the morphology and
cell density of Vero and NIH3T3 cells cultured in 100-extract
of Ti-20HA composites sintered at low temperature were
similar to those cultured in supplemented DMEM (negative
control). This assay showed a cell density and morphology
preserved in both cell lines, indicating a high level of in vi-
tro cytocompatibility for the Ti-20HA. It is accepted that the
biomaterial in vitro compatibility is intimately related to cell
behavior resulting from contact between cells and biomate-
rial — particularly to cell adhesion to their surfaces (40, 41).
To investigate this, we evaluated NIH3T3 cells’ ability to ad-
here to the Ti-20HA composite surface. The fluorescence im-
ages by DAPI staining in Figure 5 show NIH3T3 fibroblast cell
adhesion on the Ti-20HA, indicating that cells were able to
adhere to and proliferate on the composite surface by cover-
ing the whole surface at day 4 of culture. Additionally, SEM
studies revealed contact among cells as well as the spreading
of these on composite surface. Also, cells were even capable
to grow into the pores on the Ti-20HA composite, establish-
ing that there was good cytocompatibility of this composite.
However, even if the I1SO standard provides widely accepted
parameters for proofs of biomaterials’ cytocompatibility, it
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has some limitations, and these should be considered (42).
Additional in vivo studies are still necessary to complete the
evaluation of the composite, and to evidence its functional-
ity, effectiveness, neovascularization, immune response and
recellularization (43, 44).

These findings suggest that Ti-20HA composites sin-
tered at low temperature are feasible to produce biological
or bioactive fixation of the biomaterial, because the tissue
was able to grow into the pores on the composite surface.
This could be explained by the increased interfacial area
between the tissue and the material, resulting in a higher
inertial resistance to movement of the implant in the tissue
(45). Therefore, surface porosity is considered to be one of
the requirements for an ideal scaffold, because surface pores
permit a successful diffusion of essential nutrients and oxy-
gen for cell survival (46).

In summary, we have developed a new composite through
a simple and low-cost method using PM with a promising bio-
medical application.
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