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Abstract

Fabricated Hydroxyapatite (HA) nano-particles that mim-
ic natural HA are extensively used as coatings on prosthe-
ses to repair, renovate and replace human bones. However,
the attainability of these materials is limited for developing
countries due to the high cost of both raw materials and
material processing. Therefore, Wijesinghe et al. (2014),
have produced natural HA nano-particles through atomized
spray pyrolysis technique and have successfully prepared
Ti surfaces with a binder TiO, layer coated with locally syn-
thesized HA nano-particles, which would be a simple mate-
rial with high economic value for orthopedics applications.
Therefore, with the intension of assessing the suitability in
the fabrication of orthopaedic implants, this novel material
was evaluated for cytotoxicity and biocompatibility in-vitro
using osteoblast-like cells. The results of this study demon-
strate, the surfaces of Ti with TiO, thin layer, coated with
locally synthesized HA does not elicit any toxic effect to cells
and encourage cell adhesion when in contact with the mate-
rial surfaces. Furthermore, HOS cells adhered to the mate-
rial surfaces preserve their characteristic morphology while
maintaining their osteoblast phenotype and undergoing de-
velopmental stages leading to mineralization, successfully.

In conclusion, this material will be a promising candidate
in the production of low cost synthetic orthopaedic implants
having a great potential in advancement of orthopaedic ap-
plications.
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Introduction

Bone tissue is the hardest tissue in the body, which differs
greatly from others. Collagen matrix and inorganic component,
calcium phosphate are the two main components responsible
for this characteristic hardness. The role of bone lining osteo-
blasts seems to play an important part in coupling bone resorp-
tion to bone formation. Among these, active osteoblasts are
accountable for bone development originating from immature
mesenchymal stem cells [1].

Bone defects and disabilities are common consequences of
the explosions of land mines and other explosive devices dur-
ing war battles, accidental injuries, traumas and non-traumatic
disorders such as cancers. In most of the instances particularly,
part of the bone or complete bone with the joint is damaged,
necessitating replacement or reconstruction to stabilize move-
ments and restore the function of affected part of the body.
Surgical treatment involves the implantation of bone bonding
materials into bone defects, which will enhance patient’s qual-
ity of life.

At present, when compared to other materials used to
manufacture orthopedic implant materials, metallic biomateri-
als are mostly used to correct bone defects, due to their high
fracture toughness and high tensile strength. However, surface
modification of these materials is usually required to decrease
corrosion, to improve bioactivity and osteo-integration [2].
Synthetic Hydroxyapatite (HA) [Ca,, (PO,), (OH),] which mimics
natural HA has been extensively used as biocompatible coatings
[3,4]. Currently, there are several techniques to coat Ti surfaces
with HA such as dip-coating method, sol-gel methods, sputter-
coating, template assisted electro hydrodynamic atomization,
electrophoretic deposition, thermal spraying, pulsed laser abla-
tion and dynamic mixing [2,5-8].

However, most of these methods are linked with certain in-
herent drawbacks; low bonding strength at TiO, and HA inter-
face, uneven surfaces as well as uncontrollable coating thick-
ness and decomposition of HA into other calcium phosphates
[9,10]. Furthermore, due to high cost, the implants made out
of such materials are not always accessible to many patients in
developing countries [11]. Therefore, development of low-cost
coating techniques is essential to overcome such draw backs. In
order to address this issue Bandara et al. (2011) have designed
and developed a novel technique based on Atomized Spray
Pyrolysis (ASP) to fabricate uniform layers of interconnected
nano-particles on substrates which is simple and cost effective
[12]. One of its major advantages is the ability to use readily and
freely available and inexhaustible atmospheric oxygen, which
gives a uniform and phenol-free TiO, coating on Ti. Accordingly,
they have successfully introduced Ti surfaces with a binder TiO,
identified as Surface Modified Ti Metal (SMTiM) coated with a
HA layer [8].

In the current study, Ti samples with self formed TiO, thin
layer coated with locally synthesized HA nano-particles were
prepared by atomized spray pyrolysis and the feasibility of us-
ing those surfaces in orthopaedic applications was evaluated.
Biological responses of human osteoblast-like cells (HOS, ATCC,
CRL 1543) [13] to HA surfaces were observed in vitro allowing a
more direct vision of the biological response and cell-material
interaction under controlled conditions.

Materials and methods

HA nano-particles have been synthesized under calcium su-

crate route where the method has been described elsewhere
[8,12,14]. In order to prepare phenol free titanium dioxide
binder layer, cleaned Ti metal pieces have been subjected to
heat treatment and followed by introducing HA coating using
atomized spray pyrolysis system. Proper attachment of HA on Ti
surfaces has been ensured through a second heat treatment at
700 °C for 3 hours [12].

The morphology of test samples was analyzed by Scanning
Electron Microscopy (SEM, Zeiss, German). The elemental
composition of prepared HA samples was analyzed by Energy-
Dispersive X-ray (EDX) spectroscopic (Oxford, UK). The samples
were sterilized by gamma irradiation (Co 60, 25 KGy) before us-
ing for in vitro studies.

Human Osteosarcoma Cells (HOS, ATCC, CRL 1543) were cul-
tured in Dulbecco’s Modified Eagle’s Medium (DMEM) (Sigma,
USA), supplemented with 10% Fetal Calf Serum (FCS), 1% non-
essential amino acids, 150 pg/ml ascorbic acid, 0.02 mM L-glu-
tamine, 0.01 M HEPES (4-(2-hydroxyethyl)-1-piperazineethane-
sulfonic acid), penicillin (100 units/ml) and streptomycin (100
units/ml). Thermanox™ cover slips (TMX, NUNC", USA) and
absolute ethanol were used as the tissue culture control and
positive toxic control, respectively. HOS cells were seeded at a
density of 2 x 106 cells/ml on test and control samples for pro-
liferation and differentiation studies. The culture plates were in-
cubated at 37 °C in a humidified air supplied with 5% CO, for 1,
7, 14, 21, 28 and 35 days. The culture medium was replaced at
intervals, minimizing disturbances to culture conditions.

Duplicate samples for each time point were prepared for
SEM analysis by seeding cells at a density of 2 x 10° cells ml-1
and were incubated at 37 °Cin humidified air with 5% CO,. After
24 h, 48 h and 168 h of incubation, the cultures were fixed with
1.5% glutaraldehyde in 0.1 M sodium cacodylate, stained in 1%
osmium tetroxide in 0.1 M sodium cacodylate and 1% tannic
acid buffer and dehydrated using a series of aqueous alcohol so-
lutions starting from 20%-70% in 10% increments. The surfaces
were stained with 0.5% uranyl acetate and further dehydrated
in 90%, 96% and 100% ethyl alcohol containing Na,CO, and
with hexamethyl-di-salazane and finally air dried. The sample
surfaces were coated with gold for examination under scanning
electron microscope (Zeiss, German) to observe morphology of
cells attached to materials surfaces.

The cytotoxicity and viability of cells once attached to the
test material were determined by performing MTT (3-(4,5 di-
methylthiazol 2-yl)-2,5-diphenyltetrazolium bromide) assay. Ex-
tracts were prepared by incubating test samples in complete
DMEM at 37 °Cfor 1, 7, 14, 21, 28 and 35 days. HOS cells were
cultured in the extracts at 37 °C in a humidified air at 5% CO,
for 24 h and for further 4 h in the presence of 10% MTT (Sigma,
USA). Dimethyl Sulfoxide (DMSQ) was added after removing the
medium and was placed on a shaker (Themofisher, UK) for 10
min to ensure complete dissolution of crystals. Absorbance was
measured at 570 nm and emission at 620 nm (Multiskan EX,
Thermo, China). The results were presented from 8 replicates
of 3 experiments at each time point.

HOS cells were cultured on material surfaces at 2x10° cells/
ml density and was incubated at 37 °C in humidified air with 5%
CO, for 1, 7, 14, 21, 28 and 35 days to evaluate cell prolifera-
tion. The used culture medium was replaced at pre-determined
time intervals. One milliliter of 10% alamar Blue™ (Sigma, USA),
in phenol-red free medium was added to each well and was in-
cubated at 37 °Ciin a humidified air at 5% CO, for 4 h. The absor-
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bance was read at 570 nm with a reference wavelength of 630
nm (Multiskan EX, Thermo, China). The procedure was done in
triplicate for both test and control materials. All the wells were
replaced with fresh DMEM after washed with PBS and were fur-
ther incubated. This procedure was carried out serially for 1, 7,
14, 21, 28 and 35 days of incubation.

In order to determine the total DNA content, cells were lysed
at each pre-decided time intervals; namely, day 1, 7, 14, 21, 28
and 35, using freeze/thaw cycle [4 cycles x (-70 °C for 20 min /
37 °Cfor 20 min)]. Total DNA was extracted using taco mini DNA
extraction machine (POKIT, GeneReach Biotechnology, Taiwan)
and was measured using Qubit 2.0 fluorometer (Thermo Fisher,
USA). The results were obtained from 2 replicates of 2 experi-
ments for each time point.

Bicinchoninic Acid Protein Assay was performed to deter-
mine the total protein content. Cells were lysed at each time
point (i.e. days 1, 7, 14, 21, 28 and 35) using freeze/thaw cycle
[4 cycles x (-70 °C for 20 min / 37 °C for 20 min)]. The protein
standards in Bicinchoninic Acid Protein Assay kit were used to
obtain the standard curve with a concentration range of 0, 2, 4,
6, 8, 10 pg/ml. The amount of protein present in the samples
was determined using the standard curve. Fluorescence was
measured on a plate reader (Multiskan EX, Thermo, China) at a
wavelength of 560 nm. The results were presented from 2 rep-
licates of 2 experiments at each time point.

ALP is an early marker of osteoblast phenotype (15). ALP ac-
tivity of cells, lysed at pre-determined time point (i.e. days 1, 7,
14, 21, 28 and 35) using freeze/thaw cycle [4 cycles x (-70 °C for
20 min / 37 °C for 20 min)] was measured using QuantiChrome™
Alkaline Phosphatase Assay Kit (Bio Assay Systems, USA, Catalog
No. DALP-250).

The production of osteocalcin was determined using Anti -
osteocalcin antibody (bone gamma-carboxyglutamate (gla) pro-
tein, Rabbit 1gG, Booster biotechnolology, USA). For the detec-
tion of the expression of osteocalcin by immunofluorescence,
2x10° cells were seeded on the test sample surfaces and the
negative (Thermonox™) control. At each time point (i.e. day 1,
7,14, 21, 28 and 35) cells were washed with PBS and then fixed
in 4% paraformaldehyde for 15 min and permeabilized with 1%
Triton X-100 in PBS for 5 min. The background was blocked with
5% bovine serum albumin for 15 min and incubated with pri-
mary antibody (bone gamma-carboxyglutamate (gla) protein,
Rabbit 1gG, Booster biotechnolology, USA) for 1h at room tem-
perature and then cells were again incubated with flurophore
conjugated secondary antibody for 1h, which was counter
stained with Ethidium Bromide. Cells were observed by fluores-
cence microscopy (Zeiss, Scope Al, Germany).

In order to determine the mineralization of matrix HOS cells
were cultured on materials surfaces at a density of 2x10° cells/
ml and were incubated for 48 days at 37 °C in humidified incuba-
tor with 5% CO,. Sample surfaces were washed in distilled water
and covered with 1 ml of 2 % silver nitrate. Those were then
exposed to bright sun light for 20-60 min and again washed with
three changes of distilled water. Samples were treated with
2.5% sodium thiosulphate for 2 min. Samples were blot dried
after washing under running water and were examined under
the microscope (Zeiss, Scope Al, Germany).

Furthermore, after 48 days of incubation, the cultures seed-
ed with same density of cells were fixed with 1.5% glutaralde-
hyde in 0.1 M sodium cacodylate, stained in 1% osmium tetrox-

ide in 0.1 M sodium cacodylate. The elemental composition of
HA surfaces after were analyzed using EDX (Oxford, UK) to de-
tect the presence of Ca on the cell layer grown on HA surfaces.

Statistical analysis was done by student‘t’ test using Graph-
Pad Prism 5 for windows (GraphPad software, USA, 95% confi-
dence level) software.

Results and discussion

Characterization of synthesized HA products

The SEM image of the surfaces coated with HA synthesized
at 700 °C clearly shows the nanometer size HA particles on
SMTiM surfaces (Figurel). The initial rod-like HA nanoparticles
have been converted to spherical HA while sintering at high
temperatures (700 °C) as described elsewhere [14]. Presence of
Ca and P on materials surfaces was clearly depicted in the EDX
spectrum (Figure 2).

T

Figure 1: The SEM images of the hydroxyapatite samples, after
subjecting to calcination at 700 °C for 3 h.
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Figure 2: (a) EDX spectrum and (b) SEM image of HA coated on
SMTiM surfaces.

Cell morphology and attachment

Cells attached to material surfaces maintained the usual
polygonal morphology [16] with few exceptions resulting as a
response to surface characteristics. HOS cells attached to the
Thermanox™ control were stretched across the surfaces with
extended cytoplasmic process after 24 h. Lamellipodia attached
to HA surface (Figure 3a) made the cells flat and evenly spread
(Figure 3b). The rounded cells present which may be undergo-
ing cell division can be interpreted as an indication of cell prolif-
eration (Figure 4a and b). Material surfaces devoid of cells were
observable at 24 h while cells showed confluent growth after
48 h of incubation indicating the presence of favorable environ-
ment which provides survivability of cells on the HA surfaces
(Figure 4a). The cell margins were merged and it was difficult to
define their boundaries and the underlying material was cov-
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ered with cells. The cells spread on all the surfaces became con-
fluent and were closely attached to the surfaces after 168 hours
of incubation (Figure 5a) making a continuous sheath over the
surfaces making it difficult to identify cell margins (Figure 5b).

According to the SEM images the HA surfaces have favored
cell adhesion and were able to support normal osteoblast
growth. Cell adhered with well extended filopodia along the
surfaces is an indication for favourable cell attachment.

10 pm

Figure 3: SEM images of cells on HA surface after 24 h incuba-
tion at two different magnifications. (a) Closely packed cell layer
on the HA surface (1.00 K X), (b) The terminal ends of extended
filopodia (5.00 K X).

10um
Figure 4: SEM images of cells on HA surface after 48h incuba-
tion at two different magnifications. (a) A dense layer of confluent
HOS cells on HA surface (1.00 K X), (b) Cell in the process of cell
division (5.00 K X).

Figure 5: SEM images of cells on HA surface after 48h incuba-
tion at two different magnifications. (a) A dense layer of confluent
HOS cells on HA surface (1.00 K X), (b) Cell in the process of cell
division (5.00 K X).

Evaluation of cytotoxicity

MTT [3-(4, 5-Dimethylthiazol-2-yl)-2, 5-Diphenyltetrazolium
Bromide] assay is a rapid and versatile colorimetric assay, based
on the tetrazolium salt. MTT measures living cells quantitatively
while the tetrazolium ring is cleaved by active mitochondria
[17]. According to Mosmann [18] MTT is cleaved by all living
and metabolically active cells but not by dead cells.

According to the results of MTT assay a significant difference
was observed between test samples and the positive toxic con-
trol (p <0.001) indicating that HA prepared locally was not toxic
to the cell membrane (Figure 6).

Interestingly, the results of the sample elusions were compa-
rable to that of the negative control (DMEM + 10% FCS) reach-
ing the maximum level at day 1 and decreasing thereafter and
reaching a consistent level after day 14 till the end of the study
period. Results of the MTT assay confirm that these materials
were non toxic to cell membranes and the materials did not
elicit any substance that would bring deleterious effect to cells.

0.4+

Absorbance (A 570 - A620)

Sample Type

Figure 6: SEM images of cells on HA surface after 48h incuba-
tion at two different magnifications. (a) A dense layer of confluent
HOS cells on HA surface (1.00 K X), (b) Cell in the process of cell
division (5.00 K X).

Growth and proliferation of cells on HA coated SMTiM

Proliferation was determined using alamarBlue™ assay. Ala-
marBlue™ is a redox indicator, which can be used to measure
proliferation quantitatively [19]. The metabolic activity of cells
grow in culture, maintains a reducing environment in the sur-
rounding culture medium, while growth inhibition produces an
oxidising environment [17,19,20]. This reducing environment
causes Colour change of alamarBlue™ indicator from non-fluo-
rescent (blue) to fluorescent (red). According to the test results,
a consistent increase in proliferation of cells attached to the
surface of test samples was observed up to day 14 (Figure 7).
This pattern was comparable to that of the TMX control; a sig-
nificant increase in cell proliferation was observed on both the
test material and the TMX in comparison to the positive toxic
control (p < 0.001). Hence, the results demonstrate that HA sur-
faces promoted initial as well as long-term osteoblast-like cell
proliferation.

Day 1
Day 7
Day 14
Day 21
Day 28
Day 35

Absorbance (A 570 - A620)
JNEDEER

Sample Type

Figure 7: AlamarBlue™ assay for HOS cell proliferation for HA
coated on SMTiM surfaces, negative (TMX) and positive (alcohol)
controls (Arithmetic means, error bars represent 95% confidence
intervals and n= 8).
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positive (alcohol) controls (Arithmetic means, error bars rep-
resent 95% confidence intervals and n= 8).

The results obtained by metabolic assays such as Alamar-
blue™ to measure cell proliferation can be further supported by
determining the DNA content [21]. Result of the total DNA con-
tent of cells was in accordance with those of cell proliferation
(Figure 8). Moreover, a gradual increase in total DNA content
was observed until day 21 of the cells attached to the test mate-
rials and the negative control, TMX. The pattern of the test sam-
ples was similar to that of TMX control confirming the fact that
test samples did support cell proliferation similar to the tissue
culture control. According to the result of the alamarBlue™ and
DNA assays it can be concluded that all treated sample surfaces
have promoted cell proliferation throughout the study period.

15

Day 1
Day 7
Day 14
Day 21
Day 28
Day 35

10 -

Total DNA
ng!

&
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Figure 8: Total DNA of cells attached to HA coated on SMTiM
surfaces samples and negative (TMX) (Arithmetic means, error
bars represent 95% confidence intervals and n= 8).

A gradual increase in total protein content was observed un-
til day 21 of the cells attached to the negative TMX control and
until day 35 for the test material (Figure 9). A gradual increase
in total protein contents of the cells attached to the test mate-
rial was seen until end of the study period. It is possible how-
ever, that the increased protein content levels observed may be
a sign of additional protein adsorption onto the test material
from the culture medium. The first event to occur at the cell-im-
plant interface is protein adsorption and hence this feature may
be advantageous for subsequent cell adhesion once implanted
to the body [22].
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Figure 9: Total Protein content of cells attached to the HA coat-
ed on SMTiM surfaces and negative (TMX). (Arithmetic means, er-
ror bars represent 95% confidence intervals and n= 8).

Differentiation of cells

The expression of Alkaline Phosphatase (ALP), an early mark-
er of osteoblast cell differentiation [15,17] was detected in the
early stages of cells on all test surfaces. ALP activity was used
as an indicator of expression of phenotype of the HOS cells. In
the present study, the levels of ALP activity reached maxima by
day 21 which is comparable to that of the TMX indicating onset
of differentiation (Figurel10). It has been demonstrated that a
decrease in cell proliferation has usually concurred with an in-
crease of differentiation [23]. Confirming this fact, the results
demonstrated that differentiation of osteoblast-like cells was
initiated by day 21 with a slowing down in cell proliferation.

In the current study osteocalcin, a late marker of osteoblast
differentiation and an early indicator of mineralization were de-
tected once the ALP activity reached the maximum levels (Fig-
ure 11).

10+
= o Tnnx
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Figure 10: Expression of ALP activity of cells attached to the HA
coated on SMTiM surfaces and negative (TMX) showing maximum
activity by day 21. (Arithmetic means, error bars represent 95%
confidence intervals and n= 8).

Figure 11: Immunofluorescence stain of HOS cells attached to
the HA coated on SMTiM surfaces and negative (TMX). a) after 14
days, b) after 21 days, c) after 28 days showing increase production
of osteocalcin towards the later part of the study period.
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Furthermore, the increase in osteocalcin is a characteristic
testing of normal osteoblast growth and differentiation [24].
This matrix protein, which is strongly associated with the min-
eral phase of bone, is usually produced at a later stage, typically
after ALP activity has been detected [25]. A promising justifica-
tion could be the strong affinity of osteocalcin to hydroxyapa-
tite, leading to onset of bone formation and mineralization.

The results of the current study indicate that cells attached
to all the HA surfaces were able to produce osteocalcin there by
indicating onset of mineralization which would be followed by
bone nodule formation. The EDX spectrum clearly indicates the
presence of Ca on the cellular surfaces, which also supports the
findings of osteocalcin, indicating (Figure 12) onset of nodule
formation and mineralization. These results are well correlated
with those of Von Kossa staining, further confirming the onset
of mineralization on HA surfaces (Figure 13). This proves the
ability of HA surfaces to promote nodule formation without any
supplements used to enhance bone formation.

ul Scale 4393 cts Cursor: 0.000

[

Figure 12: (a) EDX spectrum of sample surface entirely covered
with cells showing a peak for calcium and (b) SEM image of HOS
cell confluence on HA surfaces covering entire surface after 48
days.

Figure 13: Mineralized nodule subjected to von kossa staining
on HA surface after 48 days of incubation (optical: Oil immersion).

Conclusion

The success of any implant material is governed by many
factors including the material surface and cell responses, which
support effective osseointegration and long-term stability. This
study demonstrates that the test material, locally synthesized
HA nano-particles coated SMTiM does not show any toxicity to
osteoblast-like cells whereas it encourages rapid cell adhesion
and enhanced cell proliferation leading to differentiation, pro-
viding normal development of cells once attached to the mate-

rial surfaces. All cells attached on the material maintained their
typical morphology. Expression of early and late markers for
osteoblast function confirmed the maintenance of osteoblast
phenotype on HA surfaces while indicating the onset of miner-
alization. Further, material surfaces support nodule formation,
which is an indication for bone formation. In conclusion, this
material will be a competent candidate for the production of
synthetic bone substitutes with high potential for future devel-
opments for load bearing prostheses as well as non-load bear-
ing orthopaedic applications.
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