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Cytotoxicity of hydroxyapatite, fluorapatite and fluor-hydroxyapatite:

a comparative in vitro study.
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The purpose of this study was to evaluate the cytotoxicity of two formulations of hydroxyapatite (HA), namely fluorapatite
(FA) and fluor-hydroxyapatite (FHA). HA is used as carrier material for antibiotics or anticancer drugs during treatment of
bone metastasis. Negative control, represented by HA, was included for comparative purposes. Leukemia cells were used as
a model cell line, and the effect of eluates of tested biomaterials on cell proliferation/viability and mechanism of antiproliferative
activity were assessed. Study design attempted to reveal the toxicity of tested biomaterials with an emphasis to decide if
tested biomaterials have promise for further studies in vivo. Results showed that eluates of FA and FHA inhibit the growth of
leukemia cells and induce programmed cell death through mitochondrial/caspase-9/caspase-3-dependent pathway. Due to
these differences compare to HA, it is concluded that FA and FHA have promise for evaluation of their behaviour in vivo.
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Hydroxyapatite (HA) has been extensively investigated as
suitable material for repair of bone defects [1]. It has been
shown to stimulate osteoconduction and is a material that can
be integrated into bone without provoking an immune reac-
tion. Additionally, its derivatives can be used to administer
antibiotics [2] or anticancer drugs [3—6], with the aim of both
repairing bone defects and inhibiting cancer cell growth. Pre-
viously, it has been shown that nanoscale HA crystallite could
inhibit the growth of cancer cells (e.g. hepatoma, colon can-
cer and osteosarcoma) while having little effects on normal
cells [7-10]. However, the low mechanical strength of HA
crystallite does not alow to form a fixed shape in human body
hindering its clinical applications.

Recently, fluorapatite (FA) and fluor-hydroxyapatite solid
solutions (FHA) as alternative bioceramics in replacement of
pure HA have been investigated [11]. FA is considered as bio-
medical material due to its structure similar to HA. In the
case of FHA, the fluoride ion is partially or totally substi-
tuted for hydroxide in the OH lattice position in HA forming
thus a large range of solid solutions of FHA, with a formulae
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of Ca (PO, (OH), F . The importance of such approach is
related to the presence of partially fluorided HA found in bone
or tooth enamel. Additionally, the fluoride is uniformly dis-
tributed within the bone tissue and thin tooth enamel outer
layer. Apart from bioactivity, these biomaterials show higher
thermal resistance and better mechanical properties compare
to pure HA bioceramics, thus seeming to be preferable mate-
rials for repair of bone defects and cancer treatment.

It is well known from cell culture studies, that the bioma-
terial particles reduce cell adhesion and viability significantly
when compared to the cells that are not exposed to the par-
ticles. One possible explanation for decrease in cell adhesion
and viability is that these particles are taken up by the cells as
a result of endocytosis. Endocytosis of the particles results in
disruption of the cell membrane and disorganized cell cy-
toskeleton, followed by apoptosis [12]. This contact/
endocytosis-induced acute toxicity is masking the long-term
chronic toxicity of biomaterial particles. Despite, the particles
are considered as inert material, the chance of their biodegra-
dation and possible elution of some chemicals in time still
exists. This may represent significant risk to humans treated
with biomaterials.
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In the present study, the cytotoxic properties of eluates of
prepared formulations of hydroxyapatite, namely fluorapa-
tite and fluor-hydroxyapatite, were assayed with an emphasis
to decide if these biomaterials have promise for further stud-
ies in vivo. To evaluate their toxicity, we monitored the effect
of the eluates on cell proliferation/viability and elucidated the
mechanism of their antiproliferative activities.

Materials and methods

Cells. The murine leukemia L1210 cell line, obtained from
the ATCC (Rockville, MD, USA), was cultured in RPMI 1640
medium supplemented with penicillin (100 U/ml), strepto-
mycin (100 pg/ml), L-glutamine (292.3 pg/ml), and 10%
heat-inactivated fetal calf serum in an atmosphere of 5% CO,
in humidified air at 37°C. The cell growth and viability were
assessed by 0.4% trypan blue staining.

Preparation of biomaterials. Hydroxyapatite (HA) was
prepared by homogeneous precipitation method using
Ca(NO,),-4H,0 and (NH,),HPO, as starting materials and
ammonia solution as agent for pH adjustment [13]. Equa-
tion illustrates chemical reaction leading to the precipitation
of HA.

10Ca(NO,),-4H,0 + 6(NH,),HPO, + 8NH,OH—
Ca,,(PO,)(OH), + 20NH,NO, + 43H,0

A suspension of Ca(NO,),-4H,0 powder was diluted in deion-
ized water and stirred at 25°C. Then, a solution of (NH,),HPO,
was slowly added by drop wise to the Ca(NO,),-4H,O solution.
In all experiments, the pH of Ca(NO,),-4H,0 solution was kept
by ammonia solution at pH 10. The final solution was stirred at
room temperature for 3 h. Then, the precipitate formed was fil-
tered, washed with deionized water several times (neutral pH),
and finally dried under IR lamp for 24 h. After drying, the sample
was powdered and treated at 900°C for 1 h. The obtained prod-
uct was controlled by powder X-ray diffraction (XRD). HA has
been identified as Hap JCPDS 9-438.

Fluorapatite (FA) was obtained using Ca(NO,),-4H,O and
(NH,),HPO, according to the following equation:

10Ca(NO,),-4H,0 + 6(NH,),HPO, + 8NH[F —
Ca, (PO,).F, + 20NH,NO, + 6HF + 40H,0

The solid solutions of fluor-hydroxypaptite (FHA),
Ca (PO, (OH)F, were prepared by precipitation method ac-
cording to the following equation:

10Ca(NO,),-4H,0 + 6(NH,),HPO, + 4NH,OH + 4NH,F—
Ca, (PO,),(OH)F + 20NH,NO, + 3HF + 43H,0

10

HA, FA and FHA (porous size was less than 125 um) were
used for preparation of 5-days‘ concentrated eluates. Culture
medium supplemented with penicillin and streptomycin was
used. Biomaterial powders were sterilized for 30 min at 130°C,
then the cultivation medium was added and samples were shaken
on reciprocal shaker for 5 days at 37°C. After 5 day elution, the
concentrated sample was centrifuged (10 min, 1100 g), the cul-

ture medium was aspirated by syringe and filtered (& 0.22 wm).
This procedure led to preparation of 100 mg/ml of biomaterial
eluates (HA, FA and FHA). Eluates were stored at -20°C.

Antiproliferative effect. L1210 cells were placed at Petri
dishes (& 60 mm) at a density of 0.8 x 10° cells/ml. After 24
h of incubation, the cells were exposed to 10, 25, 50, 75 and
100 mg/ml of biomaterial eluates. After 24-72 h treatment,
the cells were examined under microscope. The number of
cells and their viability were assessed by direct counting of
cells using trypan blue staining.

Flow cytometry. Untreated and cells treated with 5, 10, 25,
50, 75, 100 mg/ml of biomaterial eluates were harvested,
washed twice with PBS and exposed to 0.1% Triton X-100
(Sigma Chemical, St Louis, MO, USA) in PBS supplemented
with RNAse (50 wg/ml, Sigma) for 25 min at 37°C. After-
wards, DNA was stained with propidium iodide (PI) (50 ng/
ml, Sigma) for 15 min at 4°C. Samples were analyzed by
Coulter Epics XL flow cytometer (Beckman Coulter Com-
pany, Miami, Florida, USA) with the use of DNA Cell Cycle
Analysis Software (Phoenix Flow Systems — MultiCycle AV
for Windows). A minimum of 10000 cells per sample were
analyzed at a flow rate of 200 cells/s.

Caspase-3 activity assay. Cells were treated with biomate-
rial eluates for 72 h. Cell lysates were prepared and caspase-3
activity was measured according to the manufacturer*s proto-
col (CaspACETM Assay System, Promega Corporation,
USA). Briefly, 28 ug of total protein (10 ul) was added to the
reaction mixtures containing colorimetric substrate peptides
specific for caspase-3 (Ac-DEVD-pNA) at 37°C for 2, 4, 6 h.
Absorbance at 405 nm was determined using microplate reader
(Humareader, Wiesbaden, SRN). Protein concentration was
determined by Lowry et al. [14].

Caspase-8 and caspase-9 activity assays. Cells were treated
with biomaterial eluates for 72 h. Caspase-8 and caspase-9 ac-
tivities were measured according to the manufacturer‘s protocol
(CaspACE™ Assay System, Promega Corporation, USA).
Briefly, 100 ul of Caspase — Glo™ 8 Reagent (Ac-LETD-pNA)
and 100 pl of Caspase — Glo™ 9 Reagent (Ac-LEHD-pNA),
respectively, were added to the test tube with 100 ul of cell sus-
pension containing 50000 cells, mixed and the luminiscent signal
was measured immediately after mixture and in 10, 30, 60 min.

Statistics. Results are shown as the arithmetic means + s.d.
of the mean of three separate experiments (for each concen-
tration of biomaterial three separate Petri dishes were used).
Statistical analysis was performed by the Kruskal-Wallis one-
way ANOVA test for nonparametric measurements (H >3.86,
P <0.05 was considered statistically significant). The
antiproliferative effect of biomaterial eluates was analyzed
by Friedman‘s nonparametric test (P < 0.0037 was consid-
ered statistically significant).

Results

Antiproliferative effects of biomaterial eluates. Viability of
cells exposed to biomaterial particles decreased by effects of
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Figure 1. Effect of hydroxyapatite (HA), fluorapatite (FA) and fluor-hydroxyapatite (FHA) (10 — 100 mg/ml) was evaluated on growth of L1210
leukemia cells. Data represent mean values + s.d. of three independent experiments.

particles on cell adhesion or as a result of particle endocytosis
[12]. Out of these factors, the chemicals eluted from particles
may represent significant factor contributing to their toxic ef-
fects. Our previous study demonstrated that HA, FA and FHA
particles did not induce significant toxicity to adherent cells
[15]. To test if components of particles are eluted and if they
are toxic, the concentrated 5-days‘ eluates of HA, FA and FHA
were prepared and tested for their toxicity on L1210 leukemia
cells. This cell line was chosen due to advantages, e.g. higher
sensitivity to toxic agents and quick stress response compare to
adherent cells. As presented in Fig. 1, prepared biomaterial elu-
ates induced concentration- and time-dependent inhibition of
cell growth. Toxicity of eluates increased in the order FA < HA
<FHA. The undilluted eluates (100 mg/ml) inhibited the growth
of cells after 72 h exposure to 82.2% for FHA, 80% for HA and
40% for FA, respectively. Viability staining and flow cytometry
analysis revealed that eluates did not induce significant changes
in cell cycle profile (data not shown). Instead, the cell death
(detected as sub-G,; cell population, Fig. 2) was responsible for
decreased number of cells treated with eluates of FA and FHA.

Mechanism of antiproliferative activity of biomaterial elu-
ates. In the next set of experiments, we tried to elucidate the
mechanism of cytotoxicity induced by eluates. To investi-
gate whether sub-G cell population contains the cells dying
by apoptosis, treated cells were subjected to agarose gel elec-
trophoresis and Hoechst 33258/PI staining. Apoptotic DNA
fragmentation and apoptotic bodies were detected in cells
treated with 50 — 100 mg/ml of FA and 10 — 100 mg/ml of
FHA. In HA-treated cells, no features of DNA fragmenta-
tion or apoptotic bodies were detected (data not shown). To
confirm the apoptosis in cells treated with FA and FHA, the
cells were investigated for activation of caspases. As pre-
sented in Fig. 3A, the caspase-3 activity induced by FA was
comparable with the caspase-3 activity induced by 1.8 mg/
ml of cisplatin. On the other hand, the 75 — 100 mg/ml of
FHA caused higher caspase-3 activity compare to cisplatin.
Furthermore, the increase in caspase-9 activity was detected
in cells treated with 50 — 100 mg/ml of FA and FHA (Fig.
3B). Activation of caspase-8 was not detected (data not
shown).
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Figure 2. Induction of apoptosis by fluorapatite (FA) and fluor-
hydroxyapatite (FHA) after 72 h exposure in L1210 leukemia cells
monitored as sub-G, cell population. Data represent mean values + s.d.
of three independent experiments.
Discussion
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various solid-solutions of fluor-hydroxyapatite (FHA) have
been prepared by precipitation method [13]. Using adher-
ent cells as model cell line to investigate the toxic effects
of these biomaterials, no significant cytotoxicity was ob-
served. Despite their low cytotoxicity, the highest
concentrations of biomaterials induced significant damage
of DNA [15].

To discriminate between cytotoxicity due to decreased ad-
herence of cells or particles endocytosis and cytotoxicity of
eluted components of biomaterials (during the incubation in
vitro), we decided to prepare eluates of biomaterials and evalu-
ate their cytotoxicity towards L1210 leukemia cells. Our study
demonstrated that eluates of biomaterials induce concentra-
tion- and time-dependent inhibition of cell growth (Fig. 1).
This finding demonstrates that chemicals eluted from pre-
pared biomaterials are able to inhibit the growth of leukemia
cells, despite of weak effect of particles on adherent cells [15].
Recently, the growth inhibition effect of nanoscale HA to-
wards cancer cell lines was reported [7-11]. Comparison of
the inhibition growth effects of HA with different porous size
on U20S (from nanoscale to micrometer), showed greater
activity of nanoscale HA. The inhibition rate of nanoscale
HA increased with time and reached 73% after 72 h. On the
other hand, the inhibition rate of micron HA decreased with
time and reached 21% after 72 h. These findings are consis-
tent with our results, and clearly demonstrate that cytotoxicity
of nanoscale particles of HA is due to endocytosis, in con-
trast to micrometer HA.

The inhibition effects of FA and FHA on growth of cancer
cell lines have not been demonstrated so far. In our study,
eluate of FHA was less effective than eluate of HA, and elu-
ate of FA was as effective as eluate of HA on leukemia L1210

Figure 3. Activation of caspase-3 (A) and caspase-9 (B) in L1210 leukemia
cells treated with fluorapatite (FA) and fluor-hydroxyapatite (FHA) for
72 h. Cisplatin = 1.8 mg/ml, RLU = relative luminiscent signal. Data
represent mean values * s.d. of three independent experiments.

cells. The rationale behind these results could be attributed to
differences in biodegradation of materials tested. It is worth
to mention, that elution of chemicals from biomaterials is time-
dependent and toxicity of such biomaterials can be easily
overlooked, if adherent cells or short time of exposure is ap-
plied. Therefore, the approach of simultaneous testing of
biomaterial eluates and biomaterial particles on adherent and
suspension cells is highly desirable.

Previous studies demonstrated that nanoscale hydroxya-
patite and some of hydroxyapatite compounds may induce
apoptosis of cancer cell lines [7—11]. On the basis of our ob-
servation, that cells treated with eluates of FA or FHA contain
sub-G, cell population (Fig. 2), in the next experiments we
elucidated the mechanism of their antiproliferative activities.
Our results clearly showed that eluates of FA and FHA, in
contrast to eluate of HA, induce apoptosis of leukemia cells,
detected as apoptotic DNA fragmentation/apoptotic bodies
formations and activations of caspase-3 and caspase-9 (Fig.
3). Since eluates of FA and FHA are cytotoxic and are induc-
ing programmed cell death, further studies of their behaviour
in vivo are necessary.

Taken together, our results indicate that prepared elu-
ates of FA and FHA have cytotoxicity comparable to HA,
however in contrast to HA they induce apoptosis of leuke-
mia cells. This can be benefit in addition to their higher
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thermal resistance and better mechanical properties, for
their use as materials for repair of bone defects and cancer
treatment.

This work was supported by Technology Assistance Agency under
the contract No. APVT 20-015904.
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