
Fluorapatite (FA) is one of the inorganic constituents of bone or teeth used for hard tissue repairs and

replacements. Fluor-hydroxyapatite (FHA) is a new synthetic composite that contains the same molec-

ular concentration of OH– groups and F– ions. The aim of this experiment was to evaluate the cellular

responses of murine fibroblast NIH-3T3 cells in vitro to solid solutions of FHA and FA and to compare

them with the effect of hydroxyapatite (HA). We studied 24, 48 and 72 h effects of biomaterials on cell

morphology, proliferation and cell cycle of NIH-3T3 cells by eluate assay. Furthermore, we examined

the ability of FHA, FA and HA to induce cell death and DNA damage. Our cytotoxic/antiproliferative

studies indicated that any of tested biomaterials did not cause the total inhibition of cell division.

Biomaterials induced different antiproliferative effects increasing in the order HA < FHA < FA which

were time- and concentration-dependent. None of the tested biomaterials induced necrotic/apoptotic

death of NIH-3T3 cells. On the other hand, after 72 h we found that FHA and FA induced G0/G1 arrest

of NIH-3T3 cells, while HA did not affect any cell cycle phases. Comet assay showed that while HA

demonstrated weaker genotoxicity, DNA damage induced by FHA and FA caused G0/G1 arrest of NIH-

3T3 cells. Fluoridation of hydroxyapatite and different FHA and FA structure caused different cell

response of NIH-3T3 cells to biomaterials.

Keywords: Fluor-hydroxyapatite composite – fluorapatite – cytotoxicity/genotoxicity – cell death – cell

cycle

INTRODUCTION

There is an increasing need for medical implants due to an increasingly aging popu-

lation. Bone defects resulting from trauma, disease or developmental anomalies can

be greatly improved by reconstructive surgery.
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Hydroxyapatite (HA) has been considered as the most promising material for hard

tissue repairs and replacements due to its similar chemical composition and crystal-

lographic structure to that of bone mineral. Therefore, it has been studied extensive-

ly and prepared for clinical applications. HA has attracted much attention for the use

as a substitute for bone and teeth due to its excellent biocompatibility to human tis-

sues. Nevertheless, poor mechanical properties (strength, toughness and hardness)

have restricted wider applications of HA in load-bearing implants. Therefore, bioac-

tive ceramics, bioactive glass or glass-ceramics, bio-inactive ceramics, polymers and

metals have been used to fabricate HA composites [31]. Bioceramics based on HA

has demonstrated an excellent biocompatibility and ideal bioactivity in in vitro as

well as in vivo tests [14, 23, 24], but the applications are restricted to areas with low

load exigencies because of their poor mechanical strength.

Fluorapatite (FA) is considered as a biomedical material due to its structural sim-

ilarity with HA. Some studies in the last 10 years were extended to the synthesis

of solid solution of fluor-hydroxyapatite (FHA). The fluoride ion is partially or

totally substituted for hydroxide in the OH- lattice position in HA forming thus a

large range of solid solutions (composites) of FHA, with a formulae of

Ca10(PO4)6(OH)2–xFx. The importance of such an approach is related to the presence

of partially fluoridated HA found in bone and mainly in tooth enamel. It has been

found that fluoride (F) is uniformly distributed within the bone tissue or within the

thin tooth enamel layer. It is clear that FHA composites are homogeneous solid solu-

tions and are not simple mixtures of HA and FA. Many recent studies on the synthe-

sis and characterization of solid solutions between HA and FA have shown that FA

has higher thermal stability than HA [9, 23]. Therefore, it is expected that the intro-

duction of FA will retard the decomposition of HA. In addition, the F itself retains

advantages over other ions in that it protects teeth from dental caries, especially in

providing appropriate environment in the oral cavity as well as enhances mineraliza-

tion and crystallization. Some studies have revealed that FA has good biocompati-

bility in vivo and this gives a good opportunity to extend the research to FHA. The

composite can be used in different fields of surgery medicine as surface coatings on

various orthopaedic prostheses and dental implants.

In our previous works, we examined the cytotoxic, genotoxic and mutagenic activ-

ity of FHA, FA and HA discs/eluates by direct/indirect contact [13, 41, 42]. Using lin-

ear regression analysis in direct contact assay we found out that deviations in cyto-

toxicity measurements by four methods were less than 10% for cell number method,

protein content method, DNA content method and 12.4% for released lactate dehy-

drogenase (LDH) method. On the basis of good correlation of the basal cytotoxicity

of biomaterials obtained from all end points we can conclude that fibroblast NIH-3T3

cell line was appropriate for measuring the basal cytoxicity of tested biomaterials [42].

Five day eluates of FHA and FA inhibited the growth of leukemia L1210 cells and

induced programmed cell death through mitochondrial/caspase-9/caspase-3-depen-

dent pathway [41]. All tested biomaterial eluates did not induce mutagenic effect

against positive control (N-methyl-N´-nitro-N-nitrosoguanidine) and DNA breaks

were probably the reason for the inhibition of cell division in V79 cell colonies [13].



In the present study, the cellular responses to the new FHA composite and FA were

investigated by eluate assay on murine fibroblast NIH-3T3 cells and compared to

HA. We examined the effects of tested biomaterials on cell morphology, prolifera-

tion, cell cycle and their ability to induce cell death, cell cycle arrest and DNA dam-

age.

MATERIALS AND METHODS

Cell culture

NIH-3T3 cells were obtained from American Type Culture Collection (Rockville,

MD, USA). The cell line NIH-3T3 grown at 37 °C in humidified 5%-CO2 and 95%-

air atmosphere were in completely minimal Eagle medium supplemented with 10%

(vol/vol) fetal calf serum, penicillin G (100 μg/ml), streptomycin (100 μg/ml) and

HEPES (10 mM). All culture medium compounds were obtained from Biocom

Company (Bratislava, Slovakia). Before a uniform monolayer of NIH-3T3 cells was

formed, cells were freed from the surface of the culture dish by a 0.25% solution of

trypsin and were subcultivated twice or three times a week. NIH-3T3 cells were

resuspended in culture medium and the total number of cells and their viability was

measured by a Trypan blue exclusion test.

Biomaterials

The tested biomaterials were: hydroxyapatite (HA), fluorapatite (FA), fluor-hydrox-

yapatite composite (FHA), high density polyethylene (Chemopetrol a.s., Czech

Republic) as negative control, polyvinyl chloride containing organotin stabilizer

(Institute of Chemical Technology, Prague, Czech Republic) as positive control. HA

was prepared by homogeneous precipitation method using Ca(NO3)2 · 4H2O and

(NH4)2HPO4 as starting materials and ammonia solution as agents for pH adjustment.

Equations 1–3 illustrate chemical reaction leading to the precipitation of HA, FA and

FHA. A suspension of Ca(NO3)2 · 4H2O powder was diluted in deionized water and

stirred at 25 °C. Then, a solution of (NH4)2HPO4 was slowly added by drop wise to

the Ca(NO3)2 · 4H2O solution. In all experiments the pH of Ca(NO3)2 · 4H2O solution

was kept by ammonia solution at 10. The final solution was stirred at room temper-

ature for 3 h. Then, the precipitate formed was filtered off, washed with deionized

distillated water several times to the neutral pH, and finally dried under infra-red

lamp for 24 h. After drying, the sample was powdered and treated at 900 °C for 1 h.

The composition of the obtained product was controlled by powder X-ray diffraction

(XRD). HA has been identified as Hap JCPDS 9-438.

The chemical process can be explained by the following reaction (Eq. 1):

10Ca(NO3)2 · 4H2O + 6(NH4)2HPO4 + 8NH4OH → Ca10(PO4)6(OH)2 + 20NH4NO3 + 43H2O (1)

Cytotoxicity of fluorapatite and fluor-hydroxyapatite composite 91

Acta Biologica Hungarica 60, 2009



92 SOŇA JANTOVÁ et al.

Acta Biologica Hungarica 60, 2009

Likewise the fluorapatite was obtained using Ca(NO3)2 · 4H2O and (NH4)2HPO4

according to Eq. 2:

10Ca(NO3)2 · 4H2O + 6(NH4)2HPO4 + 8NH4F → Ca10(PO4)6F2 + 20NH4NO3 + 6HF + 40H2O (2)

The solid solutions of fluor-hydroxypaptite Ca10(PO4)6(OH)F were prepared by pre-

cipitation method according to Eq. 3:

10Ca(NO3)2 · 4H2O + 6(NH4)2HPO4 + 4NH4OH + 4NH4F →
(3)

→ Ca10(PO4)6(OH)F + 20NH4NO3 + 3HF + 43H2O

FHA, HA and FA powders (porous size was less than 125 μm, shot 100 mg/mL)

were used for preparation of 5-day concentrated eluates (non-diluted). Culture medi-

um 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 eluation,

the concentrated samples were centrifugated (10 min, 1100 g), the culture medium

was aspirated by syringe and filtered (∅ 0.22 μm). This procedure led to preparation

of 100% (concentrated, non-diluted) of biomaterial eluates (FHA, FA, HA) which pH

was in the range 6.8–7.1. Eluates were stored at –20 °C. Before experiment these

concentrated eluates were diluted by culture medium to concentrations tested (75, 50,

25, 10.5 and 1%).

Detection of cytotoxic effect

A starting inoculum 5.9×104 NIH-3T3 cells/ml in the exponential phase of growth

was used. Five ml of the suspension were added into Petri dishes (diameter 60 mm).

After 24 h of incubation in a 5% CO2 humidified incubator at 37 °C, 50 μl of bio-

material eluate at the concentrations of 100, 75, 50, 25, 10, 5, 1% were added to the

cells. After 24, 48 and 72 h cultivation, the cells were first examined under a light

microscope (Meopta, Slovakia) and photographed by Olympus C-5000. Then, the

control and treated NIH-3T3 cells were washed once with phosphate buffered saline

(PBS) to remove fragments and dead cells. The number of cells per culture dishes

was counted in a Bürker chamber and viability of the treated and control cells was

determined by 0.4% Trypan blue staining.

Cytotoxic effects were evaluated in terms of inhibition of cell proliferation.

Relative cell growth was calculated using the formula:

% of viable cells = (K – E/K – Ko) × 100

where Ko is the cell number at the time of the addition of biomaterial, K is the cell

number after 24, 48 and 72 h of cultivation with the solvent and E is the cell number

after 24, 48 and 72 h of cultivation with the biomaterials.



Cell cycle analysis

Flow cytometry was used for the cell cycle analysis of the control and biomaterial-

treated NIH-3T3 cells. The control and biomaterial-treated (100, 75, 50%) cells

(0.5×106) were harvested, washed twice with PBS and exposed to 0.1% Triton X-100

in PBS (Sigma Chemicals, St. Louis, MO, USA) supplemented with RNA-ase

(50 μg/ml; Sigma Chemicals, St. Louis, MO, USA) for the period of 25 min at 37 °C.

Afterwards, DNA was stained with propidium iodide (50 μg/ml; Sigma Chemicals,

St. Louis, MO, USA) for 15 min at 4 °C. Samples were analyzed by a Coulter Epics

XL (Beckman Coulter Company, Miami, Florida, USA) flow cytometer with the use

of DNA Cell Cycle Analysis Software distributed by Phoenix Flow Systems –

MultiCycle AV for Windows. A minimum of 10,000 cells per sample were analyzed

at a flow rate of 200 cells/s. Excitation was elicited at 488 nm with the Argon laser.

Fluorescence microscopy

The untreated (control) and NIH-3T3 cells treated with biomaterials (100, 50, 10 and

1%) for 24 h, 48 and 72 h were washed in PBS, trypsinized and then resuspended in

the cultivation medium. Forty μl of Hoechst 33258 (1 μg/ml; Sigma Chemical,

St. Louis, MO, USA) and 15 μl of propidium iodide (5 μg/ml; Sigma Chemical,

St. Louis, MO, USA) were added to 1 ml of cell suspension (1 × 106) and incubated

for 30 min at laboratory temperature. Cells were then centrifuged at 3500 g for 3 min,

the pellet was resuspended in 40 μl of culture medium and 5 μl of the cell suspen-

sion was pipetted onto a cover slip and monitored by fluorescence microscopy (Zeiss

Jenalumar, Germany).

Agarose gel electrophoresis

The control and NIH-3T3 cells treated with non-diluted (100 mg/ml) and diluted (75,

50, 25, 10, 5, 1%) biomaterials for 24 h, 48 h and 72 h were harvested, washed in

PBS and then lysed in 100 μl of solution (10 mM Tris, 10 mM EDTA, 0.5% Triton

X-100) supplemented with proteinase K (1 mg/ml; Sigma Chemical, St. Louis, MO,

USA). Samples were then incubated at 37 °C for 1 h and heated at 70 °C for 10 min.

Following lysis, RNA-ase (200 μg/ml) was added and a repeated incubation at 37 °C

for 1 h followed. The samples were subjected to electrophoresis at 40 V for 3 h in

2% (w/v) agarose gels complemented with EtBr (1 μg/ml, Sigma Chemicals,

St. Louis, MO, USA). Separated DNA fragments were visualized using a UV trans-

illuminator (254 nm, Ultra-Lum Electronic UV Transilluminator, USA).
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Comet assay

Comet assay is based on the ability of DNA strand breaks for strands to migrate in a

weak electric field in the direction of the anode, giving the nucleolus the appearance

of the tail of a comet when visualized by fluorescence microscopy. The procedure of

Singh et al. [38] was used with minor changes suggested by Slameňová et al. [39]

and Gábelová et al. [8]. A base layer of 100 μl of 0.75% NMP agarose (Sigma

Chemical, St. Louis, MO, USA) in PBS buffer (Ca2+- and Mg2+-free) was placed on

microscope slides. Murine fibroblast NIH-3T3 cells were treated with biomaterials

(concentrations of 50, 25, 10, 5 and 1% for 24 h). Treated as well as control cells

were suspended in 0.75% LMP agarose (Sigma Chemical, St. Louis, MO, USA).

Eighty-five μL of LMP agarose, containing 2 × 104 cells, was spread on the base

layer. Triplicate slides were prepared per sample. The agarose was allowed to solid-

ify and the slides were placed in lysis mixture (2.5M NaCl, 100 mM Na2EDTA, 10

mM Tris-HCl, pH 10.0 and freshly added 1% Triton X-100; Sigma Chemical, St.

Louis, MO, USA) at 4 °C. The slides were then transferred to an electrophoresis box

containing an alkaline solution at pH > 13 (300 mM NaOH, 1 mM Na2EDTA,

pH > 13) and kept in this solution for 40 min at 4 °C for DNA strands to unwind. A

voltage of 25 V (current of 300 mA) was applied for 30 min. The slides were

removed, neutralized by 2 × 10 min washing in Tris-HCl (0.4 M, pH = 7.5; Sigma

Chemical, St. Louis, MO, USA) and stained with 20 μl ethidium bromide (10 μg/ml;

EtBr; Sigma Chemical, St. Louis, MO, USA). EtBr stained nucleoids were evaluat-

ed with a Zeiss Jenalumar fluorescence microscope (magnification ×200). For each

sample 100 comets were scored by computerized image analysis (Komet 5.5 Europe,

Kineting Imaging, Liverpool, UK) for determination of DNA in the tail, linearly

related to the frequency of DNA strand breaks [17].

Statistical analysis

Results are shown as the arithmetic means ± s.d. (standard deviation) of the mean of

three separate experiments (for each concentration of biomaterial five separate Petri

dishes were used). Statistical analysis was performed with the Kruskal-Wallis one-

way ANOVA test for nonparametric measurements (H > 3.86, P < 0.05 was consid-

ered statistically significant). The effect of time and concentration on cell number

was analysed by Friedman’s nonparametric test (P < 0.0037 was considered statisti-

cally significant). Multiple-comparison procedure by the post hoc test (Newman–

Keuls test) was done on all measurements. The collected data were analyzed using a

statistical software package (Statgraphics Plus 5.0). The significance of differences

between values acquired by comet assay was evaluated by Student’s t-test, statisti-

cally different from control: *p < 0.05, **p < 0.01, ***p < 0.001.



RESULTS

We determined the cytotoxic effects of FHA, FA and HA in murine fibroblast NIH-

3T3 cells (Fig. 1) by added different biomaterial concentrations (100, 75, 50, 25, 10,

5 and 1%) to the cells and then the cells were cultured during 24, 48 and 72 h in incu-

bator at 37 °C. Cytotoxic effects of biomaterial eluates were evaluated using an

antiproliferative assay.

Figure 1 shows the results of the cytotoxic effects of biomaterials tested as

assessed 72 h using the direct counting of viable cell number. The decrease in the

number of viable cells was observed with the increase in concentration of the FHA

composite, FA and HA eluates. As shown in the figure, the cytotoxic effect of all bio-

materials tested decreased with the time of influence. These changes in cell number

were also observed when aliquots of the cultures were examined by light microscopy

(Fig. 2). None of the tested biomaterial concentrations showed complete cytotoxici-

ty for NIH-3T3 (Fig. 1). The non-diluted eluates of biomaterials (100%) after 72 h of

treatment caused 51.95% (FHA), 48.7% (FA) and 58.3% (HA) inhibition of NIH-

3T3 cells.

After curve fitting using nonlinear regression the concentration of biomaterials

inducing 50% of the cell proliferation with respect to the control (IC50 values) was

estimated. Found IC50 values were used to compare the sensitivity of NIH-3T3 cells

on FHA composite, FA and HA. The results are presented in Table 1. The data show

that IC50 values decreased with the time of influence of biomaterial eluates. The sen-

sitivity of NIH-3T3 cells on FHA and FA was 3.5–1.1-times (for FHA) and 4.9–1.1-

times (for FA) higher in comparison with HA.

NIH-3T3 cells were plated in 60 mm Petri dishes either in the presence or in the

absence of the tested biomaterials. Results of the 72 h cell morphology evaluation are

shown in Figure 2. The control NIH-3T3 cells (Fig. 2A) grew on the surface of the

cultivation flask and during 72 h of cultivation a confluent monolayer was formed.

The great majority of them were scattered and exhibited a typical fibroblast mor-

phology, an elongated and polygonal shape. In some areas, cells in mitosis were
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Table 1

Values IC50* for NIH-3T3 cells exposed for 24, 48 and 72 h to fluor-hydroxyapatite

(FHA), fluorapatite (FA) and hydroxyapatite (HA)

Biomaterial 24 h 48 h 72 h

FHA 27.15±1.17 70.37±3.28 91.31±3.34

FA 16.80±3.25 21.40±0.47 79.04±0.10

HA 82.67±1.16 73.27±0.09 98.53±0.10

* Such concentration of biomaterials which in comparison to the control inhibited the

viable cell number by 50%, values are in mg/ml and were read out from the toxicity

curves. Data represent means ± SD of three independent experiments. SD < 10%. Values

IC100 were higher than 100 mg/ml.
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Fig. 1. Effect of FHA (A), FA (B) and HA (C) on the viable NIH-3T3 cell number detected by direct counting of viable cell in Bürker chamber. The cells

were treated with eluate concentration of 1% (�), 5% (�), 10% (�), 25% (�), 50% (�), 75% (�), 100% (�) for 24, 48 and 72 h. Control cells (�) grew

without the presence of the tested biomaterials. Viable cell number was measured by Trypan blue staining and direct counting of the number of non-stained 

cells. Results are the mean ± SD of three experiments each carried out in triplicate



observed (rounded cells, Fig. 2A). Figures 2B, 2C, 2D show the NIH-3T3 cells 72 h

treated by FHA composite (2B), FA (2C) and HA (2D). The cells grew on the sur-

face of the cultivation dishes and no significant morphologic changes were observed

in treated cells, their morphology was completely similar to that of the control cells

(Fig. 2).
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Fig. 2. Effect of FHA (B), FA (C) and HA (D) on morphology of NIH-3T3 cells detected by light

microscopy. Cells were treated with 100% (1), 50% (2), 10% (3) and 1% (4) eluates for 72 h. Control

(A) and treated cells were analyzed by light microscopy and the changes in the cell morphology

were detected. The changes of morphology of treated cells were compared with the control cells

(magnification ×160)
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In order to investigate the effect of FHA composite, FA and HA on cell cycle

profile of NIH-3T3 cells, the cells were exposed to biomaterials and after 24, 48 and

72 h the cell cycle profiles were analyzed using flow cytometry. As it is shown in

Table 2, the significant increase of cell number in G0/G1 phase was observed

(P < 0.05) with a decrease of cell number in G2/M and S phases after 72 h treatment.

No sub-Go cell fraction was detected during the cell cycle analysis (data not shown).

Fig. 3. Effect of FHA (B), FA (C) and HA (D) on induction of apoptosis in NIH-3T3 cells detected by

fluorescence microscopy. The cells were treated with biomaterial concentrations of 100% (1), 50% (2),

10% (3) and 1% (4) for 72 h. Control cells (A) and treated cells were analysed for staining with Hoechst

33258 and propidium iodide by fluorescence microscopy. Staining of the cells with propidium iodide

(fluorescent cells) was compared with the control cells (magnification ×800)
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Table 2

Effect of FHA, FA and HA on cell cycle profile of NIH-3T3 cells detected by flow cytometry

Tested
Concentration Percentage values of cells (%) in phases

biomaterial
of tested biomaterial

(%) G0/G1 S G2/M

FHA control 55.65±2.14 27.08±1.57 17.27±2.71

50 68.27±4.73 20.52±3.19 11.21±1.54

75 67.98±5.84* 22.08±2.66 9.95±1.18

100 70.25±4.39* 21.26±2.36 8.49±0.03

FA control 52.74±1.39 34.72±3.33 12.54±1.29

50 66.98±7.60 25.48±3.10 7.54±0.30

75 70.57±0.73* 22.38±1.17 7.06±1.90

100 76.69±2.36* 15.43±0.04 7.88±0.39

HA control 61.18±1.37 32.26±2.19 6.11±0.45

50 58.99±2.64 33.83±1.27 7.18±1.37

75 54.11±0.79* 38.73±2.69 7.17±0.89

100 63.35±2.87 28.52±2.62 8.13±0.75

Cells were treated with 100%, 75% and 50% eluates for 72 h. Control cells grew without the pres-

ence of biomaterials. The cell lysates were analysed for DNA staining with propidium iodide by flow

cytometer. Results represent means ± S.D. of three experiments each carried out in triplicate (*p < 0.05 in

comparison to untreated controls).

Fig. 4. Effect of FHA (2–5), FA (6–9) and HA (10–13) on apoptotic DNA fragmentation detected by

agarose gel electrophoresis. Cells were treated with 100% (2, 6, 10), 75% (3, 7, 11), 50% (4, 8, 12) and

25% eluates (5, 9, 13) for 72 h. The cell lysates were visualized for separate DNA fragments with ethid-

ium bromide using a UV transilluminator. DNA fragmentation in treated cells were compared with

1.8 mg/ml cisplatin that was used as positive control (PC). Untreated cells were used as control (1)
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In order to get a better insight into the mechanism of biomaterial induced cyto-

toxicity in NIH-3T3 cells we studied the type of cell death. The changes of the cyto-

plasmic membrane integrity were evaluated after 24, 48, 72 h of incubation of con-

trol and treated cells using a Trypan blue-exclusion assay. Trypan blue labels necrot-

ic cells and cells at the final stage of apoptosis which cannot exclude vital dyes

because of the loss of membrane integrity. The cells were not stained by Trypan blue

(results not shown). Induction of apoptotic death of the control and biomaterials

treated NIH-3T3 cells was examined after 24, 48 and 72 h incubation (the results are

presented only after 72h ) using fluorescence nuclear staining with Hoechst 33258

and propidium iodide (Fig. 3) and agarose gel electrophoresis (Fig. 4). Apoptotic

cells have the nuclei stained with Hoechst 33258 and in agarose gel they form apop-

totic DNA fragment. Fluorescence nuclear staining with Hoechst 33258 (Fig. 3)

shows that NIH-3T3 cells treated 72 h with biomaterial concentrations of 100, 50, 10

and 1% were not apoptotic. The nuclei of NIH-3T3 cells exposed to biomaterial elu-

ates were not condensed and did not stain with Hoechst 33258 (non-fluorescent

cells). These results were confirmed by agarose gel electrophoresis (Fig. 4), apoptot-

ic DNA fragmentation was not observed.

The ability of the tested biomaterials to induce DNA damage was investigated

using Comet assay (Fig. 5). We examined the formation of DNA damage induced by

FHA, FA and HA (concentration range from 1 to 50%) after 24 h of incubation. As

it is evident from Figure 5, the level of direct DNA strand breaks increased propor-

Fig. 5. Effect of FHA ( ), FA ( ) and HA ( ) on DNA damage of NIH-3T3 cells detect-

ed by comet assay. Cells were treated with 50%, 25%, 10%, 5% and 1% eluates for 24 h. Control and

treated cells were analyzed by the formation of DNA tail by fluorescence microscopy. Results represent

means ± S.D. of three experiments each carried out in triplicate (*p < 0.05, **p < 0.01, ***p < 0.001 in

comparison to untreated controls)



tionally to the increased FHA, FA and HA concentrations. DNA damage was in the

range of 19.78–40.72% for FHA, 5.62–34.88% for FA and 6.77–49.25% for HA.

DISCUSSION

The number of polymers and other materials used in biomedical applications has

rapidly increased in the past two decades. Biomaterials (ceramics and polymers) may

have low, medium or high potential risk to human health, depending on the type and

extent of patient contact. Safety assessments of medical biomaterials are guided by

the toxicological guidelines recommended in the International Organization of

Standardization (ISO 10993-1/EN 30993-1). The subject of ISO 10993-1 provides a

standardised battery of biological safety (biocompatibilty) tests. Biocompatibilty is

the ability of a material to persist with an appropriate host response in a specific

application. Cytotoxicity testing represents the initial phase in testing biocompatibil-

ity of potential biomaterials and medical devices. Cytotoxicity testing includes

numerous qualitative and quantitative methods that use different cells growing in
vitro for biomaterial testing [6, 7].

Generally, the ability of chemicals to possess toxic potential may be classified in

several ways. One of them is the clasiffication of primary toxic mechanisms based

on different levels of organization in the human body which could be affected chem-

ically. According to that, basal, organ-specific and organizational cytotoxicities are

distinguished. Cellular basal cytotoxicity can be demonstrated as a result of chemi-

cal attack upon cell membrane integrity, mitochondrial activity, or protein or DNA

synthesis, since these are examples of fundamental metabolic function which are

common to all cells. Most cell lines of mesenchymal origin, for instance fibroblasts,

without specialized persistent metabolic functions demonstrate reactions to toxic

agents based on basal cell functions [3]. The L929 clone of mouse fibroblasts is com-

monly used to assess the cytotoxicity of an experimental material for medical appli-

cations [12, 27, 30, 34, 44]. Mouse L929 and Balb/c fibroblasts are appropriate cell

models for the study of cellular basal cytotoxicity because of their easiness to main-

tain and good correlation with animals tests (INVITTOX protocols no. 38, 46).

In our previous experiments we examined cytotoxicity of FHA, FA and HA discs

by direct contact assay on murine embryonal fibroblast cell line NIH-3T3 [42]. On

the basis of obtained results we concluded that FHA composite, FA and HA discs

demonstrated in embryonal fibroblast cell line similar basal cytotoxicity increasing

with the time of treatment. On the other hand, from the growth rates it followed that

NIH-3T3 cells affected by tested biomaterials divided about 20% slower than the

control-untreated cells. Using linear regression analysis we found out that deviations

in measurements of cytotoxicity by four methods were less than 10% for cell num-

ber method, protein content method, DNA content method and 12.4% for released

LDH method. On the basis of good correlation of the cytotoxicity of biomaterials

obtained from all end points we concluded that fibroblast NIH-3T3 cell line was

appropriate for measuring the basal cytoxicity of tested biomaterials.
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In our further studies, we examined the cytotoxic, genotoxic and mutagenic activ-

ities of FHA, FA and HA eluates by indirect contact assay [13, 41] on leukemia

L1210 cells and non-cancer fibroblast V79 cells. We found that 5 day eluates of FHA

and FA inhibited the growth of leukemia L1210 cells and induced programmed cell

death through mitochondrial/caspase-9/caspase-3-dependent pathway [41]. The

results from cytotoxic, genotoxic/mutagenic studies on V79 cells showed that the

highest tested concentrations of all tested biomaterials (100 and 75% eluates)

induced very weak inhibition of colony growth (about 10%). On the other hand, the

inhibition of cell number per colony induced by these concentrations was in the range

of 42.9% to 30.62%. Comet assay showed that biomaterials induced DNA breaks of

V79 cells which increased with tested concentrations in order HA < FHA < FA. All

tested biomaterials on Salmonella typhimurium TA100 and V79 cells did not induce

mutagenic effect against positive control (N-methyl-N’-nitro-N-nitrosoguanidine)

and DNA breaks was probably the reason for the inhibition of cell division in V79

cell colonies.

Disadvantage of biomaterial cytotoxicity testing by direct contact lies in the fact

that it is not possible to monitor a concentration effect of a biomaterial. This can be

eliminated by the use of eluate assay that enables to choose the appropriate solvent,

eluation conditions, different concentrations of biomaterial and expiratory time that

can be prolonged [20, 28]. Application of eluate assay for cytotoxicity tests of new

biomaterials is also guided in the subject of ISO 10993-1.

Therefore, in the present study, we studied the cytotoxicity FHA, FA and HA by

eluate assay, where after NIH-3T3 cell attachment to the surface of culture dish we

added non-diluted and diluted eluates of tested biomaterials and during a 72 h peri-

od we assessed the cell growth by direct counting of biomaterial-treated and untreat-

ed cells. The cell viability and cytoplasmic membrane integrity were evaluated by

Trypan blue staining. Concurrently with the assessment of cell number, we studied

the effect of biomaterial eluates on cell morphology by light microscopy. Further, we

examined the effect of FHA, FA and HA on the cell cycle and their ability to induce

DNA damage and apoptotic cell death.

Our cytotoxic/antiproliferative studies on fibroblast NIH-3T3 cells indicate that

none of the tested biomaterial eluates caused the total inhibition of cell division.

FHA, FA and HA induced different antiproliferative effects which were concentra-

tion- and time-dependent (Fig. 1). The three highest concentrations of FHA, FA and

HA eluates (100, 75, 50%) manifested the most cytotoxic/antiproliferative effect

which was in the range 35.36–51.27% for FHA, 34.80–48.73% for FA and

38.80–58.27% for HA. The cytotoxicity of biomaterials decreased with the time of

treatment. This could be caused by progressive formation of resistance of affected

cells on biomaterials or by progressive precipitation of crystals of biomaterials.

To compare the cytotoxicity of all tested biomaterials the IC50 values were calcu-

lated from the toxicity curves (Table 1). From the obtained values it was clear that

FA and FHA were less cytotoxic since their IC50 values were lower in all tested time

intervals than HA values.



On the basis of obtained results on NIH-3T3 cells, it can be concluded that unlike

direct contact assay where we found similar cytotoxicity of FHA, FA and HA [41],

in this work we found different cytotoxicity of tested biomaterials using eluate assay.

Furthermore, we can conclude that fluoridated biomaterial eluates (FHA and FA)

caused higher cytotoxicity than pure hydroxyapatite eluate. The differences of results

obtained by direct contact assay and eluate assay can probably be caused by trauma

of cells originated by small motion of biomaterial discs which is often induced in

direct contact assay. Different amount of fluoride ion which was released from the

surface of FHA and FA dics and eluated powders can be further cause. The differ-

ences of cytotoxicity between fluoridated biomaterials and pure HA could probably

be caused by the presence of fluoride in the structure of FHA and FA. It is known

that fluoride is the substance with significant biological activity. Fluoride stimulates

bone formation and is capable of substantially increasing accumulation of bone mass.

Therefore, it is used for osteoporosis treatment [2]. Further, fluoride has been wide-

ly used in dentistry as caries prophylactic agents. NaF was the first and still most re-

commended fluoride compound for fluoridation of drinking water [35]. Fluoride has

shown considerable variation in respect to cytotoxicity against different cultured

cells [11, 32]. Cytotoxicity against normal cells [43] has spurred debate on the use of

fluoride in dentistry [15]. Fluoride showed slightly higher cytotoxicity against tumor

cell lines than against normal cells (tumor specificity ratio = 1.8) [32]. Other mani-

festation of fluoride biological activity include fluoride toxic effects – skeletal fluo-

rosis and damage to kidney liver, parathyzoid glands and brain [37, 46].

FHA, FA and HA are used for the preparation of different composite materials such

as coatings or glass-ceramica which are used for different biomedical applications.

Incorporation of F ions to the structure of HA biomaterials resulted in the increase of

chemical and thermal stability of biomaterials, mechanical properties (such as

strength, toughness and hardness) and stimulation of the osteoblast responses in the

proliferation and differentiation levels in a dose-dependent manner [17, 19, 47].

On the other hand, many authors [17, 18, 19, 45] found different cytotoxic

activites of FA composites, FHA composites and pure HA composites. Their cyto-

toxicity depended on the components present in the composites and also on the type

of used cell line. Moreover, Lee et al. [22] demonstrated that increasing F– incorpo-

ration to HA coatings decreased the proliferation level of osteoblast-like cells treat-

ed by the fluoridated HA coatings compared to those on the pure HA coating.

Light microscopy (Fig. 2) showed that NIH-3T3 cells treated by FHA, FA and HA

did not have altered morphology as compared with the control cells. The cells, sim-

ilarly to the control, had typical elongated shape and some of them were in mitosis

(rounded cells).

Viability test, light and fluorescence microscopy, flow cytometry, and agarose gel

electrophoresis demonstrated that FHA, FA and HA did not induce either necrotic or

apoptotic cell death. Biomaterials-treated NIH-3T3 cells had similar cell morpholo-

gy as control cells (Fig. 2) and had undamaged cytoplasmic membrane integrity (they

were not stained by 0.4% Trypan blue). The cells did not have fragmented DNA
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(Fig. 4), the cell nuclei were not condensed and did not stain with Hoechst 33258

(Fig. 3) and no sub-G0 cell fraction was detected during the cell cycle analysis.

On the other hand, flow cytometry showed that FHA and FA affected the cell cycle

of NIH-3T3 cells. After 72 h treatment, both biomaterials induced increase of cell

number in G0/G1 phase with a particular decrease of cell number in G2/M and S

phases. HA did not affect any cell cylce phase (Table 2).

The cell cycle damage caused by fluorides was reported by several authors [1, 10].

Authors found that the effect of fluoride on cell cycle arrest depended on the type of

cell culture and used concentration.

FHA was prepared the way that in its structure the concentration of OH– groups

and F– ions was in the same molar ratio (1 : 1). The different structure may be prob-

ably the reason for different NIH-3T3 cell reaction on FHA, FA and HA treatment.

Fluoridation of hydroxyapatite caused the increase of antiproliferative effect and

G0/G1 arrest of NIH-3T3 cells on one hand. On the other hand, the different structure

of FHA and FA caused smaller difference in cell response to fluoridated bioma-

terials.

It is well known that DNA damage can be one of a triggering signal – modulator

of cell cycle arrest. Therefore, in the last part of our study, we investigated the abili-

ty of FHA, FA and HA to induce DNA damage using comet assay. Results have

shown that all biomaterials tested induced DNA damage (Fig. 5).

Different results were obtained by the monitoring of induction of DNA damage by

FHA, FA and HA on leukemia L1210 cells. While FHA and FA induced DNA dam-

age and apoptotic cell death, HA induced neither DNA damage nor apoptosis [41].

Slight genotoxic effect of HA was demonstrated by Rabaj et al. [34]. Authors eval-

uated the induction of DNA damage by HA on fibroblast cells L929 using comet

assay. Biomaterial showed a slight genotoxicity following incubation at the concen-

tration 200 mg/ml for 72 h.

It is known that DNA damage can lead to mutagenicity, carcinogenicity and the

formation of cancer. Consequently, observed fluoride effects are the cause of many

discussions that excess fluoride could have an impact on genome integrity and may

represent a hazard to human health. Therefore, the potential DNA damage associat-

ed with exposure to fluoride was assessed in cells growing in in vitro and in vivo
conditions. Data obtained this way are controversial. Some authors reported that flu-

oride did not induce DNA damage in vitro [21, 25, 39] and in vivo [26]. Other authors

[1, 4, 5, 16] have observed the mutagenic potential (induction of damage to DNA and

chromosome) of fluoride. Human studies showed that fluoride had not detectable

clastrogenic potential (chromosomal aberrations and micronuclei changes) in periph-

eral lymphocytes [2] and long-term exposure of human to fluoride in drinking water

did not cause chromosomal damage [26].

Our results showed that DNA damage induced by FHA and FA caused cell cycle

arrest and inhibition of proliferation of NIH-3T3 cells.

On the basis of the obtained results it can be concluded that the tested biomateri-

als did not cause the total inhibition of NIH-3T3 cell division. Biomaterials induced

different antiproliferative effects increasing in the order HA < HFA < FA which were



concentration-dependent and decreased with the time of influence. None of the test-

ed biomaterials induced necrotic/apoptotic death of NIH-3T3 cells. On the other

hand, after 72 h we found that FHA and FA induced G0/G1 arrest of NIH-3T3 cells,

while HA did not affect any cell cycle phases. Comet assay showed that while HA

demonstrated weaker genotoxicity, DNA damage induced by FHA and FA caused

G0/G1 arrest of NIH-3T3 cells. The different FHA, FA and HA structure (fluoridation

of hydroxyapatite and the different structure of FHA and FA) may probably be the

reason for different NIH-3T3 cell response to biomaterial treatment.

ACKNOWLEDGEMENTS

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

The authors would like to thank Dr. Mira Horváthová for the opportunity to measure cell cycle profiles.

REFERENCES

1. Aardema, M. J., Gibson, D. P., LeBoeuf, R. A. (1989) Sodium fluoride-induced chromosome aber-

rations in different stages of the cell cycle: a proposed mechanism. Mutat. Res. 223, 191–203.

2. Astern, P., Darroudi, F., Natarajan, A. T., Terpstra, I. J., Duursma, S. A. (1998) Cytogenetic effects

on lymphocytes in osteoporotic patients on long-term fluoride therapy. Pharm. World Sci. 20,

214–218.

3. Barile, F. A. (1994) Introduction to in vitro cytotoxicology. Mechanism and methods. Boca Raton

CRC Press Florida, USA.

4. Caspary, W. J., Myhr, B., Bowers, L., McGregor, D., Riach, C., Brown, A. (1987) Mutagenic activi-

ty of fluorides in mouse lymphoma cells. Mutat. Res. 187, 165–180.

5. Crespi, C. L., Seixas, G. M., Turner, T., Penman, B. W. (1990) Sodium fluoride is a less efficient

human cell mutagen at low concentration. Environ. Molec. Mutagen 15, 71–77.

6. Dufrane, D., Cornu, O., Verraes, T., Schecroun, N., Banse, X., Schneider, Y. J., Delloye, C. (2001)

In vitro evaluation of acute cytotoxicity of human chemically treated allografts. Europ. Cells Mater.

J. 1, 52–58.

7. Esposito, A., Mezzogiorno, A., Sannino, A., De Rosa, A., Menditti, D., Esposito, V., Ambrosio, L.

(2006) Hyaluronic acid based materials for intestine tissue engineering: A morphological and bio-

chemical study of cell-material interaction. J. Mat. Sci. Mater. Med. 17, 1365–1372.

8. Gábelová, A., Slameňová, D., Ružeková, Ľ., Farkašová, T., Horváthová, E. (1997) Measurement of

DNA strand breakage and DNA repair induced with hydrogen peroxide using single cell gel elec-

trophoresis, alkaline DNA unwinding and alkaline elution of DNA. Neoplasma 44, 380–388.

9. Gineste, I., Gineste, M., Ranz, X., Ellefterion, A., Guilhem, A., Rouquet, N., Frayssinet, P. (1999)

Degradation of hydroxyapatite, fluorapatite and fluorhydroxyapatite coating of dental implants in

dogs. J. Biomed. Mater. Res. 48, 224–234.

10. He, L. F., Chen, J. G. (2006) DNA damage, apoptosis and cell cycle changes induced by fluoride in

rat oral mucosal cells and hepatocytes. World J. Gastroenterol. 12, 1144–1148.

11. Hongslo, J. K., Holland, R. I., Jonsen, J. (1974) Effect of sodium fluoride on LS cells. J. Dent. Res.

53, 410–413.

12. Ignjatovič, N., Ninkov, P., Kojič, P., Bokurov, M., Srdič, V., Krnolelac, D., Selakovič, S., Uskokovič,

D. (2006) Cytotoxicity and fibroblast properties dutiny in vitro test of biphasic calcium

phosphate/poly-dl-lactide-co-glycolide biocomposites and different phosphate materials. Microsc.

Res. Tech. 69, 976–982.

Cytotoxicity of fluorapatite and fluor-hydroxyapatite composite 105

Acta Biologica Hungarica 60, 2009



106 SOŇA JANTOVÁ et al.

Acta Biologica Hungarica 60, 2009

13. Jantová, S., Theiszová, M., Letašiová, S., Birošová, L., Palou, T. M. (2008) In vitro effect of fluor-

hydroxyapatite, fluorapatite and hydroxyapatite on colony formation, DNA damage and mutagenic-

ity. Mutat. Res. 652, 139–144.

14. Jarcho, M., Kay, J. F., Gumaer, K. I., Doremus, R. H., Drobeck, H. P. (1977) Tissue, cellular and sub-

cellular events at a bone-ceramic hydroxylapatite interface. J. Bioeng. 1, 79–92.

15. Jeng, J. H., Hsieh, C. C., Lan, W. H., Chang, M. C., Lin, S. K., Hahn, L. J., Kuo, M. Y. (1998)

Cytotoxicity of sodium fluoride on human oral mucosal fibroblasts and its mechanism. Cell Biol.

Toxicol. 14, 383–389.

16. Jones, C. A., Callaham, M. F., Huberman, E. (1988) Sodium fluoride promotes morphological trans-

formation of Syrian hamster cells. Carcinogenesis 9, 2279–2284.

17. Kim, H. W., Noh, Y. J., Koh, Y. H., Kim, H. E. (2003) Enhanced performance of fluorine substitut-

ed hydroxyapatite composites for hard tissue engineering. J. Mater. Sci. Mater. Med. 10, 899–904.

18. Kim, H. W., Kim, H. E., Salih, V., Knowles, J. C. (2004) Dissolution control and cellular responses

of calcium phosphate coating on zirconia porous scaffold. J. Biomed. Mater. Res. A3, 522–530.

19. Kim, H. W., Knowles, J. C., Li, L. H., Kim, H. E. (2005) Mechanical performance and osteoblast-

like cell responses of fluorine-substituted hydroxyapatite and zirconia dense composite. J. Biomed.

Mater. Res. A3, 258–268.

20. Kirkpatrick, C. J., Bittinger, F., Wagner, M., Kohler, H., van Kooten, T. G., Klien, C. L., Otto, M.

(1998) Current trends in biocompatibility testing. Proc. Inst. Mech. Engrs. 212, 75–84.

21. Kleinsasser, N. H., Weissacher, H., Wallner, B. C., Kastenbauer, E. R., Harreus, U. A. (2001) Cyto-

toxicity and genotoxicity of fluorides in human mucosa and lymphocytes. Laryngohinootologie 80,

187–190.

22. Lee, E. J., Lee, S. H., Kim, H. W., Kong, Y. M., Kim, H. E. (2005) Fluoridated apatite coating on tita-

nium obtained by electron-bean deposition. Biomaterials 18, 3843–3851.

23. LeGeros, R. Z. (1993) Biodegradation and bioresorption of calcium phosphate ceramics. Clinic.

Mater. 14, 65–88.

24. LeGeros, R. Z., Lin, S., Rohanizadeh, R., Mijares, D., LeGeros, J. P. (2003) Biphasic calcium phos-

phate bioceramics: preparation, properties and applications. J. Mat. Sci. Mater. Med. 4, 201–209.

25. Li, Y. M., Zhang, W., Noblitt, T. W., Dunipace, A. J., Stookey, G. K. (1989) Genotoxic evaluation of

chronic fluoride exposition: sisterchromatid exchange study. Mutat. Res. 227, 159–165.

26. Li, Y., Liang, C. K., Katz, B. P., Brizendine, E. J., Stookey, G. K. (1995) Long-term exposure to

fluoride in drinking water and sister chromatid exchange frequency in human blood lymphocytes.

J. Dent. Res. 74, 1468–1474.

27. Lickorish, D., Ramshaw, J. A., Werkmeister, J. A., Glattauer, V., Hewlett, C. R. (2004) Collagen-

hydroxyapatite composite prepared by biomimetic process. J. Biomed. Mater. Res. Part A 68A,

19–27.

28. Marois, Y., Guidoin, R., Roy, R., Vidovsky, T., Jakubiec, B., Sigot-Luizard, M. F., Braybrook, J.,

Mehri, Y., Laroche, G., King, M. (1996) Selecting valid in vitro biocompatibility tests that predict the

in vivo healing response of synthetic vascular prostheses. Biomaterials 17, 1835–1842.

29. McKelvey-Martin, V. J., Green, M. H. L., Schmezer, P., Pool-Zobel, B. L., de Méo, M. P., Collins,

R. A. (1993) The single cell electrophoresis assay (comet assay): A European review. Mutat. Res.

288, 47–63.

30. Nablo, B., Schoenfisch, M. H. (2005) In vitro cytotoxicity of nitric oxide-releasing sol-gel derived

materials. Biomaterials 26, 4405–4415.

31. Wang, W. (2003) Developing bioactive composite materials for tissue replacement. Biomaterials 24,

2133–2151.

32. Oguro, A., Koizumi, K., Horii, A. (1983) Effect of fluoride ion on proliferation of Vero cell line cells:

growth acceleration by sodium fluoride. J. Dent. Health 31, 453–460.

33. Otsuki, S., Marshed, S. R. M., Chowdhury, S. A., Takayama, F., Satoh, T., Hashimoto, K., Sugiyama,

K., Amano, O., Yasui, T., Yokate, Y., Akahane, K., Sakogami, H. (2005) Possible link between gly-

colysis and apoptosis induced by sodium fluoride. J. Dent. Res. 84, 919–923.



34. Rajab, N. F., Yaakob, T. A., Ong, B. Y., Hamid, M., Ali, A. M., Annuar, B. O., Inayat-Hussain, S. H.

(2004) DNA damage evaluation of hydroxyapatite on fibroblast cell L929 using the single cell gel

electrophoresis assay. Med. J. Malaysia 59 (Suppl B), 170–171.

35. Ribeiro, D. A., Alves de Lima, P. L., Marques, M. E. A., Salvadori, D. M. F. (2006) Lack of DNA

damage induced by fluoride on mouse lymphoma and human fibroblast cells by single cell gel

(Comet) assay. Braz. Dent. J. 17, 91–94.

36. Rice, R. M., Hegyeli, A. F., Gourlay, S. J., Wade, C. W., Dillon, J. G., Jaffe, H., Kulkarni, R. K.

(1978) Biocompatibility testing of polymers: in vitro studies with in vivo correlation. J. Biomed.

Mater. Res. 12, 43–54.

37. Shan, K. R., Qi, X. L., Long, Y. G., Nordberg, A., Guan, Z. Z. (2004) Decreased nicotinic receptors

in PC12 cells and rat brains influenced by fluoride toxicity-α mechanism relating to a damage at the

level in post-transcription of the receptor genes. Toxicology 200, 169–177.

38. Singh, N. P., McCoy, M. T., Tice, R. R., Schneider, E. L. (1988) A simple technique for quantifica-

tion of low levels of DNA damage in individual cells. Exp. Cell Res. 175, 184–191.

39. Slameňová, D., Gábelová, A., Ruppová, K. (1992) Cytotoxicity and genotoxicity testing of sodium

fluoride on Chinese hamster V79 cells and human EUE cells. Mutat. Res. 16, 109–115.

40. Slameňová, D., Gábelová, A., Ružeková, Ľ., Chalupa, I., Horváthová, E., Farkašová, T., Bozsakyová,

E., Štětina, R. (1997) Detection of MNNG-induced DNA lesions in mammalian cells; validation of

comet assay against DNA unwinding technique, alkaline elution of DNA and chromosomal aberra-

tions. Mutat. Res. 383, 243–252.

41. Theiszová, M., Jantová, S., Letašiová, S., Palou, M., Čipák, Ľ. (2008) Cytotoxicity of hydroxyapatite,

fluorapatite and fluor-hydroxyapatite: a comparative in vitro study. Neoplasma 55, 312–316.

42. Theiszová, M., Jantová, S., Letašiová S., Valík, Ľ., Palou, M. (2008) Comparative study of a new

composite biomaterial fluor-hydroxyapatite on fibroblast cell line NIH-3T3 by direct test. Biologia

63, 1–9.

43. Tsutsui, T., Suzuki, N., Ohmori, M., Maizumi, H. (1984) Cytotoxicity, chromosome aberations and

unscheduled DNA synthesis in cultured human diploid fibroblast induced by sodium fluoride. Mutat.

Res. 139, 193–198.

44. Vallittu, P. K., Ekstrand, K. (1999) In vitro cytotoxicity of fibre-polymethyl methacrylate composite

used in dentures. J. Oral. Rehabil. 28, 666–671.

45. Verne, E., Bosetti, M., Brovarone, C. V., Moisescu, C., Lupo, F., Spriano, S., Cannas, M. (2002)

Fluorapatite glass-ceramic coating on alumina: structural, mechanical and biological characterisa-

tion. Biomaterials 16, 3395–3403.

46. Wang, A. G., Xia, T., Chu, Q. L., Zhang, M., Liu, F., Chen, X. M., Yang, K. D. (2004) Effects of flu-

oride on lipid peroxidation, DNA damage and apoptosis in human embryo hepatocytes. Biomed.

Environ. Sci. 17, 217–222.

47. Yoon, B. H., Kim, H. W., Lee, S. H., Bae, C. H. J., Koh, Y. H., Kong, Y. M., Kim, H. E. (2005)

Stability and cellular responses to fluorapatite-collagen composites. Biomaterials 26, 2957–2963.

Cytotoxicity of fluorapatite and fluor-hydroxyapatite composite 107

Acta Biologica Hungarica 60, 2009




