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ARTICLE INFO ABSTRACT

Fluorine may only have negative effects on bone metabolism if the optimum concentration of fluorine would not
be determined, especially in osteoporosis. In this study a nano-porous and uniform fluorhydroxyapatite (FA)
coating in different concentration of fluorine could be deposited on the 316 L substrate with a thickness of
50 um. Fluorine can have influence on cell proliferation, matrix production, ALP releasing, coating dissolution
rate, bio activity, and corrosion resistivity. The dissolution rate of the coating evaluated by ICP and found with
an increase in fluorine due to the elimination of CaO, Ca®* releasing decreased. The results of SBF and MTT
exhibited the fluorine within the apatite structure enhanced the growth of natural apatite and function of human
osteoblast like cell (MG-63). Furthermore, cell density and attachment showed an enhancement while fluorine
increased. Surprisingly the ALP activity test showed the mineralization ability of coating would be improved
significantly in presence of fluorine. Furthermore potentiodynamic polarization showed with increasing fluorine,
the current density decreased from 112 to 13 nA/cm?. Corrosion property of FA is higher because it is too stable
but can also persuade to severe adverse effects like osteomalacia. According to the achieved results, 75% par-
tially-substituted fluorine within apatite structure was introduced as a proper combination of biocompatibility
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while 100% substituted fluorine could be a better candidate in corrosion resistant performance.

1. Introduction

Hydroxyapatite (HA), is represented with the chemical formula of
Ca;o (PO4)¢ (OH), and serves as an essential substance for bone and
tooth implants due to its chemical composition which is similar to the
bone tissue [1-3]. The degradibility of apatite is one of the most critical
factors as its solubility would give better bioactivity for bone healing
though it lowers the mechanical strength [4,5]. However, if HA was
applied as a coating on an implant, the constructed bonding between
the implant and newly grown bone could be unstable due to its solu-
bility, accordingly, the function of the coating is degraded [6,7]. Hence,
it is critical for bioactive coating to have acceptable and reasonable
solubility. The degradability of bioactive coatings can be controlled by
some variables such as the stoichiometry, degree of crystallinity, and
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composition. The substitution of fluorine (F ) instead of OH™ group in
HA chemical structure is an actual way to decrease the solubility of
apatite. In fact, fluorine has been shown to be effective in stimulation of
osteoblastic activities regarding cell proliferation and differentiation
[7-11]. The FA forms a solid solution with HA to form fluorhydrox-
yapatite [FA, Ca;o (PO4)¢ (OH,F),] by substitution of OH™ with F~. By
increasing the fluoride ion content in apatite structure the hydroxyl-
fluorine bonds appear while hydroxyl and hydroxyl-fluorine-hydroxyl
bonds disappears significantly. Therefore in fully fluorine substitution
there is no hydroxyl band. In our previous researches we proved there
was sufficient binding of fluoride to overcome hydroxyl bonds. Also due
to the applied strain on the apatite structure caused by fluorine sub-
stitution the crystal structure of apatite shrinks and Ca-P and P-O
bonds come near together [12]. Since ALP increases in fluorine therapy
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for osteoporosis, it is commonly accepted that fluorine encourages bone
formation. However, histochemical studies have revealed that osteo-
cytes resorbing also increase ALP enzyme. Many studies recommended
that an increase of ALP and bone mass following fluorine therapy sig-
nify a failed repair reaction rising in both bone formation and resorp-
tion. This repair reaction to cell injury is the result from pathological
bone formation [13-15]. Furthermore, while the repair process fails a
toxic death of resorbing osteocytes and a reduction in bone resorption
happens. Osteoclasia of fluorotic bone results in further toxic effects to
decrease bone resorption by fluorine affected osteoclast cells [16]. L.
Krook et al. [17]. by using pathological bone formation showed that the
enlarged amount of trabecular bone comes from suppressed bone re-
sorption by resorbing osteocytes and osteoclasts and damaged osteo-
blasts. Both resorptive processes are mandatory for the restoration of
trabecular bone into compact bone. A skeletal disorder described by
bone strength which is prone to increased risk of fracture is named
osteoporosis. In osteoporosis abnormality in bone cell behavior forms
insufficient bone matrix. Fluorine is an element essential for skeletal
and dental activities by reducing tooth cavities and generating a hard
tissue similar to the bone. Also it inspires the formation of bone and can
develop the quality of newly formed bone by encouraging the formation
of crystalized hydroxyapatite [18]. Fluorine may only have negative
effects on bone metabolism if the optimum concentration of fluorine
would not be determined, especially in osteoporosis. Rockvile et al.
[18] showed that the amount of 107°-1077M of fluorine could be
useful and optimum for the effective role of fluorine. The process of
building the skeleton by osteoblasts and osteoclasts cells is named
modeling and remodeling. During our life bones are sculpted by mod-
eling process, which forms new bone at one site. Remodeling is an in-
teraction between osteoblasts and osteoclasts. It is critically important
to understand, since the remodeling is the main method of bone re-
shaping in adults and treatment of bone malformations and bone ab-
normalities [18] Fig. 1 shows the schematic of modeling process, me-
senchymal stem cells differentiation and bone healing in presence of
fluorine in a tiny crack in the bone.

The main advantages of Sol-gel such as chemical composition
control and low-temperature have made this technique well known to
synthesize various thin film coatings and materials [7,20,21]. Also, sol-
gel technique shows wonderful potential to prepare bioactive materials.
Many studies [10,11,22,42] have focused on preparation of FA coating,
formation mechanism and some invitro tests. For many years, using of
fluorine as an useful element in orthopedic implants as powder, crushed
substances, and coating have been more attractive for scientists. Many
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researches have been done on the effect of fluorine on enhancing bio-
logical abilities [24], mechanical and bioactivity properties [25,26] and
solubility of fluorine -substituted hydroxyapatite [27]. But there are no
specific study on specifying the optimum concentration of fluorine in
point view of formation, biobehavioral and corrosion properties. The
meager dissolution rate of FA in biological applications was also re-
ported [7]. Nonetheless, unaided FA may not be a suitable biomaterial
because it is too stable and it does not have good enough biological
properties. Therefore, to achieve the optimum bioactivity of the mate-
rial it is necessary to optimise the fluorine content in fluorine-sub-
stituted HA. To fill this knowledge gap in this study a process for the
generation of suitable FA coating by sol-gel method in the presence of
the optimum fluorine incorporation in HA structure and evaluation of
solubility, toxicity, osteoblast cells function, and corrosion properties of
coating have been investigated.

2. Materials and methods

FA coating was applied using the sol-gel method accordingly.
Phosphorous pentoxide (P»Os, Aldrich), calcium nitrate tetrahydrate
(Ca(NO3),4H,0, Merck); and hexafluorophosphoric acid (HPFg,
Aldrich) were considered as P; Ca and F precursor, respectively. In
preparing the solutions, Ca(NO3)>4H,O and P,Os were dissolved in
absolute ethanol (Merck); separately. Afterwards, HPFs was poured in
that mix suspension. A designed amount of fluorine, P~, and Ca%*
precursors were mixed with containing ethanol solution to form a
mixture to obtain Ca/P and Ca/F ratios of 1.67 and 5 to 20, respec-
tively. Herein, the fluorine substituted samples are designated as HA
(0% F), FA25 (25% F), FA50 (50%F), FA75 (75%F), FA (100%F). This
mixed solution was stirred for 24 h at a speed of 1300 rpm to obtain the
sol. The 316 L stainless steel (st.st) sheet as a substrate was cut to de-
sired dimensions (20 x 30 X 3 mm). Grounding up to 2400 grit sand
papers, polishing and ultrasonication in acetone for 15 min applied on
the specimens before dip coating, followed by washing in deionized
water. The samples held by a computerized holder at a speed of
V = 1 mm/s were dipped into the sol with 6 = 45° and withdrawn with
40 s total soaking time. Dipping process was done before gelation be-
cause experiments showed gelation occurs after 3h and after the ad-
dition of a final element to the sol. The as-dipped coating was dried at
120 °C for 24 h followed by heat treatment at a rate of 3 °C/min up to
600 °C and then cured at 600 °C for 1h. The first step after sol pre-
paration was sufficient polymerization to making up the skeletal
structure by forming molecules cross-linking [7]. The final step was

Fig. 1. Schematic of the fluorhydroxyapatite (FA) tissue used in this study and surface engineered thin film of FA.
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coating, drying, and heat treatment to crystallized the coating. Dis-
solution rate of the films was measured by immersion in simulated body
fluid (SBF) and aged for predetermined periods of time. At several in-
cubation periods up to 28 days, Inductively Coupled Plasma-Atomic
Emission Spectroscopy (ICP-AES; ICPS-1001V, Shimadzu, Japan) was
used to measure the concentration of the Ca ions released from the film.
HA coatings were also tested as control sample. After 28 days, the FA
coatings take out from SBF solution to characterize with an X-ray dif-
fractometer (Philips X Pert-MPD system using mono-chromatized CuKa
radiation) at a scanning speed of 0.02°/sec. Further Scanning Electron
Microscope (SEM, Philips XL30) was used for monitoring surface
morphology and thickness.

Osteoblast cell with an incubation time of 3 and 7 days in a protocol
based on ISO 10,993-5 was utilized for MTT assay. Prior to cell seeding,
the coatings were sterilized then some RPMI medium without FBS was
added to the samples to cover their surface. After 1, 3 and 7 days of
incubation, the soup was placed in a 96-well culture plate; osteoblast
(MG-63) (from Shanghai Cell Bank), medium RPMI supplemented with
10% FBS, and penicillin-streptomycin were added into the wells and
incubated in a humified incubator for 1 day with 5% CO, atmosphere at
37 °C. MTT solution was added to each sample and incubated at 37 °C
for 4 h. Then, isopropanol was added to the samples and absorbance of
each samples was measured [28,29]. The ALP test was performed
within 1, 3 and 7 days. To extract protein from the cell, the supernatant
was centrifuged with rate of 13,000 rpm for 15 min after adding 200 pl
of Rypa buffer. Then 50 ul of the supernatant was poured into a 96-
wells plate and 150l of alkaline phosphatase (ALP) kit (Solarbio,
China) was added with ratio of 4/1. The ELISA reader was performed at
wavelength of 450 nm to measure the ALP activity.

Potentiodynamic polarization tests were measured by an EG&G
2273 A potentiostat instrument. Polarizing the specimens by using open
current potential value (EOCP) was performed from — 400 to 600 mV at
scanning rate of 2mvVs~!. The corrosion current (I.ory) Vvalues are re-
lated to a 50 mV stretch among the anodic and cathodic parts of the
resulted polarization curve. To evaluate the corrosion performance,
electrochemical impedance spectroscopy (EIS) of the FA films were
measured on 316 L panel. The frequency range of sinusoidal perturba-
tions was considered 10~ *-10° Hz while applying 5mV at open circuit
potential (OCP). A three-electrode cell equipped with Ag/AgCl re-
ference electrode, platinum counter electrode and a coated 316 L sub-
strate as the working electrode ensuring an exposed area of ~1 cm?. All
measurements were carried out in 37 °C Ringer's solution and in order
to reproducibility were repeated three times.

3. Results and discussion
3.1. Structural characterization of coating

To prepare sol a two-step procedure was employed in sol prepara-
tion: one hydrolyzation in water and the subsequent reaction is Ca in-
volvement that is critical in developing a desirable apatitic structure
[11]. When the precursors mix up together, hydrolysis reaction with no
ion interaction takes place. But, after enough time sol converts to gel
the ion interactions increase and hydrolysis interactions are completed
to release organic components and volatile gases from the sol [42]. In
Fig. 2. SEM results showed nano size holes of 100-400 nm on the sur-
face of coating which have generated by volatile gases and incomplete
polymerization reaction. Because of their roles as the initiate points for
apatite growth, these holes can be useful for osteoconduction [30].
However, large quantity of holes is not suitable for the mechanical
strength of coating, so by controlling the parameters, appropriate micro
and nano holes can be obtained. These pores look like the holes for-
merly reported by Kim et al. [31]. According to the theory which was
mentioned, aging helps the sol to complete its reaction and prevent
creation of unwanted phases [42]. Comparison made between Fig. 2
demonstrated that aging time can be useful in morphology and quality

Ceramics International xxx (XXxXX) XXX—XXX

of the surface.

Thermal expansion coefficient can be more critical point in heat
treatment process. Differences of this coefficient between the coating
and base metal cause to cracks and layer delaminating while drying and
hat treatment [32]. Increasing the soaking time, increase the thickness
of coating and probability of delaminating but it would be stable in
specific time. In Fig. 3 the slim shift of the characteristic (211) peak to
the right was associated to the decrease of the a-axis of the hexagonal
HA crystal lattice. This statement was acceptable when it was re-
cognized that fluorine has not tendency to effect the lattice parameter
"c", but superficially decreases the lattice parameter "a".

Lattice parameter calculation showed the replacement of fluorine
with hydroxyethyl groups, which has larger ion radius than fluorine,
changed the lattice parameter “a" but no change in lattice parameter “c"
was observed (Table 1). This substitution in excess of 25% of fluorine
causes a contraction in the crystalline FA lattice. The lattice parameters
“a" and “c" of FA crystal with different percentages of fluorine re-
placement, which were calculated using the data obtained from the
XRD, are presented in Table 1. It is obvious that with the increase of
fluorine replacement in the structure of FA, the lattice parameter would
be decreased. At the same time, almost the same values for the lattice
parameter “c" in all of the fluorine replacement percentages were cal-
culated, which indicates that the presence of fluorine in the apatite
structure didn't effect on lattice parameter “c". There is not effective
change in the c-axis direction by fluorine substitution in the apatite
structure because by increasing fluorine ion the lattice strain decreases
due to the lower ionic radius of fluorine than OH™ ion. The c-axis
lattice parameter in this study was estimated about ¢ = 0.6881 nm
which was corresponded to other researches which had been around
¢ = 0.6884 nm [12,33]. This result is in harmony with a slight shift of
characteristic peak to higher diffraction angles, resulted from an in-
crease in the presence of fluorine. Also the peaks of the FA were severer
than HA. Therefore, it can be understood that the crystallinity of the
crystals is enhanced by fluorine incorporation into the HA matrix [34].
The higher crystallinity causes higher thermal and chemical stability of
FA [20].

The dissolution rate in SBF media is different for some calcium
phosphate phases such as tricalcium phosphate (Ca3(PO,4),, TCP, a-
TCP, 3-TCP), tetracalcium phosphate (Ca4P,09, TTCP), calcium oxide
(Ca0), oxyhydroxyapatite (OHA), amorphous Hydroxyapatite (ACP)
and oxyapatite (OA). Comparing of the dissolution rate of these phases
shows CaO > TCP > ACP > TTCP > OHA=0A > HA. Among
these phases, CaO can be dissolved considerably faster than other
phases [42,30,35]. According to Fig. 3 in FA25 some CaO content exists
in structure which promotes dissolution rate of FA25 rather than other
samples. The dissolution of this unstable phase in the coating leads to a
better bioactivity but undesirable reduction of the mechanical strength
[11].

With the purpose of observing the dissolution behavior of the films,
the FA films deposited on substrate after heat treatment were immersed
in SBF solution. At each period of time, the samples were taken from
SBF and the concentration of the dissolved Ca™? ions was determined
using ICP. During the soaking time of the coating in SBF solution, the
releasing rate of Ca*? increases, but it decreased with an increase in
fluorine concentration (Fig. 4). The FA layer suggests the tailoring of
solubility with fluorine substitution within the apatite structure re-
sulting lower solubility than HA. In Fig. 4. FA25 has some CaO content
which promotes dissolution rate of FA25 rather than the others because
CaO dissolves significantly faster than the other phases. Therefore, the
ion release profiles in FA25 and HA are close together.

Note to the crystalline structure of HA a certain degree of dis-
ordering comes out when hydrogen (H*) and oxygen (O,~) ions are
arranged beside together to form OH ™ group; randomly. Once the OH™
is partially substituted by the fluorine, due to the greater affinity of
fluorine rather than oxygen, the hydrogen ion of the OH™ group is
bound to the closer fluorine because of the, producing a fully well-
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Fig. 2. SEM morphology of the calcined FA coating at 600 °C a) before aging, b) after 24 h aging.
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Fig. 3. XRD pattern of coating after calcination at 600 °C.
Table 1 3.2. In-vitro characterization of coating
Variation of lattice parameters of FA in different fluorine substitution.
. . The apatite formation in SBF solution is as an indicator to measure
d (nm) c-axis (nm) a-axis (nm) X o 2 3.
bioactivity of a substance [36]. The presence of Ca™~ and PO, ° in SBF
HA 41.48 0.688 0.941 solution triggered the formation of apatite on the specimen. The in-
1122523?) ﬁ-gg g-g:: g-ggz fluence of the presence of fluorine on HA formation in SBF solution was
FA7S 46.20 0.688 0.937 Tnomtmjed eTfter 28 days: Due to the hlgher degrad'fablhty of H.A during
FA 46.54 0.688 0.937 incubation in SBF solution, the formation of apatite was satisfactory.

ordered apatite structure, affecting the thermal and chemical stability.
Henceforth, an assured level of thermal, corrosion and chemical stabi-
lity of the FA is attained when a specified amount of fluorine replaces
with the OH™ groups in the HA matrix [7,9]. Fig. 4 showed during the
early days of incubation the rate of fluorine concentration decreased
over time.

—— HA —v— FA25 —&— FA50 —o— FA75 —=—FA

Ca Concentration

9 12 15 18 21 24 27 30
Days

With an increase in fluorine into HA structure, degradability of HA
decreased; therefore, the coating had low saturation rate rather than
HA in a pure state, so nucleation of apatite decreased remarkably
(Fig. 5). At the first step due to the extra negative charge on the surface
of FA rather than HA (due to the stronger electronegativity of fluorine
compared to OH), the apatite formation in SBF gets faster. This negative
charge of the surface attracts calcium from medium to form the Ca-rich
ACP phase, and then impose positive charge on the surface. At the
second step, the Ca-rich ACP on the surface motivates the negative
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0.02 -

F concentration (ppm)
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1é 1‘5 1‘8 2‘1 2‘4 27
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Fig. 4. Dissolution behavior of Ca and fluorine after soaking in SBF solution for 28 days.
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Fig. 5. SEM images of films after 28 days of incubation in the SBF solution: (a) HA; (b) FA25; (c) FA50; (d) FA75; (e) FA.

charge phosphate ion from medium to make Ca-poor ACP and gradually
apatite could nucleate and grow on the surface. By the way it can be
concluded that biocompatibility and rate of osteogenesis significantly
increase in presence of fluorine rather than natural hydroxyapatite
[371.

MTT and ALP release evaluation under the presence of fluorine were
performed and reported in Fig. 6. MTT results in Fig. 6a proved there is
no toxicity existed in the sample with fluorine in comparison with HA
sample. Also due to the appropriate chemical composition it showed an
enhanced cell viability of the coatings. It seems that the cell viability of
the osteoblast cell enhanced; accordingly, the coating can be more
appropriate for bone tissue applications. Fig. 6b shows the ALP activity
results obtained from cell cultured FA coating in various fluorine con-
centration. The ALP activity increases slightly in presence of fluorine.
The most important point is increasing of ALP does not necessarily
indicate bone growth and stimulation of osteoblast cells. The concept
that fluorine as a specific stimulus for bone application is preposterous
because fluorine is a potent enzyme poison [38]. Instead, repairing
reactions against cell damaging of osteoblasts and osteocytes caused by
fluorine increases ALP production. The repairing reaction followed by
enhancing of osteoblasts proliferation, matrix and ALP production. Any
failure in repairing reactions for osteoblastic cells, carries either
apoptosis or necrosis, and disrupts proliferation of osteoprogenitor
cells. This repair and cell death process proceeds until the fluorine
concentration reaches the appropriate level. These new osteoblasts will
then be damaged, and the cycle of increased would be repeated. This
motivation of the repair reaction in osteoblasts would contribute to ALP

a
100+

[ 1 Day [[3Days M7 Days

50 -

Cell Viability %

o
Control HA

FA25 FA50 FA75 FA

pg/mi/10* Cells

[39,40].

To evaluate the biocompatibility of the fluorine incorporated within
the apatite structure, beside MTT and ALP assays the cell-cell and cell-
matrix contacts also is necessary. Cell attachment evaluation was ex-
amined on the MG-63 osteosarcoma cells because osteoblast tissue is in
directly contact with the implant, besides, they are extremely pro-
liferative. Actually in this research we have supposed our implant as a
substance which is in bone contacts. In this point of view coating and
tissue contact joints both osteoblast and fibroblast cells are participated
but for evaluation of toxicity by MTT even one of which is enough. We
have investigated this in our previous study [29]. Cell attachment
showed an improved cell viability of the fluoride HA (Fig. 7). Moreover,
the highest concentration of cell was reached in FA75. In fact, the good
cell attachment can also be related to the released fluorine concentra-
tion which excites the activity and proliferation of osteoblast cells.

Fig. 8a illustrates the potentiodynamic curves and corrosion current
density (I.or;) values of the whole series of the FA specimens with dif-
ferent fluorine concentrations. (Summarized in Table 2). As results
proved FA specimen showed the lower 1., value than others. Gen-
erally, lower I ., values for fluorine substituted coating compared to
the HA coated ones indicates that FA coatings play a role as a physical
barrier to avoid chemical reaction between substrate and physiological
solution. Also, the presence of micro cracks and voids in HA which
debilitates the barrier capability of HA coating. Biodegradability is
another factor which effects on corrosion current density [41]. As no-
ticed in previous section, due to biodegradability decreased by in-
creasing fluorine incorporation within the apatite structure, therefore

b N 1 Day []3Days M7 Days

HA FA25 FAS50 FAT75 FA

Fig. 6. a) Cell viability of FA film coating containing various F~, b) ALP of FA film coating containing various fluorine.
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Fig. 8. a) Potentiodynamic polarization recording curves at ringer solution in 37 ‘G for FA with different fluorine content, b) Nyquist plot for FA after immersing in
ringer solution for 30 min, ¢ and d) Bode plots for FA after immersing in ringer solution for 30 min. Inset represent equivalent circuit used to model impedance curve.
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Table 2
Electrochemical characteristics for FA in different ratio of fluorine on 316 L
substrate.

HA FA25 FA50 FA75 FA
Ecorr (mV) -75 —-130 -197 —201 -109
Leorr (NA/cm?) 112.2 41.98 30.90 26.30 13.18
Table 3
Impedance parameters for FA coated on 316 L substrate.
Sample Rs (Q) Reoat (2) ZE&4 (F.s)
FA 17.59 = 0.11 6.67E6 + 0.24E6 29.73E-6 + 2.978E-7
Neoat Rg; () ZCS}IJE (F.s) Nge

0.780 = 0.012 76.41 = 0.38 138.51E-3 = 5.415E-4  0.97 = 0.05

corrosion rate could be decreased, and FA coated samples show good
corrosion properties in comparison to HA coated sample. In FA passi-
vated sample up to —110 mV and HA sample proved maximum cor-
rosion potential (E.,) compared to fluorine incorporation within the
apatite structure. Moreover, for taking deeper corrosion characteriza-
tions, AC impedance analysis was carried out for FA coated sample.
Fig. 8b displays the Nyquist and Fig. 8c & d illustrate Bode plots for FA
after 30 min of immersion. It is well known that with a significant re-
leasing the metal ions around tissues caused to biological damage in
short or prolong periods. Hence, if the amount of Rcoat (6.67 x 106 €2)
is larger than Ry (76.41 Q), the corrosion resistance will be improved,
or corrosion rate will be decreased. Thus, the plausible mechanism for
better corrosion resistance of FA on 316 L is suggested by creating a
stable corrosion barrier on substrate. Bode plots diagram of FA coated
sample after dipping for 30 min are illustrated in Fig. 8c & d. As con-
cluded in Fig. 8c, with increasing impedance modulus|Z | at lower
frequencies, the corrosion rate decreased. On the other hand, the
second type of bode plots revealed that the impedance spectrum of FA is
wide phase angle at whole frequencies which is attributed to both of
forming a stable film and presence of barrier coating. The numerical
fitting was used to interpret the impedance spectrum. To describe the
deviations from ideal behavior, a constant phase element (CPE) was
performed instead of an ideal capacitor. The CPE impedance (Zcpg) well
defined by Zcpe = 1/Y (wj)". Where Y is pseudo-capacitance, w is the
frequency, and n is a parameter which related to the homogeneity of
system. The exp(n) is lower than one for CPE. Ry and R, are the re-
sistance of electrolyte and the resistance of the FA coating, respectively.
Rs: and R, are pseudo-capacitance contributed to the thin natural FA
oxide film and the resistance which explaining the corrosion of metal
substrate, respectively. Equivalent circuit used to model impedance
curve has been demonstrated in the inset to Fig. 8d. The data fitting for
this model has been also summarized in Table 3. According to the inset
to Fig. 8d, as two phase constants are series, a barrier coating has been
created that it can be protected the substrate against corrosion.

4. Conclusion

e The added fluorine incorporated within the apatite structure con-

firmed by lattice parameter measurements. Addition of fluorine in

HA lattice decreased the lattice parameter “a" while there was no

variation in the lattice parameter “c".

The dissolved Ca, P ions varied as a function of fluorine con-

centration in HA lattice by measuring dissolution behavior of the FA

coating. With presence of fluorine in FA, the releasing rate of cal-

cium and phosphor ion, decreased.

e The formation of agglomerated HA particles on the coatings has
been revealed after 28 days of incubation during SBF test. Due to the
higher affinity of F~ rather OH™ in ion adsorption from media the
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formation of apatite enhanced without a change in the size, mor-
phology, and composition of the apatite.

e In FA25 some CaO content exists in structure which promotes dis-
solution rate of FA25 rather than the others. Among calcium phos-
phate compositions, CaO dissolves significantly faster than the
others.

e MTT and ALP assay after 1, 3, 7 days of incubation using osteoblast
cells showed that FA75 has higher viability and ALP release.
However, cell morphology and attachment on FA75 better than
others.

e The corrosion properties indicated that with increasing fluorine
within the apatite structure, the corrosion protection was improved
and current density decreased from 112 to 13nA/cm? for FA in
comparison to HA. Also, the EIS results demonstrated that FA
coating on 316 L leads to create a physical obstacle for hindering the
corrosion process.

® According to the achieved results FA75 was introduced as a proper
composition in view point of biocompatibility and FA coating could
be considered as corrosion shield candidate.
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