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ARTICLE INFO ABSTRACT

Fluorine, an essential element present in bone and dental tissues, promotes mineralization and is directly in-
volved in the bone formation process. The antibacterial effects of fluorine on oral bacteria are also well known.
In this study, metallic implants were coated with a thin layer of calcium phosphate enriched with fluorine to
improve osteointegration and protect against infections. These coatings were obtained by pulsed laser deposition
(PLD) using, as a target, a bioceramic of marine origin, mainly composed of fluorapatite from the enameloid of
shark teeth. The compositional dependence of coatings on H,O vapor pressures applied during PLD was analyzed
in order to optimize physicochemical properties. Physicochemical characterization to evaluate morphology
(SEM), thickness (interferometric profilometry), structure (XRD) and composition (FTIR, XPS) was performed.
To evaluate the biological response, both MC3T3-E1 pre-osteoblasts and bacterial strains Staphylococcus aureus
and Staphylococcus epidermidis, most responsible for 77% of infections associated with prosthetic implants, were
tested. Proper cell proliferation (MTT assay) and ALP synthesis up to 21 days were confirmed. Antibacterial
properties were also demonstrated: compared to synthetic hydroxyapatite coatings, there was a significant re-
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duction in colony-forming units (CFUs) for both strains.

1. Introduction

Fluorine (F) is an essential element present in bone and dental tis-
sues. It is thought to be an enhancer of the synthesis of bone cell growth
factors, acting primarily on the osteoprogenitor cells and/or un-
differentiated osteoblasts cells rather than on highly differentiated os-
teoblasts. It is therefore related to the promotion of mineralization and
is directly involved in the bone formation process [1]. Fluorine con-
tributes to bone healing and regeneration by inducing the differentia-
tion of osteoprogenitor and undifferentiated precursor cells into os-
teoblasts [2]. Moreover, in the form of fluorapatite, it contributes to the
development of a highly crystalline and stable apatite [3], with im-
proved mechanical properties in relation to geological hydroxyapatite,
with good stiffness, high elastic modulus and hardness.

The antibacterial effects of fluorine in the form of fluoride on oral
bacteria are also well known [4]. There is evidence that fluoride can
interfere with enzyme activity and reduce acid production by oral
bacteria (both Gram-positive and Gram-negative), thereby inhibiting
the enrichment of cariogenic species within dental plaque [5, 6]. The
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capacity of fluorine (released from a cement) to inhibit the metabolism
of certain bacteria (i.e., oral streptococci) has previously been reported
[7]. Studies suggest that fluoride also has anti-plaque properties. It is
well documented that amine fluoride and stannous fluoride possess
bactericidal properties against oral bacteria [8, 9]. The pre-incubation
of hydroxyapatite with amine fluoride significantly decreases the via-
bility of Streptococcus sobrinus in biofilm, whereas sodium fluoride or
chlorhexidine does not [10].

Joint prostheses are one of the most important medical advances
made to date due to their ability to relieve joint pain, restore joint
function, and allow millions of patients around the world to recover
their independence [11]. However, these prostheses are liable to
failure, the main causes being aseptic loosening, infection, dislocation,
and fracture of the prosthesis or bone [12]. Aseptic loosening in par-
ticular can occur through loss of fixation caused by a lack of initial
tissue-implant fixation, leading to a mechanical loss over time and/or
particle-induced osteolysis around the implant [13]. Therefore, if os-
teointegration were promoted, aseptic loosening could be prevented
[14].
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Osteointegration can be promoted by covering prostheses with a
calcium phosphate layer, mimicking the inorganic composition of bone
[14]. Applying such a layer to the surface of titanium implant devices
has been proven to enhance bone formation around the implants and
contribute to cementless fixation, improving clinical success at an early
stage after implantation [15]. Plasma-spray was the first technique used
to produce calcium phosphate coatings on dental root implants and hip
and knee orthopedic prostheses. However, the high thickness of the
coatings (50-200 um, limitation of the technique) resulted in their
partial disappearance during the implantation time, causing the pro-
liferation of macrophages. The pulsed laser deposition (PLD) technique,
on the other hand, produces thin coatings with good adhesion proper-
ties; it also allows the precise control of the chemistry and crystallinity
of the coatings [16, 17]. Synthetic carbonated hydroxyapatite (HA)
coatings produced by PLD have been successfully tested, showing en-
hanced or similar osteointegration to their plasma-sprayed equivalents,
but with improved adhesion properties, without the risk of delamina-
tion or detachment of the coating [18-25].

Prosthetic joint infection occurs infrequently (1-2% of all cases),
though it is a devastating complication with high morbidity and sub-
stantial costs. The economic burden of prosthetic joint infection is ex-
pected to grow in the coming years due to the increase in patients
undergoing arthroplasty replacements [26]. Gram-positive cocci, the
most common of which are Staphylococcus aureus and Staphylococcus
epidermidis, represent up to 77% of all infections [27-31].

Apart from the administration of oral or intravenous antibiotics to
prevent bacterial colonization, the local action of different chemical
elements incorporated in trace concentrations into the calcium phos-
phate structure has been investigated. HA coatings doped with Se, Ag,
Cu or Zn have been proven to reduce bacterial biofilm formation due to
the chemical changes they promote in the cellular environment [18,
20-23, 32].

Given the interesting properties of fluorine, this paper will describe
the use of PLD to coat metallic implants with a thin layer of bioceramic
of marine origin, mainly composed of fluorapatite obtained from the
enameloid of shark teeth. It will evaluate the structure and composition
of different coatings obtained at various H,O vapor pressures. The
vapor pressure exercise examines the dependence of the coatings on
pressure, to guarantee optimal properties and good transference from
the original bioceramic. Finally, the proliferation and alkaline phos-
phatase (ALP) synthesis of MC3T3-E1 pre-osteoblasts on the fluor-car-
bonated HA coatings, together with their antibacterial properties
against Staphylococcus aureus and Staphylococcus epidermidis strains, will
be discussed.

2. Materials and methods
2.1. Coating process

Following the same methodology as previous studies [33-36], the
fluor-carbonated HA coatings were processed using a UV ArF* excimer
laser (A = 193 nm) source (Lambda Physik COMPEX 205). PLD targets
with a mass of 2g and a diameter of 20 mm were prepared using a
bioceramic, developed in our laboratories, obtained from the enameloid
of shark teeth (Isurus oxyrinchus and Prionace glauca species) [37, 38].
The bioceramic granulate was compacted by raising the pressure to 8
tons and repeating the process three times; the targets were then sin-
tered at 1260 °C to improve their consistency. They were irradiated for
up to 120 min to obtain different thicknesses, using in all cases a pulse
frequency of 10Hz and an energy density of 3.2J/cm ™2 Substrates
were maintained at a temperature of 460 °C. Coatings of synthetic hy-
droxyapatite (Plasma Biotal Captal-R) were also prepared at 0.45 mbar
to be used as reference material, labeled as Ref-HA coatings.

The fluor-carbonated HA coatings, labeled as Bio-FHA, were de-
posited on titanium alloy (TigAl,V) discs with dimensions of 4.8 mm
diameter and 1mm thickness. Before being placed inside the PLD
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vacuum chamber, the substrates were cleaned by 7-minute sonication
cycles using 5% nitric acid, methanol or acetone, interspersed by cycles
of rinsing in distilled water. Prior to deposition, the chamber atmo-
sphere was lowered to a pressure of 10~ * mbar and subsequently filled
with a H,O vapor atmosphere, varying the pressures as follows: 0.0,
0.15, 0.25, 0.35 and 0.45 mbar.

2.2. Physicochemical characterization

The morphology of the coatings was analyzed by scanning electron
microscopy (SEM) using a JEOL JSM-6700F microscope.
Interferometric profilometry was used to determine the thickness mean
values of the different coatings. Three profiles per condition (coating
type on silicon as substrate due to technical requirements) were mea-
sured in a non-contact high resolution optical profilometer (WYKO NT-
1100). Structural and compositional measurements were taken by
Fourier transform infrared spectroscopy (FTIR, Bruker IFS-28) in the
range of 550 to 5000 cm ™ ?, using silicon as substrate due to technical
requirements; X-ray diffraction (XRD, Siemens D-5000 Diffractometer);
and X-ray photoelectron spectroscopy (XPS, Thermo Scientific K-
ALPHA ESCA). All these measurements were performed on the com-
plete series of coatings at different H;O vapor pressures in order to
evaluate the dependence of physicochemical properties on variations in
pressure.

The bioceramic target had previously been characterized [36-38]; a
semi-quantitative evaluation established the main contribution as a
91% apatitic phase of fluorapatite (Cas(PO4)sF). The XRD typical re-
flections were located at 21.8, 22.9, 25.8, 28.1, 29.0, 31.9, 32.2, 33.0
and 34.1°, corresponding respectively to the (2,0,0), (1,1,1), (0,0,2),
(1,0,2), (2,1,0), (1,2,1), (1,1,2), (3,0,0) and (2,0,2) diffraction planes
[39, 40]. The 9% non-apatitic phase was attributed to tricalcium bis
(orthophosphate), Ca3OgP,, and/or whitlockite, Ca;gMgoH>(POy4)14,
with typical reflections at 27.84 and 31.16°, corresponding respectively
to the (2,0,8) and (0,2,10) diffraction planes [41]. In relation to its
composition (XPS), electronic transitions associated with the main
elements of calcium phosphate bioceramics (Cap, and P,,) and other
minority elements (Fy5, Naj; and Mg;) were quantified (in at.%) as
16.93, 14.16, 2.09, 2.75 and 1.40, respectively. The binding energy
(BE) at 684.66 €V corresponded to Fy;. According to the literature [42],
a binding energy of 684.20eV indicates that fluoride ions are in-
corporated into the HA lattice structure. A slightly higher value was
obtained in our target due to the charge correction process.

2.3. Biological characterization: response of pre-osteoblastic cells

Bio-FHA and Ref-HA coatings obtained at 0.45 mbar were subjected
to gamma sterilization and incubated with the pre-osteoblastic cell line
MC3T3-E1 (ECACC, catalog No.: 99072810). Cells were regularly cul-
tured in alpha minimum essential medium (a-MEM Lonza) supple-
mented with 10% (vol/vol) of fetal bovine serum (FBS, Invitrogen) and
with a 2% combination of amphotericin B, penicillin and streptomycin
(Invitrogen, catalog 15,240-062), at 37 °C and 5% of CO, in a humi-
dified atmosphere. Four replicates were evaluated per coating and per
condition. Tissue culture polystyrene (TCP) was used as a control ex-
periment for the healthy stage of cells. The culture medium was re-
newed every 2 to 3 days.

2.4. Cell morphology

Cell morphology on the coatings was evaluated by SEM and con-
focal laser scanning microscopy (CLSM), with a direct seeding of 100 pl
of cell suspension 1.7 x 10°cells/ml in 96-well tissue culture micro-
plates. For SEM evaluation after 7 and 21 days of incubation, the cul-
ture medium was removed and cells were fixed with 2.5% glutar-
aldehyde solution in phosphate buffered saline (PBS, Lonza) for 2h at
4 °C. Samples were washed three times for 30 min each with PBS. After
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fixation, they were subjected to dehydration by replacing the PBS with
a graded series of ethanol (10, 20, 30, 40, 50, 60, 70, 80, 90 and 100%)
for 30 min each. The process was followed by a chemical dehydration
series of 100% ethanol and hexamethyldisilazane (HMDS, Ted Pella,
USA) at concentrations of 25, 50 and 75% for 15 min each, ending with
immersion in 100% HMDS for 30 min. Finally, the coatings were left to
dry overnight and were affixed to aluminum stubs for examination via
SEM Philips XL30. The cytoskeleton was evaluated by CLSM (Bio-Rad
MRC 1024) after 20 days of culture. At that time, cells were fixed with
4% paraformaldehyde solution for 10 min at room temperature, after
which they were permeabilized for 5 min with 0.1% (vol/vol) Triton X-
100 in PBS buffer 1 x. Alexa Fluor 488 phalloidin solution was added
for 20 min in darkness in order to visualize actin filaments. After in-
cubation, cell nuclei were labeled with propidium iodide solution for
5min in darkness.

2.5. Cell proliferation

To evaluate their proliferation, cells were first directly seeded on the
coatings and incubated with a volume of 100 ul of cell suspension
1.7 x 10° cells/ml in 96-well tissue culture microplates. Using new 96-
well tissue culture microplates, proliferation was then quantified after
incubation periods of 7 and 21 days using the methyl thiazol tetra-
zolium method (MTT assay, Roche); the tetrazolium component in
living cells is reduced by mitochondrial into a purple formazan product.
After overnight incubation, samples were removed and the resulting
colored solution quantified as optical density values using a Bio-Rad
Model 550 microplate spectrophotometer. These data were normalized
per cm? due to the different areas of coatings and TCP controls.

2.6. Cell differentiation

Cell differentiation of osteoblasts was determined after 7 and
21 days using the Alkaline Phosphatase (ALP) Assay Kit (Abcam), an
early osteogenic differentiation marker. To induce differentiation 1 day
after seeding, ascorbic acid 2-phosphate (Sigma-Aldrich, 2mM) and
glycerol 2-phosphate (Sigma-Aldrich, 10 mM) were added to the a-
MEM medium. In order to obtain cell lysates, discs were carefully rinsed
three times with PBS (Lonza) and subjected to osmotic and thermal
shocks with sterile ultrapure water. Using a Bio-Rad Model 550 mi-
croplate spectrophotometer, cell lysates were then used to quantify the
activity of the ALP enzyme using the spectrophotometric assay based on
the conversion of p-nitrophenyl-phosphate to p-nitrophenol.

2.7. Biological characterization: response of bacterial strains

To perform the experiment, strains of Staphylococcus aureus 15981
(S. aureus) and Staphylococcus epidermidis 35984 (S. epidermidis) were
used on the Bio-FHA and Ref-HA coatings that had previously been
placed in a 96-well plate (Thermo Fisher Scientific, Massachusetts,
USA). Biofilms of each species were formed by transferring to the
coatings 200 pl containing 10° colony forming units of each strain per
ml (CFU/ml of initial concentration), incubated in tryptic soy broth
(Biomérieux, Marcy-1'Etoile, France) and supplemented with 1% glu-
cose. After 24 h of incubation at 37 °C and 5% CO,, the medium was
removed and samples were washed three times with 200 pl 0.9% NaCl
sterile saline (B. Braun, Melsungen, Germany). Biofilms were disrupted
by sonication with an Ultrasons-H 3000840 low-power bath sonicator
(J. P. Selecta, Barcelona, Spain) at 22 °C for 5min [39]. The CFU/cm?
values were estimated by the drop plate method [40]. These assays
were performed in triplicate.

A morphological evaluation of the biofilms was also carried out
after 24 h; they were fixed using glutaraldehyde (2.5%) in sodium ca-
codylate buffer (0.1 M) at pH7 at room temperature for 2h. After
fixation, samples were subjected to dehydration by replacing the buffer
with a graded series of ethanol (30, 50, 70, 90 and 100%) for 10 min
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Fig. 1. FTIR spectra of Bio-FHA coatings deposited at H,O vapor pressures of
0.00 and 0.45 mbar during the PLD process.

each at room temperature. Finally, the biofilms were left to dry over-
night, affixed to aluminum stubs and coated with platinum using a Bal-
Tec MEDO020, for SEM analysis in JEOL JSM-6700 equipment.

2.8. Statistical analysis

Data on the pre-osteoblasts are presented as mean values =
standard error of the mean. Statistical differences were evaluated using
SPSS Statistics (vs. 23.0). In all cases, the significance level was set at
0.05. Each data element was analyzed using the non-parametric
Mann-Whitney U test. The statistical analysis of bacterial strains was
performed using the non-parametric unilateral Wilcoxon's test with a
statistical significance level of 0.05. The microbiological data are pre-
sented as median and interquartile range.

3. Results and discussion
3.1. Coating characterization: dependence on H,O vapor pressure

The FTIR spectra of the Bio-FHA coatings deposited at H,O vapor
pressures of 0.45 and 0.0 mbar are presented in Fig. 1. The main vi-
bration modes were identified using previous literature [24, 46-53] as
follows: (i) phosphate groups with a strong peak located between 1000
and 1200 cm ™! attributed to the asymmetric stretching of P—O bonds, a
weak band at 950 cm ™! due to symmetric stretching and an absorption
band between 550 and 600 cm ! attributed to symmetric bending; (ii)
carbonate groups with an absorption band between 1400 and
1500 cm ~ ! attributed to the asymmetric stretching of C—O bonds and a
weaker band at 870cm ™! due to asymmetric bending; and (iii) ad-
sorbed water with a characteristic broad band around 3000 cm™*.

The results indicate that at all pressures the bond structure of the
coatings was basically a calcium phosphate. However, differences were
observed as the H,O vapor pressure varied. As the vapor pressure in-
creased, the intensity of carbonate bands also increased; the [CO32™(s)/
PO,37(s)] ratio was 30% higher in the Bio-FHA coating deposited at
0.45 mbar than at 0.00 mbar. At the same time, the full width at half
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Fig. 2. SEM micrographs of processed titanium alloy substrate (a), the Bio-FHA coatings at 0.00 mbar for 30 min (b), at 0.45 mbar for 30 min (c), and at 0.45 mbar for

120 min (d-f). Magnifications of 5000 x (a-d), 10,000 X (e), 20,000 x (f).

maximum (FWHM) of the main peak of PO,®~ groups (asymmetric
stretching) decreased by about 70% for the Bio-FHA coating deposited
at 0.45mbar than at 0.00mbar. A better definition of the PO,3~
bending band was also observed, indicating that the short-range order
in the structure was enhanced.

Morphology was analyzed by SEM and results are displayed in
Fig. 2: a micrograph of the surface of the processed titanium alloy
substrate (a), the Bio-FHA coatings processed at 0.00 mbar for 30 min
(b), at 0.45 mbar for 30 min (c) and at 0.45 mbar for 120 min at three
magnifications (d-f). As can be seen, the surface morphology of the
tested coatings was composed of aggregates of globular shape, typical
of a HA film (b—f). Moreover, coatings grew following the topography of
the processed substrate (a). For the coating deposited at 0.45 mbar for
120 min (d-f), globular morphology with ridges and valleys following
the direction of the topography of the processed titanium substrates can
be clearly observed (d). Increased magnifications (10,000 and
20,000 x ) revealed that the coating was composed of elongated struc-
tures of < 1 pum in length (e) and (f).

Evidence provided by the FTIR analysis and the SEM evaluation,
confirming the presence of phosphate groups and the typical globular
morphology of calcium phosphate, agreed with previous studies that
have obtained coatings by the same technique [20, 24, 34, 50, 53, 54].
The elongated structures of < 1 um in length observed in the present
study could potentially be attributed to the aligned faceted crystals
already described by Lopez-Alvarez et al. These crystals, of approx.
0.5-1.0 um in one dimension and 4-10 um in the others, are part of the
shark enameloid structure [37, 38] where fluorine is present in the
bioceramic [36-38].

The thickness value obtained by interferometric profilometry for the
Bio-FHA coatings deposited at 0.45 mbar of H>O vapor pressure for
30 min was 0.11 + 0.01 um, while for those processed at 0.00 mbar
the value was 0.54 + 0.05um. The deposit rate was 3.5 nm/min for
the coatings processed at 0.45 mbar, and 18.1 nm/min for those pro-
cessed at 0.00 mbar. These results indicate that increased H,O vapor
pressure diminishes the thickness of the coatings. The thicknesses ob-
tained in both conditions were much lower than the profile of the
processed titanium alloy substrates, which is why both coatings adapt
perfectly to the substrate topography without modifying it.
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The crystallinity of the coatings was analyzed by XRD. A defined
crystalline structure with clear, sharp and intense peaks was found for
the coatings deposited above 0.25mbar. For the coatings deposited
below this H,O vapor pressure, the spectra revealed the presence of a
unique wide band. Fig. 3 depicts XRD spectra in the range of 20 to 35°
for the Bio-FHA coatings deposited at 0.45 and 0.00 mbar. As can be
seen, Bio-FHA coatings processed at 0.45 mbar reveal the typical re-
flections associated with apatite structures, such as hydroxyapatite
Cas(PO4)3(0OH), carbonated-hydroxyapatite or fluorapatite Cas(PO,4)3F,
located at 29.4, 32.1 and 33.4°, corresponding respectively to the
(2,1,0), (1,1,2) and (3,0,0) diffraction planes [20, 41, 46, 49, 53,
55-58].

For a more detailed analysis, the diffraction peak at plane (1,1,2)
was selected to estimate the crystallite size () on the processed coat-
ings at different H,O vapor pressures using the Scherrer equation (1):

T=KA/B cos 6 @
where A is the wavelength of the incident radiation, 6 is the Bragg angle
and B is the FWHM of the peak intensity corresponding to the (1,1,2)
reflection. The single-crystal sizes obtained were 65 nm for the Bio-FHA
coatings processed at 0.45 mbar, and 17 nm at 0.00 mbar; the values for
0.35, 0.25 and 0.15mbar were 48, 43 and 20 nm respectively. Crys-
tallite size therefore increases as H,O vapor pressure increases,
meaning that the crystallinity of these coatings can be modified de-
pending on the pre-defined pressure.

These results were in good agreement with those obtained in the
FTIR analysis (Fig. 2), where defined bands were also observed with the
progressive incorporation of H,O vapor pressure. It is well known that a
HA structure needs OH ions to stabilize its crystalline structure. In the
PLD process, the presence of a H;O vapor atmosphere reduces the ki-
netic energy of the species (which could influence the deposit rate,
promoting a decrease in thickness), enhancing the crystalline quality of
the films [16]. It is also well known [43, 44] that the water forms a
ternary equilibrium with the CaO and P,Os groups. Phase diagrams of
CaO and P,0s show the reactivity of calcium orthophosphates with
humidity at high temperatures, following reactions such as:
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Fig. 3. XRD patterns of Bio-FHA coatings deposited at H,O vapor pressures of
0.45 and 0.00 mbar during the PLD process.

20 35

3Ca4P209 + HO0 — 2Ca5(OH)(PO4)3 + 2Ca0O
3Ca3P,04 + Ca0 + H,0 — 2Cas(OH)(PO,)s

When the crystalline structures of the ablation target were com-
pared with those obtained for the coatings, the presence of diffraction
planes—(2,1,0), (1,1,2) and (3,0,0)—on the Bio-FHA coatings pro-
cessed at 0.45 mbar (and also at 0.25 and 0.35 mbar) confirmed the
efficient material transference from the target to the coatings. It is
worth highlighting that the single-crystal size of 65nm estimated for
the Bio-FHA coatings processed at 0.45 mbar was close to that reported
for the original bioceramic of pyrolyzed shark enameloid (60 nm) [36].

Finally, the compositional analysis performed by XPS enabled the
identification and atomic percentage quantification of the elements
present in the Bio-FHA coatings. As can be seen from the quantitative
evaluation in Table 1, the chemical composition of the whole series of
Bio-FHA coatings was based on Ca, P and also F, with the incorporation
of Na for pressures =0.25 mbar, and of Mg at the highest tested pres-
sure (0.45 mbar).

Table 1
Atomic percentages of main elements of Bio-FHA coatings processed at H,O
vapor pressures of 0.00 to 0.45 mbar determined by XPS.

Bio-FHA coatings Composition (at.%) Ca/P ratio
Cayp Py, Fis Nayg Mg
Vapor pressure 0.45 17.98 9.89 1.96 0.95 0.86 1.82
(mbar) 0.35 17.48 9.92 2.28 0.55 - 1.76
0.25 15.14 7.63 1.33 1.06 - 1.98
0.15 15.76 4.13 1.17 - - 3.82
0.00 17.39 5.02 1.28 - - 3.46
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When the composition of the ablation target (shown in Materials
and Methods section) was compared with that of the coatings, it was
found that the five elements were successfully transferred only in the
Bio-FHA coatings processed at 0.45 mbar. In other words, higher H,O
vapor pressures during the PLD processing favored the incorporation of
Ca, P and F, as well as minority elements (Na, Mg). It is interesting to
note that the coatings deposited at 0.35 and 0.45 mbar of H,O vapor
pressure presented a Ca/P ratio of around 1.8, whereas it was 1.2 in the
case of the ablation target. The Ca/P ratio therefore approaches that of
sintered synthetic carbonated hydroxyapatite, Ca/P = 1.7 [16], when
the pressure is increased to 0.35-0.45mbar. The same tendency of
lower Ca/P ratios with higher pressures has already been reported for
synthetic calcium phosphate coatings obtained by PLD at 0.15 to
0.80 mbar, explained by the fact that more phosphorus can be retained
in the coating [16]. In the same way as the crystalline structure, the
composition is also affected by the H,O vapor pressure used. During the
PLD process, this atmosphere facilitates the control of film stoichio-
metry by promoting a hydration reaction between the film species and
H,0 or its decomposition products.

High-resolution XPS spectra of the F; electronic transition for the
complete H,O vapor pressure series of Bio-FHA coatings are presented
in Fig. 4. The results confirmed that the BE for the F;; transition shifted
slightly towards lower energies, from 685.05 to 684.69 eV, as the H,O
vapor pressure increased.

Note that the high BE (685.05eV) of coatings deposited with re-
duced or null H,O vapor pressure, when compared with the target
(684.20 eV), could be attributable to a different compound, for instance
CaF, [51]. Note also that hydroxyl groups from the H,O vapor atmo-
sphere are known to replace groups of PO, ™3, F~ or CO; 2.

Based on the FTIR, XRD and XPS results and the referenced litera-
ture, the composition of our Bio-FHA coatings—deposited by PLD at
0.35 and 0.45 mbar of H,O vapor pressure onto a marine bioceramic of
pyrolyzed enameloid shark teeth—can be defined as a hydrated and
fluorinated carbonated hydroxyapatite.

The role of water vapor pressure in producing fluorinated carbo-
nated hydroxyapatite by PLD can be summarized as follows:

1. The presence of a H,O vapor atmosphere reduces the kinetic energy
of the species, causing a slower deposit rate and enhancing the
crystalline quality of the films.

2. A greater number of hydroxyl groups are available in the growth
process, allowing the crystalline structure to stabilize more easily.
3. The presence of a H,O vapor atmosphere allows an ion exchange
between OH ™, PO, 3, F~ or CO3 ™2 groups.
()
1
Fls | :
(IR
-~ " 0.45 mbar
=~ [}
& 1
& e 0.35 mbar
w»
= [
S [l
= N 0.25 mbar
(I}
I
N 0.15 mbar
1
L}
- 0.00 mbar
[}
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Fig. 4. High-resolution XPS spectra of F;; electronic transition for the complete
H,0 vapor pressure series of Bio-FHA coatings.



B.M. Hidalgo-Robatto et al.

200 pm

4. The main substitutions correspond to: (i) CO52~ ions for PO~
and/or OH™ ions and (ii) F~ ions for OH™ ions
5. The incorporation of F~ ions produces changes in the lattice struc-

ture of fluorinated carbonated hydroxyapatite coatings causing an
increase in the crystal size and crystallinity [45].

3.2. Biological response: MC3T3-E1 pre-osteoblast viability

The Bio-FHA coatings processed at 0.45 mbar were selected for the
biological evaluation, because of their proven crystallinity and good
transference from the ablation target, including the incorporation of
minority elements such as Na and Mg. Ref-HA coatings and TCP were
also subjected to the experiments as material and experimental con-
trols, respectively.

Fig. 5 presents the morphology of MC3T3-E1 cells on Bio-FHA (a, b)
and Ref-HA (c, d) coatings, by CLSM (a, c¢) and by SEM (b, d). The
cytoskeleton of the cell monolayers on both coatings stained in red
(nuclei) and green (actin filaments) revealed a degree of elongation of
actin filaments that appeared to be following the topography of the Bio-
FHA coatings (a), as already depicted in Fig. 2. SEM of the same Bio-
FHA coating (b) confirmed the typical flat morphology of cells that
have formed a thick layer covering the entire coating. In the case of the
Ref-HA coatings, the distribution of actin filaments forming a honey-
comb-like structure is observed on the CLSM micrograph (c), and again
a monolayer covering the entire coating (d) confirmed the healthy stage
of cells.

Both coatings were proven to promote healthy morphology on the
cells at the noted times of incubation; cells made contact with neigh-
boring cells and covered the entire surface of their respective coatings
(Bio-FHA and Ref-HA). The typical flat morphology of osteoblasts
confirmed their healthy stage on both materials [50]. The morphology
of the Bio-FHA coatings (Fig. 2), based on ridges and valleys following
the direction of the topography of processed titanium substrates and
composed of elongated structures of < 1 ym in length, could contribute
to the particular alignment observed in the cells' morphology. It is
known from the literature that the topography strongly influences the
morphology and functional activity of pre-osteoblasts, and that
roughness favors osteogenic activity [59]. The literature has also re-
ported on the orientation and aligned growth of osteoblasts on poly-
mers or different ceramics [60, 61].

Cell proliferation was quantified after 7 and 21 days and results are
presented in Fig. 6. After 7 days of incubation an intense proliferation of
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Fig. 5. Morphology of MC3T3-E1l cells on Bio-FHA
(a, b) and Ref-HA (c, d) coatings, by CLSM (a, c) after
20days of incubation, and by SEM (b, d) after
21 days of incubation. In the CLSM micrographs
nuclei are stained in red and actin filaments in green.
(For interpretation of the references to colour in this
figure legend, the reader is referred to the web ver-
sion of this article.)

mBio-FHA BRef-HA OTCP

*x
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Incubation time (days)

Fig. 6. MTT assay results after incubation of MC3T3-E1 pre-osteoblasts on Bio-
FHA and Ref-HA coatings for 7 and 21 days. TCP was used as control. Data are
presented as mean * standard error of the mean. Significant statistical dif-
ferences for p < 0.05 (*) and p < 0.01 (**) are shown.

cells was observed on the Bio-FHA coatings; it was significantly higher
(p < 0.01) than the proliferation on the Ref-HA coatings or the TCP
control. After 21 days, all tested materials had higher values than on
day 7, with both coatings at the same level as the TCPs. The pro-
liferation values obtained for TCPs after both incubation periods of 7
and 21 days were as expected for this gold standard control. This con-
trol therefore confirms the healthy stage of cells throughout the ex-
periment, and their good response when seeded on the two tested
coatings at long periods of incubation.

Synthetic fluor-hydroxyapatite contributions on different materials
have previously been tested in the literature, with good results in terms
of proliferation, validating its non-cytotoxic behavior [1, 46, 52]. Bio-
logical fluorapatite obtained from shark enameloid has also performed
well as granules and powder in in vitro tests [38]. Compared to these
granules and powder, the Bio-FHA coatings in this study had compo-
sitional differences in terms of crystallinity, due to the processing
conditions used to obtain them. Given the influence of H,O vapor
pressure demonstrated in this study, hydroxyl groups are thought to
compete with PO, > groups, promoting a Bio-FHA structure instead of
Bio-FA (Fig. 4). The content of F (1.96 at.%), Na (0.95 at.%) and Mg
(0.86 at.%) found in our Bio-FHA coatings resembled that of a previous
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Fig. 7. ALP activity of MC3T3-E1 pre-osteoblasts on Bio-FHA and Ref-HA
coatings, at 7 and 21 days. TCP was used as a control. Data are presented as
mean + standard error of the mean. Significant statistical differences for
p < 0.05(*) and p < 0.01 (**) are shown.

study on bioceramics from shark teeth [37], where values were
1.0 = 0.5at.% for F, 0.90 + 0.2 at.% for Na and 0.65 + 0.04 at.% for
Mg. These findings support the proven stoichiometric transference of
the PLD methodology [16, 25]. These contributions could explain the
intense osteoblastic proliferation on Bio-FHA coatings, compared to
Ref-HA, after just 7 days of incubation (Fig. 6). The effect of fluoride on
cell proliferation has previously been studied by Lau and Baylink [62],
who demonstrated how fluoride contribution in concentrations of
0-30 uM of fluorine increased bone cell proliferation.

Osteogenic activity of the MC3T3-E1 pre-osteoblasts on both coat-
ings (Bio-FHA and Ref-HA) was evaluated by quantifying ALP activity
at 7 and 21 days of incubation (Fig. 7). After 7 days of incubation,
significant ALP activity (p < 0.01) was quantified on the Bio-FHA
coatings compared to both the Ref-HA and TCP, which presented lower
values in the same range. After 21 days of incubation, ALP activity in-
creased in mean values on the two coatings and the TCP controls.
However, the Bio-FHA and Ref-HA coatings showed higher levels of
ALP activity (p < 0.05) than the TCP values. These results demonstrate
the effective promotion of osteogenic activity by MC3T3-E1 pre-os-
teoblasts when seeded on Bio-FHA coatings after 7 and 21 days of in-
cubation. The structure and morphology of fluor-hydroxyapatite, along
with the contributions of F and minority elements Na and Mg, seemed
to accelerate osteogenic activity.

In keeping with these results, several authors have previously re-
ported on the promotion of cell proliferation and differentiation pro-
cesses by synthetic FHA coatings [1, 46]. The differentiation of dental
pulp stem cells and mesenchymal stem cells (MSCs) into osteoblasts was
also observed on synthetic fluorapatite surfaces, where cells were able
to successfully differentiate and mineralize [2, 54, 63, 64]. Ellingsen
et al. [2] concluded that the presence of fluorine could contribute to
bone healing and regeneration by inducing the differentiation of un-
differentiated precursor cells into osteoblasts. In our case, the osteo-
genic activity of MC3T3-E1 pre-osteoblasts was already quantified at
7 days of incubation.

3.3. Biological response: antibacterial properties

To evaluate the antibacterial activity of the Bio-FHA and Ref-HA
coatings, adhesion and biofilm formation were analyzed after incuba-
tion with S. aureus and S. epidermidis. The adhesion of both strains was
first evaluated by SEM analysis and the results are displayed in Fig. 8,
where micrographs (a, b) correspond to Bio-FHA and (c, d) to Ref-HA
coatings; micrographs (a, c) relate to S. epidermidis and (b, d) to S.
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aureus. Cocci, diplococci (white arrows) and aggregates were detected
on both coatings. The presence of aggregates was observed especially
on S. aureus (b, d). A slightly higher density of bacteria was detected on
the Ref-HA coatings compared to the Bio-FHA (white squares).

The median number of CFUs for each coating and both bacterial
strains was quantified after 24 h at 37 °C. As illustrated in Fig. 9, the
adherence of S. aureus was significantly higher (p < 0.05) than S.
epidermidis in both coatings. For S. aureus, there was a significant 3.6-
fold reduction in biofilm formation on Bio-FHA (longFU/cm2 =8.11)
compared to Ref-HA (longFU/cm2 = 8.67) (p = 0.0425). In the case
of S. epidermidis, the results showed a significant 2.4-fold reduction in
biofilm formation on Bio-FHA (loglOCFU/cm2 = 6.87) compared to
Ref-HA (log;o,CFU/cm? = 7.25) (p = 0.0248).

These results were in keeping with previous studies that have de-
monstrated the antibacterial effect of fluorine against oral bacteria
[4-10]. In our research, the 1.96 at.% of fluorine was proven to be
significantly effective against the species of bacteria responsible for
77% of infections in prosthetic implants. The contributions of other
minority elements as a result of the biological origin of the target, to-
gether with the globular morphology and crystalline structure of the
Bio-FHA coatings after PLD processing at 0.45mbar of H,O vapor
pressure, contributed to the proliferation and differentiation of MC3T3-
E1 pre-osteoblasts and kept the antibacterial properties of fluorine in-
tact.

4. Conclusions

This study demonstrated both the feasibility of producing PLD
coatings (Bio-FHA) from shark tooth enameloid in a H,O vapor atmo-
sphere and good compositional transference from the original bio-
ceramic. It also showed how the coatings' composition and crystalline
structure depended on the H,O vapor pressures applied during the
process. Increased pressure meant increased crystallinity: at the highest
pressure of 0.45mbar, more defined bands attributed to apatite dif-
fraction planes, and crystallite sizes of up to 65nm were detected.
Higher pressures also resulted in a more efficient compositional trans-
ference from the target (even minority elements such as Na and Mg
were transferred, in addition to Ca, P and F), the incorporation of
carbonate groups and H,O to the composition and, as a consequence, a
decrease in the Ca/P ratio to values of around 1.8. When processed at
0.35-0.45 mbar, the original fluorapatite (with small contributions of
tricalcium bis(orthophosphate) and/or whitlockite) of the shark tooth
enameloid became a hydrated fluorinated carbonated hydroxyapatite.
Compared to the synthetic hydroxyapatite coatings, the composition of
the Bio-FHA coatings processed at 0.45 mbar, as well as the globular
morphology of ridges, valleys and elongated structures of < 1 um in
length, were shown to significantly (p < 0.01) favor the proliferation
and ALP synthesis of MC3T3-E1 pre-osteoblasts after a short period. At
the same time, it was demonstrated that the 1.96 at.% of F promoted a
significant reduction in biofilm formation (p < 0.05) by S. aureus and
S. epidermidis. These results confirmed the antibacterial properties of
the Bio-FHA coatings, their in vitro biocompatibility in terms of pro-
liferation and differentiation of MC3T3-E1 pre-osteoblasts, and their
great potential for biomedical applications.
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Fig. 8. SEM micrographs of S. epidermidis (a, c¢) and S. aureus (b, d) on Bio-FHA (a, b) and Ref-HA (c, d) coatings. White arrows indicate diplococci and white squares
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