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ABSTRACT

Three different surface treatments on a Ti6Al4V alloy have been in vitro tested for possible application in
cementless joint prosthesis; all of them involve the novelty of using the Cold Spray technology for their
deposition: (i) an as-sprayed highly rough titanium and, followed by the deposition of a thin hydroxyapatite
layer with (ii) microcrystalline or (iii) nanocrystalline structure. Primary human osteoblasts extracted from
knee were seeded onto surfaces and cell viability using MTS and LIFE/DEAD assays, osteoblasts
differentiation by alkaline phosphatase (ALP) quantification as well as cell morphology were tested at 1, 7
and 14 days of cell culture.

Different cell morphologies between titanium and hydroxyapatite surfaces were exhibited; at 1 day of cell
culture, cells on the titanium coating were spread and flattened, expanding the filopodia actin filaments in
all directions, while cells on the hydroxyapatite coatings showed round like-shape morphology due to a
slower attachment. Higher cell viability was detected at all times of cell culture on titanium coating due to
a better attachment at 1 day. However, from 7 days of cell culture, cells on hydroxyapatite showed good
attachment onto surfaces and highly increased their proliferation, mostly on nanocrystalline, achieving
similar cell viability levels than titanium coatings. ALP levels were significantly higher in titanium, in part,
because of greatest cell number. Overall, the best cell functional results were obtained on titanium coatings
whereas microcrystalline hydroxyapatite presented the worst cellular parameters. However, results indicate
that nanocrystalline hydroxyapatite coatings may achieve promising results for the faster cell proliferation

once cells are attached on the surface.
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1. INTRODUCTION

The surface treatments for cementless joint prosthesis have been the subject of exhaustive study during the
last decades. These have been performed with the intention to improve the osseointegration of titanium
aiming at modify the microstructure of the surface by texturing or changing the chemical composition [1];
textures have played an important role leading to an increase of free surface and cell differentiation [2]. On
the micron scale, roughness is clearly important and it has been shown to be important for bone bonding.
However, those textures should be in a range between 100-500 microns to enable the bone ingrowth for

good mechanical fixation [3]. Moreover, textures are also important at micro/nanoscale; surface treatments



such as grit-blasting and acid-etching [4,5] and anodization [6,7], enhance cell response. However, surface
patterns have yet to be established. By these approaches, the ability of the prostheses to bind to bone is
obtained through a new morphology, an improved roughness and a bigger contact area between the implant
ant the tissue. Surface treatments can also involve chemical modifications on Ti such as the deposition of
bioactive ceramics as could be calcium phosphates or bioactive glasses [8,9]. Those treatments show
significant effects in-vitro and in-vivo [10]. There exists an extensive work in the literature dealing with
the application of calcium phosphates as bioactive layers by many several methodologies, especially
concerning hydroxyapatite (HA) due to their osteogenic properties and the ability to form strong bonds
with host bone tissues [11]. The bioactivity and biodegradation of HA are critical parameters to achieve

good HA coatings that mainly depend on HA phase and crystallinity [12].

The most commonly well-established process for commercial prosthesis is Plasma Spraying (PS), either
covering the surface implants with titanium porous surfaces or with stoichiometric hydroxyapatite. In the
case of titanium coatings, the Vacuum Plasma Spraying (VPS) is mostly used to avoid oxidation. With
regard to HA coatings, they are reported to lead to an early new bone formation on their surface but lately
few concerns have appeared discussing their improvement effect [12]. Plasma sprayed HA coatings have
shown long term failures related to the weak adhesion of HA coating due to the formation of Amorphous
Calcium Phosphate (ACP) phases caused by the high flame temperatures [12]. Hiler et al. [13] reported that
the use of HA coating on stems available both with and without this surface treatment had no clinically
relevant effect on their outcome. Contrarily, early follow-up showed that HA cementless acetabular cup
implant design exhibits high survivorship and clinical success with lower incidence of loosening and
migration than older designs [14]. Findings suggested inferior survival HA-coated by premature failure due
to the disintegration of the particles of the coating, resulting in an increase of osteolysis and aseptic
loosening failures [15]. Lower temperature techniques such as the High Velocity Oxygen Fuel (HVOF)
process were also studied, and although higher crystalline coatings were obtained in comparison with PS,
it was still observed the formation of ACP phase at the interface coating/substrate [12,16, 17], detrimental
for a suitable bond strength of the coating in vitro.100% crystalline coatings were obtained after a thermal
treatment at 700 °C for 60 min, leading to a bond strength after immersion in Simulated Body Fluids (SBF)
much higher than without treatment [17]. Different HA coatings from less to high crystallinity were in-
vitro evaluated with human osteoblast cells [18]. Results showed that different phases do not affect cell

viability and cell proliferation but the presence of ACP induces a higher cell differentiation.

Cell response depends on surface parameters such as topography, chemistry and structure [19].
Topographical surface changes as could be roughness and porosity induce good cell response [20]. Results
suggest that the introduction of nanoscale structures in combination with micro-/submicro-scale roughness
improves osteoblast differentiation and local factor production, which, in turn, indicates the potential for
improved implant osseointegration in vivo [21]. Surface chemistry, as could be formation of sodium titanate
hydrogel on the surface of the implant due to an alkaline treatment [22] or the deposition of calcium
phosphates such HA [9], should allow for earlier load bearing of prostheses following implantation.
Specifically, HA surfaces seem desirable due the induction of bone like apatite formation, which is
considered to be a reason for better osseointegration [23]. Concerning the structure, cells are sensitive to
small surface features; Fernandes et al. [24] demonstrated that the use of small grain sizes, as could be

ultra-fine grained Ti particles, induces favorable biological responses, as well as the used of nanocrystalline



HA, a topic of special interest due its similar crystal bone size microstructure. Nanocrystalline HA provided
high surface area which induced better bioactivity than coarse crystals [25]. Webster et al. [26] reported
that osteoblast functions on ceramics with grains smaller than 100 nm were significantly enhanced
compared with larger grains. So, the production of nanocrystalline HA coatings on titanium seem desirable

for implants if it can be accomplished at low temperature.

The Cold Spray (CS) coating technology has been suggested as a good alternative to spray oxygen- and
temperature-sensitive materials, due to its low temperature range in comparison with the conventional
thermal spray technologies [27]. CS is a solid-state process based on the kinetics energy and stands above
conventional spray techniques for its low temperature rates. Small particles (5-50 um) are accelerated by a
pre-heated gas temperature (25-1100°C) lower than the melting point of the material and propelled toward
a substrate at supersonic velocities (300-1200 m/s). Since particles are not melted for cold spray, the
resulting deposits exhibit moderate compressive residual stress. CS started by the spraying of ideal metallic
materials with relatively low melting points and lower mechanical strengths such as Zn, Al and Cu, to
higher strength materials such as Ti and the corresponding alloys, as well as tantalum and even cermet and
ceramic materials [28,29,30]. Recently, several coating systems have been obtained through this process
for biomedical purposes [31]. Both, titanium and calcium phosphate coatings have been lately produced [9,
27,32,33,34]. However, very few works deal with their performance in vitro and in vivo [10,35]. CS calcium
phosphate attempts were mostly produced on soft substrates such as PEEK [10], in which facilitates the
differentiation and the proliferation of cultured cells, or magnesium [36] in which was improved the
biodegradability of Mg alloy attributed to the dissolution and re-precipitation of apatite. The soft substrates
embedded ceramic HA particles embedded into them leading to HA coatings. However, recently attempts
of calcium phosphate coatings were obtained onto hard substrates such as Ti6Al4V alloy, in which powder

structure plays an important role on its deposition [9,32,34].

A comparative study between Ti and HA coatings obtained by APS and VPS has been carried out [37]. In
both cases, VPS is recommended as a better method to deposit Ti and HA coatings that can be applied as
hard tissue replacement implants. This work was especially interesting in the sense that provides a
comparison in the biological performance between such coatings having different composition and surface
morphology obtained by the conventional technologies. Usually, it is quite difficult to justify the cell
behavior when such different variables are considered. A similar work is here presented but for cold sprayed
coatings. Currently, very few biological studies of CS HA coatings have been performed, due to the

challenge to spray ceramic particles by CS [10].

In view of what has been exposed, the aim of the present article is to present an in vitro comparison of (i)
an as-sprayed highly-rough titanium coating with two others: one followed by the deposition of a thin
hydroxyapatite layer with microcrystalline feedstock powder and the other with nanocrystalline feedstock
powder; all the coatings are deposited by CS. The results will be presented and discussed according to the

specific spraying conditions here employed and cannot be generalized.



2. MATERIALS AND EXPERIMENTAL METHOD
2.1. Sample preparation and surface characterization

A Commercial Pure grade 2 Titanium (CP-Ti) powder with irregular shape was used for that purpose. CP-
Ti particles present the typical morphology obtained by attrition process, with a particle size between 90-
150um. The particles exhibit an irregular morphology with angular shapes (Fig. 1a), showing a dense and
a compact microstructure; also, two different HA powders with different microstructures were chosen: (i)
a microcrystalline HA (C-HA) powder obtained by sintering from Plasma-Biotal Ltd. (Captal30,
Derbyshire, UK) and (ii) an agglomerated nanocrystalline HA (NC-HA) powder from Medicoat (France).
Both HA powders present spherical morphologies. NC-HA powder has a particle size distribution between
63-40pum while C-HA of 40-20um. Figure 1b shows the spherical morphology of the agglomerate NC-HA
particle composed of very fine agglomerates whereas figure 1c displays the morphology of sintered
structure showing a porous morphology formed by microcrystalline grains. The morphological
characterization of the feedstock powders was performed by Scanning Electron Microscopy SEM (ProX
Phenom) equipped with an EDS for microanalysis. All powders were sprayed onto Ti6Al4 alloy substrates

of 2 mm thickness and 7 mm x7 mm dimension size for in-vitro tests.

The CP-Ti coatings were previously optimized with CGS KINETICS® 4000 with a maximum operating
gas pressure of 40 bars, gas temperature of 800°C and with nitrogen as the propellant gas. C-HA and NC-
HA powders were afterwards deposited onto CP-Ti coatings by CS [9,33,34].

Surface examinations were performed by Field Emission Scanning Electron Microscopy (FESEM JEOL
JSM 7100F). The cross-section areas were prepared by grinding and polishing samples until 1pm size
diamond suspension, and the coating thickness values were measured according to ASTM F1854 with
optical microscopy (Leica DMI5000 M). The phase identification of HA coatings was analyzed by X'Pert
PRO MPD diffractometer (PANalytical) with Cu Ka radiation. The roughness of the coatings was measured
by confocal microscopy (Leica DCM3D) and the results were presented with the Sa-Sz and Ra-Rz global
values for the 3D surface and 2D profile as well as the Ra and Rz of the 2D profile separated in the waviness
and microgroughness contribution according to I1SO 4287, at a magnification of 10x and an stitching of
2x2. The surface nanoroughness of the coatings was measured by Multimode8 AFM with Nanoscope V
(Bruker) controller and a SNL (Bruker) probe (K:0.35N/m). A custom-made water contact angle
goniometer with imageJ software program was used to the measurement of the contact angles, performing

static measurements in sessile drop mode with 2 pl droplet of MilliQ water.
2.3. Cell culture

Human osteoblastic cells (HOBs) have been obtained from knee trabecular bone of postmenopausal women
undergoing knee replacement due to osteoarthritis, following the protocol described by Nacher et al. [38].
The entire study has been approved by the Parc de Salut Mar Ethics Committee. Briefly, trabecular bone
was dissected into small pieces, thoroughly washed in phosphate-buffered solution (PBS) and placed into
a 15 cm diameter Petri dish containing 15 ml Dulbecco’s modified Eagle’s medium (DMEM) supplemented
with 10% FBS, penicillin (100 Ul/ml), streptomycin (100 Ul/mL), ascorbic acid (100 pg/ml) (Invitrogen)
and fungisone (0.4 %) (Gibco). The explants were incubated at 37 °C in a humidified atmosphere of 5 %

CO, changing the medium once a week until cell confluence. Finally, cells were subcultured into new 75
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cm? flasks until the needed cell number has been reached. A maximum of a third subculture has been used
in the experiments. For materials testing, samples were overnight sterilized in ethanol 70°, washed in PBS
and placed on a 48-well polystyrene culture plate (Nunc A/S). Each material was seeded with 100.000 cells
and cultured with DMEM supplemented with 10 % FBS and ascorbic acid. Samples were tested at 1, 7 and
14 days of cell culture. Tests were carried out three times in order to ensure reproducibility. Each test
contained two replicas of each sample and was tested together positive and negative controls. Results were
normalized by the titanium samples within each experiment and each time in order to avoid the inter-

experiment variability.
2.4. Cell viability assays

Cell viability on materials was tested using MTS assay CellTiter 96® AQueous One Solution Cell
Proliferation assay (Promega) according to manufacturer’s protocol. 50 ul of MTS were added in each
sample cultured with 250 pl of medium, incubating for 3 hours and then recording the absorbance at 490

nm.

LIFE/DEAD Viability/Cytotoxicity assay Kit for Mammalian Cells (Invitrogen) discriminates live from
dead cells by simultaneously staining with green-fluorescent calcein-AM (life cells) and red-fluorescent
ethidium homodimer-1 (dead cells). Live/Dead assay was performed by adding 300ul of 4 uM EthD-1 and
2 uM of calcein AM in PBS per sample and incubated for 30-45 min at room temperature. Then, surfaces

were observed with a Confocal TCS SP5 Upright from Leica Microsystems.
2.5. Alkaline phosphatase assay

Osteoblastic differentiation was evaluated through alkaline phosphatase (ALP) activity, with Abcam’s
Alkaline Phosphatase Assay Kit. This assay uses p-nitrophenyl phosphate (pNPP) as a phosphatase
substrate which turns yellow when dephosphorylated (it turns to p-nitrophenol) by ALP. The resulting

absorbance was measured at 405nm using a scanning multi-well spectrophotometer.
2.6. Cell morphology

Phalloidin-Tetramethylrhodamine B isothiocyanate (Sigma-Aldrich) was used for determining the structure
of the cytoskeleton by staining the F-actin. Cells were cleaned with PBS several times and fixed 10 min in
3.7 % formaldehyde (Probus) solution in PBS. Then, cells were washed extensively again in PBS and
permeabilized with 0.1 % TRITON® X-100 (Sigma-Aldrich) in PBS 5 min. After that, cells were washed
again in PBS and immersed in phalloidin (protected from the light) 40 min at room temperature. Cells were
observed with a Leica Confocal TCS SP5 Upright.

2.7. Statistical analysis

Statistical analyses were performed by Mann-Whitney U test for group comparisons in the SPSS v.12.0 for

Windows. All analyses were two-tailed, and p-values<0.05 were considered significant.



3. RESULTS
3.1. Coating characterization

Figure 2 shows the FESEM micrographs showing the top surface morphology of CS: (i) CP-Ti coatings
and (ii) NC-HA and (iii) C-HA coatings onto CP-Ti coatings. During the impact, the coarse feedstock Ti
particles underwent plastic deformation and adhered to the Ti6Al4V alloy substrates. As it can be observed
in table 1, the CS CP-Ti surfaces (Fig. 2a) show significant roughness due to the large particle size and
relatively low particle flattening upon impact. As a consequence of the high roughness, a high waviness is
noticeable. Additionally, it should be remarked that since the powder used has an irregular morphology,
the titanium particles themselves show certain nanotexture on their surface, which might also play some
role for cell attachment. These two contributions lead to high specific surface areas.

On the other hand, the fragmentation of the sintered HA feedstock powder results in a top surface
morphology composed of submicron grains of polygonal shape (Fig. 2b), whereas the agglomerated powder
leads to a more irregular and finer morphology (Fig. 2¢). In both cases a decrease of surface roughness was
observed, as HA layer smothered the groves and ridges of the CP-Ti surface. All roughness values
parameters that were obtained by confocal microscopy were thus lower for the surfaces covered with HA
compared to simply as-sprayed CS CP-Ti (Table 1). The nanotexturization given by the AFM
measurements resulted in values of Ra=58.2nm and Ra=39.1nm for C-HA and NC-HA respectively, due
to the larger micron-sized grains of the CS C-HA particles than the fine agglomerates of the CS NC-HA.
This tendency had also been observed for the microroughness values. However, no AFM measurements

were able to be performed on CS CP-Ti coatings.

Figure 3a shows the cross section of a CS CP-Ti coating. The use of coarse titanium particles leads to high
surface roughnesses up to Ra=40+13 um (Table 1). Good particle cohesion at the contact points could be
observed (Fig. 3a). Figures 3b and 3c show CS HA coatings onto CS CP-Ti coatings. It is observed that
HA deposition covers the as-sprayed rough titanium surface (especially the valleys), with the aim to induce

surface bioactivity by the deposition of about ~50um of HA.

The X-Ray diffraction (XRD) of both CS HA coatings is shown in figure 4. The CS NC-HA coating exhibits
less intense and broader peaks due to its nanocrystalline microstructure. Previous analysis indicated that
the CS NC-HA layer presents an amount of 86.58% of HA phase, 2.07% of monetite phase and 11.34% of
amorphous phase, with a crystal size around 11nm [34]. Contrary, the XRD of C-HA surface shows narrow
and intense peaks due to higher crystallinity; no amorphous phase was detected and showed a crystal size
between 0.5-2um [9]. Regarding surface wettability, CS CP-Ti coatings show hydrophilic behavior with a
contact angle of 26+10°; in a previous work, this was compared with the angle of 33+2° exhibited by a
sandblasted Ti6AI4V alloy substrate [39]. After the deposition of the respective HA layers, the CS HA

coatings show superhydrophilic behavior with a contact value angle of 0 °.

3.2. Osteoblast viability



Results of Live/Dead assay are shown in figure 5. Overall, all coatings showed good viability and there is
no evident number of dead cells at all times tested. Along culture periods, all coatings showed an increase
of cell number along the surface. CS CP-Ti coatings showed significantly higher cell attachment on the
surface at 1 day of cell culture (Fig. 5) leading to a faster start cell proliferation in comparison with CS NC-
HA coatings (Fig. 6). Hence, after 7 days of cell culture, significant cell proliferation was detected in CS
CP-Ti coatings compared to HA coatings, being the CS NC-HA, the coating with the slowest proliferation
rates (Fig. 6). At 14 days of cell culture, a rapid increase of cell proliferation was observed on HA coatings,

especially on CS NC-HA coatings, achieving similar MTS values with CS CP-Ti coatings (Fig. 6).
3.3. Osteoblast differentiation

Osteoblastic function was evaluated by assessing the ALP activity (Fig. 7). HA coatings showed
significantly lower ALP values in comparison with CS CP-Ti coatings at all times of culture. Comparing
HA coatings, the C-HA coatings showed higher values compared to NC-HA coating although differences

were attenuated at 14 days of cell culture.
3.4. Osteoblast morphology

Osteoblast cells were stained with Phalloidin in order to analyze the cell morphology at 1, 7 and 14 days of
cell culture (Fig. 8). At 1 day of culture, the osteoblast cells onto CS CP-Ti coatings showed spread and
flattened morphology with extended filopodia on all directions, s showing good attachment onto the surface.
On the other hand, cells onto HA coatings tended to have round like-shape morphology with a few extended
filopodia and elongated cytoplasm in one direction. CS NC-HA coatings presented the highest amount of
round like-shape morphology cells in comparison with CS C-HA coatings. At 7 days of cell culture, cells
onto CS CP-Ti and CS NC-HA coatings showed the same cell spread and flattened morphology with
elongated filopodia connecting each other, as well as proper cell attachment onto the surfaces. Otherwise,
cells on CS C-HA coatings still spreading their cytoplasm and attaching onto the surface. At 14 days of cell
culture, CS CP-Ti and CS NC-HA coatings showed full surface covered by osteoblast with extended and
flattened actin filopodia. Cells onto CS C-HA coatings showed osteoblastic morphology and good
attachment; although the number of cells was less in comparison with CS CP-Ti and CS NC-HA coatings

due to the slow cell attachment at culture initiation.

4. DISCUSSION

Many works within the literature can be found concerning the influence of the composition, crystallinity,
surface roughness and wettability (surface energy) on the in vitro performance. Most of the studies tend to
make comparisons based on one of such effects and trying to keep the others fixed. However, their precise
control is usually difficult and the synergic effect of all these variables must be taken into consideration
when discussing the in vitro responses of osteoblastic cells. Here, the three cold sprayed coatings that cells
are in contact with (one titanium and two hydroxyapatites), differ in composition, roughness, crystallinity
and wettability, and the discussion will be addressed trying to evaluate the characteristic that plays a more

predominant role.

4.1. Coating deposition



During the impact with the substrate, ductile particles in cold spray undergo plastic deformation and adhere
to the surface. The kinetic energy of the particles, supplied by the expansion of the gas, is converted into
plastic deformation energy allowing bonding between particles [40]. Here, the titanium coarse particles
adhere one to the other, being able to build up porous coatings [39]. Particles impact at very high strain
rates and, due to the very short impact time, the process is considered to be adiabatic and the deformation
is highly localized [41].

The deposition of the sintered HA powders (C-HA) was observed to proceed through pore collapse,
fragmentation and densification as well as grain refinement [9,34]. Particles crushed and deposited onto the
substrate via first, by collapse and fracturing the necks resulting from the sintering process and further, by
dynamic fragmentation into small subgrains [9]. Contrary, the agglomerated structure of the NC-HA
powder deposited through the compaction of the nanocrystalline grains within the particle upon impact
[34]. A finer surface structure was obtained from NC-HA coatings in comparison with the C-HA ones.

4.2. Morphological cell aspects according to cell viability and proliferation

In general, microstructured surfaces can affect cell morphology and cytoskeletal structure, while
nanostructured surfaces can influence cell functions, including proliferation, differentiation and alignment
[20,42]. In this study, we observed spread cell morphology with polygonal flattened cytoplasm and
extended filopodia on CS CP-Ti coatings whereas round like-shape morphology was observed in cells on
HA coatings, particularly at 1 day of cell culture. Hence, cells on CS CP-Ti coatings showed faster adhesion
in comparison with cells on CS HA coatings. However, at 7 days of cells culture, cells on all tested coatings

showed a flattened cytoplasm with extended filopodia.

The rough CP-Ti surface produced by CS were fully composed by a diversity of random groves and ridges,
showing a quite complex surface composed by micro-roughness topography produced by the use of coarse
CP-Ti particles plus certain nanofeatures provided by the irregular morphology of the CP-Ti feedstock
particles. A more uniform submicrometer morphology was that one produced by the impact of
hydroxyapatite particles when impacting onto the titanium coating, resulting in the rupture of such HA
particles as explained in the previous section. By looking at the cell morphology onto such surfaces, they
appear to anchor better to the coatings without HA, possibly with a big influence on topographic results
[43, 44]. CS C-HA coatings presented lower roughness parameters than CS CP-Ti coatings, and CS NC-
HA coatings even lower, which seems to be in agreement to the general trend of MTS and ALP assays,
indicating a role of the topography. CS NC-HA particles were more effective on smoothing the CS CP-Ti
surfaces by covering the random groves and ridges through a tamping effect of the particles [34], while the
C-HA particles just covered the surface [9]. The Live/Dead assay did not show significant cell mortality
for any of the three surfaces tested in the present work along all days of cell culture, but it was observed
that cells proliferated faster onto the CS CP-Ti coatings than CS HA surely by their faster attachment
efficiency on the material at the culture initiation.

Different surface topography results in different surface wettability and this wettability, in turn, depends
also on the composition of the material. The results showed a hydrophilic behavior for CS CP-Ti coatings
but a superhydrophilic behavior for CS HA coatings. In all cases, the liquid drop penetrated into the surface

invaginations (Wenzel regime). Wenzel relationship includes the influence of the surface roughness on



enhancing the wettability caused by the chemistry of the surface [45]. According to Wenzel law, the
increased roughness of the microstructured surfaces (and thus enhanced effective surface areas) makes the
hydrophobic surface even more hydrophobic and hydrophilic surface even more hydrophilic [46]. A drop
placed on a rough surface will spread until it finds its equilibrium configuration characterized by a 6*
(possibly different from the measured angle 6). Therefore, the Wenzel regime was applied according to
equation 1:

(1) cos®* =r * cosb

(2 r=1+Sdr/100

(3) Sdr= (Textured surface area)—(Cross section area)
(Cross section area)

[T}

In which “6*” is defined as the Wenzel angle, “0” as the measured (also known Young) angle and “r” is
the roughness ratio (eq.2), defined by Sdr, the area factor (eg.3) [47]; thus, the contact angle obtained by
Wenzel correction was of 0: 24+16°. The high protrusions and microporosity of CS CP-Ti coatings clearly
enhanced surface area, thus surface wettability. After the deposition of the HA particles, the surface area
increased even more due to the porous nature of these layers, leading to a superhydrophilic surface behavior
[48,49, 50]. Specially, nanophase materials have higher numbers of atoms at the surface compared with
bulk, greater areas of increased surface defects, and larger proportions of delocalized surface electrons.
Such altered surface properties will influence initial protein interactions that control subsequent cell
adhesion [51]. Xiong et al. [50] studied in vitro the crystallinity, surface micro-roughness and surface
energy of nano-hydroxyapatite coatings obtained by hydrothermal process at different temperatures. The
increase of temperature between from 80 to 160 °C led to an increase of surface energy and HA crystallinity
but a decrease in surface roughness, thus an increase of cell proliferation. However, fewer amounts of cells
were found at 200 °C, where the highest crystallinity and less surface roughness was found, but also lower
surface energy. Results suggested surface energy (surface wettability) as a characteristic parameter
influencing the in vitro proliferation of osteoblast-like cells was predominant over the crystallinity and
surface micro-roughness of the nano-hydroxyapatite coatings. Our results showed, at a later stage of culture,
a faster cell proliferation of cells onto superyhydrophilic HA coatings, especially on the NC-HA coatings
that had the finest structure. Osteoblast functions onto grains smaller than 100 nm are significantly
enhanced compared with larger grains leading to a faster bone ingrowth [26], and also provide high surface
area which induces better bioactivity than coarse crystals [25]. The nanocrystalline structure of NC-HA
coatings together with the small amount of ACP, allows physiologically HA precipitation and enhance the
bone ingrowth [12].

Results suggested that cell attachment is highly influenced by surface topography features. However, once
cells are well attached, cell proliferation is mainly influenced by surface wettability (or surface energy)

followed by composition and surface topography.

4.3. Cell differentiation



Rough surfaces have been well-known recognized for its stimulation on osteoblast differentiation [52]. A
combination of micro- and nano-roughness has been demonstrated to enhance cell differentiation in CS
CP-Ti coatings. The introduction of nanoscale structures in combination with micro-/submicro-scale
roughness improves osteoblast differentiation and local factor production, which, in turn, indicates the
potential for improved implant osseointegration in vivo [53]. Moreover, it is reported that nano-to micro
surface roughness (Ra=10.57um) enhance cell mineralization [52]. Actually, the high-waviness profile of

those coatings increases the free surface contact area between host-bone and the implant [43].

The production of porous coatings with an open-cell structure has been reported as an advantage, with a
pore size up to 150 and a 60-65% of macroporosity [54]; this results in enhanced bone ingrowth and a good
mechanical fixation. Rough CS CP-Ti coatings produced by CS surface showed the highest cell
differentiation values in comparison with CS HA coatings. The lowest ALP activity in HA could be
influenced by the time that cells take to attach to the substrate and to get the osteoblastic-like shape by an
optimal cell function. Moreover, the lower number of viable cells on HA coatings compared to Ti during

all culture time would explain the low ALP levels observed in HA cultures.
5. CONCLUSIONS

Poor cell attachment of cells onto HA coatings would lead to a delay in the start of proliferation until acquire
an osteoblastic-like morphology, observed at 7 days of cell culture. Hence, cell response strongly depends
on cell attachment, which is suggested to be mainly favored by surface topography. From 7 days of cell
culture, osteoblast cells on CS HA surfaces achieved faster cell proliferation, especially for the CS NC-HA
coatings. The finer porous nanocrytalline structures of CS NC-HA coatings, with smaller pore size and
larger pore number, lead to an increase of surface area, as well as surface wettability, thus enhancing cell
proliferation. On the other hand, ALP activity was found to be higher for CS CP-Ti coatings, likely due to
the higher number of viable cells observed during all the culture time. Further long-time in-vitro test should

be performed due to the time that cells required to start proliferating.

It is important however to emphasize that the results here presented do not indicate in general terms that
porous titanium coatings are better than hydroxyapatite ones; it is just indicating that this happens for the
specific coating conditions here used. It cannot be dealt in general terms since each time that not only the
spraying technique, but also the spraying conditions or the feedstock powder are modified, the surface

conditions (roughness, wettability...) can change considerably.
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