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Abstract: The use of orthopaedic and dental implants is expanding as a consequence of an ageing

population and also due to illness or trauma in younger age groups. The implant must be bio-

compatible, bioactive and interact favourably with the recipient’s bone, as rapid osseointegration

is key to success. In this work, Ti-6Al-4V plates were coated using the CoBlast™ technique, with

hydroxyapatite (HAp) and HAp/BaTiO3 (barium titanate, BT) non-piezoelectric cubic nanopowders

(HAp/cBT) and piezoelectric tetragonal micropowders (HAp /tBT). The addition of BT, a piezoelectric

ceramic, is a strategy to accelerate osseointegration by using surface electric charges as cues for cells.

For comparison with commercial coatings, plates were coated with HAp using the plasma spray

technique. Using XRD and FTIR, both plasma spray and CoBlast™ coatings showed crystalline HAp

and no presence of by-products. However, the XRD of the plasma-sprayed coatings revealed the

presence of amorphous HAp. The average surface roughness was close to the coatings’ thickness

(/5 um for CoBlast™ and ~13 um for plasma spray). Cytotoxicity assays proved that the coatings

lC‘fIlJedC:tfgsr are biocompatible. Therefore, it can be concluded that for HAp-based coatings, CoBlast™ is a viable
alternative to plasma spray, with the advantage of facilitating room temperature addition of other
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1. Introduction

Academic Editors: Madali . . .
cacemic metion: Tada Tha The use of orthopaedic and dental implants has expanded in recent decades due to

the acceleration of an ageing population and the practice of increasingly dangerous sports
and orthopaedic disorders, which affect millions of patients [1,2]. Thus, there is an urgent
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the pre-COVID average growth rate [3]. Furthermore, the world market for orthopaedic
implants is expected to be valued at EUR 70,000 million by 2030 according to Quintille

Insights-HealthCare [4].

Due to the complexity of the musculoskeletal system, which performs structural,
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40/). that, in addition to having good mechanical properties, also provoke a natural response
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from the organism as if the graft were bone, maintaining the normal activity of osteoblasts
and osteoclasts [8,9].

One of these materials is hydroxyapatite (HAp) due to its similarity in composition
with the inorganic phase of human bone and teeth and capacity to form a direct bond with
the surrounding bone tissue [10-12]. However, despite the biological benefits of using HAp,
in bulk this material presents the typical behaviour of a ceramic: it has a brittle behaviour
and has both low tensile strength and impact resistance [13,14]. Therefore, HAp is often
used as a coating material in bone- and teeth-load-bearing implants.

In an effort to combine the mechanical properties and corrosion resistance of met-
als and metal alloys with the biological properties of HAp, several coating techniques
have been developed, such as sol-gel, ion-beam, electrophoretic, high-velocity oxy-fuel
spray (HVOEF) plasma spray (PS) and CoBlast™ (CB) [15,16]. PS is the main industrial
deposition process since the resulting coating has a micrometric surface roughness with
variable coating thickness allied to a high deposition rate, good biocorrosion resistance
and substrate fatigue resistance [17-19]. A major issue with the plasma-sprayed HAp coat-
ings is the thermal modification of the powder’s crystalline phases during the deposition
process. These modifications result in multi-phase coatings: PS HAp coatings consist not
only of crystalline HA but also of amorphous HAp, beta-tricalcium phosphate (3-TCP),
alpha-tricalcium phosphate (-TCP, results from 3—TCP above 1600 K) and tetra-calcium
phosphate (TTCP) [18-20]. The decreased crystallinity results in increased solubility of
the coating, which, in turn, may result in separation of the coating from the device and
possibly unsatisfactory in vivo bone fixation [20-22].

CB is a room temperature and atmospheric pressure blast coating technique that is
used for the deposition of thin coatings [23]. The low temperature process avoids phase
changes and the resulting increase in solubility levels found in the PS process [15,24].
Furthermore, Barry et al. studied the bioactivity of HAp coatings obtained by CB and
concluded that these coatings undergo two stages of recrystallisation. The first stage
is homogenous nucleation and, after 7 days of immersion in a simulated body fluid, a
heterogeneous nucleation mechanism. The initial stage allows a calcium phosphate layer to
grow without significantly altering the morphology, resulting in an increase in the overall
coating thickness and roughness. The next stage reduced coating roughness, without
altering coating thickness [25].

The in vitro osteoconduction and in vivo osseointegration was analysed by Tan et al. [26].
Their results show that PS and CB HAp coatings have comparable bioactivity at the cellular
and tissue levels. Moreover, CB HAp presented greater tolerance to impactions allowing it
to be used in more stress-prone surgical applications [26].

Bone piezoelectricity appears to be mainly due to the aligned collagen fibres, the
main organic component of bone, and the role of hydroxyapatite is still under debate [27].
The role of mechanical loading on bone remodelling was first mentioned by Wolf in 1892
(Wolff’s law [28]) and lately it was associated with the direct piezoelectric effect, i.e.,
converting a mechanical stimulus into an electric response [29]. The electric signals are
a cue for bone cells: bone remodelling is a continuous equilibrium process of formation
by osteoblasts and dissolution by osteoclasts. In vivo studies have shown that electrically
charged surfaces enhance bone tissue regeneration [30]. Since barium titanate is a well-
known piezoelectric biocompatible ceramic, composites of HAp /BT have been studied
to match the piezoelectric character of bone with remodelling responding to electrical
signals generated by mechanical stress [27]. Only recently was plasma spray deposition
successfully used for coatings of HAp and barium titanate. The results showed that none
of the materials were modified by the coating process [31,32]

In this work, a comparative study was conducted using samples of uncoated Ti-6Al-
4V plates, samples coated with HAp by CoBlast™ (CB HAp), Plasma Spray (PS HAp),
80%/20% (m/m) HAp/BaTiO3 using non-piezoelectric cubic nanopowders (HAp/cBT)
and piezoelectric tetragonal micropowders (HAp/tBT) by CoBlast™. Materials were
characterised to find if any phase changes occurred and if by-products of the deposition
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appeared. Surface roughness was evaluated, and cytotoxicity assays performed. The
properties studied allowed to determine if CB is a viable alternative to PS.

2. Materials and Methods
2.1. Materials

For the development of this work, the substrate used was titanium alloy (Ti-6Al-4V)
Grade 5 ASTM B265 cut into 15 mm x 15 mm x 2 mm plates using a water jet cutter
(Jacquet, Ovar, Portugal), commercial hydroxyapatite micropowders (Altakitin, Aveiro,
Portugal), barium titanate (Sigma-Aldrich, Saint Louis, MO, USA) non-piezoelectric cubic
nanopowders (average particle size < 100 nm) and piezoelectric tetragonal micropowders
(average particle size < 3 um), and abrasive corundum F20 for samples produced by Plasma
Spray and abrasive corundum F120 for samples produced by CB (Blasqem, Maia, Portugal).

For the cell tests, the medium used was DMEM (Dulbecco’s Modified Eagle’s Medium,
Sigma-Aldrich #D5030) supplemented with 1.0 g/L D-glucose (Gibco, ThermoFischer Sci.,
Waltham, MA, USA #15023-021), 3.7 g/L sodium bicarbonate (Sigma-Aldrich, #55761), 1%
GlutaMAX™ (L-alanyl-L-glutamine dipeptide, Gibco, #35050-038), 1% sodium pyruvate
(Gibco, #11360039), penicillin (100 U/mL), streptomycin (100 ng/mL) (Gibco, #15140122),
and 10% FBS (Fetal Bovine Serum, Gibco, #10270106).

2.2. CB and PS

All substrates underwent pre-deposition processes including mechanical polishing
of substrate edges and vertices, cleaning in an ultrasonic bath (VWR Ultrasonic Cleaner
USC-TH, Radnor, PA, USA) with anti-corrosive detergent (Surfaclean 995, Kiesow Ober-
flichenchemied, Detmold, Germany) at 50 °C for 15 min, washing under running water
and immersion in methanol for 2 min. Then, for samples used for the plasma spraying, a
grit blasting with abrasive F20 was necessary to increase surface roughness.

Atmospheric Plasma Spray (APS) was the technique used to deposit the HAp coatings
using micrometric HAp powders (APS system Sulzer Metco, Winterthur, Switzerland). The
CB coating processes were carried out at Bioceramed using the setup presented in Figure 1.
The CB coatings were deposited in a system already reported [15], [26] from EnBIO, Cork,
Ireland. Briefly, the 1:1 samples of HAp, average particle size ~ 35 um, and corundum
(Al,03), abrasive F120, average particle size ~ 106 pm, were mixed (Sulzer Metco Single
10-C Powder Feeder) for 5 min at 60 rpm and 6 bar, and then supplied by a powder feeder
to the nozzle. This nozzle blasts the mixture onto metallic substrates.

Powder
container

|

Powder
feeder

Nozzle—
Air inlet (Substrates

_\_I_ —

Extraction of excess powder
Figure 1. CB experimental setup. Inspired by [33].

The essential deposition parameters including particle size, nozzle angle and height,
powder feeder pressure and deposition direction are summarised in Table 1. At the end
of the process, all samples underwent post deposition cleaning using filtered dry air to
remove non-adhered particles.
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Table 1. Deposition Parameters used in CB coating process.

Deposition Parameters

HAp particle size (um) 35
Nozzle angle (°) 90°
Height (mm) 40
Feeder pressure (bar) 4

Forward speed (mm/s) 13

A summary of the coatings under study is presented in Table 2, including deposition
method and composition.

Table 2. Coating method of deposition and composition.

Materials (m/m%)

Deposition Sample HAp AlLO; BT tBT
PS Hap 100
Hap 50 50
CB HAp/cBT 40 50 10
HAp/{BT 40 50 10

2.3. Characterisation

The X-ray diffraction (XRD) technique was used to determine coating composition
and their crystal phases in the coatings produced. These analyses were performed using
an X'Pert PRO PANAlytical (Malvern, UK) X-ray powder diffractometer (Cu K-alpha
radiation) operating at 45 kV and 40 mA over a 26 range from 10° to 90° and step 0.033°.

Fourier Transform Infrared (FTIR) spectroscopy was performed on the different mate-
rials using a Thermo Nicolet 6700 spectrometer (ThermoFischer, Waltham, MA, USA) in a
wave number range from 5000-500 cm ™.

The surface morphology of the coatings was examined in a field emission SEM (Auriga,
from Zeiss, Oberkochen, Germany). The samples were mounted on aluminium platforms
and then sputter-coated with a 60% gold—40% palladium conductive layer (Q3000T D
Quorum, Laughton, UK, sputter coater). The images were taken at an accelerating voltage
of 15 kV and several magnifications.

The surface roughness and topography of the coatings produced were analysed using
a confocal microscope (Zeiss LSM 700) with a laser of 405 nm and a z-step of 2.12 pm.
Subsequently, image analysis was performed using ZEN 2.1 software (Zeiss). A low-pass
filter (W) was applied to each image to smooth and enhance image details and minimise
noise effects, without changing the average grey scale of the image (representing the value
of roughness). Confocal microscopy can also measure the average roughness of a surface
area (Ws,) and Gaussian distribution statistical parameters, such as curve asymmetry (Wss)
and flattening of the data (Ws,).

For coating thickness measurement, an Elcometer 456 thickness gauge (Manchester,
UK) was used for measurements on metallic substrates.

The cytotoxicity tests were performed using the Vero cell line and the extract method
according to the ISO 10993-5 standard. Samples were sterilised with ethanol for 5 min
and then left to dry at room temperature. The extracts were prepared by immersing each
coating with an exposed area of 0.5 cm? for each ml of culture medium for 48 h at 37 °C and
in a controlled 5% CO, atm. Cells were seeded at a density of 20 k cells/cm? in a 96-well
microplate and incubated for 24 h. Then, the medium was exchanged for the extracts and
two dilutions (Cy/, and Cy,4) were made, each with five replicates. For the resazurin test, a
negative control (cells cultured in a standard, non-cytotoxic environment) and a positive
control (cells in a cytotoxic environment, created through the addition of 10% of DMSO,
a cytotoxic agent, to normal culture medium) were set. The extracts and controls were
incubated for 48 h and afterwards the media were replaced by a 90% culture medium and
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10% resazurin solution and incubated for 3 h. Cell viability was evaluated by measuring
the absorbance of the medium at 570 nm and 600 nm using a microplate reader (Biotek ELx
800 UV, Winooski, VT, USA). Cell viability was calculated as the percentage of the negative
control, given by Equation (1):

OD570_600 Sample

11 Viability (%) = 1 1
Cell Viability (%) ODs70—600 Negative Control x 100 )

3. Results
3.1. XRD

Figure 2 displays the X-ray diffractograms of the different coatings studied. Crystalline
phases were identified using JCPDS-ICCD Powder Diffraction File (PDF) datasheets: #09-
0432 hexagonal HAp; #00-005-0626 cubic and #01-084-9618 tetragonal BaTiOs; #00-046-1212
rhombohedral Al,O3; and #00-044-1294 x-hexagonal closed-packed-HCP and #00-009-0098
[3-body-centred cubic-BCC titanium (since Ti-6Al-4V is defined as -3 titanium alloy).

HAp Plasma Spray + HAp CoBlast™
*
R +
©
2
*
=2 *
= +
e | . |t
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* +
" * % * % +
Fx ++
+ *%
20 40 60 20 40 60
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cBT + tBT
©
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>
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o +
£ a0
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Figure 2. XRD analysis of the different coatings produced: HAp by plasma spray (A) and by
CoBlast™ of HAp (B), 80%/20% HAp/BaTiO3 cubic nanopowders (C), 80%/20% of HAp/BaTiO3
tetragonal micropowders (D). +—Ti-6Al-4V; *—HAp; 0—Al,O3; A—BT.

The diffractograms of the hydroxyapatite coatings on the titanium alloy, by PS and CB,
presents the crystalline peaks of hexagonal P63,,,, HAp [34] and of the metallic substrate
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(«-Ti and 3-Ti) [35], as can be observed in Figure 2A (PS) and B (CB). Previous studies have
shown that the Ti-6Al-4V is known to have «-Ti (HCP) and (3-Ti (BCC) phases present at
room temperature [35-39]. The Ti alloy peaks are among the more intense, as expected,
since we have a thin film deposited on a metallic plate 2 mm thick. The films’ thickness,
measured with the thickness gauge, are (13 & 6) um for PS and ~5 pum for CB. Moreover,
the CB coating presents alumina (abrasive) peaks (Figure 2B-D) used to remove a surface
layer from the Ti alloy to increase surface roughness, enhancing adhesion of the film [40]
and improving in vivo osteointegration [41].

Present in Figure 2C,D, are the diffractograms of the composite coatings of 80/20 (w/w%)
HAp/BT of cubic nanopowders (HAp/cBT) and tetragonal micropowders (HAp/tBT), re-
spectively. BT identifying peaks are seen, and in Figure 2D, the inset taken at approximately
45° shows the typical double peak for the tetragonal phase as expected for tBT. For ¢BT, the
double peak separation (see Figure 2C) is much less pronounced, which points to a much
higher content of the cubic phase compared with the tetragonal one.

For PS HAp (Figure 2A), there appears to be a hump around 30°, which points to
the presence of an amorphous phase, as expected for HAp when using the plasma spray
technique [42,43]. The absence of further newly formed phases reveals that there are no
phase changes, apart from the one already mentioned, and no by-products resulting from
the coating processes.

From the diffractogrames, it is possible to estimate the size of the HAp crystallites for
the two types of coatings under study (PS and CB). For this, we used the Scherrer equation
(Equation (2)) where L is the crystallite size to be determined, A is the wavelength of X-ray
radiation, b is the broadening of the peak (rad), 6 is the diffraction angle at peak maximum

and K is a constant [44].
KA

~ bcosf @
The peaks were fitted by the least-squares method and used to estimate b (full width
at half maximum FWHM). The wavelength for Cu-Ka radiation is A = 1.5418 x 1071 m
and the chosen value of the constant was K = 0.9. For HAp, the more intense peak (211)
was chosen. Even if this peak is not an isolated peak for hydroxyapatite, in the patterns
obtained, it is not superimposed with the more intense peaks of the other materials present.
The 26 values of the maxima found for the (211) plane were 31.73° for PS and 31.83° for CB.
The calculated average crystallite sizes for the PS and CB HAp coatings were approximately
41.6 nm and 28.0 nm, respectively. For the FWHM, uncertainty is usually not estimated
because the values obtained for the uncertainty are a rough underestimation of the true
error [45]. The higher value obtained for PS HAp may be due to the high temperatures
needed in this technique, causing an increase in size by coalescence of the crystallites. The
same does not occur in CB deposition since it is performed at room temperature.
Additionally, the average crystallite diameter was determined for HAp and BaTiO3
in both types of coatings (HAp/cBT and HAp/tBT). For barium titanate, the peak chosen
(110) is well-differentiated in the pattern and is also the most intense (Figure 2C,D). The
same procedure used for PS and CB HAp XRD results was followed. The values for the
20 estimated for HAp were 31.79° for both HAp/cBT and HAp/tBT, whereas for BT were
31.43° (HAp/cBT) and 31.49° (HAp/tBT). For the CB coating with cubic BT, the calculated
average crystallite sizes were approximately 21.0 nm for HAp micropowders and 17.1 nm
for BT nanopowders. For the coating with tetragonal BT, the sizes determined were 13.0 nm
for HAp and 18.4 nm for BT nanopowders. The hydroxyapatite crystallite sizes are much
smaller than the ones found for CB HAp coatings. A summary of these results is presented
in Table 3.
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Table 3. XRD results for crystallite size and lattice parameters.

Cristallite Size Lattice Parameters
Material Sample " "
(hKkl) 20 (°) L (nm) Sample a (A) c(A)
PSHAp 31.73 41.6 PSHAp 9.440 6.921
CB HAp 31.83 28.0 CBHAp 9.720 6.947
HAp HAp/cBT (211) 31.79 21.0
p/c . . g
HAp/tBT 31.79 13.0 JCPDS/ICDD #09-0432 9.418 6.884
cBT HAp/cBT 31.43 17.1
(110) Rietveld refinement [43] 9.399 6.916
tBT HAp/tBT 31.49 18.4

Lattice parameters a and c for hexagonal HAp coating by PS and CB were calculated
using Bragg’s law applied to diffraction data peaks: (002) to obtain ¢ and (300) for a.
Interplanar spacing was obtained directly from Bragg’s law and 26 positions for (300) and
(002), respectively. Finally, from Equation (3), for the interplanar spacing in a hexagonal
lattice, the parameters were estimated (d = dy):

®)

1 4/K+hk+k2\ [
£73 <az) ta

Estimated values for PS coating are a = 9.440 A and ¢ = 6.921 A and for CB coating
a=9.720 A and c = 6.947 A. Calculated values for both coatings are higher than the standard
tabulated values for hexagonal HAp: a = 9.418 A and ¢ = 6.884 A (JCPDS #09-0432), since
a rearrangement of the atoms in the lattice is expected. For PS coatings with HAp, the
values found in the literature using Rietveld refinement have an identical behaviour (for
instance Shamray [43] obtained average values of a = 9.399 A and ¢ = 6.916 A, while
another study also found similar results [46]). In the HAp unit cell, there are two Cas(PO4)3
clusters and the HAp structure can be seen as a double layer of two (001) clusters. After
PS, interaction between the clusters in the same layer increases, while it decreases between
layers, resulting in lattice parameters increasing [43]. Regarding CB HAp coatings, as far
as the authors know, absent from the literature are values of the lattice parameters after
coblasting. From the results presented above, there is a much higher distortion of the unit
cell of HAp compared to PS deposition, as stated above for crystallite size, which could
be caused by the impact stress and the high amount of corundum in the blasted mixture
during CB deposition.

3.2. FTIR

To identify the presence of functional groups characteristic of the different materi-
als used in the coatings on the Ti-6Al-4V samples, Fourier transform infrared analysis
was performed.

The bands were assigned to functional groups according to the data summarized
in Table 4. The FTIR spectra of PS HAp coating, in Figure 3A, shows the main bands of
HAp. They are the broad peaks centred between 1115 cm ™! and 1020 cm ™}, in the range
from 925 cm~! to 960 cm~! and at 580 cm~!. The first two bands correspond to P-O
vibrating bonds of the phosphate groups in the asymmetric stretching mode, the third
to a symmetric stretching mode of the same group and the last two to the asymmetric
bending modes of PO,3~ [47-49]. Additionally visible is the band for carbonate bonds
(CO327) located at 870 cm ™1, a result of the asymmetric bending mode of CO52~ [48,50].
This band is related to type B carbonated hydroxyapatite, corresponding to the substitution
of phosphate groups by carbonate [50].

Concerning the spectra of CB HAp (Figure 3B), the same bands characteristic of
HAp are present, though they are seen as less intense due to the presence of the abrasive
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(50/50 HAp/Al,O3 (w/w%)). In plasma spray, the coating is 100% HAp. Furthermore, the

carbonate group band is not detected.

Table 4. Assignment of FTIR spectra of HAp by PS and HAp, HAp/cBT and HAp/tBT by CB coatings

presented in Figure 3 [47-52].

Samples IR Absorption Bands (cm~—1) Description
1115 \/3/(PO43*) asymmetric stretching mode
HA 1020 v3(PO4>~) asymmetric stretching mode
5 andeB) 925-960 vl(PO432*) symmetric.stretch?ng mode
870 v2(CO3°7) asymmetric bending mode
580 v4(PO437) asymmetric bending mode
2400 O=C=0 from BaCOj;
1100 V3/(PO43*) asymmetric stretching mode
HAp/BT 1000 V3(PO433*) asymmetljic stretching mode
960 v1(PO4”~) symmetric stretching mode
540 v (BaTiO3) stretching mode
530 v (OH™) stretching mode
A B
HAp Plasma Spray HAp CoBlast™
= POS-
n
c
Q
-—
£
OH"~
PO3
PO;” -
4 POy PO;
1200 1000 800 600 1200 1000 800 600
C D
CoBlast™ HAp/cBT CoBlast™ HAp/tBT,
_..? BaCO,
(%)) -
S | Baco, PO;
< PO
PO
BaTiO,

2500 2000 1500 1000
Wavenumber

2500 2000 1500 1000
Wavenumber

Figure 3. FTIR spectra of HAp by Plasma Spray coating (A) and coatings by CoBlast™ with HAp (B),
80%/20% of HAp/BaTiOj3 cubic structure (C), 80%/20% of HAp/BaTiOj tetragonal structure (D).

In Figure 3C,D are the CoBlast CB HAp/cBT and HAp/tBT FTIR spectra, respectively.
Both present typical bands of HAp and BaTiO3;. Once again, for HAp, a broad band at
approximately 1000 cm ! is visible that corresponds to P-O bond vibrations of the PO,3~
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group, with the highest intensity vibration peak of this group appearing in the region
between 960 cm ! (symmetric stretching) and 1100 cm ! (asymmetric stretching mode).
Furthermore, the OH™ groups stretching mode is observed at 530 cm ™. Additionally visible
are the Ti~O stretching mode absorption bands around 540 cm ! and 2400 cm !, which are the
molecular fingerprints of the crystalline BaTiOj3 for both cubic and tetragonal phases [51,52].
The peaks at approximately 2400 cm ! are assigned to O=C=0, which is an indication of the
presence of barium carbonate, a by-product of the synthesis of BaTiO3 [52]. This peak is less
pronounced for the tetragonal micropowders when compared with c¢BT; this can indicate that
the nanopowders’ synthesis results in higher formation of this residual BaCOs.

3.3. SEM-EDS

The SEM images in Figure 4 represent the surfaces of uncoated (A-B), Hydroxyap-
atite coatings produced by the HAp PS (C-F), HAp CB (G-K), HAp/cBaTiO3; (L-O) and
HAp/tBaTiO3 (P-S), with several magnifications: 300, 1000, 5000 x and 20,000x.

:
S
o
c
>
(7]

B| HAp by P

03| HAp by C

HAp/cBaTi

(HAp/tBaTiO

Figure 4. SEM images of samples without coating (A,B) and with coatings by Plasma Spray with
HAp (C-F), by CoBlast™ with HAp (G-K), HAp/cBaTiO3 (L-O) and HAp/tBaTiO3 (P-S).
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By analysing each of the uncoated substrates, it is possible to observe a regular surface
with a relatively low degree of roughness, with the typical parallel lines resulting from
polishing (Figure 4A,B). For the HAp coating produced by PS, the surface presented
irregular morphology and roughness (Figure 4C,D) and particles deposited as droplets
on the substrate, as can be seen in images E and F of the same figure. These deposited
droplets are abundant and form a layer with small fragments and rounded splatters due
to the plasma spray process where HAp micropowders reach the Ti-6Al-4V substrate in
liquid form or in a pasty state (caused by the high temperature) so that they start to solidify
in the transfer stage, and when colliding with the substrate they acquire a flat shape.

The plasma spray coatings show cracks mainly due to heat transfer from the plasma
to the substrate resulting in stress gradients and thermal expansion mismatch between the
substrate and the ceramic coating. When the particles solidify, a residual stress induced
from rapid cooling remains [17,53]. This does not present problems for osseointegra-
tion; however, whether in vitro or in vivo, the cracks could lead to local stress concen-
tration and induce further mechanical and physicochemical instability affecting coating
adhesion [17,54].

The EDS spectra were obtained at the highlighted regions in Figure 5A and correspond
to a HAp particle (Spectrum 5) and to a zone with a continuous layer of coating with small
“splashes” (Spectrum 6). Spectra 5 and 6 show Ti peaks that correspond to the substrate,
and the higher intensity peaks are from Ca, P and O, with a Ca/P molar ratio equal to 1.67,
typical of HAp (Figure 5—Spectrum 5 and 6).

SEM images resulting from the HAp coating produced by CB show a surface with
lower roughness, compared to the PS coating, as can be seen in images G and H in Figure 4.
Under higher magnification, it is visible that the coating has areas with large particle
agglomerates, which form a more continuous flat area and an irregular area, the latter being
a result of several particles deposited on top of each other, creating voids between them
since they do not fuse to form a single layer.

The EDS analysis of different regions of the sample with HAp coatings, Figure 5A,B, shows
the presence of calcium, phosphorous and oxygen form hydroxyapatite (Ca;o(PO4)s-2(OH)),
titanium, aluminium and vanadium from the substrate (Ti-6Al-4V). The EDS analysis also
detects Al and O, which can be attributed to the abrasive (Al,O3). It is noteworthy to
point out that in the XRD results (presented in Section 3.1) no other apatites were detected
besides HAp.

The coatings of HAp/cBT nanopowders produced by CB are presented in images L-O
in Figure 4. Surface morphology at low magnifications (L and M) is equivalent to the HAp
coating produced by the same technique. However, at higher magnifications (N and O)
the coating surfaces present granular deposition and poorly agglomerated particles. The
particles, observed in detail in image O, can correspond to BaTiO3; nanopowders.

The last row of SEM images in Figure 4P-S present HAp /tBT micropowders in coatings
produced by CB. At lower magnifications, these coatings look similar to the previous ones,
namely HAp and HAp/cBT, both obtained by CB. In R and S there are still surface regions
with granular deposition and poorly agglomerated particles. EDS analysis for the samples
with HAp /BT, Figure 5C,D, show the same elements plus the barium from BaTiOs.

By comparing the SEM images of different types of samples, it is possible to conclude
that the ones produced by PS have a higher particle fusion compared to CB coatings, which
present a granular morphology for all compositions studied.
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Figure 5. SEM/EDS images of HAp PS (A), 80%/20% (m/m) HAp/BaTiO3 using BT cubic nanopow-
ders (B) and tetragonal micropowders (C,D). The marked areas correspond to the EDS spectra shown
on the same line.

3.4. Confocal Microscopy

Confocal microscopy was employed to achieve a 3D reconstruction of the uncoated
and coated surfaces and, hence, to study the roughness at a micrometric level. The different
sample images are presented in Figure 6.

Measurements made on confocal microscopy images allowed to determine the average
roughness of the samples (Ws;). This property of a surface is the average depth of each
point minus the mean of the data points. Additionally calculated were the skewness (Wgg)
and kurtosis (Wgs,), which are statistical parameters of the Gaussian distribution and
quantify the Gaussian asymmetry and sharpness/flattening, respectively.
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Figure 6. Surface topography images of Ti-6Al-4V plate (A), HAp by plasma spray coating (B) and
coatings by CoBlast™ with HAp (C), 80/20 (w/w%) of HAp/BaTiO3 with BT cubic nanopowders
(D) and tetragonal micropowders (E). Images were obtained with a confocal laser microscope (the
vertical scale of each of the images is set from black to white (0 to 45 um) and the colour changes
every 5 um).

In probability and statistics, skewness and kurtosis are the third and fourth moment of
the distribution (data points) [55]. The Pearson coefficients were computed; for skewness
the adjusted Fisher-Pearson and for kurtosis the Pearson or excess kurtosis, respectively
using Equation (4) [56], where N is the number of data points, x; the data points and ¥
the mean:

NN-T LN (xi—%°
N—2 0_3 7 Ssu -

VNN -1) £ (x — %)
N )

Weo =
Ssk o3

Results are presented for all samples in Table 5. For uncoated samples and HAp coated
by PS, the distribution has a negative skew, and for the remaining samples, a positive
skew. Therefore, the roughness has higher values on the right side of the distribution
than on the left for PS coating and the opposite happens for all CB coatings. As for the
kurtosis values, all samples had a W, greater than 3, thus, the probability functions are
leptokurtic, which means that the distributions are higher and with longer tails than the
normal distribution [57].
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Table 5. Mean roughness measurements (Ws,) of coated and uncoated samples.

Samples Wgy (um) Wik Wss,
Ti-6Al-4V 2.97 <0 >3
HAp coatings by Plasma Spray 12.87 <0 >3
HAp coatings by CoBlast™ 4.52 >0 >3
HAp/cBT by CoBlast™ 491 >0 >3
HAp/tBT by CoBlast™ 4.45 >0 >3

According to Wgq values presented in Table 5, coatings introduce a major roughness
factor variation when compared to the substrates. CB coatings presented no significant
change in any tested materials or the roughness, values are similar to the thickness of theses
coating, which is approximately 5 um. Comparing CB coatings with the ones produced by
PS, the latter have significantly more roughness, but PS coating thickness (~13 um) also has
a value comparable to its Wgq. The thickness of all coatings was measured immediately
after deposition before the samples were removed from the CB and PS deposition setups.
Qualitatively, the results found for roughness agree with the surface morphology observed
in SEM images.

Considering that the presence of micro-roughness is beneficial for osseointegration, as
it will facilitate cell adhesion and proliferation after implant placement [58,59], CB coating
confocal results suggest that they will be able to promote cell adhesion.

3.5. Cytotoxicity

Cytotoxicity assays are commonly performed as the first step in the evaluation of the
biocompatibility of a material. In this work, the goal is to determine if the coatings obtained
by CB can be safely placed in contact with the organism. The results obtained are presented
in Figure 7.

120{ BEMC, [Cy, [_ICys [ Controls
100 —
3\180— =l -- = “rt-r-

b 4
S 60+
3 1
> 40
20 +

0- I I T T T '_T_' T

Ti-6Al-4V HAp HAp HAp/cBT  HAp/tBT [C+ C-

Plasma Spray CoBlast™ Control

Materials

Figure 7. Relative cell viability in cytotoxicity tests of coated and uncoated samples. Cy is the initial
concentration (0.5 cm?/mL), Cy, and Cy 4 are dilutions by factors of two and four, C+ is the positive
(cytotoxic) control and C— is the negative (nontoxic) control, both presented in gray.

The results show that for all materials, coatings and extract concentrations tested,
relative cell viability is above 80%, in comparison with the negative control. These re-
sults suggest that all materials tested are biocompatible and safe to be used as coatings
for implants. Moreover, these results show that the coatings under study are viable at
0.5 cm?/mL, contrary to the results presented by Ossa et al. [42]. This disparity in results
should be due to the different HAp composition and not to coating process differences.
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The cytotoxicity results show that the coatings produced in this work are a promising
enhancement of bone prosthetics coatings, but further cell studies are recommended to
confirm this hypothesis.

4. Conclusions

In hydroxyapatite coatings obtained by CoBlast™, only the crystalline phase was
identified, while in PS coatings of HAp, both crystalline and amorphous phases were
found. For the coatings with BT obtained using CoBlast™, only the original phases of both
materials were present (hydroxyapatite and barium titanate, either cubic or tetragonal).
FTIR results showed that PS HAp is B-type carbonated, but for CB coatings, it was not
possible to reach the same conclusion.

Regarding surface characteristics, such as homogeneity and roughness, the results
show that CoBlast™ hydroxyapatite-based coatings have characteristics that promote
cell adhesion. Two different composites of HAp with barium titanate were made using
cubic nanopowders and tetragonal nanopowders. Results for these surfaces are similar to
those obtained for coatings containing HAp only and produced by the same CoBlast™
technique. Cytotoxicity assays proved that all materials are biocompatible and suitable for
biomedical applications.

In conclusion, given the properties evaluated, CoBlast™ is a viable alternative to
plasma spray deposition to produce HAp-based coatings. Furthermore, the former tech-
nique has the advantage of being a room temperature process, compared to the high
temperatures registered during the deposition by plasma spray.
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