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This research has addressed a complete study of the bioactivity of bioactive glass coatings
obtained by atmospheric plasma spraying. The coatings have been characterized in terms
of microstructure, adhesion, crystalline phases and bioactivity. Hydroxycarbonate apatite
formation was also monitored following a standard protocol and the in vitro cell response
was evaluated by human osteoblast-like cells (MG-63 cells) incubation.

The obtained coatings shown a microstructure typical of glass coatings. A simulated body
fluid test proved that coatings are capable of developing a surface layer of hydroxycarbon-
ate apatite whereas the appearance of this phase takes place at a longer time than that
observed for the powder feedstock. Cell-culture test showed multidirectional growth of MG-
63 cells which promoted good contact between cells and the surface of the coating. This
study has confirmed a positive effect of the coatings in terms of surface bioactivity and, more
interestingly, it has proven an adequate cell-material interaction on the coating surface.

© 2020 SECV. Published by Elsevier Espana, S.L.U. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Estudio in vitro de recubrimientos de vidrio bioactivo depositados
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Este trabajo ha abordado un estudio completo de la bioactividad de recubrimientos de vidrio
bioactivo depositados mediante proyeccién térmica por plasma atmosférico. Se han car-
acterizado la microestructura, la adherencia, las fases cristalinas y la bioactividad de los
recubrimientos obtenidos. También se ha estudiado la formacién de hidroxiapatita car-
bonatada siguiendo un protocolo estdndar y se ha evaluado la respuesta in vitro de los
recubrimientos mediante su incubacién con osteoblastos humanos (células MG-63).
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Los recubrimientos obtenidos han mostrado una microestructura tipica de recubrimientos

de vidrio. Tras la inmersién en fluido biolégico simulado, se ha comprobado que el recubrim-

iento es capaz de desarrollar una capa superficial de hidroxiapatita carbonatada, aunque

la velocidad de aparicién de esta capa es menor que la observada para el polvo de vidrio

de partida. El ensayo de cultivo celular ha mostrado un crecimiento multidireccional de las
células MG-63, dando lugar a un buen contacto entre las células y la superficie del recubrim-
iento. Este estudio ha confirmado un efecto positivo de los recubrimientos en términos de

bioactividad de la superficie y, lo que es mas interesante, ha demostrado una adecuada

interaccién célula-material sobre la superficie del recubrimiento.
© 2020 SECV. Publicado por Elsevier Espana, S.L.U. Este es un articulo Open Access bajo
la licencia CC BY-NC-ND (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

Atmospheric Plasma Spraying (APS) is a highly employed
technique to produce coatings from powder feedstocks for
a wide range of applications, such as biological coatings
from hydroxyapatite feedstocks [1]. Moreover, with the devel-
opment of bioactive glasses (BGs), this technique has also
become promising for obtaining coatings from this type of
materials [1-3]. The reasons for this growing interest in such
coatings are: (i) the glass coatings obtained preserve the amor-
phous structure that gives rise to a higher bioactivity than
that of hydroxyapatite, without the need for any treatment
after deposition, (ii) easier control of coatings’ morphology,
thickness and structure, and hence of coatings’ properties [1].

Thus, literature shows numerous recent works where ther-
mal spray conditions have been optimized in order to obtain
coatings with good mechanical (adhesion to the substrate) and
functional properties (bioactivity). Many of these works use
the Bioglass® composition developed by Hench et al. com-
monly called 45S5 [4,5]. However, other compositions derived
from 45S5 Bioglass® have also been developed in order to
modify the melting ability of the glass during thermal spraying
or the final bioactivity of the glass coating [6-9].

Early studies on plasma sprayed BG coatings used glass
powder obtained by means of the conventional technique of
“melting and crushing”. It has been shown that the projection
was subordinated to the fluidity of the powder feedstock
employed, which limited the possibility of feeding micron-
sized powders of poor flowability [10]. For this reason, recent
research was carried out using glass powder suspensions as
plasma feedstock, which correspond to the technique known
as Suspension Plasma Spraying (SPS) [11,12]. In this case, it is
possible to use glass powder with a micron or even submicron
particle size, although suspensions of non-aqueous nature
must be used for this purpose to avoid glass leaching [13]. The
use of liquid precursors of bioactive glass known as the Solu-
tion Precursor Plasma Spraying (SPPS) technique is a much
more recent development [14]. Although the preparation of
bioactive glasses by the sol-gel technique is quite common,
the use of colloidal precursors in plasma spraying is a very
recent approach [15-17]. This thermal spraying technique
is especially interesting because it greatly simplifies the
feedstock preparation process, as the preparation of the glass
powder is not necessary, with the consequent savings of
time and energy and increment of feedstock purity. Recently

published results are promising regarding the microstructure
and properties of the BG coatings obtained [18,19].

Previous research efforts have focused on the optimization
of the feedstock characteristics, either solid or liquid, as well
as on the spraying conditions in order to design an adequate
microstructure in the final coating that allows coatings with
a good adherence to the substrate as well as high bioactivity
to be obtained. Although results are promising, BG coatings
suffer poor adhesion while the bioactivity is quite acceptable.
However, the determination of bioactivity has been carried
out, in most cases only by means of simulated body fluid (SBF)
tests [2,11,20,21], monitoring the formation of hydroxyapatite
on the surface. Although a SBF test represents a simple and
quick way of assessing coating bioactivity, a more completed
in vitro characterization is necessary to address the ability of
the coating to form bone tissues. To the best of our knowledge,
very few works about cell tests on plasma-sprayed bioactive
glass coatings have been performed [22-24]. Therefore, the
capacity of cell-material response of this type of coatings as
well as the relationship between coating microstructure and
biological response are still scarcely understood.

From the foregoing, it is concluded that there is a need
to carry out a more thorough evaluation of the cell biology
response to bioactive glass coatings obtained by plasma spray-
ing. Hence, this research has been carried out with the aim
of: (i) developing and characterizing a bioactive glass coating
by atmospheric plasma spraying from glass powder with an
adequate microstructure and adherence to the substrate; (ii)
determining and monitoringits bioactivity over time by means
of in vitro SBF and cell culture tests; and (iii) relating the biolog-
ical response results with the microstructural characteristics
of the resulting coating.

Experimental

Bioactive glass powder feedstock preparation

A powder feedstock of 45S5 bioactive glass referred as BG sam-
ple was prepared by melting a mixture of analytical grade SiO,
CazP0O4, NaCO3 and CaCOs in a home-made rotatory furnace
as shown in previous works [10]. The resulting melt was then
quenched in water obtaining the frit. The chemical compo-
sition of the frit determined by wavelength dispersive X-ray
fluorescence spectrometry (AXIOS, PANalytical, Netherlands)
was (in wt%): 47.6 SiO3, 5.3 P05, 23.1 CaO and 24.0 Na,;O which
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Table 1 - Plasma spray conditions used to spray the
coating.

Spraying parameters Bioactive glass coatings

Ar (slpm)? 25-38
H; (slpm)® 15

Intensity (A) 600

Spraying distance (m) 0.11
Torch scan velocity (ms~1) 1.00
Powder mass flow (kgs™?) x 103 0.25
Nozzle diameter (m) x 103 2.00

@ Standard liter per minute.

is very close to the nominal 45S5 BG composition. The frit was
subsequently processed according to the following steps: dry
grinding in a hammer mill and sieving the resulting material
to obtain a powder with a maximum particle size of 63 pm.
Fig. S1 of the Appendix/Supplementary information displays
the morphology and the phase nature of the particles.

In order to enhance flowability of the glass powder feed-
stock, a hydrophobic fumed silica-based fluidiser (Aerosil
R812, Evonik Industries, Germany) was added to the powder as
previously reported [10]. The fluidiser was mixed with the fine
powder by means of a high-intensity knife-type mixer. This
fluidiser can be observed in the previous work [10], partially
coating the glass particles.

Bioactive glass coatings deposition and characterization

The next step was the deposition of the bioactive glass pow-
der by Atmospheric Plasma Spraying (APS). In order to do
so, a thermal spraying facility was used, whose details are
reported in [10]. The spraying conditions employed are listed
in Table 1. Two different flow rates of argon were used; 25 slpm
(standard liter per minute) (BGC25 experiment) and 38 slpm
(BGC38 experiment). Comparing both conditions, the mixture
with 25 slpm argon is more energetic than the other one, as
hydrogen is less diluted and consequently, after the ioniza-
tion of the mixture, the plasma plume released possesses a
higher enthalpy and, henceforth, a greater melting capacity
for the particles [25]. Contrarywise, the mixture of 38 slpm
argon gives a higher momentum to the injected particles (par-
ticles at impact get more splashed) than the other mixture
as both argon and total gas flow rates are greater. Moreover,
the higher momentum results in less residence time of the
particles inside the plasma plume and hence they arrive at
the substrate less molten. AISI type 304 stainless steel disks
with 0.025m of diameter were used as substrates. Before the
deposition of the coatings, the substrates were grit-blasted
with black corundum and cleaned with ethanol, as reported
in a previous work [10]. Only one face of the substrates was
prepared and hence coated.

The microstructure of the obtained coatings was observed
in a field-emission gun environmental scanning electron
microscope (FEG-ESEM) (QUANTA 200FEG, FEI Company, USA)
using the backscattering electron detector signal under high
vacuum conditions. Coating thickness and porosity were esti-
mated by image analysis (Microlmage) at 2000x magnifications
from FEG-ESEM pictures. 20 FEG-ESEM images were exam-
ined, and the findings averaged. Moreover, the nature of the

coatings (amorphous or crystalline) was determined by X-ray
diffraction (XRD; Advance diffractometer, Bruker Theta-theta,
Germany). The XRD analysis was done using Cu Ka radiation
at a working power of 30kV and 40 mA. In addition, a range
of 20 between 10° and 80° was employed, with a step size of
0.02° and a scanning speed of 0.5 s step~?. Finally, the adhesion
strength was determined by the pull-off method known as ten-
sile adhesion test (TAT) following the ASTM-C633 standard. For
this examination, 3 samples of each coating were tested using
a universal testing machine (Instron 5889, Instron, UK). The
test was carried out at a constant rate of cross-head travel of
1.7 x 10> ms~1, recording the tensile load at which the rup-
ture of the coating occurred (maximum tensile load). From the
recorded load, the adhesion of the coatings was determined,
and the obtained results were averaged.

SBF tests

The bioreactivity of both the powder developed and the coat-
ings was studied by immersing them in Simulated Body Fluid
(SBF) following a standard protocol [26]. First, SBF was pre-
pared following the method of Kokubo [27], and then the
powders and coatings were soaked in SBF inside plastic ves-
sels.

For the powders, a ratio of 1.5kg of powder per m* of SBF
was used. The vessels containing the powders were incubated
inside a water bath at 36.5+0.5°C during 1h and 1, 2, 5 and
7 days. For each soaking time, 3 different aliquots of powder
were used.

In the case of the coatings, the amount of SBF needed was
calculated using the following relation:

Vsgr = % (1)
where Vgpr is the volume in m3 of SBF and S¢ is the area in
m? of the sample (glass coating). As said before, substrates
of 0.025m diameter were used, corresponding to a face area
of 4.9 x 107*m?, and hence 4.9 x 10> m3 of SBF were used for
each coating sample. The vessels containing the coated discs
were incubated inside a water bath at 36.5+0.5°C during 1, 2,
5,7 and 14 days. For each soaking time, 3 different coated discs
were used, which were placed inside the vessel perpendicular
to the bottom part.

Regardless of the type of sample (powder or coating), after
each soaking time the pH of the SBF was measured. For com-
parison purposes, vessels filled with only SBF were incubated
inside the water bath at 36.5+0.5°C during 1, 2, 5, 7 and
14 days as a control, and after each time the pH was also
measured. Then, the sample object of study (powder and coat-
ing) was removed from the vessel, gently rinsed with distilled
water and its surface morphology was observed by FEG-ESEM.
In addition, the nucleation and growth of the hydroxycarbon-
ate apatite (HCA) was followed by Fourier transform infrared
spectroscopy (FTIR) (Nicolet 6700, Thermo Scientific, USA),
energy-dispersive X-ray microanalysis (EDX) (Genesis 7000
SUTW, EDAX, USA) and XRD. The samples for FEG-ESEM,
were carbon coated by sputtering before inspection and the
observation was done using the secondary electron detector
signal under high vacuum conditions. FTIR was performed



BOLETIN DE LA SOCIEDAD ESPANOLA DE CERAMICA Y VIDRIO 61 (2022)42-53 45

in absorbance mode, with a spectral resolution of 2cm™?
from 1500 to 500cm~!. EDX analysis was done at the same
conditions as the FEG-ESEM observation and XRD using the
parameters set out in the previous section.

Cell culture

For the cell culture study, human osteoblasts-like cells (MG-63,
Sigma-Aldrich, USA) were chosen and cultured in Dulbecco’s
modified eagle’s culture medium (DMEM, Gibco, Germany) in
humidified atmosphere of 5% CO; in air at 37 °C. The DMEM
contained 10% fetal calf serum (FCS, Sigma-Aldrich, USA) and
1% antibiotics (containing penicillin + streptomycin). The cul-
ture medium was changed every 2-3 days.

The resulting coating from BGC25 experiment and
uncoated AISI type 304 stainless steel were tested for the sake
of comparison. Both type of samples (coated and uncoated)
were cut into small squares with approximately 0.95 x 102 m
of side. Then, all samples were sterilized in electric furnace for
2h at 160°C and preincubated in DMEM at 37 °C in humidified
atmosphere of 10% CO; in air for 48h. The main purpose of
the preincubation was to avoid a high pH increase of the cell
culture medium after seeding the cells to prevent their death,
especially in the case of the bioactive glass coated samples, a
phenomenon that has been reported frequently in literature
[28,29].

After that, cell culture medium (ccm) or DMEM was
removed from the culture flask and cells were washed with
phosphate-buffered saline solution (PBS, Gibco, Germany) and
detached from the same with 3x10~®m3 of trypsin/EDTA
(Gibco, Germany). Then, 9 x 10-®m® of DMEM at 37°C was
added into the flask to inhibit the trypsin effect and a sam-
ple was taken to count the number of cells. Then, prewarmed
ccm was used to dilute the cell suspension in order to achieve
the desired amount of 5 x 10'° cells/m3.

Thereafter, the samples were placed inside untreated well
plates of 3.14 x 10~* m? area and cells were seeded onto them.
1 x 10~® m3 of ccm containing cells was placed in each well. In
addition, 9 wells without sample were seeded with DMEM con-
taining cells as a control sample. Afterwards, the plates were
incubated inside an incubator at 37 °C in a humidified atmo-
sphere of 10% CO; in air for 24h. Finally, cells distribution,
adhesion and morphology were analyzed.

Cell adhesion and morphology

Phalloidin-staining was used for cell morphology and adhe-
sion while Vibrant-staining was employed to count the
number of cells on the samples.

For phalloiding-staining, first the ccm was removed and
the samples were washed with PBS. Then, the cells were
fixed to the samples with a fixing solution (FluoFix-PBS)
for 15min, washed again and permeabilized with a per-
meabilization buffer for 5min. At that point, a fluorescein
isothiocyanate solution (Phalloidin, Sigma-Aldrich, USA) was
added to each well for detecting the cytoskeleton, and the
plate was incubated for 1h in dark. After washing again
with PBS, a Dapi solution was prepared with a concentration
of 1 x 10~° m3 of 4',6-Diamidino-2-phenylindole, dihydrochlo-
ride (Dapi, Sigma-Aldrich, USA) per 1 x 10~®m? of PBS and

added into the wells for 5min for observing nuclei. Finally,
samples were washed with PBS and preserved in fresh PBS in
the dark. For each sample, pictures were taken using a fluo-
rescence microscope (Axio Scope Al, Carl Zeiss, Germany) at
5x and 20x magnifications.

Concerning the Vybrant-staining, the procedure was very
similar to that used in the previous staining. The ccm was
removed and the well plates were washed with PBS. Next, a
mastermix solution, containing 4 x 10~°m? Dil cell solution
(Vybrant, Thermo Fisher Scientific, USA) per 1x 10~6m?3 of
ccm, was added to each well and the plates were incubated
for 45 min at 37 °C. Then, the solution was removed, the plates
were washed with PBS and a fixing solution was put in the
wells for 15min. After removing that solution, a Dapi solu-
tion was prepared again with a concentration of 1 x 10~°m?3
of Dapi per 1x 10-®m3 of PBS and added into the wells for
5min. Finally, samples were washed with PBS and preserved in
fresh PBS in the dark. For cell counting with Vybrant-staining,
6 bioactive glass coated samples, 6 AISI type 304 stainless steel
samples and 6 wells without samples were used. For each
sample, 5 micrographs at 10x magnification were taken with
fluorescent microscope and the number of cells was counted
with ImageJ software. The results obtained from viable cells
were also evaluated by one-way analysis of variance (ANOVA)
with Tukey test with a significance statistical level of 0.01, in
order to assess the statistical significance of the results [28,30].

Scanning electron microscope examination

The samples which were not used for the staining, were
examined by scanning electron microscopy. After 24h of
incubation, ccm was removed from the wells and the sam-
ples were gently rinsed with PBS. Then, after adding two
different fixing solutions (the first one containing glutaralde-
hyde + sodium cacodylate and the second one containing
glutaraldehyde + sodium cacodylate + paraformaldehyde) for 1
hour each, the samples were dehydrated with an ethanol
series starting from a concentration of 30% until 100%. Finally,
the samples were put inside a critical point dryer, and after
that they were carbon coated and observed by FEG-ESEM.

Results and discussion
Coatings characterization

Surface and cross-section micrographs of the obtained coat-
ings are displayed in Fig. 1. Typical APS coatings obtained from
highly refractory crystalline ceramic oxides such as alumina
or zirconia, result in microstructures composed of completely
flatten splats. However, the obtained coatings in the present
work exhibit a microstructure comprising partially deformed
splats, and plenty of typically rounded pores from trapped gas
as reported in previous investigations on plasma sprayed glass
coatings [7,11,12,31]. This microstructure is associated to the
melting behavior of glass particles during the plasma deposi-
tion process, which is mainly influenced by the energy of the
plasma plume. In both experiments, the particles achieved a
semi-molten state with a rounded shape composed of an un-
melted core surrounded by a molten glass layer. When these
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Fig. 1 - FEG-ESEM micrographs of the obtained coatings: (a) surface and c) cross-section for the coating deposited with 38
slpm of argon, (b) surface and (d) cross-section for the coating deposited with 25 slpm of argon, (e) XRD pattern of the 25

slpm argon deposited coating.

rounded particles impact onto the substrate, they remain
attached to it due to this molten glass layer, but their flattening
is prevented by the un-melted core. As it can be observed in
Fig. 1, this effect is more visible to BGC38 coating (Fig. 1a and c)
where a higher flow rate of argon was used. Therefore, as men-
tioned above, two effects took place simultaneously inside the
plasma plume, that is hydrogen is more diluted resulting in
a lower thermal conductivity through the plasma plume and
lower residence time of the particle inside the plume. In con-
trast, for BGC25 coating, the higher thermal conductivity of the
plasma plume combined with the higher residence time of the
particles inside the plume, resulted in a thicker glass molten
layer surrounding the core of the particles, giving rise to
more flattened splats. These findings confirm previous results
reported in the literature by Canillo et al. [31]. According to
these researchers, from the observation of these heteroge-
neous microstructures, low values of adhesion strength can
be expected. Nevertheless, the rough surface of the coatings
and their porosity could exert a positive influence, enhancing
the bioactivity and osteoconductivity of the resulting coating
[32,33].

Table 2 shows some characteristics of the obtained coatings
and their comparison with typical data for standard plasma
spray coatings: deposition efficiency, thickness, porosity and
adhesion strength [34,35]. Porosity for both coatings is higher
than that observed to APS coatings as commented above. In
addition, the differences in porosity between both coatings are
also related to the microstructure. In fact, from Fig. 1 it can be
appreciated thatin the case of the BGC38 coating, the predom-
inant type of pore is not rounded but with irregular, inter-splat
shape due to the higher un-flattened state of this coating. As
said above, due to the lower melting of the glass particles,
the particle’s core remains unmelted preventing the particle
to be totally flattened when they impact onto the substrate
or the as-deposited coating. Therefore, they compact worse
among themselves when stacking on the substrate to develop
the coating giving rise the irregular pores. The deposition effi-
ciency of the BGC38 and BGC25 coatings are in agreement
with typical data of APS coatings; however, the thicknesses
are in the lower range compared to APS layers. Although much
higher thickness can be easily obtained by increasing the num-
ber of plasma torch passages, this is probably of scarce interest

Table 2 - Some characteristics of the obtained coatings compared with typical standard APS coating data [34,35].

Characteristic BGC25 BGC38 Standard APS coatings
Deposition efficiency (%) 90 83 90-95

Thickness (pm) 118.5 £ 4.5 100.0 + 4.5 300-15002

Porosity (%) 26.5 + 3.0 33.0 + 1.3 7-10°

Tensile adhesion strength (MPa) 44 +0.8 23+1.0 15-25¢

@ Might be intentionally lower [34].
b Might be intentionally greater [34].
¢ Ceramic coatings with bond coat.




BOLETIN DE LA SOCIEDAD ESPANOLA DE CERAMICA Y VIDRIO 61 (2022)42-53 47

® vPO> B vCO2 A vSi-O-Si

a)

- 7 days

=

g § days

E:

<
1 day
Original

1500 1300 1100 900 700 500

Wavenumber (cml)

b)

- 14 days
g
g 7 days
2
<

1 day

W Original

1500 1300 1100 900 700 500

Wavenumber (cml)

Fig. 2 - FTIR results before and after soaking in SBF at different times: (a) for bioactive glass powder and (b) for BGC25

coating.
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Fig. 3 - XRD patterns for the powder feedstock and the
BGC25 coating samples after SBF immersion for 7 days and
14 days respectively.

for biocoating application (100-150 pm maximum thickness)
[1,36,37]. Again, the differences between the obtained coat-
ings in both porosity and thickness are related to the melting
state of the particles when impacting onto the substrate.
Finally, regarding the adherence between the coatings and the
substrate, lower adhesion values than some reported in the
literature were obtained [38]. This fact could be due to using
thinner substrates (1.00 x 10~2m) than the stablished by the
ASTM-C633 standard (3.81 x 10~2m) [39]. Therefore, the sub-
strates used in the present work are less ductile, causing a
negative effect on the stress distribution inside the substrate
during the tensile test. Even so, these values were found in
good agreement with the other authors who tested similar
probes [39]. Comparing both samples, the higher porosity of
the BGC38 coating involves lower adhesion properties respect
to the BGC25 coating. In any case, the final adhesion of the
obtained coatings could be enhanced by using a common TiO,
bond coat, which has been proven as an efficient way of sig-
nificantly increasing this adhesive strength [38].

83
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Fig. 4 - Evolution of SBF pH with immersion time for the
bioactive glass powder (circle dots), the BGG25 coating
(square dots) and SBF without any sample (triangle dots).

Fig. 1e shows the X-ray diffraction pattern of the BGC25
coating. As observed, the amorphous structure of the feed-
stocks (Fig. S1) was fully preserved. The XRD pattern of
the other coating was very similar. As reported elsewhere,
extremely high cooling rates occurring during plasma spray-
ing prevent glass splats from recrystallisation, resulting in a
fully amorphous layer [40]. This high cooling rate represents
another great advantage of plasma spray technique to obtain
bioactive glass coatings as glass devitrification can then be
easily avoided. As reported in literature, the preservation of
this amorphous structure seems to be a key issue in order to
enhance the bioactivity response [41].

Powder and coating bioactivity by SBF test

SBF test of the samples was done to analyze the bioreactivity of
the bioactive glass powder feedstock and coatings, but only the
BGC25 coating was tested. Although both coatings were com-
pletely amorphous and presented similar surface roughness,
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Fig. 5 - FEG-ESEM micrographs of the samples after different exposure time in SBF accompanied by their corresponding
EDX analysis. From (a) to (d) bioactive glass powder before soaking and soaked for 1, 5 and 7 days, respectively. From (e) to
(h) BGGC25 coating before soaking and soaked for 1, 7 and 14 days, respectively.

the BGC38 coating was rejected as it had less thickness and
adhesion to the substrate, as well as a higher closed porosity
resulting in a less cohesive microstructure due to the spraying
parameters, as described above.

FTIR results from BG powder and BGC25 coating before
and after soaking in SBF are presented in Fig. 2. Before soak-
ing both samples in SBF, they displayed similar spectra (since
the composition is the same), exhibiting Si—O—Si stretching
bands [42]. Nevertheless, as the samples were soaked and res-
idence time inside SBF increases, the resulting FTIR spectra

became different. Consequently, new absorption bands can
be appreciated at 560cm~"! and 605 cm~1, which correspond
to P—O bending from PO43~ group, and at 1050cm~! corre-
sponding to P—O stretching [40,43]. Moreover, some bands
at 800cm~? (Si—O non-bonding oxygen), and 1070cm~! and
1200 cm~? (Si—O—Si stretching) can be appreciated [42]. Addi-
tionally, bands at 870cm~! and 1400cm™!, characteristic of
CO32- group, were also found, which are a clear sign of HCA
formation mimicking bone like apatite since the formation of
pure hydroxyapatite (HA) is unlikely in SBF [27].
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Both types of samples display the same absorption bands.
However, for the coating, the appearance of those bands takes
place atalonger time than that observed for the bioactive glass
powder feedstock. Absorption bands for the powder were fully
evolved after 7 days in SBF while for the coating it took 14
days. This delay deals with the lower reactivity of the coating
as a consequence of the sintering of the glass particles dur-
ing plasma spraying at a high temperature. To confirm this
result, the specific surface area of the powder feedstock and
the coating were determined by BET (TriStar 3000, Micromerit-
ics, The USA). For the BGC25 coating, due to its low adhesion,
it was carefully detached [44,45], and then fragmented into
pieces to carry out the measurement. The specific surface area
was 4.70 x 10~ m?/g for the powder and 6.35 x 10-2 m?/g for
the coating, which clearly explains the lower reactivity (avail-
able surface) of the coating in comparison with the powder
feedstock.

Although the bands detected for both the powder and the
coatings correspond to the presence of HCA, XRD was also per-
formed to corroborate the FTIR results and confirm the phase
nature of the crystals developed [26,46]. The resulting patterns
are shown in Fig. 3, where only the characteristic peaks of HCA
at 20 of 26° and 32° can be seen [27]. These peaks become
sharper at 7 days and 14 days for the powder feedstock and
the BGC25 coating, respectively.

Further confirmation of the impact of the surface reac-
tivity on the kinetics of the HCA formation can be deduced
when observing pH evolution during SBF test for both sam-
ples (bioactive glass powder and BGC25 coating) compared
to the SBF without any sample. Fig. 4 shows the pH increase
of SBF containing both samples (powder and coating) as the
test progresses as a consequence of the chemical interac-
tion occurring between SBF and the glass surface [27]. More
remarkable, starting with an initial pH value of 7.42, bioactive
glass powder shows a much faster pH increase during the first
hours of immersion. As reported elsewhere, this first step in
the SBF immersion test relates to cation (mainly Na* and Ca?*)
release from the glass which takes place more rapidly for the
bioactive glass powder sample compared to the coating due to
its higher exposed surface area [47].

FEG-ESEM images of the HCA layer developed onto the
powder and coating surfaces at different soaking times are
displayed in Fig. 5 followed by their corresponding EDX anal-
ysis spectrum. Powder micrographs (Fig. 5a—-d) show that
HCA formation starts to be noticeable after 1 day and fully
developed after 7 days in SBF. For the coating (Fig. 5e-h),
HCA formation is observed after 7 days, which develops
further covering the surface after 14 days. For both the
powder and the BGC25 coating, the EDX spectra presented
in Fig. 5 confirms the appreciations from FEG-ESEM micro-
graphs. P and Ca peaks grow as the immersion time increases,
becoming fully developed after 7 days and 14 days expo-
sure times for bioactive glass powder feedstock and BGC25
coating, respectively. Moreover, the intensity of the Na peak
decreases as the soaking time increases confirming the cation
exchange from the glass (powder or coating) to the SBF
environment.

7.90

0 24 48
time (h)

Fig. 6 — Medium pH variation during preincubation in 10%

CO, humidified atmosphere. DMEM (square dots),

AISI304 + DMEM (triangle dots) and BG25C + DMEM (circle

dots).

Biological response

The resulting pH variation of the medium (DMEM) in the three
cases set out above (without sample, with AISI304 uncoated
sample and the BGC25 coating) is shown in Fig. 6. There is
hardly any difference between the pH values of DMEM alone
and that of AISI304 compared to the sample coated with BG.
Thus, when releasing cations (Na* and Ca?*) into the medium,
the pH values always grew. However, after 48h the pH of the
medium is lower than 7.7 in all cases, which makes it pos-
sible to seed the cells on the samples and their subsequent
incubation.

After incubation, the adhesion, distribution and mor-
phology of the cells in direct contact with the samples
were assessed according to the procedures described in the
experimental section. In Fig. 7, the cells are shown after
phalloidin-staining at different magnifications. The cells are
identified by fluorescent coloration, the cytoskeleton cell being
red and the nuclei blue. From these micrographs, it is possi-
ble to appreciate a large concentration of cells well adhered
and scattered on the surfaces of both samples (AISI304 and
BGC25 coating), which confirms their good biocompatibility.
Nevertheless, different cell morphologies can be appreciated
depending on the surface. The cells on the surface of the
AISI304 substrate display an elongated rhomboid shape very
similar to that of the control cells, while for the BGC25 coating
the cells present a star-shaped morphology with higher num-
ber of cytoplasmic extensions (enhancing the contact between
cells and cells-surface). This different morphology could be
caused by both the surface topography (rough surface) and the
ion release from the glass coating which promotes the growth
of the cells. Therefore, a higher cell proliferation is expected
on the glass surface when compared to the metal surface.

The morphology was also checked by scanning electron
microscopy (FEG-ESEM). As it can be seen in Fig. 8, the cell
on the BG coating is spread in a multidirectional manner pro-
moting contact between cells and the surface of the coating, as
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25 pm 25 pm 25 pm

Fig. 7 - Fluorescent micrographs of MG-63 cells after phalloidin-staining in direct contact with the different surfaces. (a) and
(d) well-plate without sample, (b) and (e) AISI type 304 stainless steel, (c) and (f) BGC25 coating.

80 pm

Fig. 8 - FEG-ESEM micrographs of MG-63 cells on the tested surfaces (a) and (b) AISI type 304 stainless steel, (c) and (d)
BGC25 coating after 1 day of cultivation.
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Fig. 9 - Fluorescent micrographs of MG-63 cell nucleus after Vybrant-staining in direct contact with the different surfaces (a)
well-plate without sample, (b) AISI type 304 stainless steel, (c) BGG25 coating.
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Fig. 10 - MG-63 cell amount (cells/m?) on the well-plate,
uncoated substrate and the bioactive glass coated
substrate. Results expressed as mean with standard
deviation. Statistically significant differences (p <0.01)
between means expressed with **.

discussed above. Splat-structured morphology of the BG coat-
ing promotes the growth of cells and hence their attachment,
in comparison with a non-structured (smooth) and impervi-
ous surface, as in the case of the metallic substrate [48,49].
Regarding the number of cells, these results were quan-
titatively corroborated from micrographs obtained after
Vybrant-staining (Fig. 9) and are shown in Fig. 10. There is a
large number of cells in contact with all the materials tested.
In addition, it can also be observed that there are no signifi-
cant differences between the amount of cells (cells/m?) on the
AISI type 304 stainless steel substrate and the BGC25 coating.
In summary, it can be concluded that there is a stronginter-
action between the tested surfaces and MG-63 osteoblasts-like
cells, due to the high amount of living cells present on each
surface after 24h of incubation. Despite not finding signifi-
cant differences in the number of cells/m? on each surface
(AISI type 304 stainless steel substrate and the BGC25 coat-
ing), the BG coating presents multidirectional growth of the
cells, which promotes contact between cells and the surface.
Moreover, a higher proliferation rate of cells on the surface of
the bioactive glass coating can be expected compared to that

of the metal, as the surface roughness of the BGC25 coating
and its open porosity are expected to promote ion exchange
between the surface and the medium, which should positively
affect cell behavior [48]. However, in order to corroborate this
statement, prolonged incubation times with primary human
osteoblast cells should be applied to appreciate how evolve
both coated and uncoated samples.

Conclusions

This research addressed a complete in vitro study (immersion
in SBF and cell culture) of a BG coating obtained by atmo-
spheric plasma spraying technique. The following conclusions
were inferred from the research:

- Both coatings (BGC25 and BGC38) exhibited a microstruc-
ture composed of partially deformed splats plenty of
rounded pores and considerable thickness. As previously
reported, this microstructure evolves from glassy-nature
feedstocks which rapidly sinter and cool during plasma
spraying. The amorphous nature of the feedstock was pre-
served after deposition. High porosity of the coatings was
observed, which can enhance its bioactivity.

- Simulated body fluid test allowed to assess the precellular
bioactivity of the coating. Bioactivity (formation of HCA) was
monitored and verified by FTIR, FEG-ESEM, XRD and EDX
and compared with that of the starting feedstock powder.
All these tests confirmed the formation of the hydroxyap-
atite layer in the coating. However, the development rate of
the HCA layer is slower on the coating surface than on the
powder surface, due to the difference in the specific surface
area.

- Surface characteristics of the coating consisting of
deformed splats and high roughness resulted in good inter-
action between coating surface and human osteoblasts-like
cells. Despite the similar number of cells/m? on the BG
coated and uncoated surfaces, multidirectional growth of
cells were observed on the BG surface leading to a poten-
tially superior biological response of the coating. With the
aim to corroborate this statement, longer incubation times
will be performed.
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