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The current study presents a comparison within the framework of 45S5 Bioglass® com-
position, between two types of coatings, achieved by physical or chemical means. The
oxide composition was established within SiO,-P,05-CaO-MgO-SrO-Na,0 system, while
the preparation techniques were pulsed laser deposition and spin coating. The target nec-
essary for laser ablation experiments was achieved via sol-gel route, displaying a quite
well-densified microstructure, as well as modified combeite and akermanite as crystalline
phases. The resulting layers turned out to be continuous, homogeneous, partially crystalline
and nanostructured in texture. The physical approach led to thicker films, which completely
veiled the surface irregularities of substrate; moreover, they provided higher apatite-forming
ability and better performance in terms of biocompatibility with human fibroblast BJ cells.
© 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/).
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El presente estudio presenta una comparacién dentro del marco de la composicién 45S5
Bioglass®, entre dos tipos de recubrimientos logrados por medios fisicos o quimicos. La com-
posicién de 6xido se estableci6 dentro del sistema SiO,-P,0s-Ca0O-MgO-SrO-Na, O, mientras
que las técnicas de preparacién fueron deposicién por laser pulsado y deposicién por cen-
trifugacién. El objetivo necesario para los experimentos de ablacién laser se logré mediante
laruta sol-gel, mostrando una microestructura bastante bien densificada, asi como combeita
modificada y akermanita como fases cristalinas. Las capas resultantes resultaron ser
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continuas, homogéneas, parcialmente cristalinas, nanoestructuradas en textura. El enfoque
fisico condujo a peliculas mds gruesas, que oculté completamente las irregularidades super-
ficiales del sustrato; ademds, proporcionaron una mayor capacidad de formacién de apatita

y un mejor rendimiento en términos de biocompatibilidad con las células BJ de fibroblastos

humanos.

© 2020 SECV. Publicado por Elsevier Espaiia, 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

Regenerative medicine integrates technologies from engineer-
ing and biological sciences to develop new materials that
restore, maintain, or enhance tissue morphology or func-
tion [1]. In the framework of biocompatibility, the appropriate
mechanical properties of designed substitutes are sometimes
endangered by phenomena like surface corrosion, interface
weakening and body intoxication [2,3]. To avoid this outcome,
the applied systems can be optimized [4]; thus, the best way to
improve the behaviour of bioinert implants is by coating them
with mineral layers, one of the possible choices being glass-
ceramic [5]. Bioactive glass-ceramics are formed by controlled
crystallization of primary glasses, with the purpose of tailoring
the functional properties [6]. Considering tissue engineering
field, they can bond to living tissues and improve the growth
and proliferation of osteoblasts, stimulation of osteogenesis
and angiogenesis, as well as local induction of antibacterial
and antifungal effects [7]. In order to trigger favourable bio-
logical effects, various metallic cations can be integrated in
the parent matrix [8,9]; Sr?* is often employed as glass net-
work modifier, facilitating cells proliferation/differentiation,
providing possible antibacterial activity or accelerating bone
reconstruction [10-12].

Sol-gel method has a great potential in biomedical engi-
neering, ensuring extended composition ranges and a better
control of purity, homogeneity and crystallinity [13,14]. Pulsed
laser deposition is a film synthesis technique with the advan-
tages of stoichiometric transfer, absence of contamination and
high substrate adhesion, being preferred for growing coatings
in hard tissue engineering [15,16]. Additionally, spin-coating is
frequently approached for layered biological applications due

to its simplicity, thickness control and uniformity ensuring
[17,18].

The aim of this work is to synthesize bioactive and biocom-
patible coatings, starting from the well-known composition
of 45S5 Bioglass®, but partially substituting with Sr; it was
already demonstrated that low concentration of Sr?* cations
enhances proliferations and stimulates osteogenesis [19,20].
In particular, the evaluation of coating method influence is
targeted, knowing that pulsed laser deposition is a physical
approach, while spin coating is a chemical route. The final
samples were analyzed from multiple perspectives to high-
light their suitability for tissue engineering applications.

Materials and methods

The target needed for pulsed laser deposition (PLD) exper-
iments was prepared through a wet-chemistry method,
adding Sr to the composition of 45S5 Bioglass® [21]:
46.1Si09-2.6P,05-16.9Ca0-10MgO-55r0-19.4Na, 0 (mol%);
the corresponding alkoxides and nitrates/nitrites were pro-
cessed according to a standard sol-gel procedure, described
in a previous paper [22]. Briefly, this type of synthesis involves
processes of hydrolysis, condensation and polymerization, by
which hydroxy or oxygen bridges are formed, leading in the
end to a hydrated oxide network. The dried gel was calcined at
650°C/2h, generating a precursor powder, which was further
granulated, shaped and sintered at 900°C/10h, resulting in
a PLD disc. The same precursor solution was employed for
spin coating (SC) experiments. The achieved films are listed
in Table 1.

The specimens were subjected to a series of characteriza-
tion methods, as follows: Scanning Electron Microscopy (SEM)

Table 1 - Parameters of coatings deposition.

Sample Method Constant parameters Variable parameters
PLD-RT Pulsed laser -355nm wavelength Substrate Room temperature
deposition -73-74Mj/pulse energy temperature
-30,000 pulses
PLD-300 -40 mm distance target-substrate 300°C
-100 mTorr oxygen pressure
-Silicon plate
SC-2 Spin -10,000 rpm rotation speed Number 2 layers
coating -60's rotation time of layers
-200°C/5 min drying
SC-5 -650°C/2h calcining 5 layers

-Titanium plate
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Fig. 1 - (a) SEM images of: (a) powder and (b) target, (c) EDX spectra and (d) XRD patterns of powder and target.

and Energy-Dispersive X-ray Spectroscopy (EDX) with a FEI
Quanta Inspect F microscope equipped with EDX probe (30 kV
operating voltage, no conductive coating applied), Fourier-
Transform Infra-Red Spectroscopy (FTIR) with a Thermo
Scientific Nicolet iS50 spectrophotometer (wavenumber rang-
ing between 400 and 2000cm~?!, 4cm! resolution), X-ray
diffraction (XRD) with a Shimadzu XRD 6000 or PANalytical
Empyrean diffractometer (Ni-filtered Cu Ka radiation, 20 rang-
ing between 10 and 80°, 2°/min scan speed). In vitro biological
evaluation was performed through Simulated Body Fluid (SBF)
immersion for 4 weeks (7.3 pH, 37°C temperature; a surface
area of 1 cm? was exposed to 2 mL SBF solution, the estimated
maximum mass of the coating being of 0.1 mg), as well as MTT
assay (absorbance was measured at 570 nm) and fluorescence
microscopy (actin filaments were stained with Phalloidin-
FITC, nucleus was stained with Hoechst 33342) on human
fibroblast BJ cells (ATCC, CRL-2522), as formerly detailed [22].

Results and discussion

The first step was represented by powder and target charac-
terization, the corresponding results being displayed in Fig. 1.
Thus, the calcined powder consists of individual nano-sized
particles, quasi-spherical or slightly elongated, dispersed or
agglomerated (Fig. 1a); the sintering process favoured the
appearance of a 3D network crossed by branched poros-
ity (Fig. 1b), but with faceted grains that can reach several
microns. EDX investigation confirms the integration of all
desired cations within the powder, but some changes in

lines relative intensity appear in target spectrum (Fig. 1c),
fact that can be correlated with the information provided by
XRD patterns. The latter reveal a combination of three crys-
talline phases in the case of powder: combeite (NazCasSigO1s,
rhombohedral structure, ICDD-00-075-1686), olivine (CaSiOy,
orthorhombic structure, ICDD-00-080-0942) and coesite (SiO,,
monoclinic structure, ICDD-00-083-1833), most likely sur-
rounded by a glassy phase. The target shows a higher
crystallinity degree, ensured by two mineralogic phases: a
high temperature modification of combeite (Najs 75Ca3SigO12,
rhombohedral structure, ICDD-00-078-1650) and akermanite
(CapMgSiy 07/Sr,MgSiy 0y, tetragonal structure, ICDD-00-083-
1815/ICDD-00-075-1736), the rest of elements being incorpo-
rated in a vitreous matrix holding the crystals together. Several
studies demonstrated promising activity in bone regeneration
for both combeite and akermanite [23-27].

The evaluation of the obtained coatings was centralized
in Fig. 2. SEM images reveal well-adhered films, with rela-
tively homogeneous microstructure for all samples (Fig. 2a—d).
A distribution of droplets specific to PLD method [28] can
be identified onto the surface of first two, their size being
around hundreds of nm. By increasing substrate tempera-
ture, droplets are reduced in number and dimension, while
the aspect of exploded entities and tendency of grouping
diminish; as well, the grains become better defined and vis-
ibly larger. In contrast, the surface of SC layers exhibits a
different topography, with roughness that increases as the
number of layers gets bigger, which is expectable consider-
ing that each additional layer amplifies prior unevenness;
process kinetics led to a succession of hills and channels
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Fig. 2 - SEM images of: (a) PLD-RT, (b) PLD-300, (c) SC-2 and (d) SC-5, (e) FTIR spectra and (f) XRD patterns of films.

distributed in correlation with substrate pattern. At higher
magnification, a specific wrinkled texture can be observed, a
particularity of SCmethod [29]. A rough character is favourable
for this application because it helps implant osteointegra-
tion. Regarding thickness, it was estimated to few hundreds
of nm for PLD synthesis and several tens of nm for SC prepa-
ration. FTIR spectra validated films growth especially for PLD
approach, through the vibrational bands assigned to Si bond-
ing and grouping in the range 800-1100cm~?! (922cm~! -
Si~0 bond, 1011 cm™! - Si~0-Si group) and Ca/Mg/Sr-O bonds
below 600 cm~? (452 cm~! -~ Ca-O bond, 493 cm~! - Mg-O bond,
436 cm~! - Sr-O bond) [22]; moreover, due to the low thickness
of SC coatings, the predominant band was recorded for pas-
sivation oxide layer from substrate surface (737 cm~?! - Ti-O
bond) (Fig. 2e). The diffractometric assessment evidences a
mainly glassy nature of PLD-RT and PLD-300 via the base
wide peak associated with short-range order and long-range
disorder in the formed network; the narrow peaks represent-
ing elevations from the halo one mentioned above could not

be clearly attributed to indexed crystalline compounds, but
they seem to be proofs of crystalline domains with small size,
related either to several types of symmetry in silicon diox-
ide (SiO;) ordered species or non-stoichiometric silicates, all
embedded within the matrix (Fig. 2f). SC-2 and SC-5, pro-
cessed identically as the powder used for target preparation,
namely the same precursor solution and calcination condi-
tions, can be assimilated with XRD pattern from Fig. 1d; this
means a glass-ceramic with combeite, olivine and coesite as
crystalline phases. A comparison between the two series of
samples, obtained by different methods, highlights the impor-
tance of applied temperature: maximum 300°C for PLD and
650°C for SC, which is reflected in the crystallinity degree of
films.

The changes occurred during SBF immersion were moni-
tored and presented in Fig. 3. All samples were involved in a
biomineralization process, proved by the presence of a new
surface layer, with different morphological and compositional
characteristics. SEM images confirm the deposition of apatite
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immersion in SBF.

as a continuous fluffy network of thin and small needles and
laminas; the highest yield seems to occur in the case of PLD-
300 and SC-5, for which micro-sized cracks can be noticed
(Fig. 3a-d). The increase of Ca and P concentrations is clearly
suggested in EDX spectra, where the signals for Mg, Sr and
Na are shielded (Fig. 3e), while the emergence of phosphate
groups specific to apatite is certified by the absorption bands
located in FTIR spectra around 1000 and 550cm~! (Fig. 3f)
[22]. Thus, comparing the intensity of these EDX lines with
the situation encountered in Fig. 1c, bigger ratios are found
between Ca and P on one hand and Mg, Sr and Na on the other
after SBF immersion, pointing out that a significant composi-
tional modification took place during 4 weeks of immersion.
For PLD coatings, the vibrational characteristics typical of
phosphate groups are predominant, evidencing a quantitative
superiority of the newly formed shell, in correlation with their
higher bioactive potential due to greater thickness; SC films
exhibit, besides the signs of phosphate groups, a remaining

large band coming from TiO; located on substrate surface,
indicating reduced thickness for apatite layer. Moreover, a
sharp peak is visible at 601 cm™?, well-known as fingerprint
of hydroxyapatite. Other researchers also demonstrated
that such materials are bioactive, stimulating the process of
biological mineralization [30] and sometimes even displaying
tailorable biodegradability [31].

Cell viability results shown in Fig. 4 indicate that, compared
to Control (cells grown on glass slide in similar conditions),
cells growth was notinfluenced, demonstrating that the inves-
tigated surfaces provide a favourable environment for cellular
metabolism. The fluorescence images are in accordance with
MTT assay, proving that cells morphology, both actin filaments
and nucleus, was not affected and their number was not
decreased. Thus, the engineered surfaces are cytocompatible
and do not hinder cellular proliferation/development, conclu-
sions also formulated by other authors that studied similar
systems: such materials support cells adhesion/proliferation
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and provide osteogenic potential [24]; in addition to excellent
biocompatibility, antibacterial activity could be a supplemen-
tary gain [32].

Conclusions

A new bioactive material was developed in the
form of coatings, following a composition of 45S5
Bioglass® partially  substituted with Sr, namely
46.1510,-2.6P705-16.9Ca0-10Mg0O-5S5r0-19.4Na, O (mol%)
composition. Thin films were grown either by pulsed laser
deposition or spin coating, varying either substrate temper-
ature (for pulsed laser deposition) or number of layers (for
spin coating), with the purpose of tailoring the properties
of future implants. The developed coatings were proven to
entirely cover substrate surface, consist of nanometric grains
and have a glass-ceramic character. All samples stimulated

the process of mineralization and offered positive results in
terms of cellular compatibility, but the superior performance
of those films achieved by pulsed laser deposition was evident,
probably due to their higher thickness, which is equivalent
to larger amount of active material; thus, the engineered
surfaces are bioactive and promote osseointegration, as well
as biocompatible and sustain cell proliferation/development.
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