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Abstract: Silicate (13-93) and borate (13-93-B3) bioactive glass coatings were successfully deposited
on titanium using the nanosecond Pulsed Laser Deposition technique. The coatings’ microstructural
characteristics, compositions and morphologies were examined by a number of physico-chemical
techniques. The deposited coatings retain the same functional groups of the targets, are a few
microns thick, amorphous, compact and crack free. Their surface is characterized by the presence of
micrometric and nanometric particles. The surface topography, investigated by Atomic Force
Microscopy, is characterized by spherical or ellipsoidal particles of the 0.2-3 um size range for the
13-93 silicate bioactive glass film and of the 0.1-1 um range for the 13-93-B3 borate bioactive glass
coating. Equine adipose tissue-derived mesenchymal stem cells (ADMSCs) were applied for
biological tests and the osteogenic differentiation activity of cells on the deposited coatings was
studied after ADMSCs growth in osteogenic medium and staining with Alizarin Red.
Cytocompatibility and osteogenic differentiation tests have shown that thin films retain the
biocompatibility properties of the target silicate and borate glass, respectively. On the other hand,
no antibacterial activity of the borate glass films was observed, suggesting that ion doping is
advisable to inhibit bacterial growth on the surface of borate glass thin films.

Keywords: borate bioactive glass coatings; silicate bioactive glass coatings; nanosecond pulsed laser
deposition; equine adipose tissue-derived stem cells; cytocompatibility; antibacterial activity

1. Introduction

Biomedical researchers are increasingly paying attention to the development and application of
bioactive materials. In particular, in the field of prosthetic dentistry, maxillofacial surgery and
orthopaedics, bioactive glasses and ceramics are increasingly chosen with respect to bioinert
materials. In the 1960s, the first generation of biomaterials was selected for biomedical use due to
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their suitable physico-chemical characteristics and inertness in biological environments [1]. From the
1980s, bioactive materials with a controlled interaction with the biological surroundings were
preferred for clinical use [1,2]. Nowadays, bioactive materials belonging to the third generation are
being developed with the aim to induce a desired therapeutic effect [1].

Among bioinert materials, titanium (Tj) is still widely used to manufacture hard-tissue implants,
especially for load-bearing application (hip, knee and dental prosthesis), due to its optimal
mechanical characteristics. It has been employed for orthopedic implants since the 1960s, when
Branemark and his co-workers [3] discovered a titanium cage strongly integrated in a rabbit bone a
few months after its implantation. However, it is not osteogenic; therefore, the osteointegration takes
place over a longer time, during which the eventual occurrence of shift movements between the
implant and the host bone could lead to the formation of a fibrous capsule around the implant surface
and its consequent failure may occur. In order to increase the chances of successful bone-related
implant procedures, the modification of the Ti surface by coating it with a bioactive material is
advisable [4-9]. In this way the optimal bulk mechanical properties are preserved, and the implant
surface is more suitable to provide a better osteointegration.

After Hench’s discovery of the 4555 Bioglass® in 1971 [10], significant progress was made in
bioactive glass composition, which aimed to design biomaterials possessing specific properties for
bone reconstruction. The goal was to obtain materials whose components, dissolved in the
extracellular matrix, are able to stimulate specific biological responses, influencing gene expression,
osteogenic differentiation and cellular proliferation. In addition, the risk of infection incurrence after
a surgery is always high and more probable in the case of implantation [11]. A way to prevent
microbial colonization and the consequent implant failure is to impart antimicrobial properties to
biomaterials.

Moreover, in order to overcome problems related to phase separation [10,12,13] and
devitrification during heat treatment of early silicate glasses, other ions were added to their
composition. In particular, the addition of components such as potassium, magnesium, and boron
improved glass processability, making it easier to produce glass without crystallization and to use it
in the form of coating, fibers, scaffolds, etc. [13]. For this purpose, Brink and co-workers carried out
a systematic study on the in vivo bone-bonding behavior of several glass compositions [13,14].
Among these, the glass registered as 13-93 (Na20-K:20-MgO-CaO-P205-5i02) had bioactive
properties and was approved by the Food and Drug Administration in the USA and Europe for in
vivo use. However, similarly to 4555, the 13-93 bioactive glass is characterized by a slow and
incomplete conversion into hydroxyapatite (HA) once in contact with the body fluids. For this reason,
silicate was substituted by different percentages of borate, observing a faster and a more complete
transformation into HA in the absence of silica [15-19]. This is because when borate glass is placed in
the biological environment, there is no formation of a silica-rich layer, typical of the interaction
process of the silicate glasses. Therefore, the reaction rate is limited by the dissolution of ions in
biological surroundings [15-18,20,21].

Furthermore, boron has a number of key functions inside the biological environment, especially
in bone metabolism, thanks to its interaction with calcium, magnesium and vitamin D, and, therefore,
its presence is even more crucial for bone preservation and osteoporosis limitation [22,23]. Some
studies evidenced that boron influences osteogenic differentiation of mesenchymal stem cells [24,25],
being also angiogenic [26]. Many studies report that ion doping enhances the antibacterial properties
of borate based bioglass [27-30]. On the other hand, Fu and collaborators [31] observed no beneficial
effect on cell proliferation during in vitro testing, supposing an overly fast boron release in culture
medium, while no toxic effects were found during in vivo testing due to the more dynamic
microenvironment of the organism, which allows a rapid metabolization of boron. All these
advantages make borate glasses a valuable alternative to conventional silicate bioactive glasses.

The potential of bioactive glass to be used as coating materials for metallic or alloy implants is
related to the possibility of obtaining coating films that are dense, without cracks and well adherent
to the substrate. Many of the coatings’ techniques require high temperature treatment in order to
allow the glass to react with the substrate surface [32-34]. In this contest, borate glasses are
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advantageous with respect to silicate ones since boron oxide reduces the coefficient of thermal
expansion of glass, better matching the coefficient of thermal expansion of metal substrate [29].

Among several deposition techniques, pulsed laser deposition is a promising route to obtain
thin films for biomedical applications. The use of pulsed laser deposition (PLD) has in fact several
advantages: coatings usually retain the bulk target composition, strongly adhere to the substrate
surface, their thickness and crystallinity can be controlled by monitoring deposition parameters and
their morphologies are typically characterized by nanometric and micrometric features [4,6,8,35],
which support the osteointegration process [8,36,37]. Moreover, no heating treatment is required to
deposit amorphous films.

Recently, several bioactive glasses [9,38-40] have been successfully deposited by PLD. Ma et al.
[38] obtained, by PLD, Magnesium-containing bioactive glass coatings on Ti-6Al-4V that
demonstrated higher corrosion resistance with respect to the uncoated substrates and film bioactivity
by in vitro assay. Sanz et al. [39] deposited Niobium-containing bioactive glass on Ti substrate by
nanosecond PLD, obtaining typical compact and granular films, which preserved target
stoichiometry and improved cell adhesion in comparison with non-coated Ti. Rau et al. [6] coated Ti
substrate with Cu-releasing bioactive glasses by nanosecond-PLD, showing their good wettability,
bioactivity and antibacterial properties upon in vitro assay. Shaikh et al. [40] laser deposited 4555
glass on Ti-alloy surface, testing films’biocompatibility on U20S human osteosarcoma cells. Wang et
al. [41,42] obtained composite hydroxyapatite/bioglass films by depositing, with a pulsed laser, on
Ti-6Al-4V titanium alloy and demonstrated their osteoconductivity after implantation in shin bone
of a rabbit.

In the present work, for the first time, borate-based (13-93-B3) and silicate-based (13-93) bioactive
glasses (BGs) were deposited on titanium surface by nanosecond PLD at room temperature. The
amorphous deposited films are compact and without cracks. Their surface presents nanometric and
micrometric features that make films suitable for interaction with the biological medium. The
coatings’ biological properties were tested on equine adipose tissue-derived mesenchymal stem cells
(ADMSCs) and microbiological tests were carried out, showing that borate-based glasses can be used
as alternative materials to silicate glasses for the coating of titanium implants.

2. Materials and Methods

Silicate (13-93) and borate glasses (13-93-B3) were used as target materials for the pulsed laser
deposition procedure.

2.1. Glasses Preparation

Silicate 13-93 (5.5 Na20, 11.1 K20, 4.6 MgO, 18.5 CaO, 3.7 P20s, 56.6 SiOs, all in wt.%) and borate
13-93-B3 (5.5 Na2O, 11.1 K20, 4.6 MgO, 18.5 CaO, 3.7 P:0s, 56.6 B20s, all in wt.%) glasses were
prepared by a melt-quenching method, reported in [18]. Briefly, the synthesis was carried out in a
platinum crucible using all analytical grade reagents (Na2COs, K2COs, MgO, CaCOs, CaHPO4+2H:0,
HsBOs) from Sigma-Aldrich (Steinheim, Germany), while the silicate source was a Belgian quartz
sand (obtained from Abo Akademi, Finland). The mixtures were heated for 2 h at 1050 °C and for 3
h at 1360 °C to obtain 13-93-B3 and 13-93 glasses, respectively. Afterwards, the melts were cast,
annealed and crushed. The melting process was repeated twice. Bioactive glass blocks were crushed
using a jaw crusher and milled using a planetary mill (both made of zirconia, Retsch, Haan,
Germany). The obtained bioactive glass powders (0.3 g per pellet, with a mean particle size of 5-20
pum) were pressed into pellets (diameter of 10 and 3 mm height) using a hydraulic press (PE-010,
MautheMaschinenbau, Wesel, Germany) with a load of 1t. The pressed pellets were then sintered at
1050 °C for 2 h with a heating rate of 2 °C per min.

Prior to depositions, the target materials were characterized by X-ray diffraction (XRD), by
means of a D5000 (Siemens AG, Munich, Germany) in a 0-20 configuration, and by Fiurier-transform
infrared (FT-IR) spectroscopy, with a JASCO 460 Plus (Tokyo, Japan).
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2.2. Pulsed Laser Deposition

The 13-93 and 13-93-B3 bioactive glass films were deposited on Si (100) and Ti 1 cm x 1 cm (both
from Goodfellows, Huntingdon, UK) substrates. Ti substrates were preliminarily sandblasted and
polished with a HNOs/H2SOs solution (aqua regia). Film depositions were performed in a stainless
steel vacuum chamber equipped with a rotating target holder, at a pressure of 10 Pa. The Nd:YAG
laser (Handy YAG, Quanta System, Samarate, Italy) with the following characteristics was used: A =
532 nm, pulse duration =7 ns, repetition rate = 10 Hz. It was directed on the target by quartz lens (45°,
350 mm focal plane). In each deposition, the target-substrate distance was kept at 2 cm, the deposition
time was 5 h and the laser fluence was 12 J/cm?; such experimental conditions were optimized in our
previous work [4].

2.3. Characterization

The composition of the films deposited onto Si substrates was characterized by FT-IR (JASCO
460 Plus), in transmittance mode in the range of 4000-400 cm™, by collecting 100 scans with a
resolution of 4 cm™. This analysis was carried out on the films deposited onto Si (100) substrates since
silicon shows very weak absorption in medium IR range. The crystalline or amorphous character of
the films were investigated by XRD (D5000). The morphology was characterized by scanning electron
microscopy (SEM) (PHILIPS-FEI XL30, North Billerica, MA, USA), while the roughness was
evaluated by atomic force microscopy (AFM). AFM measurements were carried out by a Bruker
Dimension Icon system (Billerica, MA, USA)), equipped with a Nanoscope V controller (Bruker
Corporation, Billerica, MA, USA). AFM micrographs were acquired in tapping mode, by using n-
doped Si probes (Bruker RTESP300, Billerica, MA, USA) with a resonant frequency of roughly 300
kHz, at a scan rate between 0.3 and 1 Hz. Scanned areas ranged from 1 um x 1 um to 10 pm x 10 um.
At least three different regions were scanned for each sample. The roughness coefficients are
presented as average values.

2.4. Biological Test

2.4.1. Equine Adipose Tissue-Derived Mesenchymal Stem Cell (ADMSC): Isolation and Culture

Adipose tissue was collected from a 2 year-old male horse. It was stored at 4 °C in a sterile
container with phosphate buffer saline (PBS, from Sigma-Aldrich, Irvine, UK), supplemented with
5% v/v penicillin-streptomycin. After a quick transportation in laboratory, it was washed three times
with PBS in order to remove red blood cells, dissected in small pieces and digested at 37 °C for 60
min with 0.1% collagenase Type IA (Sigma-Aldrich, Saint Louis, MO, USA). After that, cell
suspension was centrifuged at 800 rpm for 10 min. The obtained pellet was re-suspended in the
Dulbecco’s Modified Eagle’s Medium (DMEM) with 10% (v/v) fetal bovine serum (FBS, Gibco,
Paisley, UK) and cultured in polystyrene flasks for cell cultures (Falcon, Durham, NC, USA). For this
purpose, an incubator kept at 37 °C with a humidified atmosphere containing 5% of CO:2 was used.
After 24 h culture medium, cellular debris were removed by washing with PBS. Culture medium
(DMEM with 10% FBS) was added and then changed every two days until a cell confluence of 80%
was reached. Subsequently, ADMSCs were trypsinized (with trypsin from Sigma-Aldrich, London,
UK) and re-suspended in fresh culture medium.

2.4.2. Cell Viability

In order to investigate the effect of the 13-93 and 13-93-B3 coated Ti on the viability of the
ADMSC cells, the 3-[4,5-dimethylthiazole-2-yl]-2,5-diphenyltetrazolium bromide (MTT) assay was
performed. The MTT assay is a colorimetric test used to evaluate the cellular metabolic activity. It is
based on the enzymatic reduction of MTT to water insoluble formazan blue salts, determinable
spectrophotometrically. This reaction can occur only in viable cells due to the presence of
mitochondrial succinate dehydrogenase (SDH).
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ADMSCs with a concentration of 50,000 cells/mL in culture medium (DMEM with 10% FBS)
were distributed in 24-well plate and incubated for 24 h at 37 °C. After that, the 13-93 and 13-93-B3
coated Ti samples were introduced and incubated under the same conditions. Before cell culture, the
samples were washed with distilled water and sterilized in autoclave (121 °C, 20 min, pressure of 1.1
bar). The MTT assay was carried out after 24 and 48 h of incubation, when culture medium was
substituted by the MTT solution (Sigma-Aldrich, London, UK) 0.5 mg/mL in the DMEM. After an
incubation time of 3 h under cell culture conditions, the MTT solution was substituted with
isopropanol (Sigma-Aldrich) and left for 30 min at room temperature, in order to dissolve formazan
crystals, detected by measuring the optical density (OD) at 600 nm with a BioPhotometer (Eppendorf,
Hamburg, Germany). All experiments were made in triplicate.

2.4.3. Osteogenic Differentiation

ADMSCs (50,000 cells/mL) were seeded in a 12-well plate (Falcon) and incubated under cell
culture conditions (37 °C, 5% COz). After 24 h, the 13-93 and 13-93-B3 coated Ti and control samples
without coatings were added, and the osteogenic differentiation was induced by changing the culture
medium with an osteogenic one, composed of ascorbic acid 50 ug/mL (Sigma-Aldrich), (-
glycerophosphate 10 mM (Sigma-Aldrich) and dexamethasone 10-7M (Sigma-Aldrich) in the DMEM
plus 10% FBS, and incubated under cell culture conditions for three weeks, changing the culture
medium every two days. ADMSCs in DMEM plus 10% FBS with and without osteogenic medium
were positive and negative controls, respectively.

The osteogenic differentiation was evaluated by staining with Alizarin Red S (Sigma-Aldrich),
which allows the detection of calcified extracellular matrix deposits, forming bright-red complexes
with calcium. The images were taken by the means of an inverted optical microscope (Nikon, Eclipse
TE 2000U, Tokyo, Japan).

2.4.4. Antibacterial Studies

The antibacterial activity was evaluated against Enterococcus faecalis (E. faecalis), Escherichia
coli (E. coli), Pseudomonas aeruginosa (P. aeruginosa) and Staphylococcus aureus (S. aureus). All the
bacteria strains were grown in Brain Heart Infusion (BHI, DIFCO, Sparks, NV, USA) in the presence
of the sterilized 13-93 and 13-93-B3 coated Ti for 24 h at 37 °C. Bacterial growth was evaluated by
measuring the optical density (ODsw nm) by means of a BioPhotometer (EppendorfD30, Hamburg,
Germany). Samples with OD values over the measurement range were appropriately diluted. All
experiments were made in triplicate.

2.5. Statistical Analysis

All the experiments were carried out in triplicate and the results are expressed as mean *
standard deviation (SD). Statistical analysis was performed using the Origin Pro 9.0 software
(Originlab Corporation, Northampton, MA, USA) and one-way ANOVA (Analysis of Variance) was
applied, followed by a post hoc Tukey test. Values of p < 0.05 were considered statistically significant,
indicated by an asterisk (*).

3. Results and Discussion

3.1. Physico-Chemical Characterization

Based on the results obtained by the FT-IR analysis of films deposited on the Si substrates, it is
possible to conclude that the deposited coatings maintain the spectral figures of targets (Figure 1).
The main absorption band of the 13-93 silicate glass target and film (Figure 1a) in the 1100-900 cm™!
range is related to the Si—-O-Si stretching mode. In particular, in the target it is possible to distinguish
between the stretching mode Si-O-(with non-bridging oxygen), around 930 cm™, and the symmetric
stretching mode of Si-O-S5i, around 1020 cm™. Signals related to the bending and the asymmetric
stretching of Si—O-Si are also visible in the target and film spectra at 470 and 760 cm?, respectively.
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In the FT-IR spectra of both the target and of the film (Figure 1b) of the 13-93-B3 borate glass, the
bending vibration of borates is observable at 715 cm™, whereas the bands centered at 1000 and 1400
cm™ are related to the B-O stretching mode of BOs4 units (tetrahedral coordinated) and BOs (trigonal
coordinated) units, respectively. The presence of different structural units is due to the ability of
boron to transform its coordination number with oxygen in a borate glass network due to the
presence of metal oxides, as in this case, that promotes the change from 3-fold to 4-fold coordination
[43].

(a) (b)
E E
E s
£ r
B-0-B
E vBO .o
vios;  8SHOS) B0, [0,
—Dep 13-93 VO —— Dep 13-93-B3
— Targst 13-93 —— Target 13-93-B3
2500 2000 1500 1000 500 2500 2000 1500 1000 500
Wavenumber (cm) Wavenumber (cm)

Figure 1. FT-IR spectra of target materials (black lines) and deposited films (red lines) of (a) 13-93 and
(b) 13-93-B3 BGs.

It can be observed from the broad XRD patterns without any detectable peaks shown in Figure
2 that both of the target materials are amorphous with no measurable amount of crystalline phase
[18]. The 13-93 glass spectrum presents a broad peak in the 25°-30° region that is typical for silicate
glass [18]. In the 13-93-B3 spectrum, a broad peak appears, centered at about 45°, that can be related
to the borate content of the glass. To obtain crystalline films, nanosecond PLD deposition is usually
performed by the heating of the substrate or by using a buffer gas [41,44,45], so we can expect that
also the deposited films are amorphous. We deposited the films at room temperature since it was
demonstrated that amorphous materials show superior solubility in biological or simulated
biological fluid media and are characterized by an increased bioactivity with respect to crystalline
materials [8,9,29,46].

—13-93-B3
—13-93

Intensity (a.u.)

T T T T T T 1
20 30 40 50 60 70 80

26°

Figure 2. XRD patterns of 13-93 and 13-93-B3 BG targets material and deposited films.

The morphologies, registered by SEM (Figure 3), of films obtained by depositing silicate or
borate targets are very similar.The films are uniform, dense, compact and without cracks.
Micrometric particles homogeneously spread all over the surface and nanometric particles embedded
in the dense background (Figure 3b,d) can be observed. Elongated and top flat microparticles are
present on the surface of both films. The observed morphology is typical for ceramic films deposited
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by nanosecond PLD [4,6,8,35,39], where two different mechanisms of film growth are present: gas
condensation and nano and micrometric droplets’ coalescence. Gas condensation leads to the
formation of the dense background covered by micrometric fused particles. Film surfaces,
characterized by nanometric and micrometric features, may contribute to the implant’s
osteointegration [36,37].

Figure 3. SEM images of (a,b) 13-93 and (c,d) 13-93-B3 BG coated Ti, registered at two different
magnifications.

When a biomaterial is introduced into a living organism, the biochemical process responsible
for osteointegration starts with the ion dissolution. During all the steps that lead to the formation of
the apatite layer on the top of the implant, dynamic absorption and desorption of proteins and other
moieties (e.g., sugars, phospholipids, amino acids) occur until equilibrium is reached. However, only
certain proteins are able to bind selectively and irreversibly to the implant surface and this is
influenced by ions released by bioactive glass, surface morphology, particle size and roughness, as
well as protein composition and concentration. For this purpose, the presence of nanometric features
on the implant surface may promote the adhesion of proteins involved in the regulation of osteoblast
proliferation [36]. At the same time, microscale features stimulate the adhesion and differentiation of
the same cells [47]. Therefore, glass-ceramics, with nanoscale crystal sizes and micro-/nanostructured
surface topography, show superior bioactivity and promote adhesion, proliferation, osteogenic
differentiation of stem cells and osteoblasts and, subsequently, stimulate bone growth [36,37].

Several studies have shown evidence of a strong correlation between substrates’ surface
morphology and cell adhesion [48], suggesting an enhancement of osteoblasts’ adhesion for
increasing surface roughness [49]. Therefore, AFM was employed to acquire information on the
nanoscale features of the produced bioactive glasses. Figure 4a,b shows two typical 10 um x10 um
3D height maps of the 13-93 and 13-93-B3 coated Ti, respectively, highlighting marked differences on
nanoscale surface features. In particular, while the 13-93 silicate glass film is characterized by
spherical or ellipsoidal particles of size ranging between 0.2 and 3 um, the 13-93-B3 borate glass
coating shows a lower density of deposited particles, with sizes in the 0.1-1 pm range. The surface
roughness evaluated from 10 um x 10 um AFM images and expressed as RMS values (Rq) has values
of 186 + 16 and 52 + 11 nm for the silicate and borate glasses, respectively. However, these results are
strongly affected by the Ti substrates’'morphology. In order to highlight the nanometric roughness of
the deposited films, 1 pm x 1 pm images were acquired (Figure 4c,d), resulting in very similar average
Rq values for silicate and borate glass coatings (35 + 12 and 44 + 18 nm, respectively).



Coatings 2020, 10, 1105 8 of 13

0.24 pm 0.31 pm

0.00 pm
" 0.00 pm

Figure 4. AFM images of (a,c) 13-93 and (b,d) 13-93-B3 BG coated Ti.

3.2. Biological Properties

ADMSCs were employed for the in vitro evaluation of cytotoxicity and osteogenic properties of
the 13-93 and 13-93-B3 BG coated Ti. Adult adipose tissue of different species has a great potential as
source of multipotent cells that are able to differentiate in different lineages [50]. The main advantage
of choosing ADMSC:s is their abundance and the easy and minimally invasive way to collect them by
liposuction, making ADMSCs of great interest in the cell therapy field.

In order to study the cytotoxicity effect of the 13-93 and 13-93-B3 BG coated Ti samples, the MTT
assay was performed. ADMSCs were incubated with and without (control sample) the two bioactive
glass coatings and then treated with the MTT. The consequent formation of blue formazan crystals is
possible only in the cells with metabolic activity. Therefore, the determination by the ODeoo nm of
formazan is related to the percentage of living cells. The measurements were executed in triplicate
after 24 and 48 h of incubation time. The calculated averages are reported in Figure 5. It is possible to
assert that both samples are not cytotoxic since no significant differences are noticeable between the
samples incubated with 13-93 and 13-93-B3 BG coated Ti and the control sample both at 24 and 48 h
of incubation time.

MTT test

2.00

0.00 I I I I I I
24h 48h

Incubation time

Optical Density
g g

=]
i
a

mControl ™ 19-93 m13-93-B3

Figure 5. MTT results of 13-93 and 13-93-B3 BG coated Ti after 24 and 48 h of in vitro ADMSC culture,
reported as optical density measured at 600 nm, expressed as mean values + standard deviation of 3
independent experiments. Statistical analysis was performed through ANOVA, followed by post hoc
Tukey test.

In Figure 6, it is possible to observe the extracellular calcium deposition detected by Alizarin
Red stain in ADMSCs, a clear demonstration of the osteogenic differentiation, except for the negative
control. No significant differences were detected for the 13-93 and 13-93-B3 coatings, while the
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percentage of red portion in Figure 6a,b and Figure 6¢,d seems to be slightly more than in the positive
control sample (Figure 6e,f).

Figure 6. Optical microscopic images taken after staining with Alizarin Red S of ADMSCs cultured in
the presence of (a,b) 13-93 BG coated Ti, (c,d) 13-93-B3 BG coated Ti in osteogenic medium, (e,f)
positive control and (g h) negative control (ADMSCs cultured with or without osteogenic medium,
respectively) for three weeks. The magnification is 20x (on the left) and 40x (on the right).

The effect of the 13-93 and 13-93-B3 BG coated Ti on various microorganisms (E. faecalis, E. coli,
P. aeruginosa, S. aureus) was evaluated after incubation at 37 °C for 24 h. The results of the ODs00 nm
measured with a BioPhotometer are shown in Figure 7, where the OD values are properly multiplied
for the dilution factor. It is possible to note that even if borate glasses should have antibacterial
properties, as follows from the literature [28-30], all microbiology tests show a rather high
proliferation of all the four tested bacteria strains, comparative or higher than the control sample. In
particular, for the Gram+ bacteria E. faecalis no significant differences can be noted with respect to the
control sample; whereas slight differences can be observed for the Gram+ S. aureus. For the Gram-
bacteria (E. coli and P. aeruginosa), their growth is favored by the presence of both the deposited
coatings. No antibacterial effects can be expected for silicate glass films and, probably, the absence of
these properties also for borate glass films can be imputed to the amount of boron released by the
coatings, which could be too low to inhibit bacterial growth. Therefore, if the aim is to deposit thin
bioactive films that also present antimicrobial effects, the addition of specific ions in the glass
composition, such as Ag, Zn or Cu, is advisable [9,28,30,51].
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Figure 7. Antibacterial test carried out on 13-93 and 13-93-B3 BG coated Ti compared with the control
sample, reported as optical density measured at 600 nm (obtained values are multiplied by the
dilution factor), expressed as mean values + standard deviation of 3 independent experiments.
Statistical analysis was performed through ANOVA, followed by post hoc Tukey test (*p <0.05).

4. Conclusions

Silicate (13-93) and borate (13-93-B3) bioactive glasses were successfully deposited on Ti
substrate by ns-Pulsed Laser Deposition. The deposited films, characterized by SEM, AFM and XRD
techniques, exhibit similar features: they are a few microns thick, amorphous, compact and crack free,
and their morphologies are characterized by the presence of micrometric and nanometric particles.
The cytocompatibility of coatings of both glass compositions was demonstrated by the MTT test and
their osteogenic differentiation activity was studied after ADMSCs’ growth in osteogenic medium
and staining with Alizarin Red. Although it was reported that bulk 13-93-B3 can inhibit bacterial
growth [28-30], no antibacterial effect of borate (13-93-B3) glass coatings on Ti was detected against
the tested bacteria strains E. faecalis, E. coli, P. aeruginosa and S. aureus.

The results prove the potential use of the PLD technique to deposit dense, compact and crack-
free silicate and borate coatings that retain the biological activity of the bulk materials. Further studies
will be focused on the addition of other ions to the glass composition for imparting antibacterial
properties to the implant coatings.
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