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Abstract

Biocompatible and antibacterial multi-layer coatings of hydroxyapatite (HA)-
Ag/SiO2/TiN/Ti were obtained on the Ti-6Al-4V alloy, by means of the magnetron

sputtering technique. During characterization of the coatings, the chemical composition was
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evaluated by energy dispersive X-ray spectroscopy and the phase analysis was carried out
by X-ray diffraction. The morphology of the coatings was observed by field emission
scanning electron microscopy, while transmission electron microscopy was used to
appreciate their structure. The adhesion of the coatings to the substrate was evaluated by
micro scratch test. The in vitro biological response was evaluated in terms of cytotoxicity,
adhesion and differentiation of mouse mesenchymal stem cells, as well as adhesion and
bacterial viability of Staphylococcus aureus strain. Through the compositional study carried
out, the deposition of the HA phase was verified, with a Ca/P ratio close to 1.67 and the
characteristic diffraction peaks of this compound. The structural study of the coatings
evidenced the obtention of multi-layer architectures. The use of an intermediate
Si0,/TiN/Ti trilayer was found to improve adhesion between HA-Ag and the substrate by
84%. Finally, the in vitro biological tests carried out indicated a potentially non-toxic
character in the coatings. Additionally, an antibacterial effect was registered at low

concentrations of Ag (<0.25 mg/L).

Keywords: Magnetron sputtering; Multi-layer coating; Hydroxyapatite; Structure;

Interface; In vitro biological properties.

1. Introduction
The combination of osseointegration and antibacterial properties in prosthetic implants such
as microplates and fixation screws is widely desired, since adequate interaction between the
incorporated material and the bone is essential for the mineralization process. In addition,
the local action of antibacterial elements prevents the formation of bacterial infections that

trigger major health problems and, in many cases, lead to removal of the implanted device



[1,2]. For these reasons, both properties are strongly linked to long-term success in surgical
implantation procedures. For the elaboration of prosthetic implants, titanium alloys are
commonly used. These have good mechanical properties, necessary in many areas of
prosthetic replacement, and are also biocompatible, leading to good acceptance within the
human body [3]. However, this material does not have antibacterial properties, so the
implanted device is susceptible to bacterial colonization that can be induced even by the
surgical procedure itself, by inadequate asepsis for example. Recent studies have focused
on the surface modification of this alloy through the formation of a coating that enhances
the biocompatibility of titanium and induces antibacterial properties in the implant. To
achieve this, the magnetron sputtering (MS) technique is quite promising, since it allows
the combination of elements by means of a simultaneous co-deposition or a multi-layer
system, allowing coatings with good surface properties and high purity to be obtained [4—
7]. Of the most widely used biocompatible materials in this type of coatings, calcium
phosphates, especially hydroxyapatite (HA), have been of particular interest, since they
have a great chemical similarity with bone mineral, favoring bone growth [8,9]. On the
other hand, as a broad-spectrum antibacterial element, Ag is quite attractive [10-12].
However, this element can also cause cytotoxicity and, therefore, maximum concentration
levels have been established, with some authors reporting values between 1-2.5 mg/L [13]
and 10 mg/L [14,15]. The development of HA-Ag coatings by MS remains a work in
progress, since it has not yet been possible to obtain complete control over characteristics
such as the crystallinity and the Ca/P ratio of HA coatings, which influence the cell
response of this material. M. Vallet-Regi et al. [16] found that, when the Ca/P ratio
decreases below its stoichiometric value (1.67), the acidity and solubility increase, affecting

its application in implants. In the literature there are reports for Ca/P ratios in HA coatings



with variations in a wide range from 1.3 to 3.8 [17,18]. Regarding crystallinity, some
reports indicate that this property affects the dissolution of HA in the biological medium,
meaning that amorphous coatings can affect the osteogenesis process [19]. Meanwhile, the
adhesion strength between HA coatings and metal substrates is a great challenge, due to the
dissimilar nature of both materials. For this reason, different intermediate layers between
HA and Ti alloys have been studied. E. Mohseni et al. [20] increased adhesion between an
HA coating obtained by MS and a Ti-6Al-4V substrate by 44.5% by incorporating a TiN
intermediate layer. Like HA, this nitride is biocompatible and, additionally, has a high
chemical stability, which makes it optimal for biomedical application [21]. D.A. Hamdi et
al. [22] obtained an increase in the bond strength of an HA coating on a Ti-6Al-4V
substrate by incorporating an intermediate Al,O3/TiO; bilayer deposited by MS. This
behavior was associated with the structural similarity between the oxide layers and the
substrate, as well as between their thermal expansion coefficients. The increase in adhesion
of this type of system could also be associated to the diffusion of elements at the interface
between the HA and the oxide layers during the deposition process or subsequent heat
treatments [21,23]. However, there is a lack of studies that make it possible to appreciate in
great detail the interface generated between HA and the intermediate layers and between
these and the substrate. Additionally, there are very few studies related to the
biocompatibility and antibacterial properties of multi-layer HA-Ag coatings, and none on
the effect of the incorporation of intermediate layers on the biological response of this type

of systems.

In the present study, an intermediate SiO2/TiN/Ti trilayer was incorporated between a Ti-

6Al-4V substrate and a multi-layer HA-Ag coating. The surface features, structure,



interface, adhesion to the substrate, Ag release, in vitro cell viability, adhesion and
differentiation, and the antibacterial properties of the resulting system were analyzed,

studying the effect of the incorporation of the trilayer.

2. Materials and methods

2.1. Deposition of the multi-layer coatings

HA-Ag/Si02/TiN/Ti multi-layer coatings were obtained on Ti-6Al-4V discs using a MS
device couple to direct current (DC) sources (ADL, MARIS) and a radio frequency (RF)
source (13.56 MHz, SEREM). High purity (> 99.9%) HA, Ag, Ti and Si targets, with

dimensions of 500 x 100 x 6 mm?’

, were used to obtain the multi-layer coatings. The
substrates were subjected to in situ ionic cleaning before starting the deposition process,
using high purity argon gas and a voltage of -750 V for 1 h. The deposition temperature and
the working pressure were fixed at 250 °C and 0.5 Pa, respectively. Table 1 shows the
remaining process parameters, which were chosen based on previous works [24,25]. Figure
1 shows the architecture of the system developed, consisting of a SiO2/TiN/Ti trilayer
joined both to a multi-layer HA-Ag coating and a Ti-6Al-4V substrate. Considering that
HA can be dissolved in a biological medium, the multi-layer coating consists of alternating

HA and Ag layers to guarantee a long-term antibacterial effect. Additionally, an HA-Ag

system was obtained directly on the substrate for comparative purposes.



Table 1.

Process parameters used to obtain the multi-layer coatings.

Coatings | Power DC | Power RF | Target-substrate | Atmosphere | Bias Total | Total time
(W) (W) distance (cm) (V) layers (min)
Ti Ar 10
1200
TiN - 8 Ar+N2(2:1) | -70 1 60
SiO2 600 Ar+ 02 (3:1) 90
HA --- 600 5 300
4 Ar -20
Ag 20 -—- 4 12
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Figure 1. Architecture designed of the system developed.




2.2. Coatings characterization

2.2.1. Elemental composition, crystallinity, morphology and structure

The elemental composition of the multi-layer systems was measured by energy dispersive
X-ray spectroscopy (EDS, Oxford instruments X-Max 80), with resolution of 126 eV.
Phases were evaluated by X-ray diffraction (XRD) using a Panlitycal X pert pro MPD
equipment in reflection mode, with Cuko radiation A=1.540598 A at 45 kV and 40 mA,
analyzing from 20° to 68° (20) at a scanning speed of 1°/min. Additionally, the crystallite
size was calculated according to the Scherrer equation [26]. The morphology of the
coatings was appreciated by field emission electron microscopy (FESEM) (ZEISS Gemini-
SEM500, 2 kV). Additionally, grain sizes were calculated from FESEM images using
linear intercept method [27]. The structure of the coatings was observed by transmission
electron microscopy (TEM) and scanning transmission electron microscopy (STEM)
(JEOL-JEM-2100F, 200 kV). For this, a cross-sectional lamella with dimensions of 5 x 5
um? and thickness less than 100 nm was obtained by focused ion beam (ZEISS AURIGA,

30 kV, 500 pA).

2.2.2. Surface features

The roughness of the coatings and the substrate was measured in triplicate by atomic force
microscopy (AFM) (MFP-3D Infinity). The evaluated area was fixed at 5 x 5 pm?
Meanwhile, the wettability and surface free energy were determined according to the

procedure previously described in [28].



2.2.3. Adhesion

The critical load (Lc) related with the adhesive failure of the coatings was measured in
triplicate by micro-scratch tests using a nanoindentation device (MTS’s XP System
Corporation) equipped with a conical diamond tip with 10 um in diameter. A progressive
load up to 500 mN was applied, with an increase rate of 3.21 mN/s. The evaluated distance

was fixed at 2000 pm.

2.2.4. Ag release

To determine the Ag release from the coatings, three samples of each system were
immersed in phosphate buffered saline (PBS) medium at 37 °C as described in [29] but
here we evaluated also 72 and 720 h of exposure. The measures were performed by atomic
absorption spectrophotometer with an Ag lamp using a Thermo Electron Corporation S4

equipment.

2.2.5. In vitro biological evaluation

The coatings and the Ti-6Al-4V substrate were ultraviolet sterilized in a horizontal laminar
flow cabinet for 50 min prior to cell and bacterial seeding. For cell viability, adhesion and
differentiation assays, mouse mesenchymal stem cells (mMSCs) (C3H10T1/2 cells from
RIKEN Cell Bank, Japan) were used. The strain used for bacterial adhesion and viability
tests was Staphylococcus aureus ATCC 29213 (S. aureus) from the Spanish Type Culture

Collection (CECT). All assays were performed in triplicate.



2.2.5.1. Ag cytotoxicity test

Ag cytotoxicity was evaluated by MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl
tetrazolium bromide) assay (Roche). mMSCs with a density of 10.000/cm? were seeded in
culture plates with cell culture medium consisting of Dulbecco's Modified Eagle Medium
(Invitrogen) supplemented with 10% fetal bovine serum and 1% penicillin/streptomycin at
37 °C and 5% CO; for 24 h. After, this medium was replaced by culture medium containing
AgCl, which was added to obtain Ag" concentrations from 0.06 to 14.64 mg/L, which were
defined according to results registered for the Ag release assay and some reports in the
literature [14,30]. Thereupon, an incubation for 72 h was carried out. Subsequent, MTT was
added to the samples and a new incubation for 4 h was performed. 20% dimethyl sulfoxide
was used to treat the cytotoxic control. To measure the absorbance at 570 nm, a

spectrophotometer (Perkin Elmer Precisely, VICTOR?) was used.

2.2.5.2. Coatings cytotoxicity

The coatings cytotoxicity was evaluated in non-contact mode by MTT assay. For this, both
the coatings and substrate (control) were incubated in cell culture medium at 37 °C for 72
h. After, this medium was taken to culture plates with previously seeded cells at density of
10.000/cm?, thereupon a new incubation was carried out for further 72 h. Then, the protocol

described above in section 2.2.5.1 was followed.



2.2.5.3. Cell adhesion

mMSCs were seeded at a density of 5.000/cm? on the surface of the coatings and the
substrate in cell culture medium at 37 °C and 5% CO; for 3 and 24 h. After each culture,
samples were washed, fixed and permeabilized as described in [30]. For the
immunostaining procedure, samples were incubated in primary antibody anti-vinculin
(Sigma) dil. 1:400 in blocking solution consisting of Dulbecco's phosphate buffered saline
(Invitrogen) supplemented with 2% Bovine Serum Albumin (Sigma) for 1 h. After a new
wash, samples were incubated in secondary antibody Alexa Fluor 555 anti-mouse and
Alexa Fluor 488 Phalloidin, dil. 1:700 and 1:100, respectively in blocking solution for 1 h.
Samples were washed again prior to assembly with Vectashield-DAPI (Vector
laboratories). Finally, all samples were observed under Nikon Eclipse 801 fluorescence

microscope.

2.2.5.4. Cell differentiation

mMSCs were seeded at a density of 20.000/cm? on the surface of the coatings and the
substrate in culture medium at 37 °C and 5% CO: until reach confluence. After 48 h, cells
were stimulated with osteogenic differentiation medium for 15 days as described in [30].
An immunostaining similar to that explained above in section 2.2.5.3 was performed, but
this time using the antibodies described in Table 2. Osteopontin (OPN) and Integrin

binding sialoprotein (IBSP) were used as osteogenic markers.



Table 2. Antibodies used for cell differentiation assay.

Osteogenic differentiation | Primary antibody Secondary antibody

OPN anti mouse, Santa | Alexa Fluor 555 a-mouse, 1:700
OPN Cruz, Biotechnology, | and Alexa Fluor 488 Phalloidin,

dil. 1:200. dil. 1:100.

Alexa Fluor 555 goat anti-
IBSP anti rabbit, dil. | rabbit,1:700 (Live
IBSP
1:200. Technologies) and Alexa Fluor

488 Phalloidin, dil. 1:100.

2.2.5.5. Antibacterial properties
S. aureus strain suspensions at concentration of 3 x 108 bacteria/mL were kept in contact
with the surface of the coatings and the substrate for 1, 2 and 4 h. The assay was carried out

as described in [31].

2.2.6. Image analysis

Image acquisition for viability, adhesion and cell differentiation assays was performed at
10x and 40x with n = 20. Images were processed using the Fiji-Image J software. Bacteria
quantification was performed with 10 images per sample at 100x using the NIS Elements

Br software (Nikon Instrument Inc., NY, USA).



2.2.7. Statistical analysis
The results obtained are shown as the mean + standard deviation. The results of cell
viability were analyzed by one-way analysis of variance using the GraphPad Prims 6 XML

software.

3. Results and discussion

3.1. Elemental composition, crystallinity, morphology and structure

Table 3 shows the Ca/P ratio and the Ag atomic percentage for multi-layer coatings of HA-
Ag/SiO2/TiN/Ti and HA-Ag. The Ca/P ratio is slightly higher in the HA-Ag system
obtained on the intermediate bilayer than in the system deposited directly on the substrate,
with respective values of 1.73 and 1.67. Alterations in the elemental composition of HA
films obtained by MS have been widely reported in the literature, with variations from 1.4
to 3.8 in the Ca/P ratio [17,18], where it has been shown that the substrate surface charge,
modified by a bias voltage, can generate phosphorus resputtering, leading a reduction of the
Ca/P ratio in HA coatings. This could indicate that SiO2/TiN/Ti trilayer acted as an
electrical barrier, which decreased the effect of the substrate surface charge on the
phosphorus resputtering. On the other hand, the N/Ti and O»/Si ratios obtained indicate
excellent compositional control, since the values obtained were close to the stoichiometric

values for both compounds.



Table 3. Chemical composition analysis of the deposited coatings: HA-Ag and HA-

Ag/Si02/TiN/Ti.
Coatings N/Ti ratio 0/Si ratio Ca/P ratio Ag atomic %
HA-Ag/Si02/TiN/Ti 1.15 1.89 1.73 4.7+ 0.01
HA-Ag -—- --- 1.67 4.5+0.01

Figure 2 shows the XRD study of the multi-layer coatings. There, peaks related to planes
(200) and (220) of Ag and peaks of Ti associated with the substrate are observed.
Regarding HA, a preferential growth along plane (112) is observed, which was not altered
by the change to the surface where it was deposited. However, the type of surface did have
an effect on the crystallinity of this compound. This was evidenced by the greater intensity
in the peaks related to planes (112) and (002) of HA for the coating deposited on the
Si0,/TiN/Ti trilayer, where a third peak associated with plane (211) of this same compound
is also observed. It is important to note that the peaks associated with HA are slightly wide,
which could indicate that nanocrystalline coatings were obtained [32]. This was verified by
calculating the crystallite size for each system, where values of 29.3 and 31.9 nm were
obtained respectively for the HA-Ag and HA-Ag/Si0,/Ti/Ti coatings. These values are
higher than those obtained in some similar studies with HA [33,34]. Regarding the behavior
obtained, it has been found in the literature that the decrease or increase in the crystallite
size could be related to the polarization of the substrate. A.A. Ivanova et al. [32] obtained a
transition from a nanocrystalline to amorphous structure in an HA coating, after polarizing

the substrate with a voltage of -50 V. The crystallite size reported was 26 nm. This could



indicate that the behavior shown in the present work is also associated to modifications in

the Ti-6Al1-4V surface charge through the deposition of the Si02/TiN/Ti trilayer.
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Figure 2. Diffractogram of the deposited coatings: a) HA-Ag and b) HA-Ag/SiO2/TiN/Ti.

Figure 3 shows the surface morphology and cross-sectional view of the multi-layer coatings
of HA-Ag (Figure 3a) and HA-Ag/SiO»/TiN/Ti (Figure 3b). For both systems, grain
morphology is observed at surface level, with an average size slightly smaller for the HA-
Ag coating obtained on SiO»/TiN/Ti (113 + 23 nm) than in the HA-Ag system deposited
directly on the Ti-6Al-4V (134 + 30 nm). Meanwhile, the cross-sectional images obtained
by TEM reveal the structure of both multi-layer systems. For the HA-Ag coating (Figure
3a), 5 dense and uniform layers of HA of approximately 90 nm thickness each, and 4
intermediate layers of Ag of approximately 30 nm thickness each are seen. The high
irregularity in the Ag layers indicate that there was an Ag diffusion towards the adjacent

HA layers during the deposition process. Figure 3b shows that the HA-Ag coating and the



Si0,/TiN/Ti trilayer are perfectly bonded to both the substrate and the first layer of HA.
The Si0O; layer has a thickness close to 160 nm and a dense and amorphous structure, while
the TiN layer has a thickness of approximately 100 nm and a columnar growth is
appreciated, which is characteristic of this compound when it is deposited by MS [20,35].
Additionally, there is a lack of reports about the growth of HA-Ag systems on nitrides or
oxides surfaces, since this coating is usually deposited directly on metal substrates [36,37].
Finally, the initial Ti layer has a thickness close to 80 nm. To enhance the adhesion
between a specific coating and substrate, the intermediate layers used must be of low
thickness since, when this is increased, both the residual stresses and the number of defects
at micro or nanometric scale can also increase. For this reason, anchor layers with a

thickness less than 200 nm are normally used, according to the literature [20,38].



Figure 3. Surface morphology (FESEM) and cross-section view (TEM) of the deposited

coatings: a) HA-Ag and b) HA-Ag/Si0,/TiN/Ti.

Figure 4 shows the structure as observed by STEM of the coatings of HA-Ag (Figure 4a)
and HA-Ag/Si02/TiN/Ti (Figure 4b). There, the chemical composition evaluation zones for
both systems performed by EDS are observed, the results of which are summarized in
Table 4. For the HA-Ag system, it is observed that, at the interface between Ti-6Al-4V and
the first HA layer (Spectrum 1), there is a presence of both elements of the HA coating (Ca,
P and O), as well as of the substrate (Ti and Al). This indicates that there was diffusion of
these last two elements towards the first HA layer, generating the transition interface
observed in the left image of Figure 4a. In the multi-layer HA-Ag/SiO2/TiN/Ti coating, an

alteration at the interface between HA and the substrate is again appreciated, as shown in



the left image of Figure 4b, where some grains can be seen. This, according to Spectrum 2,
could indicate the formation of a titanium oxide as an effect of the temperature applied
during the deposition process [34]. In the right image of Figure 4b, two transition zones of
approximately 20 nm thickness each are observed, which correspond to the interface
between TiN and el SiO;, and between SiO; and the initial HA layer. Spectrum 3,
associated with the first zone, indicates the presence of both elements Ti and N, as well as
Si and O, both compounds with a slightly altered stoichiometry. Spectrum 4 indicates the
presence of the elements Ca, P, O and Si, indicating the possible diffusion of Si and O

towards the HA layer by chemical affinity.
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Figure 4. Cross-section view of the deposited coatings obtained by STEM: a) HA-Ag and

b) HA-Ag/SiO2/TiN/Ti.



Table 4. Chemical composition analysis performed by EDS at the interface between the

deposited layers.

Spectrum Atomic %
Ne Ca P O Ti Al \Y N Si
1 26.5 7.0 49.8 10.2 6.5 --- --- ---
2 --- --- 12.3 79.8 4.8 3.1 --- ---
3 - - 322 24.1 --- --- 26.2 17.5
4 15.9 6.4 63.2 --- --- --- --- 14.5

3.2. Roughness, wettability and surface free energy

Figure 5 shows the results of the roughness study carried out by AFM on the developed
coatings. Initially, 3D images are observed for the surface of each of the systems. These
show grain morphologies for the developed coatings which had been previously
appreciated by FESEM study. However, it is appreciated that the HA-Ag system obtained
on the trilayer is in the form of islands located in different regions of the evaluation area.
Meanwhile, the root mean square (RMS) roughness values are presented in the graph,
where the horizontal broken lines indicate the RMS values of the intermediate layers used
and the substrate. The substrate had the lowest value (3.9 nm), followed by the TiN layer
with 8.6 nm and the SiO2/TiN/Ti trilayer with 20.7 nm. The roughness of the HA-Ag
system was affected by the surface where it was deposited, the lowest value being obtained
for the HA-Ag coating obtained on the substrate, with 10.8 + 1.6 nm, while this same
system deposited on the trilayer presented a value of 27.4 + 2.1 nm. The increase in

roughness could be favorable for the biological response of this type of surface, in terms of



adhesion, proliferation and cell differentiation [9,39]. Since rough surfaces favor the
absorption of proteins such as fibrin and the adhesion of osteogenic cells [40]. Similar RMS

values to those obtained in the present study were obtained by other authors [41,42].
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Figure 5. Roughness of the deposited coatings: HA-Ag and HA-Ag/Si0,/TiN/Ti. The
roughness values for Ti-6Al-4V substrate and for TiN and SiO2/TiN/Ti coatings are marked

by dashed lines.



The water contact angle values and the surface free energy calculated for the developed
coatings and the substrate are shown in Figure 6. There, it is appreciated that both the
substrate and the coatings obtained have a hydrophilic character [30], since the water
contact angle is less than 90°. However, the graph shows that the substrate is very close to
this value, while the coatings have a higher affinity for water, with values between 63° and
69°. The behavior obtained could be associated to the presence of phosphate and hydroxyl
anions in the HA coatings, which tend to strongly attract H" of H>O molecules [43].
Hydrophilic surfaces tend to exhibit good cell adhesion and differentiation [44,45]. On the
other hand, the lowest surface free energy was obtained for the substrate, which was

increased close to 34% through the deposition of the multi-layer coatings.
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Figure 6. Water contact angle and surface free energy of the Ti-6Al-4V substrate and the

deposited coatings: HA-Ag and HA-Ag/SiO2/TiN/Ti.



3.3. Adhesion

The results of the micro-scratch test carried out on the surface of the developed systems are
shown in Figure 7. There the friction registers and the normal load applied in function of
the lateral distance that allowed the Lc¢ values to be determined are observed. This,
according to ASTM C1624-5 [46], is related to the adhesive failure of the coatings. The
mechanical stress induced from the surface by the diamond tip is transmitted to the
interface between the coating and the substrate and, if the bonding force is less than the
magnitude of the shear stress, adhesive failure of the coating is generated. For the HA-Ag
system, an abrupt change in the friction coefficient was registered at a distance of 650 um.
This indicates that at this point there was a change of the surface in contact with the tip,
which is related to a coating-substrate transition at a Lc value of 114 mN, as can be
observed in the corresponding image. From this point, some fluctuation in a wide range are
observed, which is due to the influence of the substrate and removed material from the
coating. An increase by 84% in the Lc was obtained by incorporating the SiO2/TiN/Ti
intermediate trilayer, reaching a Lc value of 210 mN. The failure of this system was at a
distance of 1190 nm, as indicated by friction registers and the corresponding scratch image.
The behavior obtained could be associated with the diffusion of elements at the interface
between the HA and the SiO; layer during the deposition process, as appreciated in Figure
4, which favors bond strength [22]._ We also believe that the result is related to a decrease in
the residual stresses through energy dissipation in the trilayer used, as was obtained in [28]
by incorporating a TiN/Ti bilayer. This decreases the magnitude of the stress between the
first layer of the coating and the substrate. Another important aspect is the increase in the
number of interfaces, which may deflect micro-cracks, favoring the adhesion strength. W.

Boonrawd et al. [47] and A. Quirama et al. [42] reported Lc values lees than 130 mN in



HA coatings obtained on Ti substrates, which are lower than those registered for the HA-

Ag/Si0/TiN/Ti system.
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Figure 7. Scratch test of the deposited coatings: HA-Ag and HA-Ag/SiO»/TiN/Ti.

3.4. Ag release in PBS

Figure 8 shows the results obtained for the Ag release test of the developed coatings. Figure
8a shows the Ag cumulative concentration. An increase is observed in this variable as a
function of time for the two systems studied, indicating continuous Ag release from the
coatings into the PBS medium. The Ag cumulative concentration from the HA-Ag system
deposited on the trilayer was lower than that of the coating deposited directly on the

substrate, reaching a reduction close to 50% in the last measurement at 720 h of evaluation.



The Ag release could be related to the crystallinity of the coatings, since its release to the
medium is influenced by the dissolution or infiltration of HA. For this reason, the lowest
Ag concentrations, related to a lower release of this element into the medium, were
registered for the HA-Ag system deposited on the SiO2/TiN/Ti trilayer, which presented the
highest crystallinity degree. The values recorded during this test, with a maximum close to
0.21 mg Ag/L, are lower than those obtained by other authors for Ag release from coatings
[48]. Figure 8b shows the Ag release in PBS medium. A decreasing trend in the Ag release
rate to the medium is observed in the coatings developed, with the maximum value
recorded during the initial measurement at 72 h of immersion, where the HA-Ag system
presented a higher value than the HA-Ag/Si0O2/TiN/Ti coating. The graph shows that, at
192 h of evaluation, there is a significant reduction in the Ag release rate in both systems.
From this point some fluctuations in a low range are observed and, finally, similar release
values are observed for the coatings. The results obtained indicate the obtention of a
prolonged Ag release, which could favor the antibacterial action over time. This is widely

desired, since infections can appear many years after an implantation procedure [49,50].
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3.5. Ag cytotoxicity assay

The results of the Ag" cytotoxicity assay on mMSCs used for the biological evaluation of
the developed coatings are shown in Figure 9. There, the cell viability as a function of the
increase in the Ag" concentration in the medium is observed, compared with a control of
Ag free medium. It can be seen that the cells exposed to the medium with Ag" at low
concentrations (up to 0.96 mg/L), present a morphology similar to that obtained in the
control, and cell viability of 84%. However, from this point some dead cells are observed,
the number of which increases proportionally to the Ag" concentration in the medium: for
1.83 mg/L a viability less than 40% 1is registered, reaching 1% for the maximum
concentration (14.64 mg/L). These results show the cytotoxic effect of highly reactive Ag",
which at certain concentrations can easily penetrate the membrane of cells, causing their

death.
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3.6. Cell viability, adhesion and differentiation

The cell viability of the developed coatings and the Ti-6Al-4V substrate, which was used as
a control, are shown in Figure 10. There, viability of 82% is observed for the HA-Ag
coating, while viability of 105% is observed for the HA-Ag/SiO»/TiN/Ti system. This
behavior is due to the fact that the Ag" release of the latter system was lower than that of

the HA-Ag coating deposited directly on the substrate, which is related to the crystallinity



of the coatings, which was greater in the HA-Ag system obtained on the trilayer. This
impeded Ag" release into the medium during the assay, favoring the integrity of the

mMSCs.
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Figure 11 shows the results of the adhesion test of mMSCs on the Ti-6Al-4V (control), and
the developed coatings at times of 3 and 24 h. Figure 11a shows the images of the cells,
where details such as the nucleus, morphology and focal adhesions are observed. This was
achieved by detecting the following proteins: I) actin, the protein of which the cell’s
cytoskeleton is composed, allowing the observation in great detail of its morphology; and

IT) vinculin, the protein secreted during the cell's adhesion process on a surface. The results



obtained indicate that there was an appropriate development of the cytoskeleton of the
cultured cells both on the control surface and on the developed coatings. Furthermore, it
can be seen that, with the increase in culture time, the cells present a more extended
morphology and an increase in focal adhesions. Figure 11b shows the cell expansion area
as a function of the type of surface used and the exposure time. There, it is observed that
the mean area of expansion of mMSCs on the substrate and the HA-Ag/SiO2/TiN/Ti
coating was greater than in the HA-Ag system, which could be associated to greater Ag"
release in this last coating. Based on these results, it is observed that Ag” slightly affects the
growth of mMSCs, decreasing by approximately 20% its expansion area compared to the
control and the system obtained on the SiO>/TiN/Ti trilayer, which is associated with direct
contact between the cells and the released Ag'. Meanwhile, an increase in the expansion
area with the exposure time was obtained during the adhesion test. Figure 11c shows the
cell’s circularity as a function of the type of surface and the exposure time. It is observed
that, at 3 h, the circularity values are similar in all evaluated samples. Additionally, the
graph shows a large decrease (greater than 50%), in the circularity between 3 and 24 h of
adhesion for all samples, indicating that the adhesion process was improved with the
increase in the assay time, obtaining more extended cells and slightly circular
morphologies. For 24 h, the results showed differences between the control and the HA-Ag
coating, which presented the highest value. In Figure 11d the focal adhesion area for the
evaluated samples as a function of the time is observed. At 3 h, similar values were
observed for the coatings compared to the Ti-6Al-4V control. However, a large increase
was recorded with increasing time up to 24 h for all systems. Finally, similar behavior was
observed for the focal adhesion number, Figure 11e. The formation and establishment of

these focal adhesions is a very important process in the adhesion of mMSCs on the



developed coatings, in which a process of integrin grouping begins and stable bonds are
later generated between the proteins of the extracellular matrix and the cell cytoskeleton
[51]. The analysis of the parameters presented above for mMSCs indicates that the
adhesion of these cells to the surface of the evaluated samples is mainly influenced by the
presence of Ag’, released by the infiltration of HA layers, which affected to some extent
the adequate development of the cytoskeleton and the cell adhesion to the HA-Ag system.
On the other hand, surface characteristics such as roughness could also have contributed to
the cell adhesion response. This, together with the lower Ag" release obtained for this
system, could explain the performance obtained by the HA-Ag coating deposited on the
Si0,/TiN/Ti trilayer, which presented the highest RMS value. Cells tend to spread
principally on rough and hydrophilic surfaces [52,53]. In the present work, no clear trend
was observed regarding surface features such as wettability and surface free energy of the
developed systems and the adhesion of mMSCs. However, the recorded values (from 63° to
69°), are similar to those obtained by other authors, with good results in terms of cell

adhesion and proliferation [54,55].
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Figure 11. Adhesion of mMSCs on the different coatings and Ti-6Al-4V substrate: a) actin
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number. Data is represented as mean + standard deviation.

The results of the differentiation test of mMSCs on the substrate and the developed coatings
are shown in Figure 12. The cell nucleus (blue) and the staining generated for both
osteogenic markers used (green) are shown in Figure 12a. OPN promotes the osteoblastic
phenotype, and its expression produces a secreted adhesive protein that is essential for
adhesion, migration and cell survival. IBSP is present in the bone matrix and is
characterized by binding to the HA of the bone, favoring early cell mineralization. Both
proteins were detected in the samples, and their expression was quantified and is presented
in Figure 12b. For OPN, similar expression levels are observed for the control and the HA-
Ag system deposited on the trilayer, while the lowest levels were registered for the HA-Ag
coating obtained directly on the substrate. Similarly, for the IBSP the lowest expression is

observed for this system. The behavior obtained again indicates a relationship between the



cell response and the presence of Ag* on the surface of the coatings. Meanwhile Figure 12¢
presents the nucleus number for each system during 15 days of evaluation. There, a
reduction close to 20% is observed for both the OPN and IBSP assays, which could
indicate that, in the long term, cell proliferation is affected by the prolonged Ag" release.
The results obtained in the present study against the two evaluated markers indicate that the
coatings induce differentiation of mMSCs towards bone cells, showing good levels of
staining for both OPN and IBSP. Furthermore, as in the cytotoxicity and cell adhesion
assays, it is observed that Ag" does not greatly affect the cell response of the coatings,
given that the Ag amount present at the surface level and its release rate are not very high.
There is a lack for studies about the cell differentiation in HA-Ag multi-layer systems.
However, the effect of Ag" on the differentiation of some cell types has been studied in
recent years. C. Sengstock et al. [56] evaluated the effect of Ag nanoparticles (80 nm in
diameter) on the viability and differentiation of human mesenchymal cells, finding
cytotoxic effects for Ag nanoparticle concentrations > 20 mg/L, and for Ag" concentrations
> 1.5 mg/L. In another study, A.M. Echavarria ef al. [30] reported a decrease in the OPN
expression in TaN coatings doped with Ag nanoparticles. This effect was found as the
amount of Ag increased at the surface level. Ag nanoparticles have multiple effects on cell

physiology and signal transduction, which can induce alterations in gene expression.
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Figure 12. Differentiation of mMSCs on the different coatings and Ti-6Al-4V substrate: a)
fluorescence microscopy images showing expression of OPN (green), IBSP (green) and
nucleus (blue), b) quantification of OPN and IBSP staining and c) nucleus quantification.

Data is represented as mean = standard deviation.

3.7. Antibacterial properties

Figure 13 shows results of the adhesion and microbial viability assay against S. aureus
strain carried out using Live/Dead™ for the developed coatings. In Figure 13a, the bacteria
with an intact cell membrane at the end of each assay time are observed in fluorescent
green color, while those bacteria with a damaged membrane are shown in fluorescent red
color. For the Ti-6Al-4V control, no damaged bacteria are seen during the test, which is due
to the fact that this material does not have antibacterial elements, so bacteria attached there
proliferate easily. For the HA-Ag coating, a large number of damaged bacteria are observed

in the first evaluation at 1 h, which increases in proportion to time, and at 4 h no viable



bacteria are seen on this surface. Finally, the images of the HA-Ag/SiO2/TiN/Ti coating
showed a much slower antibacterial effect compared to the HA-Ag system, with a large
number of viable bacteria observed at lh, which slowly decreased at 2 and 4 h of
evaluation. The quantification of viable and damaged bacteria in each system is presented
in Figure 13b. There, it is verified that the control surface does not have antibacterial
properties, while systems that incorporate Ag in their structure do. This was more evident
for the HA-Ag coating obtained directly on the substrate, where a reduction close to 50% in
the bacterial number was obtained at 1 h, with almost 100% of bacteria damaged at 4 h.
The HA-Ag/SiO2/TiN/Ti coating presented a milder antibacterial effect, with close to 30%
damaged bacteria at 2 h of contact, which increased to 40% at 4 h. Antibacterial properties
of Ag incorporated in coatings have been found in the literature for release rates higher than
those registered in the present work [13,57]. M.A. Ur Rehman et al. [58] reported a
bactericidal effect in an Ag-Si coating against the E. coli strain at 24 h. K. Jamuna-thevi et
al. [59] obtained a significant antibacterial effect in Ag-TiO> coatings evaluated at 24 h,
with a reduction close to 99% of S. aureus at a maximum concentration of 0.12 mg Ag/L.
The antibacterial effect of Ag against the S. aureus strain has also been found by other
authors [13,30]. Ag antibacterial properties are dependent on its size and shape. In Ag
nanoparticles, the high area/volume ratio favors the release of highly reactive ions into the
medium. These Ag" can affect the bacterial division and replication, triggering their death
[30,60]. It is suggested that this mechanism could explain the results obtained in the present

work.
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4. Conclusions
HA-Ag and HA-Ag/SiO2/TiN/Ti multi-layer coatings with excellent compositional control
(Ca/P ratio close to 1.67) were obtained. HA phase formation was confirmed by XRD,
where HA characteristic peaks were observed. Furthermore, it was possible to observe
through TEM the multi-layer architecture of the developed coatings. The crystallinity of the
HA-Ag coating was improved by the incorporation of the SiO2/TiN/Ti trilayer, which also
enhanced the adherence to the substrate of HA-Ag by 84%. Based on the results obtained,
the formation of Ag" as a product of the infiltration of the biological medium in the HA
layers is considered a possible mechanism of Ag release. The results indicate that this

process is related to the crystallinity of the HA layers and the coating architecture.



Regarding the biological response, the developed coatings presented good results in terms
of viability, adhesion and differentiation of mMSCs. Furthermore, antibacterial properties
against the S. aureus strain were obtained at concentrations < 0.25 mg Ag/L. All of the
above indicates the achievement of a balance between biocompatibility and antibacterial
properties, a highly desired combination on surfaces of potential application in prosthetic

implants such as microplates and fixation screws.
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