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Abstract

Ti alloys are widely used in the biomedical field because they have an adequate balance
between mechanical properties, corrosion resistance and biocompatibility. However, when

this material is implanted in the human body, unfavorable reactions may appear that prevent


mailto:julian.lenis@udea.edu.co

arise a good osseointegration due to the formation of a fibrous and non-adherent layer
between the biomaterial and the bone, which can lead to failure or rejection of the implant.
In this study, the influence of surface modification of Ti6Al4V alloy with a hydroxyapatite
(HA) and silicon (Si) coating on its biological response in vitro was evaluated. The deposition
process was performed by sputtering on two Ti6Al4V surfaces, Ti6Al4V - G and Ti6Al4V -
R with different root mean square roughness values, the first one with 3.8 nm and the second
one with 48.7 nm. The surface morphology of the coatings was observed by Scanning
Electron Microscopy and Atomic Force Microscopy, the chemical composition was
evaluated by X-ray Energy Dispersive Spectrometry and micro-Raman Spectroscopy. The in
vitro biological response of the coatings was evaluated by MTT assay and cell adhesion tests,
using mouse mesenchymal stem cells. The control of the process parameters allowed
obtaining coatings with good compositional balance (Ca/P ratio very close to 1.67 and
characteristic vibrations of the HA phase). Roughness values of 27 £ 5 nm and 52 + 6 nm
were obtained for the multilayer coatings obtained on Ti6AI4V - G and Ti6Al4V - R,
respectively. Biological assays indicated a potentially non-toxic character of the coatings,
moreover, the cell adhesion of Ti6Al4V was favored both by the incorporation of the HA-Si

multilayer coating and by the increase in the roughness of the substrate.
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1. Introduction

Magnetron sputtering (MS) is a synthesis process by which stoichiometric coatings can be

obtained [1]. The production of coatings is carried out inside a high-vacuum chamber, where



a reactive or non-reactive plasma is created, which allows the transport of the species that
travel from a target and are deposited on a substrate [2]. MS allows the production of coatings
with thicknesses of less than 1um, providing them with uniformity, density, and good
adhesion on substrates of different nature, whether ceramic, polymeric or metallic [3].
Metallic materials, especially some titanium (Ti)-based alloys are the most common for
biomedical purposes, because they are considered bioinert materials in the human body [4];
some of the characteristics of Ti alloys are low density, high strength, non-toxicity and good
corrosion resistance [5], which makes them suitable for use in orthopedic and dental implant
applications. Not only these characteristics have caught the attention on these alloys, but also
their high performance in mechanical resistance, which have motivated the development of
corrosion-fatigue studies, since most implants are subjected to dynamic loads in corrosive
media [6]. However, some cases have been reported on inflammatory reactions around
implants, resulting from the formation of avascular fibrous tissue due to lack of
osseointegration of the implanted device [7]. To solve this, materials such as calcium
phosphates have been used, in particular hydroxyapatite (HA) [8], being the inorganic
mineral present in bones and teeth [9]. HA exhibits important properties as biomaterial, such
as osteoconduction and biocompatibility. Thanks to the characteristics presented by HA,
various biomaterials have been developed that have expanded the diversity of its applications
[10], which has shown significant success with in vivo and in vitro behavior [11]. Although
there is evidence of bone growth on the HA surface after the implantation process, its
beneficial effect as a bioactive material in osseointegration can still be enhanced [12], [13].
The biofunctionality and bioactivity of HA depend on its structure, composition and
morphology; likewise, it has been reported that the presence of bioactive elements such as F,

Mg, Zn, Sr, Ag and Si can improve biological performance and cell behavior [11], [14], [15].



An approach to improve HA osseointegration is to dope it with some beneficial elements that
are present in human bone [16]. As it is well known, silicon (Si) is an essential element in
the metabolism and formation of hard tissues (in vitro). This is why it is suggested that doping
HA with Si increases in performance for bone formation and calcification. It has been shown
that the presence of Si increases the bioactivity of HA in vitro and in vivo [17]. Recently, it
has been reported that HA with Si shows a high dissolution rate, suggesting a higher
solubility, and, therefore, a higher biocompatibility [18] (production of high). Investigations
in animal models revealed higher levels of bone apposition, ingrowth and adaptive
remodeling [19], which has led to improvements in cell dispersion of HA coatings with Si
[20], consequently, these systems improve the bond between the implant and the natural
bone, in addition to being a nanoscale biomaterial with a high promotion of cell adhesion
[21]. The surface properties of biomaterials such as hydrophobicity, hydrophilicity,
roughness, surface electric charge and chemical composition are of great importance in cell
adhesion and cell proliferation [22]. Surface characteristics can mediate the interaction by
enhancing or affecting tissue integration after biomaterial implantation [23]. Several authors
[24]-[26] have proposed models that establish that surface wettability is modified by surface
roughness. To promote bioactivation, strategies for surface modification by varying the
roughness of the substrates have been applied. In this work, the characteristics of HA-SIi
layers deposited on Ti6AlI4V by magnetron sputtering are reported, in order to study the
effect on the chemical composition, structure, cytotoxicity and cell adhesion, when the

roughness conditions of the substrate are varied.

2. Experimental details

2.1.  Coating development



Ti6Al4V disks with dimensions of 8 x 8 x 3 mm? were used as substrates. These were
subjected to mechanical polishing, obtaining two types of samples: for the first one,
corresponding to Ti6Al4V (G), silicon carbide paper # 100, 240, 320, 600, 1000, 1500 and
2000 was used. Subsequently, a polishing with 0.3 um diamond paste was carried out until a
mirror-type surface finish was obtained. For the second sample, corresponding to Ti6Al4V
(R), the polishing process was interrupted on silicon carbide paper # 600. To free the
substrates from all kinds of dirt and grease, an ultrasonic bath was used, so that they were
immersed in a 1:1 acetone-ethanol solution for 15 minutes. The chemical composition of the

substrate was evaluated by X-ray fluorescence using a Thermo ARL Optim'X WDXRF.

Before starting the deposition process, the chamber was brought up to a pressure of 0.05 Pa
(background) and an ionic cleaning of the substrates was performed with argon using a
voltage of -700 V for 30 min. To obtain the coatings, the following were used: a radio
frequency source (RF) (13. 56 MHz, SEREM) and a direct current source (DC) (ADL,
MARIS); 2 targets, the HA one with a purity of 99.99% and a Ca/P ratio of 1.67, and a Si
one with a purity of 99.99%, each with dimensions of 500 x 100 x 3 mm?®. The HA-Si
multilayers were deposited by applying an RF power of 600W to the HA target and a DC
power of 90W to the Si target. The coatings were deposited in an argon atmosphere at 230°C
and 0.5 Pa. An architecture composed of 5 HA layers deposited for 300 min and 4 Si
interlayers deposited for 12 min was designed [27]. The structural configuration of the

coating is schematically shown in Fig. 1.
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Fig. 1. Structural coating scheme.

2.2.  Chemical composition of the coatings

Micro-Raman spectroscopy was used to identify the characteristic vibrations of the
functional groups, the analysis was performed with two scans, one of them between 200 cm-
1 and 1200 cm-1, and the other scan was performed between 3400 cm™ and 3800 cm™ using
a 750 nm He-Ne laser. Elemental analysis was performed in triplicate by energy dispersive

X-ray spectroscopy using a Jeol instrument (JMS-6490LVTM, 20 kV).

2.3.  Structure and roughness of the coatings

In order to observe the HA-Si multilayers formed, a ductile fracture was performed on the
sample and the SEM technique was used to observe its cross section using the Jeol equipment
described above, additionally, a5 x 5 x 2 um?® cut was performed on the surface of the coating
by focused ion beam (FIB) technique using a ZEISS ARUGA Compact dual beam system,
30 kV, 500 pA, which allowed revealing the structure of the coating, which was observed by
field emission scanning electron microscopy (FESEM) with a ZEISS Gemini-SEM500

equipment operated at 2 kV. The roughness of substrates and coatings was evaluated in



triplicate by atomic force microscopy (AFM) in a 5 x 5 um? area, using Bruker Multimode

8 equipment.

2.4.  Invitro cell viability

For this assay, mouse mesenchymal stem cells (mMSCs) were cultured in DMEM
(Dulbecco's Modified Eagle) cell culture medium at 37°C with 5% CO; controlled
atmosphere for approximately 8 days until confluence was reached. Cell viability was
assessed in non-contact mode at 72 h by MTT (3-(4,5 dimethylthiazol-2-yl)-2,5-diphenyl
tetrazolium bromide) assay (Roche), using a seed density of 10000 cells/cm? and following
the methodology described in [28]. A Perkin Elmer Victor3 microplate reader
spectrophotometer was used for absorbance measurements at 570 nm. The assays were

performed in triplicate.

2.5. In vitro cell adhesion

The adhesion of the mMSCs on the surface of the coatings and the substrate was evaluated
at 3 and 24 h. A density of 5000 cells/cm? was seeded on the surface of the materials in
DMEM medium at 37°C and 5% CO,. Cells were processed according to [29] using the
antibodies described in Table 1 to achieve staining of focal adhesions, actin cytoskeleton and
cell nucleus. Upon completion of the assay, the samples were observed on a Nikon Eclipse

80i fluorescence microscope.



Table 1. Antibodies used for cell adhesion assay.

Staining Primary antibody Secondary antibody

Focal adhesions Antivinculin (Sigma), 1:400 Alexa  Fluor 555  a-mouse

and actin (Invitrogen) 1:700, Alexa Fluor 488
cytoskeleton Phalloidin (Invitrogen) 1:100.
Nucleus DAPI (Vector laboratories)

contained in Vectashield

2.6.  Image analysis

Once the images were acquired at X40 magnification for the cell adhesion assay (n=20).
These images were processed using Image J analysis software, which allowed us to make
binary masks of the mMSCs adhered to the surfaces evaluated and to calculate the circularity,

cell area, focal adhesion areas and focal adhesion number.

2.7.  Statistical analysis
The results of the cell viability and adhesion assay were analyzed by analysis of variance

using GraphPad Prims 6 XML software.



3. Results and discussion

3.1. Chemical composition

Table 2 presents the chemical composition of the substrate used, which corresponds to the
commercial Ti6Al4V alloy. The multilayer coatings deposited on that substrate presented an
atomic Ca/P ratio of 1.66, very close to the stoichiometric value of HA (1.67) [30]. This ratio
is a distinctive feature for this calcium phosphate, and it helps to differentiate it from other
apatites of different molecular formula and therefore, properties and characteristics such as
solubility, pH and stability in biological media that yield lower bioactivity than HA [31].
Furthermore, the atomic percentage of silicon was 1.73%. The control of the amount of Si in
this type of coatings is very important. It has been reported that HA coatings doped with Si
amounts higher than 4.6% atomic generate a decrease in the mechanical performance of the
system [32]. All the above evidence an effective control in the deposition parameters of the

HA-Si coating.

Tabla 2. Chemical composition of the Ti6Al4V substrate.

Element (% w/w)

Sample Si Ni Mo Fe Ti Al \Y/ W Cu

Ti-6Al-4v  0.031 0.191 0.013 0.068 90.26 5.02 449  0.079 0.023

The Micro-Raman spectra obtained for the HA-Si coating compared to the spectrum of a

pure HA target are reported in Fig.2. The vibrational bands observed in Fig.2a for both



samples are associated with the phosphate anion (PO4) present in the molecular structure of
the HA compound [Cas(PO4)3OH], which were found in the following wavelength ranges:
from 431-453 cm™ (v2 vibrational mode); from 581-608 cm™ (v4 vibrational mode); at 962
cm* (v1 vibrational mode); between 1028-1076 cm™ (vs vibrational mode) [33]. Fig.2b shows
the spectrum for the active band of the OH™ group at 3574 cm™ for the HA target, and at 3577
cm* for the HA-Si coating. Both the vibration of the hydroxyl group and the v1 mode of the
phosphate group are distinctive of the HA phase and help to differentiate this compound from
other calcium phosphates of similar molecular formula, but which have very different
biological properties [34]. The results obtained evidence an adequate control in the deposition

conditions of the multilayer coating.
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Fig. 2. Micro-Raman spectra for HA-Si multilayer coating and HA target:

a) 200-1200 cm™, b) 3400-3800 cm™,



3.2.  Structure and roughness

Fig. 3 shows the SEM image of the cross-sectional structure of the HA-Si coating. It shows
a dense and compact layer, which did not show evidence of a multilayer structure. However,
it was observed by FESEM on a coating sample prepared by FIB, see Fig. 4. There, the
multilayer structure of the HA-Si deposit on the Ti6AI4V substrate is evident, where the
bonding between the multiple layers of the coating, and between these and the Ti6Al4V
substrate, is observed. The coating is constituted by 5 HA layers, each approximately 55 nm
thick, which are presented in the image with a light contrast; and 4 Si interlayers, each
approximately 35 nm thick, which are presented in the image with a dark contrast. The total
thickness of the multilayer coating was close to 415 nm. The architecture obtained in the
multilayer coating is largely in accordance with the intended design. This type of structures
allows the combination of properties between different compounds, which could enhance in
this particular case, the biological response of the surface [35]. In addition, it has been found
that the large number of interfaces in these multilayer systems, compared to monolayer
coatings (with only 1 interface), can generate a relief of residual stresses due to a greater
energy dissipation during the growth of the coating [28]. In addition, using multilayer
systems it is possible to control the release of some elements to the medium and prolong its
effect, in this case, the dissolution in biological medium of the HA, could generate the

presence of Si ions at the surface level that favor the biological response of the coating.



Fig. 3. Cross-section of HA-Si coating.

100 nm

Fig. 4. FIB-FESEM cross-section at 63,000 X of the HA-SIi/Ti6Al4V system.

Fig.5. shows the root-mean-square roughness values for the multilayer HA-Si coating as a
function of the type of surface where it was deposited, Ti6Al4V (G) or (R). The interrupted

horizontal lines present the roughness values obtained for these two conditions, which



correspond to 3.8 nm and 48.7 nm, respectively. On these surfaces, multilayer HA-Si
coatings with roughness of 27.2 nm (smoother surface) and 52.5 nm (rougher surface) were
grown. A hypothesis that could explain the behavior obtained is that, during the sputter
deposition process, the atoms ejected from the target that reach the substrate surface grow on
the substrate surface adopting a very similar profile, at least during the initial stages of the
process, due to the close (atomic) contact level. All the above would indicate that the
roughness characteristics in thin coatings can be controlled from the surface preparation of
the substrates and thus obtain changes in the surface properties. It has been found that

roughness influences the mechanical and biological properties of coatings [36], [37].
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Fig. 5. Roughness of Ti6AIl4V substrates with glass and rough preparation and their

respective HA-Si coatings.



3.3.  Invitro cell viability

Fig. 6 shows the results of the viability assay of mMSCs by MTT for the Ti6AI4V substrate
(G) and the multilayer HA-Si coating deposited on it, compared to a glass control. There it
is observed that cell viability increases from 94% on the Ti6Al4V substrate to approximately
107% on the HA-SI coating. Ti6AIl4V alloy is widely used in the manufacture of implants
due to its bioinert character, however, there is evidence of ion release when this metal is
immersed in biological media: the Ti ion released does not significantly alter cell viability,
but AI** and V?* can be toxic and inhibit cell proliferation, with Al being implicated in
diseases such as Alzheimer's, and V causing damage to respiratory and DNA chains
structures [34]. lon release has been reported to be present from the first hours of
implantation, with high release peaks up to the third and fourth week [38]-[42]. As well as
ion release from the substrate, Si ions from the multilayer coating can be released to the
medium, as reported in an HA coating with Ag interlayers [43]. Considering all the above,
the behavior obtained in the present study may indicate that the Si released through the HA
layers favored the metabolic activity of the mMSCs promoting their viability. Fig.7 shows
the morphology of the cells just before the start of the MTT assay. The number of cells in

each system correlates with the viability percentages recorded.
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Fig. 6. Cell viability of Ti6Al4V substrate and HA-Si system on mMSCs. Significant

values: ****p< 0.0001.

Fig. 7. Images of mMSCs after 72 hours.

3.4. Cell adhesion

Fig. 8 shows the mMSCs adhered on the substrate surface with different roughness levels
(Ti6Al4V-G and Ti6Al4V-R) and the coatings deposited there (HA-Si-G and HA-Si-R),
compared to a control. The fluorescent staining generated allowed us to observe both the
morphology of the cell cytoskeleton (actin in red) and the focal adhesions of the cells on the

surface of the substrate or coating (vinculin in green). Actin is a globular protein that forms



the microfilaments that conform the cytoskeleton, while vinculin evidences the focal
adhesions that involve the anchoring of molecules to a surface. Fig. 8a shows the cells
adhered on the substrate surface. There, it is evident that there was greater cell adhesion on
the Ti6AI4V - R surface, since elongated cells are observed, compared to the Ti6AI4V - G
system, where the cell morphology tends to be circular. This result evidence an effect of
surface roughness on the cell anchoring process, since adhesion was higher on the rougher
surface, which agrees with some literature reports, which indicate that cells undergo a change
in their morphology and widen when they are on rough and hydrophilic surfaces [44], [45].
Additionally, a higher amount of focal adhesion zones is observed for cells seeded on the
surface of Ti6AI4V - R. A similar behavior was recorded for HA-Si systems, where a more
extended cell morphology is observed on the surface of the higher roughness coating (HA-
Si - R), see Fig. 8b. Finally, Fig. 8c presents the adhesion of mMSCs on the control surface
(glass). There, it is observed, as in Ti6Al4V - G system, a large circular trend in cell

morphology and few areas of focal adhesion.
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Fig. 8. Adhesion assay of mMMSCs on the developed systems; cytoskeleton (Actin) in red,;

nucleus (Dapi) in blue; focal adhesions (Vinculin) in green.

To make quantitative comparisons between the cell adhesion results for the evaluated
systems, Fig. 9 presents the graph of cell adhesion area and circularity. Fig. 9a shows that,
for both systems studied (Ti6Al4V and HA-Si coating) there is an increase in the cell
adhesion area when the surface roughness increases, obtaining statistically significant
differences in both cases. However, in the HA-Si system, changes of greater magnitude were
obtained in the average values in the expansion area, registering the highest value for the
HA-Si - R coating. When comparing the results of the adhesion area considering the type of
surface, it is observed that the Ti6AlI4V - R and HA-Si - R samples present significant

differences, indicating, in this case, a synergistic effect between surface roughness and



surface chemistry to obtain a better cell adhesion. In relation to the control used, cell
expansion area was greater in the 4 samples evaluated. Fig. 9b presents the circularity values
for the cells adhered to the different surfaces. A similar behavior to that of cell spreading
described above: the circularity decreased as the surface roughness increased, indicating an
improvement in the cell adhesion process, since the morphology presents elongated shapes.
Considering the change in surface chemistry, a better behavior is observed in cells circularity
when adhered on the HA-Si - R coating surface, compared to the Ti6Al4V - R system,
evidencing again the favorable and complementary effect between the two evaluated
characteristics, roughness and surface chemistry, this effect is also observed, but to a lesser
extent, for the Ti6AI4V - G and HA-SI - G systems, where there are statistically significant

differences in cell circularity when comparing the substrate and coating system.
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Fig. 9. a) Spreading area, b) circularity of mMMSCs on Ti6Al4V substrate and HA-Si
coating system. Significant values: ****p< 0.0001, ***p< 0.0005, **p= 0.0069, *p=

0.0127.



Fig. 10 presents the results of the focal adhesion area and focal adhesion number. The
behavior shows that the area of focal adhesions increases when roughness is involved,
compared to the control, it is found that the HA-Si coated substrates have the highest
adhesion area, with the lowest adhesion area in Ti6AI4V - G, and the highest adhesion area
in the HA-Si — R system. This pattern is repeated in Fig.10b corresponding to the number of

focal adhesions, where the dominant system in focal adhesion number is the HA-SI - R

coatlng.
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Fig. 10. (a) focal adhesion area, (b) focal adhesion number of mMMSCs on Ti6Al4V substrate

and HA-Si coating system. Significant values: ****p< 0.0001, *p=0.0269.

The set of parameters previously analyzed shows that roughness as a surface characteristic
affects the ability to allow cell adhesion and proliferation [46]. In addition, the presence of
HA and Si modifies the interaction of the cytoskeleton and the adhesion of cells on the
coating system. The success of implants at the biomedical level is determined by the

interactions between the implant and the adjacent tissue. That is why the importance of the



multilayer coating on rough surface lies in the optimal values in expansion area, circularity,
focal adhesion number and area, including that for this system the cell viability obtained the

best results.

4. Conclusions

-HA phase in the coatings was confirmed by micro-Raman spectroscopic analysis, where
characteristic vibrations of this compound, associated with the phosphate (PO.)2 and

hydroxyl (OH") functional groups, were registered

-The process parameters allowed to obtain HA-Si coatings with a Ca/P ratio of 1.66 and 1.73

atomic. % Si. Maintaining a multilayer structure confirmed by FIB-FESEM.
-The MTT assay indicates that the developed HA-Si coatings are potentially non-toxic.

-A synergistic effect between roughness and surface chemistry of a Ti6Al4V substrate on

cell adhesion was found.
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