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The modification of surfaces by the application of thin films has been used in the regenerative medicine area to
increase the biocompatibility of metal implants. Titanium alloy has been recently used as substrate in poly-
merization for biomedical application. In this context, silane films were obtained by plasma polymerization in
favor of the sol-gel method and the influence of different pressures in obtaining these films by argon plasma
polymerization was evaluated from the alkoxysilane precursor tetraethoxysilane (TEOS) on the TigAl4V alloy.
The morphological characterization of the films was performed by AFM, Profilometry and Spectral Ellipsometry
and the chemical composition was analyzed by XPS. The biological behavior was evaluated by analyzing the
mitochondrial activity and cellular viability of mesenchymal stem cells. The plasma polymerization process
resulted in the deposition of a nanometric Si-based film formed, predominantly, by Si-O and organosilane bonds.
The films that were applied on a sanded surface, with lower pressures in the plasma polymerization process,
presented a lower layer thickness and wettability than the films obtained on nanotextured surfaces. Considering
absorbance values, the TigAl4V samples mechanically sanded and deposited by plasma polymerization at 230
patm presented better cell viability than samples with nanotextured surfaces coated with plasma polymerized
film, indicating this material has potential to biomedical application.

Introduction

Silane films are commonly obtained by the sol-gel method. However,
due to the improvement in the deposition techniques, alternative
methods with emphasis on plasma polymerization have been developed
[1,2]. In this case, according to Batan et al. [1], plasma acts on the
chemical decomposition of the silane precursor, generating a source of
active species, which, when deposited on the surface, promotes the
formation of a film with similar composition to the precursor itself.

Plasma polymerization has some advantages over the sol-gel
method. For example, it has less steps and its operational parameters
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may be adjusted, thus allowing the control of properties such as thick-
ness and chemical composition. In addition, according to Batan et al.
[1], the plasma technique made it possible to obtain a higher degree of
crosslinking of the siloxane network (Si—O-Si) than the sol-gel method,
when depositing a film based on organoalkoxysilane precursor on
aluminum substrates.

In biomaterials, Finke et al. [3] found that the application of nano-
metric films polymerized by plasma, using the precursors allylamine
(PPAAm) and ethylenediamine (PPEDA) on titanium substrates, pro-
vided surface changes that favored the growth of osteoblastic cells,
enabling the use of these films for application in bioengineering. In vitro
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studies, developed by Rebl et al. [4], Nebe et al. [5] and Testrich et al.
[6], also demonstrated that polymerized films on titanium and TigAl4V
alloy surfaces showed greater adhesion of MG-63 cells than on uncoated
substrates. In addition, Gabler et al. [7] found that titanium implants
with the deposition of films obtained by precursors based on amine had
a positive effect on the adhesion of bone cells and consequently on the
osseointegration process in vivo. For the application in regenerative
medicine, some authors have observed the possibility of controlling the
operational parameters using plasma to obtain polymeric films, which
provides surface properties that improved the interaction between stem
cells by inducing osteogenic differentiation with more ease [8,9,10,11].

As shown by Chou et al. [12] parylene (or poly-para-xylene) coating
is considered an effective barrier. It is a possible alternative to the
conventional parylene coating for use in surface modification of
biomedical devices. Li et al. [13] showed an improvement in the
corrosion resistance of biomedical nickel titanium (NiTi) when a poly-
meric allylamine film is deposited by plasma polymerization. The
polymeric film increased the polarization resistance. Thus, corrosion
resistance is also improved, and the plasma-polymerized coating may
reduce corrosion risks of biomedical NiTi alloy in clinical use. Zhou et al.
[14] showed that a hexamethyldisiloxane film deposited on Ti6Al4V
improve its corrosion resistance in hanks solution. The siloxane film
used to coat Ti6Al4V samples is more compact and cross-linked and,.
consequently, it has better corrosion resistance. Li et al. [15] have also
improved the corrosion resistance and hemocompatibility of biomedical
NiTi alloy when (2,2,3,4,4,4-Hexafluorobutyl methacrylate) polymer
coating was deposited by plasma polymerization in the presence of a
fluorine-containing precursor.

Few publications are focused on investigating the characterization
and evaluation of different parameters for obtaining silane films by
plasma polymerization. In view of the innovative character and the
advantages presented by it, the importance of developing these is
emphasized materials for application in the area of tissue engineering.
Thus, this work aimed at investigating the influence of different pres-
sures in obtaining thin films based on the silane precursor tetraethox-
ysilane (TEOS) by plasma polymerization on sanded and nanotextured
TigAl4V alloys, evaluating surface, electrochemical properties and bio-
logical behavior through the use of mesenchymal stem cells.

Experimental section
Surface treatment

Grade 5 TigAl4V samples were obtained from a polycrystalline cy-
lindrical bar of 14 mm in diameter and 1 m long, with a thickness of 2
mm. The mechanical sanding of these samples occurred gradually using
SiC sandpaper from #180 to 5000. After sanding, the samples were
cleaned in an ultrasonic bath with acetone, ethyl alcohol and deionized
water for 5 min. Finally, the samples were dried in air flow.

After characterizing the samples, in order to evaluate the influence of
nanotexturing on the deposition of silane films obtained by the plasma
process, the samples were subjected to an electrolytic polishing process.
For this, the samples of TigAl4V, with an area of approximately 1.5 cm?,
were electropolished in an acid solution composed of sulfuric acid, hy-
drofluoric acid and glycerin in the proportion 6:3:1 (v/v), using an en-
ergy source (MPC-303DI, Minipa, Sao Paulo, Brazil) with platinum as
the cathode (area of approximately 2.0 cm?). Electropolishing was car-
ried out at 25 V at a temperature of 7 + 0.5 °C for 4 min. and after all
samples were washed in deionized water using an ultrasonic bath for 10
min and dried with cold air.

The polymerization process was carried out using the silane pre-
cursor Tetraethoxysilane - Si(OCyHs)s, TEOS, subjected to different
pressures: 230, 300, 400 and 500 patm, for 20 min at room temperature
(=~ 23 °C). Argon was used as carrier gas with purity of 99.999%.

The plasma film deposition was performed in an apparatus built at
the Corrosion Research Laboratory (LAPEC/UFRGS). The samples were
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placed inside a glass container and fixed in an adapted titanium support,
in order to facilitate the passage of plasma through the entire surface.
Inside this container, a vacuum of around 500 patm of pressure was
achieved, monitored by an electronic vacuometer CPS VG100A and
using a 12 cfm double stage dual voltage vacuum pump.

Subsequently, an inert atmosphere was created by the injection of
argon gas, which acted as carrier gas, once in contact with the silane
precursor. Then, an electrical discharge of the radiofrequency (RF) type
was applied to promote the generation of plasma and consequently the
formation of a polymerized film on the metallic substrate.

Characterization

The XPS measurements were performed in an Omicron Sphera
analyzer using an Al K-a X-ray source (hv = 1486.7 eV). The x-ray source
was positioned at 80 in relation to the emission beam direction of the
photoelectrons. The samples were attached to the holder without further
preparation and inserted in the ultrahigh vacuum chamber (~ 5 x 10~°
mbar). The measurements were performed in the Long Scan, Si 2p, 0 1 s
and C 1 s electronic regions of the samples. A pass energy of 50 eV and
10 eV was used, as well as an energy step of 1 eV and 0.1 eV and 0.1 s
dwell time for the Long Scan and high resolution XPS regions, respec-
tively. The calibration of the electron analyzer was performed using an
Au standard and considering the Au 4f;,» peak position at 84.0 eV.
Furthermore, the adventitious C was considered at 284.5eVintheC1s
region to verify possible charging effects.

The Si 2p XPS spectra were analyzed with the XPSPeak 4.1 software
using a Shirley-type background and a symmetric Gaussian-Lorentzian
sum function with 18% Lorentzian contribution, as determined from
the analysis of the Au 4f XPS region of the Au standard used. The binding
energy and FWHM values of a given chemical component were con-
strained to the same value for all samples.

The nanometric surface roughness of the samples as well as the
topographic profile was measured in an atomic force microscope SPM-
9500J3 SHIMADZU operating in contact mode, with silicon nitride
probes (Nanosensors) and scanner with vertical variation of 4 pm and
scanning area of 2 pm x 2 pm. The evaluation of the surface roughness
through the AFM was carried out through the measures of Ra (arithmetic
mean of the absolute values of the spacing ordinates of the points of the
roughness profile in relation to the midline, within the measurement
path) and Rz (arithmetic mean of the five partial roughness values,
considering the greatest distance points, above and below the midline).

The micrometric roughness of the samples was determined by using a
MITUTOYO SJ-400 profilometer, obtaining the values of Ra (pm) and Rz
(pm) from 0.8 mm cut offs [16]. All measurements were performed in
triplicate. According to the information provided by the manufacturer of
the profilometer, the Ra parameter defines the arithmetic mean of ab-
solute values over the entire length of the sample, while the Rz is based
on the five highest peaks and lowest valleys along the entire length.

The thickness of the obtained films was determined by spectral
ellipsometry (Sopra GES-5E). This technique measures the change in the
state of light polarization after it reflects in the sample at an angle of 75°,
wavelength range of 0.3500 to 0.7500 pm (steps of 0.005 pm) and
correlates this change to a physical model of the film, in order to obtain
the dispersion curve of the film and its physical thickness.

The contact angle measurements, used to determine the surface
wettability, were performed using the sessile drop method, with
equipment developed by the Corrosion Research Laboratory (LAPEC) at
the Federal University of Rio Grande do Sul (Porto Alegre, Brazil), in
which a drop of liquid was deposited on the surface using a micropi-
pette. The drop was observed through low magnification lenses and the
contact angle was measured with a goniometer. Contact angle mea-
surements were performed with water and a simulated body fluid so-
lution (Hank’s solution) [17].
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Biological tests

The mesenchymal stem cells (MSC) used in this work are known as
SHED (Stem Cells from Human Exfoliated Deciduous teeth) and the
cultures were established according to previous studies [18,19].

In a laminar flow hood, the pulp of the teeth was digested with
collagenase and the cells were cultured at 37 °C and 5% COx in low
glucose DMEM medium supplemented with 10% Bovine Fetal Serum
(SFB) and 1% antibiotic (penicillin and streptomycin). Whenever
confluence was reached, the culture was cultured using 0.05% Trypsin/
EDTA. The dissociated cells were then transferred at a density of 5000
cells per cm?. Thus, subsequent passages were performed, and cell cul-
tures were evaluated on the fourth pass.

Prior to carrying out the experiments, the cells were characterized as
human mesenchymal stem cells according to the recommendations of
the International Society for Cellular Therapy (ISCT) [20].

Stem cells were characterized as follows: (1) cell morphological
evaluation and ability to adhere to plastic; (2) immunophenotypic
analysis of cells by means of flow cytometry and (3) the ability to
differentiate osteogenic, adipogenic and chondrogenic in vitro [21,22,
19].

First, the samples were sterilized for 1 hour in UV. The stem cells
(30,000 per well) were seeded in the tissue culture plate (TCP, used as a
control) and in the samples. After 1 day of cultivation, the viability of the
cells was assessed using the MTT mitochondrial activity assay ([Bromide
of [3-(4,5-dimethylthiazole-2yl)—2,5-diphenyl tetrazolium]). MTT was
used at a concentration of 0.25 mg.mL ™" in CMF buffer for an incubation
time of 3 h at 37 °C [21,22]. After that time, the supernatants from the
wells were discarded and the formazan crystals formed were dissolved
with 500 uL of dimethyl sulfoxide (DMSO) and 300 pL read in a Multi-
skanTM FC (Thermo Scientific - Thermo Fisher Scientific®) spectro-
photometer. The results were calculated by the absorbance difference at

Applied Surface Science Advances 5 (2021) 100123

fluorescence microscopy (Leica Dmi8, Leica Microsystems).

The results were expressed as the mean + standard error of the mean
and evaluated using one-way ANOVA (no significant differences were
established). An independent t-test was used to compare the groups (*p
< 0.05 and **p < 0.01). Data analyses were performed with the program
BioEstat 5.0.

Results and discussion

Fig. 1 shows the Long Scan (a) and Si 2p XPS spectra (b) of the
samples following the nomenclature presented in Table 1. The Long
Scan spectra show the presence of Ti, V, Al, Si, N, C, and O in all samples.
The presence of V, Ti and Al comes from the substrate and C and O atoms
comes from the exposition of the samples to the atmosphere, besides the
products formed during synthesis of the silicone-based thin films. The
small amount of N is probably remnant from the synthesis procedure
adopted. Moreover, the TigAl4V/PP230 sample presents Ca atoms that
come as residues adsorbed at the surface from the water used before the
polymerization process.

The analysis of the Si 2p XPS spectra shows the presence of a
chemical component at 101.8 eV in all samples, which is associated to
organo-oxysilane [23]. Additionally, those samples synthesized with
smaller pressures (230 and 300 uatm) present the Si-O component at
103.0 eV associated to Si-O bonds (SixOy) [24]. Some authors [25,26]
reported the formation of thin films of lower surface energy for smaller
polymerization pressures, then increasing the cross-link and improving
the mechanical properties of the coating synthesized.

Based on the XPS results, two mechanisms for the formation of films

Table 1
Sample nomenclature.

TigAl4V TigAl4V mechanically sanded substrate up to #5000.
630 and 570 nm Wavelengths' TigAl4Viano TigAl4V mechanically sanded substrate to #5000 and
The samples were washed in phosphate buffer, fixed in 4% para- nanostructured.
formaldehyde buffer and the cell nuclei were stained with 0.5 pg.mL ™ TigAl,V/PP230 TieAlsV mechanically sanded substrate to #5000, with
of 4,6-diamidino-2-phenylindole (DAPI) in accordance with the protocol ) deposition of silane film by plasma polymerization at 230 patm.
d by M d collab ¢ [21]. Phot h b TieAl4Vnano/ TigAl4V mechanically sanded substrate to #5000, nanotextured,
pr'opose .y aurmann and colla OI:a ors . 0 ograp S were O - PP230 with deposition of silane film by plasma polymerization at 230
tained with a fluorescence microscope (Leica Dmi8, Leica patm.
Microsystems). TigAl4V/PP300 TigAl4V mechanically sanded substrate to #5000, with silane
Cell viability was also visualized by fluorescein diacetate (FDA) and . film deposition by plasma polymerization at 300 patm.
propidium iodide (IP) staining in a LIVE/DEAD type assay. The super- TieALV/PP400 TieAlsV mechanically sanded substrate to #5000, with silane
) ) film deposition by plasma polymerization at 400 patm.
natants from the culture Well? were discarded and ‘;"aShed with phos- TigAl4V/PP500 TigAl,V mechanically sanded substrate to #5000, with the
phate buffer. Then 10 ug.mL™ " of FDA and 5 ug.mL™ "~ of IP dissolved in deposition of silane film by plasma polymerization at 500 patm.
phosphate buffer were added, and the images were obtained by
——Ti6Al4V/PP230 (b)
(@) — Ti6AI4V/PP300 | $i-0  Organo-oxysilane
— Ti6AI4V/PP400 i PN
—— Ti6Al4V/PP500 + o % Ti6AI4V/PP500)
~~ ' &
ﬁ o3 C G
g Tids E Pt Nty
= Al2s = D%
= Si2p|Ti3pO2s A+ % TI6AI4V/PP400
= Si2s \ \ = & L™
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Fig. 1. XPS spectra at the (a) Long Scan and (b) Si 2p regions of the samples polymerized by argon plasma and the corresponding fit (gray line) at the Si 2p region
(pink line TigAl,V/PP230, black line TigAl4V/PP300, red line TigAlsV/PP400 and blue line TigAl,V/PP500). .
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were proposed: the first is based on a final product with the formation of
the Si—O bond, related to the Si—O—Si siloxane bond (Fig. 2) and the
second proposing the formation of the Si—C bond, organo-oxysilane
(Fig. 3).

Through the reactions shown in Fig. 2, two TEOS molecules react. In
one of them, the O—CH; bond breaks and in the other the Si—O bond
breaks. After the rupture of these connections, reactive centers are
generated with the *0Si-R3; group approaching the *0-CH,—CHj3 to the
*CH,—CHj3 group. The formation of the final product of the reaction
occurs through the formation of the Si-O-Si (siloxane) bond, associated
with the CH3—CHy—0O-CHy—CHgs by-product, both also proposed by
Franquet [25], Kim et al. [26], Han et al. [27] and Sharan et al. [28].

The second mechanism also occurs by the reaction of two TEOS
molecules. In one of them, the O—CHj bond is broken and in the other
the Si-O bond is broken After the disruption of these connections and the
formation of reactive centers, *CH,—CH3 group is brought to the °Si-R3
group and, at the same time, the *0-CH,—CHj3 group to the *0OSi-R3. The
formation of the final product with the Si-C bond is described in Fig. 3.

Based on the XPS results, the second reaction mechanism prevailed
in the films obtained in this study, that is, the peak intensity of the Si-C
bond was higher than the Si-O. For the deposition of the alkoxide film,
the alkyl fragments originating from TEOS are adsorbed on the substrate
and cross-formation occurs, generating Si-O-Si. According to Lee et al.
[29], the presence of argon in the polymerization process increases the
ionization degree and decreases the oxidation process of the precursors
used, due to the increased electron impact mechanism. For Kim [30],
excited oxygen atoms ({fons 03) lead to the formation of Si-O-Si bonds
and consequently favor film growth. For Chung et al. [31] and Teshima
et al. [32] during the polymerization process, in addition to the for-
mation of Si-O-Si bonds, the formation of SiOy can occurs through the
oxidation of Si atoms.

In this study, due to the thickness of the films, their morphology
could not be analyzed by SEM. It was necessary to use the AFM tech-
nique, as indicated by Schaefer et al. [33]. Fig. 4 shows the images ob-
tained by atomic force microscopy for the determination of the
nanometric topographic profiles of the evaluated systems, in which for
the sanded-only sample, the presence of grooves from the mechanical
preparation used was evidenced. For the sample obtained from plasma
polymerization at 230 patm, the presence of a greater number of gran-
ular deposits was uniformly distributed over the analyzed surface.
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According to Bazaka et al. [34] during the plasma deposition, certain
regions of the coating become more susceptible to the arrangement of
surface bonds and changes in the rate with which the material is being
deposited on the surface. Certain morphologies favor the accumulation
of polymer on the peaks and ridges, while others promote deposition of
the polymer within the gaps and voids on the surface. At micro, nano
and sub-nano scales, the surface of the substratum may affect the
deposition of the reactive species and thus the chemical and biological
activity of the coating.

When plasma comes into contact with sanded samples, the polymer
species begin to assemble on the peaks of the nanoscale features on the
surface and a surface load may build up. This can lead to the formation
of a strong dipole-like electric field pattern, which increases the flow of
ions from the plasma bulk towards the surface. The distribution of ions
results in the deposition of plasma-derived building blocks between the
already formed polymer islands, resulting in the gradual filling of the
gaps and voids on the surface. The strong electric field that is formed at
the nanoscale surface promotes the formation of a smooth coating via
nucleation of a newly deposited phase between the surface features and
already nucleated islands [35,36].

With the increase in polymerization pressure, from 300 yatm to 500
patm, the deposit regions have decreased, and have been evenly
distributed in the direction of the grooves from the mechanical prepa-
ration. Such result can be related to a higher deposition rate observed for
the film obtained under less pressure, since according to the formation of
the layer of this type of film, it occurs from a self-organized nucleation
process [7].

Along with this, the greater pressure difference between the reaction
chamber and the silane precursor reservoir may have provided greater
energy. Consequently, a greater number of nucleation points were
formed, as well as the layer and, consequently, the surface irregularity
(higher nanometric and micrometric Rz values) also increased.

The values of the nanometric and micrometric roughness parameters
(Ra and Rz) were consistent with the topographic profiles previously
observed, in which for all sanded samples polymerized at pressures
greater than 230 patm, and lower and similar values were observed for
the average nanometric and micrometric (Ra). However, in relation to
the Rz values in both the nanometric scale and the micrometric scale,
higher values were obtained for the polymerized sample at the lowest
pressure (230 patm). This increase in Rz roughness may be associated
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Fig. 2. First proposed mechanism for the formation of a final product with Si—O—Si bond.



M. Pereira et al. Applied Surface Science Advances 5 (2021) 100123

e
CHj3 CH;
HaC H3C>
RN o
._CH
° + o o t \Si/:\Hzc/ s
Moo o\ N8 He” o\
3 0 3 [}
CHj CHj
HC HiC
o
\ (o] CH3 +
~_Si—0” g~ cH,
H,C o7\ NA
He” 07
CHj, CH,

200x200(um] Z 000 - 184 80 fom

Ti6Al4V

000 200x200(um] 2 003 - 25407 ]

200x200(un) Z 0.00 - 276.08

0.00

2.00x2.00 um

Ti6Al4V/PP400

010

200x200[um] Z 000 - 218,08 fmi

Ti6Al4V/PP500

§ 200x2000um) 2 000 - 31795 o
2.00 x 2.00 um oo

Fig. 4. AFM images of silane films obtained by plasma polymerization at different pressures.
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with the use of a low polymerization pressure, which favored an increase
in deposition in the higher regions of the topographic profile, conse-
quently resulting in an increase in Rz roughness.

The contact angle measurements indicated lower values for the
TigAl4V/PP230 system, which was polymerized at a lower pressure,
indicating a greater surface wettability than the sanded and plasma-
polymerized systems. Such observation may be associated with the
greater Rz roughness or greater deposition of the TEOS films in this
pressure. The influence of pressure on the deposition rate of the films
can also be evidenced by the fact that normally the surface wettability
varies according to the roughness parameters [1].

Table 3 presents the results of the layer thicknesses of the films ob-
tained at different pressures. Corroborating with the previously dis-
cussed results, the greater thickness presented by the sample TigAl4V/
PP230, can again be associated with the ability that the process of
plasma polymerization performed at lower pressures has to act pre-
dominantly by the mechanism of dissociation by impact of electrons.
The amount of ionized fragments formed has increased and, as a
consequence, the polymerization and binding of the molecules with the
metallic substrate have also increased.

The effect of the electrochemical nanotexturization surface treat-
ment was evaluated on the TigAl4V/PP230 sample, as this film showed a
more uniform deposition over the entire surface of the metallic sub-
strate, with a higher layer thickness deposited than the other evaluated
systems.

Fig. 5

Table 2

Table 4

Fig. 6(a) presentes the XPS spectra at the Long Scan and Fig. 6(b) the
Si2p regions of the nanostructured surface of TigAl4Vpano/PP230. The
results presented in Fig. 6(a) show the presence of elements such as Ti
and O related to the titanium oxide formed on the surface sample.
Furthermore, in Fig. 6(a) the presence of the elements O and Si is veri-
fied and in Fig. 6(b) the Si-O and Si-C bonds are associated with the Si-
based film deposited by plasma polymerization.

Fig. 7 shows the nanometric surface topographies of the electro-
polished Ti6Al4V surface only and with the deposition of the polymer-
ized silane film. Regarding the roughness parameters, it was possible to
observe higher micrometric Rz values for the TigAl4Vyano/PP230 sample
compared to the nanotextured sample (TigAl4Vpano). Such behavior can
be related to the sum of processes involved, since there is a greater ir-
regularity of the nanotextured surface due to the competition between
the anodic dissolution and the thickening of the oxide layer during the
performance of this electrochemical treatment. Combined with the
subsequent deposition of the polymerized film, the deposition in higher
regions of the surface may have been favored, resulting in higher Rz

90

804

Contact Angle (°)

Fig. 5. Contact angle measurements in Hank’s solution.
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Table 2
Nanometric and micrometric roughness measurements determined by AFM and
contact profilometry.

AFM Profilometry
Sample Ra (nm) Rz (nm) Ra (um) Rz (um)
TigAl4V 9+2 15+3 0.10 + 0.01 1.00 + 0.10
TigAl4V/PP230 4+2 33+8 0.10 + 0.02 1.20 + 0.10
TigAl4V/PP300 4+1 15+2 0.10 + 0.01 0.30 + 0.04
TigAl4V/PP400 5+1 12+ 2 0.10 £ 0.01 0.30 £ 0.01
TigAl4V/PP500 5+1 9+2 0.10 + 0.01 0.40 + 0.10
Table 3

Thickness of films obtained by plasma polymerization
determined by ellipsometry.

Sample Thickness (nm)
TicAl4V/PP230 10.00 + 0.30
TigAl4V/PP300 3.82 £ 0.40
TigAl4V/PP400 2.53 £0.27
TigAl4V/PP500 1.39 + 0.24

Table 4
Nanometric and micrometric roughness measurements.

Sample Nanometric roughness Micrometric roughness
(AFM) (Profilometry)
Ra (nm) Rz (nm) Ra (um) Rz (pm)
TigAlyVnano 14+3 3748 0.20 £ 0.01  1.50 + 0.20
TigAl4Vhano/PP230 9+ 2 34+10 0.30 £0.03  2.50 + 0.10

values on a micrometric scale.

The contact angle measurements (Fig. 8) show a decrease in the
contact angle values of the nanotextured sample polymerized by plasma
(TigAl4Vnano)- In other words, the wettability increased in Hank’s so-
lution. A greater wettability may be associated with deposition by
plasma polymerization of the TEOS film, since the structure of the pre-
cursor promotes a polar character to the film, which leads to a greater
interaction with water and aqueous fluids. As reported by Attarilar et al.
[37] the contact angle reduction (greater wettability) and the large
number of pores are the preferred regions for cell proliferation and
adhesion.

The thickness measurements of the films showed that TigAl4V/
PP230, which was only sanded and polymerized by plasma had a
thickness of ~ 10 nm, while the sample nanotextured with plasma
(TigAl4Vphano/PP230) obtained a thickness of ~ 18 nm. These results
indicate a significant contribution of the nanotexturization to the
deposition by plasma polymerization. The only nanotextured sample
(TigAl4Vpano) had a thickness of 5.0 + 0.2 nm, which could be associated
to the TiO5 layer formed during the electrochemical treatment. Such
oxide has been reported by Antonini et al. [38].

Biological behavior

In the mitochondrial activity assay (Fig. 9), ANOVA analysis of
variance detected no statistical difference among the experimental
groups (p = 0.0858). The MTT results shown in Fig. 9 and the images of
the stained cell nuclei, as well as the live and dead stem cells (Fig. 10)
showed a similarity in the number of cells in the different samples.
According to Ortiz et al. [39], stem cells have a greater affinity for
anchoring in grooves from sanded surfaces. Bao et al. [40] and Attarilar
et al. [41] stated that a superficial topography with micrometric and
textured roughness tends to promote a greater growth of stem cells due
to the presence of cell adhesion sites. Furthermore, Wang et al. [42]
showed that modern topographies associated with the wettability may
facilitate the fast osseointegration and adhesion of cells.
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Fig. 6. XPS spectra at the Long Scan (a) and Si 2p (b) regions of the nanostructured surface of TigAl4Vyano/PP230 sample and the corresponding fit (gray line) at the

Si 2p region.
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Fig. 7. Two-dimensional and three-dimensional AFM images of the sample with nanotextured and nanotextured surfaces with plasma polymerization.

In the present study, it was possible to observe only a trend towards a
greater amount of SHED in the sanded Ti6Al4V samples.

On the other hand, the evaluation with the t-test comparing the
TigAl4V samples and the samples that were polymerized by plasma to
argon, demonstrated a greater number of viable stem cells than the
polymerized nanotextured surface, with ps of 0.0399 and 0.0044,
respectively. As shown by S. Hwang et al. [43], films polymerized by air
plasma, in addition to being nanometric in thickness, tend to follow the
topography of the metallic substrate. The results of the present study
indicate that the irregularities of the mechanical sanding present in the

sanded samples remained below the plasma polymerized film. These
surfaces probably favored the anchoring of stem cells on the surfaces,
since both experimental groups have similar absorbance correlated to
the number of viable SHEDs (p = 0.2783). This study was carried out
using the TEOS film to improve the surface properties of Ti6Al4V.
However, as observed in the results, the film did not add significant
improvements compared to the sanded sample. In addition, analyzing
Fig. 9, it is evident that there was no statistical difference between the
sanded sample (TigAl4V) and the sanded sample with polymerized film
(TigAl4V/PP230).
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In addition, a certain orientation was observed for the TigAl4V and
TigAl4V/PP230 samples, as shown in Fig. 10, probably induced by the
80 topography from the mechanical preparation. On the nanotextured
surfaces (TigAl4Vpano and TigAl4Viano/PP230) the stem cells showed a
disoriented disposition during cell culture, similar to the culture plate
used as a control. According to Rebl et al. [44] the rough surfaces
positively influence osteoblast behavior, that increasing roughness re-
sults in a cell attachment. The cells and their actin cytoskeleton are
oriented in the direction of the grooves. Liithen et al. [45] showed that
the highest level of rat osteoblast cell attachment was obtained with
rougher surface. Some authors [46,47] have shown that osteoblast cells
cultured on materials with grooves become elongated parallel to the
direction of the grooves.

90

Contact Angle (°)

Conclusions

Nanometric Si films were obtained through the argon plasma poly-
merization process on the TigAl4V substrate, based on two formation
mechanisms, where Si—O and organo-oxysilane (Si—C) bonds were
predominant.

The use of different pressures resulted in a greater layer thickness for

Fig. 8. Contact angle measurements in Hank’s solution.
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Fig. 9. Viability of mesenchymal stem cells cultured on films obtained by plasma polymerization. Data expressed as mean absorbance =+ standard error of the mean
using the MTT test. *p < 0.05 and **p < 0.001. Data are given from n = 3 (n represents number of samples tested for each system).
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Fig. 10. Fluorescence microscopy with representative images of cell nuclei marked in blue (stained with DAPI), viable cells in green (stained with FDA) and non-
viable in red (stained with PI) in the different experimental groups after 24 h of culture.
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the polymerized film at a lower pressure on the sanded sample., No
difference among the chemical composition of the films obtained could
be found. However, the film deposited on the nanostructures showed a
greater surface roughness and, in addition, provided an increase in
wettability and in layer thickness in relation to the nanostructured
substrate. This increase has probably taken place due to the presence of
oxygen in the film composition, favoring the formation of hydrogen
bonds with water. The films that were applied on a sanded surface, with
lower pressures in the plasma polymerization process, presented a lower
layer thickness and wettability than the films obtained on nanotextured
surfaces.

The biological results showed that the only sanded surface tended to
have a greater number of viable mesenchymal stem cells, due to their
ability to anchor in the grooves from mechanical preparation. The
samples sanded and polymerized by plasma showed a higher number of
viable stem cells than the nanotextured and polymerized surface by
plasma. The irregularities resulting from mechanical sanding associated
with the thin film obtained by plasma polymerization may have
contributed to the maintenance of cell viability due to the anchoring of
stem cells. Samples with nanotextured surfaces with plasma-
polymerized films did not favor the viability of stem cells, with lower
absorbance results than the mechanically sanded groups and deposition
of silane film by plasma polymerization at 230 patm (TigAl4V). The
TigAl4V samples favored cell viability, when compared to the lower
absorbance values obtained with samples with nanotextured surfaces
with plasma polymerized film.
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