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The cold plasma sterilization is an alternative sterilization process that does not modify the morphological
properties of nanostructured surfaces of titanium and its alloys. This study aims to evidence the effect of
surface morphology of the cold-plasma-sterilized nanostructured Ti6Al4V on the osteogenic differentiation
of bone marrow-derived mesenchymal stem cells (BM-MSCs). The surface treatments on Ti6Al4V used
were sanding and electropolishing in a H,SO,/HF/glycerin solution. The samples were characterized by
AFM, optical interferometry, and wettability. BM-MSCs were cultured for 14 days and tested for cell
adhesion, metabolic activity, ALP activity, and mineralization. Results demonstrated that the nanostruc-
tured morphology of Ti6Al4V remained intact after the sterilization and promoted a more hydrophilic
surface, which contributed to the increase in the metabolic activity, and to osteogenesis of BM-MSCs, as
well as to the extracellular matrix mineralization. The bacteriological and mycological tests showed that

bacteria, fungi, and yeasts were not detected after cold plasma sterilization.
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1. Introduction

Recently, alternative methods of sterilization have been
employed aiming to replace traditional sterilization processes
(Ref 1-3). Among alternative methods, cold plasma steriliza-
tion does not alter the morphological properties of titanium and
its alloys (Ref 4). Cold plasma sterilization does not produce
toxic by-products, is fast, and its cost is not high (Ref 5). As
shown by Junkar et al. (Ref 6) when evaluating the effect of
TiO, nanotubes in cytotoxicity tests, it was evidenced that the
plasma sterilization process did not cause any changes in the
morphology and chemical composition of the nanotubes. For
Ueno et al. (Ref 7), the plasma sterilization process, in addition
to not changing the morphology of biomaterials, has a high
sterilization capacity. In their study, dental instruments con-
taminated with Escherichia coli, Pseudomonas aeruginosa, and
Staphylococcus aureus had an effective elimination of the
microorganisms, which were destroyed within 1-10 min of
sterilization by cold plasma. During the sterilization process,
the gas pressure was 13Pa in the discharge tube, 25Pa in the
expansion chamber and 75mA discharge current. The temper-
ature reached was 76 ° C for exposure in the expansion
chamber and 80 ° C in the positive column.

A study developed by Nam et al. (Ref 8) showed that the
cold plasma sterilization was suitable method in a clinical
environment to eliminate the Escherichia coli, Staphylococcus
aureus, and Saccharomyces cerevisiae deposited on a nitrocel-
lulose filter membrane or Bacillus subtilis spores deposited on
polypropylene. The plasma was generated with AC input power
at 10 kHZ, 6kV, and after plasma treatment, the microorgan-
isms were eliminated with 18 sec for E. coli, 19 sec for S.
aureus, 1 min 55 sec for S. cerevisiae, and 14 min for B. subtilis
spores.

Yu et al. (Ref 9) investigated the cold plasma sterilization in
a population of 1.0 x 10*1.0 x 10° Escherichia coli or
Micrococcus luteus bacteria. The complete kill of the Micro-
coccus luteus was less than 1 min exposures and about 2 min
exposure for Escherichia coli. The cold plasma sterilization
showed rapid sterilization capability, improving its sterilization
efficacy through faster etching or erosion mechanisms of
oxygen species.

Aiming to promote an improvement in the stem cell
differentiation process, texturing methods have been used to
obtain micropores or nanopores on titanium and its alloys,
which tend to imitate the natural architecture of bone (Ref 10).
Such structures can increase the cell-biomaterial interaction,
allowing the transport of body fluid, increasing the growth of
bone tissue, and facilitating vascularization (Ref 11). Nanos-
tructured surfaces are able to increase the interaction of cells
with the surface of biomaterials (Ref 12). Nanostructured
surfaces can positively contribute to the process of stem cell
differentiation (Ref 13). Nanotubes on the Ti6Al4V surfaces
have favored the osteogenic differentiation of stem cells (Ref
14). Some studies using TiO, nanotube (Ref 15) and nanorod
(Ref 16) arrays have been developed to promote the osteoge-
nesis differentiation of mesenchymal stem cells (MSCs).

This study aims to evidence the sterilization efficiency and
the effect of surface morphology of the cold-plasma-sterilized
nanostructured Ti6Al4V on the osteogenic differentiation of
bone marrow-derived mesenchymal stem cells (BM-MSCs). As
previously reported by Antonini et al. (Ref 4), the cold plasma
sterilization process does not cause changes in the nanometric
and micrometric morphology of Ti6Al4V surfaces, contributing
positively to the growth and differentiation of stem cells.

2. Material and Methods

2.1 Electrochemical Treatment

Titanium alloy (Ti6Al4V) disks with an exposed area of
approximately 1.77 cm® and a thickness of 2 mm were used as
substrate. All samples were initially manually polished by
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abrading the samples using silicon carbide sandpapers until grit
size 4000. Samples for electrochemical treatment were washed
in deionized water using an ultrasonic bath and dried with cold
air. They were electrochemically treated in an acidic solution
consisting of sulfuric acid, hydrofluoric acid and glycerine in a
6:3:1 (v/v) ratio, using a DC power source (MPC-303DI,
Minipa) with platinum as the cathode and the sample as the
anode. The electrochemical treatment was carried out for either
4 or 12 min, 25Vat7°C £ 0.5 ° C.

After the electrochemical process, the electrochemically
treated samples were washed again in an ultrasonic bath for 10
min.

2.2 Roughness and Wettability Analysis

The nanometric morphology and roughness were assessed
by atomic force microscopy (AFM) (Ref 17) using a Shimadzu
SPM - 9500J3 microscope (Shimadzu Corp., Kyoto, Japan),
while the micrometric roughness was evaluated using a
MITUTOYO SJ-400 profilometer (Mitutoyo America Corpo-
ration, Aurora, Illinois). Surface roughness (in micrometric
scale) was determined by measuring the Ra (arithmetical mean
of the absolute values within a sampling length), and the Rz
(the vertical distance between the highest peak and the deepest
valley within a sampling length). Nanometric roughness was
obtained by measuring the Ra (arithmetical mean of the
absolute values of the profile deviations from the mean line of
the roughness profile) and the Rz (mean value of the sum of the
height of the highest-profile of five peaks, and the depth of the
deepest profiles valley, relative to the mean line, within a
sampling length).

The surface wettability was determined by the sessile drop
method using an equipment developed by the Corrosion
Research Laboratory (LAPEC) at the Universidade Federal
do Rio Grande do Sul (UFRGS, Porto Alegre, Brazil). With this
equipment, it was possible to determine the contact angle
between a drop of DMEM (Dulbecco’s Modified Eagle’s
Medium from Sigma-Aldrich Co., LLC. Merck, Darmstadt,
Germany) and the analyzed substrate. The contact angle was
determined by image analyses using a SURFTENS 4.5
software (OEG, Frankfurt, Germany).

2.3 Gold Plasma Sterilization

The cold plasma sterilization was conducted with an RF
plasma glow discharge, with maximum power of 65W and
sterilizing time of 5 min in an atmosphere of N, and O, in the
same proportion of the atmospheric air (78.1% N,, 20.9% O,
and 1% Ar) (Ref 18), at 250 patm of pressure.

2.4 Microbiological assay

The assay to the detection of bacteriologic and micrologic
growth was performed at Bacteriology Laboratory of the
Veterinary Hospital of ULBRA. After cold plasma sterilization,
the materials were inoculated in plate of Agar blood with 8% of
sheep blood, in plates of MacConkey agar and BHI® (Brain
Heart Infusion) and incubated at 37 ° C for 24 h. Agar
Sabouraud was used to Penicillium sp fungal culture.

The bacterial colonies were identified from to colony
morphology, presence or absence of hemolysis, lactose fer-
mentation, gram stain, rapid tests (catalase, oxidase, coagulase),
and indol tests, citrate, urea, sugar fermentation (glucose,
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sucrose, maltose, dulcitol, trehalose, mannose) VM/VP, SIM,
and phenylalanine, as indicated by Cowan (Ref 19).

2.5 Cytotoxicity

Cell viability was tested by indirect contact using
fibroblast cells (1929, BCR, batch no. 000604, Rio de
Janeiro, Brazil) according to ISO 10993-5. The MTT test
was performed in sextuplicate. Cells were incubated at 37 °
C and an atmosphere containing 5% CO,. Cells (L929) were
seeded in a 96-well tissue culture plate at a concentration of
10* cells/well (100 pL). After 24h, 48h, 72h, 7 days, and 14
days of contact between biomaterials and culture media
(Dulbecco modified Eagle’s medium—DMEM, Sigma, Sao
Paulo), the media was added to wells with L929 cells and
incubated for 24h at 37 ° C. Cells cultured with DMEM
were used as negative control, and, as positive control, cells
cultured with dimethyl sulfoxide (DMSO). A volume of
50uL of MTT (1 mg/mL) was added to each well. Formazan
salts were dissolved in DMSO (100 pL), and the absorbance
was measured at 570nm (Multiskan EX Microplate Reader,
MTX Lab Systems, Vienna, USA). If the relative cell
viability for the highest concentration of the sample extract
(100% extract) is = 70 % of control group, the material
shall be considered non-cytotoxic.

2.6 Stem Cells Culture

This work step was performed at Tissue Engineering and
Stem Cells Laboratory of the Lutheran University of Brazil. All
reagents used in this study were from Sigma-Aldrich Co LLC
unless otherwise stated. Plasticware was from BD Falcon (Sao
Paulo, Brazil). Complete culture medium (10% v/v in CCM)
was composed of Dulbecco’s modified Eagle’s medium sup-
plemented with 10% fetal bovine serum (Gibco), 10 mM 4-(2-
hydroxyethyl)-1-piperazine ethanesulfonic acid (HEPES), and
100 U penicillin mL-L and 10mg streptomycin mL-L solution
(Gibco Invitrogen). Ca®" - and Mg*" -free Hank’s balanced salt
solution was used for washing tissues and cells. All experi-
ments were made with cells in passages 4-6 and experimental
triplicates. The use of stem cells in this work is associated with
the differentiation capacity of these cells that can give rise to
several cell types, including bone.

2.6.1 Isolation of Bone Marrow-Derived Mesenchymal
Stem Cells (BM-MSCs). Bone marrow cells were harvested
from the tibia and femur of 60-day-old female SHR rats. The
bone marrow cavities of the rats were flushed with CCM
(10% v/v). The cell layer was plated and cultured in CCM in
5% CO, at 37 ° C. The culture medium was replaced twice
a week along with the removal of the non-adherent cells.
When confluent, adherent cells (80-90%) were trypsinized
and passaged onto a larger surface. Passage 4-6 cells were
used for experiments. The use of these animals was approved
by the Ethics Committee of FEPPS (MEMO n. 02/201,
August 7, 2013).

2.6.2 Seeding of BM-MSCs onto the Materials. Before
cell culture, all samples of biomaterial were sterilized by cold
plasma generated from a radiofrequency discharge, maximum
power of 65W and cleaning time of 5 min in an atmosphere of
N, e O, in the same proportion of atmospheric air (78.1% N,
20.9% O, e 1% Argdnio and other gases (Ref 18). After
sterilization, the biomaterials were washed three times with
PBS, orbitally shaking at 200 rpm for 20 min for each wash.
Samples of biomaterial were seeded with 3 x 10*cells/cm? and



allowed to attach on the surface for 45 min before submerging
the disc in 2 mL of media and incubating overnight. On day 1,
samples were transferred to a new well plate and 2 mL of media
were added to selected samples. The media was changed every
2-3 days.

2.6.3 Cell Adhesion. The biomaterials used to cell adhe-
sion assay were sanded titanium, mechanically polished
Ti6Al4V, Ti6Al4V electropolished for 4 min, and Ti6Al4V
electropolished for 12 min. BM-MSCs were seeded onto the
biomaterials at 5 x 10 cells/em® with CCM and incubated 90
min at 37 © C with 5% of CO,. Subsequently, constructs were
washed to remove inadherent cells. The constructs were
transferred to a new plate and incubated for three days. The
plate containing inadherent cells were again incubated for 16h,
stained with Giemsa, and the number of cells was directly
counted. The results were expressed in the percentage of
adhered cells.

2.6.3.1 Cell Spreading and Morphology. To examine the
effects of the Ti6AI4V surface on cell spreading and morphol-
ogy, cells attached on the samples that had been mechanically
polished and electropolished for 4 or 12 min were observed
using scanning electron microscopy (SEM; MIRA3, TESCAN,
Brno, Czech Republic, operating at 10 kV and 15 kV). The
samples were routinely prepared, dehydrated, and finally dried
in a critical point dryer.

2.7 Cell Viability

The cells were maintained in contact with the biomaterials
for 4 days, after that the cell viability was measured. Alamar
blue assay was performed according to the manufacturer’s
instructions. Briefly, Alamar blue (Invitrogen; 10% v/v in
CCM) was added to each well, and the plate was incubated for
3h. From which well, 100puL was transferred to 96-well plate
and subsequently the measurements were carried out in a
Spectramax M2 and fluorometer (Molecular Devices), using an
excitation of 544m and an emission of 590nm. Data expressed
as Fluorescence Intensity/10* cells plated.

2.8 Cell Differentiation

The osteogenic differentiation of bone marrow-derived
mesenchymal stem cells was induced between passage three
and five. 3x10* cells/cm? were cultivated with specific media
for 14 days and change of the culture media occurred every 3
days. For osteogenic differentiation, the complete culture media
(CCM) was supplemented with 10~ *M dexamethasone, 5mg
ascorbic acid 2-phosphate/mL, and 10mM de B-glycerophos-
phate. As control were used BM-MSCs plated in 24-well plates,
for the same period, in CCM media and inducing media.

2.9 Alkaline Phosphatase Activity (ALP activily)

Alkaline phosphatase activity (ALP activity) is considered
to reflect osteoblastic differentiation and plays a major role in
bone formation and mineralization (Ref 20). The totals proteins
were extracted in analyzed solution (300mM NaCl, SOmM Tris-
HCl [pH 7.6], 0.1% TritonX-100, 200mM KCI, 0.5mM
EDTA), and they were quantified by Bradford method (Bio-
Rad, Richmond, CA, USA). The ALP activity was analyzed
using the colorimetric conversion of p-nitrophenyl phosphate in
p-nitrophenol product by 85L-2 kit (Sigma Aldrich).

Briefly, 20uL of total protein solution was incubated at 37 °
C in a 6.7mM solution of 4-Nitrophenylphosphate diluted in
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Fig. 1 AFM images of the studied samples. (a) Titanium, (b)
Ti6Al4V, (c) Ti6Al4V Electr. Threat. 4 min, (d) Ti6Al4V Electr.
Treat. 12 min

Table 1 Roughness values obtained on nanometric scale
obtained by atomic force microscopy

Samples Ra, nm Rz, nm
Titanium 21 £0.2 73 £ 0.6
Ti6Al4V 24 £ 0.3 76 £ 0.5
Ti6Al4V electr. treat. 4 min 13+ 04 31£03
Ti6Al4V electr. treat. 12 min 19+ 1 45 + 1

Table 2 Roughness values obtained on micrometric scale
obtained by contact profilometry

Samples Ra, pm Rz, pm
Titanium 0.1 £ 0.05 0.5 £+ 0.03
Ti6Al4V 0.1 +0.04 0.7 £ 0.02
Ti6Al4V electr. treat. 4 min 0.2 £+ 0.01 1.3+£02
Ti6Al4V electr. treat. 12 min 0.2 + 0.01 1.8 £ 0.1

carbonate buffer (0.1 M) - MgCl, (2 mM) (pH 9.8). The test
performed in a 96-well plate, in triplicate, with a total volume
of 120 pL. A standard curve of p-Nitrophenol (product) diluted
from 0.5 mM incubated on the same plate. A 0.2 M NaOH
solution used to stop the reaction (final volume 200 pL).
Alkaline phosphatase activity is expressed pM product/pg
protein.

2.9.1 Mineralization. The osteogenic differentiation was
performed for 3 and 11 days. Subsequently, the cells were fixed
with 70% ethanol for 15 min and washed 3 times with distilled
water. ImL of Alizarin Red S (Sigma, Sao Paulo) was added to
cells, and they were incubated for 30 min at room temperature.
The excess of Alizarin corant was removed by washing with
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distilled water. The cells were then incubated with 500uL of
isopropanol for 5 min. The samples were distributed on 96
wells to electro-spectrophotometric measuring (Multiskan Ex
original, Serial RS-232c¢) using an optical density of 540nm.
The mineralization was quantified from a molar ratio of 1:2
between Alizarin and calcium.

2.9.2 Statistical Analysis. All statistical analyses were
undertaken in GraphPad Prism (version 7.00; GraphPad
Software, Inc., San Diego, California). The cell growth and
cell differentiation were evaluated using six samples per
system. Depending on whether a response affected by one or
two factors, either one- or two-way ANOVA with a Tukey’s
post-test was used to evaluate significant differences. All
graphs presented as mean =+ standard deviation and notable sig-
nificant differences indicated on the graphs or in the legends.

3. Results and Discussion

3.1 Morphological and Physical-Chemical Characterization

The samples treated electrochemically for 4 min showed the
formation of well-defined nanostructures (Fig. 1c) while in the
electrochemically treated sample at 12 min the thickening of the
oxide layer prevailed (Fig. 1d). The formation of nanostructures
probably occurred because of the anodic dissolution process
prevailing about the thickening behavior of the oxide layer, as
reported by Antonini et al. (Ref 10). The grooves from the
mechanical preparation of titanium and Ti6Al4V alloy are
shown in the nanometric morphology of Fig. 1(a) and (b),
respectively.

Table 1 shows the results of nanometric roughness, and it is
observed that for the sanded samples only, the nanometric
roughness values were higher than those observed for the
samples treated electrochemically for 4 and 12 min. Regarding
micrometric roughness values (Table 2), no significant differ-
ence was observed between average roughness values (Ra) for
all systems studied, with values in the order of 0.1-0.2 um.
Because competition between anodic dissolution and thicken-
ing of oxide layer, the samples treated electrochemically for
four and 12 min showed an increase in micrometric roughness
compared to the only sanded samples.

Keller et al. (Ref 21) showed that the increase in implant
roughness from texturing processes can improve cell adhesion
and proliferation. While Zhu et al. (Ref 22) found that
osteoblasts have a good affinity for surfaces with medium
roughness (Ra) close to 0.5 um. As shown by Zhu et al. (Ref
23), the osteoblast growth on titanium surfaces with less
micrometric roughness had few cytoplasmic extensions, com-
pared to surfaces with micro- and submicrometric roughness.
This shows that cells not only feel the direction of the

Table 3 Contact angle measurements in DMEM and
H,O0 obtained by the wettability technique

Samples DMEM, ° H,O0, °
Titanium 79 £0.5 63 £2
Ti6Al4V 85+ 0.2 70 + 3
Ti6Al4V electr. treat. 4 min 57+1 40 + 2
Ti6Al4V electr. treat. 12 min 74 + 2 47 £ 04
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topography of the substrate but also respond to irregularities
present in the morphology.

According to Bacakovz et al. (Ref 24), the surface
roughness can be divided into macroroughness (>100 um),
microroughness (1-100 pm), submicron roughness (100 nm-1
pm), and nanoroughness (<100 nm). Li et al. (Ref 25) have
described that surfaces with micro-roughness positively aid in
cell proliferation and differentiation. Surfaces with nanorough-
ness allow better osseointegration; the authors believe that
surfaces with roughness less than 100 nm can mimic a
nanoarchitecture of natural tissues (Ref 26). The cells can show
different responses to different surface morphologies such as
grooves (Ref 27), tubes (Ref 28), meshes (Ref 29), or columns
(Ref 30). Deng et al. (Ref 26) have highlighted that surfaces
with nanometric roughness improve cell differentiation and
proliferation, Olivares-Navarrete et al. reported that better
results are obtained with micro-rough surfaces (Ref 31). The
authors showed that differentiation in osteoblastic cells
increased with the presence of Ti6Al4V nanostructured sur-
faces (Ref 32). A study by Deng et al. showed that nanostruc-
tured titanium contributed positively to the adhesion, viability,
and differentiation of stem cells (Ref 26).

Contact angle measurements in DMEM and H,O after cold
plasma cleaning of samples are shown in Table 3. From these
results, it was possible to observe low values of contact angle in
the samples treated electrochemically for 4 min compared to the
samples treated electrochemically for 12 min and samples
sanded in both DMEM and H,O. The decrease in the contact
angle for the electrochemically treated samples for 4 min may
have been influenced by the anodic dissolution predominantly
concerning the formation and thickening of the oxide layer
observed in the electrochemically treated sample for 12 min. As
shown by Antonini et al. (Ref 33) air plasma cleaning results in
superficial cleaning in which functional groups adsorbed on the
surface are removed, this removal prevents interaction with
dexamethasone proteins (a substance present in the osteogenic
medium), and for this reason, the effect of nanometric
roughness (nanotexturization) and wettability is more easily
perceived by cells. Bardos et al. (Ref 34) observed an increased
surface energy (decreased contact angle) after plasma treatment,
which resulted in an improve adhesion on surface and coatings.

Cunha et al. (Ref 35) investigated the wetting behavior of
Ti6AI4V alloy surfaces textured, and they showed that the
treated surfaces presented contact angles much smaller than
polished surface and that the surface topography plays an
important role in controlling wettability. The authors explain
that the air tends to get stuck in the irregularities of the surface
and this behavior contributes to the decrease in wettability.
Moreover, the surface topography seems to affect the surface
wetting more than its own roughness. While Cui et al. (Ref 36)
evaluated the surface characteristics of Ti8Ta3Nb alloy com-
pared to TiS and Ti6Al4V alloy on osteoblastic response, they
observed that micrometric roughness and morphology were
similar to all samples. Moreover, the wettability measurements
showed water contact angle values of TiS, Ti6Al4V, and
Ti8Ta3Nb alloy 66°, 70°, and 63°, respectively, and the greater
hydrophilicity of the surface was related to TiOH groups.

3.2 Biological Assays

Here, the results of the tests of association of biomaterials
with bone marrow-derived mesenchymal stem cells (BM-
MSCs) will be presented from contact with biomaterials
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Fig. 2 Evaluation of the effect of contact between BM-MSCs and biomaterials. (a) Cytotoxicity after 24h, 48h, 72h, 7 days and 14 days of
exposure to the extract of biomaterials, (b) Cell adhesion for all evaluated biomaterials. *p <0.005, **p <0.0005, ***p <0.003, ****p <0.01
and (c) Cell viability of BM-MSCs after 4 days of contact with biomaterials. *p <0.008, **p <0.01, ***p <0.02

sterilized by air plasma (pure Ti, Ti6Al4V, Ti6Al4V electro-
chemically treated for 4 and 12 min). Such results come from
the bacteriological and mycological assay, cytotoxic potential,
cell adhesion, proliferation of BM-MSCs, and cell differenti-
ation in osteogenic medium, with dosages of alkaline phos-
phatase and calcium deposition (bone matrix deposition).

3.2.1 Microbiological Assay. Among the sterilization
methods employed (Cold plasma, Ethanol + PBS, and Auto-
clave), the cold plasma sterilization method did not change the
morphology of the electrochemically treated surfaces for 4 min;
besides, it did not change the values of nanometric roughness
and micrometric roughness, making the surface more hydro-
philic after sterilization; this method was chosen for tests with
bacteria (bacteriological) and fungi or yeasts (mycological).

According to the bacteriological test, there was no bacterial
growth and with the mycological test, there was no growth of
fungi and/or yeasts. Therefore, the results of the bacteriological
and mycological tests showed that the cold plasma sterilization
method was efficient, sterilizing the surface since the presence
of bacteria or fungi/yeasts on the surface was not detected after
sterilization.

3.2.2 Cytotoxic Potential, Cell Adhesion, and Viabil-
ity. In Fig. 2, the results of cytotoxicity for all systems
showed that none of the systems was cytotoxic at 3 days of
testing (72 h), according to ISO 10993-5: 2009. However, after

14 days of contact between biomaterials and media, the extract
of pure titanium was the only group that showed a tendency to
present cytotoxic behavior. This behavior may be related to the
presence of debris present on the surface from mechanical
sanding, decreasing cell viability, and favoring the appearance
of a structure similar to apoptosis, as already indicated by Wang
et al. (Ref 37).

Wang et al. (Ref 37) showed that the osteogenic differen-
tiation of mesenchymal stem cells derived from human marrow
stroma was impaired by titanium particles exposed on the
surface; reducing cell viability and proliferation. The authors
showed that the exposure of titanium particles from surface
wear compromised cell viability, consequently inducing apop-
tosis. For Wang et al. (Ref 38), the exposure of these titanium
particles from some type of superficial wear contributes to the
reduction in bone formation and compromises osseointegration
at the implant/bone interface. After 24h and 72h, cells exposed
to titanium particles exhibited high levels of cytotoxicity, while
in shorter exposure time (6h) the particles did not show a
cytotoxic effect.

Authors such as Ortega et al. (Ref 39) studied the
cytotoxicity of Ti6Al4V from an aluminum oxide sandblasting
process and a nitric acid passivation process in rat 1929
fibroblasts and human MRC-5 fibroblasts and found no
cytotoxic behavior against the evaluated surfaces. The authors

Journal of Materials Engineering and Performance



also showed that Ti6Al4V did not induce mutagenic effects
when in contact with E. coli. Rae (Ref 40) performed the
incubation of human synovial fibroblasts for 8 days on
Ti6Al4V but did not show cytotoxicity, besides, the presence
of significant amounts of vanadium, titanium, and aluminum
dissolved from the alloy was not detected.

According to Esposito et al. (Ref 41), alloys such as
Ti6Al4V contain aluminum in their composition, and according
to the authors, this causes a layer of aluminum oxide to form on
the surface which can exert some cytotoxic effect. Okazaki
et al. (Ref 42) studied the cytotoxic effect of several metal ions
on L929 fibroblasts and MC3T3-E1 osteoblasts, with no
cytotoxic effect of Ti, Zr, Sn, Nb, and Ta; however, the ions
of Al and V exhibited cytotoxicity from concentrations above or
equal to 0.2ppm, and the cytotoxic effect of Al was more
pronounced on cells in media containing the amount of V ions
below 0.03ppm.

Figure 2(b) shows the results of cell adhesion expressed as
% of cells adhered to the evaluated biomaterials, observing that
all biomaterials showed cell adhesion. The only sanded samples
of Ti6Al4V showed greater cell adhesion than the other
biomaterials, but similar adhesion results were found among the
samples treated electrochemically for 4 and 12 min.

In Fig. 2(c), the cell viability results of BM-MSCs are
presented after 4 days of cultivation with the sanded pure Ti,
sanded Ti6Al4V, electrochemically treated Ti6Al4V systems
for 4 min, and electrochemically treated Ti6AI4V for 12 min.

These results indicate that in the Ti6Al4V sample system
treated electrochemically for 4 min, the cells showed greater
cell viability than in other biomaterials. This increase may have
been favored by the nanostructured surface without the
presence of regions with thickening of the oxide layer and by
the fact that this surface was sterilized by cold plasma, which
contributed to the increase in hydrophilicity. Huang et al. (Ref
43) showed that changes in the nanotopography of electro-
chemically treated Ti6A17Nb samples improved cell adhesion
and proliferation. The same authors indicated that a nanoscale
oxide layer on the surface of the Ti6AI7Nb alloy improved its
biocompatibility.

Sista et al. (Ref 44) evaluated the adhesion of MC3T3-E1l
osteoblasts from rodents to the Ti-Zr alloy and observed that
cell adhesion was greater on those surfaces with nanotubes and
with greater nanometric roughness than on those surfaces that
were only mechanically polished. Partida et al. (Ref 45) showed
that the adhesion and cell viability of osteoblasts were
increased on the nanostructured surfaces of Ti6Al4V, present-
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Fig. 3 SEM images of samples after 4 days of BM-MSC culture test: Titanium (a), Ti6Al4V (b), Ti6AI4V electrochemically treated for 12 min

(c), Ti6AI4V electrochemically treated for 4 min (d)
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ing a greater number of cellular interconnections and an
increase in the number of cellular philopodia anchored on the
nanostructures. Stan et al. (Ref 46) observed a greater growth of
G292 osteoblasts on TiO, nanotubes in Ti6Al4V when
compared to anodized Ti6Al7Nb alloy.

A study realized by Han et al. (Ref 47) showed that the
plasma-treated titanium surface had an increase in surface
energy and it promoted an increase in cell adhesion and
proliferation. This behavior may be related to the explanation
produced by Williams et al. (Ref 48), which indicated that the
plasma treatment can eliminate the hydrocarbon contaminants
from the surface, followed by the chemical functionalization of
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the metal oxide, in addition to increasing the surface energy.
For Moreira et al (Ref 49), plasma treatment promoted the
inactivation of microorganisms, minimizing damage to the
surface of materials.

Figure 3 shows SEM images of biomaterials after cell
adhesion and culture for 4 days. SEM images of pure Ti
biomaterials (Fig. 3a), sanded Ti6Al4V (Fig. 3b) and Ti6Al4V
electrochemically treated for 12 min (Fig. 3c) corroborate the
results obtained from cell viability (Fig. 2¢), and it is possible to
visualize by the SEM images the proliferation of cells of
polygonal geometry and the formation of a fragmented
extracellular matrix.
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Fig. 4 Quantification of osteogenic differentiation markers. (a) Alkaline phosphatase activity expressed in pM product / pg protein (n = 3).
*p <0.000002, **p <0.0001, ***p<0.0003 ¢ (b) Indirect quantification of mineralization expressed in Mm of calcium/10* cells. *p <0.00003,

*#%p <0.001, ***p<0.0001

(a)
c)

(

(d)

Fig. 5 Images showing the surface of the samples after the Alizarin Red Stain (Bone matrix deposition). (a) BM-MSCs kept in CCM medium,
(b) BM-MSCs maintained in osteogenic medium, (c) BM-MSCs associated with pure titanium in osteogenic medium, (d) BM-MSCs associated
with Ti6Al4V in osteogenic medium. Scale bar: 50 um, increase: 10x. (¢) BM-MSCs associated with Ti6Al4V electrochemically treated for 12
min in osteogenic medium and (f) BM-MSCs associated with electrochemically treated Ti6Al4V for 4 min in osteogenic medium

Journal of Materials Engineering and Performance



On the Ti6AI4V sample treated electrochemically for 4
min (Fig. 3d), the formation of an intact extracellular matrix
without regions of fragmentation and rupture of cytoplasmic
extensions is visualized. The formation of this extracellular
matrix is one of the indications that the nanostructures
obtained after 4 min of electrochemical treatment contributed
significantly to the adhesion of cells on the surface,
promoting cell proliferation and subsequent formation of
the extracellular matrix. Some authors have reported that
surface treatment in Ti6AI4V can contribute to cell growth
and adhesion, as observed by Wang et al. (Ref 50) bone
marrow-derived mesenchymal stem cells fully extended over
Ti6AI4V surfaces with surface treatment by electron beam
fusion (EBM) and selective laser fusion (SLM); also the cells
showed high cell density and exhibited philopody (cytoplas-
mic extensions) after 24h of cell culture. These results
showed that all Ti6Al4V samples treated by EBM and SLM
showed good cell adhesion and that the evaluated samples
showed good cytocompatibility. In the same sense, Han et al.
(Ref 51) cultured bone marrow-derived mesenchymal stem
cells on Ti6AI4V nanotubes, and they realized that the cells
had a rounded shape, with long extensions and abundant
lamellipodia; also, the authors noticed the formation of an
extracellular matrix (ECM) deposited on the Ti6Al4V
nanotubes.

Besides, in Fig. 3(a) there is adhesion of the cells through
the filopodia (cytoplasmic extensions) in the grooves obtained
by the mechanical sanding of the titanium. This shows that the
roughness contributed significantly to cell adhesion and
subsequent proliferation.

Although it is possible to visualize an extracellular matrix in
the sample of Ti6Al4V only sanded, it is easy to visualize
regions indicating apoptosis of the cells, as Fig. 3(b).

3.2.3 Cell Differentiation and Mineralization. In Fig. 4,
the results of alkaline phosphatase activity in osteogenic
medium for all biomaterials evaluated are presented. From
the ALP values in pM of product/pg of protein (Fig. 4a), it is
possible to verify that while the cells on pure Titanium showed
slower cell differentiation, in the Ti6Al4V alloy there was an
acceleration of cell differentiation. This behavior is inversely
related to what is being presented in the results of calcium
deposition (mineralization) (Fig. 4b), it is possible to see that on
Ti6Al4V the deposition of calcium was lower than on pure Ti.

According to Stein et al. (Ref 52), cells may show slower
cell differentiation due to the mineralization process taking
place since normally the mineralization process starts when the
differentiation stage is completed.

Regarding the Ti6Al4V samples treated electrochemically
for 4 and 12 min, it appears that the cell differentiation step
(Fig. 4a) was faster and calcium deposition (Fig. 4b) was higher
for the electrochemically treated sample for 4 min. This shows
that such processes are occurring faster on the electrochemi-
cally treated sample for 4 min than on the electrochemically
treated sample for 12 min. The presence of nanostructures, in
addition to the greater wettability of the electrochemically
treated sample for 4 min, may have contributed significantly to
accelerate cell differentiation, increasing the mineralization
stage (calcium deposition). According to Mozetic et al. (Ref
53), the hydrophilicity/hydrophobicity should be explored,
because it improves the materials response in biological
environments.

Figure 5 presents the samples after Alizarin assay, which
makes visible the deposition of bone matrix (indicated by the
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reddish color) allowing to affirm that the cells differentiated for
all biomaterials.

Brammer et al. (Ref 54) studied the presence of osteoblasts
on TiO, nanotubes on titanium substrate and showed an
increase in ALP activity levels after cell contact on TiO,
nanotubes, besides, the authors indicated that there was an
increase in elongated philopodia.

The sanded Ti6Al4V sample showed faster cell differenti-
ation compared to electrochemically treated samples for 4 and
12 min (Fig. 4a), and this behavior may be related to higher
average nanometric roughness (Ra); since for the sanded
sample Ra was 24nm and for the electrochemically treated
samples, the Ra was around 13-19nm, as shown in Table 1.

Boyan et al. (Ref 55) have shown that osteoblastic cells on
rougher titanium surfaces tend to increase ALP (cell differen-
tiation) activity. B. D. Boyan et al. (Ref 56) showed that the
growth of osteoblasts on a micro-rough surface produces an
osteogenic environment capable of promoting osteoblastic
differentiation through paracrine and autocrine communication
among cells.

4. Conclusions

The cold plasma sterilization is presented as an efficient
method to sterilize the metallic surface. The Ti6Al4V elec-
tropolished for four min showed faster formation of nanostruc-
tures and greater wettability than the other evaluated surfaces.
None of the evaluated biomaterials was cytotoxic after 72 h of
cytotoxic assay, proving that the electrochemical treatments
performed on the surface of the biomaterials and cold plasma
sterilization were not harmful to stem cells. The nanostructured
surface of Ti6AI4V sterilized by cold plasma promoted an
increase in cell growth in osteogenic medium and a greater
number of adhered cells, in addition to an increased capacity for
cell differentiation and mineralization. The cold plasma steril-
ization process associated with nanostructured morphology
contributed significantly to a better cellular response since in
previous works it has been reported that conventional steril-
ization methods, such as ethanol + PBS sterilization (Ref 4) and
sterilization by autoclave (Ref 10) altered morphological
properties and negatively affected stem cell growth.
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