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Nanotexturing processes that focus on enhancing the bone-implant contact, such as electropolishing,
have been proposed. The aim of this work was to evaluate the influence of Ti6A14V surface morphology
on human embryonic stem cell-derived mesenchymal progenitor (hESCs-MP) growth. Three surface
treatments were used in this study: mechanically polished samples and two types of electropolished
samples that were treated for 4 min and 12 min, respectively. The systems were characterized by
atomic force microscopy, contact profilometry, X-ray diffraction, and wettability. Each system was
submitted to a cell culture containing hESCs-MP cells for 14 days, and the resultant cell growth on each
system was then evaluated. The results indicated that surfaces with higher nanometric and micrometric
roughnesses experienced greater hESCs-MP cell growth in osteogenic media. The same behavior was
not observed for cell growth in non-osteogenic media due to the absence of dexamethasone, which is
responsible for controlling protein adsorption on the surface.
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1. Introduction

Titanium and its alloys have recently been broadly
employed as the preferred biomaterial for orthopedic implants
due to their desirable mechanical and biological properties'-.
It has also been shown that it is important to control the
surface properties of these orthopedic implants, such as
their corrosion resistance, biocompatibility, mechanical
resistance, and fatigue resistance. Ti6A14V is the most widely
used titanium alloy for these applications, as it possesses
good mechanical properties, high corrosion resistance, and
good biocompatibility*. In biomedical applications that
aim to enhance the bone-implant osseointegration process,
superficial treatment processes and texturing, such as
electropolishing and anodization, have been proposed to
control surface roughness® and wettability®. Among the
required characteristics of a biomaterial, surface texturing
has a strong influence on biocompatibility, adhesion, and
cell growth results. Surface texturing treatments thus aim
to achieve a better tissue-implant interaction’.

The use of nanostructured biomaterials in bone regeneration
is inspired by the native bone architecture®, which has also
been suggested to further increase the biomimicry and
bioactivity of the biomaterials’. Many studies have revealed
that nanostructured biomaterials promote the process of
bone regeneration by supporting cell adhesion, spreading,
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proliferation, and differentiation'®!. Effective interactions
between stem cells and nanostructured materials require the
design and fabrication of novel biomaterials that can guide
the cell behaviors in a desirable way. Stem cells can have
strong interactions with nanostructured biomaterials, and
nanostructures can guide and enhance the cell function'>.

Zhao et al.” reported that nanostructured surfaces of titanium
had significant effects on cell differentiation. Furthermore,
this nanotopography can stimulate mesenchymal stem cell
differentiation in the absence of osteogenic supplements!'+!¢.
The large surface area and nanostructure of the biomaterial
can thus provide more binding sites for the cell receptors,
aiding the adsorption and retention of circulating osteogenic
factors that contribute to osteogenesis!'”'®. Properties such
as nanoscale roughness and nanotopography can induce
changes in the cell membrane receptors and activate specific
mechanotransduction pathways that direct cell fate in favor of
osteogenesis'?’. Furthermore, Webster et al.>! demonstrated
that nanostructural modification can accelerate hard-tissue
engineering through increased initial cell attachment to the
surface.

The topographical properties of the nanostructures on
titanium alloy surfaces play important roles in modulating
the cell response at the implant-tissue interface, which can
have a large effect on tissue integration with the implant®.
Surfaces with nanostructures possess an increased surface
area compared to those without such features®, with this
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increased surface area allowing the increased adhesion of
cells, such as osteoblasts and fibroblasts.

Partida et al.** studied the effect of TiO, nanotubes on
Ti6Al4V using super-oxidized water enriched with fluoride,
and found that these nanotubes promoted antibacterial activity
against Staphylococcus aureus. There was clear evidence that
the surface topography of the material influenced bacterial
response to the biomaterial, with nanostructured surfaces
potentially offering one of the best options to impede
infections. Implants with nanostructured surfaces have been
widely investigated to determine their capacity to enhance the
biocompatibility of orthopedic and dental materials, which
may also have improved their antibacterial properties.

Marini et al.?® studied how well the nanostructured
surfaces of Ti6Al4V and Ti13Nb13Zr favored the growth
and adhesion of human adipose mesenchymal stem cells
(hAMSCs) and maintained their osteogenic differentiation.
Their results showed that both nanostructured surfaces
possessed better osteoconductive properties than surfaces
without nanostructures.

Tognarini et al.”” demonstrated that adipose mesenchymal
stem cells (AMSCs) possess the same ability to differentiate
into osteoblastic lineages, and to produce the bone matrix of
the bone marrow-derived stem cells (BMMSCs). Furthermore,
Ti6Al4V with smooth surfaces exhibited an osteoconductive
action on AMSCs, granting their differentiation into
functional osteoblasts and sustaining bone matrix synthesis
and calcification. Gittens et al.?® showed that the osteogenic
properties of nanostructured Ti6Al4V are strongly associated
with the different stages of osteogenic differentiation, with
human primary osteoblasts able to recognize the nanostructured
surface and respond to it with active osteoblast functionality,
even in the absence of osteogenic factors within the medium.
However, pre-osteoblastic mesenchymal stem cells were not
induced into osteoblast differentiation only by the presence
of nanostructures.

Many studies have reported the influence of the
surface topography on the cell growth and adhesion of
cells. Brunette® highlighted that the surface texture of an
implant has the ability to select certain cell populations and
change their functions. Meyle et al.** found that both the
alignment of the surface topography and the mechanical
properties of the cytoskeleton influenced the orientation of
the cells. According to Bagno et al.’!, the cell growth on a
microstructured substrate exhibited finer extensions, known as
filopodia, than the cell growth on smooth substrates. Pfeiffer
et al.* reported that the patterns of molecule expression and
adhesion are shaped by the surface microtopography. It has
been found that the cell contacts are predominantly located
in the grooves of different topographies, and are not limited
to ~10 um surface structures.

A study by Anselme et al.** found the maximum cell
number at the lowest (1.2-4.5 pm) and highest (4.5-21
um) roughnesses. Given the wide range of roughnesses, it
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was possible to demonstrate that the response of hMSCs to
roughness varies with the dimensions of the surface features
relative to the cell size (~100 um). For surface features
above and below cell size of the hMSCs, the hMSCs will
essentially adhere to the nanoscale and submicron features.
When the surface features are approximately the same size
as the hMSCs, the curvature of these surface features will
lead to a two-fold reduction in the number of attached
cells, resulting in minimal adhesion due to the added stress
imposed on the cell cytoskeleton. However, Anselme et al.*
highlighted that if the surfaces can be recorded by atomic
force microscopy (AFM; ~20 um resolution), then there is
no discernible correlation between roughness, cell adhesion,
and cell size. Adhesion can essentially be governed by the
surface roughness and cell size (100 um), and the cells can
be stressed by the deformation imposed on their cytoskeleton
from convex and concave surface features.

Studies on electrochemical treatment processes have been
undertaken to modify the surface textures of titanium and
its alloys**. Electrochemical treatment by electropolishing
is one case in which the anode oxygen release occurs
simultaneously with the removal of the surface material.
This exposure of the surface to oxygen can lead to metal
passivation, which creates a metal oxide and thus provides
improved corrosion resistance®.

Previous studies have confirmed that surface properties,
such as roughness, surface energy, chemical composition,
and morphology, influence cellular response. Cell growth,
proliferation, and the spreading of osteoblasts on Ti6Al4V
samples increases on a smoother surface that possesses a
lower roughness. Linez et al.’¢ studied Ti6Al4V treated
with sandblasting and showed that surfaces with an average
roughness (R,) of 0.62 pm presented spherical cells with few
cytoplasmatic prolongations, whereas polished surfaces,
with R = 0.16 pm, presented flattened osteoblasts with
thin cytoplasmic extensions in multiple directions. A study
involving human bone marrow osteoblasts on Ti6 Al4V, with
R, =0.6+0.2 um, showed an increase in cell adhesion and
cell proliferation®’. Zhu et al.*® observed that the osteoblast
growth on titanium surfaces with micrometric roughness
presented few cytoplasmic extensions compared to surfaces
with submicrometric roughness. Di et al.* studied the effect
of topography on epithelial cells, and suggested that cell
interactions can be related to the microarchitecture of the
surfaces.

Based on the knowledge that bone-forming cells are
derived from stem cells residing in bone marrow*’, human
mesenchymal stem cells (hMSCs) have historically been
the main source of cells for bone engineering applications.
hMSCs are multipotent stem cells, with the potential to
differentiate the mesodermal lineages, including the adipogenic,
chondrogenic, and osteogenic lineages, but they can also
trans-differentiate toward tissues that are representative of
other embryonic germ layers*!.
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Mamalis et al.*> showed that hMSCs were sensitive to
titanium surface modifications, and that cell attachment and
proliferation were key determinants of biocompatibility,
because they dictated cell survival and growth prior to
matrix deposition during bone healing. Peri-implant bone
formation depends on the ability of stem cells to colonize
the implant surface and differentiate into osteoblasts. hMSCs
undergo osteoblastic differentiation on microstructured
titanium surfaces in the absence of exogenous factors, but
the mechanisms are unknown. Olivares-Navarrete et al.#
indicated that surface properties regulate stem cell fate and
induce osteoblast differentiation.

The influence of the surface properties of titanium and
its alloys on the behavior of cell growth is well-developed,
with most ongoing research focused on the micrometric
characteristics of the non-nanostructured surfaces®3"4,
This study thus aims to evaluate the effect of nanostructured
Ti6Al4V surfaces on the growth of human embryonic stem
cell-derived mesenchymal progenitor (hESCs-MP) (Y 10090/
MPC-301-VIAL, Cellartis®hES-MP 002.5) cell differentiation.

2. Materials and Methods

2.1 Materials

Ti6Al4V was used to evaluate the cell growth of BMMSCs.
The samples were approximately 14 mm in diameter and 2
mm thick. The samples were cut from a bar in a CNC lathe
Romi C 420. The material was provided by TiBrasil Titanio
Ltda., and obtained from the forging process.

The chemical composition of the Ti6AI4V samples
was determined by Niton® XL3t GOLDD+ Series x-ray
fluorescence (XRF). The results of the analyses are presented
in Table 1.

The microstructure of the Ti6Al4V alloy used in this
study was analyzed at the Corrosion Research Laboratory-
LAPEC at Federal University of Rio Grande do Sul-UFRGS.
This analysis was undertaken to capture the cross section
microstructure of the Ti6AI4V alloy. The sample was
immersed in Kroll's reagent (10 ml HF + 5 ml HNO, + 85
ml H,0), for 15 s, and the microstructure was then evaluated
by optical microscopy, using a microscopic OLYMPUS
CX31, plan C N, FN22.

The Ti6Al4V microstructure used in this work possessed
two metallic phases: o (hexagonal structure) and § (BCC
structure; Figure 1), which is expected for this alloy*’. Phase
B (dark region) is predominantly in the grain boundaries,
whereas the interiors of the grains, with equiaxial geometry,

Table 1. Chemical composition of the Ti6A14V alloy.

Element (% weight)
A% 43+0.1
Ti 88.2+£0.7

Al 74+0.8

Figure 1. Optical microscopy of the Ti6Al4V cross section.

consist of phase a. Armendia et al.* documented the
Ti6Al4V microstructure, highlighting that phase o consists
of equiaxial geometry and phase f is predominantly on the
grain boundaries.

2.2 Electropolishing procedure

Titanium alloy (Ti6A14V) disks, with an exposed area of
approximately 1.77 cm? and thickness of 2 mm, were used
as the substrate. Three systems were used: mechanically
polished samples (manually polished) and two types
electrochemically treated samples, treated for 4 min and 12
min, respectively. Each sample was first manually polished
by abrading the samples with silicon carbide sandpaper (grit
size 4000). The samples for electropolishing were washed in
water using an ultrasonic bath and dried with cold air. They
were then electropolished in an acidic solution consisting
of sulfuric acid, hydrofluoric acid, and glycerin in a 6:3:1
(v/v) ratio, using a power source (MPC-303DI, Minipa) that
employed platinum as the cathode and the sample as the
anode. Electropolishing was carried out for either 4 min or 12
min and 25 V at 7°C £ 0.5°C. The choice of electropolishing
parameters was based a study by Antonini*’ on titanium
surfaces, which showed that longer electropolishing times
favor oxide formation, whereas shorter electropolishing times
and an electrolyte temperature of ~7°C favor nanostructured
oxide formation. Sulka et al.*® studied the influence of the
anodizing potential on well-ordered nanostructures of
aluminum in sulfuric acid, and they observed that an anodizing
potential of 25 V resulted in excellent nanopore structures
with a regular interpore spacing and pore diameter. After
the electrochemical process, the electropolished samples
were washed again in an ultrasonic bath for 10 min, with
one water change.

2.3 Roughness and wettability analysis

Surface morphology and nanometric roughness were
assessed by AFM, using a SHIMADZU SPM-9500J3
microscope, while the micrometric roughness was determined
using a GT-K profilometer.
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Surface roughness was determined at both the nanometric
and micrometric scales by measuring R, and the vertical
distance between the highest peak and the deepest valley
within a sample (R).

The surface wettability was determined by the sessile drop
method, using an apparatus developed by LAPEC/ UFRGS.
This made it possible to determine the contact angle between
a drop of Dulbecco's Modified Eagle Medium (DMEM;
from Sigma-Aldrich Co., LLC) and the analyzed substrate.
The contact angle was determined by image analysis, using
Surftens 4.5 software.

2.4 Structural characterization of the
electropolished samples

The XRD analyses were performed to investigate the
presence of oxides on the surface and identify the phases of
the samples with known crystalline structures. The analyses
were performed with a 20 of 5°, an applied potential of 40 kV,
and a current of 40 mA, using the Philips X-Ray Analytical
Equipment X'Pert-MPD System and console PW3040/00
with X-ray tube PW3373/00. The X'Pert High Score software
used for the analysis and interpretation of the results.

2.5 Cell culture

hESCs-MPs mesenchymal progenitor cells (Cellartis,
Sweden) were used in all of the cell culture experiments.
Cells were cultured in gelatin-coated T75 flasks at 37°C and
5% CO, in basal media (BM), containing Minimum Essential
Alpha Medium, 10 % fetal bovine serum, 2 mM L-glutamine,
and 100 mg/mL penicillin/streptomycin. During passage,
BM was supplemented with 4 ng/mL human fibroblastic
growth factor (Life Technologies, UK). Osteogeneis induction
media (OIM), consisting of BM supplemented with ascorbic
acid (50 pg/mL), beta-glycerolphosphate (5 mM), and
dexamethasone (100 nM), were added 24 h after seeding
to induce osteoblastic differentiation.

Prior to cell culture, each sample was sterilized by
immersion in 70 % ethanol and orbital shaking at 200 rpm
for 3 h. After sterilization, the samples were washed three
times with Phosphate-buffered saline and orbital shaking at
200 rpm for 20 min for each wash. Samples were seeded at
15,000 cells per sample and a density of 250,000 cells/mL,
and then allowed to attach on the surface for 45 min before
submerging the disc in 2 mL of BM and incubating them
overnight. On day 1, the samples were transferred to a new
well plate and 2 mL of OIM was added to selected samples.
The media was changed every 2-3 days.

To assess the suitability of the Ti6Al4V samples for cell
culture, resazurin reduction (RR) assays were performed.
The fluorescence was measured using a microplate reader
and was correlated with cell viability*. 1 mM Resazurin
Sodium Salt in dH,0 was diluted in BM (10 vol %) to create
the RR solution. The media was removed from the samples
and replaced with 2 ml of RR solution. Well plates were
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wrapped in foil and incubated for 4 h at 37°C. 200 pl of the
reduced solution was added to a 96-well plate in triplicate
and measured using an Infinite F200 Pro Spectrophotometer
atk =540 nmand A =590 nm.

2.6 Statistical analysis

All statistical analyses were undertaken in Graphpad
Prism (version 7.00). Three samples were used for each
analysis. Depending on whether a response was affected
by one or two factors, either a one- or two-way ANOVA
with a Tukey's post-test was used to evaluate any significant
differences. Differences were considered significant when
*p < 0.05 and **p < 0.1. All graphs are presented as mean
+ standard deviation, with notable significant differences
indicated on the graphs or in the legends.

3. Results and Discussion

3.1 Structural characterization of the
electropolished samples

Figure 2 shows the grazing incidence X-ray diffraction
(GIXRD) results at 5° intervals for electropolished samples
that were treated for 4 min and 12 min. It was possible to
identify the peaks associated with the substrate Ti o (JCPDS
file n°. 44-1294) and Ti B (JCPDS file n°. 44-1288).

The GIXRD results showed that it was not possible to
identify titanium oxide peaks, regardless of the electrochemical
treatment (4 min or 12 min). Although there was oxide
formation on the surface, it was not detected, probably due to
its minimal thickness. Larsson et al.*® identified oxide films
with thicknesses of <5 nm on electropolished titanium, and
recommended the use of either Auger Electron Spectroscopy
or XPS analyses to identify these oxides.

According to another work of our research group realized
by Antonini et al.’' it is possible to identified the presence
of oxide on the electropolished samples from the XPS
analysis, where it was possible to identify oxygen (Ols)

Figure 2. Grazing Incidence X-ray Diffraction (GIXRD) results
(incidence angle from 5°) of the electropolished systems, treated
for 4 min and 12 min.
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on the surface of samples from both of the electropolished
systems (4 min and 12 min) at 25 V and 7°C. This indicates
that oxide formation occurred during both electrochemical
treatments. The XPS results showed by Antonini et al.’', in
addition to the TiO, identified on the electroplated surfaces,
evidenced the presence of hydroxide functional groups bound
to titanium (TiOH).

3.2 Morphology and wettability

Figure 3 presents the nanometric morphology of the
samples obtained by AFM. In Figure 3a is showed an 2D
AFM image of the mechanically polished sample, it is possible
to observe a surface with irregular morphology; as result of
the mechanical preparation. However, the electropolished
samples that were treated for 4 min possess a nanostructured
surface (Figure 3b), while the electropolished samples that
were treated for 12 min possess both, a nanostructured
surface and a morphology that is typically associated with
oxide formation (Figure 3c). The nanostructures formed
because of an anodic dissolution process, which is more
intense compared to the oxide formation.

Figure 4 shows the transient of the current density, with a
stable transient of the current density observed after 9 min of
electrochemical treatment, indicating that the oxide formation
on the surface contributes to the decreasing current density as
a consequence of the impedance increment. It can thus be seen
that the transient of the current density for the samples that
were treated for 4 min did not stabilize, whereas the samples
that were treated for 12 min maintained a stable transient of
the current density for the final 3 min of the electrochemical
treatment. Furthermore, it is possible to observe an important
anodic dissolution of the electropolished samples that were

Figure 3. Atomic force microscopic 2D images of the samples
used to grow hESCs-MP in non-osteogenic media. (a) Mechanically
polished sample; (b) Electropolished sample that was treated for 4
min; and (c) Electropolished sample that was treated for 12 min.

Figure 4. Transients of the current density of the electropolished
samples that were treated for 4 min and 12 min.

treated for 4 min (Figure 3b). However, regions of intense
oxide formation are observed for the electropolished samples
that were treated for 12 min (Figure 3c). The oxide formation
may be identified by regions where the nanostructures are
not well defined and ordered (i.e., the nanostructures are
hidden by the oxide).

Table 2 lists the nanometric and micrometric roughness
values of the analyzed samples. From these results, it is
evident that the mechanically polished samples (R =24 +
1 nm) and the electropolished samples that were treated for
12 min (R = 18 & 2 nm) had higher nanometric roughness
values than the electropolished samples that were treated
for 4 min (R, = 10 + 1 nm). The higher R  values for the
electropolished samples that were treated for 12 min can
be related to the presence of regions with intense oxide
formation (Figure 3c), whereas the R values decrease for
the electropolished samples that were treated for 4 min
due to anodic dissolution. The R_ values of the mechanical
polished samples are due to the mechanical sanding. Su et
al.”? conducted a study with nanoporous Ti6Al4V surfaces in
contact with rat BMMSCs, and they observed that the best
cell growth occurred at R, = 20 nm, which is similar to the
R, values obtained in this work. Furthermore, Xing et al.”
and Fujino et al.* both demonstrated that a surface roughness
between 13 nm and 16 nm was optimal for rat BMMSC
cultures, which is closer to the nanometric roughness of the
electropolished samples that were treated for 4 min (R =10
+ 1 nm). However, no important differences were observed
for the micrometric roughness (R,) of the studied samples.

The R nanometric roughness results for the electropolished
samples that were treated for 12 min (R =79 + 1 nm) provide
evidence regarding the effects of dissolution formation and
increased oxide layer thickness on the nanometric topography
due to the longer electropolishing times. The higher R,
values (R, = 62 + 8 nm) for the polished samples may be
related to the accentuated difference between the lower and
higher regions of the grooves resulting from mechanical
polishing. Due to the prevailing thickening of the oxide layer
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Table 2. Measurements of nanometric and micrometric roughness.

Nanometric Micrometric

Systems roughness roughness
Rﬂ(nm) R/(nm) Ra(pm) R[(um)

Mechanical 0.29 + 3.74 £

+ +
polished 241 628 0.01 0.08
Electropolished 0.25+ 3.86+
4 min 10=137=8  g001 007
Electropolished 032+ 399+
12 min B2 791 G004 002

on the samples that were electropolished for 12 min, both
a greater homogeneity and a smaller difference in relation
to dissolution regions are evident, which leads to a lower
standard deviation for the R values.

Lower R_values and higher standard deviations for
the electropolished samples that were treated for 4 min
(R, =37+ 8 nm) were evident, probably due to the greater
heterogeneity arising from more intense dissolution in
specific regions of the surface during the anodic dissolution
process. The highest standard deviations are related to the
mechanical polishing process, resulting in reduced control
of the nanometric morphology.

There were greater differences in the micrometer
roughness values (R ) between the systems, with higher R,
roughness values for the mechanically polished samples
(R, = 3.74 £ 0.08 pm) and electropolished samples that
were treated for 12 min (R, = 3.99 + 0.02 um). For the
electropolished samples that were treated for 4 min (R =
3.86+0.07 pm), a higher standard deviation was identified,
which indicates a greater heterogeneity among the samples
compared to the electropolished samples that were treated
for 12 min. At micrometric scale, the effect of the anodic
dissolution process on micrometric morphology is more
pronounced, yielding higher R values and associated
standard deviations. Higher values were also obtained for
the mechanically polished samples, which could be related
to the mechanical preparation process, resulting in a more
irregular micrometric morphology.

The wettability results highlight lower contact angles
in DMEM for the electropolished samples that were treated
for 4 min (55° + 1) compared to the electropolished samples
that were treated for 12 min (82° + 1) and the mechanical
polished samples (85° + 1). The surface wettability is likely
influenced by the surface roughness. The samples that were
electropolished for 4 min possessed nanostructured surfaces
and lower nanometric roughness values, which likely
contributed to the observed decrease in contact angle, and
thus promoted a hydrophilic behavior. These inferences are
supported by the work of Kim et al.*, who also obtained
lower water contact angle values on the nanostructured
titanium surface.

Gittens et al.>® showed that Ti surface modification can
improve its hydrophilic properties by changing the surface
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chemistry, but this present work highlights that surface
roughness plays an important role in regulating the degree
of surface wettability. Coutinho®” studied the influence
of superficial treatments on titanium, and observed that
anodized titanium possessed lower roughnesses and smaller
contact angles than polished titanium surfaces. Komasa et
al.®® demonstrated that titania (titanium oxide) nanosheet-
modified titanium alloys were more hydrophilic and exhibited
markedly improved wettabilities compared to unmodified
titanium alloys.

Furthermore, the more hydrophilic behavior of the
electropolished samples that were treated for 4 min may
have been influenced by the presence of OH functional
groups and CF, groups, which were also found in the study
conducted by Antonini et al.’'. The electropolished samples
that were treated for 4 min adsorbed these groups, which are
able to make bridges of H with water, resulting in increased
interactions between this surface and the aqueous medium. The
wettability of this surface is thus greater than the surfaces that
were electropolished for 12 min and mechanically polished.
These surface nanostructures may also promote interactions
involving electrostatic and van der Waals forces, resulting
in a higher affinity of the surface with the initial coating
(e.g., fibronectin or vinculin) formed by different proteins
that must be synthesized and deposited over a surface for
proper cellular growth and proliferation®*.

3.3 Evaluation of the growth of human embryonic
stem cell-derived mesenchymal progenitor
(hESCs-MP) cells in osteogenic media
(OIM) and in non-osteogenic media (SM)

Figure 5 highlights the cell growth in osteogenic media
(with dexamethasone addition), where the average number of
cells was similar for all systems evaluated between day 1 and
day 7. However, on day 14 the mechanical polished samples
and the electropolished samples that were treated for 12 min
possessed more cell growth than the electropolished samples
that were treated for 4 min. The micrometric roughness values
for all the systems evaluated (mechanically polished and
electropolished samples) were on the order of 0.3 pm. These

Figure 5. Average number of cells per sample after cell growth in
osteogenic media. *p < 0.05.
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values were similar to those found by Webster and Ejiofor?*!,
which observed that low values of micrometric roughness
promoted an increase in cellular adhesion on titanium
(0.5-2.4 um), Ti6A14V (0.5-1.4 pm), and Co28Cr6Mo alloy
(0.2-0.4 pm) samples. However, the mechanically polished
samples and the electropolished samples that were treated
for 12 min possessed high nanometric roughness (R, and
R)) values, which may have contributed to the increased cell
growth observed on day 14.

These observations are in agreement with Andersson et
al.%!, where they demonstrated that the increase in nanometric
roughness favored the alignment of the cells and subsequent
release of cytokines. Furthermore, Wan et al.®> showed
that osteoprogenitor cells exhibited an increase in cellular
adhesion on the surfaces with greater nanometric roughness
when compared to smoother surfaces that possessed smaller
nanometric roughness.

Rex et al.*®® have also shown that cell adhesion appears
be more strongly influenced by a rougher surface. Their
study indicated that the nanometric roughness would alter
the surface properties, as well as influence cell morphology,
adhesion strength, and proliferation.

Considering the results obtained in the present work,
it is possible to evidence that the increase in nanometric
roughness had a more significant effect than wettability on
cell growth in osteogenic media. However, cell attachment
and growth are complex processes that involves several
surface features, including topographic morphology, surface
roughness, surface chemistry, and phase state, extending well
beyond the realm of surface nanostructures*’-%.

The average number of cells, which was similar for
all the systems evaluated between day 1 and day 14, is
presented on Figure 6, Even though the systems possessed
different nanometric roughness (R, and R ) values (Table 2)
and wettability results, these parameters did not affect cell
growth in the non-osteogenic media, and all the systems
showed similar cell growth.

Based on the knowledge that dexamethasone controls
and even inhibits the synthesis of proteins®, the formation
and subsequent adhesion of proteins on the surface of the

Figure 6. Average number of cells per sample after cell growth in
non-osteogenic media. *p < 0.05, **p <0.1.

biomaterial is larger during cell growth in the non-osteogenic
medium (without dexamethasone). As indicated by Singh et
al.%, surfaces with a high adhesion of proteins can promote
the formation of a thick layer of proteins, which then acts a
barrier layer that smooths the surface on the nanometer scale.

The formation of this protein barrier layer on the surface
of the samples in contact with the non-osteogenic medium
favored surface leveling. This protein barrier layer countered
the effects of nanometric roughness and wettability in contact
with hESCs-MP cells, yielding similar levels of reduced
cellular growth (Figure 6).

Reduced cell growth was observed in the osteogenic
media (Figure 5) compared to the non-osteogenic media
(Figure 6). This observed behavior is in agreement with
Rosa et al.*” study, which detected reduced cell growth in
a culture media containing dexamethasone compared to a
culture media without this substance.

4. Conclusion

The samples that were electropolished for 4 min
developed surface nanostructures, while the samples that
were electropolished samples for 12 min developed surface
nanostructures and an oxide layer.

The mechanically polished samples and the electropolished
samples that were treated for 12 min possessed higher
nanometric roughnesses than the electropolished samples
that were treated for 4 min. However, no notable micrometric
roughness differences were observed. Furthermore, in this
work it was verified that increasing the nanometric roughness
had a more significant effect than wettability on the cell
growth in osteogenic media.

The effects of nanometric roughness, micrometric
roughness, and surface chemical composition on cellular
growth in non-osteogenic media were not observed in this
study. However, hESCs-MP cell growth in an osteogenic
medium increases as the nanometric roughness increases.
These behaviors indicate that the presence of dexamethasone
in the osteogenic medium controls the growth of protein,
avoiding the formation of a protein barrier. This protein
barrier minimizes the effect of nanometric morphology on
cell growth, as it was observed for cellular growth in non-
osteogenic media.
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