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Background: Promoting the directional attachment of gingiva to the dental implant leads to the for-
mation of tight connective tissue which acts as a seal against the penetration of oral bacteria. Such a
directional growth is mostly governed by the surface texture.
Material and methods: In this study, three different methods, mechanical structuring, chemical etching
and laser treatment, have been explored for their applicability in promoting cellular attachment and
alignment of human primary gingival fibroblasts (HGFIBs).
Results: The effectiveness of mechanical structuring was shown as a simple and a cost-effective method
to create patterns to align HGIFIBs.
Conclusion: Combining mechanical structuring with chemical etching enhanced both cellular attach-
ment and the cellular alignment.

© 2019 European Association for Cranio-Maxillo-Facial Surgery. Published by Elsevier Ltd. All rights
reserved.
1. Introduction

Long-term performance of oral implants is governed by the
formation and the preservation of healthy tissues around them
(Welander et al., 2008). Excessive bacterial plaque development is
one of the common problems leading to the inflammation of the
soft tissue surrounding oral implants (Guida et al., 2013). When
such a condition is left untreated, it may cause the destruction of
the tissue supporting the implant (peri-implantitis) which may
even end up with implant failure at late stages (Broggini et al.,
2006).

Various successful therapeutic approaches have been reported
for the prevention and treatment of peri-implantitis (Busscher
et al., 2010). In addition, some novel implant surfaces have been
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developed for the prevention of peri-implantitis (Hoyos-Nogu�es
et al., 2017). Such surfaces can be grouped in two main types. The
first type is the passive surface, which exhibits an anti-bioadhesive
nature due to their low surface energy (Mandracci et al., 2016). The
second type is the active surface, which basically releases antimi-
crobial agents. On the other hand, the release of anti-microbial
agents such as Agþ, Cu2þ or similar ions leads to a delay in the
osseointegration and it is still a challenge to control the release in
terms of the delivery time and the dosage (Shivaram et al., 2017).

In recent years, biomimetic surfaces which activate the direc-
tional attachment of gingiva have been reported as an alternative
solution for the prevention of peri-implantitis (Kearns et al., 2013).
The directional attachment of gingiva to tooth root leads to the
formation of a tight epithelium cuff and connective tissuewhich act
as a seal against the penetration of oral bacteria (Naoyuki et al.,
2017). In contrast, the directional attachment of collagen fibers
mostly run parallel with the surface of an implant and this forms a
weaker transmucosal seal which is less able to resist against the
penetration of oral bacteria (Kearns et al., 2013).

Fibroblasts are highly sensitive to the surface texture. Ryoo
et al. showed that fibroblasts exhibit enhanced adhesion and
Elsevier Ltd. All rights reserved.
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proliferation on 1D nanostructures (10.1021/nn1018279). On the
contrary, previously we have shown that fibroblasts exhibit unusual
morphology on densely deposited Al2O3 nanowires. This shows that
not only the morphology but also the distribution density of
nanostructures on the substrate seem to play a role on the cellular
response of fibroblasts (10.1088/1758-5082/2/3/035001). Fibro-
blasts especially exhibit directional attachment and alignment on
groove-like structures (Dunn and Brown, 1986). Various studies
have reported on the contact guidance and the alignment of fibro-
blasts by micro- and nanogrooves (Hunter et al., 1995). Especially
microgrooves have been extensively used to control the directional
attachment and proliferation of fibroblasts. On the other hand,
microscaled structures associated with increased bacterial attach-
ment and colonization due to the increase in the surface roughness
(Rimondini et al., 1997). Therefore, nanogrooves may provide the
advantage of both promoting guided attachment and avoiding
bacterial colonization. Various methods have been demonstrated to
fabricate nanogrooves but most of these methods are composed of
complicated multi-step processes and applicable only to planar
substrates and small-areas (mm2 to mm2) (van Delft et al., 2008; Li
et al., 2011). On the other hand, large-area and 3D structuring are
compulsory for real implant applications.

In the present study, we compared the applicability of me-
chanical structuring, etching and laser surface treatment to dental
implant materials for controlling the attachment and guidance of
human primary gingival fibroblasts (HGFIBs). Linearly patterned
(mechanically) titanium (Ti) surfaces have been etched mildly to
achieve the combination of nanogrooves and randomly distributed
nanostructures. After a detailed material analysis, we compared the
effect of the dual-treated surface (nanogroove and random nano-
structures) on adhesion, proliferation, and morphology of HGFIBs.
We applied laser assisted surface peeling to eliminate nanogrooves
from mechanically structured surfaces for comparing the cellular
response on randomly distributed and aligned nanostructures. A
special attention has been given to achieve a comparable roughness
with mechanically structured/etched surfaces to distinguish the
effect of the aligned and random nanostructures on the cellular
attachment.

2. Materials and methods

2.1. Preparation of Surfaces

Commercially available titanium alloy Ti-6Al-4V samples
(GoodfellowMaterials Ltd.) with a thickness of 3 mmwere cut from
cylindrical bars (10 mm in diameter). Afterwards, samples were
roughened (uniaxial) with SiC abrasive papers (CARBIMET PSA 500-
Grit size of 500, Buehler) using alumina suspension (MicroPolish II
Suspension-0.3 mm, Buehler) in a preparation system (TegraPol 31,
Struers GmbH) in order to get a linear groove-like structures based
on an optimized protocol (Ferraris et al., 2017). After a polishing/
roughening process, samples werewashed in acetone and distilled-
deionized (DD) water, in an ultrasonic bath, in order to remove any
surface contamination.

Prior to the etching, mechanically structured substrates were
chemically treated by dipping them in a solution of HF (0.12 mol/L)
and HNO3 (0.08 mol/L) at room temperature for 15 min, and then
dried in an oven at 45 �C for 24 h. Afterwards, samples were treated
with a concentrated acid solution composed of HCl (5.80mol/L) and
H2SO4 (8.50 mol/L H2SO4) at 80 �C for 60 min and dried in an oven
at 45 �C for 24 h.

For laser structuring a fiber-laser system (JK100FL) operating at
a wavelength of 1080 ± nm was used in combination with a
focusing element. The size of the focused laser beam was set to
1 mm. The mean laser energy output was kept about 25 W at a
pulse rate of 50 Hz and a pulse period of 20 msec. Samples were
moved under the stationary laser beam by a computer-controlled
XY stage at a fixed scanning speed of 200 mm/s.

2.2. Surface Characterization

After the structuring, samples were cleaned using 70% ethanol
and dried in air for 2 h. In order to perform scanning electron mi-
croscopy (SEM) first samples were sputtered with a thin gold layer
(approx. 10 nm thick) using a physical vapor deposition (PVD)
coater (JEOL-JFC-1300) and then they were mounted on SEM plates
with a conductive adhesive carbon tape (Plano). A JEOL-JSM SEM
was used to image the morphology of the samples. The images
were taken at an accelerating voltage of 10 kV.

The surface roughness of the samples was measured by atomic
force microscopy (AFM, TopoMetrix Explorer TMX 2000) equipped
with a scanning stage of 200 mm� 200 mm. Samples were measured
in both longitudinal and transversal directions. In order to analyze
the wettability of the surfaces, static contact angle measurements
were performed using a semi-automated contact angle meter (Krüss
G2). Distilled-deionized (DD) water was used for all experiments.
Three readings on a static sessile dropwere taken for every substrate.

2.3. HGFIB in vitro cell culture

HGFIBs were purchased from Provitro AG (Lot-No. 230R290312,
adult, Caucasian, male, passage 2) and were cultivated in fibroblast
growth medium (Provitro). Cells were cultured under standard
incubation parameters of 37 �C, 95% humidity and 5% CO2. A
maximum passage number of seven was used at a confluency of
approx. 80%. Standard trypsinization procedures were used to
detach the cells (Kiefer et al., 2016). In order to obtain defined cell
numbers for seeding, the cell number was determined using a he-
mocytometer and the mean value was calculated. All cell culture
experiments were performed in 24-well-plates. The different sub-
strates were sterilized by rinsing them first with ethanol and water
to eliminate any organic contamination prior to heating them in a
special oven at 200 �C for 3 h. Following this, cells were seeded at a
density of 200 cells/mm2 onto the substrates and were cultivated
until day 1 or day 3, respectively.

2.4. Determination of Cellular Viability and Cytotoxicity

For the determination of the cellular viability, we used theWST-1
assay (Cell Proliferation Reagent; Roche Diagnostics). Simulta-
neously, the Cytotoxicity Detection KitPLUS (Lactate Dehydrogenase
(LDH) assay, Roche Diagnostics) was used for the determination of
cytotoxicity. Samples were cultured as described before. At day 1 or
day 3, the supernatantmedium from each samplewas transferred to
an Eppendorf reaction tube to proceed with the LDH assay and the
substrates with adhering HGFIBs were transferred into a new plate
and washed once with phosphate buffered saline (PBS). Afterward
cell viability was determined using WST-1 assay. This assay mea-
sures the formation of formazan by quantification of absorption at
l ¼ 420e480 nm. Cell viability was ascertained after addition of
WST-1 reagent and formazan formationwas measured according to
manufacturer's instructionmanual. Two internal controls have been
used for both assays. Themean absorbance of cells grown on control
substrate was defined as 100% in the WST-1 assay, and the absor-
bance of the substrate cultivated cells was related to this value. For
the LDH assay cells lysed by incubation in Triton X-100 (2%) were
used as positive control (TX), exhibiting the maximum release of
LDH and serving as a negative control.

For the LDH assay, the collected media were centrifuged at
1000 g for 5 min to eliminate the debris and the supernatants were
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again transferred to new Eppendorf reaction tubes. A 100 ml of LDH
substrate was added to a 100 ml of each sample and the formazan
formation was measured as described in the manufacturer's in-
struction manual. The mean absorbance of 2% Triton X-100 treated
cells was defined as 100%, and the absorbance of cells grown on the
different substrates was related to this value. For each experiment,
five different sets were repeated.

2.5. Analysis of Cellular Adhesion and Behavior

Immunohistochemical staining was used in order to observe the
cellular adhesion and behavior. Both, the cytoskeletal F-actin and the
focal adhesion-associated protein vinculin were stained. Accord-
ingly, HGFIBswere cultivated as described before. At day 1 andday 3,
the samples were washed once with PBS, fixed with 4% para-
formaldehyde in PBS (PFA; SigmaeAldrich) and permeabilized using
0.1% Triton X-100 solution in PBS (Carl Roth). After blocking with 1%
bovine serum albumin in PBS (BSA; SigmaeAldrich) the primary
antibody against vinculin (Millipore) was added for 1 h. Following
different washing steps, the samples were incubated with Alexa-
Fluor488 labeled phalloidin for visualization of F-actin (Life Tech-
nologies, Darmstadt, Germany) and an AlexaFluor545 secondary
antibody for visualization of vinculin (Life Technologies, Darmstadt,
Germany). Afterwashing twicewith PBS, the cellswere coveredwith
ProLong® Gold antifade reagent including DAPI for nuclear counter
staining (Invitrogen). Themicroscopic analysis was performed using
a Zeiss Axioskop 2 fluorescence microscope equipped with the
Axiovision software (Carl Zeiss).

2.6. Cell Counting

The number of cells on the substrates were quantified by
counting DAPI-stained nuclei. As described before HGFIB nuclei
were stained by ProLong® Gold antifade reagent including DAPI
(Invitrogen). Ten separated visual fields pattern were identified for
each sample and observed at 100� magnification under the fluo-
rescence microscope. Seven different sets were repeated. Results
were presented as a percentage of the mean from each surface.

2.7. Characterization of Cellular Morphology

Themorphology of HGFIBs and their distribution on the different
surfaces were analyzed by SEM. Cells were cultivated as mentioned
before. At day 1 and day 3, media were discarded and substrates
were washed with PBS. Fixation was done with 2% glutaraldehyde
in 0.1 M sodium cacodylate buffer (pH 7.4) for 15 min at room
temperature under slight movement. Afterward, the cells were
contrasted using 1% osmium tetroxide (OsO4) in 0.2 M sodium
cacodylate buffer for 1 h in the dark. Then theywerewashed several
times with DD water to eliminate any OsO4 contamination. After
the dehydrationwith increasing concentrations of ethanol, the cells
were finally dried using hexamethyldisilazane (HMDS) and sput-
tered 3 times with gold for 60 s each (Sputter Coater SC 7640,
Quorom Technologies). The specimens were examined with an FEI
XL 30 ESEM FEG (FEI) SEM at 10 kV using secondary electron mode.

2.8. Statistical Analysis

Results for cell count, cell viability, and cytotoxicity tests were
statistically analyzed in terms of significant (p < 0.05) and highly
significant (p < 0.01) differences by applying a one-way ANOVA
followed by a StudenteNeumaneKeuls test for post-hoc analysis.
The SigmaPlot- Software Version 11.0 (Systat) software was used to
perform the analysis.
3. Results

3.1. Surface Characterization

Surface morphology was investigated by SEM. Fig. 1 shows SEM
images of mechanically structured (MS), mechanically structured-
chemically etched (MS-CE) and mechanically structured-laser
treated (MS-LT) Ti surfaces. One can see aligned grooves on the
surface of the MS Ti sample in Fig. 1a. We applied a custommethod
reported by Ferraris et al. for grinding and polishing Ti samples in
order to get highly oriented nanoscaled grooves (Ferraris et al.,
2017). At a closer look (Fig. 1d) grooves seem to have some dis-
continuities such as nanoscaled steps and protrusions. Following
the etching, we observed the formation of additional finer struc-
tures which were randomly distributed on the Ti surface (Fig. 1b).
Beside such randomly distributed nanoscaled structures, groove
like linear structures from mechanical structuring persisted. These
groove-like structures could be easier seen at highermagnifications
(Fig. 1e). On the other hand, such grooves were not clearly seen
unless a higher magnification was applied (Fig. 1e). To prepare a
third type of surface, we applied laser treatment on MS Ti samples.
Basically, Ti sample was scanned under a laser beam (operating at a
wavelength of 1085 nm and power of 25 W) at a scanning speed of
200 mm/s. Fig. 1c shows a typical morphology of a laser treated
surface and at a closer look (Fig. 1f) one can see that nanostructured
topography consists of protrusions and hill-lock type structures
formed upon the fast melting-solidification cycle.

The custom developed grinding and the polishing protocol was
optimized in order to get a transversal roughness (Ra) of about
78 ± 4 nm (perpendicular to nanogrooves) on MS Ti samples
(Fig. 2a). Such grooves exhibited typically heights in the range
250e300 nm while their widths vary between 85 nm and 420 nm.
After etching the surface, the transversal roughness (perpendicular
to nanogrooves) increased slightly (Ra ¼ 92 ± 5 nm). As we aimed
we achieved a roughness comparable to that of MS-CE surface after
the laser treatment (transversal Ra ¼ 88 ± 4 nm). Aqueous wetta-
bility of prepared surfaces was analyzed by the static contact angle
(CA) measurement. While MS surface exhibited a CA of 63 ± 4, this
value increased to 87 ± 3 after etching. On the other hand, after laser
treatment, we achieved a quite good wetting which is proven by a
CA of 5 ± 2.Whilewe observed a significant difference in transversal
and longitudinal roughness of MS and MS-CE surfaces, MS-LT sur-
face exhibited nearly identical values in both directions.
3.2. Cytotoxicity and Metabolic activity

LDH-assay and WST-1 (Fig. 3a, b) assay were performed to
reveal the cytotoxicity and metabolic activity of HGFIBs on pre-
pared surfaces, respectively. At day 1 MS and MS-CE surfaces
indicated low cytotoxicity levels in comparison to the TX sample
serving as a cytotoxic positive control. MS-LT surface showed a 40%
toxicity level compared to TX, indicating a higher cytotoxicity with
respect to MS and MS-CE surfaces. A similar trend was observed
after day 3, but with a general higher percentage of cytotoxicity
compared to day which is proportionally related to the higher
density of the HGFIBs. Regarding HGFIB proliferation, MS surface
was taken as the positive control with 100% metabolic activity. At
day 1, it is observed that HGFIBs proliferation onMS-CE surface was
similar to that observed on MS surface, while almost 20% less
proliferation was observed on MS-LT surface. At day 3, HGFIBs
proliferation on MS-CE surface increased slightly compared to MS
surface. On the other hand, HGFIB proliferation on MS-LT surface
decreased and a significant difference (p < 0.01) of 35% less HGFIB
proliferation was observed in comparison to that of MS surface.



Fig. 1. SEM images of (a) MS surface, (b) MS-CE surface and (c) MS-LT surface. Corresponding higher magnifications are given in (d), (e) and (f), respectively.

Fig. 2. (a) CA and roughness (longitudinal and transversal directions) analysis of
prepared surfaces and (b) Optical images of sessile water drops on prepared surfaces
(Transversal positioned).
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3.3. Cell Adhesion and Proliferation

Fluorescence microscopy was used to reveal F-actin distribution
in the cytoskeleton (green) and focal adhesion points represented
by vinculin density (red) (Fig. 4aef). After day 1 of cultivation,
F-actin filaments were well distributed and formed a normal
Fig. 3. (a) Cytotoxicity analysis (LDH assay) and (
cytoskeleton on both MS and MS-CE surfaces without a significant
indication of stress factors. We observed a clear alignment of
HGFIBs on both surfaces. Relatively high vinculin density on MS-CE
surface was a clear indication of well HGFIB adherence. On the
other hand, HGFIB cultured on MS-LT surfaces exhibited much
smaller and abnormal morphologies. Opposite to MS and MS-CE
surfaces, neither a strong attachment nor a significant alignment
of HGFIB has been observed on MS-LT surface. Low vinculin density
was a clear sign of a poor HGFIB adhesion. At day 3, a higher density
of HGFIB was observed on MS and MS-CE surfaces Actin filaments
distributed in the cytoplasm and formed a healthy cytoskeleton.
Alignments and orientation of HGFIB on MS and MS-CE surfaces
became much stronger.

The HGFIBs density was quantified using nucleus count after
DAPI staining. The percentage of the HGFIB count on prepared sur-
faces is presented graphically in Fig. 4g. HGFIB density onMS surface
at day 1 is taken as 100% (as the reference substrate). At day 1, an
HGFIB density increased by 36% on MS-CE surface whereas on
MS-LT no significant difference was observed. At day 3, HGFIB
density significantly decreased on MS-LT surface (37% less)
compared to MS surface. MS-CE surface exhibited the highest cell
density with almost 40% improvement in comparison to that
observed on MS surface.
b) metabolic activity (WST-1 assay) analysis.



Fig. 4. Fluorescence microscopy images of stained HGFIBs cultured on (a) MS surface, (b) MS-CE surface and (c) MS-LT surface on day 1. Signals for vinculin can be seen in red, F-
actin is stained green. Corresponding images recorded at day 3 are given in (d), (e) and (f), respectively. (g) HGFIB density on prepared surfaces.
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3.4. Cellular Morphology

SEM analysis given in Fig. 5 presents a detailed morphology of
the HGFIBs cultured on prepared surfaces. At day 1, HGFIBs showed
a normal and healthy morphology on both MS and MS-CE surfaces.
Additionally, HGFIBs showed an alignment and orientation on both
surfaces. In contrast, HGFIB density and size were reduced on MS-
LT surface and a chaotic distribution of HGFIB rather than any
alignment was observed. It was clear that the HGFIBs were stressed
by the formation of filopodia searching for a rough structure in
order to try to attach and survive. After day 3 of incubation, a
similar morphology and behavior of the HGFIB were observed on
prepared surfaces as seen on day 1. HGFIBs exhibited better align-
ment, higher density and healthier morphology on MS and MS-CE
surfaces. On day 3, the number of HGFIBs was quite less on MS-LT
surface and the cell morphology remained similar to that observed
on day 1 exhibiting low spread cells indicating problems to adhere
properly.

4. Discussion

The effect of surface topography on gingival fibroblast
attachment and alignment on micro-topographies has been re-
ported by various research groups (Mu~niz Maisonet et al., 2015;
Oakley and Brunette, 1993). For many cell types, cells align to
anisotropic microscale grooves, with larger features increasing
the extent of alignment, up to a size limit above which cells do
not respond (Ristori et al., 2016). On the other hand, it is known
that microroughness triggers bacterial adhesion and accumula-
tion, too (Lorenzetti et al., 2015). Therefore, nanotopography
seems to be the right choice for promoting the alignment of
fibroblasts while not promoting the bacterial adhesion and
proliferation.

Various nanoscaled surface topographies have been developed
using advancedmaterials processing technologies such as ion beam
lithography, nanoimprint lithography, dip-pen lithography, direct
laser interference patterning and many more (He et al., 2003;
Schieber et al., 2017; Wang et al., 2017). Most of these methods
are applicable to very small areas at the order of only a fewmm2. In
addition, some of these methods are applicable only to some spe-
cial materials (soft polymers, hydrogels, etc.) which cannot be used
as an implant material due to the lack of mechanical strength and
stability. The complexity (multi-step processes) and the high cost
of such manufacturing methods also limit their use in clinical
dentistry. Our study aimed to reveal the applicability of easy state of
the art surface treatment methods to promote the attachment and
proliferation of HGFIBs in a controlled manner, mimicking the
gingival attachment to the tooth root. Basically, dental implant



Fig. 5. SEM images of HGFIBs cultured on (a) MS surface, (b) MS-CE surface and (c) MS-LT surface on day 1. Corresponding images recorded at day 3 are given in (d), (e) and (f),
respectively.
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manufacturers prefer mechanical structuring, acid etching and
laser treatment to modify implant surfaces.

Hot-rolled titanium naturally exhibits a groove structure due to
the mechanical deformation. These defects structure defines the
size of structures which can be created by micromachining. By
using an optimal polishing procedure (concentric micromachining
by the cutting tools with Ra below 250 nm) one can get nano-
grooves with a dimension down to 10 nm (Davim and Jackson,
2009). Etching, in general, leads to the selective removal of the
material from the surface leaving behind a micro- and nano-
structured topography depending on the etchant type, etching
medium, and environment. Double-etching method is quite a well-
known process which has been accepted almost as a gold standard
(Giner et al., 2017). In our study, we showed that etching me-
chanically structured Ti surfaces led to two kinds of morphologies:
nanogrooves and random nanostructures. Both regular groove
types and randomly distributed structures affect the wettability
properties and this plays amajor role on the protein adsorption and
cellular interaction (Benni et al., 2014; Xu and Siedlecki, 2007).

In their pioneeringwork, Dalby et al. showed that cells can sense
structures down to 13e15 nm (Dalby et al., 2003). Therefore, it is
clear to us that our etched surface MS-CE which consists of nano-
scale structures is able to promote cellular adhesion (Fig. 4g). On
the other hand, randomly distributed nanoscaled surface structures
are known not to promote contact guidance (cell alignment). Our
study showed that directional structures were preserved after the
mild etching. Therefore, the combination of randomly distributed
nanostructures and aligned nanogrooves, promote both cellular
adhesion and cell alignment. The surface hydrophobicity is well
known to be a key factor to govern cell response. Basically, one can
measure the CA of a water droplet spreading on a solid surface to
reveal the hydrophobicity. There are various research works which
demonstrated enhanced cell adhesion on hydrophilic surfaces
(Wang et al., 2016; Webb et al., 1998). Fibroblasts were found to
have maximum adhesion when CAs were between 60 and 80
(Tamada and Ikada, 1993). Interestingly, Vogler et al. showed that
more hydrophilic surfaces with CAs <65 did not lead to higher cell
attachment (Noh and Vogler, 2006). We do believe that at the mi-
cro- and nanoscale we have local wetting contrasts (hydrophobic
and hydrophilic) due to non-homogenous surface topography. We
presented such local changes inwetting on laser patterned surfaces
previously (May et al., 2015). It has been shown that on non-
homogenous nanoscaled structures one can observe a large
contact-angle hysteresis which indicates the existence of an inter-
mediate state between the Cassie�Baxter and Cassie�Wenzel
models (Bormashenko, 2010). This means at the micro- and
nanoscale, we possibly have such a transition (hydrophilic and
hydrophobic regions) modulated by the linear surface structures
and this may promote the cellular alignment. For instance, we do
believe on MS-LT surface such a local wetting contrast does not
exist (lack of linear structures) and therefore we did not observe
any cell alignment. It is known that strong hydrophilic (water CAs
below 10) surfaces are also known as protein repellent surfaces
which may lead to the reduction in cellular attachment (Herrwerth
et al., 2003).

Lasers have been used to texture the surface of medical implants.
Previously we presented the modulation of the wetting angle on Ti
surfaces by laser treatment. In this study, we used the laser for a
different aim rather than micro-grooving the surface. In our previ-
ous study, we have observed that laser led to a local melting on the
surface and a nanotopography formed upon fast solidification
(Herrwerth et al., 2003). It has been demonstrated that even lasers
can be used as an effective tool to polish metallic surfaces (Giorleo
et al., 2015). Similar to that, here we used a laser to get rid of
mechanically induced linear structures and to achieve a roughness
similar to that of MS-CE surface. Actually, we could simply etch Ti
surface for a longer time to get rid of nanogrooves, but then the
roughness definitely would get much higher, which might hinder
comparability of prepared surfaces in terms of cellular attachment
and orientation. Although MS-LT surface exhibited nearly identical
roughness with MS-CE surface, we did not detect any cellular
alignment. Moreover, cell density decreased significantly on MS-LT
surface which might be due to extremely low CA.

Our study shows that nanoscaled topography can enhance the
cellular attachment of HGFIBs and one can control their alignment
by inducing nanogroove like patterns on the substrate surface. On
the other hand, surface chemistry needs to be explored to under-
stand the underlying mechanism of the cellular attachment and
alignment. Although our cytotoxicity analysis showed that all
prepared surfaces are biocompatible still there is a need to get
details of the surface in terms of functional groups and polarity.

5. Conclusion

Commercially available surface patterning methods, mechanical
structuring, chemical etching and laser treatment have been
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explored for their applicability in promoting cellular attachment
and alignment of HGFIBs. Mechanical structuring led to an effective
patterning on Ti implant surfaces and it can be used as a simple and
a cost-effective method to create patterns on Ti implants to align
HGFIBs. Combining mechanical structuring with chemical etching
led to much improved cellular attachment while not disturbing the
cellular alignment. It seems that while random nanoscaled struc-
tures promoted the adhesion of more HGFIBs, nanogrooves trig-
gered the cellular alignment. It is believed that higher CAs achieved
on MS and MS-CE surfaces also play an important role in terms of
creating local (at the micro- and nanoscale) wetting contrasts on
the surface supporting cellular alignment.

In contrast, random nanotopography as well as the absence of
linear groove type of structures seem to suppress both cellular
attachment and alignment of HGFIBs. This may be related to the
extreme hydrophilicity of the surface and lack of any directional
structures. Since none of the prepared samples exhibited a toxic
nature, achieved surface chemistries seem to exhibit high biocom-
patibility. On the other hand, it is known that surface chemistry also
plays a major role in the cellular response. Therefore, a detailed
study is foreseen to compare the surface chemistries of structures
prepared by the presented three methods.
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