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Abstract: Based on previously reported findings showing reduced foreign body reactions on
nanochannelar topography formed on TiZr alloy, this study explores the in vitro effects of such
a nanostructured surface on cells relevant for implant osseointegration, namely osteoblasts and
osteoclasts. We show that such nanochannelar surfaces sustain adhesion and proliferation of mouse
pre-osteoblast MC3T3-E1 cells and enhance their osteogenic differentiation. Moreover, this specific
nanotopography inhibits nuclear factor kappa-B ligand (RANKL)-mediated osteoclastogenesis.
The nanochannels’ dual mode of action on the bone-derived cells could contribute to an enhanced
bone formation around the bone implants. Therefore, these results warrant further investigation for
nanochannels’ use as surface coatings of medical implant materials.
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1. Introduction

Among various surface modification techniques, electrochemical anodization has been intensively
explored to synthesize biologically-inspired nanostructures on titanium (Ti) and its alloys [1].
Experimental studies provide evidence that, for example, nanotubes that mimic bone patterning
are superior in promoting early biological events related to the adsorption of proteins [2] and
osteoblastic differentiation both in vitro and in vivo [3–8]. Moreover, it was demonstrated that
nanotube-modified Ti surfaces elicit an attenuated inflammatory macrophage response [9–12] and an
increased anti-bacterial activity [8,13] when compared to flat Ti substrates.

The properties of nanostructures produced by electrochemical anodization depend on the
anodization conditions used, such as electrolyte [14], pressure [15], anodizing voltage, and temperature.
For example, different morphologies have been produced, including bamboo tubes and branched
tubes by changes in the applied anodization voltage, or spaced nanotubes in specific electrolytes
(diethylene glycol, tri-ethylene glycol, dimethyl sulfoxide, etc.) at room temperature and ambient
pressure [14], while longer nanotubes were fabricated under negative pressure as compared to
atmospheric conditions [15]. Usually, when anodization is performed in organic electrolytes containing
NH4F (i.e., glycerol or ethylene glycol electrolyte) with low amounts of water, TiO2 nanopore
or nanotube arrays can be fabricated [2,16,17], and the water content and the applied voltage
determine the morphology type (contributes to the formation of nanotubes from nanopores by
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a pore-wall splitting mechanism). The nanostructures’ characteristics (inner or outer pore/tube
diameter, length) are dependent on the anodizing potential, time, and electrolyte temperature.
On the other hand, micrometer thicknesses can be grown without observing a drop in the growth
rate with time. In our previous study [18], we reported a simple, inexpensive method for the
generation of mesoporous structures, i.e., aligned oxide nanochannels, on Ti50Zr alloy, by anodization
in hot glycerol-phosphate electrolytes. Initial cell characterization revealed a reduced number of
metabolically-active macrophages on nanochannels, a low potential to induce macrophage fusion into
foreign body giant cells, and a low concentration of pro-inflammatory cytokines in the culture medium.
Thus, the incorporation of nanochannelar architecture on the surface of biomaterials has been shown
to provide a unique means to limit foreign body response-associated cell–cell fusion, which could
lead to improved biomaterial-tissue integration and performance. In the present study, an in vitro
investigation of osteoblast cell-surface interaction on these nanomorphologies was conducted. Thus,
cell viability, proliferation and differentiation studies were performed, which offer clues to the nature
of osteoblast cell response elicited by the nanochannels. In addition to osteoblast differentiation,
the effect of nanochannelar substrates on osteoclastogenesis was also evaluated by quantification of
tartrate-resistant acid phosphatase (TRAP) protein expression and activity and actin cytoskeleton
staining of the receptor activator of nuclear factor kappa-B ligand (RANKL)-stimulated RAW 264.7 cells.

2. Materials and Methods

2.1. Samples Preparation and Characterization

Nanochannels were formed on TiZr alloy pieces (2 cm × 2 cm) containing 50 wt % Ti and
50 wt % Zr (from ATI Wah Chang Co., Albany, OR, USA) as previously described [18]. Briefly,
prior to anodization, TiZr pieces were chemically etched in a cold acid mixture (HNO3:HF:H2O in
a 3:1:2 ratio) for 10 s, rinsed with deionized water (DI) and dried in a N2 stream. The electrolyte
composed of 10 wt % K2HPO4/glycerolwas first continuously stirred at 200 ◦C for 4 h (to remove
all traces of water), followed by decreasing the temperature to 180 ◦C and starting the anodization
of the freshly conditioned TiZr sample in a two-electrode setup (Pt–cathode, TiZr–anode) for 2 h
at 50 V (Voltcraft VSP 2653 electrochemical source). Polished TiZr samples were used as control
samples. The morphology of the nanostructure was evaluated by scanning electron microscopy
(Hitachi field emission scanning electron microscope (FE-SEM) S4800, Tokyo, Japan). Water contact
angle (CA) measurements were performed to evaluate sample’s wettability (Angle Meter–CAM
100, KSV Instruments Ltd., Helsinki, Finland). Additionally, the topography and roughness were
investigated by atomic force microscopy (AFM) from a 50 × 50 µm2 scan area, contact-mode AFM
images–APE Research, Trieste, Italy (Gwyddion software, version 2.50).

2.2. Cell Culture Model

Mouse pre-osteoblast MC3T3-E1 cells (Subclone 4, ATCC®, CRL-2593TM, Manassas, VA, USA)
were used in the current study. The cells were maintained in Dulbecco’s minimal essential medium
(DMEM, Sigma-Aldrich Co., St. Louis, MO, USA) supplemented with 10 vol % foetal bovine serum
(Gibco, Life Technologies Corporation, Grand Island, NY, USA) and 1 vol % penicillin/streptomycin
(10,000 units/mL penicillin and 10 mg/mL streptomycin) (Sigma-Aldrich Co. St. Louis, MO, USA)
under standard culture conditions (37 ◦C, 5% CO2). The culture media were refreshed every 48 h.

2.3. Cell Morphology

Morphologies of MC3T3-E1 cells cultured on flat and nanostructured surfaces were observed
by SEM and fluorescence microscopy. Briefly, the cells were seeded onto substrates at a density
of 10,000 cells/cm2. At 2 and 24 h after seeding, the cells were processed for SEM, as previously
described [19].
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To prepare samples for fluorescence microscopy observation, the cells were fixed with 4%
paraformaldehyde (in phosphate buffered saline (PBS)) for 20 min, permeabilized by incubation with
0.1% Triton X-100/2% bovine serum albumin (BSA) for 15 min at room temperature and stained
with Alexa Fluor 488 Phalloidin (20 µg/mL, Invitrogen, Eugene, OR, USA) for 15 min to label
cytoskeletal filamentous actin (F-actin) and counterstained with 4′-6-diamidino-2-phenylindole (DAPI)
(Sigma-Aldrich Co., Steinheim, Germany) for 15 min to label the cell nuclei. Thereafter, representative
images observed with an inverted fluorescence microscope (Olympus IX71, Olympus, Tokyo, Japan)
were captured using Cell F software (Version 5.0).

2.4. Cell Viability and Proliferation

MC3T3-E1 cells were seeded onto tested surfaces at a density of 10,000 cells/cm2. Cell viability
was evaluated using a Live/Dead Viability/Cytotoxicity Kit (L-3224, Molecular Probes, Eugene, OR,
USA). At day 1 and 4 after seeding, the cells were washed with PBS and stained for 15 min at 37 ◦C
with 2 mM calcein-AM to label the live cells (green fluorescence) and 4 µM ethidium homodimer to
label the dead cells (red fluorescence). Thereafter, the samples were imaged under a fluorescence
microscope (Olympus IX71, Olympus, Tokyo, Japan).

Cell proliferation was monitored at the same time points following cell incubation for 3 h at 37 ◦C
with 1 mg/mL MTT (3-(4,5-Dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide) solution in
serum-free culture medium, as we previously reported [20].

2.5. MC3T3-E1 Cell Differentiation

MC3T3-E1 cells were seeded onto the analyzed surfaces at a density of 40,000 cells/cm2. After
2 days of culture, osteogenic differentiation was induced by incubating the cell-populated substrates
in growth medium supplemented with 50 µg/mL ascorbic acid (Sigma-Aldrich Co., Steinheim,
Germany) and 5 mM beta-glycerophosphate (Sigma-Aldrich Co., Steinheim, Germany). The media
were refreshed every 48 h. Osteogenic differentiation of MC3T3-E1 cells was investigated by
analyzing alkaline phosphatase (ALP) activity in cell lysates, osteocalcin expression and extracellular
matrix mineralization.

Intracellular ALP activity in the cell lysates was measured using Alkaline Phosphatase Activity
Colorimetric Assay Kit (BV-K412-500, BioVision, Milpitas, CA, USA) on the 7th and 14th day of
osteoinduction [21]. The ALP activity was normalized by the total protein content determined with
the Bradford reagent, according to the manufacturer’s guidelines.

Immunofluorescence staining was performed to detect the expression of osteocalcin. For this,
pre-osteoblast cells grown on the above substrates were fixed, permeabilized, blocked and incubated
with specific antibodies, as previously reported [22]. Samples were observed under fluorescence
microscopy (Olympus IX71, Olympus, Tokyo, Japan) and the images analyzed using Fiji/ImageJ
version 1.52b (NIH, Bethesda, MD, USA; https://imagej.net/Fiji).

Extracellular matrix mineralization was determined by staining with Alizarin red S (AR-S) on
day 21 after osteogenic induction according to the method already described in a previous paper [23].
Briefly, the cell-populated samples were fixed with 10% paraformaldehyde for 30 min, and then
stained with 0.1% AR-S in distilled water (pH 4.0) for 1 h at room temperature. The air-dried samples
were incubated in 5 vol % perchloric acid to solubilize and release calcium-bound AR-S into the
solution. The absorbance of the released AR-S was measured at 405 nm using a microplate reader
(Thermo Scientific Appliskan, Vantaa, Finland).

2.6. Osteoclast Differentiation

RAW 264.7 cells were plated on to substrates at an initial seeding density of 10,000 cells/cm2

and cultured in DMEM containing 10% FBS and 50 ng/mL mouse recombinant receptor activator of
RANKL. Every 2 days, the culture medium was replaced until mature osteoclasts were formed.

https://imagej.net/Fiji
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To evaluate morphology, differentiation and multi-nuclearity, the cells were stained for actin
and cell nuclei as described in Section 2.3. The cells containing at least three nuclei were identified
as osteoclasts.

The expression of TRAP within cells grown on nanochannelar and polished surfaces was
investigated by immunofluorescence staining. After 7 days’ incubation period, the samples were
washed 2 times with PBS and the cells were fixed with 4% paraformaldehyde for 20 min. Subsequently,
permeabilization of cell membranes was achieved by treatment with 0.1% Triton X-100 followed
by incubation with 2% BSA in PBS. The samples were then incubated with rabbit anti-mouse
TRAP antibody (Santa Cruz Biotechnology, Dallas, TX, USA) in PBS containing 1.2% BSA followed
by three washes with PBS. Finally, the cell populated substrates were labeled with Alexa Fluor
488-conjugated goat anti-rabbit IgG antibody (Invitrogen, Eugene, OR, USA) in PBS containing
1.2% BSA. Cell nuclei were stained with DAPI. Samples were imaged using a fluorescence inverted
microscope (Olympus IX71, Olympus, Tokyo, Japan). Multinuclear TRAP-positive cells were counted
in five random regions and data are expressed as the number of TRAP+/mm2.

TRAP intracellular activity was also evaluated after 7 days of culture using 4-nitrophenyl
phosphate disodium hexahydrate (pNPP disodium hexahydrate; (Sigma-Aldrich Co., Steinheim,
Germany)) as a chromogenic substrate to examine the inhibitory effects of nanochannels on osteoclast
differentiation. 50 µL of cell lysate were incubated with 150 µL of TRAP substrate (at pH 5.5–6.1)
consisting of 7.6 mM p-NPP in 100 mm sodium acetate buffer containing 50 mM disodium-tartrate
dihydrate (Sigma-Aldrich Co., Steinheim, Germany) for 1 h at 37 ◦C. The enzymatic reaction was
stopped by adding 50 µL of 3 M NaOH. The activity of the enzyme was measured at 405 nm by using
a microplate reader (Thermo Scientific Appliskan, Vantaa, Finland).

2.7. Statistical Analysis

All samples were analyzed in triplicate. Data are presented as mean value ± standard error of
the mean (SEM) and examined statistically by Student’s t-test. Values of p < 0.05 were considered
statistically significant.

3. Results and Discussion

3.1. Materials Characterization

The morphological and chemical characterization of the nanochannelar surface used in the present
work was previously described [18]. Briefly, the morphology of nanochannels consists of ~35 nm
diameter and 3.2 ± 0.6 µm length (the top morphology is shown in Figure 1); note that the needle-like
microstructure of the alloy is also transferred to the nanostructure. Such nanochannels present a
partially crystalline structure and consist of TiO2, ZrO2 and some small amounts of zirconium titanate
or other mixed oxides [18]. In addition, the nanochannelar surface exhibits a higher hydrophilicity
than the flat surface, i.e., the nanochannelar samples have an average contact angle (CA) of 15◦ ± 0.7
while the polished control has a less hydrophilic surface with a CA of 80◦ ± 3.8◦.

The topography of the studied films was investigated using AFM in contact mode. As presented
in Figure 2, AFM analysis showed distinct roughness for the flat and nanochannelar surfaces. Namely,
the nanochannelar surface has a higher roughness with an Rms (root mean square roughness) of
0.352 m, while Rms for the flat substrate was 0.085 m.
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Figure 1. Morphology of nanochannels on TiZr substrates: (a) low magnification top view and
cross-section in inset; (b) high magnification top view scanning electron microscope (SEM) images.

Figure 2. Atomic force microscopic (AFM) images of flat TiZr (a) and nanochannelar TiZr surfaces (b).

3.2. In Vitro Osteoblast Behavior

3.2.1. Cell Morphology

To characterize how pre-osteoblast cells interact with the nanochannelar surface, cells were
cultured on such topographically modified surfaces including a smooth substrate as control.
The morphological appearance of the adhered cells was evaluated by SEM (Figure 3) and actin
fluorescent staining (Figure 4).

After 2 h of incubation, most cells exhibited a rounded form, which is typical for the first phases
of substrate adhesion. Yet, a comparison between the cells grown on control samples and those grown
on nanochannels indicates that, even after just 2 h, the latter ones anchor themselves to the surface
through long dendritic filopodia, while on the flat substrate the cells exhibited many thin filopodia
for attaching to the surface. Also, osteoblastic cells underwent relatively less cell spreading on the
nanochannelar surfaces. After 24 h of culture, cell spreading was achieved and specific morphologies
could be observed in SEM. Thus, well-spread cells displaying a polygonal morphology were observed
on the control substrate, whereas they presented a slender and elongated shape on the nanochannels.

As cell spreading is controlled by cytoskeleton arrangement, phalloidin conjugated with Alexa
Fluor 488 was used to stain actin filaments (Figure 4). Fluorescence microscopy analysis performed at
2 h post-seeding revealed different cytoskeleton organization on the analyzed surfaces. Thus, on the flat
TiZr substrate, circumferential localization of actin filaments near the cell membrane and some parallel
oriented actin filaments throughout the cell body were observed. On the contrary, actin cytoskeleton on
nanochannels appeared less organized and more diffuse. At a later time point (24 h after cell seeding),
the cells in contact with the control surface adopted a typical osteoblast morphology and showed a
normal organization of actin filaments. On the other hand, on the nanochannels, the pre-osteoblast
cells were rather elongated and the actin filaments were more densely distributed in the cell periphery.

All these morphological results show that the nanostructured layer obtained by anodization has
an important effect on cell adhesion and spreading. A possible explanation for this behavior consists
in the constraints on cell morphology imposed by the surface topography. Moreover, differences
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in surface chemistry and surface wettability between the nanochannels and the polished substrates
would be anticipated to support differences in the conformation of the proteins adsorbed on their
surface, that may also be important in influencing osteoblast morphology and function.

Figure 3. SEM images of MC3T3-E1 cells attached on the nanochannelar and flat TiZr surfaces imaged
at 24 h post-seeding.

Figure 4. Fluorescence micrographs of MC3T3-E1 pre-osteoblasts in contact with the flat and
nanochannelar TiZr samples for 24 h. The cells are labeled for F-actin (green) and nucleus (blue).
Scale bar represents 50 µm.

3.2.2. Cell Viability and Proliferation

Live/Dead assay revealed a high percentage of living cells (green fluorescence) suggesting that
the MC3T3-E1 cells survived and multiplied on both substrates analyzed (Figure 5a). Prolonged culture
time led to an increased cell density, but the number of viable cells monitored using fluorescence
imaging on nanochannels appeared to be lower than on the control substrate, especially at 4 days
post-seeding. This finding was confirmed by MTT assay (Figure 5b), which showed that at 4 days
post-seeding, the number of viable cells on the flat surface was 35% lower than on the nanochannelar
substrate. We speculate that the lower optical density (OD) values exhibited by the MC3T3-E1 cells
grown on nanochannels represent the beginning of the cell osteogenic differentiation. Therefore,
we further assessed the osteoinductive potential of nanochannels under osteogenic culture conditions.
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Figure 5. (a) Fluorescent images of the MC3T3-E1 cells grown for 1 and 4 days in contact with flat
and nanochannelar substrates after staining with the Live/Dead Cell Viability/Cytotoxicity Assay Kit
(live cells are green stained). Scale bar represents 200 µm; (b) Proliferation of MC3T3-E1 pre-osteoblasts
as assessed by MTT assay. Data analysis was based on mean ± standard error of the mean (SEM)
(n = 3); p < 0.05 vs. control.

3.2.3. Pre-Osteoblast Cell Differentiation

Osteoblastic differentiation is a multistep process involving a number of proteins being expressed
at each stage [24]. In our study, osteoblast activity and differentiation were tested through the
analysis of ALP activity, osteocalcin protein expression and extracellular matrix mineralization. ALP is
regarded as a marker for early osteoblastic differentiation, whereas secretion of osteocalcin and matrix
mineralization are associated with the final differentiation phase.

The ALP activity of MC3T3-E1 cells was measured after incubation for 1 and 2 weeks under
osteogenic culture conditions. As shown in Figure 6a, ALP exhibited no differences among the
experimental groups after 7 days, but significantly higher ALP activity was detected in pre-osteoblasts
cultured on nanochannels than those grown in contact with flat TiZr for 2 weeks. Thus, ALP activity
data suggest that the nanochannels augment osteogenic differentiation of the cells. The change
in topography of the TiZr surface appeared to influence also osteoblast terminal differentiation,
as assessed by osteocalcin expression. Specifically, after 21 days of culture the nanochannelar surfaces
significantly increased osteocalcin expression when compared to the flat substrates (Figure 6b,c).
The mineral deposition on the samples was evaluated by ARS staining, which was followed by elution
and quantification at an absorbance of 405 nm. As can be seen in Figure 6d, nanochannels showed
more mineralized extracellular matrix when compared to the flat TiZr surfaces.
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Figure 6. Differentiation of MC3T3-E1 pre-osteoblasts grown on the analyzed samples. (a) The expression
levels of intracellular alkaline phosphatase (ALP) activity at 7 and 14 days post-seeding;
(b) immunofluorescence detection of osteocalcin expression by MC3T3-E1 cells grown for 3 weeks on
tested samples. Scale bar represents 200 µm. (c) Quantification of osteocalcin intensity using ImageJ;
(d) quantitative colorimetric analysis of extracellular matrix mineralization after 3 weeks of culture and
the staining pictures. Results are presented as means ± SEM (n = 3); p < 0.05 vs. control.

Overall, the results indicated that all analyzed markers of the osteogenic differentiation were
better expressed on nanochannels. The different degrees of cellular modulation by nanochannelar and
flat substrates underline that surface topography has an important effect on osteogenic differentiation.
Indeed, a large number of studies using different cell types have shown that cellular features such as
adhesion, morphology, as well as cytoskeleton organization and osteogenic differentiation, are highly
affected by surface topography [25–32]. Thus, nano- or micro-rough Ti surfaces were found to
reduce osteoblast cells’ proliferation and to enhance differentiation and local factor production,
supporting a mature secretory osteoblast-like phenotype [33–36]. Moreover, elongation and stretching
of osteogenic progenitors as a result of their interaction with topographically modified substrates
have been reported to favor cell differentiation [37,38]. It has been postulated that size, diameter
and spacing of nanostructures control the focal adhesion assembly [39,40], influence the formation of
F-actin [41], change the structure of the cytoskeleton-related proteins [42,43], and finally influence the
cell nuclei to modify gene expression as well as other cellular behaviors [44,45]. Along with the cell
morphology alterations, cytoskeletal F-actin arrangement is another factor influencing cell function
and differentiation. Temporary changes in actin cytoskeleton have been shown to increase ALP activity,
osteocalcin secretion and mineralization of the extracellular matrix by MC3T3-E1 cells [46].

X-ray photoelectron spectroscopy (XPS) analysis [18], contact angle and surface roughness
measurements revealed differences in chemical composition, wettability and topography between
flat and nanochannelar surfaces. These surface characteristics may affect biological and chemical
events occurring on biomaterial surfaces, such as protein adsorption from serum, or surface chemical
modifications leading to the differences we observed between the cells in contact with the two analyzed
substrates in the present study.

3.2.4. Osteoclast Differentiation

In addition to osteoblast differentiation, the effect of nanochannelar topography on osteoclastogenesis
was evaluated. For this, RAW 264.7 macrophages were seeded and cultured on the tested
substrates in the presence of RANKL. Osteoclastogenesis was verified by TRAP expression using
immunofluorescence staining (Figure 7a). TRAP is an enzyme that is proposed to be directly related to
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osteoclast resorption activity [47,48]. On the flat control substrates, TRAP staining was diffused within
the cytoplasm showing a higher intensity both at cell periphery and center. In osteoclasts cultured on
nanochannels, TRAP was also distributed within the cytoplasm. However, a clear difference between
the two materials was observed. Large TRAP-positive multinucleated cells were present on the control
substrate, while on the nanochannelar surface much smaller multinucleated cells have been observed.
It is worth noting that on both samples smaller cells, likely macrophages, are stained for TRAP.
However, the proportion of TRAP-positive mononuclear cells to multinucleated cells was much higher
in case of the nanochannels, indicating an overall alteration of osteoclast activation. The formation
of large multinuclear cells following pre-osteoclast fusion is critical for osteoclast-mediated bone
resorption [49]. The osteoclast size is related to bone resorption capacity; therefore, nanochannelar
topography may prevent the fusion of pre-osteoclasts from forming large, mature osteoclasts.

Furthermore, enumeration of multinuclear TRAP-positive cells showed lower numbers on
nanochannels than on control sample, but this difference was not significant (Figure 7b).

In order to look for topographically induced changes in osteoclastogenesis TRAP activity analysis
was also performed. As shown in Figure 7c, TRAP activity expressed by the cells grown on
nanochannelar substrates was significantly lower (~48%) than that exhibited on the control sample.

Figure 7. (a) Immunofluorescence staining of tartrate-resistant acid phosphatase (TRAP) (green
fluorescence: TRAP signals, blue fluorescence: cell nuclei). RAW 264.7 cells were cultured for 7 days
either on flat substrate or nanochannels with nuclear factor kappa-B ligand (RANKL) supplementation
to the culture media. Scale bar represents 200 µm. (b) The average number of osteoclasts per mm2;
(c) Intracellular TRAP enzyme activity. Results are presented as means ± SEM (n = 3); p < 0.001.

Further on, cells cultured and differentiated on the analyzed samples showed a modulation of
the actin cytoskeleton organization. Microscopic examination revealed significant differences in the
size of actin structures developed on the two topographies (Figure 8). On the flat TiZr surface, large
podosome belts were predominant. On the nanochannelar surface, an opposite trend was observed:
small podosome belts were the predominant phenotype, while large actin structures were missing.
Although nanochannels caused shrinkage of differentiating osteoclasts, when compared to the control
substrate, they showed no effect on the formation of the peripheral actin podosome belts.

It is worth mentioning that our findings are consistent with previous studies demonstrating that
distinct topographies could differentially regulate osteoclast formation and activity. For example,
fabrication of titania nanotubes by anodization on titanium surfaces has been shown to decrease
the number of osteoclasts, TRAP activity, and the related gene expression compared to the pristine
titanium [50]. Moreover, osteoclastogenesis inhibition was found to increase with increasing the
nanotube diameter. Introduction of nanopillars on titanium substrates has also been shown to
significantly reduce osteoclast differentiation and function [51]. However, several groups studying
osteoclast formation and activation on metallic surfaces have reported different results. For instance,
Sommer et al. assessed the impact of polished and sandblasted metallic surfaces on the
osteoclastic differentiation of bone marrow cells co-cultured with osteoblasts under stimulation with
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1,25(OH)2D3 [52], and reported that sandblasted surfaces enhanced osteoclast formation and function
compared to the polished substrate, indicating that the rougher surfaces exhibit higher osteoclastogenic
effects. In the case of Brinkmann et al., the effect of Ti substrates with smooth (TS), acid-etched
(TA), and sandblasted acid-etched (TLA) surfaces on osteoclastogenesis was followed and compared
with that on native bone (using RAW 264.7 cell lines) [53]. The results showed that the osteoclasts
in contact with rough surfaces displayed similar cellular response in terms of cell size, actin ring
formation and matrix metalloproteinase (MMP)-9 proteolytic activity as for native bone, whereas
altered osteoclastogenesis was noticed on smooth titanium surface.

Figure 8. Immunofluorescence images of osteoclast formation on flat and nanochannelar surfaces
after a 7-days stimulation with RANKL (green fluorescence: actin cytoskeleton, blue fluorescence: cell
nuclei). Scale bar represents 200 µm.

4. Conclusions

Our results indicate that the osteogenic abilities of the TiZr material were enhanced by the
nanochannelar topography. Moreover, this specific topography was shown to inhibit the differentiation
and maturation of osteoclasts derived from RAW 264.7 cells treated with RANKL. Therefore, this study
provides a potential strategy to fabricate titanium-based implants able to inhibit bone resorption and
improve osseointegration.
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