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ARTICLE INFO ABSTRACT

Keywords: Nanomaterials play a pivotal role in modern regenerative medicine and tissue engineering, due to their peculiar
Nanowires physical, optical and biological properties once they are used in the nanometric size.

Osteoblasts

Many evidences are showing the importance of biomaterial micro- and nano-topography on cellular adhesion,
proliferation and differentiation, and hence, tissue regeneration. It is well known that nanowires (NWs) can
mimic many different tissues as a result of their shape and their surface characteristics, and that surface hy-
drophilicity affects early protein adsorption and cellular adhesion.

Therefore a material able to induce bone regeneration might be obtained by combining optimal surface
topography and hydrophilicity.

Based on these evidence, we designed silicon carbide (SiC) and core/shell silicon carbide/silicon dioxide (SiC/
SiOy) nanowires with modified wettability in order to analyze cell behavior, using an in-vitro osteoblastic model.
First, we synthetized SiC NWs and SiC/SiOx NWs through a chemical-vapour-deposition (CVD) process, and then
we used hydrogen plasma to modify their hydrophilicity. Subsequently we evaluated the four types of NWs in
terms of their morphology and contact angle, and we studied their behavior in the presence of MC3T3-E1 murine
osteoblasts. Cell metabolic activity, viability, morphology and focal adhesions formation were considered.

Morphological data showed different dimensions between SiC and SiC/SiOx NWs. SiC NWs before the
hydrogen plasma treatment showed a very low contact angle, that was absent after the treatment.

Osteoblastic cells appeared healthy on all of the samples. Interestingly, both hydrophilic SiC NWs and SiC/SiOx
NWs generated a favorable distribution of focal adhesions around the cell body confirmed also by scanning
electron microscopy images. Moreover, osteoblasts grown on hydrogen plasma treated SiC/SiOx NWs showed an
increased metabolic activity testified by a significantly higher cell number.

In conclusion, we are here demonstrating that hydrogen plasma treatment of SiC and SiC/SiOx NWs induce a
better osteoblastic cellular adhesion by increasing NWs wettability. We are therefore suggesting that hydrogen
plasma treatment of SiC/SiOx can offer a suitable method to develop scaffolds for bone tissue engineering
applications.
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1. Introduction

It has been widely shown that the physical and chemical character-
istics of the implantable material affect host response, consequently
influencing its own integration within the tissue [1].

In implant dentistry, one of the most important factors affecting
osseointegration, the keystone for a useful scaffold, is the superficial
micro-topography of the implantable device. Indeed, moderately rough
titanium surfaces have been established to deliver a faster new bone
formation and to confer greater stability during the healing process [2].
Additionally, it has also been proved that the surface free energy of the
material, together with the resulting wettability, further affects the
response of biological components [3]. Micro-rough surfaces with
enhanced hydrophilicity are indeed known to accelerate the early stages
of cell adhesion, proliferation and differentiation and to ameliorate
matrix mineralization [4,5]. As such, hydrophilicity has lately gained
considerable importance for bone-related biomaterials, with several
studies focusing on the pre-clinical and clinical success of more hydro-
philic surfaces [6-12].

The biological mechanism behind the effectiveness of the hydro-
philic surfaces seems to involve different stages of the implant-bone
intimate relationship. Hydrophilicity has been shown to affect the
adsorption of proteins at the interface upon insertion, with consequent
amelioration of cell response.

[13,14], and recently, a pro-healing phenotype of the host immune
cells has been shown using hydrophilic surfaces, that were also capable
to mitigate the secretion of pro-inflammatory cytokines [15,16].

Silicon carbide (SiC) materials represent a quite new category of
materials, which could find applications in tissue engineering, owing to
interesting features, such as excellent biocompatibility, hydrophilicity,
high Young’s modulus and high mechanical resistance, characteristics
that make SiC-based implants suitable for bone tissue engineering.
Accordingly, several biomedical devices have already been proposed in
regenerative medicine [17-20].

We previously developed SiC-based nanowires and tested their
biocompatibility in vitro to reproduce the microrough surfaces of clin-
ically used titanium dental implants [21].

Most interestingly, we observed the establishment of a dynamic
dialogue between osteoblastic cell and the NWs-based platform sug-
gesting the possibility that SiC-based NWs are a promising platform to
develop implantable devices [13].

In the present study, we aimed to enhance the hydrophilicity of SiC-
based NWs platforms using a hydrogen plasma treatment and evaluated
the biological response of osteoblastic cells.

2. Materials and methods
2.1. Materials preparation

2.1.1. Nanowires synthesis

Core/shell SiC/SiOx nanowires (NWs) were grown through an Iron
catalyzed CVD process on silicon substrates. 0,05 M iron nitrate in an
ethyl alcohol solution was deposited by drop-casting on the silicon
surface to cover it completely. After drying, substrates have been
inserted into the growth chamber at a temperature of 1100 °C, and CO as
precursor gas has been fluxed for about 30 min [22,23]. The complete
characterization of the relative composition of core/shell SiC/SiOy
nanowires has been already investigated in some previous publications,
which underlined the presence of a SiC internal core and an external
SiOy shell, constitutive the nanowires [22,23].

Cubic silicon carbide nanowires (SiC NWs) were obtained from the
core/shell NWs by chemical etching, as described by Fabbri et al. 2014
[24].

2.1.2. Plasma treatment
A low pressure plasma enhanced (LPPE) treatment was made in
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hydrogen with plasma inductive radiofrequency (RF-ICP) using a self-
made machine (Lintes Laboratories).

2.2. Materials characterization

2.2.1. Scanning electron microscopy

Scanning electron microscopy (SEM) was used to evaluate substrate
topography; samples images were taken through a dual beam Zeiss
Auriga Compact system equipped with GEMINI Field-Emission SEM
column (Carl Zeiss). SEM analysis was performed at 5 keV.

2.2.2. Contact angle measurements

The wettability of the samples, in the absence (W/O PT) and in the
presence (PT) of hydrogen plasma treatment, has been investigated
using contact angle measurements through a selfmade apparatus (Lintes
Laboratories) consisting of a sample holder, a syringe to deposit the
drop, a microscope in reflected white light episcope with 10x optical
magnification and an image acquisition system with video. The experi-
mental conditions were kept at a temperature of 27 °C and atmospheric
pressure in a dehumidified room. The drops were bubbled freely from a
micropipette and each drop had a volume of 12 pl. The drop fell in the
center of the sample which had an area of about 1 cm?. Once the images
have been acquired, the contact angles have been measured with
Autocad Software after 4 and 180 s the drop fell on the substrates, to
verify the stability of the values.

2.3. Biological assays

2.3.1. Cell culture

MC3T3-E1 pre-osteoblastic cells isolated from neonatal murine
calvaria were obtained from the American Type Culture Collection (LGC
Standards S.r.l., Sesto S. Giovanni, MI, Italy).

Cells were cultured in complete Alpha-MEM (Thermo Fisher Scien-
tific, Carlsbard, CA, USA) further additioned with 10% Fetal Bovine
Serum (FBS, Thermo Fisher Scientific), 1% glutamine (Thermo Fisher
Scientific) and 1% antibiotics (Penstrep, Thermo Fisher Scientific).

Cells were seeded at a final concentration of 80.000cells/cm? on
NWs substrates (size 0,5 cm x 0,5 cm), which were previously sterilized
in absolute ethanol (Sigma-Aldrich) for 15 min.

2.3.2. Metabolic activity assay

Cell metabolic activity was evaluated through a tetrazolium salts-
based assay 24, 48 and 72 h after seeding. Briefly, cells were washed
in Phosphate Buffer Saline (PBS, Thermo Fisher Scientific) and incu-
bated for 4 h at 37 °C with a 0,15 mg/ml solution of Resazurin salt
(Sigma-Aldrich) diluted in PBS. Supernatants were then collected, and
fluorescence recovered with a Cary Eclipse spectrophotometer (Varian/
Agilent, Santa Clara, CA, USA) at ex/em 560/585 nm. After supernatants
collection, samples were gently rinsed in PBS and fresh medium added
to keep the culture until the following time point.

Cells were seeded in duplicate and the experiment was repeated
three times. Data are reported as the mean + SD.

2.3.3. Live/dead fluorescent staining

To evaluate the amount of live and dead cells on different substrate, a
binary fluorescent staining with Calcein AM (Thermo Fisher Scientific)
and Propidium Iodide (Sigma-Aldrich) was developed 48 h after seed-
ing. To this purpose, after discard of culturing medium, samples were
washed twice in PBS and incubated with a solution of Calcein AM 4 uM
and Propidium Iodide 1 pM in PBS for 15 min at 37 °C. Samples were
thus rinsed in PBS and fixed with PFA 4% (Sigma-Aldrich) for 20 min.

Specimens were finally observed with a fluorescence microscope
Zeiss Axio Imager 2.0 (Carl Zeiss), while images taken with an AxioCam
ICm1 (Carl Zeiss). Moreover, images were analyzed, and the number of
viable cells was quantitated through the NIS-Element Br5.11 Software
(Nikon, Tokyo, Japan).
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2.3.4. Scanning electron microscopy

Scanning electron microscopy (SEM) was used to better evaluate
osteoblasts morphology. 24 h after seeding, culturing medium was dis-
carded, and samples rinsed in PBS. Subsequently, cells were fixed in a
2,5% glutaraldehyde solution (Sigma-Aldrich) for 20 min and washed in
sodium-cacodylate buffer (Sigma-Aldrich) for 5 min. Specimens were
thus dehydrated in ethanol at increasing concentrations, dried to critical
point with liquid carbon dioxide (CPD 030 Baltec, Wallruf, Germany)
and covered with a nanometric thin gold layer.

Samples images were taken through a dual beam Zeiss Auriga
Compact system equipped with GEMINI Field-Emission SEM column
(Carl Zeiss). SEM analysis was performed at 5 keV.

2.3.5. Immunofluorescence

An immunostaining for vinculin was performed in combination with
actin cytoskeleton labelling in order to study focal adhesions distribu-
tion within cell cytoplasm on treated and not NWs.

Culturing medium was removed 24 h after seeding, and cells fixed in
4% PFA for 10 min at room temperature (RT). Samples were then rinsed
twice in PBS and cells permeabilized with 0.1% Triton X-100 for 5 min,
then washed again in PBS. Subsequently, 1% bovine serum albumin
solution (BSA, Sigma-Aldrich) in PBS was added for 30 min at RT, fol-
lowed by 1 h of incubation with primary anti-Vinculin monoclonal
antibody, clone 7F9 (FAK100, Merk Millipore) at a dilution of 1:100.
After two rinses in PBS, samples were incubated with secondary anti-
mouse antibody labelled with the Alexa-Fluor®488 chromophore
(Thermo Fisher Scientific) at a dilution of 1:400, to reveal the primary
anti-vinculin antibody, and co-incubated with a 1:200 solution of
TRITC-conjugated phalloidin (FAK100, Merk Millipore) for 1 h. After-
wards, samples were rinsed three times in PBS and cell nuclei counter-
stained with DAPI solution (FAK100, Merk Millipore) for 10 min at RT.
Samples were then washed and mounted on a microscope glass using a
mounting medium to reduce photo-bleaching (Agilent Technologies,
Saint Claire, CA, USA). Samples were observed, and images were taken
with a stereomicroscope equipped for fluorescence (SMZ, Nikon, Tokyo,
Japan).

3. Results
3.1. Hydrogen plasma treatment improved the hydrophilicity of SiC NWs

Nanostructures morphology was observed through SEM (Fig. 1 A-B).
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NWs samples presented a diameter of 60-80 nm for core/shell SiC/SiOx
NWs and of 20 nm for SiC NWs, with a length of several tens of microns.
As shown in Fig. 1, substrates were homogeneously covered by nano-
wires, that appeared tangled together. The contact angle measurements
of SiC NWs and SiC/SiOx NWs showed that samples presented excellent
hydrophilicity (Fig. 1 C-D-E-F). Interestingly, SiC NWs contact angle has
been completely eliminated after the hydrogen plasma treatment,
improving the hydrophilicity of the sample. The technique was not able
to detect wettability changes on SiC/SiOx NWs.

In order to proof the reliability and the stability of this procedure,
pictures were taken 4 and 180 s after the fall of the drop on the surfaces,
the measures were repeated three times and no differences were
detected between the two time points.

3.2. Hydrogen plasma promoted cell proliferation and viability on core/
shell SiC/SiOx NWs

Hydrogen plasma treatment did not affect cellular metabolic activity
of murine osteoblasts on both the nanowires surfaces (Fig. 2). Remark-
ably, at 48 h, osteoblasts grown on SiC/SiOx nanowires showed a strong
increase in cell proliferation (Fig. 2B), phenomenon not detected on SiC
samples (Fig. 2A).

The viability of MC3T3-E1 cells on SiC and SiC/SiOx NWs prior and
after hydrogen plasma treatment has been qualitatively assessed by a
live/dead fluorescent staining at 48 h (Fig. 3).

Cells appeared to be healthy, with intact cytoplasm and their typical
polygonal shape on all the tested surfaces. Furthermore, very few dead
cells were detected, and no considerable differences between treated
and native samples. Of relevance, SiC/SiOx NWs PT showed a signifi-
cantly higher number of living cells after 48 h (Fig. 3F), thus confirming
the difference reported in Fig. 2B.

3.3. Hydrogen plasma treatment promoted a dynamic and pro-active
interaction between cells and SiC-based NWs

A SEM analysis was performed in order to better evaluate MC3T3-E1
morphology and interaction with the NWs substrate.

MC3T3-E1 on SiC NWs without hydrogen plasma treatment (Fig. 4 A-
B-C) appeared to be equally distributed on the surface. Most of the cells
presented several cytoplasmatic projections protruding from the cellular
body and favouring their anchorage to the substrate. On the contrary,
after hydrogen plasma treatment of the material (Fig. 4 D-E-F) cells were

SEM W/O PT PT

SiC NWs

SiC/SiOx NWs

Fig. 1. SEM images of SiC NWs (A) and SiC/SiOx NWs (B) morphology. Images of the contact angles before (W/O PT) and after (PT) plasma treatment on SiC (C-E)
and SiC/SiOy (D-F) nanowires. The median values of the contact angles of three repeated measures has been indicated in the figure.
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Fig. 2. Metabolic activity assay of MC3T3-E1 osteoblastic cells cultured on SiC (A) and SiC/SiOy (B) nanowires for 24 and 48 h. *p = 0,025 PT vs. W/O PT.
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flattened with a more pancake-like shape. This behavior resembles a
better recognition of the NWs substrate, which appear to be pulled by
the cell during an active cytoplasm contraction (Fig. 4 F).

Interestingly, when cells were cultured on SiC/SiOx NWs in the
absence or in the presence of hydrogen plasma treatment (Fig. 5), they
all showed their typical polygonal shape together with an intact cyto-
plasm. Hydrogen plasma treatment did not promote any visible change
of cell morphology, suggesting that the hydrophilicity of the surface
strongly affects the cellular response.

Finally, we evaluated the different interaction among MC3T3-E1
cells and four NWs tested, using a tri-fluorescent staining for actin
cytoskeleton, focal adhesions and cells nuclei.

Data reported in Fig. 6 were in line with SEM observations. Cells
cultured on SiC NWs W/O PT showed numerous and evident cyto-
plasmatic protrusions (Fig. 6A) and vinculin expression was detected
only at the edge of the cells. On the contrary, both SiC and SiC/SiOx NWs
treated with plasma presented a more homogenous vinculin distribution
along the entire cell body (Fig. 6B-D).

Furthermore, in both NWs W/O PT, focal adhesions shape was
organized as dot-like labels (Fig. 6 yellow circles), while after plasma
treatment, they appaired more elongated (Fig. 6 yellow squares).

This observation supports the hypothesis that plasma treatment over

Fig. 3. Fluorescent staining with Calcein AM and Propidium Iodide on MC3T3-E1 osteoblasts cultured for 48 h on SiC and SiC/SiOx NWs before (A-C) and after (B-D)
hydrogen plasma treatment; E-F) histograms presenting the amount of viable cells on SiC and SiC/SiOx NWs before (W/O PT) and after (PT) hydrogen plasma
treatment, **p = 0,0049.
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promoting the wettability of the surface, would also confer a higher
degree of bioactivity to the substrate, which thus better interact with the
cells.

4. Discussion

New implantable materials for orthopedic and dental surgery aim to
regenerate bone through the use of engineered scaffolds allowing the
synthesis of new extracellular matrix (ECM). Implants require a favor-
able tissue-material interface to properly function, thus their surface
characteristics have been implemented to direct cell behavior. In
particular, the main features leading to a proper osseointegration are
surface chemistry, topography and energy. The majority of implantable
materials present a roughened surface due to its ability to promote cell
differentiation into mature osteoblasts able to deposit new bone [25,26].
It has been clearly shown that different macroscopic topography as well
as micron- and nano-scale features of the surfaces are differently
recognized by cells and can deeply affect their behavior [27-29]. In
these regards, to favor tissue regeneration, the introduction of nano-
structured surfaces paved the way to the construction of new biomimetic
materials. The final goal was to recreate the in vivo microenvironment of
cues and stimuli necessary for cell adhesion, proliferation, migration
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Fig. 4. MC3T3-E1 cells cultured for 24 h on SiC NWs before (A-B-C) or after (D-E-F) hydrogen plasma treatment.

SiC/SiOx NWs

Fig. 5. MC3T3-E1 cells cultured for 24 h on SiC/SiOx NWs before (A-B-C) or after (D-E-F) hydrogen plasma treatment.

and differentiation, in order to favor tissue regeneration [30].

Moreover, surface wettability is known to play a pivotal role in the
acceleration of osteogenesis and in the increase of bone-to-implant
contact both in clinical and preclinical settings [10,31,32].

Surface energy and wettability are also fundamental for the early
stage of protein adsorption to the implant surface, which could conse-
quently alter the long-term biological response [33,34]. Protein
adsorption to the surface is one of the first event of implant positioning
and, even if the biological mechanisms are not completely understood,
surface conditioning seems to deeply influence the clinical success of
dental implants [35]. Many modification has been tested to enhance
implant hydrophilicity, as the use of thermal treatments, known to
enhance surface wettability and consequently leading to a better cellular
response [14,36].

We have previously shown that treating a nanowires surface with 3-

mercaptopropyltrimethoxysilane enhanced surface hydrophilicity. This
procedure altered cell response in terms of adhesion and differentiation,
probably due to the improved capability to bind proteins and subse-
quently cells [13].

Moreover, also on titanium implants, we recently demonstrated the
importance of surface hydrophilicity for cellular adhesion and differ-
entiation, underlining the pro-differentiative stimuli of enhanced
wettability on murine cells, leading to an osteoblastic commitment [37].

Silicon carbide-based NWs strongly resemble the structure of bone
ECM, and the morphological aspect of NWs is close to that of titanium
implants used in dentistry. Therefore, SiC-based NWs seem to be a viable
option to design materials for dental and orthopedic applications
[38-40].

In the present study, we aimed to enhance the hydrophilicity of SiC-
based nanowires by hydrogen plasma treatment, thus, to analyzed their
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Fig. 6. Immunofluorescence for focal adhesions (green), cytoskeleton (red) and nuclei (blu), after 24 h of culture on A) SiC NWs W/O PT, B) SiC NWs PT, C) SiC/SiOx
NWs W/O PT and D) SiC/SiOx NWs PT. Dot-like discrete focal adhesion on W/O PT samples are indicated by the yellow circles, while more elongated focal adhesions
on PT samples are indicated by the yellow squares. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)

effectiveness for adhesion and proliferation of murine pre-osteoblastic
cells.

SiC and SiC/SiOx NWs have been grown by CVD as previously re-
ported [22-24], These NW were further treated with hydrogen plasma
to increase their wettability, that has been measured before and after
plasma treatment. Plasma treatment showed considerably effects in
ameliorating surface hydrophilicity only for SiC NWs. Consistently, the
amelioration of cell adhesion on hydrophilic SiC NWs was evident, with
cells showing a flattened and stellate shape (Fig. 4 and Fig. 6). Of rele-
vance, cells cultured on SiC NWs in the absence of PT, resembled the
typical morphology of mesenchymal cells when cultured on the
commercially available SLA microrough dental implant surfaces [41].
On the other hands, cells cultured on SiC NWs with plasma treatment
and on both SiC/SiOx NWs in the absence or in the presence of plasma
treatment, showed similar pancake-like shape, typical of a mature
osteoblastic phenotype [27]. Normally, cell adhesion to the substrate is a
fundamental part of cell cycle, it is the base of the control of cell growth,
proliferation and differentiation. Cells can flatten out on a surface only
after they have firmly adhered to it, their cytoskeleton can contract and
cell body can spread becoming thinner and larger [42]. This mechanism
of adhesion is mediated by peculiar structures characterized by multi-
proteic complexes involved in the clustering of ligated trans mem-
brane receptors of integrins. It has been demonstrated that spacing be-
tween the integrin ligands is crucial for focal adhesion formation, and it
should be comprised in the 50-70 nm, while a nanopatterned material
with spacing larger than 100 nm tends to inhibit cell adhesion [43-46].

The size of our SiC and SiC/SiOx NWs, with a mean diameter of 20
and 60 nm, respectively, may justify the high integrin clusterization
observed for SiC PT and for both SiC/SiOx NWs type. In this context, the
enhanced hydrophilicity might led to an increased protein adsorption, a

key step for an effective cellular adhesion on the material [37]. It was
evident that the amelioration of surface wettability occurred on SiC NWs
led to a better cell adhesion 24 h after seeding. Surprisingly, the use of
plasma treatment on core/shell nanowires did not altered surface hy-
drophilicity (ie. contact angle), but caused a different cellular response,
particularly evident in the immunofluorescent staining (Fig. 6). This
result has been confirmed by a significative increase in cellular prolif-
eration on core/shell nanowires after 48 h of culture, and this is prob-
ably due to the positive effect of the treatment itself or also to its ability
to eliminate contaminants potentially present on the surface.

In the complex, our results underlined the importance of a hydrogen
plasma treatment on nanostructured surface that has been shown to
ameliorate surface wettability, enhance biological response and confer
bioactivity to a scaffold potentially capable to support bone tissue
regeneration.

5. Conclusion

We have here shown that SiC and SiC/SiOx NWs hydrophilicity is a
key factor to promote biological response of murine osteoblasts in terms
of adhesion and spreading.

Taken together, these data suggest that hydrogen plasma treatment
on silicon carbide-based nanowires may be an excellent technique to
enhance scaffold wettability, bioactivity and consequently driving a
better cellular response.

Our findings might provide new information in the field of
implantable materials for regenerative medicine purpose.
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