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Abstract: The increasing need for novel bone replacement materials has been driving numerous
studies on modifying their surface to stimulate osteogenic cells expansion and to accelerate bone
tissue regeneration. The goal of the presented study was to optimize the production of titania-based
bioactive materials with high porosity and defined nanostructure, which supports the cell viability
and growth. We have chosen to our experiments TiO2 nanofibers, produced by chemical oxidation
of Ti6Al4V alloy. Fibrous nanocoatings were characterized structurally (X-ray diffraction (XRD))
and morphologically (scanning electron microscopy (SEM)). The wettability of the coatings and
their mechanical properties were also evaluated. We have investigated the direct influence of the
modified titanium alloy surfaces on the survival and proliferation of mesenchymal stem cells derived
from adipose tissue (ADSCs). In parallel, proliferation of bone tissue cells—human osteoblasts
MG-63 and connective tissue cells - mouse fibroblasts L929, as well as cell viability in co-cultures
(osteoblasts/ADSCs and fibroblasts/ADSCs has been studied. The results of our experiments proved
that among all tested nanofibrous coatings, the amorphous titania-based ones were the most optimal
scaffolds for the integration and proliferation of ADSCs, fibroblasts, and osteoblasts. Thus, we
postulated these scaffolds to have the osteopromotional potential. However, from the co-culture
experiments it can be concluded that ADSCs have the ability to functionalize the initially unfavorable
surface, and make it suitable for more specialized and demanding cells.

Keywords: titanium alloy; nanofibers; adipose-derived mesenchymal stem cells; wettability;
mechanical properties; biological activity

1. Introduction

The wide use of long-term implants in various fields of medicine is associated with an increasing
demand for bone replacement materials to reconstruct the function of bone tissues and their rapid
and effective healing [1–5]. Successful meeting of these requirements depends mainly on the degree
of integration between the biomaterial (implant) and the native bone tissue. Hard materials (metals
and their alloys) used in biomedical applications must exhibit specific properties in order to promote
bone regeneration, proliferation, and osteogenic differentiation, [1–3,6,7]. The material suitable for
implants should be biocompatible, should possess excellent corrosion resistance, optimal Young’s
modulus (similar to bone’s modulus), low weight, high fatigue resistance, and adequate porosity.
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In addition, it is recommended for such material to be inexpensive and easy to produce. The unique
physical and chemical properties of titanium and its alloys make them most frequently used among
metallic biomaterials. Titanium is a biocompatible material, but it is not bioactive [4,6,8–10]. One of the
ways to improve the osseointegration of titanium/titanium alloys implants is the modification of their
surface by the fabrication of oxide coatings with a specific structure, architecture, and physicochemical
properties. Based on results of earlier investigations, it can be stated that cells are highly susceptible to
any changes in morphology, structure, roughness, and surface energy. These factors can directly affect
the rate and degree of cell adhesion, proliferation, differentiation, as well as having an impact on cell
morphology [8–10]. Simultaneously, it should be noted that bone tissue contains a lot of components
present at the nanoscale, therefore it is beneficial to create an implant surface, which can imitate
this nanoarchitectural hierarchy [11–13]. Considering the geometrical properties of collagen and
hydroxyapatite crystals, bone cells should react better and more intensively on substrates characterized
by surface topography and architecture at the nanometric level [13–15]. The surface modification
of the titanium/titanium alloy implant was intended to facilitate the production of coatings with a
strictly defined nanotopography, e.g., nanofibers, nanorods, nanotubes, nanoteeths, nanowires, which
promotes the process of its binding with the bone tissue [16–21]. One of the effective methods leading
to the formation of a bioactive surface material is the use of the chemical oxidation process [22,23].
Chemical treatments of titanium and its alloys are mainly based on chemical reactions occurring on the
interfacial surface between titanium and the solution. The most common chemical procedures include
acid, alkaline, H2O2, heat, and passivation treatments [24,25]. They are carried out in order to remove
native oxides and impurities from the surface. This method may also lead to obtaining layers with
increased biocompatibility, bioactivity, and bone conductivity [23,25]. In our research, among many
available ways of preparing bioactive titanium surfaces, we have focused on applying of various acids
and further oxidation in the presence of H2O2. Acid etching usually leads to a thin oxide layer on
the surface, mainly TiO2 (<10 nm) [25]. The application of hydrogen peroxide as an oxidant does not
cause any external contamination in the reaction system. Under the influence of H2O2, the production
of titanium peroxide gel is expected on the sample surface [18,25,26]. As a result of immersion of
titanium foil in H2O2 solution, metallic titanium reacts with H2O2 molecules to form Ti-OH groups
on the surface of titanium [26–28]. It can be expected that the longer the process is carried out, the
rougher the layer will become [26].

The effectiveness of osteointegration and healing processes are caused by demands from
the nanostructured surface of the biomaterial to stimulate, inter alia, osteogenic differentiation
of mesenchymal stem cells (MSCs) [10,12,29–31]. Stem cells become activated when an injury occurs
and are recruited to the injury site to support tissue repair. When a biomaterial is implanted, the body
reacts similarly and stem cells are recruited to the implant site. Therefore, stem cell interactions with
biomaterials are critical for the long-term success of medical devices. The most widely used source
of stem cells in scientific research and clinical practice is bone marrow [32]. However, the procedure
of bone marrow collection is painful, has certain complications, and provides a limited amount of
multipotent cells [33–35]. An alternative, attractive, and easily accessible source of progenitors is the
stromal vascular fraction (SVF) of adipose tissue. The SVF is a heterogeneous mixture containing many
types of cells, including blood cells, fibroblasts, endothelial cells, adipocytes, as well as adipose-derived
mesenchymal stem cells (ADSCs) [31,36–38]. Stem cells obtained from subcutaneous adipose tissue
have a multipotent differentiation capacity comparable to that of bone marrow stem cells [1,11,31,39–41].
In addition, mesenchymal stem cells of adipose tissue expand easily in the cell culture and age slowly.
Therefore, they are presently considered as one of the most promising sources of cells to be applied in
tissue engineering to repair, replace or regenerate tissues and organs damaged by diseases or injuries.
To date, very few studies have investigated the adhesion, proliferation, and differentiation of ADSCs
on titania surfaces.

Another important issue to prevent unwanted clinical complications during implantation is
maintaining a permanent connection between the connective tissue and the implant [1,11,30,40–44].
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For this reason, we used the co-culture system of ADSCs with osteoblasts and fibroblasts in the present
study to verify the efficacy of the engineered bone tissue integration. Rozila and colleagues, among
others, used a similar research approach testing osteogenic potential of human adipose-derived stem
cells co-cultured with human osteoblasts on polymeric microfiber scaffolds [45]. Mesenchymal stem
cells, similarly to fibroblasts, are also suggested to support wound healing because they produce
multiple growth factors and cytokines, which are of major interest in wound healing processes [46].
Therefore, in the present paper we have examined if ADSCs might stimulate fibroblast proliferation,
especially since several studies have demonstrated the paracrine effects of ADSCs on fibroblasts.
For example, Park et al. showed in an animal model that ADSCs and their conditioned media could
stimulate collagen synthesis and promote the migration of fibroblasts to wounds [47]. Shen et al.
demonstrated that ADSCs promote proliferation in young and aged fibroblasts through a paracrine
mechanism [48].

The main objective of presented study was to investigate in vitro the ability of titanium dioxide
nanofibers, produced in the process of Ti6Al4V alloy surface chemical oxidation, to support the
growth, adhesion, proliferation, and differentiation of mesenchymal stem cells of adipose origin
(ADSCs). We have also determined the growth possibility of cell co-cultures (fibroblasts/ADSCs,
and osteoblasts/ADSCs) on nanofibrous coatings. So far, researchers have not concentrated on
functionalization of TiO2 nanofibrous surfaces with adipose mesenchymal stem cells and on the use of
ADSCs as a highly bioactive layer supporting bone tissue cells - osteoblasts MG-63 and connective
tissue cells - fibroblasts L929. The results of our studies provide preliminary but valuable information
about cell biology and interactions with the surface modified implants, which can be beneficial for
everyday surgical practice (maxillofacial, dental, plastic, and orthopedic).

2. Results

2.1. Morphology and Structure Characterization of Titania Nanocoatings

Applying the direct oxidation method of Ti6Al4V foil surface led to the formation of titanium
dioxide coatings, which consist of nanofibers (TNFs). Analysis of SEM images revealed a close
relationship between the applied heating way (in an incubator (TNF4S-10S) or under a reflux
condenser (TNF4C-10C), the time of the process, and morphology of formed TNF coatings (Figure 1).
Uniform coatings without cracks and gaps were obtained for all samples. It was found that the fibrous
nature of the samples heated under reflux was more visible compared to those heated in the incubator.
Moreover, the analysis of SEM images showed that an extension of heating time led to obtaining a
more interlinked, nanofibrous morphology. Differences between morphology of the TNF4C sample
and TNF6C, TNF10C ones are a good example of this (Figure 1).

In order to distinguish the systems formed on the Ti6Al4V surface heated in an incubator
(TNF4S-10S) and reflux cooler (TNF4C-10C) from those formed during its oxidation with 30 wt % H2O2

solution at 358K for 72 h plate, the latter system was named as nanofibers 72 (TNF72a-b). After the
process of chemical oxidation, the deposition of a homogeneous white layer on the surface of samples
was observed. This layer was removed by ultrasonic cleaning. The morphology of nanofibers obtained
(TNF72a-b) is presented in Figure 1.

The structure of produced coatings was determined by X-ray diffractometry (XRD) and registered
spectra are presented in Figure 2. Analysis of these data shows that the TNF72 samples are amorphous
(no anatase or rutile phase was observed). According to these data the TNF72 samples are amorphous,
while TNF4-TNF10 ones are polycrystalline systems. The presence of the signal at 36.0◦ (101) and
61.3◦ (002) on the GIXRD spectra of TNF4C-10C and TNF4S-10S, points to the formation of rutile form
of TiO2 nanofibers. At the same time, the existence of the signal at 37.6◦ (004) was attributed to the
anatase crystalline phase. The diffraction lines, which were found in XRD spectra of TNF4C-10C and
TNF4S-10S, are in agreement with the literature data for TiO2 rutile and anatase phases [49–53].
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Figure 1. Scanning Electron Microscopy (SEM) images of titania nanofibers (TNF) on Ti6Al4V alloy 
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Figure 1. Scanning Electron Microscopy (SEM) images of titania nanofibers (TNF) on Ti6Al4V
alloy surface.
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Figure 2. X-ray diffraction spectra of produced Ti6Al4V/TNF samples (lines marked as Ti are assigned 
to the titanium of titanium alloy substrate). 
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angle differences were attributed to the surface properties, in particular the surface roughness, which 
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data presented in Figure 3, it can be stated that samples surfaces indicate a clear hydrophobic 
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TNF4 to TNF10, i.e., parallel with the elongation of the chemical oxidation time of Ti6Al4V surface. 
When comparing the results obtained for TNF72a and TNF72b, we observed a higher hydrophobicity 
for the oxidation mixture activated sample (i.e., TNF72b). The free surface energy (SFE) of the 
produced coatings was calculated using the Owens-Wendt method. This method required the 
wetting angles be measured for polar liquid—water and dispersion liquid—diiodomethane (Figure 
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change in the narrow range, i.e., from SFE = 27.6 (mJ/cm2) up to SFE = 37.4 (mJ/cm2) for Ti6Al4V/4S-
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Table 1). In the case of Ti6Al4V/TNF72 samples, the SFE value was 28.4 (mJ/cm2) for TNF72a and 39.3 
(mJ/cm2) for TNF72b (Figure 3B and Table S1). 

30 40 50 60 70

TNF4C

TNF4S

TNF6C

TNF6S

TNF10C

TNF10S

TNF72a

TNF72b

In
te

ns
ity

 (a
.u

.)

Degree (2Ө)

R
(002)

A
(004)

R
(101) T i T i T iT i

T i

Figure 2. X-ray diffraction spectra of produced Ti6Al4V/TNF samples (lines marked as Ti are assigned
to the titanium of titanium alloy substrate).
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2.2. The Wettability and Surface Free Energy

The results of contact angles measurements for water and diiodomethane, and also changes of
surface free energy value (SFE) of Ti6Al4V/TNF are presented in Figure 3 and in Table S1. Contact angle
differences were attributed to the surface properties, in particular the surface roughness, which affect
the contact angle of a water and diiodomethane droplet on each Ti6Al4V surface. According to data
presented in Figure 3, it can be stated that samples surfaces indicate a clear hydrophobic character. In the
case of Ti6Al4V/TNF4C-10C and Ti6Al4V/TNF4S-10S hydrophobicity increases from TNF4 to TNF10,
i.e., parallel with the elongation of the chemical oxidation time of Ti6Al4V surface. When comparing
the results obtained for TNF72a and TNF72b, we observed a higher hydrophobicity for the oxidation
mixture activated sample (i.e., TNF72b). The free surface energy (SFE) of the produced coatings was
calculated using the Owens-Wendt method. This method required the wetting angles be measured
for polar liquid—water and dispersion liquid—diiodomethane (Figure 3A and Table S1). The SFE
calculations for Ti6Al4V/TNF4-10 samples showed that their values change in the narrow range, i.e.,
from SFE = 27.6 (mJ/cm2) up to SFE = 37.4 (mJ/cm2) for Ti6Al4V/4S-10S and from SFE = 32.9 (mJ/cm2)
up to SFE = 46.4 (mJ/cm2) for Ti6Al4V/TNF4C-10C (Figure 3B and Table 1). In the case of Ti6Al4V/TNF72
samples, the SFE value was 28.4 (mJ/cm2) for TNF72a and 39.3 (mJ/cm2) for TNF72b (Figure 3B and
Table S1).Int. J. Mol. Sci. 2019, 20, x FOR PEER REVIEW 6 of 20 
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Figure 3. The values of contact angles for water and diiodomethane (A), and surface free energy of
Ti6Al4V/TNF samples (B).

Table 1. Nanomechanical and nanoindentation properties of the reference Ti6Al4V and of
titanium nanocoatings.

Biomaterial
Sample

Hardness H
(GPa)

Young’s Modulus
E (GPa)

Maximum Depth of
Indentation (nm)

H/E
(−)

H3/E2

(GPa)

Ti6Al4V 10.94 ± 1.42 212.48 ± 16.69 472.25 ± 26.11 0.0513 ± 0.0034 0.0294 ± 0.0078
TNF4S 6.68 ± 2.59 170.85 ± 58.26 604.76 ± 85.71 0.0388 ± 0.0039 0.0105 ± 0.0057
TNF6S 3.92 ± 1.73 133.85 ± 42.12 800.94 ± 191.73 0.0285 ± 0.0068 0.0039 ± 0.0033
TNF10S 4.59 ± 1.41 136.54 ± 27.81 718.59 ± 112.31 0.0330 ± 0.0047 0.0054 ± 0.0028
TNF4C 5.43 ± 2.15 166.34 ± 51.06 669.96 ± 127.95 0.0322 ± 0.0056 0.0063 ± 0.0044
TNF6C 6.00 ± 2.00 165.11 ± 39.18 634.01 ± 101.29 0.0356 ± 0.0046 0.0083 ± 0.0048
TNF10C 4.69 ± 1.50 133.22 ± 20.80 709.13 ± 88.34 0.0348 ± 0.0054 0.0064 ± 0.0050
TNF72a 6.27 ± 0.88 170.92 ± 15.73 601.98 ± 41.46 0.0356 ± 0.0021 0.0085 ± 0.0021
TNF72b 7.68 ± 1.78 180.18 ± 27.40 561.09 ± 80.11 0.0421 ± 0.0044 0.0143 ± 0.0053
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2.3. The Roughness of the of Titania Nanocoatings

The results of AFM topography with a value of area roughness parameter Sa of Ti6Al4V and
modified specimens were presented in Figure 4. The lowest value of Sa parameter was obtained
for the reference Ti6Al4V specimen. As demonstrated by the results, the oxidation process of the
titanium alloy surface increased the roughness for all tested specimens. The same effect were reported
in previous research [16,17]. For specimens heated in an incubator (TNF4S-10S) and under a reflux
condenser (TNF4C-10C) with the increase of oxidation time (4–10 h), the roughness decrease was
noticed. Significant decrease of Sa parameters with increased time of oxidation was obtained for
specimens TNF4-10C from 0.35 µm (TNF4C) to 0.17 µm (TNF6C) and 0.15 µm (TNF10C). For samples
from groups TNF4-10S no significant decreases in roughness were obtained, but these decreases also
occurred. For specimens obtained after oxidation in 2 M HF solution for 10s (TNF72a) and in a 1:4:5
mixture of HF:HNO3:H2O, the increase of the roughness compared with reference (polished Ti6Al4V
sample) from 0.02 µm to 0.06 µm (TNF72a) and 0.10 µm (TNF72a) was observed.Int. J. Mol. Sci. 2019, 20, x FOR PEER REVIEW 7 of 20 
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Figure 4. The Atomic Force Microscopy (AFM) topography of Ti6Al4V and TNF samples with Sa
parameter values.

2.4. The Nanomechanical Properties of the Titania Nanocoatings

The relevant nanomechanical properties, such as hardness (H) and Young’s Modulus (E), and
nanoindentation properties (maximum depth of indentation) are presented in Table 1. To determine
resistance to wear resistance and to plastic deformation, the parameters H/E and H3/E2 were calculated
and reported in Table 1. The intimately connected H/E ratio to wear resistances have been shown by
Matthews and Leyland [54]. Decreases of the hardness and Young’s Modulus for all tested samples
compared with reference Ti6Al4V (10.94 GPa and 212.48 respectively) were observed. Also any
increase of hardness and Young’s Modulus a caused decrease of the maximum depth of indentation,
hence the lowest value (472 nm) was obtained for Ti6Al4V polished foil. The improvement of
mechanical properties resulted in an increase of wear resistance (the H/E ratio) and resistance to
plastic deformation H3/E2. The highest mechanical properties were obtained for Ti6Al4V and TNF72b
specimens and therefore the wear resistance values were the highest (0.0513 and 0.0421 for Ti6Al4V and

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


Int. J. Mol. Sci. 2019, 20, 5642 7 of 19

TNF72b, respectively). The significant deviations of the obtained values are characteristic of accurate
nanoindentation measurements and they were also noticed previously [55,56]. In case of biomaterials,
the most important mechanical properties related to their suitability for cell growth is Young’s Modulus.
For TNF4S-10S samples, it was observed that the increase oxidation process time initially decreased
the Young’s Modulus by about 30% (from 170.85 to 133.85 GPa) and then their increase by about 2%
(from 133.85 to 136.54 GPa). For TNF4C-10C samples initially the effect of elongation of oxidation time
for Young’s Modulus was insignificant but for specimens TNF6C and TNF10C E, a value decrease of
about 20% was noticed (from 165.11 up to 133.22 GPa).

The adhesion properties are presented in Table 2. The maximum force at which complete
delamination of tested coatings occurred was determined by critical force and corresponding friction
force was determined as the critical friction force. For TNF4C-10C specimens the increase of coatings
adhesion with increase of time of process was observed. The increase in process time for TNF4-10S
samples initially caused a decrease in adhesion by 35% (from 164.20 to 107.40 mN) and next by an
insignificant increase to 116.69 mN. The obtained results of nanoscratch-test properties correlated with
results obtained in nanoindentation tests (H/E and H3/E2 ratios), the highest adhesion was (205.15 GPa
of critical force) for TNF72b specimens, which was characterized by the highest value of H/E and
H3/E2 ratios.

Table 2. Adhesion properties of the titanium nanocoatings to the titanium alloy surfaces.

Biomaterial Sample
Nanoscratch-Test Properties

Critical Force (mN) Critical Friction Force (mN)

TNF4S 164.20 ± 61.12 131.68 ± 52.66
TNF6S 107.40 ± 27.27 91.86 ± 22.80

TNF10S 116.69 ± 28.67 90.69 ± 21.53
TNF4C 130.95 ± 47.15 104.83 ± 47.34
TNF6C 139.03 ± 34.59 105.91 ± 32.16

TNF10C 140.91 ± 34.10 117.33 ± 42.05
TNF72a 203.91 ± 37.59 183.24 ± 61.29
TNF72b 205.15 ± 48.96 140.27 ± 46.27

2.5. Cell Proliferation Determined by the MTT Assay

The proliferation levels of L929 fibroblasts, MG-63 osteoblasts, and adipose-derived mesenchymal
stem cells growing on the surface of fibrous nanocoatings were evaluated based on the results of
the MTT assay and presented in Figure 5. It is worth noticing that all tested nanolayers provoked
a higher proliferation level of L929 fibroblasts (Figure 5A) as well as MG-63 osteoblasts (Figure 5B).
This phenomenon was observed after 24 h and 72 h of culture (except for the L929 fibroblasts cultivated
on the TNF4S samples for 72 h). Analysis of these data revealed that TNF72a and TNF72b specimens
induced the highest L929 cells viability after 24 h (245.2 ± 12.5% and 228.6 ± 10.3%, respectively).
In contrast, a longer cultivation time provoked the greatest viability level of L929 cells not only for
TNF72a and TNF72b samples (197.6 ± 8.9% and 188.8 ± 8.8%, respectively), but also for TNF4C, TNF6C,
and TNF10C nanolayers (182.2 ± 6.5%, 191.1 ± 6.5%, and 174.2 ± 5.8%, respectively). These three
specimens also stimulated the highest survival rate of MG-63 osteoblasts (168.6 ± 12.8%, 220.1 ± 19.3%,
and 202.9 ± 15.8%, respectively) after 24 h of culture. After 72 h, the highest MG-63 cells viability
was observed, especially in case of TNF72a samples (168.7 ± 8.6%). In the case of adipose-derived
mesenchymal stem cells, four nanolayers: TNF4S, TNF4C, TNF6C, and TNF10C improved the cell
viability during the initial 24 h. Among them, only TNF6C significantly increased the cell viability level
after 72 h of culture. On the other hand, TNF72a and TNF72b specimens turned out to be beneficial for
ADSCs proliferation. The highest cell viability, 204.6 ± 12.5% of control on the TNF72a nanolayer and
178.1 ± 15.2% on the TNF72b nanolayer, was observed after 72 h (Figure 5C).
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(B) and human adipose-derived mesenchymal stem cells (C) growing on the surface of fibrous
nanocoatings, in comparison with the reference Ti6Al4V alloy foils. Cell viability was assessed using
the MTT assay after 24 and 72 h of culture. The results are expressed as percentage of the cells cultured
on the reference Ti6Al4V alloy foils (served as 100%). The percentage values are expressed as means ±
SEM of four independent experiments. Asterisks indicate significant differences at the appropriate time
(after 24 or 72 h) between the level of cell viability on the surface of the tested specimens compared
with the reference Ti6Al4V alloy foils (Ti6Al4V) (*** p < 0.001, ** p < 0.01; * p < 0.05). The horizontal
lines show the proliferation level of the control cells growing on the reference Ti6Al4V alloy foils.

In the next study, we also assessed the viability of L929 fibroblasts or MG-63 osteoblasts co-cultured
with ADSCs growing on the surface of the tested specimens. For this experiment, we selected the
nanocoatings, which have shown the highest cell survival rate for all three tested cell lines. The results
are expressed as percentage of the both co-cultured cells cultivated on the reference Ti6Al4V alloy foils
(served as 100%). As can be seen in Figure 6, all tested specimens induced a significant increase in
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L929 fibroblasts (Figure 6A) as well as MG-63 osteoblasts (Figure 6B) viability co-cultured with ADSCs.
This phenomenon was observed both after 24 and 72 h of incubation time. The highest cell viability was
observed for TNF6C and TNF6S nanolayers after 72 h. The viability of L929 fibroblasts co-cultured with
ADSCs then reached 194.4 ± 1.6% and 180.6 ± 7.7%, whereas the proliferation level of MG-63 osteoblast
co-cultivated with ADSCs was 167.4 ± 4.1% and 218.2 ± 7.6%, respectively (p < 0.001). These results
proved that ADSC-mediated functionalization of nanolayers increases their appropriateness for the
cell growth and suitability as scaffolds mainly for fibroblasts and osteoblasts culture.
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Figure 6. Proliferation level of L929 murine fibroblast cells (A) or human osteoblast-like MG 63 cells (B)
co-cultured with human adipose-derived mesenchymal stem cells (ADSCs) on the surface of fibrous
nanocoatings. Cell viability level was assessed using the MTT assay after 24 and 72 h of culture.
The results are expressed as percentage of the both co-cultured cells cultivated on the reference Ti6Al4V
alloy foils (served as 100%). The percentage values are expressed as means ± SEM of four independent
experiments. Asterisks indicate significant differences at the appropriate time (after 24 or 72 h) between
the cells co-cultured on the surface of the tested specimens in comparison with the reference Ti6Al4V
alloy foils (Ti6Al4V) (*** p < 0.001, ** p < 0.01; * p < 0.05). The horizontal lines show the proliferation
level of the both co-cultured cells growing on the reference Ti6Al4V alloy foils.

2.6. Cell Morphology Analyzed by Scanning Electron Microscopy

The biointegration capacity of the selected fibrous nanocoatings in reference to growing cells
morphology was evaluated by analysis of SEM micrographs (Figure 7). As it can be seen, the cells
are adherent and exhibit normal morphology with cytoplasmic filopodia. These actin based cell
protrusions attach the cells to the surface of nanocoatings (Figure 7A,B), while connections are also
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generated between the cells (Figure 7C). Moreover, ADSCs co-cultured with MG-63 osteoblasts produce
huge amounts of the extracellular matrix (Figure 7D).
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Figure 7. Scanning electron microscopy (SEM) images presenting the cells growing on the surface of
fibrous nanocoatings. (A)—adipose-derived stem cells (ADSCs) “invading” the surface of TNF72a
nanocoatings after 24h; (B)—ADSCs co-cultured with L929 fibroblasts on the TNF72a samples for
24 h; (C)—successful co-culture of ADSCs and L929 fibroblasts after 72h; (D)—successful co-culture
of ADSCs and MG-63 osteoblasts after 72h. White arrows in the micrographs indicate filopodia that
attach the cells to the surface (Figure 7A,B) or which are spreading between the cells (Figure 7C). Black
arrows in Figure 7D show the extracellular matrix produced by the MG-63 osteoblasts.

3. Discussion

Surface properties of biomaterial are responsible for the first reactions of the body, resulting in
its acceptance or rejection [57]. Numerous studies proved the influence of the topography on the
osseointegration process [58–60]. As the roughness increases, the possibility of attaching cells, such
as osteoblasts or fibroblasts, also increases, and thus the biointegration activity of the biomaterial
increases [57]. Presented research confirms the positive effect of surface modification on the Sa
parameter value. However, during the designing of new materials for implants, especially for
long-term implants, the emphasis should be maintained on the mechanical properties of biomaterial
(such us Young’s Modulus). For this purpose, the nanoindentation technique is the most suitable for
testing biomaterial surfaces [61–63]. The mechanical properties of an implant, mainly Young’s Modulus,
should be similar to that of the human bone (10–30 GPa) [64,65]. As the difference between implant
and tissue properties increases, the risk of the “shielding” effect increases [65]. It has been confirmed
that the occurrence of a shielding effect can cause tissue damage around the implant, bone loss, implant
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loosening, and premature failure of the implant [64–66]. According to our nanoindentation tests, the
most biomechanical compatibility of tested modifications was noticed for TNF6S and TNF10C with the
Young’s Modulus value beng the most similar to the value of Young’s Modulus of human cortical bone.
On the other hand, the surface of the TNF6S sample has the lowest wear resistance, which negatively
affects the potential biomaterial application.

The adhesion of the modified surface to the titanium alloy was determined by another novel
method indicated to measure adhesion of thin coatings and used before for biomaterials applications:
the nanoscratch-test [67,68]. The biomaterials surface-modified, especially for long-terms implants
should be characterized by proper adhesion to the metallic substrate. The increase in coating adhesion
for TNF4C-10C samples can be attributed to the decrease in the roughness of these coatings with an
increase of the oxidation process time. A lower surface roughness value reduces the risk of delamination
initiation on the surface, which was reported for TiO2 layers on titanium alloy by Gonzales et al. [69].
An increase of nanomechanical properties, such as the nanohardness (H) and Young’s modulus (E), can
indicate better fracture toughness. The similar effect were reported by Kumar et al. [70]. In consequence,
the tested surface with highest values of H and E (TNF72b, 7.68 GPa and 180.18 GPa) was characterized
by highest adhesion to the titanium alloy (205.15 mN of critical force).

While designing a long-term implant, it is necessary to remember that the success of its use
depends on the integrity of osseointegration and contact with surrounding soft tissue [71]. Therefore,
it is important to give the coating, both an appropriate surface topography and mechanical properties,
as well as an adequate ability to create a permanent implant-bone connection. For this purpose, in our
works, TiO2 nanofibers, suitable for the cell growth and produced by chemical oxidation of Ti6Al4V
alloy, were evaluated using three cell lines: mouse L929 fibroblasts, human osteoblasts-like MG-63 cells,
and adipose-derived human mesenchymal stem cells (ADSCs). MG-63 cell line is a standard model
for a bone research, which is used to study the effect of surface nanotopography on osteoblast-like
cells [72]. L929 cell line belongs to the continuous cell lines of soft tissue and it is widely used to
test the cytotoxicity of dental materials when employing in vitro methods of experimentation [73].
Fibroblasts are also the most common cells in the peri-implant soft tissue, which is key to the formation
of the peri-implant mucosal seal and helping to prevent epithelial ingrowth [71]. ADSCs are particularly
important for regenerative medicine due to their capability of differentiating into osteoblasts, and they
have been reported to accelerate bone tissue healing in combination with implants [74]. Recent studies
also point to the paracrine and trophic effects of mesenchymal stem cells, which allow them to influence
the neighboring microenvironment and provide a new prospective on cell-based therapy and tissue
regeneration [75]. The studies with the parallel use of osteoblasts, fibroblasts, and adipose-derived
stem cells seemed to be a preliminary, but also a comprehensive examination of fibrous nanocoatings
biointegration in vitro.

In our study, the biointegration of the tested scaffolds was examined using MTT assay (for
evaluation of cell viability) and scanning electron microscopy images analysis (for assessment of cell
morphology). The level of cells proliferation was assessed for the single cell line culture as well as
for L929 fibroblasts or MG-63 osteoblasts co-cultured with ADSCs. Short term culture (after 24 h)
of all three studied cell lines showed that titania nanofibrous layers on Ti6Al4V alloy surface were
non-toxic in general and suitable for maintaining the cell growth in vitro (Figure 5A-C). However,
different surface structure (anatase, rutile and amorphous ones) and wettability of samples resulted
in slight differences in promoting growth of three tested cell lines. TNF72a and TNF72b specimens
induced the highest viability of murine fibroblasts L929 after 24 h, whereas human MG-63 osteoblasts
and ADSCs preferred the surface of TNF4C, 6C, and 10C. These differences can be explained by the
surface chemical nature. The surface chemical nature preferred by fibroblasts coatings TNF72a and
TNF72b resembles a spongy structure with protruding nanofibers that initiates adhesion and promotes
modification with extracellular matrix proteins. The completely amorphous character of TNF72a and
TNF72b favors higher viability of fibroblasts after 24 h. However, after 72 h of culture on TNF72a and
TNF72b surfaces, the proliferation level of all cell lines increased as compared with the control alloy.
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As we mentioned above, tested nanocoatings suitable for the cell growth were also evaluated using
a cell co-culture system. This experimental approach is rarely described in the literature. However, some
studies indicate that bone marrow-derived mesenchymal stem cells co-cultured with human umbilical
vein endothelial cells showed enhanced osteogenesis [76]. Similarly, Birmingham and colleagues
demonstrated that proliferation and osteogenic differentiation of murine bone marrow-derived
mesenchymal stem cells is significantly improved when co-cultured with osteoblasts and osteocytes [77].
Recent research on articular chondrocytes co-cultured with mesenchymal stem cells gave also promising
results [78]. In reference with that, we have decided to investigate the effect of ADSCs co-culture with
two cell lines: L929 fibroblasts and MG-63 osteoblasts that represent cells involved in the long-term
success of the implants. The co-culture experiments showed slightly different results from those
described for the single cell lines. TNF6C and 6S scaffolds turned out to be the most beneficial options
for the cell survival rate after 72 h (Figure 6). These coatings show crystalline properties due to the
presence of rutile/anatase nanocrystals that were often reported as being toxic for cells [79]. However,
ADSCs functionalize the initially unfavorable surface, prepare it for more specialized and therefore
demanding cells, and make it suitable for the cell growth. Eventually, it appears to be a beneficial surface
for maintaining osteoblasts and fibroblasts growth and proliferation. As seen from SEM images, the
cells are adherent, exhibit normal morphology with cytoplasmic filopodia, spread on the scaffolds, and
produce huge amounts of extracellular matrix (Figure 7). Filopodia as the actin based cell protrusions
are one of the most important cellular sensors, which collect information on whether the surface is
suitable for cell attachment and proliferation, cell-cell interaction, and also allow cell migration toward
the destination [80]. The extracellular matrix (ECM) is a complex assembly of molecules that interact
with one another, creating the physical microenvironment necessary for the cell to survive and to
function, for cell anchorage, and for providing a tissue scaffold for cell migration [81]. Therefore,
filopodia formation and ECM production is evidence of the surface biointegration activity of the tested
scaffolds. Further experiments elucidating the osteogenic potential of ADSCs and cytophysiology of
osteoblasts on the fibrous nanocoatings are ongoing.

4. Materials and Methods

4.1. Synthesis of Titania Nanocoatings

4.1.1. Titania Nanofibers (TNF4-10)

The chemical oxidation method of titanium alloy ((Ti6Al4V, grade 5 foil, 99.7% purity, 0.20 mm
thick, Strem Chemicals, Inc. (Bischheim, France), 6 mm × 60 mm pieces)) was used to produce the
titania nanofiber coatings (TNF4-10). Ti6Al4V samples were polished and then were sonicated in
acetone, ethanol and water (15 min in every liquid). The surface of the substrates were chemically
etched in a 1:1 mixture of concentrated HCl and H2O at 353 K for 30 min, cleaned with deionized water,
and dried in Argon stream. After acid treatment, titanium surfaces was heated in 30% H2O2 solution
at 358 K, for different oxidation times, i.e., t = 4, 6, and 10 h. Samples were heated in two ways: (a) in
an incubator (TNF4S-10S), (b) under a reflux condenser (TNF4C-10C). After chemical oxidation was
completed, the samples were ultrasonically cleaned in deionized water and acetone, and then were
dried in Argon stream.

4.1.2. Titania Nanofibers (TNF72)

In order to fabricate titania nanofibers layers (TNF72) on the surface of Ti6Al4V substrates, the
chemical oxidation method was applied ((Ti6Al4V, grade 5 foil, 99.7% purity, 0.20 mm thick, Strem
Chemicals, Inc. (Bischheim, France), 6mm × 60 mm pieces)). Substrate samples were polished and
then were sonicated in acetone, ethanol and water. Samples were etched in two ways at ambient
temperature: (a) in 2 M HF solution for 10s (TNF72a), (b) in a 1:4:5 mixture of HF:HNO3:H2O for 30 s
(TNF72b). After this, the samples were cleaned with deionized water and dried in Argon stream. Next,
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Ti6Al4V samples were immersed in 30 wt% H2O2 solution. The reactants were kept at 358 K in an
oven for 72 h. After chemical oxidation was completed, the samples were ultrasonically cleaned in
deionized water and acetone, and then they were dried in Argon stream.

4.2. Characterization of Titania Nanocoatings

4.2.1. Structure and Morphology Characterization

Surface morphology of all samples was studied using a Quanta scanning electron microscope
with field emission (SEM, Quanta 3D FEG, Huston, TX, USA). The structure of the produced coatings
was estimated using X-ray diffraction (PANalytical X’Pert Pro MPD X-ray diffractometer using
Cu-Kalfa radiation, grazing incidence angle mode–GIXRD; the incidence angle was equal to 1 deg).
Surface topographies were studies using Atomic Force Microscopy (AFM, NaniteAFM, Nanosurf UK,
Bracknell, UK) with non-contact mode with 55 nN force and an area of 50 × 50 µm.

4.2.2. The Wettability and Surface Free Energy

The application of the goniometer (DSA 10 Krüss GmbH, Hamburg, Germany) with drop shape
analysis software (ADVANCE), allowed measuring the contact angle with the use of the droplet
method. Based on obtained results, the wettability of the coatings was estimated. In order to determine
the free surface energy, a mathematical calculation using the Owens-Wendt method was applied.
For this purpose, it was necessary to measure the contact angle using two liquids: polar distilled
water and non-polar diiodomethane. The volume of the distilled water drop in the contact angle
measurement was 3 µL and in the case of diiodomethane 4 µL. Each measurement was carried out
three times immediately after deposition of the drop.

4.2.3. Mechanical Properties

The nanomechanical properties such as nanoindentation and adhesion determined by
nanoscratch-test were performed with the nanoindenter NanoTest™ Vantage (Micro Materials Ltd.,
Wrexham, UK) using a Berkovich three-sided pyramidal diamond with angle 124.4◦. Twenty-five
independent measurements of nanoindentation were performed for each tested sample. The maximum
force was 50 mN with the loading time 15 s, unloading 10 s and 5 s dwell with maximum force.
The distance between each measurement was 20 µm. The surface hardness (H) and Reduced Young’s
modulus (Er) were determined by the Oliver and Pharr method. To calculate Young’s modulus (E) from
Reduced Young’s modulus, we used a Poisson’s ratio of 0.3. The adhesion of the layers was determined
by nanoscratch-test with applied force from 0 to 200 mN at a loading rate of 1.3 mN/s on a distance of
500 µm. For all tested specimens, we performed 10 independent measurements. The adhesion of the
layers was assessed based on the observation of an abrupt change in frictional force during the test.

4.3. Biological Studies

4.3.1. Cell Culture

Human osteoblast-like MG 63 cells (European Collection of Cell Cultures, Salisbury, UK, cat.
no. 86051601) were cultured at 37 ◦C in 5% CO2 and 95% humidity in Eagle’s Minimum Essential
medium (EMEM) containing 2 mM l-glutamine, 1 mM sodium pyruvate, MEM non-essential amino
acid, heat-inactivated 10% fetal bovine serum (FBS), 100 µg/mL streptomycin, and 100 IU/mL penicillin
(all compounds from Sigma-Aldrich, Darmstadt, Germany). The cells were passaged using 0.25%
trypsin-EDTA solution (Sigma-Aldrich) when reaching 70–80% of confluency.

L929 murine fibroblast cells (American Type Culture Collection) were cultured at 37 ◦C in a
humidified atmosphere with 5% CO2. Culture medium consisted of RPMI 1640 medium containing
2 mM l-glutamine (Sigma-Aldrich, Darmstadt, Germany), 10% heat-inactivated fetal bovine serum
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(FBS), 100 IU/mL penicillin and 100 µg/mL streptomycin (PAA Laboratories GmbH, Cölbe, Germany).
L929 cells were passaged when reaching 70–80% confluency using cell scraper.

Adipose-derived human mesenchymal stem cells (ADSC) were purchased from PromoCell and
cultured at 37 ◦C in humidified atmosphere containing 5% CO2. According to the manufacturer’s
protocol, the culture medium consisted of Mesenchymal Stem Cell Growth Medium® and 10%
Supplement Mix® (PromoCell GmbH, Heidelberg, Germany), with 100 U/mL of penicillin and
100 µg/mL streptomycin (Sigma-Aldrich, Darmstadt, Germany). The cells were passaged using 0.04%
trypsin-EDTA solution (Sigma-Aldrich) when reaching 70–80% of confluency.

4.3.2. Cell Proliferation Assays

The effect of the TiO2 nanofibers, produced by chemical oxidation of Ti6Al4V alloy on the
cell proliferation (measured after 24 and 72 h) was studied using the MTT (3-(4,5-dimethylthiazole
-2-yl)-2,5-diphenyl tetrazolium bromide; Sigma Aldrich, Darmstadt, Germany) assays. Firstly, we
have studied the proliferation level of all tested cell lines growing on the surface of substrates.
MG-63 osteoblasts, L929 fibroblasts and ADSCs were seeded at a density of 1 × 104, 1 × 104, and
3 × 104 cells/well, respectively, onto the autoclaved nanolayers placed in 24-well culture plates and
then cultured for 24 and 72 h.

In the separate experimental set, we investigated the effect of fibrous nanocoatings on the
proliferation level of MG-63 osteoblasts or L929 fibroblasts co-cultured with adipose-derived
mesenchymal stem cells. ADSCs were seeded on the sterile nanolayers (3 × 104 cells in a 10-µL drop)
and left for 4 h to adhere. Then, MG-63 osteoblasts or L929 fibroblasts at a density of 1 × 104 cells/well
were seeded on the tested specimens covered with mesenchymal stem cells and incubated for 24 and
72 h. The cells in the co-culture system were cultivated in a suitable complete culture medium: EMEM
for MG-63 osteoblasts and RPMI 1640 for L929 osteoblasts.

After the respective incubation time, the substrates were rinsed with phosphate buffered saline
(PBS) and transferred to a new 24-well culture plate. MTT solution (5 mg/mL; Sigma-Aldrich) in a
suitable culture medium without phenol red was added to each well and the plates were incubated
for 3 h. Then, the MTT solution was aspirated and 500 µL of dimethyl sulfoxide (DMSO; 100% v/v;
Sigma Aldrich) was added to each well. Finally, the plates were shaken for 10 min. The absorbance
was measured at the wavelength of 570 nm with the subtraction of the 630 nm background, using a
microplate reader (Synergy HT; BioTek, Winooski, VT, USA). The blank groups (the plates incubated
without the cells) were treated with the same procedures as the experimental groups. All measurements
were done in duplicate in four independent experiments. The results were expressed as percentage
of control cells, which served as 100% at the respective incubation time. For the assessment of the
proliferation level of the single cell lines, MG-63 osteoblasts, L929 fibroblasts, or adipose-derived
mesenchymal stem cells growing on the Ti6Al4V reference alloys were used as control cells. In the
case of a co-culture system, both co-cultured cells cultivated on the Ti6Al4V reference alloys served as
control samples (100%).

4.3.3. Cell Morphology Observed by Scanning Electron Microscopy

The analysis of morphological changes of MG-63 osteoblasts or L929 fibroblasts co-cultured with
adipose-derived mesenchymal stem cells growing on the surface of the selected fibrous nanocoatings
was performed using the scanning electron microscopy (SEM; Quanta 3D FEG; Carl Zeiss, Göttingen,
Germany). The cells were incubated on the tested specimens for 24 or 72 h. Then, the specimens were
rinsed with PBS to remove the non-adherent cells and fixed in 2.5% v/v glutaraldehyde (Sigma-Aldrich)
for a minimum of 4 h (maximum 1 week). After that, the plates were washed again with PBS and
dehydrated in a graded series of ethanol concentration (50%, 75%, 90%, and 100%) for 10 min. Finally,
the specimens were dried in vacuum-assisted desiccators overnight and stored at room temperature
until the SEM analysis was performed.
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4.3.4. Statistical Analysis in the MTT Assay

All values are reported as means ± standard error of the means (SEM) and were analyzed using
the nonparametric Kruskal–Wallis one-way ANOVA test with the level of significance set at p < 0.05.
Statistical analyses were performed with GraphPad Prism 7.0 (La Jolla, CA, USA).

5. Conclusions

The direct oxidation method of Ti6Al4V substrates led us to produce the hydrophobic fibrous
TiO2 scaffolds (TNF) on their surface. The amorphousness of TNF72 samples and the polycrystalline
structure of TNF4-10 ones have been proven by X-ray diffraction studies. Mechanical properties and
the biointegration activity of surface-modified samples turned out to be closely linked with chemical
structure of coatings, their wettability, and nanotopography. In comparison to TNF4-10 samples,
the TNF72 scaffolds characterize better adhesion to the titanium alloy surfaces, higher values of the
Young’s Modulus, and lower roughness. The viability level of all cell lines (mouse L929 fibroblasts,
human osteoblasts-like MG-63 cells, and adipose-derived human mesenchymal stem cells (ADSCs))
increased after 72 h of culture on completely amorphous TiO2 nanofibers surfaces (TNF72) versus the
control sample (Ti6Al4V alloy). The co-culture experiments showed slightly different results from that
described for the single cell lines. ADSCs have demonstrated the ability to functionalize the initially
unfavorable surface, making it appropriate for the cell growth and preparing it for more specialized
and demanding cells. The presented data allow us to expect that titania nanofiber scaffolds will prove
to be beneficial and can be applied as a novel alternative for bone tissue regeneration.
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Bioactivity Studies on Titania Coatings and the Estimation of Their Usefulness in the Modification of Implant
Surfaces. Nanomaterials 2017, 7, 90. [CrossRef] [PubMed]

21. Gulati, K.; Maher, S.; Findlay, D.M.; Losic, D. Titania nanotubes for orchestrating osteogenesis at the
bone–implant interface. Nanomedicine 2016, 11, 1847–1864. [CrossRef] [PubMed]

22. Biswas, A.; Srikant, P.V.S.; Manna, I.; Chatterjee, U.K.; Majumdar, J.D. Chemical oxidation of Ti–6Al–4V for
improved wear and corrosion resistance. Surf. Eng. 2008, 24, 442–446. [CrossRef]

23. Variola, F.; Lauria, A.; Nanci, A.; Rosei, F. Influence of Treatment Conditions on the Chemical Oxidative
Activity of H2SO4/H2O2 Mixtures for Modulating the Topography of Titanium. Adv. Eng. Mater. 2009, 11.
[CrossRef]

24. Liu, W.; Liu, S.; Wang, L. Surface Modification of Biomedical Titanium Alloy: Micromorphology,
Microstructure Evolution and Biomedical Applications. Coatings 2019, 9, 249. [CrossRef]

25. Nanci, A.; Wuest, J.D.; Peru, L.; Brunet, P.; Sharma, V.; Zalzal, S.; McKee, M.D. Chemical modification of
titanium surfaces for covalent attachment of biological molecules. J. Biomed. Mater. Res. 1998, 40, 324–335.
[CrossRef]

26. Radtke, A. 1D Titania Nanoarchitecture as Bioactive and Photoactive Coatings for Modern Implants:
A Review. In Application of Titanium Dioxide; Magdalena, J., Ed.; IntechOpen: Rijeka, Croatia, 2017. [CrossRef]

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://dx.doi.org/10.1007/s10856-017-5944-1
http://www.ncbi.nlm.nih.gov/pubmed/28744615
http://dx.doi.org/10.2147/IJN.S116263
http://www.ncbi.nlm.nih.gov/pubmed/27789947
http://dx.doi.org/10.1016/j.biomaterials.2006.08.049
http://www.ncbi.nlm.nih.gov/pubmed/21898921
http://dx.doi.org/10.11138/ccmbm/2015.12.3.224
http://www.ncbi.nlm.nih.gov/pubmed/26811701
http://dx.doi.org/10.1016/j.msec.2019.109850
http://www.ncbi.nlm.nih.gov/pubmed/31349471
http://dx.doi.org/10.3390/ijms14011918
http://www.ncbi.nlm.nih.gov/pubmed/23344062
http://dx.doi.org/10.2147/IJN.S65866
http://www.ncbi.nlm.nih.gov/pubmed/25258532
http://dx.doi.org/10.2174/1381612823666170615105454
http://www.ncbi.nlm.nih.gov/pubmed/28619003
http://dx.doi.org/10.3390/nano9010123
http://www.ncbi.nlm.nih.gov/pubmed/30669454
http://dx.doi.org/10.3390/jcm8020272
http://www.ncbi.nlm.nih.gov/pubmed/30813448
http://dx.doi.org/10.1016/j.jcrysgro.2004.05.023
http://dx.doi.org/10.3390/nano8090712
http://www.ncbi.nlm.nih.gov/pubmed/30208625
http://dx.doi.org/10.3390/nano7040090
http://www.ncbi.nlm.nih.gov/pubmed/28441733
http://dx.doi.org/10.2217/nnm-2016-0169
http://www.ncbi.nlm.nih.gov/pubmed/27389393
http://dx.doi.org/10.1179/174329408X286097
http://dx.doi.org/10.1002/adem.200900122
http://dx.doi.org/10.3390/coatings9040249
http://dx.doi.org/10.1002/(SICI)1097-4636(199805)40:2&lt;324::AID-JBM18&gt;3.0.CO;2-L
http://dx.doi.org/10.5772/intechopen.69138
http://mostwiedzy.pl


Int. J. Mol. Sci. 2019, 20, 5642 17 of 19

27. Xiao, F.; Tsuru, K.; Hayakawa, S.; Osaka, A. In vitro apatite deposition on titania film derived from chemical
treatment of Ti substrates with an oxysulfate solution containing hydrogen peroxide at low temperature.
Thin Solid Films 2003, 441, 271–276. [CrossRef]

28. Walivaara, B.; Aronsson, B.O.; Rodahl, M.; Lausmma, J.; Tengvall, P. Titanium with different oxides: In vitro
studies of protein adsorption and contact activation. Biomaterials 1994, 15, 827–834. [CrossRef]

29. Martino, S.; D’Angelo, F.; Armentano, I.; Kenny, J.M.; Orlacchio, A. Stem cell-biomaterial interactions for
regenerative medicine. Biotechnol. Adv. 2012, 30, 338–351. [CrossRef] [PubMed]

30. Cowden, K.; Dias-Netipanyj, M.F.; Popat, K.C. Adhesion and Proliferation of Human Adipose-Derived Stem
Cells on Titania Nanotube Surfaces. Regen. Eng. Transl. Med. 2019, 1–11. [CrossRef]

31. Ciuffi, S.; Zonefrati, R.; Brandi, M.L. Adipose stem cells for bone tissue repair. Clin. Cases Miner. Bone Metab.
2017, 14, 217–226. [CrossRef] [PubMed]

32. Vercellino, M.; Ceccarelli, G.; Cristofaro, F.; Balli, M.; Bertoglio, F.; Bruni, G.; Benedetti, L.; Avanzini, M.A.;
Imbriani, M.; Visai, L. Nanostructured TiO2 Surfaces Promote Human Bone Marrow Mesenchymal Stem
Cells Differentiation to Osteoblasts. Nanomaterials 2016, 6, 124. [CrossRef] [PubMed]

33. James, A.W.; Zara, J.N.; Zhang, X.; Askarinam, A.; Goyal, R.; Chiang, M.; Yuan, W.; Chang, L.; Corselli, M.;
Shen, J.; et al. Perivascular stem cells: A prospectively purified mesenchymal stem cell population for bone
tissue engineering. Stem Cells Transl. Med. 2012, 1, 510–519. [CrossRef] [PubMed]

34. Caplan, A.I. Mesenchymal stem cells. J. Orthop. Res. 1991, 9, 641–650. [CrossRef] [PubMed]
35. Lindroos, B.; Suuronen, R.; Miettinen, S. The potential of adipose stem cells in regenerative medicine. Stem

Cell Rev. Rep. 2011, 7, 269–291. [CrossRef] [PubMed]
36. Mazini, L.; Rochette, L.; Amine, M.; Malka, G. Regenerative Capacity of Adipose Derived Stem Cells (ADSCs),

Comparison with Mesenchymal Stem Cells (MSCs). Int. J. Mol. Sci. 2019, 20, 2523. [CrossRef] [PubMed]
37. Gimble, J.M.; Katz, A.J.; Bunnell, B.A. Adiposed-derived stem cells for regenerative medicine. Circ. Res.

2007, 100, 1249–1260. [CrossRef] [PubMed]
38. Hattori, H.; Sato, M.; Masuoka, K.; Ishihara, M.; Kikuchi, T.; Matsui, T.; Takase, B.; Ishizuka, T.; Kikuchi, M.;

Fujikawa, K.; et al. Osteogenic potential of human adipose tissue derived stromal cells as an alternative stem
cell source. Cells Tissues Organs 2004, 178, 2–12. [CrossRef] [PubMed]

39. De Ugarte, D.A.; Morizono, K.; Elbarbary, A.; Alfonso, Z.; Zuk, P.A.; Zhu, M.; Dragoo, J.L.; Ashjian, P.;
Thomas, B.; Benhaim, P.; et al. Comparison of multi-lineage cell from human adipose tissue and bone marrow.
Cells Tissues Organs 2003, 174, 101–109. [CrossRef] [PubMed]

40. Bunnell, B.A.; Flaat, M.; Gagliardi, C.; Patel, B.; Ripoll, C. Adipose-derived stem cells: Isolation, expansion
and differentiation. Methods 2008, 45, 115–120. [CrossRef] [PubMed]

41. Lewallen, E.A.; Jones, D.L.; Dudakovic, A.; Thaler, R.; Paradise, C.R.; Kremers, H.M.; Abdel, M.P.; Kakar, S.;
Dietz, A.B.; Cohene, R.C.; et al. Osteogenic potential of human adipose-tissue-derived mesenchymal stromal
cells cultured on 3D-printed porous structured titanium. Gene 2016, 581, 95–106. [CrossRef] [PubMed]

42. Safford, K.M.; Safford, S.D.; Gimble, J.M.; Shetty, A.K.; Rice, H.E. Characterization of neuronal/glial
differentiation of murine adipose-derived adult stromal cells. Exp. Neurol. 2004, 187, 319–328. [CrossRef]
[PubMed]

43. Alonso-Goulart, V.; Ferreira, L.B.; Duarte, C.A.; Lemos de Lima, I.; Ferreira, E.R.; Candido de Oliveira, B.;
Vargas, L.N.; Dotto de Moraes, D.; Silva, I.B.B.; de Oliveira Faria, R.; et al. Mesenchymal stem cells from
human adipose tissue and bone repair: A literature review. Biotechnol. Res. Innov. 2018, 2, 74–80. [CrossRef]

44. Gastaldi, G.; Asti, A.; Scaffino, M.F.; Visai, L.; Saino, E.; Cometa, A.M.; Benazzo, F. Human adipose-derived
stem cells (hASCs) proliferate and differentiatein osteoblast-like cells on trabecular titanium scaffolds.
J. Biomed. Mater. Res. Part A 2010, 94, 790–799.

45. Rozila, I.; Azari, P.; Munirah, S.; Wan Safwani, W.K.; Gan, S.N.; Nur Azurah, A.G.; Jahendran, J.;
Pingguan-Murphy, B.; Chua, K.H. Differential osteogenic potential of human adipose-derived stem cells
co-cultured with human osteoblasts on polymeric microfiber scaffolds. J. Biomed. Mater. Res. Part A 2016,
104, 377–387. [CrossRef] [PubMed]

46. Zellner, J.; Mueller, M.; Berner, A.; Dienstknecht, T.; Kujat, R.; Nerlich, M.; Hennemann, B.; Koller, M.;
Prantl, L.; Angele, M.; et al. Role of mesenchymal stem cells in tissue engineering of meniscus. J. Biomed.
Mater. Res. Part A 2010, 94, 1150–1161. [CrossRef] [PubMed]

47. Park, B.S.; Jang, K.A.; Sung, J.H. Adipose-derived stem cells and their secretory factors as a promising
therapy for skin aging. Dermatol. Surg. 2008, 34, 1323–1326. [PubMed]

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://dx.doi.org/10.1016/S0040-6090(03)00913-1
http://dx.doi.org/10.1016/0142-9612(94)90038-8
http://dx.doi.org/10.1016/j.biotechadv.2011.06.015
http://www.ncbi.nlm.nih.gov/pubmed/21740963
http://dx.doi.org/10.1007/s40883-019-00091-9
http://dx.doi.org/10.11138/ccmbm/2017.14.1.217
http://www.ncbi.nlm.nih.gov/pubmed/29263737
http://dx.doi.org/10.3390/nano6070124
http://www.ncbi.nlm.nih.gov/pubmed/28335251
http://dx.doi.org/10.5966/sctm.2012-0002
http://www.ncbi.nlm.nih.gov/pubmed/23197855
http://dx.doi.org/10.1002/jor.1100090504
http://www.ncbi.nlm.nih.gov/pubmed/1870029
http://dx.doi.org/10.1007/s12015-010-9193-7
http://www.ncbi.nlm.nih.gov/pubmed/20853072
http://dx.doi.org/10.3390/ijms20102523
http://www.ncbi.nlm.nih.gov/pubmed/31121953
http://dx.doi.org/10.1161/01.RES.0000265074.83288.09
http://www.ncbi.nlm.nih.gov/pubmed/17495232
http://dx.doi.org/10.1159/000081088
http://www.ncbi.nlm.nih.gov/pubmed/15550755
http://dx.doi.org/10.1159/000071150
http://www.ncbi.nlm.nih.gov/pubmed/12835573
http://dx.doi.org/10.1016/j.ymeth.2008.03.006
http://www.ncbi.nlm.nih.gov/pubmed/18593609
http://dx.doi.org/10.1016/j.gene.2016.01.015
http://www.ncbi.nlm.nih.gov/pubmed/26774799
http://dx.doi.org/10.1016/j.expneurol.2004.01.027
http://www.ncbi.nlm.nih.gov/pubmed/15144858
http://dx.doi.org/10.1016/j.biori.2017.10.005
http://dx.doi.org/10.1002/jbm.a.35573
http://www.ncbi.nlm.nih.gov/pubmed/26414782
http://dx.doi.org/10.1002/jbm.a.32796
http://www.ncbi.nlm.nih.gov/pubmed/20694982
http://www.ncbi.nlm.nih.gov/pubmed/18616537
http://mostwiedzy.pl


Int. J. Mol. Sci. 2019, 20, 5642 18 of 19

48. Shen, X.; Du, Y.; Shen, W.; Xue, B.; Zhao, Y. Adipose-derived stem cells promote human dermal fibroblast
function and increase senescence-associated β-galactosidase mRNA expression through paracrine effects.
Mol. Med. Rep. 2014, 10, 3068–3072. [CrossRef] [PubMed]

49. Thamaphat, K.; Limsuwan, P.; Ngotawornchai, B. Phase Characterization of TiO2 Powder by XRD and TEM.
Kasetsart J. Nat. Sci. 2008, 42, 357–361.

50. Park, J.Y.; Lee, I.H. Characterization and Morphology of Prepared Titanium Dioxide Nanofibers by
Electrospinning. J. Nanosci. Nanotechnol. 2010, 10, 3402–3405. [CrossRef] [PubMed]

51. Aiempanakit, M.; Helmersson, U.; Aijaz, A.; Larsson, P.; Magnusson, R.; Jensen, J.; Kubart, T. Effect of peak
power in reactive high power impulse magnetron sputtering of titanium dioxide. Surf. Coat. Technol. 2011,
205, 4828–4831. [CrossRef]

52. Sarma, B.K.; Pal, A.R.; Bailung, H.; Chutia, J. Growth of nanocrystalline TiO2 thin films and crystal anisotropy
of anatase phase deposited by direct current reactive magnetron sputtering. Mater. Chem. Phys. 2013, 139,
979–987. [CrossRef]

53. Jing, F.J.; Yukimura, K.; Kato, H.; Lei, Y.F.; You, T.X.; Leng, Y.X.; Huang, N. Film characterization of titanium
oxide films prepared by high-power impulse magnetron sputtering. Surf. Coat. Technol. 2011, 206, 967–971.
[CrossRef]

54. Leyland, A.; Matthews, A. Design criteria for wear-resistant nanostructured and glassy-metal coatings.
Surf. Coat. Technol. 2004, 177, 317–324. [CrossRef]

55. Jemat, A.; Ghazali, M.J.; Razali, M.; Otsuka, Y.; Rajabi, A. Effects of TiO2 on microstructural, mechanical
properties and in-vitro bioactivity of plasma sprayed yttria stabilised zirconia coatings for dental application.
Ceram. Int. 2017, 44, 4271–4281. [CrossRef]

56. Beake, B.D.; Vishnyakov, V.M.; Valizadeh, R.; Colligon, J.S. Influence of mechanical properties on the
nanoscratch behaviour of hard nanocomposite TiN/Si3N4 coatings on Si. J. Phys. D Appl. Phys. 2006,
39, 1392–1397. [CrossRef]

57. Wu, Y.; Zitelli, J.P.; TenHuisen, K.S.; Yu, X.; Libera, M.R. Differential response of Staphylococci and osteoblasts
to varying titanium surface roughness. Biomaterials 2011, 32, 951–960. [CrossRef] [PubMed]

58. Zhou, W.; Zhong, X.; Wu, X.; Yuan, L.; Zhao, Z.; Wang, H.; Xia, Y.; Feng, Y.; He, J.; Chen, W. The effect of surface
roughness and wettability of nanostructured TiO2 film on TCA-8113 epithelial-like cells. Surf. Coat. Technol.
2006, 200, 6155–6160. [CrossRef]

59. Le Guéhennec, L.; Soueidan, A.; Layrolle, P.; Amouriq, Y. Surface treatments of titanium dental implants for
rapid osseointegration. Dent. Mater. 2007, 23, 844–854. [CrossRef] [PubMed]

60. Boyan, B.D.; Hummert, T.W.; Dean, D.D.; Schwartz, Z. Role of material surfaces in regulating bone and
cartilage cell response. Biomaterials 1996, 17, 137–146. [CrossRef]

61. Bartmanski, M.; Zielinski, A.; Majkowska-Marzec, B.; Strugala, G. Effects of solution composition and
electrophoretic deposition voltage on various properties of nanohydroxyapatite coatings on the Ti13Zr13Nb
alloy. Ceram. Int. 2018, 44, 19236–19246. [CrossRef]

62. Sarraf, M.; Razak, B.A.; Nasiri-Tabrizi, B.; Dabbagh, A.; Kasim, N.H.A.; Basirun, W.J.; Bin Sulaiman, E.
Nanomechanical properties, wear resistance and in-vitro characterization of Ta2O5 nanotubes coating on
biomedical grade Ti–6Al–4V. J. Mech. Behav. Biomed. Mater. 2017, 66, 159–171. [CrossRef] [PubMed]

63. Silva, A.P.; Booth, F.; Garrido, L.; Aglietti, E.; Pena, P.; Baudín, C. Young’s modulus and hardness of
multiphase CaZrO3-MgO ceramics by micro and nanoindentation. J. Eur. Ceram. Soc. 2017, 38, 2194–2201.
[CrossRef]

64. Abdel-Hady Gepreel, M.; Niinomi, M. Biocompatibility of Ti-alloys for long-term implantation. J. Mech.
Behav. Biomed. Mater. 2013, 20, 407–415. [CrossRef] [PubMed]

65. Kaabi Falahieh Asl, S.; Nemeth, S.; Tan, M.J. Electrophoretic deposition of hydroxyapatite coatings on AZ31
magnesium substrate for biodegradable implant applications. Prog. Cryst. Growth Charact. Mater. 2014, 60,
74–79. [CrossRef]

66. Matsugi, K.; Endo, T.; Choi, Y.B.; Sasaki, G. Alloy design of Ti alloys using ubiquitous alloying elements and
characteristics of their levitation-melted alloys. Mater. Trans. 2010, 51, 740–748. [CrossRef]

67. Karimzadeh, A.; Ayatollahi, M.R.; Bushroa, A.R.; Herliansyah, M.K. Effect of sintering temperature on
mechanical and tribological properties of hydroxyapatite measured by nanoindentation and nanoscratch
experiments. Ceram. Int. 2014, 40, 9159–9164. [CrossRef]

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://dx.doi.org/10.3892/mmr.2014.2627
http://www.ncbi.nlm.nih.gov/pubmed/25310816
http://dx.doi.org/10.1166/jnn.2010.2300
http://www.ncbi.nlm.nih.gov/pubmed/20358966
http://dx.doi.org/10.1016/j.surfcoat.2011.04.071
http://dx.doi.org/10.1016/j.matchemphys.2013.03.002
http://dx.doi.org/10.1016/j.surfcoat.2011.04.046
http://dx.doi.org/10.1016/j.surfcoat.2003.09.011
http://dx.doi.org/10.1016/j.ceramint.2017.12.008
http://dx.doi.org/10.1088/0022-3727/39/7/009
http://dx.doi.org/10.1016/j.biomaterials.2010.10.001
http://www.ncbi.nlm.nih.gov/pubmed/20974493
http://dx.doi.org/10.1016/j.surfcoat.2005.09.029
http://dx.doi.org/10.1016/j.dental.2006.06.025
http://www.ncbi.nlm.nih.gov/pubmed/16904738
http://dx.doi.org/10.1016/0142-9612(96)85758-9
http://dx.doi.org/10.1016/j.ceramint.2018.07.148
http://dx.doi.org/10.1016/j.jmbbm.2016.11.012
http://www.ncbi.nlm.nih.gov/pubmed/27886563
http://dx.doi.org/10.1016/j.jeurceramsoc.2017.11.007
http://dx.doi.org/10.1016/j.jmbbm.2012.11.014
http://www.ncbi.nlm.nih.gov/pubmed/23507261
http://dx.doi.org/10.1016/j.pcrysgrow.2014.09.004
http://dx.doi.org/10.2320/matertrans.F-M2010801
http://dx.doi.org/10.1016/j.ceramint.2014.01.131
http://mostwiedzy.pl


Int. J. Mol. Sci. 2019, 20, 5642 19 of 19

68. Bartmanski, M.; Zielinski, A.; Jazdzewska, M.; Głodowska, J.; Kalka, P. Effects of electrophoretic deposition
times and nanotubular oxide surfaces on properties of the nanohydroxyapatite/nanocopper coating on the
Ti13Zr13Nb alloy. Ceram. Int. 2019, 45, 20002–20010. [CrossRef]

69. Cedillo-Gonzalez, E.I.; Montorosi, M.; Mugoni, C.; Montorosi, M.; Siligardi, C. Improvement of the adhesion
between TiO2 nanofilm and glass substrate by roughness modifications. Phys. Procedia 2013, 40, 19–29.
[CrossRef]

70. Manoj Kumar, R.; Kuntal, K.K.; Singh, S.; Gupta, P.; Bhushan, B.; Gopinath, P.; Lahiri, D. Electrophoretic
deposition of hydroxyapatite coating on Mg-3Zn alloy for orthopedic application. Surf. Coat. Technol. 2016,
287, 82–92. [CrossRef]

71. Furuhashi, A.; Ayukawa, Y.; Atsuta, I.; Okawachi, H.; Koyano, K. The difference of fibroblast behavior on
titanium substrata with different surface characteristics. Odontology 2012, 100, 199–205. [CrossRef] [PubMed]

72. Burmester, A.; Luthringer, B.; Willumeit, R.; Feyerabend, F. Comparison of the reaction of bone-derived cells
to enhanced MgCl2-salt concentrations. Biomatter 2014, 4, e967616. [CrossRef] [PubMed]

73. Thrivikraman, G.; Madras, G.; Basu, B. In vitro/In vivo assessment and mechanisms of toxicity of bioceramic
materials and its wear particulates. RSC Adv. 2014, 4, 12763–12781. [CrossRef]

74. Bressan, E.; Botticelli, D.; Sivolella, S.; Bengazi, F.; Guazzo, R.; Sbricoli, L.; Ricci, S.; Ferroni, L.; Gardin, C.;
Velez, J.U.; et al. Adipose-derived stem cells as a tool for dental implant osseointegration: An experimental
study in the dog. Int. J. Mol. Cell. Med. 2015, 4, 197–208. [PubMed]

75. Vizoso, F.J.; Eiro, N.; Cid, S.; Schneider, J.; Perez-Fernandez, R. Mesenchymal Stem Cell Secretome: Toward
Cell-Free Therapeutic Strategies in Regenerative Medicine. Int. J. Mol. Sci. 2017, 18, 1852. [CrossRef]
[PubMed]

76. Gershovich, J.G.; Dahlin, R.L.; Kasper, F.K.; Mikos, A.G. Enhanced osteogenesis in cocultures with human
mesenchymal stem cells and endothelial cells on polymeric microfiber scaffolds. Tissue Eng. Part A 2013, 19,
2565–2576. [CrossRef] [PubMed]

77. Birmingham, E.; Niebur, G.L.; McHugh, P.E.; Shaw, G.; Barry, F.P.; McNamara, L.M. Osteogenic differentiation
of mesenchymal stem cells is regulated by osteocyte and osteoblast cells in a simplified bone niche. Eur. Cells
Mater. 2012, 23, 13–27. [CrossRef]

78. Hubka, K.M.; Dahlin, R.L.; Meretoja, V.V.; Kasper, F.K.; Mikos, A.G. Enhancing chondrogenic phenotype for
cartilage tissue engineering: Monoculture and coculture of articular chondrocytes and mesenchymal stem
cells. Tissue Eng. Part B Rev. 2014, 20, 641–654. [CrossRef] [PubMed]

79. Sayes, C.M.; Wahi, R.; Kurian, P.A.; Liu, Y.; West, J.L.; Ausman, K.D.; Warheit, D.B.; Colvin, V.L. Correlating
nanoscale titania structure with toxicity: A cytotoxicity and inflammatory response study with human
dermal fibroblasts and human lung epithelial cells. Toxicol. Sci. 2006, 92, 174–185. [CrossRef] [PubMed]

80. Ebrahimi, M.; Pripatnanont, P.; Suttapreyasri, S.; Monmaturapoj, N. In vitro biocompatibility analysis of
novel nano-biphasic calcium phosphate scaffolds in different composition ratios. J. Biomed. Mater. Res. Part B
Appl. Biomater. 2014, 102, 52–61. [CrossRef] [PubMed]

81. Geiger, B.; Bershadsky, A.; Pankov, R.; Yamada, K.M. Transmembrane extracellular matrix-cytoskeleton
crosstalk. Nat. Rev. Mol. Cell Biol. 2001, 2, 793–805. [CrossRef] [PubMed]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://dx.doi.org/10.1016/j.ceramint.2019.06.258
http://dx.doi.org/10.1016/j.phpro.2012.12.003
http://dx.doi.org/10.1016/j.surfcoat.2015.12.086
http://dx.doi.org/10.1007/s10266-011-0029-y
http://www.ncbi.nlm.nih.gov/pubmed/21691715
http://dx.doi.org/10.4161/21592527.2014.967616
http://www.ncbi.nlm.nih.gov/pubmed/25482335
http://dx.doi.org/10.1039/c3ra44483j
http://www.ncbi.nlm.nih.gov/pubmed/27014644
http://dx.doi.org/10.3390/ijms18091852
http://www.ncbi.nlm.nih.gov/pubmed/28841158
http://dx.doi.org/10.1089/ten.tea.2013.0256
http://www.ncbi.nlm.nih.gov/pubmed/23799306
http://dx.doi.org/10.22203/eCM.v023a02
http://dx.doi.org/10.1089/ten.teb.2014.0034
http://www.ncbi.nlm.nih.gov/pubmed/24834484
http://dx.doi.org/10.1093/toxsci/kfj197
http://www.ncbi.nlm.nih.gov/pubmed/16613837
http://dx.doi.org/10.1002/jbm.b.32979
http://www.ncbi.nlm.nih.gov/pubmed/23847019
http://dx.doi.org/10.1038/35099066
http://www.ncbi.nlm.nih.gov/pubmed/11715046
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.
http://mostwiedzy.pl

	Introduction 
	Results 
	Morphology and Structure Characterization of Titania Nanocoatings 
	The Wettability and Surface Free Energy 
	The Roughness of the of Titania Nanocoatings 
	The Nanomechanical Properties of the Titania Nanocoatings 
	Cell Proliferation Determined by the MTT Assay 
	Cell Morphology Analyzed by Scanning Electron Microscopy 

	Discussion 
	Materials and Methods 
	Synthesis of Titania Nanocoatings 
	Titania Nanofibers (TNF4-10) 
	Titania Nanofibers (TNF72) 

	Characterization of Titania Nanocoatings 
	Structure and Morphology Characterization 
	The Wettability and Surface Free Energy 
	Mechanical Properties 

	Biological Studies 
	Cell Culture 
	Cell Proliferation Assays 
	Cell Morphology Observed by Scanning Electron Microscopy 
	Statistical Analysis in the MTT Assay 


	Conclusions 
	References

