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Abstract: The aim of current bone biomaterials research is to design implants that induce
controlled, guided, successful, and rapid healing. Titanium implants are widely used in dental,
orthopedic, and reconstructive surgery. A series of studies has indicated that cells can respond
not only to the chemical properties of the biomaterial, but also, in particular, to the changes
in surface topography. Nanoporous materials remain in focus of scientific queries due to their
exclusive properties and broad applications. One such material is nanostructured titanium
oxide with highly ordered, mutually perpendicular nanopores. Nanoporous anodic titanium
dioxide (TiO,) films were fabricated by a three-step anodization process in propan-1,2,3-triol-
based electrolyte containing fluoride ions. Adipose-derived stem cells offer many interesting
opportunities for regenerative medicine. The important goal of tissue engineering is to direct
stem cell differentiation into a desired cell lineage. The influence of nanoporous TiO, with pore
diameters of 80 and 108 nm on cell response, growth, viability, and ability to differentiate into
osteoblastic lineage of human adipose-derived progenitors was explored. Cells were harvested
from the subcutaneous abdominal fat tissue by a simple, minimally invasive, and inexpensive
method. Our results indicate that anodic nanostructured TiO, is a safe and nontoxic biomaterial.
In vitro studies demonstrated that the nanotopography induced and enhanced osteodifferentiation
of human adipose-derived stem cells from the abdominal subcutaneous fat tissue.

Keywords: adipose-derived stem cells, anodic titanium oxide, nanotopography, osteogenic
differentiation, biomaterials

Introduction
The aim of current bone biomaterials research is to design implants that induce
controlled, guided, successful, and rapid healing. Titanium (T1i) implants and its alloys
are widely used in dental, orthopedic, and reconstructive surgery. The popularity of this
biomaterial is a consequence of extraordinary constellation of physical and chemical
properties. Ti has a relatively low density (4.5 g/cm®) in comparison to other metals;
hence, the structures made from it are light and retain the strength and toughness.
Ti implants possess high corrosion resistance in human body and low thermal
conductivity, which reduce the risk of thermal injury of tissues during implantation.
A series of studies has indicated that cells can respond not only to the chemical
properties of the biomaterial, but also, in particular, to the changes in the surface topo-
graphy, roughness, and energy.' Various experiments indicate that cells respond to the
modifications in the surface topography through changes in adhesion, proliferation,
morphology, and differentiation.>* Through controlled surface modifications of the
implant, cell behavior, cytoskeletal organization, and gene expression can be regulated
(contact guidance). Numerous studies have proved that the osteoblastic cells are better
adapted to a nanoscale environment rather than to microscale niche.>*
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Nanomaterials are structures constructed of elements
(rods, grains, pores, fibers, tubes, etc) the size of which is in
the range of 1-100 nm.>* Small surface particles result in a
good ratio of surface to material volume, improved electrical,
thermal, and ionic conductivity, and greater surface catalytic
activity.” It has been proved that biomaterials with nanopar-
ticles can interfere with biologic mechanisms at the molecular
level and through the architectonic resemblance to natural
tissues (especially the extracellular matrix), can stimulate
cell growth and proliferation and reduce unfavorable immu-
nological reactions.® One of the attractive applications of
nanostructured implants is guided bone regeneration.

Among the various methods of creating nanotopography,
anodic oxidation of Ti and Ti-based alloys is receiving
much attention because of its relative simplicity and eco-
nomic attractiveness. In the year 1999, Zwilling et al were
the first to report the self-ordered nanostructured titanium
dioxide (TiO,) obtained by electrochemical anodization
in fluoride-containing electrolyte.” Subsequent publica-
tions have proven that the controlled anodic oxidation in
fluoride-containing electrolytes can produce highly ordered
coatings of TiO, nanotubes or nanopores.'*'* By manipu-
lating the electrochemical parameters of the anodization
process (temperature, applied potential, pH, composition
and concentration of the electrolyte, duration, viscosity, etc),
morphology and geometrical properties (pore/tube diameter,
inter-pore spacing, thickness, etc) of anodic titanium oxide
(ATO) can be tailored.'>'* Extremely smooth, regular, and
ordered tubes are achieved by three-step anodization of pure
Ti in viscous, organic electrolytes such as ethylene glycol
and glycerol.'516

The capacity of the biomaterial to stimulate the osteogenic
differentiation of mesenchymal stem cells (MSCs) is crucial
for effective osseointegration and successful bone healing.'”'3
One of the attractive and promising sources of mesenchymal
progenitors is stromal vascular fraction (SVF) of the adipose
tissue. The SVF is a jumble of heterogeneous cell popula-
tions, including blood cells, fibroblasts, pericytes, endothelial
cells, adipocyte progenitors, and multipotent undifferentiated
cells (adipose-derived stem cells [ASCs]).'*?

ASCs have pluripotent differentiation capacity compa-
rable to bone marrow-derived stem cells and are relatively
easily accessible with great abundance and lower donor site
morbidity.'® A series of studies has confirmed that ASCs
have multipotent capacity to differentiate toward various
cell lineages: osteogenic, adipogenic, chondrogenic, and
myogenic, depending on the presence of specific induction
factors.!*2? The important goal of tissue engineering is to

direct the differentiation of stem cells into a specific desired
phenotype.

In vitro experiments with human mesenchymal progenitors
and biomaterials provide valuable information about cell
behavior and its interactions with the material, which can be
beneficial for applications in clinical practice in future.

Experimental

Scaffold preparation

Electrochemical oxidation has been used to fabricate the
nanoporous oxide layer. A Ti foil (99.6% purity; Goodfellow)
of 0.1 mm thickness was precut in square coupons (1x1 cm)
and degreased in acetone and ethanol. Prior to anodization
process, the Ti samples were both electrochemically and
chemically polished. The electrochemical polishing was
performed in a mixture of 120 mL of acetic acid (98 wt.%),
30 mL of hydrofluoric acid (40 wt.%), and 50 mL of sulfuric
acid (98 wt.%) at a constant current density of 1.4 A/cm? at
20°C for 60 seconds. Then, the Ti samples were immersed
in a solution of 40 wt.% of HF and 65 wt.% of HNO, (1:3)
for 10 seconds at 20°C, washed in water and ethanol, and
air-dried.

ATO layers were obtained by a three-step anodiza-
tion process in glycerol (propan-1,2,3-triol) solution with
NH,F (0.38 wt.%) and H,O (1.79 wt.%). The anodization
was conducted in a two-electrode configuration with the Ti
sample as the anode and a platinum mesh as the cathode in
electrochemical cells. The ATO layers were fabricated at a
constant anodizing potential of 40 V for ~80 nm pore dimen-
sion and 50 V for ~108 nm pore dimension at a temperature
of 20°C. The duration of the first and second steps was
3 hours. The third step was carried out for 1 hour. After the
first and second steps, the ATO layers were mechanically
removed from Ti surface and the samples were immediately
reanodized.'**?* After the third oxidation step, the samples
were rinsed with water, air-dried, and sterilized by ethylene
oxide. The structure and morphology of fabricated ATO
samples were verified by a field emission scanning electron
microscope (FE-SEM; Hitachi S-4700). For the experiments,
four different categories of Ti samples were used: nanoporous
Ti with a pore diameter of ~80 nm (80 nm), nanoporous Ti
with a pore diameter of ~108 nm (108 nm), electrochemically
polished Ti surface (W), and standard, untreated Ti sample
(S) as a control.

Isolation of MSCs
SVF was obtained from the fatty portion excised from the
abdominal subcutaneous fat tissue of patients undergoing
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elective abdominal surgery after receiving their written
informed consent.

Human ASCs were obtained from SVF according to the
previously described method.>* Briefly, the fatty portion was
minced mechanically, and purified of contaminating debris of
vessels, connective tissue, and blood clots and treated with
200 U/mL collagenase type IA 0.1% (Sigma). The suspen-
sion was centrifuged and filtered through 100 and 40 pum cell
strainers to eliminate the debris (Figure 1). Top lipid layer was
discarded; the remaining cells were resuspended in the culture
medium and plated onto conventional culture flasks. ADSCs
were passed under the same conditions (37°C, 5% CO,, humid-
ity 95%), and the confluent (70%) cell cultures were split
with 0.25% trypsin-ethylenediaminetetraacetic acid (Sigma).
The cells of the sixth passage were used for the experiments.
The Bioethics Committee of Jagiellonian University
(KBET/354/B/2012) approved all the procedures.

Cell culture

Cells were grown on 1 cm? Ti samples in 12-well culture
plates in the osteogenic medium (medium R) containing basal
culture medium supplemented with 0.1 uM dexamethasone
(Sigma), 50 uM ascorbate-2-phosphate (Sigma), 10 mM
B-glycerol phosphate (Sigma), and 0.01 uM 1.25(0OH) D,
(Sigma).?*?1?7 The same medium was used with all Ti
samples. As a control, the ASCs were plated in 12-well
culture plates, without Ti samples, in osteogenic medium.
There was also control cell culture of ASCs in polystyrene
culture dish, without Ti samples, in basal culture medium
(medium B). All cells were plated at a density of 10*
cells/cm?. The media were refreshed twice a week. Cells
were cultured for 21 days.

Qil layer

Mature adipocytes

Aqueous layer

SVF

Figure | SVF isolation.
Abbreviation: SVF, stromal vascular fraction.

Cell viability

To estimate the cytotoxicity of Ti nanoporous samples,
extracellular lactate dehydrogenase (LDH) activity was mea-
sured using CytoTox 96 NonRadioactive Cytotoxicity Assay
(Promega Corporation, Fitchburg, WI, USA) according to the
manufacturer’s instructions.?® Activity of extracellular LDH
was assessed 24 hours after the replacement of the culture
medium at day 1 and day 21. Absorbance was measured at
490 nm. The amount of color formed is proportional to the
number of lysed cells.”

Cell proliferation

After 1,4, and 14 days of incubation, proliferation was inves-
tigated with Cell Proliferation ELISA, BrdU kit (Hoffman-La
Roche Ltd.) according to the manufacturer’s protocol. Absor-
bance was measured at 450 nm.

Gene expression

Expression of the genes alkaline phosphatase (4LPL),
Runx-2 transcription factor, osteocalcin (BGLAP), Osterix
transcription factor (SP7), bone morphogenetic protein 2
(BMP2K), T-box transcription factor (7BX3), and osteonectin
(SPARC) was quantified in cells lysed from each Ti sample.
Gene expression was determined by real-time polymerase
chain reaction (RT-PCR).**3!' Briefly, total RNA was iso-
lated from the cells using TRIzol Reagent (Thermo Fisher
Scientific) according to the method previously described by
Chomczyniski and Sacchi.’> Total RNA was extracted with
the commercial assay Pure Link RNA Mini Kit (Thermo
Fisher Scientific) after 1, 7, 14, and 21 days of experiment
according to the manufacturer’s instructions. Subsequently,
quantification and quality control of isolated RNA were
performed (by measuring the absorbance at 230 and 260
nm). Oligonucleotides for the chosen genes were synthesized
with a two-step quantitative RT-PCR technique. The col-
lected RNA was reverse transcribed to complementary DNA
(cDNA) using High-Capacity RN-to-cDNA Kit (Thermo
Fisher Scientific) in accordance with the attached protocol.
Subsequently, the cDNA was amplified and its expression
measured by real-time PCR with TagMan Gene Expres-
sion Assay (Thermo Fisher Scientific). The amplification
was completed using QuantStudio 12K Flex Real-Time
PCR System (Applied Biosystems). Forty cycles of PCR
were run: activation of uracil-DNA glycosylase at 50°C for
120 seconds, AmpliTaqGold polymerase activation at 90°C
for 600 seconds, denaturation at 95°C for 15 seconds, and
annealing/elongation at 60°C for 60 seconds. Nontemplate
controls were used in each experiment to supervise the purity
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of samples. All experiments were performed in triplicate for
each tested sample and for each gene. A comparison test of
cycle threshold points was used to quantify the gene expres-
sion for each sample. Results were normalized to the expres-
sion of housekeeping gene ACTB (B-actin). Gene expression
levels were expressed as a relative fold change to the expres-
sion of cells cultured on the untreated Ti surface.?**

Alizarin red S staining

For identification of calcification, alizarin red staining was
performed after 21 days of cell culture. The mineralization
assay was investigated on each substrate. Cell cultures were
fixed in 4% paraformaldehyde for 5 minutes at room tempera-
ture and stained with fresh 2% aqueous solution of alizarin
red S (Sigma). For the quantitative evaluation of mineralized
calcium, the samples were incubated in 10% acetic acid for
30 minutes. Cells were scraped from the Ti surfaces and
centrifuged in acetic acid for 30 seconds. The samples were
then boiled at 85°C for 10 minutes and incubated on ice for
5 minutes. The samples were neutralized with 10% ammo-
nium hydroxide and centrifuged for 15 minutes at 20,000x g.
Absorbance was measured at 405 nm.** Calibration curves of
0.039—-10 mM served for calculation of calcium concentra-
tion. Results were normalized with respect to total protein
level measured using Lowry—Peterson method (Total Protein
Kit, Micro Lowry, Peterson’s Modification; Sigma).3¢-3#

SEM analysis

After period of 21 days, three samples of each type were
washed with phosphate-buffered saline (PBS) and fixed in
2.5% glutaraldehyde (Polysciences, Inc.) in 0.1 M phosphoric
buffer for 24 hours (pH =7.4, room temperature). Samples
were dehydrated in a graded series of ethanol (50%, 60%,
70%, 80%, 90%, 99.8%) for 10 minutes each and left in
99.8% alcohol until they were dried in supercritical point
CO, (E3000; Quorum Technologies). The dried samples were
sputter-coated with gold by coater JEOL JFC-1100E. The
morphology of the TiO, nanopores and the adhered cells was
visualized using a Hitachi S-4700 SEM at an accelerating
voltage of 10-20 kV.

Statistical analysis

All experiments were run in triplicate. Cell culture experi-
ments were repeated three times using three samples per
group. Results are expressed as a mean with standard devia-
tion of the mean. Statistical analysis was performed with
Student’s 7-test and analysis of variance (Statistica 10.0) and
considered significant when P<<0.05.

Results and discussion

Cell characterization

Cells were isolated from the fatty portion excised from
the abdominal subcutaneous fat tissue. Adipose tissue was
obtained from 10 patients (5 male and 5 female) undergoing
elective abdominal surgery (five inguinal hernia repair, one
umbilical hernia repair, one repair of the linea alba hernia,
four skin naevi excision). Age of the patients ranged between
21 and 59 with a mean of 41.9 (£11.97).

Surface characterization of Ti
and TiO, samples

Random samples were taken from each category. The
morphology of Ti samples was characterized by SEM to
examine the geometric parameters of the nanostructures.
SEM analysis confirmed the presence of nanoporous
films on the samples treated with three-step anodic oxida-
tion procedure. Nanopores were smooth, highly ordered,
uniformly covering the metal surface, and arranged in a
honeycomb structure.

The pore diameters were ~80 nm (40 V) and 108 nm
(50 V). The interpore distance was 151.78+10.74 for the
anodization potential of 40 V and 233.61+27.48 for 50 V.
The thickness of the nanotubular layer after three-step anodic
oxidation was ~500 nm. Geometric parameters are presented
in Table 1, and Figure 2 shows the plain and nanocoated
Ti surfaces.

Cell viability

The results are presented as the percent of the control. The
standard, unmodified Ti surface (S) and cells in basic culture
medium (medium B) were chosen as a reference.

Table | Structural parameters of anodic TiO, obtained at different applied potentials

Applied Pore Interpore Thickness of nanoporous
potential (V) diameter (nm) distance (nm) layer (nm)

40 79.3610.43 151.78+10.74 505+39

50 107.89+15.11 233.61+27.48 555+76
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Figure 2 Scanning electron microscopy images of Ti samples.
Notes: (A) Standard, untreated Ti sample; (B) electropolished Ti sample; (C) nanoporous TiO, on Ti foil with pores ~80 nm; (D) nanoporous TiO, on Ti foil with
pores ~108 nm (500x magnification).

LDH release measured on both nanoporous samples  Ti surfaces, proliferation was the highest at the beginning
was similar to that of the control — no cytotoxic effects were  of the experiment (day 1) and significantly reduced on day
observed. No differences were found between the particular 4 (P-value for comparison: 1 day vs 4 days <0.001; 1 day
(1, 14, 21 days) culture periods (P<<0.05). The results are  vs 14 days <0.001 for all categories of Ti samples). The
shown in Figure 3. extinctions determined for electrochemically polished Ti

samples were significantly lower (on days 1 and 4), when
Cell prolife ration compared to the standard, untreated Ti surface. No statistical
Cell proliferation was evaluated by the incorporation of  differences were found between the two nanoporous samples
BrdU during the synthesis of DNA chains. On all tested at any time point (Figure 4).
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Figure 3 LDH release of cell cultures incubated with four different Ti samples and in two types of medium. Untreated Ti and cell culture in basal medium served as a control.
80 nm, nano-TiO, with pores ~80 nm; 108 nm, nano-TiO, with pores ~108 nm.
Abbreviations: LDH, lactate dehydrogenase; medium B, basal culture medium; medium R, osteogenic medium; S, untreated Ti sample; W, electropolished Ti.

International Journal of Nanomedicine 2016:1 | submit your manuscript 5353
Dove


www.dovepress.com
www.dovepress.com
www.dovepress.com

Malec et al

Dove

¢S o W =a- 80nm =% 108 nm

0.9- p
0.81 =
0.7
0.6
0.5-
0.4-
0.31 # 8
0.2
0.11

0.0 T T 1
Day 1 Day 4 Day 14

BrdU (Abs 450 nm)
X
(mE:

=X

Figure 4 Results of BrdU incorporation test.

Notes: *P<0.005 for comparison of extinction between different time points;
#P<<0.005 for comparison of extinction with untreated Ti at the same time point.
80 nm, nano-TiO, with pores ~80 nm; 108 nm, nano-TiO, with pores ~108 nm.
Abbreviations: S, untreated Ti sample; W, electropolished Ti.

Differentiation in gene expression

Gene expression for osteogenic-related genes, that is, ALPL,
Runx2, BGLAP, SP7, BMP2K, TBX3, and SPARC, was
evaluated. Relative messenger RNA (mRNA) expression
was presented as a fold change compared to the expression
measured on day 1 on untreated, standard Ti surface or in
cells cultured in basic culture medium, respectively. After
14 days, the relative expression of ALPL in cells cultured
in osteogenic medium was significantly (P<<0.05) higher
(16x fold change) than in cells cultured only in basic culture

34.0 1 Day 1
29.0
24.0 1
19.0 1
14.0 1

9.0 |

404
1.0

Relative gene
expression

1

RUNX2 BMP2K ALPL TBX3 SP7 BGLAP SPARC

34.0 Day 14

29.0 1
24.0 1
19.0 1
14.0 1
9.0 1
4.0 1

Relative gene
expression

I

1

~1.04 T T T = T T T 1
RUNX2 BMP2K ALPL TBX3 SP7 BGLAP SPARC

Figure 5 Human osteogenic markers.

medium. Data from PCR analysis showed higher expression
of mRNA osteogenic markers, that is, alkaline phosphatase
(ALPL), osteocalcin (BGLAP), and transcription factors
(Runx2), in ASCs cultured in osteogenic medium com-
pared to those cultured in basic culture medium at all time
points (Figure 5).

Despite the lack of statistical significance, ALPL expres-
sion was slightly higher on nanoporous surfaces on the initial
days of culture. At all time points, the expression of 7BX3
and RUNX2 transcription factors was found on all Ti samples.
Nevertheless, the statistical analysis did not show significant
differences between the Ti surfaces.

RT-PCR analysis demonstrated that the nanopore caused
slight, but statistically significant changes in Osterix tran-
scription factor (SP7) expression. Although there were no
significant differences in the expression of mRNA for bone
morphogenetic protein (BMP2K) and osteonectin (SPARC)
on different Ti samples, higher relative values were observed
at days 14 and 21 on the nanoporous surfaces. At day 21,
greater expression of osteocalcin (BGLAP) was found on
nano-TiO, with pores of 108 nm (Figure 6).

Alizarin red S staining

The results of alizarin assay displayed positive red stain-
ing for all Ti surfaces. Macroscopic observations revealed
more intensive red tints on nanoporous samples at day 21
(Figure 7). Quantitative analysis of calcium deposition

34.0 1 Day 7
29.0
24.0 1
19.0 1
14.0 1

9.0 |

404 - : )
1.0 : :

Relative gene
expression

RUNX2 BMP2K ALPL TBX3 SP7 BGLAP SPARC

34.0 Day 21

29.0
24.0
19.0
14.0
9.0
4.0

Relative gene
expression

— 0 T - T T = T T T = 1
RUNX2 BMP2K ALPL TBX3 SP7 BGLAP SPARC

Notes: Polymerase chain reaction array results for adipose-derived stem cells cultured in the osteogenic medium without Ti samples. The results are expressed as a fold
change compared to the expression measured on day | in cells cultured in basal culture medium.
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Figure 6 Effects of nanostructured Ti on the mRNA expression of selected genes involved in osteogenic differentiation in human adipose-derived stem cells culture.
Notes: *P<<0.005 for the comparison of fold change with untreated Ti at the same time point; *P<<0.005 nano-TiO, 80 nm versus nano-TiO, 108 nm. 80 nm, nano-TiO, with
pores ~80 nm; 108 nm, nano-TiO2 with pores ~108 nm.

Abbreviations: S, untreated Ti sample; W, electropolished Ti.
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Figure 7 Alizarin red S staining for calcium deposition by human adipose-derived stem cells cultured on Ti surfaces for 21 days; macroscopic observation and results of
quantitative analysis normalized to protein content.

Notes: *P<<0.005. 80 nm, nano-TiO2 with pores ~80 nm; 108 nm, nano-TiO2 with pores ~108 nm.

Abbreviations: S, untreated Ti sample; W, electropolished Ti.
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Figure 8 Scanning electron microscopy images of human adipose-derived stem cells cultured on four different Ti surfaces for 21 days.

Notes: (A) Untreated Ti; (B) electropolished Ti; (C and D) nano-TiO,.

showed significantly higher extinctions measured on nano-
TiO, with pores of 108 nm diameter after 21 days of culture
than on any other Ti sample. Significantly lower mineral
deposits were adsorbed on electropolished sample (W) than
on standard, untreated Ti surface. The results are shown
in Figure 7.

SEM analysis

The morphology of ASCs on Ti surfaces was investigated
using SEM after 21 days of culture. After 3 weeks of culture,
the surface was almost covered by cells. The shapes of the
cells cultured on different Ti samples varied noticeably. Cells
on untreated Ti surface were tightly and parallelly arranged
with an elongated morphology, and were sparsely present
as short and poorly developed protrusions (Figure 8). ASCs
on nano-TiO, formed a network of spindle-shape cells
communicating with long protrusions (Figure 8). Cellular
bodies were flat, stretched, and adhered tightly to the surface.
High-magnification SEM images revealed the presence of
numerous ASC extensions — filopods — which were greater
than the cell body diameter, protruding and anchoring in the
pores of nanostructured Ti (Figure 9A). Under high magni-
fication, the granular material adsorbed on nano-TiO, can
be observed which can be mineralized matrix components
(Figure 9B). Also, it could be noted that the nanoporous
architecture was regular and unchanged even after 21 days
of cell culture.

A combination of nanotechnology and stem cell
biology might boost the therapeutic benefits and reduce the
side effects of stem cell therapies. Nanoscience enriches
tissue regeneration possibilities with nanostructures that
might act as a three-dimensional scaffold for cells and
growth factors.

A particularly attractive method for generation of nano-
structures is the controlled anodization of Ti in fluoride-
containing electrolytes. For this experiment, the three-step
anodization method described in detail by Macak and
Schmuki was chosen to produce extremely smooth, regular,
and highly ordered nanopores. The presence of fluoride ions
in the electrolyte enables the formation of soluble metal—
fluoride complexes.'® These protect against the formation
of a continuous layer of metal oxide at the bottom of the
nanotubes, and small F~ ions compete with oxide anion in
migration through the oxide layer. As a consequence, at the
metal/oxide interface, a discontinuous layer of fluoride ions

Figure 9 Scanning electron microscopy images of human adipose-derived stem
cells cultured on nanoporous TiO, with a pore diameter of ~108 nm (A: magnification
10,000%, B: magnification 5,000x).
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is formed and nanotubes are separated.”***! The parameters
of the anodic oxidation were established to obtain nano-
porous oxide with pore diameters of 80 and 108 nm. !4
A possible threat to this method is the risk of pollution to
nanoporous film with fluoride residues, which can be harm-
ful for the cultured cells.*? In the literature, there are only a
few publications about the negative effects of nanoparticles,
but these are related to loose grains rather than solid layers,
which appear to be the ATO film (even after 21 days of cell
culture).”* Nevertheless, no cytotoxic effects were observed
in our experiments.

Most of the published studies examined the osteogenic
potential on implant surfaces in vitro by using commercial
cell lines** or animal cell lines,*>>*>¢ which provide only
indirect information on the possible interaction of the scaffold
with human cells. According to Rebelatto et al, cells harvested
from various sources may present phenotypic heterogeneity
and diverse in vivo results after transplantation.® Moreover,
most of the studies explore the behavior of immature osteo-
blasts or osteoblastic cell lineages, whereas the first cells to
colonize the implant surface are the undifferentiated MSCs.”’
Curtis and Wilkinson indicate that various cell types respond
differently to similar nanostructures.’® Only a few publica-
tions focus on the function of ASCs in nanotopographies.”
To our knowledge, this is the first study on the viability,
proliferation, and differentiation potential of human ASCs
from the subcutaneous fat tissue on nanoporous Ti. There
are controversies about the content of the culture medium.
Some authors postulate the use of very basic culture medium
without osteogenic factors to investigate the osteogenic
potential only of the nanoporous environment.*’ However, we
decided to supplement the culture medium with osteogenic
factors because the cell population used in this study was
a heterogeneous mixture of diverse cell types in different
developmental phases.

A series of studies has indicated that nanotopography
stimulates the adhesion, growth, and osteogenic dedifferen-
tiation of MSCs.%*% However, there is no consensus about
the optimal geometric parameters of nanostructures, #>5438:65-68
Bauer et al postulated the negative impact of pore diameter
larger than 50 nm on cell viability.**> Also, Park et al observed
a gradual increase in cell apoptosis with the pore diameter
increasing >50 nm and an almost complete loss of adhesion
on ~100 nm pores.>* On the contrary, other researchers have
found that nanopores of 100 nm size stimulate the growth
and osteogenic differentiation of cultured cells.’®7 In our
study, we did not observe the harmful effects of pores of
80 and 108 nm size on cell viability. The results confirm

the lack of toxicity of the nanoporous ATO and osteogenic
medium human ASCs.

In this study, the BrdU cell proliferation assay revealed the
best conditions for cellular proliferation on electropolished
Ti samples. This observation is consistent with the theory
that the intensity of adhesion and proliferation are inversely
proportional to cell differentiation.”’ Boyan et al reported
that on rough surfaces, cells divide slower, but adhere and
differentiate faster.”” Similar results were published by Zinger
et al.*® Probably, the synergistic effect of nanotopography
and the osteogenic factors from the medium switch cells
from proliferation to differentiation at the very early stages
of cell culture. The sudden decrease in cell division on day 4
is probably caused by contact inhibition in cells crowded on
small Ti surface.

SEM observations confirmed the presence of a dense
network of cells on the Ti samples. On nano-TiO,, the cells
formed clusters of communicating cells, which is a normal
phenotypic behavior of MSCs.>? It has been proven that cell
shape corresponds with the direction of cell differentiation:
round morphology promotes adipogenesis, whereas polygonal
cells (as observed in this experiment on nanoporous samples)
are more likely to undergo osteoblastic metamorphosis.'®”!
The role of long cellular protrusions in osteogenesis is also
postulated. Long extinctions anchor in the pores and spread
on the body of the cell. Signals are transduced through the
cytoskeleton to the nucleus and can modify the gene expression
and cellular fate. SEM images also showed creations that might
be identified as fibers of extracellular matrix and nodules of
mineralization. Our results suggest that nanoniche is a favorable
environment for ASCs and osteogenic differentiation. Similar
findings have been published by McNamara et al,” Frandsen
et al, Lavenus et al,” Brammer et al,”® Popat et al.*! Alizarin
staining corroborated the superior influence of nanotopography
on calcium deposition and extracellular mineralization.

The initial relatively high expression of alkaline phos-
phatase decreased with time probably due to the involve-
ment of cells in more advanced differentiation processes.
The downregulation of ALPL expression correlated with
the significant upregulation of BGLAP on nano-TiO, with
pores ~108 nm, matrix calcification, and changes in cell
morphology. Osteocalcin (BGLAP) is a major noncol-
lagenous protein component of extracellular matrix of the
bone tissue and is considered to be the terminal marker of
osteogenic differentiation. Runx2 is the central transcription
factor required for the commitment of MSCs to the osteo-
blast lineage.” Many bone-related genes, such as alkaline
phosphatase, osteocalcin, osteopontin, and sialoprotein,
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are regulated by Runx2.” The expression of Runx2 was
significant and similar on all Ti samples at all time points.
This is probably because Runx2 is activated at each stage
of differentiation — from MSC, through immature progeni-
tors, to fully functional osteoblast. BMP2K is engaged at
very early stages of osteoblastogenesis associated with the
activation of Runx2, and probably, changes in its expression
have not been captured in this experiment. Osterix (SP7)
is a highly specific transcription factor that is essential for
osteoblastogenesis.”® A significantly higher expression of
SP7 on nanoporous samples at the early stages of cell culture
confirms the promoting properties of nano-TiO,.

It can be hypothesized that the nanotopography of TiO,
replicates the porous structure of native bone and creates a
better condition for osteogenesis.

Conclusion

Based on our results, within the limitations of this study, it
can be postulated that anodic nanostructured TiO, is a safe
and nontoxic biomaterial. Moreover, it can promote osteodif-
ferentiation of human ASCs from abdominal subcutaneous
fat tissue in the in vitro culture.

The findings of this study would be extremely useful
in the fundamental understanding of cell biology and in
the application of new modifications for biomaterials and
implant design. Further in vitro and in vivo tests should be
performed to assess ASC-based treatment strategies and
tissue regeneration potential of implants opsonized with
autologous stem cells.
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