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ABSTRACT
The aim of our studywas to investigate the osteoinductive potential of a titanium (Ti) surface with nanotopography, usingmesenchymal stem cells
(MSCs) and themechanism involved in this phenomenon. Polished Ti discs were chemically treatedwith H2SO4/H2O2 to yield nanotopography and
rat MSCs were cultured under osteogenic and non‐osteogenic conditions on both nanotopography and untreated polished (control) Ti surfaces.
The nanotopography increased cell proliferation and alkaline phosphatase (Alp) activity and upregulated the gene expression of key bonemarkers
of cells grown under both osteogenic and non‐osteogenic conditions. Additionally, the gene expression of a1 and b1 integrins was higher in cells
grown on Ti with nanotopography under non‐osteogeneic condition compared with control Ti surface. The higher gene expression of bone
markers and Alp activity induced by Ti with nanotopography was reduced by obtustatin, an a1b1 integrin inhibitor. These results indicate that
a1b1 integrin signaling pathway determines the osteoinductive effect of nanotopography on MSCs. This finding highlights a novel mechanism
involved in nanosurface‐mediated MSCs fate and may contribute to the development of new surface modifications aiming to accelerate and/or
enhance the process of osseointegration. J. Cell. Biochem. 115: 540–548, 2014. � 2013 Wiley Periodicals, Inc.
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In the field of implantology research tremendous efforts have been
employed to achieve enhanced and high quality physiological

osseointegration, mainly in demanding bone sites. Recent sightings
have highlighted that nanotechnology is a powerful tool, which
modulates the osteoblast responses to titanium (Ti) implant surfaces,
directly affecting the process of osseointegration [Mendonça et al.,
2010; Bueno et al., 2011; Dimitrievska et al., 2011;Menon et al., 2012;
Gittens et al., 2013]. It has been demonstrated that distinct patterns of
nanotopography, either ordered or disordered, dramatically regulate
the osteoblastic cell activity from adhesion until extracellular matrix
mineralization [Ward and Webster, 2006; de Oliveira et al., 2007;
Divya et al., 2009; Vetrone et al., 2009; Raimondo et al., 2010].
Nanocoating Ti with either TiO2, ZrO2 or Al2O3 as well as H2SO4/H2O2

treatment have produced surfaces that upregulate a set of key

modulators of the osteoblast phenotype in human mesenchymal stem
cells (MSCs) [Mendonça et al., 2009, 2010].

The Ti with nanotopography surfaces produced by a controlled
chemical oxidation using a mixture of H2SO4/H2O2 have been
extensively characterized in terms of physical structure and surface
chemistry [Yi et al., 2006; Variola et al., 2008]. In addition to produce
an unique topography presenting nanopits with an average size of
22 nm and a threefold increase in surface roughness, this chemical
treatment increases the thickness of the TiO2 layer from �5 nm to
�32–40 nm and reduces the presence of contaminants such as N and
Si compared with an untreated Ti surface [Yi et al., 2006]. Moreover,
the X‐ray diffraction patterns of Ti with nanotopography and
untreated Ti surfaces did not show any anatase or rutile peaks,
suggesting that both surfaces are amorphous [Yi et al., 2006].
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Our group has been investigating many aspects of the interaction
between primary osteogenic cells derived from newborn rat calvariae
and Ti surfaces with nanotopography [de Oliveira and Nanci, 2004; de
Oliveira et al., 2007; Bueno et al., 2011]. The expression of bonematrix
proteins such as bone sialoprotein (Bsp) is upregulated by this
nanotopography at early phases of the culture progression [de Oliveira
and Nanci, 2004]. Additionally, it has been observed that the
nanotopography design is etching time dependent and that the
extracellular osteopontin (Opn) deposition is higher on Ti surfaces
treated for 4 h compared with 30min [Bueno et al., 2011]. Despite our
encouraging outcomes, the mechanisms involved in the osteogenic
potential of this nanopattern has not yet been fully explored and
understood. Thus, here we have investigated the osteoinductive ability
of our Tiwith nanotopography surface, which potentiates the ratMSCs
differentiation toward an osteoblast lineage in the absence of
osteoinductive factors and suggested a novel nanotopography
regulated integrin signalingmechanism involved in this phenomenon.

MATERIALS AND METHODS

TI SURFACES PREPARATION
Discs of commercially pure grade 2 Ti, with 12mm in diameter and
1.5mm thick, were polished using 320 and 600 grit silicon carbide,
cleaned by sonication and rinsed with toluene. Samples were treated
with a blend of 10N H2SO4 and 30% aqueous H2O2 (1:1 v/v) for 4 h at
room temperature under continuous agitation to produce the surface
nanotopography [Yi et al., 2006]. Treated and untreated (control) Ti
discs were rinsed with deionized H2O, autoclaved and air‐dried. The
surfaces were examined using a field emission scanning electron
microscope (Inspect S50, FEI, Hillsboro, OR) operated at 5 kV.

CELL CULTURE
Bone marrow was obtained from femora of 5‐week male Wistar rats
(120–150 g) under the regulation of the Committee of Ethics in
Animal Research of the University of Sao Paulo and plated into
culture flasks containing growth medium, that is, alpha‐minimum
essential medium (a‐MEM—Invitrogen‐Life Technologies, Grand
Island, NY) supplemented with 10% fetal calf serum (Gibco‐Life
Technologies), 50mg/ml gentamycin (Gibco‐Life Technologies) and
0.3mg/ml fungisone (Gibco‐Life Technologies). MSCs were selected
by adherence to polystyrene and expanded in the same medium until
subconfluence. First passage cells were cultured in 24‐well culture
plates on Ti with nanotopography and control Ti discs at a cell density
of 2� 104 cells/disc in either growth medium or osteogenic medium,
which was growth medium with addition of 5mg/ml ascorbic acid
(Gibco‐Life Technologies), 7mM b‐glycerophosphate (Sigma‐Al-
drich) and 10�7M dexamethasone (Sigma‐Aldrich, St. Louis, MO) for
periods of up to 21 days. Cultures were kept at 37°C in a humidified
atmosphere of 5% CO2 and 95% air; the medium was changed three
times a week.

CELL COUNTING
Cells grown in osteogenic medium on Ti with nanotopography and
control Ti discs for periods of 4, 10, and 17 days were enzymatically
detached from Ti discs using 1mM EDTA, 1.3mg/ml collagenase, and

0.25% trypsin solution (Gibco‐Life Technologies). The total number
of cells/disc, and the percentage of viable and nonviable cells were
determined after Trypan blue (Sigma‐Aldrich) staining using an
automated cell counter (Invitrogen‐Life Technologies).

ALKALINE PHOSPHATASE (ALP) ACTIVITY
At days 4, 10, and 17 the release of thymolphthalein from
thymolphthalein monophosphate was determined to measure the
Alp activity of cells grown in osteogenic medium on Ti with
nanotopography and control Ti discs using a commercial kit (Labtest
Diagnostica SA, Belo Horizonte, MG, Brazil). A mixture of 50ml of
thymolphthaleinmonophosphate and 0.5ml of 0.3M diethanolamine
buffer, pH 10.1 was kept for 2min at 37°C. Then, 50ml of the cell
lysates obtained by five cycles of thermal shock (�20°C for 20min,
and 37°C for 15min) from each Ti disc were added and, after 10min at
37°C 2ml of a solution of Na2CO3 (0.09mmol/ml) and NaOH
(0.25mmol/ml) were used to stop the reaction. The absorbance was
measured at 590 nm in the plate readermQuant (Biotek,Winooski, VT)
and Alp activity was expressed as mmol thymolphthalein normalized
by the total number of cells at the respective time‐point.

EXTRACELLULAR MATRIX MINERALIZATION
At day 21, cells grown in osteogenic medium on Ti with nano-
topography and control Ti discs were fixed in 10% formalin for 2 h at
room temperature, dehydrated and stained with 2% Alizarin Red S
(Sigma‐Aldrich), pH 4.2, for 10min. The discs were then observed by
fluorescence microscopy (Axio Imager M2, Carl Zeiss, Göttingen,
Germany) outfitted with an Axiocam MRm digital camera under
epifluorescence and the acquired images were processed with
Axiovision 4.8.2 image processing and analysis system. The calcium
content was detected using a colorimetric method. Succinctly, 280ml
of 10% acetic acid were added to each well and the plate was
incubated at room temperature for 30min under shaking. This
solution was vortexed for 1min, heated to 85°C for 10min, and
transferred to ice for 5min. The slurry was centrifuged at 13,000g for
15min and 100ml of the supernatant was mixed with 40ml of 10%
ammonium hydroxide and this solution was spectrophotometrically
read at 405 nm in the plate reader mQuant (Biotek) and the data were
expressed as absorbance.

GENE EXPRESSION OF THE KEY BONE MARKERS
Quantitative real‐time PCR was carried out at day 10 to evaluate the
gene expression of runt‐related transcription factor 2 (Runx2),
collagen type I alpha 1 (ColIA1), Alp, osteocalcin (Oc), Bsp, and bone
morphogenetic protein 4 (Bmp‐4) in cells grown in osteogenic
medium on Ti with nanotopography and control Ti discs. The total
RNAwas extracted with Trizol reagent (Invitrogen‐Life Technologies)
according to the manufacturer0s instructions. The concentration and
purity of RNA samples were determined by optical density at a
wavelength of 260 and 260:280 nm, respectively and only samples
presenting 260:280 ratios higher than 1.8 were analyzed. Comple-
mentary DNA (cDNA) was synthesized using 1mg of the RNA through
a reverse transcription reaction (M‐MLV reverse transcriptase,
Promega Corporation, Madison, WI). Real‐time PCR was carried
out in a CFX96 Real‐Time PCR Detection System (Bio‐Rad
Laboratories, Philadelphia, PA) using SybrGreen PCR Master‐Mix
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(Applied Biosystems, Foster City, CA), specific primers (Table I)
designed with Primer Express 2.0 (Applied Biosystems) and 12.5 ng of
cDNA. The relative gene expressions were normalized to b‐actin
expression and the real changes were expressed relative to the control
Ti discs using the cycle threshold method.

EFFECT OF THE TI WITH NANOPOGRAPHY SURFACE ON THE
OSTEOBLAST DIFFERENTIATION OF MSCs
In order to investigate whether Ti with nanotopography surface can
affect gene expression of the key bone markers by itself, cells were
expanded in growth medium until subconfluence. Thus, they were
seeded on Ti with nanotopography and control Ti discs and again
cultured in growth medium, which means in the absence of the
osteogenic factors, ascorbic acid (Gibco‐Life Technologies), b‐

glycerophosphate (Sigma‐Aldrich) and dexamethasone (Sigma‐
Aldrich). At day 10, the gene expression of Runx2, ColIA1, Alp,
Oc, Bsp, and Bmp‐4 was evaluated by quantitative real‐time PCR.

ROLE OF a1b1 INTEGRIN ON THE OSTEOINDUCTIVE EFFECT OF TI
WITH NANOPOGRAPHY SURFACE
As a first step, cells were expanded in growth medium until
subconfluence and afterwards seeded on Ti with nanotopography and
control Ti discs and again cultured in growth medium. At day 10, the
gene expression of a1b1 integrin was evaluated by quantitative real‐
time PCR. Secondly, cells were expanded in growth medium until
subconfluence and then seeded only on Ti with nanotopography discs
and cultured in growth medium in presence of either 10 nM
obtustatin, a potent selective inhibitor of a1b1 integrin, or vehicle
(distilled water) for periods of up to 10 days [Marcinkiewicz
et al., 2003]. Thus, at 24 h, cell adhesion and spreading, and the
presence of Opn were evaluated by fluorescence labeling. At day 10,
we evaluated the gene expression of the same key bone markers
mentioned above by quantitative real‐time PCR and Alp activity.

FLUORESCENCE LABELING
To evaluate cell adhesion and morphology, and the presence of Opn,
cells were cultured on Ti with nanotopography discs in growth
medium in presence of either 10 nM obtustatin or vehicle for 24 h.
Then, the cells were fixed with 4% paraformaldehyde in 0.1M
phosphate buffer (PB), pH 7.2, for 10min at room temperature. Cell
permeabilization was carried out using 0.5% Triton X‐100 (Acros
Organics, Geel, Belgium) in PB for 10min followed by blocking with

5% skimmed milk in PB for 30min. A primary monoclonal antibody
to Opn (MPIIIB10‐1, 1:800; Developmental Studies Hybridoma Bank,
Iowa City, IA) was used, followed by amixture of Alexa Fluor 594 (red
fluorescence) conjugated goat anti‐mouse secondary antibody
(1:200, Molecular Probes, Eugene, OR) and Alexa Fluor 488 (green
fluorescence) conjugated phalloidin (1:200, Molecular Probes) for the
detection of actin cytoskeleton (60min each antibody). Cell nuclei
were stained with 300 nM 40,6‐diamidino‐2‐phenylindole, dihydro-
chloride (DAPI, Molecular Probes) for 5min and a glass coverslip was
mounted with an antifade kit (Prolong; Molecular Probes) on the Ti
surface containing cells. The samples were examined under
epifluorescence as described above and the acquired digital images
were processed with Adobe Photoshop software (Adobe Systems, San
Jose, CA).

STATISTICAL ANALYSIS
The data presented in this work are the representative results of three
independent experiments using three sets of cultures established from
three different pools of rats. For each experiment, cell counting, Alp
activity and extracellular matrix mineralization were carried out in
quadruplicates (n¼ 4), and gene expression, in triplicates (n¼ 3). The
numerical data of Ti with nanotopography were compared with
control Ti surface by Mann–Whitney U test and the level of
significance was set at 5%. Comparisons of cells grown on Ti with
nanotopography in presence of either obtustatin or vehicle were also
done by Mann–Whitney U test using the same level of significance.

RESULTS

At the microscale, control and Ti nanotopography surfaces presented
similar topography with multidirectional groves (Fig. 1A,B). Under
higher magnification, and therefore at the nanoscale, control Ti
showed a smooth surface while Ti with nanotopography exhibited a
network of nanopits (Fig. 1C,D). A progressive increase in the cell
number was noticed on Ti with nanotopography during the entire
time‐course, from days 0 to 17, while on control Ti, culture growth
reached a plateau at day 10 (Fig. 2A). Besides, the number of cells was
higher on Ti with nanotopography than on control Ti at days 10
(P¼ 0.07) and 17 (P¼ 0.03), without statistically significant differ-
ence (P¼ 0.27) at day 4 (Fig. 2A). On both, Ti with nanotopography
and control Ti, Alp activity peaked at day 10 (Fig. 2B). The surface

TABLE I. Primer Sequences and Product Size (bp) for Real‐Time PCR Reactions

Gene Sense sequence anti‐sense sequence bp

Runx2 CACAAACAACCACAGAACCAC TTGCTGTCCTCCTGGAGAAA 56
ColIA1 CCAACGAGATCGAGCTCAGG GACTGTCTTGCCCCAAGTTCC 101
Alp CCAACTCATTTGTGCCAGAG CAGGGCATTTTTCAAGGTCTC 80
Oc GCAGACACCATGAGGACCCT CCGGAGTCTATTCACCACCTTACTG 153
Bsp CTACTTTTATCCTCCTCTGAAACGGTT GCTAGCGGTTACCCCTGAGA 202
Bmp‐4 CGCAGCTTCTCTGAGCCTTTCCA ACGACCATCAGCATTCGGTTACCAG 127
a1 Integrin GCAACCGGAAGCGAGAGCTGG TAGCAGCAGTAGCCCCGCGA 107
b1 Integrin GCAGGCGTGGTTGCCGGAAT TTTTCACCCGTGTCCCACTTGGC 140
b‐Actin AAATGCTTCTAGGCGGACTG GGTTTTGTCAAAGAAAGGGTG 59

Runt‐related transcription factor 2 (Runx2), collagen type I alpha 1 (ColIA1), alkaline phosphatase (Alp), osteocalcin (Oc), bone sialoprotein (Bsp), bone morphogenetic
protein 4 (Bmp‐4).
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with nanotopography supported higher Alp activity at days 4
(P¼ 0.01) and 10 (P¼ 0.04) and it was statistically the same (P¼ 0.35)
at day 17 (Fig. 2B). After 21 days in culture, we detected the presence
of mineralized matrix on both surfaces without statistically
significant difference (P¼ 0.13) in the amount of calcium between
Ti with nanotopography and control Ti surfaces (Fig. 2C). At day 10, it
was found a higher expression of all evaluated genes, Runx2
(P¼ 0.001, P¼ 0.0006), ColIA1 (P¼ 0.01, P¼ 0.0002), Alp (P¼ 0.01,
P¼ 0.007), Oc (P¼ 0.003, P¼ 0.00001), Bsp (P¼ 0.05, P¼ 0.0002),
and Bmp‐4 (P¼ 0.0003, P¼ 0.0001) on Ti with nanotopography
compared with control Ti under both osteogenic and non‐osteogenic
conditions, respectively (Fig. 3A,B). Qualitatively cell adhesion and
morphology and Opn expression were not affected by obtustatin at
24 h (Fig. 4). Ti with nanotopography supported cell adhesion and
spreading, which were mainly stellate‐shaped either in presence of
vehicle or obtustatin (Fig. 4A,B). In cells grown in non‐osteogenic
medium for 10 days, the gene expression of a1 and b1 integrins was
higher (P¼ 0.0005 and P¼ 0.00005, respectively) on Ti with

nanotopography than on control Ti (Fig. 5A). At day 10, the use of
obtustatin downregulated the gene expression of ColIA1 (P¼ 0.02),
Alp (P¼ 0.003), Oc (P¼ 0.05), Bsp (P¼ 0.001), and Bmp‐4
(P¼ 0.003), without affecting Runx2 (P¼ 0.45; Fig. 5B). Furthermore,
obtustatin reduced the Alp activity (P¼ 0.003) (Fig. 5C) in cultures
grown on Ti with nanotopography surface under non‐osteogenic
condition.

DISCUSSION

The results of our study show that under standard osteogenic
condition the Ti with nanopotography surface favors cell prolifera-
tion and enhances osteoblast differentiation of MSCs evidenced by
higher Alp activity and increased gene expression of key bone
markers. We also noticed the development of the microenvironment
to architect osteoblast phenotype in MSCs grown on Ti with
nanotopography surface in the absence of osteoinductor factors.

Fig. 1. High resolution scanning electron micrographs of control (A,C) and nanotopography (B,D) Ti surfaces. Both Ti surfaces exhibit similar topography with multidirectional
groves at lower magnification (A,B). Under higher magnification, control Ti presents a smooth surface while Ti with nanotopography exhibits a network of nanopits (C,D). Scale bar:
A,B¼ 50mm and C,D¼ 1mm.
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Finally, by using obtustatin, we demonstrated that a1b1 integrin
signaling pathway determines, at least in part, the osteoinductive
effect of nanotopography on MSCs.

Succeeding cellular adhesion and aiming at colonizing implant
surface, cells start to proliferate and it has been reported a higher
proliferation rate in MC3T3‐E1 preosteoblastic cells as well as cells
derived from newborn rat calvariae grown on Ti with nonotopog-
raphy [de Oliveira et al., 2007; Vetrone et al., 2009]. In keeping with
these, here, we observed that Ti with nanotopography surface
promoted a profound increase in the total cell number count on
days 10 and 17 compared with control Ti surface. To track the culture
progression through the osteoblast differentiation we analyzed the
Alp activity, an enzyme, which plays a primary role in the
mineralization phenomenon [Beck et al., 1998]. A typical curve of

Fig. 2. Proliferation (A), alkaline phosphatase (Alp) activity (B), and
extracellular matrix mineralization (C) of MSCs differentiated into
osteoblasts and cultured on nanotopography and control Ti surfaces in an
osteogenic medium. The number of cells was higher on Ti with nanotopography
on days 10 (P¼ 0.07) and 17 (P¼ 0.03) (A). Ti surface with nanotopography
supported higher Alp activity on days 4 (P¼ 0.01) and 10 (P¼ 0.04) (B). The
amount of calcium in the mineralized matrix (insets) was not statistically
significant different (P¼ 0.13) by comparing both surfaces (C). The data are
presented as mean� standard deviation (n¼ 4). � Indicates statistically
significant difference.

Fig. 3. Gene expression of bone markers of MSCs cultured on nanotopography
and control Ti surfaces in an osteogenic (A) and non‐osteogenic (B) medium at
day 10. A higher expression of Runx2 (P¼ 0.001 and P¼ 0.0006), ColIA1
(P¼ 0.01 and P¼ 0.0002), Alp (P¼ 0.01 and P¼ 0.007), Oc (P¼ 0.03 and
P¼ 0.00001), Bsp (P¼ 0.05 and P¼ 0.0002), and Bmp‐4 (P¼ 0.003 and
P¼ 0.0001) was noticed on Ti with nanotopography surface under both
osteogenic (A) and non‐osteogenic (B) conditions, respectively. The data are
presented as mean� standard deviation (n¼ 3). �Indicates statistically
significant difference.
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Alp activity peaking at day 10 as described elsewhere was noticed for
both Ti surfaces and nanotopography allowed a higher activity at
days 4 and 10 [de Oliveira et al., 2007]. It is note worthy to mention
that the high Alp activity did not lead to a higher extracellular matrix
mineralization on the Ti with nanotopography surface, opposite to
previous observation using cells derived from newborn rat calvariae
grown on the same substrate [de Oliveira et al., 2007]. The differences
in the sensitivity of the methods employed and the use of MSCs, a less
differentiated culture model compared with calvariae derived cells,
could explain the lack of differences between nanotopography and
control Ti surfaces in terms of extracellular matrix mineralization.

In an attempt to further investigate the osteoblast features of MSCs,
we examined the gene expression of Runx2, ColIA1, Alp, Oc, Bsp, and
Bmp‐4, the key bone markers expressed at different stages of
osteoblast differentiation. Runx2 is a master regulator of bone

Fig. 4. Epifluorescence of MSCs cultured on Ti with nanotopography in a non‐
osteogenic medium either in presence of vehicle (A) or obtustatin (B) at 24 h.
Green fluorescence, which appears in pale white, reveals the actin cytoskeleton,
blue fluorescence indicates cell nuclei and osteopontin (Opn) is shown in red.
Qualitatively, no major differences were detected between both vehicle and
obtustatin in terms of cell adhesion, morphology and Opn expression. Scale
bar¼ 100mm.

Fig. 5. The role of a1b1 integrin on osteoblast differentiation of MSCs
induced by Ti with nanotopography in a non‐osteogenic medium. Gene
expression ofa1b1 integrin ofMSCs cultured on nanotopography and control Ti
surfaces at day 10 (A). A higher expression of a1 and b1 integrins (P¼ 0.00001
for both) was noticed on Ti with nanotopography surface. Effect of obtustatin
on the gene expression of bone markers (B) and on alkaline phosphatase (Alp)
activity (C) of MSCs cultured on Ti with nanotopography surface at day 10. The
obtustatin downregulated the gene expression of ColIA1 (P¼ 0.018), Alp
(P¼ 0.003), Oc (P¼ 0.05), Bsp (P¼ 0.001), and Bmp‐4 (P¼ 0.003) and
reduced Alp activity (P¼ 0.003). The data are presented as mean� standard
deviation (n¼ 3 for gene expression and n¼ 4 for Alp activity). �Indicates
statistically significant difference.
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formation and ColIA1 is the main protein of the extracellular bone
matrix while its fibrils are the source of tensile strength [Canty and
Kadler, 2005; Komori et al., 1997]. Bsp and Oc are non‐collagenous
matrix proteins, which are involved in the nucleation of hydroxyapa-
tite crystals and modulation of the mineralization, respectively [Owen
et al., 1990; Gams et al., 1999]. Bmp‐4, an osteogenic protein, is able to
induce ectopic bone formation [Reddi and Cunningham, 1993]. Our
outcomes showed that all osteoblast marker genes were upregulated in
cells grown on Ti with nanotpography compared with control Ti
surface at least in one (10 days) of the three evaluated time‐points (4
and 17 days are not shown). Corroborating our findings, it has been
shown that nanotopography generated by aluminium oxide nano-
coating also leads to an increase in the gene expression representative
of the osteoblast differentiation in human MSCs grown on Ti surface
[Mendonça et al., 2009].

Among different Ti nanostructures, TiO2 nanotubes have been
the target of many recent studies and it has been displayed that the
size of the nanotubes may dictate the cell fate [Brammer et al., 2009;
Oh et al., 2009; Park et al., 2009; Yu et al., 2010; Zhang et al., 2011].
More specifically, nanotubes ranging from 70‐ to 100‐nm diameter
induce osteoblast differentiation of human MSCs in the absence of
osteoinductive factors [Oh et al., 2009]. Also, polyurethane surfaces
exhibiting submicron patterned ridges and grooves elicit the
same effect on human MSCs [Watari et al., 2012]. As Ti with
nanotopography surface increased the expression of all evaluated
genes on day 10 in an osteogenic milieu, we highlighted this time‐

point to address the hypothesis that our nanotopography by itself
can affect osteoblast differentiation. Our results pointed out that
this Ti with nanotpography surface induces the gene expression of
all evaluated bone markers when cells were grown in a non‐
osteogenic medium. Interestingly, the increase in gene expression
induced by Ti with nanotpography was more pronounced in a non‐
osteogenic environment, suggesting that the osteoinductor factors
presented in the osteogenic medium could mask the effect of
nanotopography.

The uniqueness of nanotopography is its ability to mimic the
extracellular matrix (ECM) [Wang, 2003; Tran and Webster, 2009].
It is well known that integrins, a large family of cell surface
receptors, mediate cell–ECM interactions [Siebers et al., 2005] that
exert a key role on cellular adhesion, migration, proliferation and
differentiation during bone development and repair [Ekholm
et al., 2002; Allori et al., 2008]. Thus, our investigation was focused
on integrins, specifically a1b1 integrin, which are associated with
the bone repair process disruption, as being one of the signaling
pathways triggered by the nanotopography to induce osteoblast
differentiation. Our outcomes showed a dramatic increase in the
gene expression of a1b1 integrin in MSCs grown on nano-
topography compared with control Ti surface in a non‐osteogenic
medium. To demonstrate that nanotopography drives MSCs fate
toward osteoblast differentiation through a1b1 integrin signaling
pathway, we cultured MSCs on Ti with nanotopography surface in
presence of obtustatin, a potent selective inhibitor of a1b1 integrin

Fig. 6. Schematic representation of the key role of a1b1 integrin on osteoblast differentiation of MSCs induced by Ti with nanotopography surface.
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[Marcinkiewicz et al., 2003]. Our findings clearly showed that the
higher gene expression of bone markers and Alp activity induced by
nanotopography was inhibited by obtustatin, disclosing the central
role of a1b1 integrin on osteoblast differentiation induced by
nanotopography (Fig. 6).

In conclusion, we have shown that the association of physical
(e.g.: presence of nanopits) and chemical (e.g., TiO2 layer thickness
and purity) modifications of Ti surface produced by oxidation using a
mixture of H2SO4/H2O2 of Ti increases cell proliferation and
osteoblast differentiation in an osteogenic medium. We have also
noticed that this nanotopography drives MSCs differentiation
toward the osteoblast lineage in the absence of osteogenic factors.
To our knowledge, this is the first report indicating that a1b1
integrin signaling pathway determines the osteoinductive effect of
this Ti with nanotopography surface on MSCs. This finding sheds
light on a novel mechanism involved in nanosurface‐mediatedMSCs
fate and is a major step in the development of new surface
modifications aiming to accelerate and/or enhance the process of
osseointegration.
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