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Abstract

Among bonemorphogenetic proteins (BMPs), BMP-9 has been described as onewith

higher osteogenic potential. Here, we aimed at evaluating the effect of BMP-9 on the

osteoblast differentiation of cells grown on titanium (Ti) with nanotopography, a

well-knownosseoinductive surface.MC3T3-E1 cellswere grown either in absence or

presence of BMP-9 (20 nM) on Ti with nanotopography (Ti-Nano) or machined Ti

(Ti-Machined) for up to 21 days to evaluate the gene expression of RUNX2, osterix,

osteocalcin, bone sialoprotein, SMAD6 and SMAD4, protein expression of SMAD4,

ALP activity and extracellular matrix mineralization. As expected BMP-9 increased

osteoblast differentiation irrespective of Ti surface topography; however, the cells

grown on Ti-Nano were more responsible to BMP-9 compared with cells grown on

Ti-machined. This could be, at least in part, due to the fact that Ti-Nano may act on

both ways, by increasing the activation (SMAD4) and decreasing the inhibition

(SMAD6) of the signaling pathway triggered by BMP-9, while Ti-Machined only

decrease the inhibition (SMAD6) of this pathway. In conclusion, the combination of

the osteogenic potential of BMP-9with the osseoinductive capacity of Ti-Nano could

be a promising strategy to favor the osseointegration of Ti implants.
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1 | INTRODUCTION

In the last decades, several regulatory pathways involved in the
osteoblast differentiation have been investigated.1–5 Tran-
scription factors, chromatin structure modifiers and signaling
molecules such as bonemorphogenetic proteins (BMPs) play a
key role in this event.6–8 BMPs are growth factors belonging to
the transforming growth factor beta (TGF-β) family and some
members are potent osseoinductive agents.9–13

The BMP canonical or SMAD-dependent signaling
pathway is activated by the binding of a BMP to
heterodimeric complexes of serine/threonine kinase receptors
composed by type I and type II receptors.10,14 Upon binding
of BMP to the receptor complex, the SMAD1/5/8 phosphor-
ylation occurs, which forms heterodimeric complexes with
SMAD4 and the active complex is translocated to the nucleus
and acts as a transcription factor inducing the expression of
BMP target genes.15,16 The SMAD1/5/8-SMAD4 signaling
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can be blocked by SMAD6, which prevents the translocation
of the heterodimeric complex to the nucleus.17

Among the BMPs, the BMP-9 is still underexplored in
terms of osteogenic potential. It has been shown that BMP-9
induces osteoblast differentiation of stem cells by activating
the SMAD-dependent signaling pathway.18,19 Additionally,
in pre-osteoblastic cell line MC3T3-E1, BMP-9 exhibited
higher osteogenic potential than BMP-2,20,21 making BMP-9
an important target for therapies related to the bone tissue,
including the osseointegration of titanium (Ti) implants.

The biocompatibility of implants is strongly affected by
the interaction between osteoblasts and the biomaterial
surface.22,23 The Ti is the most frequently biomaterial used
for implant manufacturing based on its excellent mechanical
and biological properties. The proportion of direct contact
between bone and Ti is influenced by clinical parameters and
implant characteristics, such as chemistry and surface
topography.24 Considering the scale of topography, a Ti
surface with nanotopography can be generated by a simple
method, based on controlled deoxidation and reoxidation,
using chemical conditioning with sulfuric acid/hydrogen
peroxide (H2SO4/H2O2) solution.

25 It has been shown that
this nanotopography is capable of inducing osteoblast
differentiation, at least in part, through the modulation of
BMP-2 signaling pathway.26–31 However, up to now, to the
best of our knowledge there are no data in the literature about
the possible effect of BMP-9 on the interaction between
osteoblasts and Ti and if this is modulated by surface
topography. In this context, the aim of this study was to
evaluate the effect of bone BMP-9 on osteoblast differentia-
tion of cells grown on Ti with nanotopography compared with
a machined Ti surface.

2 | MATERIALS AND METHODS

2.1 | Selection of BMP-9 concentration

MC3T3-E1 pre-osteoblastic cell line (subclone 14, Ameri-
can Type Culture Collection, Manassas, VA) was plated in
75 cm2 flasks in growth medium that is alpha-minimum
essential medium (α-MEM, Gibco, Grand Island, NY)
supplemented with 10% fetal calf serum (Gibco), 50 mg/mL
gentamicin (Gibco) and 0.3 mg/mL fungisone (Gibco) until
subconfluence. After that, to select the more efficient
concentration of BMP-9 in terms of osteogenic potential,
cells were cultured in 24-well polystyrene plates (Corning
Incorporated, Corning, New York, NY) at a density of
2×104 cells/well in osteogenic medium that is growth
medium supplemented with 5 μg/mL ascorbic acid
(Gibco-Invitrogen) and 7 mM β-glycerophosphate (Sigma-
Aldrich, Darmstadt, Germany) for up to 7 days and exposed,
during the final 24 h of the culture, to different concen-
trations of BMP-9. In the first set of experiments, we used 0

nM-vehicle (Control), 0.1, 1, and 100 nM and in the second,
Control, 10, 20, and 40 nM. At Day 7, the gene expression
of two osteoblast markers, runt-related transcription factor 2
(RUNX2) and alkaline phosphatase (ALP) was evaluated by
real-time PCR as described below. All cell cultures were
kept at 37°C in a humidified atmosphere of 5% CO2 and
95% air and the culture medium was changed every 2-3
days.

2.2 | Gene expression of RUNX2 and ALP

Quantitative real-time PCR was carried out at Day 7 to
evaluate the gene expression of RUNX2 and ALP. The total
RNAwas extracted with Trizol reagent (Invitrogen, Carlsbad,
CA) according to the manufacturer's instructions. To
synthesize complementary DNA (cDNA) through a reverse
transcription reaction (M-MLV reverse transcriptase, Prom-
ega Corporation, Madison, WI) we used 1 μg of RNA. The
reactions were carried out (n= 4) in the Step One Plus Real-
Time PCR System (Invitrogen) using Taqman PCR Master
Mix (Applied Biosystems, Foster City, CA). The relative
gene expression was normalized to β-actin expression and the
real changes were expressed relative to the gene expression of
the Control cultures using the comparative threshold method
(2−ΔΔCt).32

2.3 | Preparation of Ti surfaces

Discs of commercially pure grade 2 Ti, with 12 mm in
diameter and 1.5 mm thick, were polished using 320 and
600 grit silicon carbide, cleaned by sonication and rinsed
with toluene. Samples were treated with a blend of 10 N
H2SO4 and 30% aqueous H2O2 (1:1 v/v) for 4 h at room
temperature under continuous agitation to produce the
surface with nanotopography.25 Treated (Ti-Nano) and
untreated (Ti-Machined) discs were rinsed with deionized
H2O several times, autoclaved and air-dried. The surfaces
were examined using a field emission scanning electron
microscope operated at 5 kV (Inspect S50, FEI, Hillsboro,
OR).

2.4 | Effect of BMP-9 on cells grown on Ti
surfaces

MC3T3-E1 cells were cultured in growth medium until
subconfluence as described above. Then, cells were plated on
Ti-Nano or Ti-Machined discs in 24-well culture plates
(Corning Incorporated) at a density of 2×104 cells/disc in
osteogenic medium containing BMP-9 in the previously
selected concentration for periods of up to 21 days to evaluate
the parameters described below. All cell cultures were kept at
37°C in a humidified atmosphere of 5% CO2 and 95% air and
the culture medium was changed every 2-3 days.
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2.5 | Gene expression of osteoblast markers
and SMADs

At Day 7, quantitative real-time PCR was carried out as
described above to evaluate the gene expression of the
osteoblast markers, RUNX2, osterix (OSX), osteocalcin
(OC), and bone sialoprotein (BSP), in addition to SMAD4
and SMAD6. The relative gene expression (n= 3) was
normalized to β-actin expression and the real changes were
expressed relative to cells grown on either Ti-Nano or Ti-
Machined surfaces in the absence of BMP-9 (Control) using
the comparative threshold method (2−ΔΔCt).32

2.6 | SMAD4 protein detection

At Day 7, the SMAD4 protein was detected by Western
blotting. Cells grown on Ti-Nano or Ti-Machined, with or
without exogenous BMP-9, were lysed in 140 μL of RIPA
buffer containing 1 × protease inhibitor mixture (Roche
Applied Science, Indianapolis, IN), 1 mM phenylmethane-
sulfonyl fluoride (Sigma-Aldrich) and 25 μM MG132
proteasome inhibitor (Roche Applied Science) and boiled
for 5 min. Briefly, 80 μg of total protein of each sample was
subjected to electrophoresis in a denaturing 10% polyacryl-
amide gel and transferred to a Hybond C-Extra membrane
(GE Healthcare Life Science, Piscataway, NJ) using a
semidry transfer apparatus (Bio-Rad Laboratories, Hercules,
CA). The membrane was blocked for 2 h in Tris-buffered
saline plus 0.1% Tween 20 (TBS-T; Sigma-Aldrich)
containing 5% bovine serum albumin (BSA; Sigma-Aldrich).
The SMAD4 protein was detected by incubating the
membrane using rabbit polyclonal antibody to SMAD4
(1:1,000, Santa Cruz Biotechnology, Santa Cruz, CA)
overnight at 4°C, followed by secondary antibody, goat
anti-rabbit IgG-horseradish peroxidase (HRP) conjugate
(1:2,000, Santa Cruz Biotechnology) for 1 h at room
temperature. Mouse monoclonal anti-glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) (1:2,000, Santa Cruz
Biotechnology) was used as a control followed by the
secondary antibody, goat anti-mouse IgG-HRP conjugate
(1:3,000, Santa Cruz Biotechnology). The secondary anti-
bodies were detected using Western Lightning Chemilumi-
nescence Reagent (PerkinElmer Life Sciences, Waltham,
MA) and the images were acquired using G:Box gel imaging
(Syngene, Cambridge, UK). The SMAD4 expression was
quantified by counting pixels and normalized to the
expression of GAPDH.

2.7 | ALP activity

On Day 10, the release of thymolphthalein from the
hydrolysis of thymolphthalein monophosphate substrate
was used to indirectly detect the ALP activity in cells grown

on Ti-Nano or Ti-Machined surfaces, with or without
exogenous BMP-9, using a commercial kit (Labtest Diag-
nostica, Lagoa Santa, MG, Brazil). Briefly, to obtain the cell
lysates, 1 mL of 0.1% sodium lauryl sulfate solution (Sigma-
Aldrich) was added to each well containing the Ti discs and
after 30 min, 50 μL of thymolphthalein monophosphate was
mixed with 0.5 mL of 0.3M diethanolamine buffer, pH 10.1,
and left for 2 min at 37°C. Then, 50 μL of the cell lysates from
each Ti disc were added, and after 10 min at 37°C, 2 mL of a
solution of Na2CO3 (0.09 mmol/mL) and NaOH (0.25 mmol/
mL) were used to stop the reaction. The absorbance was
measured at 590 nm in the plate reader µQuant (Bio-Tek
Instruments Inc., Winooski, VT) in quintuplicate (n= 5) and
ALP activity was calculated from a thymolphthalein standard
curve and normalized to the amount of total protein. The ALP
activity was expressed as μmol of thymolphthalein/h/mg
protein.

2.8 | Extracellular matrix mineralization

On Day 21, cells grown on Ti-Nano or Ti-Machined surfaces,
with or without exogenous BMP-9, 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 10 min.
Images were captured with a high-resolution digital camera
(Canon EOS Digital Rebel Camera, Canon, Lake Success,
NY) for qualitative analysis. The calcium content was
measured using a colorimetric method. Briefly, 280 μL of
10% acetic acid were added to each well containing the Ti
discs and incubated at room temperature for 30 min under
shaking at 400 rpm. This solution was vortexed for 1 min,
heated to 85°C for 10 min, and transferred to ice for 5 min.
The slurry was centrifuged at 13 000g for 15 min and 100 μL
of the supernatant was mixed with 40 μL of 10% ammonium
hydroxide. The absorbance was read at 405 nm (n= 5) in the
plate reader μQuant (Bio-Tek Instruments Inc.) and the data
were expressed as absorbance.

2.9 | Statistical analysis

The data of the gene expression used to select the BMP-9
concentration were analyzed by one-way ANOVA, followed
by Student-Newman-Keuls when applied. The data of the
experiments to evaluated the effect of BMP-9 on cells grown
on either Ti-Nano or Ti-Machined were analyzed by Student's
t-test. The level of significance was set at 5% (P≤ 0.05).

3 | RESULTS

3.1 | Selection of BMP-9 concentration

In the first set of experiments, the gene expression of RUNX2
(Figure 1A) and ALP (Figure 1B) was higher using 10 nM of
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BMP-9 compared with the Control and all other concen-
trations we have tested (P= 0.001 for both RUNX2 and ALP,
and all BMP-9 concentrations). These results indicated that,
among the tested concentrations of BMP-9, 10 nM of BMP-9
exhibited the higher osteogenic potential. However, due to the
large gap between the two highest concentrations (10 and
100 nM) an additional set of experiments was done using two
additional concentrations of BMP-9 (20 and 40 nM) to be
comparedwith the Control and the 10 nM. In this scenario, the
gene expression of RUNX2 (Figure 1C) was higher using

20 nM of BMP-9, compared with 10 nM, 40 nM (P= 0.001
for both) and Control (P= 0.033). Similarly, the gene
expression of ALP (Figure 1D) was higher using 20 nM
compared with 10 nM and Control (P= 0.001 for both), while
no statistically significant difference was detected between 20
and 40 nM (P= 0.187). Taken together, the results indicated
that, among the tested concentrations of BMP-9, 20 nM
exhibited the higher osteogenic potential and therefore, this
was the concentration selected to evaluate the effect of BMP-
9 on cells grown on Ti-Nano and Ti-Machined.

FIGURE 1 Gene expression of RUNX2 (A and C) and ALP (B and D) in MC3T3-E1 cells grown on polystyrene for 7 days and exposed to
different concentrations of BMP-9 in the last 24 h of culture. The data presented are mean ± standard deviation (n= 4) and different letters
indicate a statistically significant difference (P≤ 0.05)

FIGURE 2 High-resolution scanning electron micrographs of Ti-Nano (A) and Ti-Machined (B). Ti-Nano exhibits a network of nanopores
while Ti-Machined presents a smooth surface. Scale bar (A and B): 100 nm
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3.2 | Ti surfaces

Under scanning electron microscopy, the Ti-Nano and Ti-
Machined exhibited remarkable differences in terms of
surface topography. The Ti-Nano (Figure 2A), as expected,
exhibited a network of nanopores, indicating that the
treatment with H2SO4/H2O2 was efficient to generate the
nanotopography, while Ti-Machined (Figure 2B) showed a
smoother surface.

3.3 | Effect of BMP-9 on osteoblast
differentiation of cells grown on Ti surfaces

In general, BMP-9 increased the gene expression of the
osteoblast markers in cells grown on Ti-Nano, but not on Ti-
Machined. The BMP-9 increased the gene expression of
RUNX2 (P= 0.001), OSX (P= 0.018), OC (P= 0.001), and
BSP (P= 0.003) in cells grown on Ti-Nano (Figure 3A). In
cells grown on Ti-Machined, the BMP-9 increased the gene
expression of OSX (P= 0.005), decreased OC (P= 0.021)
and did not affect RUNX2 (P= 1.000) and BSP (P= 0.155)
(Figure 3B). The BMP-9 reduced the gene expression of
SMAD6 in cells grown on both Ti-Nano (P= 0.002)
(Figure 4A) and Ti-Machined (P= 0.046) (Figure 4C).
Furthermore, BMP-9 increased the gene expression of
SMAD4 in cells grown on Ti-Nano (P= 0.019)
(Figure 4A), while no effect was observed in cells grown
on Ti-Machined (P= 0.114) (Figure 4C).

Corroborating the gene expression findings, BMP-9
increased the SMAD4 protein expression in cells grown on
Ti-Nano (1.6-fold) (Figure 4B) and slightly decreased its
expression in cells grown on Ti-Machined (1.1-fold)
(Figure 4D).

The BMP-9 increased the ALP activity in cells grown on
Ti-Nano (P= 0.027) (Figure 5A), without affecting its activity
in cells grown on Ti-Machined (P= 0.758) (Figure 5C).

The extracellular matrix mineralization was increased in
the presence of BMP-9 in cultures grown on both Ti-Nano
(P= 0.008) (Figure 5B) and Ti-Machined (P= 0.032)
(Figure 5D).

4 | DISCUSSION

This study aimed to evaluate the effect of BMP-9 on
osteoblast differentiation induced by Ti with nanotopog-
raphy. Based on dose-response experiments, we selected the
concentration of 20 nM of BMP-9 as being the most effective
inMC3T3-E1 cells and further use in cultures grown on either
Ti-Nano or Ti-Machined. The results showed that, in general,
BMP-9 regulates the interaction between cells and Ti
irrespective of surface topography; however, the cells grown
on Ti-Nano were more responsive to BMP-9 in terms of
osteoblast differentiation.

For this study BMP-9 was chosen due to its higher
osteogenic potential compared with other BMPs, such as
BMP-2, -4, and -7.33,34 Considering that osteoblasts express
some BMPs with osseoinductive capacity like BMP-2, -4 and
-7,35–37 we evaluated the expression of endogenous BMP-9 in
both MC3T3-E1 cells and osteoblasts differentiated from
bone marrow mesenchymal stem cells in order to investigate

FIGURE 3 Gene expression of the osteoblast markers RUNX2,
OSX, OC, BSP in MC3T3-E1 cells grown on Ti-Nano (A) or Ti-
Machined (B) and treated with 20 nM of BMP-9 or vehicle (Control)
on Day 7. The data presented are mean ± standard deviation (n= 3)
and different letters indicate a statistically significant difference
between Control and BMP-9 for each evaluated gene (P≤ 0.05)
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its role in osteoblast differentiation induced by Ti-Nano.
However, BMP-9 gene expression was not detected in these
cells, unlike organs and tissues where this protein is known to
be expressed (Figure S1),38,39 suggesting that despite the
relevance of BMP-9 to osteoblast differentiation, this protein
is not synthesized by bone tissue.

The concentrations tested to select the amount of
exogenous BMP-9 were based on a study developed with
the same protein and cell type used here,21 but while those
authors evaluated the ability of BMP-9 in activating BMP and
MAPK signaling pathways, here the concentration of BMP-9
was selected based on its potential to increase RUNX2 and
ALP gene expression. These genes were selected as RUNX2
is an essential transcription factor and the master regulator of
osteoblast differentiation and ALP is essential for bone
mineralization.40–42 Following a short exposure time, the
concentration of 20 nM of BMP-9 increased the gene

expression of both RUNX2 and ALP and, therefore, this
concentration was used to evaluate the effect of BMP-9 in
cells grown on either Ti-Nano or Ti-Machined.

It is well documented that nanotopography affects
mechanisms involved in the osteoblast differentiation.27,28,43

Previously, our research group showed that Ti-Nano induces
osteoblast differentiation by at least two major pathways,
increasing the expression of α1β1 integrin and modulating
integrin signaling pathway and up-regulating the BMP
signaling pathway by a combination of increasing endoge-
nous production of BMP-2 and down-regulating the expres-
sion of microRNA-4448, -4708 and -4773, which inhibit
SMAD1 and SMAD4, both transducers of BMP-2 osteogenic
signal.28,29,43 Additionally, it was demonstrated that cells
grown on Ti-Nano are more responsive to BMP-2 than cells
grown on Ti-Machined.28 In keeping with this, this study
showed that MC3T3-E1 cells grown on Ti-Nano are also

FIGURE 4 Gene expression of the SMAD family proteins SMAD6 and SMAD4 (A and C) and protein expression of SMAD4 (B and D) in
MC3T3-E1 cells grown on Ti-Nano (A and B) or Ti-Machined (C and D) and treated with 20 nM of BMP-9 or vehicle (Control) on Day 7. The
data presented are mean ± standard deviation (n= 3) and different letters indicate a statistically significant difference between Control and BMP-
9 for each evaluated gene (P≤ 0.05)
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more responsive to BMP-9 compared with those grown on Ti-
Machined. The BMP-9 induced higher expression of the
osteoblast markers RUNX2, OSX, OC, and BSP and
increased ALP activity and extracellular matrix mineraliza-
tion in cultures grown on Ti-Nano, while in cultures grown on
Ti-Machined, BMP-9 only increased OSX gene expression
and extracellular matrix mineralization. Corroborating these
findings, it was demonstrated that BMP-9 upregulates
osteoblast differentiation-related genes in mesenchymal
stem cells.44

As the action of BMPs depends on a cascade of signaling,
including the participation of SMADs, we evaluated the
expression of SMAD6 and SMAD4 in cells grown on Ti-
Nano and Ti-Machined in the presence of BMP-9. SMAD6 is
an intracellular antagonist of the BMP signaling and SMAD4
is a common mediator SMAD, essential to the activation of
BMP pathway.45 The higher gene and protein expression of
SMAD4 and the lower SMAD6 gene expression induced by
BMP-9 in cells grown on Ti-Nano suggest that Ti-Nano acts
on both sides, increasing the activation and decreasing the

inhibition of the signaling pathway triggered by BMP-9. On
the other hand, in cells grown on Ti-Machined, BMP-9 only
reduced the expression of SMAD6, suggesting that Ti-
Machined acts only by decreasing the inhibition of the BMP-9
signaling pathway.

In conclusion, our results have shown that BMP-9
enhances the osteoblast differentiation of cells grown on Ti
irrespective of surface topography. However, the cells
grown on Ti-Nano were more responsive to BMP-9 in terms
of osteoblast differentiation compared with cells grown on
Ti-Machined. This could be, at least in part, because Ti-
Nano may act on both ways, by increasing the activation
and decreasing the inhibition of the signaling pathway
triggered by BMP-9, while Ti-Machined only decreases the
inhibition of this pathway. In this context, this study may
contribute to understand the role of surface topography in
the effects of BMPs on the interaction between bone tissue
and Ti implants and, consequently, to the development of
new strategies to favor the events related to the osseointe-
gration process.

FIGURE 5 ALP activity (A and C) on Day 10 and extracellular matrix mineralization (B and D) on Day 21 in MC3T3-E1 cells grown on
Ti-Nano (A and B) or Ti-Machined (C and D) and treated with 20 nM of BMP-9 or vehicle (Control). The data presented are mean ± standard
deviation (n= 5) and different letters indicate a statistically significant difference between Control and BMP-9 for each evaluated parameter
(P≤ 0.05)
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