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Background: The functionalization of metallic surfaces aims at promoting the cellular response at the
biomaterial–tissue interface. This study investigates the effects of the functionalization of titanium (Ti)
microtopography with a calcium phosphate (CaP) coating with and without peptide 15 (P-15), a synthetic
peptide analog of the cell-binding domain of collagen I, on the in vitro progression of osteogenic cells.

Methods: Sandblasting and acid etching (SBAE; control) Ti microtopography was coated with CaP,
enabling the loading of two concentrations of P-15: 20 or 200 mg/mL. A machined Ti was also examined.
Rat calvarial osteogenic cells were cultured on Ti disks with the surfaces mentioned above for periods up
to 21 days (n = 180 per group).

Results: CaP coating exhibited a submicron-scale needle-shaped structure. Although all surfaces were
hydrophobic at time zero, functionalization increased hydrophilicity at equilibrium. Microtopographies
exhibited a lower proportion of well-spread cells at 4 hours of culture and cells with long cytoplasmic ex-
tensions at day 3; modified SBAE supported higher cell viability and larger extracellular osteopontin
(OPN) accumulation. For SBAE and modified SBAE, real-time polymerase chain reaction showed the fol-
lowing results: 1) lower levels for runt-related transcription factor 2 at 7 days and for bone sialoprotein at
days 7 and 10 as well as higher OPN levels at days 7 and 10 compared to machined Ti; and 2) higher
alkaline phosphatase levels at day 10 compared to day 7. At 14 and 21 days, modified SBAE supported
higher proportions of red-dye-stained areas (calcium content).

Conclusion: Addition of a CaP coating to SBAE Ti by itself may affect key events of in vitro osteogen-
esis, ultimately resulting in enhanced matrix mineralization; additional P-15 functionalization has only
limited synergistic effects. J Periodontol 2013;84:1199-1210.
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V
arious in vitro, in vivo, and clinical studies have
reported enhanced bone repair around micro-
structured metal implants.1-4 Novel strategies

for implant surface modifications have been de-
veloped to further enhance and/or accelerate bone
formation at the interface, particularly for areas of
poor bone quality and for immediate loading appli-
cations.5,6 These strategies include surface nano-
structuring, modifications of surface chemistry and/
or energy, and molecular functionalization.7,8

Enhanced biologic response (e.g., increased cell
proliferation and cell activities, higher mRNA ex-
pression of osteoblast markers, and enhancement
in matrix mineralization) has been reported as
a consequence of the synergistic superimposition
of submicron and/or nanoscale features on micro-
topographies.9,10 Acid and/or alkaline treatments
or coatings with calcium phosphate (CaP) phases
have been exploited to alter the surface chemistry
of metals, resulting in a promotion of interfacial
apatite formation and osteoblast differentiation and
activity.11 In addition, the chemical modification of
a hydrophobic microtopography yielded a highly
hydrophilic surface that stimulates osteoblast func-
tions and bone formation.12,13

Various approaches for biochemical surface modi-
fication rely on coating implant surfaces with the
following: 1) major components of the bone extra-
cellular matrix (ECM), i.e., hydroxyapatite and type
I collagen;14-18 2) non-collagenous bone matrix
proteins or growth factors;7,19-21 and 3) peptides
with known biologic activities.22-25 Although various
coatings with whole components of exogenous
ECM induce beneficial cellular and tissue re-
sponses,14,15,26,27 the lack of stability and immu-
nogenicity of these molecules could limit their
use.28,29 In this context, surface functionalization
with peptides is expected to advantageously stimu-
late the production of autogenous ECM by host
cells. Type I collagen is the main structural protein in
bone, and it promotes osteoblast cell adhesion and
function.30 Therefore, synthetic peptides mimicking
amino acid sequences of collagen could be consid-
ered good candidates for surface functionalization
for those applications in which faster and more
stable bone integration is envisaged.31 Here, we
opted to use peptide 15 (P-15), a collagen-derived
synthetic peptide analog of the cell-binding domain
of type I collagen that has been demonstrated to
promote osteogenic differentiation and enhance
bone formation in various applications.32-34

The present study evaluates the effects of the
functionalization of a microtopographic titanium (Ti)
surface, created by sandblasting and acid etching
(SBAE), on the development of the osteogenic
phenotype in vitro. The surface was first coated

with submicron-scale CaP as a strategy to func-
tionalize with P-15. CaP coating was used for two
reasons: 1) to increase the surface area and thus the
amount of the adsorbed peptide; and 2) to mimic
a native situation and thus limit any potential con-
formational changes of P-15.

MATERIALS AND METHODS

Ti Samples and Surface Characterization
Commercially pure Ti disks, 13 mm in diameter and
2mm thick, were used in this study (total = 900 disks;
n = 180 in each experimental group). The experi-
mental groups for physicochemical characterization
and biologic assays were classified according to the
surface treatment: 1) machined; 2) SBAE; 3) SBAE
with CaP coating (SBAE+CaP); 4) SBAE+CaP with
a low concentration (20 mg/mL) of the synthetic
peptide P-15 (P-low); and 5) SBAE+CaP with a high
concentration (200 mg/mL) of P-15 (P-high). The
machined Ti disks were purchased from a metal
company,i whereas SBAE-based Ti disks were kindly
provided by a dental company.¶ The detailed pro-
cesses used to produce and sterilize such samples
have not been disclosed by the manufacturer (pro-
prietary processing).

The surface of the randomly selected machined
and SBAE-based Ti was qualitatively and quantita-
tively evaluated in terms of topography and wetta-
bility. The sample imaging was performed using a
field emission scanning electron microscope# (SEM)
operated at 1.5 kV. In addition, the surface topog-
raphy was visually and quantitatively characterized
using an atomic force microscope** (AFM) in tap-
ping mode at a scanning rate of 0.5 Hz and 512
acquisition points over an area of 1 · 1 mm. AFM
images were analyzed with a software program†† to
determine the root mean square (RMS) roughness.
The surface wettability was assessed using the ses-
sile drop method, as described previously.35

Cell Isolation and Culture of Osteogenic Cells
Primary osteogenic cells were isolated by sequential
trypsin/collagenase digestion of calvarial bone from
newborn Wistar rats.36,37 All animal procedures were
in accordance with the guidelines of the Animal
Research Ethics Committee of the University of São
Paulo (protocol 08.1.357.53.6). Cells were seeded
on Ti disks placed in 24-well polystyrene plates‡‡

at a cell density of 2 · 104 cells per disk. The plated
cells were cultured for periods of up to 21 days in
a-minimum essential medium with L-glutamine§§

i Realum, São Paulo, São Paulo, Brazil.
¶ DENTSPLY Friadent, Mannheim, Germany.
# JEOL JSM-7400F, JEOL, Tokyo, Japan.
** JEOL JSPM-5200, JEOL.
†† WinSPM Data Processing Software, v.2.15, JEOL.
‡‡ Falcon, Franklin Lakes, NJ.
§§ Invitrogen, Carlsbad, CA.

Osteogenic Cells on Functionalized Titanium Microtopography Volume 84 • Number 8

1200



supplemented with 10% fetal bovine serum,ii 7 mM
b-glycerophosphate,¶¶ 5 µg/mL ascorbic acid,##

and 50 µg/mL gentamicin*** at 37�C in a humid-
ified atmosphere with 5% carbon dioxide. The cul-
ture medium was changed every 3 days. Because of
the inherent phenotypic heterogeneity of primary
cultures, pre-osteoblastic MC3T3-E1 cells††† were
selected for the evaluation of cell morphology by
SEM.38 The cells were plated on Ti disks at a cell
density of 2 · 104 cells per disk and cultured for 3
days under the same conditions as those used for
the primary cultures.

Cell Adhesion and Spreading and SEM Imaging
of Cell Morphology
Cell adhesion and spreading were evaluated by
direct fluorescence with green fluorescence dye-
conjugated phalloidin,‡‡‡ which labels ubiquitous
actin cytoskeleton, and 49,6-diamidino-2-phenyl-
indole, dihydrochloride§§§ for nuclear stain (for de-
tails, see Immunolocalization of Bone ECM Proteins:
Bone Sialoprotein and Osteopontin). To assess cell
adhesion and spreading,38,39 the proportion of cells
at stages 1 (round cells), 2 (round cells with filopo-
dia), 3 (cells with cytoplasmic webbing), and 4 (well-
flattened cells) was calculated from 100 adherent
cells after 4 hours of culture for each surface, using
randomly selected 10 to 15 microscopic fields (·40
objective). At day 3 of culture, MC3T3-E1 cells were
processed for SEM imaging according to an estab-
lished protocol.36

Cell Viability, Proportion of Proliferating Cells,
and Total Cell Number
At days 1, 3, and 7 of culture, cell viability was
evaluated by 3-[4,5-dimethylthiazol-2-yl]-2,5-di-
phenyltetrazolium bromide (MTT)iii assay. Briefly,
cells were incubated with 100 mL MTT (5 mg/mL) in
culture medium at 37�C for 4 hours. The medium
was then aspirated from the well, and 1 mL acid-
isopropanol (0.04N HCl in isopropanol) was added
to each well. The plates were then stirred on a plate
shaker for 5 minutes, and 200 mL of this solution
was transferred to a 96-well format using opaque-
walled transparent-bottomed plates.¶¶¶ The optical
density was read at 570 nm on a plate reader,###

and the data were expressed as absorbance.40

The proportion of proliferating cells at day 3 of
culture was determined by double [(5S)-6-[4-[4-[4-
[(2S)-6-azaniumyl-2-(4-butyltriazol-1-yl)hexanoyl]
piperazin-1-yl]-6-[2-[2-(2-prop-2-ynoxyethoxy)ethoxy]
ethylamino]-1,3,5-triazin-2-yl]piperazin-1-yl]-5-[4-
(2-carboxyethyl)triazol-1-yl]-6-oxohexyl]azanium
chloride (Ki-67)/49,69-diamidino-2-phenylindole
(DAPI) labeling, as described previously.41 The an-
tibody used was rabbit polyclonal antihuman
Ki-67**** (1:70). Briefly, the total number of DAPI-

stained nuclei and Ki-67-expressing proliferating
cells that were adherent on Ti disks was calculated
by epifluorescence counting at ·40 objective. A
minimum total of 200 cells were counted on three
Ti disks for each group, and the data were expressed
as percentage Ki-67-positive cells.

The blue dye exclusion assay was used to de-
termine the total number of cells at day 7.37 Briefly,
cells were enzymatically detached from the Ti sur-
faces using 1 mM EDTA, 1.3 mg/mL collagenase,
and 0.25% trypsin solution.†††† The total number of
cells was counted after blue dye‡‡‡‡ staining using
a hemocytometer. Cell adhesion was expressed as
a percentage of the initial number of cells (2 · 104

cells per disk).

Immunolocalization of Bone ECM Proteins: Bone
Sialoprotein and Osteopontin
At days 1, 3, 7, 10, and 14 of culture, cells were
fixed for 10 minutes at room temperature using 4%
paraformaldehyde in 0.1 M phosphate buffer (PB),
pH 7.2. After washing in PB, they were processed
for immunofluorescence labeling, as previously de-
scribed in detail.37 Primary monoclonal antibodies to
bone sialoprotein (BSP)§§§§ (1:200) and osteopontin
(OPN)iiii (1:800) were used, followed by a mixture of
red fluorescence-conjugated goat antimouse sec-
ondary antibody¶¶¶¶ (1:200) and green fluorescence-
conjugated phalloidin#### (1:200). The cell nuclei
were stained with 300 nM DAPI***** for 5 minutes
After mounting with an antifade kit,††††† the samples
were examined under epifluorescence using a light
microscope‡‡‡‡‡ outfitted with a digital camera.§§§§§

A total area of �400 mm2 (corresponding to three
Ti disks) was examined for each labeling and time
point. Representative digital images were processed
with an image software program.iiiii

ii Invitrogen.
¶¶ Sigma-Aldrich, St. Louis, MO.
## Invitrogen.
*** Invitrogen.
††† ATCC CRL-2594, American Type Culture Collection, Manassas, VA.
‡‡‡ Alexa Fluor 488-conjugated phalloidin, Invitrogen.
§§§ DAPI, Invitrogen.
iii Sigma-Aldrich.
¶¶¶ Thermo Fisher Scientific, Suwanee, GA.
### mQuant, Bio-Tek Instruments, Winooski, VT.
**** DBS, Pleasanton, CA.
†††† Invitrogen.
‡‡‡‡ Trypan blue, Sigma-Aldrich.
§§§§ WVID1-9C5, Developmental Studies Hybridoma Bank, University of

Iowa, Iowa City, IA.
iiii MPIIIB10-1, Developmental Studies Hybridoma Bank, University of

Iowa.
¶¶¶¶ Alexa Fluor 594-conjugated goat antimouse secondary antibody,

Invitrogen.
#### Alexa Fluor 488-conjugated phalloidin, Invitrogen.
***** Invitrogen.
††††† Vectashield, Vector Laboratories, Burlingame, CA.
‡‡‡‡‡ Leica DMLB, Leica, Bensheim, Germany.
§§§§§ Leica DC 300F, Leica.
iiiii Adobe Photoshop CS5.1 software, Adobe Systems, San Jose, CA.
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Gene Expression Analysis: Real-Time
Polymerase Chain Reaction
The gene expression of runt-related transcription
factor 2 (RUNX2), alkaline phosphatase (ALP), BSP,
and OPN was evaluated by real-time polymerase
chain reaction (PCR) at days 7 and 10 of culture. The
total RNA from cells was extracted using a total
RNA isolation system kit¶¶¶¶¶ according to the in-
structions of the manufacturer. The concentration of
RNA was determined by optical density at different
wavelengths (260, 280, 230, and 320 nm) using
a spectrophotometer.##### Complementary deoxy-
ribonucleic acid (cDNA) was synthesized using 1 mg
RNA through a reverse transcription reaction using a
high-capacity cDNA reverse transcription kit******
according to the instructions of the manufacturer.

The reactions of real-time PCR were performed
in a detection system†††††† using fluorogenic
probes.‡‡‡‡‡‡ The standard PCR conditions were
50�C (2 minutes), 95�C (10 minutes), and 40 cycles
of 95�C (15 seconds), 60�C (1 minute). For mRNA
analysis, the relative level of gene expression was
calculated in reference to GAPDH expression and
normalized to the gene expression of cells cultured
on machined surfaces (calibrator) using the cycle
threshold method.42

ALP Activity
ALP activity was assayed at day 10 of culture through
the release of thymolphthalein from thymolphthalein
monophosphate using a commercial kit.§§§§§§37 The
data were expressed as ALP activity normalized to
total protein content, which was determined by a
modified Lowry method.41

Proportion of Apoptotic Cells
At day 10 of culture, the proportion of apoptotic
cells was determined by flow cytometry. Briefly, the
cells were trypsinized and labeled with annexin V
and propidium iodide (PI) using a commercial kitiiiiii

according to the instructions of the manufacturer.
The labeled cells were assayed on a flow cytom-
eter¶¶¶¶¶¶ by acquiring 5,000 to 10,000 events and
further analyzed by dot plot using specific soft-
ware.###### The cells were quantified as follows: 1)
annexin V negative/PI positive (viable cells); 2)
annexin V positive/PI negative (cells in the initial
stages of apoptosis); 3) annexin V positive/PI positive
(cells in the advanced stages of apoptosis); and 4)
annexin V negative/PI positive (necrotic cells).

Mineralized Bone-Like Nodule Formation
At days 14 and 21, the cultures were washed in
Hanks’ solution (Hanks’ balanced salts supple-
mented with 0.35 g/L sodium bicarbonate*******),
fixed in 70% ethanol at 4�C for 60 minutes, and
washed in phosphate buffered saline and distilled

water. The cultures were then stained with 2% red
dye,††††††† pH 4.2, at room temperature for 15
minutes. Triple labeling red dye–BSP–DAPI was
performed as described previously.43 The images
were obtained digitally by an epifluorescence micro-
scope‡‡‡‡‡‡‡ and a high-resolution camera.§§§§§§§

Quantitative evaluation of mineralization was
performed by red-dye extraction (calcium content)
as described in detail previously.44 To further char-
acterize the mineralization process, Fourier trans-
form infrared (FTIR) spectroscopy analysis was
performed in red-dye-stained areas at day 14 of
culture using an FTIR spectrometeriiiiiii in reflec-
tance mode. The spectra were obtained in the range
of wave number from 4,000 to 400 cm-1 and signal
averaged for 10 scans at a resolution of 4 cm-1.

Statistical Analyses
Statistical analysis was performed using a parametric
or non-parametric test, for independent data (anal-
ysis of variance [ANOVA] or Kruskal-Wallis test,
respectively), followed by a multiple comparison test
when applicable. The level of significance was 5%.
The results are representative of experiments per-
formed with at least two distinct primary cultures.

RESULTS

Surface topography and roughness at the nanometric
level varied according to the surface treatment. CaP
coating of SBAE surfaces reduced RMS values by
�50%. However, additional functionalization with
P-15 increased the nanoroughness (Figs. 1A and
1B; see Supplementary Table 1). High-resolution
SEM analysis revealed that pristine and modified
SBAE surfaces exhibited an inhomogeneous mi-
crotopography, whereas machined samples only
showed micrometric and submicrometric traces of
mechanical polishing (Fig. 2). In addition, all modified
SBAE surfaces exhibited a submicron-scale needle-
shaped coating, with needle-like structures ranging
from 100 to 300 nm in length and with the maximum
thickness of �40 nm. Interestingly, such structures
were considerably less apparent for P-high (Figs. 2E,
2G, and 2I).

¶¶¶¶¶ SV Total RNA Isolation System Kit, Promega, Madison, WI.
##### GeneQuant 1300, GE Healthcare, Cardiff, UK.
****** High Capacity cDNA Reverse Transcription Kit, Applied

Biosystems, Foster City, CA.
†††††† CFX96, Bio-Rad, Hercules, CA.
‡‡‡‡‡‡ TaqMan Probe System, Applied Biosystems, Carlsbad, CA.
§§§§§§ Labtest Diagnostica, Lagoa Santa, MG, Brazil.
iiiiii Apoptest-FITC Kit, Dako, Glostrup, Denmark.
¶¶¶¶¶¶ FACS Canto, BD Biosciences, San Jose, CA.
###### Diva v.6.0, BD Biosciences.
******* Sigma-Aldrich.
††††††† Alizarin Red S, Sigma-Aldrich.
‡‡‡‡‡‡‡ Leica DMLB, Leica.
§§§§§§§ Canon EOS Digital Rebel, 6.3 MP, EF100 f/2.8 macro lens,

Canon, Lake Success, NY.
iiiiiii PerkinElmer Spectrum GX, PerkinElmer Life and Analytical

Sciences, Shelton, CT.
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SEM imaging at 3 days of culture revealed that
adherent cells on SBAE and modified SBAE surfaces
were substantially less spread than those on the
machined control. Although cells grown on machined
Ti showed a direct contact between the whole cell
body and the substrate, exhibiting short cytoplasmic
processes, the cells on SBAE-based surfaces de-
veloped long cytoplasmic extensions of variable
thickness, which established direct contact with ei-
ther adjacent cells or the substrate (Figs. 2B, 2D,
2F, 2H, and 2J).

Statistically significant differences were observed
among surfaces in terms of static contact angles
(ANOVA, P <0.05). The mean values for the initial
contact angle were �80� for machined surfaces and
>100� for SBAE-based surfaces. Functionalization
significantly reduced the contact angles at equilib-
rium to values of �40� (Fig. 3A; see Supplementary
Table 2).

The assessment of cell adhesion and spreading
at 4 hours revealed a significant reduction in the
proportion of cells with a well-spread morphology
(stages 3 and 4) on modified SBAE compared
to machined Ti (Kruskal-Wallis test, P <0.05; Fig.
3B; see Supplementary Figure 1). In addition, signif-
icantly fewer cells were spread on P-high-functional-
ized surfaces compared to the SBAE control, whereas
no differences among modified SBAE surfaces were
observed (see Supplementary Table 3).

The MTT assay showed no significant differ-
ences among the groups at days 1, 3, and 7, except
for significantly higher values in cultures grown on
modified SBAE compared to SBAE at 3 days
(Kruskal-Wallis test, P <0.05; Fig. 3C; see Supple-

mentary Table 4). No differences in terms of cell
proliferation were detected among the groups (AN-
OVA, P <0.05; see Supplementary Figs. 2 and 3). The
total cell number was significantly lower (ANOVA,
P <0.01) in cultures grown on SBAE-based surfaces
at day 7 (see Supplementary Figure 4 and Supple-
mentary Table 5).

For all surfaces, a significant proportion of cells
exhibited OPN labeling in a perinuclear tubular net-
work and in punctate deposits throughout the cyto-
plasm at 1 and 3 days of culture. Extracellular OPN
labeling was only detected in cultures grown on
modified SBAE, mostly adjacent to OPN-positive
cells. Extracellular OPN labeling was more con-
spicuous at 3 days than at 1 day (Figs. 4A through
4J). At 7 and 10 days in all groups, BSP labeling was
observed in the perinuclear region and in punctate
deposits throughout the cytoplasm (data not shown).
Extracellular BSP accumulation was detected in
areas not necessarily associated with BSP-positive
cells. Qualitatively, a reduced extracellular BSP la-
beling was observed in cultures grown on SBAE
and SBAE+CaP, mainly at 7 days (Figs. 4K through
4T). At day 10, double labeling for BSP and OPN
was evident in areas of cell multilayering only in
the machined group (data not shown).

Real-time PCR analysis revealed that at day 7,
the cells grown on SBAE-based surfaces exhibited
significantly lower RUNX2 mRNA levels compared
to the machined group (two-way ANOVA, P <0.05).
A trend toward increased RUNX2 levels from 7 to
10 days was only observed for the modified SBAE
groups (Fig. 5A; see Supplementary Table 6). The
relative expression levels of ALP significantly

Figure 1.
AFM topographies (1 · 1mm2) (A) and surface nanoroughness (B) (RMS) of machined, SBAE, and modified SBAE surfaces. Bars that share ‡1 letter are
not significantly (P >0.05) different from each other.
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increased from 7 to 10 days in
cultures grown on SBAE-based
surfaces (two-way ANOVA,
P <0.05), whereas a significant
reduction of �50% was de-
tected in the machined group
(Fig. 5A; see Supplementary
Table 7). For all surfaces, BSP
mRNA expression significantly
increased from 7 to 10 days
(two-way ANOVA, P <0.05),
with peak levels in cultures
grown on the machined surface
(Fig. 5A; see Supplementary
Table 8). Significantly higher
OPN mRNA levels were de-
tected in cultures on SBAE-
based surfaces at 7 days and
on modified SBAE at 10 days,
with peak levels for P-low (two-
way ANOVA, P <0.05) (Fig. 5A;
see Supplementary Table 9).

After 10 days of culture, the
cells grown on SBAE-based
surfaces exhibited significantly
lower ALP activity compared to
the machined group (Kruskal-
Wallis test, P <0.05), whereas
the functionalization with P-15
did not alter ALP activity (Fig. 5B;
see Supplementary Table 10).

The apoptosis assay showed
a trend toward the reduction in
the proportion of cells in the ini-
tial phases of apoptosis (an-
nexin V–positive/PI-negative
cells) for cultures grown on the
machined, P-low and P-high

Figure 2.
High-resolution SEM imaging of
machined, SBAE, and modified SBAE
surfaces (A, C, E, G, and I) and of
adherent MC3T3-E1 cells spread on Ti
disks at 3 days (B, D, F, H, and J).
Modified SBAE surfaces exhibited
a superficial layer of submicron-scale
needle-shaped material (insets in E, G,
and I), which was less apparent for P-high.
Adherent cells on SBAE and modified
SBAE were substantially less spread
than the cells on the machined group,
showing long cytoplasmic extensions that
interacted with other cells and the
substrate (F, H, and J, arrows). Scale bars:
A, C, E, F, G, I, and J = 2mm; B, D, and H =
10 mm; insets in E, G, and I = 200 nm.
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surfaces; at the same time,
P-low and P-high doubled
the proportion of cells in
the advanced stages of
apoptosis (annexin V–
positive/PI-positive cells)
compared to cultures on
SBAE and machined Ti
(see Supplementary Figure 5
and Supplementary Table
11).

A significant enhance-
ment in matrix minerali-
zation at 14 and 21 days
of culture was observed
in cultures on modified
SBAE compared to the
SBAE and machined
groups (two-way ANOVA,
P <0.05; Fig. 5C; see
Supplementary Table 12).
A significant increase from
14 to 21 days of culture
was detected only in the
P-low cultures. Although
no major differences were
noticed among the modi-
fied SBAE at day 14, the
red-dye values were sig-
nificantly higher for P-low
compared to P-high at day
21. Using the same culture
conditions with no cells,
minimal red-dye values
were detected at day 14
in all surfaces, including
those coated with CaP
(Fig. 5C).

Morphologically, typi-
cal mineralized nodules,
brownish/reddish in color,
were observed in cultures
grown on the machined
group at days 14 and 21
of culture. However, for
SBAE-based surfaces,
such structures were only
occasionally detected at
day 14 and were more
frequent at day 21, al-
though in a lesser quantity
than cultures grown on the
machined control (Fig. 6).
Diffuse red-dye-stained
areas, which were reddish
for cultures on machined

Figure 3.
A) Surfacewettability analysis bymeans of the sessile dropmethod using a drop of the cell culturemediumoneach
surface. B) Proportion of osteogenic cells (100 cell count, ·40 objective) at different stages of adhesion and
spreading on machined, SBAE, and modified SBAE surfaces at 4 hours. C) Cell viability (MTT, optical density) of
osteogenic cell cultures grown onmachined, SBAE, andmodified SBAE surfaces at days 1, 3, and 7. Bars that share
‡1 letter of the same color are not significantly (P >0.05) different from each other.
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surfaces and brownish for the ones on SBAE and
modified SBAE, were also observed at both time
points (Figs. 6A through 6J). Epifluorescence re-
vealed red-dye-stained nodules exhibiting an irreg-
ular contour (Figs. 6K through 6T) and labeling for
BSP, which was remarkably weaker for cultures on
SBAE-based surfaces (compare Figs. 6L through 6O
to Fig. 6K). FTIR analysis of red-dye-stained areas
revealed vibrational bands from 900 to 1,200 cm-1

(phosphate/mineral) and from 1,580 to 1,720 cm-1

(amide I/organic matrix) in all groups, with more
pronounced peaks for the machined group (see
Supplementary Figure 6).

The numerical data are summarized in Supple-
mentary Table 13.

DISCUSSION

This in vitro study demon-
strates that coating of an SBAE
Ti microtopography with sub-
micron-scale CaP by itself may
affect key parameters of the
progression of the osteogenic
phenotype. A reduction in the
proportion of spread cells and
a higher accumulation of ex-
tracellular OPN at early time
points were observed for cul-
tures grown on modified SBAE
surfaces. In addition, changes
in the mRNA profile of osteo-
genic markers at 7 and 10 days
of culture preceded the occur-
rence of significantly larger
areas of calcified matrix at days
14 and 21 for modified SBAE
compared to controls. Func-
tionalization with P-15 pro-
moted only limited synergistic
effects.

CaP-based coatings on Ti
have been shown to promote
biocompatibility and osseoin-
tegration, depending on the
type of coating.45 In the present
study, a submicron-scale CaP
coating comparable with that
developed by Rössler et al.46 is
deposited on SBAE Ti to ach-
ieve the loading of P-15 at two
concentrations. During the first
10 days of culture, the modified
SBAE surfaces promoted a re-
duction in cell spreading, cell
number, the occurrence of
larger extracellular OPN de-

posits, and a trend toward a higher proportion of cells
at advanced stages of apoptosis. Although these
findings could suggest an earlier acquisition of
a more mature osteoblastic phenotype,23,30 the
higher MTT values together with lower osteoblast
marker mRNA levels and ALP activity suggest the
occurrence of a transient delay in osteogenic differ-
entiation accompanied by changes in cell pro-
liferation dynamics (although not detected at day 3
by Ki-67) and the rate of apoptosis. Such findings are
likely attributable, at least in part, to the interaction of
cells with the increased surface area provided by the
CaP coating, a common feature for the modified
SBAE. A similar osteogenic cell response has been
observed for porous Ti.47 Importantly, the possibility

Figure 4.
Epifluorescence of osteogenic cell cultures grown onmachined, SBAE, andmodified SBAE surfaces at 1 (A
through E), 3 (F through J), 7 (K through O), and 10 (P through T) days. Red indicates OPN (A
through J) and BSP (K through T) labeling, green indicates actin cytoskeleton (A through J), and blue indicates
cell nuclei (A through T). Extracellular OPN labeling is abundant and prominent in cultures grown on
SBAE+CaP, P-low, and P-high (C through E and H through J). Large BSP-positive areas are clearly observed
in P-lowand P-high at 10 days (S and T). Scale bar: A through J= 50mm;K through T= 200mm. d= day(s).
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that early enhanced extracellular OPN labeling takes
place because of an enhanced adsorption of the
protein on the CaP coating, and not because of
a higher osteoblastic activity, should not be ruled out
and must be further investigated.

At 14 and 21 days of culture, modified SBAE
supported the occurrence of significantly larger areas
of mineralized ECM, mostly in a diffuse, non-nodular
pattern. The physiologic-like nature of the mineral
deposits associated with a collagen-based organic
matrix was demonstrated by FTIR analysis.48 In-
terestingly, the formation of woven bone-like nod-

ules, typically observed in cultures grown on
machined Ti,37 was delayed and clearly less prom-
inent in cultures grown on modified SBAE. This
could suggest that terminal osteoblastic differentia-
tion on modified SBAE (and also on SBAE) would
not necessarily depend on the cell multilayering that
takes place after confluence on flat, dense substrates
and precedes and colocalizes with nodule formation
in calvarial cell cultures, a finding that has also been
demonstrated for other microtopographies.49 De-
spite a trend toward the use of hierarchically struc-
tured implants, the higher bone marker gene

Figure 5.
A) Relative mRNA expression of RUNX2, ALP, BSP, and OPN levels in osteogenic cell cultures grown on machined, SBAE, and modified SBAE surfaces
at days 7 and 10. The data were normalized to GAPDH mRNA levels, and value 1 was attributed to cultures grown on machined surfaces at day 7. B)
ALP activity (micromolar thymolphthalein per hours per milligrams protein) of osteogenic cell cultures grown on machined, SBAE, and modified SBAE
surfaces at day 10.C)Quantitative analysis of red-dye-stained osteogenic cultures grown on machined, SBAE, and modified SBAE surfaces at days 14 and
21. Notice the higher values of red dye in the modified SBAE cultures. Bars that share ‡1 letter are not significantly (P >0.05) different from each other.

J Periodontol • August 2013 Pereira, Alves, Novaes Jr., et al.

1207



expression observed on machined Ti, together with
the earlier mineralized nodule formation on ma-
chined Ti compared to modified SBAE in our in vitro
conditions, support the idea that machined surfaces
would also benefit from CaP coatings.

Functionalization with the two peptide concen-
trations used significantly changed the contact
angles at equilibrium, transforming the highly hy-
drophobic SBAE+CaP into a moderately hydrophilic
surface. Hydrophilic Ti surfaces have been shown to
promote the enhancement of mineralized ECM for-
mation in vitro37 and to accelerate osseointegra-
tion.12,13 In this context, although changes in
wettability could contribute to the higher osteogenic
potential for cultures grown on P-low at day 21, it
would not account for the differences noticed be-
tween P-low and P-high, which exhibited the same
contact angle. In an in vivo model using grit-blasted

and acid-etched dental im-
plants functionalized with
P-15,25 significantly higher
bone-to-implant contact rates
were achieved with the high
concentration of P-15; how-
ever, both concentrations of the
peptide (20 and 200 mg/mL)
showed increased peri-implant
bone density compared to
the control. Because no CaP-
coated Ti with no peptide was
used in that study, the positive
effects on osseointegration
would not necessarily be at-
tributable to the P-15 function-
alization. Importantly, a more
recent study from the same
group,50 with proper controls,
revealed no significant impact
of P-15 on interfacial bone for-
mation at concentrations rang-
ing from 20 to 400 mg/mL.

CONCLUSIONS

The present in vitro results
demonstrated that the strategy
used to functionalize SBAE
Ti microtopography might af-
fect key parameters of the
progression of the osteogenic
phenotype. Despite the occur-
rence of earlier osteoblastic
cell spreading and differentia-
tion for the machined Ti, the
SBAE+CaP, P-low, and P-high
surfaces all equally supported
changes in the mRNA expres-

sion profile of key osteoblast markers, ultimately
resulting in enhanced ECM mineralization. However,
only limited synergistic effects were achieved with
the P-15 functionalization.
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