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Over the past 15 years, titanium implant surfaces, which exhibit two superimposed levels of surface roughness, have received increasing attention in implant dentistry in view of accelerating the osseous integration of dental implants. However, there are few studies, which
compare the biological behavior of a range of these clinically used implant surfaces with varying mixed microtopography to each other.
This study aimed at establishing the relationship between the surface properties of an array of clinically used titanium implant surfaces
with varying mixed microtopography and their osteogenic potential. Type I collagen (Col I), alkaline phosphatase (ALP), osteopontin
(OP), osteocalcin (OC), osteonectin (ON) and bone sialoprotein (BSP) are valuable markers for evaluating the osteogenic potential of
endosseous implant materials. This study analyzed Col I, ALP, OP, OC, ON and BSP expression by SaOS-2 bone cells cultured on various
implant surfaces with mixed microtopography for 3, 7, 14 and 21 days. Test materials were titanium disks with Cellplus® (CP), Promote®
(Pro), SLA® (SLA), Titanium plasma-sprayed (TPS) and Osseotite® (Oss) surfaces. Machined Ti (MTi) was used as control. All surfaces
supported cell proliferation, differentiation and extracellular matrix formation and mineralization. The SLA surface had the greatest
stimulatory effect on osteoblast proliferation and differentiation; suggesting that this surface possesses the highest potency to enhance
osteogenesis. This study shows that slight differences in surface microarchitectural features have a significant effect on the osteogenic
phenotype expression in vitro. These differences are likely to influence the implant in vivo performance in patients.
Keywords: titanium dental implants, implant surfaces, microarchitecture, surface properties, SaOS-2, osteogenic phenotype, osteoblast, cell differentiation, bone

1. Introduction
The use of dental implants to replace missing teeth has
become a common treatment modality in modern dentistry.
Over the past two decades, numerous prospective long-term
studies have documented excellent long-term success rates
for osseointegrated implants [14]. Titanium (Ti) is widely
used as dental implant material, because direct contact occurs between bone and the implant surface [510]. Preferably, roughened surfaces have been used for the endosseous
portion of dental implants in order to increase the total surface area available for osseous apposition [1115]. Over
the past 15 years, the use of sandblasted and acid-etched,
or dual-acid-etched, implant surfaces, which exhibit two
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superimposed levels of surface roughness, has received increasing attention in implant dentistry [1, 1523]. This new
generation of implant surfaces, which features a dual microtopographic level of roughness, a first level of 2040 µm,
or 58 µm roughness and a superimposed second level of
89 or 13 µm [1622] has replaced the formerly widely
used titanium plasma-sprayed (TPS) surfaces [2, 3, 8, 9,
1315, 20, 24] with the goal of accelerating the osseous
integration of dental implants and enhancing the bone-implant contact [1, 1223], thereby, shortening healing times
and improving anchorage of dental implants in areas with
low bone quality such as areas with highly cancellous bone
in the posterior maxilla.
Surface topography plays a critical role in the interaction
of dental implants with adjacent tissues [6, 13, 15, 25, 26].
Many of the most important steps in the peri-implant healing
cascade are profoundly influenced by implant surface micro-
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topography [6, 8, 23]. In vitro studies have shown that
microroughened sandblasted and/or acid-etched surfaces
enhance platelet activation and aggregation and fibrin retention [8, 21]. As a result a migratory pathway for the
differentiating osteogenic cells to reach the implant surface
is provided [8, 21]. Furthermore, these microroughened
surfaces enhance osteoblastic attachment, differentiation and
matrix production and as well as their growth factor and
cytokine production [2223, 2530]. Animal studies demonstrated an enhanced bone-implant contact and removal
torque values with microroughened surfaces compared to
smooth and TPS surfaces [17, 20, 22, 3135]. Clinical trials
indicate high success rates after early loading [1, 16, 36
39]. In addition, improved success rates have been reported
in low quality bone, such as the posterior maxilla [38, 39].
Obtaining greater bone to implant contact which forms in a
shorter period of time, not only reduces the healing period
of dental implants prior to functional loading but also
protects them from a breakdown of their anchorage in bone
and from developing marginal bone loss [1, 14].These are
important aspects in view of preventing periimplantitis [1,
13]. Apart from surface roughness and topography, surface
properties affecting the cellular response are chemical
composition-bulk chemistry as well as surface chemistry,
and surface energy and charge [13, 15, 23, 4045].
In order to cause more abundant and more expeditious
bone formation at the boneimplant interface, a dental implant surface has to possess the ability to enhance cell
differentiation of osteogenic cells at its surface. The use of
in vitro osteogenic cell cultures has proven valuable for
studying the biological reactions to dental implant surfaces
[6, 7, 23, 24, 2629]. Quantitative evaluation of osteogenic
markers expressed by osteoblasts grown on different implant
surfaces facilitates assessing their osteogenic capacity by
gaining insight into the effect of endosseous implant materials on osteoblastic cell differentiation [23, 24, 28, 44].
Few studies, however, have compared the surface properties and the biological behavior of a broader selection of
these new generation commercially available dental implant
surfaces with mixed microtopography to each other [13
15, 4649], and existing data obtained in studies with varying experimental set-ups do not allow comparing these implant surfaces directly to each other [1315]. Previously,
we were able to show, with respect to bone grafting materials, that enhanced osteogenic marker expression and osteoblast differentiation in vitro led to greater bone bonding
and bone formation in vivo [5053]. Consequently, such in
vitro data are valuable with respect to enhancing our understanding of in vivo results and clinical outcomes, and in
view of optimizing implant surface design. Hence, the goal
of the present study was to elucidate the effect of the surface characteristics of an ample selection of dental implant
surfaces with mixed microtopography on osteoblast differentiation in vitro in terms of expression of an array of osteogenic markers under identical experimental conditions,
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thereby creating a comprehensive set of data, which may
contribute to elucidating key factors affecting the performance of dental implants. To this end, the temporal expression of six osteogenic markers by human osteoblastic cells,
i.e. SaOS-2 cells, cultured on an ample selection of new
generation clinically used dental implant surfaces with varying mixed microtopography was characterized.
2. Materials and methods
2.1. Titanium implant test surfaces
The specimens used consisted of commercially pure
grade 2 (CP G2, ASTM F67) Ti disks with dimensions of
10 mm in diameter by 2 mm in thickness. Ti disks were
subjected to their respective surface treatments by various
dental implant manufactures in order to produce the specific implant surfaces present with the respective commercially available implants. The implant surfaces tested were
Cellplus® (CP; Dentsply, Germany), Promote® (Pro; Altatec, Germany), SLA® (SLA; Straumann, Germany), Osseotite® (Oss; Biomet 3i, Germany) and titanium plasma
sprayed (TPS; Dentsply, Germany) surfaces. According to
the dental implant manufacturers, CP, Pro and SLA are sandblasted and acid-etched surfaces; CP was grit-blasted using
Al2O3 particles with a grain size 350500 µm and acidetched with hydrochloric acid/sulfuric acid/hydrofluoric
acid/oxalic acid and neutralized with a sodium-based solution, i.e. NaOH or NaHCO3, while SLA was grit-blasted
using Al2O3 particles with a grain size of 250500 µm and
acid etched with HCl/H2SO4 [15, 18, 20]. Pro is manufactured by grit-blasting with Al2O3 particles followed by acidetching with inorganic acids [15]. Oss is a dual-etched surface produced by a first etching with hydrofluoric acid, followed by a second etching with a combination of hydrochloric and sulfuric acid [22]. TPS is a rough surface created by plasma spraying of spherical Ti particles; Disks with
a machined Ti surface (MTi, Dentsply, Germany) served as
control. The various Ti dental implant test surfaces were
packed, sealed, and sterilized by gamma irradiation by their
respective provider
2.2. Surface characterization of dental implant surfaces
The surface roughness of the various test surfaces was
determined by using an optical profilometer (MicroProf,
Fries Research & Technologie GmbH, Germany) and specific software, i.e. Mark III V3.9.4.1 (FRT GmbH, Germany). A 600 µm sensor, with a precision of 200 nm and a
vertical resolution of 20 nm, was used to perform the measurements. A total of 20 measurements per test surface were
performed. Images were obtained from the center of the
sample by using the sensor mentioned above in an area of
2000 × 2000 µm. The samples were placed horizontally under the sensor with a given distance so that the sensor showed
a relative intensity medium value of 150 units. For the roughness an area of 4000 × 1200 µm was measured using 10 lines;
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each line having 2000 dots/pixels. With one series 10 results (lines) were generated. Two series per sample were
measured to obtain the following surface roughness parameters: Ra (the arithmetic mean of departures of the roughness profile from the mean line), Rz (the average of five
consecutive values of roughness height which is defined as
the distance between the top of the highest peak and the
bottom of the deepest valley) and Rmax (maximum peak to
valley height of the profile in the assessment length) values.
The wettability of the surfaces was characterized by
determining the contact angles utilizing a high-resolution
drop shape analysis system (model DSA 10 Mk2, Krüss
GmbH, Hamburg, Germany) and applying the sessile drop
method. HPLC grade distilled water (Sigma Aldrich, Germany) was used as liquid to measure the contact angle.
Briefly, 4 µl-droplets were placed automatically under software control on the surface of the samples. For each droplet 1825 frames were recorded during 50 s after droplet
deposition by using a CCD-camera. The images were processed utilizing a special purpose software, i.e. Drop Shape
Analysis 1.9 (Krüss, Germany) to determine the contact
angles continuously. For all samples the picture/frame acquired after 15 s was used to determine the contact angle
values. Ten contact angle measurements were performed
for each surface group. Surface roughness and contact angles
were measured at room temperature. The morphology of
the surfaces was examined by scanning electron microscopy (SEM; Philips SEM 505, Phillips, the Netherlands) at
an accelerating voltage of up to 20 kV in order to visualize
the differences in surface morphology at two levels of magnification (500× and 1000×).
2.3. Cell culture
The human osteoblast-like osteogenic cell line SaOS-2,
derived from a human osteosarcoma, was used for the in
vitro experiments. SaOS-2 cells were obtained from the
German Collection of Microorganisms and Cell Cultures
(DSMZ, Germany). Cells were cultured in a modified
McCoys 5A medium (Sigma-Aldrich, Germany) supplemented with 10% FCS (Gibco, UK), 1% penicillin/streptomycin (Gibco, UK), 1% L-glutamine 200 mM (Gibco, UK)
and 0.1M L-ascorbic acid phosphate Mg (Wako Pure
Chemicals, Japan). Cells were maintained in an incubator
in a 5% CO2 atmosphere and at 37°C. Culture medium was
renewed every 2-3 days. When cells reached confluence, a
trypsin-EDTA (0.5 g/L trypsin and 0.2 g/L EDTA) solution
(Gibco, UK) was used to detach cells from the bottom of
the culture flasks; then, cells were reseeded into a new tissue culture flask or seeded onto the Ti surfaces.
2.4. Cellular quantitative immunocytochemistry assay for
osteogenic proteins
SaOS-2 cells of the 5th to 8th passage were seeded at a
density of 8.5 × 104 cells/cm2 on the different implant surface disks and cultured for 3, 7, 14, and 21 days. Eight

disks (n = 8) per test surface and time point were used. A
modified version of the cellular quantitative immunocytochemistry assay described by Wang et al. [54] was used
to quantify the intracellular protein expression of an array
of osteogenic proteins characteristic of the osteoblast phenotype [5052]. Briefly, cells were harvested from the test
surfaces by trypsinization using 0.02% trypsin/0.02% EDTA
in phosphate-buffered saline solution (PBS) and counted
with a hemocytometer as described previously. A defined
number of cells, i.e. 1 × 104 cells, was placed into 96-well
plates and centrifuged at 1000 rpm for 10 min. The supernatant from each well was removed and cells were then
dried at the plates for 30 min at 37°C. Dried cells were
fixed by immersing them in a methanolacetone mixture,
with a 9 : 1 ratio, for 1 min at room temperature. Subsequently, cells were rinsed twice with PBS. Then, incubation in 0.25% Triton 100-X (ICN, USA) and 0.25% Nonidet
NP40 (Sigma-Aldrich, Germany) in PBS for 5 min was done
to permeabilize the cell membrane. The incubation solution was removed and cells were rinsed twice in a 0.05%
(v/v) Triton 100-X in PBS solution. To reduce nonspecific
binding, 50 µl of a blocking solution of 2% (w/v) heatinactivated bovine serum albumin (Sigma-Aldrich, Germany) in Hanks balanced salt solution (Sigma-Aldrich,
Germany), was added to each well and the plates were incubated for 20 min at room temperature in a humidified
chamber. The blocking solution was then removed from the
wells before adding any monoclonal or polyclonal antibodies. Monoclonal antibodies for alkaline phosphatase (ALP;
Sigma-Aldrich, Germany), osteocalcin (OC; Santa Cruz,
USA), as well as polyclonal antibodies for type I collagen
(Col I; LF-39, NIDCR, USA), osteopontin (OP; LF-124,
NIDCR, USA), osteonectin (ON; BON-I, NIDCR, USA),
and bone sialoprotein (BSP; LF-83, NIDCR, USA) were
used to analyze the intracellular protein expression of these
osteogenic markers [5052, 55]. The presence of a biotin
label on the F(ab)2 fragment of the secondary antibody was
quantitatively measured by using a one-step application of
a soluble complex of streptavidin and biotinylated alkaline
phosphatase (Dako Cytomation, Denmark) and by subsequently visualizing the para-nitrophenyl phosphate (p-NP)
via a specific assay [52, 54]. A 5 mM (mmol/L) solution of
levamizole was added to inhibit endogenous ALP activity.
Quantification was performed by measuring the optical
density of the yellow color of the p-NP in a plate reader
(SPECTRA MAX 340PC, Molecular Devices, USA) at a
wavelength of 405 nm. Finally, the results were normalized
to the internal β-actin protein control. Furthermore, Alizarin
red staining was applied after 21 days of culture using previously described protocols [56], in order to examine, whether mineralization of the extracellular matrix (ECM) produced by SaOS-2 cells on the various Ti surfaces had occurred. This was in addition to utilizing a Roentec® energy
dispersive X-ray (EDX) microanalyzer attached to the Philips SEM 505 for EDX analysis to determine the presence
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Table 1. Results of the roughness and contact angle measurements of the different dental implant surfaces
Implant surface

Ra, µm

Rz, µm

Rmax, µm

Contac angle

CP

4.01 ± 0.04

21.22 ± 0.61

26.29 ± 0.90

91.3° ± 5.8°

Pro

1.97 ± 0.02

12.16 ± 0.21

16.35 ± 0.39

56.3° ± 9.8°

SLA

3.65 ± 0.16

18.72 ± 0.01

23.86 ± 0.23

90.9° ± 4.0°

TPS

5.58 ± 0.01

40.87 ± 0.98

52.45 ± 1.39

59.4° ± 7.5°

Oss

0.82 ± 0.04

5.01 ± 0.11

6.59 ± 0.58

70.5° ± 1.6°

MTi

0.20 ± 0.01

1.43 ± 0.04

1.98 ± 0.01

67.6° ± 2.7°

All values are mean ± standard deviation of 20 (surface roughness) or 10 (contact angle) measurements,
respectively. CP = CellPlus; Pro = Promote; SLA = SLA; TPS = titanium plasma sprayed, Oss = Osseotite
and MTi = machined titanium.

of calcium and phosphorus in the ECM produced by SaOS2 cells after 21 days.

in Table I. The highest surface roughness values (Ra, Rz and
Rmax) were recorded for the TPS surfaces followed by CP,
SLA, Pro, Oss and MTi. Ra, Rz and Rmax values ranged from
0.2 to 5.58 µm, 1.43 to 40.87 µm and 1.98 to 52.45 µm,
respectively. With respect to the wettability, Pro surfaces
displayed the lowest contact angle that is the highest wettability, followed by TPS, MTi, Oss, SLA and CP, for which
the highest contact angles and lowest wettability were noted.
Contact angle values ranged from 56.3° to 91.3°. In Fig. 1
the topographic images obtained for the different implant surfaces utilizing the profilometer are depicted. The
CP surface displayed the most rugged surface texture. In
this it was followed by SLA, Pro and Oss. Furthermore, the
highly rough texture of the TPS surfaces as well as the
smooth morphology of the MTi control surfaces were visualized.

2.5. Statistical analysis
Two runs of experiment were performed and assays were
run in quadruple. The measurements of the two experimental runs were pooled. To compare the different substrata to
each other, the data were statistically analyzed using an
analysis of variance (ANOVA; Origin Pro8; Originlab,
USA) and a post-hoc Tukey test. Results were considered
statistically significant at p < 0.01.
3. Results
3.1. Titanium implant surfaces characterization
The result of the surface roughness and contact angle
measurement of the various test surfaces are summarized
b
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Fig. 1. Visualization of the surface microtopography of the various dental titanium implant surfaces used in this study by optical profilometry;
CellPlus (CP) (a), Promote (Pro) (b), SLA (c), titanium plasma sprayed (TPS) (d), Osseotite (Oss) (e), and machined titanium (MTi)
control surface (f).
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Fig. 2. Scanning electron micrographs of the various dental implant surfaces, acquired at two levels of magnification (500× and 1000×);
CellPlus (CP) (a, b), Promote (Pro) (c, d), SLA (e, f), titanium plasma sprayed (TPS) (g, h), Osseotite (Oss) (i, j), and machined titanium
(MTi)control surface (k, l).

Figure 2 displays the scanning electron micrographs of
the different Ti dental implant test surfaces supplied by the
various dental implant manufacturers including the machined control surfaces (MTi). SEM analysis at a magnification of up to 1000 times showed that SLA and CP surfaces exhibited a surface texture of greater roughness compared to Pro and Oss. In addition, SLA and CP showed
somewhat similar features at the 20100 micrometer- and
micrometer-scale. The SLA surface, however, displayed a
more heterogeneously-structured surface featuring larger
diameter crater-like cavities with greater concavity and more
steeply sloped walls and undercuts (Figs. 2e and 2f) compared to the CP surface, which exhibited a less textured
surface geometry with cavities of lesser diameter, concavity and less steeply sloped walls (Figs. 2a and 2b). At the
micrometer-scale both implant surfaces featured superimposed microtopographic pits. TPS surfaces displayed a surface morphology which differed significantly from the sandblasted and/or dual-acid-etched surfaces due to the molten
titanium particles deposited on the Ti substrate. TPS surfaces had the highest surface roughness values but lacked
the superimposed levels of surface roughness present with
CP, SLA, Pro and Oss samples. All implant surfaces exhibited a rougher surface than the MTi control specimens, which
had the smoothest surface (Table 1), and for which only the
machining threads were visible.
3.2. Cellular proliferation
Figure 3 depicts the results of the cell proliferation on
the different implant surfaces at the different time points.

In general, all the implant surfaces supported increasing
cell proliferation, compared to the initial cell density of
8.5 × 104 cells/cm2, over the 21day incubation period. MTi
and TPS, however, displayed significant lower cell numbers than SLA, CP, Pro and Oss, i.e. the new generation of
titanium implant surfaces, which exhibit two superimposed
levels of surface roughness, at 7, 14 and 21 days of incubation. At 21 days most cells were present on SLA followed
by CP and Pro, while at 3 days cell numbers were highest
on Pro and SLA closely followed by Oss.
3.3. Cellular differentiationimmunocytochemistry
assay for osteogenic proteins
Figure 4 shows the results of the quantification of the
different osteogenic proteins produced by the SaOS-2 cells

Fig. 3. Number of SaOs-2 human bone cells cultured over 21 days
on different titanium dental implant surfaces. Values are mean ±
standard deviation.
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Fig. 4. Expression of bone-related proteins by SaOs-2 cells cultured on different titanium dental implant surfaces for 3 weeks. Results are
normalized to the internal control, i.e. β-actin protein, for each time point and each substratum. All values are mean ± standard deviation
of 8 measurements. Absorbance ratio (Y-axis) at 405 nm: day 3 (a), day 7 (b), day 14 (c), and day 21 (d). Col I, type I collagen; ALP,
alkaline phosphatase; OP, osteopontin; OC, osteocalcin; ON, osteonectin; and BSP, bone sialoprotein. CP = CellPlus; Pro = Promote;
SLA = SLA; TPS = titanium plasma sprayed, Oss = Osseotite, and MTi = machined titanium (control).

cultured on the various Ti samples at the different time
points. At 3 days, cells cultured on SLA and TPS expressed
significantly higher levels of Col I compared to cells grown
on all other samples, while Col I expression by cells cultured on Oss was significantly lower compared to all the
other samples except for Pro; ALP and OP expression levels in cells on SLA were also significantly higher compared
to all other samples; OC expression was significantly higher
in cells grown on SLA compared to osteoblasts cultured on
Pro and TPS, and intracellular ON expression on SLA was
significantly higher compared to all other surfaces. Furthermore, cells grown on TPS and CP expressed significantly
higher ON levels than cells cultured on Oss and MTi. With
respect to BSP expression, significant differences were only
observed for cells on SLA, which expressed more BSP than
cells grown on all other materials.
After 7 days of incubation, Col I, ALP, OP, OC, and
BSP expression levels by cells grown on the various test
surfaces did not show and statistically significant differences. Only intracellular ON production on SLA was significantly higher compared to all other surfaces; the same

was true when comparing intracellular ON expression on
Oss to TPS and MTi.
At day 14, cells grown on Oss expressed significantly
lower Col I levels than cells on all other substrata; the same
was true when comparing Col I levels in cells on SLA and
TPS to those in cells on Pro and MTi. ALP, OP, OC, and
ON expression levels did not show any statistically significant differences when comparing the various implant surfaces, while with respect to BSP significantly lower expression levels were noted in cells on Oss compared to those on
Pro and MTi.
After 21 days of incubation, SLA surfaces displayed
significantly higher levels of Col I and BSP compared to
any other test surfaces and significantly greater OC levels
than cells on CP and Oss in combination with significantly
higher ON levels than MTi and TPS. Cells cultured on Oss
exhibited significantly lower Col I production compared to
cells grown on MTi and TPS. Col I expression levels by
cells on MTi and TPS did not display any statistically significant differences. Cells cultured on CP and Pro showed
significantly lower ON production than cells on all other
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surfaces. The same was true when comparing ON production by cells on Oss to that by cells grown on MTi and TPS.
Cells cultured on Oss expressed significantly higher BSP
levels than cells cultured on CP and significantly lower BSP
levels than cells cultured on MTi and TPS. Also cells grown
on CP and Pro showed significantly lower BSP expression
than cells cultured on MTi and TPS. When comparing BSP
expression by cells on Pro to that by cells on CP or BSP
levels in cells on Oss to those in cells on MTi, differences
were not statistically different. With respect to ALP and OP
production no statistically significant differences were noted
for cells grown on any of the test surfaces. Alizarin red staining and EDX analysis, which yielded peaks for phosphorus
and calcium, confirmed mineralization of the extracellular
matrix produced by SaOS-2 cells on all titanium test surfaces after 21 days of culture.
Regarding the effect of the different implant surfaces
on osteogenic marker expression over time, already at day 3,
SLA induced greater expression of all osteogenic markers
than all other surfaces, and expression of all osteogenic
markers already peaked at day 3 and then again at day 21,
while with the other surfaces Col I, ALP, ON and BSP production only peaked at day 21 (Fig. 4). Cells grown on Oss
expressed significantly greater OP levels at 21 days than at
3 and 14 days, while the difference in OC levels at 21 days
was not statistically significant. On Pro, TPS and MTi OC
levels also peaked at 21 days, but were significantly lower
compared to those recorded for cells grown on SLA. Differences in OP levels observed in cells cultured on CP, Pro,
TPS and MTi did not show any statistically significant differences at the various time points.
4. Discussion
In implant dentistry there has been an ongoing effort to
enhance and accelerate osseointegration of dental implants
by optimizing their implant surface design [1215], which
led to the development of implant surfaces with mixed
microtopography. This is related to the fact that treatment
outcomes in dental implantology are critically dependent
on implant surface designs that optimize the biological response during the different mechanisms by which bone becomes juxtaposed to an endosseous implant surface [68,
1215]. The mechanisms by which endosseous implants become integrated in bone can be subdivided into three distinct phases [6]. The first, osteoconduction relies on the
migration of differentiating osteogenic cells to the implant
surface through a temporary connective tissue scaffold.
Anchorage of this scaffold is a function of implant surface
design. The second phase, de novo bone formation results
in a mineralized interfacial matrix, being laid down on the
implant surface. Implant surface topography will determine,
if the interfacial bone formed is bonded to the implant. A
third tissue response is that of bone remodeling, also resulting in de novo bone formation at discrete sites [6]. In
this context, an important aspect is the influence of the im-

plant surface on osteoblastic cell differentiation. To enhance
osseous integration dental implant surfaces should possess
the ability to stimulate differentiation of osteogenic cells
and matrix formation at their surface.
Consequently, the current study aimed at elucidating the
effect of varying surface properties and microtopography
of new generation clinically used dental implant surfaces,
which exhibit two superimposed levels of surface roughness, on osteoblast differentiation. To this end, first the surface characteristics of these commercially available implant
surfaces were determined in the same experimental set-up.
Profilometry and contact angle measurements were utilized
to characterize the surface roughness and wettability. This
was in addition to visualizing surface microtopography and
architecture by scanning electron microscopy as well optical profilometry. SEM analysis and optical profilometry
imaging allowed visually assessing morphological differences between the test surfaces and comparing the morphology of the various implant surfaces to each other in
addition to correlating the morphological findings with the
surface roughness and contact angle values as well as osteogenic marker expression by bone cells. Second, a human osteoblast-like osteogenic cell line, i.e. SaOS-2, was
used to analyze the effect of the different Ti implant surfaces and their surface properties on osteogenic marker
expression by these cells with the purpose to establish the
relationship between surface characterization data and the
cellular response in terms of osteoblast differentiation.
To our knowledge, there are very few studies which
compare the effect of a broader selection of new generation
dental implant surfaces with mixed microtopography on the
temporal expression of a range of osteogenic proteins as a
measure of phenotypic differentiation in the same experimental set-up. Furthermore, we were able to show previously that with respect to calcium phosphate bone grafting
materials evaluation of osteogenic marker expression in vitro
was an excellent predictive indicator for in vivo performance
[5053]. Consequently, the hypothesis tested in our study
presented here was that elucidating the effect of the surface
characteristics of various dental implant surfaces on osteoblast differentiation in vitro in terms of temporal expression of an array of osteogenic markers under identical experimental conditions may enhance our understanding of
the bone tissue response to these surfaces at the molecular
level and may contribute to identifying key factors affecting the performance of dental implants.
Differentiating osteoblasts are known to synthesize and
secrete type I collagen, alkaline phosphatase and other noncollagenous extracellular bone matrix proteins such as osteonectin, osteocalcin, osteopontin and bone sialoprotein [55,
5760]. These bone-matrix proteins have been recognized
to be particularly useful osteogenic markers characterizing
the various stages of osteoblast differentiation. Differential
bone-related marker expression of osteogenic cells can be
defined by several principal biological periods: cellular pro-
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liferation, cellular maturation and focal mineralization. It
has been demonstrated that Col I is expressed during the
initial period of proliferation and extracellular-matrix biosynthesis, whereas ALP is expressed during the post proliferative period of extracellular-matrix maturation, and the
expression of OP, OC, ON and BSP occurs later during the
third period of extracellular-matrix mineralization [55, 57
60]. Thus, the present study quantitatively records the response of human bone cells to the various dental implant
test surfaces at four time points in terms of Col I, ALP, OP,
OC, ON and BSP osteogenic protein expression as a measure of phenotypic differentiation [24, 44, 5053].
The choice of the human osteoblast-like osteogenic cell
line, i.e. SaOS-2 for examining the effect of the different
dental implant test surfaces on osteoblast differentiation was
based on previous experience of our group with this cell
line. Previously, we obtained comparable results when using human primary osteoblasts and SaOS-2 cells for studying the effect of identical bone grafting materials on osteoblast differentiation [5052]. Saldana et al. studied the use
of SaOS-2 cells and compared them to other cell lines. In
these studies the authors were able to prove that SaOS-2
cells are representative of human osteoblasts in biomaterial and cytocompatibility studies [61]. In addition, studies
performed by others have also demonstrated the suitability
of using SaOS cells for osteogenic assessment [6264]. It
also is important to note that an osteogenic medium was
used which contained ascorbic acid, which is important for
collagen production and osteoblast differentiation. In addition, osteogenic media need to contain phosphate in order
to facilitate ECM mineralization. To this end, a phosphate
containing ascorbic acid compound was used in the present
study rendering additional use of β-glycerophosphate unnecessary [5052, 54]. The choice of Ti grade 2 was based
on the fact that this Ti grade material is the main commercially pure Ti used for fabrication of commercially available dental implants [65].
Meta-analysis of the existing literature emphasizes that,
in order to establish the relationship between surface properties and biological performance of implant surfaces, a
detailed characterization of their surface properties is required [1315].
All surface modifications examined in the present study
were provided by dental implant manufacturers. Hence, the
surface modifications and properties of the Ti disks used in
the present study are those present with the respective implants, which are used clinically and are commercially available. In general, all implant surfaces studied supported osteoblast proliferation, differentiation and matrix mineralization over the 21-day period without any adverse effects
on cell function. In the current study, the new generation
sandblasted and acid-etched or dual-acid-etched surfaces,
i.e. SLA, CP, Pro and Oss, induced significantly greater
cell proliferation compared to the TPS and MTi surfaces
with SLA displaying greatest cell numbers after 21 days.
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SLA had the greatest effect on osteoblast differentiation
already after 3 days in culture, as indicated by the OP, OC,
ON and BSP protein expression, which are markers characteristic for the later stages of differentiated osteoblast
function and are tightly linked to osteoid production and
matrix mineralization. The significant higher osteogenic
marker levels observed in cells on SLA after 3 days of incubation may be related to the initial cellsubstratum interaction. Osteogenic protein expression peaked another time
at 21 days. In this context, it should be noted that both surface chemistry as wells as surface geometry affect intracellular signaling which modulates cellular differentiation and
survival, since there is a common link in the focal adhesions which are sites where integrin mediated adhesion links
to the actin cytoskeleton. Thus, focal adhesions lie at the
convergence of integrin adhesion, signaling and the actin
cytoskeleton [66]. Focal adhesion kinase, FAK, has emerged
as a key signaling component at focal adhesions. FAK can
be activated, i.e. tyrosine phosphorylated both via integrin
receptor substratum interaction [23, 67] leading to integrin
receptor activation and outside-in signaling or via cytoskeletal orientation and activation [23, 6871], which can
be favorably influenced by the curvature design of pores
and cavities [69]. At the same time integrin signaling and
local factor production lead to transduction and perpetuation of the signal to subsequent cell layers. In addition, with
increasing time of culture there also is an increase of extracellular matrix and type I collagen formation. Thus, it may
be hypothesized that the cytoskeletal control exercised by
the crater-like concave cavities may lead to enhanced osteoblast differentiation at day 3. This may be followed by a
maturation phase at the intermediary time points and then a
peak in osteogenic protein production after 21 days, which
may result from the additive effects of first the perpetuation of the effect of the original activation of signaling cascades by the substrate geometry, and secondly the interaction of subsequently formed cells with the increasingly
maturing extracellular matrix and components thereof such
as type I collagen. Similar patterns of osteogenic marker
expression were observed in previous studies on calcium
alkali orthophosphate-based bioactive bone grafting materials, which induced enhanced osteoblast differentiation
[5153]. This was associated with enhanced fibronectin and
collagen type I protein adsorption, subsequent α5β1 and
α2β1integrin receptor binding and enhanced simultaneous
activation of the ERK differentiation and PI3K/Akt cell survival pathways as well as of the alternate p38 pathway, all
of which upregulate cellular differentiation and survival [72,
73]. It furthermore has been shown that (i) surface micronscale topography of titanium substrates modulates α5β1
integrin binding and FAK activation [70], that (ii) osteoblast differentiation on microtextured titanium substrates is
dependent on α2β1 integrin signaling [71] and that (iii) activation of the alternate p38 pathway is mediated via the
α2β1 integrin receptor, the so-called collagen receptor [73].
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Consequently, the underlying mechanisms leading to the
pattern of noticeably higher osteogenic protein expression
recorded for cells cultured on SLA surfaces at day 3 and
then again at day 21 warrant further investigation, in order
to test the hypotheses outlined above.
The finding that SLA had the greatest stimulatory effect
on osteogenic marker expression and osteoblast differentiation may, however, suggest that SLA possesses a higher
potency to promote osteogenesis and matrix mineralization
than the other titanium surfaces tested here.
Our findings are in correspondence with observations
made by Orsini et al., who noted an enhanced osteoconductive behaviour for SLA surfaces in vivo [74]. The present
results are also in agreement with the findings obtained by
Donos et al., who reported upregulation of a large number
of genes which are functionally relevant in the context of
skeletogenesis, mesenchymal cell differentiation, angiogenesis and neurogenesis when comparing SLA surfaces to
smooth titanium surfaces after implantation in vivo for
14 days [75]. Furthermore, our results are corroborated by
numerous clinical studies, which demonstrated excellent
clinical outcomes for SLA dental implants [1, 16, 20, 36].
Thus, the findings of the current study regarding the SLA
surface are in agreement with previous studies, in which
we were able to demonstrate that, when using the same in
vitro osteogenic assay as applied in the current study, enhanced osteoblast differentiation in vitro by cells cultured
on calcium alkali orthophosphate bone grafting materials
correlated with enhanced and more expeditious bone formation and osteogenic marker expression in vivo [52, 53].
In this context, it needs to be noted that in an in vivo clinical setting additional factors may influence the final outcome such as patient age, health status, smoking, diabetes
[14, 15].
In the current study, SLA samples displayed a rough
and hydrophobic surface, whose roughness and contact
angle values were similar to those of CP (Table 1). SEM
analysis, however, revealed a difference in surface topography. While the SLA surfaces displayed a more highly textured surface architecture featuring distinct concave craterlike cavities with more steeply sloped walls and undercuts
(Figs. 2e and 2f). CP surfaces exhibited a less textured surface geometry with cavities of lesser diameter and concavity and less steeply sloped walls (Figs. 2a and 2b). The walls
of these cavities, however, contained microtopographic pits
with both implant surfaces. In this context, it is noteworthy
that various authors have demonstrated that repetitive concavities on the surface of bone implants enhance osteoblast
differentiation in vitro as well as osteogenesis in vivo. Moreover, these repetitive concavities induce bone formation
when implanted in ectopic locations in vivo [7678], which
has led to the development of osteoinductive biomaterials
with smart concavities displaying geometric cues by Ripamonti et al. [77]. In fact, this principle, namely that concave surface features are capable of inducing bone forma-

tion, was first formulated by Marshall Urist in 1965 [79,
80]. It may be hypothesized that the specific crater-like cavities displaying steeply sloped walls found on the SLA surfaces may have a similarly beneficial effect resulting in enhanced osteoblast maturation and bone formation. In addition, micron and submicron surface characteristics of titanium implant surfaces have been shown to have a considerable effect on osteoblastic differentiation and maturation,
and to also affect the vascular endothelial growth factor
production [12, 23, 26, 74, 75, 81, 82]. In this context
studies performed by Zhao et al. and Zinger et al. demonstrated that both micron and submicron scale surface topographical structures of titanium surfaces were required for
enhanced osteoblast differentiation and local factor production [83, 84]. Taken together, these findings are in agreement with our results and suggest that the greater stimulatory effect on osteoblast differentiation of the SLA surfaces
when compared to CP (as well as Pro and Oss) may be
related to the defined mixed microtopography of the SLA
surfaces with its specific distribution of repetitive craterlike steeply sloped concave cavities at the 100 µm scale in
combination with micron and submicron scale surface topographical structures in the form of pits. Furthermore, the
results of our present study suggest that the differences in
microarchitectural features had a greater effect on the cellular response than the wettability, as the SLA surface displayed relatively high contact angle values. In spite of the
higher wettability of the Oss and Pro surfaces compared to
the SLA surfaces, and although similar contact angle values were recorded for SLA and CP, the SLA surfaces induced more enhanced osteoblast differentiation than the CP,
Oss and Pro surfaces. This in agreement with observations
by Pivodova et al. [85], who concluded that surface topography had a greater impact on osteoblastic cell differentiation than chemical surface modifications.
More recently, the SLActive® surface was developed
by Straumann, exhibiting a chemically modified SLA surface with the same surface roughness but high hydrophilicity and hence wettability. In clinical studies, an enhanced
bone tissue response was reported for the SLActive® surface during the early healing phase when compared with
the SLA surface. However, the later biological response was
quite similar for the two surfaces and both demonstrated
very good clinical results [86]. Our results are in accordance with those of Khan et al. who noted that the expression of osteogenic markers was higher on both hydrophilic
and hydrophobic SLA surfaces when compared to tissue
culture plastic and smooth Ti disks [87]. Wall et al. reported
that this difference was linked to the activation of the osteogenic promoter WNT5A [88].
Moreover, the findings of our current study demonstrate
that obtaining long-term data regarding the success and
survival rate of these various commonly clinically used new
generation dental implants in the context of comparative
prospective multi-center studies would be highly desirable
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[13, 14]. This would allow correlating the distinct differences, which were observed with respect to the initial cellular response by osteoblasts in terms of osteoblast differentiation, to the long-term clinical performance of these
implants, as their surfaces displayed considerable differences with regard to their surface properties, microtopography and microarchitectural features.
5. Conclusions
This study established the relationship between the surface properties of an array of clinically used titanium implant surfaces with varying mixed microtopography and their
effect on osteoblast proliferation and differentiation. All test
surfaces supported osteoblast growth and differentiation.
Hence, their osteoconductive properties were confirmed at
the molecular level. The new generation titanium surfaces,
which exhibit two superimposed levels of surface roughness induced greater cell proliferation after at 7, 14 and
21 days of incubation than the smooth and plasma-sprayed
surfaces. SLA surfaces had the greatest stimulatory effect
on cell proliferation and osteoblast differentiation, which
seemed to be related to their defined mixed surface microtopography with its specific combination of repetitive steeply
sloped concave crater-like cavities with microtopographical
pits. This study shows that differences in surface microarchitectural features at the 100micron and micron scale have
a significant effect on the osteogenic phenotype expression
in vitro. Similar to previous studies, in which the same in
vitro osteogenic assay was used for evaluating the osteogenic potential of novel bone grafting materials, and in
which we were able to demonstrate an excellent correlation
between in vitro and in vivo results, the findings of the
present in vitro study are in good agreement with results
reported by various in vivo studies. Even if there may be
limitations to directly extrapolating the results of in vitro
studies to the in vivo clinical environment [13, 14], the findings of our present study with respect to the bone cell-implant surface interaction suggest that differences in surface
properties and microtopography of dental implants are likely
to influence their in vivo performance in patients.
Acknowledgments
This work was funded by the German Research Foundation (DFG grant No. KN 377/3-1). The authors are grateful to Dentsply, Altatec, Straumann and Biomet 3i for supplying the surface modified Ti disks. The authors also thank
Dr. Larry Fisher (NIDCR, USA) for providing the polyclonal
antibodies used in this study, and Ms. K. Schulze-Dirksen
and Ms. E. Rieger-Ruediger for their excellent technical
assistance.
Author declaration
The authors declare to have no conflict of interests.

19

References
1. Buser D, Janner SF, Wittneben JG, Brägger U, Ramseier CA,
Salvi GE. 10-year survival and success rates of 511 titanium
implants with a sandblasted and acid-etched surface: a retrospective study in 303 partially edentulous patients. Clin Implant Dent Relat Res. 2012; 14: 839851.
2. Chappuis V, Buser R, Brägger U, Bornstein MM, Salvi GE,
Buser D. Long-term outcomes of dental implants with a titanium plasma-sprayed surface: a 20-year prospective case series study in partially edentulous patients. Clin Implant Dent
Relat Res. 2013; 15(6): 780790.
3. Blanes RJ, Bernard JP, Blanes ZM, Belser UC. A 10-year
prospective study of ITI dental implants placed in the posterior region. I: Clinical and radiographic results. Clin Oral Implants Res. 2007; 18(6): 699706.
4. Bahat O. Branemark system implants in the posterior maxilla:
clinical study of 660 implants followed for 5 to 12 years. Int
J Oral Maxillofac Implants. 2000; 15: 646653.
5. Branemark PI, Breine U, Adell R, Hansson BO, Lindstrom J,
Ohlsson A. Intra-osseous anchorage of dental prostheses: I.
Exp. Studies. 1969; 3: 81100.
6. Davies JE. Mechanisms of endosseous integration. Int J
Prosthodont. 1998; 11: 391401.
7. Davies JE. In vitro modeling of the bone/implant interface.
Anat Rec. 1996; 245: 426445.
8. Davies JE. Understanding peri-implant endosseous healing.
J Dent Educ. 2000; 67: 932949.
9. Schenk RK, Buser D. Osseointegration: a reality. Periodontolody. 1998; 17: 2235.
10. Ducheyne P. Titanium and calcium phosphate ceramic dental
implants; surfaces, coatings and interfaces. Oral Implantol.
1988; 14: 325340.
11. Schwartz Z, Kieswetter K, Dean DD, Boyan BD. Underlying
mechanisms at the bone-surface interface during regeneration. J Periodontal Res. 1997; 32: 166171.
12. Wennerberg A, Albrektsson T. On implant surfaces: a review
of current knowledge and opinions. Int J Oral Maxillofac
Implants. 2010; 25: 6374.
13. Wennerberg A, Albrektsson T. Effects of titanium surface topography on bone integration: a systematic review. Clin Oral
Implants Res. 2009; Suppl 4: 172184.
14. Lang NP, Jepsen S. Working group 4. Implant surfaces and
design. Clin Oral Implants Res. 2009; 20 Suppl 4: 228231.
15. Le Guehennec L, Soueidan A, Layrolle P, Amouriq Y. Surface
treatments of titanium dental implants for rapid osseointegration. Dent Mater. 2007; 23: 844854.
16. Cochran DL, Buser D, ten Bruggenkate CM, Weingart D,
Taylor TM, Bernard JP, et al. The use of reduced healing times
on ITI implants with a sandblasted and acid-etched (SLA)
surface: early results from clinical trials on ITI SLA implants.
Clin Oral Implants Res. 2002; 13: 144153.
17. Veis AA, Trisi P, Papadimitriou S, Tsirlis AT, Parissis NA,
Desiris AK, et al. Osseointegration of Osseotite and machined
titanium implants in autogenous bone graft. A histologic and
histomorphometric study in dogs. Clin Oral Implants Res.
2004; 15: 5461.
18. Gehrke P, Neugebauer J. Implant surface design: using biotechnology to enhance osseointegration. Interview. Dent.
Implantol Update. 2003; 14: 5764.

20

C. Knabe, I. Naumann, A. Houshmand et al. / Advanced Biomaterials and Devices in Medicine 2 (2015) 1022

19. Cochran DL. A comparison of endosseous dental implant
surfaces. J Periodontol. 1999; 70: 15231539.
20. Cochran DL, Buser D. Bone response to sandblasted and acidattacked titanium: experimental and clinical studies. In: Davies JE, editor. Bone Engineering. Toronto: Em Squared Inc.;
2000.
21. Park JY, Davies JE. Red blood cell and platelet interactions
with titanium implant surfaces. Clin Oral Implants Res. 2000;
11: 530539.
22. Lazzara RJ. Bone response to dual acid-etched and machined
titanium implant surfaces. In: Davies JE, editor. Bone Engineering. Toronto: Em Squared Inc.; 2000.
23. Boyan BD, Schwartz Z, Modulation of osteogenesis via implant surface design. In: Davies JE, editor. Bone Engineering.
Toronto: Em Squared Inc.; 2000.
24. Knabe C, Howlett CR, Klar F, Zreiqat H. The effect of different
titanium and hydroxyapatite-coated dental implant surfaces
on phenotypic expression of human bone-derived cells. J
Biomed Mater Res A. 2004; 71: 98107.
25. Schenk RK, Buser D. Osseointegration: a reality. Periodontol.
1998; 17: 2235.
26. Gittens RA, McLachlan T, Olivares-Navarrete R, Cai Y, Berner S, Tannenbaum R, Schwartz Z, Sandhage KH, Boyan BD.
The effects of combined micron-/submicron-scale surface
roughness and nanoscale features on cell proliferation and
differentiation. Biomaterials. 2011; 32: 33953403.
27. Keller JC, Schneider GB, Stanford CM, Kellogg B. Effects
of implant microtopography on osteoblast cell attachment.
Implant Dent. 2003; 12: 175181.
28. Martin JY, Schwartz Z, Hummert TW, Schraub DM, Simpson J, Lankford J Jr, Dean DD, Cochran DL, Boyan BD. Effect
of titanium surface roughness on proliferation, differentiation,
and protein synthesis of human osteoblast-like cells (MG63).
J Biomed Mater Res. 1995; 29: 389401.
29. Kieswetter K, Schwartz Z, Hummert TW, Cochran DL, Simpson J, Dean DD, Boyan BD. Surface roughness modulates
the local production of growth factors and cytokines by osteoblast-like MG-63 cells. J Biomed Mater Res. 1996; 32: 55
63.
30. Schwartz Z, Fisher M, Lohmann CH, Simon BJ, Boyan BD.
Osteoprotegerin (OPG) production by cells in the osteoblast
lineage is regulated by pulsed electromagnetic fields in cultures
grown on calcium phosphate substrates. Ann Biomed Eng.
2009; 37: 437444.
31. Cordioli G, Majzoub Z, Piattelli A, Scarano A. Removal torque
and histomorphometric investigation of 4 different titanium
surfaces: an experimental study in the rabbit tibia. Int J Oral
Maxillofac Implants. 2000; 15: 668674.
32. Vernino AR, Kohles SS, Holt RA Jr, Lee HM, Caudill RF,
Kenealy JN. Dual-etched implants loaded after 1- and 2-month
healing periods: a histologic comparison in baboons. Int J
Periodont Restor Dent. 2002; 22: 399407.
33. Buser D, Nydegger T, Hirt HP, Cochran DL, Nolte LP. Removal torque values of titanium implants in the maxilla of
miniature pigs. Int J Oral Maxillofac Implants. 1998; 13: 611
619.
34. Buser D, Nydegger T, Oxland T, Cochran DL, Schenk RK,
Hirt HP, Snetivy D, Nolte LP. Interface shear strength of
titanium implants with a sandblasted and acid-etched surface:
a biomechanical study in the maxilla of miniature pigs. J
Biomed Mater Res. 1999; 45: 7583.

35. Klokkevold PR, Johnson P, Dadgostari S, Caputo A,
Davies JE, Nishimura RD. Early endosseous integration
enhanced by dual acid etching of titanium: a torque removal
study in the rabbit. Clin Oral Implants Res. 2001; 12: 350
357.
36. Bornstein MM, Lussi A, Schmid B, Belser UC, Buser D. Early
loading of nonsubmerged titanium implants with a sandblasted
and acid-etched (SLA) surface: 3-year results of a prospective study in partially edentulous patients. Int J Oral Maxillofac
Implants. 2003; 18: 659666.
37. Lazzara RJ, Porter SS, Testori T, Galante J, Zetterqvist L. A
prospective multicenter study evaluating loading of Osseotite
implants two months after placement: one-year results. J Esthet
Dent. 1998; 10: 280289.
38. Testori T, Del Fabbro M, Feldman S, Vincenzi G, Sullivan D,
Rossi R Jr, Anitua E, Bianchi F, Francetti L, Weinstein RL. A
multicenter prospective evaluation of 2-months loaded Osseotite implants placed in the posterior jaws: 3-year followup results. Clin Oral Implants Res. 2002; 13: 154161.
39. Stach RM, Kohles SS. A meta-analysis examining the clinical survivability of machined-surfaced and Osseotite implants
in poor-quality bone. Implant Dent. 2003; 12: 8796.
40. Le Guehennec L, Lopez-Heredia M-A, Enkel B, Weiss P,
Amouriq Y, Layrolle P. Osteoblastic cell behaviour on different titanium implant surfaces. 2008; 4: 535543.
41. Brunette DM. The effects of implant surface topography on
the behavior of cells. Int J Oral Maxillofac Implants. 1988; 3:
231246.
42. Baier RE, Meyer AE. Future directions in surface preparation
of dental implants. J Dent Educ. 1988; 52: 788791.
43. Meyer AE, Baier RE, Natiella JR, Meenaghan MA. Investigation of tissue/implant interactions during the first two hours
of implantation. J Oral Implantol. 1988; 14: 363379.
44. Howlett CR, Chen N, Zhang X, Akin FA, Haynes D, Hanley
L, Revell P, Evans P, Zhou H, Zreiqat H. The effect of biomaterial chemistries on the osteoblastic molecular phenotype and
osteogenesis: in vitro and in vivo studies. In: Davies JE, editor. Bone Engineering. Toronto: Em Squared Inc.; 2000.
45. Albrektsson T, Wennerberg A. Oral implant surfaces: Part 1
Review focusing on topographic and chemical properties of
different surfaces and in vivo responses to them. Int J Prosthodont. 2004; 17: 536543.
46. Dohan Ehrenfest DM, Coelho PG, Kang BS, Sul YT, Albrektsson T. Classification of osseointegrated implant surfaces:
materials, chemistry and topography. Trends Biotechnol. 2010;
28: 198206.
47. Kang B-S, Sul Y-T, Oh S-J, Lee H-J, Albrektsson T. XPS,
AES and SEM analysis of recent dental implants. Acta Biomaterialia. 2009; 5: 22222229.
48. Rupp F, Scheideler L, Eichler M, Geis-Gerstorfer J. Wetting
Behavior of Dental Implants Int J Oral Maxillofac Implants.
2011; 26: 12561266.
49. Conserva E, Menini M, Ravera G, Pera P. The role of surface
implant treatments on the biological behavior of SaOS-2
osteoblast-like cells. An in vitro comparative study. Clin Oral
Implants Res. 2013; 24: 880889.
50. Knabe C, Berger G, Gildenhaar R, Meyer J, Howlett CR,
Markovic B, Zreiqat H. Effect of rapidly resorbable calcium
phosphates and a calcium phosphate bone cement on the expression of bone-related genes and proteins in vitro. J Biomed
Mater Res A. 2004; 69: 145154.

C. Knabe, I. Naumann, A. Houshmand et al. / Advanced Biomaterials and Devices in Medicine 2 (2015) 1022
51. Knabe C, Stiller M, Berger G, Reif D, Gildenhaar R,
Howlett CR, Zreiqat H. The effect of bioactive glass ceramics on the expression of bone-related genes and proteins in
vitro. Clin Oral Implants Res. 2005; 16: 119127.
52. Knabe C, Houshmand A, Berger G, Ducheyne P, Gildenhaar R,
Kranz I, Stiller M. Effect of rapidly resorbable bone substitute materials on the temporal expression of the osteoblastic
phenotype in vitro. J Biomed Mater Res A. 2008; 84: 856
868.
53. Knabe C, Ducheyne P, Stiller M. Dental Graft Materials. In:
Ducheyne P, Healy K, Hutmacher DE, Grainger DW, Kirkpatrick CJ, editors. Comprehensive Biomaterials. Oxford:
Elsevier; 2011.
54. Wang C, Duan Y, Markovic B, Barbara J, Howlett CR,
Zhang X, Zreiqat H. Phenotypic expression of bone-related
genes in osteoblasts grown on calcium phosphate ceramics
with different phase compositions. Biomaterials. 2004; 25:
25072514.
55. Fisher LW, Stubbs JT, 3rd, Young MF. Antisera and cDNA
probes to human and certain animal model bone matrix noncollagenous proteins. Acta Orthop Scand Suppl. 1995; 266:
6165.
56. Grössner-Schreiber B, Tuan RS. The influence of the titanium implant surface on the process of osseointegration. Dtsch
Zahnarztl Z. 1991; 46: 691693.
57. Aubin JE. Osteogenic Cell Differentiation. In: Davies JE,
editor. Bone Engineering. Toronto: Em Squared Inc.; 2000.
58. Aubin JE. Advances in the osteoblast lineage. Biochem Cell
Biol. 1998; 76: 899910.
59. Sodek J, Zhang Q, Goldberg HA, Domenicucci C, Kasugai S,
Wrana JL, Shapiro H, Chen J. Non-collagenous bone proteins
and their role in substrate-induced bioactivity. In: Davies JE,
editor. The BoneBiomaterial Interface. Toronto: University
of Toronto Press; 1991.
60. Sodek J, Cheifitz S. Molecular regulation of osteogenesis.
In: Davies JE, editor. Bone Engineering. Toronto: Em Squared
Inc.; 2000.
61. Saldana L, Bensiamar F, Bore A, Vilaboa N. In search of representative models of human bone-forming cells for cytocompatibility studies. Acta Biomater. 2011; 7: 42104221.
62. Baldi D, Longobardi M, Cartiglia C, La Maestra S, Pulliero A,
Bonica P, Micale RT, Menini M, Pera P, Izzotti A. Dental
implants osteogenic properties evaluated by cDNA microarrays. Implant Dent. 2011; 20: 299305.
63. Vaziri S, Vahabi S, Torshabi M, Hematzadeh S. In vitro assay
for osteoinductive activity of different demineralized freezedried bone allograft. J Periodont Implant Sci. 2012; 42(6):
224230.
64. Leedy MR, Jennings JA, Haggard WO, Bumgardner JD. Effects of VEGF-loaded chitosan coatings. J Biomed Mater Res
A. 2014; 102: 752759.
65. Elias CN, Lima JHC, Valiev R, Meyers MA. Biomedical Applications of Titanium and its Alloys. JOM. 2008; 60: 4649.
66. Wozniak MA, Modzelewska K, Kwong L, Keely PJ. Focal
adhesion regulation of cell behavior. Biochim Biophys Acta.
2004; 1692(23): 103119.
67. Cowles EA, Brailey LL, Gronowicz GA. Integrin-mediated
signaling regulates AP-1 transcription factors and proliferation in osteoblasts. J Biomed Mater Res. 2000; 52(4): 725
737.

21

68. Krause A, Cowles EA, Gronowicz G. Integrin-mediated signaling in osteoblasts on titanium implant materials. J Biomed
Mater Res. 2000; 52(4): 738747.
69. Boyan BD, Hummert TW, Dean DD, Schwartz Z. Role of
material surfaces in regulating bone and cartilage cell response.
Biomaterials. 1996; 17: 137146.
70. Keselowsky BG, Wang L, Schwartz Z, Garcia AJ, Boyan BD.
Integrin alpha(5)controls osteoblastic proliferation and differentiation responses to titanium substrates presenting different roughness characteristics in a roughness independent
manner. J Biomed Mater Res A. 2007; 80(3): 700710.
71. Olivares-Navarrete R, Raz P, Zhao G, Chen J, Wieland M,
Cochran DL, Chaudhri, RA, Ornoy A, Boyan BD, Schwartz Z.
Integrin alpha2beta1 plays a critical role in osteoblast response
to micron-scale surface structure and surface energy of titanium substrates. Proc Natl Acad Sci USA. 2008; 105(41):
1576715772.
72. Knabe C, Ducheyne P. Bioactivitymechanisms. In: Ducheyne P, Healy K, Hutmacher D, Grainger DW, Kirkpatrick JP,
editors. Comprehensive Biomaterials. Vol. 1. Chap. 1.114.
Oxford: Elsevier; 2011.
73. Nohe A, Keating E, Knaus P, Petersen NO. Signal transduction of bone morphogenetic protein receptors. Cell Signal.
2004; 16: 291299.
74. Orsini E, Salgarello S, Martini D, Bacchelli B, Quaranta M,
Pisoni L, Bellei E, Joechler M, Ottani V. Early healing events
around titanium implant devices with different surface microtopography: a pilot study in an in vivo rabbit model. Sci World
J. 2012; 2012: 349842.
75. Donos N, Retzepi M, Wall I, Hamlet S, Ivanovski S. In vivo
gene expression profile of guided bone regeneration associated with a microrough titanium surface. Clin Oral Implants
Res. 2011; 22: 390398.
76. Bianchi M, Urquia Edreira ER, Wolke JG, Birgani ZT, Habibovic P, Jansen JA, Tampieri A, Marcacci M, Leeuwenburgh
SC, van den Beucken JJ. Substrate geometry directs the in
vitro mineralization of calcium phosphate ceramics. Acta
Biomater. 2014; 10: 661669.
77. Ripamonti U. Smart biomaterials with intrinsic osteoinductivity: geometric control of bone differentiation. In: Davies JE,
editor. Bone Engineering. Toronto: Em Squared Inc.; 2000.
78. Schepers EJ, Ducheyne P. Bioactive glass particles of narrow
size range for the treatment of oral bone defects: a 1-24 month
experiment with several materials and particle sizes and size
ranges. J Oral Rehabil. 1997; 24(3): 171181.
79. Urist MR. Bone: formation by autoinduction. Science. 1965;
150(3698): 893899.
80.Van de Putte KA, Urist MR. Osteogenesis in the interior of
intramuscular implants of decalcified bone matrix. Clin Orthop
Relat Res. 1965; 43: 257270.
81. Schwartz Z, Fo HO, Novaes AB, Jr., de Castro LM, Rosa AL,
de Oliveira PT. In vitro osteogenesis on a microstructured
titanium surface with additional submicron-scale topography.
Clin Oral Implants Res. 2007; 18: 333344.
82. Park JH, Olivares-Navarrete R, Wasilewski CE, Boyan BD,
Tannenbaum R, Schwartz Z. Use of polyelectrolyte thin films
to modulate osteoblast response to microstructured titanium
surfaces. Biomaterials. 2012; 33: 52675277.
83. Zhao G, Raines AL, Wieland M, Schwartz Z, Boyan BD.
Requirement for both micron- and submicron scale structure

22

C. Knabe, I. Naumann, A. Houshmand et al. / Advanced Biomaterials and Devices in Medicine 2 (2015) 1022

for synergistic responses of osteoblasts to substrate surface energy and topography. Biomaterials. 2007; 28: 2821
2829.
84. Zinger O, Zhao G, Schwartz Z, Simpson J, Wieland M, Landolt D, Boyan B. Differential regulation of osteoblasts by substrate microstructural features. Biomaterials. 2005; 26: 1837
1847.
85. Pivodova V, Frankova J, Dolezel P, Ulrichova J. The response
of osteoblast-like SaOS-2 cells to modified titanium surfaces.
Int J Oral Maxillofac Implants. 2013; 28: 13861394.

86. Wennerberg A, Galli S, Albrektsson T. Current knowledge
about the hydrophilic and nanostructured SLActive surface.
Clin Cosmet Investig Dent. 2011; 3: 5967.
87. Khan MR, Donos N, Salih V, Brett PM. The enhanced modulation of key bone matrix components by modified Titanium
implant surfaces. Bone. 2012; 50: 18.
88. Wall I, Donos N, Carlqvist K, Jones F, Brett P. Modified
titanium surfaces promote accelerated osteogenic differentiation of mesenchymal stromal cells in vitro. Bone. 2009;
45: 1726.

