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Abstract
Objective—Surface roughness and surface free energy are two important factors that regulate cell
responses to biomaterials. Previous studies established that titanium substrates with micron-scale
and submicron scale topographies promote osteoblast differentiation and osteogenic local factor
production and that there is a synergistic response to microrough Ti surfaces that have retained their
high surface energy via processing that limits hydrocarbon contamination. This study tested the
hypothesis that the synergistic response of osteoblasts to these modified surfaces depends on both
surface microstructure and surface energy.

Methods—Ti disks were manufactured to present three different surface structures: smooth
pretreatment surfaces (PT) with Ra of 0.2 µm; acid-etched surfaces (A) with a submicron roughness
Ra of 0.83 µm; and sandblasted/acid-etched surfaces (SLA) with Ra of 3–4 µm. Modified acid-etched
(modA) and modified sandblasted/acid-etched (modSLA) titanium substrates, which have low
contamination and present a hydroxylated/hydrated surface layer to retain high surface energy, were
compared with regular low surface energy A and SLA surfaces. Human osteoblast-like MG63 cells
were cultured on these substrates and their responses, including cell shape, growth, differentiation
(alkaline phosphatase, osteocalcin), and local factor production (TGF-β1, PGE2, osteoprotegerin
[OPG]) were analyzed (N=6 per variable). Data were normalized to cell number.

Results—There were no significant differences between smooth PT and A surfaces except for a
small increase in OPG. Compared to A surfaces, MG63 cells produced 30% more osteocalcin on
modA, and 70% more on SLA. However, growth on modSLA increased osteocalcin by more than
250%, which exceeded the sum of independent effects of surface energy and topography. Similar
effects were noted when levels of latent TGF-β1, PGE2 and OPG were measured in the conditioned
media.

Conclusions—The results demonstrate a synergistic effect between high surface energy and
topography of Ti substrates and show that both micron scale and submicron scale structural features
are necessary.
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INTRODUCTION
The surface properties of biomaterials determine the outcome of interactions between
biomedical devices and the surrounding host tissue. The important surface properties involved
in the process are chemical composition, topography, and energy. We and others have used
titanium (Ti) as a model substrate for studying cell and tissue responses to biomaterials because
of its clinical relevance, good biocompatibility and adaptability to diverse surface
modifications [1–4]. Studies examining the contribution of surface micro-roughness show that
differences in surface topography, including roughness, affect fibronectin and albumin
adsorption in vitro [5], and growth of fibroblasts and osteoblast-like cells in culture [6].
Sandblasted Ti supports stronger osteoblast adhesion [7,8], related at least in part to altered
integrin expression, higher focal contact density and reorganized cytoskeleton of cells on the
rough surface [9]. Cells cultured on microrough Ti surfaces also exhibit decreased proliferation
and increased differentiation [8,10]. Moreover, rough Ti surfaces increase osteoblast response
to hormones and growth factors, including 1,25-dihydroxyvitamin D3 [1α,25(OH)2D3], 17β-
estradiol and bone morphogenetic protein [11–13]. On rough Ti surfaces, osteoblasts also
generate an osteogenic microenvironment to regulate bone remodeling, represented by
releasing local factors to promote osteoblast differentiation and inhibit osteoclast activation
[1]. These results are consistent with animal studies showing that Ti implants with greater
roughness enhance bone-to-implant contact [14] and increase removal torque forces [15,16].
Clinical studies demonstrate that the preloading integration success rate of acid etched implants
is significantly higher than seen with machined smooth implants [17].

Different surface modifications result in various surface roughness and topographies. For
example, sandblasting produces micron scale roughness, but acid etching produces submicron
scale roughness. The combination of these two methods results in a complicated three
dimensional topography, which is similar to osteoclast resorption pits on bone wafers [18].
Studies using electron micro-machined surfaces show that micron scale roughness contributes
to cell attachment, spreading and differentiation, and superposition of submicron scale
enhances local factor production [19]. Moreover, osteoblasts are sensitive to the specific
structural features of the superimposed roughness, exhibiting a more differentiated phenotype
when the surface is created via acid etching rather than by anodic oxidation [20].

Surface energy is another important factor that regulates cell response to biomaterials. Pure Ti
spontaneously grows an oxide layer with high surface energy. This oxide surface is hydrophilic
because of binding structural water and forming -OH and -O2− groups in its outermost layer.
When in contact with electrolyte solutions, a surface film made of phosphate, titanium, calcium
and hydroxyl groups spontaneously forms and nucleates an apatitic calcium phosphate layer
[21]. Surface energy modulates protein adsorption, which further regulates cell adhesion, cell
spreading and proliferation [22]. This can have consequences for the in vivo response to a
material. Higher surface energy and increased wettability have been shown to enhance
interaction between an implant surface and its biologic environment [23]. When implants with
increased hydrophilicity are implanted in bone, the rate and extent of bone formation are
increased, supporting the hypothesis that surface energy promotes bone cell maturation and
differentiation [24].

While a biomaterial with higher surface energy is bioactive because of its reactive surface, a
consequence is that it adsorbs inorganic anions or organic hydrocarbon contaminants from the
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atmosphere within seconds to one minute. This results in an altered surface chemical
composition and decreased hydrophilicity, potentially reducing the biological response. To
solve this problem, a new processing method has been developed that retains the high surface
energy of the uncontaminated TiO2 surface by isolating it from contact with atmosphere. This
modified sandblasted and acid etched TiO2 (modSLA) is produced under the continuous
protection of nitrogen, stored in isotonic solution and sterilized by gamma irradiation. Studies
show that modSLA significantly increases human plasma fibronectin adsorption [25] and
promotes osteoblast differentiation and activity in comparison with sandblasted and acid etched
surfaces (SLA) produced under standard conditions [26]. In vivo studies show significantly
increased bone-to-implant contact and enhanced angiogenesis on modSLA surfaces [27]. In
addition, implants with modSLA surfaces provide high removal torque, indicating a higher
stability during early stage of osseointegration [28].

The SLA surface has a complex topography consisting of craters varying in diameter from 30
to 100 µm overlaid with micropits varying in diameter from 1–3 µm. The micropit overlay
results in an irregular distribution of sharply pointed projections approximately 700 nm in
height, but because of the craters, the overall roughness is approximately 4 µm. Surface energy
can be affected by roughness [29], but it is not known how surface energy regulates cell
responses to different surface roughnesses if chemistry is held constant. To address this, we
developed a model in which surface energy was held constant, but we varied surface
microstructure. To do this, we prepared acid etched surfaces (A, modA) by the same protocols
as are used to produce the acid etch on the SLA and modSLA substrates. These surfaces lacked
the morphology generated by grit blasting, but had the same surface chemistry as the SLA and
modSLA surfaces. The results of this study show that synergy between surface
microtopography and surface energy requires both micron and submicron scale structural
features.

METHODS
Substrates

Ti disks were prepared from 1 mm thick sheets of grade 2 unalloyed Ti (ASTM F67 “Unalloyed
titanium for surgical implant applications”) and supplied to us by Institut Straumann AG (Basel,
Switzerland). The disks were punched to be 15 mm in diameter so as to fit snugly into the well
of a 24-well tissue culture plate. The methods used to produce the pretreatment (PT), SLA and
modSLA surfaces have been reported previously [26]. PT is a smooth Ti surface with mean
peak to valley roughness (Ra) of 0.2 µm. Submicron rough A surfaces were produced by
treating PT with heated concentrated acid, resulting in an Ra of 830 nm, based on surface
profilometry. PT surfaces were also sand blasted and acid etched to produce SLA surfaces with
an Ra of 3.2 µm. Prior to use, PT, A, and SLA surfaces were washed in ultrasonic cleaner and
sterilized in an oxygen plasma cleaner (PDC-32G, Harrick Plasma, Ithaca, NY). ModA and
modSLA surfaces were produced with same mechanical or chemical treatments as A and SLA
surfaces, respectively. However, the modA and modSLA surfaces were rinsed under nitrogen
protection to prevent exposure to air during procedure, and then stored in a sealed glass tube
containing isotonic NaCl solution. These sealed disks were sterilized by gamma irradiation at
25 kGy over night and ready for use.

Previous study showed that this treatment did not alter surface topography and roughness
[26,30]. Instead this modification process changes surface chemical composition by decreasing
carbon contamination by more than 50%, thereby retaining a higher surface energy. Rupp et
al. [30] have published a detailed analysis of the A, modA, SLA, and modSLA surfaces.
Advancing contact angles were used as an indicator for calculating surface free energy. Both
A and SLA are very hydrophobic with water contact angles of 122.40° and 139.88°; in contrast,
contact angles of modA and modSLA are close to 0°, indicating very hydrophilic surfaces.
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Cell Culture
To compare cell responses to different surfaces properties, human osteoblast-like MG63 cells
on tissue culture treated polystyrene (plastic) were compared to their morphology on the Ti
substrates. MG63 cells were obtained from the American Type Culture Collection (Rockville,
MD). The cells were cultured in Dulbecco’s modified Eagle medium (DMEM) containing 10%
fetal bovine serum (FBS) and 1% penicillin/streptomycin at 37°C in an atmosphere of 5%
CO2 and 100% humidity. Cells were plated at the same density of 10,000 cells/cm2 tissue
culture plastic for all surfaces. Media were exchanged at 24 hours and then every 48 hours until
the cells reached confluence on plastic at day 6.

Cell Morphology
Cell morphology on the test surfaces was examined by LEO 1530 scanning electron
microscopy (LEO Electron Microscopy, Oberkochen, Germany) at different time points (2, 4,
8 and 24 hours post-seeding and at 3 and 6 days). The cells were fixed with 2.5% glutaraldehyde
in cacodylate buffer, dehydrated in a sequential series of ethanol followed by hexamethyl-
disilazane, and then coated with gold.

Cell attachment on tissue culture polystyrene (TCPS) and Ti surfaces was evaluated by
immunofluorescence staining. Cells were rinsed twice with phosphate buffered saline (PBS),
and then fixed for 20 min in 4% paraformaldehyde followed by two PBS rinses. Cells were
permeabilized with 0.1% Triton-X100 for 5 min at room temperature followed by two PBS
rinses. Non-specific binding sites were blocked with 1% BSA in PBS (BSA/PBS) for 1 h. Cells
were first incubated with mouse monoclonal anti-human vinculin antibody (MAB1674,
Chemicon, Temecula, CA) (1:100 v/v) for 1 h at room temperature followed by a 1% BSA/
PBS wash. The cells were then incubated with PBS containing rhodamine Red-X goat anti-
mouse IgG (1:200 v/v), Alexa Fluor 488 Phalloidin (1:40 v/v) and Hoechst 33342 (1:10,000
v/v) (all from Molecular Probes, Eugene, Oregon) for 30 min, followed by three rinses with
0.05% Tween20/PBS. The Ti disks were mounted on a microscope slide under glass cover
slips. The images were taken using a Nikon Eclipse E400 (Nikon Inc., Tokyo, Japan).

Cell Response
Cell number was determined in all cultures 24 hours after cells on tissue culture plastic reached
confluence. Cells were released from the surfaces by two sequential incubations in 0.25%
trypsin for 10 min at 37°C, in order to assure that any remaining cells were removed from
rough TiO2 surfaces. Released cells were counted using an automatic cell counter (Z1 cell and
particle counter, Beckman Coulter, Fullerton, CA). Fewer than 1,000 cells were attached to
the plastic surface underlying the Ti disks; therefore, these cells were not separated from total
cells released from the disks, nor were they subtracted from the final cell numbers.

We used two determinants of osteoblast differentiation: alkaline phosphatase specific activity
[orthophosphoric monoester phosphohydrolase, alkaline; E.C. 3.1.3.1] of cell lysates, and
osteocalcin content of the conditioned media. Alkaline phosphatase is an early marker of
differentiation and reaches its highest levels as mineralization is initiated. Osteocalcin is a late
marker of differentiation and increases as mineral is deposited. Cell lysates were collected by
centrifuging the cells after counting. Enzyme activity was assayed by measuring the release of
p-nitrophenol from p-nitrophenylphosphate at pH 10.2 and results were normalized to protein
content of the cell lysates [31]. The levels of osteocalcin in the conditioned media were
measured using a commercially available radioimmunoassay kit (Human Osteocalcin RIA Kit,
Biomedical Technologies, Stoughton, MA) and normalized to cell number, as described
previously [11].
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The conditioned media were also assayed for growth factors and cytokines. Osteoprotegerin
(OPG) was measured using enzyme-linked immunosorbent assay (ELISA) kit (DY805
Osteoprotegerin DuoSet, R&D System, Minneapolis, MN). PGE2 was assessed using a
commercially available competitive binding radioimmunoassay kit (NEK020A Prostaglandin
E2 RIA kit, Perkin Elmer, Wellesley, MA). Active TGF-β1 was measured prior to acidification
of the conditioned media, using an ELISA kit specific for human TGF-β1 (G7591 TGF- β1
Emax Immunoassay System, Promega Corp., Madison, WI). Total TGF-β1 was measured after
acidifying the media and latent TGF-β1 was defined as total TGF-β1 minus active TGF-β1
[11].

Statistical Analysis
The data presented here are from one of two separate sets of experiments. Both sets of
experiments yielded comparable observations. For any given experiment, each data point
represents the mean ± standard error of six individual cultures. Data were first analyzed by
analysis of variance; when statistical differences were detected, Student’s t-test for multiple
comparisons using Bonferroni’s modification was used. P-values < 0.05 were considered to
be significant.

RESULTS
The cells exhibited different shapes on PT, A and SLA surfaces. Scanning electron micrographs
of the cells on the Ti substrates showed that at two hours after seeding, MG63 cells had become
attached with a spherical morphology less than 10µm diameter (Fig. 1). Four hours after
seeding, cells started to form extensions to explore the surface and the peripheral area of the
cells flattened. By eight hours, the cells had become spread and had morphologies similar to
those reaching confluence on plastic.

Kinetic immunofluorescence micrographs (Fig. 2) confirmed these observations and provided
information concerning the cytoskeleton of the cells during attachment and spreading. Cells
changed shape as a function of time following attachment in a surface dependent manner. Two
hours after seeding, the cells had a round morphology on all surfaces except PT. Most cells
exhibited one or two red spots with strong intensity, representing vinculin accumulations at
the beginning of cell attachment. Actin was not distributed evenly in the cells; instead most of
the actin was assembled at one side of the nucleus. At four hours after seeding, the cells on
relatively smooth surfaces (TCPS, PT and A) had begun to spread. Cells on the rough SLA
surfaces were beginning to form lamellipodia, but not to the same extent as seen on smooth
surfaces. In contrast, MG63 cells on high energy surfaces (modA and modSLA) did not exhibit
significant shape changes at 4 h. At 8 hours after seeding, cells on PT, A and SLA continued
to spread and exhibited a bi-polar or spindle-like shape through the first 24 hours. The spreading
of cells on high energy surfaces (modA and modSLA) was slower than seen on hydrophobic
surfaces. Because of surface roughness, parts of the images on the SLA and modSLA surfaces
were out of the plane of focus.

Scanning electron microscopy was also able to discern substrate-dependent differences in the
shape of individual cells in higher density cultures (Fig. 1), which could not be resolved using
immunofluorescence. Cells increased in number on all surfaces between days 1 to 6. MG63
cells on PT surfaces in general were flat and had two or three major extensions. On A and
modA, the cells were elongated and formed spindle-like shapes. On SLA and modSLA, the
cells were polygonal in shape with many thin filopodia attached to the surfaces.

After 6 days of in vitro culture, the MG63 cells reached confluence on plastic surfaces. Cell
number on PT and A surfaces were the same as those on tissue culture plastic, indicating that
submicron roughness on flat Ti surface had no effect on cell number (Fig. 3). Cell number on

Zhao et al. Page 5

Biomaterials. Author manuscript; available in PMC 2009 September 30.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



the SLA surface, which presents a combination of micron and submicron structures, decreased
by 44% compared to smooth PT. By comparing modA and A surfaces, high surface energy
decreased cell number by 25%. However, in the presence of a complicated three dimensional
topography like SLA, higher surface energy decreased cell number by almost 50%.

Cells cultured on all Ti surfaces exhibited decreased alkaline phosphatase activity compared
to those on plastic (Fig. 4A). Although the enzyme activity of cells on SLA was 30% less than
that on PT, there was no statistical difference among PT, A, modA and SLA surfaces. With
higher surface energy on modSLA, enzyme activity was 60% lower than on SLA.

Osteocalcin levels in cultures grown on PT and A were the same as on plastic (Fig. 4B). With
high surface energy on submicron scale roughness, osteocalcin levels in cultures grown on
modA increased by 30% compared with cultures grown on A. The micron roughness of SLA
increased osteocalcin by 70% compared to A. There was as strong synergistic effect between
surface energy and roughness. The combination of high surface energy and micron-scale
roughness enhanced osteocalcin by more than 250%.

Local factors were also regulated by surface properties. OPG levels increased on all Ti surfaces
except smooth PT (Fig. 5A). OPG in the conditioned media of cells grown on modA was
slightly higher (20%) than on A, but the difference is not statistically significant. Compared
with cultures grown on A, OPG on SLA increased 50% with statistic significance. The amount
of OPG was almost doubled on modSLA surfaces, showing a synergistic effect of surface high
energy and micron structure on osteoprotegerin production. PGE2 was affected in a similar
manner (Fig. 5B). The degree of PGE2 enhancement on modSLA (600%) was more than the
combination of the increase on modA (100%) and SLA (200%). Active TGF-β1 was unaffected
by the surface. However, latent TGF-β1 was modulated in a surface-specific manner, with a
120% increase on SLA and a 330% increase on modSLA. Moreover, latent TGF-β1 levels in
conditioned media of cells cultured on modSLA was 65% greater than in the media of cells
grown on SLA.

DISCUSSION
The results of this study show that high surface energy is an important variable but by itself it
is insufficient to cause marked increases in osteoblast responses to Ti substrates with low
surface roughness. In contrast, when substrates with complex micron scale and submicron scale
roughness are fabricated to retain the high surface energy of uncontaminated TiO2, the cells
exhibit synergistic enhancement of their response to the surface topography alone. This
includes reduced cell number together with increased differentiation and release of factors into
the media that stimulate osteogenesis and reduce osteoclastic activity.

Scanning electron microscopic analysis and immunofluorescence of cell morphology
identified significant differences in cell shape as a function of both surface chemistry and
surface topography, confirming our previous work and the work of others [32,33].
Immunofluorescence images of MG63 cells over the first 24 hours after seeding demonstrated
that osteoblasts on smooth and low energy surfaces spread faster than those on rough and higher
energy surfaces. Scanning electron micrographs showed that differences in cell shape were
retained even after cell density increased. MG63 cells on PT surfaces, like those on plastic, in
general were flat and had two or three major extensions. On A and modA, the cells were
elongated and formed spindle like shape; on SLA and modSLA, the cells were polygonal in
shape with many thin filopodia to attach to the surfaces.

The observation that osteoblasts grown on smooth Ti surface had fewer cytoplasmic extensions
than cells grown on micron and submicron structured surfaces, is consistent with previous
findings [8,34]. Although both A and SLA surfaces had similar 1–2µm pits produced by acid
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etching, the MG63 cells grown on SLA extended many more filopodia to attach themselves to
the substrates. This suggests that the cells not only sense direct focal contacts with the substrate,
but they also respond to the broader waviness created by sand blasting. Others have reported
comparable effects of surface topography on epithelial cells [35], suggesting that this is a
general property of cell interactions with surface microarchitecture.

Our results confirmed our previous findings that submicron scale roughness, while contributing
to the overall response of the cells, is not a major determinant of cell behavior in the absence
of the larger craters [20]. In the present study, with the exception of OPG production, growth
on A did not alter osteoblast number, differentiation or local factor levels to any great extent
in comparison with growth on the PT surface. However, in combination with micron scale
roughness, typified by SLA, there were significant increases in local factor levels to produce
an osteogenic environment [20]. This phenomenon may be due to interference between surface
topography and surface energy. The potential effect of submicron scale roughness is
counteracted by lower surface energy. Other researchers have observed that osteoblasts grown
on nano-textured surfaces express higher osteopontin and bone sialoprotein [36]. Full
characterization of surface energy along with surface roughness is necessary to understand
cell/substrate interactions.

Our results show a strong synergistic effect between micron scale roughness and surface
energy. When MG63 cells were grown on A and modA substrates, the increase in surface
energy had no effect on alkaline phosphatase activity or latent TGF-β1 levels, and only a small
increase in osteocalcin or PGE2. In contrast, when the surface presented a complicated micron
scale roughness, increased surface energy greatly decreased cell number and enhanced cell
differentiation by more than 100%. Both modA and modSLA were produced using the same
acid etching procedure to ensure the same surface chemistry. Therefore the differences
observed in the cell response were only dependent on micron scale roughness. We did not
include modified PT substrates to examine the effect of high surface energy on a relatively
smooth surface because PT surfaces were mechanically machined and chemically degreased,
resulting in a final modified PT surface chemistry that would be different from modA or
modSLA.

It is likely that the differential response of MG63 cells to surface roughness and topography
reflects differences in integrin mediated signaling. Cells respond to biomaterial surfaces
through interaction between plasma membrane receptor integrins and adsorbed extracellular
matrix proteins including fibronectin [37]. Protein adsorption is highly influenced by surface
chemistry, hydrophilicity and topography; small proteins tend to adsorb on hydrophobic
surfaces, but large proteins are less affected by surface wettability [38]. In addition, proteins
adsorbed onto hydrophobic surfaces are more sensitive to unfolding and denaturing processes
due to electrostatic forces between the surface and cells. Thus, fibronectin fragments adsorb
faster on hydrophobic -CH3 surfaces, but lack cell adhesion activity [39]. Protein adsorption
also depends on the scale of surface roughness. Nano scale surface texture seems have little to
no effect on protein adsorption and cell proliferation [40]. However, microrough surfaces
adsorb more fibronectin and the protein orientation is different from that on machined smooth
Ti, which further alters integrin adhesion. In addition, the profile of integrin expression in
osteoblasts is sensitive to surface roughness [9]. These findings indicate cell behavior is not
determined by a single surface feature, but is in response to combinations of different surface
properties as a whole.

Previous studies show that osteoblasts grown on microrough surfaces produce an osteogenic
environment to promote osteoblast differentiation by paracrine and autocrine pathways [1].
Our results suggest that the increase in the rate and extent of peri-implant bone formation seen
with modSLA implants in vivo [27] reflects enhanced osteogenesis as well. Osteocalcin levels
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were increased whereas alkaline phosphatase specific activity was decreased, indicative of
mature secretory osteoblasts [41]. PGE2, which is necessary for osteoblastic differentiation
[1], was also increased. Interestingly, levels of OPG, a local factor produced by osteoblasts
that reduces osteoblast-dependent activation of osteoclasts [42], were higher as well. These
results indicate that the increase of OPG on modSLA surfaces plays an important role in
controlling osteoclast differentiation in bone remodeling cycle, and contributes to early
upregulation of bone to implant contact [27].

TGF-β1 also reduces osteoclast activity [43] and increases osteoblast differentiation [44]. We
previously showed that cells grown on SLA deposit more TGF-β1 in their extracellular matrix
than do cells grown on smooth Ti [45], and cells grown on modSLA release increased levels
of latent TGF-β1 into their media than do cells grown on SLA. In the present study, we also
found higher levels of latent growth factor in the conditioned media of cells grown on SLA
and this was further increased when cells were cultured on modSLA. This suggests that cells
on the more reactive surface are producing a larger reservoir of growth factors on high energy
surfaces that can be used downstream to control osteoclast formation and activity.

CONCLUSION
In summary, this study examined the independent effect of surface roughness and surface
energy by applying a modification technique to eliminate hydrophobic surface contamination
and retain a high surface energy. Osteoblast-like cells cultured on higher energy surfaces
exhibit a more differentiated phenotype and produce more local factors to regulate osteoblast
and osteoclast activity. The combination of micron scale roughness and high surface energy
synergistically promotes osteoblast responses. The results suggest that surface energy is an
important factor in mediating cell-substrate interactions, and higher surface energy should be
incorporated in biomaterial design to improve the host tissue response.
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Figure 1.
Morphology of MG63 osteoblast-like cells cultured on Ti surfaces. MG63 cells were grown
on PT, A, modA, SLA and modSLA surfaces for 2 h, 4 h, 8 h, 1 d, 3 d and 6 d and their
morphology imaged by scanning electron microscopy. Areas of lower cell density were
selected to facilitate observation of individual cell shapes. The images of the cells shown in
the selected micrographs are typical of cells throughout the culture.
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Figure 2.
Immunofluorescent staining of MG63 cells cultured on tissue culture polystyrene (TCPS) and
Ti surfaces. MG63 cells were seeded on TCPS, PT, A, modA, SLA and modSLA surfaces for
2, 4, 8, and 24 hours. Cells were stained for vinculin (red), actin (green) and nucleus (blue).
The yellow color represents the co-localization of vinculin and actin. Scale bar = 20µm.
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Figure 3.
Effect of surface microstructure and surface energy on cell number. MG63 cells were cultured
on tissue culture polystyrene (plastic), PT, A, mod A, SLA and modSLA surfaces. Cell number
was determined 24-hours after cells reached confluence on plastic surfaces. Values are means
+ SEM of six independent cultures. Data are from one of two separate experiments, both with
comparable results. Data were analyzed by ANOVA and significant differences between
groups determined using the Bonferroni modification of Student’s t-test. *p<0.05, Ti surfaces
v. plastic; #p<0.05, v. PT; ●p<0.05, v. SLA surface.
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Figure 4.
Effect of surface microstructure and surface energy on cell differentiation. MG63 cells were
cultured on tissue culture polystyrene (plastic), PT, A, mod A, SLA and modSLA surfaces.
(A) Alkaline phosphatase specific activity was measured in isolated cells. (B) Osteocalcin
levels were measured in conditioned media of confluent cultures. Values are means ± SEM of
six independent cultures. Data are from one of two separate experiments, both with comparable
results. Data were analyzed by ANOVA and significant differences between groups determined
using the Bonferroni modification of Student’s t-test. *p<0.05, Ti surfaces v. plastic; #p<0.05,
v. A; ●p<0.05, v. SLA surface.
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Figure 5.
Effect of surface microstructure and surface energy on local factor levels. MG63 cells were
cultured on tissue culture polystyrene (plastic), PT, A, mod A, SLA and modSLA surfaces.
(A) Osteoprotegerin levels of conditioned media were determined by ELISA kit. (B) PGE2
contents of the conditioned media were determined by RIA. Active TGF-β1 and latent TGF-
β1 (C) in the conditioned media were measured using an ELISA kit. Values are means ± SEM
of six independent cultures. Data are from one of two separate experiments, both with
comparable results. Data were analyzed by ANOVA and significant differences between
groups determined using the Bonferroni modification of Student’s t-test. *p<0.05, Ti surfaces
v. plastic; #p<0.05, v. A; ●p<0.05, v. SLA surface.
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