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Abstract
Rough titanium (Ti) surface microarchitecture and high surface energy have been shown to increase
osteoblast differentiation, and this response occurs through signaling via the α2β1 integrin. However,
clinical success of implanted materials is dependent not only upon osseointegration but also on
neovascularization in the peri-implant bone. Here we tested the hypothesis that Ti surface
microtopography and energy interact via α2β1 signaling to regulate the expression of angiogenic
growth factors. Primary human osteoblasts (HOB), MG63 cells and MG63 cells silenced for α2
integrin were cultured on Ti disks with different surface microtopographies and energies. Secreted
levels of vascular endothelial growth factor-A (VEGF-A), basic fibroblast growth factor (FGF-2),
epidermal growth factor (EGF), and angiopoietin-1 (Ang-1) were measured. VEGF-A increased
170% and 250% in MG63 cultures, and 178% and 435% in HOB cultures on SLA and modSLA
substrates, respectively. In MG63 cultures, FGF-2 levels increased 20 and 40-fold while EGF
increased 4 and 6-fold on SLA and modSLA surfaces. These factors were undetectable in HOB
cultures. Ang-1 levels were unchanged on all surfaces. Media from modSLA MG63 cultures induced
more rapid differentiation of endothelial cells and this effect was inhibited by anti-VEGF-A
antibodies. Treatment of MG63 cells with 1α,25(OH)2D3 enhanced levels of VEGF-A on SLA and
modSLA. Silencing the α2 integrin subunit increased VEGF-A levels and decreased FGF-2 levels.
These results show that Ti surface microtopography and energy modulate secretion of angiogenic
growth factors by osteoblasts and that this regulation is mediated at least partially via α2β1 integrin
signaling.
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Introduction
Biomaterial surface properties play a significant role in determining host cellular responses to
implant materials used in tissue engineering and regenerative medicine applications.
Modifications to surface microarchitecture, chemistry, or energy can alter cell adhesion,
proliferation, and gene expression [1-3]. By designing materials to present specific surface
properties, there is the potential to control cell responses to achieve the desired application.

Titanium (Ti) is a widely used biomaterial in the orthopaedic and dental industries because of
the biocompatibility and resistance to wear of the Ti oxide layer that forms on its surface. In
vitro studies have shown that modifications to Ti surface microtopography affect the
attachment and differentiation of osteoblasts, including MG63 and MC3T3-E1 cell lines, as
well as fetal rat calvarial cells and normal human osteoblasts [4]. MG63 cells cultured on Ti
surfaces with microrough topographies that resemble osteoclast resorption pits display a more
differentiated phenotype than cells grown on smooth Ti substrates, characterized by decreased
alkaline phosphatase specific activity and higher levels of osteocalcin [5]. The combination of
microstructure and high surface energy further enhances osteoblast differentiation on Ti
surfaces [6]. In vivo, microstructured implant surfaces support greater bone-to-implant contact
than smooth surfaces do, resulting in greater removal torque strength [7-9].

Osteoblasts interact with their substrate via integrin binding to extracellular matrix proteins
[10]. On tissue culture polystyrene (TCPS) surfaces, osteoblasts primarily express α5β1
integrins [11]. However, when grown on Ti substrates, expression of α2 and β1 integrin subunits
is increased [12], suggesting that the surface roughness dependent differentiation of osteoblasts
may be mediated specifically through α2β1 signaling. Knockdown of either the α2 or β1 integrin
subunits in MG63 cells blocks surface roughness dependent differentiation of those cells [13,
14], supporting this hypothesis.

The overall success of biomaterial implants in orthopaedic and dental applications however,
is not only dependent on achieving the desired cellular response at the host tissue/implant
interface but also by the integration of the implant into the surrounding host tissue.
Angiogenesis, the sprouting of new capillary blood vessels from the pre-existing vasculature,
is a critical process during embryonic development and in several physiological conditions,
including the formation of new bone and bone fracture healing [15,16], as well as during bone
regeneration and osseointegration of implanted materials [17]. This suggests that materials that
support peri-implant bone formation may support angiogenesis as well as osteogenesis.

The formation of blood vessels in vivo is a complex process and involves the coordination of
multiple growth factors and events. Among the many identified growth factors that serve to
initiate and control angiogenesis are vascular endothelial growth factor-A (VEGF-A) [18],
basic fibroblast growth factor (FGF-2) [19], epidermal growth factor (EGF) [20], and
angiopoietin-1 (Ang-1) [21]. Both VEGF-A and FGF-2 are two of the growth factors necessary
for initiating angiogenesis and both are chemotactic for endothelial cells [22]. VEGF-A is
produced by multiple cell types, including osteoblasts [23] and hypertrophic chondrocytes
[24], and affects vascular permeability in vivo [25]. The interaction of VEGF with its receptors
Flt-1 and Flk-1/KDR is one of the first signal transduction pathways activated during
angiogenesis in endothelial cells [26]. FGF-2 is a heparin-binding polypeptide that induces
proliferation, migration, and protease production in cultured endothelial cells and promotes
neovascularization in vivo [27]. EGF has also been implicated in angiogenesis by stimulating
the proliferation of endothelial cells through its interaction with the tyrosine kinase EGF
receptor [28]. EGF treatment of prostate cancer cells increases VEGF mRNA expression
suggesting that EGF may also exert its effect by stimulating VEGF production [29]. Ang-1, a
member of the angiopoietin family of signaling molecules, binds to its cognate receptor tyrosine
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kinase Tie1 present on the surface of endothelial cells, inducing signaling events that serve to
control later stages of blood vessel formation, such as the stabilization of the endothelial sprout
and its interaction with pericytes [30].

Recent studies suggest that osteoblasts may play a role in directly stimulating endothelial cells.
Osteoblasts produce VEGF-A [31] and FGF-2 [32], and levels of these angiogenic factors are
regulated by factors that stimulate osteogenesis in vivo, including 1,25 dihydroxyvitamin D3
[1,25(OH)2D3] [33], 17β-estradiol [34], and bone morphogenetic protein-2 (BMP-2) [35].
Others have noted that neovascularization is increased in peri-implant bone when
microstructured Ti implants are used [36].

Mesenchymal stem cells (MSCs) that have been induced to become osteoblasts produce greater
levels of angiogenic factors than unstimulated MSCs [37]. This suggests that this is a function
of mature secretory cells and those factors that enhance osteoblast differentiation may also
enhance their ability to promote angiogenesis. While it has been established that Ti surface
properties influence osteoblast maturation and differentiation and enhance osseointegration in
vivo, the potential role that surface properties may have in enhancing angiogenesis surrounding
the implant surface through the secretion of angiogenic stimulators by osteoblasts has not been
investigated.

In this study, we examined the production of the pro-angiogenic growth factors VEGF-A,
FGF-2, EGF and Ang-1 by MG63 human osteoblast-like cells and normal human osteoblasts
cultured on Ti surfaces with varying microtopographies and surface energies. In addition, we
investigated whether surface-dependent production of those factors is sensitive to systemic
regulation by treating the cells with 1α,25(OH)2D3. We verified that factors produced by the
cells were angiogenic by assessing endothelial cell differentiation in response to the
conditioned media from MG63 cell cultures from the different Ti substrates. The specific
contribution of VEGF-A was determined by treating the endothelial cell cultures with
conditioned media in the presence of a neutralization antibody to VEGF-A. Finally, we
examined whether the production of angiogenic growth factors is modulated through specific
integrin adhesion receptor signaling by silencing of the α2 integrin subunit.

Materials & Methods
Ti Surfaces

Ti disks were prepared from 1 mm thick sheets of grade 2 unalloyed commercially pure Ti
punched into 15mm diameter disks and supplied by Institut Straumann AG (Basel,
Switzerland). The production and characterization of smooth pretreatment (PT), sand blasted
and acid etched (SLA), and modified SLA (modSLA) surfaces have been described previously
[6]. PT surfaces were degreased by washing Ti disks in acetone and processed in a 2%
ammonium fluoride/2% hydrofluoric acid/10% nitric acid solution. SLA surfaces were made
by coarse grit-blasting of the PT surfaces with 0.25-0.50 mm corundum grit followed by acid
etching. modSLA surfaces were made using the same procedure as SLA surfaces under
nitrogen rinsing to prevent exposure to air and were then stored under aqueous conditions under
nitrogen to retain high surface free energy. The PT surface has an overall average roughness
(Ra) of less than 0.7 μm. SLA and modSLA surfaces have a complex microtopography with
craters varying from 30 to 100 μm in diameter overlaid with pits from 1 to 3 μm in diameter.
The acid etch creates sharp edges approximately 700 nm in height, resulting in an overall Ra
of approximately 4 μm. PT, SLA and modSLA Ti disks all have a TiO2 surface layer, with the
PT and SLA surfaces being hydrophobic due to the adsorption of atmospheric hydrocarbons
while the modSLA surface is hydrophilic. Advancing contact angles were used to calculate the
hydrophilicity of the surfaces as PT (95.8°), SLA (139.80°), and modSLA (∼0°). Surface free
energy for PT, SLA, and modSLA surfaces was calculated according to Zisman (critical surface
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tension), Equation of State (EOS), and Geometric Mean approaches and is described in detail
elsewhere [38].

Cell Culture
Human MG63 osteoblast like cells were cultured in 24-well tissue culture plates on tissue
culture treated polystyrene (TCPS, used as a control for all studies), PT, SLA, and modSLA
surfaces using Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal
bovine serum and 1% penicillin/streptomycin. Cells were seeded at an initial density of 10,000
cells/cm2 and media were exchanged 24 hours after seeding and every 48 hours thereafter.
When the cells were confluent on TCPS, media from all cultures were collected and examined
for VEGF-A, FGF-2, EGF, Ang-1 and osteocalcin levels. Additionally, conditioned media
from MG63 cell cultures were used to assess differentiation of human aortic endothelial cells
as described below.

Primary human osteoblasts (HOB cells) were isolated from the mandible of a 50 year old male
donor by use of an explant culture. Briefly, isolated bone chips were cleaned of all soft and
connective tissues and cut into approximately 1.5 mm fragments. The bone fragments were
then cultured in DMEM containing 10% fetal bovine serum and 1% penicillin/streptomycin
for two weeks to allow cells to migrate out of the tissue. The migrated osteoblasts were then
collected and cultured in DMEM containing 10% FBS and 1% penicillin/streptomycin. Fourth
passage human osteoblasts were used for experiments.

To assess the role of α2β1 signaling, we used an MG63 cell line that was stably silenced for
α2. This cell line was generated by transfection with α2 integrin shRNA using a P-suppressor-
neo vector system and shown to have a 70% reduction in α2 protein.[13] The α2-silenced MG63
cells were maintained in media containing geneticin (G418; Invitrogen, Carlsbad, CA) at a
concentration of 600 μg/mL.

Effect of 1,25(OH)2D3
Confluent MG63 cell cultures were treated with 10-8M or 10-9M 1α,25(OH)2D3 or vehicle for
24 hours prior to harvest.

Cell Number
Cell number was determined for all cell types at time of harvest. At confluence or after 24 hour
treatment with 1α,25(OH)2D3, cells were released from TCPS and Ti surfaces using two
sequential incubations with 0.25% trypsin for 10 minutes at 37°C to ensure that no cells
remained on the rough Ti surfaces and counted using an automated cell counter (Z1 Particle
counter, Beckman Coulter, Fullerton, CA).

Alkaline Phosphatase Specific Activity
Alkaline phosphatase specific activity (orthophosphoric monoester phosphohydrolase,
alkaline; E.C. 3.1.3.1) was measured in the cell lysates as a marker of osteoblastic
differentiation. Enzyme activity was determined using a colorimetric assay measuring the
release of p-nitrophenol from p-nitrophenylphosphate at 37°C. Samples were read on a plate
reader at 415nm [39].

Osteocalcin
Osteocalcin levels in the conditioned medium of MG63 cells and human osteoblasts grown on
Ti surfaces were determined as a marker of osteoblast maturation using a commercially
available radioimmunoassay (Biomedical Technologies, Inc., Stoughton, MA) following the
manufacturer's protocol.
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VEGF-A, FGF-2, EGF, Ang-1
The levels of the angiogenic growth factors VEGF-A, FGF-2, EGF, and Ang-1 were
determined in the conditioned medium using commercially available sandwich ELISA assays
(Duoset ELISA Development Systems, R&D Systems, Minneapolis, MN) following the
manufacturer's protocols.

Endothelial Cell Differentiation
To determine if the conditioned media were angiogenic, we examined their ability to support
endothelial tube formation. Human aortic endothelial cells (HAEC) were purchased from
Lonza (Walkersville, MD) and grown in 75cm2 tissue culture flasks using endothelial cell basal
medium (EGM-2, Lonza). At confluence, cells were passaged and used for the endothelial tube
formation assay. Endothelial cell differentiation was assessed using two separate assays; a
Matrigel tube formation assay (Millipore, St. Charles, MO), and a fibrin gel assay (Millipore).

Matrigel Tube Formation Assay
Briefly, 50 μL ECMatrix™ was added to each well of a 96-well tissue culture plate and allowed
to solidify for 1 hour at 37°C. HAECs were then seeded at a density of 1 × 104 cells/well using
a mixture of 100μL conditioned medium from MG63 cells cultured on TCPS, PT, SLA, and
modSLA surfaces and 50μL EGM-2 for growth maintenance. Cells were cultured for 24 hours,
and at 4, 8, 12, and 24 hours after seeding, pictures were taken for morphometric analysis to
determine the total endothelial tube length and total number of branch points.

To assess the specific role of VEGF-A, endothelial cell differentiation in the presence of a
competitive VEGF-A blocking antibody was determined. Goat anti-human VEGF-A
neutralization antibody was purchased from R&D Systems (Minneapolis, MN) and was added
to the culture medium at a concentration of 5 μg/mL.

Fibrin Gel Assay
Endothelial cell differentiation was further assessed with the use of a fibrin gel assay. 30 μL
of fibrinogen solution and 20 μL of thrombin solution were added to each well of a 96-well
plate and the mixture was allowed to polymerize for 30 minutes at 37°C. HAECs were plated
in 100 μL of EGM-2 at a density of 5 × 103 cells/well and cultured at 37°C for 24h. At 24h,
media were removed and a second layer of fibrin was added on top of cells by again mixing
30 μL of fibrinogen and 20μL of thrombin. The mixture was allowed to polymerize for 5
minutes before 100 μL of conditioned media from MG63 cell cultures on Ti substrates was
added. At 12, 24, 36, and 48h after the addition of conditioned media, images were taken for
morphometric analysis to determine total endothelial tube length.

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 analyzed by ANOVA
and when statistical differences were detected, Student's t-test for multiple comparisons using
Bonferroni's modification was used. p-values < 0.05 were considered significant.

Results
MG63 and HOB Cell Response

As noted previously [6], MG63 cell differentiation was increased on the SLA and modSLA
substrates compared to cells on TCPS and PT, validating the model. Total cell number was
comparable on TCPS and smooth PT surfaces, whereas cells cultured on microrough SLA Ti
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surfaces demonstrated a significant decrease (p<0.05) in cell number when compared to TCPS
and smooth PT Ti surfaces (Figure 1A). The addition of high surface energy on modSLA Ti
surfaces did not result in any further decrease in overall cell number. MG63 cells exhibited a
more differentiated phenotype when grown on Ti substrates compared to TCPS. Alkaline
phosphatase specific activity on all three Ti substrates was significantly reduced (Figure 1B).
Osteocalcin, a late marker of osteoblast differentiation was found to be similar on TCPS and
smooth PT substrates, and was increased 212% in MG63 cell cultures on SLA (Figure 1C).
The combination of high surface energy and microstructure on modSLA surfaces resulted in
a further increase in osteocalcin levels compared to SLA.

Secretion of angiogenic factors by MG63 cells was differentially regulated as a function of
substrate morphology and surface energy. Secreted levels of VEGF-A on TCPS and PT
substrates were comparable (Figure 2A). Levels of secreted VEGF-A increased nearly 2-fold
on SLA while MG63 cell cultures produced almost 3-fold higher levels of VEGF-A on
modSLA. Secretion of FGF-2 and EGF exhibited similar substrate-dependent effects. FGF-2
levels were similar on both TCPS and PT substrates; secreted levels observed on SLA were
approximately 10-fold higher than TCPS levels; and the combination of a hydrophilic surface
with the rough surface microstructure observed on modSLA resulted in a further enhancement
of FGF-2 production (Figure 2B). EGF production on SLA and modSLA was significantly
higher than on either TCPS or PT (Figure 2C). In contrast to secreted levels of VEGF-A, FGF-2,
and EGF, the levels of Ang-1 were comparable on all surfaces examined (Figure 2D).

HOB cells cultured on TCPS as well as on all three Ti surfaces exhibited similar responses to
those observed in MG63 cell cultures. Total cell number on TCPS was significantly higher
than that observed on all three Ti substrates (Figure 3A). Further, a rough microstructure
reduced total cell number compared to smooth pre-treated Ti surfaces. High surface energy
further reduced total cell number on modSLA surfaces. Osteocalcin production by HOB cells
on TCPS and PT substrates was comparable, while osteocalcin levels increased approximately
1.6 fold and 3.5 fold on SLA and modSLA surfaces, respectively (Figure 3B). Similarly,
VEGF-A levels were comparable on TCPS and PT. Secreted VEGF-A levels were doubled on
SLA substrates, while cultures on modSLA surfaces showed increased levels over SLA (Figure
3C). Levels of FGF-2 and EGF in the conditioned media of cells grown on all substrates were
undetectable by ELISA (data not shown).

Treatment of MG63 cells with the vitamin D metabolite 1α,25(OH)2D3 caused a dose
dependent increase in both osteocalcin (Figure 4A) and VEGF-A (Figure 4B) on all surfaces
in addition to the increase observed in response to Ti surface microstructure. The effects of
surface roughness and 1α,25(OH)2D3 were synergistic for both osteocalcin and VEGF-A. No
effect of 1α,25(OH)2D3 on FGF-2 and EGF was observed regardless of substrate (data not
shown).

Endothelial Cell Differentiation
Conditioned media from MG63 cell cultures affected endothelial tube formation in a Matrigel®
tube formation assay in a substrate dependent manner. Conditioned media from all three Ti
substrates caused a greater degree of endothelial cell differentiation than conditioned media
from cells grown on TCPS based on total endothelial tube length (Figure 6A). Moreover,
surface energy had a further stimulating effect. Using the number of branch points (the number
of points where endothelial networks split into two or more tube like structures) as another
marker of endothelial cell differentiation, we found that at 4h of culture, the number of branch
points induced by conditioned media from all Ti substrates was significantly higher than those
observed in the presence of TCPS media. Media from cultures grown on SLA increased the
number of endothelial branch points observed versus media from PT substrates (SLA vs. PT),
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and media from cultures on the high surface energy substrate caused a further increase in
endothelial branch points (modSLA vs. SLA).

The increase in endothelial cell differentiation seen at earlier time points in response to
conditioned media from cultures grown on SLA and modSLA surfaces was due in part to an
increase in the levels of VEGF-A. Addition of a VEGF-A neutralization antibody to
conditioned media from these cultures reduced endothelial cell differentiation to levels
observed using conditioned media from TCPS cultures in the absence of antibody (Figure 6B).
Results from the fibrin gel assay further demonstrate that there were increased levels of pro-
angiogenic growth factors in the conditioned media of MG63 cell cultures on Ti substrates.
Similar to the Matrigel® assay, endothelial cells cultured in media from all three Ti substrates
exhibited a greater degree of differentiation as determined by tubular network length after 36h
of cultured within a fibrin gel network (Figure 5 and Figure 6C). There were no significant
differences in total tube length between the different Ti substrates however.

Integrin α2 Knockdown
VEGF-A and FGF-2 levels in the conditioned media were regulated by α2β1 signaling. When
grown on Ti substrates, the α2 silenced cells exhibited alkaline phosphatase specific activity
comparable to levels seen in MG63 cells grown on TCPS (Figure 7A). However, α2-silencing
had no effect on enzyme activity in TCPS cultures. Similarly, α2-silencing blocked the surface
dependent increases in osteocalcin production but had no effect on osteocalcin in cultures
grown on TCPS (Figure 7B). VEGF-A levels were increased in the α2 silenced cells by 100%
on all surfaces, including TCPS (Figure 7C). α2 silencing had no effect on FGF-2 produced in
response to microstructure, but it reduced FGF-2 levels to those seen in cultures of wild type
MG63 on modSLA (Figure 7D).

Discussion
Angiogenesis is an essential process for the clinically successful integration of orthopaedic and
dental implants. Here we demonstrate that the surface properties of biomaterials affect cellular
response with regard to the production of pro-angiogenic growth factors and show that these
factors stimulate endothelial cell differentiation. These observations suggest that
microstructured, high energy surfaces induce angiogenesis during osseointegration. Moreover,
we show that α2β1 signaling plays an important role in mediating the effects of the surface
properties on production of these local mediators of angiogenesis.

Our results show that in addition to producing increased levels of VEGF-A on SLA and
modSLA [40], MG63 cells also produce increased FGF-2 levels on these substrates. Part of
the increase is due to microstructure and part is due to surface energy. MG63 cells produce
elevated levels of EGF as well, but this effect is due primarily to substrate microstructure since
no further increase was seen on modSLA. Not all angiogenic factors are regulated in this
manner, however, either as a function of surface chemistry or surface microarchitecture. Levels
of angiopoeitin-1 were comparable in the conditioned media of all cultures examined.

The human osteoblasts used in the present study exhibited marked increases in VEGF-A when
grown on SLA and further increases when grown on modSLA, but unlike the MG63 cells they
did not exhibit substrate dependent changes in FGF-2 or EGF. We examined cells from only
a single human donor. Numerous studies demonstrate the variability among donors as a
function of sex, age, and donor site [41,42]. In addition, it is likely that failure to observe such
changes was because these factors were below the limits of detection of the assay kits we used.
Our results support the hypothesis that production of angiogenic factors is related to the state
of osteogenic maturation of the osteoblasts. MG63 cells and normal human osteoblasts
exhibited a more differentiated phenotype on SLA and modSLA than on TCPS and PT, with
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reduced alkaline phosphatase and increased osteocalcin typical of secretory cells. These cells
also exhibited increased production of angiogenic factors, suggesting that this is linked to the
acquisition of a more differentiated phenotype.

The systemic osteotropic hormone 1α,25(OH)2D3 is a key regulator of bone metabolism [33].
Treatment of late-stage osteoblast cultures with 1α,25(OH)2D3 upregulates expression of both
alkaline phosphatase and type I collagen, markers of osteoblast differentiation [43]. Previous
results from our laboratory have shown that treatment of MG63 cells cultures with 1α,25
(OH)2D3 enhances cell response to Ti surface microstructure [44]. Our results here support
this data and further show that production of VEGF-A is regulated in the same manner.

Substrates that presented a microrough surface topography and high surface energy enhanced
the synthesis of several pro-angiogenic growth factors, which subsequently resulted in an
enhancement of the differentiation of human aortic endothelial cells in vitro. This supports the
hypothesis that more mature osteoblasts produce the angiogenic factors needed to recruit a
vascular supply. The addition of a VEGF-A neutralization antibody to endothelial cell cultures
inhibited this increase in endothelial cell differentiation, indicating that the increased levels of
VEGF-A produced by MG63 cells on SLA and modSLA substrates contributes to endothelial
cell differentiation.

The mechanism by which Ti surface microstructure and energy regulate the production of pro-
angiogenic growth factors by osteoblasts is unclear. We have previously shown that osteoblasts
cultured on SLA and modSLA substrates increase expression of the adhesion receptor α2
integrin subunit [12,13]. These cells have a more differentiated phenotype displaying increased
levels of osteocalcin and the local factor prostaglandin E2. Knockdown of the α2 integrin
subunit in these cells resulted in the loss of differentiation in response to Ti surface
microstructure. We found here that knockdown of the α2 subunit differentially regulated the
production of VEGF-A and FGF-2, with the secreted levels of VEGF-A increasing in
knockdown cells and levels of FGF-2 decreasing, suggesting that signaling events through this
adhesion receptor may regulate the production of pro-angiogenic growth factors to induce
endothelial cell migration and subsequent capillary formation from the surrounding vasculature
during healing. Further examination of the effect of conditioned media from knockdown cell
cultures is necessary to determine if the increase in VEGF expression influences endothelial
cell differentiation. Also, it is possible that signaling events through other integrin adhesion
receptors may modulate the production of angiogenic growth factors by osteoblasts. In addition
to the α2β1 integrin, osteoblasts express several other integrin subunits including α3, α4, α5,
α6, αv, and β3 [13,45].

In a clinical setting, establishment of a vasculature preceding or concomitant with bone
formation allows for not only the delivery of oxygen, systemic hormones, and nutrients to the
injury site but also the migration of mesenchymal stem cells. In the absence of
neovascularization, the implant may be surrounded by a fibrous capsule, resulting in implant
loosening and ultimately failure, demonstrating the importance of the initial reaction of the
first cells to come in contact with an implanted material.

Conclusions
We show here that substrate microstructure and surface energy regulate the production of
angiogenic growth factors by osteoblasts and that this regulation occurs at least partially
through signaling of the α2 integrin subunit. The increase in endothelial cell differentiation
observed in response to conditioned media from SLA and modSLA cultures further
demonstrate that Ti substrate features control osseointegration by enhancing angiogenesis at
the material/tissue interface.
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Figure 1.
Response of MG63 cells cultured on tissue culture polystyrene and Ti surfaces: (A) cell
number, (B) alkaline phosphatase specific activity in the cell lysate, and (C) osteocalcin levels
in the conditioned medium. Cells were cultured on control (TCPS), PT, SLA, and modSLA Ti
surfaces. Values presented are mean ± SEM of six independent cultures. The data presented
are from one of two separate experiments with comparable results. Data were analyzed using
ANOVA and statistical significance between groups was determined using Bonferroni's
modification of Student's t-test. *p< 0.05 vs. TCPS; ·p<0.05 vs. PT; Φp<0.05 vs. SLA.
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Figure 2.
Production of angiogenic growth factors by MG63 cells on tissue culture polystyrene and Ti
surfaces: (A) VEGF-A, (B) FGF-2, (C) EGF, and (D) Ang-1 levels were determined in the
conditioned medium by ELISA. Cells were cultured on control (TCPS), PT, SLA, and modSLA
Ti surfaces. Values presented are mean ± SEM of six independent cultures. The data presented
are from one of two separate experiments with comparable results. Data were analyzed using
ANOVA and statistical significance between groups was determined using Bonferroni's
modification of Student's t-test. *p< 0.05, vs. TCPS; ·p<0.05, vs. PT; Φp<0.05, vs. SLA.

Raines et al. Page 13

Biomaterials. Author manuscript; available in PMC 2011 June 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3.
Characterization of normal human osteoblasts cultured on TCPS, PT, SLA, and modSLA Ti
surfaces: (A) cell number, (B) osteocalcin, and (C) VEGF-A levels in the conditioned medium.
Values presented are mean ± SEM of six independent cultures. The data presented are from
one of two separate experiments with comparable results. Data were analyzed using ANOVA
and statistical significance between groups was determined using Bonferroni's modification of
Student's t-test. *p< 0.05 vs. TCPS; ·p<0.05 vs. PT; Φp<0.05 vs. SLA.
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Figure 4.
Effect of 1α,25 (OH)2D3 treatment on MG63 cell differentiation. MG63 cells were cultured
on TCPS, PT, SLA, and modSLA Ti surfaces. At confluence, cultures were treated with
10-9M or 10-8M 1α,25 (OH)2D3 for 24 hours. (A) Osteocalcin and (B) VEGF-A levels in the
conditioned medium were determined. Values are mean ± SEM of six independent cultures.
The data presented are from one of two experiments with comparable results. Data were
analyzed using ANOVA and statistical significance between groups was determined using
Bonferroni's modification of Student's t-test. *p< 0.05 vs. TCPS; ·p<0.05 vs. PT; Φp<0.05 vs.
SLA.
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Figure 5.
Endothelial cell differentiation. Representative images of endothelial cells cultured on a fibrin
gel matrix with conditioned media from (A) TCPS, (B) PT, (C) SLA, and (D) modSLA cultures
of MG63 cells.
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Figure 6.
Endothelial cell differentiation. Endothelial tube formation was assessed using a Matrigel®
tube formation assay with conditioned medium from MG63 cells cultured on TCPS, PT, SLA,
and modSLA surfaces. (A) Total endothelial tube length and total number of branch points at
4h. Values are mean ± SEM of six independent cultures. Data were analyzed using ANOVA
and statistical significance between groups was determined using Bonferroni's modification of
Student's t-test. *p< 0.05 vs. TCPS; ·p<0.05 vs. PT; #p<0.05 vs. SLA. (B) Addition of VEGF-
A neutralization antibody inhibits endothelial cell differentiation in response to MG63
conditioned media. Endothelial tube formation was assessed using conditioned medium from
MG63 cells cultured on TCPS, PT, SLA, and modSLA surfaces in the presence of a VEGF-A
neutralization antibody. Total endothelial tube length is presented for cultures with and without
the addition of neutralization antibody. *p<0.05 vs. no antibody. (C) Endothelial cell
differentiation was further assessed using a fibrin gel assay to determine total endothelial tube
length within a fibrin gel matrix. *p< 0.05 vs. TCPS.
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Figure 7.
Integrin α2 signaling regulates pro-angiogenic growth factor production. Stably silenced α2
cells and MG63 cells were cultured on TCPS, PT, SLA, and modSLA substrates. Total cell
number (A), osteocalcin (B), VEGF (C), and FGF-2 (D) levels were determined in the
conditioned media. Values are mean ± SEM of six independent cultures. Data were analyzed
using ANOVA and Student's t-test. *p<0.05 vs. MG63 wild-type on TCPS; #p<0.05 vs. MG63
wild-type.
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