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Abstract

Surface roughness, topography, chemistry, and energy promote osteoblast differentiation and
increase osteogenic local factor production in vitro and bone-to-implant contact in vivo, but the
mechanisms involved are not well understood. Knockdown of integrin heterodimer alpha2betal
(a2B1) blocks the osteogenic effects of the surface, suggesting signaling by this integrin
homodimer is required. The purpose of the present study was to separate effects of surface
chemistry and surface structure on integrin expression by coating smooth or rough titanium (Ti)
substrates with graphitic carbon, retaining surface morphology but altering surface chemistry. Ti
surfaces (smooth [Ra<0.4um], rough [Ra=3.4um]) were sputter-coated using a magnetron
sputtering system with an ultrapure graphite target, producing a graphitic carbon thin film. Human
mesenchymal stem cells and MG63 osteoblast-like cells had higher mRNA for integrin subunits
al, a2, av, and B1 on rough surfaces in comparison to smooth, and integrin av on graphitic-
carbon-coated rough surfaces in comparison to Ti. Osteogenic differentiation was greater on rough
surfaces in comparison to smooth, regardless of chemistry. Silencing integrins B1, al, or a2
decreased osteoblast maturation on rough surfaces independent of surface chemistry. Silencing
integrin av decreased maturation only on graphitic carbon-coated surfaces, not on Ti. These
results suggest a major role of the integrin f1 subunit in roughness recognition, and that integrin
alpha subunits play a major role in surface chemistry recognition.
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INTRODUCTION

Surface characteristics determine which biological molecules adsorb to an implant surface
and how these molecules interact with cells in the host tissue [1]. Cells interact with proteins
adsorbed on the implant surface via integrins [2], which are transmembrane heterodimeric
receptors consisting of non-covalently associated alpha (a) and beta () subunits [3].
Integrins function as interface between the extra and intra-cellular compartments and,
depending on the a/p heterodimer, trigger specific signaling cascades. The composition of
the a/p heterodimer results in multiple specific receptors that can recognize extracellular
matrix components like collagens, laminins, fibronectin, vitronectin, thrombospondin,
osteopontin, and tenascin. Thus, external ligands can modulate cell attachment, adhesion,
spreading, migration, and differentiation via integrin signaling in very specific ways [3].

Integrin signaling also plays a role in mediating cell attachment, spreading, proliferation,
and differentiation on several biomaterials used in dental and orthopedic implants [4-6].
Previously we showed that osteablastic cells grown on microstructured Ti or Ti alloys
regulated integrin expression depending on surface roughness [7-9]. Cells on rougher
surfaces expressed a different integrin profile than cells on smoother substrates, notably
exhibiting increased levels of al, a2, av, and 1. Additionally, knockdown of integrin a2
and integrin 1 abolished terminal differentiation and the production of an osteogenic
environment on the rough surface, indicating that signaling via a2f31 was required [7].

Other studies have shown that surface chemistry is an important variable in determining cell
response to surface microarchitecture and surface chemistry [10,11]. A number of
approaches have been used to modify surface chemistry, including thin films [12,13], self-
assembled monolayers [14-16], and various kinds of attachment ligands [17-20]. While
these studies have provided information on cell response to the functionalized surface, they
have not clarified the respective role of the surface microarchitecture and surface chemistry.
To address this question more accurately, we created a nanometric surface modification that
does not affect surface microstructure but completely alters surface chemistry to elucidate
the role of surface chemistry on integrin-mediated osteoblast terminal differentiation.

MATERIALS AND METHODS

Disk Preparation

Ti disks 15mm in diameter were punched from 1mm thick sheets of grade 2 unalloyed Ti
(Institut Straumann AG, Basel, Switzerland) to fit snugly in a 24-well plate. Disks were
prepared as described previously and sterilized overnight with 25-kGy gamma irradiation
[21]. Briefly, disks were degreased in acetone and processed for 30 seconds in a 2%
ammonium fluoride/2% hydrofluoric acid/10% nitric acid solution at 55°C to produce
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pretreatment Ti disks (PT). SLA sub strates were produced by grit blasting with 0.25-0.50
mm corundum grit at 5 bar followed by acid etching in HCI/H,SO4.

Graphitic Carbon Coatings

Amorphous graphitic carbon films were produced by a DC-magnetron sputtering system
attached to a high vacuum chamber (base pressure 1.3 x 107 Pa) using a 4-inch diameter
high purity graphite cathode. The deposition was carried out at 4 Pa of pressure using argon
as the sputtering gas (20 standard cubic centimeters per minute) and 0.4 amperes of DC
current for 5 minutes.

Surface Characterization

Cell Culture

Surface morphology of PT and SLA surfaces with carbon films was examined by scanning
electron microscopy (SEM, Carl Zeiss SMT Ltd., Cambridge, UK). Surface roughness was
measured by confocal laser microscopy (CLM, Olympus America Inc., PA), using LEXT
OLS4000 software. Surface chemistry was measured by Thermo K-Alpha X-ray
photoelectron spectroscopy (XPS, Thermo Fisher Scientific Inc., MA), equipped with the
Thermo Advantage 4.43 software package. Contact angle measurement (Rame-Hart
goniometer, 250-F1, NJ, USA) with DROPimage software analysis package was used to
measure surface energy.

Methods

Human osteoblast-like MG63 cells (American Type Culture Collection, Manassas, VA)
were seeded at an initial density of 10,000 cells/cm? and cultured in Dulbecco’s
modification of Eagle’s medium (DMEM, Mediatech, Inc., Manassas, VA) supplemented
with 10% fetal bovine serum (Life Technologies, Carlsbad, CA) and 1% penicillin-
streptomycin (Life Technologies). Human bone marrow mesenchymal stem cells (MSCs,
Lonza, Walkersville, MD) were plated at 5,000 cells/cm? and cultured in Mesenchymal
Stem Cell Growth Medium (Lonza). All cells were cultured at 37°C with 5% CO, and 100%
humidity.

Cell Attachment

MG63 cells were plated at a density of 20,000 cells per well on tissue culture polystyrene
(TCPS), PT, graphitic carbon-coated PT (G-PT), SLA, or graphitic carbon-coated SLA (G-
SLA). After 4 hours, non-adherent cells were aspirated. Attached cells were fixed in 10%
neutral buffered formalin for 10 minutes. Cells were incubated with 1 ug/mL Hoechst 33342
in PBS for 10 minutes. Cells were rinsed twice with PBS and fluorescence measured.

Protein Production

MG63 cells or human MSCs were plated on tissue culture polystyrene (TCPS), PT, graphitic
carbon-coated PT (G-PT), SLA, or graphitic carbon-coated SLA (G-SLA) using the seeding
densities and culture methods as described above. When cultures reached confluence on
TCPS, cells were incubated with fresh medium for 24 hours. At harvest, conditioned
medium was collected. Osteocalcin levels were measured by radioimmunoassay following
manufacturer’s instructions (Biomedical Technologies Inc., Stoughton, MA). Levels of
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osteoprotegerin (OPG), vascular endothelial growth factor-A (VEGF-A), active
transforming growth factor beta 1 (TGF-$1), and latent TGF-1 were measured by
commercially available ELISA per manufacturer’s instructions (R&D Systems,
Minneapolis, MN). Cells were released from the surface by two sequential 10 minute
incubations in 0.25% trypsin-EDTA (Life Technologies) and cell number determined using
a Z2 Cell and Particle Counter (Beckman Coulter, Brea, CA). Cells were then lysed and
alkaline phosphatase specific activity measured [22] in the cell lysate and normalized to total
protein content (Pierce BCA Protein Assay, Rockford, IL).

Gene Expression

MG63 cells or human MSCs were plated on TCPS, PT, G-PT, SLA, or G-SLA using the cell
densities and culture methods described in “Cell Culture Methods”. When cultures reached
confluence on TCPS, cells on all surfaces were incubated with fresh medium for 12 hours.
At harvest, total RNA was extracted using TRIzol® (Life Technologies, Carlsbad, CA).
RNA quantity was determined using a NanoDrop spectrophotometer (Thermo Scientific,
Waltham, MA). cDNA templates were created by reverse transcribing 250 ng of RNA (High
Capacity Reverse Transcription cDNA kit, Life Technologies). The resulting cDNA was
used for real-time gPCR with gene-specific primers using the StepOnePlus Real-time PCR
System and Power Sybr® Green Master Mix (Life Technologies). Fluorescence values were
quantified as starting quantities using known dilutions of MG63 cells or MSCs cultured on
TCPS. Gene expression is presented as normalized to glyceraldehyde 3-phosphate
dehydrogenase (GAPDH). Primers for integrin subunits (Table 1) were designed using
Beacon designer software (Palo Alto, CA) and synthesized by Eurofins MWG Operon
(Huntsville, AL).

Integrin Silencing

Statistics

RESULTS

MG63 cells were transduced with ShRNA lentiviral transduction particles (Mission®, Sigma
Aldrich, St. Louis, MO) targeting integrin al (ITGA1, TRCN0000057748), integrin a2
(ITGA2, TRCN0000308081), integrin av (ITGAV, TRCN0000003240), or integrin p1
(ITGB1, TRCN0000029644). MG63 cells were plated at 20,000 cells/cm? and cultured
overnight. Particles were added to the cells at a multiplicity of infection of 7.5. After 18
hours incubation, transduced cells were selected with 0.25 pg/ml of puromycin. Silencing
was confirmed using real-time qPCR as described above. MG63 and integrin silenced MG63
cells were plated and protein secretion analyzed as described above.

All data presented are meanz standard error of n=6 independent cultures per variable. Data
were examined by ANOVA with post-hoc Bonferroni’s modification of Student’s t-test.
p<0.05 was considered statistically significant.

Surface Characterization

Substrate surface morphology was retained after film deposition due to the conformational
growth of the amorphous films. Both SEM (Fig. 1A) and AFM (Fig. 1B) images showed
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that the films follow the same topography, with only insignificant variations in average
surface roughness, confirming that chemical modification of the surface was achieved
without variations in topography. Under the deposition conditions used, graphitic-carbon
films were predominantly sp2-bonded amorphous carbon graphite-like films presenting a
low band-gap semiconductor property and presenting low hardness as previously shown
[23]. The graphitic carbon films had a thickness of about 150 nm and uniformly covered the
smooth PT and rough SLA Ti substrates. XPS spectra showed only the presence of carbon
and oxygen (due to exposure to the atmosphere), but no signal from the underlying Ti
substrate (Fig. 1C). Water contact angle (Fig. 1D) was reduced after the deposition of the
carbon coating, from 96° to 72° for the PT substrate and from 132° to 122° for the SLA
surface.

Response of MSCs

Human MSCs had lower cell number on Ti substrates than on TCPS, with lowest number on
SLA. There was no difference in cell number between Ti and G-Ti substrates (Fig, 2A).
Culture on PT resulted in higher alkaline phosphatase specific activity than on TCPS (Fig.
2B). The increase in alkaline phosphatase specific activity on SLA in comparison to PT was
augmented on G-SLA. Osteocalcin was higher on PT than TCPS, but highest on SLA, with
no difference between Ti and G-Ti (Fig. 2C). The same effect was seen with osteoprotegerin
(Fig. 2D), VEGF-A (Fig. 2E), and active TGF-B1 (Fig. 2F).

Because integrin subunits recognize specific extracellular matrix components and the
change in chemistry may alter this, we examined expression of integrin subunits. Expression
of ITGAL (Fig. 3A) and ITGA2 (Fig. 3B) was higher on PT than TCPS and was greatest on
SLA, but there was no difference between Ti and G-Ti substrates. ITGA3 mRNA levels
were the same on TCPS, PT, and G-PT, but were reduced on SLA and G-SLA (Fig. 3C).
ITGAS expression was lower on PT and G-PT than TCPS, but was further decreased on
rough surfaces (Fig. 3D). ITGA6 mMRNA was lower on PT and G-PT than on any other
surface; culture on rough surfaces yielded higher levels than on smooth (Fig. 3E).
Expression of ITGA8 was decreased on SLA surfaces in comparison to TCPS and PT, but
culture on G-PT and G-SLA lead to additional decreases (Fig. 3F). ITGAV expression was
higher on PT and G-PT than TCPS (Fig. 3G). ITGAV was higher on SLA than on smooth
surfaces, but was further increased on G-SLA. ITGB1 mRNA expression was similar on
TCPS, PT, and G-PT, but was greatly increased by culture on rough SLA and G-SLA (Fig.
3H). Expression of ITGB3 was reduced on Ti and G-Ti, but with no effect of roughness or
chemistry (Fig. 3I).

Response of MG63 Cells

In MG63 cultures, cell number was decreased (Fig. 4A) and alkaline phosphatase specific
activity increased (Fig. 4B) on Ti substrates (TCPS < PT < SLA), but the effect was similar
on Ti and G-Ti substrates. Likewise, osteocalcin (Fig. 4C), OPG (Fig. 4D), VEGF-A (Fig.
4E), and active TGF-B1 (Fig. 4F) increased with surface roughness independently of
chemistry (TCPS < PT 2 G-PT < SLA = G-SLA).
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Expression of ITGAL (Fig. 5A) and ITGA2 (Fig. 5B) increased with increasing surface
roughness, (TCPS < PT < SLA), but was not affected by changing surface chemistry.
ITGA3 (Fig. 5C) and ITGAS (Fig. 5D) expression decreased with increasing surface
roughness, but expression on Ti was similar to G-Ti. While expression of ITGA6 was
reduced on SLA and G-SLA in comparison to TCPS, expression was lowest on PT and G-
PT (Fig. 5E). ITGA8 was lower on PT and SLA in comparison to TCPS, but was further
decreased by culture on G-Ti (Fig. 5F). Expression of ITGAV was increased with surface
roughness (TCPS < PT < SLA), but expression was augmented on G-Ti substrates (Fig. 5G).
ITGB1 expression was increased on rough surfaces, an effect independent of surface
chemistry (TCPS < PT = G-PT < SLA = G-SLA) (Fig. 5H). Expression of ITGB3 was not
significantly different from TCPS on any substrate (Fig. 51). Cell attachment on PT and G-
PT was similar to TCPS (Fig. 6). Cell attachment on SLA and G-SLA was about 80% of
attachment on TCPS (G-SLA > SLA).

Contribution of Integrin Subunits to Cell Response

Because the response of MG63 cells was similar to MSCs, MG63 cells were chosen as our
model cell type to examine regulation of cell response by specific integrin subunits. Because
the 1 integrin subunit pairs with many a subunits, we silenced p1 expression in MG63
cells. Cell number was higher in shITGB1-MG63 than in WT cells, but culture of shiITGB1-
MG63 on G-Ti surfaces yielded lower cell number than culture on Ti (Fig. 7A). Alkaline
phosphatase specific activity was reduced in shITGB1-MG63 in comparison to WT, and was
higher on G-Ti than on Ti (Fig. 7B). Production of osteocalcin (Fig. 7C), OPG (Fig. 7D),
VEGF-A (Fig. 7E), and active TGF-B1 (Fig. 7F) was lower in shITGB1-MG63 than in WT.
However, shITGB1-MG63 cells maintained a roughness-dependent increase in active TGF-

Bl.

shITGA1-MG63 cells had higher cell number on PT and SLA surfaces than WT (Fig. 8A).
However, cell number on G-PT and G-SLA was similar between cell types. Alkaline
phosphatase specific activity was lower in shITGA1-MG63 than in WT cells on PT and
SLA surfaces, but the same on G-PT and G-SLA (Fig. 8B). Similarly, osteocalcin (Fig. 8C)
and osteoprotegerin (Fig. 8D) were strongly reduced in shITGA1-MG63 on PT and SLA
surfaces in comparison to WT cells, but were unchanged on G-PT and slightly decreased on
G-SLA. shITGA1-MG63 cultures produced less VEGF than WT cells on all surfaces (Fig.
8E). Active TGF-B1 was similar in media from shITGA1-MG63 and WT cultures on all
surfaces, but was reduced on SLA (Fig. 8F).

Cell number was higher for shiITGA2-MG63 cells cultured on TCPS, PT, and SLA in
comparison to WT cells, but there was no effect on G-PT and only a small increase in cell
number on G-SLA (Fig. 9A). Alkaline phosphatase specific activity (Fig. 9B), osteocalcin
(Fig. 9C), osteoprotegerin (Fig. 9D), and active TGF-B1 (Fig. 9F) were lower in shITGA2-
MG63 cells on PT and SLA in comparison to WT cells, but there was no difference on G-PT
or G-SLA. Levels of VEGF were increased on PT and SLA in shITGA2-MG63 cultures in
comparison to WT, but were similar to WT cells on G-PT and G-SLA (Fig. 9E).

Cell number was similar in shITGAV-MG63 cells on PT and SLA surfaces (Fig. 10A).
However, cell number was lower in shITGAV-MG63 cells cultured on G-PT and higher on
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G-SLA in comparison to WT cells. On smooth TCPS, PT, and G-SLA, alkaline phosphatase
specific activity was higher in shITGAV-MG63 cells than in WT cells, an effect enhanced
on G-PT (Fig. 10B). Alkaline phosphatase specific activity was similar in shITGAV-MG63
and WT on SLA and lower in shITGAV-MG63 cells cultured on G-SLA in comparison to
WT. Osteocalcin was similar in WT and shiITGAV-MG63 cultures on PT and SLA (Fig.
10C). However, levels were higher in shITGAV-MG63 cultures on G-PT and lower on G-
SLA than in WT cells. Similar effects were seen in osteoprotegerin (Fig. 10D), VEGF (Fig.
10E), and active TGF-p1 (Fig. 10F).

DISCUSSION

The goal of this study was to separate the role of surface chemistry from that of surface
microarchitecture in osteoblastic differentiation and maturation and to determine whether
a2B1 signaling is involved in mediating the effects of these surface properties. We achieved
this by generating thin graphitic carbon films that modified substrate surface chemistry but
not surface microstructure. MSCs grown on Ti or graphitic carbon-coated surfaces had
decreased cell number, increased osteoblastic markers and increased production of important
paracrine factors in a surface roughness-dependent manner. Similar results were observed
with MG63 cells. These results confirm previous reports in which MSCs increased
osteoblastic differentiation and soluble factor production in response to surface roughness in
a comparable manner to the classical MG63 osteoblast-like cell line [24]. It is important to
note that modifying the surface with graphitic carbon slightly reduced water contact angle,
indicating a change in surface energy. However, the results of this study do not reflect a
change in osteoblast maturation or MSC differentiation as consequence of these small
changes in contact angle.

We and others have demonstrated that alkaline phosphatase activity, an early indicator of
osteoblastic differentiation, and secreted osteocalcin, a later marker of osteoblastic
differentiation, are higher in cells cultured on rough surfaces than on smooth substrates
[25,26]. Our results showed that MSCs were affected by surface roughness independently of
whether they were grown on Ti or graphitic carbon-coated surfaces, suggesting that surface
roughness is a dominant factor in inducing osteoblastic differentiation of MSCs. MSCs and
MG63 cells also increased growth factors and soluble molecules involved in
osseointegration in a roughness-dependent fashion without being affected by surface
chemistry. These results confirm other reports were Ti alloys and other biomaterials increase
VEGF, TGF-B1, or osteoprotegerin after surface roughening, highlighting the importance of
surface texture and topography in the modulation of these important soluble factors [31-33].

Our results also show that cell attachment on rough surfaces decreased independently of
surface chemistry. Additionally, our group and others have shown that cell proliferation is
compromised in cells undergoing differentiation [27-30]. Differences in cell number are
therefore due to a combination of lower cell attachment and decreased cell proliferation.

We have shown that integrin expression is also affected when cells are grown on Ti
substrates with different roughnesses, and modulation of integrin expression is partially
regulated by Whnt signaling [34,35]. Our results demonstrate that in MSCs expression of the
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majority of integrin subunits (ITGAL, ITGA2, ITGAS3, ITGAS, ITGAG, ITGB1, and ITGB3)
was modulated by surface roughness, while graphitic carbon coatings modulated only
ITGA8 and ITGAV. Interestingly, MG63 cells showed a similar pattern of expression. This
demonstrates that surface roughness and chemistry affect MSCs and MG63 cells similarly,
resulting in similar changes in gene expression even with differing cell origins and
supporting the use of the MG63 cell model to study cell-biomaterial interactions.

Our results suggest that integrin expression in osteoblast-like cells and progenitor cells is
regulated mainly by physical cues or microarchitecture. However, changes in surface
chemistry can affect both the types of protein adsorbed onto the surfaces and the
conformation of those proteins, which could induce changes in integrin expression. It has
been shown previously that common integrin subunits are up regulated by surface roughness
in biomaterials with different chemistries [36,37]. However, the experimental parameters
including cell lines used, media formulations, and time points measured make it difficult to
compare results from study to study. This is observed particularly in reports of the
modulation of integrins a2 and a5. Some studies showed that knocking-down integrin a2
levels abolished osteoblastic maturation [7,38,39]. However, others have shown that integrin
ab was responsible for osteoblast differentiation and maturation [40,41].

In our study, opted to examine the integrin subunits that were up regulated after culture of
MSCs and MG63 cells on Ti or graphitic carbon-coated surfaces by generating permanently
silenced MG63 cell lines for these specific integrin subunits, since the response to surface
roughness and chemistry was similar in these two cell types. Our results indicate that
knocking down ITGBL1 abolished osteoblastic maturation regardless of surface chemistry,
reducing the levels of osteoblastic markers and soluble factors to levels similar to cells on
the control TCPS. Only cell number was sensitive to surface chemistry in the ITGB1-
silenced cells, with higher cell numbers on Ti substrates in comparison to graphitic carbon-
coated surfaces.

Previous reports have shown that truncation of the cytoplasmic portion of integrin f1 or the
complete abolishment of the protein reduced cell spreading and formation of the focal
adhesion complex. Others have shown that integrin B1 is also important for cell migration
and differentiation [42]. Additionally, we have reported that silencing ITGB1 in osteoblast-
like cells results in abolishment of osteoblast maturation in response to surface architecture
[8,43]. Our results suggest that the increase in cell number in ITGB1-silenced cells after 7
days of culture can be due to reduced spreading and compromised osteoblastic
differentiation on rough surfaces.

These results confirm previous reports from our lab [7,8] and others [44—-47] that indicate
that integrin 1 is the most important subunit for cell-material interaction, particularly for
modulating gene expression and cell maturation/differentiation. Moreover, in vivo studies
have shown the importance of integrin p1 in osteoblastic differentiation in response to
surface roughness, with an increase in its expression as soon as 12 hours [48,49]. Integrin f1
is the predominant integrin subunit used by osteoblast-like cells for adhesion to collagen,
laminin, and partially fibronectin [50,51]. Integrin p1 binds many alpha subunits in
osteoblasts and osteoprogenitor cells including al, a2, a3, a4, a5, a6, aV, and a9 [50,52—
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55]. In our study, we generated stably silenced ITGAL, ITGA2, and ITGAV cell lines. We
found that knocking down ITGAL and ITGA2 increased cell number on Ti surfaces in
comparison to non-silenced cells, but ITGAL and ITGAZ silenced cells behaved in a similar
manner to non-silenced MG63 cells when grown on graphitic carbon-coated surfaces.
Moreover, osteoblastic maturation in these cells in response to Ti surface microstructure was
abolished, indicated by lower levels of osteocalcin and alkaline phosphatase specific
activity. In contrast, cells silenced for ITGA1 and ITGA2 responded comparably to non-
silenced cells when grown on graphitic carbon-coated surfaces. Similar effects were
observed in osteoprotegerin and TGF-f1 levels. These results suggest that integrin al and
integrin a2 are important for regulating osteoblastic maturation in response to surface
microstructure but there role is sensitive to surface chemistry. It is possible that changes in
surface chemistry affect protein adsorption and/or extracellular matrix deposition,
facilitating expression of specific integrins. Several reports have shown preferential protein
adsorption in different chemistries, supporting this hypothesis [56,57].

Integrin al and integrin a2 belong to a subgroup of collagen receptors, and have a similar
collagen alpha-I binding domain but have different ligand binding mechanisms and collagen
subtype [58,59]. Integrin al is the receptor for collagen of many mesenchymal cells;
although integrin a1 null mice are viable, the absence of integrin al causes loss of feedback
regulation of collagen synthesis [60]. In addition, integrin a1 null fibroblasts have reduced
collagen type 1V adhesion, but do not significantly reduce adhesion to collagen type I unless
they also are deficient in integrin a2 or a3 [61]. Several reports showed that integrin al is
responsible for down-regulation of collagen type | mRNA levels and regulation of reactive
oxygen species in pathological situations, suggesting that this mechanism of collagen
regulation may be important in developing fibrosis [60,62]. Interestingly our results showed
that ITGA1 silencing decreased VEGF levels when compared to non-silenced cells on all
surfaces tested, suggesting that ITGAL is important for generating an angiogenic
microenvironment. Itgal™'~ mice develop less, smaller, and more poorly vascularized
tumors compared to wild-type mice, and this reduction in angiogenesis is hypothesized to be
as result of increased levels of MMP9, which increases factors that inhibit endothelial cell
growth [63]. In our study, the dramatic reduction in VEGF levels in ITGA1-silenced cells
suggests that integrin al also contributes to blood vessel formation by modulating VEGF
production.

We previously reported that integrin a2 plays a critical role in osteoblast maturation on
microstructured Ti surfaces, and silencing ITGAZ2 significantly reduces osteoblast
maturation [7]. Others have shown that inhibition of integrin a2 in bone marrow cells
cultured on collagen type | prevents matrix mineralization and osteoblastic differentiation,
whereas overexpression of integrin a2 promotes osteogenic differentiation [39,64].
Interestingly, our results showed that silencing ITGA2 affects osteoblastic maturation on Ti
surfaces but that differentiation in these cells is maintained on graphitic carbon-coated
surfaces. In addition, silencing ITGA?2 increased VEGF levels on Ti surfaces, but not on
graphitic carbon-coated surfaces, an effect enhanced by increased surface roughness. This
could be the result of a compensatory effect of integrin a1 as the dominant collagen receptor
in the ITGA2-silenced cells. These results suggest that osteoblastic differentiation and
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maturation on Ti surfaces is modulated by integrins that function as collagen receptors such
as integrin al and a2.

Integrin aV can form heterodimers with integrin 1, 3, B5, p6, or p8. Most of these
heterodimers recognize ligands with RGD-motifs such as vitronectin, fibronectin,
osteopontin, bone sialoprotein, tenascin, laminin, collagens, and von Willenbrand factor
[65-67]. Studies in cells null for integrin a4 or a5, classical fibronectin receptors, found that
aVP1 could function as a fibronectin receptor, either by overlapping functionality or
compensating functions [68]. Interestingly, integrin oV null mice are not viable, but do not
present gross alterations in bone or cartilage [69]. The effect of ITGAV silencing on
osteoblastic maturation was only significant in cells cultured on graphitic carbon-coated
surfaces, with only a minimal effect on Ti surfaces. ITGAV-silenced cells increased alkaline
phosphatase, osteocalcin, osteoprotegerin, VEGF-A, and TGF-f1 on smooth surfaces but
reduced the same parameters on rough surfaces when compared to wild type cells or cells
grown on Ti surfaces. Our results suggest that cells grown on graphitic carbon-coated
surfaces may facilitate the adsorption of proteins rich in RGD motifs or stimulate the cells to
produce an RGD-rich extracellular matrix in comparison to cells on Ti.

Silencing collagen receptor subunit ITGA1 dramatically decreased VEGF-A on all surfaces
independent of surface chemistry and silencing ITGA2 increased VEGF-A levels only in
cells grown on Ti surfaces. However, silencing ITGAV affected VEGF-A levels only in
cells grown on graphitic carbon-coated surfaces, possibly through an RGD stimulated
mechanism.

CONCLUSIONS

This study examined the effect of surface chemistry on osteoblast maturation using Ti and
graphitic carbon-coated surfaces with the same roughness and topography. Integrin f1-
silenced MG63 cells had less differentiation on rough surfaces independent of surface
chemistry, suggesting a major role of integrin p1 in roughness recognition. Interestingly,
silencing integrin al and a2 affected osteoblast maturation on Ti surfaces, but not on
carbon-coated surfaces. Integrin av was the only subunit we examined that affected
osteoblast maturation on carbon-coated substrates. Taken together, this study suggests that
integrin alpha subunits play a major role in surface chemistry recognition. While rough Ti
implants osseointegrate and induce osteogenic differentiation, the mechanisms by which this
occurs are unclear. The current study highlights the importance of surface roughness in
differentiation, and demonstrates the contribution of specific integrin subunits in mediating
cell response to materials of differing chemistries process.
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Figure 1.

Characterization of graphitic carbon-coated titanium surfaces. Surface morphology was
examined by SEM at 1000x and 20,000x (A). Surfaces roughness was determined by
confocal laser microscopy (B), surface chemistry by XPS (C), and surface wettability by
water contact angle (D).
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Effect of surface microstructure and surface chemistry on HMSC osteoblastic
differentiation. HMSCs were plated on TCPS, Ti (PT, SLA), or graphitic carbon-coated (G-
PT, G-SLA) substrates and cultured until confluence on TCPS. At confluence, cell number
(A), alkaline phosphatase specific activity (B), and levels of secreted osteocalcin (C),
osteoprotegerin (D), VEGF (E), and active TGF-1 (F) were determined. *p<0.05, v. TCPS;

#p<0.05, v. PT; $p<0.05, graphitic carbon-coated v. Ti.
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Figure 3.

Effect of surface microstructure and surface chemistry on HMSC integrin expression.
HMSCs were plated on TCPS, Ti (PT, SLA), or graphitic carbon-coated (G-PT, G-SLA)
substrates and cultured until confluence on TCPS. Cells were incubated with fresh media for
12 hours, RNA extracted, and real-time qPCR performed on cDNA templates to measure
mRNA levels of ITGAL (A), ITGA2 (B), ITGA3 (C), ITGAS (D), ITGAG (E), ITGAS (F),
ITGAV (G), ITGB1 (H), and ITGB3 (l). *p<0.05, v. TCPS; #p<0.05, v. PT; $p<0.05,
graphitic carbon-coated v. Ti.
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Figure 4.

Ef?‘ect of surface microstructure and surface chemistry on MG63 osteoblastic maturation.
MG63 cells were plated on TCPS, Ti (PT, SLA), or graphitic carbon-coated (G-PT, G-SLA)
substrates and cultured until confluence on TCPS. At confluence, cell number (A), alkaline
phosphatase specific activity (B), and levels of secreted osteocalcin (C), osteoprotegerin (D),
VEGF (E), and active TGF-B1 (F) were determined. *p<0.05, v. TCPS; #p<0.05, v. PT;
$p<0.05, graphitic carbon-coated v. Ti.
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Figure 5.

Effect of surface microstructure and surface chemistry on MG63 integrin expression. MG63
cells were plated on TCPS, Ti (PT, SLA), or graphitic carbon-coated (G-PT, G-SLA)
substrates and cultured until confluence on TCPS. Cells were incubated with fresh media for
12 hours, RNA extracted, and real-time qPCR performed on cDNA templates to measure
mRNA levels of ITGAL (A), ITGA2 (B), ITGA3 (C), ITGA5 (D), ITGAG (E), ITGAS (F),
ITGAV (G), ITGB1 (H), and ITGB3 (l). *p<0.05, v. TCPS; #p<0.05, v. PT; $p<0.05,
graphitic carbon-coated v. Ti.
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Figure 6.
Cell attachment to Ti and G-Ti surfaces. Attachment of MG63 cells was measured after 4

hours of incubation on Ti (PT, SLA) or graphitic carbon-coated (G-PT, G-SLA) surfaces
and compared to attachment on TCPS control. *p<0.05 v. TCPS; %p<0.05 v. PT; #p<0.05 v.
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Figure 7.

Effect of integrin beta 1 silencing on MG63 response to surface microstructure and surface
chemistry. MG63 cells (WT) or MG63 cells with silenced integrin beta 1 (shITGB1) were
plated on TCPS, Ti (PT, SLA), or graphitic carbon-coated (G-PT, G-SLA) substrates and
cultured until confluence on TCPS. At confluence, cell number (A), alkaline phosphatase
specific activity (B), and levels of secreted osteocalcin (C), osteoprotegerin (D), VEGF (E),
and active TGF-p1 (F) were determined. *p<0.05, v. TCPS; %p<0.05, v. PT; $p<0.05,

graphitic carbon-coated v. Ti; # p<0.05, v. WT.
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Figure 8.
Ef?‘ect of integrin alpha 1 silencing on MG63 response to surface microstructure and surface
chemistry. MG63 cells (WT) or MG63 cells with silenced integrin alpha 1 (shITGA1) were
plated on TCPS, Ti (PT, SLA), or graphitic carbon-coated (G-PT, G-SLA) substrates and
cultured until confluence on TCPS. At confluence, cell number (A), alkaline phosphatase
specific activity (B), and levels of secreted osteocalcin (C), osteoprotegerin (D), VEGF (E),
and active TGF-B1 (F) were determined. *p<0.05, v. TCPS; %p<0.05, v. PT; $p<0.05,
graphitic carbon-coated v. Ti; # p<0.05, v. WT.
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Figure 9.
Effect of integrin alpha 2 silencing on MG63 response to surface microstructure and surface

chemistry. MG63 cells (WT) or MG63 cells with silenced integrin alpha 2 (shITGA2) were
plated on TCPS, Ti (PT, SLA), or graphitic carbon-coated (G-PT, G-SLA) substrates and
cultured until confluence on TCPS. At confluence, cell number (A), alkaline phosphatase
specific activity (B), and levels of secreted osteocalcin (C), osteoprotegerin (D), VEGF (E),
and active TGF-p1 (F) were determined. *p<0.05, v. TCPS; %p<0.05, v. PT; $p<0.05,
graphitic carbon-coated v. Ti; # p<0.05, v. WT.
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Figure 10.
Effect of integrin alpha v silencing on MG63 response to surface microstructure and surface

chemistry. MG63 cells (WT) or MG63 cells with silenced integrin alpha v (ShITGAV) were
plated on TCPS, Ti (PT, SLA), or graphitic carbon-coated (G-PT, G-SLA) substrates and
cultured until confluence on TCPS. At confluence, cell number (A), alkaline phosphatase
specific activity (B), and levels of secreted osteocalcin (C), osteoprotegerin (D), VEGF (E),
and active TGF-B1 (F) were determined. *p<0.05, v. TCPS; %p<0.05, v. PT; $p<0.05,
graphitic carbon-coated v. Ti; # p<0.05, v. WT.
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Table 1

Primer sequences used for real-time gPCR analysis of gene expression.

Gene Primer Sequence

F | GCTCTCCAGAACATCATCC
GAPDH

R | TGCTTCACCACCTTCTTG

F | CACTCGTAAATGCCAAGAAAAG
ITGAL

R | TAGAACCCAACACAAAGATGC

F | ACTGTTCAAGGAGGAGAC
ITGA2

R | GGTCAAAGGCTTGTTTAGG

F | ATCTGTGTGCCTGACCTG
ITGAS

R | AAGTTCCCTGGGTGTCTG

F | GTTGCTACTGGCTGTTTTGG
ITGAV

R | CTGCTCCCTTTCTTGTTCTTC

F | ATTACTCAGATCCAACCAC
ITGB1

R | TCCTCCTCATTTCATTCATC

F | AATGCCACCTGCCTCAAC
ITGB3

R | GCTCACCGTGTCTCCAATC

F | CCCACATCACAAGACTATGC
ITGA6

R | GAAACAGGAAAAGACGGTAGG

F | CTTCTTGGATTGTTGGTTCTCG
ITGA8

R

TCAGGGGTCTTGTCATTTGTC
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