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Abstract

Surface microroughness plays an important role in determining osteoblast behavior on titanium.
Previous studies have shown that osteoblast differentiation on microtextured titanium substrates is
dependent on alpha-2 beta-1 (a2B1) integrin signaling. This study used focused ion beam (FIB)
milling and scanning electron microscopy (SEM), combined with 3D image reconstruction, to
investigate early interactions of individual cells with their substrate and the role of integrin a2p1
in determining cell shape. MG63 osteoblast-like cells on sand blasted/acid etched (SLA) Ti
surfaces after 3 days of culturing indicated decreased cell number, increased cell differentiation,
and increased expression of MRNA levels for al, a2, aV and 1 integrin subunits compared to
cells on smooth Ti (PT) surfaces. a2 or B1 silenced cells exhibited increased cell number and
decreased differentiation on SLA compared to wild type cells. Wild type cells on SLA possessed
an elongated morphology with reduced cell area, increased cell thickness, and more apparent
contact points. Cells on PT exhibited greater spreading and were relatively flat. Silenced cells
possessed a morphology and phenotype similar to wild type cells grown on PT. These
observations indicate that surface microroughness affects cell response via a21 integrin
signaling, resulting in a cell shape that promotes osteoblastic differentiation.
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Introduction

Although titanium has been widely used in orthopaedic and dental implants [1, 2], the
mechanisms causing osseointegration between the implant and bone tissue are still not fully
understood. We and others have noted that osteoblasts tend to spread relatively uniformly on
smooth titanium surfaces to yield non-aspected cell shapes, while they elongate to form
aspected cell shapes on rough surfaces [3-6]. Cells initially come into contact with titanium
implant surfaces through interaction with adsorbed proteins via integrin binding [7-9]. This
process is sensitive to implant surface properties, such as micron-scale roughness,
topography, chemical composition, and wettability [10-12]. These surface properties have
been shown to influence cell attachment, adhesion, migration, proliferation, and
differentiation [13-15]. Previously, we demonstrated that microstructured titanium surfaces
can inhibit osteoblast proliferation and promote osteoblast differentiation [3, 4, 16, 17],
which suggested that early integrin-dependent events at the interface are important.

Integrins are a large family of heterodimeric transmembrane receptors composed of alpha
and beta subunits. Each a3 combination has its own binding specificity, with corresponding
intracellular signaling pathways [18, 19]. Studies have shown that different aff combinations
induce different cellular responses in osteoblasts grown on titanium substrates. The p1
integrin subunit plays an important role in osteoblast differentiation modulated by surface
microarchitecture. It partners with a number of a subunits, with different protein targets.
abpB1, which binds to sites on fibronectin, mediates osteoblast attachment and proliferation
on Ti surfaces [20]. Others have shown that the alignment of fibronectin fibrils depended on
the capability of p1-integrins to form fibrillar adhesions, which was in turn affected by the
surface roughness of titanium [21], thereby demonstrating the interrelationship between the
cell and proteins adsorbed on the substrate.

When B1 is knocked down, osteoblast differentiation on rough, textured Ti is prevented [22],
which suggests that $1 partners other than a5 are involved. Recently, we showed that a2f1,
which binds to sites on collagen, does mediate responses to micron-scale roughness,
including osteoblast differentiation of mesenchymal stem cells and cells already committed
to the osteoblast lineage [23, 24].

The goal of the present study was to examine the role of a2f1 in determining early surface-
dependent differences in cell shape. To accomplish this, we used high resolution focused ion
beam (FIB) milling with scanning electron microscope (SEM) analyses. FIB milling has
traditionally been used to prepare various materials for transmission electron microscope
(TEM) analyses [25, 26]. It can also be used to prepare cross sections of biological samples
for interrogating cell/surface interfaces [27-31]. We systematically investigated changes in
cell morphology with varying microroughness using FIB/SEM, cytomorphometric analysis,
and 3D reconstructions. Cells were cultured on smooth and microtextured Ti surfaces for 3
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days, during which initial attachment occurred and mMRNA could be generated in response to
surfaces. Following fixation, individual cells and their underlying substrates were cross-
sectioned using FIB milling. Cross-sectional images were analyzed to evaluate cell shape
and size, as well as the number of apparent contact points and the distance and volume of
the space between the cell and substrate. Results were compared to cells that were silenced
for a2 and B1 subunits in order to evaluate the role of integrin expression on cell
morphology and its correlation to cell function.

2. Materials and methods

2.1 Titanium (Ti) substrates

Ti disks (grade 2 unalloyed Ti, 15 mm in diameter, 1 mm thick) were supplied by Institut
Straumann AG (Basel, Switzerland). After degreasing with acetone, the disks were
immersed in an aqueous solution of 2% w ammonium fluoride, 2% v/v of 40% hydrofluoric
acid and 10% v/v of 65% nitric acid at 55 °C for 30 s to produce “pretreated” Ti (PT) disks.
The PT disks were further sandblasted with corundum grit (0.25-0.50 um diameter),
followed by an acid etch treatment, to generate microrough (SLA) surfaces. The surface
characteristics of such disks have previously been described in detail [32-34].

2.2 Cell culture

Osteoblast-like MG63 cells (American Type Culture Collection, Rockville, MD) were
cultured in Dulbecco's modified Eagle's medium (DMEM; Mediatech, Inc., Manassas, VA)
supplemented with 10% v/v fetal bovine serum (Gibco, Carlshad, CA) and 1% v/v
penicillin— streptomycin (5,000 units/mL Penicillin and 5,000 pg/mL Streptomycin, Gibco)
at 37 °C under 5% CO,. The MG63 cells were plated at 10,000 cells/cm? on tissue culture
polystyrene (TCPS), PT, and SLA surfaces.

2.3 Cell response

After plating and culturing for 48 h, cells were incubated with fresh medium and cultured
for an additional 24 h. The conditioned media were collected for analyses of osteocalcin
(OCN) and osteoprotegerin (OPG). Cell layers were rinsed two times with phosphate
buffered saline (PBS) and lysed in 0.5 ml/well of 0.05% v/v 1.7M Triton X-100 (Sigma
Aldrich, St. Louis, MO). DNA content was measured using a Quant-iT™ PicoGreen dsDNA
Assay Kit (Invitrogen, Carlsbad, CA) to obtain an approximate cell number. Fluorescence
measurements were conducted using a fluorescent multimode detector (DTX880, Beckman
Coulter, Brea, CA). Alkaline phosphatase (ALP) activity was measured in cell lysates as a
function of p-nitrophenol (pNP) production from p-nitrophenylphosphate (pNPP) at pH 10.2
and normalized to total protein content, which was measured using a BCA Protein Assay Kit
(Pierce) [35]. OCN production was measured by radioimmunoassay (Human Osteocalcin
RIA Kit, Biomedical Technologies, Inc., Stoughton, MA) [13] and OPG production was
measured by enzyme-linked immunosorbent assay (ELISA) (DuoSet, R&D Systems,
Minneapolis, MN) [36] and normalized to DNA content. Each variable was assessed on 6
disks (n=6) per surface type per experiment. Experiments were performed at least twice to
ensure validity of the results.
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2.4 Role of a2p1

2.4.1 Integrin expression—MG63 cells were plated on TCPS, PT, and SLA surfaces as
described above. After 60 h of total culture time, cells were incubated with fresh medium
and cultured for an additional 12 h. Total RNA was extracted using TriZol (Invitrogen)
according to the manufacturer's protocol and measured using a Nanodrop spectrophotometer
(Thermo Scientific, Waltham, MA). 250 ng of RNA was reverse transcribed into cDNA
(High Capacity cDNA Kit, Applied Biosystems, Carlsbad, CA) and the cDNA was
amplified by real-time PCR with gene-specific primers using Power Sybr Green (Applied
Biosystems). mRNA levels for al, a2, a5, aV, Bl and 3 integrin subunits were quantified
using standard curves created by known dilutions of MG63 cells and normalized to
GAPDH. The primers (Table 1) were designed using Beacon Designer Software and
synthesized by Eurofins MWG Operon (Huntsville, AL) [12]. For these experiments,
MRNA was extracted from cells grown on 6 disks per surface type.

2.4.2 Silencing integrin a2 and Bl subunits—MG63 cells that were stably silenced
for either a2 or B1 integrin subunits were used for this study [22, 24]. Briefly, MG63 cells
were transduced with sShRNA lentiviral transduction particles targeting mRNAs for either
integrin a2 (SHCLNV-NM 002203.3, Sigma-Aldrich) or f1 (SHCLNV-NM_002211,
Sigma-Aldrich). MG63 cells were plated at 20,000 cells/cm? and cultured overnight and
lentivirus particles were added to the cells at a multiplicity of infection (MOI) of 7.5. After
18 h of total culture time, transduced cells were selected with full medium containing 0.25
pg/ml puromycin (Sigma—Aldrich). Silencing was confirmed using real-time PCR and
western blot analysis [24].

2.4.3 Cell morphology—Wild type MG63 cells were plated on PT and SLA substrates,
and a2-silenced and B1-silenced cells were plated on SLA substrates, as described above.
After culturing for 72 h, cells were washed three times with PBS and fixed overnight with
Karnovsky's fixative solution (Electron Microscopy Sciences, Hatfield, PA). Cultures were
washed three times with PBS and dehydrated with a graded series of aqueous ethanol
solutions (15%, 30%, 45%, 60%, 75%, 90% and 100% v/v ethanol). Finally, samples were
dried using an EMS 850 critical point drier (Electron Microscopy Sciences, Hatfield, PA),
mounted on aluminum stubs, and sputter coated with gold for 1 min using a SC7640 Polaron
Sputter Coater (Quorum Technologies, Ontario, Canada) with a current of 18 mA and a
voltage of 2.2 V. Images were obtained using a Hitachi S800 SEM with an accelerating
voltage of 4 kV. Cell morphologies were analyzed using Image J software (National
Institutes of Health, Bethesda, MD). Cell parameters such as length, width, area, perimeter
(the length of the outside boundary of the cell), Feret's diameter (the longest distance
between any two points on the cell boundary), aspect ratio (length divided by width),

roundness (%) or the inverse of aspect ratio), and circularity [( 4rxArea )with a

7x[Major  Awxis] Perimeter

value of 1.0 indicating a perfect circle)] were determined (Fig. 1). More than 60 cells per
disk and 3 disks per specimen (cell/substrate) type were analyzed.
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2.5 Cell/material interface

2.5.1 Focused ion beam (FIB) milling—Serial sections of the cells with their
underlying substrate were obtained by focused ion beam milling using a Nova Nanolab 200
FIB/SEM (FEI, Hillshoro, OR). Samples were adjusted at a working distance of 5 mm and
tilted to 52 ° in order to reach the coincident point of the electron beam (e-beam) and the
gallium ion beam (ion-beam). Serial sections were obtained every 2 um by milling with the
ion beam using an acceleration voltage of 30 keV, a beam current between 0.5 and 1.0 nA,
and a milling time of 4 — 8 min per “cut”. Secondary electron images were obtained using
the e-beam with an acceleration voltage of 5 keV and a current of 1.6 nA.

2.5.2 Three dimensional reconstruction and analysis—After milling, three-
dimensional (3D) reconstructions of individual cells were generated from secondary electron
images. The number of cuts required to mill through each cell, average cell thickness,
average cross sectional area, cell volume, and average distance and volume of space
between the cell and substrate surface, as well as the total and average number of apparent
contact points between the cell and substrate surface, were determined after outlining the
observed cell boundaries. The reconstructions were created by tracing the boundary of each
individual section and aligning the boundaries in 3D based on the locations of the individual
sections. A color gradient was used to represent either cell thickness or the distance between
the cells and the surface. Red represented the thickest region of the cell or the furthest
distance between the cell and substrate surface, while blue was the thinnest region or closest
distance. All 3D reconstruction and analysis software was written using Matlab (version
R2010a, Mathworks). One cell per disk and six disks per cell/substrate type were analyzed.

2.6 Statistical analysis

All data are expressed as mean + standard error of the mean (StEM). Statistical analyses
were performed with one-way analysis of variance (ANOVA) and Bonferroni's modification
of Student's t-test, with p values less than 0.05 considered to be statistically significant. The
presented data in bar graphs were obtained from one of two repeated experiments, with both
experiments yielding comparable results.

3. Results

3.1 Cell response

At three days after plating, cultures on titanium substrates exhibited reduced DNA content
compared to cultures on TCPS (SLA < PT < TCPS) (Fig. 2A). In contrast, the OCN and
OPG contents detected in the conditioned media were greater in cultures grown on SLA than
for cultures on both PT and TCPS surfaces (SLA > PT > TCPS) (Fig. 2B,C). Messenger
RNAs for al and a2 were higher for cells on the Ti surfaces than on TCPS (SLA > PT >
TCPS) (Fig. 2D,E). In contrast, mRNAs for a5 were comparable for cells on all substrates
examined (Fig. 2F). Expression of mRNAs for aV and B1 were significantly higher for cells
on SLA than for cells on both PT and TCPS surfaces (Fig. 2G,H). Integrin 3 results were
comparable for cells on all substrates (Fig. 2I).
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Knock down of a2 resulted in increased DNA on TCPS and SLA surfaces, and reduced
alkaline phosphatase activity and production of osteocalcin and osteoprotegerin on SLA
surfaces, relative to wild type cultures (Fig 3A-D). Knock down of 1 resulted in increased
DNA content on TCPS and SLA surfaces (Fig. 3A), decreased alkaline phosphatase on
TCPS and SLA surfaces (Fig 3B), reduced osteocalcin on TCPS and SLA surfaces (Fig.
3C), and reduced osteoprotegerin on the SLA surface (Fig 3D) relative to wild type cultures.

3.2 Cell shape

Wild type cells grown on PT had spread to become relatively flat and possessed relatively
large areas when viewed from above (Fig. 4A). In contrast, cells grown on SLA were
generally shorter and possessed an elongated (more aspected) morphology (Fig. 4B). After
a2 and B1 silencing, cells grown on SLA had spread to become relatively flat and generally
less aspected (Fig. 4C,D). This was particularly evident for the p1-silenced cells (Fig. 4D).

Detailed quantitative cytomorphometric analysis confirmed the qualitative SEM
observations. The lengths of wild type MG63 cells grown on PT substrates exhibited a
roughly normal distribution spanning from 20 um to >120 um, with a peak in the
distribution at 80-90 um (Supplemental Fig. 1A). Cells grown on SLA possessed lengths
varying from <20 pm to 120 um, with peak lengths at 60-70 pm (Supplemental Fig. 1A).
The widths of wild type cells grown on PT surfaces varied from 10 ym to >45 ym, with a
peak at 20-25 um, whereas the cell widths on SLA varied from <10 um to 40 ym, with a
peak at 10-15 pm (Supplemental Fig. 1B). These results indicated that the cells had a more
elongated (aspected) shape on SLA than on PT surfaces. While cell widths were distributed
in a roughly normal fashion on PT surfaces, cell widths on SLA exhibited a noticeably
skewed distribution, with more than 80% of the cells being <25 pm in width. Cell areas
(viewed from above) also varied with surface topography. Wild type cells cultured on PT
surfaces possessed areas varying from <500 um? to 3,000 pm2, with most cell areas falling
between 1,000-2,000 um? (Supplemental Fig. 1C). In contrast, more than 80% of the cells
grown on SLA surfaces possessed areas less than 1,000 um? (Supplemental Fig. 1C). Sixty
percent of the cells grown on PT surfaces possessed an aspect ratio <2-3, whereas most of
the cells grown on SLA surfaces possessed an aspect ratio of >3-4 (Supplemental Fig. 1D).

The overall distributions of morphological traits were also reflected in the mean values for
each parameter. Compared with cells on PT surfaces, cells grown on SLA substrates
displayed significantly smaller mean values of cell length, cell width, cell area, Feret's
diameter, perimeter, circularity, and roundness (Fig. 5A-G). As a result, cells grown on SLA
surfaces possessed a significantly larger value of average aspect ratio (Fig. 5H).

3.3 Role of a2 and pB1

Silencing either a2 or 1 subunits altered the shapes of MG63 cells grown on SLA
substrates. Cell lengths were distributed in a roughly normal fashion. Wild type MG63 cells
exhibited a peak in the cell length distribution at 60-70 um. However, peaks in the lengths of
a2-silenced and p1-silenced cells grown on SLA were observed at 40-50 um and 50-60 pm,
respectively (Fig. 6A). The predominant widths of a2-silenced and p1-silenced cells were
10-15 pm and 30-35 um, respectively (Fig. 6B). Wild type cells exhibited a significantly
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skewed distribution with respect to cell width; that is, a peak in cell width was observed at
10-15 um and >80% of the cells possessed widths of <25 pm. a2-silenced cells exhibited a
similar skewed distribution, but with fewer cell widths at <15 pm and more cells with widths
of 225 um. In contrast, cells silenced for B1 possessed widths of predominantly >25 pm,
with 50% of these cells having widths =30 um (Fig. 6B). Wild type cells tended to possess
areas of less than 1,000 um?, as did a2-silenced cells, on SLA substrates. In contrast, the
areas of p1-silenced cells were predominantly greater than 1,000 um?2. Most (56 percent) of
the wild type cells possessed aspect ratios of 3-4, whereas 69 percent of a2-silenced cells
and 96 percent of f1-silenced cells possessed aspect ratios of <2-3 (Fig. 6D).

Compared with wild type cells on SLA surfaces, a2-silenced cells grown on SLA displayed
a smaller average cell length and a larger average cell width (Fig. 7A,B). While the mean
cell area was not statistically affected (Fig. 7C), the mean values of Feret's diameter and
perimeter were reduced (Fig. 7D, E) for a2-silenced cells. Mean values of circularity (Fig.
7F) and roundness (Fig. 7G) increased, and the mean aspect ratio decreased (Fig. 7H), for
a2-silenced cells relative to wild type cells. Compared to a2-silenced cells, p1-silenced cells
displayed larger mean values of cell length, cell width, cell area, Feret's diameter, and
perimeter (Fig. 7A-E). Among the different cell types, f1-silenced cells displayed the largest
average values of cell area, circularity, and roundness as well as the smallest mean aspect
ratio (Fig. 7C,F,G,H).

3.4 Cell/material interface

SEM analyses of FIB-milled cross-sections of wild type cells revealed that these cells were
well spread on PT surfaces (Fig 8A). When wild type cells were grown on SLA surfaces, the
cells appeared to be attached to the tops of the rough Ti projections and to have penetrated
into the valleys to form contact points that increased the cell thickness in these valley
regions (Fig. 8B). The wild type cells grown on SLA substrates also appeared to possess
more filopodia than for cells grown on PT surfaces. a2-silenced cells did not appear to be as
well connected to SLA surfaces as wild type cells as evidenced by a larger void space
underneath the cell, and exhibited more spreading and reduced cell thickness than for wild
type cells on this type of surface (Fig. 8C). Such reduced contact and enhanced spreading
was even more evident for f1-silenced cells on the SLA type surface (Fig. 8D). A high
magnification view of each cut shown in the right column of images (corresponding to the
location indicated by the dashed line in each of the left column images) in Fig. 8 provides a
closer view of the cell-material interface.

After FIB milling, 3D reconstructions of the same complete cell (Fig. 9A) from all cross-
sections were created, and cell cross-section parameters were evaluated using Matlab
software. A color gradient was used to represent cell thickness with red indicating an
increase in the thickness (Fig. 9B) of the main cell body. The same color gradient was used
to represent the distance between cell and substrate surface, with red indicating a greater
distance (Fig. 9C). Analysis of the 3D reconstruction data indicated that the cells became
thicker as the distance between the cell and the substrate surface increased.

Compared to wild type cells grown on PT surfaces, a smaller number of FIB-milled cuts
were required to span cells grown on SLA surfaces (Fig. 10A), as these cells had spread less
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when cultured on the smoother substrate. The average cell thickness and cross-sectional area
were larger for wild type cells grown on SLA surfaces than for these cells grown on PT
surfaces (Fig. 10B,C). However, there was no statistical difference in average cell volume
between cells grown on PT or SLA surfaces (Fig. 10D). A gap of about 0.5 um was typically
observed between the bottom of the cell body and the PT substrate (Fig. 10E). The average
distance between the cell and the substrate surface was larger for cells grown on SLA
substrates than on PT substrates (Fig. 10E), and this was also consistent with the observed
differences in the average volume of the space between the cell and its underlying surface
for both types of substrates (Fig. 10F). Moreover, relative to cells grown on PT surfaces,
cells grown on SLA substrates had a higher total number of apparent contact points (Fig.
10G), with each FIB-milled cross-section revealing a greater number of contract points (Fig.
10H); that is, the apparent contact points were distributed over the entire surface and not just
at the perimeter.

Average cell thickness was significantly smaller in the silenced cells than wild type cells on
SLA (Fig. 11B). There was no statistical difference in cell volume, or in the volume of the
space between the cell and substrate surface, for different cells grown on SLA (Fig. 11C,D).
The average values of cross sectional area and distance between the cell and substrate
surface, and the total and average number of apparent contact points between the cell and
substrate surface were also not statistically different (data not shown).

Discussion

This study used FIB-enabled SEM imaging and a novel algorithm developed in our
laboratory to investigate the interface between cells and their substrate, in order to better
learn how cell morphology is affected by substrate surface microtexture. Our results confirm
prior observations showing that osteoblasts become elongated (more aspected in shape)
when cultured on Ti with micron scale and submicron scale roughness, whereas such cells
assume a more flattened, less-aspected shape of larger area when grown on smoother Ti
surfaces [3, 4]. Moreover, they exhibit a more differentiated phenotype on the rougher
surface. Here, we also show that osteoblasts interact with the microtextured substrate at
multiple points across the basal surface of the cell, whereas the interactions (i.e., the number
of apparent contact points) are fewer for cells on smoother substrates. Importantly, this study
demonstrates the role of a2f1 in mediating the cell's shape on microtextured Ti, and
supports our previous studies implicating signaling by this integrin in osteoblastic
differentiation [22, 23, 37].

Our algorithm enabled us to generate 3D reconstructions of individual cells using cell
boundary tracings obtained from the SEM images of FIB-milled cross-sections. Cells grown
on SLA surfaces possessed higher values of average cell thickness, average volume of space
between the cell and the substrate surface, and average distance between the cell and
substrate surface than for cells grown on PT surfaces. Despite this difference in cell shape,
there was no statistical difference in cell volume. Similar observations were reported by
Wieland, et al. who compared cell shape on Ti replicas of PT and SLA surfaces [38]. The
conservation of cell volume indicated that the effect of surface microtexture was due to
cytoskeletal conformation and not due to loss or gain of water by the cell.
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Previously we reported that cells grown on SLA appear to “tent” over the surface, forming
focal adhesions at the ends of their filopodia [39]. The greater volume of space between the
wild type cells and SLA surfaces, compared to the cells and PT surfaces, suggested that this
does occur. However, the FIB/SEM analyses indicated that cells on SLA were interacting
with the microtextured surfaces at multiple foci, and not only at the periphery or filopodia
ends. This increase in anchorage may explain the greater forces needed to dissociate
osteoblasts from SLA compared to PT surfaces [40], as well as the requirement for
sequential trypsin digestions to release the cells from their SLA substrate compared to the
case of cells on PT surfaces [41].

Our results also show that the stimulation effect of the surface microtexture observed in
confluent cultures on osteoblast differentiation [4] is evident in pre-confluent cultures, as
early as 3 days after plating. This suggests that cell shape is a regulatory factor in
determining cell phenotype. Others have reported similar findings in studies where cell
shape has been controlled via the use of micropatterning [42-44], as well as other techniques
[45-47].

Our results also suggest that integrin signaling is a determining factor in mediating the
effects of surface microtexture on cell differentiation. We previously reported that integrin
expression on PT and SLA changes over time, with reduced expression of a5 and increased
expression of a2 and B1 as cultures approach confluence [24]. Exposure of antibodies to
individual integrin subunits and specific knockdown of a5, a2 and f1 show that a5 is
involved in initial attachment and proliferation [48-50], but a2 is required for differentiation
[24]. The present study indicates that a2 may act in part by mediating the cell shape change
itself, since osteoblasts stably silenced for a2 and 1 exhibit a morphology on SLA that is
similar to wild type cells on PT surfaces. The silenced cells on SLA surfaces were
significantly more circular and less thick, which was consistent with enhanced spreading and
flattening, in comparison to wild type cells grown on SLA surfaces. Because a2p1
specifically binds to collagen [51], the extracellular matrix synthesis may also have been
affected (in addition to cell shape and osteoblastic differentiation).

Conclusion

In this study, we developed a method for correlating cell proliferation and differentiation
with integrin expression and function, and cell morphology. SEM analyses of FIB-milled
cross-sections were combined with Matlab analyses to evaluate cell shape and size, as well
as features at the interface of individual cells and their substrate. 3D reconstructions of
whole cells in situ confirmed top-down morphological observations. The introduction of
substrate surface microroughness reduced proliferation and promoted differentiation of
MG63 osteoblasts, which were mediated by integrin a2f1. Silencing of a2 or 1 subunits
resulted in cells exhibited greater spreading and reduced thickness, along with increased cell
proliferation and reduced cell differentiation as was typical of wild type cells on relatively
smooth surfaces. This study provides a new and useful tool for investigation of the interfaces
between cells and biomaterials, and of the relationships between substrate surface roughness
and integrins with cell morphology and fate.
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Figure 1.
Cell morphology parameters: cell length (a), cell width (b) and Feret's diameter (c).
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Figure2.

Effect of substrate microstructure on the behavior of MG63 cells. Cells were grown on
TCPS, PT, and SLA substrates. At 3 days, DNA content (A), OCN (B), and OPG (C) were
measured and integrin subunit mMRNA expression of MG63 cells was evaluated for al (D),
a2 (E), a5 (F), aV (G), f1 (H) and B3 (I). Data represented are mean + one standard error of
the mean (StEM) of six independent samples. *p < 0.05, Ti vs TCPS; #p < 0.05, SLA vs PT.
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Figure 3.

Effect of integrins on the behavior of different cells. Wild type MG63 cells, a2-silenced
MG63 cells, and p1-silenced MG63 cells were grown on TCPS and SLA surfaces. At 3
days, DNA content (A), alkaline phosphatase specific activity (B), OCN (C), and OPG (D)
were measured. Data represented are mean + StEM of six independent samples. *p < 0.05,
vs TCPS; #p < 0.05, vs WT, $p < 0.05, vs a2-silenced MG63 cells on SLA.
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Figure4.
Cell morphology analyses: SEM images of wild type MG63 cells grown on PT (A) and SLA

(B) surfaces, a.2-silenced MG63 cells grown on an SLA surface (C), and B1-silenced MG63
cells grown on an SLA surface (D). Scale bars = 100 pm.
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Figureb.

Cytomorphometric analyses of wild type MG63 cells grown on PT and SLA surfaces: cell
length (A), cell width (B), cell area (C), Feret's diameter (D), perimeter (E), circularity (F),
roundness (G), and aspect ratio (H) (n>180). *p < 0.05, WT on SLA vs WT on PT.
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Figure®6.
Cytomorphometric analyses of wild type MG63 cells, a2-silenced MG63 cells, and p1-

silenced MG63 cells grown on SLA surfaces: cell length distribution (A), cell width
distribution (B), cell area distribution (C), and aspect ratio distribution (D)(n=3).
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Cytomorphometric analyses of wild type MG63 cells, a2-silenced MG63 cells, and p1-
silenced MG63 cells grown on SLA surfaces: cell length (A), cell width (B), cell area (C),
Feret's diameter (D), perimeter (E), circularity (F), roundness (G), and aspect ratio (H)
(n>180). #p < 0.05, silenced cells on SLA vs WT on SLA, $p < 0.05, p1-silenced MG63
cells on SLA vs a2-silenced MG63 cells on SLA.
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Figure8.
Secondary electron (SE) images of the cell-substrate cross-section after FIB milling of wild

type MG63 cells grown on PT (A) and SLA(B), a2-silenced MG63 cells grown on SLA (C),
and B1-silenced MG63 cells grown on SLA (D). The dashed line in each left column image
corresponds to the location of the high magnification cross sectional image shown in the
right column for each cell.
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Page 21

Cell Distance from Surface
Furthest
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3D reconstructions of a wild type MG63 cell grown on SLA (A), a color gradient indicating
its cell thickness (B), the same color gradient indicating the distance between the cell and
substrate surface (C). The reconstructions in (B) and (C) are viewed from a top-down
perspective, as for the cell shown in (A). The locations indicated by A, B, C and D for the
imaged cell in (A) are also indicated in the 3D reconstructions in (B) and (C).
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Contact Points per Section

PT SLA

Analyses of serial sectioned wild type MG63 cells grown on PT and SLA surfaces; number
of cuts (A), mean cell thickness (B), mean cross sectional area (C), mean cell volume (D),
mean distance between the cell and substrate surface (E), mean volume of space between the
cell and substrate surface (F), number of apparent contact points (G), average number of
apparent contact points (H), (n=6).*p < 0.05, WT on SLA vs WT on PT.
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Figure11.

Analyses of serial sectioned wild type MG63 cells, a2-silenced MG63 cells, and 1-silenced
MG63 cells grown on SLA surfaces; number of cuts (A), average cell thickness (B), mean
cell volume (C), mean volume between the cell and substrate surface (D), (n=6). #p < 0.05,
silenced cells on SLA vs WT on SLA.
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Table 1

Primer sequences used for Real-time PCR analyses of gene expression.

Gene Primer sequence Accession number

GAPDH R GCG AGC ACA GGA AGA AGC NM_002046.3
F GCT CTC CAG AACATCATCC

ITGAL R TGCTTCACCACCTTCTTG NM_181501.1
F CACTCG TAAATGCCAAGAAAAG

ITGA2 R TAGAACCCAACACAAAGATGC NM_002203
F ACT GTT CAA GGA GGA GAC

ITGAS R GGTCAAAGGCTTGTTTAGG NM_002205
F ATCTGT GTG CCT GAC CTG

ITGAV R AAGTTCCCT GGG TGT CTG NM_002210.2
F  GTTGCT ACT GGC TGT TTT GG

ITGB1 R CTGCTCCCTTTCTTGTTCTTC NM_002211
F ATT ACT CAGATCCAACCAC

ITGB3 R TCCTCCTCATTTCATTCATC NM_000212
F AATGCCACCTGC CTC AAC
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