
764 Biophysical Journal Volume 101 August 2011 764–773
Spacing of Integrin Ligands Influences Signal Transduction
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ABSTRACT The physical attributes of the extracellular matrix play a key role in endothelium function by modulating the
morphology and phenotype of endothelial cells. Despite the recognized importance of matrix-cell interactions, it is currently
not known how the arrangement of adhesive ligands affects the morphology, signal transduction processes, and migration of
endothelial cells. We aimed to study how endothelial cells respond to the average spatial arrangement of integrin ligands.
We designed functionalized silicon surfaces with average spacing ranging from nanometers to micrometers of the peptide
arginine-glycine-aspartic acid (RGD). We found that endothelial cells adhered to and spread on surfaces independently of
RGD-to-RGD spacing. In contrast, organization within focal adhesions (FAs) was extremely sensitive to ligand spacing,
requiring a nanoscaled average RGD spacing of 44 nm to form lipid raft domains at FAs. The localized membrane organization
strongly correlated with the signaling efficiencies of integrin activation and regulated vascular endothelial growth factor (VEGF)-
induced signaling events. Importantly, this modulation in signal transduction directly affected the migratory ability of endothelial
cells. We conclude that endothelial cells sense nanoscaled variations in the spacing of integrin ligands, which in turn influences
signal transduction processes. Average RGD spacing similar to that found in fibronectin leads to lipid raft accumulation at FAs,
enhances sensitivity to VEGF stimulation, and controls migration in endothelial cells.
INTRODUCTION
Cells sense and respond to the physical attributes of their
local environment, a concept embodied by the terms mecha-
nosensing and mechanotransduction. Advances in surface
chemistry and nanotechnology have provided unique
insights into the ability of cells to adjust their shape and
motility to minute changes in the chemical and physical
features of their immediate surroundings (1). A remarkable
discovery is that cells can sense nanometer-scale variations
in the average spacing of randomly organized integrin
ligands (2,3). Fibroblasts adhere, migrate, and proliferate
on surfaces with average spacings of the tripeptide argi-
nine-glycine-aspartic acid (RGD) of <70 nm, whereas
they adhere poorly and migrate erratically when integrin
ligands are spaced farther apart (2). Importantly, the 10–
200 nm scale of average ligand spacing is physiologically
relevant because the nanoscaled and periodic spacing is
similar to that found in fibronectin and collagen fibers (4–6).

The concept of mechanotransduction appears to be partic-
ularly relevant for endothelial cells. Interactions between
endothelial cells and the extracellular matrix (ECM) control
many vascular processes (7), including permeability (8),
sensitivity to growth factors (e.g., responsiveness to vascular
endothelial growth factor (VEGF) stimulation (9)), and trans-
formation into a proliferative and invasive phenotype that is
characteristic of angiogenesis (10). However, although the
importance of cell-matrix interactions for the functioning
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of the endothelium is recognized, little is known about how
fundamental physical features of the matrix, such as the
average spacing of integrin ligands, affects the behavior of
endothelial cells.

Endothelial adhesion to the ECM is facilitated by
integrins (11). Engaged integrins cluster together with cyto-
skeletal and signaling proteins to form focal adhesions
(FAs) and complexes (11). These complexes control a range
of cell activation responses, including cell polarization and
migration, membrane trafficking, cell cycle progression,
gene expression, and oncogenic transformation (7,12–14).
Signaling at FAs also includes VEGF-induced intracellular
calcium fluxes, activation of phosphatydylinositol-3 (PI3)
kinase and mitogen-activated protein (MAP) kinases, and,
further downstream, activation of endothelial nitric oxide
synthase (eNOS) (15). Curiously, although integrins have
no intrinsic enzymatic activity (14), in many cases they
enable growth factor signals, that is, growth factor signaling
does not occur unless integrins are occupied (9,10). Hence,
VEGF and integrin form a functional partnership in endo-
thelial cells; however, how integrin spacing and FA organi-
zation influence VEGF signaling is currently not known.

The exposure of endothelial cells to RGD peptides, which
are found in fibronectin and recognized by the integrins
avb3 and a5b1, sensitizes endothelial cells to angiogenic
transformation (10,16). In this study, we sought to determine
how endothelial cells respond to the average spacing of
randomly distributed RGD ligands by assessing FAs, integ-
rin activation, and VEGF-induced signaling and migration.
To that end, we functionalized silicon surfaces with average
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RGD spacing from nano- to micrometers. We found that
nanoscaled variations in integrin ligand spacing govern
membrane order within FAs, which in turn determines
signaling efficiency and cell migration. Taken together,
our results suggest that the spatial arrangement of the local
cellular environment may significantly contribute to the
proangiogenic behavior of endothelial cells.
MATERIALS AND METHODS

Preparation of silicon surfaces with monolayer
modification

Silicon wafers (p-type (100), 0.07–0.09 U.cm resistivity) were cleaned in

piranha solution (concentrated sulphuric acid/30% hydrogen peroxide ¼
3:1, v/v) and then etched in 2.5% hydrofluoric (HF) acid for 90 s to remove

the native oxide layer. The freshly etched samples were then immersed in

undecenoic acid that had previously been deoxygenated. The surfaces

were left to react at 120�C for 12 h. The wafers were rinsed with ethanol,

ethyl acetate, and dichloromethane, and blown dry under argon. (Caution:

Piranha solution reacts violently with organic materials. HF acid is

extremely corrosive, and dilute HF solutions can cause delayed serious

tissue damage. Both should be handled with extreme care.)
Coupling of the 1-amino hexa(ethylene oxide)
moieties and peptide immobilization

The surfaces were immersed for 1 h in a 0.1 M/0.05 M aqueous solution

of 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide hydrochloride (EDC)

and N-hydroxysuccinimide (NHS), and rinsed in ultrapure water and

ethanol. The samples were then incubated 12 h in 20 mM solutions in dime-

thylformamide containing various ratios of 1-amino hexa(ethylene oxide)

to 1-amino hexa(ethylene oxide) monomethyl ether followed by rinsing

with dichloromethane and ethyl acetate, and dried under a stream of argon.

The hydroxyl terminated hexa(ethylene oxide) molecules were activated in

a 0.1 M/0.1 M solution of dry dimethylformamide of N,N0-disuccinimidyl

carbonate (DSC) and 4-dimethyl aminopyridine (DMAP) for 12 h. After

rinsing with dichloromethane and ethyl acetate, and drying, the samples

were immersed in 1 mM aqueous Gly-Arg-Gly-Asp-Ser peptide solution

for 12 h. Finally, the samples were rinsed with ultrapure water and ethanol,

and dried.
Cell culture

Bovine aortic endothelial cells (BAECs) were cultured in endothelial basal

medium supplemented with 0.1% human epidermal growth factor, 0.1%

gentamycin, 0.4% bovine brain extract, and 5% fetal bovine serum (FBS)

at 37�C in 5% CO2. The BAECs were transfected with enhanced green fluo-

rescent protein tagged paxillin (eGFP-paxillin) using the Lipofectamine

LTX reagent (Invitrogen, Carlsbad, CA) and selected in medium containing

1 mg/ml of G418 antibiotics. Where indicated, adherent cells were incu-

bated with 10 mMmethyl-b-cyclodextrin (mbCD; Sigma-Alrich, St. Louis,

MO) in serum-free media for 25 min at 37�C.
Fluorescence microscopy

BAECs were serum-starved for 18 h and replated onto silicon surfaces for

30 min or 3 h in endothelial basal medium with 10% FBS. Adherent

cells were stained with the membrane dye FM 1-43FX or fixed with 4%

paraformaldehyde. Fixed cells were stained with phalloidin-Alexa555,

anti-vinculin antibodies (Sigma-Aldrich), anti-paxillin antibodies (BD
Biosciences, Franklin Lakes, NJ), anti-phospho-caveolin-1 antibodies

(BD Biosciences), and appropriate fluorophore-conjugated secondary anti-

bodies (Jackson ImmunoResearch Laboratories, Philadelphia, PA) (17,18).

Cells were imaged on an epifluorescence microscope (Nikon Eclipse TE

2000-S, Yokohama, Japan).
Membrane order

Membrane order was determined as described previously (17,19). Briefly,

adherent endothelial cells were labeled with 10 mM Laurdan (6-dodeca-

noyl-2-dimethylaminonaphthalene, Invitrogen) for 30 min at 37�C, fixed,
and immunostained as outlined above (17). Images were obtained with a

2-photon microscope (TCS SP5; Leica Microsystems, Mannheim,

Germany). Laurdan was excited at 800 nm with a Ti:Sapphire laser

(Mai-Tai; Spectra Physics, Santa Clara, CA) and emissions were recorded

simultaneously in the range of 400–460 nm and 470–530 nm. The two

intensity images were converted into generalized polarization (GP) images

(ImageJ) according to

GP ¼ Ið400--460Þ � Ið470--530Þ
Ið400--460Þ þ Ið470--530Þ

:

The final GP images were pseudo-colored in Adobe Photoshop. Confocal

images were taken at the same focal depth as the Laurdan intensity images.

To determine GP values at FA, the confocal images defined the regions of

interest within the GP image, and the mean GP value of these regions of

interest was determined for each image. Neither fixation nor permeabiliza-

tion affects the measurement of GP values (17).
Signaling assays

Serum-starved cells were replated onto functionalized silicon surfaces for

3 h, mbCD-treated where indicated, stimulated with VEGF (25 ng/ml),

and lysed in radio-immunoprecipitation assay buffer. Equal proteins were

loaded and separated in 10% SDS-PAGE gels, transferred onto nitrocellu-

lose (Invitrogen), and probed for anti-phospho-Akt (Ser473), anti-Akt,

anti-phospho-Src (Tyr416), anti-Src, anti-phospho-ERK (Thr202/Tyr204),

and anti-ERK, anti-phospho-PLCg1 (Tyr783) (all from Cell Signaling,

Beverly, MA); anti-PLCd, anti-phospho-FAK (pY397), anti-FAK, and

anti-Paxillin (all from BD Biosciences); anti-phospho-eNOS (Ser1177)

and anti-eNOS (both from Upstate Biotechnology/Millipore, Billerica,

MA); anti-vinculin (Sigma); and appropriate horseradish peroxidase-conju-

gated secondary antibodies (Jackson ImmunoResearch Laboratories). Band

intensities were quantified by densitometry with ImageJ.
Integrin activation assay

Fusion protein GST-FN9-11 containing glutathione S-transferase (GST) and

fibronectin type III repeats 9, 10, and 11 were isolated from bacteria (17).

Serum-starved cells were replated onto silicon surfaces for 3 h in 5% FBS.

Cells were incubated with 20 mg/ml GST-FN9-11 in the absence or presence

of 1 mM Mn2þ and 1 mM Ca2þ for 30 min (17,20). The cells were washed

and then lysed in radio-immunoprecipitation assay buffer. The amount of

bound fibronectin 9-11 GST was then determined by immunoblotting

with anti-GST antibody (Santa Cruz, Santa Cruz, CA).
Migration

BAECs were replated on the silicon surfaces in a confluent monolayer. A

wound was created by scraping cells off the surface with a plastic pipette

tip (diameter: 300mm). After 0–5 h, the cells were fixed, stained, and imaged

as outlined above. The width of the wound was measured with ImageJ.
Biophysical Journal 101(4) 764–773
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Statistics

Statistical analysis was performed by analysis of variance with Tukey’s

multiple-comparison tests.
RESULTS

We developed a strategy for controlling the average spatial
arrangement of integrin ligands on silicon surfaces using
self-assembled monolayers. Traditionally, investigators
have prepared surfaces by either adsorbing proteins onto
substrates or covalently attaching peptides to polymers.
These approaches fail to give an unambiguous presentation
of adhesive ligands, which is vital for controlling FA
composition (2). Prime and Whitesides (21) achieved an
unequivocal presentation of ligands by attaching ligands
to gold surfaces modified with oligo(ethylene oxide)-termi-
nated alkanethiol self-assembled monolayers. Subsequently,
Singhvi et al. (22) showed that these surfaces are effective
mimics of the ECM in cell adhesion studies by preventing
nonspecific protein absorption (21), hence ensuring specific
interaction with the immobilized ligand. Other studies have
demonstrated the impact of the average density (23–25),
affinity (26), and spatial organization (24,27,28) of RGD
ligands on cell adhesion and spreading has been. However,
because gold can quench fluorescence, the use of gold
surfaces has limited studies of adherent cells by fluores-
cence microscopy (29).

We exploited the precise and stable monolayer chemistry
on silicon to synthesize surfaces with various densities of
randomly distributed RGD peptides (30). To attach the
pentapeptide GRGDS (referred to as RGD) to the silicon
surfaces (see Fig. S1 in the Supporting Material), we first
modified silicon, without an oxide layer, with a base unde-
cenoic acid layer to which 1-amino-hexa(ethylene oxide)
molecules (green in Fig. 1 A) were attached. We achieved
various RGD densities by altering the ratio of two different
1-amino-hexa(ethylene oxide) molecules: one hydroxyl
terminated to which the RGD could be attached (blue in
FIGURE 1 Schematic representation of functionalized silicon surfaces.

(A) Silicon surfaces were modified with undecenoic acid and various ratios

of 1-amino hexa(ethylene oxide) monomethyl ether (EO6) to 1-amino

hexa(ethylene oxide). The alcohol terminus of the hexa(ethylene oxide)

was activated to a succinimide ester using DSC and DMAP such that the

pentapeptide RGD (blue) could be coupled to the surface. (B) The table

summarizes the average RGD-to-RGD spacings for the various ratios of

surface-coupled RGD/EO6-terminated molecules.
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Fig. 1 A) and one terminated with a methoxy group (referred
to as EO6) to which peptide coupling cannot occur (31). The
purpose of the ethylene oxide components was to provide
a layer that resists the nonspecific adherence of cells and
proteins, such that cell adhesion is controlled by the RGD
peptides. Hence, the surface layer was designed in such
a way that only the adhesive peptides protruded from an
otherwise cell-resistant layer. We controlled the average
spacing of RGD peptides by altering the ratio of the two
hexa(ethylene oxide) components in solution during attach-
ment to the surface.

We used high-resolution x-ray photoelectron spectroscopy
(Fig. S2) to determine the chemical composition of the
surface throughout the multistep fabrication (32,33,34,35).
We estimated the coupling yields from the area ratios of
peaks in the carbon 1s spectrum assigned to the different
chemical moieties on the derivatized Si surface, taking the
attenuation of photoelectrons into account (34). We then
determined the average density of RGD peptides by multi-
plying the overall coupling yield for RGD with the known
density of alkyl chains in Si-C linkedmonolayers (36). Using
this approach, we estimated that the 100% RGD surface
had an average density of ~6 � 1011 RGD per mm2. To
obtain lower average RGD densities, we diluted the
hydroxyl-terminated hexa(ethylene glycol) species with a
methoxy-terminated species. Because the chemical struc-
tures of the two molecules are almost identical, it is assumed
that the rates of the coupling reaction are identical. Hence,
the ratio of these two molecules in solution is expected to
be faithfully represented on the surface. This assumption is
supported by the observation that the coupling yields of the
two hexa(ethylene glycol) species to the base monolayer
were determined to be the same by x-ray photoelectron spec-
troscopy (Fig. S2). Importantly, there is no control over the
distribution of these two molecules, and hence any attached
RGD ligands will be randomly distributed across the surface.
Clustering of the hydroxyl terminated species is not expected
because of the almost identical chemistry of the two mole-
cules. The calculated average RGD densities and the corre-
sponding RGD spacings for the surfaces used in this study
are shown in Fig. 1 B.

We adhered serum-starved endothelial cells onto the
surfaces and imaged the shape and morphology of the cells
by staining for membranes, F-actin (Fig. 2 A), and the FA
marker vinculin (Fig. 2, B and C). The images in Fig. 2
show that endothelial cells form FAs with a distinct dash-
like morphology at the cell edge. We found FAs on surfaces
with 100% RGD, and 1:103 and 1:106 RGD/EO6. When
the average RGD peptide spacing was greater (1:109 RGD/
EO6), FAs/complexes were still visible, whereas no FAs
were found on the antifouling surfaces (100% EO6).
Similarly, observations were made with endothelial cells
expressing the adhesion protein paxillin-GFP (Fig. S3).

Importantly, we observed that on the antifouling EO6-
modified silicon surfaces, a small number of endothelial



FIGURE 2 Endothelial cells on functionalized silicon surfaces. Serum-

starved endothelial cells were replated onto silicon surfaces with various

ratios of RGD/EO6 (as indicated) for 3 h in serum-containing media, fixed,

and stained with (A) the membrane dye FM1-43X (green) and phalloidin-

Alexa555 (red) or (B and C) anti-vinculin antibodies. Fluorescence images

were taken with epifluorescence (A) and 2-photon (B and C) microscopes.

PanelC shows zoomed sections of FAs at the cell edges. Scale bars¼ 20 mm.
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cells adhered (Fig. 3 A) but did not spread (Fig. 3 B) when
incubated for 3 h. Cell viability is limited on EO6-modified
silicon surfaces, which is in agreement with the lack of FAs
in these cells. This observation provides evidence that EO6

modification is a sufficiently inert background for our study.
On the RGD-modified surfaces, we observed a biphasic

trend, with most cells adhering onto 1:106 RGD/EO6

surfaces (Fig. 3 A) and cell spreading occurring over a
wide range of average RGD spacings (Fig. 3 B). Higher
densities of RGD peptides did not enhance cell adhesion
or cell spreading. As expected, an average RGD spacing
of >10 mm limited cell adhesion and spreading. We exam-
ined FA characteristics using vinculin as a marker (Fig. 3, C
and D) but found no differences in FA density (Fig. 3 C) or
length (Fig. 3 D) on RGD-containing surfaces. In summary,
endothelial cells on functionalized silicon surfaces adhere,
spread, and form FAs with a wide range of average RGD-
to-RGD spacings. This allows us to examine how RGD
spacing influences FA-dependent parameters such as mem-
brane order and growth factor signaling.

We previously reported that FAs reside in highly ordered
membrane domains that biophysically resemble lipid rafts
(17). Gaus et al. (19) examined membrane order at FAs by
using the spectral properties of the fluorescent membrane
dye Laurdan. The peak emission of Laurdan shifts from
~500 nm in fluid membranes to ~440 nm in ordered
membranes (37). A normalized ratio of the two emission
regions, termed the GP, is therefore an index of membrane
fluidity that is independent of membrane ruffles and dye
concentration. GP values range from �1 (most fluid)
toþ1 (most ordered), with the cell membrane of endothelial
cells having a mean GP value of 0.2 5 0.15 (colored green
on the color scale in Fig. 4) (17). To image and quantify
membrane order at FAs, we first recorded a confocal image
of the FA protein paxillin, followed by the Laurdan GP
image at the identical focal plane (Fig. 4). The GP images
indicate that FAs in cells on 1:103 RGD/EO6 surfaces
(colored yellow/red) are more ordered than FAs in cells on
100% RGD and 1:106 RGD/EO6 surfaces (colored predom-
inantly green). Indeed, when membrane order is quantified
over many cells (Fig. 4 E), we observe a biphasic behavior
similar to that described above for cell adhesion: FAs in
cells on 1:103 RGD/EO6 surfaces are significantly more
ordered than FAs in cells on 1:104–1:109 RGD/EO6 or
100% RGD surfaces. Hence, membrane order at FAs is
highly sensitive to nanoscale variations in average RGD
spacing. Even an increase in average RGD-to-RGD spacing
from an average of 44 nm (1:103 RGD/EO6) to 138 nm
(1:104 RGD/EO6) resulted in a significant decrease in
membrane order at FAs from GP ¼ 0.482 5 0.059 to
0.385 5 0.058 (p < 0.05), whereas FAs in cells on 1:109

RGD/EO6 surfaces were as fluid as the plasma membrane
in endothelial cells. Global membrane order was similar in
all cells adherent to RGD-modified surfaces, suggesting
that average RGD spacing specifically influences membrane
order at the site of FA only. When endothelial cells were
plated onto a fibronectin matrix, the degree of membrane
order did not significantly differ from that found in cells
on 1:103 RGD/EO6 surfaces (Fig. S4). Taken together, these
data suggest that average RGD spacing is a critical determi-
nant of membrane order at FAs, with an average RGD
spacing of 44 nm (the same as that found in fibronectin)
achieving the highest FA membrane order.

Given the differences in FA organization, we examined in-
tegrin a5b1 activation (Fig. 5) and VEGF-induced signaling
(Fig. 6). To probe for integrin configuration as a measure of
integrin activation, we made use of the fibronectin fragment
GST-FNIII9-11 ,which binds only to the open or high-affinity
conformation of a5b1 integrins. When we probed for the
extent of GST-FNIII9-11 binding to cells adhering to the
silicon surfaces (Fig. 5 A), we found that cells on 1:103

RGD/EO6 surfaces had ~2.4 times more activated a5b1
than cells adhering to 100% RGD (p < 0.05), whereas cells
on 1:106 RGD/EO6 surfaces displayed a similar degree of
integrin activation compared with 100% RGD (p > 0.05).
This difference cannot be attributed to the number of a5b1
integrins expressed. This is shown by incubating cells with
Mn2þ, which causes all integrins to be converted to the
open configuration so that GST-FNIII9-11 binding provides
Biophysical Journal 101(4) 764–773



FIGURE 3 Serum-starved endothelial cells

were re-plated onto functionalized silicon surfaces

for 30 min (white bars) or 3 h (black bars), fixed,

stained and imaged as described for Fig. 2. The

fluorescence images were analyzed to determine

(A) the average number of adherent cells per

area (mm2) after serum-starved cells were adhered

for 30 min (white bars) and 3 h (black bars)

in serum-containing media to the indicated func-

tionalized silicon surfaces, (B) cell spreading,

(C) the number of vinculin-containing FAs per

area (mm2), and (D) length of vinculin-containing

FAs after cells adhered for 3 h on functionalized

surfaces. Error bars represent standard deviations

(SDs) of (A) >100 cells and (B–D) >15 cells.

*p < 0.05 between the indicated surface and

100% RGD; **p < 0.05 relative to 1:103 RGD/

EO6 surfaces.
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an estimate of the total a5b1 integrin expression (20). Under
this condition, no detectable difference in a5b1 integrin
expression was found. By normalizing activated integrins
to the equivalence of total a5b1 integrins, we confirmed
that integrin activation was indeed significantly higher in
cells on 1:103 RGD/EO6 surfaces compared with cells on
any of the other surfaces (Fig. 5 B). To summarize, we found
that the optimum average RGD spacing for integrin a5b1
activation was 44 nm, although the cells expressed similar
levels of total a5b1 integrins.

Next, we examined VEGF stimulation of endothelial cells
on these surfaces. We probed for the phosphorylation of
adhesion proteins (FAK at Y397), receptor-activated kinases
(Src at Y416), signaling proteins that regulate intracellular
calcium fluxes (PLCg at Y783), and proteins that are
involved in the PI3 kinase (Akt at S473) and MAP kinase
(ERK1/2 at T202/Y204) pathway, as well as the activation
of eNOS (at S1177). A time course showed that all of the
selected proteins reached their peak of phosphorylation
within the first 5–10 min of stimulation, with only minor
differences between cells plated on 1:103 RGD/EO6 and
1:106 RGD/EO6 surfaces (Fig. 6 A). To assess the signaling
activities in quantitative terms, we compared the extent of
phosphorylated signaling proteins after 10 min of VEGF
stimulation across different functionalized surfaces (Fig. 6 B)
and normalized each signaling protein to its nonphosphory-
lated form (total) of the same blot. The ratio of phos-
phorylated/total signaling protein was normalized to the
Biophysical Journal 101(4) 764–773
ratio found in cells on 100% RGD-modified surfaces
(Fig. 6 C). We conclude that phosphorylation of FAK,
PLCg, eNOS, ERK1/2, and AKT was significantly higher
in cells on 1:103 RGD/EO6 surfaces than on 100% RGD
(p < 0.05), whereas Src phosphorylation was independent
of average RGD spacing. The latter is consistent with the
notion that Src activation is triggered by VEGF receptor
ligation, which was constant in all of the samples. The
higher signaling efficiency in cells on 1:103 RGD/EO6

surfaces correlates extremely well with FA membrane order
(Fig. 4 E) and integrin activation (Fig. 5 B).

We next assessed whether the enhanced signaling effi-
ciency on 1:103 RGD/EO6 surfaces was caused by the
high membrane order of FAs in these cells. After cells
adhered to functional surfaces, we depleted cellular choles-
terol using methyl-b-cyclodextrin (mbCD). Cholesterol
depletion significantly decreased FA membrane order in
cells on 1:103 RGD/EO6 and 1:106 RGD/EO6 surfaces,
such that the FA organization was now similar in both condi-
tions (p < 0.05 in Fig. 7 A). Similarly, VEGF-induced
signaling activity also decreased in cholesterol-depleted
cells (Fig. 7 B). The same quantification described above
demonstrated that FA membrane order regulated VEGF-
induced signal activity, because cholesterol depletion caused
a greater decrease in phosphorylation levels in cells on 1:103

RGD/EO6 surfaces, where membrane order was higher in
nontreated control cells (Fig. 4 E) compared with cells on
1:106 RGD/EO6 surfaces. The similar FA membrane order



FIGURE 4 Membrane order at FAs. Endothelial

cells were plated on functionalized surfaces,

labeled with the fluorescent membrane dye Laur-

dan, fixed, and immunostained with anti-paxillin

antibodies. Laurdan’s spectral properties were ex-

ploited to determine membrane order defined as

the fluidity index GP. GP values range from �1

(fluid, blue in B–D) to þ1 (ordered, yellow). (A)

Confocal images of paxillin staining. (B)

Pseudo-colored GP images as indicated by the

color scale. (C) Masked GP images showing

only GP values (same coloring as in B) for the

pixels that were positive for paxillin (A) was above

background. (D) Magnified regions of the masked

GP images in C. Bars ¼ 20 mm. (E) GP values of

paxillin-positive pixels. Each symbol represents

the mean GP value of one cell; horizontal bars

indicate the means of GP values; *p < 0.05

between a given surface and 100% RGD; **p <

0.05 relative to 1:103 RGD/EO6 surfaces.
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in cholesterol-depleted cells on 1:103 RGD/EO6 and 1:106

RGD/EO6 surfaces also resulted in a similar VEGF sig-
naling activity. Hence, we conclude that average RGD-
RGD spacing regulates FA membrane order, which in turn
controls VEGF signaling efficiency.

Given the differences in signaling efficiencies in cells on
surfaces with different average RGD spacings, we sought
to determine whether these differences would influence the
ability of endothelial cells to migrate, as assessed in a
wound-healing assay. A monolayer of endothelial cells was
plated onto the functionalized silicon surfaces and scraped
to induce awoundwith awidth of 3105 25mm that removed
cells but left the surface chemistry intact (Fig. 8, A and B).
The cells were incubated for a further 3 h and the width of
the wound was determined (Fig. 8 C). In the absence of
VEGF (Fig. 8 A and white bars in Fig. 8 C), cells at the cell
front extended membrane protrusions and migrated into the
cell-free gap on all of the RGD-modified surfaces. Under
these conditions, cells migrated fastest on 1:106 RGD/EO6

surfaces. In the presence of VEGF (Fig. 8 B and black bars
in Fig. 8 C), endothelial cells again displayed the classical
migration phenotype, with elongated cell shape and exten-
sion of membrane protrusions on RGD-modified surfaces.
Under VEGF stimulation, cells migrated fastest on 1:103

RGD/EO6 surfaces. In fact, VEGF-enhanced cell migration
on these surfaces was 1.6-fold faster than without VEGF
stimulation, whereas VEGF-stimulated cell migration on
1:106 RGD/EO6 surfaces was reduced compared with
migration in the absence of VEGF. The shift of fastest cell
migration from 1:106 to 1:103 RGD/EO6 surfaces when
endothelial cells were stimulated with VEGF correlates
well with the enhanced signaling efficiency observed in
Biophysical Journal 101(4) 764–773



FIGURE 5 Integrin activation. Integrin activation was determined with

GST-FN9-11, which specifically binds to activated a5b1. (A) Endothelial

cells that adhered to functionalized silicon surfaces for 3 h were incubated

with GST-FN9-11 for 30 min in the absence or presence of 1 mM Mn2þ,
which activates integrins (total a5b1). Cell lysates were probed for GST.

(B) Quantification of integrin activation was expressed as the ratio of

activated/total a5b1, and the ratio was normalized to cells on 100% RGD

surfaces. Data and error bars represent the mean5 SD of four independent

experiments; *p < 0.05 between 100% RGD and 1:103 RGD/EO6 surfaces,

with none of the other surfaces being significantly different from the 100%

RGD surface.

FIGURE 6 VEGF-induced signaling. (A) Endothelial cells that adhered

to 1:103 RGD/EO6 and 1:106 RGD/EO6 surfaces for 3 h were stimulated

with 25 ng/ml VEGF for 0–20 min, lysed, and analyzed by immunoblotting

for the phosphorylation of FAK, PLCg, ERK1/2, eNOS, Akt, and Src on the

same blot. Probing for nonphosphorylated proteins (total), as shown for

FAK, acted as a loading control. (B and C) Adherent cells on various

surfaces were stimulated with VEGF stimulation for 10 min. Immunoblots

were quantified by expressing the ratio of phosphorylated/total protein and

normalizing the ratio to cell lysates from 100% RGD surfaces of the same

blot. Data and error bars represent the mean 5 SD of four independent

experiments; *p < 0.05 relative to 100% RGD surfaces.
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cells on these surfaces. Irrespectively of VEGF, cells on
100% EO6 surfaces did not form membrane protrusions
and barely migrated into the wound. Together, these results
show that average RGD spacing influences membrane order
at FAs, integrin activation, VEGF-induced signaling effi-
ciency, and migration speed, and suggest that the spatial
arrangement of integrin ligand may be an important determi-
nant of endothelial cell phenotype.
DISCUSSION

Recent advances in nanopatterning and surface chemistry,
including microcontact printing (38), self-assembled mono-
layer chemistries (39), and block copolymer nanolithogra-
phy (2,3), have provided unique insights into how cells
sense and respond to their local environment (1). Cell adhe-
sion onto two-dimensional surfaces revealed that fibroblasts
and osteoblasts adhere and spread differently if the density
Biophysical Journal 101(4) 764–773
(2), patterning (3), or degree of ordering (28) of the integrin
ligands is altered on the nanometer to micrometer scale (40).
Despite the recognition that matrix interactions determine
the function of endothelial cells (8–10), it remains to be
determined how endothelial cells respond to the spatial
arrangement of ligand presentation.

By plating endothelial cells on silicon surfaces with
nanometer to micrometer spacings of randomly distributed
RGD peptides, we found that the average RGD spacing
on the nanometer scale regulates the membrane organiza-
tion within FA, which in turn determines the signaling
efficiency and migratory ability of endothelial cells. An
average RGD spacing of ~44 nm appears to mimic fibro-
nectin, resulting in highly ordered FA, and this shifts the
balance of signaling pathways toward FAK, eNOS, Akt,
and ERK activation in the MAP kinase pathway. The latter
are critical proliferation signals that have been widely
implicated in angiogenesis. Therefore, the average spacing
of integrin ligands and the concomitant nanoscaled organi-
zation of FA significantly influence the phenotype of endo-
thelial cells. This is physiologically important because it
demonstrates that there is an optimal spatial arrangement
of ECM motifs on the nanometer scale at which the synergy
between integrin and growth factor signaling can drive
angiogenic transformation.



FIGURE 7 Membrane order regulates VEGF signaling. (A) Endothelial

cells that adhered to 1:103 RGD/EO6 and 1:106 RGD/EO6 surfaces for

3 h were cholesterol-depleted with 10 mM mbCD for 25 min. Cholesterol

depletion significantly decreased membrane order at FAs in cells plated on

either surface, such that the mean GP values of FAs of cholesterol-depleted

cells (indicated by the horizontal bar) are not significantly different. (B)

Immunoblots for the phosphorylation of FAK, PLCg, ERK1/2, and eNOS

for control and cholesterol-depleted cells treated with 25 ng/ml VEGF

for 10 min. Probing for nonphosphorylated proteins, as shown for eNOS,

was used as loading control. (C) Quantification of VEGF-induced signaling

activity expressed as the ratio of phosphorylated/total protein, and normal-

izing the ratio to cell lysates from 1:103 RGD/EO6 surfaces. Data and error

bars represent the mean5 SD of three independent experiments; *p< 0.05

relative to non-mbCD-treated cells on equivalent surfaces. Signaling

activity in cholesterol-depleted cells on 1:103 RGD/EO6 versus 1:106

RGD/EO6 is not significantly different.

FIGURE 8 Migration of endothelial cells. A monolayer of endothelial

cells cultured on silicon surfaces was scratched to introduce a wound

with an average width of 310 5 25 mm. After a further 3 h in the absence

(A) or presence (B) of 25 ng/ml VEGF, individual cells started to migrate

into the wound. Zoomed images show the elongated shape of migrating

cells and the extension of filopodia (C). The distance between the cell fronts

was measured for >50 different sites. The data show the mean 5 SD of

wound closure in the absence (white bars) and presence (black bars) of

VEGF; *p < 0.05 relative to 100% RGD surfaces.
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Our work has three important implications for endothelial
cell biology: First, although endothelial cells adhere to and
spread on surfaces with a wide range of average RGD-to-
RGD spacings, the organization within FA is highly sensi-
tive to nanoscaled variations in the average RGD spacing.
Confirming previous observations in other cell types, we
found that ~1000 RGD ligands per cell or average RGD
spacings well in excess of 44 nm are optimal for endothelial
cell spreading (23,24) and migration, possible due to FA
instability (2). In contrast, membrane order within FAs
was highly sensitive to average RGD spacing and was high-
est on surfaces with an average RGD spacing of 44 nm,
matching FA order in cells on fibronectin-coated surfaces.
Because membrane order is the biophysical characteristic
of lipid rafts, our experiments infer that lipid raft accumula-
tion at FA is dependent on RGD spacing. Taken together,
our data strongly suggest that endothelial cells sense nano-
scaled variations in their local environment and restructure
their FAs accordingly.

Second, membrane order at FAs correlated extremely
well with integrin activation and VEGF-induced signaling.
Our data suggest a model in which sensing, engagement,
and activation of integrin confer a specific membrane order
at that site (17), which subsequently aids the recruitment and
retention of proteins and lipids that have a greater affinity
for that membrane milieu (41). This hypothesis is supported
by single-cell force measurements that showed that the
distance to the nearest integrin-binding sites determines
binding strength (42). The notion that lipid raft accumula-
tion at FA reflects the mechanical properties of endothelial
cells (e.g., responds to shear stress) would be an interesting
area for further research.

Although the function of lipid rafts in signal transduction
is still debated (43,44), our data show that lipid raft accumu-
lation at FAs critically determines VEGF-induced signaling
efficiencies. This study proposes that the coordination of
integrin and growth factor signaling occurs at the level of
membrane domains. This could be physiologically relevant
because even a minor shift in the balance of different sig-
naling pathways, mediated by the degree of lipid raft accu-
mulation, may alter the sensitivity of endothelial cells to
growth factors and shift the signaling hierarchies when cells
are stimulated with multiple stimuli, thereby influencing the
overall response of endothelial cells.

Third, we find that the efficiency in signal transduction
facilitated by the FA organization directly affects the mi-
gratory ability of endothelial cells. Our data therefore
strongly suggest that the average spacing of integrin ligands
Biophysical Journal 101(4) 764–773
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significantly influences the phenotype of endothelial cells.
This is of physiological importance because it implies that
a specific spatial arrangement of integrin ligands induces
a synergy between integrin and growth factor signaling
that may critically determine the behavior of endothelial
cells. Thus, it may be possible to control endothelial cell
phenotypes by engineering an appropriate cellular environ-
ment in medical implants (40), biosensors (45), and tissue
engineering materials.
SUPPORTING MATERIAL
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31. Böcking, T., K. A. Kilian, ., J. J. Gooding. 2005. Formation of
tetra(ethylene oxide) terminated Si-C linked monolayers and their
derivatization with glycine: an example of a generic strategy for the
immobilization of biomolecules on silicon. Langmuir. 21:10522–
10529.
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