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COMMENTARY
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ABSTRACT

Coordination of the speciﬁc functions of a5b1 and avb3 integrins is crucial for the precise regulation
of cell adhesion, spreading and migration, yet the contribution of differential integrin-speciﬁc
crosstalk to these processes remains unclear. To determine the speciﬁc functions of avb3 and a5b1
integrins, we used nanoarrays of gold particles presenting immobilized, integrin-selective
peptidomimetic ligands. Integrin binding to the peptidomimetics is highly selective, and cells can
spread on both ligands. However, spreading is faster and the projected cell area is greater on a5b1
ligand; both depend on ligand spacing. Quantitative analysis of adhesion plaques shows that focal
adhesion size is increased in cells adhering to avb3 ligand at 30 and 60 nm spacings. Analysis of
avb3 and a5b1 integrin clusters indicates that ﬁbrillar adhesions are more prominent in cells
adhering to a5b1 ligand, while clusters are mostly localized at the cell margins in cells adhering to
avb3 ligand. avb3 integrin clusters are more pronounced on avb3 ligand, though they can also be
detected in cells adhering to a5b1 ligand. Furthermore, a5b1 integrin clusters are present in cells
adhering to a5b1 ligand, and often colocalize with avb3 clusters. Taken together, these ﬁndings
indicate that the activation of avb3 integrin by ligand binding is dispensable for initial adhesion and
spreading, but essential to formation of stable focal adhesions.
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Introduction
Cell-extracellular matrix (ECM) interactions, mediated by
integrins, are crucial for cell adhesion, migration, proliferation and differentiation. Upon binding to ECM proteins, the
lateral clustering of integrins and the recruitment of intracellular adhesome proteins to the attachment site leads to the
formation of focal adhesions (FAs) and the assembly of actin
stress ﬁbers.1 Various integrin types participate in the formation and maturation of FAs. Notably, FA formation
involves several integrins (e.g., a5b1 and avb3), each of
which is known to perform a different function.2-4
The selective enrichment of a5b1 integrins in ﬁbrillar
adhesions, which arise from mature FAs following the
centripetal translocation of the receptors, is important
for ﬁbronectin ﬁbrillogenesis, whereas avb3 integrins
remain in FAs, exerting stabilizing functions.2,3,5-7

Accordingly, it was proposed that this localization pattern and segregation could be due to the speciﬁc mechanotransduction functions and signaling pathways
associated with a5b1 and avb3 integrins. Thus, identiﬁcation of the integrin-speciﬁc triggers for speciﬁc biochemical and biomechanical changes in FAs remain a
challenge, necessitating novel methods that differentially
control integrin activation and localization.
The functional diversity of a5b1 and avb3 integrins has
been shown through their regulation of cell adhesion
forces. The catch bond established by b1 integrin with
ﬁbronectin might adjust adhesion strength according to
the underlying mechanical tension, while avb3 integrin
binding enables the structural reinforcement of the integrin-actin linkage.4,8 Downstream signaling requires the
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cooperation of both integrin types, since expression of both
av- and a5b1 integrins is necessary to induce myosin II
activation in rigidity sensing and migration signaling.9-11
An increase in cell traction forces is due to local activation
of b1 but not b3 integrins; however, enhancing the expression of avb3 integrin can compensate for the loss of a5b1
integrin in force transmission.12-14
Speciﬁc activation of a5b1 and avb3 integrins in
adhesion-mediated responses has thus far been investigated either by culturing cells on speciﬁc ECM proteins,
by altering their expression proﬁle, or by using RGDbased antagonists.3,5,9,15 Recently, material surfaces for in
vitro studies have been coated with highly selective compounds that bind and speciﬁcally activate a5b1 or avb3
integrins.13,16-18 Ligand immobilization and receptor
activation are prerequisites for avb3 integrin clustering
and b1 integrin activation within FAs.19,20
To control the clustering of integrins we have developed surface patterning strategies that enable the presentation of integrin ligands at high spatial resolution.21,22
(Given that spacing below 60 nm promotes and stabilizes
FA formation, we recently determined that RGD ligand
spacing modulates b3 integrin activation and force transmission.23 Here, we combine tunable ligand spacing by
surface patterning with the immobilization of a5b1 or
avb3 integrin selective ligands,16 to show that a5b1 integrin clustering enhances cell spreading, and is dependent
on ligand spacing: only at spacings below 60 nm, mature
FAs are formed. Furthermore, avb3 integrin clustering is
essential to this process.

Results
Cell adhesion to a5b1 integrin selective ligands
leads to faster spreading, and an increase in
projected cell area
We ﬁrst monitored human osteosarcoma U2OS cells
spreading on nanopatterned surfaces with gold nanoparticles spaced 30, 60, or 90 nm apart, and functionalized
with either a5b1 or avb3 integrin selective ligands. Cell
spreading kinetics during the ﬁrst 60 min of adhesion is
shown in Fig. 1 (see also Supplementary Movies 1-6, and
Fig. S1). The smaller spacing led to a marked increase in
cell spreading velocity and projected cell area, compared
to cell spreading on substrates with larger spacings,
regardless of the type of ligand immobilized on the surfaces. At distances of 30 nm and 60 nm, the projected cell
area was greater, and its progression faster, when cells
bound to the surface via a5b1 integrins (Fig. 1A and B
and Fig. S1). Such differences were not observed on the
substrate with 90 nm particle spacing (Fig. 1A). Moreover, the maximal area of cells adhering to a5b1 integrin
ligands at 30 nm spacing was signiﬁcantly greater than

that displayed by cells adhering to avb3 integrin ligands
at that spacing (Fig. 1B). As the interparticle spacing
increased, the maximal cell area of cells adhering to
either ligand became comparable.

Cells adhering to the selective avb3 integrin ligands
form larger focal adhesions
To determine the effects of integrin type and integrin lateral spacing on focal adhesion size and composition, cells
were immunostained for vinculin, phospho-paxillin
(PY118), and actin after 4 hr of adhesion to the surfaces
(Fig. 2). Notably, cells formed peripheral FAs when
adhering to avb3 integrin ligands, and ﬁbrillar structures
when adhering to the a5b1 integrin ligand. Vinculin
clusters were larger in cells adhering to the avb3 integrin
ligand at all spacings, compared to clusters formed on
the a5b1 integrin ligand (Fig. 2A, and Fig. 2B, box plot).
Signiﬁcant differences in vinculin cluster size are
observed only in cells adhering to the avb3 integrin
ligand at 30 and 60 nm spacings (Fig. 2A, small inserts
left and middle), whereas at the 90 nm spacing, only a
small increase in cluster size was seen, compared to cells
adhering to the a5b1 integrin ligand (Fig. 2A small
inserts right).
The phosphorylation of paxillin promotes the assembly of focal adhesions, while non-phosphorylated paxillin
is commonly associated with ﬁbrillar adhesions.24 In
FAs, paxillin phosphorylation of cells adhering to the 2
different integrin ligands shows a similar trend (Fig. 2A
and Fig. 2C, box plot). For each integrin ligand type,
however, the spacing between gold nanoparticles affects
paxillin phosphorylation. In cells adhering to the avb3
integrin ligand, a signiﬁcant difference in paxillin tyrosine phosphorylation is observed between cells adhering
to substrates with all 3 interparticle spacings, while for
the a5b1 integrin ligand, such a difference is observed
only when comparing the 60 nm and 90 nm spacings.
It is noteworthy that activities promoting differential
spreading and focal adhesion organization, both induced
by avb3 and a5b1 integrin ligands on nanopatterns, can
readily be obtained with the generic adhesive proteins
vitronectin and ﬁbronectin, respectively. This is illustrated in Fig. S2, showing spreading and FA formation
patterns similar to those described above, based on labeling of the cells for diverse plaque proteins. In this experiment, cells adhering to ﬁbronectin and vitronectin
coatings were further treated with inhibitory antibodies
that block avb3 and a5b1 adhesion, respectively. It was
further shown that when both integrins were allowed to
interact with the matrix, the “a5b1 phenotype” was
dominant.
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Figure 1. Cell spreading kinetics on nanopatterned surfaces functionalized with integrin selective ligands. (A) Progression of projected
cell area during spreading on nanopatterned surfaces with interparticle distances of 30, 60, or 90 nm, and functionalized with a5b1
(white) and avb3 (black) integrin selective ligands. (B) Maximum projected cell area on the different surfaces. Error bars indicate SEM of
3 independent repeats.

avb3 integrin clusters are present in cells adhering
to the a5b1 integrin selective ligand
We next utilized indirect immunoﬂuorescence staining and expression of ﬂuorescence proteins to study
the localization patterns of a5 and avb3 integrins in
cells adhering to nanopatterned surfaces presenting
a5b1 and avb3 integrin selective ligands (Fig. 3, and

Supplementary Movies 7 and 8). Representative cells
adhering to a5b1 or avb3 integrin ligands are shown
in Fig. 3A for the 30 nm spacing, and in Fig. 3B for
the 60 nm spacing. Cells adhering to the 90 nm
nanopatterns are not shown, since the integrin clusters were hardly detectable, and the small focal adhesion clusters that did form were essentially identical
for both ligands (Fig. 2).
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Figure 2. Focal adhesions in cells adhering to nanopatterned surfaces functionalized with integrin a5b1 and avb3 integrin selective
ligands. (A) Indirect immunoﬂuorescence staining of vinculin (green), phosphorylated paxillin (red), and actin (blue) in U2OS cells. Insets
are a magniﬁcation of separate stainings for vinculin and phosphorylated paxillin, in the cell region delineated by the white box. Cells
adhering for 4 hr to a5b1 (ﬁrst row) and avb3 integrin selective ligands (second row) at spacings of 30 nm (left), 60 nm (middle), and
90 nm (right) were imaged by wide-ﬁeld microscopy. (B) Analysis of vinculin cluster size; and (C) Analysis of phosphorylated paxillin
(PY118) cluster size in U2OS cells. Box plots indicate cluster area values between 25% and 75%, and whiskers between 10% and 90% of
the data range. The line in the box plot indicates the median value. p < 0.001.

Interestingly, avb3 integrin clusters were observed in
all cells adhering to the 2 integrin selective ligands,
regardless of particle spacing (Fig. 3A and B, lower middle panel), similar to cells adhering to ﬁbronectin-coated
surfaces (Fig. S3A, upper row). At the 30 nm spacing,
avb3 and a5 integrin clusters assembled and colocalized
at the periphery of cells adhering to the a5b1 integrin
selective ligand. When adhering to a 60 nm-spaced
nanopatterned surface, avb3 integrin clusters were still
present, though smaller in size, compared to those on
the 30 nm-spaced surface. In cells adhering to the avb3
integrin selective ligand, only avb3 integrin clusters were
present, since a5 staining appears very diffuse, and very
few ﬁbrillar adhesions were observed (Fig. 3A and B,
lower left panel). The assembly of avb3 integrin clusters
was comparable to that observed in cells adhering to
vitronectin-coated surfaces (Fig. S3A, lower row).
Inhibition of avb3 integrins does not impair
adhesion and spreading, but hinders focal adhesion
assembly
Integrins that are not bound to the immobilized ligands
can still be recruited to focal adhesions via their cytoplasmic components, as was previously shown, using
chimeric integrins, in which different integrin transmembrane and cytoplasmic domains were fused to an
irrelevant extracellular domain.25 Given that integrin can
be recruited to FAs via their cytoplasmic domains, we
further investigated the speciﬁc contribution of avb3

integrin recruitment for adhesion and FA assembly, by
means of integrin function blocking. Here, prior to being
seeded on the surfaces, cells in suspension were incubated with the soluble form of the peptidomimetic
ligands, which selectively bind to a5b1 or avb3 integrins,
but lack the thiol group that binds to the gold nanopatterns.26 Thus, the receptors are still physically present on
the cell membrane, yet the selective ligand binds to
them, and inhibits their function.
Blocking of a5b1 integrins in U2OS cells plated on
the a5b1 integrin selective ligand inhibited adhesion,
whereas blocking of avb3 integrins did not affect the
adhesion of U2OS cells on these substrates (Fig. 4A,
upper row). Accordingly, cells adhering to the avb3
integrin selective ligand could still attach and spread
when a5b1 integrins were blocked, whereas no cell adhesion was observed when avb3 integrins were blocked
(Fig. 4A, lower row). Thus, the ligands mediated by
either integrin type proved to be speciﬁc for adhesion.
We next performed staining for a5b1 and avb3 integrins in U2OS cells, in which a5b1 and avb3 integrins
were pre-blocked with selective ligands (Fig. 4B). Interestingly, avb3 integrin blocking did not impair cell adhesion and spreading, but both a5b1 and avb3 integrin
clusters were not observed in U2OS cells adhering to the
a5b1 integrin selective ligand (Fig. 4B, upper row).
Blocking of a5b1 integrins in cells adhering to avb3
integrin selective ligands does not impair neither adhesion and spreading, nor assembly of avb3 integrin clusters (Fig. 4B, lower row). Similarly, in cells adhering to
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Figure 3. a5 and avb3 clusters in U2OS cells adhering to nanopatterned surfaces functionalized with a5b1 and avb3 integrin selective
ligands. (A) Cells adhering to surfaces with 30 nm interparticle spacing; and (B) Cells adhering to surfaces with 60 nm particle spacing.
Upper row: Cells adhering to a5b1 integrin selective ligands. Lower row: Cells adhering to avb3 integrin selective ligands. Left: Staining
for a5 clusters. Middle: Staining for avb3 clusters. Right: Lookup table displaying the colocalization of a5 and avb3 integrin clusters
(pixel with positive signals for both integrins are shown in yellow).

vitronectin we blocked a5b1 integrin to prevent integrin
binding to secreted ﬁbronectin (Fig. S3B middle row).
Thus, in this condition cell adhesion is mediated only by
avb3 integrin, while a5b1 integrin clustering is inhibited. We observed that adhesion and spreading were less
efﬁcient than in cells plated on ﬁbronectin (Fig. S3B
upper row) since cells appear smaller and less cells could

attach to the substrate, but avb3 integrin clusters were
present at the cell periphery. When plated on a mixture
of ﬁbronectin and vitronectin, spreading and formation
of both a5b1 and avb3 integrin clusters was restored
(Fig. S3B lower row).
These results suggest that the adhesion of cells to speciﬁc ECM proteins inﬂuences cell spreading and integrin
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Figure 4. a5b1 and avb3 integrin blocking. (A) Phase contrast micrographs of U2OS cells incubated with a5b1 and avb3 integrin selective ligands, and seeded on nanopatterned surfaces functionalized with these ligands. Upper row: Cells adhering to a5b1integrin selective ligands. Lower row: Cells adhering to avb3 integrin selective ligands. Left: No integrin blocking. Middle: a5b1 integrin blocking.
Right: avb3 integrin blocking. (B) Indirect immunoﬂuorescence staining of a5 (green) and avb3 clusters (red) in U2OS cells pre-incubated with the integrin selective ligands. Cells were seen to adhere to nanopatterned surfaces functionalized with a5b1 (upper row)
and avb3 integrin selective ligands (lower row).

clustering, where a5b1 integrin is important for the initial spreading and avb3 integrin supports the stabilization of FAs.

Discussion
In this study, we aimed to elucidate the differential
effects of matrix adhesion via a5b1 and avb3 integrins
on cell spreading and FA assembly. To that end, we

applied surface nanopatterning consisting of 8 nm-sized
gold nanoparticles with interparticle spacings of 30, 60
or 90 nm, and functionalized with a5b1 and avb3 integrin selective ligands.16,21 On such surfaces, it is possible
to control the binding sites of single integrins to the surface, and to modulate the lateral clustering of the receptors during cell adhesion.
Previously, we demonstrated that a  60 nm separation
of gold nanoparticles functionalized with cyclic RGD
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ligands favors cell adhesion and focal adhesion assembly,
as a sufﬁcient number of ligands are available for interactions with the receptors.21,27 Furthermore, we determined
that at a spacing of 70 nm, cells exhibited increased
motility and focal adhesion instability, resulting in excessive retraction events.22 More recently, by combining surface nanopatterning with molecular tension probes, we
could show that the lateral clustering of integrins affects
integrin tension at single bonds with RGD ligands, a process tightly coupled to actomyosin-driven tension.23 However, this critical nanoscale spacing between cyclic RGD
peptides left unclear the question whether the a5b1 and/or
avb3 integrins that recognize these ligands, would cooperate and contribute in a manner similar to the formation of
focal adhesions upon modulation of integrin clustering.
Toward this aim, a5b1 and avb3 integrin selective peptidomimetics have been developed and linked to gold and
titanium substrates to test the speciﬁc adhesion of a5b1 or
avb3-expressing ﬁbroblasts to the prepared surfaces.18,28
The use of such selective ligands for cell adhesion studies is
a powerful means to determine the different functions of
these integrin types, without perturbing the expression of
the cell receptors themselves.3
The effects on cell adhesion dynamics and focal adhesion formation, seen following selective a5b1 or avb3
integrin clustering, reveal major differences between the
2 integrins. Although delayed and reduced spreading on
surfaces with 90 nm particle spacings is still observed for
both ligands, spreading kinetics are enhanced in cells
adhering to the a5b1 integrin selective ligand at spacings
of 30 and 60 nm, whereas spreading of cells adhering to
the avb3 integrin selective ligand remains slower (Fig. 1
and Fig. S1). As shown in the kymograph analysis, the
increased spreading in cells that bind to the a5b1 integrin selective ligand is due to increased lamellipodial protrusions. Thus, at the cellular level, adhesion dynamics to
the selective ligands reﬂect that previously observed for
cell adhesion to ﬁbronectin and vitronectin coatings.6
The possibility that increased spreading mediated by
a5b1 integrin binding dominates over avb3 integrins,
rather than blocking of spreading being dominant, is validated by observations that spreading of cells plated on
mixed ﬁbronectin and vitronectin coatings resembles
that occurring on ﬁbronectin (Baruch Zimerman,
unpublished ﬁndings; and Fig. S3). Charo IF et al.29 suggested that the increased spreading on ﬁbronectin is due
to the cooperative effect of a5b1 and avb3 integrins in
promoting recognition and binding to ﬁbronectin. The
kinetics of spreading and formation of protrusions at the
cell edges regulate cell traction forces30, which are dependent on b1 integrin activation, as determined by means
of knockout cells, blocking approaches, and selective
binding of this integrin type to speciﬁc ligands.12,13 The

7

reinforcing behavior of b1 integrin bonds appears to be
necessary for spreading, since reduced surface expression
of a5b1 integrins negatively impacts spreading and stress
ﬁber formation, but increases cortical actin assembly.31
Here, we observed that blocking a5b1 integrins in
cells adhering to the avb3 integrin selective ligand, and
blocking avb3 integrins in cells adhering to the a5b1
integrin selective ligand, do not impair cell adhesion and
spreading. Rather, both a5b1 and avb3 integrin clusters
are negatively affected only when avb3 integrin is
blocked; i.e., that a5b1 selective adhesion to a5b1
ligands is not sufﬁcient for focal adhesion formation
when avb3 is blocked, and cannot be part of the adhesion cluster (Fig. 4, as compared with Fig. 3A). Also,
avb3 alone cannot form clusters on the a5b1 ligand,
when a5b1 is blocked (Fig. 4B).
A feedback mechanism involving integrin clustering
and traction force generation may underlie mechanotransduction. Recently, Balcioglu HE et al.14 reported
that avb3 integrin-mediated adhesion enables FA assembly even at low matrix stiffness, while traction force magnitude remains unvaried. It could be speculated that
activated avb3 integrins might be important in traction
force modulation, which is intimately tied to receptor lateral spacing and FA assembly. In fact, avb3 integrin cluster size appears to be dependent on such spacing, since
clusters forming on surfaces with 30 nm particle spacing,
are larger than those seen with 60 nm-spaced particles
(Fig. 3). Moreover, our observations that vinculin cluster
size is modulated by particle spacing on both integrin
ligands, and that the clusters are larger in cells adhering
to the avb3 integrin selective ligand, indicate that FAs
are more stable and turnover might be reduced. The
larger vinculin clusters in cells adhering to avb3 integrin
implies also that higher forces might be present in these
cells and contribute also to the stability of FAs, since vinculin is in the force-transducing layer and regulates force
transmission within FAs (Fig. 2).23,32 On the contrary,
FA signaling appears to be independent of the type of
integrin bound to the surface, as indicated by staining
for phosphorylated paxillin clusters (Fig. 2).
The ﬁne-tuning of FA assembly might due to the following factors: (i) lateral spacing between single integrins
and their clustering; (ii) the type of integrin recruited;
and (iii) spatial distribution of different integrin types in
FAs. The driving force behind avb3 integrin lateral association requires a certain density of activated proteins to
maintain both the cluster, and FA stability.19 Rossier O.
et al.7 reported that within FAs, b1 and b3 exhibit distinct dynamics at the nanoscale, due to differences in the
relative amounts of each integrin type: the b3 immobile
fractions are most abundant in FAs due to bond formation with talin and F-actin, whereas b1 integrins are less
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enriched, and exhibit rearward movements. The coupling of avb3 integrins with F-actin, and the observation
of ventral F-actin waves, suggest a dependence on the
extracellular environment, necessitating cycles of engagement and disengagement of integrin bonds to the extracellular matrix.33 Thus, the presence of avb3 integrin
clusters in FAs of cells adhering to the a5b1 integrin
selective ligand could be explained, considering that
avb3 integrin clusters are physically necessary to stabilize FAs and to link to actin ﬁbers, even when these
integrins are not bound to the ligand on the surface
(Fig. 3). It should be also noted that on the nanopatterned substrates cells cannot assemble extracellular
matrix because of the presence of the polyethylene glycol
layer between the nanoparticles, which prevents any protein binding and adsorption. Thus, the ﬁbrillar structures
formed in cells adhering to the a5b1 ligand should not
be considered as functional ﬁbrillar adhesion arising
from the translocation of a5b1 integrins upon assembly
of extracellular matrix ﬁbers.2,5
Here, we demonstrated that the clustering behavior
and selective binding of a5b1 and avb3 integrins regulate cell adhesion and FA assembly. We achieved spatial
control of integrin clustering type by using a tool for surface nanopatterning of integrin ligands, which enables
precise control of receptor localization. However, the
mechanism underlying the spatio-temporal regulation of
bound and non-bound integrins in FAs still remains
unclear. The current understanding of FA molecular
composition is limited, though recent studies using highresolution microscopy have begun to elucidate the
dynamics of FAs at the nanoscale, and its impact on signaling. Combining our nanopatterning tools with highresolution microscopy approaches will enable us to elucidate the speciﬁc dynamics of a5b1 and avb3 integrins
localized in a FA, by means of controlled ligand/receptor
spatial organization. Thus, it would be possible to determine not only the spatial organization of single bound
and non-bound integrins, but also how different integrin
types signal each other, in response to chemical and
physical properties of the extracellular matrix. Future
studies should also clarify the effects of integrin mobility
and spatial organization in clusters on cell signaling
responses.

Materials and methods
Preparation and functionalization of nanopatterned
surfaces
Nanopatterned substrates were prepared by block copolymer
micelle
nanolithography,
as
previously
described.34,35 Brieﬂy, glass coverslips were either dip-

coated or spin-coated with a monolayer of polystyreneblock-poly[2-vinylpyridine(HAuCl4)] (Sigma Aldrich
520918 HauCl4) diblock copolymer micelles in o-xylene.
To obtain the interparticle distances of 30, 60 and
90 nm, polystyrene (288)-block-poly (2-vinylpyridine)
(119), polystyrene (1056)-block-poly (2-vinylpyridine)
(671) and polystyrene (1824)-block-poly (2-vinylpyridine)(523) (Polymer Source Inc. P4554-S2VP) were
used. Following plasma treatment, the gold ions on the
surfaces were reduced to gold and the polymer micelles
were removed, resulting in quasi-hexagonal patterns of
gold nanoparticles. To prevent cell adhesion and protein
deposition between these nanoparticles, substrates were
passivated with polyethylene glycol (PEG) (2000)-triethoxysilane.36 The nanoparticles were then functionalized with the integrin selective peptidomimetic ligands,
which bind either a5b1 or avb3 integrins, at a concentration of 25 mM in MilliQ water for 4 hr at room temperature.16 The unbound ligands were removed by gentle
shaking, and the samples were thoroughly rinsed with
MilliQ water overnight. The surfaces were further
washed with sterile PBS, prior to cell experiments. To
characterize the patterned surfaces, the samples were
imaged with scanning electron microscopy (LEO 1530
Gemini, Carl Zeiss). The interparticle distances and the
order of the hexagonal patterns were determined by analyzing the micrographs with a custom-made Image J
plug-in, written by Dr. Philippe Girard (University of
Heidelberg).
Cell cultures
Human osteosarcoma U2OS cells (ATCC, HTB-96) were
cultured in DMEM supplemented with 10% FBS, 1% Lglutamine and 1% penicillin streptomycin (all from
Gibco Laboratories, 10938-025, 10500-064, 25030-024,
15140-122) at 37 C and 5% CO2. Prior to the experiments, cells were serum starved overnight. During the
experiments, cells were gently detached with Accutase
(Gibco, A11105-01) and seeded at a density of 600 cells/
mm2 in DMEM supplemented with 1% FBS. For transfection, cells were seeded at a density of 1 £ 105 cells/
well in a 6-well plate, until they reached 80% conﬂuency.
Cells were transfected using Lipofectamin 2000 (Invitrogen 11668027) and 2 mg av-mApple plasmid (Addgene
54866) in Opti-MEM (Gibco 31985-062) for 32 hr. Cells
were then detached with Trypsin (Gibco, 25300-054)
and plated on the nanopatterned surfaces.
Cell adhesion and spreading analysis
U2OS cells were seeded on the substrates, and
allowed to adhere for 10 min. Time-lapse
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microscopy was then carried out at 37 C and 5%
CO2. Phase contrast images of 5 random ﬁelds from
each sample were acquired every 10 min over a
period of 8 hr, using a DeltaVision RT system
(Applied Precision, Inc.) on an Olympus IX inverted
microscope equipped with a a 20x/0.50 Ph1 UPlanFl.
Cell imaging was carried out with a cooled CCD
camera (Photometrics); images were acquired with
the Resolve 3D program. ImageJ software, version
1.48v (Rasband, W.S., ImageJ, U. S. National Institutes of Health, Bethesda, Maryland, USA, http://rsb.
info.nih.gov/ij/, 1997-2009) was used to: (i) measure cell
area; (ii) generate kymographs (using the Multiple
Kymograph Plug-in from J. Rietdorf, FMI Basel, and A.
Seitz, EMBL Heidelberg); and (iii) adjust image brightness and contrast levels for presentation. Data (cell n D
15 for the 30 nm particle spacing; n D 22 for the 60 nm
spacing; and n D 15 for the 90 nm spacing) were plotted
in OriginLab 9.1; standard deviations and standard
errors of the mean were calculated with the same
software.
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Integrin blocking experiments
For integrin blocking experiments, cells were resuspended in DMEM containing 1% FBS and 1% BSA.
Afterwards, 100 ml of the cell suspension (1 £ 106 cells/
ml) was incubated with 10 ml of thiol-free ligands
(25 mM) for 30 min at 4 C. The cells were then plated
on substrates functionalized with a5b1- or avb3 integrin
selective ligands, and ﬁxed after 4 hr. Prior to ﬁxation,
samples were rinsed twice with PBS to remove unattached cells. Fixed cells were stained, as described above
in the previous paragraph on immunocytochemical
staining.

Abbreviations
ECM Extracellular matrix
FAs focal adhesions
PEG polyethylene glycol

Disclosure of potential conﬂicts of interest
No potential conﬂicts of interest were disclosed.

Immunocytochemical staining and ﬂuorescence
microscopy
For immunocytochemical staining, cells were plated for
4 hr on the nanopatterned surfaces. Cells were then
washed with warm PBS, and ﬁxed in 3.7% paraformaldehyde in PBS for 20 min. Post-ﬁxation, cells were permeabilized with 0.1% TritonX-100 in PBS for 5 min, blocked
with 1% bovine serum albumin (BSA) in PBS, and incubated for 1 hr with the following antibodies: mouse antihuman avb3 integrin (Millipore, MAB1976), rat antihuman a5-integrin (MABII, kindly provided by K.
Yamada), mouse anti- human vinculin (Sigma, V9131),
and rabbit anti-human zyxin (Synaptic Systems,
307011). Actin stress ﬁbers were labeled with phalloidinTRITC (Sigma, P1951). To visualize labeled membrane
proteins, ﬁxed cells were treated with secondary antibodies for 45 min (Invitrogen A-21238, A-11006, A-11001,
A-11078). After washing with PBS, coverslips were
mounted in Elvanol (Mowiol 4-88, Karl Roth & Co
GmbH, 0713.1). Immunoﬂuorescent images were
obtained with the Delta Vision Spectris System, as
described above. Cells were examined with a 60x/1.4
UPlanApo oil immersion objective (Olympus).
Focal adhesion size was measured by using ImageJ
1.48v; the results of the measurements were displayed in
a box plot plotted with OriginLab 9.1. The statistical signiﬁcance of variation in focal adhesion size for the different groups was determined by applying the MannWhitney U test in GraphPad Prism, version 6.0.
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