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N
otwithstanding recent therapeutic
advances including immunemodula-
tion or inhibition of mutated BRAF,1,2

metastasizedmelanoma is usually fatal within
a few months. Melanoma cells adapt flexibly
to the tumor (micro)environment within dis-
tant organs and can switch from sessile to
spreading phenotypes by “abusing” the sur-
rounding tissue. The latter interactions are
mediated primarily by integrins binding to
recognition motifs within the extracellular
matrix (ECM).3�5

TheRVβ3 integrin is an instructive example
of a receptor that is strongly up-regulated
on melanoma cells and tumor-associated
blood vessels.6,7 It is, therefore, conceivable
that blocking this receptor will interfere with
melanoma progression. Indeed, the RVβ3/
RVβ5-blocking arginine-glycine-aspartic acid
(RGD) analogue cilengitide has been tested
in clinical trials for treating solid tumors.8�10

Although preclinical studies have demon-
strated good efficacy against melanoma
cells,11,12 a recent clinical phase II trial
has met with limited success.13 While such

discrepancies betweenpromisingpreclinical
observations and sobering clinical results are
not unusual in the field ofmelanoma therapy,
there is an interesting twist in the case of
cilengitide-treated melanoma inasmuch as
low doses of RGD analogues “paradoxically”
enhanced tumor growth.14 However, the
mechanistic basis of this intriguing observa-
tion remains largely speculative.14,15

Although integrins and their ligands have
been studied intensively in the context of
melanoma progression,16�18 most studies
have neglected important physiological
characteristics of ligand presentation. In-
deed, migration and spreading appear to
be regulated not only by ligand specificity
but also by biophysical properties such as
density and spatial orientation,19�22 thus
highlighting the relevance of studying re-
ceptor�ligand interactions on a nanoscopi-
cal, preferably even single-molecule, level.
In order to assess subcellular responses

of human melanoma cells to crucial extra-
cellular ligands, a function that has been
implicated in tumor progression and

* Address correspondence to
michael.schoen@med.uni-goettingen.de.

Received for review May 16, 2014
and accepted August 29, 2014.

Published online
10.1021/nn502690b

ABSTRACT Cells use integrin receptors to adhere onto surfaces by binding to

ligands such as the arginine-glycine-aspartic acid (RGD) motif. Cancer cells make use

of this adhesion process, which has motivated the development of integrin-directed

drugs. However, those drugs may exert paradoxical effects on tumor progression,

which raises the question of how integrin function is governed in tumor cells on the

nanoscale. We have utilized precisely defined and tunable RGD ligand site densities

spanning 1 order of magnitude, i.e., 103 to 1145 ligand sites/μm2, by using RGD-

functionalized gold nanoparticle patterns immobilized on glass by block copolymer

(micellar) nanolithography. In an RVβ3 integrin-dependent fashion, human

melanoma cells spread, formed focal contacts, and reorganized cytoskeletal fibers

on a physiologically relevant RGD density of 349 sites/μm2. Intriguingly, low doses of

solute RGD “shifted” the optimal densities of immobilized ligand along with corresponding melanoma cell integrin clusters and cytoskeletal changes

toward those typical for “intermediate” ligand presentation. Consequently, melanoma cells were forced into a “permissive” state, optimizing interactions

with suboptimal nanostructured biomimetic surfaces, thus providing an explanation for the seemingly paradoxical effects on tumor progression and a

potential clue for individualized antitumoral therapies.
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targeted therapies, we have used a modified
block copolymer (micellar) nanolithography (BCML)
method23�27 that features nanostructured surfaces
with defined interparticle spacings ranging from
30 to 120 nm (corresponding to receptor site densities
from 1145 to 103/μm2) to present the integrin recogni-
tion motif RGD (R = arginine, G = glycine, D = aspartic
acid) in a proper orientation. We chose the pentapep-
tide cyclic(RGDfE) for functionalization because it
showed preferential binding to the RVβ3 integrin.

28,29

We demonstrate that RVβ3-expressing melanoma
cells spread best on “intermediate” RGD site densities,
while mere adhesion was linearly dependent on ligand
density. Tuning the RGD nanopatterns in either direc-
tion conspicuously attenuated tumor cell spreading,
focal contact formation, and cytoskeletal reorganiza-
tion. Blocking peptides at less-than-optimal dosages
“shifted” the optimal ligand densities together with
the corresponding melanoma cell behavior toward
a “permissive” receptor�ligand ratio. Thus, our results
provideunexpected insights into the complex regulation
of cell morphogenesis in response to defined ligand

engagement and thus contribute to understanding see-
mingly “paradoxical” tumor cell responses.

RESULTS

Nanostructured RGD Surfaces Exhibit Precisely Defined Densi-
ties and Facilitate Melanoma Cell Binding. RGD is a crucial
ECM recognitionmotif. Usingblock copolymer (micellar)
nanolithography to control density and lateral spacing
of gold nanoparticles (Au-NPs) on glass surfaces, we
generated bioinspired surfaces by functionalization
of Au-NPs with cyclic(RGDfE), a pentapeptide specific
for the RVβ3 integrin (Figure 1A�C).28,29 These Au-NP
patterns exhibit precisely defined densities with a quasi-
hexagonal configuration, and the spacings between the
nanoparticles can be adjusted.24 On the basis of steric
considerations it can be reasonably assumed that one
Au-NP represents a single integrin-binding site.24

We generated Au-NP patterns ranging from 30 to
120 nm (Figure 1A). As determined by SEM analyses,
these patterns corresponded to ligand site densities
of 1145/μm2 to 103/μm2, thus spanning 1 order of
magnitude. Moreover, these surfaces covered RGD site

Figure 1. Nanostructured biofunctionalization with cyclic(RGDfE) facilitates melanoma cell interactions. (A) Scanning
electron microscopy (SEM) images of gold (Au) nanoparticles with the indicated site densities; scale bar = 100 nm. (B) The
border between the nanostructured and the non-nanostructured area creates a sharply demarcated line (left panel, simulated
image). Melanoma cells (exemplified here with A375 cells) can bind only to the nanostructured area functionalized with
cyclic(RGDfE) (right panel). (C) Schematic of melanoma cell RVβ3 integrin binding to cyclic(RGDfE). The thiol group of
cyclic(RGDfE) is covalently linked to Au nanoparticles (simplified scheme; there are 100 to 1000 RGD molecules on a Au
particle). A passivating polymer layer (PLL-g-PEG, poly L-lysine-grafted-polyethylenglycol) between the Au-NPs prevents
nonspecific protein adsorption and cell binding.
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densities relevant for integrin binding in vivo and in
innovative in vitro models.34,35 The Au-NPs served as
anchor points for covalent binding of the thiol groups
of cyclic(RGDfE), and the passivating PLL(20 kDa)-g-[3.5]-
PEG(2 kDa) layer between the Au-NPs prevented non-
specific binding (Figure 1C).36,37

While functionalization of Au-NPs with proteins
such as GPIbR38 or N-cadherin39 can be verified by
fluorescent antibodies, RGD is not accessible to such
direct detection. Therefore, successful RGD functiona-
lization was demonstrated through an internal control
of an unstructured part of the glass surface. As the
entire surface underwent functionalization, the striking
observance of the border by adhering cells, an internal
control performed in each experiment, indicated that
neither RGD nor cells bound nonspecifically to PLL-g-
PEG (Figure 1B).

Cyclic(RGDfE) Nanostructures Specifically Facilitate rVβ3
Integrin Binding of Melanoma Cells. The next series of
experiments addressed binding characteristics of four
human melanoma lines30�33 on cyclic(RGDfE), a pep-
tide that is predicted to bind to RVβ3 and, to a lesser
extent, to R5β1 integrins.28,29 As determined by flow
cytometry, RVβ3 expression of the A375 and MeWo
melanoma lines (MFI = 5596 and MFI = 4954, respec-
tively, isotype background values subtracted) was 7- to
11-fold higher compared to the LOX or MelHO mela-
noma cells (MFI = 171 and MFI = 279, respectively,
isotype values subtracted; Figure 2A). In contrast, R5β1
was expressed at high levels by all four lines (MFI:
A375 = 3869, LOX = 8923, MeWO = 3032, MelHo =
1624). When the four melanoma lines were analyzed
for their ability to attach to nanoscopically presented
cyclic(RGDfE), a striking correlation between cell

Figure 2. Humanmelanoma cells bind to nanoscopically presented cyclic(RGDfE) through the RVβ3 integrin. (A) Four human
melanoma cell lines were screened for RVβ3 expression using flow cytometry. Two of them (A375 andMeWo) show very high
RVβ3 expression; a dense layer of bound cells canbe visualizedbound to the nanostructured ligandsbeyond theborderline. In
contrast, the MelHo and LOX lines show low expression of the RVβ3 integrin and bind only weakly to the nanostructured
ligands. (B)Melanomacells expressing theRVβ3 integrin readily spreadonnanoscopically presented RGD, as visualizedbyDIC
microscopy. (C�E) Melanoma cells do not bind to, but only float over, surfaces of nanoscopically presented RGE (arginine,
glycine, and glutamic acid) (C), pegylated glass (D), or RGD surfaces incubated with RVβ3-blocking antibodies (E).
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binding and RVβ3 expression became apparent
(Figure 2A), whereas there was no correlation with
R5β1 expression.

A large series of control experiments was per-
formed to support the specificity of the interaction
between nanoscopic cyclic(RGDfE) and RVβ3 integrin
on melanoma cells: First, functionalization of nano-
structured surfaces with a similar amino acid sequence,
that is, arginine, glycine, and glutamic acid (RGEfE),
did not induce any cellular responses (Figure 2C). Like-
wise, melanoma cells failed to attach to PEGylated
non-nanostructured areas (Figure 2D). Finally, function-
blocking antibodies against theRVβ3 integrin completely
abrogated melanoma cell attachment (Figure 2E). In
contrast, untreated melanoma cells exposed to nano-
structured (60 nm) surfaces functionalized with cyclic-
(RGDfE) efficiently attached and spread within 1 h
(Figure 2B).

Further support for the pivotal role of RVβ3 for
melanoma cell binding to nanostructured cyclic-
(RGDfE) came from serial subcultures of LOX, a mela-
noma line that showed weak binding and spreading
due to its low expression of RVβ3 (Figure 2A). When
individual LOX cells with high RVβ3 expression were
separated from those with low expression by fluores-
cence-activated cell sorting (FACSort), the distinctly
different expression levels were retained through sev-
eral rounds of subculture and were even intensified
when FACSort was repeated (Figure 3A). Of note, there
were no differences or compensatory changes in other
integrins between the subpopulations, thus providing a
useful tool to further study RVβ3 functions while avoid-
ing the imponderability of genetic manipulations.

While this rather stable phenotypic trait of LOX
subpopulations was unexpected, it allowed us to
compare otherwise identical melanoma cells (termed
LOXparent (MFI = 231), LOXhigh (MFI = 495), LOX2xhigh
(MFI = 1030), and LOXlow, (MFI = 75), respectively;
Figure 3B) regarding their interactions with nano-
structured cyclic(RGDfE). Indeed, we observed a strik-
ing association of melanoma cell binding with high
expression ofRVβ3 (Figure 3C,D). While only few LOXlow
cells (24 ( 16 per 10� field) adhered to and spread
on nanostructured cyclic(RGDfE) (60 nm), LOXhigh
(98 ( 49) and LOX2xhigh (284 ( 46) cells bound
strongly, approaching the situation seen with A375
and MeWo cells, showing high RVβ3 expression. Thus,
melanoma cell binding to and spreading on nano-
scopically presented cyclic(RGDfE) was mediated pre-
ferentially, if not exclusively, by RVβ3.

Adherence to and Spreading on Nanoscopically Presented
RGD Are Dichotomous Functions in Human Melanoma Cells.
When different Au-NP surfaces (distances of 30, 60,
100, and 120 nm, corresponding to ligand site densi-
ties of 1145/μm2, 349/μm2, 132/μm2, and 103/μm2,
respectively) functionalized with cyclic(RGDfE) were
used for melanoma cell attachment, the average

numbers or A375 cells per microscopic field were
380 cells ((82) on 30 nm, compared to 298 cells
((66) on 60 nm, 127 cells ((25) on 100 nm, and
82 ((22) cells on 120 nm, respectively. Attachment of
the second high-expressing line, MeWo, was compar-
able to that of A375 cells (Figure 4A). Thus, binding of
melanoma cells to cyclic(RGDfE) was linearly depen-
dent on the ligand site densities (Figure 4A).

However, some surprising changes in cellular func-
tions, which were not unidirectionally dependent on
RGD density, became apparent when the spread-
ing behavior of melanoma cells was assessed: An
“intermediate” ligand site distance of 60 nm (density
349/μm2) exerted the strongest facilitation of melano-
ma cell spreading, as analyzed at two time points
(45 and 90 min, Figure 4B,C). In contrast, ligands
presented more densely (distance 30 nm, density
1145/μm2) or further apart (distance 120 nm, density
103/μm2) triggered minimal or no spreading, despite
strong adhesion on ligands 30 nm apart. Ligand
distances of 100 nm clearly elicited some spreading,
thus suggesting a threshold between 100 nm (density
132/μm2) and 120 nm (density 103/μm2) for both cell
lines (Figure 4D exemplifies A375 spreading).

In detail, after 45 min, A375 melanoma cells had
spread on nanoscopically presented RGD of 60 and
100 nm distances to sizes of 579 μm2 ((89 μm2) and
519 μm2 ((49 μm2), respectively. In contrast, ligand
distances of 30 or 120 nm did not support cell spread-
ing. After another 45 min, A375 melanoma cells clearly
spread best on 60 nm surfaces with a significantly
larger cell size compared to the other densities reach-
ing 920 μm2 ((101 μm2) on average, in contrast to a
cell size of 650 μm2 ((49 μm2) on 100 nm (Figure 4B,
p = 0.0003 for 30 nm vs 60 nm, p = 0.0006 for 30 nm vs

100 nm, p= 0.0006 for 120 nm vs 100 nm, p= 0.0006 for
120 nm vs 60 nm, and p = 0.015 for 60 nm vs 100 nm).
Minimal spreading of some cells was observed on
30 nm but not on 120 nm surfaces. Very similar results
were obtained with MeWo cells (Figure 4B,C).

RGD Ligand Densities Determine Focal Contacts and Cytoske-
letal Reorganization in Melanoma Cells. As cell spreading
and polarization are governed by focal contacts and
traction forces exerted by cytoskeletal fibers, vinculin
(a linker between integrins and the cytoskeleton at
focal contacts)40 and F-actin (the predominant compo-
nent of the cytoskeletal machinery) were visualized in
A375 melanoma cells. In line with the conspicuous
spreading behavior, focal contacts were readily de-
tected on intermediate ligand distances of 60 nm
(density 349/μm2) and 100 nm (density 132/μm2),
respectively. In contrast, both 30 and 120 nm distances
did not support focal contact formation, although
few cells had begun to spread on 30 nm after 1.5 h
(Figure 5A). In addition, F-actin stress fiber formation
(visualized using phalloidin) could be detected only in
melanoma cells spread on “intermediate” site densities
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of RGD (60 and 100 nm, respectively). However, 60 nm
distances led to extensive stress fiber formation with
robust fibers throughout the cell body, whereas
100 nm distances evoked only markedly smaller stress
fibers located primarily at the cell margins (Figure 5A).

Some remarkable differences became apparent
when focal contacts on ligand site distances of 60
and 100 nm, respectively, were analyzed in more
detail: Cells from three independent experiments
were evaluated morphometrically for size, number,
and shape of their focal contacts using a standardized
computer-based algorithm (lower cutoff at 10 pixels,

corresponding to a diameter of ∼0.63 μm). While the
average numbers of focal contacts were similar in
melanoma cells spreading on 60 nm surfaces and
100 nm surfaces, respectively, the variation between
individual cells appeared to bemarkedly greater on the
100 nm surfaces as compared to the 60 nm surfaces
(23 ((6) for 60 nm vs 20 ((15) for 100 nm; Figure 5B).
Of particular note, however, focal contacts formed
by melanoma cells spreading on 60 nm surfaces
were significantly larger, reaching an average size of
1.10 μm2 ((0.34 μm2) compared to focal contacts on
100 nm surfaces, which reached an average size of only

Figure 3. Subpopulations of LOXmelanomacells adhere to nanoscopically presented cyclic(RGDfE) in a strictlyRVβ3-integrin-
dependent manner. (A) LOX subpopulations with differential RVβ3 expression were isolated by fluorescence-activated cell
sorting, resulting in LOXlow (blue) and LOXhigh (purple) subpopulations (upper panel). The differential expression levels of
RVβ3 were enhanced by serial sorting, yielding LOX2xhigh cells (purple, lower panel). (B) MeanRVβ3 surface expression ((SEM)
levels of the indicated subpopulations of LOXmelanoma cells as measured by flow cytometry after two subsequent FACSort
procedures (n= 3 independent experiments, *p=0.01 forRVβ3 expression of LOXlow vs LOX2xhigh, analyzedwith the two-sided
Student's t test). (C) Mean attachment ((SD) per microscopic field of the indicated LOX subpopulations to nanoscopically
presented cyclic(RGDfE) (**p = 0.0084 for attachment of LOXlow vs LOX2xhigh, analyzed with the two-sided-Student's t test).
(D) Representative images of the indicated LOX subpopulations attached to cyclic(RGDfE) (60 nm).
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0.50 μm2 ((0.24 μm2; p < 0.0001; Figure 5C). Thus,
between 60 and 100 nm some critical regulations of
focal contact formation and cytoskeletal reorganiza-
tion occurred that created a “permissive” receptor�
ligand interaction supporting cell spreading.

F-Actin-Dependent Cell Protrusions Are Governed by RGD
Density. Given that maturation of focal contacts has

been implicated in actin dynamics,41 we further
analyzed cytoskeletal functions of melanoma cells
spread on 60 and 100 nm surfaces, respectively. The
predominant patterns of F-actin-dependent cellular
protrusions, i.e., lamellipodia, filopodia, or a mixture
of both (intermediate phenotype), were determined
morphometrically: F-actin accumulation at the cells'

Figure 4. Ligand density controls melanoma cell spreading in a nonlinear fashion. (A) Melanoma cell binding is linearly
dependent on ligand density. Mean cell numbers ((SD) of attached cells from 10 random microscopic 10� fields of three
independent experiments are shown for A375 and MeWo, respectively. Adhesion of A375: p = 0.004 for 30 nm vs 100 nm, p =
0.0202 for 60 nm vs 100 nm, p = 0.0186 for 60 nm vs 120 nm. *p < 0.05; **p < 0.01. (B, C) Cell spreading as determined by
measuring the cell surface areas ismost pronounced on an intermediate ligand density, indicating a nonlinear correlation of cell
surface and ligand site density. Analysis of A375 (n=4 independent experiments) andMeWomelanoma cells (n=2 experiments)
on the different indicated ligand site densities of nanoscopically presented cyclic(RGDfE) was performed after 45min and 1.5 h,
respectively. Values shown represent themean ((SEM) of 4 (A375) and 2 (MeWo) experiments. *p<0.05; **p<0.01; ***p<0.001.
After 1.5 h, the cell spreading area of melanoma cells on 60 nm surfaces is significantly larger compared to those of other ligand
site densities (A375:p=0.003 for 30nm vs 60 nm, p=0.0006 for 30nm vs100nm,p=0.0006 for 120 nm vs100 nm, p=0.0006 for
120 nm vs 60 nm, and p = 0.015 for 60 nm vs 100 nm;MeWo: p = 0.0022 for 30 nm vs 60 nm, p = 0.0018 for 30 nm vs 100 nm, p =
0.018 for 120 nm vs 100 nm, p = 0.0067 for 120 nm vs 60 nm, and p = 0.0077 for 60 nm vs 100 nm; global effect between 30, 60,
100, and 120 nm was assessed using one-way ANOVA; pairs were then analyzed with the two-sided Student's t test and
subsequent Bonferroni adjustment). (D) Characteristic overview phase-contrast photomicrographs of A375 melanoma cells
bound to the indicated RGD nanopatterns exemplifying linear dependency of numeric binding (see graph a) on RGD density,
in contrast to a “bell-shaped” spreading behavior with a maximum at 60 nm ligand site distances.
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edgeswithout protrusionswas defined as lamellipodia,
whereas thin protrusions associated with stress fibers
were defined as filopodia.

Indeed, some significant morphological differences
became apparent: On 60 nm surfaces, 50.8% ((20%)
of melanoma cells developed filopodia as their

predominant cellular protrusions, while only 3.5%
((3%) formed lamellipodia, and 45.7% showed an
intermediate phenotype. In sharp contrast, 40.6%
((21%) of the cells spread on 100 nm surfaces pre-
dominantly formed lamellipodia, whereas 19.6% ((8%)
formed filopodia, and 39.8% exhibited both kinds of

Figure 5. Formation of focal contacts and stress fibers in humanmelanoma cells is regulated by the density of nanoscopically
presented RGD. (A) Focal contacts (FC) were visualized by antivinculin, and F-actin stress fibers were stained by phalloidin.
Ligand site distances of 60 and 100 nm, respectively, support focal contact and stress fiber formation, in contrast to distances
of 30 or 120 nm (n = 3 independent experiments). (B) Focal contacts of 10 representative cells each from 3 independent
experiments on RGD site distances of 60 and 100 nm, respectively, were quantified using ImageJ. Values shown represent the
mean ((SD). The number of focal contacts per cell on surfaces with 100 nm ligand site distances is markedly more variable
compared to those on 60 nm ligand distances. (C) Focal contacts of A375 melanoma cells on 60 nm ligand site distances are
significantly larger than those on 100 nm ligand site distances, ***p = 0.000 000 8 comparing 60 nm vs 100 nm, analyzed with
the two-sided Student's t test. (D, E) The formation of cellular protrusions has been analyzed as a parameter of differential
regulation of actin dynamics. On surfaces with 60 nm RGD ligand site distances, 50.8% of the cells ((20%) form filopodia,
while only 3%of the cells ((3%) form lamellipodia (values shown represent themean( SD, *p=0.025 for percentagenumber
of cells forming filopodia vs lamellipodia on 60 nm, analzyed with the two-sided Student's t test). In contrast, lamellipodia
formation is favored significantly on100nm (40.6%of the cells ((21%); *p=0.0387 comparing theproportionof cells forming
lamellipodia on 100 nm vs that on 60 nm, analyzed with the two-sided Student's t test).
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protrusions (Figure 5D). These striking differences sug-
gested that impairment of focal contact maturation (in
melanoma cells spread on 100 nm surfaces) supported
lamellipodia formation,whereas ligand site distances of
60 nm (density of 349/μm2) facilitated the formation of
full-fledged filopodia.

Low-Dose RGD Analogues “Permit” Melanoma Cell Spreading
through Shifts of the Ligand Density Optimum. Our results
revealed an optimum ligand site density for cell spread-
ing, focal contact formation, and cytoskeletal reorgani-
zation (i.e., functions implicated inmetastasis formation
and tumor progression) at 349/μm2. We hypothesized
that the underlying “permissive” receptor�ligand ratio
could also be achieved experimentally through modulat-
ing the availability of surface receptors by solute ligands,
thus mimicking the situation in patients treated with
receptor-blocking drugs. Toward this end,melanoma cells
on surfaces with 30 nm ligand site distances, i.e., high-
density conditions that did not by themselves support
spreading and contact formation (Figure 3), were treated
with nanomolar concentrations of solute RGD (ranging
from0.1 to 10.0 nM) for 20min prior to adding the cells to
the nanostructured surfaces (these concentrations were
by order of magnitude below those inhibiting adhesion,
which were approximately 200 nM; data not shown).

Whenmelanoma cells were treated thus for 20min,
a marked shift of the optimum ligand site density
occurred toward higher densities previously not able
to support spreading and contact formation: After
45 min and 1.5 h, respectively, RGD concentrations of
as low as 1.0 to 2.0 nM led to significantly enhanced
spreading and contact formation of melanoma cells
on cyclic(RGDfE) presented at a ligand site distance of
30 nm (density 1145/μm2; Figure 6A,B). Indeed, com-
pared to untreated melanoma cells (average cell size
216 μm2 ((16 μm2) after 45 min), melanoma cells
increased their contact surface by approximately 75%
following incubation with 2.0 nM solute RGD (average
size 350 μm2 ((80 μm2), p < 0.05). When melanoma
cells were treated with 10.0 nM of solute RGD, the
“spreading boost” achieved by the lower RGD con-
centrations was completely abrogated (average size
216 μm2 ((4 μm2); Figure 6A). The alterations of
melanoma spreading observed after 45 min were
maintained in principle after 1.5 h (Figure 6A).

The next series of experiments addressed the ques-
tion of whether this shift toward a “permissive” state
of melanoma cell spreading on surfaces with 30 nm
ligand site distances was accompanied by the accord-
ing focal contact clustering and cytoskeletal reorgani-
zation. Indeed, while untreatedmelanoma cells did not
show clustering of integrin RVβ3, an assembly step
initiating focal contact formation,42,43 this process was
readily detectable once melanoma cells had been
exposed to low-dose solute RGD prior to the contact
to nanoscopically presented cyclic(RGDfE). Of note, the
pattern of RVβ3 integrin clustering in low-dose RGD-

treated melanoma cells on surfaces with ligand site
distances of 30 nm (1145/μm2) was similar to that seen
with untreated melanoma cells spreading on surfaces
with 3-fold lower ligand site distances (349/μm2;
Figure 6B,C). Likewise, F-actin stress fiberswere induced
by low-dose RGD in melanoma cells spreading on
surfaces with 30 nm ligand distances, albeit somewhat
less pronounced as compared to untreated melanoma
cells spreading on 60 nm surfaces (Figure 6C).

Thus, low concentrations of solute RGD shifted
melanoma cells into a “permissive state” that allowed
tumor cell spread, focal contact formation, and cyto-
skeletal reorganization on ligand patterns they would
otherwise not be able to spread on.

DISCUSSION

The RGD tripeptide is awell-characterized recognition
motif for integrins interacting with ECM proteins.28,44,45

Integrin specificity depends on the amino acids flanking
RGD and the motif's configuration (experimentally:
cyclic vs linear).8,28,29 We used the cyclic pentapeptide
cyclic(RGDfE) with high affinity for RVβ3, an integrin
implicated in progression of melanoma, the most ag-
gressive human skin cancer.16,46

Overcoming indiscriminate ligand immobilization,
nanotechnology has greatly facilitated analyses of
receptor�ligand interactions with a focus on bio-
physically relevant ECM characteristics such as ligand
density, stiffness, or geometry.47�49 Using block copoly-
mer (micellar) nanolithography, our model enabled the
tunable presentation of different ligand site densities
through thehexagonal planar assembly of nanoparticles.
The resulting nanostructured cyclic(RGDfE) ligand site
densities spanned 1 order of magnitude. In contrast to
previous studies with fibroblasts and osteoblasts24,25 the
ligand site densities of our system could be adjusted
to densities of up to 1145/μm2 (distances of 30 nm),
a feature that is relevant in light of natural RGD spacings
of 42 nm on fibrillar fibronectin50 and approximately
30 nm on oncofetal fibronectin,51 respectively.
However, the nanoscale distribution of binding

motifs within the tumor microenvironment is difficult
to determine, so the ligand site densities chosen in our
study represent the best approximation to the in vivo

situation discernible from currently available data.
Especially melanoma cells can reorganize the ECM,
e.g., through MMP-mediated protein degradation or
by attracting fibroblasts, thus actively modulating RGD
binding site densities.49,52

Surprisingly and in striking contrast to adhesion
(attachment), ligand site densities control melanoma
cell spreading in a nonlinear mode of dependency.
In two different melanoma lines with high RVβ3 ex-
pression, spreading was most pronounced on an inter-
mediate ligand site density of 349 nanoparticles/μm2

(lateral spacing of 60 nm). However, either increasing
or decreasing the ligand site density abrogated full
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cellular spreading. The critical threshold that deter-
mined a dramatic shift of melanoma cell functions
appeared to lie between 60 and 100 nm. This notion
was underscored by the tumor cells' ability to form
well-developed filopodia along with large focal con-
tacts and properly structured actin cytoskeletal lattices
on 60 nm surfaces, while 100 nm surfaces produced
smaller and irregular focal contacts, less well devel-
oped actin cytoskeletons, and fewer filopodia.

To interpret why melanoma cells spread optimally
at a ligand site density of 349/μm2, we can delineate
several lines of explanation, which are not mutually
exclusive: First, as demonstrated previously,35,53 the
formation of integrin clusters is an important prerequi-
site for cytoskeletal engagement and, subsequently,
successful cell spreading.54 Along this line, interspatial
distances of 60 nm appear to be crucial for the forma-
tion of cluster units consisting of four integrins and

Figure 6. Lowdoses of solute RGD induce a “permissive” state ofmelanoma cells, allowing spreading and contact formationon
surfaceswith high ligand densities: (A) Spreadingof 50 cells per conditionwas analyzedbydigitalmorphometry. Values shown
represent the mean of 4 independent experiments ((SEM; *p < 0.05, **p < 0.01). After 45 min (open bars), treatment with low
doses of solvent RGD (1.0 or 2.0 nM) significantly enhances cell spreading on surfaces with 30 nm ligand site distances
compared tountreated cells and cells treatedwith 10.0nMof solute RGD (p=0.1842 for “no treatment” vs0.2nM;p=0.0011 for
“no treatment” vs 1.0 nm; p = 0.0209 for “no treatment” vs 2.0 nM; p = 0.3685 for 10.0 vs 0.2 nM, p = 0.0095 for 10.0 vs 1 nM; all
analyzed with the two-sided Student's t test). After 1.5 h (gray shaded bars), the differences were essentially sustained. (B)
Representativephotomicrographsof untreatedA375melanomacells on surfaceswith30nm ligand site distances, of low-dose-
RGD-pretreated A375 melanoma cells on 30 nm surfaces, and of untreated A375 melanoma cells on 60 nm nanostructured
surfaceswere taken as indicated. (C) Corresponding immunofluorescence staining for integrinRVβ3 (green), F-actin (phalloidin,
red), and DAPI (blue). Unlike ligand site distances of 30 nm (density 1145/μm2), ligand site distances of 60 nm (right panel,
ligand site density 349/μm2) support integrin clustering associatedwith stress fiber formation. Treatment with solute RGD at a
concentration of 1.0 nm restores the capacity of humanmelanoma cells to spread, form contacts, and establish stress fibers on
a nanostructured surface with a cyclic(RGDfE) ligand site distance of 30 nm (middle panel).
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consecutive cell spreading.35 Indeed, the relevance of
60 nm ligand site distances for optimal integrin clustering
has been associated with the size of cytoplasmic proteins
like talin, which itself has a size of 60 nm55 and acts as a
cross-linker during integrin aggregation.35,43 It is concei-
vable that this mechanism contributed to the impaired
accumulation of cytoplasmic proteins on surfaces of
30 nm ligand site spacing if we assume that lateral
distribution of integrins is controlled by the respective
interspatial distance of the opposing nanosurface.
Second, lateral movement of integrins is crucial for

their successful clustering. Several studies have indi-
cated that unligated integrins become recruited to
focal adhesions,56,57 a function that might be ham-
pered at very dense extracellular RGD ligand presenta-
tions through rapid binding of available integrins and
consecutive hindrance of their lateral mobility. It is,
therefore, reasonable to assume that at nanostruc-
tured ligand site distances of 30 nm, which correspond
to a high ligand site density of about 1145/μm2 and (in
contrast to conventional protein adsorption) feature
an “ortho”-directed presentation of the binding motif,
this lateral shift and the consecutive formation of
integrin clusters become impaired.
Third, our immunofluorescence analyses showed

large round focal contact patches of melanoma cells
interacting on 60 nm ligand site distances, in contrast
to significantly smaller and elongated focal patches
on 100 nm surfaces. It is thought that focal contacts of
g1.0 μm2 represent mature “focal adhesions”, which
are associated with low mobility of the cells, whereas
elongated and small patches of below 1.0 μm2 are
termed “focal complexes”, which are associated with a
more migratory and mobile phenotype.40

On the basis of the surprising existence of an optimal
ligand density “permissive” for melanoma cell spread-
ing, modulating the receptor�ligand ratio through
suboptimal dosages of integrin-blocking solute RGD
“shifted” melanoma cell functional states toward
spreading and cytoskeletal reorganization. A certain
increase of cell spreading over timemay be influenced
by very low levels of residual unbound RGD. It is
intriguing to speculate that during antitumoral thera-
pies in vivo with repeated administrations of drugs
such as cilengitide,14 trough concentrations of the
compound could (repeatedly) shift tumor cell func-
tions toward such a “permissive” state rather than
inhibit their progression. This notion adds another
level of complexity to potential responses ofmalignant
tumors to targeted therapies. In clinical settings,
suboptimal doses of a receptor-blocking compound

may elicit unpredictable and unwanted effects, a no-
tion that should give rise tomore thorough evaluations
of dosing intervals, pharmacodynamics, and pharma-
cokinetics. In our experimental system, it appears
possible that during preincubation of melanoma cells
with low-dose solute RGD some receptors were
blocked and, thus, no longer accessible for surface-
immobilized RGD. This reduction of interacting recep-
tors may then lead to a net RGD�receptor interaction
comparable to that seen on 60 or 100 nm surfaces.
Given the short time that melanoma cells need to
spread on RGD and an incubation time with solute
RGD of 20 min, it appears likely that a considerable
proportion of solute RGD was bound to melanoma
cells before they settled onto the surfaces. Conse-
quently, it is less likely that relevant amounts of un-
bound RGD with thiol residues interacted with the
pegylation or with nonsaturated Au-NPs, which is
a theoretical possibility. Besides, interaction of RGD
with the pegylation on 30 nm surfaces would have
produced an even higher ligand density and, conse-
quently, further diminished melanoma cell spreading.
The shift of the “permissive”phenotypeofmelanoma

cells is relevant to recent findings showing “paradox-
ical” growth enhancement of A375-melanoma tumors
in mice upon treatment with low-dose RGD analogues,
an effect that was attributed primarily to a pro-
angiogenic activity.14 Our study, by demonstrating
a direct influence of low-dose RGD on melanoma cell
spreading on given ligand patterns, now suggests an
additional or alternative explanation, which would not
have beenpossiblewithout the use of nanotechnology.

CONCLUSIONS

Our results demonstrate that low nanomolar con-
centrations of RGD significantly enhanced melanoma
spreading on RGD at interligand distances of 30 nm,
i.e., a ligand site density that is normally prohibitive for
melanomacell spreading.One canhypothesize that such
“suboptimal” concentrations of integrin-directed antitu-
moral compounds also shift melanoma cells into “per-
missive” states in vivo. These situations, even if they occur
only temporarily during dosing intervals, may suffice
to facilitate melanoma cell spreading and metastasis.
Indeed, RGD analogues such as cilengitide have short
half-lives in vivo due to drug metabolism and serum
degradation.58�61 Consequently, low plasma levels are
predicted to occur rapidly after drug application. Intrigu-
ingly, we have demonstrated the formation of integrin
clusters associated with F-actin in melanoma cells trea-
ted with low nanomolar concentrations of solute RGD.

METHODS

Defined Nanoscale Ligand Presentation (Nanostructuring). Nano-
structured surfaces were fabricated by using block copolymer

(micellar) nanolithography.25 In short, glass cover slides

(24 � 24, No. 1, Carl Roth, Karsruhe, Germany) were cleaned in

caroic acid (1 h, 1:3 H2O2 (30%)/H2SO4 (p.A., Merck, Darmstadt,
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Germany). These glass slides were then sonicated four times for
5 min each and dried with N2. Micellar solutions were prepared
in a glove box (Braun, Garching, Germany) by dissolving the
polystyrene�polyvinylpyridine-block-copolymers (Polysciences,
Warrington, PA, USA) in toluene (Merck). Themicelles' coreswere
then loaded with HAuCl4 3 3H2O (Sigma, St. Louis, MO, USA). The
cleaned glass coverslips were dip-coated into the micelle solu-
tion. Organic parts of the micelles were removed by plasma
treatment (10% H2, 90% argon, 0.4 mbar, 150 W, TePla 100; PVA,
Wettenberg, Germany). Gold nanoparticles were thus firmly
bound to the glass surface.

We generated nanoscopically defined surfaces with a wide
range of Au-NP spacings (mean distances between adjacent
nanoparticle sites). The actual densities of each batch of nano-
surfaces were determined precisely by scanning electronmicro-
scopy (SEM Ultra 55; Zeiss, Göttingen, Germany) and covered
the range from 1145/μm2 (corresponding to ligand site dis-
tances of 30 nm) to 103/μm2 (ligand site distances of 120 nm),
with several in-between densities as indicated in the text and
figures. As micellar block copolymer nanolithography results
in a quasi-hexagonal assembly of the nanoparticles, the ligand
site density can also be approximated by applying the formula
F = 2/(d2

√
3).

Biofunctionalization of Nanostructured Surfaces. Nanostructured
and UV-ozone-cleaned (UV-Ozone Cleaning System UVOH 150
LAB, FHR Anlagenbau, Ottendorf-Okrilla, Germany) glass sur-
faces (0.8 slm for 10 min) were incubated at pH 7.4 for 45 min in
an aqueous solution containing 0.5 mg/mL PLL(20 kDa)-g-[3.5]-
PEG(2 kDa) (SuSoS, Dübendorf, Switzerland) in 10 mM HEPES
(4-(2-hydroxyethyl)piperazine-1-ethanesulfonic acid; Calbiochem,
San Diego, CA, USA) on parafilm (American National Can, Chicago,
IL, USA). This procedure reliably passivated the surface areas
between the Au-NPs, thus preventing nonspecific cell binding in
these areas. Afterward, the surfaces were inverted and washed in
aqua dest. for 30 min. For functionalization, the surfaces were
incubated with 10 μM cyclic RGDfE (cyclo(RGDfE), [PEG-5-linker
(22 atoms)]3-CCC; from PSL, Heidelberg, Germany) or with 25 μM
of the control peptide RGEfE (PSL) for 3 h on parafilm. In the text
the short forms of RGD (for cyclo(RGDfE)) and RGE (for cyclo-
(RGDfE)) are used. Both peptides contain a thiol group, which
covalently binds to the Au nanoparticles. Surfaces were washed
again with aqua dest. for 30 min and equilibrated in Dulbecco's
minimal essential medium (DMEM) supplemented with 1% BSA
(Roth) prior to the experiments.

Cell Culture and Cell Experiments. For cell experiments the
nanostructured surfaces were inserted into 60 mm Petri
dishes (Greiner Bioone, Kremsmünster, Austria). Four human
melanoma lines, A375 (30), MeWo (31), LOX (32), and MelHO
(33), were grown in DMEM supplemented with 10% fetal
calf serum, 100 U/mL penicillin, and 100 mg/mL streptomycin
(Gibco, Karsruhe, Germany).

Functionalized nanostructured surfaces with density-
controlled-RGD presentation were washed and stored in aqua
dest. for at least 30 min. During that time, melanoma cells were
harvested using Accutase (PAA, Pasching, Austria), washed with
PBS (PAA), and resuspended in “attachment-medium” (DMEM
supplementedwith 1%BSA (Roth) without FCS). Cells recovered
for 20 min and were then allowed to settle onto the surfaces at
a concentration of 200 000/mL for 30 min. Surfaces with bound
melanoma cells were washed with PBS (Gibco) for 5 min in a
standardized fashion. For analysis of cell attachment, bound
cells were counted on 10 representative images (10�). For
further spreading analysis, surfaces with bound melanoma
cells were transferred into Petri dishes containing “spreading-
medium” (DMEM with 5% FCS). Preliminary tests had shown
that medium containing 5% FCS did not lead to nonspecific
bindings.

For blocking experiments, suspended melanoma cells were
incubated with an azide-free anti-RVβ3-antibody (15 μg/mL;
clone LM609, Millipore, Billerica, MA, USA) at 37 �C for 20 min
and then allowed to settle on the functionalized nanostructured
surfaces. For enhancement of cell spreading, cells were pre-
treated for 20 min under gentle rocking using varying doses of
RGD (0.2 to 10.0 nM, the same RGD used for functionalization
of surfaces). Afterward, cells were allowed to spread on the

nanosurfaces for 30 min, and then surfaces were washed for
5 min. After defined time intervals (specified in the Results
Section) standardized overview photomicrographs (10� =
420 μm � 560 μm) were analyzed morphometrically using
ImageJ software (http://rsb.info.nih.gov/ij/index.html).

Flow Cytometry and Fluorescence-Activated Cell Sorting. Melanoma
cells (in their exponential growth phase) were harvested using
Accutase (PAA), washed with PBS once, resuspended in PBS
containing 5% human male AB-serum (Sigma), and incubated
with 1 μg/mL of either anti-RVβ3 (clone LM609, Millipore),
anti-R5 (clone SAM-1, Beckman-Coulter, Brea, CA, USA), anti-β1
(clone 4B4LDC9LDH8, Beckman-Coulter), or an IgG1 isotype
control (Zymed, Wien, Austria). Surface-bound primary anti-
bodieswere detectedusing 0.5 μL of Alexa Fluor 488-conjugated
goat-derived anti-mouse IgG (HþL) as a secondary reagent.
Analysis was performed using the FACS Canto II and the FACS
Diva software (BD Biosciences, San Jose, CA, USA).

For cell sorting, 10 � 106 cells of the melanoma line
LOXparent were stained with an azide-free anti-RVβ3 (clone
LM609, Millipore) antibody. In the first cell sorting process, 5%
of LOXparent cells with the highestRVβ3 expression and 55%with
the weakest RVβ3 expression (termed LOXlow) were separated
and cultivated. After several rounds of subculture the process
was repeated with the original 5% (termed LOXhigh), and again
the 5% with the highest RVβ3 expression were collected and
further cultured (termed LOX2high).

Immunofluorescence and Differential Interference Contrast (DIC)
Microscopy. Melanoma cells attached to the experimental nano-
structured surfaces were washed for 10 min with PBS and fixed
with 4% paraformaldehyde for 20 min. Blocking was performed
with 5% FCS in PBS, followed by antivinculin (clone hVIN-1,
Sigma) or anti-RVβ3 (clone LM609, Millipore) mAbs for 3 h at
room temperature or at 4 �C overnight. After 3 washing steps
in PBS, cells were incubated with Alexa Fluor 488-conjugated
anti-mouse IgG F(ab0)2 (Cell Signaling, Danvers, MA, USA) for 1 h.
F-Actin was then stained with phalloidin (PromoFluor-55;
PromoCell, Heidelberg, Germany) for 30 min. Fluorescence
mounting medium (Dako, Hamburg, Germany) containing
0.5 μg/mL DAPI (Sigma) resulted in nuclear staining.

Phase contrast and fluorescencemicroscopywere performed
on an Axiovert 200 or an AxioImager M1 system (Zeiss). DIC
microscopy was performed on an AxioImager microscope
equipped with a 40� plan apochromat oil immersion objective
(NA 1.4) with polarization filters (Zeiss).

Data Analysis and Statistical Analysis. All data are displayed as
mean ((SD or ( SEM as indicated). In order to detect differ-
ences between the Au-NP spacings, a one-way ANOVA was
performed to determine a possible global effect. If a global
effect could be demonstrated, corresponding independent
t tests were performed. Their global type I error rate was defined
as 5%. Thereafter, they were adjusted using the Bonferroni
procedure to control the level at 5%. p-Values of <0.05 were
considered statistically significant. All statistical tests were two-
sided. All statistical analyses were conducted using Excel and
Statistica 10 software.
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