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During adhesion and spreading, cells form micrometer-sized structures
comprising transmembrane and intracellular protein clusters, giving rise to
the formation of what is known as focal adhesions. Over the past two decades
these structures have been extensively studied to elucidate their organization,
assembly, and molecular composition, as well as to determine their functional
role. Synthetic materials decorated with biological molecules, such as adhesive
peptides, are widely used to induce specific cellular responses dependent on
cell adhesion. Here, we focus on how surface patterning of such bioactive
materials and organization at the nanoscale level has proven to be a useful
strategy for mimicking both physical and chemical cues present in the
extracellular space controlling cell adhesion and fate. This strategy for designing
synthetic cellular environments makes use of the observation that most cell
signaling events are initiated through recruitment and clustering of
transmembrane receptors by extracellular-presented signaling molecules. These
systems allow for studying protein clustering in cells and characterizing the
signaling response induced by, e.g., integrin activation. We review the findings
about the regulation of cell adhesion and focal adhesion assembly by micro- and
nanopatterns and discuss the possible use of substrate stiffness and patterning
in mimicking both physical and chemical cues of the extracellular space.
[DOI: 10.2976/1.2976662]
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Most cells from solid tissues grow
as an adherent monolayer and, unless
they have been transformed and be-
come anchorage-independent, need to
attach and spread in order to perform
cellular functions, such as proliferation
and differentiation. An essential part in
the formation of tissues, in which cells
are assembled and bound together, is
played by the extracellular matrix
(ECM). This complex network of cell-
secreted molecules can vary in compo-
sition and organization to generate a
variety of different forms, depending
on the functional requirements of the
tissue. There are three major functions

for the ECM. First, it provides struc-
tural support and tensile strength. Sec-
ond, it represents a substrate for cell ad-
hesion and cell migration. Third, it
regulates cellular differentiation and
metabolic function, for example,
modulating cell growth by binding of
growth factors. Interdisciplinary efforts
from the field of material science,
chemistry, physics, and biology aim
at functionalizing materials to obtain
specific cell surface interactions and
to direct cell functions at the material
interface. These materials are often
coated with cell adhesive proteins
(Arnold et al., 2004; Cavalcanti-Adam
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et al., 2006; Kaehler ef al., 1989) or tissue specific growth
factors (Liu et al., 20006).

A major role in regulating cell adhesion and function is
played by specific motifs or sequences present in ECM mol-
ecules, to which cells bind via distinct molecular mecha-
nisms. The arginine-glycine-aspartate (RGD) sequence is the
cell attachment site of a large number of adhesive ECM,
blood, and cell surface proteins (Ruoslahti, 1996). Proteins
that contain the RGD motif, together with the integrins that
serve as their cellular receptors, constitute a major recogni-
tion system for cell adhesion. Such short sequences, if in
solution, inhibit the attachment of the cells to a fibronectin
matrix. However, if coupled to a solid surface, they promote
cell adhesion to it (Pierschbacher et al., 1994; Pierschbacher
and Ruoslahti, 1987). The RGD sequence is by far the most
often employed peptide sequence for stimulated cell adhe-
sion on surfaces. As the integrin-mediated cell attachment
influences and regulates cell migration, growth, differentia-
tion, and apoptosis, RGD peptides can be used to probe inte-
grin functions in various biological systems. One important
aspect in surface functionalization with adhesive peptides
is the way the peptide is linked to the surface; this is usually
obtained by covalent bond formation between a surface
carboxylic group and the amino-terminus of the peptide
(Dee et al., 1998), though the use of thiol groups introduced
in the peptide sequence provides control over the orientation
and higher stability (Pfaff et al., 1994). Furthermore, the spa-
tial arrangement of the ligand is also essential in determining
the interactions with the receptor (Xiong et al., 2002). By
using surface patterning methods at the micro- and nano-
meter length scale it is possible to combine both precision in
the presentation of the ligand and control over the density
and spacing of these adhesive sequence. These techniques al-
low for elucidating the role of spatial organization and geom-
etry of the ECM during cell adhesion and spreading events.

SURFACE-BOUND ADHESIVE PEPTIDES DIRECT
CELLULAR ADHESION VIA INTEGRINS

Surface coatings with ECM adhesive proteins are widely
used to elicit tissue specific cellular responses. For example,
biomaterials designated to bone or skin regeneration are
decorated with specific ECM proteins, such as collagen type
I or laminin, to allow selective cell adhesion, modulate cell
morphology and adhesion strength, and induce cell differen-
tiation (Keselowsky et al., 2005; Kleinman et al., 1981,
Yamamoto et al., 2000). Protein-surface interactions are
highly dependent on surface properties such as charge, hy-
drophobicity and hydrophilicity (Bergkvist et al., 2003).
These features directly determine the conformation of the
adsorbed protein, which is vital for the maintenance of its
biological activity (Yamamoto et al., 2007). While structural
changes in ECM adhesive proteins during adsorption onto a
substrate affect the molecular binding of these proteins to
cell receptors and, in turn, mediate cell response (Garcia
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et al., 1999; Keselowsky et al., 2004), the number of avail-
able sites for the interaction with cell receptors cannot be
controlled because of unpredictability of orientation and ac-
cessibility of the binding sites (Elbert et al., 2001).

ECM proteins contain many different cell recognition
motives, leading to the initiation of several and undistin-
guished signaling cascades. On the other hand, small adhe-
sive peptides represent only one single motif. Therefore, they
can selectively address one particular type of cell adhesion
receptors, such as a specific integrin receptor dimer (Meyer
et al., 2006). The type of peptide anchorage to the surface
and the conformation and sequence of the peptide itself are
crucial aspects for surface biofunctionalization. Molecules
can be either adsorbed or covalently linked via functional
groups onto the surface; stable linking to a surface is essen-
tial to withstand the cells contractile forces (Katz et al.,
2000) or prevent internalization (Memmo and McKeown-
Longo, 1998). Smaller peptidic sequences show higher se-
lectivity for a specific integrin type; for example, fragments
consisting essentially of the 10th type III domain of fi-
bronectin, bind better to a vitronectin receptor («,3; inte-
grin) than to a fibronectin receptor (asB;) (Pytela et al.,
1985). However, not all ligands functional minimal peptide
sequences are available or identified. Therefore, the selective
immobilization of entire proteins to surfaces is still neces-
sary for many applications. When chemically or physically
adsorbed to a surface, proteins undergo conformational
changes leading to denaturation and loss of function. In order
to preserve the activity of proteins on the surface site-
directed immobilization via NTA/his-tag or biotin/
streptavidin is the method of choice (Groll et al., 2005;
Wolfram et al., 2007).

In many in vitro studies, investigators have bound pep-
tides to surfaces to test their impact on cell behavior and to
prove their applicability for biological use; these studies in-
clude investigation of cell attachment and spreading, cytosk-
eletal reorganization and formation of focal adhesions (FAs),
as well as integrin-dependent signaling, such as proliferation
and survival. In general, the bidirectionality of integrin-
mediated cellular responses is exemplified by the fact that
the extracellular binding activity of integrins is regulated
from the inside of the cell (inside-out signaling), while the
binding to the ECM elicits signals that are transmitted into
the cell (outside-in signaling) (Hynes, 1992). The large vari-
ability in ligand recognition sequences and ligand structure
results in a variety of different cellular responses, each de-
pendent on integrin engagement with ECM-derived adhesive
motifs (Giancotti, 2000; Giancotti and Ruoslahti, 1999).
Laminin-based peptides, such as the adhesion ligand YIGSR,
have been used to promote cell spreading and stress fiber
formation when its conformation was constrained by cova-
lent immobilization through the glycine residue at the
N-terminus (Massia ef al., 1993). Rezania and Healy (1999)
showed that the response of cells on RGD-grafted surfaces is
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dependent on the specific peptide sequence. RGD peptides
enhance the rate of cell spreading and adhesion strength
(McFarland et al., 1999; Rezania et al., 1997). Cell binding
to covalently linked RGD peptides causes increase in ex-
pression of integrins and FA molecules and promotes resis-
tance to apoptotic stimuli (Cavalcanti-Adam et al., 2002;
Grigoriou et al., 2005). Furthermore, the combination of
RGD-containing adhesive peptides covalently linked to sur-
faces with soluble growth factors has been shown to affect
cell proliferation and motility of endothelial cells (Dee et al.,
1995). Finally, mixed peptide surfaces presenting either mo-
tifs of different ECM molecules, for example, ligands for dif-
ferent integrin receptors, or two distinct binding domains of
the same ECM protein, such as cell-and heparin-binding do-
mains of bone sialoprotein, further enhance the effects of
surfaces as compared to those coated with single adhesive
peptides (Healy ef al., 1999) while decreasing the specificity
of the adhesion-dependent signaling.

THE NANOSCALE ARRANGEMENT OF ECM ADHESIVE
PEPTIDES CONTROLS CELLULAR RESPONSES

In vitro strategies for mimicking the extracellular space aim
at addressing the variability of ECM architecture encoun-
tered by cells in vivo. In order to reproduce ECM topogra-
phies, like meshwork or fibrillar structures, systematic varia-
tion of collagen fibril densities in three-dimensional (3D)
ECM microenvironments affects fibroblast size, morphol-
ogy, and contractile force generation (Pizzo et al., 2005). The
surface distribution of adhesive molecules has a strong influ-
ence on cell behavior; however, most of the studies on sur-
face coating are based on the assumption that there is an
equal distribution of these molecules on the surfaces. To bet-
ter control the spatial arrangement of ECM molecules and
peptides on cell-adhesive surfaces, several methods have
been described over the past 10 years for patterning the im-
mobilization of proteins or peptides. These methods com-
bine a mean of imposing a pattern on the substrate with a
mean of modifying surface properties so that one region of
the substrate promotes cell attachment while the other region
prevents adhesion.

Several methods have been developed for patterning
surfaces at nanometer resolution to control the position of
peptide clusters or of single adhesive ligands. At first, mere
surface topography effects on cell adhesion, morphology,
and gene expression in cells adhering to islands as low as
13 nm in height indicate that cells sense and react to such
small surface features (Biggs et al., 2007; Dalby et al., 2004;
2002). Nanopits, ranging in diameter from 35 to 200 nm and
arranged in well-ordered orthogonal or hexagonal patterns,
have also been shown to affect cell responses (Curtis ef al.,
2004). Being nanometer topographies in the range of size of
single biomacromolecules, the targeted functionalization of
such platforms with adhesive peptides or small fragments of
ECM molecules is gaining consensus in the field of cell ad-
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hesion. In particular, as indicated by crystallography, the size
of single integrin receptors ranges from 9 to 12 nm (Xiong
et al., 2001; 2002); patterning methods at the micrometer
level do not allow exploring the relationships of integrin-
mediated adhesion site size and distribution, with the control
of integrin receptor clustering, while substrates patterned
with ligands at the nanoscale level are suitable for addressing
this aspect of cell-ECM interactions (Fig. 1).
Integrin-mediated cell adhesion depends not only on re-
ceptor occupancy but also on receptor clustering. In fact,
binding of ligands to integrin receptors induces changes in
conformation resulting in clustering of the receptors, an
event which provides binding sites for the proximal intracel-
lular components of FAs. This triggers rearrangement of the
cytoskeleton, phosphorylation of cytoskeletal proteins, and
activation of kinases and genomic responses. Being these
events regulated by the ECM network, RGD-functionalized
biomaterials have proven to stimulate different cellular re-
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Figure 1. Surface patterning for studying cell adhesion: from
micro-to nanometer-sized adhesive islands. (A) Microcontact
printing to generate fibronectin coated islands in the range of
0.3—-3 um? and separated by 1-30 um. The protein adsorbs only
to the hydrophobic areas while the remaining regions are blocked
with a protein resistant hydrophylic layer. Bottom, a cell adhering
to a micropattern is shown by overlay of fluorescence and DIC
microscopy [from Lehnert (2004), J. Cell. Sci. 117, 41-52. Repro-
duced with permission of the Company of Biologists.]. (B) RGD
peptides are presented on star polymers to vary the total average
concentration and the spatial distribution. The actin cytoskeleton of
a cell adhering to 9-RGD star polymer substrate is imaged by fluo-
rescence microscopy [from Maheshwari (2001), J. Cell. Sci. 113,
1677-1686. Reproduced with permission of the Company of Biolo-
gists.]. (C) RGD nanopatterns arranged in a hexagonal lattice over a
nonadhesive background to study the effect of single ligand spacing
on cell adhesion. Scanning electron microscopy (SEM) image of a
cell adhering to a 58 nm interparticle distance between RGD-
functionalized gold nanoparticles (adapted from Arnold, 2004).
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sponses, not only by different average peptide surface con-
centrations, but also by presenting such peptides in a way
that enables or even triggers integrin aggregation. System-
atic investigations on how the spatial organization and lateral
distances of adhesive peptides affect cell adhesion and be-
havior are still very few. Maheshwari ez al. (2000) function-
alized star-shaped polymers with RGD-containing peptapep-
tide over a nonadhesive background to achieve a controlled
independent and systematic variation of surface density and
local spatial distribution of the peptide. When the RGD pep-
tide was presented in clusters of at least five peptides per star,
but not in case of random single RGD peptide per star, cells
developed well-formed actin stress fibers and mature FAs.
To study the effects of ligand density and clustering on
fibroblast adhesion and to relate adhesion forces to these pa-
rameters, substrates with comb-shaped copolymers present-
ing GRGDSPK in an ordered or clustered array were used
(Koo et al., 2002). At higher ligand clusters and higher
ligand densities adhesion reinforcement in response to force
application indicated that ligand spacing and ECM rigidity
are cues playing a central role in the control of cell responses
to the environment. Dip-pen nanolithography has been pro-
posed as method to directly pattern monolayer into nano-
meter scaled islands in the range of 30 nm; as such, higher
flexibility in nonperiodic patterns can be achieved (Lee et al.,
2002). Comisar et al. (2006) investigated the effects of RGD
nanopatterns, which are independent of bulk density, on cell
adhesion and differentiation. While the number of RGD pep-
tides per alginate island was significant for cell spreading
and differentiation, the patterns presenting more closely
spaced islands favor cell spreading, but only in case of highly
spaced islands cell differentiation was observed. These stud-
ies lead to the hypothesis that cell spreading might be depen-
dent on critical densities of submicron integrin clusters to
then begin the recruitment of FA and cytoskeleton proteins.
Such a local integrin density could be critical for the initia-
tion of mature and stable FA assembly. To address these open
questions regarding the role of integrin local densities and
lateral clustering, a peptide-patterning method using block
copolymer nanolithography (BCN) has been developed, re-
cently. This technique is based on the self-assembly driven
deposition of spherical PS-b-PVP micelles on solid sub-
strates. The micellar core can be loaded with a metal precur-
sor salt like HAuCly, which upon treatment with a reactive
gas plasma form metal particles in the predefined hexagonal
pattern. By using diblock copolymers of different molecular
weight the separation distance between nanoparticles can be
tuned (Glass et al., 2003). Such extended and regularly
spaced platforms of nanometer-size particles represent a use-
ful tool to study the dependence of ECM-cell interactions on
ligand spacing. To selectively study integrin-mediated cell
adhesion and function, the gold particles, having a size of
<8 nm which allows the binding of a single integrin het-
erodimer, have been rendered bioactive by linking cyclic
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RGD peptides. The area between the particles was passivated
by the deposition of a protein repellant poly(ethylene glycol)
layer (Blimmel et al, 2007). These types of RGD-
nanopatterns have been shown to promote cell adhesion via
integrin «, 85 receptors (Cavalcanti-Adam et al., 2006). The
hypothesis that the nanometer lateral spacing between single
integrin ligands regulates cell spreading and adhesion sites
stability has been supported by several observations. Fibro-
blast initial spreading is delayed and, even though lamellipo-
dia and spike-like structures are formed, increased ruffling of
the cell membrane occurs if RGD peptides are too highly
spaced, i.e., above a threshold of 73 nm. Furthermore, cells
lose the stability of their contacts to the surface and undergo
major changes in shape and polarity. These observations in-
dicate that the ability of fibroblasts to form lamellipodia is
not influenced by the distance between ECM ligands, but the
formation of stable contacts, and the maintenance of cell
shape (Cavalcanti-Adam et al., 2007) and cell adhesion force
(Selhuber-Unkel et al., 2008) is dependent on such distance.
When plated for 24 h on RGD nanopatterns these effects
were still evident, indicating that less cells managed to ad-
here to patterns of RGD-peptide spacing of 73 nm and above
and that the adhering cells were in a quiescent state (Arnold
et al., 2004) (Fig. 2).

UNCOUPLING LOCAL FROM GLOBAL LIGAND
DENSITY BY MICRONANOPATTERN

Micropatterning methods allow the spatial control of adhe-
sion of entire cells onto discrete regions of the substrate by
combining both topographical and chemical cues of the
ECM (Jung et al., 2001). Chen et al. (1997) showed that
the restriction in cell spreading and shape by adhesive is-
lands of decreasing size controls cell fate, regardless of the
type of ECM coating used. This study pointed out for the first
time the role of geometry on cell shape and survival, a
mechanism, which might participate to the regulatory func-
tion of cell microenvironment during morphogenesis or ma-
lignant transformation. The geometric limits of ECM bind-
ing sites for fibronectin molecules necessary for cell
attachment and spreading have been investigated by using
regular micrometer-sized island produced by microcontact
printing (Lehnert et al., 2004). Three different thresholds,
which affect cell behavior, could be identified: the molecule
density per island, the maximal distance between the islands
and, lastly, the surface coverage with the ECM molecules.
These parameters proved to be relevant for the regulation of
the amount of adhesion sites in cells and in turn for the sup-
port early cell spreading.

The number of attached cells is clearly related to the
peptide density on the surface: a critical minimum average
(global) density for cell response sufficient for cell spreading
and formation of FAs and stress fibers was measured (Massia
and Hubbell, 1991). Based on ligand density, an average dis-
tance between the ligands could be estimated, remaining,
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Figure 2. The spacing between hexagonal arrays of gold nano-
particles functionalized with RGD affects cell spreading and
focal adhesion formation. First column: SE micrographs of nano-
patterns of gold dots separated by 28, 58, 73, and 85 nm, respec-
tively. Second column: phase contrast microscopy images of cells
adhering to the nanopatterned surfaces presenting gold dots func-
tionalized with cRGDfK peptides. The arrows indicate nonadherent
cells [from Arnold et al. (2004), ChemPhysChem 5(3), 383-388.
Copyright © Wiley-VCH Verlag GmbH & Co. KGaA.]. Third column:
fibroblasts stably transfected with YFP-paxillin (a focal adhesion
molecule) adhering to RGD nanopatterns imaged by fluorescence
microscopy.

however, still difficult since it is not possible to control and
determine the clustering of ligands in the matrix and such
local ligand density.

As described above, block-copolymer micelle nano-
lithography is able to spatially control ligand receptor inter-
action at the nanometer scale. However, by changing the in-
terparticle distance the density of particles on the surface is
concomitantly altered. Substrates where micrometer-sized
nanostructured patches are surrounded by bare substratum
overcome this constraint. These micronanostructured sur-
faces can help to differentiate whether a signal triggered by
an array of biofunctionalized gold nanoparticles is resulting
from the induced proximity of the ligand-coupled receptor
clusters or simply depending on the amount of bound recep-
tor. As shown by (Arnold et al., 2004), not the total number
of RGD functionalized nanoparticles, but rather the spatial
confinement of the integrin «,8; was crucial for proper cell
attachment and spreading. Here, cells on surfaces with an
interparticle spacing of 73 nm could not adhere and no FAs

280

were formed, but FAs were perfectly established on surfaces
with 58 nm spaced nanoparticles in micropatches even
though the average (global) concentration of particles on the
surface was lower than in the latter case. The fabrication pro-
cess involves the selective irradiation of a micellar mono-
layer with ultraviolet light (Gorzolnik ef al., 2006), focused
ions (Mela et al., 2007) or electrons (Glass et al., 2003) and
removal of nonirradiated parts. The different methods ex-
hibit advantages and limitations with regard to structured
surface area, feature size, and necessary equipment. Micellar
electron-beam lithography has shown to be well suitable to
meet the demands of cell adhesion studies. Arbitrary patterns
can be written with feature sizes in the sub 100 nm regime—
the distance of the micelles themselves—with surface areas
sufficient for microscopy studies (Fig. 3).

DEFINED GRADIENTS OF ECM PEPTIDES DIRECT
CELL POLARIZATION AND MIGRATION

Cell polarization and directed cell migration play a crucial
role in many physiological processes, such as embryonic de-

metal-precursor loaded
micellar monofilm
- VoW,

metal-precursor
loaded micelles

C

20 ym

Figure 3. Hexagonally ordered gold nanoparticle arrays can be
arbitrarily patterned by means of micellar electron beam lithog-
raphy. (A) The fabrication process involves formation of micellar
monolayer, irradiation with electrons to pin micelles to the substrate,
removal of nonirradiated parts, and a plasma process to generate
the particles [from Glass et al. (2003), Adv. Funct. Mat. 13(7),
567-575. Copyright © Wiley-VCH Verlag GmbH & Co. KGaA.].
(B) shows a SE micrograph of a star-shaped micronanostructure
[from Glass et al. (2003), Nanotechnology 14(10), 1153—-1160.
Copyright © IOP Publishing Ltd.]. (C) REF52-YFP-paxillin cells were
seeded onto an array (D) of cRGDfK-functionalized star-shaped mi-
cronanostructures and imaged by fluorescence microscopy. Focal
contact formation visualized by accumulation of YFP fluorescence
exclusively occurred on micronanostructures and adapted the star-
like shape as illustrated in the inset.
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velopment, immune response and angiogenesis, as well as in
pathological processes, like inflammation and cancer me-
tastasis (Lauffenburger and Horwitz, 1996). The biased mi-
gration of eukaryotic cells towards a gradient of soluble
chemoattractant molecules, defined as chemotaxis, has been
extensively investigated in leukocytes and Dictyostelium [re-
cently reviewed in Kay ef al. (2008)]. The orientation of cells
in these chemotactic gradients is highly dependent on the
gradient strength: while steep gradients, particularly if cells
are not polarized, induce polarization and movement towards
the source of chemoattractant (Zhelev et al., 2004), weaker
gradients cause cell steering and gradual reorientation due to
random splitting of pseudopodes and favoring of the most
accurate structures formed along the gradient (Andrew and
Insall, 2007).

If exposed to a gradient of cellular adhesion sites, or
substrate-bound chemoattractants, cells acquire a directional
motility, termed haptotaxis. Such gradients are presented by
ECM components in different tissues of the body. The func-
tional role of ECM gradients still remains to be elucidated,
though their role in guiding the migration of mesenchymal
stem cells appears to be crucial during tissue repair or regen-
eration. For example, fibronectin, collagen I and vitronectin,
presented in both soluble and bound gradient, are able to in-
duce cell motility (Thibault ez al., 2007). Also proteoglycans
play a role in the spatial and temporal control of cell move-
ment imposing directionality and stop-go choice of migrat-
ing cells (Cattaruzza and Perris, 2005). To create in vitro
adhesive haptotactic gradients, different techniques, based
on either microfluidic systems or on spatially controlled
placement of adhesive molecules, have been developed.
A microfluid system has been fabricated to obtain laminin
gradients and to control the orientation of axons of neuronal
cells towards the denser laminin concentrations (Dertinger
et al., 2002). Furthermore, fibronectin gradients generated
by microfluidics induce fibroblast haptotaxis towards higher
fibronectin concentration; however, the net movement di-
rectly correlates with the gradient slope, while the overall
rate of migration does not (Rhoads and Guan, 2007). Herbert
et al. (1997) introduced a method for using photoimmobili-
zation of peptides on self-assembled monolayer, while
(Wang et al., 2004) merged electrochemical potential gradi-
ents with electrosorption of organothiols. Smith et al. (2004)
produced surface-bound gradients of fibronectin by the
crossdiffusion of inert and reactive functionalized alkanethi-
ols on gold. The formation of self-assembled gradients of
COOH functional groups allows the covalent link to
N-groups of fibronectin. On these substrates, endothelial
cells show morphological polarization, which correlates
with cellular drift speed; the drift speed and the discrete cel-
lular motion proportionally increase with the gradient slope,
but no effects are observed on the persistence time or on ran-
dom speed (Smith et al., 2006). As such, this system intro-
duced for the first time the role of different haptotactic gra-
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dient slope in the regulation of cell migration. Finally,
fibroblast adhesion to RGD gradients, which are generated in
a polymerization apparatus with a gradient pump, leads to
cell alignment and higher eccentricity on the gradient axis
(Kang et al., 2004).

To date, however, only with few methods it is possible to
obtain a highly controlled presentation of surface-bound gra-
dients. Furthermore, it still remains difficult to exclude local
aggregation effects and achieve a precise spatial positioning
of the surface-bound ligands. The latter, however, is crucial
for studying cooperative effects of receptor clustering and
spacing in signal transduction and for understanding the
mechanism of gradient sensing at membrane protrusions
(Maheshwari et al., 2000). Different cellular responses can
be triggered not only by varying the average bound concen-
tration of bioactive molecules on the surface, but also by
controlling the mere relative positioning of such molecules
(as previously discussed). To apply this concept to immobi-
lized molecular gradients, a modified substrate dip-coating
process of BCN for the nanopatterning of solid surfaces has
been recently developed (Arnold et al., 2008). Here, a linear
increase of the distance between RGD-functionalized gold
nanoparticles, surrounded by inert PEG background, is
achieved at the nanoscale level. As shown in Fig. 4, with this
technique a surface-bound cyclicRGDfK peptide nanoscale
gradient with increasing ligand spacing from 50 to 80 nm
can be produced. As the interparticle distances increase, the
number of attached cells as well as the projected cell area
become significantly smaller; this is in line with the observa-
tion that cell adhesion area depends strongly on the strength
of adhesion to the surrounding environment (DiMilla et al.,
1993). After 24 h in culture, a significant number of cells
align toward the direction of the gradient. The most striking
finding is that cells can sense small, but consistent, differ-
ences in ligand spacing presented along the front and the
back of their body; this difference, which is as little as 1 nm
across the cell diameter, seems to affects cell polarization
and directed migration. By coupling opposite FAs via actin
filaments and myosin-based contraction, it is very likely that
cells test the mechanical stability of spatially distributed FAs
and therefore migrate towards smaller spaced peptide pre-
sentations. Taken all together, these results point out the rel-
evance of nanometer spatial variations of ECM cues in di-
recting integrin receptor clustering-based responses; the
differential positional clustering of integrins could be then be
interpreted as a cellular control mechanism for essentially
screen matrices for their nanoscopic peptide presentation
which directly regulates cellular functions, such as spreading
and migration.

EMERGING STRATEGIES FOR COMBINING PHYSICAL
AND CHEMICAL PROPERTIES IN PATTERNED
MATERIALS

As discussed in the previous sections, the ECM displays ad-
hesive ligands crucial for proper adhesion-dependent re-
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Figure 4. Biofunctionalized cRGDfK particle spacing gradient.
(A) Composite phase-contrast micrographs showing the adhesion of
cells to the different areas of the substrate after 21 h and close-up
on patch spacing, at substrate areas offering 50, 60, 70, and 80 nm
patch spacing. (B) Migration pathways of fibroblasts after 13 h for
12 h with a time lapse of 10 min on a constant ligand patch spacing
of 60 nm; and (left) a ligand patch gradient with a strength of
A2 nm/mm covering 60—110 nm spacing (right) [Reprinted with
permission from the Americal Chemical Society, from Arnold et al.
(2008), Nano Lett. 8(7), 2063—2069. Copyright © 2008 American
Chemical Society.]. (C) Schematic drawing of the dip-coated sub-
strates illustrating the differently patterned areas, including the drip-
ping edge, an area of uncontrolled nanoparticle aggregation forming
upon solvent evaporation [from Hirschfeld-Warneken et al. (2008),
Eur. J. Cell Biol. 87(8-9), 743-750.].

sponses; however, the ECM exhibits also a number of rel-
evant physical properties. In fact, the ability of the ECM to
regulate cell fate has been recently investigated, particularly
regarding the role of its composition, concentration, and
stiffness in the regulation of key cellular processes, such as
motility (Pelham and Wang, 1997), phagocytosis (Beningo
and Wang, 2002), and differentiation (Cukierman et al.,
2001). For example Engler et al. (2006) have mirrored
tissue-level elasticity by using soft matrices to induce neuro-
genic differentiation, stiffer matrices for myogenic differen-
tiation, and more rigid matrices for osteogenic differentia-
tion (Fig. 5).

It remains still a challenge to determine how matrix stiff-
ness couples with ligand density to modulate cellular re-
sponses; recently, it has been suggested that substrate com-
pliance and ligand density are orthogonal determinants
(Cukierman et al., 2001; Geiger, 2001) of similar importance
in regulating, for example, migratory responses. In general,
very soft substrates are perceived by a cell as inadequate for
supporting anchorage-dependent events, while harder ones
trigger acto-myosin contractility and sustain cell spreading
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Figure 5. Substrate compliance influences cellular differen-
tiation. (A) Naive mesenchymal stem cells on soft substrates dif-
ferentiate into lineages with the respective native tissue elasticity.
Collagen coated soft matrices induce neurogenic, stiffer matrices
myogenic, and relatively rigid substrates osteogenic lineage com-
mitment [from Engler et al. (2006), Cell 126(4), 677—689. Copyright
© 2006 by Cell Press.]. (B) and (C) Transfer lithography allows the
nanopatterning of soft poly(ethylene glycol) hydrogels with elastic
moduli similar to those used in (A). (D) and (E) Patterned tubes
inside an inert hydrogel matrix overgrown with adherent cells mimic
a blood vessel. (F) and (E) Cells adhere exclusively to patterned
areas, while bare PEG hydrogels sustain their protein and cell re-
pellent properties over days, as evidenced by the sharp line with
nanostructures on the right side [Reprinted with permission from the
American Chemical Society, from Graeter et al. (2007), Nano Lett.
7(5), 1413-1418. Copyright © 2007 American Chemical Society.].

and traction (Pelham and Wang, 1997). As shown by Lo ef al.
(2000), the points of higher stress in a cell adhering to a soft
substrate, such as a hydrogel, are at the periphery and these
forces generated by a cell are about 15%-25% of the sub-
strate modulus.

Inert hydrogels, such as PEG, functionalized with adhe-
sive motifs allow the investigation of adhesion on combined
platforms for 3D culture and ligand concentrations. By using
different elastic moduli for collagen-coated gels at varying
concentration, Engler ef al. (2004) investigated cell spread-
ing and cytoskeletal organization in smooth muscle cells.
Cells spreading on soft gels are unresponsive to collagen
density, leading to the conclusion that cytoskeletal contrac-
tility plays a dominant role during cell spreading, while the
regulation of adhesion by adhesive ligand concentrations is
crucial for the reinforcement of the spreading process.
Higher cell survival in PEG gels has been shown in the pres-
ence of RGD peptides, if presented with the proper confor-
mation and spacer arm length (Salinas and Anseth, 2008).

To further introduce surface topographies onto these soft
materials, micropattern transfer techniques based on photo-
lithography have been recently employed; as such, both pep-
tide functionalization and patterning strategies can be com-
bined (Segura et al., 2005). The use of BCN transferred on
PEG hydrogels has been successfully used to generate nano-
patterns with flexible design and high precision of the pattern
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(Graeter et al., 2007). The gold nanoparticles embedded in
the gel can be functionalized with adhesive peptides to
couple ligand densities and spacing at the nanometer length
with varying substrate stiffness. From these studies, it can be
evinced that responses to physical cues of the ECM act syn-
ergistically with chemical factors, and only the combination
of both physical and chemical aspects of the cell microenvi-
ronment strongly affects cellular responses [Figs. 5(b)-5(g)].

CONCLUSION

The preparation of biointerfaces reached a quality and riches
in molecule presentations to cells and in its surface physical
properties. Identifying the relevant parameters, which regu-
late cell adhesion in vitro, is an essential aspect for mimick-
ing functionality of in vivo scaffolds for cells. Here, we re-
viewed cell micro- and nanopatterning techniques based
on chemically modified surfaces functionalized with adhe-
sive molecules. The use of nanopatterned substrates, pre-
pared by block copolymer nanolithography so far allowed
great progress in the field of cell biology and tissue engineer-
ing. In particular, by using these types of synthetic sub-
strates, it is possible to disentangle quantitatively the contri-
bution of different material parameters to cell responses
down to the level of controlling the clustering of individual
cell transmembrane receptors, such as integrins.

In addition to substrates whose patterns are rigid, sub-
strates have been designed to control the spatial and density
distribution of ECM ligands. As such, they allow one to dif-
ferentiate the global from local density and to determine
whether the proximity of the receptors, rather than the num-
ber of bound receptors, is crucial for cell adhesion and focal
adhesion formation. Substrates decorated with nanoscale
gradients of ECM ligands could in the future represent use-
ful platforms to determine the role of differential spatial
clustering of adhesive receptors during cell adhesion and
migration for screening the extracellular environment. Fi-
nally, dynamic substrates, whose cell adhesiveness can be
changed by varying the compliance, have recently been the
focus of attention because of their ability to guide cell differ-
entiation and function. By combining both physical and
chemical cues such in vitro complex synthetic materials will
allow us to gain fundamental insights into adhesion-
dependent cellular functions and to use these ECM mimics
for therapeutic applications.
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