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Introduction

During the last two decades, researchers
have increasingly focused on the role of
spatial coordination in biological mole-
cules, cells and tissues. Using microscale
tools from materials science, such as
printing of adhesive patterns or fabrication
of reaction chambers, it has been revealed
that the amazing capacity of biological
systems to organize themselves strongly
depends on the way the environment is
spatially structured.1 These insights not
only unveil formerly unknown mecha-
iversity,
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nisms underlying biological functions, but
also permit a more quantitative under-
standing of biological systems, including
e.g. the ability to control cell behaviour by
designing appropriate environments.2

The line of research discussed in this
themed issue was sparked by the devel-
opment of microcontact printing, a
versatile technique to anchor organic
molecules to well-dened regions on a
planar substratum using microfabricated
stamps inked with a solution of the
molecule to be printed.3 This technique
then paved the way to study how cells
respond to spatial distributions of ligand
molecules for cell adhesion. A standard
choice has been to print bronectin onto a
culture dish in a desired spatial arrange-
ment to activate the integrin adhesion
receptors of the cell. In a pioneering study,
it was found that cell survival requires a
sufficient degree of spatial extension,
without which the cells would undergo
programmed cell death.4 Since this early
work, a rapidly growing body of studies
using micropatterned substrates for cell
Celeste M. Nelson, Princeton University,
USA
culture has demonstrated that many
cellular functions depend on the spatial
presentation of ligands, for example cell
division5 and stem cell differentation.6 In
addition to the spatial distribution of
ligands, the mechanical properties of the
environment have also emerged over the
last decade as a critical determinant of cell
behaviour. For example, it has been shown
that stem cell differentiation depends
crucially on substratum stiffness.7 These
insights make it necessary to measure
cellular forces, which again can be ach-
ieved using microfabrication tools. For
example, microfabrication has been used
to generate ducial markers on at elastic
substrata8 and to build arrays of pillars
that function as local force sensors.9 As
illustrated by several contributions to this
themed issue, micropatterning and
microfabrication have become standard
techniques to study a large range of
interesting questions regarding how
single cells interact with their environ-
ment. Due to the quantitative nature of
such an approach, these studies naturally
Pascal Silberzan, Institut Curie,
France
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Fig. 1 Images reproduced by permission of The Royal Society of Chemistry (RSC). Left: kymograph from a computer simulation of the pole-to-
pole oscillations of the protein MinD in a confined geometry from Hoffmann and Schwarz (DOI: 10.1039/C3SM52251B). Middle: cardiomyocytes
on differently shaped adhesive islands on an elastic substratum from Hampe et al. (DOI: 10.1039/C3SM53123F). Right: domains of different
orientations for a layer of fibroblast cells on a cross-shaped adhesive island from Duclos et al. (DOI: 10.1039/C3SM52323C).
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lend themselves to image processing and
mathematical modelling.

Spatial control of biological processes is
not restricted to the cellular level, but also
occurs at the molecular and pluricellular
scales. During tissue development and
regeneration, two essential aspects are cell
migration and cell growth. In a pioneering
study using microcontact printing, it was
shown that the spatial patterns of prolif-
erating cells within a tissue strongly
depend on the tissue's overall shape.10

Using microfabricated barriers to control
the release of cell collectives from
connement and image processing to
track their movement, quantitative anal-
ysis of collective cell migration became
possible.11 For example, by combining this
approach with so elastic substrata for
force measurements, it was recently shown
that mechanical waves occur in expanding
cell monolayers.12

On the molecular level, a line of
research of increasing importance for our
understanding of biological systems is
the reconstitution of biological processes
in biomimetic assays, in which aminimal
number of molecular components reca-
pitulate some essential aspect of the
biological system. For example, it has
recently been shown using microcontact
printing of activators of actin polymeri-
zation that the contraction of the acto-
myosin cytoskeleton can be reconstituted
on a at substrate.13 Another pioneering
study revealed that the spatiotemporal
oscillations of the bacterial Min-proteins
can be reconstituted with only two
proteins interacting with lipid bilayers on
a substrate.14 Later it was shown that
these processes can be reconstituted in
2338 | Soft Matter, 2014, 10, 2337–2340
patterned environments, both for
patches of membrane deposited on gold
patterns on a glass substrate15 and in
microfabricated chambers.16

In summary, the spatial control of
molecules, cells and tissue is a rapidly
developing, exciting and very promising
eld of research at the interface between
materials science, biophysics and biology.
In the following, we will discuss how the
different contributionsof this themed issue
can be placed in this context. We structure
our discussion by the different scales
provided by molecules, cells and tissue.

Molecules

Because of the versatility and exibility
offered by photolithography, substrates
can now be prepared with several different
moieties graed onto the surface. These
molecules can be mixed on the same
pattern or used as pure components in
adjacent patterns. This has been achieved
by a combination of local UV-photo-
destruction and excitation of photo-
cleavable molecules by Biswas et al. (DOI:
10.1039/C3SM53000K). In the future, such
a technology may allow the patterning of
several proteic synergic components at
well-dened positions to more easily
dissect molecular mechanisms. This
approach also demonstrates the substan-
tial progress made in the past few years in
the area of locally controlled surface
treatments.

In cells, by denition a conned envi-
ronment, the precise spatio-temporal
localization of proteins is crucial to
understand their function. A prime
example is the system of the bacterial Min-
Th
proteins interacting with lipidmembranes,
which gives rise to oscillations that strongly
depend on the membrane geometry.15,16

The formation of these dynamic patterns
has now been modelled by Hoffmann and
Schwarz (DOI: 10.1039/C3SM52251B) for
micropatterned environments using
particle-based stochastic computer simu-
lations. The authors showed that two
fundamentally different oscillation
patterns can emerge and stochastically
switch stability if the micropattern is
designed appropriately (Fig. 1 (le)).

Another example for the reconstitution
of the connement typical for cellular
systems is the study of high-density actin
laments in microfabricated chambers
conducted by Alvarado et al. (DOI: 10.1039/
C3SM52421C). In this experimental model,
the behavior of the microlaments can be
examined by carefully tuning various
parameters such as the lament density,
the presence of crosslinkers or the geom-
etry of the connement itself. A nematic
order naturally emerges under these
conditions at high density and, interest-
ingly, the aspect ratio of the boxes is a
control parameter of this nematic order.
Therefore, wall-induced alignment
competes with deformation in the bulk of
these nematic phases. Such assays, both
regarding the geometries and their mode
of analysis, are also well adapted to inves-
tigate the interactions of other components
of the cytoskeleton, such as molecular
motors, with the microlaments.

Cells

Several contributions examine how varying
the geometry of adhesive micropatterns
is journal is © The Royal Society of Chemistry 2014
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affects cell behaviour. Müller et al. (DOI:
10.1039/C3SM52424H) studied the cell
shape and organization of the actin cyto-
skeleton on adhesive stripes of decreasing
width. As is typical for such cell culture,
they observed a system of thick actin
bundles (stress bers) using confocal
uorescence microscopy. In cells on wide
strips, several stress bers were found to
run parallel to the direction of the stripe,
while in cells on stripes of widths below a
critical value of around 15 mm, the orga-
nization switched to two dominant stress
bers running along the edges of the
stripe. A quantitative analysis revealed a
window of bistability between 5 and 20
mm. Strikingly, a similar bistable response
was observed in a mathematical model for
cell shape based on a minimization of the
surface energy. This suggests that the
transition in stress ber organization
corresponds to a change in cell shape from
a spread to a bulged morphology as the
stripe width decreases.

Micropatterns for single cell studies
have not only become a standard tool in
biophysics and cell biology, but they are
also increasingly used in areas such as
biotechnology and systems biology, which
oen require high throughput. In order to
optimize the occupancy level of micro-
patterns for cell arrays, Röttgermann et al.
(DOI: 10.1039/C3SM52419A) conducted a
systematic study of how cells explore arrays
of adhesive square islands. They found
that if the cells are allowed to search the
substratum for adhesive islands for 3–5
hours, they can reach occupancy levels of
40–60%. These results can be explained if
the cells undergo a random walk search
process. In many cases of practical
interest, for example when dealing with
rare cells like stem or tumour cells, this
self-organization approach is an attractive
alternative to the standard procedure of
using a surplus of cells and then washing
most of them away. This strategy also
avoids harsh treatment that might damage
cells or change their behaviour.

This themed issue contains two articles
that use micropatterning techniques to
investigate cellular systems with specic
biological functions, namely platelets or
neurons. Platelets are specialized blood
cells that, upon activation aer injury,
contract the blood clot. Using both topo-
graphically and biochemically structured
This journal is © The Royal Society of Chemistry 2014
surfaces, Sandmann et al. (DOI: 10.1039/
C3SM52636D) mimicked the essential
ingredients of the heterogeneous situation
in a wounded blood vessel. They show that
platelet spreading is very dynamic and
strongly adapts to the environmental cues,
but that the cells always manage to achieve
their maximal spreading area of around 30
mm2. This result is surprising because in
their non-activated state, platelets have a
diameter of only 2–5 mm. This study shows
that micropatterning can be used to study
highly relevant physiological and medical
situations in quantitative detail.

Tomba et al. (DOI: 10.1039/
C3SM52342J) used stripes with variable
widths and lengths and with a central disk
to study the kinetics by which neuronal
extensions (neurites) become an axon. The
authors found that neurites on stripes of
smaller widths performed better because
they had a larger extension velocity and
thus were the rst to reach the critical
length of approximately 40 mm that seems
to be required to become an axon. The
authors developed a mathematical model
for neurite extension that is able to t all
experimental data with the same param-
eter set and that now can be used for the
design of e.g. articial neuronal circuits.

Three contributions to this themed
issue address the role of substratum stiff-
ness and forces in cellular systems. In their
theoretical study, Banerjee et al. (DOI:
10.1039/C3SM52647J) use a continuum
model to predict cell shape and forces for
adhesive patterns on an elastic foundation.
The model combines contractility in the
bulk of the cell (modeled as a negative
pressure in the elastic equations) with
peripheral contractility and bending
rigidity. The model is solved with an
innovative particle-based method and
predicts transitions between convex and
concave cell shapes that might be induced
experimentally by changing the stiffness of
the peripheral region.

In another theoretical study, Nisen-
holz et al. (DOI: 10.1039/C3SM52524D)
examined how cell polarity depends on
cell shape and the stiffness of the
surrounding matrix using the formalism
of polarizable force dipoles in an elastic
continuum. Experimentally, this would
correspond to changes in the magnitude
and direction of traction forces due to a
dynamic response of the actomyosin
system to external cues. Their model
predicts that different cell shapes would
exert maximal force above and below a
critical value in matrix stiffness.

The study by Moussus et al. (DOI:
10.1039/C3SM52318G) addresses a long-
standing issue regarding cellular forces,
namely if the internal stress state of a cell
or a cluster of cells can be inferred from its
traction pattern. Similar to the work of
Banjeree et al., adherent cells are modeled
as thin elastic lms adhering to a planar
substratum. Assuming equal displace-
ments on both sides of the cell–substratum
interface, the stress tensor inside the cell
layer can be directly calculated from the
local displacement eld of the substratum
without the need to explicitly reconstruct
the traction forces. By conning the cells or
clusters to increasingly smaller islands on
the elastic substratum, the authors show
that mechanical stress increases with
connement.

The environment also has a dramatic
effect in the bacterial system of Pseudo-
monas aeruginosa investigated by Deforet
et al. (DOI: 10.1039/C3SM53127A). Mutants
of this bacterium, identied in a previous
study17 as “hyperswarmers”, form colonies
that expend very rapidly at the surface of
gels. In the present study it is shown that
these mutants actually do not individually
swim faster than the wild type strain.
However, the details of their displacements
and in particular their ability to modulate
their changesof directionboth in frequency
and in amplitude are very different. In the
context of swarming, this then leads to a
faster extension of the colony.

Tissue

As with molecules and cells, surface
patterning and connement are also of
large relevance for tissues. In embryonic
development in particular, cells are oen
constrained by their environment in the
form of populations comprising a rela-
tively small number of cells. One particu-
larly important aspect of these systems are
mechanical forces, as they arise naturally
in conned systems and have been shown
to regulate many essential cellular func-
tions including growth, division and
migration. Therefore it is important to
measure traction forces for well-dened
cell clusters, a goal which can be achieved
Soft Matter, 2014, 10, 2337–2340 | 2339
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by the patterning of so elastomeric
substrata. Most studies in this eld use
polyacrylamide substrata. Hampe et al.
(DOI: 10.1039/C3SM53123F) have devel-
oped a novel li-off technology to achieve
micropatterning of silicone rubber
substrata, which have a long shelf life and
different mechanical and optical proper-
ties. They use their method to show that
cardiac myocytes exert larger forces when
working together on appropriately
designed patterns (Fig. 1 (middle)).

Patterning is also important to under-
stand the organization of a large number of
cells. When Duclos et al. (DOI: 10.1039/
C3SM52323C) cultured elongated 3T3
broblasts in non-bounded conditions,
they found that the cells formed juxtaposed
clusters having a well-dened nematic
order (similar to the analysis by Alvarado
et al. for actin laments, but on a very
different scale). However, the presence of
defects trappedby the progressive jamming
of this cell monolayer18 kept them from
attaining a perfect macroscopic order. This
limitation is avoided when cells are grown
in well-dened bands whose width is
smaller than the orientation correlation
length. The versatility of the patterning
techniques allows making more complex
structures, such as crosses where align-
ment in the center results from a competi-
tion between different arms (Fig. 1 (right)).

In vivo, tissue patterning is oen
three-dimensional and therefore a large
effort is underway to extend two-dimen-
sional studies into the third dimension.
One standard model for tissues in three
dimensions is the growth of spheroids in
collagen gels. Rather than patterning the
surrounding collagen gel, MacKay et al.
(DOI: 10.1039/C3SM52265B) have intro-
duced a novel approach to pattern the
spheroid by internal cell activity. The
authors genetically engineered promo-
tors for the cytoskeletal regulator Rac,
such that its activity can be tuned exter-
nally by adding small molecules. In this
way, they are able to control the extent
and timing of cell migration in the
spheroid. When dealing with two
2340 | Soft Matter, 2014, 10, 2337–2340
populations under the control of two
distinct small molecule inducers, the 3D
architecture of these mixed populations
can be controlled by their successive
additions and withdraws, thereby allow-
ing the spatial organization of multiple
cell populations in three dimensions.

Acknowledgements

USS and PS thank the Kavli Institute for
Theoretical Physics (KITP) at Santa Bar-
bara for its hospitality during the Work-
shop on Active Matter. This research was
supported in part by the National Science
Foundation under Grant No. NSF PHY11-
25915 for the workshop program at KITP.
USS is a member of the cluster of excel-
lence CellNetworks at Heidelberg and
acknowledges support by the EU-project
MEHTRICS. CMN holds a Career Award
at the Scientic Interface from the Bur-
roughs Wellcome Fund. PS is a member
of the Labex CelTisPhyBio.

References

1 T. Vignaud, L. Blanchoin andM. Théry,
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