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Cell Shape and Forces in Elastic and Structured
Environments: From Single Cells to Organoids

Rabea Link, Kai Weiflenbruch, Motomu Tanaka, Martin Bastmeyer,*

and Ulrich S. Schwarz*

With the advent of mechanobiology, cell shape and forces have emerged as
essential elements of cell behavior and fate, in addition to biochemical factors
such as growth factors. Cell shape and forces are intrinsically linked to the
physical properties of the environment. Extracellular stiffness guides
migration of single cells and collectives as well as differentiation and
developmental processes. In confined environments, cell division patterns are
altered, cell death or extrusion might be initiated, and other modes of cell
migration become possible. Tools from materials science such as adhesive
micropatterning of soft elastic substrates or direct laser writing of 3D
scaffolds have been established to control and quantify cell shape and forces
in structured environments. Herein, a review is given on recent experimental
and modeling advances in this field, which currently moves from single cells
to cell collectives and tissue. A very exciting avenue is the combination of
organoids with structured environments, because this will allow one to
achieve organotypic function in a controlled setting well suited for long-term
and high-throughput culture.

1. Introduction

hormones, and cytokines has been appreci-
ated from the very start of cell culture ex-
periments, the insight that spatial control
of cell adhesion, the physical properties of
the extracellular matrix as well as the me-
chanics of the cytoskeleton and the nucleus
might be equally important for cellular deci-
sion making are rather recent insights. Not
surprisingly, it was tied to the development
of new tools that allowed researchers to
control the extracellular environment. This
development started by transferring tools
from the microfabrication of electronic de-
vices into the life sciences, most notably
microcontact printing to generate adhesive
islands to control cell adhesion to planar
substrates.[?! Pioneering work showed that
cell fate can be controlled by the size of
the adhesive islands: cells only survived on
large islands and triggered apoptosis on
small ones.l] Later it was discovered that
this switch is related to the translation of
the transcription factor YAP/TAZ into the
nucleus in mechanically stressed cells.l

Apart from geometry, extracellular stiffness has been found

During the last decades, cell mechanics, forces, and shape have
emerged as important elements of the way biological cells in-
teract with their environment.I'! While the importance of con-
trol of cells through biochemical ligands such as growth factors,

to be a major regulator of cell behavior, and again this insight
was tight to advances in materials preparation. Soft elastic sub-
strates were introduced into cell culture mainly to measure cell
forces from their deformations.>¢] However, it was then realized
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that substrate stiffness has a profound influence on single cell
organization and migration'’! as well as on differentiation.®*]
Like on large islands, cells on stiffer substrates spread better, and
YAP/TAZ is translocated into the nucleus.[*1%] It was also shown
that extracellular stiffness affects the migration of cell collectives,
which often behave as an effective supracell that can sense more
shallow stiffness gradients than single cells.'! Together, these
historical developments prove that tools from materials science
can be instrumental for promoting progress in the life sciences.
In particular, they open the door for novel biomedical applica-
tions and therapies like analysis of patient samples and tissue
regeneration in the test tube.

Since its inception around three decades ago, the field of
mechanobiology has seen dramatic growth, with many new tools
and model systems entering the field. Most importantly, we have
seen a shift from single cell studies to work with cell collectives,
cell monolayers, 3D model tissue, and organoids.!>1%] As the
field moved from 2D to 3D, imaging and force measurements
became more challenging, but were met by new technologies.
To image 3D cell assemblies, light sheet and two-photon micro-
scopies have been helpful.'’-1° Today forces can be measured in
situ by inserting oil droplets!?! or elastic microbeads(?!! into tis-
sue. Optogenetics can be used to control cell forces in space and
time.[??] Direct laser writing of 3D scaffolds has been adapted to
cell culture conditions and used to control cell shape and forces
in 3D.[2324 More recently, microfabrication has been used to con-
trol the organization of organotypic systems(?°! and organoids in
3D.[6] Here we will review these recent advances. In addition,
we will discuss how they can be used to develop and parametrize
mathematical models, which in the future are expected to be-
come more predictive regarding optimal design.[?’) We will start
by discussing single cells in Section 2, then proceed to cell collec-
tives and monolayers in Section 3, and finally discuss organoids
and organotypic cultures in Section 4. We will conclude with a
summary and outlook in Section 5.

2. Single Cells

Single cells are the fundamental building blocks of life. While
there is an enormous diversity in animal species and their cell
types, the cytoskeleton, which is determining its mechanics and
shape, is strikingly universal. It is primarily made up of three
different filament systems: actin filaments, which together with
the molecular motor myosin II are responsible for contractility
and motility; microtubules, which are important for positioning
of organelles and directed transport processes within the cell;
and intermediate filaments, which reinforce and complement
the mechanics provided by actin and microtubules, especially in
epithelial monolayers, which have to perform under very large
strains.[?8] While each filament system is well-investigated by it-
self, the interplay between them is the topic of much on-going
research.[??l Very importantly, cell mechanics are also strongly
determined by the mechanics of the nucleus, which is typically
ten times stiffer than the cytoplasm and tightly integrated with
the cytoskeleton through the LINC-complexes.3%! It has been ar-
gued earlier that cells have to use their cytoskeleton to sense
and calibrate mechanical cues from their environment,*" and to-
day the nucleus should be added as an additional measurement
devise.[3233]
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With the help of rationally designed cell environments, the
exact impact of physical cues, such as substrate geometry and
stiffness, on cell organization, mechanics, behavior, and fate can
be investigated. The best-understood subsystem is cell adhesion
to the extracellular matrix.** Transmembrane proteins from the
integrin-family located on the cell surface enable cells to ad-
here to extracellular matrix proteins such as fibronectin or col-
lagen. Through a large number of adaptor proteins, the inte-
grins are mechanically connected to the actin cytoskeleton.!*!
Using the myosin II molecular motors, the actin cytoskeleton of
the adhered cell contracts, therefore pulling on its environment
to test substrate stiffness,?”] adhesive areas,l’! geometry, 3!
and curvature.®% The signaling pathway from local force sens-
ing to global cell changes is not yet fully understood, but it is
clear that large-scale structures such as stress fibers and the nu-
cleus play an important role as integrative elements. Cell-level
effects have been observed for different cell types and on dif-
ferent lengths and time scales: the mechanical microenviron-
ment can lead to polarization via symmetry breaking,[*"] remod-
eling of the cytoskeleton,[*1=*] traction force distribution,** and
durotaxis.[364]

2.1. Effect of Extracellular Stiffness on Single Cells

While traditional cell culture works with stiff glass or polystyrene
substrates, during the last decades soft elastic substrates have
been established to expose single cells to physiological stiffness
values or even to stiffness gradients.[*] An appropriate choice is
hydrogels, which are hydrophilic polymer networks that are able
to absorb large amounts of water, which gives them mechanical
and chemical properties similar to the natural cell environment.
Hydrogels can be manufactured to have elasticities similar to
physiological tissue.l*’] Due to their high water content, nutrients
and other soluble factors can be transported to and away from the
cell.*8] The large amount of water in hydrogels leads to optical
clarity, which thus allows for microscopy through the hydrogel.
Hydrogels are often produced from synthetic polymers because
naturally derived hydrogels have high variability in their physical
and chemical parameters. However, while the global properties of
synthetic hydrogels can be measured and engineered with high
precision, the local microenvironment of the single cell inside
both naturally derived and synthetic hydrogels is not necessarily
reproducible.[***% Hydrogels also lead to water flow under cell
traction, which makes quantitative analysis challenging in cer-
tain situations.[>! Because cells locally exert nN-forces onto their
environment through pm-sized focal adhesions, one needs elas-
tic substrates with a Young modulus ~ nN pm~2 = kPa to mea-
sure these forces.[’?) For the widely used polyacrylamide (PAA)
system, different combinations of monomer and crosslinker con-
centrations can achieve such values.>*** In order to avoid water
flow through hydrogels and also to achieve more optical contrast
at the substrate-medium interface, for example to perform re-
flection interference contrast microscopy,!*>! one can use elastic
substrates made from the rubber material polydimethylsiloxane
(PDMS). However, it is notoriously difficult to achieve stiffness in
the sub-kPa for PDMS, because here the material becomes very
sticky and viscous. Therefore, different formulations with longer
polymer chains have been developed.*¢]
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Early work in this field used mainly PAA and revealed that fo-
cal adhesions and stress fibers develop well only on stiffer sub-
strates, with the crossover typically at a few kPa.l”l It was then
found that substrate stiffness also affects cell differentiation.!®>7]
Later, the nuclear translocation of YAP/TAZ has been revealed as
the underlying molecular mechanism.[*1%1 When working with
elastic substrates, it is important to keep in mind that different
bulk elasticities typically correspond to different surface proper-
ties, such as roughness and porosity, thus potentially convoluting
global and local properties. However, it has been shown experi-
mentally that cells respond mainly to the bulk properties of the
elastic substrates,*®] validating the notion that they gain informa-
tion by performing an elastic test on their environment.

2.2. Single Cells in 2D Structured Environments

While the advent of mechanobiology was strongly fostered by the
insight that soft elastic substrates can have a dramatic effect on
cell behavior and fate, the same holds true for geometrical and to-
pographical cues. The effect of structured environments on sin-
gle cell behavior was first studied in 2D culture for single cells
using adhesive micropatterning.’! The main advantage of this
method is that it produces precisely reproducible mechanical en-
vironments and therefore allows for experiments that lead to sta-
tistically relevant results. Adhesive micropatterns initially were
produced by microcontact printing, but today are often generated
with photolithography or laser-based methods.’! The biggest
challenge of these approaches is not necessarily to functionalize
the materials with adhesion molecules, but rather to find mate-
rials with anti-fouling properties that reliably passivate the non-
adhesive regions. Frequently used repulsive molecules comprise
BSA, Pluronic, and PLL-PEG. Moreover, gold-thiol-based chem-
istry can be used to fabricate patterned self-assembled mono-
layers with distinct hydrophilic and hydrophobic areas on gold-
coated coverslips.l®] However, the necessary gold coating re-
stricts these methods to glass coverslips.

A zoo of interesting shapes has been established that today al-
lows us to investigate important biological questions with high
resolution, like V-shapes for cell spreading, crossbows for polar-
ized cells, and H-patterns for cell doublets. Because cells have
only a limited amount of cytoskeletal and membrane material
available, the size of these patterns must be adapted to the cell
type under consideration. Once these reservoirs are exhausted,
the cells run into the danger of, for example, rupturing its own
membranes.[6!]

A prime example of the power of 2D adhesive substrates is the
study of stress fibers, which are contractile actin bundles formed
by many animal cell types. As an example, Figure 1a,a’ shows a
cell on an adhesive cross pattern, where the stress fibers form
as invaginations at the positions where the cell has to bridge
over non-adhesive areas. This experiment reinforces the early in-
sight that micropatterns can be used to control the exact posi-
tion of stress fibers.[*}] By varying the shape of the adhesive ar-
eas, the authors showed that stress fibers grow predominantly
along non-adhesive edges and that the strength of stress fibers
depends on the distance between adhesive sites and the num-
ber of stress fibers in the cell. Furthermore, they were able to
observe the spreading of a single cell on the micropattern, which
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revealed an approximately linear increase of the curvature radius
over time. In the absence of stress fibers, cell shape invagination
along non-adhesive edges is increased, showing that actin stress
fibers counteract the contracting cell cortex and tend to pull the
boundary straight.

Stress fiber growth, organization, and force transmission is
still a very active area of research, but today focuses more on the
underlying mechanisms. It has been known for many years that
stress fibers are formed by merging small actin bundles moving
through the cytoplasm,[®?] thus the formation of the stress fiber
network in single cells is a complex process and difficult to pre-
dict. Micropatterns were used to provide reproducible environ-
ments for cells to spread, which allowed the prediction of stress
fiber networks of cells on micropatterns from the cell spreading
history.[®3] To better understand stress fiber self-organization in
stationary cells, Jalal and colleagues plated fibroblasts on circu-
lar micropatterns, see Figure 1b,b’. Using live cell imaging, they
observed transitions between circular, radial, and linear orienta-
tions and show that they depend on molecular players such as
non-muscle myosin II and a-actinin.[®+¢]

Micropatterns are often used to observe cell polarization and
migration under reproducible conditions. In the “world cell
race”, over 50 cell types were placed on fibronectin-coated tracks,
see Figure 1c,c’, and their polarization, speed, and persistence
were evaluated, revealing a universal correlation between speed
and persistence.l®®] By gradually increasing the density of ad-
hesive sites, see Figure 1d,d’, Autenrieth and colleagues showed
that the well-known process of haptotaxis, where fibroblast cells
move in the direction of the highest ECM protein concentration,
holds true for discrete adhesive sites as well.l’% Briickner and col-
leagues used a two-state micropattern, see Figure le,e’, to show
that the motion of a single cell through a constriction has both de-
terministic and stochastic contributions.[®”] While wildtype cells
were crossed by stochastic transitions between two stable states,
cancer cells were deterministically driven over the bridges in an
oscillatory manner.

To measure cell forces in micropatterning experiments,
one can combine planar soft elastic substrates with adhesive
micropatterning.l’?72] From the deformations of the elastic sub-
strate, the cellular forces are calculated using the deforma-
tion of the micropatterns themselves or standard traction force
microscopy.”?! In traction force microscopy (TEFM), the displace-
ment field of beads in the elastic substrate is used to calculate
traction forces, usually by solving the inverse problem of elastic-
ity theory. Length measurements of the deformed micropatterns
can be performed in a high-throughput manner, but the depen-
dence between force and length change depends on the geometry
of the micropattern and must be calibrated with standard traction
force experiments.[’?] Micropatterns can also be used to control
the actin cytoskeleton network, specifically the growth of stress
fibers, allowing for reproducible settings and the measurement
of traction forces after photoablation of stress fibers.[”*]

Another method to measure cellular forces in well-controlled
elastic environments are micropillar arrays, see Figure 1ff.
These are uniformly distributed cantilevers of equal size typi-
cally made of polymer material such as PDMS and can be used
as a rationally designed mechanical environment in single cell
experiments.l*>”>l Compared to micropatterns, cells subjected
to micropillar environment have larger variations in cell shape.
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Figure 1. 2D environments for single cell experiments. a,a’) Schematics (a) of a single cell on a cross pattern with nucleus (blue) and stress fibers (red),
experimental image (a’) stained for actin (green), nucleus (blue), and fibronectin (magenta). b,b’) Schematics (b) and experimental image (b’) of a single
cell on a circular micropattern with different types of stress fibers. ¢,c’) Schematics (c) and experimental images (c’) of a human skin fibroblast (top row),
human mesenchymal stem cell (second row), human malignant melanoma (third row), and murine fibroblast (bottom row) on fibronectin tracks. d,d’)
Schematics (d) and experimental images (d’) of a single fibroblast cell on a substrate with discrete fibronectin sites of varying density. e,e’) Schematics
(e) and experimental images (€’) of a single cell on a two-state pattern. f,f') Schematics (f) and experimental image (f) of a single cell on micropillars.
Figure 1b”: Reproduced with permission.!%4] Copyright 2019, The Company of Biologists. Figure 1c’: Reproduced with permission.[¢] Copyright 2012,
Elsevier. Figure 1e’: Reproduced with permission.[®’] Copyright 2019, Springer Nature. Figure 1f: Reproduced with permission,[%] Copyright 2003,
National Academy of Sciences, U.S.A.

A major disadvantage is that the topography leads to cell pro- Cellular force generation can also be artificially altered by
cesses being sent into the space between the pillars. This can be  interfering genetically, chemically, or optically with the cell
avoided by passivating the pillar sides. Traction forces can be cal-  cytoskeleton.[”®] One of the most exciting developments in this
culated from Euler-Bernoulli beam theory with corrections re-  field is non-neuronal optogenetics. Here cells are genetically
sulting from substrate warping.l’%7] modified to make specific proteins light-sensitive, which can then
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Figure 2. Models to describe cells in environments in 2D. a,a’) Schematics of the contour model which predicts the radii of invaginated arcs from
surface tension o and line tension A. b,b’) Schematics (b) and image of a simulation (b’) of a 2D network model. ¢,c’) Schematics (c) and image of a
simulation (c’) of a 2D phase field model. d,d’) Schematics (d) and image of a simulation (d’) of a 2D cellular Potts model. Figure 2d’: Reproduced with

permission.l?'l Copyright 2014, Elsevier.

be targeted by light to, for example, contract actomyosin with a
high spaciotemporal precision.[””! Optogenetics as a tool to ma-
nipulate the cell cytoskeleton was first used to control cell migra-
tion of HeLa-cells by photoactivating Rac1.8% The design of op-
togenetic switches has proven a challenging task due to the com-
plex feedback loops used by cells to control their cytoskeleton. An
interesting approach is to combine optogenetics with adhesive
micropatterning. For example, de Beco and colleagues investi-
gated the gradient formation of Racl and Cdc42 during cell mi-
gration for single cells on circular micropatterns with optogenetic
activation.l®!] Recently optogenetics has been used to revert cell
migration in 1D situations.[#283] Optogenetics has also been com-
bined with traction force microscopy to show that cell forces can
be switched on and off by light.[??84] A recent combination with
adhesive micropatterning revealed that cell size and actin archi-
tecture determine the dynamical response to such activation.[®’]

In addition to adhesive cues, cell behavior also depends on
the curvature of the microenvironment, a process called “cur-
votaxis”. With initial observations that chicken heart fibroblasts
on glass bars align along the minimal curvature line,®% it was
later found by Pieuchot and colleagues that both fibroblasts and
mesenchymal stem cells use their nucleus to measure the lo-
cal curvature and migrate toward concave valleys.!¥”] Werner and
colleagues used stereolithography to manufacture concave and
convex hemispheres for cells to adhere to.[#8] Mesenchymal stem
cells increase their migration speed in concave environments,
whereas cells in convex environments experience higher forces
on their nucleus, which influences cell differentiation. For a de-
tailed review on curvotaxis we refer to the work of Callens and
colleagues.l*!

2.3. Modeling Single Cells in 2D Structured Environments
The shape and forces of single cells have been modeled in two

dimensions with a variety of different methods, including static
contour models, network models, and continuum models as well
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as dynamic models such as phase field models and the cellular
Potts model.[278%:0]

Contour models describe the static boundaries of a sessile cell
based on the idea that non-motile cells on substrates are effec-
tively 2D and span their contours between focal adhesions, see
Figure 2a,a’. They are strongly motivated by experiments with
cells in structured environments, which often show strong geo-
metrical features, compare Figure 1a. The simplest approach is to
assume a constant surface tension ¢, due to the contracting acto-
myosin cortex, and a constant line tension 4, arising from actin
stress fibers lining the periphery and counteracting the cortical
tension. The surface tension acts in the normal direction of the
cell boundary, while the line tension is parallel to the boundary.
A force balance then leads to a Laplace law R = /o describing
the radius of invaginated arcs between adhesive points.®?! This
simple argument suggests a constant invagination radius. Exper-
imentally, a linear relation between radius and spanning distance
of invaginated arcs was found. This can be explained with the
introduction of an additional elastic line tension!**! or with a dy-
namical version of the interplay between tension and elasticity.>*]
Recently, elliptical arcs have been described for the case when the
stress fibers do not line the periphery, but pull toward the cell
body.l”! Contour models can often be solved analytically and the
dependance of input parameters on the solution as well as their
biological meaning follow directly from the model. For example,
they have been used to predict cell forces from shape.l”?] How-
ever, they have been devised mainly to describe cell shape on 2D
adhesive micropatterns and cannot be easily generalized to dif-
ferent situations. Moreover, they use phenomenological effective
model parameters such as surface and line tensions.

Network models describe cells as a 2D network of cables,
thereby replacing the coarse-grained surface tension in con-
tour models with a more detailed model that is directly moti-
vated by the key physical properties of the actin cytoskeleton,
see Figure 2b,b’. Actively contractile cable networks under iso-
metric tension reproduce the experimentally observed invagi-
nated arcs, independent of the architecture of the cable network,
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revealing a fundamental and unconventional property of the con-
tractile actin cytoskeleton.[* Therefore network models allow for
the modeling of experimentally more complex situations, such
as cells on micropatterns that are contracting due to optogenetic
activation.[??] Recently cable networks have been used to describe
the effect of laser cutting stress fibers that are strongly connected
to the actomyosin cortex.!”*]

Following more traditional approaches from continuum me-
chanics, cells in 2D can also be modeled as homogeneous 2D
elastic sheets under tension.!®>7:%] They assume the existence of
intracellular stress and strain tensors, which are related linearly
Dby a stiffness tensor. An additional active stress is introduced to
describe the actomyosin contractile network, similar to active gel
theory.””! The adhesion to the substrate is either modeled with a
fixed boundary condition or with elastic springs (elastic founda-
tion) representing sites of adhesion to compliant material. Finite
element simulations can then be used to predict traction forces
and stress distribution inside the cell.'%! Continuum models are
helpful to understand how processes at the boundaries propagate
into cells and to predict cell forces on the scale of the whole cell.

In many situations of interest, a more dynamical description
is desired than provided by continuum mechanics models, espe-
cially in the case of large deformations or even topology changes.
Phase field models!'®012] yse an energy-based description, in
contrast to the previous models, which are force-based. Energy-
based models are better suited to describe and predict dynam-
ics, but make it difficult to predict forces. In phase field models,
an auxiliary field is used to represent the boundary of a cell, see
Figure 2¢,c’. Single cell migration can then be modeled through
an energy functional with an additional polarization vector or ve-
locity field to model cell motility.[101:103]

A computationally very efficient alternative to phase field mod-
els is the cellular Potts model (CPM), which was initially de-
vised to model cell collectives.'%*1%7] Like phase field models,
the CPM is an energy-based description of cells on a lattice, see
Figure 2d,d’. A generalized cell represents a biological cell, a sub-
cellular compartment, the surrounding medium, or other physi-
cal entities and can span over more than one pixel on the lattice.
For 2D systems, the Hamiltonian typically consists of an elas-
tic area constraint and interaction energies between neighboring
pixels that belong to different generalized cells.'%! In the context
of cells on micropatterns, an alternative approach is the use of
energy terms of area and line tension, combined with an energy
gain for the occupation of predefined adhesive sites.*"1%] Then
area is not determined by the area constraint, but by the size of
the adhesive area, reflecting the fact that cells in 2D can gener-
ate area by material transfer from 3D to 2D. In any version of
the CPM, a modified Metropolis algorithm is used to find the en-
ergy minimum, making this approach essentially a Monte Carlo
simulation. This is a very versatile framework that can be applied
to model complex systems, however, some parameters used in
cellular Potts type simulations do not have a direct biological in-
terpretation.

2.4. Single Cells in 3D Structured Environments
In vivo, cells live in a 3D environment, and the difference be-

tween a 2D and a 3D environment can be sensed by cells.!110111]
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Traditionally, the majority of single cell experiments were per-
formed on stiff glass or plastic substrates, and the shift to include
the 3D mechanical environment in the design of cell experiments
only started in the 2000s.['"2] The shift from 2D to 3D environ-
ments was made possible due to advances in materials science
and imaging, however, identifying the relevant mechanical fac-
tors in the local cell environment is more challenging than in
2D.1131 Cells in 2D versus 3D environments show differences not
only in internal organization and morphology,!'1%114] but also in
cell migration,!'® adhesion,!'®! and mechanotransduction.!*”]
There are many approaches to investigate cell fate and behavior
in 3D environments, including the use of 3D hydrogels!*¢18] or
3D-printed microfluidic devices.[!]

Cells in 3D hydrogels, in particular the physiologically most
important case of collagen gels, interact with their surroundings
in a more distributed manner than in 2D, see Figure 3a,a’, and
this difference influences cellular mechanosensing, migration,
and growth.!'?%] As seen in Figure 3a, cell shapes in 3D collagen
gels also show the invaginated arcs found for cells on adhesive
micropatterns (compare Figures la and 2a), because the same
competition between cortical surface tension and line tension in
the contour is at play in 3D as in 2D.°*!21] Similar to 2D trac-
tion force microscopy, beads can be placed in the hydrogel to
measure the displacement and use it to calculate the forces ex-
erted by the cell, but the technical challenges are much larger in
3D than in 2D, due to the required 3D imaging and the com-
plicated mechanical properties of the 3D gels, which necessar-
ily have to be porous to allow for nutrient supply.'??l A differ-
ent approach to using hydrogels to observe cellular force sens-
ing is to spatiotemporally change the hydrogel stiffness with
light and to observe cellular reactions to stiffness changes.['?]
Some 3D hydrogels, for example alginate, can also be manu-
factured with 3D printing, allowing for printed microvascular
environments.['2#12] Micro-and nano-contact printing can also
be used in combination with some hydrogels such as PAA. Tab-
danov and colleagues!'?%] contact printed nano lines onto PAA hy-
drogels and showed that both actin and microtubule network ar-
chitecture differed between in-groove and on-ridge regions. Sim-
ilar scaffolds have been used as a platform to improve T cell mi-
gration in 3D, by both pharmacologically and genetically manip-
ulating the microtubule-contractility axis.[?’]

Cells need space and nutrients to survive in 3D environments,
and rather than using the porosity of the 3D matrix, one can gen-
erate compartments for cell culture within the matrix. Minc and
colleagues placed single sea urchin eggs into PDMS microfabri-
cated chambers and observed the cell division axis relative to the
shape of the chamber, see Figure 3b,b".[128! In general, eggs from
marine organisms are a very useful model system because they
interact little with their environment and are very large, thus pro-
viding good imaging conditions. The cavities with different ge-
ometries have the same volume as the eggs, which are forced into
a given cavity geometry with a coverslip, see Figure 3b. This study
showed that the microtubule cytoskeleton positions the nucleus
at the center and the division axis can be predicted by minimizing
the microtubule force and torque in the cell.'?®] Actin polymer-
ization, the formation of focal adhesions, and actomyosin con-
tractility is also affected by geometrical constraints. Bao and col-
leagues controlled the size and shape of human mesenchymal
stem cells in different 3D cavity geometries and sizes and showed
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Figure 3. 3D environments for single cell experiments. a,a’) Schematics (a) of single cells in hydrogel and experimental image (a’) of a single cell in
3D collagen. b,b’) Schematics (b) and experimental images (b’) of sea urchin eggs in microfabricated chambers. c,c’) Schematics (c) and experimental
images (c') of single cells in nanonet structures. d,d’) Schematics (d) and experimental images (d') of a dendritic cell in a channel with varying pore
sizes. e,e’) Schematics (e) and experimental image (e’) of a single cell in a structure manufactured with direct laser writing. f,f) Schematics (f) and
experimental image (f) of a single cell in a 3D microscaffold with a reversible host-guest system that can dynamically move the plates. Figure 3b’:
Reproduced with permission.l'28] Copyright 2011, Elsevier. Figure 3c’: Reproduced with permission.['2°] 2016, Elsevier. Figure 3d’: Reproduced with

permission.[33] Copyright 2019, Springer Nature.

that stress fiber density and distribution depend on both cell vol-
ume and shape.['30]

A versatile method to mimic the mesh-like structure of
the 3D extracellular matrix (ECM) is electrospinning of poly-
mer/protein nanofibers.['3!] To date, nanofibers based on silk
proteins,[132133] collagen,!3*1%] and gelatin/***! have been used
for various applications, including wound healing and tis-
sue engineering.['¥713] Although naturally occurring protein
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nanofibers do not need any additional crosslinkers, the Young’s
modulus of polymer/protein nanofibers can be controlled ei-
ther by adding bifunctional crosslinkers™” or by modifying
the side chains by photocrosslinkers.['*!} Inspired by biologi-
cal systems, crosslinker-free nanofiber materials have also been
designed.["*213] 1t is well established that the elasticity (Young’s
modulus) of fibrous ECM is dynamically modulated during dis-
eases and development. To model dynamic changes in fiber
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elasticity accompanied with ECM remodeling, Hayashi and col-
leagues developed a gelatin-based nanofiber system that can
modulate the Young’s modulus by using reversible host-guest
crosslinkers.['*] Methods to fabricate 2D meshes can also be
used to manufacture 3D structures, for example, by combining
electrospinning with 3D printing!'*! or by placing the syringe on
a freely moveable platform.[1“] 3D scaffolds produced with elec-
trospinning are used to increase cell growth and viability for tis-
sue engineering applications.!!3!] Nain and colleagues advanced
the electrospinning method to enable a precise manufacturing
of micro- or nanofiber thickness and position with the spinneret-
based tunable engineered parameters (STEP) technique, see
Figure 3c,c’.'*] Scaffolds produced with the STEP technique are
called nanonets and can be used to measure mechanical forces
and test the single cell response to external forces.'??) When cells
are seeded on the fibrous scaffold, they test their environment by
pulling on the fibers. Again, one nicely sees the invaginated arc
morphology resulting from the interplay of the different types of
tension. From the displacement of the fibers, one can then calcu-
late the forces exerted by the cell. With the use of a micropipette
puller, one can also pull on a nanofiber that the cell is attached
to and measure the adhesion forces of the cell.['?] By changing
the spacing between fibers within a scaffold, Jana and colleagues
recently showed that the morphology and migration behavior of
single cells strongly depends on fiber density.*®! Cells on dense
networks are elongated and have longer persistence lengths than
on intermediate and wide networks.

3D structured environments can also be used to study cell mi-
gration in more physiological environments. Renkawitz and col-
leagues engineered a channel system to guide amoeboid cells,
specifically dendritic cells, to a decision point, from which pores
with width between 2 and 5 pm pan out,*¥] see Figure 3d,d".
Amoeboid cells typically migrate with the microtubule organiz-
ing center (MTOC) behind the nucleus, while mesenchymal cells
usually have the MTOC and the Golgi apparatus in front of the
nucleus. They demonstrated that the nucleus of dendritic cells
in the channel is drastically deformed and protrudes into sev-
eral pores before the cell proceeds into one of them. Decoupling
the decision point from the constriction of the pore leads to a
loss of pore-size preference, showing that the cells use their nu-
cleus to measure the pore sizes. This explains why it is useful for
amoeboid cells to migrate nucleus-first: it allows for a fast prob-
ing of the environment and a quick decision making.*¥ Using
3D nanofiber-based matrix with different degrees of crosslinks
and tunable porosities, Huang and colleagues demonstrated that
cancer cells invasively migrate into nanofiber stacks, while non-
tumorigenic cells do not.'*]

Traditional micropatterning requires the use of masks and
is very time-consuming. This promises to be revolutionized
by 3D additive manufacturing methods. The use of scaffolds
manufactured with direct laser writing (3D nanoprinting), see
Figure 3e,e’, has the great advantages of allowing for rationally
designed 3D environments as well as a high reproducibility.1!")
In 3D nanoprinting, a femtosecond-pulsed laser beam is used to
excite photopolymerizable resists. Given the pulsed nature of the
laser beam, two-photon polymerization is achieved, allowing to
precisely polymerize material only in the focal voxel of the laser.
By moving the laser focus along predefined trajectories, complex
3D structures with nano-resolution can be fabricated. With the
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use of two different polymers, selected parts of the printed struc-
tures can be made adhesive, which gives additional possibilities
for the scaffold design.[?312!]

Similar to nanonets, structures manufactured with 3D
nanoprinting can be used to measure forces of single cells po-
sitioned on beam-type structures. Klein and colleagues used
chicken primary cardiomyocytes, which start contracting after 1-
2 days after seeding onto the structure.['! The deformations of
the 3D printed beams were measured and used to calculate the
forces exerted by the cells. 3D structures fabricated with direct
laser writing were also used to compare the volume of nuclei
and cells in 2D and 3D environments.['?] Fibroblast-like cells
have a larger volume and nuclei in 3D compared to 2D environ-
ments, while there was no significant difference for epithelial-
like cells. With the use of different photoresists, structures were
deformable or non-deformable for cells. The soft and stiff 3D en-
vironment did not change the cell volume significantly.!>?]

3D structured environments fabricated with 3D nanoprint-
ing improved cardiomyocyte derivation from pluripotent stem
cells.l') 3D rectangular and hexagonal scaffolds were used to
both constrain single stem cells geometrically and as contact
points for cell attachment. The rectangular shape led to paral-
lel alignment of myofibrils and an improved Ca?* reuptake./'>3]
3D nanoprinting is also suitable to manufacture systematically
varying sizes and shapes of so-called 2.5D microwells, which
are open on the top side to allow cells to spread inside the
chamber. By changing only a few parameters such as size and
shape, the effects of these parameters on single cells can be
observed in experiments. These structures were used to inves-
tigate the mechanotransduction via the yes-associated protein
(YAP) in mouse embryonic stem cells.['>*] While the cell division
rate increases for increasing adhesive area on 2D substrates, it
decreases with increasing well size in 2.5D.["**] More recently,
Hippler and colleagues introduced a stimuli-responsive host-
guest system, see Figure 3f,f, to measure cellular forces dur-
ing cell stretching using structures fabricated with direct laser
writing,['°] see Figure 3f. With this host-guest system, cells can
be stretched in a well-defined temporal and special manner. An
advantage of this technique is that cells can be chemically fixed
at any point during the experiment, allowing for a comparison of
the actin cytoskeleton during and after stretching.['>]

2.5. Modeling Single Cells in 3D Environments

In addition to new experimental methods, 3D computer sim-
ulations have increasingly helped to deepen our understand-
ing of single cell mechanobiology in structured environments.
Many previously described 2D simulation methods can be ex-
tended to three dimensions. For example, the shape of sin-
gle cells 3D-printed scaffolds was described with a network
model of active cables by Brand and colleagues, see Figure
4a,2’.'21] The total energy is minimized numerically for a
shape connecting the given adhesion platforms. They reported
good agreement between the experimentally observed shape
of a NIH 3T3 fibroblast and found the same curvature ra-
dius to spanning distance dependence as in the 2D con-
tour model, although no explicit line tension was included.
This suggests that the stress fibers lining the invaginations
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Figure 4. 3D models to describe single cells in environments. a),

Confinement in channel

Curvature effects

) Schematics (

) and image from the network model simulation (a’) of a single cell

in a 3D structure. b,b’) Schematics (b) and image (b’) of a 3D phase field S|mu|at|on c,c’) Schematics (c) and image (c’) of a single cell in a 3D cellular
Potts model simulation. Figure 4a’: Reproduced with permission.['2l Copyright 2017, Elsevier. Figure 4b’: Reproduced with permission.['¢] Copyright

2019, Springer Nature.

in 2D are condensed versions of the actin cortex which is fold-
ing back onto itself in 3D.

Continuum models can be extended to three dimensions as
well and are often implemented with the finite element method
(FEM).["7] Stiffness and viscosity of single cells or subcellu-
lar compartments can be measured and directly used as pa-
rameters in the simulations. Finite element models such as
Cytopedel'®] have been used to describe crawling fibroblast and
keratocyte motility.['°! In addition to cell migration, 3D finite
element modeling can be used to predict cellular responses
of nanoindentation'® and to calculate the force distributions
within cells.['61162] The open-source software Virtual Cell uses fi-
nite volume solvers to describe actin polymerization inside a 3D
cell with a predefined geometry.'®] Cytosim is an open-source
software that can describe the mechanics of cytoskeletal networks
using Brownian dynamics of fibers and motors.l'%l More coarse-
grained models describe the formation of pseudopodia of a 3D
cell on a 2D substrate with a finite element model('%¥1%] or as an
active nematic droplet.[1%]

Winkler and colleagues described single cells in 3D mechan-
ical environments with an extended phase field model, see
Figure 4b,b’.[1>%] Both the cell and the mechanical environment
are described with a scalar 3D field, while the actin inside the cell
field is described with a vector field. The actin distribution inside
the cell is modeled via a source term modeling actin polymer-
ization close to the boundary, a sink term, and a diffusive term.
Symmetry-breaking leads to front-read polarity and cell move-
ment. This method predicts cell shape, velocity, and alignment
on arbitrarily shaped substrates.

Extending the CPM to 3D is straight-forward, see Figure 4c,c’.
Typically, the Hamiltonian includes an area constraint and a vol-
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ume constraint, in addition to the interaction energies between
neighboring generalized cells. Moreover, the nucleus can be im-
plemented as a sub-cellular compartment with higher stiffness
than the cytosol. Scianna and colleagues investigated the influ-
ence of a fibrous environment on a single cell with an explicit nu-
cleus representation and compared cell velocity and persistence
length for increasingly aligned fibrous networks and different
pore sizes.['”] More recently, single cell motion was described
with the CPM by explicitly modeling lamellipodia of mesenchy-
mal cells'8] or by coupling the actin dynamics inside the cell to
its shape and external cues.[1]

The aim of many in silico experiments is to better understand
cell migration in 3D.["7%! Predicting the 3D shape of a single cell
in structured environments with the goal of improving scaffold
design for biomedical applications is a novel research avenue and
so far has only been discussed in 2D.['7!]

3. Cell Collectives and Monolayers

Tissue function requires not only the spatiotemporal regulation
of subcellular structures, but also a coordinated cellular behav-
ior across scales.['7?] Tissues are composite materials compris-
ing different cell types and the extracellular matrix, which in turn
is composed of three classes of macromolecules: collagens, pro-
teoglycans, and non-collagenous glycoproteins. From a materials
perspective, collagens resist tensile stress and proteoglycans re-
sist compressive strain, while glycoproteins mainly serve as a type
of glue by presenting binding sites for the cells.['”>7*] Individual
cells in the tissue are mechanically linked together via different
classes of cell-cell adhesions, mediated mainly by the cadherin
superfamily,['”>! or indirect via cell-ECM adhesions, mediated
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by the integrin family.['7®) Intracellular adaptor proteins and

linker molecules connect these transmembrane anchors with
the cytoskeleton, most notably actin filaments and intermediate
filaments.["”7178] Due to this network architecture, tissues exhibit
far more complex mechanical behaviors than linearly elastic ma-
terials, including viscoelasticity, nonlinear elasticity, and mechan-
ical plasticity.l172-180]

Tissues have to cope with a large range of mechanical chal-
lenges. During development and regeneration, spatial patterns
of cell growth[81182] or contraction of adjacent tissues!'®*] can
generate mechanical stresses that expand, push, bend, fold, and
twist distinct cell populations into specific 3D forms.5”18 For
example, one strategy to build an organism in 3D is to first build
a 2D cell layer which then can be folded. The best-known case
is the fruit fly, which forms a cell monolayer through its first
14 divisions that then is folded during gastrulation. In general,
mechanical processes such as folding or buckling lead to com-
plex folded and branched structures in our organs, such as in
the lung, kidney, brain, intestines, or circulatory system.[*] The
remarkable degree of self-organization, cooperation, and syn-
chronization across individual cells in a multicellular mechani-
cal network has led to the paradigm that certain cell collectives
behave as higher-ordered “supracells”.[1#-18] Spatial induction
of fate-determinants,['**1°! nonlinear interactions between indi-
vidual cells or the ECM,[1%2193] and cell-to-cell variability!'%419°]
enable symmetry breaking and pattern formation from a pre-
viously unspecified and homogenous population of cells. Al-
though the induction of pattern formation is to a certain de-
gree genetically encoded,!'*1%) full engagement and reinforce-
ment of heterogenous cell patterning requires implementation
of multicellular forces and compartment boundaries from the
ECM.[19-291] In certain cases, mechanics might be even equally
important. Palmquist and colleagues found that mesenchymal
mechanics are sufficient to spontaneously shape the regular mor-
phological pattern of feather follicles in the skin of chicken em-
bryos ex vivo and in the absence of fate-determining molecular
programs.[2°2203] Similarly, Cohen and colleagues showed that
the development of a periodic checkerboard-like pattern of hair
cells and supporting cells in the mammalian hearing organ of
Corti is based on mechanical forces rather than signaling events,
as global shear and local repulsion forces on hair cells were suf-
ficient to drive the transition from disordered to ordered cellu-
lar pattern.?*l Thus, investigating the bi-directional influence of
ECM geometry and tissue morphology in rationally designed cell
culture environments bears the potential to dissect complex mor-
phogenetic processes during tissue formation in simplified and
controllable in vitro systems.

In contrast to single cells, cell collectives have a stronger
power to change their environment, which then can feed back
onto them. To permanently shape tissues during developmen-
tal and regenerative processes, cells have to structurally reor-
ganize the surrounding ECM by degrading, realigning, or se-
creting new ECM molecules, processes that typically occur on
the time scale of hours to months.[?®] These processes are of-
ten triggered or modulated by mechanical stresses that result
from cellular growth and the subsequent increase in surface, vol-
ume and density.*’] The structure of the surrounding ECM vice
versa influences the induction and magnitude of multicellular
mechanical stresses. With today’s abilities in microfabrication,

Adv. Funct. Mater. 2023, 2302145 2302145 (10 of 29)

www.afm-journal.de

engineered cell culture substrates can address many aspects in
this regard, by tuning the rigidity of the substrate, by patterning
or shaping the size of the adhesive domains, or by including re-
pulsive areas and physical barriers in the substrate.[?!

3.1. Cell Collectives on Elastic Substrates

For cell collectives, elastic substrates have revealed many surpris-
ing processes that would have gone unnoticed otherwise. The
most studied model system for collective migration is sheets of
epithelial cells migrating into open space after removal of a con-
fining barrier. This assay has been developed as a version of the
traditional wound healing assay, but avoids the damage afflicted
by the traditional scratching approach.2) When combined with
elastic substrates, it allows to perform traction force microscopy
and even to reconstruct stresses inside the cell sheets (using an
approach called monolayer stress microscopy, MSM).[207:208] .
ing TFM and MSM on soft elastic substrates, it has been shown
that higher substrate stiffness correlates with increased collec-
tive migration speed, persistence, directionality, and coordina-
tion of epithelial monolayers, due to stiffness sensing at the
edge of the cell colony and force transmission between cell-cell
contacts.?] Sunyer and colleagues went one step further and
used fibronectin-coated PAA-hydrogels with a stiffness gradient
to show that sheets of epithelial cells are able to sense and collec-
tively migrate toward the higher stiffness (durotaxis).'!l While
durotaxis has been described before for single cells,!* these ex-
periments revealed that the collectiveness increased the duro-
tactic sensitivity due to long-range intercellular force transmis-
sion in the colony, highlighting the supracellular aspect.['-210.211]
A comparable behavior was observed for Xenopus neural crest
cells (a multipotent mesenchymal cell population), which were
shown to migrate in distinct clusters toward higher stiffness
on PAA hydrogels.[?'?) During migration, these clusters showed
a higher-ordered supracellular behavior, with collectively coor-
dinated actin polymerization at the migratory front and syn-
chronous collective contraction at the clusters rear end.[**”] Strik-
ingly, using in vivo atomic force microscopy, the group showed
that the neural crest cells not only sense the gradient through
cell-matrix adhesions, but also induce the gradient formation via
N-cadherin mediated cell-cell interactions and softening of the
adjacent placodes, thus self-generating the stiffness gradient on
which they migrate in vivo.l?'?] Importantly, these results are not
restricted to stiffness gradients. When Clark and colleagues mon-
itored the collective cell migration of human squamous cell car-
cinoma or colorectal carcinoma cell clusters on homogenously
elastic PAA gels coated with deformable collagen I networks, they
found that the cells generated asymmetric collagen densities and
alignments underneath the cluster, in the absence of any bio-
chemical cue.[?”] Thus, the cells self-steer their migratory per-
sistence by generating a viscoelastic gradient in the collagen fiber
network.

The concept that cell collectives self-generate durotac-
tic/mechanical gradients opens new directions that will shape
our current understanding of how mechanoreciprocity between
cells and the ECM steers collective cellular behavior during
embryonic development, metastasis spreading, wound healing,
and more.l'>214216] For example, it is a long-standing research
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question with contrary results, how cancer cells interact with
their stroma, which is often stiffer than comparable healthy
tissue,[217218] while the cancer cells themselves tend to be
softer,!! in order to collectively invade foreign tissue during
metastasis formation.??% As this process requires detachment
from the primary tumor site, intra- and extravasation of base-
ment membranes, and collective migration through interstitial
matrices, tumor collectives must breach several barriers and
perform long-range migration through tissues with various stiff-
ness. The stiffness of PDMS substrates was shown to promote
epithelial-mesenchymal transition of MDCK cells, a process
linked to cancer dissemination.[??!] However, it remains unclear
how stiffness-induced malignancy is maintained over time after
cancer cell dissemination in vivo. Self-generated gradients could
allow cell collectives to operate over greater ranges of stiffness,
larger distances, and longer times.[?22223]

3.2. Cell Collectives in 2D Confining Environments

Like for single cells, 2D micropatterns are a very popular
method to generate confining environments for cells, because
microscopy is easy with planar substrates. Microcontact print-
ing, photolithography techniques, or spotting-based molecu-
lar printing!?*!l are among the most frequently used meth-
ods to transfer desired 2D shapes on coverslips or PDMS/PAA
hydrogels.[222°] Raghavan and colleagues even developed a dou-
ble microcontact printing approach to pattern gold-coated cov-
erslips with self-assembled monolayers that include a region,
which can be electrochemically switched from non-adhesive to
adhesive, allowing to temporally control confinement release.[??¢]
Alternatively, large scale boundaries can be created via physical
obstacles of a desired shape, which can be placed permanently
or transiently via magnetic stencils."!l Transient application of
a growth-restricting obstacle has the advantage that the confine-
ment can be released at a defined time point, allowing to add the
temporal dimension more easily.

As already mentioned above, 2D micropatterns with such con-
fining barriers are very well suited to investigate different aspects
of collective cell migration. As the adhesive area on which the
cells are able to migrate can be rationally designed, it is pos-
sible to guide, restrict or coordinate the movement of the cell
collective. These approaches replaced the classic “scratch assay”
and allow to tackle fundamental questions of how cells generate
distinct migration patterns in much more refined assays. Vish-
wakarma and colleagues used PAA hydrogels with a removable
barrier to address the question of how leader cells are selected
for their function in collectively migrating epithelial monolay-
ers, and found that upon confinement release, leader cell territo-
ries emerge in response to force transmission from the follower
cells.[??7] By designing stencils with different shapes, they showed
that the distance between leader cells converges to a typical value
~ 170 ym set by the mechanics of the cell monolayer. Vazquez
and colleagues added a removable magnetic physical barrier with
triangular cavities to a PDMS hydrogel, in order to spatially con-
trol the protrusion formation in the cellular monolayer.l??!] In an-
other approach, pillar stencils have been used to fabricate micro-
gaps of desired shape and size in epithelial monolayers.?”! As
the number, shape and size of the barrier stencil can be indi-
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vidually shaped as desired, this approach is scalable and allows
to simultaneously monitor gap closure along several spots, as a
model for wound healing.

In contrast to wound healing assays, where cells move into
an open space, micropatterns that restrict the migratory space
can be used to guide the migratory cells along spatially defined
routes, in order to monitor how spatial confinement affects the
speed and directionality of migrating cell collectives. Vedula and
colleagues!?*®l as well as Marel and colleagues!?3!] fabricated ad-
hesive strips of different widths and monitored collective cell mi-
gration speed and persistence. Using particle image velocimetry,
they found a negative correlation between the overall migration
speed and the width of the adhesive strips.[?*%] Other groups used
confining patterns to monitor distinct motion patterns inside the
cell colony. Peyret and colleagues showed that epithelial cells ex-
hibit coherent oscillations when confined on micropatterns of
varying shapes and sizes, with period and amplitude of the os-
cillations being dependent on the substrate size.?3?] Another ad-
vantage of this approach is that the size of the adhesive pattern
can be adjusted, in order to tune the number of cells that are able
to adhere to the substrate. Segerer and co-workers monitored the
spontaneous formation of vortices on micropatterned circles, see
Figure 5a,a’, and found that the persistence of coherent angu-
lar motion increased with the number of confined cells.?*] Fi-
nally, asymmetries can be incorporated in the pattern, in order to
guide collective cell polarization and migration.[**] For instance,
Rausch and colleagues plated cells on stencil-masks with varying
local curvatures, see Figure 5c,c’. They showed that high curva-
ture areas induce leader cell formation, and moreover that polar-
ization of the cells and high traction forces in areas of high cur-
vature even before migration.!?* This growth guidance can in
principle be mapped toward any desired 2D shape, from straight
lines to branching points up to complex mazes, monitoring cellu-
lar path finding and decision-making branching morphogenesis.

Besides collective cell migration, 2D micropatterns have been
proven valuable for ongoing research on how crowding and con-
finement affects cellular fate decision. As mentioned above, dis-
tinct patterns of cellular growth lead to different mechanical
stresses at the edges of boundaries and in the center of the
mass, respectively. It is an ongoing debate on how these differ-
ent stresses affect cellular decision making. Depending on the
cell type, different stresses might lead to the induction of differ-
entiation, proliferation, or apoptosis, respectively. Nowadays, the
flexibility in terms of shape and size of 2D micropatterns allows
to precisely induce, guide, map, and monitor these stresses in
cell colonies over time. Thus, micropatterned substrates are fre-
quently used to decipher how different stresses are transduced
on the molecular scale, in order to guide cell differentiation and
cellular fate decision.

Gomez and colleagues showed that mouse mammary epithe-
lial cells are under high mechanical stress along the edges of dif-
ferent substrate geometries that were printed on glass via mi-
crocontact printing and that these cells preferentially undergo
epithelial-to-mesenchymal transition (EMT), while the cells in
the center did not.[*] Strikingly, inhibiting cytoskeletal tension
abrogated the spatial patterning of EMT. In contrast, Wei and col-
leagues did not observe increased EMT, when they cultivated sin-
gle MDCK epithelial cells on circular micropatterns.l??! These re-
sults suggest that both multicellular confinement and the shape
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Figure 5. 2D environments for experiments with cell collectives. a,a’) Schematics (a) and experimental images (a') of circular micropatterns to study
collective cell migration. b,b’) Schematics (b) and experimental images (b’) of a wound healing assay with a removable microstencil. ¢,c’) Schematics (c)
and experimental images (c') of cell collectives on micropatterns to analyze the influence of geometry-based cues. d,d’) Schematics (d) and experimental
image (d’) of microcontact printed cell monolayers to investigate cell extrusion. e—e’’) Schematical top (e) and side (e’) view of adhesive cellular patterns
to study monolayer development into the third dimension. e”’) Experimental image of the ring region. f—f"") Schematic top (f) and side view (f') of epithelial
cells seeded on soft PDMS substrate with micropatterned nonadhesive areas. f') Experimental image of the side view and traction forces. Figure 5a’:
Reproduced with permission.[?33] Copyright 2015, American Physical Society. Figure 5b’: Reproduced with permission.[2%¢ Copyright 2007, National
Academy of Sciences, U.S.A. Figure 5¢’: Reproduced with permission.[2*] Copyright 2013, American Institute of Physics. Figure 5d’: Reproduced with
permission.|24%] Copyright 2017, Springer Nature. Figure 5¢”’: Reproduced with permission.[241] Copyright 2014, Springer Nature. Figure 5f": Reproduced
with permission.[242] Copyright 2018, Springer Nature.

of the geometric boundaries are important for the observed ef-  cadherin-mediated cell-cell connections disrupted the spatial pat-
fects. This is in line with findings from Nelson and colleagues,  tern of proliferation.””) Similarly, researchers from the lab of Gre-
showing that regions of concentrated growth corresponded to  gory Underhill fabricated elastic PAA hydrogels for traction force
regions of high traction stress within a cell sheet on micropat- measurements and spatially deposited collagen in circular shapes
terned substrates, while inhibiting actomyosin-based tension or ~ onto the hydrogel via microcontact printing.[?*’! Using this
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approach, they found that liver progenitor cells exhibited pat-
terned differentiation in response to spatially controlled down-
stream mechanotransduction. On the boundary, cells expressed
high E-Cadherin levels and exerted higher traction forces, leading
to increased biliary differentiation in this region, whereas cells in
the interior differentiated toward the hepatocytic lineage.[237-238]

These results clearly show that cell differentiation patterns
arise from the mechanical status of distinct cell populations,
which is in turn dependent on the ECM geometry and the bound-
aries. It should be the scope of future research to decipher the
molecular downstream pathways that convert these mechanical
signals into biochemical reactions. In this spirit, Muncie and col-
leagues cultivated human embryonic stem cell colonies on pat-
terned hydrogels of soft nature (0.4-2.7 kPa) that recapitulate bio-
physical properties of the early embryo.[?*]

They found that specific geometries promoted local areas of
high adhesion-mediated tension that enhanced spatial patterning
of morphogens, ultimately inducing mesoderm specification. Of
note, the clever integration of microfluidic devices in the hydro-
gels even allows to mechanically stretch the microtissues by con-
trolling the pressure in the micropatterned compartments, lead-
ing to either negative or positive out-of-plane deformations of the
epithelial monolayer.!?**243] Using this approach, Blonski and col-
leagues showed that inward bending of the epithelium led to high
tension in the adjacent cells next to the imposed negative curva-
ture, inducing the spread of calcium waves, while positive curva-
ture resulted in the opposite and prevented calcium spread.l**3!
Thus, these studies demonstrate creative ways to combine soft
elastic substrates, micropatterning, and active mechanical pertur-
bation, in order to investigate the conversion of mechanical cues
into biological patterning mechanisms.[?*!

Another interesting direction from the biophysical and biome-
chanical perspective is the transition from 2D to 3D growth due
to confinement and cellular crowding. Given that cell prolifera-
tion in the restricted area leads to finite population size in 2D
monolayers, cells react to this either by growth arrest or by cell
extrusion, ultimately extending the growth in the axial direction
and forming multilayered cell sheets. Saw and colleagues inves-
tigated cell extrusion in confined environments, see Figure 5d,d’,
and found that it is not cell density, but topological defects that
lead to cell extrusion and apoptosis.2**l Mechanically, folding or
buckling is a sudden out-of-plane collapse of a material caused by
an increasing in-plane compressive load.*** In order to monitor
tissue folding and buckling in vitro, compression or confinement
can be engineered by restricting the growth area of cells on the
substrate.l’7242245] Deforet and colleagues monitored the latter
process by confining cellular monolayers on circular micropat-
terns, see Figure 5e,e’,e”, and found that cellular rims formed
along the periphery of the substrate because of the additional de-
gree of freedom of the border cells and independent of the sub-
strate size.?*!l These results demonstrate that epithelial confine-
ment alone can induce morphogenesis-like processes including
spontaneous collective extrusion and transition from 2D to 3D.

Cell extrusion is not needed when the whole monolayer can
escape into the third dimension to relax its growth stress. This
process has recently been controlled using adhesive micropat-
terning. Latorre and colleagues cultivated an epithelial mono-
layer on adhesive PDMS gels that were interspersed with non-
adhesive islands, see Figure 5f,f . The cells eventually overgrew
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the islands and formed pressurized cellular domes above these
restrictive areas. The pressure within the domes was measured
with 2.5D TFM. This experiment revealed the unusual elasticity
of the cell monolayer, which showed strain values of up to 1000
percent, which until then has been known only for the “supere-
lasticity” of metal alloys.[?*?] Similar to the case of the metal al-
loys, these large strain rates are possible due to an underlying
bistability in the system: first, the stress is held by the actin net-
work, which then yields and gives way to a new stable situation
provided by the intermediate filaments. Usually, tissues undergo
small-scale deformations and the resulting changes are mainly
elasticl?*] with a linear relationship between tensional increase
and deformation.**248] This allows cells in tissues to return to
their default state after the stress is released, a process known
as tensional or mechanical homeostasis.[?**#5% Above a certain
threshold, however, the bonds between cytoskeletal filaments,
cell-cell junctions, and cell-matrix adhesions rupture, leading to
irreversible deformations that prevent full recovery, even if the
associated stress is released.!'8%21:22] However, with the help of
micro-patterned elastic substrates, Latorre and colleagues were
able to provide an explanation of how certain epithelial tissues
still can undergo reversible, large-scale elastic deformations in
3D, without tissue rupture.

3.3. Cell Collectives in 3D Confining Environments

As explained above, cell collectives in 2D often extend into 3D by
themselves. However, today one can design assays that include
the 3D aspect right from the start, in order to mimic the 3D phys-
iological environment in vivo and to support and monitor collec-
tive supracellular growth in all three dimensions. Historically, in
vitro pattern formation and higher-ordered supracellular behav-
ior in 3D has been observed already in the early 1980s, in the
context of connective tissue. In a reductionist approach, Stopak
and Harris mixed fibroblasts and collagen to reconstitute connec-
tive tissue.l?>) To resist the collagen gel shrinkage, induced by the
tensile forces from the fibroblasts, they simply attached fix points
in form of polystyrene cylinders in the culture dish. Given that the
free edges along the collagen-culture liquid interface served as a
natural barrier, leaving nothing to attach, the fix points caused the
cells to self-organize into aligned tracks along the margin of the
collagen, in order to resist the centripetal stress, exerted by central
cells. Around 25 years later, Bischofs and colleagues used a sim-
ilar approach and found that the collective architecture of fibrob-
lasts in collagen resembled the morphology of single fibroblasts
on a macroscopic scale, if the boundaries, that is, the subcellu-
lar adhesion sites of the single fibroblasts and the anchor points
of the hydrogel, are comparable in geometry.** In both cases,
the previously described relation of tension and elasticity leads
to the observed phenotypes, however, the structural architecture
arises on different scales. While bundled actin arcs restricted the
edges of the single cells, the edges of the collagen hydrogel were
defined by polarized cells that aligned perpendicular to the direc-
tion of the central stress, resembling the structure of individual
actin arcs in the single cells on a supracellular scale. Although
being an extreme example, this shows that cell collectives resem-
ble certain biomechanical aspects of single cell morphogenesis,
given that the geometric boundaries are predefined.
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Figure 6. Experiments with cell collectives in 3D structured environments. a,a’) Schematics (a) and experimental images (a’) of epithelial cells growing in
cavities of collagen gel. b,b’) Schematics (b) and experimental images (b’) of mammary tumor breast cancer cells in 3D microtracks of collagen matrices
created with two-photon laser ablation. ¢,c’) Schematics (c) and experimental images (c’) of intestinal stem cells in a collagen microchannel generated
with laser ablation. Figure 6a’: Reproduced with permission.[2**] Copyright 2006, American Association for the Advancement of Science. Figure 6b’:
Reproduced with permission.[233] Copyright 2011, IOP Publishing. Figure 6¢’: Reproduced with permission.[2°¢] Copyright 2020, Springer Nature.

Today modern microfabrication techniques like 3D nanoprint-
ing enable researchers to engineer cell culture systems with phys-
ical boundaries down to the microscale. Multicellular force gener-
ation in such scaffolds can be monitored by state-of-the-art light
microscopy in space and time, allowing to perform much more
refined assays. To generate 3D microstructures with defined ge-
ometry, micro-molding or stenciling techniques have emerged
as valuable tools. In principle, the same elastic polymers that are
regularly used to fabricate plane 2D substrates can be used to
cast desired 3D shapes from a master structure, that is, a posi-
tive replica of the desired form. Thus, the structures can be fab-
ricated with different elasticities, optionally from synthetic poly-
mers or from biologically-derived materials like collagen, and can
be combined with TFM to estimate the cellular forces.[254257:258]
Moreover, micro-molding processes are not restricted to soft ma-
terials, as components like ceramic powder can also be incorpo-
rated in polymerizable materials, to fabricate stiff scaffolds to pro-
mote, for example, osteogenic differentiation.l®! However, due
to the nature of the casting process, the incorporation of small
topographies or fine details in the structure is difficult. Neverthe-
less, micro-molded 3D structures can be used to monitor tissue
growth in a nutshell, and confinement in all three dimensions
can be achieved by adding a lid on the micro-molded structure,
see Figure 6a,a’.[*

Mechanobiological research in micro-molded 3D environ-
ments receives growing attention as advances in volumetric
imaging and optical sectioning nowadays allow capturing large
3D stacks with increased axial resolution in a reasonable amount
of time. This in turn allows to tackle long-standing basic ques-
tions, for example, if and how the mechanisms of collective cel-
lular force generation differ between 2D and 3D setups. How-
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ever, compared to plane 2D substrates, force calculation and map-
ping of cellular stresses is much more challenging. Gjorevski and
colleagues micro-molded 3D collagen hydrogel structures of dif-
ferent geometries and incorporated fluorescent microspheres for
the calculation of tissue stress within epithelia.[?*”] To account for
the heterogeneities in the collagen network, they performed con-
focal reflectance and AFM measurements. Together with com-
putational modeling, these techniques allowed them to quantify
patterns of mechanical stress throughout the surrounding matrix
and to observe unexpected geometry-dependent mechanical be-
havior in curved duct-like tissues. The same approach was used
to monitor the stress and pulling forces, exerted during collective
cell migration, showing that tensile forces at the invasive front
propel the colony forward and condition the cells and matrix for
further extension.[?%]

Besides these basic mechanobiological questions, micro-
molded 3D structures are used frequently to monitor biological
and cellular output in response to the 3D environment. Similar
to plane 2D micropatterns, studies investigating cell prolifera-
tion, differentiation, and collective cell migration are among the
most prominent. Kollmannsberger and colleagues used micro-
scope projection lithography and micro-molding to fabricate 3D
PDMS scaffolds with macroscopic square-shaped clefts for the
cultivation of microtissues.[?*") Using this set-up, they monitored
microtissue formation over several weeks and found that espe-
cially at the highly tensed growth front, cell proliferation was up-
regulated and fibroblasts transitioned into myofibroblasts. Thus,
predicting tension generation in patterned tissues allowed to cor-
relate multicellular forces and cell proliferation in 3D, similar
to examples described in the 2D set-ups above. Similarly, Nel-
son and colleagues fabricated surfaces with pyramidal arrays and
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found that cell proliferation was highest in the grooves, suggest-
ing that the tissue form can feed back to regulate patterns of
cell proliferation.[”] Xi and colleagues monitored collective cell
migration in 3D microchannels.[?!] Their experiments revealed
emergent patterns of collective cell migration under tubular con-
finement: In contrast to flat constraint, cell sheets in smaller mi-
crotubes demonstrated slow motion with periodic relaxation, but
fast overall movement in large microtubes.

The flexibility of photolithographic and soft-lithographic ap-
proaches allows to upscale the dimensions and complexity of
the 3D structures, in order to steer multicellular growth on the
scale of millimeters. The approach of Xi and colleagues, with
cells crawling through microchannels, was designed to mim-
ick tubulogenesis.*®!l Moreover, increasing the complexity of
the structures can resolve cellular decision-making processes
during tissue growth, for example, during vascularization and
branching morphogenesis in glands and lung tissue. This was
for instance done by monitoring the growth of epithelia in mi-
crochannels with different curvatures,[?%2] resembling tissue fold-
ing and winding growth processes as they occur in the brain or
in the intestine. Nelson and colleagues harvested this approach
to control the initial 3D structure of mouse mammary epithelial
tubules.[?*] By quantifying the extent of branching, they found
that the geometry of tubules dictates the position of branches,
as they initiated at sites with a local minimum of autocrine in-
hibitory morphogens, revealing that tissue geometry can control
organ morphogenesis by defining the local cellular microenvi-
ronment.

Besides these micro-molding approaches, several other cre-
ative approaches have been established to investigate the mul-
ticellular behavior in complex 3D environments. To monitor col-
lective cell invasion of completely encapsulated cancer spheroids
in collagen hydrogels, Ilina and coworkers used an approach
that does not rely on the pre-casting of microstructures, but
rather on the generation of micro-tracks via two-photon laser mi-
crosurgery after cell seeding and hydrogel polymerization, see
Figure 6b,b.12°] Using two-photon excitation, regions of interest
with variable lengths, widths, and depths can be positioned di-
rectly adjacent to the edge of multicellular spheroids. This gives
a striking degree of freedom, allowing not only to monitor inva-
sion in real 3D confinement, but also to dynamically adjust the
micro-tracks to the desired need. This laser ablation approach
was also used to show that E-cadherin dependent cell-cell ad-
hesion and extracellular matrix confinement cooperate to deter-
mine unjamming transitions and stepwise epithelial fluidization
during breast cancer invasion.[*' Nikolaev and colleagues laser-
ablated a gut-like 3D structure in a hydrogel, see Figure 6¢,c’, and
observed epithelium formation and cell-fate patterning in these
environments.!2¢]

Another way to increase the complexity of 3D scaffolds for cell
cultivation was established by adapting 3D printing approaches
toward biomedical research. On the multicellular scale, both
bottom-up and top-down approaches are basically established to
engineer cell patterning and microtissue formation. Extrusion-
based, inkjet-based, and laser-assisted bioprinting is among the
most common approaches to spatially deposit cell-laden bioink
in complex 3D forms. Given the extent of this growing area
of research, we refer to more comprehensive reviews for fur-
ther reading.[232%4] Trushko and colleagues recently developed
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a different interesting bottom-up approach for mechanobiologi-
cal applications.?*>] Using a 3D printed microfluidics device, 2]
they produced hollow alginate spheres with encapsulated epithe-
lial cells in the center and Matrigel coating on the inner surface of
the spheres. Upon reaching confluency in the monolayer grown
on the inner side of the sphere, confinement leads to the local de-
tachment from the Matrigel and folding of the sheet toward the
sphere center.[?®] Considering the apparent pressure required
for buckling together with a continuum theoretical approach, the
authors established a minimal system to monitor stress-induced
epithelial folding and conclude from these experiments that both
capsule stiffness and cell stiffness have to be high, in order to re-
lax excess cell proliferation by buckling.

In principle, such approaches can be refined down to the mi-
croscale by combining different techniques and additive manu-
facturing. As described above, 3D nanoprinting techniques al-
low to fabricate 3D structures in the regime of single microns
and an increasing palette of available biocompatible photoresists
with protein-adsorbing or protein-repellent features and tunable
stiffness ranges, can be used to fabricate sophisticated scaffolds
with complex geometry and topography landscapes.?*2%7] Pub-
lished results in recent years show the biocompatibility of 3D
printed micro-scaffolds with various cell types and populations
under different conditions. For example, micro-scaffolds have
been adapted to monitor and guide neurite outgrowth, 2682691 mj.
croglia cultivation,!?’?) or glioma cell colonization.[”*] Complex
woodpile scaffolds were used to monitor cell invasion through
narrow spaces in response to growth factors.?’?! The recent and
rapid improvements in 3D nanofabrication, for example, the de-
velopment of faster printing techniques,?7>27#] will allow to fab-
ricate large-scale composite scaffolds for studies on microtissues
in the near future.

3.4. Modeling Cell Collectives

Cells in collectives exhibit complex behavior such as collective
migration and pattern formation that in principle could result
from relatively simple rules being followed by the single cells.
Thus, these are ideal model systems to be studied by mathemat-
ical and especially by computational models. As we have seen
above, epithelial tissue is characterized by cell coordination over
large length and time scales, resulting from mechanosensitive
interaction between cells via cadherin-mediated adhesions.!*”]
The strong cohesion in these systems means that modeling can
proceed either by individual-based or continuum models. In
individual-based models, cells are described by single or multiple
particles, either in a continuous space or on a lattice. Cell activity
resulting in motion can then be introduced by self-propulsion,
like for active Brownian particles. Cell sheets can also be approx-
imated as continuum elastic or fluid materials. Then cell activity
resulting in motion is typically modeled by active stresses, which
usually arise from actomyosin contractility.

Cell—cell interactions can easily be implemented in the cellu-
lar Potts model by including interaction energies between cells in
the Hamiltonian. With the introduction of two cell types and the
definition of pair-wise interaction energies, see Figure 7a,a’, the
differential adhesion hypothesis!?’®! was implemented numeri-
cally in 2D as the first application of the cellular Potts model.[?”]
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Figure 7. Models to describe cell collectives in structured environments. a,a’) Schematics (a) and image (a') of a 3D Cellular Potts model describe
cell sorting, a process where cell types arrange according to the difference in their adhesion strength. b,b’) Schematics (b) and image (b’) of a vertex
model, describing tightly packed monolayers. c,c’) Schematics (c) and image (c') of a phase field model simulation of interacting cells on an adhesive
micropattern. Figure 7c’: Reproduced with permission.[?82] Copyright 2015, Springer Nature.

Soon, it was extended to 3D and coupled with partial differential
equations to describe chemotaxis, which allowed the modeling of
the formation and crawling of Dictyostelium discoideum.'] This
model has been adapted and extended by Merks and colleagues
to describe vasculogenesis, where cell elongation was described
explicitly with an additional energy contribution.'%! More re-
cent 2D simulations based on the cellular Potts framework fo-
cus on describing both single and collective cell dynamics.!?%27]
Due to its versatility, the cellular Potts model can be extended
to 3D and applied to more complex systems, such as repro-
ducing the morphology of vascular tumors, their growth, and
angiogenesis.[8]

In contrast to the cellular Potts model, which uses very vari-
able cell shapes, the 2D vertex model uses simple polygons to de-
scribe epithelial monolayers.!”®!] The forces acting on the vertices
can result either from phenomenological laws or from an en-
ergy formulation as in the cellular Potts model. Using the purely
geometrical Voronoi tessellation, which divides space into cellu-
lar compartments based on the neighborhood relations of their
centers, one also can use a formulation that makes the system
similar to individual-based models. Typical terms for the energy
function include elastic constraints on the volume and area of
the polygons, as well as an interaction term for neighboring poly-
gons proportional to the length of the boundary interface.l?®*] In
3D, one uses polyeders rather than polygons, see Figure 7b,b’".
One of the first applications of the 3D vertex model was a sim-
ulation of the Drosophila wing disk, which showed that the ten-
sion in the system was sufficient for the formation of the dor-
sal appendages of Drosophila eggshells.[?*] The ensemble be-
havior of vertex models can be approximated with a continuous
mean field theory. Czajkowski and colleagues developed a hydro-
dynamic model that takes cell shape anisotropy, motility, and po-
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larization into account to model pattern formation in embryonic
development.!?%°]

The phase field model can also be used to describe cell col-
lectives. In one of the first formulations of multicellular systems
with the phase field model, each cell is modeled by a separate
phase field, see Figure 7c,c’, and the phenomenological free en-
ergy of the system includes term for the individual cell shape, the
interaction of the cell with the substrate and with other cells.[?%¢]
Léber and colleagues coupled the scalar phase field to a vector
field describing the orientation of actin fibers inside the cell to
model cell collisions.[?82] A different approach is to model a cell
sheet as a single phase field. By adding elastic forces to the phase
field equation, Chojowski and colleagues describe a reversible
elastic phase field that captures deformations due to contractil-
ity and finger formation.[?”]

4. Organoids and Organotypic Cultures

One of the most exciting developments in modern biology are
organoids, which are 3D cell assemblies that differentiate and
grow in the test tube and thereby develop organ-/tissue-specific
features.['>2%8] They are closely related to stem cell technology,
because fate induction is typically achieved in induced pluripo-
tent stem cells (iPSCs). Up to date, a wide range of organoid
types from different cellular origins have been developed. This
includes not only basic embryonic spheroids resembling early
developmental stages, like blastuloids, gastruloids, or epithelial
organoids, but also spheroids derived from adult stem cells that
resemble specific organ types or sub-organ regions, for exam-
ple, intestinal organoids, retinal organoids, or cerebral organoids.
These features make organoids an attractive choice for basic
biomedical research, for example, for in vitro drug testing on
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Figure 8. Self-organized versus directed growth of organoids. a) Immunohistochemical staining of the in vivo intestinal epithelium, showing the typical
architecture with villus and crypt domains. b) Self-organized intestinal organoids can be derived through biochemical differentiation from isolated crypts
or intestinal stem cells, but suffer from heterogeneities in size, morphology, and cellular composition. Crypt domains harbor the stem cells in intestinal
organoids but form at random positions. c) Recapitulating the in vivo architecture of intestinal epithelia in biomimetic 3D scaffolds directs patterning of
the different cellular domains. When seeding dispersed intestinal stem cells onto the scaffolds, they self-organize into villus- and crypt-like domains in
response to the scaffold architecture. d) Scanning electron micrograph of a biomimetic 3D scaffold, recapitulating villus- and crypt domain architecture.
e) Immunofluorescent staining of the same scaffolds after cellular colonization. 48 h after cell seeding, intestinal stem cells established a confluent
monolayer. Induction of differentiation resulted in stereotyped organoid patterning. Aldolase-B (magenta) marks enterocytes and other differentiated
intestinal cell types in the villus-domain, E-Cadherin (green) marks stem cells in the crypt domains. Figure 8a: Reproduced with permission.[28°] Copyright

2013, Elsevier. Figure 8d,e: Reproduced with permission.[2] Copyright 2022, American Association for the Advancement of Science.

patient derived material or for the investigation of organ de-
velopment processes in a simplified system. In the long-term,
organoids might bear the potential to overcome some of the long-
standing problems in regenerative medicine, as they in princi-
ple allow to differentiate organs-in-a-dish from patient-derived
stem cells. However, major weaknesses of the organoid technol-
ogy thus far are the lack of reproducibility and their heterogeneity
in terms of ill-defined sizes, morphologies, patterning, cell type
composition, and differentiation efficiency, thus so far limiting
their application in clinical research.

The induction of organoids, that is, the activation of distinct
fate programs in stem cells, requires not only the addition of cer-
tain biochemical factors, but also, at least equally important, em-
bedding the cells in a 3D matrix, typically in cell-derived matrices
like Matrigel. Due to the natural origin of these products, their
biomolecular composition often varies significantly between dif-
ferent lot numbers and charges, leading to the above-mentioned

Adv. Funct. Mater. 2023, 2302145 2302145 (17 Of29)

heterogeneities. Moreover, the self-organizing capacities of the
organoids are limited, meaning that autonomous growth, fold-
ing, and differentiation processes only occur up to a certain de-
gree, possibly because certain cues are missing that exist in a
physiological context.

To narrow the gap between self-organizing organ develop-
ment in vivo and organoid growth in vitro, microfabrication ap-
proaches that allow to generate defined 3D synthetic cell niches
offer exciting possibilities. One of the best-studied (and most
suitable) examples in this regard are intestinal organoids, see
Figure 8. In vivo, the architecture of the small intestine can be
subdivided into the functional units of villi and crypts, with the
latter harboring a reservoir of intestinal stem cells (Figure 8a).
Gjorevski and colleagues recapitulated this architecture in mi-
croscaffolds to improve the structure and reproducibility of in-
testinal organoids.?%! In contrast to the randomized spatial in-
duction of crypt domains under conventional culture conditions
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(Figure 8b), cultivation in 3D microstructures instructed the pre-
cise cellular self-organization into crypt and villus domains, re-
spectively (Figure 8c—e). Another approach used a collagen-based
scaffold and achieved similar results,?! showing that indeed
the 3D architecture of the scaffold is important to drive self-
organization of intestinal organoids. Nikolaev and colleagues
went another step further and bioengineered intestinal stem cells
via scaffold-guided organoid morphogenesis into tube-shaped
epithelia with an accessible lumen that was connected to a mi-
crofluidic system, see Figure 6¢,c’.[2°6] While the scaffold allows
guiding organoid morphology toward an in vivo-like architecture,
the perfusion system allows the continuous removal of metabo-
lites and cellular debris, prolonging the microtissue lifespan to
several weeks. This concept comprises another step toward func-
tional organoids-on-a-chip.

Microfabricated scaffolds were also used to decipher the
biomolecular mechanisms behind these morphogenetic pro-
cesses. Using micro-molding and photopatterning, it was shown
that the geometry-driven cell patterning in intestinal organoids
arises from local differences in cell crowding that guide the
downstream activity of the mechanosensitive transcriptional co-
activator YAP.[?] Regions of high curvature lead to increased cell
crowding and YAP remains inactive in the cytoplasm, leading
to the upregulation of intestinal stem cell markers. In less nar-
row and flat regions, YAP is imported into the nucleus and pro-
motes intestinal stem cell differentiation into absorptive cells of
the villus-like domain. In traditional organoid culture, this pro-
cess acts stochastically and leads to random crypt formation in
regions where curvature is generated by differential actomyosin
contractility and luminal pressure.[??12%2] Again, soft elastic sub-
strates helped to define the force distribution during these pro-
cesses, unveiling how patterned forces enable compartmental-
ization, folding, and collective migration in the intestinal epithe-
lium. Pérez—Gonzalez and colleagues mapped 3D force distribu-
tion in mouse intestinal organoids, showing that the crypt shape
relies on cell surface tension and cortical actomyosin density.
Cells of the villus-like domains are subsequently dragged out of
the crypt along a gradient of increasing tension.?%’]

In addition to investigating morphogenetic features of intesti-
nal organoids on micropatterned 2D and 3D substrates, a range
of different approaches start to control the formation of various
organoid and organotypic tissues by tuning the respective culture
substrates. Table 1 summarizes some of the most frequently used
cellular systems and approaches in recent research.2°2]

This list is just a glimpse of the long list of organogenetic pro-
cesses that might be targeted in the future. Numerous develop-
mental processes that lead to the formation of stratified and lay-
ered tissues rely on the reciprocal transduction of mechanical sig-
nals between the cells and the ECMB!% and thus bear the poten-
tial to be manipulated/guided by microengineering approaches.
Furthermore, the above-described knowledge might be included
in future research and combined with larger-scale biofabrication
and bioprinting approaches, for example, to guide the vascu-
larization of growing organoids and to recapitulate complex ar-
chitectures of vascular beds in biomimetic scaffolds.2'-313] Cur-
rent materials and microfabrication approach steadily increase
our ability to mimic complex shapes and furthermore start to
improve scaffolds for long-term cell cultivation, for example, by
including dynamic dimensions like perfusion systems or con-
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trolled release of molecules.3*! Blatchley and colleagues recently

provided a comprehensive review of various techniques for spa-
tiotemporal regulation of organoids, including top-down meth-
ods such as extracellular matrices, bottom-up approaches such
as confined environments to position single cells, and middle-out
engineering, which utilizes external stimuli such as optogenetics
to modulate both scaffold properties and cell behavior in time.[*]

Organoids are complex interacting cell systems and combin-
ing them with structured environments is a promising novel ap-
proach. Again, mathematical and computational models might
help to better understand how different cues interact with each
other. To account for the complexity of cellular systems, simula-
tions of organoids often include both biomechanical properties
as well as signaling pathways.*'>] The optic cup formation of
retina organoids was successfully described with a vertex model
thatincludes cell growth and division, intercellular signaling, and
cell shape deformations.3° These simulations suggest that me-
chanical feedback is important for formation of the optic cup.*'”!
In addition, the vertex model was combined with a reaction-
diffusion model for activation and inhibition to describe undula-
tion, tubulation, and branching.3!®! Cerruti and colleagues used
a cellular Potts model approach to simulate lumen formation in
epithelial cysts, suggesting that accumulation of multiple lumens
correlates with fast cell division rates.3!!

While there are successful models of organoid
morphogenesis*'732] and growth,32! these models typically
do not include interactions with the extracellular environment.
A first approach to include the local microenvironment in the
mathematical model describes Matrigel as a semi-flexible elastic
polymer network that gives rise to a bending rigidity of the
organoid surface. The polymer network can be remodeled by the
cells attached to it and the local curvature of the organoid sur-
face partially regulates cell specification. This model describes
intestinal spatiotemporal organization and growth.3223231 A
continuum approach was used to better understand the oxygen
transport and consumption in human midbrain organoids.
Oxygen levels of an organoid in laminar flow were modeled with
a reaction—diffusion model describing oxygen diffusion in the
local microenvironment as well as diffusion and consumption
in the organoid.?**! In summary, theoretical approach can help
to better understand the complex interplay between different
aspects of cellular systems. Once established, it might also guide
the design of future experimental systems and applications.

Some of the theory work presented in this review is summa-
rized in Table 2. Moreover, an overview of the established physi-
cal models, their application area, advantages, and limitations are
given in Table 3.

321]

5. Conclusion

Cell culture is one of the most important achievements of the
life sciences and allows us to perform systematic and quantita-
tive experiments outside living organisms. The beginnings of in
vitro cell culture were characterized by attempts to specify and
improve cellular culture conditions via the use of chemical com-
pounds, including growth factors, hormones, and cytokines. Cus-
tomized culture media formulations were established that ac-
tivate biochemical signal cascades promoting proliferation, dif-
ferentiation, or simply survival of specific cell types. They were
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Table 1. Summary of recently established approaches, combining engineered cell culture substrates and organoids or organotypic tissues. iPSC: induced
pluripotent stem cell.

Study

Pattern/scaffold type

Cell/organoid type

Main finding

Neurulation and neural tube morphogenesis

[294]

[295]

(23]

Lumenogenesis

[296]

[297]

Neurogenesis
[298]

[299]

300]

Osteogenesis

1301]

(302]

303]

PEG-Hydrogel on an elastomeric
membrane

Micropatterned 2D substrates

Micropatterned 2D substrates

3D micro-channels

3D micro-wells

Micropatterned 2D substrates

Floating PLGA fibrous microfilaments

Axially aligned 3D collagen scaffolds

Porous 3D collagen scaffolds with
aligned pores of homogeneous size

3D-printed biomimetic bone scaffolds

Macroporous 3D PEGDA hydrogel
scaffolds

Embryonic development

1304]

(304]

305]

Miscellaneous

306]

1307]

1308]

1309]

3D patterned PEG hydrogel

Micropatterned 2D substrates

3D mesh-scaffolds

Floating 3D collagen hydrogels

3D Fibrin hydrogel

Composite 3D PEG-fiber reinforced
GelMa hydrogel

3D PEG micro-wells

Neural organoids derived from
human iPSC

Neural organoids derived from
human iPSC

Neural organoids derived from

human iPSC

Human iPSC colonies

Hepatocytes

Neuruloids derived human
embryonic stem cells

Cerebral organoids derived from
human iPSC

Primary hippocampal neurons

Human bone marrow stem cells

Bone marrow mononuclear cells

Hematopoietic stem
cells/mesenchymal stem cells

E 3.5 mouse embryos (consisting
of the inner cell mass and the
trophectodermal cells)

Human embryonic stem cells
Human iPSC
Organoids derived from primary
murine pancreatic ductal
adenocarcinoma

Epithelial organoids

Keratocytes

iPSCs, induced for cardiomyocyte
differentiation

Stretching organoids in the hydrogels actives forces that guide their
fate, patterning, and morphogenesis in 3D.
Controlling the initial tissue architecture is sufficient to polarize the
arising neuroepithelial tissue.
The culture system precisely tunes morphogenesis in 3D. Organoids
self-organize and fold into millimeter-long neural tubes covered
with non-neural ectoderm.

The induced lumen can be shaped by the geometry of the
micro-wells.

Symmetry breaking from hollow cysts is facilitated by anisotropic
intercellular stress that guides lumen elongation in the direction
of minimal tension.

The patterned substrate was used to engineer standardized human
telencephalic neural rosettes, in order to model developmental
aspects of Huntington’s disease in the ectodermal compartment.
Scaffolds were used to engineer cerebral organoids with enhanced
neuroectoderm formation, cortical development, and cortical
tissue architecture, including formation of a polarized cortical
plate and radial units.
Scaffold promoted the formation of 3D hippocampal neural circuits.
CA3 neurons extended parallel axons and synapsed with CA1
neurons along the collagen fibers.

Bone mimetic scaffolds promote cell patterning and vascularization
during early wound healing.
3D-printed bone scaffold that mimics the trabecular architecture to
monitor bone metastasis formation in vitro.

Scaffolds mimic the trabecular architecture to serve as
hematopoietic stem cell niche. Co-culture in the 3D scaffold
showed a more pronounced preservation of hematopoietic

stemness than in standard 2D cell culture systems.

Scaffolds mimic a uterus-like microenvironment to recapitulate
mouse development ex vivo up to embryonic day 5.25.

Control of colony size is able to direct human embryonic stem cells
fate to either the mesoderm or the endoderm lineage.
Microstructured mesh-scaffolds were used to differentiate and
self-organize human iPSC into trophectoderm lineage.

Organoids self-organize into highly branched and lumenized
structures, replicating an in vivo-like pancreatic ductal
adenocarcinoma morphology.
The growth of epithelial organoids was tuned by defining adhesive
parameters in the used hydrogels.
Hydrogel constructs were used to promote regeneration of
damaged corneal tissue by maintaining keratocyte identity.
Biochemical and biophysical cues synergistically induce lineage
specification, resulting in the creation of a beating human cardiac
microchamber.

Adv. Funct. Mater. 2023, 2302145

2302145 (19 of 29)

© 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH

85U8017 SUOWILLOD @A 181D 3|cedl|dde 8Ly Aq peusenob afe sejoe VO ‘8sN JO S8|nJ o Akeid1T8U1UO /8|1 UO (SUORIPUOD-PUR-SLUIBIALIOO" A 1M ALRIq Ul UO//:SdNL) SUORIPUOD pUe Swie | 8u18es *[£202/90/ST] Uo ARiqiauluo A8 |im ‘aiBojouyos | "4 Ul Jeynss|iey Aq GyTZ0EZ0Z WiPe/z00T 0T/I0p/uoo’ A3 1M ARelq iUl uo//Sdny wouy pepeojumod ‘0 ‘820£9TIT



ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

ADVANCED
FUNCTIONAL
MATERIALS

www.afm-journal.de

Table 2. Selection of representative theory work using the methods described in this review to model single cells or collectives interacting with the
extracellular environment.

Study

Model

Short summary

2D single cell models
93]

[95]

[94]

[9€]

[22]

[74]

197

[100]

98]

(85]
[o7]

[107]

[109]
[91]

3D single cell models
[121]
[157]
[167]
[164]

[163]

[159]

[165]

[166]

[160]

162]

[156]

[167]

[168]

[169]

Contour model

Contour model

Contour model
Network model
Network model

Network model

Continuum model
Continuum model

Continuum model

Continuum model

Phase field model

Cellular Potts model

Cellular Potts model

Cellular Potts model

Network model

Continuum model

Continuum model

Langevin dynamics

Continuum model

Continuum model

Continuum model

Continuum model

Continuum model

Continuum model

Phase field model

Cellular Potts model

Cellular Potts model

Cellular Potts model

The tension elasticity model explains the invaginated circular arcs of contractile cells and tissues.

The local alignment of stress fibers is included in the force balance for the cell periphery, leading to elliptical
contours.

The tension elasticity model is extended into the dynamical domain by including the flow of stress fibers.
Active contractile cable networks predict invaginated circular arcs independent of local network architecture.
Cells are modeled as a mesh of viscoelastic cables that flows in response to optogenetic activation.

Stress fibers are embedded into an active contracting network to describe energy release and changes in traction
force after photoablation.

Analytical description of a contractile cell layer coupled to an elastic foundation.
Cells are described as elastic sheets and actomyosin contractility is modeled as a negative pressure.

Cells are modeled as elastic sheets with contractile pressure, line tension along the periphery, and adhesion
depending on curvature.

The cell is described as a contractile sheet with viscoelastic properties adhered to an elastic substrate.
Motility of keratocyte fragments is described with a phase field model coupled with an orientation vector for the
mean polarization of the actin network.
Detailed model including G-protein interactions, actin fiber orientation and contraction forces to describe cell
motility.
Cell shape on micropatterns is modeled using an elastic line tension energy and linear surface tension energy.
Cell shape and traction forces on micropatterns are modeled with a Hamiltonian using linear area and line tension
and an additional elastic line tension describing stress fibers.

A mesh of active contractile cables is used to model cell shape and stress distribution in a 3D environment.
Three-layered model with an elastic nucleus, a viscoelastic layer representing the polymers inside the cell, and an
elastic layer on the outside representing the actin cortex with mixed boundary conditions between the layers.
Cell nucleus and cytoplasm are modeled as hyperelastic materials, where the nucleus is five times stiffer than the
cytoplasm, to predict the strain distribution in the cell.
Cell mechanics described by Brownian Dynamics simulations of semiflexible polymers connected to extended
networks.
The actin biochemistry of a migrating cell is explicitly modeled with a system of ordinary differential equations
solved on a 3D geometry.
The cell is modeled with a network and a solvent field representing its cytoskeletal and cytosolic components. The
evolution equation conserves mass and momentum and includes boundary conditions and constitutive
relations.
3D cell migration and protrusion formation on a 2D substrate are modeled with a purely mechanical model
describing the cell as a viscoelastic material.
The cell spreading process on an elastic substrate is modeled as a triple-phase system consisting of cell, substrate,
and medium. The cell is modeled as an active nematic material, the medium is described as a hyperelastic
material.
Cell indentation experiments are modeled with explicit representation of the nucleus, cytoplasm, actin, and
microtubules as elastic materials.
Traction forces of cells in 3D are calculated from the displacement field using finite elements. Material properties of
the cell and the ECM are assumed to be hyperelastic.
Cell migration on substrates is modeled with a 3D scalar phase field, a vector field representing mean actin fiber
orientation, and additional static fields ensuring steric exclusion and actin generation only close to the surface.
Cells are modeled as compartmentalized units consisting of the nucleus and the cytosol with elastic volume and
surface constraint to describe migration through fibrous environments.
Cells crawling on flat substrates are modeled phenomenologically by compartmentalizing the cell into cytosol,
nucleus, and lamellipodia with intracellular coupling between inhibition and excitation.
Cell migration is modeled by introducing an additional energy contribution favoring spin-copy attempts to extend
the cell in regions where neighboring pixels were recently occupied by the cell.
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Study Model

Short summary

Models for cell collectives

Cell sorting with two cell types is modeled by describing cells on a lattice with an elastic area constraint and

interaction energies depending on neighboring cell types.

Morphogenesis of slugs is modeled by explicitly modeling the production of cAMP and including chemotaxis to the

Hamiltonian.

Vasculogenesis is modeled by including a cell length constraint as well as chemotaxis to the Hamiltonian.

The impact of angiogenesis on vascular tumor growth was modeled with a cellular Potts model, where the

concentration of oxygen and morphogens is described with partial differential equations of the respective fields.

Cell collectives are modeled by adding a cell—cell interface energy, cell division, and a polarity vector to model

migration to describe the formation of epithelial bridges and swirls.

Cells are described on a 2D lattice with elastic area and line tension energies. A polarization field, that is

representing the cytoskeletal remodeling, describes the interaction with the substrate.

Cells are represented as 2D polygons, their dynamics are modeled by minimizing the total energy of the system,

which consists of elastic area constraints and linear and elastic line tensions. Out-of-plane deformations of the

cell sheet are observed as a result of patterned apical forces.

Morphogenesis of the optic cup is modeled by representing cells as polyhedrons. The system dynamics are

governed by minimizing the energy, and network reconnections are possible to account for cell rearrangement,

proliferation, division, and apoptosis.

The phase field model free energy is extended to include terms describing cell-cell and cell-substrate interactions

to model cell division, adhesion, and cell sorting. Each cell is represented with a phase field.

Each cell is modeled as a phase field. The actin network concentration dynamics are modeled explicitly to describe

cell propulsion. Cell-cell and cell-substrate interactions are modeled explicitly.

[277] Cellular Potts model
[105] Cellular Potts model
[106] Cellular Potts model
[280] Cellular Potts model
[278] Cellular Potts model
[279] Cellular Potts model
[284] Vertex model
[317] Vertex model
[286] Phase field model
[282] Phase field model
[287] Phase field model

The phase field model is extended to describe the cell as a linearly elastic material. The forces describing the

dynamics are therefore extended to include an internal elastic force and an external force density.

Models for organoids

A 3D vertex model is extended to explicitly model diffusion of signaling molecules between cells. The growth and

division of cells depend on the growth molecule density within the cell. The model describes epithelial

expansion, evagination, and invagination.

Lumen shape and growth are modeled with a 3D cellular Potts model with interaction energies, cell volume

constraint, and a lumen area constraint. Cell division time follows a uniform distribution.

Crypts are modeled as cylindrical structures consisting of viscoelastc cells. Cell division, proliferation, and

mechanical differences between Paneth and stem cells are modeled explicitly.

A reaction—diffusion model is describing the oxygen concentration in an organoid as well as in a surrounding fluid

which is characterized either by continuous shaking or by laminar flow.

Cells in colon cancer organoids are modeled as volume fractions. Their dynamics are governed by a system of

differential equations describing among others adhesion, advection, and mitosis depending on nutrient

[316] Vertex model

[319] Cellular Potts model
[320] Continuum model
[324] Continuum model
[327] Continuum model
[322] Agent-based model

concentration.

Cells are modeled as elastic objects which differentiate due to Wnt- and Notch-signaling. The cells interact with a

semi-flexible, elastic polymer network representing the extracellular environment to model organoid formation.

complemented by standardization through cell lines, which usu-
ally are transformed cells that can proliferate without limits. De-
spite these advances in quantification and standardization, it re-
mained challenging to cultivate distinct cellular populations in
the absence of their natural growth environment.

Three decades ago, this situation changed dramatically with
the advent of mechanobiology, which demonstrated that physi-
cal aspects of the extracellular environment (in particular stiff-
ness, geometry, and topography) play an equally important role
for cellular decision making as do biochemical factors. Maybe the
most decisive factor for this development was the transfer of new
methods from materials science into cell biology and biophysics:
starting with PDMS-technology, microcontact printing, and pho-
tolithography, it has become customary to prepare mechanically
and geometrically defined environments for cell culture. Biol-

Adv. Funct. Mater. 2023, 2302145 2302145 (21 Of29)

ogists teamed up with physicists, chemists, material scientists,
and engineers in order to develop sophisticated cell culture plat-
forms by microfabrication, for example by direct laser writing
of cell culture scaffolds in three dimensions. These experimen-
tal developments were complemented by advances in quantita-
tive image processing and modeling. First applied to single cells,
these tools are now increasingly applied to cell collectives, from
cell monolayers to 3D spheroids and organoids.

Thanks to these interdisciplinary approaches, we are nowadays
in the exciting position to take the next step. As the field has
grown from single cells toward multicellular systems, it should
be the scope of future research to merge the knowledge from
biochemistry, molecular biology, and biophysics to control cellu-
lar growth and behavior in vitro. The emergence of the organoid
technology is a prime example in this regard. As described in the
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Table 3. Overview of established model frameworks to describe single cells or cell collectives with their advantages and limitations.

Model Mechanism Application Advantages Limitations
areas
Contour model Force balance Cell shape in Simple, fast, Only describes
between line structured straightfor- static cell
and surface environments ward shapes in 2D
tensions
Network model Cells are Cell shape and Explicit network Dynamics,
described with force description of migration, and
cables and distribution, the cell-cell
springs optogenetic, cytoskeleton interactions
representing and laser are difficult to
the cutting include

cytoskeleton

experiments

can be
modeled
Continuum Single cells or Cell shape and Parameters such Cells are usually
model collectives are force as stiffness modeled as
described as distribution and viscosity isotropic
active can be materials
visco-elastic obtained from
materials experiment
Cellular Potts Energy-based Single or Dynamic Difficult to
model description on collective cell description, describe
a lattice shape and appropriate forces,
migration, framework to parameters do
tissue model not
morphology complex correspond to
systems measurable
quantities
Phase field Energy-based Single or Dynamic Internal
model description of collective cell description of structure of
the cell migration the cell the cell is
boundary boundary in represented
3D in complex with a
environments polarization
vector

Vertex model Force-based

Cell monolayers,

Can bridge the Only suitable for

description of tissue gap between tightly packed
cell morphology local force collectives
collectives, generation such as
cells are and tissue epithelial
represented as deformation tissue

polyeders

section above, fate induction in organoids is first established bio-
chemically, while scaffolds with tuned elasticity and microtopog-
raphy later help to guide the growing spheroids into structured
tissues with a function. Future studies in this direction are ex-
pected and bear the potential to take another step toward organs-
in-a-dish. One interesting direction is the transition from 2D to
3D culture systems. More refined methods in microfabrication
and molecular biology allow us to tackle the recreation of multi-
layered and stratified tissues in 3D, for example of an artificial
retina. Mathematical models might help to accelerate this pro-
cess and to suggest interesting designs, thus avoiding delays or
dead ends in experimentation. The contribution of materials sci-
ence does not need to be confined to spatial and mechanical as-
pects, but also could cover the time domain. Stimuli-responsive

Adv. Funct. Mater. 2023, 2302145 2302145 (22 0‘F29)

materials and optogenetics can be used to implement temporal
protocols to guide cell development or even to implement feed-
back loops that automatically adjust the physical properties of the
environment to the current state of the biological system. Bring-
ing together these different technologies opens up numerous ex-
citing and very promising new avenues for the control of cells,
tissues, and organs.
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