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Living Matter: Mesoscopic Active Materials

Anne Bernheim-Groswasser, Nir S. Gov, Samuel A. Safran,* and Shelly Tzlil

An introduction to the physical properties of living active matter at the
mesoscopic scale (tens of nanometers to micrometers) and their unique
features compared with “dead,” nonactive matter is presented. This field

of research is increasingly denoted as “biological physics” where physics
includes chemical physics, soft matter physics, hydrodynamics, mechanics,
and the related engineering sciences. The focus is on the emergent properties
of these systems and their collective behavior, which results in active self-
organization and how they relate to cellular-level biological function. These
include locomotion (cell motility and migration) forces that give rise to cell
division, the growth and form of cellular assemblies in development, the
beating of heart cells, and the effects of mechanical perturbations such

as shear flow (in the bloodstream) or adhesion to other cells or tissues.

An introduction to the fundamental concepts and theory with selected
experimental examples related to the authors’ own research is presented,
including red-blood-cell membrane fluctuations, motion of the nucleus within

functions. These include locomotion
(cell motility and migration) forces that
also give rise to cell division, the growth
and form of cellular assemblies in devel-
opment, the beating of heart cells, and the
effects of mechanical perturbations such
as shear flow (in the bloodstream) or adhe-
sion to other cells or tissues. The insight
gained in the study of natural biological
systems also facilitates the design, fabri-
cation, and control of in vitro biomimetic
systems such as engineered tissues,
“printed” organs, and microrobotics. While
the mesoscale behavior of biological cells
is relevant to large length scales and long
time scales—compared with molecular
sizes and binding/unbinding times—they
are a direct result of the unique proper-

an egg cell, self-contracting acto-myosin gels, and structure and beating
of heart cells (cardiomyocytes), including how they can be driven by an

oscillating, mechanical probe.

1. Introduction

Herein, materials scientists are presented with an introduction
to the physical properties of living active matter at the meso-
scopic scale (tens of nanometers to micrometers) and their
unique features compared with “dead,” nonactive matter. This
field of research is increasingly denoted as “biological physics”I!
where physics includes chemical physics, soft matter physics,?
hydrodynamics, mechanics, and the related engineering sci-
ences. The focus is usually on the emergent properties of these
systems and their collective behavior which results in active self-
organization®®] and how they relate to cellular-level biological
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ties of the protein molecules found in
these systems, such as energy consuming/
releasing monomers that assemble/disas-
semble into polymeric structures or energy
consuming molecular motors. Other appli-
cations of the physical sciences to biology,
such as those aspects of biophysics that focus on the charac-
terization of biomolecules and cells at the molecular level using
physical tools, or systems biology that is concerned with top-
down descriptions of large chemical or neuron networks, do not
focus on the macromolecular interactions, forces, and collective
motions that are the center of attention of biological physics.
Many—Dbut certainly not all—advances in applying physical
measurements and concepts to observed phenomena are made
by examining relatively large-scale or long-time phenomenon
and studying the behavior as a function of physically controlled
parameters (as opposed to chemical modifications). This has
a long history in diverse systems in materials science such as
superconductivity (Ginzburg-Landau ideas and experiments
on vortices), polymers (scaling concepts and measurements by
the de Gennes “school’), phase transformation dynamics (pio-
neering approach of John Cahn and scattering experiments
of spinodal decomposition), and the mesoscale properties of
elastic inclusions (as formulated by Eshelby). These approaches
“coarse grain” many of the molecular details of the system that
allows the behavior to be described using a minimal theory that
lumps the molecular details in a very small number of param-
eters. The focus of the theory is to predict behavior as a func-
tion of physical inputs that can be experimentally controlled
to give different types of qualitative behavior. The molecular
components are of course critical, but often times only modify
the effective parameters at the small scale: for example, the per-
sistence length of a polymer sensitively depends on its chem-
istry, while scattering measurements of the radius of gyration
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of the entire chain as a function of its overall length focus on
the mesoscale behavior and scaling exponents. In the exam-
ples presented here of mesoscale properties of active biological
systems, the situation is similar. The active undulations of
membranes, contraction of actomyosin gels, cytoskeletal order
in the cells, and the beating of cardiomyocytes discussed below
are studied experimentally and theoretically at the mesoscale.
The molecular involvement of unique biomolecules such as
actin, myosin motor proteins, focal adhesion proteins, passive
crosslinking proteins, and lipids is crucial but the generic
behavior at long times and large spatial scales does not require
very detailed knowledge of the short-scale properties beyond a
few general features that we outline in this review.

The large-scale protein assemblies that give many cells
their structural integrity and shape memory do so because of
their unique self-assembling structures combined with active,
nonenergy conserving, forces that can cause deterministic
motion. One of the major components that determine cell struc-
ture are actin filaments comprising semiflexible, self-assembled
polymers whose basic units are monomers of a globular pro-
tein named G-actin. Due to the asymmetric (i.e., polar) struc-
ture of actin monomers, an actin filament (F-actin) is also polar,
with two ends having different affinity, and therefore, different
binding constants for monomeric actin as well as different
polymerization/depolymerization rates. This polarity is also
important for molecular motor movement along actin tracks.
Active forces within the cell arise from energy consumption
via metabolism*® and result in molecular conformations that
can be very far from their ground state even if thermal fluctua-
tions are included. Such effects are responsible for the motions
involved in muscle contraction, wound healing, embryo devel-
opment, cell migration, and cancer metastasis. Much of the
intellectual basis for the understanding and measurement of
the membranes, polymer-like muscle fibers, and wetting-like
crawling of cells is found in the discipline of synthetic soft
matter (e.g., membranes, polymers, and wetting droplets).
However, the major challenge for the physical scientist inter-
ested in cell biology rests in coupling this knowledge with the
various chemical reactions that cause biological systems to
often operate far from thermal equilibrium due to the internal
energy sources within the cell.

While the basic polymer structure and self-assembly of actin
and the local electrostatic interactions of actin and myosin
motors are related to analogous phenomena in equilibrium
(nonactive) materials,” the unique function of acto-myosin
within the cell arises from the coupling between mechanical
work and chemical activity (including ATP hydrolysis and actin-
myosin binding/unbinding events) that allows for the direc-
tional motions of myosin molecules along actin tracks; this
eventually leads to the locomotion of the whole cell or even an
entire organism.

While the examples discussed above are in the cellular con-
text, the combination of soft matter physics—which governs
the structure and macromolecular dynamics—and biochemical
activity—which governs the nonequilibrium nature of impor-
tant biological processes—is also important in synthetic con-
texts. Examples include the use of DNA attached to surfaces
to form active polymer “brushes” (a well-studied subject in
polymer physics and chemistry) and using polymer physics to
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control the conditions under which DNA is actively transcribed
and translated to produce proteins.”] Other examples involve in
vitro processing of stem cells in tissue engineering (e.g., arti-
ficial muscles or connective tissue) where active acto-myosin
contractility plays an important role.l®!

In this review, we present an introduction to the fundamental
concepts with selected examples related to our own research;
a comprehensive review of the many types of biological active
matter is far beyond the scope of this article. We begin in Section
2 with a discussion of the fundamental statistical-dynamic dif-
ference between thermal fluctuations and active ones. Exam-
ples are given in systems such as red-blood-cell membrane
fluctuations (flickering observed under a microscope), acto-
myosin-induced fluctuations in the cell interior (cytoplasm)
and the directed motion of the nucleus within an egg cell.
Section 3 discusses how myosin activity can promote contrac-
tion and shape transformations of thin acto-myosin gels.!
Moreover, we show that a flow of solvent is generated during gel
contraction, thereby demonstrating that the acto-myosin gels
behave as poroelasticl'®'!] active materials, as previously pro-
posed for actin gels in living cells.'>13 These results may shed
light on macroscopic shape changes of 2D tissues observed in
various biological systems induced by myosin contractility, for
example, gastrulation in developing embryos.[1416]

For adhered cells, acto-myosin fibers are connected at
their ends, or elsewhere along their lengths, to the under-
lying substrate (or 3D matrix) and cannot just slide due to the
myosin forces. Instead, the double-headed myosin motors end
up exerting contractile forces on the oppositely polarized, actin
polymers. Contractile cells also exert mechanical forces on
the substrate or matrix via the adhesions that connect them.
We then focus theoretically in Section 4 on the implications
of contractility of many acto-myosin segments within a
cell or among entire cells in gels, for the orientationall'”) or
translational'®2% self-assembly of these segments or cells.?!
It is also shown theoretically how elastic interactions of such
contractile units, while analogous to inclusions as studied
in materials science,?” result in very different types of
acto-myosin order due to the role of activity.?!! Experimental
examples are then discussed. The application of dynamical,
mechanical signaling to beating heart cells (cardiomyocytes)
is discussed experimentally in Section 5 where recent experi-
ments demonstrate how an oscillating mechanical probe can
“entrain’ the frequency of cardiomyocyte beating. Further-
more, it is shown that the same mechanical effect can occur for
two adjacent heart cells, separated by distances of several cell
diameters. This may have important implications for synchro-
nized beating and mechanical regulation of cardiac tissue.

2. Active Fluctuations in Living Matter: Extracting
Work from Random, Nonequilibrium Motion

Random Brownian motion due to thermal agitation is well
studied and familiar to material scientists working on fluids
and soft matter. It is responsible for diffusion of molecules
in fluids, the dynamic conformations and shape fluctuations
of polymers and membranes, and a host of phenomena in
soft matter. Within living matter, there are, in addition, active
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fluctuations, where random motion results from random active
forces. Such forces arise from energy-consuming processes,
which in living cells involve the use of chemical energy, such
as in the form of ATP. The random active forces and motions
in living systems have been revealed over the past two decades
and seem to play important and varied roles. Note that
we focus here on random active forces, which are distinct from
the highly directed motion that is more often associated with
active forces inside cells, for example as arises from molecular
motors persistently walking along biopolymer tracks.

An important example of chemical energy conversion into
active forces arises from the exothermic hydrolysis reaction
of ATP in which the triphosphate molecule ATP in water
dissociates into diphosphate ADP and a phosphate group.?>9l
Molecular motors such as myosin proteins convert the energy
derived from repeated cycles of ATP hydrolysis into force and
movement. Each Myosin II molecule has two globular heads
containing both the actin binding site and the ATP binding
and catalyzing site. During the mechanochemical cycle,
myosin binds ATP and hydrolyzes it to ADP and an inorganic
phosphate ion. The energy released from this chemical
process is coupled to a conformational change of the motor
that increases the affinity of the myosin head to actin. The
release of the phosphate ion and the ADP molecule triggers the
power stroke—a force-generating large conformational change
in shape during which the myosin head is displaced and
regains its original conformation, thereby advancing a certain
step size (on the order of several nanometers) on the actin
polymer “track” (see Figure 1).21:23] At the end of the cycle, a
new ATP molecule attaches to the myosin head reducing its
binding affinity to actin and promoting motor detachment that
allows repeating the cycle. In many cellular substructures, the
myosin-II molecular motor has two “heads” connected by a
rigid tail; each head tends to “walk” in the opposite direction
along oppositely polarized actin polymers. Instead of “walking,”
such double-headed myosin molecules pull actin filaments, and
the net accumulation of these steps can thus lead to contrac-
tions of the cytoskeleton network.**

Random active forces within cells can give rise to
stronger mixing and stirring of the cytoplasm, leading to
enhanced “active diffusion” of intracellular components.*>~?7]
Random active forces can on the one hand act to fluidize the
cytoskeleton,?829 as observed in the oocytel*”l and bacteria,’*!!
while on the other hand they can cause large stresses to form
that stiffen the cytoskeletal network.323548 Random active
forces may affect the organization of chromatin, and thereby
influence the expression of genes and the cell fate.*>=3] Tt is
therefore clear that the random active forces can have very pro-
found effects on the elastic properties of the cell, as well as pro-
vide forces that drive fluctuations and random motion.

Due to this dual effect of the active forces, which modify
the elastic properties and provide a nonthermal source for
motion, it is difficult to directly interpret experimental obser-
vations. Simplified theoretical models of activity, as presented
below, are therefore essential for discriminating active random
motion from thermal motion in living systems. These models
also allow for the quantification of the active motion, and in
many cases help to expose the underlying dominant biological
mechanism.
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Figure 1. Myosin molecular motor (in blue) walking on a polar actin filament from its minus to its plus end (in gray). The various conformations of
the myosin molecule are determined by whether it is bound to ATP or ADP. The energy released by the hydrolysis of ATP to ADP and a phosphate ion
transfers energy to the myosin that facilitates its conformational change and ability to bind actin at a site different from its initial position. Reproduced
with permission.2%l Copyright, Mechanobiology Institute, National University of Singapore. Image provided courtesy of the Mechanobiology Institute,

National University of Singapore.

We first discuss the theoretical treatment of such active
fluctuations, using simple models, to emphasize how they differ
from thermal fluctuations. We then review several examples
where random fluctuations have been investigated, from the
simplest red blood cells (RBCs) and artificial membranes to
more complex nucleated cells.

2.1. Simple Model for Active Fluctuations

We present here a simplified model for describing active fluc-
tuations, which highlights the difference compared with thermal
fluctuations. This model is later shown to be a useful framework
for quantitatively describing active fluctuations in a variety of bio-
logical systems. By quantifying the active process that drives the
fluctuations, this model can help identify the origin of the active
forces, which are not easy to isolate in the complex living cell.

Note that the active fluctuations are sometimes treated as an
“effective temperature,” whereby the activity simply adds to the
thermal temperature.3#! This treatment is valid for various
purposes, but in general the active fluctuations do not behave
as the thermal fluctuations, as shown below.
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2.1.1. Fluctuation—Dissipation Relation (FDR)
in Thermal Equilibrium

We start with a Langevin equation of motion describing the
balance of forces acting on a point particle diffusing in a viscous
fluid,*? in one-dimension. In thermal equilibrium we have

v=—Av+ fr (1)

where A is the friction coefficient; we normalized both sides by
the particle mass and f; is the thermal noise. The thermal noise
is related to the friction coefficient since in thermal equilibrium
the thermal bath that provides this noisy force is also the bath
to which the particle loses energy in the form of heat due to
friction. The relation is given by the expectation value of the
thermal force correlations

<fT (t) fr (t,)>=2/1kBT5(t—t’) (2)

From this relation it is clear that the thermal forces do not
provide any particular force scale, or time scale, but rather are
in the form of “white noise” that is only characterized by the
energy scale kpT.
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ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

For this case, we can calculate the response of the particle
to the perturbation of an external, periodically varying force: f,
(t) = Fel®, which results in a perturbation of the particle position:
Sx(t) = Ye(@)el”, where y,. (@) is the response function (the
indices xx denote the response of the displacement due to a
force that acts to displace the particle). The response and the
displacement fluctuations S, () are calculated in this simple
model to be

1
Xxx (a)): a)(l}l—CU) (3)
1 1 [ 24ksT
Sxx(w):_gsw(w)z_g[lz+w2:| (4)

Substituting the expressions for the response (Equation (3))
and the fluctuations (Equation (4)), we find that they obey the
fluctuation—dissipation relation in thermal equilibrium

L C)
= [z (@)] G

2.1.2. Generalized FDR for Active Noise

In the active system, we also have in addition to the thermal
noise an active noisel*?l

v=—Av+ fr+ fa (6)

We treat here active forces that have zero mean, (fy) = 0, and
only provide an additional, symmetric noise term (see inset of
Figure 2a).

The active forces are characterized by typical force and time
scales. This is simply due to the underlying processes that pro-
duce those forces: the conformational change of the molecular
motor, for example, is characterized by a given energy change
and length of deformation. These limit the finite, maximal
force that the motor can provide. There is also a typical time
scale, either for the individual “power stroke” of a single
motor activity event or for the duration of motor activity until
it detaches from the biopolymer on which it is pulling. It is
therefore natural to describe the active force correlations using
“shot-noise” statistics of the form

SNOINGIE Pon fore A o

where f; denotes the average force that the motor produces, and
At s the average time over which the active force is applied, while
individual active bursts have a Poisson distribution. The proba-
bility of the motor to be active is given by p,,, = At/(AT+1), where T
is the mean waiting time between consecutive motor bursts. This
may depend, for example, on the concentration of ATP.

The active noise does not modify the response that we
calculated in Equation (3), but the displacement fluctuations
now have an additional term
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i 2Aky T
0| A + w?

foAt

S (@)= (o) 1+wiar)|  ©®

+ 2N, Pon

where the second term is due to N, independent active
“motors.” We assume here that the random thermal and active
forces are uncorrelated with each other.

Using these quantities, the response and the fluctuations,
we can write a generalized FDR relation, which defines an
“effective temperature” T of the form!*4!

08, ()

b ()= (@]

©)

Substituting the expressions we obtained from our simple
model (Equations (3) and (8)), we get

foAt

keTor (0)=ksT + 2Ny pon —————~
oo (@) =Ky P A(1+w’Ar?)

(10)

The first term is simply the “true” temperature, which is the
only term in thermal equilibrium. However, the second term,
which arises from the activity, is frequency dependent and
makes the effective temperature frequency dependent: in the
limit of high frequencies (@ > At!) the active contribution is
negligible and only thermal fluctuations dominate, while for
slow fluctuations (0 < A7}, ® — 0) the activity contributes a
finite additional agitation that can dominate over the thermal
motion, see the inset of Figure 2a. The value of T.4(0) does not

Ar~1

(a)

. fo, At

Teff(w)z

Figure 2. a) The effective temperature T g(w) defined by the generalized
FDR (Equation (9)), for the active particle in a viscous background (Equation
(10)). At large frequencies (w>> A7), the effective temperature approaches
the thermal value T, while at low frequencies it approaches a finite value
T(0). The inset shows the active random force, which is symmetric, has
zero mean (fy) = 0, a variance given by Equation (7), and with persistence
time A7. b) An illustration of a membrane that develops undulations due
to active force centers (arrows) that are either symmetric (on the left) or
are asymmetric but occur with uniform distribution of both directions
(on the right). The local membrane deformation is denoted by h(x), making
it natural to treat in terms of Fourier modes h,, where g is the wavevector.
Reproduced with permission.l*2l Copyright 2011, APS.
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in general agree with other measures of the activity, such as the
extra kinetic energy arising from the active forces*>’!l Note also
that when there is a wide distribution of time scales that control
the activity, the value of T.#(0) may diverge (see Section 2.3.2).

Other variations of the simple model described above,
such as the inclusion of an elastic restoring force, in the over-
damped limit and for fluctuation modes of a continuous object
(as opposed to a point particle), are briefly described below, in
relation to specific examples of active systems.

The breakdown of the simple FDR was used in sev-
eral experimental systems to conclusively reveal the active,
nonequilibrium nature of fluctuations in cells,*>*" as well
as in reconstituted, in vitro systems.*¥] Other schemes that
expose the nonequilibrium nature of active dynamics, such as
breakdown of detailed balance,**>% have been developed and
recently reviewed.P!l The quantification of the departure from
equilibrium due to activity and how to better characterize it are
subjects of intensive current research.l>%53

2.2. Active Fluctuations of Artificial Membranes
and the Red-Blood-Cell Membrane

The cell membrane is the medium through which cells inter-
face with the outside world. The membrane is therefore
easier to probe than the internal cell cytoplasm since mem-
brane shape fluctuations can be more easily monitored.
Unlike the point particle considered in the equations above,
the membrane is an extended object whose fluctuations are
best described in terms of wave-like undulations. A similar
treatment therefore also applies to the active fluctuations of
other extended objects such as semiflexible filaments.[*%-54-5¢]

2.2.1. Artificial Active Membranes

The membrane of cells contains several possible sources of
active forces. The dominant one is probably due to the forces
exerted on the membrane by the cytoskeleton of the cell, which
usually contains a network of biopolymers (actin and micro-
tubules) and their associated molecular motors. However,
the study of the cytoskeleton—-membrane coupling is difficult,
especially in reconstituted systems, and therefore other and
simpler sources of membrane activity have been experimen-
tally explored. One such source, for example, is the activity of
membrane pumps, whereby ATP is used to drive ions against
the chemical gradient, establishing the electric potential across
the cell's membrane. Active membranes that contain such ion
pumps have been produced successfully,’-% and the contribu-
tion of the active forces to the observed membrane fluctuations
was measured.

In order to compare the experiments to the simple model
described above, it is more convenient to write the over-
damped version (where the acceleration term in Equation (1)
is neglected) and write an equation of motion for each mode
of sinusoidal membrane undulation®®®!l (denoted by the
wavevector q)

hy =—wgh, + fi + fi (11)
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where h, is the amplitude of the membrane deformation at
wavevector g, and @ is the corresponding membrane shape
recovery rate; the last two terms account for the thermal and
active noise as before. The active contribution to the mean-
square amplitude of membrane deformations is given by

2\ _ fo ’ n
<hq>_(4nq) 20, (a)q+AT’1) (12)

where 7 is the viscosity of the fluid surrounding the membrane,
and n is the density of active force sites on the membrane.
Unlike thermal fluctuations, where the mean-square amplitude
is (n2y="ol

20,
elasticity of the membrane (which appears in the formula
for ®,), the active contribution also depends on the dynamic
properties of the system, such as the viscosity. This feature
was observed in experiments using membranes containing

ion pumps.’’l Another outcome of this model is that the

and therefore a function only of kT and the

temporal height-height correlation function has two
termsl*9:62]
1 1
C(g.t)= et/ — e 13
(1) - AT ( w,AT (1)

The distinct feature that the model predicts is a wavevector-
independent peak in the measured correlation function (the
first term in the bracket on the right-hand side of Equation (13)),
which was recently observed in active membranes that contain
rotary motors.[%3]

Note that the active forces can also modify the elastic proper-
ties of the system, so that @, is dependent on the activity. For
example, in the active membrane studies it was found that
the activity changes the bending modulus and the tension in
the membranes. In part, these effects are due to the larger
fluctuation amplitude that renormalizes the elastic constantsl?!
and in part due to molecular-scale shape changes and interac-
tions that change when the active proteins (ion pumps or rotary
motors) undergo their activity cycles.

2.2.2. Active Fluctuations of the Red-Blood-Cell Membrane

The RBC is probably the simplest cell in our body, containing
no internal organelles and lacking a cytoplasmic cytoskeletal
network. The spontaneous fluctuations of the membrane of
these cells were observed for decades and initially attributed to
purely thermal agitation.l®¥ It later became clear that there is
a dependence of the fluctuations on the metabolic activity,!®”!
but it remained as an open challenge to determine if there
are active forces that contribute to the membrane deformation
or is metabolic activity simply modifying the elastic properties
of the system. It was indeed observed, as in artificial active
membranes, that the RBC metabolic activity does modify the
elastic properties of the membrane.%%! However, there were
several experimental studies that clearly determined that
active forces give a dominant contribution to the fluctuations
of this system:
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i. Whereas equilibrium systems generally show a Gaussian
distribution of membrane displacements due to thermal
fluctuations, active systems show a distinctly non-Gaussian
distribution, but only in the presence of metabolic activity.[*’!
While this property could also arise from highly nonlinear
elastic behavior, it was predicted to appear when active forces
are present.[+>68]

ii. The additional relaxation mode, which is independent of the
wavevector (Equation (13)), was detected in the dynamics of
the RBC membrane (Figure 3a), only when metabolic activity
is present.[®?]

iii. Finally, the breakdown of the FDR was directly measured!*!
(Figure 3b), definitely proving the active nature of the RBC
membrane fluctuations.

What are the sources of active forces in the RBC membrane?
One possibility is that these forces could arise from the activity
of ion pumps, which exist in all cellular membranes. In addi-
tion, it was proposed that the network of proteins that cover the
inner part of the RBC membrane may undergo ATP-induced
reorganization that results in the local release of tension and
the production of membrane-deforming forces.[%”) This model
was later elaborated upon in detail.[*’]

The active fluctuations of the RBC membrane may therefore
be a byproduct of the natural activity of ion pumps, which is
essential for the osmotic stability of the cell. Alternatively, it
may be a byproduct of the active reorganization of the mem-
brane-bound cytoskeleton network, a process that is essential
for maintaining the RBC soft and elastic so that it can flow
through the narrowest capillaries in the body. The active fluc-
tuations may also serve to stir the cytoplasm, which can aid in
mixing of the hemoglobin for better oxygen binding.

2.3. Active Fluctuations within Acto-Myosin Gels and inside
the Cell Cytoplasm

The cytoplasm of nucleated cells is filled with a network of
biopolymers, which comprise the cytoskeleton. This network
endows the cells with their viscoelastic properties, determine the
cells’ shape, and serve as conduits for molecular motor traffic
throughout the cell. One major component of the cytoskeleton is
the network of actin filaments which is crosslinked to form a gel
and undergoes contractile motions due to myosin-II motors that
adsorb to the actin filaments. We are interested here in the active
random fluctuations within such a cytoskeletal network,”" as
opposed to the highly coordinated global contractions that occur,
for example in muscle or heart cells (see Sections 4 and 5).

2.3.1. Active Fluctuations of In Vitro Acto-Myosin Gels

Since it is quite difficult to probe the active fluctuations within the
cytoplasm, there have been a number of studies of the dynamics
of connected actin networks (“gels”) that contain myosin-II
motors, in vitro. The fluctuations within such a system, as revealed
by the motion of a passive tracer particle embedded in the gel, 3348
may be described by an extension of the simple model described
abovel”ll
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Figure 3. a) Comparison between the membrane temporal height—
height autocorrelation function (for mode number m =qRpgc = 4,
Equation (13)) in passive cells (blue) and in healthy cells (red) (lines
give the theoretical fits to the experimental data in circles). Membrane
fluctuations and apparent response. Reproduced with permission.[62
Copyright 2015, Elsevier. b) For fresh RBCs, the measured response (filled
red squares) and the response calculated from fluctuations measurement
(displacement power spectrum density C(f), open red squares, where fis
the frequency) differ below 10 Hz by more than an order of magnitude,
indicating a clear violation of the FDR (Equation (5)). Reproduced with
permission.[*] Copyright 2016, Springer Nature.

v=—Av—kx+ fr+ fa (14)

where k is the spring constant of the surrounding network.
Note that in this system there is another time scale, which is
the natural oscillation frequency of the tracer particle in the
confining elastic network.

This model is valid for the periods where the tracer particle
was observed to be “trapped” around a specific location. On long
times, the tracer performs a “hopping”-type motion, where the
surrounding network undergoes a rearrangement that allows
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the tracer to move to a new location in the network. The long-
time limit motion is therefore diffusion within a viscous fluid,
but on short time scales the elastic nature of the actin network can
be described by the harmonic confinement of Equation (14).

Using Equation (14) we find that in this system our model
predicts highly non-Gaussian distributions of the tracer posi-
tion within each trapping site, and therefore non-Gaussian
van-Hove distribution of the displacement-displacement cor-
relations. The model predicts that under conditions of a stiff
actin network, the van-Hove distribution should exhibit distinct
side peaks that correspond to the motion induced by individual
motors. Surprisingly, this simple model predicts that T.q(w) as
found from the generalized FDR (Equation (9)) is independent
of the network stiffness k.

Comparing this model to the observed deviation from
the FDR,* we can extract the mean active burst duration
(Equation (7)) At = 100 ms and magnitude of@ ~20-100.
The non-Gaussian nature of the van-Hove distribution was also
observed in experiments,’?l and by comparing to the model one
can extract similar estimates for the time scale and amplitude
of the active forces.

2.3.2. Active Fluctuations of the Cell Cytoplasm

Probing in a direct manner, the fluctuations within the
cytoskeleton of a living cell is a difficult challenge. Earlier works
exposed the active nature of these fluctuations indirectly, by
attaching a tracer bead to the cell membrane and observing its
motion.”>7* The observed motion in these cases is a measure
of the fluctuations of the cell membrane which are driven by
membrane active processes (see the previous section), activity
of the cortical cytoskeleton of the cell, as well as the cytoskeleton
within the cell bulk.

One method to directly probe the fluctuations within the
cytoplasm of a living cell was reported in,*¥ using the injection
of fluorescent beads that have been treated to prevent strong
binding with the cellular constituents. The trajectories of the
beads were recorded, to give the fluctuations (Figure 4a), while
laser tweezers were used to probe the response function of
the cytoplasm. Combinedly, the breakdown of the FDR at low
frequencies can be obtained (Figure 4b) using Equation (9).

Using the overdamped version of Equation (14)

= %(—kx+fT £ ) (16)

We can relate the spring constant k to the measured bulk
modulus of the cell. Since in our model the response function
is given by yx,, (@) = 1/(iwA +k), we can relate it to the complex
bulk modulus

G = 1
OTTAY v

k
=—+ion=G"+iG’
ona n (17)

Here, G/, G” are the real and complex components of the

bulk modulus, respectively, which can be obtained from the
measured response of the beads when an external oscillatory
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force is applied to them by laser tweezers. Using this identifica-
tion, it was shown that the scaling dependence of the mean-
square displacement (MSD) on the bead size, for example, can
be explained by the model.*®! The power spectrum of the force
fluctuations is observed to decay as @ at low frequencies,
which is a common feature of the active noise models: the force
equals the velocity in the overdamped regime and the power
spectrum is therefore given by S,,(®) (Equation (8)).

In order to account for the long-time scale viscous behavior of
the cytoskeleton, whereby long-range diffusion of the tracer bead is
observed, an elaboration of the original model was proposed.*’-7!
In this model, the motion of the tracer particle is divided into
purely thermal fluctuations within a harmonic confining poten-
tial, while the activity is manifested by occasional bursts of force
that move the confining potential to a new spatial location, drag-
ging the tracer along. The translational motion of the confining
potential represents the reorganization of the cytoskeletal network
around the tracer particle, due to the active force. The equations
of motion have this (overdamped) form

5c=%(—k(x—x0)+fT) (18a)
f=5 S (18b)

This division between the thermal and active motion is phe-
nomenological, based on the difference in time scales between

(a ) Untreated
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10 " N
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=
0
.

T e T
i 10° 10t
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Figure 4. a) Typical trajectories of 200 nm PEG-coated beads in A7 cells
under three conditions: control, 10 x 107® m blebbistatin treatment (which
inhibits the activity of myosin-Il molecular motors), and ATP depletion.
The trajectory length is about 2 min. b) Generalized FDR ratio (i.e., Tof(®),
Equation (9)) as a function of frequency. It equals 1 in ATP-depleted cells
as for an equilibrium system, and it deviates from it in the two other con-
ditions at small frequency showing that nonequilibrium processes drive
the dynamics in this regime. Reproduced with permission.*®l Copyright
2015, IOP Publishing.
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the rapid thermal agitation and the slower active motion. Note
that the friction coefficient for the motion of the location of the
trap, x, is not well defined, as it is the friction of the motion of
the network surrounding the tracer.

However, this framework simplifies the analysis and provides
excellent description of the observed motion within an egg cell
(oocyte).*’] In this system, the tracer particles that are tracked
and used to probe the response are naturally occurring passive
vesicles,’% thereby eliminating the need to inject external beads
(as was done in ref. [46]). The bulk modulus of the oocyte was
found to have a complex frequency dependence, and similarly
the friction coefficient A is replaced by a time-dependent
memory kernel in Equations (18). The effective temperature
defined from the generalized FDR (Equation (9)), T.g(®), was
found to diverge in the @ — 0 limit.[*6#7]

Beyond explaining the qualitative features of the observed
active fluctuations, and scaling relations, the theoretical model
described above can be used to extract the characteristics of
the active forces from the experimental data. This is important
since within living cells it is difficult to isolate the dominant
mechanism that drives the active motion. By comparing the
force scale and the time scale of the activity which is obtained
by fitting the model to the observed data, the most likely
candidate molecular motor, for example, can be revealed. In the
cytoplasm of regular cells it is found that myosin-II contributes
the dominant source of active fluctuations,*®! while in the
cytoplasm of the oocyte it turns out that myosin-V plays the
major role.*”] Recently, this same model was used to quantify
the active fluctuations on a larger scale, at the cell-cell junctions
in a confluent multi-cellular tissue.®!

2.4. Inhomogeneous Active Fluctuations and Directed Motion

So far we have discussed systems where the active fluctuations
can be approximately treated in terms of an increase in the
effective temperature. We now show that there are cases where
this simple picture does not hold.

What happens when the active fluctuations are not spatially
uniform? If one treats the active fluctuations as an effective tem-
perature, such a thermal gradient will cause a gradient in the den-
sity of the system so that at steady state the pressure will become
uniform throughout. A passive object placed in this system
should therefore not feel any net force due to the thermal gra-
dient (ignoring thermophretic effects). However, active particles,
driven by nonthermal random noise, have a characteristic per-
sistence time At (Equation (7)), and therefore behave very differ-
ently from particle diffusing due to thermal noise (Equation (2)).
Near boundaries, the persistent active particles tend to accumu-
late, which is different from the uniform distribution of particles
diffusing in thermal equilibrium. This accumulation determines
the behavior of a passive object placed in a bath of active parti-
cles that have a spatial gradient in their activity.

Active particle ratchets, in which the force applied by active
particles to objects is used to perform work, have been imple-
mented both in experiments and simulations.””~7°! In systems
containing active particles, the forces these self-propelled par-
ticles (SPPs) exert may be used to perform work. This was
shown in both simulations and experiments.”7°l However, in
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order to extract work from such nonequilibrium systems it is
necessary to break time reversal and space inversion."#1 The
time-reversal symmetry is broken by the persistent motion of
the SPPs and their interaction with external boundaries and
passive objects, while the space inversion symmetry is often
broken using a special geometry for the boundaries or the pas-
sive objects. The activity, however, is usually uniform in all
these systems.

The motivation to study a nonuniform activity comes from
the observation of the random motion of active vesicles within
the oocyte (Figure 5a), whose mean-square velocity (?) was
observed to increase from the cell center to the cortex.2%#l This
gradient in activity, combined with the rather uniform density
of actively moving vesicles, was suggested to provide an effec-
tive pressure that acts on the nucleus of the oocyte, pushing it
from the cortex to the cell center (Figure 5b). Since the density
of active vesicles is uniform, the net force acting on a passive
object should naively be proportional to the gradient in (1?)
(Figure 5c).

This proposal was recently systematically explored using a
model of SPPs*82 where the activity has a gradient either in the
intrinsic active velocity of the particles (v, = fy/A, Equation (7)) or
in the persistence time of the motion, At. Note that the experi-
mental measurement of a gradient in (%) is not necessarily
indicative of a gradient in the intrinsic velocity of the SPPs
since the measurement time was of the order of the persistence
time.82] It was found that the effect of a gradient in these two
properties of the activity is very different: a gradient in the persis-
tence time allows for a uniform density of particles, but predicts
that the different accumulation of the SPPs on the surface of
the passive object drives the net force acting on it. On the
other hand, a gradient in the intrinsic driving force gives rise
to a strong density gradient since at steady state the density is
inversely proportional to the SPP velocity: p(r)e<c/v(r). The accu-
mulation of SPPs on the surface of the passive object is now uni-
form, but the gradient in pushing forces gives rise to a net force.

An interesting result is that in the limit of short persistence
times, such that the persistence length of the SPPs, lp =1, AT,
is much smaller than the size of the cell or the pushed object
(nucleus of the oocyte), the net force on the passive object obeys
an Archimedes-like relation

dl
Eot o= _PVO
C ax b (19)

Here, V,, is the volume of the passive object (or area in a 2D
problem), the constant ¢ = p(r)v(r), p(r) is the local density of SPPs
and v(r) is their local velocity. The gradient in the activity plays the
role of gravity in the case of buoyancy (the original Archimedes
system). In the oocyte it is estimated that [, = 0.2 um, which is
indeed much smaller than the nuclear diameter of =10 um and
the cell diameter of =70 um.

Returning to the oocyte system, this theoretical study may
indicate that the gradient in activity is most likely imposed
through a gradient in the persistence time, which agrees
with the observed uniform density of vesicles. Note that the
active vesicles are driven by myosin-V motors that move on a
randomly oriented network of actin filaments. It is not known
at present what is the mechanism that produces the gradient
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Figure 5. Dynamics of active vesicles in the oocyte. a) A single snapshot from the experiment, where the motions of the actin-covered vesicles are
denoted by the arrowheads (red toward the cell center, and blue away from the center). The nucleus is marked by the dashed line (scale bar: 15 um).
b) Series of images demonstrating the motion of the nucleus from the cell cortex to the center. The nucleus is marked by a nuclear probe (in green). c)
A schematic illustration of the force imbalance that pushed the nucleus to the center due to a gradient in activity: the propulsive force is F, o< = V (%)
due to the gradient in the motion of the myosin-Vb-driven vesicles. This gradient vanishes at the cell center, thereby maintaining the nucleus in this
position. The propulsive force is balanced by a drag force denoted by F;. In this illustration, the nucleus is represented by the green circle, actin-coated
vesicles by the red dots, actin filaments by red lines, and myosin-Vb motors are represented by blue dots. Reproduced with permission.% Copyright

2015, Nature Publishing Group.

in the motor persistence time across the cell, but it may be due
to a structural gradient in the actin network or some chemical
gradient that controls the motor activity.

3. Cellular Reconstitution of Self-Contracting
Poroelastic Actomyosin Sheets

This section focuses on cellular reconstitution of acto-myosin
contractility in vitro. Physics has a long tradition of studying
material properties and many tools and concepts have been
developed in this context. These are now being applied to
living cells, which—due to their nonequilibrium character—
pose new challenges compared to the studies of conventional,
“dead” (equilibrium, nonactive) materials. Living cells control
their shape and mechanical properties via the active reorganiza-
tion of their cytoskeletal networks. Yet, due to the complexity
of the in vivo cellular environment, the direct effect of a given
parameter on cellular reorganization, or any other cellular
process, is practically impossible. For that purpose, in vitro
reconstitution systems were developed.®*#4 Due to their sim-
plicity and their well-controlled nature, these systems enable
us to study effects such as system geometry, molecular com-
position, and the effect of externally applied forces. Moreover,
the data extracted from such experiments can be used for
physical modeling. Overall, the main challenge is to develop
systems that are simple enough to enable full control of their
parameters, which is essential for quantitative studies. Yet, they
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should have sufficient degree of complexity to allow faithful
representation of a known, biological function. In that way, in
vitro systems can provide complementary information to live-
cell studies.

Below we describe the dynamics of contraction and buckling
of thin poroelastic acto-myosin gel sheets as a model system
for active, contractility generated shape transformations in
developing tissues.

3.1. Self-Contracting and Buckling of Poroelastic
Acto-Myosin Sheets

A central property of developing plant and animal tissues is
their ability to form a diversity of folded patterns and to adopt
curved shapes through mechanical instabilities that break the
planar symmetry of growing epithelia.'*®-%71 The folding of
growing epithelia can result from external mechanical con-
straints that restrict in-plane expansion.®¥ Morphological
changes can also occur in unconstrained sheets,®) where the
emergence of wrinkles is associated with excess growth of the
margins relative to the center of the sheet. This mechanism
explains the shape of leaves and flowers.®>! In contrast to the
shaping of growing tissues, the deformation of animal embryos
during gastrulation often proceeds largely in the absence of
tissue growth and relies on active contractility.'*'% In most
cases, the mechanisms that are responsible for tissue folding
are usually studied in cell epithelia (layer(s) of cells). In that
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case, shape deformations have been observed, when a contrac-
tile epithelium was subjected to anisotropic contraction®? as
well as in the case when it was coupled to an elastic substrate.['”!
This presents a major difficulty for studying the intrinsic effect
of actomyosin contractility on tissue folding in vivo where the
external deformations and substrate cannot be controlled.

In recent work, we show that suspended, contractile actomy-
osin gel sheets can provide a good model system for studying
contraction-induced folding.’) We show that contractile acto-
myosin gel sheets behave as a poroelastic material, where a flow
of fluid is generated during contraction. We also observed that
the acto-myosin sheet can spontaneously buckle and that the
buckling instability resulted from system self-organization and
the spontaneous emergence of density gradients driven by the
active contractility. These new findings demonstrate that buck-
ling can be spontaneously generated by myosin activity and
does not require mechanical coupling to the environment or
preimposed gradients in the material properties of the sheet. The
latter effect has been shown to be responsible for buckling in
synthetic systems prepared with inhomogeneous crosslinkers
densities or elastic moduli.”®! Below we discuss the main find-
ings of this study.

We fabricated symmetric, circular thin suspended con-
tractile elastic acto-myosin sheets of controllable extent and
elastic properties”? by polymerizing actin in the presence of
the strong passive crosslinker fascin and clusters of myosin II
motors that act as active crosslinkers. Contractile elastic gels
formed only if actin polymerization occurred in the presence of
the motors and passive crosslinkers.**% The polymerization
process was performed in chambers with a high aspect ratio.
Specifically, the sheets had initial radii R (lateral extension) of
about 1/2 cm and an initial thickness h of typically a hundred
micrometer (vertical extension). This corresponds to an aspect
ratio R/h = 50. The actomyosin gels spontaneously contracted
through the activity of myosin motors with no need for external
stimuli, save for the presence of ATP in solution. Contraction
occurred only above a myosin concentration threshold.” For
lower concentrations, the mechanical stresses generated by the
motors were apparently too weak to overcome the gel’s elasticity,
whereas for higher motor concentrations the gel ruptured.>%!

The anisotropy in the gel extensions decoupled the contrac-
tion processes in the vertical and lateral directions. Namely,
contraction started in the vertical direction and only when
vertical contraction was essentially terminated, the contraction
began along the lateral direction, thereby generating 2d acto-
myosin gel sheets of finite thickness. We found that during
lateral contraction, the sheet thickness remained essentially
constant. The actomyosin gels thus correspond to materials
with an effective Poisson ratio v = 0; as discussed below,
this is due to the flow of water out of the material as it contracts
which is the signature of poroelasticity!'®!2l of combined fluid
flow and gel deformation as opposed to gel elasticity alone.
At advanced stages of planar contraction, the sheet spontane-
ously started to buckle. The buckling instability resulted from
system self-organization and was due to the spontaneous emer-
gence of density gradients (highest at the gel edge and lowest
at the center) driven by the active contractility that persisted
in steady state. Buckling occurred when contraction of the gel
periphery could not follow the contraction in the gel bulk. This
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Figure 6. Buckling of an acto-myosin gel sheet. A) Laser scanning con-
focal microscopic image of a 3D view of a buckling gel at steady state. B)
Laser scanning confocal fluorescence microscopic images of the actin gel
in (A) in the xy-plane (top view), the xz-plane (top side view), and the yz-
plane (left side view). Side views (xz- and yz-planes) are measured along
the white lines. Scale bars: 100 um (horizontal) and 60 um (vertical)
(insets of (A)) and 200 um B). The grid mesh size is 100 um (A). Repro-
duced with permission.’l Copyright 2018, Springer Nature.

is reminiscent of surfaces under the constraint of a fixed perim-
eter that is longer than the perimeter of a circle of the same
surface area. The emerging folds were directed perpendic-
ular to the boundary and had a roughly sinusoidal shape (see
Figure 6). The characteristic wavelength of the folded pattern
was proportional to the sheet thickness, e.g., for a sheet thick-
ness of =20 um with a corresponding wavelength of =200 pm.
Note that the macroscopic buckling phenomenon shown here
occurs on a much larger length scale compared to the mesh
size of the gel (=10 um at the end of the contraction process)
and does not result from the buckling of individual filaments
observed in dilute actomyosin networks in the presence of
weak crosslinkers such as o-actinin.?’-1%0)

To obtain a better understanding of the system dynamics,
we characterized the material properties of the system during
lateral contraction taking into account the actomyosin network,
the active stresses generated by myosin motors, and the
aqueous phase within the gel. The circular sheets contracted
isotropically throughout the process. This is in line with obser-
vations made on contracting actin gels that are attached to the
surrounding inactive gel at the periphery, where motors have
been activated by light in specific areas and where it was shown
that the final state presents the same aspect ratio as the initial
state.'®] Contraction began at the gel boundaries, which is a
consequence of the initially homogenous distribution of motor-
induced force dipoles (a myosin II motor exerts equal and
opposite forces on the actin—see Section 3), which generated
a homogenous active stress since the active, dipolar forces
canceled each other (on average, at large scales) everywhere
except at the boundaries. The contraction at the boundary
resulted in an increase of the gel density at the periphery that
later propagated into the gel interior with a characteristic time
scale ranging between 20 and 40 s, so that stress relaxation
occurs on time scales of 1-2 min. By analyzing the solvent flow
during the gel contraction dynamics we found that a flow of
the (penetrating) solvent was generated during gel contraction,
thereby demonstrating that the actomyosin gels behave as
poroelasticll®!!l active materials, as previously proposed for
actin gels in living cells.’2!3] The fluid flow was (on average)
opposite in direction to the motion of the contracting gel as
shown in Figure 7. The magnitude of the flow (determined by
the radial velocity v, of beads added to the solvent), however,
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Figure 7. Acto-myosin sheets are poroelastic. A) Subsequent epifluores-
cence microscopic images of a contracting gel with embedded fluorescent
beads with a diameter of 2300 nm at low magnification. Circles mark the
positions of four beads shown in (B). Arrows mark the global direction of
beads motion. Actin was labeled with Alexa-Fluor 488, and beads with Nile
red. Scale bar: 400 um. B) Radial velocity v, of the same beads and of the gel
edge (blue dots). The filled circles indicate the time, when the beads left the
gel. Reproduced with permission.[) Copyright 2018, Springer Nature.

depended on the relative volume fractions of the gel and the
penetrating fluid and was always larger than the gel contrac-
tion velocity (by a factor of up to 20) as shown in Figure 7B.
We further confirmed the poroelastic nature of our system by
showing that (elastic) stress relaxation can be determined by an
effective poroelastic diffusion constant D, which is proportional
to an effective, concentration-dependent gel elastic modulus
K and inversely proportional to an effective friction constant
7y that accounts for the permeation of water through the actin
network such that D = x/y. Using a theory of actively contrac-
tile poroelastic gels, extended to include the nature (catch-bond
behavior) of myosin motors!!®? to increase the total force they
can generate under enhanced elastic stresses, we confirmed the
poroelastic nature our system and explained the observations
and the physical basis of the contraction dynamics.

The overall motivation of this work was to shed light on
macroscopic shape changes of 2D tissues observed in var-
ious (biological) systems induced by myosin contractility, for
example, gastrulation in developing embryos,["*1% and to show
that purely physical mechanisms can underlie these transfor-
mations. Yet, the role of poroelasticity on the observed shape
transitions remains to be demonstrated. We do expect though
that the generation of a fluid flow due to contractility is a
generic phenomenon, governing cellular processes, such as cell
blebbing!!?l and motility.'®! In fact, it is becoming increasingly
clear that in many biological phenomena the mechanics of the
cytoskeleton and cytosol are intimately intertwined and cannot
be treated as separate entities.['4
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With respect to applications these bioinspired active
materials can be used for generating active self-organized 3D
structures of defined shape. They may also find applications
as biomaterials that can improve human health. In particular,
2d intrinsically contractile sheets may be used as actively func-
tional band aids that speed up wound healing or in form of
beating patches that could support heart function.

4. Elastically Mediated, Active Interactions within
and among Cells

In this section, we present a theoretical description of how active
contractility of either acto-myosin segments within a single cell or
entire, contractile cells themselves can result in elastically medi-
ated interactions that lead to structural order within or among
cells.?11%] Within many cells there are acto-myosin contractile
units that are adhered either to an underlying elastic substrate
or to the gel found in the cell interior known as the cytoskeleton
(see Figure 8). Experiments that probe cellular mechanics are
often performed on soft elastic gels that match the Young’s mod-
ulus of the cell (in the kPa range and thus smaller by orders of
magnitude than that of crystals).®17:19.20.196107] These mimic the
crosslinked biopolymers (e.g., collagen or fibrin) that comprise
the gel-like, extracellular matrix (ECM) in cell assemblies, which
provides structural support to cell assemblies and tissues.?* Thus,
contractile cells within these soft, elastic matrices can interact via
their mutual elastic deformations of surrounding gel.?1%810% 1
the synthetic materials context, this is analogous to the behavior of
inclusions in solids (for which the different thermal expansion of
the inclusion can result in contractile or tensile forces as the tem-
perature is varied) or interstitial atoms in crystals (e.g., hydrogen in
metals, where the different ion sizes can result in elastic forces)
with the important difference lying in the active, nonequilibrium
nature of cell contractility as explained below.?2109:110]

Not only are elastic interactions important for the interac-
tions of cells in and on gels, but a single cell itself responds
elastically to external mechanical forces. These are transmitted
to the cell via its adhesion to its elastic environment (see
Figure 8); the adhesion complexes are linked, on their other
end, to the cellular cytoskeleton either near the cell surface

0 9'00 0900000000 9000000

Figure 8. Schematic drawing of an adherent animal cell. Such a cell typically
has the shape of a fried egg, with the nuclear region protruding in the middle
while the rest of the cell remains relatively flat. In addition to the fluid lipid
membrane (outer orange line) which is attached by proteins to the viscoe-
lastic actin cortex (red on the top surface), the actin cytoskeleton (red cross-
hatch within the cell) includes both crosslinked actin as well as contractile
actin filament bundles (stress fibers are shown by thick red lines) that are
anchored to the cellular environment through transmembrane adhesion
molecules (blue) that bind extracellullar ligands (green). Reproduced with
permission.?!l Copyright 2013, American Physical Society.
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(actin cortex) or in its interior (cytoplasm). The cytoskeleton
comprises crosslinked polymers (e.g., actin, but also others)
whose self-assembled structure is modified by the transmitted
forces.'1112 The cytoskeletal shear modulus!''¥! gives adhered
cells their shape integrity, i.e., the cytoskeleton in an adhered
cells responds to external mechanical forces by shape deforma-
tions (including reorientations).2L10811L14 The crosslinked
cytoskeletal gel, while not translationally ordered as are crystals,
still behaves mechanically as a solid and has a nonzero, albeit
relatively small (compared to crystals), shear modulus.'"” For
motile cells, this shear modulus is only nonzero on short time
scales of seconds, while for well-adhered cells, the cytoskel-
eton may show an elastic response on significantly longer time
scales that can be up to about an hour.[1%>109]

As mentioned in Section 1, in adhered cells, myosin motors
exert equal and opposite, contractile forces on two, antiparallel
actin polymers that are adhered to the underlying substrate or
3D matrix. A simple, physical representation of a single acto-
myosin, contractile unit is that of a force dipole (two equal
and opposite forces separated by a small distance that repre-
sents the myosin “tail” length) in an elastic medium.21116-118]
The mutual deformations of medium by two nearby force
dipoles give rise to attractive or repulsive interactions between
the contractile units that can act to change their separation; if
they are well adhered to the matrix and cannot translate, they
still can rotate and change their relative orientations.[’-2!l
The force dipole concept is multiscale and can also apply to
entire cells, each modeled as a coarse-grained, contractile unit
that interact via their mutual deformations of the substrate or
3D matrix.2L110H61] \We note that in contrast to electric or
magnetic dipoles that are vectors, the force dipole is a tensor:
pij = fir;, where f; is the ith component of the vector force exerted
by each dipole and r; is the jth component of the vector distance
between the two forces (two myosin heads).

4.1. Interactions and Ordering of Cellular Active Force Dipoles

Interactions of inclusions in solids via their mutual deforma-
tions of the intervening elastic medium is a classic effect that
has been studied both theoretically and experimentally in
materials science.?21%% Each inclusion is acted upon and acts
upon the matrix deformation induced by the other inclusion,
giving rise to interactions that can be either attractive or
repulsive. The deformation energies of both the inclusions and
the elastic matrix are included since both are assumed to be
in equilibrium and to respond in a similar manner to forces;
the deformation due to the expansion or contraction of each
inclusion (e.g., via thermal expansion—if the temperature is
varied) results in a force on the inclusion exerted by the matrix.
The interaction energy of two inclusions is then determined
by the sum of i) the energy cost of deformation of the matrix
and ii) the energy gain of the inclusion, proportional to the
force exerted by each inclusion multiplied by the local matrix
displacement. A simple analog is that of a spring (the matrix)
stretched by a weight, hung over a pulley and acted upon by
gravity (the inclusion). The latter accounts for the inclusion
energies, analogous to the gravitational energy of the weight.
These energies depend on the relative distance and orientations
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of the inclusions and can result in forces that tend to rotate or
translate these bodies.[''8]

However, in treating the case of active acto-myosin
contractility, the molecular motors (and on a larger scale,
cellular mechanosensing) are not in equilibrium and the energy
they gain in deforming the matrix (analogous to the weight)
is irrelevant. Thus, the only energy that should be included
in calculating the interaction of two acto-myosin units (or two
entire, contractile cells) is the matrix deformation.2119-121 This
is indeed coupled to the active contractility by cellular adhesions
that couple the cytoskeleton to forces within a gel-like matrix or
substrate. The most important difference between the active and
passive cases, is that the sign of the effective interaction of two
actively contractile units is the opposite of the sign of the effec-
tive interaction of two passively contractile inclusions.[2!119:120]
In both cases, the interactions depend on the distance between
and relative orientations of the contractile units (which are
often nonspherical in the biological systems). In both cases, the
strength of the interaction is inversely proportional to the matrix
rigidity and vanishes for infinitely rigid media. However, in the
active case, the acto-myosin contractility stress itself is regu-
lated by the cell and increases with substrate or matrix rigidity
up to some saturation value; this can also be conceptualized
by considering that the cell maintains a constant local strain -
at least for soft substrates or matrices.'?”l Experimentally, it
is known that cell motility depends on substrate stiffness and
cells can also attract or repel each other depending on substrate
rigidity.'2%] The elastic interactions can also lead to orientational
order!7:116.119.124-126] (analogous to a nematic liquid crystal) or
translational registry['8-2% (analogous to smectic order in liquid
crystals) that depends on matrix stiffness in a nonmonotonic
manner since the interaction strength decreases with rigidity,
while the contractility magnitude, whose square also determines
the net interaction magnitude, increases with rigidity.?"122 This
predicts a maximum for the order as a function of substrate
rigidity, as observed in experiment, giving rise to an optimiza-
tion of order by variation of the matrix rigidity.'’-2%

Before presenting the theoretical description of how acto-
myosin contractility deforms the elastic surroundings in a
long-range manner, thus leading to elastically mediated interac-
tions of such “active inclusions,” we briefly review the molec-
ular basis!'"?”] behind the coupling of cellular forces to the sur-
rounding, passive elastic medium. Without such coupling, the
medium would not be deformed and there would be no long-
range mechanical interactions within or between cells. These
connections occur at sites located on the cell periphery and are
termed focal adhesions. They can be mesoscopic (e.g., microm-
eter) in size and consists of a long-lived (but locally dynamic
on a molecular scale), complex, multicomponent,[!?® protein
assembly that connects the actin cytoskeleton to transmem-
brane adhesion receptors from the integrin family. These are
then connected, on the extracellular side, to the substrate or
extracellular matrix. (Small and transient adhesions are termed
focal contacts.) A coarse-grained description of focal adhesions
depicts a layered structure with the “bottom” layer coupled
to the cell membrane and substrate (or extracellular matrix)
and the “top” layer coupled to the actomyosin cytoskeleton.
In the “lower” layer, the transmembrane adhesion receptors of
the integrin family have large units that bind to the substrate and
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smaller ones that bind to the cell. The cytoskeletal forces within
the cell mechanically activate the integrins to conformations suit-
able to matrix binding.?"132 The moleculel'?”] talin crosslinks
adjacent integrin molecules over a distance of about 60 nm while
also binding actin in the “upper” layer. Thus, talin, along with
molecules such as vinculin and paxillin, are important compo-
nents of the focal adhesion protein complex that couples the con-
tractile cytoskeleton to the surrounding matrix. The focal adhe-
sions also serve as signaling centers involved in regulating actin
assembly and myosin activity by molecules from the Rho protein
family. They also localize other molecules involved in cell motility
and cell differentiation (such as focal adhesion kinase, FAK).

The displacement in the matrix at position 7 that is caused by
a force dipole of magnitude p located at position 7 is proportional
to p/| 7 — |21 This has the same spatial dependence as the elec-
trostatic potential in Coulomb's law for electrical dipoles except
for the important difference due to the tensor nature of the force
dipole that dictates a complex dependence of the matrix deforma-
tion on the relative orientations of the two force dipoles.['7:21:116.121]
(We reiterate that the acto-myosin force dipoles we consider are
not electrostatic or magnetic ones; only the terminology and
scaling are similar) The matrix elastic energy is a function of
the relative orientation and distance between the dipoles. The
resulting matrix forces affect the cellular adhesions, resulting in
motion of the acto-myosin units or the cells themselves.

Two nearby dipoles each give rise to a strain field in the
deformed matrix. The overlap of these two strains enters as part
of the deformation energy of the matrix.2120121] We denote
this overlap or interaction energy by H, formed by the product
of each force dipole moment and the strain field caused by its
neighbor; the strain due to a given dipole is the spatial deriva-
tive of the displacement of the matrix caused by the contractility
of that force dipole

_ k.l
H= ZM Pi€jj

Here, p} and &} are, respectively, the force dipole moment and
the strain due to the kth and Ith force dipoles, and i and j rep-
resent the x, y, and z directions. There is a mathematical simi-
larity between this interaction and that of an electric dipole with
an electric field. We wish to emphasize that the interaction of
one dipole with the strain field of its neighbor is merely another
way to express the elastic energy of the matrix or substrate. To
obtain the forcel'®121133] exerted by the elastic medium on a cel-
lular adhesion, we calculate the spatial derivative of the local
elastic stress. This is proportional to the local strain for a linear
elastic medium. For example, for two linear force dipoles ori-
ented along the z-direction, the force in the z-direction applied
to one dipole by the other is

(20)

gL,
Fz = _piz az

(21)

4.2. Experimental Examples of Contractility Induced Ordering

The previous section outlined the elements of the theory
applying the force dipole concept to active, elastic systems
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such as acto-myosin filaments within the cellular cytoskel-
eton or entire contractile cells in gel-like matrices such as the
extracellular matrix. While the cell is not in thermodynamic
equilibrium (i.e., its internal structure does not conform to
minimization of some free energy), the matrix is a passive
material whose state is governed by free energy minimization.
Thus, the surrounding elastic medium exerts forces on the cel-
lular adhesions which will lead to a minimization of the matrix
elastic energy.'%121] These forces are then translated by the cell
into motion or reorientation of its internal acto-myosin contrac-
tile units so that in mechanical equilibrium the net force on the
contractile units and within the matrix is zero. Of course, nei-
ther the matrix nor the cells are governed entirely by the deter-
ministic mechanical forces discussed till now and one must
also include the effects of noise—both thermal and that arising
from cellular biochemical activity. Assuming that these noise
sources are correlated only on relatively short time scales com-
pared to the experimental observations, one can approximate
the probability of cellular orientational or translational order as
being governed by a Boltzmann-like factor involving the energy
H given by Equation (20) and an effective temperature that
in the case of cells can be orders of magnitude larger than its
thermal value [18-21112,124,134]

The net effect, is that the order or reorientation of the con-
tractile units (or cells) induced by the matrix forces (due to the
contractility of other units—or cells) is only partial, depending
on the ratio of the interaction energy and the noise ampli-
tude.l'”1%20] The most ordered configurations occur when
the interaction energies are largest, which can be strongly
dependent on the substrate or matrix rigidity as discussed
above. For weaker interactions, the noise dominates and the
contractile units (or cells) may be fairly disordered.

Experimental examples of these effects have been studied
in the orientation of relatively short, acto-myosin fibers
within stem cells plated from solution onto elastic substrates
at time scales of 2-24 h.[17:13] A detailed analysis shows that
the elastic interactions of the fibers (mediated by the inter-
vening cytoskeleton and the substrate) tend to align them
along the long axis of the cell, analogous to nematic ordering
in liquid crystals. This effect is strongest at an optimal sub-
strate rigidity since the contractility increases with rigidity
(before saturating), while the elastic interactions tend to
decrease with substrate rigidity. Indeed, the experiments
clearly measure the existence of this optimal rigidity, at
least for cells that are not too elongated. Highly elongated
cells show an increase and then saturation of the orienta-
tional ordering of the acto-myosin fibers, perhaps due to
steric hindrance or to a more subtle coupling of the initial
shape of the cell and acto-myosin fiber growth. A similar
effect of an optimal substrate elasticity is also observed when
the cell aspect ratio is measured. Adding a drug that deac-
tivates myosin contractility greatly suppresses the rigidity-
dependent aspect ratio of these cells which become elongated
as the acto-myosin fibers orient and increase in length.[3¢
This indicates the crucial role of active, myosin contractility
in the orientational interactions.

The ordering of the relatively short, acto-myosin fibers in
stem cells at early times may have important implications
for the differentiation fate of these cells several days later. An
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Figure 9. Chick cardiomyocyte cultured on collagen-I-coated 11 kPa polyacrylamide gel and
stained for sarcomeric alpha actinin (green), filamentous actin (red), and DNA (blue) to
visualize myofibril striations. The “blow-up” shows a schematic illustration of the experi-
mental setup. Here, three aligned, parallel myofibrils are shown; the two fibrils indicated are
in registry, whereas the third is off registry by a distance Ax. Each fibril is made of a repeating
sarcomere unit (comprising alternating actin and myosin filaments, here shown by dashed
and solid lines, respectively). The distance between neighboring z bands along a fibril, that
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how mechanical forces can affect both self-
assembly and function in biological cells.

As mentioned, entire contractile cells
can also be modeled in a coarse-grained
manner as force dipoles that interact via
the substrate or 3D matrix with nearby con-
tractile cells.?107119 A recent observation
discussed in detail in the following section
is that the beating dynamics of cardiomyo-
cytes can be regulated by the beating of other
nearby beating cells or even by an oscillating
mechanical probe.'’”138 In contrast to the
long-range, power-law decay of the substrate
displacement as a function of distance from
a force dipole, theory indicates that a dynami-
cally beating dipole induces a substrate dis-
placement that decays exponentially with dis-
tance from the source.'?!l The decay length
decreases as the product of the beating fre-
quency and the substrate viscosity; as the fre-

is, the unit cell size or length of a sarcomere is denoted as a, whereas d is the transverse
inter-fibril distance. Reproduced with permission.['l Copyright 2015, Springer Nature.

earlier and striking experimental observation was that stem
cells tended to differentiate into muscle cells in a relatively
narrow range of substrate rigidity; on softer substrates (=1 kPa)
they differentiated into nerve or brain cells, while on stiffer
substrates (=50 kPa) they differentiated into bone cells.® This
complex biological effect, involving signaling from the matrix
that affects gene expression in the nucleus, may have its ori-
gins in the physics of acto-myosin fiber orientation that is
maximized in the identical rigidity range where the differenti-
ation fate was that of muscle cells.l'”] Indeed, muscle cells are
characterized by highly oriented and well-ordered acto-myosin
fibers and the observation of orientational ordering at 2-24 h
may indicate that the elastic interactions of the contractile
units are an early-time cue that triggers differentiation into
muscle. This suggests a crucial role for mechanics in regu-
lating not only the structure of cells, but their function such
as differentiation.

The elastic interactions of contractile, acto-myosin units
can also explain observations of the registered organization
(see Figure 9) of myosin in neighboring acto-myosin fibers
in muscle cells such as cardiomyocytes.'2% This layering or
stacking of myosins in fibers that can be separated by several
hundred nm is analogous to smectic ordering in liquid crystals.
The contractile forces due to one fiber with many contractile
units along its length induce a spatially, periodically patterned
strain field within the substrate with alternating regions of
compression and expansion, which biases the positioning of
the contractile units of a neighboring fibers.[1%133] By including
the molecular noise inherent in cells, one can use the theory to
map (see Figure 10) the measured, substrate rigidity depend-
ence of registry onto that of the measured beating strains gen-
erated by cardiomyocytes. The good agreement of theory with
experiments relates the correlated beating of heart cells to the
structural registry of the myofibrils, which in turn is regulated
by their elastic environment.['>2% This is another example of
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quency increases, the net displacement of the
matrix away from the cell tends to zero.'?!
Nevertheless, it has been observed and esti-
mated theoretically that the elastic interac-
tions of beating cells (or a beating cell and a mechanical probe)
separated by up to about 100 um are still sizable enough to
affect the beating frequency.l'*® Several regimes are observed
and predicted as a function of the amplitude ratios and fre-
quency differences, including complete entrainment of the cel-
lular beating by the probe frequency and a regime (similar to
structural discommensurations in spatially incommensurate
lattices)!'*) in which the beating is entrained for several periods
and then stops before the cycle repeats itself.[121:138]
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Figure 10. The z-band breadth data (zbb) are mapped to strain values
using the theoretically derived expressions. The measured strain is shown
as solid, red dots together with the experimental error bars. The dashed
red line is an interpolated guide to the eye that joins the measured strain
data points within their error bars. The blue triangles represent the strain
values obtained by the theoretical mapping from the corresponding zbb
measurements (for the same values of substrate elasticity) and show a
close match with the experimentally measured strain values within the
error bars. Reproduced with permission.' Copyright 2015, Springer
Nature.

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

Z disc

Myosin (thick filament)

B RCRCECR

M line

www.advmat.de

Z disc

Actin (thin filament)

Figure 11. Schematic illustration of the sarcomere structure. The thick filaments of muscle consist of myosin motor molecules, assembled through
interactions between their tails. During contraction, the globular heads of myosin bind the actin filaments (thin filaments) and pull them toward the
center of the sarcomere. An elastic chain, comprising a series of immunoglobulin-like domains that can unfold as stress is applied, extends from the

Z-disc to the M-line.

5. Active Mechanics and Modulation of Beating
Cardiomyocytes

Cells are supported and connected in tissues by a viscoelastic
background formed by an intricate, dynamic network of macro-
molecules termed the extracellular matrix. It provides physical
scaffolding as well as crucial biochemical cues by regulating the
availability of extracellular signaling molecules.*% The biolog-
ical cell can be thought of as a “living (active) theometer,” con-
tinuously probing the mechanical properties of its environment
by exerting contractile forces on its surroundings, through the
actomyosin machinery. The cellular contractile forces are trans-
mitted to the ECM through cell-matrix adhesions (or cell-sub-
strate in the case of 2D cultures), termed focal adhesions, and
locally deform the matrix. Cells are able to sense the mechanical
deformation field induced in their environment by either other
cells or external mechanical loads. They respond to the nearby
stresses or strains by adjusting their adhesions and cytoskeletal
organization and by triggering biochemical transduction path-
ways that alter fundamental cellular processes.®7-141-148] The
detailed molecular mechanisms underlying the conversion of
mechanical cues into a biochemical signal are gradually being
revealed.[132:143.149-155] Cell-ECM mechanical coupling is recip-
rocal. Cells continuously remodel the ECM and induce changes
in its mechanics,°*"%8 while environment mechanics regu-
late protein expression, secretion, and actomyosin contractility
within the cells, thereby regulating cell elasticity, rigidity and
contractility, and the mechanical forces that cells apply.'>*!

The ability of cells to sense and respond to deformations
they induce in their environment allows cells to communi-
cate mechanically by detecting and responding to substrate
strains generated by their neighbors. Some evidence has
been accumulated over the past few years for the role of
mechanical communication through the ECM in physiolog-

ical processes and in synchronous behavior of interacting
cells [123,137,138,160,161]

Adv. Mater. 2018, 1707028

1707028 (16 of 21)

We shall now focus on muscle cells and heart muscle cells
(cardiomyocytes) in particular. In both skeletal and cardiac
muscle, the cytoskeleton shows extremely well-ordered
structures of repeated contractile units—called sarcomeres.[?’]
The sarcomere consists of an ordered array of parallel and
partially overlapping thick and thin filaments. The thick
filaments are assemblies of myosin motor proteins. The thin
filaments composed of actin and associated proteins attached
at their plus ends to a Z-disc at each end of the sarcomerel!?’]
(see Figure 11). The myosin and actin filaments are packed
together with almost crystalline regularity. In fact, this periodic
structure is so highly organized that it shows a 3D diffraction
pattern.[162-1641 As shown in Figure 12, cardiac cells that are
cultured on substrates with different rigidities differ in the
number of sarcomeres, fiber alignment, and registry of neigh-
boring sarcomeres.[1920:165166] The dependence of the sarco-
meric cytoskeleton on substrate mechanics is an indication
of the mechanical feedback between the cell and its substrate

E [kPa]

Figure 12. Representative images of cardiac cells on polyacrylamide
substrates with varying Young's moduli. Actin is labeled using Lifeact-
RFP: a) 1 kPa, b) 4 kPa, and c) 100 kPa. Cardiac cells are larger with
increased rigidity and an optimal rigidity exists for optimal sarcomere
alignment. Scale bar: 10 um.
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as mentioned above. We note that cell and ECM rigidities are
orders of magnitude softer than atomic or molecular solids
(kPa instead of MPa or GPa) due to the large distances between
crosslinkers in these polymeric, water-swollen gels.'”] In
cardiac physiology, sarcomeric cytoskeleton remodeling occur
during development and under mechanical overload.[1%%1% For
example, an increase in mechanical load in the heart (e.g., high
blood pressure) causes cardiac hypertrophy where the cardiac
cells become larger due to sarcomere addition.

A spontaneously beating cardiac cell induces deforma-
tions in the underlying substrate that, for physiologically
relevant rigidities (on the order of kPa), extend for several
cell diameters and can be detected by neighboring beating
cells (see Figure 13a,b).?1137.138] The significance of mechan-
ical communication between cardiac cells was explored by
designing a mechanical device that consists of a tungsten
probe that generates oscillatory deformations in the underlying
substratel’?”138] (see Figure 13). Since there is no physical con-
tact between the cell and the probe, the interaction is medi-
ated solely by mechanical deformations of the elastic substrate.
To construct a “mechanical cell,” probe deformations were
chosen in a way that mimic those generated by a neighboring
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beating cardiac cell.13¥ Since the strain field generated by a
beating cardiac cell is highly anisotropic (see Figure 13a,b),
the direction and amplitude of probe-induced deformations
were found to be of fundamental importance. After a “training
period” of 10-15 min, the cardiac cell synchronizes its beating
with that of the mechanical probel'*®] (see Figure 13c). Cells can
follow the probe oscillation frequency up to a certain threshold.
At higher probe oscillation frequencies, cell dynamics turn into
a bursting behavior involving fast and slow time scales (see
Figure 13d). The fast frequency is dictated by the probe, while
the slow frequency equals the spontaneous beating frequency
of the cell prior to probe activation. Surprisingly, unlike pacing
using electrical field stimulation, probe-induced beating rate
was maintained by the cell for an hour after the stimulation was
stopped, implying that long-term modifications induced by the
mechanical stimulation occur within the cell (see Figure 13e).
Spontaneous beating of cardiac cells arises from self-sustained
oscillations of the intracellular calcium concentration coupled to
membrane depolarization—repolarization cycles.'7*772  Influx
of Ca?* ions into the cytoplasm, which result, for example, from
membrane depolarization by an action potential, induces opening
of Ryanodine receptors (RyRs) channels on an intracellular storage
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Figure 13. a,b) Strain field generated by a beating cardiac cell along the contraction axis (i.e., the direction of the long axis of the cell (a, y-axis)) and
along the parallel direction (b, x-axis). c—e) Mechanical pacing of a spontaneously beating cardiac cell. c) Schematic representation of the experimental
setup used for pacing neonatal rat cardiomyocytes using a mechanical probe. A tungsten probe applies an oscillatory stretch, thereby deforming the
underlying substrate. d) Cell beating frequency after 10 min of mechanical stimulation (W) as a function of probe frequency (Wprobe) Normalized by
the spontaneous beating frequency of the cell before probe activation (w). Each point represents a single cell experiment. Above Wppe/Wo = 2.5, cell
dynamics turn into “bursting” behavior. e) Cell beating rate induced by mechanical stimulation persists over an hour after the mechanical stimulus
stops, while the pacing performed by electrical field stimulation is transient. Representative behavior of a cell stimulated with a frequency of 1 Hz by a
mechanical probe (empty blue squares) and by electrical field stimulation (filled red circles). In both cases, the spontaneous beating frequency of the
cell before stimulation was wq = 0.4 Hz. c—e) Reproduced with permission.['38 Copyright 2016, Springer Nature.
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named the sarcoplasmic reticulum (SR) in a process known as
“Ca’**-induced Ca?" release.” Elevation of intracellular calcium
levels promotes binding of Ca?* to TroponinC that in turn leads
to a series of conformational rearrangements that reveal strong
myosin binding sites on actin. This allows for myosin binding
and acto-myosin contraction. Eventual decrease in calcium
concentration, due to calcium pumps (e.g., sarcoendoplasmic
reticulum calcium ATPase (SERCA)) and transporters (e.g., Na*/
Ca?* exchanger) that transport Ca?* out of the cytoplasm, leads to
release of Ca®* from Troponin C and process reversal.'’"!

While mechanical signals are clearly able to remodel the
sarcomeric cytoskeleton, the cytoskeleton was not remodeled
in the time scale of the “mechanical cell’” experiment.!!3]
Modifications to the biochemical machinery that governs
spontaneous beating and electromechanical coupling in cardiac
cells can account for the change in spontaneous beating
frequency and electromechanical delay values. The mechanism
that underlies mechanical communication in cardiac cell
beating is still unclear and will require further study. In recent
years, increased sensitivity of type 2 Ryanodine receptor (RyR2)
channels through NADPH oxidase 2 (Nox2) activation in a
microtuble-dependent manner has been shown to play a major
role in mechanochemo transduction in the heart.'7>174]

It may well be that the level of remodeling involved depends
on the time scale of the interaction. At short times, only the
kinetics and sensitivity of ion channels, calcium pumps, and
transporters is modified, while after a longer time cytoskeletal
rearrangements occur. Therefore, cardiac cells behave as
coupled “living” oscillators that are able to evolve as a result of
mechanical coupling.

Spontaneous actomyosin oscillations occur in systems other
than muscle cells. The collective motion of molecular motors
can spontaneously generate periodic motion at all lengths scales,
from the molecular level (as observed for the gliding motion of
an optically trapped actin filament over a substrate densely coated
with myosin motors!'””l) through the cellular level (as observed
in beating flagella or the contraction waves of a spreading fibro-
blast) to the tissue level (as observed during gastrulation in the
developing embryo, where the tissue alternates between phases
of actomyosin contractions and pauses where the constricted
state of the cells is stabilized by cell-cell junction reorganiza-
tionl'76177)), Cardiac cell beating is regulated by calcium oscil-
lations; however, spontaneous oscillations with no regulatory
chemical signal can occur in cases where the motors are acting
against a resisting elastic force or in cases where two types of
motors, moving in opposite directions, are involved.[176178]

The dynamic coupling between cells and the ECM makes
the cell-ECM a single, complex, and dynamically coupled unit.
Cells were shown to locally remodel the ECM by, for example,
aligning collagen fibers.*157158 This remodeling leads to long-
range, frequency-dependent mechanical interaction.[16017]
Mechanical coupling between cells is not limited to cardiac
cells or oscillatory systems. Since all adherent cells apply
traction forces (essential for cell adhesion and motility) on
their environment, the latter gives rise to mechanical coupling
between cells that can drive multi-cellular organization by
directing cell migration and cellular orientation.!123-160:161]

Understanding the role of mechanical communication
and the ability to manipulate it by modifying the mechanical
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properties of the environment, whether it is the natural
extracellular matrix or an artificial scaffold, will pave the way
for new strategies to biomaterial scaffold design that can
support maturation and proper alignment of cardiomyocytes
and promote synchronized cell beating.

6. Concluding Remarks

We have presented an introduction for materials scientists of
the physical properties of active (energy-consuming) force
generation in biological cells and contrasted this with the case
of equilibrium (thermal) fluctuations that is familiar from
materials and soft matter science. Examples that show novel
behavior include red-blood-cell fluctuations, diffusion of beads
in cells, and nonuniform active forces in egg cells (oocytes). We
then focused on an in vitro system with active forces in which
myosin molecular motors (activated by ATP) promote self-con-
traction and shape transformations in thin acto-myosin gels.
The acto-myosin gels behave as poroelastic, active materials, as
previously proposed for actin gels in living cells. These results
may shed light on macroscopic shape changes of 2D tissues
observed in various biological systems induced by myosin con-
tractility, for example, gastrulation in developing embryos.

We next focused on nonmotile, adhered cells, where acto-
myosin contractile forces within the cell are transmitted to the
substrate or matrix via the adhesions that connect them. The
stresses induced in the substrate act back on the cell and can
order the acto-myosin segments either orientationally or transla-
tionally. This has been explored experimentally in stem cells and
in the ordering of neighboring (but noncontacting) fibers in car-
diomyocytes and in fibroblasts. The physical ordering has impli-
cations for biological function: in stem cells, the orientational
ordering can anisotropically deform the nucleus, reorganize the
chromatin (DNA) and impact differentiation, while in cardio-
myocytes, the registered structure of neighboring fibers results
in more coherent beating and higher cellular stress applied to
its surroundings. In addition, the dependence of intra- and inter-
cellular ordering on the rigidity of the surrounding matrix may
inform tissue engineering applications. An experimental study
of dynamical, mechanical signaling in beating heart cells (car-
diomyocytes) was presented, as an example of oscillations of the
acto-myosin network. The experiments demonstrate how an oscil-
lating mechanical probe can “entrain” the frequency of cardiomy-
ocyte beating. Furthermore, it was shown that the same mechan-
ical effect can occur for two adjacent heart cells, separated by dis-
tances of several cell diameters. This may have important impli-
cations for synchronized beating and mechanical regulation of
cardiac tissue that are of bioengineering and medical importance.
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