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Abstract

Cells display a high degree of functional organization, largely attributed to the
intracellular biopolymer scaffold known as the cytoskeleton. This inherently
complex structure drives the system out of equilibrium by constantly consuming
energy to conserve or reorganize its structure. Thus, the active, structurally orga-
nized cytoskeleton is the key player for the emergent mechanical properties of
cells, which further determine properties of cell clusters and even multicellular
organisms. In this spirit, this chapter introduces the physical principles on the
different levels of biological complexity ranging from single biopolymers to tis-
sues. The emergent mechanical properties and their respective effects on each
level will be highlighted with a strong emphasis on their intertwined nature.

5.1 Introduction

The tremendous complexity of biological matter emerges from the interplay
between intertwined levels or scales, with each level contributing a rich repertoire of
physical principles. To uncover these principles and their interplay has proven to be
a nontrivial task since processes, which we consider the fundamentals of life, exist
far from thermodynamic equilibrium. Thus, traditional, purely reductionist
approaches are unsuitable to fully elucidate and describe biological soft matter [1-3].
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Generally, complex systems are difficult to capture by intuitive understanding, which
rather impedes an abstraction of the system in form of a model. When dealing with
living matter, we can refer to different levels of complexity, which can be assigned to
physical scales [4]. In this framework, a higher level contains the lower level, and
complexity necessarily increases, which can even lead to entirely new properties [1].
If principles of the macrostate are absent in the underlying microstate, they are con-
sidered emergent (e.g., a single fish cannot exhibit swarm behavior). The term emer-
gence describes the process leading to novel emergent properties, with the prefixes
“micro” and “macro” not referring to definite length scales but to different levels of
biological complexity [4]. For biological matter, a possible hierarchy might be
described as

protein — filament — network — cell — tissue.

Using this hierarchy as a point of departure, we can aim at describing a given
system only on the basis of the next underlying level of complexity, an approach
termed hierarchical reductionism or coarse-graining [5, 6]. A biological tissue, for
example, can be described as an accumulation of cells and extracellular matrix
without considering subcellular structures. Further, cell mechanics can be described
in terms of principles of networks of filaments. In this process, the problem is
reduced, losing the detail of lower levels, similar to the use of computers, where not
every single transistor has to be considered to operate the machine.

This chapter describes the physical principles emerging at the different levels of
complexity and how they can be scaled up. In this context, it is important to clearly
distinguish the concepts of self-organization (processes driven by energy dissipa-
tion) and self-assembly (processes driven by minimization of free energy, i.e., no
energy is dissipated) [7—10]. With these terms at hand, we begin by introducing the
lowest level of complexity, i.e., monomers and filaments, and proceed to the higher
levels, successively describing the physical principles of cells, cell clusters, and
tissues.

5.2  The Cytoskeleton

The cytoskeleton is a scaffold lending cells mechanical integrity and stability. It
consists of three main constituents: actin, intermediate filaments (IFs), and microtu-
bules (MTs). These components form fibers in the micrometer range by polymer-
izing their monomers into specific arrangements, resulting in a different intrinsic
filament stiffness for each class [11] (Fig. 5.1). The stiffness is commonly character-
ized via the so-called persistence length (/,) [12, 13]. This material-specific param-
eter is a measure of the fluctuation correlation along the filament backbone,
quantifying over which distance an oscillation at a specific point (Sy) at the back-
bone becomes uncorrelated to the movement of another point (S,) at the filament
(Fig. 5.1). The persistence length can be directly observed, for instance, by analyz-
ing the average transverse fluctuations of filaments observed over time or by
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Fig.5.1 (a) Points (S) along the contour of a semiflexible polymer have different tangent vectors
(1. If points are close to each other (S, and S,), their tangent vectors are correlated and roughly
point in the same direction. When points are further apart (S, and S,), their tangent vectors are
uncorrelated and point in different directions. (b) illustrates the stiffness regimes of the three major
cytoskeletal components—microtubules (MTs), actin, and intermediate filaments (IFs). Different
mechanical properties are a direct result of the differing filament architectures. / denotes the length
of the filament and /, the persistence length [7]

evaluating their tangent—cosine correlation function [14]. Based on these methods,
actin filaments have an /, of ~10 um [15, 16], while MTs have a much longer /, in
the range of millimeters [17]. Note that /, of natural biopolymers cannot be freely
tuned and new model systems have to be used to derive the respective scaling laws
[13, 18-20]. Since [, is derived via thermal fluctuations (imagine a fluctuating
cooked spaghetti), it is a temperature-dependent parameter and cannot be consid-
ered a material-defining constant. However, by multiplying thermal energy, k37,
with the temperature, 7, and the Boltzmann constant, kz, a new temperature-
independent parameter called bending stiffness, k = k;T7,, can be derived.

Besides their mechanical properties, which have a static function and serve as the
cellular skeleton, the cytoskeletal filaments are also very dynamic structures, enabling
rapid adaptive organization of the entire cytoskeleton to fulfill functions such as cell
migration or division. Fascinatingly, the cell can use the same components for these
somehow contradictory tasks, which is only possible because of permanent energy
dissipation, permitting rapid transition between different states. Furthermore, although
the cytoskeletal building blocks are preserved in almost every eukaryotic cell, induced
morphologies vary substantially among different cell types. Even within a single cell,
the cytoskeleton spatially organizes into various different structures responsible for
differing sets of functions—a strategy known as multifunctionality.

The different filament architectures not only result in a wide range of different
bending rigidities but also determine their role in dynamic processes. MTs, for
instance, are very rigid and thus typically appear as individual fibers, extending
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Fig. 5.2 Schematic drawing of a crawling cell on a 2D substrate showing the most prominent
locations for the three types of cytoskeleton biopolymers. MTs are typically nucleated at the cen-
trosome and span the largest portion of the cell. IFs are most commonly found around the cell
nucleus, whereas actin filaments form dense networks close to the cell membrane. Particularly,
dense and dynamic actin networks are found at the leading edge of migrating cells (forming lamel-
lipodia and filopodia) [7]

from the cell interior to the membrane (Fig. 5.2). Due to their outreach and rather
straight structures, they are especially well suited for intracellular transport and for
providing directed forces during mitosis and for organelle positioning [7]. Actin
filaments, on the other hand, are semiflexible polymers and are typically arranged
into networks and bundles driving processes such as cell migration. Actin filaments
polymerize near the membrane (leading to high local concentrations as illustrated
in Fig. 5.2) and effectively push the boundary of the cell forward. In this dynamic
process, actin monomers depolymerize at the filament ends pointing toward the
cell center. These monomers subsequently travel to the front to reenter the polym-
erization cycle, a process called treadmilling [7, 21]. Due to their highly dynamic
nature, actin filaments can trigger rapid cellular changes. Additional components
such as cross-linking proteins or active myosin motors substantially enrich both
their mechanical and dynamic phase spaces. It should be noted here that biological
force generation is commonly attributed to the activity of molecular motors [11].
However, recent studies have demonstrated that actin as well as MT-based force
generation can be driven solely by entropic arguments without requiring any
energy dissipation [22-28].

In general, actin turnover and interactions with molecular motors are persistent
processes in biological matter, resulting in substantial energy consumption. In
eukaryotic cells, for instance, actin turnover alone can reach up to ~50% of the total
energy consumption [29, 30], which in turn indicates that minimizing energy con-
sumption has not been the most dominant evolutionary factor. Apart from molecular
motors, all other actin accessory proteins influence the filament or network proper-
ties without consuming energy in a form of ATP or GTP. Accordingly, regulatory
functions can be roughly classified as modifications of either polymerization
dynamics, cross-linking, or filament nucleation [7, 21].
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IFs are much less studied than the other two main components of the cytoskele-
ton. Additionally, IFs describe not only one specific polymer but a rather heteroge-
neous class of biopolymers, which form extended networks and thus substantially
contribute to cell mechanics [31, 32]. Different types of IFs performing specific
cellular tasks have been identified [33]. However, a general feature of all these cyto-
skeletal biopolymers is that they undergo growth and shrinkage by addition or sub-
traction of monomers. Therefore, their length is adjustable in a dynamic fashion and
highly depends on stochastic fluctuations [32, 34, 35]. Further, their dynamic orga-
nization is largely determined by a complex interplay with a multitude of molecular
accessory proteins, which nucleate, sever, cross-link, weaken, strengthen, or trans-
port individual filaments [11]. The dynamic, self-organizing cytoskeleton is pow-
ered by energy-dissipating ATP or GTP consumption, mainly fueling two key
processes: hydrolysis-powered depolymerization/polymerization of filaments and
molecular motor-driven filament/motor transport [7]. Unlike IFs, MTs and actin are
polar structures due to their asymmetrical polymerization and depolymerization
dynamics (treadmilling) caused by their differing critical concentrations at the two
ends. These two different critical concentrations are a direct result of ATP or GTP
consumption, thus reflecting the intrinsic non-equilibrium process, which exerts
substantial pushing forces [36]. The arising polarity is crucial for molecular motors
to be able to move in a specific direction, enabling controlled cargo transport as well
as directed pulling forces [37].

5.3  Rheology

Rheology is the study of deformation responses of materials to applied forces. The
deformation response to constantly acting forces depends on whether the material is
categorized as a solid or a fluidlike material. In solid materials, the magnitude of the
deformation, typically elongation, scales with the applied force, e.g., an elastic
spring under tension. Solid responses may also include plastic deformations such as
overstretching a spring beyond its elastic limit, which permanently deforms it. The
so-called viscous deformation response of a fluidlike material describes how the
deformation rate scales with the applied force, e.g., ketchup flowing out of a bottle
or squeezing glue out of a tube.

For biological samples—in this chapter single cells and soft tissues—visco-
elastic responses to small forces have two distinct time scales: on short time
scales, from split seconds to minutes, tissue deformation is proportional to
applied forces and will recover to return to its initial form after stress release.
This is easily confirmed by pressing against muscular or fatty tissue, where
responses are nearly elastic. On long time scales (days to months), tissues tend to
behave like highly viscous fluids, enabling body modification such as stretching
lips by inserting lip discs, as, for example, practiced by the tribes of Mursi and
Surma residing in Ethiopia [38] and the south American peoples of the Kayapo
and Botocudo [39], or earspools (“flesh tunnel”) in western subcultures and vari-
ous African and American tribes [38, 40]. Materials which are governed by both
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elastic and viscous behaviors, such as most biological tissues, are considered
viscoelastic materials. Examples of deformation responses are presented in
Fig. 2.5 of Chap. 2.

Besides these passive responses, cells and tissues can actively react to environ-
mental cues. Well-known active force generators are myosin motors, which exert
pulling forces on actin filaments. This interaction is crucial on the cellular level for
processes such as single-cell motility as well as on the tissue level, e.g., for muscle
contraction. Many active processes are complexly intertwined with cellular path-
ways or immune responses and can highly influence the material properties of cells
and tissues.

While the qualitative description of biological materials is straightforward, quan-
titative descriptions involve a profound theoretical background and mathematical
models. The main goal of quantitative description is to gather material parameters
from biological tissues. Since material parameters should describe intrinsic proper-
ties, they should be—in the best possible case—independent of features of the
experimental setup such as applied forces, size of the tissue, or type of experiment
conducted. This chapter will outline the theoretical minimum needed to adequately
describe single cells and biological tissues later on and will introduce the concepts
and terminology needed to understand the following chapters. Special cases such as
nonlinearity and temperature dependencies are deliberately neglected here and are
partially discussed later.

5.3.1 Step Experiment

As a starting point, consider a cuboid of tissue. The deformation response will
depend on the strength of the force and how it is applied, i.e., on which side and in
which direction. Vice versa, if a given deformation is forced upon the material, an
internal force will arise accordingly. For the sake of simplicity—mathematical and
explanatory—we restrict the possible types of force and deformation application to
the types illustrated in Fig. 5.3: a longitudinal sudden force experiment and a trans-
verse shear experiment.

In the stretching experiment, the force is applied equally on two counter-facing
sides (red-dashed lines), resulting in an applied stress o (force per area). The mate-
rial will expand by Ax in the stretching direction and retract by —Ay perpendicular
to it. The resulting elongation is measured as strain, i.e., relative extension y= Ax/x
(a tensor notation of linear strain is given in Eq. (2.6) of Chap. 2). Contraction
occurs due to internal forces of the material, usually since many materials, such as
water, are nearly incompressible. The relation between axial strain and transverse
strain is captured in the Poisson ratio v given by

v:_Ay/y:l@_A_Vi)’ 5.1
Ax/x 2 V Ax

with volume V of the cuboid and all further parameters as sketched in Fig. 5.3a.
The Poisson ratio is a dimensionless unit and typically ranges from 0 to 0.5. A value
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Fig. 5.3 The two archetypes of deformation response experiments in rheology. (a) shows the
stretching mode, where two counter-facing sides are pulled apart perpendicular to the surface. The
material elongates in the direction of the applied force and contracts perpendicular to it. (b) shows
the shear mode. A strain is applied on the upper side, and the strain response is measured on the
lower side

close to 0 means nearly no lateral contraction upon pulling, while a value close to
0.5 means that the material is nearly incompressible. The Poisson ratio for biologi-
cal microtissue samples was found to be on the order of v=0.45 [41]. Lower values
can be found in multiphasic tissues, in which a fluid phase is allowed to freely move
(see Chaps. 3 and 4).

For simplicity, only constant step stresses, as illustrated in Fig. 2.5 of Chap. 2,
are considered in the following. When applying such a constant stress profile, o,
starting at =0, strain y can be expressed as

v()=D(o, o D(r)="11, (52)

where ¢ denotes time and D(7) denotes tensile creep compliance. This parameter is
usually unique to the type of material measured. For a perfect elastic, springlike
material, tensile creep compliance reduces to a constant, D(¢) = 1/E, where Young’s
modulus E describes the stiffness of a solid material under forces very similar to the
spring constant of an elastic spring. The higher it is, the stiffer the material. Muscle
tissue, for example, has an average Young’s modulus of 2.12+0.91 kPa [42], while
cancellous/trabecular bone has 14.8 + 1.4 GPa [43, 44]. An overview of elastic prop-
erties of tissues has been presented in a review by Akhtar et al. [45].

For a perfect viscous, fluidlike material, the tensile creep compliance will follow
D(t)=t/n, where 7 is the viscosity of the fluid. The higher the viscosity of a material,
the slower the flow speed for given forces will be. Honey, for instance, has a viscos-
ity between 2.54 and 23.4 Pa- s (at 25°C, depending on moisture and sugar composi-
tion) [46], while blood has 4 mPa-s [47].

For viscoelastic materials, the detailed time-dependent response will be more
complicated. Examples for illustration are presented in Fig. 2.5 and Fig. 5.4.
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If a step strain y, is applied, instead of a step stress, the corresponding stress
response o(f) will be given by

_a(r) (5.3)

with the elastic modulus E(t), also known as time-dependent Young’s modulus,
which is in principle the inverted tensile creep compliance. The two material param-
eters—tensile creep compliance and elastic modulus—are not independent. In fact,
one can translate tensile creep compliance to elastic modulus and vice versa. The
conversion can be done using Laplace transform L:

L[E(t)}L[D(t)]=SLZ,

with the complex frequency parameter s=o+iw. Because the interpretation of elas-
tic modulus E(f) is more straightforward—the higher the modulus, the stiffer the
material—it is more commonly used in the scientific community than creep
compliance.

(5.4)

5.3.2 Oscillatory Experiment

The second measurement archetype is the shear experiment (Fig. 5.3b), in which a
cuboid of material is fixed between two plates. On one plate, a shear stress is applied,
and, in the opposite plate, the strain response is measured. Vice versa, applying a
strain and measuring a stress response would give the same qualitative result.
Commonly, forced strain y;, is a sinusoidal alternation at frequency @ with a chosen

maximum strain amplitude y,:
(5.5)

Vi (£) =7, cos(wt).

The response to stress on the second plate will depend on the material, either
elastic, viscous, or viscoelastic. In Fig. 5.5 the three types of responses are illus-
trated for applying a shear strain and measuring the stress response and vice versa.
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Fig. 5.5 Sketches of the shear—strain relation in the shear experiment. In (a), a shear strain is
applied (gray), and the stress response is measured, while in (b) a shear stress is applied, and strain
is measured. An elastic response (blue and red, respectively) is in phase, while a viscous response
is phase shifted by 90" (positive direction in (a), negative direction in (b)). The phase shift will be
between 0" and 90’ for a viscoelastic response

In either case, the response is also sinusoidal but phase shifted, if the material is not
purely elastic. Since cases (a) and (b) in Fig. 5.5 give principally the same results,
but with inverted cause and effect, we henceforth focus on case (a), applying strain
and measuring stress, as this is the more common experimental method.

As the viscoelastic stress response will be sinusoidal with an added phase shift—
the strain lags behind the stress—it is possible to use some basic trigonometric
identities for dealing with sines and cosines in an elegant way. Nonetheless, the
solution for viscoelastic materials can already be explained qualitatively since the
response of elastic and viscous materials is already known.

For elastic materials, the resulting stress, o, , is proportional to the applied
strain, y;,, giving

O (1) =0y, cos(o1), (5.6)

since y;, is also a cosine function. In contrast, for a viscous material, the strain rate
is proportional to stress, meaning that stress will be highest when strain changes the
fastest and stress will be zero when strain is constant. Therefore, the viscous stress
response will be out of phase by 90:

O vis (t) ==0Ovis Sin(wt)- 5.7)

Intuitively, the stress response of a viscoelastic material can be found as the sum
of the elastic and the viscous response:

Oy (1) =044, cOs(@1) -0, sin(r). (5.8)

Analogous to the tensile creep compliance presented in the previous chapter, we
can define the complex shear modulus given by

M =G'(w)cos(wt)-G"(o)sin(wr),

G (w.1)= . 59
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with storage modulus G’ and loss modulus G'.

A viscoelastic material can therefore be characterized by the ratio of the viscous and
the elastic stress response amplitude for a given frequency [13]. The higher the viscous
amplitude relative to the elastic amplitude, the more viscous than elastic a material is at
that given frequency. The elastic and viscous response can be different for varying
shear frequencies (see Fig. 5.6. The ratio of both amplitudes also defines phase shift
angle 6, like in Fig. 5.5, given by the following equation (see Eq. (2.44) in Chap. 2):

"
tans ()= Dosis _ G,(a)).
GO,ela G (a)) (510)
For the quantitative part, the basic trigonometric identities mentioned above are
needed. As the elastic and viscous amplitudes cannot be measured independently in
shear experiments, we have to convert G* from a sum of a sine and a cosine to a
single cosine (or sine) including phase shift. After conversion, we obtain

G*(a),t)=|G*(a))| cos(wr+6), (5.11)

where |G*(w)| denotes the measured absolute amplitude given by

G (0)| =G (0)" +G" (). (5.12)

The storage and loss modulus can be recovered via G(w)=IG*lcoss and
G'(w)=IG"Isiné.

This representation of complex shear modulus G* is most suited for experimental
data since it includes absolute amplitude IG*(w)| and phase shift &, both of which are
quantities that are easily measurable in any oscillatory shear experiment for any
frequency. Complex shear modulus G*(w) is the favored material parameter in the
scientific community since it has a more convenient interpretation, basically the

G'(o)/[Pal
=)

1100

G ()Pl
3

(6) () uey

107

107 1072 107 100 10
Frequency/[Hz]

Fig.5.6 Graph of the elastic and viscous shear modulus (extracted from the complex shear modu-
lus) and phase angle of an actin polymer network measured with a rotation shear rheometer. For
low frequencies (102 Hz and lower), actin is easier to deform on long time scales of 100 s, which
cause a significantly lower storage (blue) and modulus (green). Deformability, both elastic and
viscous, increases with frequency. As the phase angle increases with frequency, actin becomes
more and more viscous in its response
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same as elastic modulus E. Also, rotation shear rheometers are predominantly used
for oscillatory shear experiments, which can directly measure the storage and loss
modulus for a broad frequency range. If instead a shear stress is applied and a strain
response is measured (Fig. 5.5a), the calculations above can be done analogously
and will result in the complex inverse of G*(w), i.e., complex compliance
J(@)=1/G*(w). A typical complex shear modulus graph is depicted in Fig. 5.6,
showing the frequency-dependent response of an actin network under strain load.

In addition, the previously introduced elastic modulus E(7) and tensile creep
compliance D(¢) can also be converted to complex shear modulus G*(w). Details of
the conversion will be omitted since it involves advanced calculus and will not give
more insight into the material properties of biological tissues.

5.3.3 Modeling Viscoelasticity

Modeling the complex time dependence of tensile creep compliance or the elastic
modulus of viscoelastic materials is often done via constitutive equations and/or mod-
els. In a simplified, coarse-grained vision, cells can be considered as polymer scaffolds
(cytoskeleton) filled with a viscous fluid (cytosol) and functional entities (organelles,
which are obstacles in the polymer meshwork), or, put simply, the cytoplasm responds
like a water-filled sponge [48]. The cytoskeleton is the main contributor to elastic
behavior, while the flow and friction of the cytosol and organelles contribute to the
viscous response. The combination of both results in an overall viscoelastic response.
An ideal spring with its elastic response, simulating the cytoskeleton, and an
ideal dashpot, simulating the viscosity of the cytosol, can be interconnected to set
up toy models simulating viscoelastic responses. We will give here only a short and
shallow overview on how viscoelastic properties can arise from the combination of
perfectly elastic and viscous subunits. When combining a spring and a dashpot in
parallel in the so-called Kelvin—Voigt model, the applied stress is distributed
between the spring and the dashpot as captured in the following simple equation:

(o) O

spring + O-dashpot . (5 . ] 3)

In addition, the strain of the spring and dashpot will be the same as the total
strain:

total —

ytola] = yspring = ydashpot . (5 14)

With this set of equations, the time-dependent strain response y(#) of the Kelvin—
Voigt model (and analogously for the Maxwell model) for any given time-dependent
stress o(f) can be calculated. With the recipe given above, more complex models,
possibly featuring more material details for different time scales, can be set up using
more than one spring and dashpot. Introduction of another dashpot in series, for
instance, accounts for permanent plastic deformation. Furthermore, these models
can be applied to any type of experiment—shear and pulling/pushing mode, stress
or strain application, and oscillatory and stepping mode—rendering them univer-
sally applicable. These models are therefore widely used in the scientific commu-
nity as a first top—down approach.
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Another modeling approach originates from polymer physics allowing to derive
many scaling laws from basic principles [12]. Scaling laws are powerful, predictive
tools and are generally found in biological systems [49-51]. For instance, the basal
metabolic rate P of mammals is approximately proportional to their mass M to the
power of three fourths (P o M**). For single cells and tissues, scaling laws can be
found for the strain response under stress load (yxoy-1%) [52-54]. For a scaling
exponent a between 0 and 1, a viscoelastic response can be modeled, including the
limit cases of =0 and a=1, corresponding to a purely elastic and purely viscous
response, respectively. Indeed, scaling behaviors of material parameters, such as G*
and E, can be found in various biological systems [55]. They can be also derived
from more fundamental principles of polymer interactions [12] and hold even for
advanced theories, i.e., the glassy wormlike chain [56, 57] including nonlinearities
like strain hardening and softening [58]. More modeling approaches for cells and
tissues can be found in [59, 60].

However, many approaches assume a passive material, which might not be the
case for biological matter on time scales of minutes or longer [60]. Introducing
active responses, and therefore active force generation, in models is a challenging
task since many active processes cannot be described with ease in a coarse-grained
manner. Modeling force generation of myosin motors, however, has made signifi-
cant advances, and appropriate models have been introduced [61-65].

Besides active responses, when probing the mechanical properties of biological
matter, the effect of temperature should not be neglected. The temperature should
always be in a physiological range since many processes in organisms are highly
temperature dependent, e.g., polymerization and depolymerization rates of actin and
microtubules [66, 67] as well as motor activity of myosin, dynein, and kinesin [68].
Temperature also affects passive material properties as many materials become less
viscous at higher temperatures. Honey, for instance, is much more viscous at lower
temperatures [46]. In detail, the viscosity of honey follows an Arrhenius law [69]:

'7(T)=n(Tref)e_(ﬁja (5.15)

where n(T) is the viscosity of the material at a given reference temperature, kz the
Boltzmann constant, and E, the activation energy of a transition of states, usually
energy barriers of chemical reactions or binding energies. This effect, commonly
known as time—temperature superposition, can be observed for single cells [70].
However, many cells do not show this clear relation, and the temperature depen-
dency of their responses is more complex [71].

5.4 Mechanics on the Cellular Level

Modeling is often limited by strong interactions across multiple levels of complex-
ity. Already on a cellular level, the many cell organelles and functional groups make
it difficult to grasp the cell “as a whole” in terms of a coarse-grained system. As the
internal structures of cells are already highly anisotropically distributed, it might
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appear counterintuitive to describe the behavior of a whole cell as a coarse-grained
system. It turns out, however, that many of the introduced concepts are no oversim-
plifications per se and that biological systems can often be described in such a
simplified manner. As long as cells (and/or tissues) are not actively reacting to
applied forces and deformations, cell mechanics can be understood as an emergent
consequence of the cytoskeletal network level. To push this conceptual approach
even further, key aspects of cell migration [72] or cell shape [73] can be described
without considering details of the filamentous or the molecular level by solely using
very fundamental hydrodynamics-based descriptions [74].

Biological cells can be structurally regarded as polymer-filled entities enclosed
by a nearly impenetrable membrane. Due to the considerable backbone stiffness of
actin filaments and microtubules, mechanical integrity is already given for relatively
large mesh sizes and low-volume fraction. An analogy for this concept is a tent,
which mechanically stabilizes a certain volume with enough space for passive and
active molecular transport. As described in the cytoskeleton chapter, the three main
components, actin, microtubules, and intermediate filaments, can form emergent
structures such as networks and bundles [7, 75]. Although cells come in a broad
phenotypic diversity, including keratinocytes, fibroblasts, and neurons, the cytoskel-
etal composition does not necessarily need a thorough overhaul. Usually, slight
compositional variation or introduction of active processes, i.e., molecular motors,
is often sufficient to generate this rich pool of structural appearances. Additionally,
many other cellular components contribute to the mechanical behavior.

The main actors in this scenario are the nucleus, the cytoskeleton, and the cell
membrane. While these structures are functionally and mechanically intertwined,
effects can be specifically attributed to certain subcellular structures. Whole-cell
deformations like squeezing or stretching of the cell body are mostly affected by the
cytoskeleton as it is the most extensive structure in the cell. Small deformations in
the linear regime (up to 5% [58]) are dominated by actin and intermediate filaments
[76]. For larger deformations between 5 and 25% strains, nonlinear effects of the
actin cytoskeleton can result in nonlinear responses, e.g., strain stiffening [77-79]
and—paradoxically—also strain softening [80, 81] (the paradox is resolved in [58]).
Even larger elongations are intercepted by microtubules and ultimately limited by
the integrity of the membrane. Lamellipodia and other protrusions also rely on the
stabilization by cytoskeletal filaments. Nuclear mechanics come into play when
cells are moving in narrow spaces or are heavily compressed [82, 83]. Passing of
narrow channels is dependent on the viscous response of the nucleus to such con-
finement [83—-85], and the nuclear lamina will actively respond to environmental
stiffness [86, 87]. The mechanical response of cells is also influenced by their mem-
brane, and diseases such as cancer can often cause membrane alterations [88, 89].
Small indentations (tenth of cell diameter) and pulling forces (sub-nano-Newton)
are a matter of membrane bending rigidity, while global (and quasi-global) indenta-
tions are influenced by effective membrane tension [89, 90]. Furthermore, mem-
brane rigidity influences the extent of mechanosensing signaling pathways. This
also holds for self-induced invaginations and blebbing, i.e., exo- and endocytosis,
receptor binding, and treadmilling. When discussing processes beyond these
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circumstances and on the scale of a whole cell, the entanglement of these differently
behaving structures has to be taken into account. Still, the cytoskeleton can be con-
sidered the most influential part of the cell regarding mechanical behavior.

The strong influence of the cytoskeleton on the overall mechanical properties is
striking when looking at the elastic modulus E of most cells. It ranges from unex-
pected low values [52] of some hundred Pa in glial or neuronal cells [91] to tens of kPa
in human thrombocytes [92], illustrating the high variability and adaptivity of cells
compared to classical and synthetic materials. As parts of the cytoskeleton are in con-
stant treadmilling, appearance and mechanical structure are not persistent and allow
the cell to adapt to its environment, rendering the cytoskeleton self-regulatory.

From the broad range of elastic moduli of different cell types and completely
different functions, it is apparent that cell mechanics is a vital component of cellular
functioning [93-97] including mitosis, where the cytoskeleton undergoes a signifi-
cant overhaul enabling controlled cell division [98].

5.4.1 Probing Techniques

Cell rheology probes the response of cells to applied disturbances. As already
explained in detail in the rheology chapter, responses and disturbances are usually
forces and deformation or vice versa. Since material parameters like the complex
shear modulus are in principle independent of the probing technique, a variety of
techniques have been established based on different physical concepts to generate
stresses or strains. Table 5.1 summarizes the most common probing techniques for
single cells. Another reason for this variety is that every technique has its own work-
ing range of stresses and strains and temporal resolution and probes a cell either
locally or globally. Nonetheless, due to the high structural heterogeneity of single
cells including local mechanical alterations, it has turned out that directly compa-
rable, consistent results are difficult to obtain. One eminent question is what exactly
is probed since the main components of the cytoskeleton already differ in their
mechanical properties. Also, adherent cells, which form prominent stress fibers on
substrates [99], differ in their responses from suspended cells, in which actin con-
glomerates to a shell-like cortex below the membrane [100, 101]. It remains an open
question whether (and how) results obtained for adhered and suspended cells
compare.

The comparably simple and inexpensive micropipettes were one of the first tools
for characterizing cell mechanics via micropipette aspiration [117], albeit it is lim-
ited by inherently lower throughput due to long preparation and measurement times.
In the earliest application of this method, blood cells with different diameters were
used and analyzed with regard to their response to higher or lower suction pressure
(=stress). In general, any suspended cell can be probed including isolated cells from
tissues [103]. If a very small pipette diameter is chosen, the local mechanical prop-
erties can be probed, whereas larger pipettes can be used to suck in cells for global
probing on time scales from seconds to hours [102], and deformations far from the
linear regime can be obtained.
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Table 5.1 Cell mechanics probing techniques

Technique

Range of application

Micropipette aspiration

?

Local or global probing of strain and
stress depending on diameter

Time range 1-1000 s [102, 103]

AFM/SEM indentation

a4

Low and high strains possible

Local or averaged probing

Frequency range 1-300 Hz

Force range pN-nN [93, 104, 105]

Active and passive optical trap rheology

Probing of overall force and fraction
of force transmitted to the
environment

Local or global probing of stresses
(Pa)

Force range pN-nN [106]

Passive bead rheology

Passive method

Local properties of viscosity via
diffusion

Energies of order k37 [107-109]

Magnetic bead rheology

L

M

Local probing of elastic response

Frequency range 0.01-1000 Hz

Torques up to 130 Pa, linear [54,
110]

Optical stretcher

|

—

I

Local or global probing of stresses
(Pa)

Forces 0.1 nN

Small strains of 1-10% [97, 101,
111-113]

Real-time deformation cytometer (RT-DC)

w

Global probing of deformation under
high pressures

Stresses up to 500 Pa [114-116]

Micro-constriction array

\_/

P N

Global probing of deformation of
cells

Cell nuclei deformation probing

Stresses up to 400 Pa [83]
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Another well-established method to determine mechanical properties of cells,
which can be also extended to small tissue samples, is atomic (scanning) force
microscope (AFM). Depending on the geometry of the cantilever, cells can be
probed very locally by using a pointy tip [93], broadly locally by using a beaded tip
[91, 104, 118], or globally by using a flat tip [119]. In terms of stress and strain
application, the AFM is versatile, allowing indention times from milliseconds to
minutes, only limited by drifting of experimental stages (which can be stabilized
with slight sophistication [120]). The force application ranges from pN to nN,
including forces beyond the linear limit [121, 122]. Furthermore, using an oscillat-
ing cantilever to induce oscillatory stresses allows complex shear modulus measure-
ments [41, 105]. One drawback of the AFM is the comparably low throughput due
to possible long preparation times of the experiments, and since adherent cells are
very flat, substrate stiffness and roughness affect the results and have to be consid-
ered [104]. Stretching of cells can also be done by letting the cell adhere to the
cantilever first and subsequently pulling it away [123].

To circumvent the bottleneck of low throughput, further techniques make use of
parallel preparation of cells by incorporating tracing beads and using passive
Brownian motion (passive microrheology) or probing beads and actively displacing
them (active microrheology) [124, 125]. The established method of analysis is
based on cross-correlation of the motion of different beads and correction for local
heterogeneities [109, 126]. Since artificial beads may be invasive, naturally present
“tracers” such as storage granules, mitochondria, and other submicron particles
were used with success [108, 127].

With the small size of the beads relative to cell size, both active and passive
microrheologies are best suited to probe local rather than global mechanical proper-
ties. As microrheology is a contact method, it is highly dependent on the type and
strength of linkage between the beads and the surrounding cellular structures [124,
128] and, due to the heterogeneity of cells, a controlled binding affinity is yet to be
achieved [124].

The most common active microrheological method is magnetic twisting cytom-
etry, which involves manipulation (usually twisting) of magnetic beads with an
external magnetic field [54, 110, 129]. Since oscillating magnetic fields can be eas-
ily generated, many cells can be probed in parallel at once across a range of over
four decades of frequencies. Limiting factors degrading measurement accuracy,
however, include the exact determination of the bead’s magnetic moment along with
bead-to-bead variation and the applied external magnetic field.

All probing techniques discussed so far are contact based and are therefore prone
to be invasive and might measure cell mechanics in an altered state. Furthermore,
for all techniques, cells have to be at least weakly adherent, introducing additional
problems due to substrate influences even for techniques based on optically trapped
probing beads [106]. These limitations and difficulties can be overcome by using
optical manipulation and microfluidic techniques to measure single suspended cells.

For optical manipulation, the optical stretcher has been established. This tech-
nique is based on the momentum transfer of photons on interfaces with changing
refractive indices. Two antiparallel laser fibers with divergent beam profiles can
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generate an optical pressure force [130] enabling optical trapping at lower laser
powers and deformation of cells at higher powers [101]. The optical stretcher can
apply step stresses over a time-range from 0.1 s to tens of seconds, enabling creep
compliance measurements [111, 112]. Applied stresses are in the Pa range, corre-
sponding to sub-nano-Newton forces, which depend on fiber-to-fiber distance and
cell size. Cell mechanics can be probed locally for large cells and small fiber dis-
tances or globally for small cells and increased fiber distances. Since cells can be
optically trapped for a prolonged period of time, active responses of single cells can
be observed, for instance, active contractions of cells under force load [131].
Oscillatory stress application is also possible, however, with the restriction that only
positive stresses (stretching of cells) and no negative stresses (squeezing of cells)
can be applied [132, 133]. Therefore, the stress pattern will include an offset stress:
o(t)=0y+ oy sin(wf). Embedded in a microfluidic setup, the optical stretcher allows
serial measurements of up to 300 cells per hour and subsequent sorting, which can
be challenged by the global heterogeneity of cell stiffness [97, 101].

Related techniques are able to deform cells in a similar contact-free manner but
are based on hydrodynamic instead of optical forces [116]. Here, cells are pushed
through capillaries in a continuous flow. Sudden changes in capillary geometry
alter the flow profile locally. Shear flow velocities are applied that are sufficient to
generate force differences large enough to deform whole-cell bodies. With these
techniques, immense throughputs can be achieved [114-116]. However, the very
limited observation time for one cell (millisecond range) impedes long-term defor-
mation measurement, reducing measurable cell mechanics to the relative deforma-
tion of the cells after entering the measurement channel, i.e., the (time-independent)
elastic modulus E.

Further details and comparisons of the different commonly applied probing tech-
niques can be found in [52, 55, 60, 121, 134, 135].

5.4.2 Comparability and Interpretation

The broad range of experimental techniques and their intrinsic advantages and dis-
advantages make it challenging to compare results obtained with different tech-
niques, especially quantitative results. Responses of suspended and adherent cells
(as well as resting and migrating) will inherently differ from each other due to their
altered geometries. Furthermore, probing a cell locally might not yield the same
results as probing it globally. Even focusing on a single technique, defining the
mechanical properties of a certain cell type is already nontrivial as cell-type stiff-
ness follows a broad, non-Gaussian distribution (which can be tackled by averaging
over many cells in large cell monolayer shear measurements [136]).

Despite the given quantitative challenges, the broad range of experimental tech-
niques has yielded a comprehensive qualitative picture of cell mechanics covering
various orders of stress and strain regimes [52, 124]. For instance, measurements
with different techniques show a common power-law behavior of the complex shear
modulus with only a slightly varying power-law exponent [107, 124, 134, 137, 138].
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Nonetheless, in order to compare experimental techniques, one has to overcome
some drawbacks of these techniques, which often involve poor statistics and the lack
of standardized measurement protocols. For some of the methods presented here, it
is difficult to obtain enough data during the short time in which the mechanical prop-
erties are altered actively in response to environmental changes. On the other hand,
the diversity of probing techniques is also an advantage. As different cell types occur
in different environments, cell mechanics differ to suit their environment, e.g., red
blood cells are more elastic since they have to squeeze through capillaries [11]. Thus,
the most suitable technique for a given cell type can be chosen. Suspended cells like
RBCs, for instance, can be measured more easily and rapidly in an optical stretcher
or real-time deformation cytometer [83, 112, 115, 139].

5.5 Tissues

The mechanics of systems consisting of multiple cells are changed drastically by
two elements that are not present at the single-cell level: adhesive contacts between
cells and between cells and the extracellular matrix (ECM), enabling active
responses of cells to their neighbors. Cell-cell communication via very basic inter-
actions, such as chemical feedback loops, can already lead to collective behavior of
cells, e.g., swarm-like collective migration of keratinocytes [140] and collective cell
migration during invasion and metastatic spread of malignant tumors [141].
Furthermore, strength and type of adhesive contacts direct force transmission and
modulate cell migration and motility. As a consequence, cells can show collective
structural behavior on different length scales ranging from organization of smaller
subdomains in tissues with individual properties up to global quasi-frozen, glass-
like states with no (relative) cell migration as in epithelial layers [142], which com-
monly occurs as soon as increased adhesion force and cell density are introduced.
Since active processes of tissues are emergent phenomena, they can strongly influ-
ence mechanical responses. Adhesive cell—cell contacts and ECM can highly con-
tribute to the stiffness and fluidity of tissues and span a phase space ranging from
quasi-solid responses, e.g., epithelial tissue, to quasi-fluid materials such as migra-
tory cells in mesenchymal tissues.

5.5.1 Cell-Cell and Cell-Matrix Adhesion

Most types of cell adhesion are mediated by proteins of the family of cell adhesion
molecules (CAMs). CAMs are typically transmembrane proteins with binding
sites for the cytoskeleton as well as sites for trans- and cis-interactions with other
CAMs or the ECM in the extracellular domain. In addition to adhesion, they func-
tion as cytoskeletal anchors and play significant roles in mechanosignaling [11],
which elegantly illustrates the intertwined nature of the different levels of
complexity.
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CAMs are often calcium dependent, and one of the most prominent CAM fam-
ilies is cadherins (a portmanteau word combining calcium and adhering).
Cadherins come in three flavors and are usually associated with certain tissues
(but are not restricted to these): E-cad, epithelial cells; N-cad, neuronal cells, and
P-cad, pancreatic cells. They can appear as single free molecules but are usually
ordered as nanoclusters linked to actin or as more complex desmosomes linked to
the keratin cytoskeleton [143]. Differences in the function of these proteins are
still under investigation, but changes in their expression rate can be correlated to
changes of phenotype and behavior. In epithelial-to-mesenchymal transition
(EMT), for example, cells lose their well-structured belt-like distribution of
E-cadherins in favor of P- and N-cadherins [144]. At the same time, cells will
regain their ability to move through tissue, a hallmark step in tumorigenesis and
metastasis [145, 146]. In malignant tumors, this switch can promote directed inva-
sion into the surrounding tissue of small cell clusters, often regulated by messen-
ger RNA (mRNA). For instance, upregulation of miR-9, a short, noncoding RNA
gene involved in gene regulation, leads to increased cell motility and invasiveness
[147]. The increased expression of P-cad triggers polarization and directed move-
ment [148]. This results in cells moving in single file (Indian filing) out of the
tumor, with a tumor cell or fibroblast as the leading cell [149]. The polarization of
the fibroblast that moves away from the cancer cells is mediated by N-cad adhe-
sive sites [150].

Contact to the ECM is mainly established by integrins, which consist of two
subunits, the a- and f-units, and can bind collagen, glycoproteins of the ECM
(e.g., fibronectin), or both. There are several types of a- and f-units and conse-
quentially a broad range of different integrins. Like cadherins, they cluster into
functional domains by focal adhesions. Binding of integrins to extracellular
structures induces signaling cascades that intervene with basic cellular functions
such as cell growth and apoptosis. Depending on the range of expression of dif-
ferent integrins, and subsequently the composition of focal adhesions, signaling
pathways can be promoted or suppressed. Integrins such as a,f; or asff;, for
instance, are often found in cancer cells and seem play a role in cancer develop-
ment. They influence the mechanical behavior [151], invasiveness in ECM-rich
surroundings [152], and cellular survival [153]. In addition, some integrins are
known to form complexes with growth factors that induce EMT [154] and
increase proliferation [155].

The mechanical feedback of cell-cell and cell-ECM interactions is a funda-
mental parameter for cellular regulation and shows its drastic influence in dis-
eases such as cancer [156]. Cells can modify their morphology and mechanical
properties in response to a changing microenvironment [99]. Especially since
cells can and do modulate their ECM and CAMs, they can be a strong promoter
of metastasis formation [157]. This active reaction of cells to their microenviron-
ment becomes stronger with increasing malignancy, e.g., metastatic cells can
mimic mechanical properties of neuronal cells [158] by reactivating (epigeneti-
cally) silenced genes [159-161].



108 H. Kubitschke et al.

5.5.2 Tissue Dynamics and Collective Cell Behavior

It is a great challenge to define simple mechanical parameters for tissues. At small
time scales and low strains, tissues show frequency-dependent complex shear mod-
uli [162]. At larger time scales, tissues can lose their viscoelastic behavior and show
fluidlike mechanics—usually coupled to movement of single cells in the tissue and
in a regime far from equilibrium dynamics. The two established main models
describe tissues as glass-like, amorphous materials or as yield stress fluids. With
both models, the active contribution of cells in the system is of interest. Softness of
the cell body, adhesion strength to neighboring cells, and matrix as well as active
forces determine whether a cell is able to migrate or not [163].

Analogies to glassy materials can be found in liquid- to solid-like glass transition.
When the temperature of a glassy material drops below the glass transition point,
molecules are strongly confined in their motion and fixed in a chaotic lattice. A cell
system that reaches a certain density due to proliferation will exhibit similar behavior.
Additionally, density-independent transitions can be observed when adhesion and
stiffness of cells are modulated [164]. Inhibited migration and proliferation mark the
point at which the system goes into a static (glassy) state [165, 166], a concept which
can be transferred to tissues under high stresses. Epithelial layers, for example, have
been shown to exert constant pulling forces that can influence their behavior [167].

Yield stress fluids show viscoelastic behavior to the point where a certain energy
barrier has been overcome, when the material will start to flow. In this model,
single-cell mechanics and stresses acting on the tissue are the main contributors
[168]. Stress on the tissue, intrinsic or extrinsic, interacts with local adhesive
mechanics, giving rise to either fluidlike or solid-like behavior. Especially homeo-
static stresses determine the flow of the tissue, and a tissue with higher homeostatic
stress will invade surrounding tissues either as small, separate islands or as a front
[169] (Fig. 5.7A1, A2).

In both cases, transitions can occur for the whole tissue at once, cell clusters in
confinement, or for single cells within a tissue. Even when a tissue is above the
transition point and remains static, some cells might be in a different state and still
able to pass through it (Fig. 5.7).

A rheological approach to access the different states of tissues is measuring
phase angle 6. Although this approach does not account for active cell migration, it
allows estimating the fluidity of the tissue. § near 0° (purely elastic) indicates a
jammed state, while viscous, flowing tissue approaches 90°. To probe local proper-
ties of tissues, scanning force microscopy can be employed to create a map of vis-
coelasticity of a tissue slice that can be attributed to processes in the sample [170].
With standard bulk shear rheometers, global measurements can be performed to
determine the overall viscoelastic properties [171]. Methods such as magnetic reso-
nance elastography enable direct measurement of complex shear moduli of a whole
tissue or with spatial resolution [162, 172].

When parameters of single cells, such as adhesive and viscoelastic proper-
ties, are known, these can be used to draw conclusions regarding tissue dynam-
ics. The differential adhesion hypothesis (DAH) states that a mixture of cells
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Fig. 5.7 Wound-healing assay of two different cell types. In the upper panel, Al and A2, an epi-
thelial cell layer starts at a certain time (A1) and closes the wound after 30 h (A2). The epithelial
cell layer maintains its cell front and shows a coordinated, collective motion. A mesenchymal cell
layer, B1 and B2, loses its front (B1) in this process and shows randomly walking single cells and
no coordinated, collective motion after 30 h (B2)

with different adhesiveness develops into an ordered state, separating subpopu-
lations accordingly [173]. The DAH holds true in morphogenesis, where cells
demix like fluids with different surface tensions [174], but fails for cancer
development. When cells undergo EMT, demixing can be observed, which
seems to follow a more complex behavior [175]. Local jamming, unjamming,
and tumor cell invasion are strongly related to these observations. When a
malignant neoplasm forms, it constitutes a clearly separated bulk of tissue
within the healthy stroma. Cells in the tumor exhibit altered mechanical behav-
ior and heavily remodel the ECM, but there is no obvious reason why a distinct
boundary exists. As soon as the cells lose their epithelial phenotype, they show
increased invasion [176]. Still, the primary tumor grows to a certain size before
cells escape, which might have its origins in cellular jamming. Fibrosis, for
instance, leads to a very stiff ECM [177], and the growth of the tumor creates
pressure on the surrounding tissue and the tumor itself [178]. In other words, the
tumor embeds itself in a strong matrix. This goes hand in hand with a tumor
being a rigid mass, although single malignant cells tend to be softer when
becoming more invasive [179]. While the self-driven confinement creates a
jammed state within the tumor [180], the mechanical feedback leads to further
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transitioning toward more malignant phenotypes [181]. Over time, the distribu-
tion of cellular softness becomes broader [97], and expression of CAMs is
altered [144] up to the point where some cells undergo an unjamming transition
and start to move out of the tumor [182]. It has to be noted that this cellular
escape does not occur in a random pattern. Similar to embryogenesis, where
cells follow the DAH, self-organization within the tissue is the first step.
Collective migration in 2D assays can be observed, when the confluency of the
layer confines cells, before the layer becomes jammed [183] (Fig. 5.7 A2). In
3D, this cellular streaming has also been observed: small conglomerates of cells
in an unjammed state form and migrate collectively, often following a leader
cell [184]. This marks the start of metastatic spread, and the moment at which
invasion begins heavily depends on the individual neoplasm. Some tumors will
grow to immense sizes over months or even years before cells pass the boundar-
ies, while others metastasize within weeks of the original tumor formation.

Conclusion

The eukaryotic cell is well studied with decades of research dedicated to vari-
ous branches and aspects ranging from classification of whole-cell types down
to molecular details of protein folding processes [11, 185]. With the advance-
ment of techniques and detailed insights into biological matter, the cause and
effect of many diseases could be attributed to certain functional or structural
units and levels of complexity within the cell; for instance, sickle cell disease
is often caused by only a single-nucleotide polymorphism (SNP) of the beta-
globin gene, which results in strand-like clustering of defective hemoglobin
and consequently stiffening of red blood cells [186, 187]. Especially cancer—
as one of the most prominent maladies—is well studied on many levels of
complexity [188], and crucial developmental steps and many biological
changes in tumorigenesis were found and described [145, 146]. The develop-
ment of cancer is accompanied by major changes of the cytoskeleton, which
are necessary for cancer cells to migrate and invade other tissues [97, 189]. The
cytoskeleton usually gets softer with increased malignancy, as shown with dif-
ferent cellular probing techniques [115, 116, 179, 188—194]. These important
insights render rheological material characterization of a viable tumor marker.
At the tissue level, however, tumors are found to be stiffer than healthy sur-
rounding tissue due to a stiffer stroma and elevated cytoskeletal tension [177]
although they are constituted of softer cells. While many emergent phenomena
on the microtissue level will influence mechanical properties, many of them
are physically characterized and quantified. While the biophysics of tumori-
genesis and tissue mechanics is qualitatively well studied. Still, the quantita-
tive description of demixing, jamming, and surface tension is under current
investigation and remains promising with ongoing research on this frontier of
science [163, 164, 183, 195-201].
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Glossary

Self-organization: Self-organization is an active, non-equilibrium process of
an open system where energy is constantly dissipated and needs to be resup-
plied, for instance, to generate forces (such as the actin—myosin power stroke)
or to organize dynamic structures (such as the lamellipodium for cell migra-
tion) far from the thermodynamic equilibrium [10].

Self-assembly: Self-assembly processes are solely based on equilibrium
dynamics and are independent of energy dissipation. They occur spontane-
ously and tend to minimize the free energy of the system driving it toward its
thermodynamic equilibrium without an additional energy source such as ATP
or GTP. Self-assembly can occur in closed systems [10].

Persistence Length: Mechanical property quantifying the stiffness of a
polymer relative to its length. The length scale on which the direction vectors
of both ends of a filament lose their correlation.

Bending Stiffness: The resistance of a beam with unit diameter and length
while undergoing bending. The higher the bending stiffness, the harder to flex
the unit beam.

Molecular Motors: Molecular machines which consume energy (e.g., ATP,
GTP) and convert it into motion or mechanical work.

Treadmilling: Steady-state phenomenon of cytoskeletal filaments, mostly
actin, where one filament end depolymerizes and the other end polymerizes,
leading to shrinkage and growth at the ends with no net length change of the
filament.

Tensile Creep Compliance: The magnitude of the creep response of a unit
bulk material for a given unit force load. The higher the tensile creep compli-
ance, the easier it deforms under force load.

Elastic Modulus (Young’s Modulus) or Shear Modulus: The resistance of a
unit bulk material under axial load or under shearing load, respectively. The
higher the elastic modulus or shear modulus, the harder to deform the mate-
rial. In incompressible materials, the elastic modulus is three times the shear
modulus.

Exocytosis: Active transport of molecules out of the cell via a secretory
vesicle as transport carrier.

Endocytosis: Active transport of molecules into the cell via encapsulation
of the molecules with the cell membrane and formation of a vesicle as trans-
port carrier.

Receptor Binding: Binding of signaling molecules to transmembrane pro-
teins used for cellular and tissue response.

Mechanosignaling: Sensing and signaling of cells induce a response to
mechanical, environmental cues.

Glass-like Material: Solid-phase state of a material, where the strong, non-
crystalline entanglement of the molecules, usually polymer chains, prevents
an unhindered liquid-like flow and movement of the molecules for low ther-
mal energy. Above the glass transition temperature, the material can flow
again.

m
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Amorphous Material: Noncrystalline solid with no long-range order, usu-

ally consisting of many clustered domains with different (crystalline) orienta-
tions and substructures.

Yield Stress Fluid: A fluid which only starts to flow above a critical stress,

the yield stress. For stresses below the yield stress, it behaves like a solid.

Homeostatic Stress: Internal stress of a tissue generated by adhesion forces,

which is actively regulated to remain close to constant.

Differential Adhesion Hypothesis: Hypothesis for cellular movement in tis-

sues of different cell types based on thermodynamic principles. Cells with
different adhesion forces will minimize their free energy by moving to other
cells with similar adhesion forces in order to maximize bonding strength.

Jamming: A quasi-phase transition of a material, where rigidity suddenly

increases and fluidity suddenly decreases when the density of cells (or mole-
cules) increases above a critical level.
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