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5Physical Properties of Single Cells 
and Collective Behavior

Hans Kubitschke, Erik W. Morawetz, Josef A. Käs, 
and Jörg Schnauß

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 dif�cult 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 �sh cannot exhibit swarm behavior). The term emer-
gence describes the process leading to novel emergent properties, with the pre�xes 
“micro” and “macro” not referring to de�nite length scales but to different levels of 
biological complexity [4]. For biological matter, a possible hierarchy might be 
described as

protein → �lament → 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 �laments. 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 �laments, 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 �laments (IFs), and microtu-
bules (MTs). These components form �bers in the micrometer range by polymer-
izing their monomers into speci�c arrangements, resulting in a different intrinsic 
�lament stiffness for each class [11] (Fig. 5.1). The stiffness is commonly character-
ized via the so-called persistence length (lp) [12, 13]. This material-speci�c param-
eter is a measure of the �uctuation correlation along the �lament backbone, 
quantifying over which distance an oscillation at a speci�c point (S0) at the back-
bone becomes uncorrelated to the movement of another point (S2) at the �lament 
(Fig. 5.1). The persistence length can be directly observed, for instance, by analyz-
ing the average transverse �uctuations of �laments observed over time or by 
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evaluating their tangent–cosine correlation function [14]. Based on these methods, 
actin �laments have an lp of ~10 μm [15, 16], while MTs have a much longer lp in 
the range of millimeters [17]. Note that lp 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 lp is derived via thermal �uctuations (imagine a �uctuating 
cooked spaghetti), it is a temperature-dependent parameter and cannot be consid-
ered a material-de�ning constant. However, by multiplying thermal energy, kBT, 
with the temperature, T, and the Boltzmann constant, kB, a new temperature- 
independent parameter called bending stiffness, κ = kBTlp, can be derived.

Besides their mechanical properties, which have a static function and serve as the 
cellular skeleton, the cytoskeletal �laments are also very dynamic structures, enabling 
rapid adaptive organization of the entire cytoskeleton to ful�ll 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 �lament 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 �bers, extending 

a

b

Fig. 5.1 (a) Points (S) along the contour of a semi�exible polymer have different tangent vectors 
(t). If points are close to each other (S0 and S1), their tangent vectors are correlated and roughly 
point in the same direction. When points are further apart (S0 and S2), 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 �laments (IFs). Different 
mechanical properties are a direct result of the differing �lament architectures. l denotes the length 
of the �lament and lp the persistence length [7]

5 Physical Properties of Single Cells and Collective Behavior
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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 
�laments, on the other hand, are semi�exible polymers and are typically arranged 
into networks and bundles driving processes such as cell migration. Actin �laments 
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 �lament 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 �laments 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 in�uence the �lament or network proper-
ties without consuming energy in a form of ATP or GTP. Accordingly, regulatory 
functions can be roughly classi�ed as modi�cations of either polymerization 
dynamics, cross-linking, or �lament nucleation [7, 21].

Cytoskeleton biopolymers:
Microtubule

Cortical actin network

Nucleus

Centrosome

Cell membrane
Lamellipodium/lamellum

(Actin network for cell migration)

Focal adhesion

Filopodia

Actin network
Microtubule

Intermediate filaments

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 �laments 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 �lopodia) [7]
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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 speci�c 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 speci�c 
cellular tasks have been identi�ed [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 �uctuations [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 �laments [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 �laments and 
molecular motor-driven �lament/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 re�ecting 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 speci�c 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 �uidlike 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 �uidlike material describes how the 
deformation rate scales with the applied force, e.g., ketchup �owing 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 con�rmed 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 �uids, enabling body modi�cation 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 (“�esh 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 �laments. 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 in�uence 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 σ (force per area). The mate-
rial will expand by Δx in the stretching direction and retract by –Δy perpendicular 
to it. The resulting elongation is measured as strain, i.e., relative extension γ = Δx/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 ν given by

 
ν = − = −
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(5.1)

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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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 ν = 0.45 [41]. Lower values 
can be found in multiphasic tissues, in which a �uid 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 pro�le, σ0, 
starting at t = 0, strain γ can be expressed as

 
γ σ

γ
σ

t D t D t
t( ) = ( ) ( ) = ( )

0
0

or ,
 

(5.2)

where t denotes time and D(t) 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(t) = 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, �uidlike material, the tensile creep compliance will follow 
D(t) = t/η, where η is the viscosity of the �uid. The higher the viscosity of a material, 
the slower the �ow 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.

y

x+∆x

y+
∆

y

x

σ

a b

y

∆xx

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
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If a step strain γ0 is applied, instead of a step stress, the corresponding stress 
response σ(t) will be given by

 
σ γ

σ
γ

t E t E t
t( ) = ( ) ( ) = ( )

0
0

or ,
 

(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 :

 
E t D t

s
( )  ( )  =

1
2 ,  

(5.4)

with the complex frequency parameter s = σ + iω. Because the interpretation of elas-
tic modulus E(t) is more straightforward—the higher the modulus, the stiffer the 
material—it is more commonly used in the scienti�c community than creep 
compliance.

5.3.2  Oscillatory Experiment

The second measurement archetype is the shear experiment (Fig. 5.3b), in which a 
cuboid of material is �xed 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 γin is a sinusoidal alternation at frequency ω with a chosen 
maximum strain amplitude γ0:

 
γ γ ωin t t( ) = ( )0 cos .  

(5.5)

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. 5.4 Graph of the 
strain response of cells 
(blue, including con�dence 
interval) under a step stress 
in an optical stretcher. The 
applied stress is 
proportional to the laser 
power (green). After 2 s, 
the stress is released and 
the cell relaxes again. A 
detailed description of the 
optical stretcher can be 
found in the next chapter
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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, σela , is proportional to the applied 
strain, γin, giving

 
σ σ ωela elat t( ) = ( )0, cos ,  (5.6)

since γin 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°:

 
σ σ ωvis vist t( ) = − ( )0, sin .  (5.7)

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

 
σ σ ω σ ωVE ela vist t t( ) = ( ) − ( )0 0, ,cos sin .  (5.8)

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

 
G t

t
G t G t∗ ( ) = ( )

= ( ) ( ) − ( ) ( )′ ′′ω
σ ω

γ
ω ω ω ω,

,VE

0

cos sin ,
 (5.9)
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strain

strain
stress

elastic
viscoelastic
viscous

elastic
viscoelastic
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time time
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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
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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 de�nes phase shift 
angle δ, like in Fig. 5.5, given by the following equation (see Eq. (2.44) in Chap. 2):

 

tan .,

,

δ ω
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σ

ω
ω

( ) = =
( )
( )
′′
′

0

0

vis

ela

G
G  (5.10)

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 t t∗ ∗( ) = ( ) +( )ω ω ω δ, G cos ,  (5.11)

where |G∗(ω)| denotes the measured absolute amplitude given by

 
G∗ ( ) = ( ) + ( )′ ′′ω ω ωG G2 2 .  (5.12) 

The storage and loss modulus can be recovered via G′(ω) = |G∗| cos δ and 
G′′(ω) = |G∗| sin δ.

This representation of complex shear modulus G∗ is most suited for experimental 
data since it includes absolute amplitude |G∗(ω)| and phase shift δ, both of which are 
quantities that are easily measurable in any oscillatory shear experiment for any 
frequency. Complex shear modulus G∗(ω) is the favored material parameter in the 
scienti�c community since it has a more convenient interpretation, basically the 
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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 (10−2 Hz and lower), actin is easier to deform on long time scales of 100 s, which 
cause a signi�cantly 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∗(ω), i.e., complex compliance 
J∗(ω) = 1/G∗(ω). 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(t) and tensile creep 
compliance D(t) can also be converted to complex shear modulus G∗(ω). 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 simpli�ed, coarse-grained vision, cells can be considered as polymer scaffolds 
(cytoskeleton) �lled with a viscous �uid (cytosol) and functional entities (organelles, 
which are obstacles in the polymer meshwork), or, put simply, the cytoplasm responds 
like a water-�lled sponge [48]. The cytoskeleton is the main contributor to elastic 
behavior, while the �ow 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:

 
σ σ σtotal spring dashpot= + .  (5.13)

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

 
γ γ γtotal spring dashpot= = .  (5.14)

With this set of equations, the time-dependent strain response γ(t) of the Kelvin–
Voigt model (and analogously for the Maxwell model) for any given time- dependent 
stress σ(t) 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 scienti�c commu-
nity as a �rst 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 ∝ M3/4). For single cells and tissues, scaling laws can be 
found for the strain response under stress load (γ ∝ σ0 · tα) [52–54]. For a scaling 
exponent α between 0 and 1, a viscoelastic response can be modeled, including the 
limit cases of α = 0 and α = 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 signi�-
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]:

 
η ηT T e

E
k T
A

B( ) = ( )
−










ref ,  (5.15)

where η(Tref) is the viscosity of the material at a given reference temperature, kB the 
Boltzmann constant, and EA 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 dif�cult 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-
pli�cations per se and that biological systems can often be described in such a 
simpli�ed 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 �lamentous or the molecular level by solely using 
very fundamental hydrodynamics-based descriptions [74].

Biological cells can be structurally regarded as polymer-�lled entities enclosed 
by a nearly impenetrable membrane. Due to the considerable backbone stiffness of 
actin �laments 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 �laments, can form emergent 
structures such as networks and bundles [7, 75]. Although cells come in a broad 
phenotypic diversity, including keratinocytes, �broblasts, 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 suf�cient 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 speci�cally 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 �laments 
[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 �laments. 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-
�nement [83–85], and the nuclear lamina will actively respond to environmental 
stiffness [86, 87]. The mechanical response of cells is also in�uenced 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 in�uenced by effective membrane tension [89, 90]. Furthermore, mem-
brane rigidity in�uences 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 in�uential part of the cell regarding mechanical behavior.

The strong in�uence 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 signi�-
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 dif�cult 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 �bers 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 �rst 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/SFM indentation 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 kBT [107–109]

Magnetic bead rheology Local probing of elastic response
Frequency range 0.01–1000 Hz
Torques up to 130 Pa, linear [54, 
110]

Optical stretcher 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) Global probing of deformation under 
high pressures
Stresses up to 500 Pa [114–116]

Micro-constriction array Global probing of deformation of 
cells
Cell nuclei deformation probing
Stresses up to 400 Pa [83]

5 Physical Properties of Single Cells and Collective Behavior



104

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 �at 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 �at, 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 �rst 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 arti�cial 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 af�nity 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 �eld [54, 110, 129]. Since oscillating magnetic �elds 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 �eld.

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 in�uences even for techniques based on optically trapped 
probing beads [106]. These limitations and dif�culties can be overcome by using 
optical manipulation and micro�uidic 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 �bers with divergent beam pro�les 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 �ber-to-�ber distance and 
cell size. Cell mechanics can be probed locally for large cells and small �ber dis-
tances or globally for small cells and increased �ber 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: 
σ(t) = σ0 + σ0 sin(ωt). Embedded in a micro�uidic 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 �ow. Sudden changes in capillary geometry 
alter the �ow pro�le locally. Shear �ow velocities are applied that are suf�cient 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, de�ning 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 dif�cult 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 in�u-
ence mechanical responses. Adhesive cell–cell contacts and ECM can highly con-
tribute to the stiffness and �uidity of tissues and span a phase space ranging from 
quasi-solid responses, e.g., epithelial tissue, to quasi-�uid 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 signi�cant 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 �avors 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 �le (Indian �ling) out of the 
tumor, with a tumor cell or �broblast as the leading cell [149]. The polarization of 
the �broblast 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 α- and β-units, and can bind collagen, glycoproteins of the ECM 
(e.g., �bronectin), or both. There are several types of α- and β-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 αvβ3 or α5β1, for 
instance, are often found in cancer cells and seem play a role in cancer develop-
ment. They in�uence 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 in�uence 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].
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5.5.2  Tissue Dynamics and Collective Cell Behavior

It is a great challenge to de�ne 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 
�uidlike 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 �uids. 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 con�ned in their motion and �xed 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 in�uence their behavior [167].

Yield stress �uids show viscoelastic behavior to the point where a certain energy 
barrier has been overcome, when the material will start to �ow. 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 �uidlike or solid-like behavior. Especially homeo-
static stresses determine the �ow 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 
con�nement, 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 δ. Although this approach does not account for active cell migration, it 
allows estimating the �uidity of the tissue. δ near 0° (purely elastic) indicates a 
jammed state, while viscous, �owing 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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with different adhesiveness develops into an ordered state, separating subpopu-
lations accordingly [173]. The DAH holds true in morphogenesis, where cells 
demix like �uids 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 con�nement creates a 
jammed state within the tumor [180], the mechanical feedback leads to further 

Fig. 5.7 Wound-healing assay of two different cell types. In the upper panel, A1 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)
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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 �rst step. 
Collective migration in 2D assays can be observed, when the con�uency of the 
layer con�nes 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 classi�cation 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 in�uence mechanical properties, many of them 
are physically characterized and quanti�ed. 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 �lament 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 �ex 
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 �laments, mostly 
actin, where one �lament end depolymerizes and the other end polymerizes, 
leading to shrinkage and growth at the ends with no net length change of the 
�lament.

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 �ow and movement of the molecules for low ther-
mal energy. Above the glass transition temperature, the material can �ow 
again.
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Abstract
Cytoskeletalfilaments provide cellswithmechanical stability and organization. Themain key players
are actin filaments andmicrotubules governing a cell’s response tomechanical stimuli.We
investigated the specific influences of these crucial components by deformingMCF-7 epithelial cells at
small (�5%deformation) and large strains (>5%deformation). To understand specific contributions
of actin filaments andmicrotubules, we systematically studied cellular responses after treatmentwith
cytoskeleton influencing drugs.Quantification with themicrofluidic optical stretcher allowed
capturing the relative deformation and relaxation of cells under different conditions.We separated
distinctive deformational and relaxational contributions to cell mechanics for actin andmicrotubule
networks for two orders of magnitude of drug dosages. Disrupting actin filaments via latrunculin A,
for instance, revealed a strain-independent softening. Stabilizing these filaments by treatment with
jasplakinolide yielded cell softening for small strains but showedno significant change at large strains.
In contrast, cells treatedwith nocodazole to disruptmicrotubules displayed a softening at large strains
but remained unchanged at small strains. Stabilizingmicrotubules within the cells via paclitaxel
revealed no significant changes for deformations at small strains, but concentration-dependent
impact at large strains. This suggests that for suspended cells, the actin cortex is probed at small strains,
while at larger strains; thewhole cell is probedwith a significant contribution from themicrotubules.

1. Introduction

The ability of cells to sense and adapt to their environment plays a vital role inmany of their biologically relevant
functions. In the last decade, connections between themechanical properties of cells and the initiation aswell as
progress of pathologies suchas cancer [1, 2] have beenmade. These connections highlight the link between
molecular changeswithin the cytoskeleton tomorphological and functional changes of the entire cell. In this
way, it has been shown that actin filaments andmicrotubules play significant roles in dynamic cellular processes
such as proliferation [3],migration [4–6], differentiation, [7] and apoptosis [8]. Besides their dynamic functions,
they lend cellsmechanical stability and govern their responses against external, mechanical stimuli. During
cancermetastasis, for instance, cells have to squeeze through the underlying extracellularmatrix and vascular

walls. Extravasation and intravasationduringmetastasis could lead to small or large deformation of the cells
depending on thepore sizes of their surrounding environment. After extravasation, the single cells are
transported in suspension to other parts of the body through the blood and spread through the lymphvessel [9].

The interaction between actinfilaments andmicrotubules aswell as their contribution to intracellular force
balances have been discussedwith respect to the traction forces exertedby cells ondeformable substrates

[10, 11]. These studies revealed the stress bearing ability of microtubules aswell as the contractile forces
produced by actinfilaments together withmyosinmotors. It remains to be shown that such a force balance
mechanism exists in suspended cells. The resistance of cells against deformations has been investigated via
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techniques such asmagnetic twisting cytometry (MTC) [12, 13], atomic forcemicroscopy (AFM) [14, 15], laser
trackingmicrorheology [13], hydrodynamic stretchingwith flow-cytometers [16–20], andoptical stretcher (OS)
[1, 21–24]. These studies were performed on various cell types [7, 25] and often indicate that actin filaments are a
major contributor to themechanical properties of cells. AFM-based studies further showed thatmicrotubule
stabilization or disruption didnot affect cell elasticity [14, 25] or is only of minor importance [20]. In contrast,
MTC studies revealed that destabilization ofmicrotubules inhibited cell stiffness while stabilizing them led to
increased cell stiffening [12]. Some of these studies, however,were performed on adherent cells and the
measuredmechanical properties depend on the local conditions rather than global characteristics [26]. Given
the fact that a cell is spatially heterogeneous, themeasuredmechanical properties vary [13] and are not
representative of the response of a cell as awhole to perturbation. In addition, it was shown that also keratin can
play amajor role in cell stiffness [27].

In contrast, whole cell deformations have been performed either by stretching cells usingmicroplates
[28, 29], or bymicropipette aspiration [30]. Moreover, cells have been deformed by compression against a glass
slide [31] or by use of optical forces such as theOS [7], including contractile forcemeasurements [32], and
optical tweezers [33], including force fluctuationmeasurements [34]. These studies also found that actin
filaments are themajor contributor to cell elasticitywhilemicrotubules contributed to cell relaxation [7]. At
large strains, actinfilaments have been shown to rupture in in vitro studies while the contribution of
intermediate filaments andmicrotubules to cell elasticity becomes dominant [27, 35]. It has also been
hypothesized via finite elements simulations [36] thatmicrotubules contributemore to cell elasticity at large
strains. Therefore, the disruption ofmicrotubules at large strains has been shown to reduce the non-linearity in
whole cell stiffness [37]. Inmost studies, cells are probedwithin a linear regime but themagnitude of the
deformation (small or large) and its impact on the response of a cell as a whole has notbeen characterized.Here,
we characterize the response ofMCF-7 cells to optically applied forces at large and small strains by themeans of
the previously established automatedmicrofluidicOS [22, 38, 39]. A low andhigh strain regimewere established
by employing step stress profiles generated by low andhigh laser powers. Additionally, target-specific drugs
induced cytoskeletal perturbations and according changes in the relative deformation aswell as the stress
relaxation response of these cells were evaluated. Actin filamentswere influenced by latrunculin A (LatA) and
jasplakinolide (Jas). LatA disrupted actin filaments by sequestering actinmonomers thus reducing the pool of
polymerisable actin. In contrast, Jaswas used to increase actin nucleation and polymerization and consequently
reduced actin depolymerization [40–42]. To interfere with cytoskeletal microtubules, cells were treated with
nocodazole (Noc) to destabilizemicrotubules, which consequently promotes their depolymerization. To
achieve the contrary effect, paclitaxel (Tax)was used to stabilizemicrotubules [43].Within this approach, the
contributions of actinfilaments andmicrotubules to the overall cellmechanics were evaluated in a decoupled
manner for small and large strains. In contrast to previous work, we were able to separate the contributions of
deformation and relaxation to themechanical properties of cells for actin andmicrotubule networks for two
orders ofmagnitudeof drug dose concentrations. Here,we single out distinctive contributions for cell
mechanical changes of the cytoskeleton.

2.Materials and methods

2.1. Cell culture and drug treatment
TheMCF-7 cell linewas bought fromATCC (ATCC, HTB-22) andwere culturedwithMimimal Essential
MediumEagles with L-Glutamine andEarles salt (Biochrom, FG 0325). The cell culturemediumwas
supplementedwith 100 mg ml−1 SodiumPyruvate (Sigma-Aldrich, P5280), 10 μg ml−1 Bovine Insuline
(Sigma-Aldrich, I6634), 5 ml ofNon-essential amino acids (Biochrom, K 0293), 50 ml Fetal Bovine serum
(Biochrom, S 0615), and 1 unit of Penincillin/Streptomycin (Biochrom, A 2212).

LatA (Sigma-Aldrich, L5163), Noc (Sigma-Aldrich, M1404) and Tax (T7402)were obtained fromSigma. Jas
(Calbiochem, 420107)was bought fromCalbiochem.All drugswere dissolved in 1ml of dimethyl sulfoxide and
100 μg of the dissolveddrugwas further dissolve in 5ml of culturemedium. From this, the necessary volumewas
added to the cells while adherent to obtain the needed concentrations. Cellswere incubatedwith Tax for 18, 10 h
forNoc, and 6 h for Jas. LatA, was added to the cells in suspension 2minbefore they weremeasured, thus the
cells weremeasured in a LatA containingmedium.

2.2. Automatedmicrofluidic OS
The setup is as described in [39]withminor changes such as themicrofluidic and stretching processes being
computer controlled. A prototype version was provided by RS ZelltechnikGmbH.Themechanical properties of
cells were determined by introducing the cells into the automatedmicrofluidicOSwhere they are serially
trapped and stretched. The cell radius along the laser axis is determinedwhile the cell is trapped for a second at
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100mW.The cell is then stretched at 750 or 1200 mW.During the stretch, images are taken at 30 frames per
second. The cells are allowed to relax for 2 s after stress cessation. The time-dependent, relative deformation is
defined as [rt/r1− 1], where rt is the cell’s diameter at time t and rt is the cell’s diameter when the cell was trapped.
Furthermore, the relative relaxation was defined as [rt− r3]/[r1− r3], where r3 is the cell diameter at end of
stretch, t= 3 s, and rt is the cell diameter at time twhile relaxing, t> 3 s. About 1000 cells weremeasured for each
measurement. The relative deformation of the cells in the large strain regime is underestimated because at very
large cell deformations (�20%) the edge detection algorithmwasunable to capture the cells’ edges accurately
due to changes in the contrast.

2.3. The effect of cell size on cell deformation
The deformation of cells within the automatedmicrofluidicOSdepends sensitively on the ratio of the radius of
the laser beamat the centre of the trap and the cell radius [23]. Recent works have shown that cell deformation
increases with increasing cell radius [44], while others showed that cell deformationdecreasedwith increasing
cell radius [45]. This contradiction shows the difficulty in normalizing data from the stretcher analytically. To
avoid this problem in this work, cells of the same radii were compared (seefigures S2a, S2b and S3a, available
online at stacks.iop.org/NJP/19/093003/mmedia).However, amaximumchange of about±1 μmwas
observed in the averaged cell radius for a couple ofmeasurements (seefigure S3b). Considering the calculations
in [44] and [45], an increase in cell radius of about±1 μmwould lead to a relative increase in strain of about 5%
compared to normal sized cells. That is, if a cell deformsby 0.07%, an increase in its size by 1 μmwould lead to a
deformation of 0.0735%.This cell size effect is within our error estimation and is therefore not the cause of the
changes in deformation observed in thiswork. It is however noteworthy that thedeformation of cells in the
automatedmicrofluidicOS is not largely determinedby cell radius as pointed out in [45] because their
simulations assumed a homogenous optical property of the cells. A plot of the cell radius against the relative
deformation does not show any particular trend (seefigure S4). This suggests that there are other factors such as
cellular heterogeneity, nuclei size and the stage of the cells in the cell cycle influencing cellular deformation.

2.4. Confocal laser scanning microscopy
Amixture (500 μl) containing 250 μl ofNanofectin (GELife Sciences,Q051-005) and 250 μl GFPE-MAP
tubulin and LifeactmcherryDNAwas added drop-wise to the culturemedium in aflask containingMCF7 cells.
The cells were culture for 24 h after which the cells werewashedwith PBS, trypsinized, centrifuged and
resuspended. The drugs were added at the appropriate times during culture. The cells were allowed to start
settling for 20min. The cellswere then observed on theconfocal laser scanningmicroscopewhile still having a
spherical geometry.

2.5. Spinningdisc confocal microscopy
Cells were cultured inμ-Plate 96-wells (ibidi, 89626). Cellswere rinsed twice with PBS andkept for 30 min in
staining solution. Staining solution wasmadeof PBS containing 200 nMTubulinTracker™Green
(ThermoFisher, T34075) and 1 μм SiR-DNA (Spirochrome, SC007). Images were takenwith inverted Axio
Observer.Z1/YokogawaCSU-X1A 5000 (CarlZeissMicroscopyGmbH, Jena,Germany), 63x/1.30 Immersion
PH3Objective, lateral resolution of 235 nm and axial resolution of 460 nm forwavelengths of 490 nm. For cell
detachment, we added 1:1 Trypsin-EDTA (Sigma, 59417C) and PBS resulting in final concentration of 0.025%
Trypsin and 0.01%EDTA.

3.Results

The low strain regimewas obtained with a stretch laser powerof 750mW (stress approx. 14 Pa) resulting in a
maximum relative deformation below 5%at the endof the stretch (figure 1(a)).Within this regime, a
physiological temperature ismaintained [46, 47]. For 1200 mW (stress approx. 23 Pa) a high strain regimewas
achievedwithmaximum relative deformations beyond5% (figure 1(d)). The applied stress of the stretch laser
was calculated based on ray-optics studies of concentrically placed, spherical shells of different refractive indices
as amodel of cells with a cortical layer. The calculations are described in detail in Ananthakrishnan et al [36]with
additional corrections described inGrosser et al [48].

Small deformations in the linear regime (up to 5% [49]) are dominated by actin and intermediate filaments
[27, 50]. For larger deformations between 5% and25% strain, nonlinear effects of the actin cytoskeleton can
result in nonlinear responses, e.g., strain stiffening [11, 51, 52] and strain softening [53, 54]. The strain response
for small laser powers shows amore pronounced viscous response,whereas forhigh laser powers amore
viscoelastic response is distinguishable.However, the initial rapid, irregular deformation, between 1 and 1.5 s, is
partially a result of the nuclear thermal instability of theMCF-7 cells [55]. Since we further investigate the
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cytoskeletal effects of toxins, the induced constant offset in the relative deformation due to nuclear reshaping is
not an essential issue in further data analysis.

For small and large strains,weobserved asymmetric distributions for the relative deformations at the endof
stretch (t= 3 s, figures 1(b) and (e)), given as [r3/r1− 1], which broadens for large strains. Furthermore,we define
the relative relaxation as ameasure of plasticity (t=5 s,figures 1(c) and (f)) as following: [r5− r3]/[r1− r3]. The
relative relaxationdistributions at small strainswere symmetric at around 0%± 15%for allmeasurements
(figure 1(c))but not as broad as the asymmetric relaxation distributions at large strains (figure 1(f)). Sincemost
distributions are asymmetric, the differences in the deformation behaviour of individual cells is not a simple
Gaussian function.However,weuseda bell curve tocalculate themeanand varianceof the distributions plotted in
the subsequent sections. All comparisons inpercentages given in the succeeding sections are donewith respect to
the relative deformationofuntreated cells.

3.1. The impact of actinfilaments oncell deformation at small and large strains
At small strains (�5%, cells stretchedwith 750 mW), depolymerization of actin filaments by adding LatA
(100 nM) increased the relative deformation of cells up to 75% (figure 2(a)). In contrast to the destabilization, an
increased actin nucleation andpolymerizationdue to the addition of Jas resulted in an increase in cell
deformationwith amaximum increase of about 53%occurring at 200 nм (figure 2(b)).

At large strains (�5%, cells stretchedwith 1.2W), the disruption of actinfilaments led to amaximum
increase of 65% in the relative deformation at 1 μм LatA (figure 2(a)), but initiating actin nucleation and
polymerization via Jas resulted inno significant change in deformability (figure 2(b)).

3.2. Contribution of actinfilaments to cell relaxation
Cell relaxation as considered in thiswork could also be referred to as the degree of cell plasticity sinceonly a very
small percentage of cells relaxed completely in the observation time. Furthermore, at small strains, some cells did
not relax while others respondedby active elongation.We refer to an active response if the cells expanded after
stress release above themaximum deformationduring the stretch, i.e. the cells displayed a positive slope in the
last secondof relaxation resulting in a negative relaxation value. Since these relaxation behaviours cannot be
found in an isotropic viscoelastic material, we suspect that this behaviour is caused by active cellular processes
such as restructuring of the cytoskeleton [8] and the predominant viscous response in the small strain regime.

The disruption of actinfilaments or the enhanced initiation of nucleation andpolymerization resulted in the
active behaviour of cells at small strains as shown by the negative relaxation values infigures 2(c) and (d). At large
strains, this disruption led to a significant decrease in cell relaxation of 32% at1 μм of LatA (figure 2(c)) implying

Figure 1.Plots of cells stretched with two different laser powers and the corresponding distributions of the relative deformation and
relaxation fitted with the smoothed probability density function.Cells were stretchedwith a power of 750 mW (a) or 1200 mW (d) for
2 s. The red dashed line indicates the laser power, while the dark green (a) or dark blue (d) is the time-dependent deformation of the
cell. (b) Shows the histogramof the relative deformation of cells at small strains and the arising probability density function. The
distribution is not completely symmetric, as itwould be expected for a normal distribution. (c)The histogram shows the relative
relaxation of cells at small strains. The distribution is symmetric as expected for a normal distribution. Theminimal optical trapping
force (100 mW)of the laser can cause a negative relative relaxation for quasi-viscousmechanical response of cells. Accordingly, for
large strains, the histograms of the relative deformation (e) and the relaxation (f) ofMCF-7 cells are shown.
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that the cells becamemore plastic. In contrast, the enhanced initiation of actin nucleation andpolymerization
had no significant effect on cell relaxation for all concentrations formeasurements at large strains (figure 2(d)).

3.3. The impact of microtubules on cell deformation at small and large strains
As shown in (figure 3(a)) for small strains, disrupting themicrotubules by addingNoc (ranging from 1 to 20 μм)
had no significant effect on the relative deformationof cells. Stabilizingmicrotubules using Tax (25 nм to 4 μм)
didnot affect the relative deformation at small strains either (figure 3(b)).

At large strains, the disruption ofmicrotubules causedby Noc (ranging from 1 to 10 μм) induced no
significant change in cell deformation.At 20 μмNoc, however, a significant increase of 20%wasobserved
(figure 3(a)). Stabilization ofmicrotubules via Tax revealed a bipolar effect formeasurements at large strains. For
low concentrations, cells initially softened, but subsequently the cell populations stiffened for higher Tax
concentrations. From 25 to 100 nм, the relative deformation increased by about 32%. Thedeformation
decreased to its original value at 200 nм and remained constant from this concentration to 500 nм. Increasing
the concentration from500 nм to 2 μмTax resulted in cell stiffening yielding a decrease of about 40% in relative
deformation (figure 3(b)).

3.4. Contribution of microtubules to cell relaxation
At small strains, the disruption ofmicrotubules resulted in a significant decrease of 70% in cell relaxation at
20 μм ofNoc (figure 3(c)). The stabilization ofmicrotubules in this regime showedno significant effect up to
0.5 μмTax. However, from1 μм onwards, cells relaxed actively and expanded after stress release (figure 3(d)). At
large strains,microtubule disruption resulted in a decrease in relaxation of about 23%at 20 μмNoc (figure 3(c))
whilemicrotubule stabilization led generally to a decrease in relaxation reaching amaximumof 30%at50 nм
Tax (figure 3(d)).

Figure 2.Relative deformation and relaxationofMCF-7 cells treated with latrunculinA and jasplakinolide, respectively. Theblack
circles are the relative deformation at large strains (cells stretched at 1.2 W), while the squares are for the small strains (cells stretched at
750 mW),mean± (SEM+ reproducibility variance). The reproducibility variance was obtained bymeasuring the cells twice per
passagenumber and for two different passages numbers. The number above each point on the plot is the number of cells fromwhich
themean was obtained. Asterisks indicate the level of significance of the two-sidedKolmogorov–Smirnov test with p< 0.05, p< 0.01,
p< 0.001 for one, two and three asterisks, respectively. Branched indicators for significance denote significance between all pairs of
includedmeasurements. Sub-branches indicate a lower level of significance between the two samples of the sub-branch. No asterisks
denote samples with no significance compared to control measurement. (a) Shown are the relative deformation of LatA treated cells
for small (squares) and large (circles) strains. The relative deformation increased significantly with increasing LatA concentration for
both small and large strains. An increase from500 to 1000 nMdidnot significantly increase the relative deformation. (b)Relative
deformations of Jas treated cells for small (squares) and large (circles) strains are displayed.Cell deformation increased substantially
with increasing Jas concentration for small strains and concentrations up to 100 nм and showed no significant change at large strains.
(c)The relative relaxation,mean± SEM, of LatA treated cells are illustrated. At small strains (squares), the cells are actively elongating,
while at large strains (circles), the cells become significantlymore plastic with increasing LatA concentration. (d)The relative
relaxation of Jas treated cells revealed that cells actively elongate at small strains (squares) and showed no significant change at large
strains (circles).
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4.Discussion

In suspension, cells develop awell-defined spherical geometry, freeof visible stress fibres with the actin
cytoskeleton forming an cortex-like structure which spans the entire cell [56].Moreover, themicrotubules
network shows a surprising picture by not clearly indicating whether themicrotubules emanate from the
microtubule-organizing centre (figure 4). Themicrotubules forma randomnetwork at the cells’ interior and
pronounced bundles at the periphery (figure 4(a)). This aligned peripheral bundlingmay be due to collective
buckling at the cells’ boundary. This is in contrast to the radially outwardpointing network found in adherent
cells.Microtubules have been shown to have a length-dependent persistence length [57] ranging from 5 to
100 μm, which is substantially stiffer than other cytoskeletalfilaments. Therefore, the bendingofmicrotubules
within cells emphasizes the presence of compressive forces.Wewould like to note that local bending canbe also
induced by forces exerted by activemolecularmotors orpassive cross-linking effects [58, 59].However, these
processes cannot sufficiently explainhow severalmicrotubules are bent in parallel, which further indicates the
presence of compressive forces. Nevertheless, it remains unclear whether the plasmamembrane or the actin
cortex can generate such counteracting forces, but previous studies suggested the latter case [60, 61].

The used high concentrations of toxins refer to clinical relevantdosages; whereas a saturated cytotoxicity is
strongly preferred, seefigure 5.Many toxins, e.g. Tax, show less pronounced toxicity for lower concentrations
(figure 5 below 25 nM). Nonetheless, this regime is of interest for fundamental research to investigate functional
details of cellular or cytoskeletal structures, respectively [62]. Studying the accumulationdynamics of Tax, for
instance, can reveal new insights for cancer diagnostics since it has a high binding affinity tomicrotubules and
accumulates differently in different cell types, pronounced inmalignant cells [62–65].

Figure 3.Relative deformation and relaxationofMCF7 cells treated with nocodazole and paclitaxel. The black circles are the relative
deformation at large strains (cells stretched at 1.2 W)while the squares are the small strains (cells stretched at 750 mW),mean± (SEM
+ reproducibility variance). Asterisks indicate the level of significance of the two-sidedKolmogorov–Smirnov test with p< 0.05,
p< 0.01, p< 0.001 for one, two and three asterisks, respectively. Branched indicators for significance denote significance between all
pairs of includedmeasurements. Sub-branches indicate a lower level of significance between the two samples of the sub-branch. No
asterisks denotemeasurements with no significance compared to the control measurement. (a)The relative deformation ofNoc
treated cells is shown.At small strains (squares),Nocwas ineffective for all concentrations and displayed only a subtle trend towards
higher deformability for increasing concentration. At large strains (circles), a significant increase in cell deformationwas only observed
at 20 μмNoc. (b)The relative deformation of Tax treated cells revealedno significant overall trend for small strains (squares). For low
concentrations, the deformability approaches lower values whereas for higher concentrations, the cells becomemore deformable
again. However, both trends have no considerable impact of cellmechanics.At large strains, the effect of Taxwas bipolar and
concentration dependent. From25 to 100 nмTax, an increase in relative deformationwas observed. Above 100 nм, the relative
deformation decreased. (c)The relative relaxation ofNoc treatedMCF7cells shows that the cells became significantlymore plastic at
small (squares) and large (circles) strains. (d)The relative relaxation of Tax treated cells is illustrated. At small strains (squares), cellular
plasticity increased with increasing concentration and the cells actively elongate from1 μмTaxand higher concentrations.At large
strains (circles), cellular plasticity increased generally but was pronounced at smaller concentration of Tax.
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In the low concentration regime, a lag time in the cytotoxic effect can beobserved. The doubling time, and
therefore cell cycle time, is approx. 39 h. Only fractions of cells have enteredmitosis and are subject to amajor
cytotoxic effect of Tax.However, Tax is also toxic in the interphase [66, 67] and solely themitotic index is not
sufficient to explain the efficacy [64]. For concentrations ranging from80 to 280 nм, Tax is reported to kill
tumour cells by inducingmultipolar divisions [68] (see supplementaryfigure S5). Subsequently, the aneuploidy
daughter cellswill eventually die due to cytokinesis failure and chromosomemissegregation [64, 68].

Higher concentrations of Tax (200 nм and above) results in higher fractions of cells forced intomitotic
arrest instead of dividingmultipolar. In accordance with previous research [63, 64, 66–68], the inducedmitotic
arrest explains the observed rapidly saturated cytotoxicity for long exposure times. The cytotoxicity is also
independent of the concentration ifmitotic arrest is induced in cells (200 nм and above, figures 5 and 6).

4.1. Actinfilaments dominate cell response at small strains
At small strains, the disruption of actinfilaments led to a significant increase in cell deformation (figure 2(a)).
Moreover, initiating enhanced actin nucleation and aggregation [69] resulted in an increase in cell deformation
(figure 2(b)). This increase in deformation ismost likely causedby a reductionof cross-linked actin filaments
(figure 4(b)) since he storagemodulus strongly dependents on crosslinking density [70, 71]. While actin has a
major influence in this deformation regime, destabilization ofmicrotubules had no significant effect on the
overall cell deformation (figure 3(a)). At a first glance, these findings do not agree with previous studies reporting
thatmicrotubule destabilization initiated acto-myosin contractions in cultured cells [72]while the stabilization
ofmicrotubules inhibited acto-myosin contractions [73]. Additionally, acto-myosin contractions have been
shown to induce corticalflows that are capable of generating inward forces leading to cytokinesis [74]. A
combination of these findingsmay explain the ineffectiveness ofNoc at small strains (figure 3(a)). The reduction

Figure 4.Confocal laser scanning images of MCF-7 cells in suspension showingGFP stainedmicrotubules andRFP stained actin
filaments (scale bars 5 μm). The green filaments are themicrotubules while the red represents the actinmeshwork. (a) In an untreated
cell microtubules are highly bend and concentrated at the cell’s periphery but forma randomnetwork at the cell’s interior. Actin is
spread throughout the cell. Bothmicrotubules and actin form a cortex at the periphery. (b)A cell was treated with 500 nмLatA to
disrupt actinfilaments. Themicrotubule network ismaintained as in the non-treated cell with less pronounced actin filaments spread
across the entire cell. (c)A cell was treatedwith 20 μмNoc to disturbmicrotubules. Actinfilaments are spread across the cell and the
microtubules network is reduced. Nevertheless, a concentrated region at the cell’s periphery is sustained. (d)A cell treatedwith 2 μм
Tax displays a dense networkof alignedmicrotubules along the cell periphery and actinfilaments spread throughout the entire cell.

Figure 5.Cytotoxicity Assay fordifferent Tax concentrations for an exposure time of 4 d. Paclitaxel stabilizesmicrotubules and
hinders cell division. For concentrations beyond25 nм and exposure times of 3 d andmore, the toxicity is notmajorly increased and
nearly independent of the concentration.Below 500 nм, paclitaxel shows a pronounced lag time in its toxicity for the first 24 h.
Comparable low concentrations of 5 nм lead to strongly decreased proliferation rates. The doubling time ofMCF-7with noTaxwas
determined to (38.8± 4.2) h. Since the cytotoxicitymainly arises fromdisrupted cell division and arresting cells inM-phase, only a
fraction of cells, which have enteredmitosis, are strongly affectedby Tax.
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in corticalmicrotubule bundlesmaybe counteractedby strain-hardening effects of the actin filaments causedby
increased acto-myosin contractions [75] initiated bymicrotubule depolymerization. Stabilizingmicrotubules
had no effect on cell deformation at small strains (figure 3(b)) since the imposed stress is not large enough to
deform themicrotubules within the cytoskeleton. Thus, only the actin cortex is effectively probed. The effect of
the stabilizedmicrotubules, however, is indirectly evident as the strengthenedmicrotubules (figure 4(d)) slightly
push the actin cortex slightly outwards. The increase in cellular deformation resulting from actin perturbation
and the ineffectiveness ofmicrotubule stabilization or disruption suggest that actin filaments alonedetermine
cellmechanics at small strains.

4.2. Microtubules determine cell relaxation at small strains
Cell relaxation at small strains appeared active upon initiating enhanced actin nucleation and surprisingly upon
destabilization of actinfilaments, which is illustrated by the drop of the relative relaxation below zero for treated
cells (figures 2(a) and (b)). In contrast, control cells without drug-induced cytoskeletal perturbations remained
inactive displaying a positive value for the relative relaxation (figures 2(a) and (b)). Themechanical properties of
actin structures have been shown to dependent on the cross-linker dynamics [70, 76–78], which highlights that
stretching cells breaks cross-linkers suchasfilamin andα-actinin [24]. The weakening of physical inter-filament
coupling increases the contribution of viscous deformations and consequently a decrease of elastic contributions
since the percolation of the cross-linked network is decreased [70, 79]. Thus, contractile restoring forces are less
effectively transmitted through the structure resulting in an increase in cell plasticity.Moreover,microtubules
have been shown to buckle upon the active, highly contracting actin cortex during their polymerization [60, 61]
(seefigure 4). Stress-induced weakening of the actin cytoskeleton by cross-linker breakage suggests that the
active behaviour of the entire cellmay result from the slowunbuckling ofmicrotubules. In turn, this suggests an
entropic origin of the effect, which has been previously reported forboth actin andmicrotubules [58, 78, 80–84].
Destabilizingmicrotubules resulted in a lackof relaxation, i.e. an increase in plasticity, especially at very high
concentrations of Noc. As shown infigure 4(c), Noc treatment resulted in a reducedbut alignednetwork of
microtubules within the cells. This emphasizes that the actin cortex does not only cover the restoring force at
small strains. The pressure of buckledmicrotubules also acts as a restoring force to a spherical shape,which is
reduced if Noc is added. In contrast, stabilizingmicrotubules with a concentration of up to 0.5 μмTax resulted
inno significant change in relaxation (figure 3(d)). Beyond 0.5 μм, the cells becamemore plastic. This increase in
plasticity could also result from theunbuckling ofmicrotubules inducedby the applied stress in conjunction
withmicrotubule stiffening by Tax treatment. Furthermore,microtubule networks have been shown to release
stress over very long times [85], whichmight explain the general increase in cell plasticity after the stretch.

4.3. Actinfilaments and microtubules equally contribute to cell mechanics at large strains
At large strains, disrupting the actinfilaments resulted in a significant increase in cell deformation. This increase
stems from the loss of mechanical integrity of the actin cytoskeleton and agrees withmany reports in literature
[7, 24, 25].

The role of themicrotubules to cellmechanics has previously often been ignoredor underestimated.While
the actin cortex is amajor contributor to cellularmechanics and stiffness [56], wewant to point out that also the
microtubule network forms a cortex in suspended state of cells (seefigure 7).

Figure 6.Comparison of time-dependent cytotoxicity of paclitaxel for two orders ofmagnitude. Thedashed anddotted lines are
exponential decayfits with toxicological half times (grey dashed lines) in the range of approximately 49–67 hwith an SEMof 12 h. For
concentrations above 200 nм, the exponentialfits show strong deviations for exposure times of 48 h and longer, presumably due to
saturation effects and cytotoxic lag times.
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Microtubule destabilization increased the overall cell compliance, which is only significant at very highNoc
concentrations (figure 3(a)). Noc reduces themicrotubule concentration and consequently weakens the
observedmicrotubule network structure (seefigure 4(c)) leading to a reduced cell stiffness [85]. These
increments in deformationupon destabilizing of both actin filaments andmicrotubulepoint towards a
cooperative working principle to regulate cellularmechanics at large strains. The initiation of enhanced actin
nucleationdidnot affect the cell deformation. In vitro studies showed that actin networks rupture at relatively
low strains at constant stress [85]. Therefore, the role of the actinfilaments at large strains is negligible while the
contributions of otherfilaments such as the intermediate filaments ormicrotubules become dominant.

4.4. Stabilizingmicrotubules has a bipolar effect on cell mechanics at large strains
Stabilizingmicrotubules by Tax treatment has a concentration-dependent bipolar effect with an increase in
deformation at small concentrations of Tax and a decrease at larger concentrations of Tax (figure 3(b)).
Microtubule polymerization imposes an outward force on the cell by forming a scaffold, which impedes
dynamic instabilities. Thus, their stabilizationmaintains this imposed force and consequentlymake cellsmore
compliant. Furthermore, stabilizingmicrotubules inhibits acto-myosin contractions [73], which oppose cell
deformation. From200 nм onwards, however, cells are stiffenedwith an effectiveness peaks at 2 μм. This
stiffening could be initiated by stabilizedmicrotubules pushing the actin cortex outward to a pointwhere it
strain-hardens. Since 200 nм of Tax is approximately the threshold concentration formitotic arrest, we cannot
exclude that cell cycle dependent effectsmay also play a role. Beyond 2 μм, cells literally explode whenhigher
forces are applied on them (see supplemented video).

4.5. Actinfilaments and microtubules both regulate cell relaxation at large strains
Destabilizing actinfilaments decreased the cellular relaxation while initiating enhanced actin nucleation had no
significant effect (figures 2(c) and (d)). This decline in relaxation originates froma reduction in the elastic
strength of the actin cytoskeleton leading to an increased viscous response.Moreover, stabilizing and
destabilizingmicrotubules led to an increased in plasticity (figures 3(c) and (d)). This could result from the
disruption of the forcebalance between the actin cortex and outwardpushing buckledmicrotubule. These large
deformations resulting from the high optical forces could also decouple themicrotubules from the actin cortex
by breaking actin-microtubule crosslinker or actin filaments in general. On the other hand, at large strains,
microtubulesmay no longer be bent and thereby losing their original structural role due to anoutstretched
configuration, which could lead to an increase in plasticity.

4.6. Different onset of affine and non-affinedeformations
Tounderstand the varying effects of the twonetworks under different strains,we like to emphasize that actin
filaments andmicrotubules are inherently structurally andmechanically different, which is especially reflected
in their different persistence lengths [8]. In amore generalized frame, cross-linked networks behave differently
thanpurely entanglednetworks and cross-linker as well asfilament concentrations and length scale distribution

Figure 7.Time series of spinning discmicroscope images of cells under influence of low concentrationof trypsin-EDTA (0.025%).
Microtubules stained in green (TubulinTracker Green) and nucleus stained in red (SiR-DNA). (a)Before adding trypsin, cells have
well-structuredmicrotubule networks with amicrotubule organizing centre (MTOC,white arrows).Microtubule density decreases
towards the cellmembrane. (b)After 10min of trypsination, theMTOC is barely recognizable andmicrotubules start to forma
cortex-like structure [56]. (c)After complete detachment from the substrate, theMTOChas dissolved andmajor parts of the
microtubules have formed amicrotubule cortex.
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have a rather large impact on the overall network stiffness [71, 86–89]. These concentrations as well as the
stiffness of a network’s components and their arrangements determine the onset of affine or non-affine
deformations,which is consequentially different for actin andmicrotubule networks. Resulting entropic and
enthalpic contributions tomechanical properties can substantially vary for these different networks. It has been
stated previously that these differences allow cells to regulate theirmechanical responses only by small
alterations of cross-linker or filament concentrations to precisely alter themechanical properties of the
cytoskeleton [71]. Gardel et al evenhypothesized that cellmechanicsmay vary as a function of external prestress
and small variation in force can yield differentmechanical responses [71]. Since cellular networks of actin
filaments andmicrotubules substantially vary in all different parameters, their transition fromaffine to non-
affine deformationswill be different.While affine deformations of the actin cytoskeletonmay govern cell
responses in the low strain regime, its dominance is decreased for large strains due to the transition to non-affine
deformations resulting in a reduced elasticmodulus [90].Within the range of the used large strains, the
microtubulemeshworkmay still be probed in the affine regime and theirmechanical response increaseswith
larger deformations dominating the response of the entire system. Consequently, the ratio of contributions from
actinnetworks andmicrotubule structures are shiftedwhen probing cells with increasing strains yielding
cooperativity effects for the arisingmechanical properties.

5.Conclusion

Cells weremeasured in the suspended state and displayed differentmorphologies than in the adhered case.
Microtubuleswere shown to form apparent randomnetworks instead of pointing outwards radially from the
microtubule organizing centre and actin stressfibres were completely absent. In the suspended state, the
microtubule network forms a cortex-like shell in analogy to actin networks of suspended cells. Thus, the
mechanicalfingerprints of suspended cells have to be clearly distinguished fromadhered cells.

By employing cytoskeletal drugs, we havebeen able to identify the distinct roles of actinfilaments and
microtubules during deformation of suspended cells. In the case of small strains (�5%), the cell deformation is
mainly dominated by actin structures and the subsequent relaxation is mainly governed bymicrotubules due to
the initiation of an active cell behaviour. In contrast, at large strains (>5%), we found that actinfilaments and
microtubules cooperated inmaintaining cellular integrity.While the influence of actin filaments appeared
minor,microtubules became increasingly dominant upon Tax stabilization. This stabilization yielded
concentrationdependent, bipolar effects on cell deformation. Here, high Tax concentrations refer to clinical
relevant dosage where cytotoxic effects dramatically change a cell’s structure andmechanics. A lower dose is
especially suitable to study andunderstand the specific roles of the cytoskeletal components.

In thefinal case, both actin andmicrotubules were shown to be responsible for cellular relaxation at large
strains.With the implication ofmicrotubules facilitating tumour cell attachment duringmetastasis byuse of
microtentacles, the bipolar effect of Tax on cell deformation could help explain the increase in circulating
tumour cells in bloodwhen taxane treatment was applied before surgery [91]. To further elucidate the role of
these cytoskeletal components, including that of intermediatefilaments on cellmechanics, the dynamic change
in these filaments during stretching has to be accounted for.
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Actin and microtubule networks contribute differently 
to cell response for small and large strains  

Supplemental Material 

H K, J S , K D , E W, R S  and J A K 

 

Fig. S1 A plot of the relative deformation of MCF7 cells at various laser powers from 400mW to 

1.7W. The cells were stretched with a step stress with the following probing sequence: trapping for 

1 second, stretching for 2 seconds, observed relaxation of 2 seconds. The relative deformation of 

the cells increases linearly with increasing laser power when reaching the threshold of 600mW 

(n=331).  

 

Fig. S2 Averaged cell size of MCF7 cells for various concentrations of Latrunculin A  (LatA) and 

Jasplakinolide (Jas). The digits refer to the number of cells from which the mean was obtained; 

mean ± SEM. Black circles represent measurements  in the large strain regime and the squares in 

the small strain regime. The averaged cell size remained constant for almost all concentrations of 

LatA and Jas  (only a small deviation of about 1µm at 100nM LatA). 

 

Fig. S3 Averaged cell size of MCF7 cells for various concentrations of Nocodazole  (Noc) and 

Taxol (Tax). Black circles represent measurements  in the large strain regime and the squares in the 

small s train regime. The averaged cell size remained constant for different concentrations of Noc 



and deviations were found to be less than 1µm. In case of Tax treated cells , the maximum 

deviation of 1.5µm has been observed at 4µM Tax. However, this change in cell size does not 

affect the relative deformation significantly as it is within the error estimation. 

 

Fig. S4 A plot of the relative deformation of MCF7 cells against the cell size. The relative 

deformation neither increases nor decreases with increasing cell size. Furthermore, the relative 

deformation varied significantly for each cell size. 

 

Fig. S5 Images of MCF-10A cells under paclitaxel treatment. Black bar represents 25 µm. MCF-

10A have a doubling time of roughly 18 h. Left picture was taken after 24 h and 50 nM paclitaxel. 

The cell cluster in the upper part shows  multipolar divisions. Right picture was taken after 72 h 

and 200 nM paclitaxel. Multipolar division led to cytokinesis failure and chromosome 

missegregation. Hardly a cellular structure is visible. 

Video S1 The movie shows an MCF7 cell, which was  treated with 2µM paclitaxel for 18 hours. 

During the step stress  (cell is trapped at 100mW for a second, stretched at 1.2W for 2 seconds and 

allowed to relax for 2 seconds) the cell literally exploded. This explosion is a result of very high 

pressures produced by the stabilized microtubules. The cell’s  membrane start to burst at the upper 

right side and the rupture widens along the membrane in analogy to  a bursting soap bubble. 





�

�������—�–���������…—������
���������”���—„��…�–����

����

�

���� �������—����������

���� …��–��–� ��� –���� …���–�”� ���� „���� �—„������� ��� –��� ���—�…”��–�

���������–����…����—��—”��”��–���������–���”�����”��…������…�”��

DOI:������������������������������

���”��–�����–����”��������—���”��”��–�������������––”�„—–�����������

����� ��…����� �”��� ������—„�–�…����� �������� ����”���–��� ������”��� ��

��–���� �������� ����…����� ������ ��� ������’� ��� ������ ������� ��������

��������������������������������…���–���…�����”–����������������

�

�





1SCIENTIFIC REPORTS |         (2019) 9:12768  | https://doi.org/10.1038/s41598-019-49182-1

www.nature.com/scientificreports

Roadmap to Local Tumour Growth: 
Insights from Cervical Cancer
Hans Kubitschke  1, Benjamin Wolf2,3, Erik Morawetz1, Lars-Christian Horn4,  
Bahriye Aktas  2,3, Ulrich Behn5, Michael Höckel2,3 & Josef Käs1

Wide tumour excision is currently the standard approach to surgical treatment of solid cancers 
including carcinomas of the lower genital tract. This strategy is based on the premise that tumours 
exhibit isotropic growth potential. We reviewed and analysed local tumour spreading patterns in 
518�patients�with�cancer�of�the�uterine�cervix�who�underwent�surgical�tumour�resection.�Based�on�
data obtained from pathological examination of the surgical specimen, we applied computational 
modelling�techniques�to�simulate�local�tumour�spread�in�order�to�identify�parameters�in�uencing�
preferred�in�ltration�patterns�and�used�area-proportional�Euler�diagrams�to�detect�and�con�rm�
ordered patterns of tumour spread. Some anatomical structures, e.g. tissues of the urinary bladder, 
were�signi�cantly�more�likely�to�be�in�ltrated�than�other�structures,�e.g.�the�ureter�and�the�rectum.�
Computational�models�assuming�isotropic�growth�could�not�explain�these�in�ltration�patterns.�
Introducing ontogenetic distance of a tissue relative to the uterine cervix as a parameter led to accurate 
predictions�of�the�clinically�observed�in�ltration�likelihoods.�The�clinical�data�indicates�that�successive�
in�ltration�likelihoods�of�ontogenetically�distant�tissues�are�nearly�perfect�subsets�of�ontogenetically�
closer�tissues.�The�prevailing�assumption�of�isotropic�tumour�extension�has�signi�cant�shortcomings�
in�the�case�of�cervical�cancer.�Rather,�cervical�cancer�spread�seems�to�follow�ontogenetically�de�ned�
trajectories.

Cancer of the breast, prostate, colorectum, lung, and cervix uteri are among the most commonly diagnosed 
malignant tumours worldwide1. All of these cancers are solid tumours and surgery or (chemo-) radiotherapy 
are currently the only available options for curative loco-regional treatment2–5. Generally, the goal of surgery 
should be to minimize loco-regional recurrence rates without increasing operative morbidity unnecessarily. To 
accomplish these objectives, the surgeon is faced with the following central questions: (I) Which tissues are at risk 
for both visible or occult tumour in�ltration and need to be removed? (II) Which tissues can be safely spared, 
thus minimizing treatment-related morbidity? (III) Which locally advanced tumours can still be submitted to 
surgical treatment? Conventionally, the answer to these questions has been based on two assumptions: First, that 
local tumour growth is unpredictable and therefore can occur in any direction, and second, that a microscopi-
cally invisible tumour front precedes the identi�able tumour margin. �ese dogmas of local tumour growth are 
re�ected in the surgical treatment strategy of wide excision. Hereby, a metrically de�ned circumferential safety 
margin of healthy tissue is excised around the tumour with the goal of removing all (occult) tumour cells that 
are thought to permeate this region. Even though a single malignant neoplasm usually does not display isotropic 
growth, it is thought to have isotropic growth potential. As the actual direction of local cancer growth in a given 
case is assumed to be stochastic, the average growth pattern of multiple tumours is expected to be isotropic. �e 
tissue at risk for in�ltration of occult tumour cells is therefore currently de�ned as an isotropic tissue rim which 
is removed by wide excision.

However, increasing evidence points to fundamental �aws in the wide excision strategy. Even when adequate 
wide excision margins are obtained surgically, local relapse rates remain high6,7. Furthermore, the width of resec-
tion margins would be expected to be one of the most important determinants of local tumour control. However, 
clinical data does not support this concept as has been demonstrated for several solid tumours, and reports 
from multiple investigations on resection margins provide con�icting results with some studies indicating that 
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the width of resection margins is an important prognostic indicator while others fail to show an e�ect on local 
tumour recurrence and survival8–11. Imaging modalities are currently not capable of identifying single occult 
tumour cells that might precede the cancer invasion front. What surgeons need to know, therefore, is which 
tissues are at risk for potential in�ltration of occult tumour cells and need to be removed to ensure oncologi-
cal safety. Likewise, tissues that have a low probability of tumour in�ltration should be spared with the goal of 
decreasing treatment-related morbidity. As a proxy for other solid tumours, we analysed data of cancer of the 
uterine cervix to demonstrate that local tumour spread is not isotropic but follows predictable growth patterns.

Based on clinical experience during the last two decades11–14, we hypothesized that these anisotropic growth 
patterns would �t to an ontogenetic distance map, with tissues exhibiting a lesser ontogenetic distance to the 
uterine cervix having a higher probability of being in�ltrated by the tumour than those of greater ontogenetic 
distance. �e corresponding null-hypothesis would predict that the observed tumour in�ltration patterns could 
be explained by physical distance alone, which is a function of metric distance and physical tissue type (i.e. adi-
pose tissue or muscle). In this investigation, we use data derived from detailed pathology reports of patients who 
underwent surgical treatment for cervical cancer at our institution. Based on the results from pathological exam-
ination of all tissues removed during surgery, we determine in each case which pelvic structures are in�ltrated by 
cancer. We then use area-proportional Euler diagrams and computational tumour growth simulations to deter-
mine whether ontogenetic tissue distance (relative to the uterine cervix) is a better parameter for the prediction 
of cancer in�ltration than microenvironmental (physical) distance. �e assumption of predictable and ordered 
rather than stochastic tumour growth patterns could form the basis of a roadmap for local tumour growth which 
might help surgeons or radiotherapists identify tissues at high risk for tumour in�ltration.

Results
Pathological and ontogenetic characterization. To determine the clinical relevance of our �ndings 
and to facilitate their clinical application, we characterized our patient sample according to standard criteria; gen-
eral patient- and tumour characteristics are compiled in Table 1. Our cohort contained a large number of locally 
advanced cases represented by pathological tumour stages 1b2 and higher in 50.2% of cases. In addition, 33.2% 
of all patients exhibited regional lymph node metastasis indicating advanced disease. �e majority (74.9%) of all 
cases were squamous cell carcinomas.

Detailed two-dimensional anatomical maps in the sagittal and transversal plane of the pelvis were drawn 
and tumour in�ltration probabilities for di�erent tissues and tissue compartments adjacent to the uterine cer-
vix were mapped to these drawings (Fig. 1A,B) based on pathological-identi�ed in�ltrated structures. In addi-
tion, di�erent tissue types (e.g. fatty and muscular tissue) were identi�ed and charted in the anatomical maps 
(Fig. 1C). Furthermore, anatomical tissues were classi�ed and mapped according to their ontogenetic origin 
(Fig. 1D, described below). Tissues which are ontogenetically close to each other and constitute a functional unit 
were labelled with similar colours (reddish, greenish, purplish and blueish; Fig. 1D). A detailed description of the 
ontogenetic anatomy that exhibits some di�erences to conventional anatomy is available in the methods section.

Tumour size and shape characteristics. We compared the gross tumour diameter with the number 
of tumour-in�ltrated tissue compartments categorised in Fig. 1D. We found a reasonable correlation for small 
tumours only where three or less tissue compartments were in�ltrated (Fig. 2, Spearman’s rank order correlation 
of ρ = 0.599). In contrast, we observed only a weak correlation between the two parameters when a higher num-
ber, n ≥ 3, of structures were in�ltrated (ρ = 0.340). A very similar picture was seen when grouping the tumour 
data in two sets, one set with tumour diameter ≤4 cm in greatest dimension (FIGO staging IB1/IIA1) and one 
with >4 cm (FIGO staging IB2/IIA2). �e correlation between in�ltrated structures and tumour size for small 
tumours below 4 cm was again quite reasonable (Spearman’s rank order correlation of ρ = 0.584), whereas the 
same correlation was weaker for larger tumours (ρ = 0.389).

In Fig. 3 the tumour shape aspect ratio of short to long axis, i.e. the Diameter (Short axis)/Diameter (long 
axis), is shown which was derived from the metric 3-dimensional measures of the tumours. An aspect ratio of 
1 would represent a spherical and 0 a planar (oblate) or needle-shaped (prolate) tumour. We found an average 
aspect ratio of approx. 0.4.

Descriptive�modelling�of�tumour�in�ltration.� We ran two di�erent in silico simulations, each incorpo-
rating one of the two models. Results from the tumour growth simulations are shown in Fig. 4. We found that 
clinical data of tumour in�ltration displays a distinct separation of the in�ltration probabilities of cervix and 
bladder associated tissue compartments, and furthermore, of rectum and ureter associated compartments. In the 
physical microenvironmental model which only considers tissue-type dependent di�usion variation and tumour 
cell proliferation rates, the invasion probability of spatially close compartments increases with tumour progres-
sion almost concurrently. �is is displayed by the broad overlapping tumour in�ltration probability evolution in 
Fig. 4A around the in�ection points.

In the ontogenetic model (Fig. 4B), tissue compartment boundaries were modelled as additional resistive 
barriers which limit cancer cell migration. Tissues that are ontogenetically close to the cervix are always invaded 
before an ontogenetically more distant compartment is in�ltrated, e.g. the bladder compartment, the ureter, or the 
rectum compartment. �ere is a distinct separation of the in�ltration probabilities around the in�ection point.

Stepwise�tumour�in�ltration.� Tumour in�ltration data was gathered from the pathology reports con-
taining the �ndings of the examination of the surgically resected tissues. Area-proportional Euler diagrams15–17 
of the histopathological data of tumour in�ltration were drawn in Fig. 5. �e Euler diagram illustrates that up 
to the ellipse which displays bladder muscle in�ltration (yellow), the numbers of patients with tumour in�ltra-
tion of tissue compartments with successively increasing ontogenetic distance from the uterine cervix are nearly 
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perfect subsets of the numbers of patients with in�ltration of ontogenetically closer compartments. For example, 
in�ltration of the paracervix and the mesometrium was present in 35.7% and 19.4% of cases. �e bladder mes-
entery and the bladder itself were involved by the tumour in 10.4% and 6.2% of cases, the mesureter and ureter 
in 2.7% and 1.4%, respectively. �e rectum, 0.6%, and the mesorectum, 1.4%, showed the lowest likelihood of 
tumour in�ltration. �ere was only one out of 54 cases of bladder mesentery and bladder muscle in�ltration 

Parameter n %
Total n = 518
Age (median, IQR) 45 (37–54)
Histology
Squamous cell carcinoma 388 74.9
Adenocarcinoma 103 19.9
Adenosquamous carcinoma 23 4.4
Small cell carcinoma 4 0.8
Type of surgerya

TMMR 437 84.3
EMMR 49 9.5
LEER 32 6.2
Lymphovascular space invasion
Yes 360 69.5
No 152 29.3
Unknownb 6 1.2
Blood vessel invasion
Yes 66 12.7
No 446 86.1
Unknownb 6 1.2
Grading
G1 75 14.5
G2 253 48.8
G3 185 35.7
Unknownb 5 1.0
FIGO Stage
IA2 – IB1 267 51.5
IB2 – IIB 219 42.3
>IIB 32 6.2
Pathological tumour stage
1a2 – b1 258 49.8
1b2 – 2b 249 48.1
>2b 11 2.1
Pelvic lymph node metastasis present
Yes 172 33.2
No 346 66.8
Paraaortic lymph node metastasis presentc

Yes 43 8.3
No 475 91.7

Table 1. Patient and tumour data: aTotal mesometrial resection (TMMR) is a surgical resective procedure by 
which the adult derivatives of the embryonal Müllerian Anlage (uterus [cervix and corpus], the Fallopian tubes, 
the proximal vagina, and the vascular and ligamentous mesometrium) are removed. In extended mesometrial 
resection (EMMR), tissues in addition to those removed by TMMR are resected. Depending on the tumour 
extension and the surgical situation, this may include the distal ureter and its supporting structure (the mesureter), 
parts of the urinary bladder wall and its adventitia, the distal vagina, or parts of the peritoneum. In addition to the 
aforementioned tissues, laterally extended endopelvic resection (LEER) includes removal of pelvic wall structures 
such as parts of the obturator muscle, the complete bladder with its adventitia and supporting structures, the 
rectum with its supporting structures, or both. bIn six cases the entire tumour had been removed by local excision 
(conisation) for a suspected cervical intraepithelial neoplasia prior to the operation and external pathology reports 
did not include information on lympho-vascular space invasion. In four of these cases, information on tumour 
grade was also not available. cPeriaaortic lymph node status was assessed histopathologically in 100 patients 
(19.3% of all patients). In the remaining cases paraaortic lymph node status was assumed negative because of 
histopathologically proven tumour free pelvic nodes and the absence of tumour in�ltration of the uterine corpus. 
In this situation, metastasis in the periaortic region is unlikely.
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without mesometrial involvement (1.9%, green, yellow and blue). Furthermore, we found only one case where 
the mesorectum was in�ltrated without concurrent mesobladder involvement (green and amaranth). Further 
information about the anatomical structures described here can be found in the methods section and separate 
diagrams for squamous cell and non-squamous cell carcinomas are included in the Supplement S3.

Figure 1. Anatomical maps of the female pelvis at the level of the uterine cervix. Tumour in�ltration 
probability of 518 cervical cancer patients is depicted in the sagittal plane, (A) and the transversal plane, (B) 
respectively as heat maps. Despite the circumstance that bladder, rectum, and ureter are in similar metric 
proximity to the uterine cervix, the in�ltration probabilities for each tissue at the time of surgical treatment is 
di�erent. (C) Depicts the color-coded tissue types. Notably, the uterine cervix is surrounded by �brous-fatty 
connective tissue in all directions. (D) Displays tissue compartments surrounding the uterine cervix classi�ed 
according to their ontogenetic distance relative to the cervix. �ese compartments are separated by �ne collagen 
lamellae which can be surgically dissected.

Figure 2. Scatter plot showing the number of in�ltrated anatomical compartments with corresponding tumour 
diameter. An overall tumour diameter histogram is drawn on the right side. While the tumour size correlates 
with the number of in�ltrated compartments for small sizes, especially when three compartments or less 
are in�ltrated (Spearman’s rank order correlation of ρ = 0.599), the data set of tumour diameters in�ltrating 
more than two structures is only weakly correlated (Spearman’s rank order correlation of ρ = 0.340). Asterisks 
indicate the level of signi�cance of the two-sided Kolmogorov–Smirnov test with p < 0.05, p < 0.01, p < 0.001 
for one, two and three asterisks, respectively. Branched indicators for signi�cance denote signi�cance between 
all pairs of included measurements. Importantly, however, there is a wide distribution of tumour sizes for each 
compartment in�ltrated.
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Discussion
In this work, we demonstrate that local tumour growth potential of cervical cancer is not isotropic and that the 
in�ltration probability di�ers greatly among di�erent anatomical structures and compartments in close proximity 
to the uterine cervix.

Figure 3. Histogram depicting the distribution of the aspect ratios of our cervical cancer cohort (n = 518). A 
large fraction of tumours has an aspect ratio profoundly deviating from 1 illustrating that the tumours are not of 
spherical growth.
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Figure 4. Illustration of the in�ltration probability of tissue compartments over time. �e model is based on a 
two-dimensional Fisher-Kolmogorov equation (n = 1, D = 1.7 m2/s, rmuscle = 0.0047 · 1/day, rfatty = 0.019 · 1/day, 
r�brous = 0.014 · 1/day). �e le� �gures display the color-coded cancer cell probability density Ψ. Histopathological 
data of tumour in�ltration displays distinct separation of in�ltration probability of cervix and bladder associated 
compartments (reddish and yellowish lines) and rectum and ureter associated compartments (greenish and 
blueish lines). In the microenvironmental model, (A) which only considers tissue-type dependent varying 
di�usion and tumour cell proliferation rates, the invasion probability of spatially close compartments increases 
with tumour progression almost concurrently. A clear separation of tumour stages is hampered because the 
invasion probability curves are signi�cantly overlapping. �e microenvironmental model does not provide 
adequate predictions for compartment in�ltration. In the ontogenetic model, (B) tissue compartment boundaries 
were modelled as additional resistive passive barriers which limit cancer cell migration, as described in the 
methods section. Invasion of spatially close compartments happens stepwise, as seen in clinical data. �e stepwise 
order and invasion likelihood of infested compartments can only be correctly represented when considering 
ontogenetic segregation of tissue compartments.
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As a �rst step to investigate whether tumour growth displays isotropic patterns, we compared the gross 
tumour diameter with the number of tumour-in�ltrated tissue compartments (Fig. 1D). If all surrounding com-
partments displayed an equal in�ltration likelihood, tumour size would be expected to correlate clearly with the 
number of in�ltrated compartments. However, we found a reasonable correlation for small tumours (less or equal 
to three compartments in�ltrated) but only a weak correlation for larger tumours (in�ltration of more than three 
compartments). Notably, while tumours with diameter of 1.5 cm and lower are practically bound to the uterine 
cervical compartment, larger tumours do not necessarily invade more compartments. Taken together, in contrast 
to what our null-hypothesis would have predicted, we found that tumours of one size (diameter) can in�ltrate 
a varying number of compartments indicating that local tumour growth does not occur in a purely isotropic 
manner.

Consequentially, we analysed whether the average tumour shape aspect ratio in our cohort was close to spher-
ical as would have been predicted by our null-hypothesis assuming similar in�ltration likelihoods of all sur-
rounding tissues. Contrarily to an idealised, isotropically growing tumour – which is assumed in a wide excision 
strategy and would have an aspect ratio of very close to 1 – we found that the majority of aspect ratios signi�-
cantly diverge from 1 with an average aspect ratio of approx. 0.4. While the localisation and shape of the initially 
formed tumour may in�uence the shape of the growing tumour, the surgically resected and pathologically ana-
lysed tumours presented in Figs 2 and 3 are orders of magnitudes larger in volume. �us, under the premise of 
di�usive undirected tumour growth, the shape and aspect ratio of the tumour should exhibit a trend towards a 
more spherically shaped tumour, which is not observed in the data set. �e strong deviation of the found aspect 
ratio from 1 indicates that cervical cancer tumour growth is not isotropic on average on large scales compared to 
other tumour entities such as glioblastomas and breast cancers, which grow in a more uniform microenvironment 
and display a profoundly more spherical aspect ratio close to 0.718–20.

To further investigate whether ontogenetic distance is a better parameter than physical (i.e. microenviron-
mental) distance to predict local tumour growth patterns, we ran in silico simulations for a physical microenvi-
ronmental and an ontogenetic model. �e microenvironmental model is agnostic to ontogenetic compartment 
boundaries. �e in�ltration probabilities of di�erent compartments are vastly overlapping, thus the expected 
number of cases with, for instance, mesorectum in�ltration without mesobladder in�ltration should be far 
beyond a singular case as observed in our cohort. �erefore, the microenvironmental model does not adequately 
re�ect tumour in�ltration patterns from a probabilistic point of view and physical distance is not a useful param-
eter in predicting local tumour growth. In the ontogenetic model, however, invasion of spatially close compart-
ments happens stepwise, which is in accordance with the histopathological data. In detail, the tumour in�ltration 
probabilities of tissues with growing ontogenetic distance from the uterine cervix increase suddenly with distinct 
onsets, in contrast to the overlapping in�ltration probabilities of the microenvironmental model. Our tumour 
growth modelling data shows that introducing ontogenetic distance of tissues relative to the uterine cervix leads 
to a signi�cant improvement in predicting the clinically observed tumour growth patterns as compared to models 
assuming isotropic tumour growth in the context of microenvironmental factors alone (microenvironmental or 
physical distance). However, some points in each model deserve further discussion:

Figure 5. Area-proportional Euler diagram displaying in�ltration of endopelvic (sub-) compartments of 518 
pooled cervical cancer cases. �e patients underwent either Total Mesometrial Resection (TMMR), Extended 
Mesometrial Resection (EMMR) or Laterally Extended Endopelvic Resection (LEER) as local excisional 
procedures. �e areas of the ellipses are proportional to the total number of reported cases of the corresponding 
in�ltrated compartments and sub-compartments. Overlying areas of two or more ellipses represent cases 
where several compartments are in�ltrated. �e intersectional area is also proportional to the number of cases 
in which multiple compartments are in�ltrated. A smaller ellipse that is completely located inside a larger 
one is therefore a true subset of the larger ellipse. For example, mesometrial in�ltration incidents (blue) only 
occur if the paracervix (orange) has been previously in�ltrated. Notably, up to the in�ltration of the bladder 
compartment, the tissue involvement is practically following a stepwise progression which is re�ected in ellipses 
being true subsets of enclosing larger ellipses. Exact de�nitions of the anatomical structures described here can 
be found in the methods section.
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First, one should consider how di�erences in the tumour microenvironment might lead to preferential in�l-
tration of speci�c abutting tissues. Fatty, muscular and �brous connective tissues all constitute di�erent microen-
vironments in which tumour cells might behave di�erently. For example, fatty tissue has been shown to promote 
of tumour growth21,22 (which would translate into an increased cancer cell proliferation rate rij). However, tumour 
cells would be expected to exhibit comparable growth and proliferation behaviour in similar tissue types. �e 
�bro-fatty connective tissues surrounding the uterine cervix ranging to the urinary bladder, the rectum, and 
the ureter are morphologically very similar and therefore cancer should show similar propensities to extend in 
either direction rendering tumour growth isotropic on average. Furthermore, the supporting (meso-) structures 
of bladder, ureter and rectum are all composed of fatty tissue, yet are in�ltrated at signi�cantly di�erent rates13, 
see Fig. 1C.

Second, during the past decade, there has been an increasing notion that rigidity of the tumour microen-
vironment plays an important role in directing tumour growth. Extracellular matrix (ECM) sti�ness might in 
fact promote malignant transformation and direct tumour growth along gradients of ECM rigidity, a process 
termed durotaxis23,24. To date, no measurements of sti�ness of the tissues surrounding the uterine cervix have 
been performed; therefore, we could not include tissue sti�ness as a parameter in our model. Nonetheless, it 
seems unlikely that morphologically similar tissues such as the fatty tissue of the bladder mesentery or the rectal 
mesentery exhibit signi�cantly di�erent degrees of rigidity or rigidity gradients. In fact, morphologically similar 
cells share important mechanical and regulatory characteristics and respond and adapt to the rigidity of their sur-
roundings in similar ways23,25–28. �e impact of the microenvironment is also re�ected in the active regulation and 
�ne-tuning of the cell’s cytoskeleton via crosslinker and �lament concentrations29–35 and therefore the resulting 
mechanical properties of the cells36–39. While it cannot be ruled out that the tissue microenvironment may have an 
in�uence of the growth direction and anisotropy, it can be argued that the physical microenvironmental factors 
cannot be the dominant factor in the process.

�ird, it should be assessed whether fascial tissue structures, i.e. dense collagen layers between neighbouring 
tissues which usually coincide with developmental compartment boundaries, impede tumour growth and thus 
lead to anisotropic permeation patterns. Recently, using a novel slicing and staining technique, Steinke et al. have 
shown dense, parallel aligned collagen layers between abutting pelvic tissue complexes such as the uterine cervix 
and the rectum or urinary bladder40. �ese collagen layers may halt locally invading tumour cells. In fact, it has 
previously been shown that low-to-high concentrated collagen interfaces drastically limit cell migration25,41–43. 
�e implementation of collagenous tissue boundaries in our model via uniform, passive resistive boundaries – 
that is, as a simple mechanical barrier – did not su�ciently lead to the clinically observed growth patterns and 
shape of cervical cancer. It should be noted, however, that the use of strict inter-compartmental barriers in our 
model predicts a step-wise tumour progression into neighbouring tissue compartments and thus captures one 
aspect of the clinically observed tumour permeation pattern. It fails, however, to adequately re�ect the anatomical 
distribution of tumour spread. Nonetheless, dense collagen lamellae remain a crucial physical barrier in (cancer) 
cell migration. Especially the ontogenetic lineage boundary between the mesometrium and mesorectum, as well 
as the mesureter, is extraordinary resilient against tumour transmigration, whereas the collagen lamella between 
the mesometrium and bladder compartment seems to be a minor obstacle; an unexpected observation consid-
ering that all collagen lamellae are of comparable thickness and composition and thus should display the same 
migratory resistance. Given the high spatial density of segregated compartments and therefore proximity of com-
partment boundaries, the tumour growth is in�uenced and shaped by these compartment boundaries, described 
in previous �ndings11–14. However, when interpreting the cancer cell migration resistance across compartment 
boundaries due to initial ontogenetic tissue incompatibility – that is, cancer can only invade ontogenetically 
close tissues at �rst and acquires the trait to invade ontogenetically distant tissue later on – the reason for the 
migration resilience may become apparent. �e bladder compartment is ontogenetically close, whereas the ureter 
and rectum compartment are ontogenetically far from the uterine cervix compartment. �is translates then to 
a lower hurdle for cervical cancer to acquire the ability to invade the bladder compartment, but a profound step 
in tumour progression for the rectum and ureter compartment. �e patterns of cervical cancer growth that we 
observed can be mapped to the tissue domains that are identi�ed using the bifurcational developmental para-
digm. Crucially, there is a clear correlation between the degree of ontogenetic proximity to the uterine cervix and 
the likelihood of in�ltration by cervical cancer for any pelvic tissue. Indeed, when introducing ontogenetic dis-
tance on the tissue tree into our model of local tumour spread, the predicted step-wise tumour in�ltration of the 
various pelvic tissue compartments is nearly identical to the ones observed in clinical practice, as seen in Fig. 4. 
In contrast, if the isotropic (microenvironmentally in�uenced) tumour growth model were true, the tumour 
in�ltration probability of di�erent pelvic structures should follow a (quasi-)stochastic process, i.e. the invasion 
probabilities of two compartments adjacent to the uterine cervix should be independent. Our �ndings do not 
support this notion, however. For example, the invasion probabilities of the rectal and ureteral compartments are 
practically zero if the bladder compartment is not in�ltrated, indicating a statistic interaction (e.g. conditional 
probabilities) between these di�erent in�ltration likelihoods.

As a last step, we sought to corroborate our simulation �ndings concerning the stepwise tumour progression 
which we observed in the ontogenetic tumour progression model. To con�rm that ontogenetic tissue compart-
ment in�ltration occurs in a predictable and step-wise fashion, tumour in�ltration data was gathered by patho-
logical examination of the surgical resected tissues and area-proportional Euler diagrams of the histopathological 
data of tumour in�ltration were drawn (Fig. 5).

Our null-hypothesis of tumour invasion and transmigration based on microenvironmental cues would have 
predicted that there is a notable probability that the rectum or ureter compartment is in�ltrated without in�ltra-
tion of the bladder compartment. In fact, even by pure chance of probabilistic tumour growth, we would expect 
to observe a signi�cant number of such tumour situations. Considering its proximity to the uterine cervix, the 
circumstance that the ureter is spared from tumour in�ltration in most of the cases is by itself remarkable. �is 
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is not in support of the notion that microenvironmental factors alone determine tumour growth and invasion. 
Strikingly, except for one case, the rectum (mesorectum, muscular or mucosal layer) was never in�ltrated without 
simultaneous in�ltration of the bladder mesentery which strongly suggests a stepwise tumour progression based 
on tissue compartments with speci�cally di�erent risks of tumour in�ltration. Interestingly, in the one patient 
with rectum but without bladder in�ltration, the bladder was spared during the initial surgery. A�er six months, 
this patient developed a tumour recurrence in the bladder compartment, indicating probable occult involvement 
of the bladder at the time of the initial operation. �e nearly perfect sub-set characteristic of Fig. 5 can only occur 
if and only if the tumour progression happens in a stepwise fashion as our ontogenetic model would predict. 
Further information about the anatomical structures described here can be found in the Methods section.

One signi�cant strength of the present work is that it is based on the histopathological data of numerous 
patients with advanced disease who underwent surgery without any preoperative treatment. Because patients 
with locally advanced disease are usually submitted to primary chemo-radiotherapy in most institutions, there 
is generally no comprehensive pathological data available. In a previous series of 88 cases with locally advanced 
and/or recurrent cervical cancer, the bladder with its support structures showed tumour in�ltration in 84%, the 
rectum in 34% and the ureter in 24% of all cases14. In the current analysis examining 518 cases of primary cervical 
cancer, these patterns were slightly di�erent with the ureter and mesureter exhibiting a greater likelihood of being 
in�ltrated than the rectum and mesorectum. �is demonstrates that tumour growth is di�erent in cases of recur-
rent cancer as previous treatment (e.g. pelvic surgery or irradiation) probably a�ects ontogenetic compartment 
boundaries leading to di�erent tumour progression patterns.

�ere are some weaknesses of our study which should be addressed. First, we used 2-dimensional anatom-
ical maps instead of 3-dimensional anatomic templates. �is was due to computational limitations and limited 
knowledge of the exact 3-dimensional positional information of all pelvic fascia. However, given the fact that 
the adjacent pelvic planes (sagittal and axial) are nearly identical to the ones we used, 3-dimensional simulation 
should lead to similar results.

Second, we disregarded other than continuous modes of tumour spread, i.e. lymphatic and haematogenous 
cancer dissemination. Although these routes of tumour propagation are clinically highly signi�cant and have 
an important impact on a patient’s prognosis, we did not cover them, as our goal was to provide a roadmap for 
local tumour growth only. Furthermore, constructing precise anatomical templates of the lymphatic and circu-
latory system as a basis for modelling is currently not feasible. However, considering that lymph nodes receiving 
drainage from a speci�c anatomical region display antigens from that region44, they can be thought of as spatial 
extensions from that region providing a similarly fertile ground for tumour cell proliferation. We would speculate, 
that the knowledge about which tissue domain is connected to which lymph nodes could provide the basis for 
mapping the lymphatic landscape according to the display of antigens characteristic of speci�ed ontogenetic com-
partments. Consequently, we would expect tumours to proliferate and spread preferentially to lymph nodes dis-
playing antigens of close ontogenetic proximity to the peripheral tissue of tumour origin. Regarding hematogenic 
cancer spread causing metastasis in distant organs, we would again predict that organs which are ontogenetically 
closer related to the organ of tumour origin have a higher likelihood of being a�ected. However, the multitude of 
organs and anatomic structures sharing equal ontogenetic distance at this late stage of cancer progression makes 
it di�cult to predict patterns of metastasis.

�ird, this analysis only includes cervical cancer cases and its applicability to other tumour entities is there-
fore limited. However, the same principles regarding ontogenetically determined tumour growth seem to apply 
to vulvar cancer as was demonstrated in a recent clinical trial45. Furthermore, the correlation of carcinogenesis 
and ontogenesis has been shown for various tumor entities, such as rectum46, pancreas47, and mid-facial skin can-
cers48, wherein the local tumor spread can be well-described with embryological structures such as compartments 
and fusion planes.

Our �ndings provide a framework to conceptualize and predict local spread of cervical cancer. As ontogenetic 
compartment borders can clearly be identi�ed intraoperatively, ontogenetic tissue mapping can probably serve 
as a roadmap to local cancer growth in other tumour entities. Knowing the embryological origin of any tissue in 
which cancer arises, one can derive a relative likelihood of di�erent adjacent tissues to be in�ltrated by tumour 
cells, depending on their ontogenetic proximity to the tissue of cancer origin, deduce an ontogenetic tumour 
stage, and tailor surgical resection exactly to the tissue at risk. In the future, this might help to decrease operative 
morbidity by sparing low-risk tissue while improving local tumour control by resecting all tissues of potential 
(occult) tumour in�ltration.

What could be the underlying mechanisms on a cellular and molecular level? One explanation might be the 
existence of transcriptional programs which sequentially activate and silence speci�c genes. Such programs are 
executed by gene regulatory networks (GRNs), which are de�ned as units of interacting transcriptional elements 
which exhibit speci�c regulatory relationships and therefore cause a predictable pattern of gene expression with 
a de�ned structural and functional output49. GRN’s enable cells to concertedly change protein expression pat-
terns in response to environmental changes and have a tendency to stabilize themselves including pathological 
states which might foster tumour progression50. �is would lead to a predictable evolution which is re�ected by 
the acquisition of all hallmarks of cancer on a cellular level and by speci�c growth patterns on the tissue level. 
Interestingly, GRNs seem to play an important role in epithelial-mesenchymal transition (EMT) which is a key 
mechanism of cell and tissue di�erentiation, both during ontogenesis and during cancer progression51–53 includ-
ing hybrid epithelial/mesenchymal states54–56. We hypothesize that the stepwise re-activation of GRNs, which 
are normally executed during ontogenetic development, leads to the observed growth and in�ltration patterns.

In conclusion, we have shown that the potential local tumour growth of cervical cancer is not isotropic. �e 
data representation and our tumour growth simulation indicate that ontogenetic tissue mapping might pro-
foundly help in predicting the probability of tumour invasion into a given tissue by a certain cancer. Future work 
needs to corroborate these �ndings, ideally in other cancer entities.
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Methods
Patient selection and data acquisition. In order to obtain histopathological information for further 
analysis, patient and tumour data was extracted from our institutional study databases. Figure 6 gives an overview 
over the patient selection process. More information regarding patient selection and treatment can be found in 
the Supplement S1. �e TMMR/EMMR/LEER-Trial (cancer �eld resection trials) was approved by the ethical 
committee at the medical faculty of Leipzig University (review board numbers 012 – 13 – 28012013, 192/2001 
and 151/366 2000). All aspects of the clinical trial as well as data handling and analysis was carried out in compli-
ance with the relevant guidelines and directives issued by the European Union, the Federal Republic of Germany 
and the State of Saxony. �e patients had given informed consent to participate in this study prior to the oper-
ation. �is consent included usage of the data for further analysis. As the raw data contains sensitive patient 
information, it cannot be made accessible to the public. Researchers who meet the criteria to access con�dential 
patient data will be supplied with the requested data on request. Further, non-sensitive data is available in the 
Supplement S1.

Numerical and qualitative data used for preparation of the Euler diagrams and in-silico models were extracted 
from the original detailed pathology reports archived in our database. �ese pathology reports contained all 
relevant information regarding tumour entity (i.e. squamous or non-squamous histology), tumour size measured 
directly within the surgical specimen, and extent of in�ltration into neighbouring pelvic tissues.

Ontogenetic anatomy. �e terms we use to describe pelvic anatomy diverge from the terminology com-
monly used by gynaecological surgeons. Generally, structures and landmarks in surgical anatomy consist of 
functional units while “non-functional” connective tissue is frequently not classi�ed any further. In contrast, 
ontogenetic anatomy provides a means to group all tissues into distinct groups regardless of form and function. 
�erefore, some of the terms which are less commonly used in conventional surgical anatomy or which have 
di�erent meanings are described here. Figure 1 gives an anatomic overview.

�e Müllerian compartment is the sum of all adult tissues which are derived from the embryonic parame-
sonephric ducts. Cranio-caudally, this includes the Fallopian tubes, the uterine corpus, the uterine cervix, the 
proximal two thirds of the vagina and the Müllerian adventitia (see below). Each of these structures constitutes a 
sub-compartment of the Müllerian compartment.

�e para tissues constitute together the Müllerian adventitia. �is is a coat of �brovascular connective tissue 
enveloping the entire Müllerian compartment. In a cranio-caudal fashion the Müllerian adventitia can be divided 
into the following segments according to the adjacent organs:

Fallopian tubes – parasalpinx
Uterine corpus – paracorpus
Uterine cervix – paracervix
Vagina – paracolpos

Each para-tissue constitutes a sub-compartment of the Müllerian compartment.
Note that the term “parametrium” in surgical anatomy conventionally denotes a poorly de�ned compos-

ite structure including more tissues of different ontogenetic origin (paracervix, mesometrium, parts of the 

522 cervical cancer patients were
treated for primary disease
without prior treatment

630 cervical cancer patients
surgically treated
10/1999-06/2017

Data from 518 patients were
included in the analysis

108 patients were excluded:
on-primary disease (n = 66)

Prior major pelvic surgery (n = 14)
eoadjuvant chemotherapy (n = 28)

4 patients were excluded because of
non-continuous (i.e. lymphatic)
tumor spread to the mesometrium.

Figure 6. Patient selection process. Initially, 630 patients were enrolled and surgically treated between October 
1999 and June 2017 for cervical cancer. Only patients with primary disease and without prior major pelvic 
surgery were included in the analysis. Four cases were excluded because of locally non-continuous tumour 
spread. Locally discontinuous tumour spread can occur to the mesometria via lymphatic vessels. Discontinuous 
local tumour spread to other tissues is anatomically not feasible. Additional information regarding the patient 
selection process and treatment is available in the Supplement S1.
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mesobladder and the mesureter). �e para-tissues contain a tight network of anastomosing arteries and veins as 
well as lymph vessels and nerves.

�e term mesentery is here applied to the connective tissues which connect the pelvic organs to the pelvic and 
abdominal wall laterally and caudally (and to a lesser extend ventrally in the case of the urinary bladder). �e 
mesenteries are composed primarily of �brofatty tissue containing lymph- and blood vessels and therefore serve 
an important nutritional role. In addition, they contain nerves and interspersed condensations of �brous tissue 
which serves a suspensory function. Ontogenetically, they are closely related to the organs which they support 
and are therefore prone for early tumor in�ltration. �e mesenteries develop and elongate during the embryonic 
and fetal period as the associated organs move within the abdominal and pelvic cavity as a consequence of dif-
ferential growth.

Within the pelvis, the urogenital tract is supported by the urogenital mesentery. �is mesentery can be sub-
divided into

�e mesometrium supporting the uterus (corpus and cervix)
�e mesureter supporting the ureter
�e mesobladder supporting the urinary bladder.

In addition, the rectum is supported by the mesorectum.
By conventional nomenclature, only the mesorectum is a proper mesentery (de�ned as a peritoneal duplica-

tion enveloping an intraabdominal organ). From an ontogenetic perspective, the term “mesentery” is broader to 
include the above-mentioned structures.

Anatomical and ontogenetic mapping. We have previously described embryogenesis in terms of bifur-
cational tissue di�erentiation based on morphologic observations in human embryos12,13. During the �rst stage 
of tissue expansion in a given embryonic domain, cellular proliferation is homogenous and isotropic. At a certain 
point, presumably when a morphogen gradient is formed, and/or an unstable critical concentration is reached, 
cellular segregation and the emergence of two new cell populations with new phenotypes can be observed. 
Figure 7 shows the resulting bifurcational ontogenetic tissue tree in which the ancestry of di�erent tissues can be 
traced. �is tissue tree is the basis for the ontogenetic mapping shown in Fig. 1D.

Modelling. As described in the beginning, singular tumours are usually not of spherical shape and do not 
necessarily grow isotropically. Nevertheless, permeation of cancer cells into surrounding tissues is assumed iso-
tropic in order to de�ne a safe surgical resection margin, hence they are assumed to have an isotropic growth 

Figure 7. Ontogenetic tissue tree conceptualizing the development of the genital ducts sub-compartments 
(including the uterine cervix). For example, the nephrogenic cords give rise to the metanephric system and the 
primordial genital tracts. �e primordial genital tracts then bifurcate to produce the gonads and the genital 
ducts (in the female, these are the Müllerian ducts). �e lower Müllerian ducts fuse and develop into the 
mature reproductive structures including the fallopian tubes, the uterus, the uterine cervix and the proximal 
(Müllerian) vagina, which all constitute ontogenetic sub-compartments of the adult Müllerian compartment. 
�e diagram depicted can serve as a genealogical tree to trace the ontogenetic development of a given tissue and 
to deduce the ontogenetic kinship of adjacent tissues. Note that in the post-embryonic (foetal) period indicated 
by the grey-dashed line, divisions into more than two tissue branches are possible. Contrary to the embryonic 
period, these developmental steps involve tissue di�erentiation along de�ned axes, e.g. craniocaudally without 
the establishment of new compartments.
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potential. Here, we introduce a description of tumour growth dynamics for a statistically averaged tumour to 
show that the clinically assumed isotropic growth is not su�cient for explaining the clinically and pathologically 
observed tumour growth patterns. �e descriptive model is based on the pathological and ontogenetic character-
ization presented Table 1 and Fig. 7 and is functional for the presented histological cancer types.

The growth dynamics for a statistically averaged tumour were described by the following set of 
reaction-di�usion equations

Ψ Ψ∂ = ∇ ⋅ ∇ +( )D R ,t ij k ij k ij k ij k, , , ,

where Ψ Ψ= →x t( , )ij k ij k, ,  denotes the probability density of cancer cells originating from tissue compartment i 
located in the tissue compartment j at a given time. �e index k accounts for the cancer cell’s coarse-grained 
aggressiveness or staging, and = →D D x t( , )ij k ij k, ,  denotes the di�usion coe�cient of cancerous cells originating 
from compartment i at the stage k in the compartment j. �e local cancer net proliferation rate Rij k,  as a bulk may 
depend, for instance, on the complex cancer cell interactions with its environment. For example, increasing can-
cer cell density may lead to limited oxygen and nutrient supply per cell and therefore to a reduction in cancer cell 
division rate, or may lead to tumour hypoxia induced angiogenesis, thus stimulating tumour growth and inva-
sion57–62. Some or many of inhibitory factors may lose e�ect in the progress of tumour progression63–65, thus 
altering the cancer proliferation and spreading dynamics. In vivo, the local cancer proliferation rate is generally 
thought to depend on supply of oxygen and nutrients per cancer cell, which is an inverse measure of the local 
cancer cell density, among potential other physical and chemical microenvironmental factors42,66–70. �e reaction 
term can be expanded to include features of nutrient supply, microenvironmental e�ects or growth factors to 
create a model closer resembling in vivo tumour physiology and allowing for enforced anisotropic tumour 
growth. Here, the basic tumour growth rate was modelled by a generalized Fisher-Kolmogorov term71–73 agnostic 
of microscopic interactions of single cancer cells,

Ψ Ψ= −R r (1 ),ijk ijk ik ik
n

with the individual cancer cell proliferation rate rijk (as compared to Rijk) and the proliferation inhibition coe�-
cient Ψ−(1 )ik

n . �e cancer net proliferation rate Rijk initially increases with an increasing number of cancer cells 
in a given volume and slows down when it approaches the maximum cancer cell density probability Ψ∑ = 1ik ik  in 
that volume. Tissue compartment boundaries were modelled as additional passive resistive barriers which limit 
cancer cell migration,

Ψ Ψ Ψ ρ⋅ ∇ = −ˆ ( ) ( )Dn / ,ij k j i ij k, ,

with n̂ denoting the normal vector of the interface of neighbouring compartments i and j, and ρij the resistance for 
cancer cell migration across the interface. �e resistive barrier simulates an initially low fraction of cancer cells 
with the acquired capacity of invasion into a neighbouring compartment. �e �nite-element model was simulated 
via COMSOL Multiphysics® so�ware74. Further detailed descriptions and values of model parameters are given 
in the Supplement S2.

Data Availability
As the raw patient data of the TMMR/EMMR/LEER-Trial (cancer �eld resection trials) contains sensitive patient 
information, it cannot be made accessible to the public. Researchers who meet the criteria to access con�dential 
patient data will be supplied with the requested data on request. Further, all non-sensitive data is available in the 
methods section and the supplemental information.
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Abstract

Background: Cellular heterogeneity in tumor cells is a well-established phenomenon.
Genetic and phenotypic cell-to-cell variability have been observed in numerous studies
both within the same type of cancer cells and across different types of cancers. Another
known fact for metastatic tumor cells is that they tend to be softer than their normal or
non-metastatic counterparts. However, the heterogeneity of mechanical properties in
tumor cells are not widely studied.

Results: Here we analyzed single-cell optical stretcher data with machine learning
algorithms on three different breast tumor cell lines and show that similar
heterogeneity can also be seen in mechanical properties of cells both within
and between breast tumor cell lines. We identified two clusters within MDA-MB-
231 cells, with cells in one cluster being softer than in the other. In addition, we
show that MDA-MB-231 cells and MDA-MB-436 cells which are both epithelial
breast cancer cell lines with a mesenchymal-like phenotype derived from metastatic
cancers are mechanically more different from each other than from non-malignant
epithelial MCF-10A cells.

Conclusion: Since stiffness of tumor cells can be an indicator of metastatic potential,
this result suggests that metastatic abilities could vary within the same monoclonal
tumor cell line.

Keywords: Cancer, Heterogeneity, Single-cell, MDA-MB-231, MCF-10A, MDA-MB-436

Background
Recognized as early as 1958 (Huxley 1958), genetic heterogeneity is a well-established

phenomenon in tumor cells, especially during metastatic stages (Torres et al. 2007;

Park et al. 2010; Patel et al. 2014; Alizadeh et al. 2015). Studies have shown that cells

from a single cancer typically contain multiple genetically distinct subgroups (Cleary

et al. 2014; Meacham and Morrison 2013; Gay et al. 2016; Marusyk and Polyak 2010).

Such high level of heterogeneity contributes to the reason why cancer is hard to cure

(McGranahan and Swanton 2017; Mann et al. 2016; Koren and Bentires-Alj 2015).

However, to-date the reason and extent of tumor cell heterogeneity is still not well-

understood (Alizadeh et al. 2015). Two main theories have been proposed to explain

the origin of tumor cell heterogeneity: the existence of cancer stem cells (Magee et al.

2012) and clonal evolution (McGranahan and Swanton 2017). These two theories try

to explain the heterogeneity in ecological and evolutional aspects, respectively, and
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evidence exists for each theory (Shackleton et al. 2009). Furthermore, new insight in

gene regulatory networks provides a framework for explaining the broad heterogeneity

without the need of excessive mutational activity (Huang 2012a; Huang 2013; Huang

2012b). Variations in gene expression lead to molecular variations which in turn affect

cellular shape and function.

Another well-established phenomenon associated with tumors are changes in cellular

stiffness. Cells actively structure and regulate the different elements of the cytoskeleton,

the main contributor of cellular stiffness and compliance (Huber et al. 2013). In fact, dif-

ferent components of the cytoskeleton contribute to different structural and mechanical

tasks, e.g. actin contributes to cell elasticity in response to small strains while microtu-

bules affect responses to large strains (Lautenschlager et al. 2009; Kubitschke et al. 2017).

The mechanics of cells has been studied with multiple experimental tools (Kubitschke

et al. 2018; Pawlizak et al. 2015), including atomic force microscopy (AFM) (Hayashi and

Iwata 2015), quantitative deformability cytometry (q-DC) (Nyberg et al. 2017), real-time

deformability cytometry (Mietke et al. 2015; Otto et al. 2015), microfluidic optical cell

stretchers (Farzbod and Moon 2018), and hydrodynamic flow stretchers (Dudani et al.

2013; Gossett et al. 2012). Since metastasis is responsible for more than 90% of cancer fa-

tality (Wirtz et al. 2011; Mehlen and Puisieux 2006; Taketo 2011), great effort has been

made to study the mechanical properties of metastatic tumor cells and to understand how

mechanical properties of tumor cells affect their metastatic ability. A number of studies

have found that metastatic tumor cells are softer than their non-metastatic counterparts

as well as normal cells (Lekka et al. 2012; Plodinec et al. 2012; Swaminathan et al. 2011).

In addition, studies have suggested the potential of using mechanical properties as a bio-

marker of metastasis (Xu et al. 2012) and for cancer diagnosis (Remmerbach et al. 2009).

In this paper we take first steps to link these two phenotypes of metastatic tumor

cells – changes in cell heterogeneity and cell stiffness. Though most cell mechanics

studies are carried out at the single-cell level, analysis and interpretation of data is gen-

erally confined to averages, thus omitting heterogeneity as an important aspect of the

metastatic phenotype. Prior work (Plodinec et al. 2012; Kiessling et al. 2013) has yielded

important hints that mechanical properties are in fact heterogeneous – the measured

distributions for the viscoelastic properties of cells, even in a single cell line, are not

Gaussian indicating that various mechanical phenotypes are present, for instance, rep-

resented by outliers of the usual long-tailed distributions.

In this paper, we use a microfluidic optical cell stretcher to measure and contrast mechan-

ical properties of single cells from three epithelial cell lines: MCF-10A, MDA-MB-231 and

MDA-MB-436, and we use the heterogeneity of the cell mechanical properties of each cell line

to contrast the different phenotypes. These three cell lines represent a well-established breast

cancer cell panel. MCF-10A is a non-tumorigenic epithelial cell line while MDA-MB-436 and

MDA-MB-231 are breast carcinoma cell lines with a mesenchymal-like metastatic phenotype.

With single cell data analysis, we show that heterogeneity of cellular stiffness exists both

within and between cell lines. In particular, we observe two groups of MDA-MB-231 cells.

Cells in one of the groups are significantly softer than cells in the other. In addition, we find

that although MDA-MB-231 and MDA-MB-436 are both triple-negative breast cancer cell

lines (i.e. they do not express estrogen receptors, progesterone receptors nor human epidermal

growth factor receptor [HER]2) with metastatic tendency, they are rather distinct from each

other compared to the nonmalignant cell line MCF-10A.
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Results
We used a Microfluidic Optical Cell Stretcher to mechanically stretch individual cells

from our breast cancer panel of cell lines and measure their stiffness (Kiessling et al.

2013; Lincoln et al. 2007a). Cells in suspension are not stimulated by their environ-

ment, and thus their cortical tension represents the cells’ mechanical “ground state”.

Suspended single cells were trapped for 1 s and subsequently stretched for 2 s and then

relaxed in trapping condition for another 2 s (Fig. 1). Images of cells were taken at the

rate of 30 frames per second, and the length of the long axis was measured in each

frame for each individual cell. In this paper, we use only two mechanical features calcu-

lated from these measurements: 1. Relative long axis deformation at the end of stretch

(Deformation EOS), and 2. Relative long axis deformation after 2 s of relaxation (Relax-

ation EOE) (Fig. 1). The value of EOS is inversely proportional to the Young’s modulus,

where higher EOS value indicates lower Young’s modulus (easier to stretch). On the

other hand, EOE is a measure of the ability of a cell to restore its shape, where higher

absolute value of EOE suggests greater ability to restore the original cell shape. The

end-of-experiment deformation (EOE) can also be interpreted as the degree of cell plas-

ticity of the cell under a given applied load or strain. This plasticity is in principle a

coarse-grained property which contains contributions of the actin, microtubule and

intermediate filament network (Kubitschke et al. 2017). Since both EOE and EOS are

linear measurements, a two-fold change in the observed deformation corresponds to a

two-fold change in elastic modulus.

In prior work where the mechanical measurements were parameterized by over 50

metrics, we identified deformation and relaxation as important independent

Fig. 1 An illustration of the whole deformability data set of the optical stretcher. The two arrows show the
starting and ending time point of stretch respectively. The thick black line shows average deformation of
the length of long axis of cell over 130 cells. The gray area captures one standard deviation above and below
the average. The two mechanical properties used in this paper (relaxation EOE and Deformation EOS) are
illustrated. For both measurements, the deformation at the beginning of the experiment is subtracted. Hence
the values of EOS are mostly positive and values of EOE mostly negative
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determinants of cell mechanics (Kiessling et al. 2013). Together, these two features give

a good estimation of the elastic property of a single cell.

Using this technique, we measured cells from our breast cancer cell panel used to

study the EMT. MCF-10A is a non-tumorigenic breast epithelial cell line which is used

as a control cell line. MDA-MB-231 and MDA-MB-436 are both triple negative breast

cancer cell lines that are epithelial in nature. Both have metastatic potential, with

MDA-MB-231 considered more aggressive than MDA-MB-436 (Bianchini et al. 2016).

Two subgroups observed in MDA-MB-231 cells

We first identified two subgroups within MDA-MB-231 cells. One subgroup (cluster 2,

Fig. 2) exhibited higher deformations at the end of stretch (EOS) and higher absolute

values of relaxation at the end of experiment (EOE) than the other subgroup (cluster 1)

(Fig. 2). Higher absolute values of both EOS and EOE indicate that cells in cluster 2 are

softer and more elastic (easier to stretch and easier to restore original shape) compared

to cluster 1, which overlaps with MDA-MB-436 and MCF-10A cells (Fig. 3a).

The more elastic group does not exist in MDA-MB-231 cells labeled for E-cadherin

Cadherins are responsible for cell-cell binding. E-cadherins are expressed in normal

epithelial cells, while in mesenchymal carcinoma cells it is mainly N-cadherins. In our

experiments, we also measured mechanical properties of MDA-MB-231 cells that were

labeled with E-cadherin antibodies in order to activate extracellular binding sites. Since

this is a mesenchymal-like cell line we found a low level of E-cadherin expression, as

has also been quantified elsewhere (Pawlizak et al. 2015). In spite of the low expression

levels, we observed a different stretching and relaxation behavior in the E-cadherin la-

beled and non-labeled MDA-MB-231 cells. E-cadherin labeled MDA-MB-231 cells only

formed one cluster instead of the two clusters observed in unlabeled MDA-MB-231

cells. The labeled 231 cells overlap with the less elastic and less relaxing subgroup of

Fig. 2 Two clusters of MDA-MB-231 cells are observed. a Scatterplot of Relaxation EOE vs Deformation EOS
for MDA-MB-231 cells. The two subgroups are identified with the k-means clustering algorithm and labeled
by different colors (red: cluster 1, blue: cluster 2). Negative EOS values in the plot can have two causes: first,
strongly rotating cells that influence the shape detection; second, active contractions under force activation
(data not shown). Similarly, a positive EOE values can indicate a strongly rotating cells or continued deformation
during the relaxation phase. b Boxplot comparing relaxation at the end of experiment between cluster 1 and cluster 2
of MDA-MB-231 cells (p value < 0.001). c Boxplot comparing deformation at the end of stretch between the two
subgroups of MDA-MB-231 cells (p value < 0.001)
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MDA-MB-231 cells (cluster 1, Fig. 3b). Activation of the E-cadherin receptor by bind-

ing of the antibody leads to cadherin clustering and E-cadherin binding to the actin

cortex, which upregulates the actin polymerization and cross-linking of the cytoskel-

eton (Perez-Moreno and Fuchs 2006). The decrease in deformation found in cluster 1

cells compared to cluster 2 cells is consistent with this change in mechanics due to E-

cadherin activation since the elastic storage modulus strongly depends on crosslinking

density and dynamics (Gardel et al. 2004; Lieleg et al. 2010; Strehle et al. 2011; Schnauß

et al. 2016). In addition, the decreased cell relaxation of the cluster 1 subpopulation

could also be explained with upregulated actin nucleation and aggregation while a

destabilization of the microtubular cytoskeletal backbone may further result in a lack of

relaxation and increased plasticity (Kubitschke et al. 2017).

MDA-MB-231 and MDA-MB-436 cells are more different from each other than from MCF-

10A cells

While we showed above that cluster 1 of MDA-MB-231 cells greatly overlaps with

MCF-10A and MDA-MB-436 cells, these three cell lines may still be separable at the

single cell level. Since both MDA-MB-436 and MDA-MB-231 cell lines have a malig-

nant mesenchymal-like phenotype, it is reasonable to expect they would be more simi-

lar to each other comparing to the epithelial-like MCF-10A cell line. To separate the

cell phenotypes, we applied a k nearest neighbors (k-NN) algorithm for a pairwise clas-

sification of the three phenotypes. We first divided the cells into two groups: train and

test. Phenotype labels were provided for cells in the training group but not for the test

group. Then, given the position of a single cell in the test group, k-NN identifies its

nearest k neighbors within the training group. The k neighbors then take a “vote” with

their phenotype, and the cell from test group is assigned to the phenotype that has the

highest number of votes. After classification, we calculate the sensitivity (true positive

rate), specificity (true negative rate), and F1 score (a measure of classification result, the

higher the score the better the classification; the maximum F1 score is 1) for each pair

of classification. We found that classification between MCF-10A and MDA-MB-436

cells has the lowest sensitivity, specificity and F1 score regardless of the value of k

Fig. 3 MCF-10A, MDA-MB-436 and E-cadherin labeled MDA-MB-231 cells all overlap with cluster 1 (the less
elastic group) in unlabeled MDA-MB-231 cells. a Scatterplot of Relaxation EOE vs Deformation EOE for MCF-
10A (red), MDA-MB-231 (green) and MDA-MB-436 (blue) cells. b Scatterplot of Relaxation EOE vs Deformation
EOE for E-cadherin labeled (blue) and unlabeled (red) MDA-MB-231 cells
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(green line in Fig. 4). On the other hand, classification between cluster 1 of MDA-MB-

231 and MDA-MB-436 cells had the highest level of F1 scores (blue line in Fig. 4c) –

which was even higher than the classification between MCF-10A and MDA-MB-231

cells (red line in Fig. 4c) for most values of k. Similar results were obtained with a dif-

ferent classification algorithm (SVM), where the classification between MDA-MB-231

and MDA-MB-436 cells also had the highest F1 value (Table 1). SVM takes a different

approach in classification and aims to find the linear plane that best separates two

groups to classify. In addition, when all four phenotypes were classified simultaneously,

MDA-MB-436 cells were less likely to be miss-classified as MDA-MB-231 cells than as

MCF-10A cells and vice versa (Fig. 5). Together, these results suggest that cells in clus-

ter 1 of MDA-MB-231 are more different from MDA-MB-436 cells than from MCF-

10A cells despite that MDA cells are phenotypically considered to be mesenchymal-like

and MCF cells to be epithelial.

Discussion
Mechanical properties of tumors cells may be important markers for the metastatic po-

tential of tumors. Studies have shown that metastatic tumor cells are on average softer

than non-metastatic ones (Xu et al. 2012; Guck et al. 2005; Fritsch et al. 2010; Alibert

et al. 2017; Mierke 2015). In this paper, we illustrate the heterogeneity of tumor cell

stiffness both within and between cell lines. Based only on mechanical properties, we

show that there are two distinct clusters within MDA-MB-231 cells. Cluster 1 greatly

overlaps with MCF-10A and MDA-MB-436 cells, while cells in cluster 2 are softer and

more elastic (easier to deform and restore to original shape). In addition, we found that

the two malignant epithelial cell lines, MDA-231 and MDA-436, are more distinct from

each other in their mechanical phenotype than from the non-tumorigenic MCF-10A

cell line.

Our findings of mechanical heterogeneity within the MDA-MB-231 cell line comple-

ment prior findings indicating that the molecular single cell characteristics of MDA-

MB-231 cells are also heterogeneous. For example, it has been shown that there are

two distinct subgroups of MDA-MB-231 cells which differ significantly in the cell sur-

face density of various cytokine receptors (CCR5, CXCR3, CXCR1) (Norton et al.

Fig. 4 Pairwise k-NN classification results show that MDA-MB-231 and MDA-MB-436 cells are more different
from each other than from MCF-10A cells. a Sensitivity (true positive rate) for the three comparisons versus
different values of k. b Specificity (true negative rate) for the three comparisons versus different values of k.
c F1 score for the three comparisons versus different values of k

Shen et al. Cancer Convergence             (2020) 4:1 Page 6 of 11



2015). In particular, CXCR3 was found to be overexpressed in metastatic tumor cells,

and drugs targeting CXCR3 decreased tumor cell migration (Zhu et al. 2015). To link

our observations of mechanical heterogeneity with molecular heterogeneity directly, fu-

ture studies can combine the optical stretching with fluorescence imaging.

We also identified heterogeneity among different triple negative breast cancer

(TNBC) cell lines, i.e. we found that MDA-MB-231 and MDA-MB-436 cells are quite

distinct from each other, even more so than from the non-tumorigenic MCF-10A cell

line. This finding is consistent with the perspective of the classical clonal evolution

model, assuming the epigenetic and (more importantly) the phenotypic characteristics

of normal breast tissue are similar among all women. Thus, both patients from which

the MDA-MB-231 and MDA-MB-436 cell lines are derived, had initially breast tissue

which is very similar to the MCF-10A tissue. From this healthy starting population of

cells, different paths can be taken to reach a metastatic phenotype. In fact, an extensive

gene similarity analysis based on The Cancer Genome Atlas (TCGN) revealed that on

average approx. 40% of tumors of a given site, e.g. breast cancers, are likely genetically

closer to tumors from other sites than to tumors of the same origin (Heim et al. 2014;

Andor et al. 2016). It seems actually unlikely that two completely different patients ac-

cumulate the exact same cancer cell phenotype with the same optical stretching

characteristics.

In addition, our findings may have important clinical implications. Patients with triple

negative breast cancer are currently considered to have a very poor prognosis (Bianchini

Fig. 5 k-NN classification results of E-cadherin labeled MDA-MB-231 cells (Ecad), MCF-10A cells, cluster 1 in
MDA-MB-231 cells and MDA-MB-436 cells, with k = 10

Table 1 Pairwise classification results by support vector machine (SVM)

Sensitivity Specificity F1

MCF-10A (positive) vs MDA-MB-231 cluster 1 (negative) 0.71 0.72 0.71

MCF-10A (positive) vs MDA-MB-436 (negative) 0.58 0.66 0.60

MDA-MB-231 cluster 1 (positive) vs MDA-MB-436 (negative) 0.74 0.79 0.76
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et al. 2016; Lehmann and Pietenpol 2014; Denkert et al. 2017). However, there has been

an emerging trend to regard TNBC as a heterogeneous group of patients with varying

prognosis (Bianchini et al. 2016; Lehmann and Pietenpol 2014; Denkert et al. 2017). Fur-

thermore, TNBCs can have very different molecular characteristics, potentially rendering

some tumors more suitable to targeted therapies (Bianchini et al. 2016; Lehmann and Pie-

tenpol 2014; Denkert et al. 2017). It is of paramount clinical importance to identify those

patients. The present data is exciting in that it shows that two TNBC cell lines (which

would be put into one prognostic basket clinically) are indeed very different. It is intri-

guing to speculate whether optical stretching analysis could be used to differentiate those

TNBC cases with a better prognosis (i.e. a lower rate of relapse and distant metastasis)

from those with a worse prognosis.

Moreover, our findings on the inter-cell-line heterogeneity is an indication that aver-

age based analysis methods could oversimplify tumor cell data. For example, MCF-10A,

MDA-MB-436 and cluster 1 of MDA-MB-231 cells are mechanically similar to each

other with probably minor difference in the average values (Fig. 3a). However, when

classified with a more sophisticated algorithm like k-NN, reasonably good classification

accuracy can be achieved. That is to say, even though cells from the three cell lines

overlap on average, locally cells from a certain cell line are closer to cells from the same

cell line than from other cell lines.

Lastly, our studies of E-cadherin labeled MDA-MB-231 cells reveal that antibody la-

beling can alter the mechanical phenotype significantly. We reason that this is because

binding of the antibody to the E-cadherin receptor simulates cell-cell binding, which

causes cadherin clustering and stimulates the actin cortex bound to cadherin. This is a

good example of how antibody labeling may change the properties of cells, and how

antibodies could provide insights into the changes in cancer cell behavior in response

to their tumor microenvironment. Further experiments are needed to validate and pro-

vide molecular evidence for the role of E-cadherin antibody treatment in altering the

mechanical phenotype of MDA-MB-231 cells.

Conclusion
In conclusion, we illustrated heterogeneity in cellular mechanical properties within and

between cell lines. Future studies should examine how changes in chemokine receptor

expression correlate with tumor cell stiffness. Additional investigations are needed to

determine how mechanical properties of cancer cells could help identify distinct prog-

nostic subgroups of triple negative breast cancer patients.

Methods and materials
Experimental procedures

The general setup of the optical stretcher (OS) is described in (Lincoln et al. 2007b)

with additional improvements to the microfluidics, the computer̵-controlled stretching

processes, and the thermally controlled stage described in detail in (Lincoln et al.

2007b; Guck et al. 2001; Schmidt et al. 2015). The mechanical properties of cells were

determined by guiding the cell suspension into the automated microfluidic OS where

single cells are consecutively trapped and stretched. The cells are trapped at 100 mW

for 1 s and the cell radius along the laser axis is determined. The cell is afterwards
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stretched at 875 mW for 2 s. The cells are allowed to relax for 2 s after stress cessation.

A microscope-mounted camera takes images at 30 frames per second during the whole

stretching process. Afterwards, an edge detection algorithm is used to extract cell shape

and cell parameters and to sort out pathological cell (e.g. dead cells).

Cell culture and medium

MCF-10A cells (Cat.No. CRL-10317, ATCC) were cultured in DMEM/Ham’s F12

medium containing l-glutamine (Cat.No. FG 4815, Biochrom) supplemented with 5%

horse serum (Cat.No. 12449C, SAFC), 20 ng/ml human epidermal growth factor

(Cat.No. E9644, Sigma-Aldrich), 10 μg/ml insulin (Cat. No.I9278, Sigma-Aldrich), 100

ng/ml cholera toxin (Cat.No. C8052, Sigma-Aldrich), 500 ng/ml hydrocortisone

(Cat.No. H0888, Sigma-Aldrich) and 100 U/ml penicillin/streptomycin (Cat.No. A

2213, Biochrom).

MDA-MB-231 and MDA-MB-436 cells were cultured in DMEM containing 4.5 g/l

glucose, l-glutamine (Cat.No. FG 0435, Biochrom) supplemented with 10% fetal bovine

serum (Cat.No. S 0615, Biochrom) and 100 U/ml penicillin/streptomycin.

All cell lines were incubated at 37 °C in a 95% air and 5% CO2 atmosphere. The cul-

ture medium was changed every 2 to 3 days and cells were passaged every 4 to 5 days.

To detach the cells, a PBS solution containing 0.025%(w/v) trypsin and 0.011%(w/v)

EDTA (Cat.No. L 2113, Biochrom) was applied for several minutes.

Data analysis

The two clusters of MDA-MB-231 cells were identified using the kmeans() function in R

(version 3.0.3) with 2 centers, 1000 iterations and 50 random initial conditions. For kNN

classification, 1200 cells were first randomly selected from each cell line. From the 1200

cells, 200 were randomly selected as testing set and the remaining 1000 were used as

training set for each cell line. The classification was done separately for each pair of cell

line using the knn() function in R with 8 different values of k (2, 3, 5, 7, 10, 15, 20, 50).

Similarly, simultaneous classification of the three cell lines were done. After classification,

a false positive rate was calculated as FPR = (false positives) / (false positives + true posi-

tives), and a false negative rate was calculated as (FNR) = (false negatives) / (false negatives

+ true negatives). Finally, pairwise support vector machine (SVM) classifications were

done based on all 1200 randomly selected cells using the ksvm() function with linear ker-

nel and C = 10 in the R package kernlab. All plots were made with the ggplot2 package in

R. The dataset is normalized to zero mean and unit variance before the aforementioned

analysis.
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