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Abstract

Long-timescale viscoelasticity caused by collective cell migration (CCM) significantly influences cell rearrangement and
induces generation of mechanical waves. The phenomenon represents a product of the active turbulence occurring at low
Reynolds number. The generation of mechanical waves has been a subject of intensive research primarily in 2D multicellular
systems, while 3D systems have not been considered in this context. The aim of this contribution is to discuss the generation
of mechanical waves during 3D CCM in two model systems: (1) the fusion of two-cell aggregates and (2) cell aggregate
rounding after uni-axial compression, pointing out that mechanical waves represent a characteristic of CCM in general. Such
perturbations are also involved in various biological processes, such as embryogenesis, wound healing and cancer invasion.
The inter-relation between the viscoelasticity and the appearance of active turbulence remains poorly understood even in
2D. The phenomenon represents a consequence of the competition between the viscoelastic force and the surface tension
force which induces successive stiffening and softening of parts of multicellular systems. The viscoelastic force is a product
of the residual cell stress accumulation and its inhomogeneous distribution caused by CCM. This modeling consideration
represents a powerful tool to address the generation of mechanical waves in CCM towards an understanding of this important

but still controversial topic.

Keywords Collective cell migration - Cell mobility - The state of viscoelasticity - Cell residual stress accumulation -
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Introduction

Collection cell migration (CCM) within multicellular sys-
tems induces spontaneous generation of mechanical waves
(Serra-Picamal et al. 2012; Tambe et al. 2013; Notbohm
et al. 2016; Pajic-Lijakovic and Milivojevic 2020b; Petrolli
et al. 2021). A more comprehensive account of oscillatory
patterns generation is essential for a wide range of biological
processes such as morphogenesis, wound healing, regenera-
tion, and cancer invasion (Blanchard et al. 2019; Barriga
and Mayor 2019; Pajic-Lijakovic and Milivojevic 2019a,
2020a). A term mechanical waves is used to identify all
periodical fluctuations of mechanical parameters, such as:
(1) cell velocity, (2) the resulting strain rate, (3) the rate of
surface, volume, shape and curvature change of multicel-
lular systems, and (4) the stress change. These changes are
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accompanied with local stiffening and softening of multicel-
lular systems during CCM. The generation of mechanical
waves has been experimentally confirmed during flow of
various soft matter systems under low Reynolds number (R,)
such as polymer liquids and melts (Groisman and Steinberg
1998, 2000) and has been recognized in experiments with
2D CCM. The oscillatory, wave-like motion of the system
constituents represents a consequence of their viscoelasticity
which accounts for the stress relaxation and residual stress
accumulation (Groisman and Steinberg 2000; Pajic-Lijak-
ovic and Milivojevic 2020b). Normal cell residual stress is
accumulated during (1) movement of cell clusters through
dense surrounding and (2) collision of cell velocity fronts
caused by uncorrelated motility (Pajic-Lijakovic and Mili-
vojevic 2020a, 2021a). Shear residual stress is accumulated
primarily at the biointerface between migrating cell clusters
and surrounding cells in the resting state (Pajic-Lijakovic
and Milivojevic 2020a). Cell movement induces local gen-
eration of strain and its long-time change. The strain leads
to generation of stress its short-time relaxation during
successive short-time relaxation cycles and the long-time
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residual stress accumulation (Pajic-Lijakovic and Mllivoje-
vic 2019a). Short-time scale corresponds to minutes, while
the long-time scale corresponds to hours. Inhomogeneous
distribution of the cell residual stress leads to a generation
the viscoelastic force which acts to suppress CCM (Pajic-
Lijakovic and Milivojevic 2020b). Corresponding structural
changes induces a long-time effective inertia in the context
of local forward and backward flows (Notbohm et al. 2016;
Pajic-Lijakovic and Milivojevic 2020b). The phenomenon
is called “the elastic turbulence” (Groisman and Steinberg
1998, 2000). The elastic turbulence is quantified by Weis-
senberg number W; = =X (where 7y is the stress relaxation
time, v is the velocity, L is the characteristic length). In con-
trary to other viscoelastic soft matter systems, cells show
active responses under various experimental conditions with
ability of self-adaptation and tendency to control their envi-
ronment by various biochemical processes such signaling
and gene expression. Consequently, the mechanical waves
generation during CCM represents a product of “active tur-
bulence” (Alert et al. 2021). Deeper understanding of long-
time viscoelasticity of multicellular systems caused by CCM
is necessary to understand the active turbulence.

The viscoelasticity caused by CCM has been considered
based on several 2D and 3D modeling systems such as: (1)
free expansion of cell monolayers (Serra-Picamal et al. 2012;
Nnetu et al. 2012), (2) cell swirling motion within confluent
monolayers (Notbohm et al. 2016), (3) cell aggregate micro-
pipette aspiration (Guevorkian et al. 2011), (4) cell aggregate
uni-axial compression between parallel plates (Mombach
et al. 2005; Marmottant et al. 2009; Pajic-Lijakovic 2017a),
and (5) fusion of two-cell aggregates (Shafiee et al. 2015;
Dechristé et al. 2018; Oriola et al. 2020; Ongenae et al.
2021). Pérez-Gonzalez et al. (2019) discussed the cell mon-
olayer shape fluctuations by formulating the active wetting
model at a cellular level. The 2D shape fluctuations represent
the result of competition between cell traction force and con-
tractile intercellular stress which has a feedback impact on
the tissue morphology. The fluctuation of spreading velocity
described by Pérez-Gonzilez et al. (2019), as well as the
generation of forward and backward cell flows during the
monolayer free expansion discussed by Serra-Picamal et al.
(2012) and inward and outward cell flow during cell swirl-
ing motion considered by Notbohm et al. (2016) confirm the
existence of the effective inertial effects that occur under low
Reynolds number (Notbohm et al. 2016; Pajic-Lijakovic and
Mllivojevic 2020b). Significant attempts have been made to
describe the main characteristics of mechanical waves by
considering 2D multicellular systems (Serra-Picamal et al.
2012; Notbohm et al. 2016). However, 3D modeling systems
also show periodical changes of mechanical parameters dur-
ing a long-term cell rearrangement.

Guevorkian et al. (2011) discussed long-timescale shiv-
ering during the aggregate micropipette aspiration with a
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period of oscillation of 20 min. This time scale corresponds
to cell persistence time (Mc Cann et al. 2010) and accounts
for cumulative effects of cell contractions, while single-cell
contractions and cell shape relaxation corresponds to a time
scale of minutes. Pajic-Lijakovic and Milivojevic (2017a)
considered cell aggregate rounding after uni-axial compres-
sion. They revealed that the aggregate shape free relaxation
shows periodical pattern in the form of successive relaxa-
tion cycles of the cell aggregate shape. The phenomenon is
similar to the cell monolayer shape fluctuations discussed
by Pérez-Gonzalez et al. (2019). The relaxation rates are
not random but gather around two or three values indicating
various scenarios of cell migration. These scenarios have
been related with the configuration of migrating cells (Pajic-
Lijakovic and Milivojevic 2017a). Three scenarios of cell
migration were discussed as (1) most of the cells migrate,
(2) most of the cells stay in the resting state, and (3) some
cell groups migrate while the others, at the same time, stay
in resting state (Pajic-Lijakovic and Milivojevic 2017a). The
single cycle duration varied from 20 min to 1.5 h depending
on cell type and experimental conditions (Pajic-Lijakovic
and Milivojevic 2017a). The fusion of cell aggregates has
not been considered in the context of the mechanical waves
generation. The main goal of this theoretical consideration is
to discuss the oscillatory phenomena obtained during (1) the
fusion of two-cell aggregates and (2) cell aggregate rounding
after uni-axial compression.

Two types of mechanical waves have been recognized in
2D multicellular systems, i.e. standing waves and propagative
waves. Standing waves were generated in a confined environ-
ment (Deforet et al. 2014; Notbohm et al. 2016; Petrolli et al.
2021) while the propagative waves were generated during
monolayer free expansion by traveling through the system
(Serra-Picamal et al. 2012; Tlili et al. 2018; Petrolli et al.
2021). The standing waves represent a characteristic of local
cell rearrangement which leads to swirling motion (Notbohm
et al. 2016; Pajic-Lijakovic and Milivojevic 2020b). The main
characteristics of standing waves are (1) the radial velocity
and cell tractions are uncorrelated, (2) radial stress component
o, and the corresponding strain rate £ .., are uncorrelated, (3)
radial stress component is simultaneously tensional and com-
pressional, and (4) time derivative of the stress component is
in a phase with the corresponding strain rate (Notbohm et al.
2016; Petrolli et al. 2021). The main characteristics of propa-
gative waves are that (1) normal stress component o, and cor-
responding strain rate £ .., are in phase quadrature, (2) normal
stress component is always tensional, and (3) velocity and cell
tractions are uncorrelated (Serra-Picamal et al. 2012; Petrolli
et al. 2021). Until now, little is reported about influence of the
monolayer viscoelasticity on propagation of mechanical waves.
Tambe et al. (2013), Serra-Picamal et al. (2012), Notbohm
et al. (2016) treated a monolayer as homogeneous, isotropic
and elastic. On that base, they neglected inertial effects during
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CCM. However, an inhomogeneous distribution of the cell
residual stresses induces generation of the viscoelastic force
is responsible for appearance of the effective inertia (Pajic-
Lijakovic and Milivojevic 2019a, 2020b). The cell long-term
rearrangement is driven by the surface tension force in one
hand and the viscoelastic force on the other. Permanent action
of these forces induces generation of the mechanical waves in
all 2D and 3D modeling systems. The generation of mechani-
cal waves during: (1) a fusion of two-cell aggregates and (2)
cell aggregate rounding after uni-axial compression will be
discussed based on experimental data from the literature.

The main characteristics of mechanical
waves

Mechanical waves represent periodical changes of mechani-
cal parameters such as: (1) cell velocity, (2) volumetric and
surface strain rates, (3) the rate of cell aggregate shape and
curvature change, and (4) stress (Serra-Picamal et al. 2012;
Notbohm et al. 2016; Petrolli et al. 2021). This phenomenon of
the active turbulence has been recognized during CCM within
various modeling multicellular systems. The extensive research
has been devoted to study the generation of mechanical waves
during 2D CCM of confluent cell monolayers (Notbohm et al.
2016) and during the free expansion of monolayers (Serra-
Picamal et al. 2012). However, much less attention was paid to
consider the generation of mechanical waves during 3D CCM.
The main goal of this paper is to discuss this complex phenom-
enon obtained during cell aggregate rounding after uni-axial
compression and during the fusion of two-cell aggregates.

For these modeling systems, the mechanical waves represent
a consequence of long-term cell rearrangement driven by the
viscoelastic force and the surface tension force. The viscoelastic
force is a resistive force directed always opposite to the direc-
tion of migration (Pajic-Lijakovic and Milivojevic 2020b). The
surface tension force acts to reduce a surface and represents the
driving force for CCM. The competition of these two forces
induces successive stiffening and softening of multicellular sys-
tems and influences the configuration of migrating cells (Pajic-
Lijakovic and Milivojevic 2017a, 2020b). The corresponding
force balance is formulated by modifying the model proposed
by Pajic-Lijakovic and Milivojevic, (2020b) for 2D CCM and
expressed as:

DV,(r,7)

=, OF (r,1) = Fp,,(r, 1) 1)

n(r,t)

where ¢ is the long-timescale for several tens of minutes to

hours, ¥, is the cell velocity equal to ¥,(r, 1) = %, i, is the

Dy, _ 0y, =N .

<= —¢+ (¥, - V)V, is the material
derivative (Bird et al. 1960), n(r, f) is the cell packing den-
sity, F, is the surface tension force equal to F(r, 1) = yi,,

y is the surface tension, Fp,, is the viscoelastic force equal

cell displacement field,

t0 Fr,o(r,1) = V o (8, ), while &.(r, 1) is the cell residual
stress equal to 6,5(7, 1) = G gy (1, 1) + G gs(7, 1), G gy (r, 1) 18
the normal residual stress, and & 5¢(7, £) is the shear residual
stress.

The surface tension force causes CCM to reduce the sur-
face by (1) cell aggregate rounding after uni-axial compres-
sion (Rieu et al. 2000; Mombach et al. 2005; Marmottant
et al. 2009) and (2) increasing the neck radius during the
fusion of two-cell aggregates (Shafiee et al. 2015; Oriola
et al. 2020; Ongenae et al. 2021). CCM is directed from
the aggregate surface region to its core region during the
cell aggregate rounding. For the case of the cell aggregates
fusion, CCM is intensive at the contact point between two-
cell aggregates which leads to an increase in the neck radius.
In this case, generated two-cell velocity fronts have an oppo-
site directions. Every velocity front is directed from the sur-
face region of one aggregate to the core region of the other.
Consequently, local collisions of velocity fronts induce an
increase in cell packing density which can lead to the cell
jamming state transition (Trepat et al. 2009; Nnetu et al.
2012; Pajic-Lijakovic and Milivojevic 2019c, 2021a). The
phenomenon of collision of the velocity fronts and cell jam-
ming state transition was elaborated in 2D CCM by Nnetu
et al. (2012). Local cell jamming state transitions near the
contact point between two aggregates can induce damping
effects of the aggregates fusion (Oriola et al. 2020). This
phenomenon known as the “arrested coalescence” depends
on (1) the fraction of cells in jamming state within the neck
region and (2) the ability of cells to undergo unjamming
transition. Consequently, the arrested coalescence depends
on cell type and aggregate size. Epithelial-like MCF-10A
cell aggregates are prone to arresting coalescence while
malignant MDA-MB-436 cells aggregate performs total
fusion (Grosser et al. 2021). This interesting result is under-
standable when we keep in mind that malignant cells can
easy change the mode of cell movement depending on
microenvironmental conditions and on that base undergo to
the unjamming cell state transition. The arrested coalescence
could represent a product of inhomogeneous distribution of
cell residual stress within a neck region (Pajic-Lijakovic and
Milivojevic 2017a).

CCM leads to the residual stress accumulation. The
shear and normal residual stresses accumulation induces an
increase in the viscoelastic force which results in stiffening
of the multicellular system parts (Pajic-Lijakovic and Mili-
vojevic 2019a, 2020a, 2021a). The viscoelastic force reduces
cell migration and change the configuration of migrating
cells (Pajic-Lijakovic and Milivojevic 2017a, 2019¢) which
results in softening of the multicellular system parts. This
softening leads to a decrease in the cell residual stress and
on that base reduces the viscoelastic force (Pajic-Lijakovic
and Milivojevic 2020b). Then, CCM starts again, driven by

@ Springer



European Biophysics Journal (2022) 51:1-13

the tissue surface tension force. Pajic-Lijakovic and Milivo-
jevic (2017a, 2019c¢) correlated periodic changes of the cell
aggregate shape with the configuration of migrating cells
during its rounding and recognized periodical jamming-to-
unjamming cell state transitions.

The residual stress accumulation can be described based
on proposed constitutive model for viscoelastic solid or vis-
coelastic liquid (Pajic-Lijakovic and Milivojevic 2017b).
Ability of volumetric and surface strains to relax under
constant stress (or zero stress) conditions represents the
characteristic of a viscoelastic solid rather than a viscoe-
lastic liquid (Pajic-Lijakovic 2021). Stress can relax under
(1) constant strain conditions for a viscoelastic solid and
(2) constant strain rate conditions for a viscoelastic liquid
(Pajic-Lijakovic and Milivojevic 2019c).

Viscoelasticity caused by CCM: constitutive
models

Mombach et al. (2005) and Marmottant et al. (2009) con-
sidered cell aggregate uni-axial compression between par-
allel plates. They estimated: (1) cell stress relaxation under
constant strain (i.e. the aggregate shape) condition, (2) the
aggregate shape relaxation under constant stress condition,
and (3) the aggregate free relaxation (its rounding) after
compression. Ability of aggregate shape, surface, and vol-
ume to relax under constant stress (or zero stress) condition
represents the characteristic of a viscoelastic solid rather
than a viscoelastic liquid (Pajic-Lijakovic 2021). Stress
relaxation time corresponds to a time scale of minutes (Mar-
mottant et al. 2009; Pajic-Lijakovic and Milivojevic 2019b).
The surface strain relaxation occurs via CCM, and the relax-
ation time corresponds to a time scale of several tens of
minutes to hours (Mombach et al. 2005). For this case, the
stress relaxes during successive short-time stress relaxation
cycles under constant strain per cycle (Pajic-Lijakovic and
Milivojevic 2017a). Recently, Tlili et al. (2020) considered
CCM of MDCK cell monolayer and proposed the Maxwell
model suitable for viscoelastic liquid. The Maxwell model
describes stress relaxation under constant strain rate condi-
tion while strain cannot relax (Pajic-Lijakovic 2021). How-
ever, Tlili et al. (2020) measured cell velocity distribution
and on that base the strain changes rather than stress relaxa-
tion ability. They estimated the so called viscous relaxa-
tion time equal to 70 + 15 min which represents cumulative
effects of cell shape relaxations. This time scale corresponds
rather to the strain relaxation time while the stress relaxation
time is much shorter. Ability of strain to relax pointed to the
viscoelastic solid rather than viscoelastic liquid.

To estimate the viscoelasticity of two-cell aggregate sys-
tem during fusion, it is necessary to discuss the system abil-
ity to relax. Shafiee et al. (2015) considered fusion of two
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confluent skin fibroblast cell aggregates and pointed out that
the surface of the two-aggregate system decreases and

relaxes from 1.2mm? to 0.55mm? while the volume ratio Vl
0

decreases and relaxes from 1 to 0.42 within 140 h (where V,,
is the initial volume of the two-aggregate system and V(¢) is
its current volume). This result pointed to a viscoelastic solid
behavior. Oriola et al. (2020) proposed the Kelvin-Voigt
model for describing cell long-timescale rearrangement dur-
ing the aggregates fusion. This model represents a good
choice for describing the viscoelasticity of multicellular sys-
tem near the cell jamming transition (Pajic-Lijakovic and
Milivojevic 2021b). Ongenae et al. (2021) proposed the
model for describing the fusion of cell aggregates by pre-
tending to account for the long-term viscoelasticity. They
introduced the storage modulus into the model and neglect
the loss modulus. It is unclear which constitutive model they
applied. Kosztin et al. (2012), Oswald et al. (2017) and
Dechristé et al. (2018) treated two-aggregate fusion as a vis-
coelastic liquid. They introduced two inter-connected argu-
ments: (1) a fusion of cell aggregates is driven by the surface
tension and (2) the surface tension represents the character-
istic of liquid. We agree that the aggregates fusion is driven
by the tissue surface tension. However, the surface tension
is not necessarily the characteristic of a liquid. Amorphous
viscoelastic solids such as polymer hydrogels and foams also
have surface tension (Mondal et al. 2015).

Dechristé et al. (2018) considered the fusion of two
human carcinoma cell aggregates (HCT116 cell line) as a
consequence of cell divisions within 70 h. The doubling time
of HCT116 cells is 18 h (Gongora et al. 2008). Within this
time period, cell divisions can be neglected, while the vol-
ume change occurs primarily via CCM. The result in the
form of the volume ratio VXO change vs. time significantly

depends on the initial aggregate size. The volume ratio VK of
0

larger aggregates (500um diameter) increases and relaxes
from1to ~ 1.25 within 18 h (Dechristé et al. 2018). In con-

trast, the volume ratio Vl of smaller aggregates (300um
0

diameter) increases significantly to ~ 1.55 obtained after
18 h without reaching the equilibrium state (Dechristé et al.
2018). This interesting result indicated that surface effects
are pronounced for the case of smaller cell aggregates which
result in a rapid increase in the system volume accompanied
with an intensive energy dissipation characteristic for a vis-
coelastic liquid. While Shafiee et al. (2015) obtained a
decrease in the two-aggregate system volume within 140 h;
Dechristé et al. (2018) revealed an increase in the two-aggre-
gate system volume even within first 18 h during fusion.
These apparently opposite volumetric effects should be dis-
cussed in the context of a volumetric strain and quantified
by the Poisson’s ratio. Schematic presentation of two mod-
eling systems consider here: (1) fusion of two-cell
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aggregates and (2) cell aggregate rounding after uni-axial
compression were shown in Fig. 1a,b.

In further consideration, we will discuss two constitutive
models frequently mentioned in the literature in the context
of viscoelasticity caused by CCM extracted based on the
multicellular systems ability to relax, i.e.: (1) the Maxwell
model suitable for a viscoelastic liquid (Guevorkian et al.
2011; Lee and Wolgemuth 2011; Pajic-Lijakovic and Mili-
vojevic 2021a) and (2) the Zener model suitable for a viscoe-
lastic solid (Pajic-Lijakovic and Milivojevic 2021a; Pajic-
Lijakovic 2021). CCM within streams or weakly connected
cell groups can be treated as a viscoelastic liquid (Guevork-
ian et al. 2011), while strongly connected cell clusters can
be treated as a viscoelastic solid (Pajic-Lijakovic and Mili-
vojevic 2021a, 2021b). Multicellular systems are inhomo-
geneous and both types of viscoelasticity can locally exist
during CCM (Pajic-Lijakovic and Milivojevic 2021a). The
proposed constitutive models will be discussed in the con-
text of local residual stress accumulation caused by CCM.

The Maxwell model
Single-cell movement within a weakly connected tissue parts

induces generation of local shear strain rate & 4(r, 1) equal to
X k= =T . .
Eg(r, 1) = %(WC + V¥, ) and local volumetric strain rate

(a)

(b)

Ey = (V . Vc)i (where I is identity tensor) (Pajic-Lijakovic
and Milivojevic, 2021a). Both strain rates are supposed to
be constant during a short-time relaxation cycle and changes
from cycle to cycle. These strain rates induce a generation
of corresponding shear and normal cell stresses and their
relaxation during short-time relaxation cycles. The Maxwell
model, in this case, is expressed as:

8o (rs T, 1) + 136 (1, T, 1) = N;E (1, 1) )

where i accounts for shear or volumetric quantities, 7 is the
short-time scale (the time scale of minutes), ¢ is the long-
timescale (the timescale of several tens of minutes to hours),
~ . 2 déy - -

6 ; 1s the normal or shear stress, 6,; = —<, £, is the shear or

. .o di,. . . dr .

volumetric strain, &, = s the strain rate, 1, is the shear
or volumetric viscosity, and 7y is the stress relaxation time.
Stress relaxation under constant strain rate £,; per single
short-time relaxation cycle can be expressed starting from

the initial condition 6,;(r, 7 = 0, 1) = G,; as:

Goi(r, 7,1) = Goe * + Gpy(r, t)(l B e_;) 3)

where 6 ;(7, 1) is the normal or shear residual stress equal
t0 G = Ni€oe- This finding corresponds to experimental
data and modeling consideration by Dechristé et al. (2018).

fusion of two cell aggregates

Fig. 1 Schematic presentation of (a) fusion of two-cell aggregates and (b) cell aggregate rounding after uni-axial compression
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The Zener model

The Zener model for a viscoelastic solid is the simplest
model which describes: (1) stress relaxation under constant
strain conditions and (2) strain relaxation under constant
stress condition (Pajic-Lijakovic 2021). Step by step move-
ment of the strongly connected cell cluster through dense
surrounding induces generation of local shear strain & ¢(r, £)
and volumetric strain &,y (r, t) within the cell clusters. The
volumetric compressive strain is also intensive during colli-
sion of velocity fronts caused by uncorrelated motility while
the shear stress can be intensive at the biointerface between
migrating cell clusters and surrounding resting cells (Pajic-
Lijakovic and Milivojevic, 2019a, 2021a). For small strain
assumption these strains can be expressed as
E.5 = %(Vﬂc +VﬂCT) and &, = (V « )] (where I is the
unity tensor). These strains are constant per single short-time
relaxation cycle and change from cycle to cycle as a result
of cell clusters movement (Pajic-Lijakovic and Milivojevic
2020a, 2021a). The strains induce generation of correspond-
ing shear stress 6,4(7, 7, t) and normal (compressive/tensile)
stress G,y (7, 7,1). These stresses relax during short-time
relaxation cycles up to residual values 6,ggx(r,f) and
6,.yr(7,1), respectively. The Zener model is expressed as
(Pajic-Lijakovic and Milivojevic 2020a, 2021a):

8oi(r, T, 1) + 136 (r, T,1) = E,(r, 1) + N (1, 1) )
where 6, is the shear or normal stress, éci = ﬂ;", £, 1s the
shear or volumetric strain, ,; = d;"' is the strain rate, E; is
the shear or Young’s elastic modulus, and n is the shear or
volumetric viscosity, and 7y is the stress relaxation time.
Stress relaxation under constant strain condition &,;(r, ) per
single short-time relaxation cycle can be expressed starting

from the initial condition 6,,(r,7 = 0,1) = 6; as:

Galr7.0) = Goe %+ Bpa(r, (1 -7 ) )

where Gg,;(r, 1) is the residual shear or normal stress equal
t0 Gpei = EiEqei

The surface and volumetric changes induced
by CCM

Surface effects of multicellular system lead to an accumula-
tion of the internal normal stress which causes the change of
system volume. The internal normal stress represents a product
of cumulative effects of local normal residual stress accumula-
tion caused by CCM. The cause-consequence relation between
volumetric and surface effects during successive short-time
relaxation cycles was expressed by the Young—Laplace
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equation (Marmottant et al. 2009; Pajic-Lijakovic and Mili-
vojevic 2019c):

o, =Ap/ + 0/ (©)

where o, is the externally applied stress equal to o, = 0 for
the experimental conditions considered here, Apj is the
hydrostatic pressure during the j- relaxation cycle that is
equilibrated with the corresponding value of the tissue sur-
face tension y/ such that Ap/ = y/H/, H/ is the corresponding

. J
curvature of the multicellular system equal to AV = <%) ,

S(2) is the aggregate surface, V(¢) is the aggregate volume,
and o; is the internal normal residual stress accumulation.
The tissue surface tension is in the range from 128 1o 42X
(Mombach et al. 2005). Surface tension slowly chaﬁges dur-
ing cell long-timescale rearrangement as a consequence of
change the configuration of migrating cells
y = y(configuration) (Mombach et al. 2005; Pajic-Lijakovic
et al. 2017a).

The internal normal residual stress for the j-th cycle is equal
to (Dechristé et al. 2018):

. owy\'

o/()=|—=— (N
Oey

where o;,=0;(ey), Wy is the volumet-

ric part of strain energy density equal to: (1)

Wy, () = j S av3%erv ¢ Eev d’r for the Zener model and

(2) Wyp(0) = 25 [ 138y @ Eyd’r for the Maxwell
model. The total volumetric part of strain energy density is
equal to Wy (1) = X3 ()W (D) + (1 — X3, (1)) Wy(1) (Where
X,,(#) is the volume fraction of the mesoscopic domains with
the rheological behavior which corresponds to the Maxwell
model). The volumetric strain €,(¢) is equal to €, (t) = dvv. It
accounts for cumulative effects of long-timescale cell rear-
rangement obtained after short-time stress relaxation cycles.
The volume and volumetric strain change during the aggre-
gates fusion should be related to the rheological parameter
such as the Poisson’s ratio. The volumetric strain accounts
for compression in x-direction and extension in y- and z
—directions (Fig. 1a,b) expressed as:

ey(t) = (1 + sxx) (1 + £yy) (1 + £ZZ) -1 8)

where €., €y and ¢, are the diagonal components of strain
tensor. Consequently, the strain components are: (1) e, < 0
(compression) and (2) £,, > 0 and £,, > O (extension). For
the isotropic extension,y- and z — components are €, & €.
The compression-to-extension ratio can be quantified by the

aspect ratio AR(¢) = % (where d(?) is the longer axis and

2r(t) is the shorter axis of multicellular system). The longer
axis for two-aggregate system during fusion was expressed
as: d(t) = 2R(t)(1 + cos0) while r(¢) is the neck radius equal
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to: 7(t) = R(t)sinf(t) (where R(¢) is the aggregate radius and
0(¢) is the fusion angle which change from 6(0) =0 to
0(c0) = 6,,) (Kosztin et al. 2012; Dechristé et al. 2018). The
corresponding aspect ratio is equal to AR(t) = 1+“;9
decrease in the longer axis is induced by compress10nn while
an increase in the shorter axis, at the same time, is induced
by extension. The AR increases with time during: (1) the
aggregate rounding after uni-axial compression and (2) the
fusion of two aggregates. Spherical aggregate shape corre-
sponds to AR = 1. The fusion of smaller human carcinoma
cell aggregates (HCT116 cell line) leads to a significant
extension of two-aggregate systems in y- and z —direction
which leads to an increase in the neck radius relative to the
diameter of two-aggregate system (Dechristé et al. 2018).
For these conditions, the aspect ratio after 18 his AR =~ 0.92
for smaller aggregates, which corresponds to a new ellipsoi-
dal shape. In contrast, the aspect ratio change is slower for
larger aggregates and equal to AR =~ 1.1 after 18 h (Dechristé
et al.2018). Slower dynamics of long-timescale cell rear-
rangement represents a consequence of pronounced colli-
sions of velocity fronts near the contact point between two
aggregates which can lead to the cell jamming state transi-
tions and on that base to the arrested coalescence (Nnetu
et al. 2012; Oriola et al. 2020; Grosser et al. 2021). Similar
result is obtained for the fusion of two confluent skin fibro-
blast cell aggregates (Shafiee et al. 2015). The correspond-
ing aspect ratio obtained after 140 his AR = 1.1after 140 h.
Mombach et al. (2005) considered rounding of 3D chicken
embryonic neural retina aggregate with radius of 143 um.
The dynamics of long-timescale cell rearrangement is also
slower in comparison with the one caused by the aggregates
fusion considered by Dechristé et al. (2018). The corre-
sponding aspect ratio obtained after aggregate shape relaxa-
tion within 21 his AR =~ 1.52 (Mombach et al. 2005).

The x-component of the volumetric strain tensor is equal
to £, = —ve,, (where v is the Poisson’s ratio). The total vol-
ume increase for the condition £,(f) > 0 accompanied with
the Poisson’s ratio v < 1/2 (Tschoegl et al. 2002). In con-
trast, higher value of the Poisson’s ratio, i.e. v > 1/2 leads
to the volume decrease. These higher values of the Poisson’s
ratio pointed to anomalous nature of the system structural
changes caused by the mobility reduction of the system con-
stituents. Ban et al. (2019) considered an anomalous Poisson
effect during three-axial deformation of the collagen net-
work. Corresponding increase in the Poisson’s ratio up to 1.7
is caused by anomalous nature of the collagen filament con-
formations accompanied with local filament stiffening (Ban
et al. 2019). This stiffening reduces a fiber mobility which
leads to an increase in the Poisson’s ratio. Cell aggregates
are much complex than polymer hydrogel networks. How-
ever, a decrease in the cell mobility could influence the Pois-
son’s ratio on a similar way. Consequently, a decrease in cell
mobility and corresponding increase in cell packing density

as well as the normal residual stress (Trepat et al. 2009) can
be responsible for a decrease in volume and surface during
the fusion of cell aggregates obtained by Shafiee et al.
(2015). In contrast, Dechristé et al. (2018) obtained an
increase in the volume and surface of the two-aggregate sys-
tem during fusion within a time period of 18 h in which the
cell divisions can be neglected. Total surface of two-aggre-
gate system in contact was expressed as (Kosztin et al. 2012)
S(r) = 47R(H)*(1 + cosO(r)) while the total volume is
(Dechristé et al. 2018): V(r) = Z”R(t) (2 + 3c0s6(1) — cos%60(1)).
Initial volume of two-aggregate system sV, = 87rR3 Ryis
the initial single-aggregate radius. The volume can (1)
increase for 22 > 1, (2) stay constant for —~ V(’) =1, and (3)

201 2) The volume

decrease is accompamed with an increase in the cell packing
density caused by normal residual stress accumulation (Tre-
pat et al. 2009), while the volume increase is accompanied
with a decrease in the cell packing density caused by inho-
mogeneity in the stress distribution. The volume conserva-
tion is achieved for the condition R(f) = 21/ 3Ro which fol-
lows to V(¢) = V,,. The volume increases for the condition
R(t) > 2'3R,,.

decrease for — ‘9 < 1 (Kosztin et al.

The fusion of two-cell aggregates
and the generation of mechanical waves

The aggregates fusion induces intensive changes at the con-
tact point between aggregates quantified by an increase in
the neck radius from r(0) = 0 to r(¢) (Fig. 1a). The rate of
neck radius change - - during fusion of two human carcinoma
cell aggregates (HCT116 cell line) reported by Dechristé
et al. (2018) is shown in Fig. 2a. The rate £ vs. time was
considered within 18 h which corresponds to a cell doubling
time. The rate % fluctuates around the exponential decrease.

The rate of neck radius change during the fusion of two
skin fibroblast cell aggregates reported by Shafiee et al.
(2015) is shown in Fig. 2b. For these experimental condi-
tions, the rate d— - decreases exponentially with the intensive
fluctuations caused by action of the resistive viscoelastic
force against the surface tension force.

The periodical change of the curvature of two-aggregate
system represents additional confirmation of the generation
of mechanical waves during the aggregates fusion. The cur-
vature H is equal to H = 67 (from Eq. 6). Consequently,

oscillations of the curvature H point to a periodic change of
the internal stress-to-surface tension ratio vs. time. The cur-
vature of two human carcinoma cell aggregates (HCT116
cell line)- system change during fusion is shown in Fig. 3a.

The increase in the surface relative to volume and on
that base an increase in the curvature H is pronounced
for the fusion of smaller cell aggregates (Dechristé et al.

@ Springer
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2018). This fusion leads to a significant increase in the
neck radius r such that 2r > d after 18 h (where d is the
longer axis of two-aggregate system). Surprisingly, this
multicellular system reaches new ellipsoidal shape rather
than being spherical. In contract, the fusion of larger cell
aggregates leads to establishing of the approximately
spherical shape after 18 h. Local collision of velocity
fronts in the region of neck, which causes inhomogene-
ous distribution of the cell residual stress accumulation,
is more intensive in the case of larger aggregates. Conse-
quently, the increase in the curvature H determined for
smaller aggregates represents a consequence of cell inva-
siveness on one hand and the more homogeneous distribu-
tion of cell residual stress on the other.

The curvature of two skin fibroblast cell aggregate- sys-
tem change during fusion is shown in Fig. 3b. Oscillatory

@ Springer

trend of the curvature change is recognizable and points to
periodical change of the internal stress o; and the tissue sur-
face tension y.

These periodic changes of (1) the rate Z—: (Fig. 2a, b)
and (2) the curvature of two-aggregate systems (Figs. 3a,
b) represent a consequence of action the surface tension
force which drives the long-timescale cell rearrangement
and the viscoelastic force which resists this rearrangement.
The accumulation of the cell residual stress and its inho-
mogeneous distribution during CCM induces an increase
in the viscoelastic force and on that base causes the system
local stiffening. The viscoelastic force reduces cell migration
which leads to a system softening. This system softening
results in a decrease in the viscoelastic force. This decrease
induces CCM again driven by the surface tension force.
These successive stiffening and softening of multicellular
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system induces a periodical change of the internal stress o,
as well as the configuration of migrating cells which have a
feedback impact to the tissue surface tension y.

Periodical change of configuration
of migrating cells and the tissue surface
tension

Three scenarios of cell migration have been recognized as
a consequence of action the viscoelastic force against the
surface tension force: (1) most of the cells migrate (the first
scenario), (2) some cell groups migrate while the others, at
the same time, stay in resting state (the second scenario),
and (3) most of the cells stay in the resting state (the third
scenario) (Pajic-Lijakovic and Mllivojevic 2017a, 2019c).

The viscoelastic force increases as a consequence of residual
stress accumulation during CCM which induces local stiff-
ening of multicellular system. This stiffening suppresses cell
migration by changing the migrating scenarios (from the
first to third) and decreasing the volume fraction of migrat-
ing cells. Migrating-to-resting cell state transition, i.e. jam-
ming state transition induces local softening of multicel-
lular system (Pajic-Lijakovic and Milivojevic 2019a, c). It
is in accordance with the fact that migrating cells are much
stiffer than resting ones due to an accumulation of contrac-
tile energy (Lange and Fabry 2013). A local increase in cell
packing density which leads to the jamming state transition
intensifies the contact inhibition of locomotion (CIL) which
has a feedback impact to the state of cell-cell adhesion con-
tacts (Alert and Trepat, 2020). Consequently, CIL induces
weakening of cell—cell adhesion contacts which additionally
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contribute to the softening of multicellular system parts.
This softening leads to a decrease in the viscoelastic force.
Then, the surface tension force is capable of inducing CCM
again.

These scenarios have been recognized in 2D and 3D
CCM as fluctuations of the shape of multicellular systems
(Pajic-Lijakovic and Milivojevic 2017a; Pérez-Gonzélez
et al. 2019). Pérez-Gonzalez et al. (2019) discussed these
fluctuations in the context of the wetting model formulated
at a cellular level while Pajic-Lijakovic and Milivojevic
(2017a) discussed the phenomenon based on the Eyring
model formulated at a supracellular level. The viscoelastic
force and surface tension force in one hand and the trac-
tion force on the other are capable of inducing the wetting
to de-wetting transition in 2D multicellular system during
CCM. Pajic-Lijakovic and Milivojevic (2017a) considered
the cell aggregate rounding after uni-axial compression and
quantified by various relaxation rates of the cell aggregate
shape k. They examined the experimental data by Mombach
et al. (2005) and revealed that the relaxation rates ¥/ (where
K is the relaxation rate for the j-™ cycle) are not random
but gather around two or three values indicating various
scenarios of cell migration. Three values of the relaxation
rates were calculated: (1) k- for the first scenario, (2) k, = 0
for the third scenario, and (3) k, < k, < k,, for the second
scenario.

Cell aggregate shape relaxation after uni-axial compres-
sion in the form of the aggregate aspect ratio vs. time for the
experimental data by Mombach et al. (2005) is shown in the
log-normal form (Fig. 4).

Periodical change of the configuration of migrating cells
results in the oscillatory change of (1) the curvature of
two-aggregate system during fusion (Fig. 3a,b) and (2) the

aggregate aspect ratio during aggregate rounding (Fig. 4). This
change of the configuration of migrating cells represents the
main cause of oscillations of the tissue surface tension Ay ()
(where Ay(f) = y(¢) — y, is the tissue surface tension differ-
ence and y, is the equilibrium value of the surface tension).
Pajic-Lijakovic and Milivojevic (2017a, 2019c) formulated the
Eyring model for describing successive migrating-to-resting
cell state transitions caused by action the viscoelastic force
against the surface tension force. It was expressed as (Pajic-
Lijakovic and Milivojevic 2017a, 2019c):

dAy, (1)
= = A B0+ Ay Ay, () ©)

where Ay, (¢) is the dynamic surface tension contribution
from resting cells equal to Ay,(f) = y,(t) — v, and Ay, (?) is
the dynamic surface tension contribution from migrating cell
groups equal to Ay,,(t) = y,,(t) — v,. Total dynamic surface
tension represents the sum of contributions from migrating
and from resting cells, i.e. Ay(¢) = Ay,,(f) + Ay,(f). The spe-

cific rate 4,_,,, (for r - m transition) was expressed as
AER—AEyz

A, =Ae ‘#Tr  \isthe characteristic frequency, ky is the
Boltzmann constant, 7, is the effective temperature (Pajic-
Lijakovic and Milivojevic 2017a, 2019c). Concept of effec-
tive temperature has been applied for considering rearrange-
ment of various thermodynamic systems from glasses and
sheared fluids to granular systems (Casas-Vazquez and Jou
2003). Pajic-Lijakovic and Milivojevic (2019c, 2021a)
applied this concept to cell long-timescale rearrangement of
dense cellular systems. The effective temperature, in this
case, represents a product of cell migration and was
expressed as kgT,; ~ (s)?, (where (s) is the average cell
speed) (Pajic-Lijakovic and Milivojevic 2021a). The

Cell aggregate rounding after uni-axial compression
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Fig.4 Cell aggregate shape relaxation after uni-axial compression in the form of the aggregate aspect ratio vs. time
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"

energetic barrier for CCM AE, can be expressed as
AEy = (0,e,,)AV (where AV is the volumetric change of the
aggregate during an increment of time Az and (o;e,) is the
time averaged macroscopic volumetric strain energy). The

specific rate for m — r transition 4,,_,, is expressed as
AEg+AEyy

A,.,=Ae ‘# (Pajic-Lijakovic and Milivojevic 2017a).
The effective driving energy is equal to AE,; = y,AA — AE,
(where AA is the aggregate surface change during the aggre-
gate rounding or the fusion of two aggregates, AE, is the

energy perturbations caused by collision of velocity fronts).
2y
The ratio 2=2 is equal to beom = " Wl (Pajic-Lijakovic and

m—r m—r

Milivojevic 2021a). Three causes were established depend-
ing on the energy perturbation AE, (Pajic-Lijakovic and
Milivojevic 2019c):

2y9AA

(1) ¥yAA > AE, which corresponds to 4, ,,,, = Ay T
(2) 7yAA ~ AE, which corresponds to 4,_,,, ~ 4,,_,,, and.
(3) 79AA < AE, which corresponds to 4,_,,, < 4,,_,,.

The contribution of resting cells to the tissue sur-
face tension was expressed as Ay (1) = E,,,AAR(1),
while the contribution of migration cells was expressed
as Ay, () =1, dAAf(’) (where AAR(t) is equal to
AR(1) = AR(t) = AR(t » ), AR(t > ) < 1, E,,, is the
apparent surface elasticity modulus and 7,,,, is the apparent
surface viscosity) (Pajic-Lijakovic and Milivojevic 2021a).
The AR(t — o0)is AR(t — o) — 1 for the aggregate round-
ing described by Mombach et al. (2005) and for the aggre-
gates fusion described by Shafiee et al. 2015, while for the
fusion of two smaller carcinoma aggregates described by
Dechristé et al. (2018) AR(t — o0) < 1. Change in the AAR
with time was expressed by introducing expressions for
Ay, (t) and Ay,,(¢) into Eq. 9 as:

dAAR(t

dAARY) + kAAR(H) =0 (10)
dt

where k = z A’EA’"E“"; is the aggregate shape relaxation rate.

The corresponding relaxation rate is equal to (Pajic-Lijako-
vic and Milivojevic, 2019c¢):

2ypAA

e

m—r

y! E, .
1) k,= 3 <2 for the first scenario,

app ™ j’marrlupp
_ A4
(2) k, =k,e ‘" for the second scenario, and.

(3) k, — O for the third scenario.

The aggregate surface energy y,AA relative to a specific
energy of collectively migrated cells kzT,; can be esti-
mated from the experimentally determined ratio of the
relaxation rates ];(—'" Pajic-Lijakovic and Milivojevic

(2021a) calculated the ratio ];(—’" from the experimental data

by Mombach et al. (2005). Mombach et al. (2005) exam-
ined the aggregate rounding for 3D chicken embryonic
neural retina aggregates with various radius: R = 8§7um,

and R = 65pm. The energetic ratio Z”?A is estimated as

Bl ofy

% = 0.36 = 0.04 for both aggregate sizes (Pajic-Lijako-
BLef

vic and Milivojevic 2019c).

Conclusion

Periodical change of the mechanical parameters (the
mechanical waves) such as shape and curvature of multicel-
lular systems, the internal normal stress, and the dynamic
tissue surface tension is discussed on two 3D modeling
systems such as: (1) the fusion of two-cell aggregates and
(2) the cell aggregate rounding after uni-axial compres-
sion. The phenomenon has been experimentally confirmed
in 2D multicellular systems. However little was reported
about the generation of mechanical waves during 3D CCM.
This modeling consideration is an attempt to (1) discuss the
mechanical waves generation from the standpoint of rheol-
ogy and (2) point out that the mechanical waves represent
the general characteristic of 2D and 3D long-timescale cell
rearrangement.

The mechanical waves are a product of the active turbu-
lence occurred at low Reynolds number caused by competi-
tion between the viscoelastic force and the surface tension
force. The viscoelastic force is the resistive force, while the
surface tension force is the driving force for CCM. The vis-
coelastic force is a product of the residual stress accumula-
tion and its inhomogeneous distribution caused by CCM. An
increase in the viscoelastic force leads to a system stiffen-
ing which is capable of suppressing the cell movement by
changing the configuration of migrating cells and inducing
the cell jamming state transition. The following migrating-
to-resting cell state transition causes the system softening
which results in a decrease in the viscoelastic force. Then,
the surface tension force acts to reduce the surface and
induces CCM again.

Additional experiments are necessary to correlate the
configuration of migrating cells and the rate of its change
with the surface free energy and the internal normal stress
accumulation for various cell types. These finding could be
useful for better understanding various cellular processes
such as morphogenesis and cancer invasion.
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