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Abstract

Morphogenesis, tissue regeneration, and cancer invasion involve transitions in tissue morphology. These transitions, caused
by collective cell migration (CCM), have been interpreted as active wetting/de-wetting transitions. This phenomenon is
considered based on a model system as wetting of a cell aggregate on a rigid substrate, which includes cell aggregate move-
ment and isotropic/anisotropic spreading of a cell monolayer around the aggregate depending on the substrate rigidity and
aggregate size. This model system accounts for the transition between 3D epithelial aggregate and 2D cell monolayer as a
product of: (1) tissue surface tension, (2) surface tension of substrate matrix, (3) cell-matrix interfacial tension, (4) interfacial
tension gradient, (5) viscoelasticity caused by CCM, and (6) viscoelasticity of substrate matrix. These physical parameters
depend on the cell contractility and state of cell-cell and cell-matrix adhesion contacts, as well as the stretching/compression
of cellular systems caused by CCM. Despite extensive research devoted to study cell wetting, we still do not understand the
interplay among these physical parameters which induces an oscillatory trend of cell rearrangement. This review focuses
on these physical parameters in governing the cell rearrangement in the context of epithelial aggregate wetting/de-wetting,
and on modeling approaches aimed at reproducing and understanding these biological systems. In this context, we not only
review previously published biophysical models for cell rearrangement caused by CCM, but also propose new extensions of
those models to point out the interrelation between cell-matrix interfacial tension and epithelial viscoelasticity and the role
of the interfacial tension gradient in cell spreading.

Keywords Collective cell migration - Cell residual stress accumulation - Tissue surface tension - Marangoni effect -
Viscoelasticity

Introduction

Collective cell migration (CCM) on a substrate matrix
plays not only a pivotal role in the cell rearrangement nec-
essary for the establishment of proper tissue organization,
shape, and size, but also underlies spreading of tumor cells
(Douezan et al. 2011; Batlle and Wilkinson 2012; Beaune
et al. 2014, 2018; Pérez-Gonzélez et al. 2019; Pajic-Lijak-
ovic and Milivojevic 2020). The cell rearrangement itself
depends on the dynamics at the cell-matrix bio-interface.
Batlle and Wilkinson (2012) pointed to three types of mech-
anisms, which influence the dynamics at the cell-matrix
bio-interface: (1) strength of cell-cell and cell-matrix
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adhesion contacts, (2) cell contractions, and (3) cell signal-
ing which has a feedback on gene expression and the state
of single cells. Cell signaling influences the single-cell state
and cell rearrangement. The single-cell state accounts for
interplay among: the cell contractility, strength of cell—cell,
and strength of cell-matrix adhesion contacts (Blanchard
et al. 2019; Barriga and Mayor 2019). Strength of cell—cell
adhesion contacts and cell contractility influence the tissue
surface tension and viscoelasticity caused by CCM (Pajic-
Lijakovic and Milivojevic 2022a, 2022d; Devanny et al.
2021). These parameters and the strength of cell-matrix
adhesion contacts are involved in the cell-matrix interfacial
tension and the interfacial tension gradient (Pajic-Lijakovic
and Milivojevic 2022d). Inter-relation between these physi-
cal parameters leads to the cell residual stress accumula-
tion, which can reduce cell movement (Trepat et al. 2009;
Pajic-Lijakovic and Milivojevic 2021). Cell tractions during
CCM on substrate matrix influence the matrix viscoelastic-
ity, which can result in matrix residual stress accumulation
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(Pajic-Lijakovic and Milivojevic 2020). The accumulation
of the residual stress within the substrate matrix induces
matrix stiffening, which has a feedback on cell movement.
This phenomenon is known as durotaxis (Alert and Trepat
2020). Interplay between surface characteristics of multicel-
lular systems accompanied by their viscoelasticity, as well as
the viscoelasticity of the substrate matrix, influence the cell
rearrangement. The main goal of this theoretical considera-
tion is to point to the role of these physical parameters in
cell aggregate wetting/de-wetting based on the biophysical
model developed here.

The main characteristic of cell rearrangement caused by
CCM, recognized within various model systems, is oscil-
latory change in: cell velocity, resulting strain, and the cell
residual stress (Serra-Picamal et al. 2012; Notbohm et al.
2016; Pajic-Lijakovic and Milivojevic 2020, 2022a). This
oscillatory trend of cell rearrangement has been known
as mechanical waves. Those mechanical waves generated
within the multicellular systems represent a form of low
Reynolds number turbulence (Pajic-Lijakovic and Milivo-
jevic 2020, 2022c¢). Besides multicellular systems, the low
Reynolds number turbulence appears during the rearrange-
ment of various soft matter systems. Groisman and Steinberg
(1998, 2000) pointed to the so called “elastic turbulence”,
which appears during low Reynolds flow of a polymer solu-
tion as a consequence of its viscoelasticity. The stiffening of
stretched polymer chains during flow induces the generation
of flow instabilities in this case. However, multicellular sys-
tems are much more complex and capable of self-rearrange-
ment, so their behavior is somewhat different. Alert et al.
(2021) discussed the phenomenon by introducing the term
“active turbulence” to describe oscillatory trend of CCM.
Pajic-Lijakovic and Milivojevic (2020) discussed the role
of viscoelasticity of multicellular systems in this case by
formulating the viscoelastic force, which represents the con-
sequence of an inhomogeneous distribution of cell residual
stress and matrix residual stress.

Mechanical waves, generated during CCM, are related
to the effective, long-time inertial effects. Despite exten-
sive research devoted to study the oscillatory trend of cell
rearrangement within various model systems, such as: (1)
free expansion of cell monolayers (Serra-Picamal et al.
2012; Nnetu et al. 2012), (2) rearrangement of confluent
cell monolayers (Notbohm et al. 2016), (3) cell aggregate
rounding after uniaxial compression (Mombash et al. 2005;
Pajic-Lijakovic and Milivojevic 2017), and (4) fusion of two
cell aggregates (Pajic-Lijakovic and Milivojevic 2022a), we
still do not understand properly the cause of the effective
inertia. The effective inertia represents a consequence of the
surface properties of a multicellular system accompanied
by its viscoelasticity (Notbohm et al. 2016; Pajic-Lijakovic
and Milivojevic 2022a). Notbohm et al. (2016) considered
the effective inertia as a result of coupling between cellular
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strain and cell active stress related to the myosin concentra-
tion. Serra-Picamal et al. (2012) and Deforet et al. (2014)
formulated stochastic particle-based simulations of cell rear-
rangement. Serra-Picamal et al. (2012) balanced the active
propulsion force with cell elastic force and cell-matrix fric-
tion force. Deforet et al. (2014) accounted for the force of
inertia and balanced it with friction, intercellular adhesions,
and active propulsion. However, to describe oscillatory trend
of cell rearrangement during the cell aggregate wetting/de-
wetting, it is necessary to include the interplay between the
surface characteristics and the viscoelasticity of multicel-
lular systems.

The main goal of this review is to discuss the oscilla-
tory trend of cell spreading during cell aggregate wetting/
de-wetting on a rigid substrate matrix. This model system
is very interesting since it includes the transition between
a 3D epithelial aggregate and 2D cell monolayer caused
by physical interactions occurred at the cell-matrix bio-
interface. Beaune et al. (2018) and Pérez-Gonzalez et al.
(2019) observed oscillatory change in: (1) the velocity of
the aggregate, (2) monolayer area, (3) cell normal residual
stress, and (4) cell traction force per surface area, but have
not accounted for the effective inertia in their modeling
consideration. We expanded our model for describing the
low Reynolds number turbulence proposed for 2D CCM
(Pajic-Lijakovic and Milivojevic 2020) by including the
cell-matrix interfacial tension and the interfacial tension
gradient and formulated a new biophysical model, which
included cell force and mass balance at a mesoscopic level.
Based on modeling considerations, we would like to extract
the main physical parameters responsible for the oscilla-
tory trend of cell aggregate wetting/de-wetting. Based on
this modeling, we also propose two additional dimension-
less numbers besides the Reynolds number to characterize
the corresponding low Reynolds turbulence. These are the
effective Weissenberg number and Weber number. The aim
of this theoretical analysis is to provoke biologists to pro-
vide additional experiments to deepen understanding of the
dynamics at the bio-interface, which is an origin of various
diseases.

Wetting/de-wetting of epithelial aggregates
on solid substrates

The main aspects of cell aggregate wetting/de-wetting on a
rigid substrate were extracted based on experimental data
from the literature to formulate the biophysical model. The
cell aggregate wetting/de-wetting was considered as depend-
ing on: (1) the cell aggregate size, (2) rigidity of the sub-
strate matrix, (3) cell-cell cohesiveness (related to the level
of E-cadherin expression), and (4) cell-matrix adhesiveness
(Douezan et al. 2011; Beauene et al. 2018; Pérez-Gonzalez
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et al. 2019). The cell rearrangement has been quantified by:
(1) the velocity of aggregate, (2) monolayer area, (3) cell
normal residual stress, (4) cell traction force per surface
area. Schematic representations of the aggregate wetting/
de-wetting on a rigid substrate are shown in Fig. 1.
Pérez-Gonzalez et al. (2019) studied the rearrangement
of confined and non-confined cell aggregates (which estab-
lish both E-cadherin-mediated adherens junctions (AJs)
and focal adhesions (FAs)) on collagen I gel and observed
the transition from aggregate expansion (wetting) within
~ 20k to their compression (de-wetting) within ~ 40h.

Fig. 1 Behavior of migrating

cell aggregate on the substrate

matrix: a cell aggregate wetting

and b schematic presentation of

cell spreading on the substrate a)
depending on its rigidity

b)

Cell aggregate wetting on the

Human breast adenocarcinoma cells (MDA-MB-231)
stably transfected with a dexamethasone-inducible vec-
tor containing the human E-cadherin coding sequence
were used. Pérez-Gonzélez et al. (2019) pointed out that
smaller cell aggregates de-wet earlier than larger ones.
It is in accordance with the fact that cell residual stress
accumulation caused by CCM and the cell aggregate gravi-
tation, pronounced for larger aggregates, can induce cell
jamming at the aggregate—matrix contact area and on that
basis reduces cell spreading (Pajic-Lijakovic and Milivo-
jevic 2021, 2022a). Consequently, only a part of the cell
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mass (i.e., unjamming cells) actively contributes to the
cell wetting.

The wetting is more intensive on rigid substrates since
cells are able to establish FAs (Beaune et al. 2018). Beaune
et al. (2018) considered rearrangement of murine sarcoma
(E-cadherin) cell aggregates (with diameter of ~100 pm) on
fibronectin-coated polyacrylamide gels (PAA) with rigidi-
ties varying from 2 to 40 kPa. While cell aggregate migrates
on softer substrates, the aggregate is immobile on the rigid
substrates (for the Young’s modulus equal to E = 40kPa)
(Beaune et al. 2018). In this case, the surrounding cell
monolayer performs isotropic spreading away from the cell
aggregate. While cell spreading is isotropic on rigid sub-
strates, it becomes anisotropic on softer substrates (Beaune
et al. 2018; Douezan and Brochard-Wyart 2012). This inter-
esting result could be related to the action of in-plane com-
ponents of the aggregate gravitational force which can be
significant on the softer substrate (E = 16kPa) (Beaune et al.
2018). The phenomenon will be discussed in the context of
the biophysical model formulated here. Further decrease in
the substrate stiffness results in a decrease in the cohesive-
ness and stability of the cell monolayer around the aggregate.
Cells are not able to establish strong E-cadherin-mediated
Als on soft substrates (E = 2kPa) and perform single-cell
movement within the cell monolayer (Beaune et al. 2018).
These cells undergo the epithelial-mesenchymal transition
(Douezan et al. 2011). The cell monolayer consists of cohe-
sive cells which establish AJs and FAs on rigid substrate and
the substrate of the mediated rigidity (for Young’s modulus
of 10kPa < E < 20kPa). The cell de-wetting occurs on rigid
substrates rather than on softer ones (Beaune et al. 2018;

Fig.2 Schematic presentation
of the bio-physical model for
cell wetting/de-wetting on solid
substrate

rigid substrate

Pérez-Gonzalez et al. 2019). The main cause of such behav-
ior could be related to an increase in the epithelial surface
tension caused by intensive stretching of the cell monolayer
on rigid substrates.

The bio-physical model is formulated to discuss interplay
among physical parameters, which influence cell spreading
and extract the main parameters responsible for the oscilla-
tory trend of cell aggregate wetting/de-wetting.

Wetting/de-wetting of cell aggregates:
the bio-physical model

Cell aggregate wetting/de-wetting is governed by the inter-
play among physical parameters, such as: (1) epithelial sur-
face tension, (2) the surface tension of the substrate matrix,
(3) cell-matrix interfacial tension, (4) the gradient of the
interfacial tension, (5) cell residual stress accumulation,
and (6) matrix residual stress accumulation. Inter-relations
among these physical parameters are discussed based on the
formulated biophysical model which consists of three parts.
A schematic presentation of the bio-physical model is shown
in Fig. 2.

The main part of the model includes cell force balance
and mass balance. The second part of the model is related
to the formulation of the cell residual stress which influ-
ences the viscoelastic force. The cell residual stress includes
several contributions: (1) the stress contribution resulting
from cell-matrix interactions at the bio-interface quantified
by the cell-matrix interfacial tension and interfacial ten-
sion gradient, (2) the stress contribution resulting from the

Bio-physical model of the cell aggregate wetting/de-wetting on
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cell aggregate gravitation which induces the compression
of cells within the aggregate—matrix contact area, and (3)
the stress contribution caused by CCM. The third part of
the model accounts for the discussion of the cell residual
stress accumulation caused by CCM in the context of vari-
ous viscoelastic constitutive models proposed in the litera-
ture depending on the cell velocity and cell packing density.
We will provide a short description of physical parameters,
such as: (1) epithelial surface tension, (2) matrix surface
tension, (3) cell-matrix interfacial tension, (4) cell residual
stress accumulation, and (5) matrix residual stress accumu-
lation, and then include them into the biophysical model
formulated here.

The surface tension of multicellular systems

The macroscopic tissue surface tension depends on the
single-cell state and cell rearrangement caused by CCM.
The relevant variables for describing the single-cell state
are the strength of cell-cell adhesion contacts and cell con-
tractility (Stirbat et al. 2013). Devanny et al. (2021) consid-
ered rearrangement of various breast cells and pointed out
that epithelial cells, which establish E-cadherin-mediated
Als, have much higher surface tension in comparison to the
mesenchymal cells which establish weak AJs. This is an
important finding since one of the main physical factors,
which influence malignant behavior of a tumor is its cohe-
siveness (Douezan et al. 2011). The strength of AJs among
epithelial cells is enhanced by cell contractions, which lead
to an increase in the surface tension in comparison to non-
contractile epithelial cells (Devanny et al. 2021).

Besides the single-cell state, the rearrangement of epithe-
lial cells also influences epithelial surface tension. Stretching
of Als caused by cell expansion (i.e., cell wetting) induces
a reinforcement of E-cadherin-mediated AJs, which could
lead to an increase in the surface tension. Otherwise, com-
pression of epithelium (i.e., cell de-wetting) can intensify
the contact inhibition of locomotion (CIL) accompanied by
weakening of cell—cell adhesion contacts, which leads to a
decrease in the epithelial surface tension (Pajic-Lijakovic
and Milivojevic 2022b).

The macroscopic tissue surface tension has been meas-
ured by cell aggregate uni-axial compression between paral-
lel plates (Mombash et al. 2005; Marmottant et al. 2009).
Two types of surface tension can be distinguished: static and
dynamic. While static surface tension describes the aggre-
gate surface characteristics, which correspond to the equi-
librium state, reached after uni-axial compression, the
dynamic surface tension depends on the cell rearrangement
pathway during the aggregate relaxation toward the equilib-
rium state. Both surface tensions can be quantified by meas-
uring the aggregate geometry based on the Young—Laplace
equation (Marmottant et al. 2009). The dynamic tissue

surface tension depends on the change in the cell aggregate

AA . . .
surface . during the relaxation process (where A, is the
a0

initial surface of cell aggregate, AA, is the surface change
caused by cell rearrangement, and 7 is the long-time scale,
i.e., the time scale of hours which corresponds to CCM). The
free expansion of cell monolayers and cell aggregate wetting
on the rigid substrate also induce an increase in the multicel-
lular surface, which has a feedback on the tissue surface
tension. Extensive studies have been devoted to measure and
model the static surface tension of various multicellular sys-
tems (Mombash et al. 2005; Stirbat et al. 2013). However,
much less attention has been paid to consideration of the
dynamic tissue surface tension based on the dilational vis-
coelasticity (Babak et al. 2005). The inter-relation between
the dynamic tissue surface tension and the change in the
multicellular system caused by CCM can be formulated
based on several characteristics of the epithelial surface
rearrangement:

e The epithelial surface tension y, causes a decrease in the

iA" toward the equilibrium state.
a0

The phenomenon has been considered on the basis of a
model system such as the fusion of two cell aggregates
(Pajic-Lijakovic and Milivojevic 2022a, 2023). In this
case, the surface of two-aggregate systems relaxes expo-
nentially (Pajic-Lijakovic and Milivojevic, 2023). The
cell aggregate shape and the corresponding surface also
relax exponentially after the aggregate uni-axial com-
pression (Mombash et al. 2005). This exponential relax-
ation points to a linear constitutive model as appropriate
for modeling those systems. The surface relaxation of
multicellular systems occurs via CCM and corresponds
to a time scale of hours (Marmottant et al. 2009).

e The free expansion of the epithelial monolayer dur-
ing cell aggregate wetting on a rigid substrate induces
stretching of AJs which leads to an increase in the epi-
thelial surface tension (Devanny et al. 2021; Guevorkian
et al. 2021). In contrast to expansion, the cell monolayer
compression (i.e., de-wetting) leads to an intensive CIL,
which results in a decrease in the epithelial surface ten-
sion (Pajic-Lijakovic and Milivojevic 2022b).

surface of cell aggregate

Based on these findings (related to the relationship

AA
between y, and ==

from various cellular model systems), the
a0

corresponding linear constitutive model for the local cell
surface rearrangement caused by CCM can be expressed in
the form:

AA d [ AA
Ayc=E—a+n—< “) 1
SAa() SdT ALIO ()
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where Ay, =y, — 7, and y, is the initial surface tension,
E is the surface modulus of elasticity, and #4 is the surface
viscosity. The first term on the right-hand side accounts for
elastic contribution to the tissue surface tension, while the
second term accounts for the dissipative, viscous contribu-
tion. The epithelial surface tension accompanied by the vis-
coelasticity caused by CCM is the one of the key parameters,
which influences the cell aggregate wetting/de-wetting on a
rigid substrate.

It is necessary to point out the order of magnitude of the
tissue surface tension and compare it with the surface ten-
sion of the substrate matrix because both surface tensions
accompanied by the cell-matrix interfacial tension influence
cell wetting/de-wetting.

The tissue surface tension and matrix surface tension:
the order of magnitude

Mombach et al. (2005) considered a change in tissue surface
tension during the rounding of 3D chicken embryonic neu-
ral retina spheroids. Corresponding tissue surface tension
increases from 1.6 +0.6 to 4.0+ 1.0 mN/m within 9 days.
Beysens et al. (2000) found that the values of the average tis-
sue surface tension for five chicken embryonic tissues varied
from 1.6 (neural retina) to 20 mN/m (limb bud). The surface
tension of F9 WT cell aggregate is 4.74 +0.28 mN/m (Stir-
bat et al. 2013).

Collagen I gel, among others, has been frequently used as
a substrate matrix. Surface tension of collagen I gel depends
on the surface distribution of hydrophobic parts of the fila-
ments. Baier and Zisman (1975) reported that the surface
tension of native rat skin collagen is 40 mN/m. The surface
tension of collagen I gel decreases with increasing colla-
gen concentration (Kezwon and Wojciechowski 2014). A
corresponding increase in the collagen concentration from
10_7m—”f to 10_5"1—"3[ induces a decrease in the surface ten-
sion from 72 to 58 mN/m. Consequently, cell tractions as
well as their movement toward the substrate induce sub-
strate compression which have a feedback on the surface
tension of collagen I hydrogel, as well as on the interfacial
tension between the epithelial aggregate and the matrix. The
surface tension of collagen I gel y,, satisfies the condition
Yy > 7. In further consideration, it is necessary to discuss
the cell and matrix residual stress accumulation caused by
cell rearrangement on the substrate matrix as one of the main
contributors to the oscillatory dynamics of cell aggregate
wetting/de-wetting.

Cell-matrix interfacial tension
While the epithelial and matrix surface tensions have been

measured, the cell-matrix interfacial tension has not been
measured yet. The epithelial surface tension y, primarily
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depends on the state of AJs, while the cell-matrix interfacial
tension y,,. depends on the strength of FAs. Consequently, the
state of FAs (and the interfacial tension y,,.) depends on the
rigidity of the substrate matrix. The FAs and AJs accompanied
by the actin cytoskeleton represent an inter-connected system
responsible for the transfer of forces between cell and its sur-
roundings (Zuidema et al. 2020). An increase in the strength
of FAs results in an increase in tension on AJs (Devanny et al.
2021; Wang et al. 2006). The interrelation between epithelial
surface tension y, and the cell-matrix interfacial tension y .,
for the cell aggregate wetting and de-wetting will be discussed
in the context of the biophysical model formulated here.

The residual stress accumulation
within multicellular system and the substrate matrix

Cell residual stresses are stresses that remain in a multicel-
lular system after the original cause of the stresses has been
removed. The cause of cell residual stress generation dur-
ing cell aggregate wetting/de-wetting is connected to: (1)
cell-matrix interactions at the bio-interface quantified by the
interfacial tension and interfacial tension gradient, (2) cell
rearrangement caused by CCM, and (3) cell aggregate gravi-
tation. Local extension of cell monolayer around the aggre-
gate (i.e., the wetting) induces accumulation of extensional
normal residual stress. However, local compression at the
contact area between cell aggregate area and the substrate
caused by gravitational force induces an accumulation of the
compressive normal residual stress. The compressive normal
residual stress is induced during the cell aggregate de-wet-
ting. Besides normal cell residual stress, the shear residual
stress can be generated as a consequence of the friction
between the multicellular system and the substrate. Cell trac-
tions on the substrate matrix accompanied by the cell-matrix
surface interactions quantified by the cell-matrix interfacial
tension result in residual stress accumulation within the sub-
strate matrix which influences its stiffness.

The cell normal residual stress &,y accounts for isotropic
and deviatoric parts and is formulated based on a modified
model proposed by (Pajic-Lijakovic and Milivojevic 2022c;
Pajic-Lijakovic et al. 2022):

~ ~
Goy = +Ap_ I + 5, (2

where Ap,._,,, is the isotropic part, T is the unit tensor, and
EfrV is the deviatoric part of the cell normal stress at the
cell-matrix bio-interface. De-wetting (compression) is
labeled by the sign “+”, while the wetting (extension) is
labeled by the sign “—". The isotropic part of the cell normal
residual stress is generated by the work of the interfacial
tension y,,. and was expressed based on the Young—Laplace
equation in the form (Pajic-Lijakovic and Milivojevic 2022c;
Pajic-Lijakovic et al. 2022):
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where 7 is the normal vector of the interface. The devia-
toric part of cell normal residual stress Ed Ly includes two
contributions: (1) the stress caused by CCM ~CCM and (2)
the stress generated by the z-component of the aggregate
gravitational force E‘é:

~d C CM | ~d
o-ch ch + o-G (4)

When cells undergo movement toward the contact area
between the aggregate and substrate (i.e., wetting), cells
compressed the matrix. Otherwise, when cells undergo de-
wetting, this matrix compression is reduced. Consequently,
the matrix normal residual stress accounts for isotropic and
deviatoric parts:

~ _ = ~d
Oy = FAp._ I + oy )

where Eim/ is the matrix deviatoric stress which includes
two contributions: (1) the stress contribution caused by cell
traction 53:‘, and (2) stress contribution caused by action of
the z-component of the aggregate gravitational force EZV.
Consequently, the deviatoric part of the matrix stress can
be expressed as: Eim, = ELI:V + Eflv. The matrix residual
stress accumulation induces stiffening of the substrate matrix
depending on the matrix viscoelasticity which has a feed-
back on cell movement.

The cell shear stress generated at the contact area between
the aggregate and substrate matrix accounts for two contri-
butions, i.e., the cell shear stress generated by natural and
forced convections. The natural convection is guided by the
corresponding gradient of the interfacial tension expressed
as: vycM = y’”” w7} (where A, is the thickness of the per-

turbed layer of the epithelial cells within the contact area and
1 is the tangent vector of the interface). It is a part of the
Marangoni effects related to a movement of system constitu-
ents from the regions of lower surface tension to the regions
of larger surface tension by natural convection (Pajic-Lijak-
ovic and Milivojevic 2022d). The Marangoni effect exists in
various soft matter systems. The surface tension gradient can
be induced by changing the temperature or distribution of
constituents within the soft matter system (Karbalaei et al.
2016). The forced convection includes two cell stress con-
tributions: (1) the cell shear residual stress caused by CCM
and (2) the cell shear stress caused by in-plane action of the
aggregate gravitational force. The shear stress generated at
the cell aggregate—matrix contact area is expressed by the
modified model proposed by Pajic-Lijakovic and Milivojevic
(2022c, 2022d):

-G, t=Vy,y t+0- -1 (6)

where & 0' M is the cell shear stress generated by CCM.

The shear stress accumulation within the matrix is caused
by: (1) cell traction and (2) the matrix deformation caused
by the aggregate gravitational force. Therefore, the matrix
shear stress generated is equal to:

~ ~TR | ~G
OMrs = Opprs + O @)

where O'LRg is the matrix shear stress induced by cell trac-
tions which depends on the matrix viscoelasticity and & 0' g8
the additional component of the matrix shear stress Caused
by the in-plane components of the aggregate gravitational
force.

Cell residual stress accumulation caused by CCM

Cell residual stress accumulation caused by CCM is a prod-
uct of the viscoelastic nature of multicellular systems (Pajic-
Lijakovic et al. 2022). The viscoelasticity has been consid-
ered on two time scales, i.e., short-time scale (the time scale
of minutes) and long-time scale (the time scale of hours)
(Pajic-Lijakovic and Milivojevic 2019a, 2020). Long time
scale corresponds to CCM, resulting in generation of strain
and its change, as well as the cell residual stress accumula-
tion (Pajic-Lijakovic and Milivojevic 2019a, 2020). Short-
time scale corresponds to the cell stress relaxation time
(Nnetu et al. 2012). Consequently, cell stress relaxes during
successive short-time relaxation cycles, while strain change
caused by CCM occurs at a long-time scale (Pajic-Lijakovic
and Milivojevic 2020).

Generated stress within multicellular systems caused by
CCM can be normal and shear (Tambe et al. 2013; Beauene
et al. 2014; Pajic-Lijakovic and Milivojevic 2022d). Normal
stress is accumulated within migrating epithelial clusters
and during collision among clusters caused by uncorrelated
motility (Pajic-Lijakovic and Milivojevic 2019a, 2020). The
uncorrelated motility is pronounced for the case of larger cell
aggregates which causes more intensive cell residual stress
accumulation during the cell aggregate wetting on a rigid
substrate (Pérez-Gonzalez et al. 2019). The cell spreading on
the rigid substrate is more intensive and consequently leads
to a generation of higher cell normal stress in comparison to
the cell spreading on softer substrate (Pérez-Gonzalez et al.
2019). Shear stress can be significant within the bio-inter-
face between migrating cell clusters and surrounding epithe-
lial cells in the resting state within the aggregate core region
or substrate matrix (Pajic-Lijakovic and Milivojevic 2019a,
2022d). Cell residual stress accumulated during CCM can
be elastic or dissipative depending on the interplay between
single-cell state and cell rearrangement. The single-cell state
is related to the state of cell—cell adhesion contacts and cell
contractility. The cell rearrangement depends on cell packing
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density and cell velocity and has a feedback on single-cell
state (Trepat et al. 2009; Pajic-Lijakovic and Milivojevic
2021). To express the cell residual stress, it is necessary to
establish a proper constitutive, viscoelastic model.

Constitutive, viscoelastic models for cell rearrangement
caused by CCM

Some authors have treated migrating epithelial collectives
as viscoelastic liquids (Beauene et al. 2014; Pérez-Gonzalez
et al. 2019; Oswald et al. 2017). This assumption has been
supported based on the fact that epithelial systems have tis-
sue surface tension and that the surface tension represents
the characteristic of liquids. However, amorphous solids,
such as polymer hydrogels and foams, also have a surface
tension (Mondal et al. 2015). The viscoelasticity of epithelial
systems caused by CCM depends on cell contractility and
the state of AJs. To characterize the viscoelasticity by proper
constitutive models, it is necessary to take into considera-
tion experimental data, such as cell velocity, corresponding
strain, cell packing density, and stress change, caused by
CCM obtained for various model systems in the literature.
Guevorkian et al. (2011) considered epithelial aggregate
micropipette aspiration. Forced cell movement into the
pipette induces disruption of cell-cell AJs accompanied
by intensive energy dissipation, which is characteristic of
viscoelastic liquids and implies use of the Maxwell model.
Corresponding cell velocity is ¥, > 1£-. However, the rear-
rangement of various epithelial multrcellular systems caused
by CCM shows viscoelastic solid behaviors, such as: (1) the
free expansion of epithelial monolayers (Serra-Picamal et al.
2012), (2) rearrangement of confluent epithelial monolay-
ers (Notbohm et al. 2016), and (3) cell aggregate rounding
after uni-axial compression between parallel plates (Mom-
bash et al. 2005; Marmottant et al. 2009). Marmottant et al.
(2009) measured stress relaxation under constant strain
conditions and strain relaxation under constant stress (or
zero stress) conditions during cell aggregate uni-axial com-
pression between parallel plates. The stress and the strain
for this system relax exponentially, which points to a linear
constitutive model. Stress relaxation time corresponds to a
time scale of minutes, while the strain relaxation time cor-
responds to a time scale of hours (Marmottant et al. 2009).
The strain relaxation under constant stress condition repre-
sents a confirmation of viscoelastic solid behavior (Pajic-
Lijakovic and Milivojevic 2021). Serra-Picamal et al. (2012)
and Notbohm et al. (2016) revealed that cell residual stress
correlates with the corresponding strain caused by CCM.
This characteristic pointed to the Zener model as suitable
for describing the cell rearrangement caused by CCM. The
ability of strain to relax under constant stress conditions and
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stress to relax under constant strain conditions also pointed
to the Zener constitutive model.

Maximum cell velocity obtained during free expansion of
the Madin—Darby canine kidney (MDCK) type II cell mon-
olayer is ¥, = 0.5% (Serra-Picamal et al. 2012), while the
maximum cell velocity obtained during the rearrangement
of confluent MDCK monolayers is ¥, = 0.254* (Notbohm
et al. 2016). Beauene et al. (2018) considered the wetting of
a cell aggregate on a rigid substrate. The cell aggregate can
be mobile or immobile, while the cell monolayer performs
isotropic or anisotropic spreading around the aggregate
depending on the substrate rigidity The average velocity of
cells within the monolayer was ¥, = 0. 48 , which is simi-
lar to the maximum velocity obtained durmg free expansion
of MDCK cell monolayers (Serra-Picamal et al. 2012). It
was expected that the spreading of cohesive cell monolayer
around the cell aggregate on a rigid substrate corresponds to
free expansion of cell monolayers. However, collision of cell
velocity fronts caused by uncorrelated motility can induce
local increase in the cell normal residual stress accumulation
accompanied by an increase in cell packing density which
can lead to the cell jamming state transition (Pajic-Lijakovic
and Milivojevic 2019a). The main characteristics of migrat-
ing cell collectives are inhomogeneous distributions of the
cell packing density, velocity, and cell residual stress (Serra-
Picamal et al. 2012; Nnetu et al. 2012; Notbohm et al. 2016).
Consequently, some parts of the epithelial systems are in
the jamming state, while the other part actively migrates
(Nnetu et al. 2012; Pajic-Lijakovic and Milivojevic 2021).
Cells are jammed for some period of time and then start
migrating again.

Pajic-Lijakovic and Milivojevic (2021) established sev-
eral viscoelastic regimes for the epithelial multicellular
systems, such as: (1) convective, (2) conductive, and (3)
damped-conductive regimes depending on the cell velocity
and packing density. The convective regime accounts for
two sub-regimes. The convective sub-regime 1 corresponds
to a viscoelastic liquid behavior, described by the Maxwell
model, for cell velocity ¥, > 14 and cell packing density
ne <N, (Where n,,. is the cell packing density at conflu-
ent state). The convective sub-regime 2 corresponds to a vis-
coelastic solid behavior, described by the Zener model, for
lower cell velocity, i.e., 0.1~ < ¥, < 1”— and the same cell
packing density n, < C(mfmThe viscoelastic regimes char-
acterized by cell velocity and packing density accompanied
by the proper constitutive models for their description are
shown in Table 1. The cell normal and the shear residual
stresses 6™ and 5CSM represent the parts of Eqs. 4 and 6,
respectively

Corresponding cell residual stress for the Zener model is
purely elastic (Table 1). The maximum cell residual stress
(normal and shear) accumulated during free expansion of
MDCK cell monolayers corresponds to 100 — 150Pa (Tambe
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Table 1 Constitutive models for various viscoelastic regimes

Epithelial viscoelastic

Cell velocity and packing density of epithelial cells

Constitutive model for the rearrangement of epithelial cells

regime
Convective regime Vc > & The Maxwell model
min ~ CcCM ~
o.ri(m’ls’T) +TR[ L‘l(m l T) - ncigci(mvr)
n, < n.,,(n.,,is the cell packing density at confluent state) ~ Cell reﬂdu?;ﬁt;es% is dllsmpatlve
cn(m T) = Mei€ei

0.1 <%, <~ 1£

min min

n, < Meon

Convective regime 1()_3 nm < V < 10724

min

n; > ng > e,
state)

Damped-conductive regime vc -0

(n; is the cell packing density at jamming

The Zener model
G, (ER, t, T)CCM + Tkiga- (ER, t, r) =
Ce]l residual stress is elastic

(R.CM = 7

ci€ei

Ecigci(ma )+ ”rvi’gci(m, T)

cn
The Kelvin—Voigt model
6RO M = EZ; + 1
The stress cannot relax
F R, D)M=5
The Fraction model
G R, M =D,

cri

)a<05

The stress cannot relax

5, R.0)M=5

cri

where i = S, V, S is shear, V is volumetric, ¢, is the short-time scale (i.e., a time scale of minutes), R = R(x, y, z) represents the coordinate of

cells within the aggregate—substrate contact area and within the monolayer, &,,;(R, )

CCM, u,

shear strain, £,, = Vi )I is the volumetric strain, T is the unity tensor, €,; is the strain rate, G,
is the fractrondl derivative, and o is the orders of fractlondl derivative (the

or shear modulus, 1, is shear or bulk viscosity, D*€(R, 7) = dEQRT) 4

. 18 the cell displacement field, 6,; is the cell stress (shear or normal), ,

CCM i5 the cell residual stress accumulation caused by

, €4 is the strain (shear or volumetric), £,g = (ﬁﬁc + Vﬂf) is the

; 18 the rate of stress change, E; is the Young’s

damping coefficient), n,; is the effective modulus (volumetric or shear) for the trans1ent and jamming sub-regimes. Caputo’s definition of the

fractional derivative of a function Z(R, 7) was used, and it is given as: D*& =

lubny 1999)

et al. 2013), while the maximum cell normal residual stress
caused by the rearrangement of confluent monolayers of
MDCK cells is ~ 300Pa (Notbohm et al. 2016). Accumu-
lation of cell normal residual stress leads to an increase in
cell packing density and decrease in cell mobility, which
results in change in the viscoelasticity from a convective to
a conductive regime (Trepat et al. 2009; Pajic-Lijakovic and
Milivojevic 2021).

A conductive regime corresponds to a higher cell packing
density n; > n_> n,,,, and lower (diffusion) cell velocity
v, < 10_2ﬁ (where n; is the cell packing density under the
jamming state). In this regime, cell movement occurs via
linear, diffusion mechanism, and viscoelasticity corresponds
to viscoelastic solids described by the Kelvin—Voigt model
(Pajic-Lijakovic and Milivojevic 2021, 2022b) (Table 1).
The main characteristic of this regime is that stress can-
not relax. Corresponding long-time change in cell stress
accounts for elastic and dissipative parts. Angelini et al.
(2011) considered movement of MDCK cells and pointed

2
out that cell diffusion coefficient decreases from ~ 0. 40%

to ~ 0. 10’”" when the packing density of MDCK cells
increases from ~ 1.40x10° LCZIY ~ 2.63x10° LZIY The diffu-
sion coefficient of collectively mlgratmg endodermal cells

is equal to D,z = 1.05 + 0.4% (Rieu et al. 2000). Beaune

1 j &(?R‘r)
T(l-a) dt (z—1")*

dt’ (where T (1 — «) is a gamma function) (Pod-

et al. (2018) considered cell aggregate wetting and character-
ized the movement of a cell aggregate as a conductive pro-
cess with the diffusion coefficient expressed as D,z = v,R,
(where v, is the average velocity of the aggregate center
of mass and R, is the aggregate radius). For the average
velocity v, ~ 0.48% and the aggregate radius equal to
R, =70um, the corresponding diffusion coefficient is equal

to D,z = 33. 6” " This is a very large value. Douezan and
Brochard- Wyart (2012) reported that the corresponding dif-
fusion coefficient of movement of murine sarcoma (S-180)

cells is ~ 9”—",’2. Consequently, the cell wetting considered by
Beaune et arfm(2018) could rather correspond to the convec-
tive regime similar to free expansion of cell monolayers,
while the conductive regime accompanied by cell jamming
can exist locally during cell rearrangement as a consequence
of an increase of cell packing density caused by cell normal
residual stress accumulation (Trepat et al. 2009; Pajic-Lija-
kovic and Milivojevic 2021).

Further increase in cell packing density, for . — n; and cell
velocity ¥, — 0, leads to a transition from the conductive to
damped-conductive regime. This regime describes cell move-
ment near the jamming state which occurs via a non-linear,
sub-diffusion mechanism (Nnetu et al. 2013; Pajic-Lijakovic
and Milivojevic 2022b). In this regime, the cell collective
behaves as a viscoelastic solid, which can be described by a

@ Springer



10

European Biophysics Journal (2023) 52:1-15

non-linear, fractional constitutive model proposed by Pajic-
Lijakovic and Mllivojevic (2019b, 2021) (Table 1). Beaune
et al. (2014) considered wetting/de-wetting of cell aggregates
on a collagen I substrate depending on the aggregate size and
revealed that a proportion of the cells were in the jamming
state. The proportion of cells in the jamming state during
aggregate wetting depends on the aggregate size. Only subset
of cells within the surface region of larger aggregates (with the
radius R, > 65um) is capable of spreading, while the other
part within the aggregate core region is in a jamming state.
While only a part of the cells is active within larger aggregates,
almost all cells are active within smaller aggregates (Beaune
etal. 2014).

The force balance: modeling consideration

Cell spreading within the film (i.e., wetting) is driven by the
force of gravity, mixing force, and interfacial tension force,
against the viscoelastic force, and traction force. The force of
gravity is equal to Fga = p g (where p, is the aggregate den-
sity and g is the gravitational acceleration). The prerequisite
of isotropic cell spreading within the film is that g = gjé

(where g_ is the z-component of the vector g and k is the unit
vector in the z-direction), while the in-plane components are
equal to zero. This condition is satisfied for the rigid sub-
strate (E > 30kPa). In this case, the force of gravity cannot
deform the substrate under the aggregate body. However, the
aggregate weight can deform softer substrate. The ability
of the cell aggregate to deform the substrate under its body
weight has two consequences:

e This substrate deformation induces the generation of in-
plane components of the force of gravity which can be
unequal. The consequence of the asymmetric deforma-
tion produced is anisotropic cell spreading within the cell
monolayer (i.e., g, # g,)-

e The substrate deformation results in an increase in the
contact area between the aggregate and substrate, while
the force of gravity is the same, and on that base causes
a decrease in the compressive stress on the cells at the
aggregate—substrate contact area. Consequently, cells at
the contact area undergo unjamming which results in an
increase in the velocity of the aggregate center of mass
¥,, while the cell aggregate is immobile on the rigid sub-
strate.

The mixing force is formulated here as a function of the

gradient of the Gibbs free energy of interactions
— =M —

F, = ALchMCC (where A, is the thickness of the per-
turbed layer of the epithelial cells at the contact area between
the cell aggregate and substrate which is an order of magni-

tude larger than the size of single cells). The surface
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interaction between cells and substrate matrix can be
expressed by Gibbs free energy of interactions g,_,, per sur-
face which is equal to:

Seort = 8y + &1 ®)

where gj, . is the contribution of cells equal to
&ye = Yme — Yc and g%ﬁ is the contribution of matrix equal
to g%c = Yy — Ym» Yur 1 the surface tension of matrix, y, is
the surface tension of cells, and y,,_.. is the interfacial tension
between cell aggregate and the matrix. The mixing force
can stimulate the movement of cells: (1) from the aggregate
bulk region toward the cell-substrate contact area (i.e., wet-

ting) for ch_M >0, or (2) fg)n}_s‘l)e contact area toward
the aggregate bulk region for F,, < 0 (i.e., de-wetting).
Therefore, interfacial tension force accompanied by the mix-
ing force and the force of gravity also drives cell wetting.

The interfacial tension force is expressed as:
— M
nF, — =nS"Mu, (where 4, is the displacement field
caused by movement of cells, S is the cell spreading

coefficient. If the S > 0, the interfacial tension force
— c-M

n.F,  drives cell wetting, while for S <0, this
force drives the de-wetting. Cells first undergo extension
(wetting) with the corresponding spreading coefficient
SM =y, — (yc. + yMC) > 0, which means that y,, > ;..
The epithelial wetting causes stretching of AJs which leads
to their reinforcement (Devanny et al. 2021). The reinforce-
ment of AJs results in an increase in the surface tension ..
When the tissue surface tension y, becomes high enough
to ensure that y,, < 7, + 7, and S < 0, then the cell
aggregate undergoes compression (i.e., de-wetting). The
de-wetting causes an increase in cell packing density n,
and consequently intensifies CIL, which leads to a decrease
in the surface tension y, (Pajic-Lijakovic and Milivojevic
2022b). Consequently, the Gibbs free energy of interactions
of epithelial cells g, is g}, > O for the wetting and gj, < 0
for the de-wetting.

The viscoelastic force represents the consequence of
an inhomogeneous distribution of cell residual stress
at the aggregate—substrate contact area and within the
cell monolayer and has been formulated by Murray et al.
(1988): Fp,, = V(5,, — &y, ) (where &, is the cell resid-
ual stress accumulated within the cell monolayer equal to
Gy = Oy + Ogpgs Oy is the cell normal residual stress
expressed by Eq. 2, 6, is the cell shear residual stress
expressed by Eq. 6, 6, is the matrix residual stress accumu-
lated within the cell monolayer equal to 6,;, = G gy + G a1
O,y 1s the matrix normal residual stress expressed by Eq. 5,
O s 18 the matrix shear residual stress expressed by Eq. 7).
The viscoelastic force is directed always opposite of epithe-
lial cell movement to reduce it (Pajic-Lijakovic and Mili-
vojevic 2020). The reduction of epithelial cell movement
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is caused by the cell residual stress accumulation. Tse et al.
(2012) revealed that compressive stress of ~ 774Pa reduced
the movement of MCF-10A cells. Riehl et al. (2020) pointed
out that shear stress of 1.5 Pa reduces movement of MCF-
10A epithelial cells. However, this stress stimulates move-
ment of mesenchymal cancerous breast cells. Accumulation
of cell normal residual stress induces an increase in cell
packing density which can lead to the cell jamming (Trepat
et al. 2009). Cell movement reduction induces a decrease in
the viscoelastic force which intensifies cell movement again
(Pajic-Lijakovic and Milivojevic 2022a). Consequently, the
viscoelastic force is responsive for the oscillatory trend of
cell wetting and de-wetting.

Besides the viscoelastic force, the traction force

— =M

p_uFy,  actstoreduce cell movement on the matrix. This
reduction is pronounced for higher density and the strength
of FAs (Fuhrmann et al. 2017). Murray et al. (1988) formu-

— =M

lated the traction force as: p._,F,, = p._y k., (Where
P 18 the density of FAs, k_ is the elastic constant per sin-
gle FA, and %,," is the matrix displacement field caused by
cell traction). Cells are able to establish FAs on the rigid
substrate and the substrate of the mediated rigidity (Beauene
et al. 2018). However, cells cannot establish FAs on the soft
substrates (i.e., E < 7kPa) and undergo random single-cell
movement (Beauene et al. 2018). Under this condition, the
tissue surface tension y, — 0 and cells cannot undergo de-
wetting (Beauene et al. 2018).

The force balance of cell wetting on the rigid substrate
(and the substrate of moderated rigidity) can be expressed
by modifying the model proposed by Pajic-Lijakovic and
Milivojevic (2020, 2023). To describe the cell wetting, we
introduced here the force of gravity, mixing force and modi-
fied the surface tension force in the form of the interfacial
tension force. The corresponding force balance is expressed
as:

DT)’C(ER, T) — — M — =M
(m).n.(R, T)T =Fga +F, +n.F, 0
— M — =M ( )
- FTve - pc—MFtr

where R = R(x,y,z) represents the coordinate of cells
within the aggregate—substrate contact area and within the
cell monolayer, (m), is the average mass of single cells,n,
is the packing density of cells, the cell velocity is equal to
V.(R,7) =¥, +¥p(R, 1), ¥, is the velocity of the aggregate
center of mass, ¥(R, 7) is the velocity of cells within the
monolayer, and ZVT” = %‘ + (¥, » V)¥, is the material deriva-
tive (Bird et al. 1960). The velocity ¥, ~ 0 for the rigid sub-
strate, while at softer substrate, the velocity increases.
While the force of gravity drives cell wetting, this force
reduces cell de-wetting. The interfacial tension force changes
the direction for the case of the de-wetting in comparison

to cell wetting. The mixing force also changes the direction
and drives the cell de-wetting accompanied by the interfacial
tension force. The viscoelastic force is capable of reduc-
ing every cell movement caused by an increase in the cell
residual stress. The corresponding force balance for cell de-
wetting on the substrate can be expressed by modifying the
model proposed by Pajic-Lijakovic and Milivojevic (2020,
2023) as:

D?C(ER, T) — M - M =
(myn.R,1)——— =F,, +nF, —F,,
Dt (10)
—  c— — -
- FTve - pc—MFtr

Consequently, the viscoelastic force is responsible for cell
oscillatory wetting (extension) and oscillatory de-wetting
(compression), while the tissue surface tension is the key
parameter which induces wetting/de-wetting (Douezan et al.
2011). The competition between forces, which stimulate
cell movement and the forces, which reduce the movement,
induces oscillatory change of velocity for both sub-popu-
lations. The scenario of cell rearrangement within the cell
aggregate—substrate contact area as well as within the cel-
lular monolayer can be summarized as follows:

e Cells undergo movement from the aggregate bulk toward
the aggregate—substrate contact area driven by the force
of gravity, mixing force and interfacial tension force. The
resulting cell extension induces cell residual stress accu-
mulation which leads to an increase in the viscoelastic
force.

e The viscoelastic force reduces movement of epithelial
cells. A decrease in cell velocity results in the relaxa-
tion of cellular system, which leads to a decrease in the
viscoelastic force. Then cells start movement again in the
same direction if and only if the following relations exist
Ve < Vyeand vy > (7e + Vi)

e Cell extension induces an increase in the tissue surface
tension y. (Guevorkian et al. 2021). If the epithelial
surface tension y, becomes high enough to satisfy the
relations y, > .. and vy, < (7, + 7y ). cells undergo de-
wetting.

e Cell compression during the de-wetting induces the accu-
mulation of compressive cell residual stress, which leads
to an increase in the viscoelastic force capable of reduc-
ing cell movement. Cell movement reduction results in a
decrease in the viscoelastic force and the cell movement
can start again in the same direction.

e The compression intensifies cell-cell interactions, as well
as the CIL which causes a weakening of AJs accompa-
nied by a decrease in the tissue surface tension. When the
tissue surface tension becomes lower than the interfacial
tension i.e., 7, < 7). and 7, > (7, + 7). the extension
can start again.
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Cell aggregate wetting/de-wetting on rigid substrate: modelling consideration
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Fig.3 The schematic representation of the physical mechanism of cell aggregate wetting/de-wetting on rigid substrate

The schematic representation of the physical mechanism
of cell aggregate wetting/de-wetting on rigid substrate is
shown in Fig. 3.

Besides the cell force balance, it is necessary to formu-
late the cell mass balance to describe corresponding cell
rearrangements.

The mass balance

The mass balance of epithelial cells during the wetting and de-
wetting can be expressed by modified the model proposed by
Murray et al. (1988) for free expansion of cell monolayers. We
introduced here the durotaxis flux (Pajic-Lijakovic and Mili-
vojevic 2022c) and the Marangoni flux (Pajic-Lijakovic and
Milivojevic 2022d). The mass balance can be expressed as:

on (R, - /= - - =
Mz_v'(Jcanv+Jcond+Jd+JMc) (11)
ot

where the convective flux is equal to .7CO,W = ny, (for the
convective reglme) and the conductive flux is equal to
Ja,,,d Deﬁan (for the conductive regime), D, is the
effective diffusion co-efficient. The durotaxis flux which
describes the directed CCM, caused by the matrix stiffness
gradient, can be expressed as J i = kdnL.AVm(V&M,) (where
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k, is the model parameter which represents a measure of
matrix mobility induced by cell action, AV, is the volume
of a matrix part, and |(V&M,)| is the magnitude of the matrix
residual stress accumulation) (Pajic-Lijakovic and Milivo-
jevic 2022c¢). The matrix stiffness gradient can be generated
during CCM depending on the matrix Viscoelasticity (Pajic-
L1]ak0V1c et al. 2022). The Marangoni flux J e 18 equal to
J Me = ko”CVYMca k. 18 the model parameter, which quan-
tifies the mobility of epithelial cells (Pajic-Lijakovic and
Milivojevic 2022d). The Marangoni flux describes the
movement of epithelial cells from the aggregate bulk region
toward the aggregate—substrate contact area (i.e., wetting) as
a consequence of the established interfacial tension gradient
such that y, > y,,.. An increase in the epithelial surface ten-
sion caused by the monolayer extension leads to a change
in the direction of the interfacial tension gradient, for the
case when y, < y,,., which stimulates cell movement from
the aggregate bulk toward the cell-matrix contact area (i.e.,
de-wetting).

Cell spreading within a monolayer around the cell
aggregate on a rigid substrate corresponds to the con-
vective regime for the cell packing density Ne S Mg
and cell velocity in the range 0.1:= <%, < 1”’" based
on the experimental findings by Beaune et al. (2018) and
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Pérez-Gonzalez et al. (2019). However, the local cell resid-
ual stress accumulation caused by CCM can induce local
change from convective to conductive (diffusion) mecha-
nism of cell movement and even cell jamming transition
(Pajic-Lijakovic and Milivojevic 2021).

In further consideration, we would like to discuss oscil-
latory dynamics of cell wetting/de-wetting in the context of
low Reynolds turbulence by extracting the relevant dimen-
sionless criteria.

Low Reynolds number turbulence induced
by cell aggregate wetting

The appearance of turbulence has been related to an inho-
mogeneous transfer of energy caused by flow of liquids at
high Reynolds number (i.e., R, ~ 10°). The R, number is

equal to R, = VLT” (where v is the velocity, # is the viscosity,

L is the characteristic length, and p is the density). Inhomo-
geneous energy transfer causes the generation of instabilities
in the form of swirls which lead to an oscillatory change of
liquid velocity. These inertial effects represent the main
characteristic of the turbulence. However, the turbulence
also can be generated during flow of various soft matter
systems, such as flexible, long-chain polymer solutions at
low R, number (Groisman and Stainberg 1998, 2000). In this
case, the turbulence is induced by the system viscoelasticity,
and termed “elastic turbulence”. The viscoelasticity is
related to the stress relaxation, strain change under flow, and
residual stress accumulation. These processes can occur at
the same time scale or at various time scales. Groisman and
Steinberg (1998, 2000) introduced the Weissenberg number
W, to characterize the elastic turbulence caused by stretching
of polymer chains under flow. The W, number correlates vis-
coelasticity with the degree of anisotropy caused by the rear-
rangement of the system constituents. Groisman and Stein-
berg (1998) expressed the W; number in the form W; = 7€
(where 7y is the stress relaxation time and € is the rate of
deformation). The stress relaxation time corresponds to the
characteristic time for the rearrangement of polymer chains
and accounts for the system viscoelasticity in this case. The
W, number is ~ 1, which suggests that the stress relaxation
time and the deformation rate are the same order of magni-
tude (Groisman and Stainberg 1998, 2000).

The low R, number turbulence also occurs during the
rearrangement of multicellular systems caused by CCM
(Serra-Picamal et al. 2012; Notbohm et al. 2016; Pajic-
Lijakovic and Milivojevic 2020, 2022b). In contrast to other
soft matter systems, multicellular systems are active, capable
of self-rearranging, which has been treated as an “active
turbulence” (Alert et al. 2021). The main characteristic of
the viscoelasticity of multicellular systems caused by CCM

is their multi-time nature (Marmottant et al. 2009; Pajic-
Lijakovic and Milivojevic 2020). Cell movement, strain
caused by this movement, and the residual stress accumula-
tion occur at a timescale of hours, while the stress relaxa-
tion time corresponds to a timescale of minutes (Marmot-
tant et al. 2009; Pajic-Lijakovic and Milivojevic 2019a,
2020). Therefore the corresponding W, number is W, < 1
(Pajic-Lijakovic and Milivojevic 2022b). The effective Weis-
senberg number can be formulated in the case of cellular
systems as W, = 1,€ (where 7, is the cell persistence time
which corresponds to the time scale of several tens of min-
utes to hours (Mc Cann et al. 2010)). The time [ could be
related to the degree of anisotropy or orientation generated
by the deformation, which is caused by CCM rather than the
stress relaxation time. The cell persistence time depends on
the cell residual stress and matrix residual stress accumu-
lation. Pérez-Gonzalez et al. (2019) revealed that trend of
cell movement ordering, which results in lower cell residual
stress accumulation, represents the characteristic of lower
sized cell aggregate. The matrix residual stress accumulation
results in matrix stiffening, which stimulates the cell move-
ment ordering and could be quantified by a higher value of
cell persistence time.

To characterized oscillatory trend in cell aggregate wet-
ting/de-wetting on rigid substrates, an additional dimension-

less number is needed besides R, and W, ;. This might be
VvLp

the Weber number equal to W, = . This number repre-

.
sents a measure of inertia effects relative to the surface
tension.

Conclusions

Over the last years, it has become clear that epithelial
spreading during morphogenesis and tissue regeneration
involves oscillatory changes in tissue morphology. These
oscillatory changes of the geometry of multicellular systems,
cell velocity, resultant strain, and residual stress accumula-
tion have been interpreted in the form of mechanical waves.
The mechanical waves are related to effective long time-
scale inertial effects, represent an integral part of 2D and 3D
CCM, and have been treated as low Reynolds number tur-
bulence. The deeper insight into the mean features of physi-
cal interactions between epithelium and substrate matrix is
essential for the establishment of key physical parameters
responsible for the appearance of low Reynolds number tur-
bulence. This oscillatory dynamics of cell rearrangement is
considered on model systems, such as the wetting/de-wetting
of a cell aggregate on a rigid substrate, which includes cell
aggregate movement and isotropic/anisotropic spreading of
the cell monolayer around the aggregate depending on the
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substrate rigidity and aggregate size. This model system
accounts for transition between 3D epithelial aggregate and
2D cell monolayer as a product of: (1) tissue surface ten-
sion, (2) surface tension of substrate matrix, (3) cell-matrix
interfacial tension, (4) interfacial tension gradient, (5) visco-
elasticity caused by CCM, and (6) viscoelasticity of sub-
strate matrix. These physical parameters vary depending on
the cell contractility and state of cell-cell and cell-matrix
adhesion contacts, as well as, the stretching/compression of
cellular systems caused by CCM. The main results discussed
in this review were obtained by combining constitutive mod-
els with biological and bio-mechanical experiments, and we
can summarize them as follows:

e The key control parameters responsible for oscillatory
trend in cell aggregate wetting/de-wetting are the epi-
thelial surface tension, cell residual stress, and matrix
residual stress. The epithelial surface tension depends
on the state of AJs between contractile (migrating) cells.
While the tissue surface tension change causes cell wet-
ting and de-wetting, the cell residual stress accumulation
is responsible for oscillatory changes of both processes,
the wetting and de-wetting.

e The wetting of cell aggregates induces stretching of
Als, which leads to an increase in tissue surface tension.
When the tissue surface tension becomes high enough to
ensure that cohesion energy among cells is higher than
cell-matrix adhesion energy, then cell de-wetting starts
to appear. The compression caused by cell de-wetting
intensifies CIL, which results in a decrease in the epithe-
lial surface tension. Then the wetting can start again.

e Cell wetting/de-wetting results in the accumulation of
residual cell stress. This stress accumulation depends on:
cell-matrix interfacial tension, interfacial tension gradi-
ent, viscoelasticity caused by CCM, and the cell aggre-
gate gravitation. The accumulation of the residual stress
within the epithelium is capable of reducing cell move-
ment, which leads to a decrease in the cell residual stress.
Then, cell movement starts again. The cell residual stress
accumulation is pronounced for larger aggregates and
cell spreading on the more rigid substrates.

e Matrix residual stress accumulation caused by cell trac-
tions and gravitation of cell aggregates represents a prod-
uct of the matrix viscoelasticity. This stress accumulation
results in matrix stiffening capable of intensifying cell
spreading.

e The oscillatory trend of cell wetting/de-wetting was
discussed in the context of low Reynolds turbulence.
Besides the Reynolds number, effective Weissenberg and
Weber numbers are proposed for characterizing this type
of turbulence.

@ Springer

Additional experiments are needed to correlate the
cell-matrix interfacial tension and the interfacial tension
gradient with the cell residual stress accumulation and to
measure the epithelial surface tension vs. time during the
cell aggregate wetting/de-wetting.
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