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Abstract

Cell segregation caused by collective cell migration (CCM) is crucial for morphogenesis,
functional development of tissue parts, and is an important aspect in other diseases such as
cancer and its metastasis process. Efficiency of the cell segregation depends on the interplay
between: (1) biochemical processes such as cell signaling and gene expression and (2) physical
interactions between cells. Despite extensive research devoted to study the segregation of various
co-cultured systems, we still do not understand the role of physical interactions in cell segre-
gation. Cumulative effects of these physical interactions appear in the form of physical param-
eters such as: (1) tissue surface tension, (2) viscoelasticity caused by CCM, and (3) solid stress
accumulated in multicellular systems. These parameters primarily depend on the interplay
between the state of cell-cell adhesion contacts and cell contractility. The role of these physical
parameters on the segregation efficiency is discussed on model systems such as co-cultured
breast cell spheroids consisting of two subpopulations that are in contact. This review study aims
to: (1) summarize biological aspects related to cell segregation, mechanical properties of cell
collectives, effects along the biointerface between cell subpopulations and (2) describe from a
biophysical/mathematical perspective the same biological aspects summarized before. So that
overall it can illustrate the complexity of the biological systems that translate into very complex
biophysical/mathematical equations. Moreover, by presenting in parallel these two seemingly
different parts (biology vs. equations), this review aims to emphasize the need for experiments to
estimate the variety of parameters entering the resulting complex biophysical/mathematical
models.

Introduction

The process of cell segregation via collective cell migration (CCM) is an integral part of
morphogenesis and cancer metastasis (Batlle and Wilkinson, 2012; Carey et al., 2013; Barriga
and Mayor, 2019; Devanny et al., 2021). Since these tumor spheroids are very heterogeneous
cellular systems, to shed light on them we focus on different breast cell subpopulations with
different degrees of mesenchymal character, which can be cultured together. Note that the
mesenchymal character of cells is characterized by elongated cell shape, increased migratory cell
ability, establishment of front-rear cell polarity, and weakening of cell-cell adhesion. In contrast,
the epithelial character of cells is characterized by cuboidal shape, reduced cell mobility, apical-
basal polarity, and establishment of strong E-cadherin-mediated cell-cell adhesions
(Gandalovi¢ovd et al., 2016). The epithelial-to-mesenchymal transition (EMT) has been recog-
nized as one of the hallmarks of breast cancer metastasis (Wang and Zhou, 2013). However, this
EMT is not always complete, with cells inside the tumor spheroids having various degrees of
mesenchymal character. For example, in a recent study, Devanny et al. (2021) studied six breast
cell lines (five of which being cancerous and one being benign) and ordered them from the more
epithelial cells (MCF-10A, ZR-75-1) to the more mesenchymal cells (MDA-MB-436, MDA-MB-
231). These experimental results suggest the need to better understand the interactions between
different cells with different mesenchymal character if we want to understand the segregation
process.

While the epithelial-like cells establish strong E-cadherin-mediated adherens junctions (AJs),
mesenchymal-like cells establish weak AJs (Devanny et al., 2021). Epithelial-like cells do not
establish focal adhesions (FAs) with the extracellular matrix (ECM) already present within the
spheroid, while the mesenchymal-like cells establish cell-ECM FAs (Devanny et al, 2021).
Changes in the strength of cell-cell adhesion contacts provoke various biochemical mechanisms
which influence gene expression and have a feedback impact on cell movement (Barriga and
Mayor, 2019). The strength of cell-cell and cell-matrix adhesion contacts is also influenced by
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transport of the products of cellular metabolism through glycocalyx
between neighbor cells (Oberleithner and Hausberg, 2007; Ober-
leithner et al., 2011). The glycocalyx is a dense gel-like structure
made by glycoproteins, glycosaminoglycans, proteoglycans, and
associated plasma proteins. This gel-like structure can promote
integrin clustering and influence membrane bending (Chighizola
et al, 2022). The interactions of cadherin and integrin with the
glycocalyx have a feedback on the cellular metabolism. The strength
of cell-cell adhesion contacts also influences the mode of cell
movement. While epithelial-like cells migrate in the form of
strongly connected cell clusters, mesenchymal-like cells migrate
in the form of weakly connected cell streams (Foty et al., 1996;
Clark and Vignjevic, 2015; Pajic-Lijakovic and Milivojevic, 2021a).
Consequently, the movement of mesenchymal-like cells is primar-
ily dissipative and corresponds to viscoelastic liquids (Foty et al.,
1996). In contrast to the mesenchymal-like cells, the movement of
epithelial-like cells corresponds to viscoelastic solids and induces
additional cell residual stress accumulation (Pajic-Lijakovic and
Milivojevic, 2021a, 2021b). Accumulated cell residual stress within
the epithelium induces an increase in cell packing density which
reduces further cell movement (Trepat et al., 2009; Pajic-Lijakovic
and Milivojevic, 2021b). The cell movement reduction leads to a
change in the state of viscoelasticity and can result in the cell
jamming state transition (Nnetu ef al, 2013; Notbohm et al.,
2016). While epithelial-like cells undergo the jamming state tran-
sition, mesenchymal-like cells avoid cell jamming (Grosser et al,
2021). Consequently, during the process of cell segregation, only a
part of epithelial cells migrates, while the other part stays in the
resting state caused by the cell jamming (Nnetu et al., 2013; Pajic-
Lijakovic and Milivojevic, 2021a). Migrating and resting parts of
epithelial-like subpopulation show significant difference in the
physical parameters such as cell stiffness and the surface tension.
Contractile (migrating) epithelial-like cells are much stiffer than
noncontractile (resting) ones due to an accumulation of contractile
energy (Kollmannsberger et al., 2011; Schulze et al, 2017; Pajic-
LIjakovic and Mllivojevic, 2022b). Besides cell stiffness, migrating
epithelial-like cells have higher surface tension than the resting
epithelial-like cells (Devanny et al., 2021). It is in accordance with
the fact that cell contractility enhances the strength of E-cadherin-
mediated AJs (Devanny et al.,, 2021). In contrast to the epithelial-
like cells, the contractility induces repulsions among mesenchymal-
like cells, which leads to a decrease in the surface tension (Devanny
et al., 2021). Based on significant difference in the physical param-
eters such as the cell stiffness and the surface tension between
contractile (migrating) and noncontractile (resting) epithelial cells,
the epithelial-like subpopulation can be treated as two-phase sys-
tems (Pajic-Lijakovic and Milivojevic, 2019, 2020a). However, the
mesenchymal-like cells can be treated as a monophase system.
Batlle and Wilkinson (2012) pointed to three types of mechan-
isms which underlie the process of cell segregation and formation of
the biointerface between the different cell subpopulations. These
mechanisms are related to cell signaling, strength of cell-cell adhe-
sion contacts, and cell activation by inducting the actomyosin
contractility. When multiple cell populations are co-cultured, sig-
naling from one cell subpopulation influences assembly and con-
traction of the biointerface-associated actomyosin in the adjacent
cells of the other subpopulation (Batlle and Wilkinson, 2012; Lee
et al., 2012; Heine et al., 2021; Senigagliesi et al.,, 2022). A good
example is the widely examined co-cultured breast MCF-10A/
MDA-MB-231 system, where proteins such as vinculin, laminin-
5, and fibronectin secreted by cells are involved in heterotypic
interactions between MCF-10A and MDA-MB-231 cells that
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influence cell adhesion, movement, and can induce EMT of epi-
thelial MCF-10A cells (Bateman et al., 2010; Nikkhah et al.,, 2011).
The strength of cell-cell adhesion contacts is related to the differ-
ence in cadherin-mediated adhesion. Cadherins are also involved in
a variety of cellular processes, including polarity and gene expres-
sion (Barriga and Mayor, 2019). Cumulative effects of homotypic
cell—cell interactions along the monocultured cellular surfaces in
contact with surrounding liquid medium influence the macro-
scopic tissue surface tension, while the cumulative effects of hetero-
typic cell-cell interactions along the biointerface established
between two cell subpopulations within co-cultured systems influ-
ence the macroscopic interfacial tension (Pajic-Lijakovic and Mili-
vojevic, 2023; Pajic-Lijakovic et al, 2023a). These two physical
parameters, tissue surface tension and interfacial tension, depend
on the type and strength of cell-cell adhesion contacts, cell con-
tractility (Devanny et al.,, 2021), and extension or compression of
multicellular system caused by CCM (Guevorkian et al., 2021).
While macroscopic tissue surface tension has been measured by
cell aggregate uniaxial compression between parallel plates
(Mombach et al, 2005) and by cell aggregate micropipette aspir-
ation (Guevorkian et al., 2021), the macroscopic interfacial tension
between two cell subpopulations has not been measured yet. Deeper
insight into interplay between tissue surface tensions of cell sub-
populations accompanied by the interfacial tension between them,
as well as the viscoelasticity caused by CCM is necessary for
understanding the cell segregation within co-cultured systems.

Despite extensive research devoted to study the segregation of
various co-cultured systems, we still do not understand the role of
tissue surface tension, interfacial tension, and viscoelasticity in cell
segregation. One reason is that the co-cultured systems are simpli-
fications of the complex in vivo systems. Nevertheless, the
co-cultured systems, under in vitro conditions, can be used to extract
some important variables for the biophysical models and eventually
parameterize these models. To this end, we focus on tumor breast
cell spheroids since: (1) they are the most experimentally investi-
gated tumor multicellular units, usually co-cultured as a free-
floating aggregate (although it can be co-cultured also with ECM);
(2) they can be considered as toy systems for investigating mixtures
of cells with different biophysical properties, which can also be used
to parameterize the corresponding biophysical models. It is neces-
sary to identify the forces which influence cell segregation within
co-cultured breast cell spheroids, and how they depend on the
physical parameters such as surface tension of each subpopulation,
interfacial tension between them, interfacial tension gradients,
viscoelasticity caused by CCM, and solid stress accumulated within
the spheroid core region and (2) show how we can include all these
forces and physical parameters in a biophysical model. A more
complex spherical multicellular unit is represented by the tumor
organoids, which require ECM and a cocktail of growth factors for
culture, and which resembles the original tumor tissue (Gunti et al.,
2021). However, before we understand the segregation of different
cells with epithelial and mesenchymal properties inside the more
complex tumor organoids, we need to better understand cell segre-
gation inside the simpler tumor spheroids. For this reason, through-
out this study we ignore any discussion about the ECM and growth
factors, and focus only on cell—cell interactions.

The focus of this review is to discuss the interrelations between
viscoelasticity caused by CCM and surface properties of epithelial-
like and mesenchymal-like subpopulations in contact, which influ-
ence cell segregation. To this end, we start by discussing the
morphology of monocultured breast cell spheroids, and then we
focus on co-cultured cell spheroids and the segregation process that
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takes place between different cell types during CCM. Particular
attention is given to the role of different types of mechanical stresses
to cell responses (at cell-level and spheroid-level — during collective
cell movement). In addition, we point out the importance of
accounting for the viscoelasticity in advancing biological physics
research and discuss potential opportunities that can be addressed
with these tools. We conclude this discussion by presenting a new
mesoscopic multiphase model developed by combining some old
and new physical models which describe the interplay between
viscoelasticity and tissue surface tension in the segregation of
co-cultured systems.

Morphology of monocultured breast cell spheroids

Breast cell lines can be characterized based on the degree of their
mesenchymal character (Devanny et al, 2021). High degree of
mesenchymal character represents the characteristic of the triple
negative cancer cell lines (Dai et al., 2017). Devanny et al. (2021)
ranged breast cell lines from more epithelial (MCF-10A, ZR-75-1)
to more mesenchymal (MDA-MB-436, MDA-MB-231) in charac-
ter. These different breast cell lines also have different morpho-
logical group characteristics based on their cell packing density, the
type of cell adhesion contacts, and cell shapes. Strength of cell—cell
adhesion contacts and cell packing density influence the surface
characteristics of multicellular systems and viscoelasticity caused by
CCM which are relevant for further modeling consideration.

These group characteristics can be summarized as: (1) mass,
(2) grape-like, and (3) stellate (Kenny et al., 2007; Devanny et al.,
2021), which are shown in Figure 1. For example, mass morphology
(MCF-10A, MCEF-7, ZR-75-1) is characterized by cell close packing,
while stellate morphology (MDA-MB-157, MDA-MB-231, MDA-
MB-436) corresponds to loose packing structures (Devanny et al.,
2021). Grape-like morphology (MDA-MB-468, MDA-MB-361,
MDA-MB-453) is between them. The cell types which form mass
cell spheroids are capable of establishing strong cadherin-mediated
cell—cell AJs. In contrast, the main characteristics of cells which
establish stellate morphology is /5, -integrin-mediated FAs between
cells and ECM. Cadherin-mediated AJs and integrin-mediated FAs
have cooperative interrelation (Zuidema et al., 2020). The cell types
that form grape-like cell spheroids have low levels of E-cadherin
and can establish AJs accompanied by the f, -integrin-mediated
FAs (Kenny et al., 2007). The cell types that form stellate spheroids
rearrange primarily using f,-integrin-mediated FAs (Kenny et al,
2007). Cell types that form stellate morphology are elongated, while
the cell types which correspond to mass and grape-like morpholo-
gies are more round (Devanny et al., 2021).

Besides cell shape, cell packing density, and the state of cell-cell
and cell-matrix adhesion contacts, these morphological groups can

Mass morphology

Figure 1. Morphologies of monocultured breast cell spheroids.
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be characterized by various mechanisms of cell migration. The
mechanism of cell migration influences cell rearrangement and cell
response under stress conditions. Two migration mechanisms were
observed within breast cell collectives: pressure-driven bleb-like
protrusions and filopodia-like protrusions (actin-polymerization-
based protrusions). Srivastava et al. (2020) pointed out that bleb-like
mechanism of cell movement often exists in tissues in which cells are
under mechanical stress. The stress induces disconnection between
the cell membrane and the cytoskeleton. Compressive stress of
100 Pa is sufficient to favor bleb-like movement of Dictyostelium
cells (Srivastava et al., 2020). Compressive stress generated during
cell movement through the collagen I porous structure is enough to
intensify bleb-like movement of cancer cells which form grape-like
morphology (Guzman et al., 2020). The MDA-MB-231 cells used
blebs to pass through nonadhesive confluent environment (Riehl
et al, 2021). However, these cells rather perform filapodia-like
movement through adhesive confluent environment such as porous
collagen I structure (Guzman ef al., 2020). In contrast, MDA-MB-
468 cells perform movement with blebs through porous collagen I
gel (Guzman et al., 2020).

Note that in this review (and in particular for the biophysical
modeling of these co-cultured biological systems) we ignore the
biochemical aspects of the in vivo tumors (e.g., hormones, growth
factors) or the heterogeneous structure of the breast tissue. These
aspects will have to be integrated with the biophysical aspects in a
second stage, once we clarify these biophysical aspects.

CCM in co-cultured multicellular spheroids and
cell residual stress accumulation

Next, we discuss the segregation of co-cultured multicellular spher-
oids caused by CCM (CCM). The spheroids are widely used to
model 3D cell systems that undergo segregation. CCM occurs under
stress conditions. Solid stress is accumulated within a spheroid core
region caused by cell division and interaction between the spheroid
and the surrounding medium (Kalli and Stylianopoulos, 2018). The
accumulated solid stress within a core region of multicellular spher-
oids is primarily compressive and corresponds to a few kPa (Kalli
and Stylianopoulos, 2018). The growth-induced compressive stress
within breast, colon, pancreatic, and brain tumors under in vivo
conditions corresponds to 0.21-20 kPa (Kalli and Stylianopoulos,
2018). In humans, normal physiological blood flow induces shear
stress of 1-5 Pa (Baeyens et al.,, 2016). Higher shear stress, caused by
blood flow, can induce various vascular diseases such as atheroscler-
osis and aneurysm formation (Cunningham and Gotlieb, 2005).
Frictional shear stress of several tens of Pa can be generated at the
biointerface between epithelial cells and soft medical implants
(Pitenis et al, 2018). The CCM itself also induces the generation

Grape morphology

Stellate morphology
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of stress, normal, and shear. Compressive stress is generated withina
migrating cell cluster and during a collision of cell clusters caused by
the uncorrelated motility, while the shear stress is generated at the
biointerface between migrating cell clusters and surrounding cells
(Pajic-Lijakovic and Milivojevic, 2020a, 2020b, 2021a). The gener-
ated stress caused by CCM is an order of magnitude lower than the
solid stress. Tambe et al. (2013) measured the distribution of cell
normal and shear residual stresses accumulated during free expan-
sion of Madin—Darby canine kidney type II (MDCK) cell mono-
layers. Both stresses were in the range of 100-150 Pa. Notbohm et al.
(2016) pointed out that the maximum accumulated normal stress
during the rearrangement of confluent MDCK cell monolayers
corresponds to 300 Pa. The accumulated stress caused by 3D
CCM could be much higher (Pajic-Lijakovic and Milivojevic,
2019, 2020b). Cells tolerate well normal stress up to a few kPa, while
the shear stress of only a few Pa can induce cell shape changes, gene
expression, cytoskeleton softening, remodeling of cell-cell and cell-
matrix adhesion contacts, and EMT (Flitney et al., 2009).

Response of cells under various stress conditions

The response of cells under various mechanical stress conditions
accounts for the interplay between various subcellular processes
which influence the rate of cell spreading. Moreover, this response
is a multi-scale temporal process. The cytoskeleton remodeling and
the change in the state of cell adhesion contacts that lead to a cell
shape change occurs on a time scale of minutes (Wottawah et al,

Pajic-Lijakovic et al.

2005). For example, it is known that the epithelial MCF-10A cells in
the monocultured spheroid core region are rounder, while the cells
in the surface region are elongated (Devanny et al., 2021), and this
time scale for changes in cell shape corresponds to cell polarization
(Alert et al., 2019) and cadherin turnover time (Lee and Wolgemuth,
2011). A time scale of several tens of minutes corresponds to gene
expression (Petrungaro et al, 2019) and cell persistence time
(Mc Cann et al., 2010), while the CCM takes place on a time scale
of hours. Cell division as a possible cause of cell rearrangement is
neglected at the time scale of hours, because it occurs on much
longer time scales, that is, days. Consequently, the movement of
cells, the resulted mechanical strains (volumetric and shear), and the
accumulation of normal and shear residual cell stresses occur at a
time-scale of hours, while the relaxation of these stresses occurs at a
time-scale of minutes (Pajic-Lijakovic and Mllivojevic, 2020b,
2020c¢). Cell movement induces successive short-time mechanical
stress relaxation cycles under constant strain per cycle, while the
strain change occurs at a time-scale of hours. Schematic presenta-
tion of short-time stress relaxation cycles caused by CCM, which
results in the residual stress accumulation during movement of
epithelial-like collectives, is presented in Figure 2.

While mechanical stress enhances the movement of some cell
types, it has no effect or reduces the movement of others. For
example, the compressive stress of 773 Pa suppresses the move-
ment of MCF-10A and MCF-7 cells (Tse et al., 2012). This stress
corresponds to the compressive stress generated within breast
tissue by cell growth (Kalli and Stylianopoulos, 2018). The normal

Collective cell migration induces generation of the mechanical stress
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Figure 2. Cell residual stress accumulation within migrating epithelial-like collectives: schematic presentation.
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mechanical stress of a several hundreds of Pa can be induced by
collective movement of epithelial cells (Tambe et al. (2013)). In
contrast, this stress is capable of enhancing the movement of highly
aggressive 4T1 and MDA-MB-231 cells, as well as, 67NR cells (Tse
etal.,, 2012). Riehl et al. (2020) considered and compared responses
of MDA-MB-231 and MDA-MB-468 cancer cells, as well as
MCEF-10A epithelial cells under shear stress of 1.5 Pa. The shear
stress can be induced by interstitial flow (Riehl et al., 2020) or by
collective movement of epithelial cells (Tambe et al. (2013)). While
the shear stress stimulates movement of the MDA-MB-231 cells
along the flow direction, this stress has no impact on the movement
of MDA-MB-468 cells, and even reduces the movement of
MCEF-10A epithelial cells. Higher compressive stress can suppress
movement of epithelial MCF-10A cells and induce the cell jam-
ming state transition (Grosser et al., 2021; Pajic-Lijakovic and
Milivojevic, 2021b). Consequently, the behavior of co-cultured
multicellular systems should be considered in the context of cell
mechano-sensitivity.

Several parameters have been discussed in the context of cell
mechano-sensitivity such as: (1) single-cell stiffness (Tse et al,
2012), (2) level of E-cadherin (Mohammed et al, 2021), and
(3) the mechanism of cell movement (Guzman et al, 2020;
Devanny et al, 2021). Tse et al. (2012) reported that stiffer cells
are less mechano-sensitive. Rudzka et al. (2019) and Riehl et al.
(2021) pointed to a correlation between cancer cell stiffness and
their invasiveness. The average Young modulus decreases from
1.05 kPa for (less invasive) MCF-7 cells to 0.94 kPa for (more
invasive) T47D cells and 0.62 kPa for (the most invasive) MDA -
MB-231 cells (Omidvar et al., 2014). The stiffness of single cells is a
product of cell mechanical and biochemical interactions with their
surroundings which provoke various internal molecular mechan-
isms within single cells themselves responsible for their adaptation
such as the rearrangement of their cytoskeletons and change of the
strength of cell-cell adhesion contacts. Yousafzai et al. (2016) found
that neighboring cells significantly alter cell stiffness. The MDA-
MB-231 cells become stiffer when they are in monocultured sys-
tems, while HBL-100 and MCEF-7 exhibit softer character.

Mohammed et al. (2021) pointed to E-cadherin-mediated cell-
cell adhesion contact as the main cause of the MCF-10A epithelial
cell movement reduction and the jamming state transition under
the compressive stress. While MDA-MB-231 cells keep filopodia-
like movement through dense adhesive surrounding such as colla-
gen I gel, MDA-MB-468 cells prefer movement with blebs
(Guzman et al., 2020). Enhanced motility of MDA-MB-231 cells
under stress could be connected with their mechanism of move-
ment and the adaptability of FAs, while the movement with blebs
makes MDA-MB-468 cells more resistant (Riehl et al.,, 2021).

To understand the rearrangement of co-cultured cellular sys-
tems, in addition to cell response to various stresses it is also
necessary to emphasize the role of surface tension of cell pseudo-
phases (i.e., various cell types in contact) accompanied by the
interfacial tension between them in cell rearrangement.

Surface tension: the driving force for segregation of
co-cultured cellular systems

Tissue surface tension depends on the interplay between single-cell
contractility and the state of AJs (Stirbat et al., 2013; Pajic-Lijakovic
et al., 2023c). Stronger cadherin-mediated cell-cell adhesion con-
tacts, characteristic for the epithelial-like cells, lead to the estab-
lishment of higher tissue surface tension in comparison with the
mesenchymal-like cells (Devanny et al., 2021).
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Cell contractility influences the state of AJs and FAs as well as
their crosstalk (Zuidema et al, 2020). Devanny et al. (2021)
revealed that contractility plays a fundamentally different role in
the cell lines in which the rearrangement is driven primarily by
integrins (MDA-MB-468, along with MDA-MB-231 and MDA-
MB-436 cells) versus by cadherins (MCF-10A). They emphasized
that the cell contractility suppression reduces the tissue surface
tension of the epithelial MCF-10A cells. The monocultured
MCEF-10A cell spheroids treated by 20uM blebbistatin
(a molecule capable of suppressing cellular contractility) lose the
smooth surface and became more irregular in shape (Devanny
et al., 2021). Intensive contractility of surface cells enhances the
strength of E-cadherin-mediated adhesion contacts and on that
base increases the surface tension. In contrast, enhanced contract-
ility of mesenchymal-like cells induces an increase in cell-cell
repulsions, which reduce the surface tension (Devanny et al,
2021). The surface tension of epithelial MCF-10A spheroids is
45+ 1822 while the surface tension of carcinoma MCF10DCIS.
com spheroids is lower and equal to 21 + 9N (Nagle et al., 2022).
The surface tension of carcinoma F9 WT cell spheroids is signifi-
cantly lower and equal to 4.74+0.28 2%,

Besides the tissue surface tension, the segregation of co-cultured
multicellular systems depends also on the interfacial tension
between cell pseudo-phases.

The interfacial tension as a product of the interactions
between various cell types

Interfacial tension between cell subpopulations in co-cultured sys-
tems depends on the surface tensions of the pseudo-phases in
contact and the heterotypic cellcell interactions. These heterotypic
interactions account for biochemical and mechanical interactions
between cells. Mechanical interactions have an impact on the stress
generation at the biointerface between the cell subpopulations
depending on the relative velocity between them (Pajic-Lijakovic
et al., 2023b). Biochemical interactions include cell signaling and
gene expression which have a feedback impact on the state of cell-
cell and cell-ECM adhesion contacts, migration speed and persist-
ence. Based on our knowledge, an interfacial tension between the
subpopulations has not been measured yet. This parameter could
be measured by applying some noninvasive technique such as the
resonant acoustic rheometry. This technique, which uses the sur-
face capillary waves, has been used for measurement of the inter-
facial tension within various soft matter systems (Hobson et al,
2021). We will provide qualitative analysis of the interfacial tension
in comparison with the surface tensions of the subpopulations
within the biophysical model.

Interactions between cells in co-cultured multicellular systems
depend on the way of the system co-culture. Various methods have
been used such as hanging drop, nonadherent surface, spinning
flask, and rotating vessel methods, as well as, microfluidic, acoustic,
water-in water emulsion, and 3D printing methods (Froehlich et al.,
2016; Raghavan et al, 2016; Bowers et al., 2020; Chae et al., 2021).
The hanging drop method has been widely used and ensure cell
aggregation within droplets under the influence of surface tension
and gravitational forces, while the nonadherent surface method
includes cell seeding on the nonadherent scaffolds such as poly-
acrylamide hydrogel or agarose hydrogel (Chae et al., 2021). Two
cell types can be seeded on the same scaffold (direct co-culture) or
on separate scaffolds and then cultivated together (in-direct co-cul-
ture) (Jo et al., 2021). The MCF-10A cells undergo the EMT when
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they are surrounded by the MDA-MB-231 cells within a directly
co-cultured cellular system (Jo et al., 2021). The EMT in this case is
stimulated by the inability of MCF-10A cells to establish AJs with
the same type of cells (Jo et al, 2021). The EMT induces weakening
of AJs which leads to a decrease in the surface tension of MCF-10A
cell subpopulation that has a feedback impact on cell segregation.
The consequence of AJs weakening within mesenchymal cell
phenotype is a more intensive cell movement (Barriga and Mayor,
2019). However, in in-directly co-cultured MCF-10A/MDA-MB-
231 cellular systems, the MCF-10A cells keep their epithelial
phenotype (Jo et al., 2021).

Signaling of one cell type in co-cultured cellular systems influ-
ences the movement of the other. The MCFI0A cells secrete
laminin-5 and fibronectin, which stimulate the FAs of cancer cells
such as the MDA-MB-231 cells, which could also stimulate their
movement (Nikkhah et al., 2011). The movement of the MDA-MB-
231 cells is enhanced when they are surrounded by the MCF10A
cell (Lee et al., 2012). Heine et al. (2021) revealed that the migration
of MDA-MB-231 cells is increased by the presence of the MDA-
MB-436 cells. Small extracellular vesicles derived from MDA-MB-
231 promote proliferation and movement in MCF7 cells
(Senigagliesi et al., 2022).

In the following, we briefly discuss some experimental studies
that connect the surface tension and the various types of segrega-
tion phenomena that can be observed in multicellular systems.

Segregation of co-cultured multicellular systems:
various scenarios

Several scenarios can be considered in the context of the rearrange-
ment of co-cultured cellular systems: complete segregation, partial
segregation, and mixed segregation, as shown in Figure 3:

The scenarios of cell segregation can result by two mechanisms:
interfacial tension between the subpopulations accompanied by the
interfacial tension gradients and the viscoelasticity caused by CCM.
The MCF-10A cells form compact spheroids in monocultured
systems, while in co-cultured cellular systems these cells perform
partial or complete segregation depending on the surface tension of
cancer pseudo-phase as well as the interfacial tension between them.
The MDA-MB-436/MCF-10A co-cultured cellular systems, as well
as the MDA-MB-231/MCF-10A co-cultured cellular systems, per-
form complete segregation such that MCF-10A cells, which have
higher surface tension, reach out the spheroid core region, while the
MDA-MB-231 (or MDA-MB-436) cells with much lower tissue
surface tension cover the spheroid surface region (Carey et al,
2013; Devanny et al., 2021). However, the MCF-10A cells perform
partial segregation in a co-culture with the MDA-MB-468 cells
(Devanny et al., 2021). These results can be understood when we
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keep in mind that the MDA-MB-468 cells rather than the MDA-
MB-436 cells and the MDA-MB-231 cells are able to establish to
some extent cadherin-mediated AJs, which could be additionally
stimulated by the presence of the MCF-10A cells in their surround-
ings (Kenny et al., 2007). Co-culture of the MDA-MB-468 cells with
other cancer cell types, such as the ZR-75-1 cells, also leads to partial
segregation (Devanny et al., 2021). The ZR-75-1 cells are capable of
establishing both f, integOrin and E-cadherin and on that base
establish higher surface tension in comparison with MDA-MB-468
cells (Devanny et al, 2021). The MDA-MB-468/MDA-MB-157
co-cultured cellular systems perform partial segregation. It is in
accordance with the fact that the MDA-MB-157 lacks E-cadherin
but can establish cell-cell adhesion contacts by using other cadherin
types, and on that base establish higher surface tension (Devanny
etal., 2021). The MDA-MB-468 cells form mixed spheroids with the
MDA-MB-436 cells (Devanny et al., 2021).

The segregation of co-cultured cellular systems:
modeling consideration

In the literature, there are various biophysical models for cancer
spheroids (Alexandri ef al., 2013; Chen and Zou, 2018; Urcun et al.,
2021), all of which incorporate in various forms some interplay
between mechanics and cell rearrangement. However, none of these
models explicitly consider the viscoelasticity caused by CCM; in
particular, the epithelial cells behave as viscoelastic solids, whereas
the mesenchymal cells can be treated as viscoelastic liquids; thus,
these different types of cells need to be modeled differently. These
biomechanical details are important not only for modeling and
engineering tissues, but in the long term they are important for
cancer treatment.

In the following, we propose a new biophysical model that takes
into consideration all previous biological and biomechanical
aspects that seem to be important for the segregation of co-cultured
breast cancer spheroids. The aim of this modeling consideration is
to make suggestions about the possible interplay of various physical
parameters on the cell segregation based on experimental data from
the literature rather than providing quantitative or qualitative
results. It is in accordance with the fact that exact values of some
parameters for considered co-cultured systems do not exist. To this
end, we focus on two cell subpopulations: epithelial-like cells and
mesenchymal-like cells. The epithelial-like phenotype accounts
for various breast cell types capable of establishing stronger
E-cadherin-mediated AJs, such as the MCF-10A, MCF-7, or
ZR-75-1 cells (Devanny et al., 2021). The mesenchymal-like pheno-
type accounts for various cell types which establish weak AJsand £,
integrin-mediated FAs, such as MDA-MB-157, MDA-MB-231,

Complete
segregation

Figure 3. Segregation of co-cultured breast cell spheroids: various scenarios.
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and MDA-MB-436 cells (Devanny et al., 2021). Since the epithelial-
like cell subpopulation has higher surface tension compared to the
mesenchymal one, we can treat the epithelial-like subpopulation as
a dispersed subpopulation, while the mesenchymal subpopulation
can be treated as a continuous cell subpopulation. Due to differ-
ences in the surface tension and stiffness between different cells, the
epithelial subpopulation can be considered as a two-phase system
formed of migrating cells (one phase) and resting cells (another
phase). The presence of resting cells in the epithelial-like subpopu-
lation represents a consequence of the jamming state transition
discussed before.

The viscoelasticity caused by CCM is the key factor responsible
for this difference in rearrangement of epithelial-like and
mesenchymal-like subpopulations, which will be discussed below
more in detail. Migrating and resting parts of epithelial-like sub-
population can be characterized by different values of physical
parameters such as surface tension and cell stiffness. The surface
tension of migrating epithelial-like cells (denoted by ) is higher
than the one for the resting epithelial-like cells ( y7), that is, y' >/
(Devanny et al, 2021). It is in accordance with the fact that
contractility of epithelial like cells enhance the strength of
E-cadherin-mediated AJs (Devanny et al., 2021). The surface ten-
sion of mesenchymal-like cells (denoted by y,) is the lowest, that is,
Ve KV <V

Besides the difference in the surface tension between the migrat-
ing and resting parts of the epithelial-like subpopulation, there are
also differences in cell stiffness. Migrating epithelial-like cells are
much stiffer than resting ones due to an accumulation of the
contractile energy (Kollmannsberger et al., 2011; Lange and Fabry,
2013; Pajic-Lijakovic and Milivojevic, 2019). Schulze et al. (2017)
revealed that the Young’s modulus of contractile MDSC cell mono-
layer is ~ 33.0 £ 3.0kPa, while the modulus of noncontractile cells
is significantly lower and equal to ~15.6+5.5kPa. Lange and
Fabry (2013) reported that muscle cells can change their elastic
modulus by over one order of magnitude from less than 10 kPa in a
relaxed (resting) state to around 200 kPa in a fully activated
(contractile) state. Mesenchymal-like breast cancer cells are softer
than resting epithelial cells (Lekka, 2016).

To model the segregation of co-cultured cancer systems, and to
understand the impact of biophysical forces on such cell segrega-
tion, it is necessary to account for the rearrangement of epithelial
and mesenchymal cells due to cell-cell mechanical and biochemical
interactions under simplified in vitro conditions. Understanding all
mechanisms behind the segregation of different cell types in vitro is
a first step toward the understanding of the complex mechanisms
behind the segregation of cell types in vivo. Consequently, the
mesoscopic model formulated below describes the rearrangement
of three pseudo-phases: (1) migrating, epithelial-like pseudo-phase,
(2) resting, epithelial-like pseudo-phase, and (3) mesenchymal-like
pseudo-phase. These phase assumptions are in accordance with the
fact that only a migrating part of epithelial cells actively contribute
to the process of segregation, while the resting part of epithelial cells
is in the jamming state.

Cell segregation: the mesoscopic modeling consideration

The phase model is formulated to describe the role of biophysical
factors in cell segregation occurred in heterogeneous intra-tumor
and inter-tumor cellular systems by considering simplified
in vitro model systems such as co-cultured spheroids. The inter-
and intra-tumor heterogeneity accounts for the coexistence of cell
subpopulations that differ in their genetic, phenotypic, or
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behavioral characteristics within a given primary tumor, and
between a given primary tumor and its metastasis (Martelotto
et al., 2014). The phenomenon can be caused by (1) biochemical
factors such as genetic and epigenetic factors, as well as, fluctu-
ation in signaling pathways (Marusyk ef al., 2012) and (2) physical
factors such as viscoelasticity and biomechanics of cell subpopu-
lations, as well as, the dynamics at the biointerface between them
(Runel et al., 2021; Pajic-Lijakovic et al., 2023b). The phase model,
which describes the rearrangement of these three-phase cellular
systems, is formulated based on the biological assumptions dis-
cussed previously in Sections “Introduction, Morphology of
monocultured breast cell spheroids, CCM in co-cultured multi-
cellular spheroids and cell residual stress accumulation” and it is
briefly presented in Figure 4. Graphical presentation of the bio-
physical model is necessary, in order to emphasize clearly how the
different components of the model discussed above interact with
each other. The blue arrows indicate model parameters which are
included into balances of the volume fractions of the pseudo-
phases and force balances. These two parts of the model represents
a system of equations. The dark red arrow points out that the cell
residual stress is included into the force balances. The cell residual
stress is complex parameter which consists of several contribu-
tions. The one of the contributions represents a cell residual stress
generated by CCM, which is discussed from the rheological
standpoint and indicated by the purple arrow. The meaning of
the variables and parameters is as introduced throughout this
Section “The segregation of co-cultured cellular systems: model-
ing consideration” and Appendices A and B. For the purpose of
formulation, the phase model, it is necessary to distinguish the
pseudo-phases and characterize their radial distribution within
the spheroid. One phase represents the mesenchymal-like cell
subpopulation, while the epithelial-like subpopulation consists
of migrating and resting cell pseudo-phases. The pseudo-phases
are inhomogeneously distributed within the spheroid volume.
The volume fractions of these different phases (migrating epithe-
lial ¢,,,, resting epithelial ¢,,,, and mesenchymal ¢.) satisfy the
following:

Bon(121) + (1) + (1,1 =1 W

where r is the radial distance in the spheroid and zis the long-time
scale (a time scale of hours). The segregation of epithelial and
mesenchymal subpopulations caused by CCM occurs on a time
scale of hours 7. On this time scale, the spheroid can be treated as a
canonical ensemble such that the total number of cells inside the
spheroid is constant. These cell volume fractions relate to the
spheroid volume through the following equations:

o Migrating epithelial cells: ¢,,,(r,7) = ﬁZfiﬁ AV i, where
dV = 4r*zdr is the volume increment of the spheroid, AV,;
is the volume of the ith migrating epithelial cluster, N,* is the
number of migrating epithelial clusters within the spheroid’s
volume increment dV.

o Resting epithelial cells: ¢,,,(r,7) = div Zfi’f AV, where AV,
is the volume of the Ith resting epithelial cluster, N,** is the
number of resting epithelial clusters within the spheroid’s
volume increment dV.

o Mesenchymal cells: ¢_(r,7) :ﬁzg:'*;*AVck, where AV is
the volume of the kth cluster of mesenchymal cells, N,*** is the
number of mesenchymal clusters within the spheroid’s volume
increment dV.
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Change in the pseudo-phase volume fractions:
Migrating epithelial-like pseudo-phase:

F09) G . G + Fs0)]

Dems
(¢

Mesenchymal-like pseudo-phase:

9%,

) +V - (@s0—0cr)

and the Ginsburg-Landau free energy functional :
F(tbem) Pc) = Feltpem) + Fe(Pem, )

Force balance equations:
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=Fp + PemMemtFse — Frye
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Mixing force: Ex= Ex (F., F,)
Traction force: F,.

Interfacial tension force: Fy,
Viscoelastic force: Frp.

Gempr(r, ), Gep(r,T)

Cell residual stress accumulation:

Cell normal residual

epithelial
pseudo-phase

Migrating epithelial
pseudo-phase

Figure 4. The schematic presentation of the biophysical model.

Consequently, the spheroid volume increment can be expressed
as: dV ="V AV, + SN AV, + Y4 AV, Three bioin-
terfaces are taken into consideration: (1) the “c-me” biointerface
(i.e., the biointerface between migrating epithelial pseudo-phase
and mesenchymal pseudo-phase), (2) the “c-re” biointerface
(i.e., the biointerface between resting epithelial pseudo-phase and
mesenchymal pseudo-phase), and (3) the “re-me” biointerface
(i.e., the biointerface between migrating and resting epithelial
pseudo-phases).

Accordingly, with the fact that only migrating epithelial cells
contribute to the cell segregation, it is necessary to formulate the
phase model which accounts for the jamming state transition of
epithelial cells and vice versa influenced by the epithelial cell
residual stress accumulation and presence of mesenchymal-like
cells in their surroundings. The schematic presentation of the
biophysical model is presented in Figure 4.

The model we developed consists of three interconnected parts.
The main part of the model describes the dynamics of cell segre-
gation at the spheroid level, while the dynamics at the level of cell
clusters is formulated in the Appendices A and B. The main part of
the model describes the interplay between the changes of the
pseudo-phase local volume fractions and force balance equations
for the migrating epithelial-like pseudo-phase and mesenchymal
pseudo-phase depending on cell signaling, surface characteristics of
the pseudo-phases, and the cell residual stress accumulation. The
second part of the model formulates the normal and shear cell
residual stresses accumulated within the pseudo-phases. Cell nor-
mal stress per pseudo-phase consists of isotropic and deviatoric
parts. The isotropic part represents the consequence of the surface
properties of the pseudo-phases, while the deviatoric part of stress is
induced by CCM. Cell shear residual stress represents the product
of natural and forced convections. While natural convection is

https://doi.org/10.1017/50033583524000015 Published online by Cambridge University Press

Viscoelasticity due to collective cell migration: constitutive models

Mesenchymal-
like

cells

Epithelial-like

cells EE(R,1) +

caused by the interfacial tension gradient established at the bioin-
terfaces between the pseudo-phases, the forced convection is
induced by CCM (Pajic-Lijakovic et al., 2023a, 2023b). The normal
and shear residual stress per pseudo-phases are formulated in the
Appendix A. The part of cell residual stress (normal and shear)
caused by CCM depends on the state of single cells and cell
rearrangement. The state of single cells accounts for cell contract-
ility and the state of AJs, while the cell rearrangement depends on
cell packing density and cell velocity. These parameters influence
the constitutive behaviors of migrating cell collectives. The cell
residual stress caused by CCM is formulated in the Appendix
B. The surface tensions of the pseudo-phases and interfacial ten-
sions between them also depends on the strength of AJs and cell
contractility. The strength of AJs and cell contractility, which
represent a product of cell adaptation to microenvironmental
conditions, depend on homotypic and heterotypic cell—cell and
cell-matrix interactions, cell mechanotransduction, gene expres-
sion, and transport of cell metabolites through glycocalyx
(Oberleithner and Hausberg, 2007; Oberleithner et al., 2011; Bar-
riga and Mayor, 2019; Devanny et al, 2021). Consequently, bio-
chemical and physical mechanisms cooperate together and
influence the segregation process. Schematic presentation of the
role of physical parameters in the segregation process is shown in
Figure 5 and discussed in the context of formulated modeling
equations.

The main part of the model is formulated based on modified
phase model C proposed for thermodynamic systems far from
equilibrium (Ala-Nissila et al., 2004) combined with phase models
for viscoelastic phase transition proposed by Tanaka (1997).
Accordingly, the cellular interactions are expressed by coupling
two scalar fields, that is, the volume fraction of migrating epithelial-
like pseudo-phase and volume fraction of mesenchymal-like
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Rearrangement of the sub-populations during the segregation process
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Figure 5. Schematic presentation of the role of physical parameters in the segregation process.

pseudo-phase. The change of the volume fraction of migrating
epithelial-like pseudo-phase in the presence of mesenchymal-like
pseudo-phase is expressed as:

Wenl ') _ [De (¢ﬁ%ﬁf”) V- (Genr + )| ()

where D, is the effective dispersion coefficient of migrating epithelial-
like pseudo-phase, F(g,,,,4.) is the Ginsburg-Landau free energy
functional equal to F(¢em’ ¢c) = Fe (¢em) + FC(¢em’¢c)’ Fe (¢em) is the
part of free energy functional which describes biochemical and mech-
anical interactions within the migrating epithelial-like pseudo-phase
during contact with resting epithelial-like pseudo-phase, F.(4,,,,.) is
the part of free energy functional which describes the contribution of
mesenchymal-like pseudo-phase to the movement of epithelial cells,
oF (gemﬂﬁc) oF (g;wlﬁf)

em

is the functional derivative equal to

lim,_, Fl(fem(r'57)54) +Sé(f:f)]*F[(mm(f’,f)mc], ¢ is an increment of ¢,,,.

(Ala-Nissila et al, 2004), Gemr(r,7) represents the residual stress
accumulation within migrating epithelial pseudo-phase equal to
Gemr(1,7) = %’Zgl GemriO(T — i), Gemni is the residual stress accu-
mulated within the ith migrating epithelial cluster within the spheroid
volume increment dV, J(-) is the Dirac delta distribution function,
and & gp is the solid stress. The residual stress accumulation within the
ith migrating epithelial cluster is formulated in the Appendix A, while
the part of the stress caused by CCM is formulated in the Appendix
B. Note that the constitutive models in Appendices A and B, which
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discuss several viscoelastic regimes, depend on three other parameters:
nj, the cell packing density of resting epithelial clusters which corres-
ponds to the cell packing density at the jamming state; 7, the
packing density of ith migrating epithelial cell clusters; and n,, the cell
packing density of mesenchymal cells. Since the jamming state tran-
sition induced by the cell residual stress accumulation leads to an
increase in cell packing density, we have 7,,.; < 1. Moreover, since the
mesenchymal-like cells keep moving and avoid cell jamming (Grosser
et al., 2021), their local packing density satisfies 7. < #;.

Returning to Eq. (2), the total stress within the migrating
epithelial pseudo-phase, that is, G.mg +6sp can suppress move-
ment by decreasing the volume fraction of migrating epithelial cells
and can induce the jamming state transition. The free energy
Fe(@,,) has been expressed based on modified model by Cohen
and Murray (1981) in the form:

Filbn) = [ b 507 (o) |7

where f,(4,,,) represents the energetic effect of the volumetric
rearrangement of epithelial cells driven by the surface tension of
epithelial cells which is simplified as: f,(g,,,) ~ 1k.4,,’> k. is the
parameter which accounts for interactions between migrating epi-
thelial cells within a spheroid, and the other terms represent the
gradient energy contributions, while k""" is the interaction par-

ameter which accounts for physical interactions between migrating
and resting epithelial-like pseudo-phases at the biointerface. The
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interfacial tension between migrating and resting epithelial-like

pseudo-phases can be expressed as: () AN (1) =

Lo\
JAKT (Vqﬁem) d’r (where A™(7) is the interfacial area between

the pseudo-phases). The biointerface is finite with the thick-
ness which is an order of magnitude larger than the size of
single cells (Pajic-Lijakovic and Milivojevic, 2020a). Conse-
quently, the gradient of the interfacial tension at the r-m
biointerface influence cell movement along the interface from
the resting epithelial pseudo-phase to the migrating one, which
is expressed by the Marangoni flux (Pajic-Lijakovic and MIli-
vojevic, 2022¢).
The free energy F.(4,,,#.) can be expressed as:

Flbatd = [ [t e 302(00) @

+ %kgc (V1= 4on —¢6)2}d3r

where  f_(4,,,4.) accounts for the cumulative effects of
mesenchymal-like cell signaling which influences the volumetric
rearrangement of epithelial cells and the second term represents the
gradient energy contribution, while k' is the interaction parameter
which accounts for physical interactions between migrating
epithelial-like pseudo-phase and mesenchymal-like pseudo-phase
at the biointerface. The interfacial tension between migrating
epithelial-like pseudo-phase and mesenchymal-like pseudo-phase

- 2
PO AL(E) = [3K: (Vg ) @r (where
Al(7) is the interfacial area between these pseudo-phases), while
the interfacial tension between resting epithelial-like pseudo-phase

Vee(D) A7) =

- 2
J3K, (V(l ~ G — ¢C)) d’r (where A’ (r) is the interfacial area

between these pseudo-phases). The biointerface is finite and the
gradient of interfacial tension established at the c-me biointerface
stimulates movement of mesenchymal-like pseudo-phase along the
biointerface toward to the migrating, epithelial-like pseudo-phase
(Pajic-Lijakovic and Milivojevic, 2020a).

The energy f_(¢,,,»$.) can be expressed as:

1 1
fc(¢em’¢c) ~ 5k6¢em2¢c2 - Eﬂc¢c2 (5)

can be expressed as:

and mesenchymal-like pseudo-phase is

where k. is the parameter which accounts for interactions between
migrating epithelial cells and mesenchymal cells which arise as a
product of cell signaling and f. is the measure of cumulative effects
of tractions of mesenchymal-like cells. While cell signaling is cap-
able of enhancing the movement of both pseudo-phases (the first
term of the right-hand side of Eq. (5)), the traction of mesenchymal
cells can reduce movement of mesenchymal-like cells (the second
term of the right-hand side of Eq. (5)). This reduction is pro-
nounced when mesenchymal-like cells establish stronger FAs with
the ECM already present within the multicellular spheroid.

The change of the volume fraction of mesenchymal-like pseudo-
phase in the presence of migrating, epithelial-like pseudo-phase is
expressed as:

99, (r,7) +€<¢57R) -V [DE <¢C€%¢:’”¢%)) +€-(5'SD—5'cR)}

oJr
(6)

c

https://doi.org/10.1017/50033583524000015 Published online by Cambridge University Press

Pajic-Lijakovic et al.

where D, is the effective dispersion coefficient which quantifies

spreading of mesenchymal pseudo-phase, v gis the relative velocity
between migrating epithelial and mesenchymal cell pseudo-phases

equalto vg(r,7) = v (r,7) + v.(r,7), v.(r,7)is the local velocity of
mesenchymal-like cells equal to v(r,7) :%Zi\f{;ckﬁ(r — %),
v is the average velocity of the center of mass of the kth cluster of
mesenchymal cells, and v,(r,7) is the local velocity of epithelial-

like cells equal to equal to v,(r,7) = ?\,—‘; ibfl Vead(r—r;), Veisthe
average velocity of the center of mass of the ith cluster of epithelial
cells. This formulation of the relative velocity is in accordance with

the fact that the velocities v, and v.(r,z) have an opposite
directions. While mesenchymal cells migrate from the spheroid
core region toward its surface driven by the solid stress, epithelial
cells migrate from the spheroid surface region toward its core
region driven by the surface tension. The velocity of cancer cells
v(r,7) satisfies the condition v.(r,7) > v,(r,7) (Clark and Vig-
njevic, 2015), while the velocity of epithelial cells satisfies two
conditions: (1) 0< v,(r,7) < v.(r,7) for migrating cells and (2)
Vo(r,7) =0 for resting cells under jamming. Consequently, the

relative velocity is vg(r,7) > v.(r,7). The first term on the right-
hand side of Eq. (6) describes interactions between mesenchymal-
like and migrating, epithelial-like pseudo-phases which enhance
movement of mesenchymal-like cells while the second term
describes an influence of the accumulated stress within the spheroid
core region equal to Gsp — 6.z on movement of the mesenchymal-
like cells (where &.g is the residual stress caused by collective
movement of mesenchymal-like pseudo-phase). The stress &g is

expressed as Gr(7,7) = %Zil G rkO(r — 11 ), Gcrkis the residual
stress accumulated within the kth mesenchymal cluster within the
spheroid volume increment dV, and &gp is the solid stress. The
residual stress accumulation within the kth mesenchymal cluster is
formulated in the Appendix A, while the part of the stress caused by
CCM is formulated in the Appendix B. In order to understand the

process of cell segregation, it is necessary to estimate change in
velocity for mesenchymal cell pseudo-phase v (r,7) and migrating
epithelial pseudo-phase v,(r,7).

The force balance for the rearrangement of migrating epithelial
pseudo-phase and mesenchymal pseudo-phase

CCM causes mechanical waves generation in the form of oscillatory
change in cell velocity, resulted strain and corresponding cell
residual stress (Serra-Picamal et al, 2012; Notbohm et al., 2016;
Pajic-Lijakovic and Milivojevic, 2020c, 2022a). Oscillatory change
of epithelial cell velocity (i.e., effective inertia), in the case of cell
segregation, arises as the result of competition between interfacial
tension force and the mixing force against viscoelastic force. The
viscoelastic force is capable of suppressing movement of epithelial
cells (Grosser et al., 2021; Pajic-Lijakovic and Milivojevic, 2023).
The interfacial tension force is expressed by modified model pro-
posed by Pajic-Lijakovic and Milivojevic (2020c¢) as:

s r—m

i — — c—m
¢em<nen1>Fst :¢em<nem) —SZ mue

c—m
=S, "u,

(7)

Np*

oy Nemi . . .
% is the average packing density of single

1 AVeni

migrating epithelial cluster within the spheroid volume increment

where (n.,) =
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dV, Nem; is the number of cells within the ith migrating epithelial
cluster, S, =y, —(y,”+y,™) is the spreading coefficient of
migrating epithelial cells in contact with resting epithelial cells
(such that §7<0), S =y.—(y.,” +7.") is the spreading
coefficient of migrating epithelial cells in contact with
mesenchymal-like cells (such that S;™™ <0), ﬁer_m is the local
displacement field caused by movement of epithelial clusters near

the re-me biointerface, #,  is the local displacement field caused
by movement of epithelial clusters near the c-me biointerface. The

. + 9y +y0. e .
ratios X; = yCVTyf <land X, =""""« < 1, Maximizing the ratios X,

i Ve
and X;, such that X;,X, — 1 by enhancing cell-cell adhesion
contacts within the mesenchymal-like pseudo-phase can reduce the
spreading of mesenchymal cells. Interfacial tension force acts to
reduce the interfacial area between epithelial and mesenchymal cell
subpopulations. The viscoelastic force is resistive force and acts to

— e
reduce movement of epithelial cells. The mixing force F,, can be

— e — ¢
expressed as: F, = —¢emV%. The viscoelastic force repre-

em

sents a consequence of inhomogeneously distributed cell residual
stress, and is expressed by Murray et al. (1988) and Pajic-Lijakovic

AN e —

et al. (2023a; 2023c) as: Frye =V (Gemr +6sp). The correspond-
ing force balance is expressed by Pajic-Lijakovic et al. (2023a;
2023c¢) as:

Dv 7T — e - e - e
<m>e¢em<nem>#:Fm + Gopn{Mem)Fst — Frye (8)

where (m), is the average mass of a single epithelial cell and v, is

_du, Dv, _
T dt Dr —

the epithelial cell velocity equal to  v,(r,7)

dd—ze + (7e . 6) v, is the material derivative (Bird et al., 1960).

While the viscoelastic force reduces movement of epithelial cells,
this force represents a driving force for migration of mesenchymal
like cells. It is in accordance with the fact that accumulated cell
stress enhances movement of cancer cells and suppresses move-
ment of epithelial cells (Tse et al., 2012; Riehl et al., 2020, 2021).
Viscoelastic force in this case is expressed by modified model

- ¢
proposed by Pajic-Lijakovic and Milivojevic (2020c) as: Fry, =

V- (6sp—6r) —6rEcm) (where 6Grpcy is the residual stress
accumulated within ECM). Besides the viscoelastic force, the mix-
ing force and the interfacial tension force also drive extension of
mesenchymal-like cells. The mixing force can be expressed as:

- —
F :¢EVW. The interfacial tension force is equal to

- ¢ c—m = =M
beln)  Fa =g(n) |8 tic

NL" . . . .
Lol % s the average packing density of single mesenchymal
ck

+S§”HCC4} (where (n.)=

k=1
cluster within the spheroid volume increment dV, N is the
number of cells within the kth mesenchymal cluster, S:™" =
2, = (y.+7,™) is the spreading coefficient of the mesenchymal
like cells toward the migrating epithelium (such that S >0),
S =y, — (y.+7.") is the spreading coefficient of the mesenchy-
mal like cells toward the resting epithelium (such that S;™">0),
u. s the local displacement field caused by movement of
mesenchymal-like clusters near the c-me biointerface, and .’
is the local displacement field caused by movement of
mesenchymal-like clusters near the c-re biointerface. The ratios

Ve Ve Vet Ve i
X3 = >1and X, =ree >1 such that X3 >X,. Minimizing
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the ratios X3 and X4 by enhancing cell-cell adhesion contacts
within the mesenchymal-like pseudo-phase can reduce the spread-
ing of mesenchymal cells. The oscillatory change of cell velocity in
the case of movement of mesenchymal-like cells represents the
consequence of the competition between: the viscoelastic force,
mixing force, interfacial tension force, against the traction force.
The traction force as a consequence of established FAs influences
movement of mesenchymal cells, while the epithelial cells do not
establish FAs within a spheroid (Devanny et al., 2021). This force is
capable of reducing movement of mesenchymal cells depending on
the strength of FAs (Fuhrmann et al., 2017). The traction force is

— ¢ .
expressed as: pF; =pkugcy (where k is an elastic constant of

single FA, p is the number density of FAs, and Upcy is the
displacement field of ECM caused by movement of cancer cells)
(Murray et al., 1988). The corresponding force balance can be
expressed by modifying the model proposed by Pajic-Lijakovic
and Milivojevic (2020c) for 2D CCM as:

Dv(r,7)

- ¢ 5 - ¢ - €
T:F”’ +FTve +¢c<nC>F5t 7thr (9)

<m>c¢c<n6>

where (m). is the average mass of a single cancer celland v is the

epithelial cell velocity equal to 7c(r,r):dd"1‘ , %z £ =

Ba—z” + (75 . 6) V. is the material derivative (Bird et al., 1960). While

movement of mesenchymal cells corresponds to the convective
regime, movement of epithelial-like cells changes from convective
regime through conductive regime to the damped-conductive
regime.

The efficient process of cell segregation can be postulated based
on the proposed modeling consideration. In this purpose, following
parameters are introduced, such as: (1) volume fraction of epithelial
cells in the resting state ¢, — 0 and (2) the surface tension ratios
X1,X5,X3, X4 — 1.

An increase in the degree of mesenchymal character of
epithelial-like subpopulation leads to a decrease in the volume
fraction of cells in the resting (jamming) state, corresponding
surface tension, as well as, the interfacial tensions between the
pseudo-phases. The surface tension of epithelial-like pseudo-
phase corresponds to an order of magnitude from several X
to tens of '"—niv (Mombach et al., 2005), while the surface tension of
mesenchymal-like cells is significantly lower (Devanny et al,
2021). Interfacial tensions between the subpopulations are lower
than the surface tension of migrating epithelial cells, but corres-
pond to a same order of magnitude with it. The volume fraction
of epithelial-like cells in the resting state during the segregation
process could be even larger than 15% of whole epithelial-like
subpopulation and placed primarily within the spheroid core
region. The cell normal and shear residual stress accumulation
caused by CCM corresponds to several tens of Pa (Tambe et al,
2013) while the solid stress within the spheroid core region is
significantly larger and corresponds to several kPa (Kalli and
Stylianopoulos, 2018).

The formulated biophysical model, pointed to the interrelation
between the physical parameters responsible for the cell segregation
process by accounting for the viscoelasticity of the pseudo-phases
and effects along the biointerfaces between them as was presented
graphically in Figure 5. Some parameters such as the residual stress
accumulation caused by movement of epithelial collectives, solid
stress accumulated in the spheroid core region, and tissue surface
tension have been already measured, while the others such as the
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interfacial tension between two cell subpopulations in direct con-
tact and interfacial tension gradient have not been measured yet.
Gsell et al. (2023) recently confirmed cell movement along the
multicellular surface in contact with liquid medium driven by the
tissue surface tension gradient, that is, the Marangoni effect. How-
ever, the surface tension gradient itself has not been measured. The
maximum cell residual stress caused by collective movement of
epithelial monolayers corresponds to a few hundreds of Pa (Serra-
Picamal et al., 2012; Notbohm et al., 2016). The solid stress corres-
ponds to a few kPa (Kalli and Stylianopoulos, 2018). Various
experimental techniques have been used for the measurement the
cell stress caused by CCM such as: (1) the monolayer stress micros-
copy (Tambe et al, 2013), (2) microbead/droplet-based stress
sensors (Campas et al., 2014; Dolega et al., 2017). Some of these
techniques, such as monolayer stress microscopy, are suitable for
the measurement of the stress in 2D, while the others such as using
droplet-based stress sensors can be used for the measurement of
anisotropic normal stresses only. Development of the suitable
measuring technique is a prerequisite for the improvement of our
knowledge about the cell rearrangement. The tissue surface tension
has been measured under equilibrium conditions only (i.e., the
static tissue surface tension). Various experimental techniques have
been used for the measurement of the static tissue surface tension,
such as cell aggregate compression between parallel plates
(Mombach et al., 2005; Marmottant et al., 2009), cell aggregate
micropipette aspiration (Guevorkian et al., 2021), and magnetic
force tensiometer (Nagle et al., 2022). The experimental values of
the static tissue surface tension vary from a few “Xto several tens of
2N depending on cell type and measuring technique. However, the
tissue surface tension and the interfacial tension between the two
subpopulations are time dependent parameters. This modeling
consideration is an effort to stimulate further biological research
in this field.

Conclusion

The segregation of co-cultured cellular spheroids made by breast
cells which have various degrees of mesenchymal character is
considered and discussed in the context of physical parameters
such as tissue surface tension, viscoelasticity caused by CCM, and
accumulated solid stress within the spheroid core region. Three
scenarios are possible: (1) complete segregation, (2) partial segre-
gation, and (3) mixed segregation. To account for these scenarios,
we proposed a mesoscopic phase model which accounts for bio-
chemical and physical interactions between two cell subpopula-
tions: epithelial-like subpopulation (i.e., the breast cells with low
degree of mesenchymal character) in contact with the
mesenchymal-like subpopulation (i.e., the breast cells with high
degree of mesenchymal character). The model describes the change
of volume fractions of migrating and resting epithelial-like pseudo-
phases, as well as, the change in volume fraction of mesenchymal-
like pseudo-phase, during the segregation process, as a product of
their interactions. These interactions are characterized by interplay
between: (1) the surface tensions of pseudo-phases, (2) interfacial
tensions between them, (3) interfacial tension gradients, (4) cell
residual stress accumulation, and (5) the solid stress accumulated
within the spheroid core region. The choice of model parameters is
in accordance with the physical and biological properties of the
subpopulations in contact.

Contractile (migrating) epithelial-like pseudo-phase has the
highest surface tension, while the mesenchymal-like pseudo-phase
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has the lowest surface tension, which enables their intensive spread-
ing toward the epithelium. Accordingly, with the fact that only
migrating, epithelial pseudo-phase actively contributes to the seg-
regation process, the efficiency of the segregation process can be
improved by minimizing the volume fraction of epithelial cells in
the resting state. The volume fraction of epithelial cells in the resting
state can be minimized by reducing the compressive and shear
stresses accumulated within the epithelial subpopulation. The main
parameters which influence compressive and shear residual stress
accumulation within the epithelium are: (1) the interfacial tension
between mesenchymal and migrating epithelial pseudo-phases,
(2) the corresponding interfacial tension gradient, and
(3) characteristics of epithelial cell rearrangement related to the
local cell packing density and cell velocity which have a feedback
impact on the constitutive behavior of migrating epithelium.

The biophysics multiphase model proposed in this review is only
the first step in the modeling of complex multicellular spheroids.
Additional experiments are needed in order to measure interfacial
tensions among the pseudo-phases as well as the interfacial tension
gradients and to correlate them with cell residual stress accumula-
tion. Acquisition of experimental data to parameterize these types
of multi-scale and multiphase models is another step in the mod-
eling process. This is particularly difficult since it requires multiple
experiments to measure various parameters across different scales:
from the local number density of FAs or the elastic constants of
single FAs (at molecular level), to the surface tensions for different
cell types (at the level of cell clusters), and local displacement fields
caused by the movements of different cell types (at tissue level).
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Appendix A: The residual stress accumulation within the
pseudo-phase clusters

The normal residual stress within pseudo-phase clusters generated during cell
segregation includes isotropic and deviatoric parts. Isotropic part of the normal
stress can be extensional or compression depending on the surface tension
difference between pseudo-phases, while the deviatoric part represents a con-
sequence of CCM and is formulated in the Appendix B. Here, we will formulate
the isotropic part of the normal residual stress which depends on the surface
characteristics of the pseudo-phases.

When the surface tensions of the pseudo-phases k and [ which are in
contact satisfy the condition y; >y, the normal stress accumulated within the
phase k is compressional (with the sign “—7),. The consequence of the phase k
compression is the extension of the phase [ (with the sign “+”), based on the
Young-Laplace equation. The spreading coefficient of the component k at the
k — I biointerface represents the difference between adhesion energy and cohe-
sion energy of the component k and is equal to: ¥ =y, — (y; +74) (where y, is
the surface tension of the component I, y, is the surface tension of the
component k, yy is the interfacial tension between these two components).
Two cases are possible depending on the value of the S, that is, (1) $¥>0
extension of the component k (and consequently the compression of the
component }) and (2) $¥ <0compression of the component k(and consequently
the extension of the component [).

Consequently, mesenchymal cells undergo extension toward the resting and
migrating epithelial pseudo-phases, while the migrating epithelial cells undergo
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Table 1. Cell residual stress accumulated within the single cluster of various pseudo-phases

Cell normal residual stress

Cell shear residual stress

Resting epithelial G = + APl — Ape_1 NG €=V ™ T+ Vy, -t
pseudo-phase APy = =3 (6 ) ﬁ)
APer = Ve (V . ﬁ)
Migrating epithelial 6™ = — AP, ol — APyl + Gerv? 16,5t = eyer—m Tt €ycem Tttt F Lt

seudo-phase o =
2 g AP ==Y (V : n)

Cancer pseudo-phase

&VV‘ = Apcar'i + Apcamll &chd

—

-GS t=Vy, " t+Vy, - t+n-6sF -t

where 6,y is the normal residual stress within the resting, epithelial pseudo-phase, &,y " is the normal residual stress within the resting, epithelial pseudo-phase, &,v* is the normal residual
stress within the cancer, mesenchymal pseudo-phase, y," is the interfacial tension between migrating and resting epithelial-like pseudo-phases, y.," is the interfacial tension between resting

epithelial pseudo-phase and cancer, mesenchymal-like pseudo-phase, y..™ is the interfacial tension between migrating epithelial-like pseudo-phase and cancer, mesenchymal pseudo-phase, I
is the unit tensor, &.,v* is the deviatoric normal stress caused by CCM of migrating epithelial pseudo-phase, &.v* is the deviatoric normal stress caused by CCM of cancer, mesenchymal pseudo-

phase, t is the tangent vector of the interface, 7 is the normal vector of the interface, &,s" is the shear residual stress within resting epithelial-like pseudo-phase, 6,5 is the shear residual
stress within migrating epithelial pseudo-phase, 6,5 is the shear residual stress within cancer, mesenchymal-like pseudo-phase.

compression. Resting epithelial cells undergo extension toward the migrating
epithelial pseudo-phase and compression from the mesenchymal pseudo-phase.
Relationships between surface tensions of the pseudo-phases and interfacial
tensions between them can be established based on the comparative analysis of
the spreading coefficients. The surface tensions of the pseudo-phases satisfy
conditions y, <y, <y, while the interfacial tensions are: (1) y7' >,y ",
) 7>y, >and (3) p, 7" >y," (where y." is the interfacial tension between
migrating epithelial pseudo-phase and mesenchymal pseudo-phase, y,"~" is the
interfacial tension between migrating and resting epithelial pseudo-phases, and
v, s the interfacial tension between resting epithelial pseudo-phase and
mesenchymal pseudo-phase).

We would like to estimate the magnitude of accumulated normal stress
within the migrating epithelial cluster caused by work of interfacial tension. We
simplified the phenomenon by supposing that migrating epithelial cluster is
surrounded by the mesenchymal cells such that the interfacial tension
Ve & 4" The isotropic part of normal stress Ap,__,, can be expressed based
on the Young-Laplace equation as: Ap_ ., =7v.," ﬁ““}”[ (where AA, is the
decrease in cluster surface and AV, is the decrease in the cluster volume).

The diameter of migrating cell cluster could be an order of magnitude larger
than the size of single cells and equal to ~ 100 um. The decrease in cluster
volume of only 1% is enough to generate the normal stress within the migrating
cell cluster equal to Ap,__,,, ~ 160 Pa. This value of accumulated compressive
stress is capable of changing the state of viscoelasticity (Pajic-Lijakovic and
Milivojevic, 2021b).

Compressive stress accumulated within a migrating, epithelial-like clusters
leads to: (1) an increase in cell packing density, (2) a decrease in cell mobility,
(3) change in the state of viscoelasticity, and (4) can induce migrating-to-resting
cell state transition (i.e., the cell jamming) (Pajic-Lijakovic and Milivojevic, 2021b).

The shear stress is generated as a consequence of natural and forced convec-
tion. The gradient of the interfacial tension, occurred at the biointerface between
the pseudo-phases, induces cell movement from the region of lower surface
tension to the region of larger surface tension as the consequence of the natural
convection. The shear stress generated by the forced convection is caused by CCM
and will be described in the Appendix B. We are focusing here to the natural
convection influenced by the surface characteristics of the pseudo-phases.

The directed cell movement caused by the interfacial tension gradient
represents the Marangoni effect. The Marangoni effect influences the rearrange-
ment of various soft matter systems. The interfacial tension gradient can be
established by changing the temperature or spatial distribution of constituents
within soft matter systems (Karbalaei et al., 2016; Wang et al., 2016). The
interfacial tension gradient drives the system shear flow along the interface
from the regions of lower surface tension to the regions of higher surface tension
(Karbalaei et al., 2016). The gradient of interfacial tension of the pseudo-phase k

N -
at the k—1 biointerface is equal to (Vykl) =2k ¢, while the interfacial

— 1 —
tension of the pseudo-phase [ is equal to (Vm) =Wt (where A is the
characteristic length along the biointerface which is an order of magnitude larger

than the size of single cells, and T is the tangent vector of the biointerface).
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Consequently, two cases can be considered: (1) for y, <y cells undergo shear
flow from the bulk toward the biointerface and (2) for y, <y cells undergo
shear flow from the biointerface toward the bulk. Mesenchymal pseudo-phase
migrates toward the c-me biointerface and the c-re biointerface. Migrating
epithelial pseudo-phase migrates from the c-me biointerface and the re-me
biointerface toward the bulk region. Resting epithelial pseudo-phase expands
from the bulk of resting epithelium toward the re-me biointerface and from the
c-re biointerface toward the bulk of resting epithelium. This expansion can be a
physical cause of the cell unjamming transition. Normal and shear residual
stresses of the pseudo-phase clusters are show in Table 1.

The generation of the shear residual stress is pronounced within the
mesenchymal-like pseudo-phase as a product of both natural and forced con-
vection, while the shear stress generated by the natural convection is much lower
within migrating and resting epithelial clusters. The corresponding Marangoni

flux of: (1) mesenchymal-like cells is TME =Epehic (6)/52"' + ?yc;) s
(2) migrating epithelial cells is 7Mem = EMemMem (6)}2"’" + 6))[5’") , and

(3) resting epithelial cells is YMe, =& er Ner (6)/6"’” + 6;/[6’) , (where &y,

Edem» and &y, are the parameters that represent a measure of cell mobility
caused by the interfacial tension gradient and n., gy, and n,,(r,7) are the
packing densities of mesenchymal, migrating erythrocyte, and resting erythro-
cyte clusters, respectively) (Pajic-Lijakovic and Milivojevic, 2022¢). The gradient
of interfacial tension between the pseudo-phases has not been measured yet but
can be calculated in order to provide preliminary value of the shear stress
generated at the biointerface by the natural convection. For supposing the
change of the interfacial tension Ay,™~22N (which corresponds to the
experimental data by Stirbat et al. (2013) and the characteristic length along

the biointerface equal to A & 100 um (which is an order of magnitude higher

than the size of single cell), the calculated gradient of interfacial tension ~ %

corresponds to a part of the shear stress equal to ~ 20Pa. This is a very large
value when we keep in mind that shear stress of a few Pa can induce partial
disintegration of the cytoskeleton (Flitney et al, 2009) and shear stress of ~
60Pa is capable of inducing inflammation of epithelium (Pitenis et al., 2018).

Appendix B: Viscoelasticity of epithelial-like and
mesenchymal-like cell clusters

The stress generation caused by CCM can be (1) purely dissipative, (2) elastic, or
(3) dissipative and elastic depending on the state of cell-cell adhesion contacts
(Pajic-Lijakovic and Milivojevic, 2021b). Mesenchymal-like cells migrate in the
form of weakly connected cell streams (Clark and Vignjevic, 2015). Their
movement is primarily dissipative and has been described by the Maxwell model
suitable for viscoelastic liquids (Pajic-Lijakovic and Milivojevic, 2021a). The
mechanism of cell movement in this case is convective (Pajic-Lijakovic and
Milivojevic, 2021b). In contrast to the mesenchymal cells, epithelial-like cells
migrate in the form of strongly connected cell clusters. Their rheological
behavior corresponds to viscoelastic solids (Pajic-Lijakovic and Milivojevic,
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Table 2. Constitutive models for describing the viscoelasticity of mesenchymal cells and epithelial cell clusters

Cell velocity and cell packing density Constitutive model
Mesenchymal-like Ve>14m The Maxwell model (viscoelastic liquids)
- min ~ A 2
cells Ne < Mo Gi(R, ts,7) + 18161 (R, t5,7) =n;81(R,7)
( neon is the cell packing density at confluent Stress can relax under constant strain rate, while strain cannot relax under constant
state) stress.

Cell residual stress
ari(R,7) = n;&i

Epithelial-like cells 0.14M V< ~v14m The Zener model (viscoelastic solids)
Nem < Neon oi +18i0i (R, ts,7) = Ei& (R, 7) + 77,81 (R, 7)
Stress can relax under constant strain and strain can relax under constant stress.
1073% <Ve< 1072% C~ell residual s~tress ' ' ) ) )
N> Nem > Neon Gri (R,7)=E & The; Kelvin-Voigt model (V|sc.oelast|.c solids)
(nj is the cell packing density at jamming 6i(R,7) = E;&; + ;& Stress cannot relax, while strain can relax under constant stress
state) condition.
! 6.i(R,7) = 6i The Fraction model (viscoelastic solids)
Ve—sO 5i(%:f)=nai0“(§i): a<0.5

Stress cannot relax and strain cannot relax.

Nem — Nj ~ -
Oj = Ori

where i=S,V, Sis shear, Vis volumetric, t is the short time scale (i.e., a time scale of minutes), Ris the space coordinate within the single cluster which satisfies the condition R <r, ris the
radial coordinate of the spheroid, u is the cell displacement field within the single cluster (¢ = e, c single epithelial and mesenchymal clusters), &; is the cell stress (shear or normal), & is the
strain (shear or volumetric), & :% (6@ + 6?:) is the shear strain, &y = (§ . ﬁg)f is the volumetric strain, I is the unity tensor, & is the strain rate, &; is the rate of stress change, 6, is cell
residual stress caused by CCM, E; is the Young’s or shear modulus, v, is shear or bulk viscosity, n; is the cell packing density at the jamming state, D*&(R,7) = % is the fractional derivative,
and a is the orders of fractional derivative (the damping coefficient), n,; is the effective modulus (volumetric or shear) for the transient and jamming sub-regimes. Caputo’s definition of the

fractional derivative of a function &(9%,7) was used, and it is given as: D"'é:ﬁ% ;fﬁﬁ’;ﬁdr’ (where I" (1—a) is a gamma function) (Podlubny, 1999).

2019, 2020Db). Consequently, the movement of epithelial cells induces energy ~ (2)  Stress can relax under constant strain conditions caused by cell aggregate

storage and dissipation depending on the state of viscoelasticity described by uniaxial compression (Marmottant et al., 2009). The stress relaxation
various constitutive models presented in Table 1. As mentioned before, the time corresponds to several minutes. Strain can relax under constant
epithelial cells frequently undergo jamming state transition, which is induced by stress or zero stress conditions (Mombach et al., 2005; Marmottant et al.,
the cell residual stress accumulation (Trepat et al., 2009; Pajic-Lijakovic and 2009).

Milivojevic, 2021b).

The cell normal stress is accumulated within the core region of migrating
epithelial clusters during their movement through dense surroundings made by
epithelial cells in the resting state or mesenchymal cells. The normal stress can be

The cell residual stress for the Zener model is purely elastic. An increase in
the cell packing density caused by CCM reduces the movement of epithelial
cells from convective mechanism to the (linear) diffusion mechanism. Cor-
responding linear constitutive model is the Kelvin—Voigt model (Pajic-
Lijakovic and Milivojevic, 2021b). The main characteristic of this model is
that cell stress cannot relax and the long-time generated cell stress accounts
for elastic and dissipative contributions (Pajic-Lijakovic, 2021). It is in
accordance with the fact that more intensive cell-cell interactions in this
regime induce additional energy dissipation. Further increase in cell packing
density results in anomalous nature of energy dissipation accompanied by
nonlinear, sub-diffusion mechanism of cell movement (Pajic-Lijakovic and
Milivojevic, 2021b). The sub-diffusive mechanism of movement the system
constituents in physics has been described by the fractional derivatives (Tas
et al., 2007). Pajic-Lijakovic and Milivojevic (2019, 2021a) proposed the
fractional model for describing the viscoelasticity of epithelial collectives
closed to the cell jamming. The pronounced cell-cell interactions in this
regime intensify the contact inhibition of locomotion which is responsible for
the migrating-to-resting cell state transition in this regime (Pajic-Lijakovic
and Milivojevic, 2019). The stiffness of epithelial subpopulation as an easy
measurable parameter can serve as an indicator of change the regime of
viscoelasticity (Pajic-Lijakovic and Milivojevic, 2022b). An increase in cell
packing density induces stiffening of epithelium if and only if cells keep their
active contractile state (Pajic-Lijakovic and Milivojevic, 2022b). However,
close to cell jamming, epithelial cells undergo migrating-to resting cell state
transition which induces softening of the epithelium. It is in accordance with
the fact that contractile (migrating) epithelial cells are much stiffer than
noncontractile (resting) ones (Schulze et al., 2017).

also accumulated during the collision of migrating cell clusters caused by uncor-
related motility (Pajic-Lijakovic and Milivojevic, 2019). The accumulation of
normal residual stress within an epithelium induces an increase in cell packing
density and corresponding decrease in cell mobility which result in changing of
the state of viscoelasticity (Trepat et al, 2009; Pajic-Lijakovic and Milivojevic,
2021b). The mobility of epithelial collectives changes from convective mechanism,
through conductive (diffusive) mechanism, to the damped-conductive (sub-
diffusion) mechanism which leads to the cell jamming (Pajic-Lijakovic and
Milivojevic, 2021b). The mesenchymal cells are capable of establishing higher
cell velocities in comparison with the epithelial cells for the same range of cell
packing densities (i.e., for n, < #1,,, where ., is the cell packing density which
corresponds to a confluent state). This statement is in accordance with the fact
that epithelial-like cells establish strong cell—cell adhesion contacts which reduces
their movement. The shear stress is generated within: (1) the stream of mesen-
chymal cells and (2) the biointerface between migrating epithelial clusters and
their surroundings. It is necessary to discuss various constitutive models proposed
for movement of epithelial cells based on experimental findings in the literature.

The Zener model has been chosen for describing the viscoelasticity of
epithelial cells for the cell packing density #,, <, (Pajic-Lijakovic and
Milivojevic, 2019, 2021a). It is in accordance with experimental findings related
to various in vitro monocultured epithelial-like multicellular systems such as:
(1) free expansion of epithelial monolayers (Serra-Picamal et al, 2012), (2) the
rearrangement of confluent epithelial monolayers, and (3) cell aggregate uni-
axial compression between parallel plates (Mombach et al., 2005; Marmottant
et al., 2009). Based on these findings, the following conditions, which supported
the Zener model, can be extracted:

Consequently, the cell residual stress for the cancer pseudo-phase, described
by the Maxwell model, is purely dissipative. The residual stress for the migrating
(contractile) epithelial pseudo-phase is described by the Zener model or the
(1)  The rate of cell residual stress change correlates with the corresponding ~ Kelvin—Voigt model depending on the packing density of migrating epithelial

strain rate for 2D rearrangement of epithelial-like systems (Serra-Picamal cells. The cell residual stress for resting epithelial pseudo-phase is described by
et al., 2012; Notbohm et al., 2016); the Fractional model (Table 2).
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