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Abstract

The interfacial tension between two cell subpopulations in direct contact represents a key physical
parameter responsible for the self-organization of tissues during biological processes such as:
morphogenesis and the spreading of cancers. Higher interfacial tension: (i) reduces spreading of
cancer-mesenchymal cells through the epithelial subpopulation, (ii) ensures efficient cell segregation
in co-cultured systems, (iii) can induce extrusion of cancer-mesenchymal cells along the biointerface
with the epithelial subpopulation, and (iv) results in the generation of higher mechanical stress along
the biointerface. Inhomogeneous distribution of the interfacial tension leads to the Marangoni effect,
which further facilitates the rearrangement of cells. The formation of mobile stiffness gradients (i.e.,
durotaxis) under in vivo conditions is directly related to an inhomogeneous distribution of the
interfacial tension. As the product of homotypic and heterotypic cell-cell interactions, the interfacial
tension depends on the distance between the subpopulations, which is a time-dependent parameter.

This review: (1) summarizes biological aspects related to the homotypic and heterotypic cell-cell
interactions along the biointerface, together with the viscoelasticity of cell subpopulations caused by
collective cell migration, and by compression (de-wetting)/extension (wetting) of the subpopulations;
and (2) describes these same biological aspects from a bio-physical/mathematical perspective by
pointing to the role played by the interfacial tension.

Key words: collective cell migration; cell residual stress accumulation, tissue surface tension,
Marangoni effect; viscoelasticity; effects along the biointerface



1. Introduction

The interfacial tension between two cell subpopulations in direct contact is the one of the main
physical parameters responsible for the self-organisation of tissues during the morphogenesis and
spreading of cancers [1,2,3]. The primary objective of this review is to emphasize the significance of
this parameter in the self-organization of diverse biological systems. More broadly, interfacial tension
is characterized as the energy required to minimize the interface area between two immiscible phases.
This energy is caused by homotypic and heterotypic interactions. The cumulative effects of these
interactions influence the phases’ cohesion and the adhesion between them. These interfacial
interactions, which lead to a decrease in the interface area, result in volumetric alterations of the
phases, manifesting as wetting (expansion) and de-wetting (compression). An inhomogeneous
distribution of interfacial tension, driven by temperature and/or concentration gradients, generates
shear flow of the phases along the interface, moving from areas of lower interfacial tension to those
of higher interfacial tension. This process is referred to as the Marangoni effect, which represents an
important physical phenomenon responsible for the phase rearrangement [4].

Two populations of cells that are in direct contact can be conceptualized as pseudo-phases. The
determination of which cell pseudo-phase experiences compression (de-wetting) or extension
(wetting) is influenced by the dynamics of two types of interactions: (i) homotopic interactions that
promote cohesion among the pseudo-phases, and (ii) heterotypic interactions, which may be either
attractive (such as adhesion) or repulsive, contingent upon the spatial relationship between the cell
pseudo-phases. The degree of cohesion within a pseudo-phase is contingent upon the strength of the
adhesion contacts between the cells. Furthermore, the interactions between homotopic and
heterotypic cell-cell connections may be interdependent [2].

A decrease in the distance can result in repulsion caused by interplay between mechanical interactions
and heterotypic contact inhibition of the locomotion (CIL) [2,5,6]. Contact inhibition of locomotion,
caused by cell head-on interactions, induces cell repolarisation and the migration in opposite direction
[7]. Taylor et al. [2] discuss the role of the Eph receptor and ephrin signalling in cell segregation and
border formation in the context of heterotypic contact inhibition of locomotion. Lucia et al. [6] discuss
the Eph/ephrin-induced repulsion along the biointerface between C2C12 cells and epithelial Madin-
Darby canine kidney type Il (MDCK), or HaCaT cells primarily related to myosin Il activity. This repulsion
results in an increase in the interfacial tension, which can destabilise the biointerface. The interfacial
tension is therefore responsible for biointerface stability. While repulsive cell-cell interactions are
dominant for shorter distances, over larger distances there are attractive interactions that tend to
stabilise the biointerface. The interfacial tension for the stable regime of the biointerface is much
lower than that for the unstable regime. Stability of the biointerface is a prerequisite for the
maintenance of tissue surface and volumetric organization and homeostasis [1].

The tissue surface and volumetric organisation is induced by a decrease of the biointerface area. The
surface reorganization, related to the change in surface cell packing density, occurs through two
mechanisms: (i) surface compression and (ii) migration of the system constituents from the
biointerface towards the bulk region [8,9]. Change of multicellular surface area caused by the work
done by tissue surface tension has been measured by Mombach et al. [10] by considering cell
aggregate rounding after uni-axial compression between parallel plates. In this case, the cell surface
rearrangement, accompanied by the aggregate shape and surface changes, exhibits oscillatory
behaviour suggesting oscillations in the tissue surface tension [10,11]. While the change of cell surface



packing density causes remodelling of cell-cell adhesion contacts on a time-scale of minutes, collective
cell migration occurs on a time-scale of hours [11].

Alterations in cell volume through rearrangement, specifically the processes of wetting and de-wetting
of cell pseudo-phases, can occur via both active and passive mechanisms. Active mechanisms are
typically triggered by collective cell migration, whereas passive mechanisms are influenced by
gradients in interfacial tension. The resultant compressive and tensile stresses influence the cell
packing density, which in turn affects cell migration. Mechanical stress experienced by cells can either
promote or inhibit their movement and may even lead to a transition into a cell-jamming (i.e., non-
contractile) state, contingent upon the type of cell and the intensity of the stress [12,13]. The
accumulation of compressive stress may also trigger a transition to a jamming state in epithelial cells
[12,13]. Additionally, Marangoni effects have been experimentally validated within biological systems
[14,15].

An inhomogeneous distribution of interfacial tension also induces the formation of mobile stiffness
gradient along the biointerface, which in turn promotes directional cell migration, a process referred
to as durotaxis [16]. Inhomogeneous distributions of the interfacial tension between the placode and
neural crest subpopulations within Xenopus embryos arise from the formation of unstable, transient
heterotypic cell-cell adhesion contacts, as discussed by Theveneau et al. [17] and Barriga et al. [18].
Additionally, collective durotaxis has been observed in vivo in Drosophila and zebrafish embryos [19].
Thus, heterotypic cell-cell interactions and signalling are critical physical factors that generate the
mobile stiffness gradient within the placode boundary layer along the biointerface [16]. Furthermore,
interfacial tension plays a significant role in the segregation of cell pseudo-phases in co-cultured
systems under in vitro conditions, including multicellular spheroids and cell monolayers [6,20,21].
Heterotypic repulsion interactions along the biointerface are responsible for: (i) extrusion of cancer-
mesenchymal cells along the biointerface with epithelial subpopulation and (ii) segregation of co-
cultured epithelial-mesenchymal monolayers [6,22]. Detailed descriptions of these phenomena will
be given below.

The main goal of this theoretical consideration is to point to: (i) the inter-relationship between
homotypic and heterotypic cell-cell interactions and the interfacial tension, and (ii) the role played by
the interfacial tension between two cell subpopulations in determining their surface and volumetric
self-organisation. The relationship between the interfacial tension and other physical parameters is
therefore discussed, including consideration of the surface tensions of the subpopulations and the
generation of cell mechanical stress by collective cell migration along the biointerface. The review is
also focused on the main properties of the interfacial tensions, such as: (1) the impact of cell
homotypic and heterotypic interactions on the interfacial tension; and (2) the multi-time nature of the
interfacial tension. The approach taken is to consider a variety of co-cultured epithelial-mesenchymal
systems under in vivo and in vitro conditions. Direct contact of epithelial and mesenchymal
subpopulations occurs during embryogenesis and the spreading of epithelial cancer in the early stage
of the disease. Cells with varying degrees of mesenchymal character in terms of cell polarity, mobility,
and strength of cell-cell adhesion contacts can appear within the epithelium itself as a product of the
epithelial-to-mesenchymal transition (EMT) [23,24]. During this process, epithelial cells change their
mechanical behaviour and their strength of cell-cell adhesion contacts [23]. The EMT can be induced
by various biological and physical factors [23,24]. The main characteristics of epithelial-like cells are:
cuboidal shape, reduced cell mobility, apical-basal polarity, and the establishment of strong E-
cadherin mediated cell-cell adhesions. In contrast, mesenchymal-like cells can be characterized by:
elongated cell shape, increased migratory propensity, establishment of front-rear cell polarity, and
weak N-cadherin-mediated cell-cell adhesion [25].



This theoretical consideration aims to: (i) discuss biological aspects related to the homotypic and
heterotypic cell-cell interactions along the biointerface by emphasizing practical implications, (ii)
consider the viscoelasticity of cell subpopulations caused by their collective migration, and
compression (de-wetting)/extension (wetting), (iii) formulate a biophysical model in order to point out
the inter-connections between the physical parameters introduced, and (iv) explore potential
methods for quantifying interfacial tension.

2. Cell-cell interactions along the biointerface

Homotypic and heterotypic cell-cell interactions along the biointerface significantly influence the
interfacial tension between them. In further consideration, it is necessary to discuss the main
characteristics of these interactions based on experimental data and theoretical considerations.

2.1 Homotypic cell-cell interactions

Epithelial cells establish strong E-cadherin-mediated cell-cell adhesion contacts, while mesenchymal
cells establish weak N-cadherin-mediated cell-cell adhesion contacts [21]. The strength of the
homotypic cell-cell adhesion contacts has an impact on: (1) how cells move; (2) viscoelasticity caused
by collective cell migration; and (3) cohesiveness of the cellular systems. Epithelial cells migrate in the
form of strongly-connected cell clusters, while mesenchymal cells migrate in cell streams [26,27]. The
viscoelastic properties of migrating epithelial collectives resemble viscoelastic solids, whereas
mesenchymal collectives exhibit viscoelastic liquid behaviour [20,26,27]. Epithelial collectives are
more cohesive than mesenchymal ones. Heterotypic cell-cell interactions at the biointerface between
two cell subpopulations have the potential to impact homotypic cell-cell interactions [2].

2.2 Heterotypic cell-cell interactions

Heterotypic cell-cell interactions along the biointerface between two cell subpopulations include: (1)
attractive interactions characteristic of distances larger than the size of a single cell; and (2) repulsive
interactions characteristic of distances smaller than the size of a single cell. Direct contact between
the cell subpopulations stimulates secretion of signalling molecules, which has a feedback effect on
the attractive/repulsive interactions and on the self-organisation of the subpopulations. We are
interested here in the epithelial-mesenchymal interactions. Some epithelial-mesenchymal co-cultured
systems can establish unstable heterotypic cell-cell adhesion contacts, while others do not establish
adhesion contacts. If adhesion contacts exist, they are frequently N-cadherin-mediated [23]. Lucia et
al. [6] emphasize that the segregation of co-cultured systems is more efficient when the
subpopulations do not establish heterotypic cell-cell adhesions. However, they did not indicate the
cause of this phenomenon. The main cause could be closely connected with the magnitude of the
epithelial-mesenchymal interfacial tension, since the interfacial tension is a key physical parameter
responsible for the segregation of cell subpopulations [20,21]. When the subpopulations are unable
to establish heterotypic cell-cell adhesion contacts, the interactions occur via electrostatic, steric, and
Van der Waals interactions between neighbouring cell surfaces. These interactions are mediated by
the presence of the signalling molecules secreted by cells. In this case, the interfacial tension is larger,
which is a prerequisite for efficient segregation. Detailed discussion about the role of the interfacial
tension in the self-organisation of the subpopulations will be given in the next sections. Here, we will



describe some co-cultured cellular systems from the standpoint of the heterotypic cell-cell
interactions.

MCF10A breast epithelial cells fail to form adhesion contacts with MDA-MB-231 mesenchymal cells in
co-cultured spheroids [28]. Subpopulations that come into direct contact experience complete
segregation [21]. The epithelial subpopulation is compressed and migrates towards the core region of
the spheroid, whereas the mesenchymal subpopulation extends towards the surface region of the
spheroid. The MDA-MB-231 cells release vesicles that induce the epithelial-to-mesenchymal transition
of the MCF10A cells, whereas the MCF10A cells secrete proteins like fibronectin and laminin-5. These
proteins play a crucial role in the development of focal adhesions (FAs) in MDA-MB-231 cells, thereby
promoting their motility [29,30,31]. Lucia et al. [6] considered the dynamics along the biointerface
between: (1) epithelial HaCaT and mesenchymal C2C12 subpopulations; and (2) Madin-Darby canine
kidney type Il (MDCK) epithelial and mesenchymal C2C12 subpopulations, which are unable to form
heterotypic cell-cell adhesion contacts. Both types of co-cultured monolayer undergo partial
segregation. For example, the epithelial subpopulation forms dispersed clusters surrounded by the
mesenchymal subpopulation. The repulsion between two dissimilar cell subpopulations, characteristic
of shorter distances between the epithelial and mesenchymal cell subpopulations, was recognised as
being the main type of heterotypic cell-cell interaction responsible for the segregation [6]. This
repulsion represents contact inhibition of locomotion (CIL) by heterotypic contact. In many
subpopulations, ephrins are present in one cell population and Eph receptors in the other. When these
cells come into contact, ephrins bind to their receptors, triggering signalling inside both cells that stops
them from mixing [2,32]. Heterotypic CIL influences homotypic CIL along the epithelial-mesenchymal
biointerface, and can reduce it [2].

The ability of epithelial and mesenchymal subpopulations to establish heterotypic cell-cell adhesion
contacts causes a decrease in the interfacial tension along the biointerface between them. In normal
epidermis, heterotypic melanocyte-keratinocyte (HaCaT) adhesions are mediated by E-cadherin [33].
However, during development of a melanoma, E-cadherin is downregulated and replaced by N-
cadherin [34]. Schmitt et al. [35] pointed out that that desmoglein 2 (Dsg2) can indeed act as a
heterotypic cell-cell adhesion molecule between keratinocytes and melanoma cells.

Collectively migrated mesenchymal Neural Crest subpopulation along the dorsoventral axis within
Xenopus embryos (at the stage 20 of development) establishes a direct contact with the ectodermal
placode subpopulation [19]. These cell subpopulations form heterotypic N-cadherin-mediated cell-cell
adhesion contacts, which affects the rearrangement of them both [19,36,37].

After indicating the main characteristics of homotypic and heterotypic cell-cell interactions, it is
necessary to discuss how these interactions influence the epithelial-mesenchymal interfacial tension.

3.Interfacial tension between epithelial and mesenchymal cell subpopulations

Interfacial tension between epithelial-like and mesenchymal-like cell subpopulations (i.e., the cell
pseudo-phases) in direct contact depends on the surface tensions of both subpopulations, and their
mutual interaction energy, which represents a product of cell-cell heterotypic interactions. The tissue
surface tension indicates the level of cohesion present on a multicellular surface when in contact with
a liquid medium. Whether the heterotypic cell-cell interactions along the biointerface are attractive
or repulsive depends primarily on the distance between two subpopulations. Not only do the
heterotypic cell-cell interactions influence the interfacial tension by influencing the interaction energy,
but these interactions can have also a feedback effect on homotypic cell-cell interactions and



consequently influence the surface tensions of the sub-populations themselves [2]. The changes in the
interfacial tension, like the changes in the tissue surface tensions, occur on two different time scales
[11]. The time scale of minutes (i.e. the short-time scale) corresponds to the remodelling of cell-cell
adhesion contacts, while the time scale of hours (i.e. the long-time scale) corresponds to collective
cell migration. Proper formulation of the surface tensions of the epithelial and mesenchymal
subpopulations is a prerequisite for deeper understanding the interfacial tension.

3.1 The surface tension of epithelial and mesenchymal subpopulations

The tissue surface tension is a measure of the energy of the tissue's surface when it comes into contact
with a liquid medium [11,21,37]. This physical parameter is time- and space-dependent, i.e. is a
dynamic tissue surface tension. The surface energy of a cellular system, depending on the strength of
cell-cell adhesion contacts and cell contractility (i.e., the cortical tension), has been expressed in the
form of 3D vertex model as [37,38]:
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Where p is the cell pressure, dV; is the volume change of single cells, Ac.rs; is the single cell
contribution to multicellular surface area, K is the effective modulus of the cell around its preferred
surface area Ay, ;; is the interface length between the i-th and j-th cells, A is the line tension per unit
interface length between two cells, and L; is the perimeter of the i-th cell. Koride et al. [38] considered
the first and second terms on the right-hand side as contributions to the passive energy, while the
third term represented the active energy. The energy associated with the single cell-volume change
(i.e., the first term of the right-hand side of eq. 1) plays a significant role in the context of osmotic
stress. Additionally, increased compressive mechanical stress, which may contribute to alterations in
cell volume, can be attributed to the core regions of multicellular aggregates rather than the aggregate
surface regions.

The tissue surface tension represents the change of the tissue surface energy caused by changing the
surface area and can be expressed as:

_ 6E5T
0Aint

(2)

where A;,; is the biointerface area. A frequently applied method for measurement of the tissue
surface tension uses estimation of the cell aggregate shape change during aggregate rounding, after
uni-axial compression between parallel plates [10,39]. Cell aggregate rounding results in a decrease in
the aggregate surface area and a change of the aggregate shape caused by the work done by the tissue
surface tension. This surface decrease causes an increase in the cell surface packing density and
collective cell migration from the aggregate surface toward the bulk region [10]. An increase in the
cell surface packing density intensifies cell-cell interactions, resulting in a remodeling of cell-cell
adhesion contacts. While this remodeling occurs on a time-scale of minutes, collective cell migration
occurs on a time-scale of hours. Both processes influence the surface cohesiveness, as well as the
tissue surface tension. Experimental data pointed to a long-time oscillatory change of the aggregate
shape and surface area caused by collective cell migration [10,11]. This result clearly pointed to a long-
time oscillatory change of the tissue surface tension.

The surface tension of tissues is influenced by a combination of factors, including the contractility of
cells, the adhesive strength of cell-cell contacts, and the stretching or compression of multicellular



surfaces [11, 21,40]. Epithelial cells are recognized for their ability to create strong cell-cell adhesion
contacts via E-cadherin interactions, whereas mesenchymal cells tend to form weaker cell-cell
adhesion contacts through N-cadherin interactions [23]. Devenny et al. [21] considered the
segregation of co-cultured breast cell spheroids and pointed out that epithelial spheroids have
significantly higher tissue surface tension than the spheroids made by mesenchymal cells, i.e. y, >
Ym (where y, and y,, are respectively the epithelial and mesenchymal surface tensions. The
contractility of cells exerts varying effects on the surface tension of epithelial and mesenchymal
spheroids. While it enhances the strength of epithelial cell-cell adhesion contacts, it induces a
repulsion among mesenchymal cells [21]. Consequently, the surface tension of contractile epithelial
surfaces is larger than that of non-contractile epithelial surfaces [21]. The mesenchymal surface
tension is much lower and, additionally, decreases for contractile cells [21]. Extension of epithelial
surfaces enhances the strength of E-cadherin-mediated cell-cell adhesion contacts leading to a rise in
the epithelial surface tension [40]. In contrast to the extension, compression of an epithelial surface
intensifies homotypic CIL, which induces weakening of cell-cell adhesion contacts and a decrease in
the epithelial surface tension [11,41].

3.2. The formulation of the interfacial tension

Besides the surface tensions of the epithelial and mesenchymal subpopulations, the interaction
energy between the subpopulations also influences the interfacial tension. Consequently, the
interfacial tension can be expressed in the form of the surface energy balance as:

Vem (m' t' T) = Ve (SR’ t' T) + ym (SR' t' T) - eiﬂ;lt (dint) (3)

where R = R(x, y, z) is the coordinate of the biointerface, t is the time-scale of minutes, 7 is the time-
scale of hours, y, and y,, are the surface tensions of epithelial and mesenchymal subpopulations,
respectively, Yem is the interfacial tension between them, and e?}lt(dint) is the interaction energy per
unit biointerface area, di,: (R, 7) = U, — U] is the distance between the subpopulations along the
biointerface, and u,(R,7) and U,,(R,7) are the displacement fields of the epithelial and
mesenchymal subpopulations caused by collective cell migration and effects along the biointerface.
The interaction energy can be repulsive, caused by heterotypic CIL, when the local distance d;,; (R, 7)
is lower than the minimum distance d,yip, i.€. dint (R, T) < dpin- For this case, the interaction energy
is e;‘fltR < 0 (where e;‘?ltR is the repulsive interaction energy). The interaction energy is attractive and
satisfies the condition efy, 4 > 0 for dpin < din:(R,7) (Where e}, 4 is the attractive interaction
energy). The attractive interaction energy is larger when two cell subpopulations are able to establish
heterotypic cell-cell adhesion contacts. Deforet et al. [42] proposed that d,,,;, = 8 um. Consequently,
the local interaction energy includes two contributions: attractive and repulsive. Kang et al. [43]
considered cell rearrangement caused by collective cell migration and proposed the Lennard-Jones
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potential to describe cell-cell interactions in the form: e?}lt(dint) = k[(ﬂ) - (M) ]
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(where k is the strength of the interactions, AA;,; is the part of the biointerface area, p and q are
exponents). The proposed values of the exponents are p = 6 and g = 3 [43]. While the attractive
interactions between two subpopulations (dominant at longer distances) result in decreased
interfacial tension, and stabilisation of the biointerface, the repulsive interactions (dominant at
shorter distances) cause an increase in the interfacial tension and can destabilize the biointerface.
Consequently, the change of the epithelial-mesenchymal interfacial tension is time-dependent and
should be considered within two regimes: (1) the regime of stable biointerface; and (2) the regime of
unstable biointerface. Successive transitions from the stable-to-unstable regimes and vice versa can



induce oscillatory change of the interfacial tension. High values of the interfacial tension correspond
to the unstable biointerface regime, while lower values of the interfacial tension correspond to that
of a stable biointerface.

In accordance with fact that the surface tension of epithelial cells is much larger than that of
mesenchymal cells, eq. 3 can be re-written in the form:

Yem(R 6, T) = Ve — e?:zt(dint) (4)

where y, is the epithelial surface tension, which also can depend on the energy of interactions e?}lt,
i.e. Yo = ye(e?flt). The intracellular dynamics affects the interfacial tension. The contractility of
epithelial cells, as demonstrated by Devanny et al. [21], plays a crucial role in strengthening E-
cadherin-mediated cell-cell adhesion by elevating both the epithelial surface tension and the
interfacial tension. Additionally, this contractility may influence the energy dynamics of cellular
interactions. This observation aligns with the understanding that homotypic and heterotypic cell-cell
interactions are inter-dependent [2]. Furthermore, the properties of cell contractility and polarization
are interconnected. Notbohm et al. [44] emphasized that the dynamics of cell polarization is
influenced by the concentration of phosphorylated myosin, which is fundamentally linked to cell
contractility. The process of cell repolarization, triggered by heterotypic contact inhibition of
locomotion within an unstable biointerface regime, affects: (i) the rate at which the distance d;,;
increases, thereby impacting the strength of heterotypic cell-cell interactions; and (ii) cell signalling
[44]. In epithelial MDCK cell monolayers, the time required for repolarization during homotypic cell-
cell interactions is approximately 1.2 hours [44]. The repolarization of cells along the biointerface
disrupts the polarization of neighbouring cells by reducing the persistence of cell migration. This
observation aligns with the tendency of cells to form head-to-tail contacts, a phenomenon referred to
as contact following, which enhances the persistence of cell migration [45].

The epithelial surface tension, considered here for the stable regime of the biointerface, can be larger
than that for the unstable regime. It is in accord with the fact that repulsive interactions along the
biointerface within the unstable regime intensify homotypic CIL, which consequently results in a
weakening of E-cadherin-mediated cell-cell adhesion contacts. Consequently, a change of the
interfacial tension influences the epithelial surface tension, the rate of the biointerface area decrease,
and the mechanical stress generation, which have a feedback effect on the rearrangement of the
subpopulations.

In a further consideration, it is necessary to point to the role of the interfacial tension in the self-
organisation of the subpopulations in relation to the wetting and de-wetting of the subpopulations.

4. The role of the interfacial tension in the tissue self-organisation: theoretical consideration

The interfacial tension does work as the biointerface area decreases. As a result, one subpopulation
experiences compression (de-wetting), whereas the other experiences extension (wetting). The
identification of which subpopulation is subjected to extension or compression is governed by the
interplay between the adhesion and cohesion energies at the biointerface, which are indicated by the
spreading factors of the respective subpopulations [12]. The spreading factor of the subpopulation k
is equal to S*(di) = ejne(dine) — ek (where e, (dj,;) is the interaction energy between the
subpopulations, [ and k equal to e, (dint) = ¥1 + Yx — Vi, V1 and yi are the surface tensions of the
subpopulations, y;, is the interfacial tension between the subpopulations, and eé‘ is the cohesion
energy of the subpopulation k, equal to e¥ = 2y,). If ¥ > 0, subpopulation k undergoes extension.
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Otherwise, when the spreading factor S¥ < 0, this subpopulation undergoes compression.
Consequently, the spreading factor of the mesenchymal subpopulation is equal to: S™(djn:) = Ve —
(Ym + Yem), While the spreading factor of the epithelial subpopulation is equal to S¢(d;nt) = Ym —
(Ye + Yem)- For distances larger than d,;ip,, i.€. dint > dpmin, the biointerface is stable.

Because the surface tensions of the subpopulations satisfy the condition that y, > y,,, the following
conclusions can be drawn for the stable regime of the biointerface: (1) the epithelial subpopulation
undergoes compression, i.e. S¢ < 0; and (2) the mesenchymal subpopulation undergoes extension,
i.e. S™ > 0. The following relations can be established between the surface tensions of the
subpopulations and the interfacial tension between them: ¥,;; < Ye, Ym < Yem, and ¥e > ¥V + Yem. A
schematic representation of two cell subpopulations in direct contact is presented in Figure 1:

Figure 1.

However, when the biointerface is unstable, the epithelial surface tension decreases, while the
interfacial tension becomes large enough to satisfy the conditions: Y., > ¥ and Yem > Ve. In the
context of the spreading factors of the subpopulations, it means that S¢ < 0 and S™ < 0, i.e. both
subpopulations undergo compression caused by the repulsion along the biointerface. Their
compression, induced by heterotypic CIL in this case, results in an increase in the distance d leading
again to biointerface stabilisation.

Thus, the biointerface transition from the stable to unstable regime and vice versa, via collective cell
migration, causes a long-period oscillatory change of the epithelial-mesenchymal interfacial tension
leading to an oscillatory decrease of the biointerface area, and oscillatory changes of the cell
mechanical stress. It is necessary to discuss multi-time changes of the interfacial tension as the main
cause of the cell mechanical stress generation.

4.1 Multi-time change of the interfacial tension

Consequently, the epithelial subpopulation undergoes a long-time oscillatory compression, while the
mesenchymal subpopulation undergoes successive extension and compression caused by the
successive transitions of the biointerface between the stable and unstable regimes. These
stable/unstable transitions result in a long-time oscillatory variation in the interfacial tension, while
the short-time change of the interfacial tension can be attributed to the cumulative effects of the
remodelling of heterotypic and homotypic cell-cell adhesion contacts.

4.1.1 A long-time oscillatory change of the interfacial tension

The scenario of a long-time change of the epithelial-mesenchymal interfacial tension can be described
as follows:

e Adecrease in the distance d;,; such that d;;,; < d,;;,, induces a repulsive interaction between
the subpopulations along the biointerface.

e These repulsive interactions cause an increase in the interfacial tension (eq. 2). The increase
in interfacial tension raises the rate of decrease of the biointerface area. Changes in the
biointerface area, which occur on a long-time scale via collective cell migration, have a
feedback effect on the interfacial tension itself.
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e The main characteristic of this unstable biointerface regime is the compression of both
subpopulations, leading to an increase in the distance d;;;.

e This increase in d;,; causes attractive interactions along the biointerface, resulting in a
decrease in the interfacial tension again. A lower value of the interfacial tension slows down
the rate of decrease in the biointerface area.

e The amplitude of these fluctuations depends on the mobility of the subpopulations expressed
as: Vg(R,7) = V,, — V. (Where ¥, and U, are the velocities of the mesenchymal and
epithelial subpopulations, respectively).

e An oscillatory decrease of the interfacial tension is caused by the permanent decrease in the
biointerface area toward the equilibrium state during the segregation of the subpopulations,
which results in an increase of the surface packing density of epithelial cells ng, and enhances
homotypic and heterotypic cell-cell interactions as well as the CIL. The equilibrium state
obtained at 7 = 7,4, corresponds to the condition that: V= 0 and U, - 0, while ng, -

Nge eq:

Consequently, the interfacial tension and the rate of decrease in the biointerface area are inter-
connected, exhibiting long-term oscillatory changes. Every change of the biointerface area provokes
a short-time remodelling of the homotypic and heterotypic cell-cell interactions in the form of short-
time relaxation cycles of the interfacial tension. The interfacial tension decreases from y,,,, (R, to, T)
to yem(i}{, teq,r) = Yom (R, T) within a single short-time relaxation cycle. The inferred multiscale
nature of the dynamics of the interfacial tension is illustrated in Figure 2:

Figure 2.

The short- and long- time change of the interfacial tension can be discussed in the form of dilational
viscoelasticity.

4.1.2 Short-time changes of the interfacial tension as short-time relaxation cycles

Dilational viscoelasticity refers to a surface characteristic that includes both reversible (elastic) and
irreversible (viscous) alterations in structure that occur during the compression and extension of an
interface [8]. We would like to discuss the main aspects of the dilatational viscoelasticity in this case,
while the final form of a proper constitutive model can be formulated based on relevant experimental
data. A decrease in the distance d;;,; intensifies cell-cell interactions, resulting in homotypic and
heterotypic CIL [2,41]. The CIL leads to weakening of cell-cell adhesion contacts, which occurs on a
time scale of minutes. An increase in the distance d;,; induces a reinforcement of homotopic epithelial
cell-cell adhesion contacts and attractive interactions between two cell subpopulations [12,21,40]. If
two cell subpopulations are able to establish heterotypic cell-cell adhesion contacts, an increase in the
distance d;,; (for the stable biointerface regime) can also increase the strength of these heterotypic
adhesions.

As a further consideration, it is necessary to postulate a constitutive model for the interfacial tension
which satisfies the following conditions:

e As mentioned below, the change of the biointerface area occurs on a long-time scale, while
changes in the interfacial tension occur on two time-scales.
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e The interfacial tension: (1) causes a decrease in the biointerface area for the increment AA4;;,;

. L . . d (AA;
relative to the initial biointerface area Ay; and (2) influences its rate of decrease E(A—”")
0

. : d (A4
depending on the distance d;,;. The rate - (A—”"

) is larger in the unstable regime compared
0

to the stable regime.

. AA; . d
e The decrease of the biointerface area A—”" and its rate of decrease E(
0

%) have feedback
Ao

. . . . . . d
effects on the interfacial tension y,,, and the rate of the interfacial tension change E(Vem)

depending on the distance d;,; [8]. This is in accord with the fact that various mechanisms
influence the remodelling of cell-cell adhesion contacts in the stable and unstable regimes of

the biointerface. The rate % (Yem) is determined by: (1) homotypic and heterotypic CIL in the

unstable regime; and (2) reinforcement of epithelial adhesion contacts and attractive
interactions between two cell subpopulations in the stable regime.

A long-period oscillatory change in interfacial tension causes oscillatory changes in: (1) the decrease
in the biointerfacial area; and (2) the rate of decrease of the biointerface area. The change of the
biointerface area results in the generation of mechanical stress. First, we will discuss the change of
the biointerface area as a function of the distance d;,; between the subpopulations and then,
secondly, point to the role of the interfacial tension in generating cell mechanical stress.

4.2 Long-period oscillatory change of the biointerface area driven by the interfacial tension

Quantification of the changes in the biointerface area remains unaccomplished; however, the effects
on the multicellular surface, driven by tissue surface tension, have been evaluated in simplified model
systems. This includes the phenomenon of cell aggregate rounding that occurs subsequent to uniaxial
compression, as referenced earlier [10]. In this case, changes of the cell aggregate shape and its
surface, occurring via collective cell migration from the aggregate surface toward the bulk region,
show long-period oscillations [10,11,46]. In the case considered here, the oscillatory change of the
biointerface area between two subpopulations can be induced by successive transitions of the
biointerface between its stable and unstable states, as discussed above (Figure 2).

The biointerface area between the subpopulations A;,; (T) can be expressed [47] as:
Aint (1) = fos(¥)Nre(A, eff) (5)

where f,s(7) is the fraction of epithelial cells in contact with mesenchymal cells, (4, css) is the
average effective surface area of a single epithelial cell in contact with mesenchymal cells, and Ny, is
the total number of epithelial cells which satisfies the condition that Ny, = const during the tissue
self-organisation. Cell division - as a possible cause of an increase in the number of cells - can be
neglected on a time scale of hours, since it occurs on a much longer time scale (days) for many cell
types including those considered here such as: epithelial MCF-10A cells, human keratinocytes, MDCK
cells, breast mesenchymal MDA-MB-231 cells [48]. Cell doubling time is additionally prolonged under
overcrowded conditions caused by an increase in cell packing density. The fraction of interfacial
epithelial cells f,s(t) consists of cells, which have at least one contact with mesenchymal cells

expressed as: fps(7) = flz 0o (Zom, T)A Zoy, (Where p,(Zom, T) is the distribution of coordination
numbers z,,,, of epithelial cells which can be z,,,, = 1 for the interfacial epithelial cells, while the bulk
epithelial cells satisfy the condition that z,,, = 0, and z* is the maximum coordination number of
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epithelial cells in contact with mesenchymal cells corresponding to a movement of single epithelial
cells through a mesenchymal subpopulation). The fraction of epithelial cells located within the bulk of
the epithelium is equal to fo (1) = 1 — fos(7).

The balance of these thermodynamic forces (affinities), which affect the variation in the coordination
number of epithelial cells z,,,, can be represented in the form of a Langevin-type equation as:

0Zom

5 = —91(€iner) + P2(€ine ) +T (6)

where @, (e;,: gr) represents a measure of repulsive interactions, leading to a decrease in the
coordination number z,,, [2], ¢, (ein: 4) is the measure of attractive interactions which causes an
increase in the coordination number z,,,, and [ is the stochastic driving force induced by the
uncorrelated motility of the subpopulations along the biointerface.

A long-term change of the interfacial tension influences wetting and de-wetting of the subpopulations
and consequently has an impact on their volumetric rearrangement of the subpopulations by altering
the cell residual stress accumulation. The cell residual stress is a stress that remains in a system as a
result of collective cell migration [46]. Its long-term oscillations have been confirmed within various
experimental systems [44,46,49].

4.3 Long-time cell residual stress generation along the biointerface: the impact of the interfacial
tension

Long-time oscillatory changes of the cell residual stress, cell velocity and resulted cell strain represent
the hallmark of collective cell migration [44,46,49]. These oscillatory patterns, resembling mechanical
waves, have been observed in several model systems: (1) the free expansion of epithelial monolayers
[44,46,49,50]; (2) the rearrangement of confluent epithelial monolayers [44,46,51]; (3) fusion of two
mono-cultured epithelial or cancer cell aggregates [20]; (4) wetting/de-wetting of cell aggregate on
solid substrates [12,52]; and (5) segregation of co-cultured epithelial-cancer monolayers [6]. While the
directional cell migration results in the generation of propagative waves, the cell swirling motion
induces the generation of standing waves [46,51]. These oscillatory phenomena in collective cell
migration are a product of low Reynolds turbulence that is also known as elastic turbulence [46,53]. It
is caused by the system’s viscoelasticity, and is induced by local changes of the system stiffness which
can destabilize the flow even for low Reynolds numbers. The phenomenon has been observed in a
range of soft matter systems, including solutions of flexible, long-chain polymers [54,55]. In the latter
case, the local stiffening is induced by the stretching of polymer chains under flow. This stiffening has
a feedback effect on the stress relaxation phenomenon which has been quantified by the Weissenberg
number [54,55]. Multicellular systems, unlike other soft matter systems, exhibit active behaviour and
possess the ability to self-reorganize, a phenomenon that has been characterized as a form of active
turbulence [56]. Inhomogeneous distributions of cell residual stress resulting from collective cell
migration, account for the variation in stiffness and its alterations over extended periods. These
changes can produce mechanical waves, which have been interpreted as long-term inertial effects
[42,44,48].

The important characteristics of mechanical stresses generated within epithelial systems due to
collective cell migration are as follows: (1) the cell mechanical stress can be normal and shear [49,50];
(2) the stress can relax toward the cell residual stress, and the relaxation is exponential [39,57]; (3)
the stress relaxation time occurs on a time-scale of minutes [39,57]; (4) the cell residual stress,
accompanied by the corresponding strain changes, is oscillatory on a time-scale of hours [44,46,49];
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and (5) the stress relaxes through many short-time relaxation cycles under constant strain per cycle
(Figure 3). The maximum of the cell residual stress caused by collective cell migration is a few
hundredPa [44,49,50,58].

The normal cell residual stress includes two contributions: isotropic and deviatoric. The isotropic
contribution to the normal residual stress is induced by the work of the interfacial tension along the
biointerface, while the deviatoric contribution is induced by collective cell migration. The interfacial
tension influences directly the isotropic contribution, and indirectly the deviatoric contribution of the
cell normal residual stress which will be discussed in this Section and the Appendix.

4.3.1 The impact of the interfacial tension in generation of normal cell stress: The Young-Laplace
equation

The epithelial subpopulation undergoes compression (de-wetting), while the mesenchymal
subpopulation undergoes extension (wetting) within the stable regime of the biointerface.
Consequently, the cell normal residual stress for both subpopulations consists of: (i) an isotropic
contribution caused by work of the interfacial tension and (ii) a deviatoric contribution caused by
collective cell migration. It can be expressed as [11,53]:

~ 7, =~ CCM

Oryi(1,7) = £Apmoel + Gry; (7)

where i = e, m, @,y;(r,7) is the normal cell residual stress generation within the i-th subpopulation
along the biointerface, r is the coordinate within the boundary layer between the subpopulations

(Figure 1) which satisfies the condition that r € [0, R], App—e = —yem(7 . Ti) is the isotropic part of

the cell normal stress, expressed by the Young-Laplace equation, M is the normal vector to the

biointerface, T is the unity tensor, &rViCCM is the deviatoric part of the cell normal residual stress. The

“ 4" in front of the first term on the right hand side of eq. 7 means extension for “+4"” and compression
for “—*. Within the unstable regime of the biointerface, both subpopulations are compressed. The

corresponding cell normal residual stress, in this case, is: ,p; = —Apmoel + ErViCCM . The deviatoric
part of the cell normal residual stress depends on the viscoelasticity caused by collective cell
migration. The viscoelasticity of the subpopulations is discussed in the form of the constitutive models
proposed in the Appendix.

4.3.2 The impact of the gradient of the interfacial tension in generation of cell shear stress: The
Marangoni effect

The cell shear residual stress can be generated either by either forced convection or natural
convection [14,53]. The forced convection is related to collective cell migration along the biointerface.
The natural convection is induced by an inhomogeneous distribution of interfacial tension along the
biointerface caused by fluctuations in the separation of the two subpopulations. The interfacial
tension gradient Vsyem generated can induce cell spreading from the region of lower interfacial
tension to the region of higher interfacial tension [14]. The phenomenon, known as the Marangoni
effect, has been observed in various soft matter systems as a consequence of an inhomogeneous
distribution of temperature or composition [4]. The total cell shear residual stress generated within
the i-th cell subpopulation along the biointerface has been expressed as [53]:

—_ o~ - b - —_— o~ CCM -
- 0.5i(1,7) "t = VsYem - L+ 1 g T (8)
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where i =e,m, G,5;(r,7) is the total cell shear residual stress generated within the i-th
subpopulation, Ers,-CCM is the shear stress generated by the forced convection (i.e. collective cell
migration) which is discussed in the Appendix, and £ is the tangent vector on the biointerface. The
first term on the right-hand side of eq. 8 represents the shear stress component generated by the
natural convection. The cell residual stress generation caused by collective cell migration should be
further characterized based on the constitutive models proposed in the Appendix. The total cell
residual stress of the i-th sub-population is equal to &,;(r,T) = 6,y; + G,si- A schematic
representation of the successive stress relaxation cycles for the epithelial subpopulation, based on the
Zener constitutive models discussed in the Appendix, is shown in Figure 3:

Figure 3.

For deeper understanding of the successive changes of the biointerface state from stable-to-unstable
and vice versa, which are responsible for the oscillatory change in the epithelial-mesenchymal
interfacial tension, it is necessary to discuss the role played by relevant physical parameters in cell
rearrangement along the biointerface, based on the biophysical model that will now be formulated.

4.3.3 The impact of the generated mechanical stress on the epithelial-to-mesenchymal cell state
transition

Cells exhibiting varying degrees of mesenchymal characteristics, particularly in relation to cell polarity,
motility, and the strength of cell-cell adhesion, can appear within the epithelium as a consequence of
a partial epithelial-to-mesenchymal transition (EMT) induced by mechanical stress [23]. Specifically,
compressive stress resulting from epithelial de-wetting, in conjunction with shear stress generated at
the biointerface, can initiate EMT in certain epithelial subpopulations. A partial EMT can be induced
by an applied compressive stress of approximately 600 Pa [13]. Additionally, during the reorganization
of confluent MDCK epithelial monolayers, the peak compressive stress recorded was around 300 Pa,
as noted by Notbohm et al [44]. Furthermore, a shear stress of 0.3 Pa has been shown to be sufficient
to initiate partial EMT in epithelial ovarian cancer [59]. The shear stress resulting from active cell
wetting is estimated to be in the range of several tens of Pa [49].

5. Inter-relationship between the interfacial tension and other physical parameters

The distribution of interfacial tension and its temporal changes are pivotal in shaping the self-
organization of the subpopulations, impacting them both directly and indirectly. The direct influence
is associated with (i) the decrease of the biointerface area, (ii) the rate of decrease of the biointerface
area due to cell surface rearrangement caused by cell surface rearrangement and (iii) volumetric
rearrangement arising from the wetting and de-wetting of the subpopulations quantified by their
spreading factors. Indirectly, interfacial tension and its gradient play a significant role in the generation
of residual mechanical stress along the biointerface, which further affects both cell velocity and
packing density. The relationship between the interfacial tension and other physical parameters based
on the theoretical considerations introduced above, is shown schematically in Figure 4.

Figure 4.

The inter-relationship between the interfacial tension and other physical parameters is discussed in
the context of the modified biophysical model formulated by Pajic-Lijakovic et al. [12].
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5.1 The biophysical model

The system of interest consists of two perturbed boundary layers of migratory epithelial and
mesenchymal subpopulations along the biointerface as shown in Figure 1. The biointerfacial area
decrease, caused by the work of the interfacial tension, results in a volumetric rearrangement of the
subpopulations within the boundary layers. It is assumed that the perturbed layers possess
thicknesses that are ten times greater than the dimensions of an individual cell.

Long-time changes in the separation of the subpopulations along the biointerface result from
collective cell migration and can be expressed by the relative velocity Vg = V,,, — ¥, (where ¥, and

bl oy . . . . wd d_)
vV, are the velocities of the mesenchymal and epithelial subpopulations equal to v,,, = % and

— du . . — dr gR,T
V(r,T) = d—:). Consequently, the relative velocity can be expressed as: Vg(r = R, 1) = %).

The oscillatory changes in the velocities ¥, and ¥,, are a product of the competition between: (1)
driving forces such as the interfacial tension force; and (2) resistive forces such as a frictional force.
The mixing and viscoelastic forces can be driving or restrictive forces depending on the stable/unstable
regime of the biointerface and the cell type. Oscillatory changes of the velocities V,,, and U, obtained
during the segregation of co-cultured epithelial-mesenchymal cell monolayers, were confirmed
experimentally by Lucia et al. [6].

5.2 Force balances

The phenomenon of long-term oscillations of the velocities v, and v, have been discussed in the
form of the effective inertia [42,44,48]. Inertial effects occur when the balance between driving forces
and resistive forces is disrupted. Notbohm et al. [44] highlighted that effective inertia emerges from
the interaction between cell contractility and strain, manifested as cell active stress, which is
influenced by myosin concentration. Deforet et al. [42] conducted simulations of cell rearrangement
driven by collective cell migration, incorporating effective inertia into the momentum conservation
equation formulated at the cellular level. Pajic-Lijakovic and Milivojevic [48] addressed the emergence
of effective inertia as a result of the viscoelastic characteristics of the system, considering the
phenomenon at a supracellular level.

It is necessary to discuss the role of every force in the dynamics along the biointerface, and then
formulate the force balances of the subpopulations by accounting for inertial effects. The interfacial

tension force has been formulated by Pajic-Lijakovic et al. [12,20] and expressed as: nkﬁitk = n,S*u,
(where k = e, m, ny, is the packing density of the subpopulation k at the k-/ biointerface, U is the
displacement field caused by movement of the subpopulation k, and S¥ is the corresponding cell
spreading factor).

Besides the interfacial tension force, the mixing force has also to be accounted for as another
driving/resistive force for the rearrangement of the subpopulations along the biointerface. The mixing

. = 1o . . . =
force is formulated here as: F i, = EVSeint (dint) (Where h is the average size of a single cell and Vg

is the surface gradient). The mixing force depends on the distance between two subpopulations. In
the stabile biointerface regime, established for d;;,; > d,;in, two subpopulations undergo mixing and

f')mix > 0, while in the unstable biointerface regime, for d;;;; < d,in, the subpopulations undergo de-

mixing and Fmix < 0. The mixing force: (1) reduces compression of epithelial-like tissue and drives
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extension of the mesenchymal-like tissue in the stabile regime; and (2) drives the compression of
epithelial and mesenchymal subpopulations in the unstable regime.

The frictional force depends on the relative velocity between two subpopulations in direct contact.
— e _ N . .
The frictional force has been expressed as: (1) n.Frg = n.é,(V;, —V.) for the epithelial

subpopulation; and (2) nmﬁmm = Ny ém (U — V) for the mesenchymal subpopulation (where &,
and &, are the frictional coefficients of the epithelial and mesenchymal subpopulations, and n, and
n,, are the volumetric cell packing densities of the subpopulations) [12]. The relative velocity Vg =
VUm — U, is lower in the stable biointerface regime (for d;,,; > d,;) than in the regime where it is
unstable (for d;,; < dimin)- Itis in accordance with fact that the subpopulations move in the opposite
directions caused by the repulsion generated in the unstable regime.

The viscoelastic force results from the non-uniform distribution of cell residual stress and has been

described by Murray et al. [60] in the form: F),,e = V(Ee — G,,). The residual stress characteristics of
epithelial and mesenchymal tissues differ significantly; specifically, the residual stress in epithelial
tissue is reversible (elastic), whereas that in mesenchymal cells is irreversible (viscous) (Appendix).
Various cell types exhibit distinct responses to residual stress. For instance, while mechanical stress
can impede the movement of certain cell types, it may have no impact on, or even promote, the
movement of others. Notably, compressive stress of 773 Pa inhibits the movement of epithelial MCF-
10A and MCF-7 cells, whereas it enhances the motility of mesenchymal cells such as 4T1, MDA-MB-
231, and 67NR cells [13]. Riehl et al. [61] conducted a study to investigate and compare the responses
of mesenchymal MDA-MB-231 and MDA-MB-468 cells alongside epithelial MCF-10A cells under a
shear stress of 1.5 Pa. Their findings indicated that this level of shear stress facilitates the movement
of MDA-MB-231 cells, has no effect on MDA-MB-468 cells and, interestingly, reduces the motility of
MCF-10A epithelial cells. Additionally, the research revealed that increased compressive stress could
inhibit the movement of epithelial MCF-10A cells and induce a transition into the cell-jamming state
[62,63].

The modified force balances, formulated by Pajic-Lijakovic et al. [12], for the epithelial and
mesenchymal subpopulations, in the stable and unstable regimes, are presented in Table 2:

Table 2.

The movement of the epithelial subpopulation from the biointerface toward the bulk during the
compression is influenced by the interplay of mixing and interfacial tension forces, which act in
opposition to the viscoelastic and frictional forces. The competition between these forces caused by
the oscillation of physical parameters induces oscillatory compression of the epithelium accompanied
by a change in the velocity U,. The compression is more intensive in the regime of unstable
biointerface than in that of the stable biointerface. It is in accordance with fact that the mixing force
is an additional driving force accompanied by the interfacial tension force in the unstable regime of
the biointerface. The interfacial tension force of the epithelial subpopulation is larger in the unstable
thanin the stable regime of the biointerface, due to an increase in the interfacial tension. The scenario
for the oscillatory change of the velocity v, is as follows:

e The residual stress accumulation within the epithelial layer along the biointerface,
accompanied by the viscoelastic and frictional forces, causes a decrease in the velocity of
epithelial cells and an increase in the epithelial packing density. An induced decrease in the
velocity ¥, causes a decrease in the friction force.
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e Anincrease in the epithelial packing density leads to intense homotypic cell-cell interactions.
These interactions cause weakening of E-cadherin-mediated cell-cell adhesion contacts
resulting in energy dissipation within the epithelial layer and, consequently, a decrease in: (1)
the residual stress accumulation within the epithelium; and (2) a decrease in the epithelial
surface tension.

e A decrease in the residual stress accumulated within the epithelium causes a decrease in the
viscoelastic force. Consequently, a decrease in the both resistive forces, i.e. the viscoelastic
and frictional forces, results in an increase in the velocity of epithelial cells again.

The scenario for the oscillatory change of the velocity v, is as follows:

e The accumulation of residual stress within cells inhibits the motility of epithelial cells, whereas
it promotes the mobility of mesenchymal cells. Consequently, the interfacial tension force,
viscoelastic force, and mixing force drive an extension of the mesenchymal subpopulation
against the frictional force within the stable regime of the biointerface.

e The extension velocity of the mesenchymal subpopulation is larger than the compression
velocity of the epithelial subpopulations, i.e. ¥,, > U, [27] which leads to a decrease in the
distance d;; -

e When the distance d;,; becomes d;;,; < duin, the mixing force increases rapidly, changes its
sign, and becomes a resistive force. The mixing force then supresses extension of the
mesenchymal subpopulation and drives its compression accompanied by the interfacial
tension and viscoelastic forces within the unstable regime of the biointerface.

e The compression results in an increase in the distance d;;,; again. These successive extension-
compression cycles result in an oscillatory change of the velocity V,,.

The segregation of the subpopulations within a co-cultured epithelial-mesenchymal multicellular
system is finished at the equilibrium state at 7 = 7,, when the subpopulations finale the self-
organisation and stop migration.

Besides the force balances for the subpopulations, it is necessary to formulate the mass balances for
the perturbed boundary layers of the subpopulations along the biointerface.

5.3 Mass balances

The mass balance of the epithelial subpopulation within the boundary layer along the biointerface can
be expressed as [12]:

ane(r,r) —_ — e -

“ar V- Uconw tTme) (9)

where n,(r, T) is the volumetric packing density of epithelial cells while the surface packing density of
epithelial cells along the biointerface (from eq. 5) for r =R is expressed as ng,(R,7) =

hn,(r = R, 1), h is the average size of a single cell, icom,e = n,V, is the convective flux of epithelial
cells along the biointerface and iMe = kMeneﬁs(yem —¥,.) is the Marangoni flux of the epithelial
subpopulation (where k. is the measure of the mobility of epithelial cells along the biointerface)

[12]. The Marangoni flux changes the direction from the stable-to-unstable regimes of the
biointerface. Itis in accordance with the fact that: the inter-relation between epithelial surface tension
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and interfacial tension satisfies the condition y, > ¥, in the stable regime and cells migrate toward
the biointerface, while in the unstable regime y, < Y., and cells migrate away from the biointerface.
Compression of the epithelial subpopulation leads to an oscillatory increase in the epithelial packing
density along the biointerface toward the equilibrium state ne(r, ‘L'eq) = Ng¢q OCCUrred at T = Tgq.
An inhomogeneous distribution of epithelial packing density, caused by collective cell migration, was
discussed by Tlili et al. [64]. It is directly connected to the accumulation of the cell normal residual
stress and can induce the cell-jamming state transition [63]. The cell normal residual stress
accumulated within the epithelium shows long-time oscillatory changes [44,49].

The mass balance of the mesenchymal subpopulation within the boundary layer along the biointerface
can be expressed as:

Ny, (r,7)

9 v (iiconvm +iMm) (10)

4 m — .
where n,,(r,7) is the volumetric packing density of mesenchymal cells, Jcony = NmVm is the

convective flux of mesenchymal cells along the biointerface and iMm = kaanS(yem — Ym) is the
Marangoni flux of the mesenchymal subpopulation (where kj;,,, is the measure of the mobility of
mesenchymal cells along the biointerface). In accordance with the fact that Y., > ¥, in the

mesenchymal subpopulation, the Marangoni flux ij is always directed toward the biointerface. In
contrast, the convective flux, accompanied by the velocity v,,, changes direction as the regime
changes from the stable to the unstable state. The packing density of the mesenchymal subpopulation
performs oscillatory increases and decreases caused by transitions of the biointerface between the
stable and unstable regimes.

6. Practical implications of the interfacial tension for the self-organisation of the subpopulations

Maximum spreading of the mesenchymal subpopulation towards the epithelial subpopulation is
achieved for: (i) a stable biointerface, (ii) high epithelial surface tension, and (iii) lower interfacial
tension. These conditions maximise the spreading factor of the mesenchymal subpopulations [12].
The minimal interfacial tension is observed in scenarios characterized by strong attractive heterotypic
cell-cell interactions that develop along the biointerface, as described by eq. 4.

The effectiveness of segregating co-cultured epithelial-mesenchymal systems is intricately linked to
the interfacial tension value. A reduction in interfacial tension results in a partial segregation of these
sub-populations. The occurrence of cell segregation has been qualitatively examined in various co-
cultured spheroids [21] and monolayers [6].

An inhomogeneous distribution of the epithelial surface tension and the establishment of heterotypic
cell-cell adhesion contacts influence the generation of the interfacial tension gradient. The interfacial
tension gradient is responsible for the generation of a mobile stiffness gradient within the epithelial
subpopulation [39]. This is caused by the parallel actions of compressive stress and shear stress
accumulated within the epithelium. The phenomenon of durotaxis under in vivo conditions has been
discussed on the placode-neural crest biointerface within Xenopus embryos by Bariga et al. [19], and
Pajic-Lijakovic and Milivojevic [39].

An increase in the interfacial tension caused by heterotypic repulsive interactions between breast
epithelial MCF-10A cells and cancer mesenchymal MDA-MB-231 cells in the unstable regime of the
biointerface causes extrusion of cancer cells [24]. Given the significance of this physical parameter, it
is essential to explore the methods available for its measurement.
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7. Measurement of the interfacial tension

Despite the impact of the interfacial tension on tissue reorganisation, this parameter has yet to be
measured. The surface tension of multicellular surfaces in contact with liquid medium (i.e. the tissue
surface tension) has been measured under simplified, equilibrium conditions, yielding the static
surface tension of the tissue. The static tissue surface tension has been measured by a variety of
techniques, namely: cell aggregate compression between parallel plates [10,39], cell aggregate
micropipette aspiration [40], and use of a magnetic force tensiometer [65]. The measured value
depends not only on the type of cellular system, but also on the experimental technique being applied.
Exposure of a cell aggregate to a magnetic field can additionally enhance the strength of cell-cell
adhesion contacts as reported by Jafari et al. [66]. However, the influence of the measuring technique
on the tissue surface tension has not yet been reported. The static tissue surface varies significantly

for different cellular systems, from a few %N to several tens ofm?N [10,37,39,65].

The dynamic interfacial tension between epithelial and mesenchymal subpopulation remains
experimentally unexplored. Resonant acoustic rheometry offers a viable method for quantifying this
phenomenon. This technique has demonstrated success in measuring surface and interfacial tensions
in soft matter systems, such as hydrogels [67].

8. Conclusion

The interfacial tension is the one of the main physical parameters responsible for the stability of a
biointerface, which is necessary for the maintenance of tissue organization and homeostasis.
Minimization of the interfacial tension by the establishment of heterotypic cell-cell adhesion contacts
is a prerequisite for this biointerface stability. However, larger interfacial tension, obtained for the cell
subpopulations that are not able to establish heterotypic cell-cell adhesion contacts, ensures more
efficient cell segregation within co-cultured systems. The role played by the interfacial tension in cell
rearrangement can be elaborated on a model system such as co-cultured epithelial-mesenchymal
systems. Despite the importance of the parameter, the epithelial-mesenchymal interfacial tension has
not yet been measured. The present paper has emphasised the importance of this parameter in cell
rearrangement along the biointerface by considering: (1) the main properties of the interfacial
tension; and (2) the relationship between interfacial tension and other physical parameters. The main
results were obtained by combining constitutive models with biological and bio-mechanical
experiments, and we can summarize them as follows:

e Repulsive interactions along the biointerface, caused by a decrease in the distance d;;,;
between the subpopulations, result in an increase in the interfacial tension, while attractive
interactions characteristic of larger distances d;,;, result in a decrease in the interfacial
tension. Heterotypic cell-cell adhesion contacts, if they exist, reduce the interfacial tension.

e The successive stable-to-unstable (and vice versa) transitions of the biointerface, caused by
changes in the distance d;;,; induce long-time oscillatory changes of the interfacial tension.
The short-time change of the interfacial tension is induced by cumulative effects of the
remodelling of heterotypic and homotypic cell-cell adhesion contacts caused by changes in
the biointerface area.
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e The interfacial tension does work in decreasing the biointerface area. Consequently, this
parameter also influences the rate of decrease of the biointerface area.

o Theinterfacial tension, accompanied by the surface tensions of the subpopulations, influences
the compression (de-wetting)/extension (wetting) of the subpopulations via collective cell
migration.

e The compression/extension of the subpopulations results in the generation of mechanical
stress. The interfacial tension influences the isotropic normal residual stresses of the
subpopulations. The cell shear residual stresses of the subpopulations are induced by the
inhomogeneous distribution of the interfacial tension along the biointerface. The
inhomogeneous distribution of cell residual stress generates a viscoelastic force.

e The interfacial tension depends on the distance d;;,; between the two subpopulations along
the biointerface and, consequently, on the attractive/repulsive interactions. However, this
parameter has a feedback effect on the long-time changes of the distance d;,; by influencing
the velocities of the subpopulations, which was discussed in terms of the corresponding force
balances.

e The interfacial tension, in the form of the Marangoni flux, influences a change of the cell
packing density within the boundary layers of the subpopulations along the biointerface which
also perform long-period oscillations.
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Appendix
Cell residual stress generated by collective cell migration

The viscoelasticity, caused by collective cell migration, depends primarily on the strength of homotypic
cell-cell adhesion contacts. Epithelial cells establish strong E-cadherin mediated cell-cell adhesion
contacts and migrate in the form of strongly-connected cell clusters [12]. In contrast to epithelial cells,
mesenchymal cells establish weak cell-cell adhesion contacts and migrate in the form of cell streams
[27]. While migrating epithelial collectives have been treated as viscoelastic solids, migrating
mesenchymal collectives have been treated as viscoelastic liquids. It is in accordance with the fact that
coordinated movement of free or weakly-connected mesenchymal cells induces more energy
dissipation [14]. In both cases, the viscoelasticity caused by collective cell migration has been
described by linear constitutive models [20]. The Zener constitutive model, suitable for viscoelastic
solids, (Table 1) has been confirmed experimentally in various model systems such as: (1) free
expansion of epithelial monolayers [49]; (2) the rearrangement of confluent epithelial monolayers
[44]; and (3) cell aggregate compression between parallel plates [39].

Table 1.

The main characteristics of the Zener model are that: (1) the stress can relax under constant strain
conditions, (2) the strain can relax under constant stress conditions, and (3) the residual stress is purely
elastic [68]. The stress relaxation time obtained after uni-axial compression corresponds to a time
scale of minutes, while the strain relaxation time under constant compressive stress conditions
corresponds to a time scale of hours [39,57]. Stress relaxation accounts for cumulative effects of the
remodelling of cell-cell adhesion contacts, while the strain relaxation occurs via collective cell
migration [10,39]. The residual stress correlates with the corresponding strain [49,44]. Consequently,
the cell stress change occurs via many short-time relaxation cycles under constant strain per cycle,
while strain change and the residual stress generation occur on a long-time scale as shown in Figure
3. It means that migrating epithelial systems pass through many equilibrium states characterized by
the cell residual stress and the corresponding cell strain.

While the Zener model is suitable for describing the constitutive behaviour of viscoelastic solids, the
Maxwell model is suitable for describing the constitutive behaviour of viscoelastic liquids. This
constitutive model has been confirmed experimentally for a model system involving cell aggregate
micropipette aspiration [40]. An externally applied force causes breaking of cell-cell adhesion contacts
during collective cell movement toward the micropipette, resulting in the additional energy
dissipation characteristic for movement of viscoelastic liquids. Guevorkian et al. [40] measured strain
changes under constant stress conditions, while stress change was not measured in these
experiments. The main characteristics of the Maxwell model are that: (1) stress can relax under a
constant strain rate; (2) the strain and strain rates cannot relax; and (3) the cell residual stress is purely
dissipative [68]. For this case, the cell stress relaxes within many short-time relaxation cycles under
constant strain rate per cycle, while the strain rate and the cell residual stress change on a long-time
scale. Although the stress can relax under constant strain for viscoelastic solids, the stress cannot relax
under constant strain conditions for viscoelastic liquids [68].
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Figure captions

Figure 1. Epithelial and mesenchymal cell populations in direct contact: (a) the stable and (b) unstable
regimes of the biointerface (Black arrows describe the direction of the populations
extension/compression). Curved arrows (yellow and blue) represent the perturbation of collective cell
migration caused by homotypic and heterotypic cell-cell interactions along the biointerface.

Figure 2. Schematic presentation of the multi time nature of the epithelial-mesenchymal interfacial
tension. The interfacial tension performs oscillatory decrease and increase caused by successive
changing the biointerface regime from stable to unstable state and vice versa within hours during the
system evolution toward the equilibrium state. The short-time changes of the interfacial tension, in
the form of successive relaxation cycles, occur as a consequence of: (1) homotypic and heterotypic CIL
in the unstable regime; and (2) reinforcement of epithelial adhesion contacts and attractive
interactions between two cell subpopulations in the stable regime. The biointerface area performs
permanent oscillatory decrease toward the equilibrium state.

Figure 3. Schematic presentation of multi-time oscillatory change of cell mechanical stress generated
during the free expansion of epithelial monolayers inspired by the experiments from Serra-Picamal et
al. [49]. Successive stress relaxation cycles under constant strain per cycle for the Zener model suitable
for describing the viscoelasticity of epithelial subpopulation.

Figure 4. The relationship between the interfacial tension and other relevant physical parameters
which guide the self-rearrangement of the cell subpopulations.

Table captions

Table 1. Constitutive models for viscoelasticity caused by collective cell migration proposed for
epithelial and mesenchymal subpopulations.

Table 2. Force balances for the mesenchymal collective and epithelial collective, formulated for the
stable and unstable regimes of the biointerface
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Figure 2.

A long-time change of the interfacialtensiurf—\
Caused by change the distance between

epithelial and mesenchymal subpopulations.

Unstable regime of
the biointerface

A short-time change of
the interfacial tension

\ <> | MY\M\ \ <

Stable regime
of the N
biointerface

—

Yem

Intensive cell-cell interactions
area have a feedbackimpact



29

Figure 3.
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Figure 4.
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Table 1. Constitutive models for viscoelasticity caused by collective cell migration proposed for
epithelial and mesenchymal subpopulations.

Constitutive model

Cell speed

Cell packing density

Migrating
mesenchymal cell
collectives

The Maxwell model:
T (R, t,7) + oy O = (R, 7)

Stress relaxation under constant strain rate §0k per single short-time
relaxation cycle:

t t
0, (R, t,7) =Fore R+ G (R, T) (1 —e TRk)
Cell residual stress

Ork = Ni&x

IR m
Bl =1 £
min

n < ne

n. is the cell packing
density at confluent state

Migrating epithelial
cell

collectives

The Zener model:
&k(ER, t, T) + (3:3% 3]( = Ekg'k(ER, T) + nkék

Stress relaxation under constant strain condition &g per single short-time
relaxation cycle:

t t
0, (R, t,7) = Fore R+ G (R, T) (1 —e TRk)

Cell residual stress

Grx = Ex &

m
0.1 < [[Fll < ~1 L=
min

where k = S,V, S is shear, V is volumetric, &, (R, t, T) is the cell stress (normal or shear), 3,( is the rate of stress change, &

is the corresponding strain shear or volumetric £¢(R, 1) = %(Vﬁ + VﬁT) and &y(R,1) = (_V) - W), respectively, U(R, 1) is

the local displacement field, & is the corresponding strain rate, @, is the cell residual stress, &gy, is the initial cell stress for
every cycle, Tgy is the stress relaxation time, Ej, is the Young’s or shear elastic modulus, and 1y, is shear or bulk viscosity, n
is the packing density of epithelial/mesenchymal subpopulation.
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Table 2. Force balances for the mesenchymal collective and epithelial collective, formulated for the
stable and unstable regimes of the biointerface

Subpopulations in contact

Volumetric force balances

mesenchymal subpopulation

Extension for d;p; > dnin

— m

Fie >0

-

Fpix >0

Compression for dip: < dmin

m

Fiy <0

Foix <0

DV,,(r,7) - m - - m
<mm)ner—T =nuFy  + Fpix + Fye =y Frg

epithelial subpopulation

Compression for din; > dimin

e

Fiy <0

Fonix >0

Compression for dip; < dimin

e

Fiy <0

?mix <0

where 2% = a—z‘ + (¥; - V); is the material derivatives [48] and (m); is the average mass of single epithelial cells for i =

Dt
e, m epithelial/mesenchymal cell).



