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Abstract 

Epithelial cancer ranks among the most deadly types of cancer globally. Focusing on the disease's early 
stages could lead to significant enhancements in the survival rates of cancer patients. The initial phase 
of the disease is associated with the dissemination of cancer cells into the adjacent healthy epithelium. 
Therefore, a more profound understanding of cell dynamics at the biointerface between epithelial and 
cancer (mesenchymal) cells is essential for managing the disease promptly. The dynamics of cells at this 
epithelial-cancer biointerface arises through interplay between a variety of biological and physical 
mechanisms. Although considerable research has been dedicated to examining the spread of cancer 
cells across the epithelium, the physical mechanisms that govern the dynamics at the biointerface 
remain poorly understood.  The main goal of this multi-scale theoretical consideration is to emphasize 
the influence of physical factors, such as the viscoelasticity of the subpopulations and the dilational 
viscoelasticity of the biointerface, on the efficiency with which cancer spreads through the epithelium. 
We do so by consideration of the mechanical coupling between the epithelial and cancer mesenchymal-
like subpopulations. In this review, we consider this complex phenomenon from a multiscale mechanical 
perspective that has not been explicitly addressed in earlier studies, using model systems such as the 
segregation of co-cultured epithelial–mesenchymal spheroids. The mechanical-coupling between the 
subpopulations arising from the system’s viscoelasticity is discussed from the cellular to supracellular 
levels in order to recognize the main physical factors responsible for the spreading of cancer. 
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Glossary of terms 

Epithelial cells: exhibit cuboidal shape, limited mobility, apical-basal polarity, and strong E-cadherin-
mediated cell-cell adhesions 
 
Epithelial-to-mesenchymal transition:(EMT): a biological process in which epithelial cells partially or 
fully lose epithelial characteristics and acquire mesenchymal-like properties, leading to profound 
changes in adhesion, mechanics, and motility. 
 
Mesenchymal cells: exhibit an elongated shape, increased migratory ability, front-rear cell polarity, and 
weak N-cadherin-mediated cell-cell adhesion. 
 
Segregation: self-organization of epithelial and mesenchymal subpopulations within co-cultured 
spheroids such that epithelial cells migrate towards the spheroid core region, while cancer cells migrate 
towards the spheroid surface region. 
 
Spheroids: cell aggregates of size an order of magnitude or larger than the size of a single cell. 
 
Viscoelasticity: a property of material, which defines the elastic and viscous characteristics of the 
system when it undergoes deformation. 
 
 

1.Introduction 

Comprehending the mechanisms that regulate tumor invasion is essential both for fundamental cancer 
research and for its clinical applications. Earlier in vivo investigations have indicated that invasive 
epithelial cancer cells separate from the primary tumor and, in the form of mesenchymal-like cancer 
cells infiltrate the surrounding healthy epithelial tissue, leading to an irregular invasive morphology 
(Millar et al., 2017; Campbell et al., 2019; Riehl et al., 2021). Although the movements of cells associated 
with tumor invasion are driven by the mechanical forces of epithelial-mesenchymal interactions, the 
manner in which these mechanical properties influence tumor invasion is still not well understood. 
Mechanical coupling refers to how these two distinct cell types interact physically and influence each 
other’s mechanical and rheological behaviour, either at their biointerface or within a mixed tissue (Friedl 
and Gilmour, 2009). Kachalo et al. (2015) and Li et al. (2014) indicated that the tension between cells 
and the pressure within cells were the main physical factors contributing to cell rearrangement via 
collective cell migration. The impact of these parameters on cell response was discussed in terms of the 
Pott model, formulated on the cellular level (Kachalo et al., 2015; Li et al., 2014).  

Li et al. (2014) pointed out that invasive cancer mesenchymal-like cells should exhibit (i) increased 
adhesion to the extracellular matrix (ECM) and (ii) decreased cell-cell adhesion. The efficiency of cell 
migration has been connected with the viscoelasticity of multicellular systems (Pajic-Lijakovic, et al., 
2024a). To gain a comprehensive understanding of the physical mechanisms governing tumor invasion, 
we will examine the influence of dynamics within epithelial and mesenchymal subpopulations (Glossary 
of terms) that are in direct contact. The phenomenon will be discussed on a simple model system in 



which the segregation of these subpopulations occurs through collective cell migration within co-
cultured spheroids. Cell migration is an intrinsically active, non-equilibrium process that requires 
continuous metabolic energy input, primarily in the form of ATP. Actin-driven migration is powered by 
actin polymerization and myosin motor activity (Pollard and Borisy, 2003) which generate protrusive and 
contractile forces, while water-driven migration relies on ATP-dependent ion pumps that maintain 
osmotic gradients driving directed fluid fluxes (Stroka et al., 2014). In both cases, the energy is not 
stored as elastic or interfacial energy but is continuously dissipated through cytoskeletal remodeling, 
adhesion turnover, and viscous losses.  

Although individual cell migration exists, the focus here is placed on collective migration because both 
epithelial tissues and co-cultured epithelial–cancer spheroids reorganize predominantly through 
coordinated, collective migration (Kabla, 2012). Collective cell migration results in local extension, 
compression and shear of multicellular systems leading to the generation of mechanical stress (Serra-
Picamal et al., 2012; Notbohm et al., 2016; Pajic-Lijakovic et al., 2024b). Changes in cell organization lead 
to energy storage and dissipation, which are characteristic features of viscoelasticity, in multicellular 
systems (Pajic-Lijakovic et al., 2025a). Energy dissipation arises as a consequence of the remodelling of 
cell-cell and cell-matrix adhesion contacts and perturbation of cell alignment, causing contact inhibition 
of locomotion (Pajic-Lijakovic and Milivojevic, 2025a). While the remodelling of adhesion contacts 
occurs over minutes, cell repolarisation takes place over hours, indicating various mechanisms of energy 
dissipation (Lee and Wolgemuth, 2011; Notbohm et al., 2016; Pajic-Lijakovic et al., 2025a). Energy 
dissipation caused by the remodeling of cell-cell adhesion contacts facilitates the relaxation of 
mechanical stress within the epithelial and mesenchymal subpopulations (Marmottant et al., 2009; 
Pajic-Lijakovic et al., 2023a). Stress relaxation in this way depends on the cell packing density and has 
been confirmed experimentally to occur for densities lower than or equal to the cell packing density in 
the confluent state (Pajic-Lijakovic and Milivojevic, 2021). Higher cell packing density can suppress stress 
relaxation. 

While mesenchymal cells shield themselves effectively from the influence of increased cell packing 
density in bulk regions, this is not true of epithelial collectives for which increased density can lead to 
the epithelial cell jamming state (i.e., a shift from contractile to non-contractile behavior) (Grosser et al., 
2021; Tlili et al., 2018). Consequently, the migration of mesenchymal cells is more efficient than that of 
epithelial cells. The differing behaviours exhibited by these cell populations are largely attributed to the 
varying strengths of their cell-cell adhesion contacts (Barriga and Mayor, 2019; Pajic-Lijakovic and 
Milivojevic, 2021). Epithelial cells form strong E-cadherin-mediated adhesion contacts, whereas 
mesenchymal cells develop weaker N-cadherin-mediated adhesion contacts (Barriga and Mayor, 2019). 
These weaker cell-cell adhesion contacts serve to protect mesenchymal cells from excessive energy 
storage and the generation of compressive stress. This aligns with the understanding that energy 
storage occurs within adhesion junctions and the cytoskeleton. 

The interplay between the viscoelastic properties of the subpopulations and the heterotypic interactions 
at the biointerface is analyzed theoretically by emphasizing the impact of these interactions on 
mechanical coupling between the subpopulations. The formation and maintenance of accurately 
arranged tissues depend on sharp biointerfaces between diverse cell populations, as noted by Batlle and 



Wilkinson (2012). However, the epithelial-to-mesenchymal transition along the biointerface can lead to 
the formation of a perturbed and diffusive biointerface. This multi scale modeling approach seeks to: 
highlight the impact of mechanical coupling between the subpopulations on the spreading of cancer and 
(ii) encourage additional experiments in the area, despite the fact that calculations derived from this 
model set are currently unfeasible for the reasons had we now discuss. 

Current experimental evidence about complex dynamics along the biointerface between epithelial and 
mesenchymal subpopulations is limited. Morphological changes of epithelial and mesenchymal 
subpopulations within co-cultured spheroids have been monitored, but without direct measurement of 
important physical parameters (Carey et al., 2013; Devanny et al., 2021). Physical parameters such as 
cell packing density, mechanical stress, and the strain caused by collective cell migration have been 
measured in cell monolayers rather than in cell spheroids (Serra-Picamal et al., 2012; Nnetu et al., 2013, 
Notbohm et al., 2016; Tlili et al., 2018). Tissue surface tension has been measured under simplified 
conditions by micropipette aspiration (Guevorkian et al., 2021) and cell aggregate uniaxial compression 
between parallel plates (Marmottant et al., 2009). These techniques offer the ability to measure an 
equilibrium value of the epithelial surface tension (i.e., a static surface tension). Nevertheless, tissue 
surface tension is a physical parameter that varies with space and time. The interfacial tension between 
epithelial and mesenchymal cells is influenced by the surface tensions of the subpopulations as well as 
by the interaction potential between them, which has yet to be measured. 

In previous papers, we pointed to the importance of the epithelial mesenchymal interfacial tension in 
the dynamics along the biointerface (Pajic-Lijakovic et al., 2025b) and the generation of flow-instabilities 
caused by shear stress along the biointerface (Pajic-Lijakovic et al., 2023b). The main focus of our 
present theoretical consideration is to discuss the mechanical coupling between the subpopulations, 
spanning from the cellular to the supracellular levels, a range that affects the efficacy of the segregation 
process and the spreading of cancer. 

 

2. Morphology of epithelial subpopulation in co-cultured epithelial-mesenchymal spheroids and the 
biointerface size 

Epithelial and mesenchymal subpopulations migrate collectively within co-cultured spheroids during the 
segregation process in order to minimise the free energy of rearrangement and the area of the 
biointerface. The segregation process depends primarily on the difference between the surface tensions 
of the subpopulations (Méhes et al., 2023). Given that the epithelial subpopulation is more cohesive 
than the mesenchymal subpopulation, it may be regarded as a dispersed pseudo-phase, whereas the 
mesenchymal subpopulation is characterized as a continuum phase. The size of the biointerface 
depends on the size of epithelial clusters if the number of epithelial cells is approximately constant. Cell 
division, which may contribute to an increase in cell numbers, can be disregarded on a time frame of 
hours, as it typically transpires over a significantly longer duration (days) for many cell types, including 
those examined in this study, which include epithelial MCF-10A cells, human keratinocytes, MDCK cells, 



and breast mesenchymal MDA-MB-231 cells (Pajic-Lijakovic et al., 2024b). Furthermore, the doubling 
time of epithelial cells is extended under conditions of overcrowding. 

The epithelial subpopulation undergoes collective cell migration toward the core regions of spheroids, 
driven by epithelial surface tension, while the mesenchymal subpopulation migrates towards the 
spheroid surface driven by mechanical stress accumulated in the core region (Carey et al., 2013; 
Devanny et al., 2021; Pajic-Lijakovic et al., 2024a). Whether epithelial cells undergo complete or partial 
segregation depends on the difference between their cohesion. Various morphologies of epithelial cells 
in contact with cancer cells are shown in Figure 1: 

 

Figure 1. Various morphologies of epithelial cells in contact with cancer cells within co-cultured 
spheroids influence the size of the biointerface area and, on that basis, the mechanical coupling 
between the subpopulations. While epithelial cells migrate toward the spheroid core, mesenchymal 
cells migrate toward its surface. Yellow and blue arrows show the directions of their migration along the 
biointerface. Circular movement of the subpopulations is caused by shear stress (Pajic-Lijakovic and 
Milivojevic, 2023b). Perturbation of the biointerface is induced by the interplay between mechanical 
stress and the epithelial-to-mesenchymal transition. Epithelial cells, as a dispersed subpopulation, can 
form various morphologies depending on the interfacial tension and friction effects along the 
biointerface (Pajic-Lijakovic and Milivojevic, 2023c). While the interfacial tension tends to minimise the 



interfacial area and form smaller-sized, spherical clusters, frictional effects can cause elongation of these 
clusters. Collision between epithelial clusters can induce the formation of a supracellular network-like 
structure. All of these morphologies have an impact on the size of the biointerface. 

The properties and mechanism of segregation of various co-cultured multicellular systems are presented 
in Table 1: 

Table 1. The properties and mechanism of segregation of various co-cultured multicellular systems 

epithelial-cancer  
multicellular systems* 

Segregation Mechanism 
 

Reference 

Spheroids: 
 
MCF10A-MDA-MB-231  
 

 
 
Complete 

cancer cells act as leader cells 
at the front of a multicellular 
cohort, mechanically guiding 
the collective movement 

Carey et al. (2013) 

Spheroids: 
 
MCF10A-MDA-MB-231 
MCF10A-MDA-MB-468 
MCF10A-MDA-MB-436 
MCF10A-MDA-MB-157 
MDA-MB-468- MDA-MB-157 

 
 
Complete 
Partial 
Complete 
Complete 
Partial 

The mismatch in surface 
tension between epithelial 
and cancer cells creates an 
effective mechanical barrier 
at the interface 

Devanny et al. (2021) 

Monolayers: 
 
MDCK II- C2C12 
HaCaT- C2C12 

 
 
Partial 
Partial 

collision‑mediated 
mechanical interactions at 
the biointerface induce the 
generation of mechanical 
stress 

Lucia et al., 2022 

Monolayers: 
 
MCF10A-MDA-MB-231 
 

 
 
Complete 

mechanical coupling and 
biochemical signaling 
between subpopulations 

Heine et al. (2021) 

Monolayers: 
 
HaCaT - HT1080 

 
 
Partial 

heterotypic contact inhibition 
of locomotion (CIL). 
The segregation depends on 
EphB2 and ERK signaling. 

Brayford et al. (2019) 

*Consisting of Madin-Darby canine kidney type II (MDCK II) epithelial cells, keratinocytes (HaCaT), mouse myoblast 
mesenchymal (C2C12) cells,  breast epithelial cells (MCF10A), breast cancer mesenchymal-like cell types (MDA-MB-231, MDA-
MB-468, MDA-MB-436, MDA-MB-157), and fibroblasts (NIH3T3). 

The breast epithelial MCF-10A cells develop compact spheroids in mono-cultured systems. In contrast, 
within co-cultured cellular systems, these cells exhibit either partial or complete segregation, influenced 
by the cohesion of the cancer subpopulation and heterotypic cell-cell interactions along the 
biointerface. Co-cultured systems are established through a two-step process. Initially, epithelial and 
mesenchymal subpopulations are cultured independently before being mixed (Huang et al., 2020). In 
the co-cultured systems of MDA-MB-436/MCF-10A and MDA-MB-231/MCF-10A, complete segregation 
occurs. In these examples, more cohesive MCF-10A cells, characterized by higher surface tension, 
extend towards the core region of the spheroid, while the MDA-MB-231 (or MDA-MB-436) cells, which 
possess significantly lower tissue surface tension, occupy the surface region of the spheroid (Carey et al., 
2013; Devanny et al., 2021). Conversely, in co-culture with MDA-MB-468 cells, the MCF-10A cells 
demonstrate partial segregation (Devanny et al., 2021). ZR-75-1 cells possess the ability to express both 
𝛽𝛽1 integrin and E-cadherin, resulting in a higher surface tension when compared to MDA-MB-468 cells 



(Devanny et al., 2021). The co-cultured cellular systems of MDA-MB-468 and MDA-MB-157 exhibit 
partial segregation. This observation aligns with the fact that MDA-MB-157 cells do not express E-
cadherin; however, they can form cell-cell adhesion contacts through alternative cadherin types, 
thereby achieving increased surface tension (Devanny et al., 2021). Additionally, MDA-MB-468 cells are 
capable of forming mixed spheroids in conjunction with MDA-MB-436 cells (Devanny et al., 2021). 

Note that, while in vitro spheroid co‑culture systems capture many aspects of multicellular organization 
and collective migration, they remain simplified models that lack essential features of the in vivo tumor 
microenvironment, such as functional blood vessels, immune cell populations, complete extracellular 
matrix (ECM) architecture, and physiological gradients of oxygen and nutrients. These missing 
components profoundly influence tissue rheology, interstitial fluid pressures, and mechanotransduction 
pathways, all of which modulate cell mechanics, migration, and segregation behaviour in actual tumors 
(Mierke, 2024).  

 

3. Modelling of the segregation process 

Segregation during collective cell migration has been modelled using Potts, vertex, and phase-field 
approaches. The Potts model uses a lattice-based stochastic framework to minimize an effective energy 
that accounts for interfacial tension and cell area constraints (Graner and Glazier, 2016), allowing 
detailed investigation of cell-scale rearrangements, though shape fluctuations depend on an abstract 
temperature parameter (Alert and Trepat, 2020). Phase-field models describe cells as continuous fields, 
encoding interactions in a free energy functional and treating migrating collectives as viscous polar 
liquids and describe cell shape via a contour function (Coburn et al., 2013). Vertex models describe 
epithelial tissues as networks of polygonal cells, focusing on junctional tension, cell shape (area and 
perimeter), and topological rearrangements such as neighbour exchange (Fletcher et al., 2014; Alt et al., 
2017). Common characteristics of these cellular-scale models are that they do not include the 
viscoelasticity of multicellular systems, which is crucial for understanding collective cell migration and 
the segregation process. Viscoelastic properties depend on cell packing density, which in turn feeds back 
on the physical mechanisms of cell migration and tissue cohesion. Capturing this cause–effect 
relationship requires a supracellular modeling framework. Our framework complements these 
approaches by introducing explicit surface viscoelasticity and a stress-based segregation criterion, 
enabling predictions of segregation from mechanical stress accumulation at interfaces rather than solely 
from energy minimization or local rules. 

The morphology of migrating epithelial cells can be characterised by the coordination number of 
epithelial cells in contact with mesenchymal cells 𝑧𝑧𝑒𝑒𝑒𝑒. In this line, three regimes can be established: (i) 
low 𝑧𝑧𝑒𝑒𝑒𝑒 corresponds to migration of higher-sized compact epithelial clusters or monolayer sheets, (ii) 
medium 𝑧𝑧𝑒𝑒𝑒𝑒 corresponds to epithelial migration in the form of partially-connected supracellular 
network or open, irregularly-shaped clusters, and (iii) high 𝑧𝑧𝑒𝑒𝑒𝑒 corresponds to migration of epithelial 
cells in the form of small clusters and single cells. Consequently, the biointerface area is smaller for 
lower 𝑧𝑧𝑒𝑒𝑒𝑒, while high 𝑧𝑧𝑒𝑒𝑒𝑒 is characteristic of larger-sized biointerface areas.  



The size of the biointerface influences the mechanical coupling between the subpopulations by 
influencing the energy transfer across the subpopulations, which can homogenize the distribution of 
mechanical stress to some extent. A decrease in the biointerface size leads to an increase in the degree 
of inhomogeneity in the distribution of stress within spheroids. Mechanical mismatch caused by an 
inhomogeneous distribution of mechanical stress, quantified by the gradient of macroscopic stress 
within the spheroid part, accompanied by the interfacial tension, has the potential to speed up the 
segregation process. The mechanical mismatch and the interfacial tension between the subpopulations 
are closely interconnected. The first one is a volumetric phenomenon, while the second is a surface 
phenomenon. 

The effectiveness of the segregation process is determined by the divergence of the macroscopic stress 
within a spheroid and the contact dynamics at the biointerface between the subpopulations. It is 
therefore essential to quantify the mechanical coupling between them. 

 

3.1 Macroscopic stress within a spheroid part: a theoretical analysis 

Macroscopic stress within the spheroid depends on the viscoelasticity of the subpopulations caused by 
collective cell migration and heterotypic interactions along the biointerface. The epithelial–
mesenchymal biointerface does not just passively transmit stress — it actively contributes to it by: (i) 
resisting deformation (via interfacial tension), (ii) allowing force transmission or shielding (depending on 
heterotypic adhesion), and (iii) remodelling dynamically (e.g., via changes in coordination number 𝑧𝑧𝑒𝑒𝑚𝑚), 
and (iv) its bending. 

The gradient of the macroscopic stress ∇��⃗ 𝝈𝝈�𝒓𝒓𝒓𝒓 represents the driving force for the segregation process. 
Consequently, the macroscopic stress caused by the segregation of the subpopulations is influenced by: 

• Change in the size of the biointerface area 
• The local volume fraction of epithelial cells within a part of the spheroid characterized 

by a positional vector 𝒓𝒓�⃗ = 𝑟𝑟(𝑥𝑥,𝑦𝑦, 𝑧𝑧) expressed as: 𝜙𝜙𝑒𝑒(𝑟𝑟, 𝜏𝜏) = 〈𝑉𝑉𝑒𝑒〉𝑛𝑛𝑒𝑒 and the local 
volume fraction of mesenchymal cells expressed as: 𝜙𝜙𝑚𝑚(𝑟𝑟, 𝜏𝜏) = 〈𝑉𝑉𝑚𝑚〉𝑛𝑛𝑚𝑚 (where  𝜏𝜏 is a 
timescale of hours, 〈𝑉𝑉𝑒𝑒〉 and 〈𝑉𝑉𝑚𝑚〉 are the single-cell average volumes for epithelial cells 
and mesenchymal cells, respectively, 𝑛𝑛𝑒𝑒(𝑟𝑟, 𝜏𝜏) is the epithelial cell packing density, and , 
𝑛𝑛𝑚𝑚(𝑟𝑟, 𝜏𝜏) is the mesenchymal cell packing density). The volume fractions satisfy the 
condition: 𝜙𝜙𝑒𝑒 + 𝜙𝜙𝑚𝑚 = 1. 

• Residual stresses within the epithelial and mesenchymal subpopulations located at 𝑟𝑟 
within the spheroid (i.e., the stress that remains in the system) are influenced by: (i) the 
interfacial tension and interfacial tension gradient; and (ii) the viscoelasticity of the 
subpopulations described by one of the proper constitutive models discussed in Box 1.  

Box 1. Residual stresses of the subpopulations 

Residual stresses of the subpopulations consist of normal and shear stress components.  



Normal residual stresses of the subpopulations include isotropic and deviatoric contributions. The 
isotropic contribution depends on the epithelial-mesenchymal interfacial tension 𝛾𝛾𝑒𝑒𝑒𝑒 and can be 
expressed based via the Young-Laplace equation as: ∆𝑝𝑝𝑚𝑚→𝑒𝑒 = −𝛾𝛾𝑒𝑒𝑒𝑒𝜅𝜅 (where 𝜅𝜅 is the mean curvature of 

the biointerface expressed as: 𝜅𝜅 = 1
2
𝛁𝛁��⃗ � 𝛁𝛁��⃗ 𝑤𝑤

�1+�∇��⃗ 𝑤𝑤�
2
� and 𝑤𝑤 is the out-of plane displacement). The 

interfacial tension does work in reducing the biointerface area. This reduction leads to compression of 
one subpopulation and extension of the other (Pajic-Lijakovic et al., 2023b). The epithelial subpopulation 
is more cohesive than the mesenchymal one (Devanny et al., 2021; Pajic-Lijakovic et al., 2025b). The 
deviatoric contribution to the normal residual stress depends on the viscoelasticity of the 
subpopulations caused by collective cell migration. Consequently, the normal residual stress within the 
epithelial and mesenchymal subpopulations was expressed by Pajic-Lijakovic et al. (2025b) as: 

𝝈𝝈�𝒓𝒓𝒓𝒓𝒓𝒓(𝑟𝑟, 𝜏𝜏) = ±∆𝑝𝑝𝑚𝑚→𝑒𝑒𝑰𝑰� + 𝝈𝝈�𝒓𝒓𝒓𝒓𝒓𝒓
𝑪𝑪𝑪𝑪𝑪𝑪  

where 𝑖𝑖 ≡ 𝑒𝑒,𝑚𝑚, with 𝑒𝑒 for the epithelial subpopulation and 𝑚𝑚 for the mesenchymal subpopulation, 𝑰𝑰� is 
the unit tensor and 𝝈𝝈�𝒓𝒓𝒓𝒓𝒓𝒓

𝑪𝑪𝑪𝑪𝑪𝑪  is the deviatoric contribution to the normal stress. The sign ‘’+’’ in front of 
the first term indicates an extension of mesenchymal subpopulation, while the sign ‘’-‘’ points to 
compression of the epithelial subpopulation.  
 
Shear residual stresses are generated actively via collective cell migration and passively via the gradient 
of the interfacial tension (Pajic-Lijakovic et al., 2025b). Inhomogeneous distribution of the interfacial 
tension is caused by the inhomogeneous nature of homotypic and heterotypic cell-cell interactions. Cell 
movement along the biointerface from the region of lower to higher interfacial tension is known as the 
Marangoni effect (Gsell et al., 2023; Pajic-Lijakovic et al., 2025b). Similar effects have been recognized in 
various soft matter systems (Karbalaei et al., 2016). Consequently, the shear stress within the 
subpopulations was expressed as (Pajic-Lijakovic et al., 2025b): 
𝒏𝒏��⃗ ∙ 𝝈𝝈�𝒓𝒓𝒓𝒓𝒓𝒓(𝑟𝑟, 𝜏𝜏) ∙ 𝒕⃗𝒕 = 𝛁𝛁��⃗ 𝒔𝒔𝛾𝛾𝑒𝑒𝑒𝑒 ∙ 𝒕⃗𝒕 + 𝒏𝒏��⃗ ∙ 𝝈𝝈�𝒓𝒓𝒓𝒓𝒓𝒓

𝑪𝑪𝑪𝑪𝑪𝑪 ∙ 𝒕⃗𝒕  
where 𝑖𝑖 ≡ 𝑒𝑒,𝑚𝑚, 𝝈𝝈�𝒓𝒓𝒓𝒓𝒓𝒓(𝑟𝑟, 𝜏𝜏) is the cell shear residual stress, 𝝈𝝈�𝒓𝒓𝒓𝒓𝒓𝒓

𝑪𝑪𝑪𝑪𝑪𝑪  is the shear stress generated by 
collective cell migration, 𝒏𝒏��⃗  is the unit vector normal to the biointerface, and 𝒕⃗𝒕 is the tangential unit 
vector along the biointerface. 
 
The residual stresses caused by collective cell migration of epithelial and mesenchymal subpopulations 
𝝈𝝈�𝒓𝒓𝒓𝒓

𝑪𝑪𝑪𝑪𝑪𝑪  depend on the viscoelasticity of the subpopulations. The viscoelasticity is influenced by the 
cumulative effects of cell contractions and the strength of homotypic cell-cell adhesion contacts. The 
migration of mesenchymal cells is more dissipative than that of epithelial cells and has been treated in 
terms of a viscoelastic liquid. In contrast to the mesenchymal subpopulation, the migrating epithelial 
collectives behave as a viscoelastic solid. The dissipative nature of the migration of mesenchymal 
collectives prevents accumulation of compressive stress accompanied by an increase in the packing 
density within bulk regions. Increase in the packing density of mesenchymal cells can be significant only 
near the biointerface (Guan et al., 2023). In contrast to mesenchymal cells, migration of epithelial cells 
leads to intensive accumulation of compressive stress accompanied by an increase in the epithelial 
packing density (Notbohm et al., 2016; Tlili et al., 2018). Epithelial cells tend to maintain strong cell-cell 
adhesion contacts when subjected to an increased cell packing density, approaching a state near 
jamming. Viscoelasticity of the subpopulations was discussed in the context of various constitutive 
models proposed in agreement with experimental findings by Serra-Picamal et al. (2012), Notbohm et 
al., 2016, Marmottant et al. (2009), and Tlili et al. (2018).  
 
Viscoelasticity of epithelial subpopulation caused by collective cell migration 



Various mechanisms of energy dissipation during rearrangement of epithelial cells primarily depend on 
epithelial packing density 𝑛𝑛𝑒𝑒. In this context three regimes can be distinguished: (i) regime 1: 𝑛𝑛𝑒𝑒 ≤
𝑛𝑛𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐, (ii) regime 2: 𝑛𝑛𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 < 𝑛𝑛𝑒𝑒 < 𝑛𝑛𝑗𝑗 (where 𝑛𝑛𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 is the cell packing density in the confluent state and 
𝑛𝑛𝑗𝑗 is the cell packing density in the jamming state) and (iii) regime 3: 𝑛𝑛𝑒𝑒 → 𝑛𝑛𝑗𝑗. The main characteristics 
of these regimes in the context of energy dissipation are (Pajic-Lijakovic et al., 2025a): 

• Regime 1: Energy dissipation within the epithelial subpopulation arises through a remodeling of 
cell-cell adhesion contacts, which occurs over minutes (Lee and Wolgemuth, 2011; Pajic-
Lijakovic et al., 2025b). It ensures a relaxation of stress. Under these conditions, the epithelial 
subpopulation retains ordered, anisotropic trends of migration. The corresponding mechanism 
of cell migration is convective. The Zener constitutive model, suitable for viscoelastic solids, has 
been used for describing the viscoelasticity of migrating epithelial collectives (Appendix). Its 
main characteristic is that stress can relax toward the residual stress within a few minutes 
(Marmottant et al., 2009; Khalilgharibi et al., 2019). Consequently, the stress relaxes within 
many short-time relaxation cycles under constant strain per cycle, while the strain and residual 
stress increase slowly over hours. The residual stress is elastic. Zhao et al. (2013) also treated 
multicellular systems as elastic. 

• Regime 2: An increase in epithelial packing density leads to a change in the mechanism of 
energy dissipation. In this case, cell-cell interactions, intensive under higher cell packing density, 
perturb cell alignment leading to a decrease in the degree of anisotropy, causing energy 
dissipation over hours. The underlying mechanism of cell migration is diffusive. Stress cannot 
relax. Consequently, the linear constitutive model, suitable for viscoelastic solids, for the higher 
packing density of epithelial cells is the Kelvin-Voigt model (Appendix). The corresponding cell 
residual stress includes both elastic and viscous contributions. 

• Regime 3: Intensive cell-cell interactions near jamming lead to contact inhibition of locomotion 
(CIL). The CIL includes weakening of cell-cell and cell-matrix adhesion contacts during the 
process of cell repolarization (Roycraft and Mayor, 2016). The mechanism of cell migration in 
this case is nonlinear and sub-diffusive, while the energy dissipation occurs over hours. In 
accordance with fact that fractional derivatives have been used for describing damped, sub-
diffusive migration of epithelial cells, Pajic-Lijakovic and Milivojevic (2021) proposed the 
Fractional constitutive model to describe epithelial cells near jamming (Appendix). 

 
Viscoelasticity of mesenchymal subpopulation caused by collective cell migration 
While, the dissipative nature of epithelial residual stress is pronounced under higher cell packing 
density, residual stress of the mesenchymal subpopulation is purely dissipative even at lower cell 
packing density (i.e., cell packing density 𝑛𝑛𝑒𝑒 ≤ 𝑛𝑛𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐). Viscoelasticity of the mesenchymal subpopulation 
caused by collective cell migration was described by the Maxwell model, suitable for viscoelastic liquids 
(Appendix). The main characteristic of this model is that stress can relax under constant strain rates 
within a few minutes, while the residual stress changes over hours. Consequently, the stress changes 
within successive short-time relaxation cycles under constant strain rate per cycle, while the strain rate 
changes over hours. The residual stress is purely dissipative. 
 
 

Although the constitutive behavior of epithelial and mesenchymal subpopulations is addressed in the 
existing literature, the influence of the dynamics along the biointerface on the constitutive behaviour of 
co-cultured epithelial-mesenchymal spheroids, and the generation of macroscopic stress, has not been 
as thoroughly examined. Furthermore, it is important to highlight the effect of the biointerface on the 



mechanical stress by including the mechanical coupling between the subpopulations. In this context, the 
macroscopic stress can be expressed as: 

𝝈𝝈�𝒓𝒓𝒓𝒓(𝑟𝑟, 𝜏𝜏) = 𝜙𝜙𝑒𝑒𝝈𝝈�𝒓𝒓 𝒆𝒆 + (1 − 𝜙𝜙𝑒𝑒)𝝈𝝈�𝒓𝒓 𝒎𝒎 + 𝝈𝝈�𝒊𝒊𝒊𝒊𝒊𝒊       (1) 

where 𝝈𝝈�𝒓𝒓 𝒆𝒆 is the epithelial residual stress, 𝝈𝝈�𝒓𝒓 𝒎𝒎 is the mesenchymal residual stress, and 𝝈𝝈�𝒊𝒊𝒊𝒊𝒊𝒊 is the stress 
along the biointerface which is given by: 

 𝝈𝝈�𝒊𝒊𝒊𝒊𝒊𝒊 = 1
𝑙𝑙𝑖𝑖𝑖𝑖𝑖𝑖

𝛾𝛾𝑒𝑒𝑒𝑒𝑷𝑷� + 1
2
�𝛁𝛁��⃗ 𝒔𝒔𝛾𝛾𝑒𝑒𝑒𝑒 ⊗ 𝒕⃗𝒕 + 𝒕⃗𝒕 ⊗ 𝛁𝛁��⃗ 𝒔𝒔𝛾𝛾𝑒𝑒𝑒𝑒�      (2) 

where 𝑷𝑷� is the projection tensor onto the tangent plane of the interface equal to: 𝑷𝑷� = 𝑰𝑰� − 𝒏𝒏��⃗ ⊗ 𝒏𝒏��⃗  and 
𝑙𝑙𝑖𝑖𝑖𝑖𝑖𝑖 is the average thickness of the biointerface. The first term on the right-hand side of eq. 2 is isotropic, 
while the second term accounts for inhomogeneity of the interfacial tension. When the biointerface is 
not sharp, primarily due to the epithelial-to-mesenchymal transition, an additional contribution to the 
interfacial stress is needed: ∆𝝈𝝈�𝒊𝒊𝒊𝒊𝒊𝒊 = 𝛾𝛾𝑒𝑒𝑒𝑒�𝛁𝛁��⃗ 𝜙𝜙𝑒𝑒 ⊗ 𝛁𝛁��⃗ 𝜙𝜙𝑒𝑒�. Mechanical coupling between the 
subpopulations depends on the area of the biointerface. The mechanical coupling was formulated by 
Takaynagi et al. (1964) in order to describe the viscoelasticity of two-phase polymer blends. An increase 
in the biointerface area between polymer phases causes homogenization of the mechanical stress 
within them. This general statement can be applied here to the coupling between the cell 
subpopulations and formulated as: 

𝝈𝝈�𝒓𝒓 𝒆𝒆 − 𝝈𝝈�𝒓𝒓 𝒎𝒎 = 𝑓𝑓(𝐴𝐴)𝑫𝑫�           (3) 

where the initial stress difference is equal to 𝑫𝑫� = 𝝈𝝈�𝒓𝒓 𝒆𝒆
∞ − 𝝈𝝈�𝒓𝒓 𝒎𝒎

∞, 𝝈𝝈�𝒓𝒓 𝒆𝒆
∞ and 𝝈𝝈�𝒓𝒓 𝒎𝒎

∞ are bulk stresses of 
the epithelial and mesenchymal subpopulations at the end of the segregation process, 𝑓𝑓(𝐴𝐴) is a 
decreasing function of interface area 𝐴𝐴(𝜏𝜏) during the segregation process that could be approximated 
as: 𝑓𝑓(𝐴𝐴) = 𝑒𝑒−𝑘𝑘𝐴𝐴(𝐴𝐴−𝐴𝐴∞), 𝑘𝑘𝐴𝐴 is a measure of the increase in stress difference caused by a decrease in the 
biointerface area, and 𝐴𝐴∞ is the area of the biointerface at the end of the segregation process.  

The area of the biointerface decreases during the segregation process. In the initial regime, the process 
is driven primarily by the epithelial-mesenchymal interfacial tension and the interfacial tension gradient, 
while the stress is more homogeneously distributed within the spheroid. However, in the later regime, 
the segregation speeds up, being additionally driven by the divergence of macroscopic stress within the 
spheroid, which is a consequence of the mechanical coupling of the subpopulations. The efficiency of 

the segregation in the spheroid can be defined as: 𝑆𝑆(𝑟𝑟, 𝜏𝜏) = ∫ (𝜙𝜙𝑒𝑒(𝑟𝑟, 𝜏𝜏) − 〈𝜙𝜙𝑒𝑒〉)2𝑑𝑑𝑑𝑑𝑣𝑣  (where 〈𝜙𝜙𝑒𝑒〉 is the 
average volume fraction of epithelial cells within the spheroid). When 𝑆𝑆(𝑟𝑟, 𝜏𝜏) = 0, the two 
subpopulations are totally mixed. The efficiency 𝑆𝑆(𝑟𝑟, 𝜏𝜏) increases during the segregation process 
towards the equilibrium value 𝑆𝑆𝑒𝑒𝑒𝑒 that corresponds to partial or complete segregation. The rate of 

change of the efficiency 𝑆𝑆(𝑟𝑟, 𝜏𝜏) is 𝑅𝑅𝑆𝑆 = 𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

. Changes in the volume fraction of epithelial cells within the 

spheroid can be expressed as: 

𝜕𝜕𝜙𝜙𝑒𝑒
𝜕𝜕𝜕𝜕

+ 𝛁𝛁��⃗ ∙ 𝑱⃗𝑱𝒆𝒆𝑴𝑴 = 0          (4) 



where 𝑱⃗𝑱𝒆𝒆𝑴𝑴 is the macroscopic flux 𝑱⃗𝑱𝒆𝒆𝑴𝑴 = −𝐷𝐷𝑀𝑀𝛁𝛁��⃗ 𝜙𝜙𝑒𝑒 + 𝐾𝐾𝑐𝑐𝜙𝜙𝑒𝑒(1− 𝜙𝜙𝑒𝑒)∇𝝈𝝈�𝒓𝒓𝒓𝒓, 𝐷𝐷𝑀𝑀 is the macroscopic diffusion 
coefficient of the epithelial subpopulation, and 𝐾𝐾𝑐𝑐 is the coupling coefficient of the subpopulations. The 
efficiency of segregation increases with: (i) divergence of macroscopic stress ∇𝝈𝝈�𝒓𝒓𝒓𝒓, (ii) intermediate 
mixing 𝜙𝜙𝑒𝑒(1 − 𝜙𝜙𝑒𝑒), (iii) gradient of the volume fraction of the epithelial subpopulation, and (iv) an 
increase in the mechanosensitivity quantified by the coefficient 𝐾𝐾𝑐𝑐. It is important to emphasize the 
significance of contact dynamics between the subpopulations along the biointerface in relation to the 
distribution of residual stress within the spheroid. 

 

4. Contact dynamics along the biointerface 

The biointerface is characterized by the position vector: 𝕽𝕽���⃗ = ℜ(𝑋𝑋,𝑌𝑌,𝑍𝑍)) (where 𝑋𝑋,𝑌𝑌,𝑍𝑍 are the 
coordinates of the biointerface, and 𝑍𝑍 = 𝑤𝑤(𝑋𝑋,𝑌𝑌) is the out-of-plane displacement due to bending of the 
biointerface). The referent (undeformed) state of the biointerface can be characterised as ℜ0(𝑋𝑋,𝑌𝑌, 0). 
The coordinates of the biointerface can be correlated with the coordinates within a spheroid of the 

form: 𝒓𝒓�⃗ = 𝕽𝕽���⃗ + 𝜉𝜉𝒏𝒏��⃗  (where 𝜉𝜉 is the distance from the biointerface and 𝒏𝒏��⃗  is the unit vector normal to the 
biointerface at the point ℜ(𝑋𝑋,𝑌𝑌,𝑍𝑍)). We suppose that clusters of epithelial cells are much larger than 
the size of single cells and that contact dynamics along the biointerface can be discussed in the context 
of continuum mechanics.  

Taking account of the biointerface’s mechanical deformation and changes in its area caused by collective 
migration of the epithelial and mesenchymal subpopulations, the energy contributions along the 
biointerface are:  

(i) the strain energy, which is equal to 𝑒𝑒𝑒𝑒𝑒𝑒(ℜ, 𝑡𝑡, 𝜏𝜏) = ∆𝑉𝑉ℜ(𝝈𝝈�𝒆𝒆:𝜺𝜺�𝒆𝒆 + 𝝈𝝈�𝒎𝒎: 𝜺𝜺�𝒎𝒎) (where ∆𝑉𝑉ℜ is the 
volume of perturbed biointerface at ℜ, 𝜺𝜺�𝒆𝒆 and 𝜺𝜺�𝒎𝒎 are epithelial and mesenchymal strains) 

(ii) the Helfrich type of bending energy, which can be expressed as: 𝑒𝑒𝑒𝑒𝑒𝑒 = 1
2
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�𝑑𝑑𝑑𝑑 (Audoly and Pomeau, 2010) (where 𝐸𝐸𝑏𝑏 

is the bending modulus, which is space-time dependent for viscoelastic epithelial 
multicellular systems, 𝐸𝐸𝑏𝑏𝐺𝐺 is the Gaussian bending modulus, 𝐶𝐶0 is the spontaneous curvature, 
and 𝐴𝐴 is the surface area of the biointerface) (Audoly and Pomeau, 2010), and  

(iii) the surface energy is 𝑒𝑒𝑒𝑒𝑒𝑒 = 𝛾𝛾𝑒𝑒𝑒𝑒𝑑𝑑𝑑𝑑. 

While the epithelial and mesenchymal strains within the bulk regions of the subpopulations (i.e., the 
clusters of the subpopulations) are linear, the strains of the subpopulations along the biointerface are 
rather nonlinear on account of: (i) the biointerface’s bend and fold, (ii) the large deformation gradient 
caused by movement of the subpopulations in opposite directions, and (iii) the mechanical mismatch 
induced by differences in the viscoelasticity of the subpopulations. Consequently, the epithelial strain is  

𝜺𝜺�𝒆𝒆(ℜ, 𝜏𝜏) = 1
2
�𝛁𝛁��⃗ 𝒖𝒖��⃗ 𝑒𝑒 + 𝛁𝛁��⃗ 𝒖𝒖��⃗ 𝑒𝑒

𝑻𝑻
+ (𝛁𝛁��⃗ 𝒖𝒖��⃗ 𝑒𝑒)𝑻𝑻𝜵𝜵��⃗ 𝒖𝒖��⃗ 𝒆𝒆�, while the mesenchymal strain is 𝜺𝜺�𝒎𝒎(ℜ, 𝜏𝜏) = 1

2
�𝛁𝛁��⃗ 𝒖𝒖��⃗ 𝑚𝑚 +

𝛁𝛁��⃗ 𝒖𝒖��⃗ 𝑚𝑚
𝑻𝑻

+ (𝛁𝛁��⃗ 𝒖𝒖��⃗ 𝑚𝑚)𝑻𝑻𝜵𝜵��⃗ 𝒖𝒖��⃗ 𝒎𝒎�. 



The epithelial-mesenchymal interactions along the biointerface can be discussed in the context of the 
coordination number of epithelial cells in contact with surrounding mesenchymal cells 𝑧𝑧𝑒𝑒𝑒𝑒 which is 
correlated with: (i) the distance between the subpopulations along the biointerface caused by interplay 
between heterotypic attraction and repulsion, (ii) the epithelial-mesenchymal interfacial tension, (iii) the 
area of the biointerface, and (iv) the epithelial and mesenchymal packing density along the biointerface. 

 

4.1 Coordination number of an epithelial cell in contact with mesenchymal cells  

A topological constraint for an individual epithelial cell dictates that it must be coordinated either with 
neighbouring epithelial cells, or with mesenchymal cells (or with a combination of them). When an 
epithelial cell is located at the biointerface, the coordination number 𝑧𝑧𝑒𝑒𝑒𝑒 is 𝑧𝑧𝑒𝑒𝑒𝑒 ≥ 1. In contrast, when 
the coordination number 𝑧𝑧𝑒𝑒𝑒𝑒 = 0, the epithelial cell is located within the bulk region of an epithelial 
cluster. When an epithelial cell migrates as a single cell surrounded by mesenchymal cells, 𝑧𝑧𝑒𝑒𝑒𝑒 = 𝑧𝑧∗ 
(where 𝑧𝑧∗ is the maximum coordination number of epithelial cells in contact with mesenchymal cells), 
but it is rare event. The contact dynamics between epithelial and mesenchymal subpopulations 
discussed in the context of the coordination number 𝑧𝑧𝑒𝑒𝑒𝑒 is shown in Figure 2: 

 



Figure 2. Contact dynamics between the epithelial and mesenchymal subpopulations: from mesoscopic 
to cellular levels, was considered in the context of the coordination number 𝑧𝑧𝑒𝑒𝑒𝑒 by pointing to 
heterotypic cell-cell interactions. 

The coordination number 𝑧𝑧𝑒𝑒𝑒𝑒 changes via collective cell migration over hours. Segregation and 
coordinated migration between epithelial and cancer mesenchymal-like cells are governed by a 
combination of contact-dependent adhesion, paracrine EMT signals, chemokines, mechanotransduction 
pathways, and ECM-mediated cues. Differential expression of cadherins (E- versus N-cadherin) and 
Eph/ephrin signaling regulates interfacial tension and boundary formation, while TGF-β, Wnt/β-catenin, 
and Notch pathways promote mesenchymal-like phenotypes and motility. Mechanosensitive pathways, 
including Rho–ROCK, myosin II, and YAP/TAZ, convert tissue-level stresses into biochemical responses, 
reinforcing segregation and collective rearrangements. Interactions with the extracellular matrix via 
integrins, fibronectin, collagen, and MMP-mediated remodeling further bias spatial organization and 
migration dynamics. Collectively, these signals operate at the cell–cell and cell–matrix interfaces, 
coordinating multicellular behavior and stabilizing domain formation in mixed spheroids (Mierke, 2019; 
Mierke, 2024; Kabla, 2012). Small extracellular vesicles originating from breast mesenchymal-like MDA-
MB-231 cells enhance the proliferation and motility of breast cancer epithelial-like MCF7 cells 
(Senigagliesi et al., 2022). The breast epithelial MCF10A cells produce laminin-5 and fibronectin, which in 
turn activate focal adhesions (FAs) in cancer cells like the MDA-MB-231 cells, potentially enhancing their 
motility (Nikkhah et al., 2011). 

The contact dynamics between the subpopulations at a cellular level was discussed earlier in the form of 
a Langevin-type equation (Pajic-Lijakovic et al. (2025b) as: 

𝜕𝜕𝑧𝑧𝑒𝑒𝑒𝑒
𝜕𝜕𝜕𝜕

= −𝜇𝜇𝑒𝑒
𝜕𝜕𝑈𝑈𝑖𝑖𝑖𝑖𝑖𝑖
𝜕𝜕𝑧𝑧𝑒𝑒𝑒𝑒

+ �𝐷𝐷(𝑧𝑧𝑒𝑒𝑒𝑒)Г        (5) 

where 𝜇𝜇𝑒𝑒 is the mobility of epithelial cells along the biointerface, 𝑈𝑈𝑖𝑖𝑖𝑖𝑖𝑖 is the interaction potential at a 
cellular level discussed in the Section 4.2, and Г is white noise.  

The coordination number 𝑧𝑧𝑒𝑒𝑒𝑒 can be correlated with the distance between epithelial and mesenchymal 
cells 𝑑𝑑𝑒𝑒𝑒𝑒. The distance 𝑑𝑑𝑒𝑒𝑒𝑒 is the main parameter that governs attraction/repulsion between the 
subpopulations such that: (i) attraction is dominant for the case of 𝑑𝑑𝑒𝑒𝑒𝑒 > 𝑑𝑑0 and (ii) repulsion is 
dominant for the case of 𝑑𝑑𝑒𝑒𝑒𝑒 ≤ 𝑑𝑑0 (where 𝑑𝑑0 is a characteristic distance 𝑑𝑑0 ~8 μm, Deforet et al. 
(2014)). The correlation between these two parameters can be formulated by introducing the cutoff 
radius 𝑅𝑅𝑐𝑐, which describes the space with the number of mesenchymal cells per single epithelial cell 
along the biointerface. Consequently, the number density of mesenchymal cells in contact with a single 
epithelial cell is equal to 𝑧𝑧𝑒𝑒𝑒𝑒4

3𝜋𝜋𝑅𝑅𝑐𝑐
3.  

The evolution of the distribution 𝜌𝜌𝑎𝑎 of the coordination numbers 𝑧𝑧𝑒𝑒𝑒𝑒 was expressed in the form of a 
Fokker-Planck equation by the modified model proposed by Pajic-Lijakovic et al. (2025b) as: 

𝜕𝜕𝜌𝜌𝑎𝑎(𝑧𝑧𝑒𝑒𝑒𝑒,𝜏𝜏)
𝜕𝜕𝜕𝜕

= − 𝜕𝜕
𝜕𝜕𝑧𝑧𝑒𝑒𝑒𝑒

�𝜕𝜕𝑈𝑈𝑖𝑖𝑖𝑖𝑖𝑖(𝑧𝑧𝑒𝑒𝑒𝑒)
𝜕𝜕𝑧𝑧𝑒𝑒𝑒𝑒

𝜌𝜌𝑎𝑎� + 𝜕𝜕2

𝜕𝜕𝑧𝑧𝑒𝑒𝑒𝑒2 [𝐷𝐷𝑧𝑧(𝑧𝑧𝑒𝑒𝑒𝑒)𝜌𝜌𝑎𝑎]     (6) 



where 𝜕𝜕𝑈𝑈𝑖𝑖𝑖𝑖𝑖𝑖(𝑧𝑧𝑒𝑒𝑒𝑒)
𝜕𝜕𝑧𝑧𝑒𝑒𝑒𝑒

 is the rate of change of 𝑧𝑧𝑒𝑒𝑒𝑒 and 𝐷𝐷(𝑧𝑧𝑒𝑒𝑒𝑒) = 〈(∆𝑧𝑧𝑒𝑒𝑒𝑒)2〉
∆𝜏𝜏

 is the rate of variance growth The 

rate of change 𝑧𝑧𝑒𝑒𝑒𝑒 can be expressed by formulating the epithelial-mesenchymal interaction potential 
𝑈𝑈𝑖𝑖𝑖𝑖𝑖𝑖(𝑧𝑧𝑒𝑒𝑒𝑒). A minimum of 𝑈𝑈𝑖𝑖𝑖𝑖𝑖𝑖(𝑧𝑧𝑒𝑒𝑒𝑒) at a preferred number of mesenchymal contacts can reflect a 
stable interfacial configuration. Macroscopic parameters such as fraction of interfacial epithelial cells 
and fraction of bulk epithelial cells can be calculated by using the distribution function 𝜌𝜌𝑎𝑎. Consequently, 
the fraction of interfacial epithelial cells 𝑓𝑓𝑒𝑒𝑒𝑒(𝜏𝜏), which have at least one contact with mesenchymal cells 

can be calculated from the distribution 𝜌𝜌𝑎𝑎(𝑧𝑧𝑒𝑒𝑒𝑒, 𝜏𝜏) as: 𝑦𝑦𝑒𝑒𝑒𝑒(𝜏𝜏) = ∫ 𝜌𝜌𝑎𝑎(𝑧𝑧𝑒𝑒𝑒𝑒, 𝜏𝜏)𝑑𝑑𝑧𝑧∗

1 𝑧𝑧𝑒𝑒𝑒𝑒 (where 𝜌𝜌𝑎𝑎(𝑧𝑧𝑒𝑒𝑒𝑒, 𝜏𝜏) 
is the distribution of coordination numbers 𝑧𝑧𝑒𝑒𝑒𝑒 of epithelial cells). The fraction of epithelial cells located 
within the bulk of the epithelium is 𝑦𝑦𝑒𝑒𝑒𝑒(𝜏𝜏) = 1 − 𝑦𝑦𝑒𝑒𝑒𝑒(𝜏𝜏).  

The contact dynamics between the subpopulations at a mesoscopic level can be discussed in the context 
of the average coordination number at the biointerface located at ℜ, labelled as 〈𝑧𝑧𝑒𝑒𝑒𝑒〉ℜ. This parameter 
can be correlated with the packing densities of the subpopulations and expressed as: 

〈𝑧𝑧𝑒𝑒𝑒𝑒〉ℜ = 𝑛𝑛𝑚𝑚
𝑛𝑛𝑒𝑒

          (7) 

where 𝑛𝑛𝑒𝑒(ℜ, 𝜏𝜏) is the packing density of epithelial cells, 𝑛𝑛𝑚𝑚(ℜ, 𝜏𝜏) is the packing density of mesenchymal 
cells along the biointerface, and τ is a time-scale of hours. This average coordination number 
accompanied by the packing densities of the subpopulations depends on the biointerface bending. Their 
interrelationship can be formulated as: 

〈𝑧𝑧𝑒𝑒𝑒𝑒〉ℜ(𝜏𝜏) = 𝑧𝑧0 + 𝜇𝜇1 �
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where 𝑧𝑧0 is the average coordination number for a flat biointerface, 𝑤𝑤 is the out-of-plane displacement, 
𝜇𝜇1 quantifies sensitivity to mean curvature such that 𝜇𝜇1 < 0 for concave curvatures and 𝜇𝜇1 > 0 for 
convex curvatures, and 𝜇𝜇2 quantifies sensitivity to Gaussian curvature. While concave curvatures 
decrease the coordination number 〈𝑧𝑧𝑒𝑒𝑒𝑒〉ℜ, convex curvatures increase 〈𝑧𝑧𝑒𝑒𝑒𝑒〉ℜ. On concave 
biointerfaces, epithelial cells are compressed and packed closely with one another, which reduces the 
portion of their surface exposed to mesenchymal neighbors, leading to a decrease in 〈𝑧𝑧𝑒𝑒𝑒𝑒〉ℜ. 
Conversely, on convex surfaces, epithelial cells are stretched and flattened along the biointerface, 
increasing the area available for contact with mesenchymal cells, so that 〈𝑧𝑧𝑒𝑒𝑒𝑒〉ℜ increases. Therefore, 
surface curvature modulates epithelial–mesenchymal interactions by altering the exposed biointerfacial 
area of epithelial cells, with convex regions favouring higher mesenchymal coordination and concave 
regions reducing it. 

In further consideration, it is necessary to formulate the interaction potential 𝑈𝑈𝑖𝑖𝑖𝑖𝑖𝑖(𝑑𝑑𝑒𝑒𝑒𝑒, 𝑧𝑧𝑒𝑒𝑒𝑒) between 
the subpopulations as functions of the correlation number 𝑧𝑧𝑒𝑒𝑒𝑒 and the average distance 𝑑𝑑𝑒𝑒𝑒𝑒. The 
interaction potential influences the distribution of the coordination number 𝑧𝑧𝑒𝑒𝑒𝑒 which has a feedback 
impact on: (i) the interfacial tension, (ii) the area of the biointerface, and (iii) the relationship between 
them. 

 



4.2 The interaction potential between epithelial and mesenchymal cells along the biointerface 

The interaction potential accounts for the attractive, repulsive, and signalling interactions between 
epithelial and mesenchymal cells that contribute to their mechanical coupling. Attractive and repulsive 
parts of the potential have been expressed in the form of the Lennard-Jones potential (Kang et al., 
2021). Consequently, the interaction potential per single epithelial cell can be formulated as: 

𝑈𝑈𝑖𝑖𝑖𝑖𝑖𝑖(𝑑𝑑𝑒𝑒𝑒𝑒, 𝑧𝑧𝑒𝑒𝑒𝑒) = 𝑧𝑧𝑒𝑒𝑒𝑒𝑈𝑈𝑣𝑣𝑣𝑣𝑣𝑣(𝑑𝑑𝑒𝑒𝑒𝑒) + 𝑈𝑈𝑠𝑠𝑠𝑠𝑠𝑠(𝑧𝑧𝑒𝑒𝑒𝑒)      (9) 

where 𝑈𝑈𝑣𝑣𝑣𝑣𝑣𝑣 is the van der Waals potential that accounts for many body interactions (Israelachvili, 2011) 
and can be expressed as: 𝑈𝑈𝑣𝑣𝑣𝑣𝑣𝑣 = ∑ 𝑈𝑈2(𝑖𝑖, 𝑗𝑗) + ∑ 𝑈𝑈3(𝑖𝑖, 𝑗𝑗,𝑘𝑘) +⋯𝑖𝑖<𝑗𝑗<𝑘𝑘𝑖𝑖<𝑗𝑗 , 𝑈𝑈2(𝑖𝑖, 𝑗𝑗) is the two-body 
potential, 𝑈𝑈3(𝑖𝑖, 𝑗𝑗,𝑘𝑘) is the three-body potential, and 𝑈𝑈𝑠𝑠𝑠𝑠𝑠𝑠(𝑧𝑧𝑒𝑒𝑒𝑒) is the contribution to the interaction 
potential caused by cell signalling. Van der Waals (vdW) potentials are frequently used to describe 
molecular interactions, including both attractive and repulsive contributions (Tkatchenko et al., 2012; 
Hingangavkar, 2025). Hauseux et al. (2022) and Sosa et al. (2025) pointed out that many‑body 
descriptions of van der Waals interactions — beyond simple pairwise models — can simulate force 
responses far stronger than expected from two‑body interactions. Attractive interactions result from 
intermolecular forces, such as London dispersion, while repulsive interactions prevent overlap at very 
short distances. Shen et al. (2025) developed machine learning surrogate models for predicting many-
body dispersion (MBD) interactions, enabling efficient incorporation of complex van der Waals forces 
into large-scale simulations. Because many-body dispersion represents a collective extension of pairwise 
interaction models, the paper from Shen et al. (2025) provides a contemporary example of how 
complex, non-pairwise vdW‑related forces can be modeled and approximated in computational settings. 

At the cellular scale, vdW-inspired potentials treat effective cell–cell interactions similarly: adhesion and 
cohesion are represented by attractive terms, and steric, cortical, or electrostatic barriers by repulsive 
terms, allowing modeling of intercellular spacing and tissue cohesion. The two-body potential can be 
expressed in the form of the Lennard-Jones potential describing attraction/repulsion per single 
heterotypic contact, i.e. 𝑈𝑈2(𝑖𝑖, 𝑗𝑗) ≡ 𝑈𝑈𝐿𝐿𝐿𝐿. The Lennard-Jones potential can be expressed as: 𝑈𝑈𝐿𝐿𝐿𝐿(𝑑𝑑𝑒𝑒𝑒𝑒) =

𝑒𝑒𝑟𝑟 �
𝑑𝑑0
𝑑𝑑𝑒𝑒𝑒𝑒

�
𝑝𝑝
− 𝑒𝑒𝑎𝑎 �

𝑑𝑑0
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�
𝑞𝑞

, where 𝑒𝑒𝑎𝑎 is the average attractive energy per single heterotypic contact, 𝑒𝑒𝑟𝑟 is 

the average repulsive energy per single epithelial-mesenchymal contact, 𝑑𝑑0 is the equilibrium distance 
between cells at which the attractive and repulsive forces exactly balance, and 𝑝𝑝, 𝑞𝑞 are the scaling 
exponents. The interaction potential caused by cell signalling can be expressed as: 𝑈𝑈𝑠𝑠𝑠𝑠𝑠𝑠(𝑧𝑧𝑒𝑒𝑒𝑒) =
−𝑒𝑒𝑠𝑠𝜑𝜑(𝑧𝑧𝑒𝑒𝑒𝑒) (where 𝑒𝑒𝑠𝑠 is the energy contribution per unit signalling interaction between epithelial and 
mesenchymal cells and 𝜑𝜑(𝑧𝑧𝑒𝑒𝑒𝑒) acts as a functional bridge between cell-level contact geometry and 
signalling-driven state changes). The function 𝜑𝜑(𝑧𝑧𝑒𝑒𝑒𝑒) should account for: (i) the cooperativity of 
signalling that captures multiple contact sites thereby amplifying the signalling, (ii) thresholding that 
reflects the epithelial-to-mesenchymal transition (EMT) as a switch-like event when sufficient 
heterotypic contacts are reached, and (iii) saturation that models the limited receptor availability—the 
signal plateaus at high contact number (Cieślik et al., 2013). Accordingly, the Hill-type function 𝜑𝜑(𝑧𝑧𝑒𝑒𝑒𝑒) 

can be expressed as: 𝜑𝜑(𝑧𝑧𝑒𝑒𝑒𝑒) = 𝑧𝑧𝑒𝑒𝑒𝑒𝑛𝑛

𝐾𝐾+𝑧𝑧𝑒𝑒𝑒𝑒𝑛𝑛
 (where 𝑛𝑛 is the Hill coefficient often in the range of 2-6, and 𝐾𝐾 is 



the half-maximal coordination number). When 𝑧𝑧𝑒𝑒𝑒𝑒 is 𝑧𝑧𝑒𝑒𝑒𝑒 ≪ 𝐾𝐾, then 𝑆𝑆(𝑧𝑧𝑒𝑒𝑒𝑒)~𝑧𝑧𝑒𝑒𝑒𝑒. Otherwise, when 
𝑧𝑧𝑒𝑒𝑒𝑒 ≫ 𝐾𝐾 then 𝜑𝜑(𝑧𝑧𝑒𝑒𝑒𝑒)~𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐. 

Attractive interactions between the epithelial and mesenchymal subpopulations result in the generation 
of adhesion energy between them. This energy depends on whether cells form direct heterotypic 
adhesion contact, ECM-mediated adhesion contacts or do not establish adhesion contacts. Even when 
cells do not establish adhesion contacts, adhesion energy between them arises as a result of the 
geometric confinement of cells. Geometric confinement refers to the physical restriction of cells within a 
defined space, such as a curved or small cavity, narrow channel, or dense tissue microenvironment. 
From a cell biological perspective, this confinement limits the space available for cell spreading, 
protrusion formation, and rearrangement, effectively controlling how cells can contact neighbours or 
migrate. Although it is purely mechanical/physical and not mediated by molecular adhesion molecules, 
it can mimic the effects of interfacial adhesion by creating an energy-like barrier: cells must deform, 
generate traction, or reorganize cytoskeletal and junctional structures to overcome the spatial 
restriction. In this sense, confinement behaves like an effective interfacial energy barrier, because it 
restricts cell motion or cell–cell rearrangements similarly to how actual biochemical adhesion (e.g., 
cadherin-mediated contacts) would resist detachment or interface rearrangement. This confinement 
may: (i) prevent detachment or rearrangement of cells along the biointerface, (ii) influence epithelial 
shape and motility, and (iii) require energy to break free, similar to pulling apart a physical adhesive 
contact. The primary mechanism related to the repulsive term in the Lennard-Jones potential is contact 
inhibition of locomotion (CIL), which depends on the coordination number 𝑧𝑧𝑒𝑒𝑒𝑒 (Roycraft and Mayor, 
2016).  

The interaction potential influences the epithelial-mesenchymal interfacial tension and consequently 
the residual stresses within the subpopulations. 

 

4.3 The impact of the interaction potential on epithelial-mesenchymal interfacial tension 

The epithelial-mesenchymal interfacial tension 𝛾𝛾𝑒𝑒𝑒𝑒 contributes to the generation of normal stress 
within the subpopulations, while the gradient of the interfacial tension is responsible for the generation 
of shear stress along the biointerface. This parameter is space-time dependent. The interfacial tension 
can be expressed as (Pajic-Lijakovic et al., 2025b): 

𝛾𝛾𝑒𝑒𝑒𝑒(ℜ, 𝜏𝜏) = 𝛾𝛾𝑒𝑒 + 𝛾𝛾𝑚𝑚 + 𝑢𝑢𝑖𝑖𝑖𝑖𝑖𝑖       (10) 

where 𝛾𝛾𝑒𝑒 and 𝛾𝛾𝑚𝑚 are the surface tensions of epithelial and mesenchymal subpopulations in contact with 
liquid medium (i.e., culture medium), the interaction potential per unit of the biointerface area 
𝑢𝑢𝑖𝑖𝑖𝑖𝑖𝑖(ℜ, 𝜏𝜏) = ∑ 𝛿𝛿(ℜ𝑖𝑖 − ℜ)𝑖𝑖 𝑈𝑈𝑖𝑖𝑖𝑖𝑖𝑖 𝑖𝑖, and 𝑈𝑈𝑖𝑖𝑖𝑖𝑖𝑖 𝑖𝑖  is the contribution to interaction potential per single cell. 
The interaction potential 𝑢𝑢𝑖𝑖𝑖𝑖𝑖𝑖 can be: (i) 𝑢𝑢𝑖𝑖𝑖𝑖𝑖𝑖 < 0 for attractive interactions and (ii) 𝑢𝑢𝑖𝑖𝑖𝑖𝑖𝑖 > 0 for 
repulsive interactions. An attractive potential stabilises the biointerface by decreasing the interfacial 
tension 𝛾𝛾𝑒𝑒𝑒𝑒, while a repulsive potential destabilises it by increasing the interfacial tension (Pajic-
Lijakovic et al., 2025b). 



The cohesion of epithelial multicellular surfaces is significantly higher than that of mesenchymal surfaces 
due to stronger homotypic cell-cell adhesion contacts (Devanny et al., 2021). Consequently, the surface 
tension of epithelial cells in contact with liquid medium is much higher than the surface tension of 
mesenchymal cells, i.e., 𝛾𝛾𝑒𝑒 ≫ 𝛾𝛾𝑚𝑚. Accordingly, the interfacial tension can be expressed as: 𝛾𝛾𝑒𝑒𝑒𝑒(ℜ, 𝜏𝜏) =
𝛾𝛾𝑒𝑒 + 𝑢𝑢𝑖𝑖𝑖𝑖𝑖𝑖.  

The epithelial surface tension 𝛾𝛾𝑒𝑒 is affected by various factors, such as the contractility of cells, the 
adhesive strength of homotypic cell-cell interactions, and the deformation (i.e., stretching or 
compression) of multicellular surfaces (Devanny et al., 2021; Guevorkian et al., 2021; Pajic-Lijakovic et 
al., 2023a). The contractility of epithelial cells enhances the strength of homotypic cell-cell adhesion 
contacts leading to an increase in the epithelial surface tension (Devanny et al., 2021). While extension 
causes an increase in the epithelial surface tension (Guevorkian et al., 2021), compression intensifies the 
cell-cell interactions resulting in a decrease in the surface tension (Pajic-Lijakovic et al., 2023a).  

The static tissue surface tension exhibits considerable variation across various cellular systems, ranging 

from a few mN
m

 to several tens of mN
m

 (Mombach et al., 2005; Stirbat et al., 2013; Nagle et al., 2022). 

However, it is difficult to estimate the variation of the epithelial surface tension along the biointerface 
without experimental data. We can discuss the variation of the surface tension of some soft matter 
systems such as water and collagen I film. For example, an increase in temperature from 0 𝐶𝐶𝑜𝑜  to 50 Co  

induces a decrease in the surface tension of water of 7 mN
m

. An increase in the collagen concentration 

from 1 mg
ml

 to 4 mg
ml

 causes the surface tension of a collagen film to decrease from 62 mN
m

 to 57 mN
m

 at 

21 Co  (Kezwon and Wojciechowski, 2014). 

The epithelial surface tension 𝛾𝛾𝑒𝑒(ℜ, 𝜏𝜏) depends on the biointerface bending and can be expressed as 
(Binysh et al., 2022): 

𝛾𝛾𝑒𝑒(ℜ, 𝜏𝜏) = 𝛾𝛾𝑒𝑒0 + 𝛾𝛾𝐻𝐻𝜅𝜅         (11) 

where 𝛾𝛾𝑒𝑒0  is the in-plane epithelial surface tension for a flat biointerface characterised by 𝜅𝜅 ≈ 0, and 
𝛾𝛾𝐻𝐻 is a measure of the sensitivity of the epithelial surface tension to a change of curvature. The concave 
shape of the biointerface from the side of epithelial subpopulation (i.e. 𝜅𝜅 < 0), which corresponds to 
local epithelial extension, leads to an increase in the surface tension 𝛾𝛾𝑒𝑒, while a convex biointerface (i.e. 
𝜅𝜅 > 0) corresponds to local compression of the biointerface leading to a decrease in 𝛾𝛾𝑒𝑒. 

As a result, the interfacial tension is influenced by: (i) the curvature associated with the epithelial 
surface tension and (ii) the coordination number 𝑧𝑧𝑒𝑒𝑒𝑒 along with the distance 𝑑𝑑𝑒𝑒𝑒𝑒 as determined by the 

interaction potential. The macroscopic epithelial surface tension 𝛾𝛾𝑒𝑒(𝜏𝜏) = 1
∆𝐴𝐴 ∫ 𝛾𝛾𝑒𝑒Ω (ℜ, 𝜏𝜏)𝑑𝑑2ℜ. The 

epithelial surface tension plays a significant role in decreasing the area of multicellular surface during: 
(1) the compaction of epithelial spheroids (Devanny et al., 2021), (2) the rounding of cell aggregates 
subjected to uni-axial compression (Mombach et al., 2005), (3) the de-wetting of cell aggregates on rigid 
surfaces (Beaune et al., 2018), and (4) the fusion of epithelial cell aggregates (Pajic-Lijakovic and 
Milivojevic, 2024a). An increase in the rate of change of the surface area of cell aggregates leads to a rise 



in surface tension (Guevorkian et al., 2021). Based on these findings, a suitable constitutive model for 
dilation viscoelasticity was proposed by Pajic-Lijakovic et al. (2023b). It can be expressed at a 
macroscopic level as: 

∆𝛾𝛾𝑒𝑒(𝜏𝜏) = 𝐸𝐸𝑆𝑆
∆𝐴𝐴
𝐴𝐴0

+ 𝜂𝜂𝑆𝑆
𝑑𝑑
𝑑𝑑𝑑𝑑
�∆𝐴𝐴
𝐴𝐴0
�        (12) 

where ∆𝛾𝛾𝑒𝑒(𝜏𝜏) = 𝛾𝛾𝑒𝑒(𝜏𝜏) − 𝛾𝛾𝑒𝑒(0), 𝐸𝐸𝑆𝑆 is the surface modulus of elasticity, and 𝜂𝜂𝑆𝑆 is the surface viscosity. In 
further consideration, it is necessary to formulate the size of the biointerface area as a function of the 
distribution of the coordination number 𝑧𝑧𝑒𝑒𝑒𝑒. 

 

4.4 An inhomogeneous distribution of the interfacial tension 

An inhomogeneous distribution of interfacial tension is induced by inhomogeneous distributions of the 
coordination number 𝑧𝑧𝑒𝑒𝑒𝑒, the distance between the subpoplations 𝑑𝑑𝑒𝑒𝑒𝑒, the curvature 𝜅𝜅, and the 
strength of heterotypic adhesion contacts, as well as by diffusion of the signalling molecules. 
Heterogeneity arising from cell signalling has been examined in two contexts: (1) cells within the same 
population reacting to distinct signals and/or (2) varied behaviours that can arise in response to identical 
signals (Blanchard et al, 2019; Petrungaro et al., 2019). The inhomogeneous distribution of interfacial 
tension also contributes to an inhomogeneous distribution of mechanical stress within the 
subpopulations along the biointerface. The gradient of mechanical stress within the epithelial 
subpopulation, in the form of a stiffness gradient, has a feedback impact on the migration of 
mesenchymal cells. 

Inhomogeneous distributions of the interfacial tension between the placode and neural crest 
subpopulations in Xenopus embryos results from the establishment of unstable, transient heterotypic 
cell-cell adhesion contacts, as elaborated by Barriga et al. (2018). Furthermore, collective durotaxis has 
been documented in vivo in Drosophila and zebrafish embryos (Le and Mayor, 2023). Consequently, 
heterotypic cell-cell interactions and signalling, expressed through an interaction potential, are essential 
physical factors that create the mobile stiffness gradient within the placode boundary layer at the 
biointerface (Le and Mayor, 2023). Heterotypic repulsion interactions along the biointerface contribute 
to: (i) the extrusion of cancer-mesenchymal cells along the biointerface with the epithelial 
subpopulation and (ii) the segregation of co-cultured epithelial-mesenchymal monolayers (Guan et al., 
2019; Lucia et al., 2022). 

An inhomogeneous distribution of interfacial tension leads to the generation of a supracellular gradient 

of interfacial tension expressed as: 𝛁𝛁��⃗ 𝒔𝒔𝛾𝛾𝑒𝑒𝑒𝑒 = ∆𝛾𝛾𝑒𝑒𝑒𝑒
𝑙𝑙

 (where ∆𝛾𝛾𝑒𝑒𝑒𝑒 is the difference in interfacial tension 

occurring at the tangential distance 𝑙𝑙 along the flat biointerface). When the difference of interfacial 

tension ∆𝛾𝛾𝑒𝑒𝑒𝑒~2mN
m

  occurs at a distance ~100 μm , the corresponding shear stress contribution caused 

by the Marangoni effect is 20 Pa. This is a large value, when we keep in mind that a shear stress of a few 
tens of Pa is capable of inducing inflammation of epithelial cells (Pitenis et al., 2018). 



Given that: (i) interfacial tension changes the size of the biointerface area and (ii) change of the 
biointerface area significantly influences the mechanical coupling between the subpopulations, it is 
essential to articulate the biointerface area as function of epithelial cells, which are in contact with 
mesenchymal cells. 

 

4.5 Changes of the biointerface area: the main factor influencing mechanical coupling between the 
subpopulations 

The biointerface area 𝐴𝐴(𝜏𝜏) changes over hours via collective cell migration and was expressed (Pajic-
Lijakovic et al., 2025b) as: 

 𝐴𝐴(𝜏𝜏) = 𝑦𝑦𝑒𝑒𝑒𝑒(𝜏𝜏)𝑁𝑁𝑇𝑇𝑇𝑇〈𝐴𝐴𝑒𝑒 𝑒𝑒𝑒𝑒𝑒𝑒〉        (13) 

where 𝑦𝑦𝑒𝑒𝑒𝑒(𝜏𝜏) is the fraction of epithelial cells in contact with mesenchymal cells, 〈𝐴𝐴𝑒𝑒〉 is the average 
surface area of a single epithelial cell in contact with mesenchymal cells, and 𝑁𝑁𝑇𝑇𝑇𝑇  is the total number of 
epithelial cells satisfying the condition that 𝑁𝑁𝑇𝑇𝑇𝑇 ≈ const during tissue self-organisation via collective cell 
migration. To gain a more profound understanding of dynamics at the biointerface, it is essential to 
establish mass and force balance equations for the various subpopulations. 

 

5. Balance equations for epithelial and mesenchymal cells along the biointerface: a mesoscopic 
theoretical analysis 

Mechanical coupling between the subpopulations influences the mass and force balances. It is in 
accordance with the fact that collective cell migration is more pronounced along the biointerface in 
comparison with bulk regions of the subpopulations.  As a result, the formulation of mass and force 
balance equations constitutes a significant advance in comprehending the physical mechanisms 
underlying heterotypic cell-cell interactions.  

 

5.1 Mass balance of epithelial and mesenchymal cells along the biointerface 

The primary feature of epithelial collective migration is the inhomogeneous distribution of mechanical 
stress and cell packing density, whereas mesenchymal cells exhibit more uniform distributions of these 
physical parameters. This behavioural disparity between the two subpopulations is attributable mainly 
to the relative strengths of their cell-cell adhesion contacts. The migration mechanism of mesenchymal 
cells is characterized as convective, meaning that they move individually in a persistent and directional 
manner at a speed higher than that corresponding to a diffusion mechanism. This diffusion speed can be 

recognized in migrating epithelial collectives under higher cell packing density: ‖𝑣⃗𝑣‖𝐷𝐷 = 𝐷𝐷𝑒𝑒𝑒𝑒𝑒𝑒
1
𝐿𝐿𝑐𝑐

  (where 

𝐷𝐷𝑒𝑒𝑒𝑒𝑒𝑒 is the effective diffusion coefficient and 𝐿𝐿𝑐𝑐 is the velocity correlation length) (Pajic-Lijakovic and 



MIlivojevic, 2021). The effective diffusion coefficient decreases from ~0.40 μm
2

min
 to ~0.10 𝜇𝜇𝜇𝜇

2

𝑚𝑚𝑚𝑚𝑚𝑚
 when the 

packing density of MDCK cells increases from ~1.40𝑥𝑥105  𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
𝑐𝑐𝑐𝑐2  to ~2.63𝑥𝑥105  cells

cm2  (Angelini et al., 2011). 

The velocity correlation length depends on cell packing density and corresponds to a few tens of 𝜇𝜇𝜇𝜇 
(Petrolli et al., 2021). 

 As a result, mesenchymal cell migration proves to be more effective than that of epithelial cells. The 
localized accumulation of compressive stress, coupled with an increase in cell packing density, leads to a 
transition in the migration mechanism of epithelial cells from convective to conductive (diffusive) and 
subsequently to sub-diffusive. 

The mass balance of epithelial cells can be expressed in terms of a modified version of the model 
proposed by Pajic-Lijakovic et al. (2025b). We formulate here the contact-mediated motility flux and sink 
term caused by the EMT. The balance is expressed as: 

 𝑑𝑑𝑛𝑛𝑒𝑒
𝑑𝑑𝑑𝑑

+ 𝛁𝛁��⃗ ∙ 𝑱⃗𝑱𝒆𝒆 = 𝑆𝑆𝐸𝐸𝐸𝐸𝐸𝐸          (14) 

where 𝑱⃗𝑱𝒆𝒆 is the flux of epithelial cells, which includes several contributions and can be expressed as: 

𝑱⃗𝑱𝒆𝒆 =  𝑱⃗𝑱𝒆𝒆
𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

+  𝑱⃗𝑱𝒆𝒆
𝑚𝑚

+  𝑱⃗𝑱𝒆𝒆
𝑚𝑚𝑚𝑚𝑚𝑚

, 𝑱⃗𝑱𝒆𝒆
𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

 is the convective flux, which is valid for a cell packing density 𝑛𝑛𝑒𝑒 ≤

𝑛𝑛𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐, 𝑱⃗𝑱𝒆𝒆
𝑚𝑚

 is the Marangoni flux, which depends on the gradient of interfacial tension 𝛁𝛁��⃗ 𝒔𝒔𝛾𝛾𝑒𝑒𝑒𝑒 (Pajic-

Lijakovic et al., 2023b), and 𝑱⃗𝑱𝒆𝒆
𝑐𝑐𝑐𝑐

 is the contact-mediated motility flux formulated here. While the 
Marangoni flux directs cell migration tangentially along the biointerface, the contact-mediated motility 
flux causes cell migration in both the normal and tangential directions. The convective flux of epithelial 

cells can be expressed as: 𝑱⃗𝑱𝒆𝒆
𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

= 𝑛𝑛𝑒𝑒𝒗𝒗��⃗ 𝒆𝒆 (where 𝒗𝒗��⃗ 𝒆𝒆 is the velocity of epithelial cells) (Pajic-Lijakovic and 
Milivojevic, 2021). An increase in cell packing density 𝑛𝑛𝑒𝑒 > 𝑛𝑛𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 reduces the movement of epithelial 

cells from a convective to a conductive mechanism expressed as: 𝑱⃗𝑱𝒆𝒆
𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

= −𝐷𝐷𝛁𝛁��⃗ 𝑛𝑛𝑒𝑒 (where 𝐷𝐷 is the 
mesoscopic diffusion coefficient of epithelial cells) (Pajic-Lijakovic and Milivojevic, 2021). The Marangoni 
flux of epithelial cells directs cell movement from the region of lower interfacial tension to that of higher 

interfacial tension and was expressed as: 𝑱⃗𝑱𝒆𝒆
𝑚𝑚

= −𝑘𝑘𝑒𝑒𝑒𝑒𝑛𝑛𝑒𝑒𝛁𝛁��⃗ 𝒔𝒔𝛾𝛾𝑒𝑒𝑒𝑒 (where 𝑘𝑘𝑒𝑒𝑒𝑒 is the mobility coefficient of 
epithelial cells coupling interfacial tension gradient to drift) (Pajic-Lijakovic et al., 2023b). The contact-

mediated motility flux 𝑱⃗𝑱𝒆𝒆
𝑐𝑐𝑐𝑐

 can be expressed in terms of a modified version of the model proposed by 

Armstrong et al. (2006) as: 𝑱⃗𝑱𝒆𝒆
𝑐𝑐𝑐𝑐

= 𝜇𝜇𝑒𝑒𝑛𝑛𝑒𝑒𝛁𝛁��⃗ 𝑧𝑧𝑒𝑒𝑒𝑒 (where 𝜇𝜇𝑒𝑒 is the motility coefficient of epithelial cells). 
Epithelial cells follow the gradient 𝛁𝛁��⃗ 𝑧𝑧𝑒𝑒𝑒𝑒 by migrating from the region of higher coordination number 
𝑧𝑧𝑒𝑒𝑒𝑒 to that of lower coordination number. It is in accordance with the fact that epithelial cells avoid 
contact with mesenchymal cells. Heine et al. (2021) examined different breast co-culture systems and 
highlighted that the interactions at the biointerface between breast MCF-10A and MDA-MB-231 are the 
most dynamic in relation to neighboring exchanges. The epithelial-to-mesenchymal transition can be 
intensive along the biointerface (Barriga and Mayor, 2019). This phenomenon is accounted for through a 
sink term formulated here as: 𝑆𝑆𝐸𝐸𝐸𝐸𝐸𝐸 = −𝑘𝑘𝐸𝐸𝐸𝐸𝑇𝑇(𝑧𝑧𝑒𝑒𝑒𝑒)𝑛𝑛𝑒𝑒 (where 𝑘𝑘𝐸𝐸𝐸𝐸𝐸𝐸(𝑧𝑧𝑒𝑒𝑒𝑒) is an increasing function of 
𝑧𝑧𝑒𝑒𝑒𝑒). 



The mass balance of mesenchymal cells can be expressed through a modified version of the model 
proposed by Pajic-Lijakovic et al. (2025b) as: 

𝑑𝑑𝑛𝑛𝑚𝑚
𝑑𝑑𝑑𝑑

+ 𝛁𝛁��⃗ ∙ 𝑱⃗𝑱𝒎𝒎 = −𝑆𝑆𝐸𝐸𝐸𝐸𝐸𝐸         (15) 

where 𝑱⃗𝑱𝒎𝒎 is the flux of mesenchymal cells, which includes several contributions and can be expressed 

as: 𝑱⃗𝑱𝒎𝒎 =  𝑱⃗𝑱𝒎𝒎
𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

+  𝑱⃗𝑱𝒎𝒎
𝑚𝑚

+ 𝑱⃗𝑱𝒎𝒎
𝐶𝐶𝐶𝐶𝐶𝐶

, 𝑱⃗𝑱𝒎𝒎
𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

 is the convective flux, which is valid for a cell packing density 

𝑛𝑛𝑚𝑚 ≤ 𝑛𝑛𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 (Pajic-Lijakovic et al., 2025b), 𝑱⃗𝑱𝒎𝒎
𝑚𝑚

 is the Marangoni flux, and 𝑱⃗𝑱𝒎𝒎
𝑐𝑐𝑐𝑐

 is the contact-mediated 

motility flux formulated here. The convective flux of mesenchymal cells can be expressed as: 𝑱⃗𝑱𝒎𝒎
𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

=
−𝑛𝑛𝑚𝑚𝒗𝒗��⃗ 𝒎𝒎 (where 𝒗𝒗��⃗ 𝒎𝒎 is the velocity of mesenchymal cells) (Pajic-Lijakovic et al., 2025b). The Marangoni 
flux of mesenchymal cells directs cell movement from the region of lower interfacial tension to that of 

higher interfacial tension and can be expressed as: 𝑱⃗𝑱𝒎𝒎
𝑚𝑚

= −𝑘𝑘𝑀𝑀𝑀𝑀𝑛𝑛𝑚𝑚𝛁𝛁��⃗ 𝒔𝒔𝛾𝛾𝑒𝑒𝑒𝑒 (where 𝑘𝑘𝑀𝑀𝑀𝑀 is the mobility 
coefficient of mesenchymal cells coupling interfacial tension gradient to drift) (Pajic-Lijakovic et al., 

2023b). The contact-mediated motility flux 𝑱⃗𝑱𝒎𝒎
𝑐𝑐𝑐𝑐

 directs movement of mesenchymal cells along the 

gradient of the coordination number 𝑧𝑧𝑒𝑒𝑒𝑒 as:  𝑱⃗𝑱𝒎𝒎
𝑐𝑐𝑐𝑐

= 𝜇𝜇𝑚𝑚𝑛𝑛𝑚𝑚𝛁𝛁��⃗ 𝑧𝑧𝑒𝑒𝑒𝑒 (where 𝜇𝜇𝑚𝑚 is the motility coefficient 
of mesenchymal cells) (Armstrong et al., 2006). Consequently, mesenchymal cells migrate from regions 
of higher 𝑧𝑧𝑒𝑒𝑒𝑒 to regions of lower 𝑧𝑧𝑒𝑒𝑒𝑒. The source term caused by the epithelial-to-mesenchymal 
transition 𝑆𝑆𝐸𝐸𝐸𝐸𝐸𝐸 can be expressed as 𝑆𝑆𝐸𝐸𝐸𝐸𝐸𝐸 = 𝑘𝑘𝐸𝐸𝐸𝐸𝐸𝐸(𝑧𝑧𝑒𝑒𝑒𝑒)𝑛𝑛𝑒𝑒.  

In addition to the mass balance equations, it is also essential to establish the force balance equations for 
the subpopulations. 

 

5.2 Force balances of the subpopulations 

The main characteristic of migrating cell collectives is oscillations of the cell velocity, of the 
corresponding strain, and of the cell residual stress (Serra-Picamal et al., 2012; Notbohm et al., 2016; 
Pajic-Lijakovic et al., 2024b). The oscillatory change of cell velocity is an indicator of long-term inertial 

effects. The velocity of the epithelial subpopulation is equal to: 𝒗𝒗��⃗ 𝒆𝒆(ℜ, 𝜏𝜏) = 𝑑𝑑𝒖𝒖��⃗ 𝒆𝒆
𝑑𝑑𝑑𝑑

, while that of the 

mesenchymal subpopulation is 𝒗𝒗��⃗ 𝒎𝒎(ℜ, 𝜏𝜏) = 𝑑𝑑𝒖𝒖��⃗ 𝒎𝒎
𝑑𝑑𝑑𝑑

. The phenomenon has been discussed in the context of 

low-Reynolds turbulence, i.e., active turbulence, which represents a consequence of viscoelasticity in 
multicellular systems (Alert et al., 2022; Pajic-Lijakovic et al., 2024b). The inertial effects result from an 
imbalance between the driving and resistive forces. It is necessary to examine the contribution of each 
force in the dynamics at the biointerface, followed by formulation of the force balances for the 
subpopulations while considering inertial effects. The main characteristics of the forces are discussed in 
Box 2: 

Box 2. The main characteristics of the forces that influence cell rearrangement of the subpopulations 
along the biointerface 

Viscoelastic force (a resistive force) represents a consequence of the biointerface 



stretching/compression caused by collective cell migration and can be expressed as: 𝑭𝑭��⃗ 𝒗𝒗𝒗𝒗(ℜ, 𝜏𝜏) =
∇(𝝈𝝈�𝒓𝒓𝒓𝒓 − 𝝈𝝈�𝒓𝒓𝒓𝒓) (where 𝝈𝝈�𝒓𝒓𝒓𝒓 is the residual stress of epithelial subpopulation and 𝝈𝝈�𝒓𝒓𝒓𝒓 is the residual stress 
of mesenchymal subpopulation along the biointerface defined in Box 1). This force decreases with an 
increase in the biointerface area as described in eq. 3. While mechanical stress and the viscoelastic force 
resist the migration of epithelial cells, they have no effect on the migration of mesenchymal cells. A 
compressive stress of 773 Pa restricts the mobility of epithelial cells, specifically MCF-10A and MCF-7, 
while simultaneously promoting the motility of mesenchymal cells, including 4T1, MDA-MB-231, and 
67NR cells (Tse et al., 2012). Riehl et al. (2020) performed a study aimed at examining and contrasting 
the responses of mesenchymal MDA-MB-231 and MDA-MB-468 cells with those of epithelial MCF-10A 
cells when subjected to a shear stress of 1.5 Pa. Their results revealed that this specific level of shear 
stress promotes the mobility of MDA-MB-231 cells, does not influence MDA-MB-468 cells, and notably, 
diminishes the motility of MCF-10A epithelial cells. 
Bending force (a resistive force) acts perpendicularly to the biointerface and can be expressed as: 
𝑭𝑭��⃗ 𝑩𝑩 𝒆𝒆(ℜ, 𝜏𝜏) = 𝑛𝑛𝑒𝑒𝛁𝛁��⃗ ⊥𝑒𝑒𝑒𝑒𝑒𝑒 (where 𝑒𝑒𝑒𝑒𝑒𝑒 is the bending energy of the epithelial subpopulation along the 
biointerface and 𝛁𝛁��⃗ ⊥ is the normal gradient).  
Marangoni force (a driving force) is tangential, tending to move both populations from the region of 
lower interfacial tension to that of higher interfacial tension along the biointerface. It is expressed as 
(Pajic-Lijakovic et al., 2023b): 𝑭𝑭��⃗ 𝑴𝑴(ℜ, 𝜏𝜏) = 1

ℎ
𝛁𝛁��⃗ 𝒔𝒔𝛾𝛾𝑒𝑒𝑒𝑒 (where ℎ is the average size of a single cell). This force 

depends on the distance between the subpopulations 𝑑𝑑𝑒𝑒𝑒𝑒, and on the coordination number 𝑧𝑧𝑒𝑒𝑒𝑒. 
Repulsion between the subpopulations along the biointerface induces an increase in the interfacial 
tension.  
Spreading force (a driving force) is correlated with the spreading factor, which governs wetting 
(extension)/de-wetting (compression) of the subpopulations. When the spreading factor is larger than 
zero, the subpopulation undergoes wetting, while otherwise, it undergoes de-wetting. Consequently, 
this force induces migration of the subpopulations perpendicular to the biointerface. The spreading 
force was expressed as (Pajic-Lijakovic et al., 2023b): 𝑭𝑭��⃗ 𝑺𝑺𝑺𝑺(ℜ, 𝜏𝜏) = 𝑛𝑛𝑒𝑒𝑆𝑆𝑒𝑒𝒖𝒖��⃗ 𝒆𝒆 for an epithelial 
subpopulation and 𝑭𝑭��⃗ 𝑺𝑺𝑺𝑺(ℜ, 𝜏𝜏) = 𝑛𝑛𝑚𝑚𝑆𝑆𝑚𝑚𝒖𝒖��⃗ 𝒎𝒎 for a mesenchymal subpopulation (where 𝑆𝑆𝑒𝑒 is the epithelial 
spreading factor: 𝑆𝑆𝑒𝑒 = 𝛾𝛾𝑚𝑚 − (𝛾𝛾𝑒𝑒 + 𝛾𝛾𝑒𝑒𝑒𝑒) and 𝑆𝑆𝑚𝑚 is the spreading factor of mesenchymal cells: 𝑆𝑆𝑚𝑚 =
𝛾𝛾𝑒𝑒 − (𝛾𝛾𝑚𝑚 + 𝛾𝛾𝑒𝑒𝑒𝑒)). When the interaction potential is attractive, i.e. 𝑢𝑢𝑖𝑖𝑖𝑖𝑖𝑖 < 0 then the epithelial and 
mesenchymal subpopulations satisfy the conditions that: (i) 𝛾𝛾𝑒𝑒 > 𝛾𝛾𝑒𝑒𝑒𝑒 and (ii) 𝛾𝛾𝑚𝑚 ≪ 𝛾𝛾𝑒𝑒 (Devanny et al., 
2021; Pajic-Lijakovic et al., 2023b). Consequently, in this case, the epithelial subpopulation undergoes 
de-wetting (𝑆𝑆𝑒𝑒 < 0), while the mesenchymal subpopulation undergoes wetting (𝑆𝑆𝑚𝑚 > 0). The 
biointerface is then stable. However, when the interaction potential is repulsive than: (i) 𝛾𝛾𝑒𝑒 < 𝛾𝛾𝑒𝑒𝑒𝑒 and 
(ii) 𝑆𝑆𝑒𝑒 < 0 and 𝑆𝑆𝑚𝑚 < 0. In this case, both subpopulations undergo de-wetting. The biointerface is then 
unstable (Pajic-Lijakovic et al., 2025b). 
Friction force (a resistive force) depends on the relative velocity between the subpopulations along the 
biointerface 𝒗𝒗��⃗ 𝑹𝑹 = 𝒗𝒗��⃗ 𝒎𝒎 − 𝒗𝒗��⃗ 𝒆𝒆 and the frictional coefficients for epithelial cells 𝜉𝜉𝑒𝑒 and for mesenchymal 
cells 𝜉𝜉𝑚𝑚. (Pajic-Lijakovic et al., 2023b). This force for the epithelial subpopulation was expressed as: 
𝑭𝑭��⃗ 𝑭𝑭𝑭𝑭

𝒆𝒆
= 𝑛𝑛𝑒𝑒𝜉𝜉𝑒𝑒𝒗𝒗��⃗ 𝑹𝑹 and for mesenchymal subpopulation is equal to: 𝑭𝑭��⃗ 𝑭𝑭𝑭𝑭

𝒎𝒎
= 𝒏𝒏𝒎𝒎𝜉𝜉𝑚𝑚𝒗𝒗��⃗ 𝑹𝑹. 

 

The force balance for the epithelial subpopulation can be expressed by modifying the force balance 
proposed by Pajic-Lijakovic et al. (2023b) as: 

〈𝑚𝑚𝑒𝑒〉𝑛𝑛𝑒𝑒
𝐷𝐷𝒗𝒗��⃗ 𝒆𝒆(ℜ,𝜏𝜏)

𝐷𝐷𝐷𝐷
= 𝑭𝑭��⃗ 𝑺𝑺𝑺𝑺 − 𝑭𝑭��⃗ 𝑩𝑩𝑩𝑩 + 𝑭𝑭��⃗ 𝑴𝑴 − 𝑭𝑭��⃗ 𝒗𝒗𝒗𝒗 − 𝑭𝑭��⃗ 𝑭𝑭𝑭𝑭

𝒆𝒆
      (16) 



where 〈𝑚𝑚𝑒𝑒〉 is the average mass of a single epithelial cell and 𝐷𝐷𝒗𝒗��⃗ 𝒆𝒆
𝐷𝐷𝐷𝐷

= 𝜕𝜕𝒗𝒗��⃗ 𝒆𝒆
𝜕𝜕𝜕𝜕

+ (𝒗𝒗��⃗ 𝒆𝒆 ∙ 𝛁𝛁��⃗ )𝒗𝒗��⃗ 𝒆𝒆 is the material 
derivative (Bird et al., 1960). During the initial regime of segregation characterised by a larger 
biointerface, the force which predominantly reduces the movement of epithelial cells is friction caused 
by the shear stress generated along the biointerface, while the decreasing area of biointerface during 
the later regime of segregation increases the viscoelastic force. An increase in the compressive stress 
within the epithelial subpopulation and the associated increase in epithelial packing density intensify 
homotypic cell-cell interactions and, consequently, increase the contact inhibition of locomotion. The 
latter leads to weakening of cell-cell adhesion contacts and cell repolarisation, causing energy 
dissipation, which results in a decrease in the compressive stress so that cell migration can start again. 
The bending force is a resistive force that reduces biointerface bending during the segregation process. 
The spreading force primarily depends on the distance between the subpopulations 𝑑𝑑𝑒𝑒𝑒𝑒 which 
influences the rate of epithelial de-wetting by increasing the interfacial tension. The Marangoni force 
depends on: (i) the distributions of the distance 𝑑𝑑𝑒𝑒𝑒𝑒 and coordination number 𝑧𝑧𝑒𝑒𝑒𝑒, which affect the 
interaction potential and (ii) the curvature which influences epithelial surface tension. 

The force balance for the mesenchymal subpopulation was expressed as (Pajic-Lijakovic et al., 2023b): 

〈𝑚𝑚𝑚𝑚〉𝑛𝑛𝑚𝑚
𝐷𝐷𝒗𝒗��⃗ 𝒎𝒎(ℜ,𝜏𝜏)

𝐷𝐷𝐷𝐷
= 𝑭𝑭��⃗ 𝑺𝑺𝑺𝑺 + 𝑭𝑭��⃗ 𝑴𝑴 + 𝑭𝑭��⃗ 𝒗𝒗𝒗𝒗 − 𝑭𝑭��⃗ 𝑭𝑭𝑭𝑭

𝒎𝒎
      (17) 

where 〈𝑚𝑚𝑚𝑚〉 is the average mass of a single mesenchymal cell and 𝐷𝐷𝒗𝒗��⃗ 𝒎𝒎
𝐷𝐷𝐷𝐷

= 𝜕𝜕𝒗𝒗��⃗ 𝒎𝒎
𝜕𝜕𝜕𝜕

+ (𝒗𝒗��⃗ 𝒎𝒎 ∙ 𝛁𝛁��⃗ )𝒗𝒗��⃗ 𝒎𝒎 is the 

material (total) derivative (Bird et al., 1960). In the case of mesenchymal cells, the frictional force 
reduces their movement. The viscoelastic force, which increases during the process of segregation, 
stimulates movement of mesenchymal cells. The spreading force drives wetting or de-wetting of the 
mesenchymal subpopulation depending on the distance 𝑑𝑑𝑒𝑒𝑒𝑒. The Marangoni force has a similar effect 
on both subpopulations by driving tangential movement of cells from the regions of lower interfacial 
tensions toward those of higher interfacial tension. 

All these forces change the velocities and strains of the subpopulations, as well as the area of the 
biointerface. These changes influence mechanical stresses within the subpopulations accompanied by 
the interfacial tension. Consequently, this cause-consequence cycle has a feedback impact on the 
volumetric and dilational viscoelasticity of these co-cultured multicellular systems and on the efficiency 
of spreading the cancer mesenchymal-like subpopulation in the presence of epithelial cells. The 
segregation process attains equilibrium when the driving forces and resistive forces are balanced. 

 

6. Interrelationship between physical parameters involved in mechanical coupling between the 
subpopulations 

The segregation of subpopulations via collective cell migration within co-cultured spheroids generates 
macroscopic mechanical stress. This stress depends on the mechanical stress within the subpopulations 
and the stress generated along the biointerface due to heterotypic cell-cell interactions. The efficiency 
of the segregation process, accompanied by spreading of cancer mesenchymal-like cells through the 
epithelium, depends on the distribution of macroscopic stress and the volume fraction of the epithelial 



subpopulation quantified by the divergence of the macroscopic stress and gradient of the volume 
fraction of epithelial cells. Contact dynamics along the biointerface, through the interfacial tension, 
influences the distribution of macroscopic stress: (i) directly by influencing the stress along the 
biointerface and the stress within the subpopulations and (ii) indirectly by influencing the mechanical 
coupling between the subpopulations by changing the area of the biointerface. A larger area of 
biointerface ensures intensive energy transfer and dissipation along the biointerface, leading to a more 
homogeneous distribution of macroscopic stress. Correspondingly, a decrease of biointerface area 
during the segregation process results in increased inhomogeneity of the macroscopic stress, which has 
the potential to speed up the segregation process and the spreading of cancer. When epithelial cells 
reach into the core region, while cancer cells are grouped within the surface region of the spheroid, the 
biointerface area and the average coordination number are minimal, i.e., 𝐴𝐴𝑚𝑚𝑚𝑚𝑚𝑚 and 〈𝑧𝑧𝑒𝑒𝑒𝑒〉𝑚𝑚𝑚𝑚𝑚𝑚. In this 
case, the stress difference between the subpopulations is maximal (𝝈𝝈�𝒓𝒓 𝒆𝒆 − 𝝈𝝈�𝒓𝒓 𝒎𝒎)𝑚𝑚𝑚𝑚𝑚𝑚. This state of the 
spheroid corresponds to complete segregation achieved under static equilibrium between the driving 
and resistive forces. The relationships between the physical parameters on various space scales are 
shown in Figure 3: 

 

Figure 3. The relationships between physical parameters on various space scales which influence the 
segregation process and the efficiency of cancer spreading through epithelium. 



Stresses within the subpopulations are influenced not only by interfacial tension and the gradient of 
interfacial tension, but also by viscoelasticity caused by collective cell migration. Interfacial tension, as 
the one of the main factors responsible for the dynamics along the biointerface, depends on the 
epithelial surface tension and interaction potential. The epithelial surface tension, as a measure of 
epithelial cohesion, relies on the biointerface bending and has the potential to minimize the in-plane 
surface energy. The viscoelastic nature of epithelial surfaces was discussed in the context of the 

proposed 𝛾𝛾𝑒𝑒 −
∆𝐴𝐴
𝐴𝐴

 constitutive model of dilational viscoelasticity, based on various experimental findings 

on in vitro model systems.  

Contact dynamics between the subpopulations can be characterized by the coordination number 𝑧𝑧𝑒𝑒𝑒𝑒 
and distance between the subpopulations 𝑑𝑑𝑒𝑒𝑒𝑒 on a cellular level. Both parameters influence the 
interaction potential, while the distribution of the coordination number influences the area of the 
biointerface. 

A few controlling dimensionless numbers can be identified such as: (i) the dimensionless interfacial 

tension 𝛾𝛾𝑒𝑒𝑒𝑒
𝛾𝛾𝑒𝑒

 (from eq. 10), (ii) the fraction of interfacial stress in the total macroscopic stress 𝝈𝝈�𝒊𝒊𝒊𝒊𝒊𝒊
𝝈𝝈�𝒓𝒓𝒓𝒓

 (from 

eq. 1), and (iii) the dimensionless viscoelasticity number equal to 𝐺𝐺
′(𝑟𝑟,𝜔𝜔)

𝐺𝐺′′(𝑟𝑟,𝜔𝜔) (where 𝐺𝐺′(𝑟𝑟,𝜔𝜔) is the storage 

modulus, 𝐺𝐺′′(𝑟𝑟,𝜔𝜔) is the loss modulus, 𝜔𝜔 is the angular velocity equal to 𝜔𝜔 = 2𝜋𝜋
𝑇𝑇

, and 𝑇𝑇 is the period of 

oscillation of the biointerface caused by wetting/de-wetting of the subpopulation and corresponds to a 
few hours). Storage and loss moduli can be extracted from the proposed constitutive models described 
in Box 1, which are presented in the Appendix. When 𝛾𝛾𝑒𝑒𝑒𝑒

𝛾𝛾𝑒𝑒
< 1, attractive interactions dominate along 

the bioinerface and the biointerface is stable. However, when 𝛾𝛾𝑒𝑒𝑒𝑒
𝛾𝛾𝑒𝑒

> 1, repulsive interactions dominate 

and the biointerface is unstable. The fraction of interfacial stress in the total macroscopic stress 
quantifies the impact of mechanical stress generated along the biointerface in the total macroscopic 
stress which has a feedback impact on the efficiency of the segregation process. The dimensionless 

viscoelasticity number 𝐺𝐺
′(𝑟𝑟,𝜔𝜔)

𝐺𝐺′′(𝑟𝑟,𝜔𝜔) can be correlated with the mobility of the subpopulations. Higher values 

of 𝐺𝐺
′(𝑟𝑟,𝜔𝜔)

𝐺𝐺′′(𝑟𝑟,𝜔𝜔) point to a subpopulation that is less mobile. 

 

7. Outlook: experimental tests 

To gain a more profound understanding of the dynamics at the biointerface, which is essential for 
preventing the invasion of the epithelium by cancer cells, further experiments are required to determine 
a few physical parameters such as: (i) the coordination number 𝑧𝑧𝑒𝑒𝑒𝑒 distribution, (ii) the epithelial 
surface tension 𝛾𝛾𝑒𝑒, (iii) the epithelial-mesenchymal interfacial tension 𝛾𝛾𝑒𝑒𝑒𝑒, and (iv) the residual stresses 
generated within the subpopulations. The coordination number distributions can be quantified from 3D 
imaging by combining confocal or light-sheet microscopy with automated cell segmentation using 
nucleus- or membrane-based approaches. Cell–cell contacts are identified by shared interfacial area or 
short-distance criteria between segmented cell surfaces, allowing heterotypic neighbors to be 



distinguished based on cell-type labeling. For each epithelial cell at the biointerface, the coordination 
number is defined as the number of adjacent mesenchymal cells, yielding spatially resolved distributions 
that can be correlated with interface curvature or mechanical readouts (Stringer et al., 2021; Gómez et 
al., 2021). The epithelial/mesenchymal coordination number can be correlated with epithelial surface 
tension and epithelial-mesenchymal interfacial tension. 

Although the surface tension of multicellular systems is known to vary with time and space (i.e., 
dynamic surface tension), there are currently no empirical data supporting the notion of temporal 
fluctuations in this physical property. Thus far, only a static (equilibrium) value for surface tension has 
been observed and measured as a characteristic of external multicellular surfaces in contact with liquid 
medium. A range of methods has been employed, including: uni-axial compression of mono-cultured 
spheroids positioned between parallel plates (Mombach et al., 2005), micropipette aspiration of 
spheroids (Guevorkian et al., 2021), and the use of a magnetic tensiometer (Nagle et al., 2022). The 
existing literature indicates that the static surface tension observed in multicellular systems is influenced 
not only by the type of cells present but also by the measurement techniques employed. Magnetic field 
can enhance the strength of these cell-cell adhesion contacts and on that basis lead to an increase in the 
surface tension (Jafari et al., 2019). 

The dynamic interfacial tension between epithelial and mesenchymal subpopulations has yet to be 
investigated experimentally. Resonant acoustic rheometry presents a feasible approach for quantifying 
this phenomenon. This method has proven effective in measuring surface and interfacial tensions within 
soft matter systems, including hydrogels (Hobson et al., 2021). 

Determining the 3D stress distribution is a considerable challenge. To tackle this difficulty, numerous 
studies have introduced inclusions in the form of microbead or droplet-based stress sensors, which have 
well-defined mechanical properties, into 3D cellular systems to mitigate the complexities associated 
with 3D traction force microscopy (Zhang et al., 2017). Incompressible micro-droplet sensors can be 
utilized to assess the anisotropic normal stress component (Campàs et al., 2013). Dolega et al. (2017) 
developed elastic microbead sensors to quantify the isotropic compressive stress resulting from tumor 
growth within the matrix (i.e., solid stress). These inclusion-based experimental techniques allow for the 
measurement of stress values in close proximity to the inclusion. 

 

8. Conclusion 

The formation of sharp biointerfaces between different cell subpopulations is crucial for the 
preservation of tissue organization and homeostasis. Alterations of the biointerface between epithelial 
and cancer cells provides an indicator of cancer development. Gaining deeper insight into the dynamics 
at the biointerface is a first step in identifying strategies to prevent cancer dissemination.  The role of 
the dynamics along the biointerface in the spreading of cancer cells was discussed on the basis of simple 
model systems such as the segregation of epithelial and cancer mesenchymal-like subpopulations within 
co-cultured spheroids via collective cell migration.  



The importance of mechanical forces in tissue self-organisation and the spreading of cancer was first 
recognized more than two decades ago. We have tried to extend this research by pointing to: (i) contact 
dynamics along the epithelial-mesenchymal biointerface and its influence on the segregation process 
and (ii) the volumetric viscoelasticity of the subpopulations and the dilational viscoelasticity of the 
biointerface. In the present paper we have discussed mechanical coupling between the subpopulations 
based on: (i) interrelationship between macroscopic stress within part of the spheroid and the size of 
the biointerface on the macroscopic scale, (ii) postulated mass and force balances of the subpopulations 
along the biointerface on the mesoscopic scale, and (iii) the interaction potential, which has a feedback 
impact on the interfacial tension on the cellular scale. The main results were obtained by combining 
multi-scale models with the results of biological and bio-mechanical experiments, and we can 
summarize them as follows: 

• Higher divergence of macroscopic stress, induced by a decrease in size of the biointerface area, 
ensures efficient segregation of the subpopulations and cancer spreading through epithelium. 

• Decrease of the biointerface area is affected by the interfacial tension. 
• The divergence of macroscopic stress depends on the variations of: (i) the interfacial tension 

along the biointerface and (ii) mechanical stress within the subpopulations.  
• Mechanical stress stimulates movement of cancer cells. 
• Higher interfacial tension ensures efficient segregation of the subpopulations and spreading of 

cancer. Repulsive heterotypic cell-cell interactions, significant at shorter distances between the 
subpopulations, increase the interfacial tension. 

The multi-scale biophysics model introduced in this review represents merely an initial phase in the 
modeling of intricate multi-cellular spheroids. Further experiments are required to quantify the 
interfacial tension between the subpopulations, as well as the gradient of this tension, and to relate 
them to the accumulation of residual stress in cells. The collection of experimental data necessary to 
parameterize such multi-scale and multi-phase models will constitute another crucial step in the 
modeling process. 

 

Conflict of interest: The authors report there is no conflict of interest. 

Funding: This work was supported in part by the Engineering and Physical Sciences Research Council, 
United Kingdom (grant number EP/X004597/1) and by the Ministry of Science, Technological 
Development and Innovation of the Republic of Serbia (Contract No. 451-03-136/2025-03/200135).  

  



Appendix 

Proposed constitutive models for epithelial and mesenchymal subpopulations discussed in Box 1 and 
storage and loss moduli obtained from these models by Fourier transform is presented in Table 2: 

Table 2. Constitutive models for epithelial and mesenchymal subpopulations and corresponding storage 
and loss moduli 

model Model equation Storage modulus Loss modulus 
Cancer-mesenchymal 
subpopulation 
Maxwell model 

𝝈𝝈�𝒎𝒎 + 𝜏𝜏𝑅𝑅𝝈𝝈�̇𝒎𝒎  = 𝜂𝜂𝑚𝑚𝜺𝜺�̇𝒎𝒎 𝜂𝜂𝑚𝑚𝜏𝜏𝑅𝑅𝜔𝜔2

1 + 𝜏𝜏𝑅𝑅2𝜔𝜔2 
𝜂𝜂𝑚𝑚𝜔𝜔

1 + 𝜏𝜏𝑅𝑅2𝜔𝜔2 

Epithelial subpopulation 
Zener model 

𝝈𝝈�𝒆𝒆 + 𝜏𝜏𝑅𝑅𝝈𝝈�̇𝒆𝒆  = 𝐸𝐸𝑒𝑒𝜺𝜺�𝒆𝒆 + 𝜂𝜂𝑒𝑒𝜺𝜺�̇𝒆𝒆 𝐸𝐸𝑒𝑒 + 𝜂𝜂𝑒𝑒𝜏𝜏𝑅𝑅𝜔𝜔2

1 + 𝜏𝜏𝑅𝑅2𝜔𝜔2  
𝜂𝜂𝑒𝑒𝜔𝜔 − 𝐸𝐸𝑒𝑒𝜏𝜏𝑅𝑅𝜔𝜔

1 + 𝜏𝜏𝑅𝑅2𝜔𝜔2  

Epithelial subpopulation 
Kelvin-Voigt model 

𝝈𝝈�𝒆𝒆  = 𝐸𝐸𝑒𝑒𝜺𝜺�𝒆𝒆 + 𝜂𝜂𝑒𝑒𝜺𝜺�̇𝒆𝒆 𝜂𝜂𝑒𝑒 𝜂𝜂𝑒𝑒𝜔𝜔 

Epithelial subpopulation 
Fractional model 

𝝈𝝈�𝒆𝒆 = η𝛼𝛼𝐷𝐷
𝛼𝛼(𝜺𝜺�𝒆𝒆) 𝜂𝜂𝛼𝛼𝜔𝜔𝛼𝛼𝑐𝑐𝑐𝑐𝑐𝑐 �

𝜋𝜋𝜋𝜋
2
� 𝜂𝜂𝛼𝛼𝜔𝜔𝛼𝛼𝑠𝑠𝑠𝑠𝑠𝑠 �

𝜋𝜋𝜋𝜋
2
� 

where 𝜂𝜂𝑚𝑚(𝑟𝑟) and 𝜂𝜂𝑒𝑒(𝑟𝑟) are the viscosities of the mesenchymal and epithelial subpopulations, respectively, 𝐸𝐸𝑒𝑒(𝑟𝑟) is the elastic 
modulus of the epithelial subpopulation, 𝜏𝜏𝑅𝑅  is the stress relaxation time, 𝝈𝝈�𝒆𝒆 and 𝝈𝝈�𝒎𝒎 are stresses within the mesenchymal and 
epithelial subpopulations, 𝜺𝜺�𝒆𝒆 is the epithelial strain, 𝜺𝜺�̇𝒎𝒎 and 𝜺𝜺�̇𝒆𝒆 are mesenchymal and epithelial strain rates caused by collective 
cell migration, 𝝈𝝈�̇𝒎𝒎 and 𝝈𝝈�̇𝒆𝒆 are rates of change of the mesenchymal and epithelial stresses, η𝛼𝛼(𝑟𝑟) is the effective modulus,  and 
𝐷𝐷𝛼𝛼(𝜺𝜺�𝒆𝒆) is the fractional derivative, and 𝛼𝛼 is the order of the fractional derivative. Caputo’s definition of the fractional derivative of a function 

𝜺𝜺�(𝑟𝑟, 𝜏𝜏) was used, and it is given as: 𝐷𝐷𝛼𝛼𝜺𝜺� = 1
Г(1−𝛼𝛼)

𝑑𝑑
𝑑𝑑𝑑𝑑 ∫

𝜺𝜺��𝑟𝑟,𝜏𝜏′�
(𝜏𝜏−𝜏𝜏′)𝛼𝛼

𝑑𝑑𝑑𝑑′𝜏𝜏
0  (where Г(1− 𝛼𝛼) is a gamma function) (Podlubny, 1999). 
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