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Physics of cancer spreading through epithelium

Many cancers spread across the epithelium and physics is needed to describe the
process. Cell dynamics at the normal epithelium/cancer biointerface play a crucial
role in the progression of the disease. An altered arrangement of epithelial cells
significantly impacts progression, so that a detailed understanding of the biological
and physical mechanisms governing the interface dynamics provides a promising
basis for cancer prevention. The biological mechanisms involve cell signalling and
gene expression, while the physical mechanisms are associated with the interplay
between physical properties such as the epithelium-cancer interfacial tension, the
epithelial surface tension, and the compressive stress within the epithelium.
Despite extensive in vitro research on epithelium/cancer co-cultured cell systems,
the influence of these physical parameters on cell reorganization remains
incomplete. This review provides an account of what is known about the physical
processes involved in cell reorganization within epithelium/cancer cell clusters and

the dissemination of cancer within co-cultured systems.
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Glossary of terms

Adherens junctions (AJs): a type of cell-cell adhesion contact, which play an
important rule for migrating cell collectives. Cells use AJs for mechanical coupling and
as an important source of signalling that coordinates collective behaviour.

Amoeboid cells: migrate by sliding through narrow channels between other
cells without forming cell-cell and cell-matrix adhesion contacts.

Apicobasal polarity of epithelial cells: a distinct form of cell polarity found in
epithelial cells, characterized by the presence of a specialized apical membrane
oriented towards the exterior of the body or the lumen of internal cavities, and a
specialized basolateral membrane located on the opposite side, away from the lumen.
Adherens junction complexes frequently serve as physical barriers that separate apical
and basal domains.

Cell jamming state transition: the cell transition from the active (contractile)
to the passive (non-contractile) state caused by an accumulation of cell compressive
stress, leading to an increase in cell packing density. This process influences the
viscoelasticity and surface characteristics of multicellular systems.

Cadherins: transmembrane glycoproteins containing an extracellular domain
that mediates cell-cell adhesion via homophilic or heterophilic interaction, and an
intracellular domain that controls signaling cascades involved in a variety of cellular
processes, including polarity, gene expression, etc.

Constitutive models: stress-strain relationships.

Epithelial cells: exhibit cuboidal shape, limited mobility, apical-basal polarity,

and strong E-cadherin-mediated cell-cell adhesions




Epithelium/cancer interfacial tension: a tension at the epithelium/cancer
biointerface along the tangential direction.

Epithelial-to-mesenchymal transition: a process by which cells undergo a
transition from an epithelial-like phenotype to a mesenchymal-like phenotype. This
process influences the viscoelasticity of multicellular systems.

Mechanical stress: a physical quantity that describes the magnitude and
direction of forces per unit area that cause a deformation.

Mesenchymal cells: exhibit an elongated shape, increased migratory ability,
front-rear cell polarity, and weak N-cadherin-mediated cell-cell adhesion.

Normal stress: a stress along the direction normal to the surface. If positive (in
the outward direction normal to the surface), the stress is tensional. If negative (in the
opposite direction), the stress is compressive.

Residual stress: stress that remains in a system in the absence of external
forces. It can be normal or shear. The residual stress can be either dissipative (viscous)
or elastic.

Segregation: self-organization of epithelial and cancer subpopulations within
co-cultured spheroids such that epithelial cells migrate towards the spheroid core
region, while cancer cells migrate towards the spheroid surface region.

Shear strain: deformation of a system in response to mechanical stress. applied
tangentially.

Shear stress: stress that acts coplanar with the cross section of a system.

Solid stress: compressive stress caused by cell growth in a confined
environment such as the spheroid core region. In contrast to pressure this stress includes

isotropic and deviatoric components.




Spheroids: cell aggregates of size an order of magnitude or larger than the size
of a single cell.

Stress relaxation: an observed, time-dependent, decrease in the stress of a
system from an initial value towards the residual stress under constant strain, caused
by structural ordering of the system under strain.

Strain rate: the change in strain per unit of time.

Tissue surface tension (epithelial or cancer): a tension at the external surface
of the tissue, along the tangential direction.

Viscoelasticity: a property of material, which defines the elastic and viscous
characteristics of the system when it undergoes deformation.

Viscoelastic liquids: liquids with viscoelastic behaviour satisfying the
following conditions: (1) stress can relax under a constant strain rate, in some cases;
(2) the strain rate can relax under a constant stress to a constant value, in some cases;
and (3) the strain itself cannot relax.

Viscoelastic solids: solids with viscoelastic behaviour satisfying the following
conditions: (1) stress can relax under a constant strain, in some cases; and (2) strain can
relax under a constant stress, in other cases.

Volumetric strain: a strain that produces solely a change in volume. In linear

analysis (small strains), it is computed as the trace of the strain tensor.

1. Introduction

Epithelial cancer is a highly lethal form of the disease that has significant impact

on a global scale. The epithelium consists of either single layers or multiple layers (known



as stratified epithelium) that serve as a protective covering for the surfaces of organs and
glands, as well as lining the cavities and hollow organs throughout the body. By targeting
the early stages of the disease, there is potential for substantial improvements in the
survival rates of cancer patients. The early stage of cancer invasion involves the spread
of metastatic cancer cells from a primary tumour to the surrounding healthy epithelium
[1-5]. Millar et al. [2] demonstrated that the migration of cancer cells through normal
epithelium serves as an indicator of a pre-invasive state in lung cancer. The establishment
and maintenance of precisely organized tissues rely on sharp biointerfaces between
different cell populations, as highlighted by Batlle and Wilkinson [6]. The interaction
between cancer cells and the epithelium leads to reorganization within the epithelium,
which in turn influences the spreading of cancer cells [7,8]. As we will show, these

processes are governed by physics as well as by biology.

Multicellular systems, such as three-dimensional (3D) cell spheroids and
organoids, are widely utilized in vitro for studying fundamental processes in human
pathophysiology and disease. Spheroids consist of cell aggregates grown in suspension
or embedded in a 3D matrix through specialized culture techniques [9]. Organoids have
more complex structures. Tumour organoids are self-organized collections of diverse cell
types obtained from patient samples, replicating the essential histopathological, genetic,
and phenotypic features of the original tumour [10]. However, to comprehend the
segregation of distinct cells with epithelial and cancer properties within complex tumour
organoids, it is imperative first to gain insights into the processes that result in cell
segregation (Glossary), which can be achieved through studies of collective cell
migration within simpler tumour spheroids. Possible complications arising from cell
division may be disregarded, as this process unfolds over longer durations, typically

spanning days. The separation of epithelial and cancer subpopulations in co-cultured



epithelial-cancer spheroids in a liquid medium provides an opportunity to assess the
influence of epithelial cell self-organization on cancer spread. Such investigations of the
biological and physical processes that drive the segregation of distinct cell types in a
laboratory setting represent a crucial initial step in comprehending the intricate
mechanisms governing cell segregation in a living organism. While biological aspects of
the segregation are widely discussed, physical aspects are only starting to be elucidated.
Of particular interest is the physics involved in the self-organization of the epithelial and
cancer subpopulations within co-cultured spheroids, where the significance of various
physical parameters and their inter-relationship can be described in terms of a

mathematical model.

The majority of cancer cells in the primary tumour maintain their epithelial-like
phenotype, while the metastatic subpopulation undergoes the epithelial-to-mesenchymal
transition (EMT) [11,12] (Glossary). The EMT is a reversible process whereby cancer
cells in the primary tumour change from an epithelial-like to a mesenchymal-like
phenotype or vice versa. This transition is triggered by biological and physical factors
such as cell signalling and the generation of mechanical stress within cells [13,14]. During
the EMT process, cells experience several changes including a loss of apicobasal polarity,
acquisition of mesenchymal characteristics, and alterations in cell-cell adhesion contacts
and viscoelasticity [14]. Epithelial-like cells are characterized by their cuboidal shape,
limited mobility, apicobasal polarity (Glessary), and strong E-cadherin-mediated cell-
cell adhesions. On the other hand, mesenchymal-like cells exhibit an elongated shape,
increased migratory ability, front-rear cell polarity, and weak N-cadherin-mediated cell-
cell adhesion [12]. The EMT has been identified as a significant feature of breast cancer
metastasis [11]. Nevertheless, it is important to note that this transition is not consistently

realized in full, as cells within tumour spheroids exhibit varying levels of mesenchymal



traits. Healthy epithelial cells can also undergo the EMT caused by cell signalling,
generation of cell mechanical stress, and the presence of cancerous mesenchymal-like
cells in their vicinity. While epithelial-like cells can migrate collectively through strong
E-cadherin-mediated cell-cell adhesion even without forming cell-matrix adhesion
contacts, mesenchymal cells require the establishment of focal adhesions (i.e., cell-matrix
adhesion contacts labeled as FAs) for migration. In cases where mesenchymal-like cells
fail to establish FAs, they undergo a transition known as the mesenchymal-to-amoeboid
transition (MAT) [12,15]. The amoeboid phenotype is a characteristic of cancer cells,
enabling them to migrate by sliding through narrow channels between surrounding cells
and/or cells and the extracellular matrix, without the need for cell-cell or cell-matrix

adhesion contacts.

Healthy epithelial cells facilitate movement of cancer mesenchymal-like cells.
Cancer cells exhibit coordinated movement by interacting with epithelial cells, whereas
their movement through mono-cultured cancer systems is less consistent and less
predictable [1]. In a related study, Heine et al. [16] highlighted the occurrence of intensive

neighbour exchange along the MCF10A/MDA-MB-231 biointerface.

It is common knowledge that various physical factors, such as solid stress within
the core region of cancer spheroids under in vitro conditions (Glossary), along with other
biological factors, play significant roles in influencing the spread of cancer [17]. The solid
stress present in the core of the spheroid and the tension on its surface are responsible for
regulating the rearrangement of cells within mono-cultured spheroids through collective
cell migration. The accumulated solid stress in the core region of multicellular spheroids
is predominantly compressive and typically ranges from a few kPa [17]. The compressive

residual stress experienced by cells in the core region of CT26 cancer cell spheroids (with



a diameter of 240 um) is ~8 kPa, which is approximately eight times higher than the
stress at the spheroid surface when subjected to an externally applied osmotic stress of 5
kPa [18]. The osmotic stress is generated through the application of large dextran
molecules, characterized by a molecular weight of 500 kDa and an average radius of
gyration measuring 15 nm. Due to their substantial size, these molecules are unable to
permeate the cellular membrane. Instead, they promote an increase in the packing density
of the cells, resulting in compressive mechanical stress, while the overall volume of
individual cells remains relatively constant. This accumulated stress has a direct impact
on cell shape and migration patterns, resulting in smaller and more rounded cells within

the core region compared to those located on the surface of the spheroid [19].

The complex process of cancer spreading through epithelium has been evaluated
by contrasting the self-organization of epithelial cells and cancer cells in mono-cultured
spheroids with their rearrangement in co-cultured epithelial-cancer spheroids. Mono-
cultured model systems are extensively utilized to explore various biological and physical
aspects of cell rearrangement induced by collective cell migration in both normal and
pathological conditions, including morphogenesis, wound healing, and cancer.
Conversely, co-cultured epithelial-cancer spheroids are employed to simulate the

dissemination of cancer through epithelial tissue [19,20].

Cancer spreading through epithelium within co-cultured spheroids is influenced
by an interplay between physical parameters such as: (1) solid stress, (2) the surface
tensions of the epithelial and cancer subpopulations, (3) the epithelium/cancer interfacial
tension, and (4) the viscoelasticity of epithelial and cancer subpopulations caused by
collective cell migration (Glossary). The surface tension of a multicellular system

represents a measure of its surface cohesiveness in contact with the liquid medium. In



addition, while some physical parameters have been measured only under equilibrium
conditions, other parameters such as the epithelium/cancer interfacial tension have not
yet been measured. However, the tissue surface tension (also called “dynamic tissue
surface tension’’) is a dynamic parameter, which varies with time and space [21]. Its
variations are due to the change of generated strain caused by collective cell migration,
alterations in the cell surface packing density, variations in the strength of cell-cell
adhesion contacts, and cell contractility [21]. Contractile cells are specially adapted to
generate motile forces through the interaction of the (contractile) proteins actin and
myosin. The movement of cells collectively within multicellular systems leads to the
spontaneous emergence of mechanical waves [21-24]. The latter refer to periodic
fluctuations in mechanical parameters, including cell velocity, strain rate, changes in
surface, volume, and shape of multicellular systems, as well as cell mechanical stress.
The frequency of the mechanical waves is ~0.17 — 0.25 h™! according to experimental
data from Notbohm et al. [24]. These changes are accompanied by localized stiffening
and softening of multicellular systems during collective cell migration. The oscillatory
dynamics of collective cell migration is driven primarily by effects at the
epithelium/cancer biointerfaces for co-cultured spheroids and the multicellular surface

for mono-cultured spheroids [5,8].

The purpose of this review is to explore the relationships between collective cell
migration, viscoelasticity in the context of cell mechanical stress generation, and the
surface properties of epithelial and cancer cells. These relationships are measured by the
surface tensions, interfacial tension between the subpopulations, and interfacial tension
gradients of the different sub-populations. In doing so, we will consider mono-cultured
epithelial and cancer spheroids, as well as co-cultured epithelium/cancer spheroids.

Furthermore, we will emphasize the role of viscoelasticity in the physics governing the



spread of cancer. We will also mention some unresolved issues and potential

opportunities that can be explored using these tools.

2. Collective migration of epithelial and cancer cell subpopulations:

physical properties of the subpopulations

The cell rearrangement in spheroids is the result of collective cell migration, and
so it is essential to explore the physical properties of the migrated epithelial and cancer
subpopulations in greater depth. Collective cell migration can be characterized by
coordination and cooperation [25]. Coordination refers to the ability of cells to move in a
specific direction, while cooperation is determined by the interactions between cells
through adhesion. As a result, the level of intracellular organization plays a crucial role
in determining physical properties such as the viscoelasticity and surface characteristics
of a multicellular system. The viscoelastic behaviour of a soft-matter system results from
an interplay between energy storage and energy dissipation as the system undergoes
structural changes in response to different stress or strain conditions. Two types of
viscoelastic behaviour can be distinguished: (i) viscoelastic solid behaviour occurs when
the stored energy is higher than the dissipated energy and (ii) viscoelastic liquid behaviour
occurs when the stored energy is lower than the dissipated energy. The characterization
of viscoelasticity encompasses: (i) the ability of stress to relax under constant strain, (i)
the ability of strain to relax under constant stress, and (iii) the residual stress that reflects
either viscous or elastic characteristics. The relaxation phenomena inherent in viscoelastic
systems can be investigated through experimental approaches in both the time and
frequency domains, namely: (1) measurements of strain relaxation under constant stress
(creep experiments) and of stress relaxation under constant strain; and (2) the assessment

of storage and loss moduli under conditions of low oscillatory strain.



One typical experimental setup is shown in Figure 1:

Figure 1.

Epithelial and cancer subpopulations can undergo partial or total segregation depending
on the interplay between physical parameters such as the epithelial and cancer surface
tensions, the interfacial tension between them, and the viscoelasticity of the
subpopulations. In partial segregation, the epithelial subpopulation forms clusters
surrounded by the cancer subpopulation. When the epithelial surface tension is much
higher than that of cancer, the subpopulations undergo total segregation such that
epithelial cells move towards the spheroid core, while cancer cells migrate towards its

surface [19].

The key features of collective migration in epithelial and cancer subpopulations are as

follows:

o Epithelial cells exhibit a remarkable degree of coordination and cooperation in
that they migrate in tightly connected clusters. In contrast, cancer cells migrate in
loosely connected streams, displaying a lower level of coordination and a

medium-to-high level of cooperation [25,26].

e The main characteristics of the movement of epithelial cells are the
inhomogeneous distribution of the strengths of cell-cell adhesion contacts, of the
cell packing density, and of the cell mechanical stress [27], while the migration
of cancer cells is more homogeneous, owing to the dissipative nature of cancer

cell migration [28].

e The movement of cancer cells corresponds to that of a viscoelastic liquid [28]

(Glossary). In contrast, the movement of epithelial cells corresponds to that of a



viscoelastic solid and it results in the accumulation of additional residual

mechanical stress in the cells (Glossary) [28].

The residual stress is the stress remaining in a system in the absence of external
forces. It can be either normal (compressive or tensional) or shear (Glossary).
Furthermore, residual stress can be categorized as either dissipative, characterized

by its viscous nature, or elastic [29].

Accumulated cell compressive residual stress within the epithelium induces an
increase in cell packing density, which can further reduce cell movement [28,30].
The epithelial movement reduction under cell compressive residual stress leads to
a change in the state of viscoelasticity and can result in the cell jamming state

transition (Glossary) [24,31].

While the majority of epithelial cells migrate, some cell clusters have undergone
the jamming state, and therefore cannot migrate. These cell clusters remain
arrested during an interval, and then undergo the unjamming transition. These
jamming/unjamming transitions occur many times during epithelial self-
organization [32]. Consequently, during the process of cell segregation, only one
part of the epithelial cells migrates, while the other part remains stationary in the

cell-jammed state [28,31].

The migrating and resting epithelial subpopulations show significant differences
in their physical parameters such as cell stiffness and surface tension. Contractile
(migrating) epithelial-like cells are much stiffer than non-contractile (resting)

ones due to the accumulation of contractile energy [28,33,34].

While epithelial cells undergo the jamming state transition, this is not the case for



cancer cells which remain unjammed on account of their mesenchymal and/or

amoebic properties [35].

e Changes in cell velocity, packing density, and residual stress occur on a time scale
of hours, whereas stress relaxation, if it happens, occurs on a time scale of minutes

[36].

e The main characteristics of migrating epithelial collectives are long-time
oscillations in cell velocity, together with corresponding changes in strain,
residual stress, and packing density. The phenomenon has been discussed in the
context of mechanical waves [22,24,36]. While free expansion of epithelial
monolayers generates propagating waves [22], cell swirling motion within
confluent epithelial monolayers creates standing waves [24]. The migration of

cancer cells is also oscillatory in character [8].

The epithelial and cancer subpopulations respond differently to mechanical stress, which

has a feedback impact on their self-organization.

3. Response of cells to various stress conditions

Mechanical stress can have varying effects on different cell types. For instance,
while some cancer cell types experience enhanced movement under mechanical stress,
epithelial cell types may have their movement reduced, or they may be unaffected [4,30].
Additionally, solid stress caused by cell growth in number due to reproduction can
accumulate within the spheroid core region, leading to compressive stress of a few kPa
[17]. Normal mechanical stress in the range of several hundred Pa, both compressive and

tensional, can also be generated by collective cell migration [23]. Increased compressive



stress can inhibit the movement of epithelial MCF-10A cells and can trigger a transition
to the jammed state [35]. Therefore, it is essential to take into account the mechano-

sensitivity of co-cultured multicellular systems when analyzing their behavior.

Parameters related to cell mechano-sensitivity have been discussed extensively in
the literature. They include the stiffness of individual cells, the level of E-cadherin, and
the mechanism of cell movement. Tse et al. [30] conducted a study and reported that cells
with higher stiffness exhibit lower mechano-sensitivity. On the other hand, Rudzka et al.
[37] and Riehl et al. [4] highlighted a correlation between the stiffness of cancer cells and
their invasiveness. The stiffness of individual cells is influenced by both mechanical and
biochemical interactions with their surrounding environment. These interactions trigger
a range of internal molecular mechanisms within the cells themselves, leading to
adaptations such as rearrangement of the cytoskeleton and changes in the strength of cell-

cell adhesion contacts.

Furthermore, Mohammed et al. [38] identified E-cadherin-mediated cell-cell
adhesion contact as the primary factor contributing to the reduction in movement of breast
epithelial cells and the transition to a jamming state under compressive stress (Glossary).
These findings shed light on the complex interplay between cell mechanics, biochemical
factors, and cell behavior, providing valuable insights into the understanding of cell

mechano-sensitivity.

Understanding the self-organization of the epithelial and cancer subpopulations
within mono-cultured and co-cultured cell spheroids requires a thorough examination of
the physical parameters that govern collective cell migration. They encompass the
epithelial and cancer surface tensions, along with the epithelium/cancer interfacial

tension, and the viscoelasticity of the subpopulations.



4. Physical parameters which influence self-organization of epithelial

and cancer subpopulations within co-cultured spheroids

In the context of the surface characteristics of multicellular systems, there are
three parameters that are commonly considered to be of crucial importance: the surface
tensions of the epithelial and cancer subpopulations, and the epithelium/cancer interfacial
tension (Glossary). Following a discussion of the main characteristics of these
parameters, we will explore the viscoelastic properties of the subpopulations resulting

from collective cell migration.

4.1 Epithelial and cancer surface tensions: comparative analysis

Tissue surface tension can be expressed as the change in the surface energy with

change of the multicellular surface area (Glossary). The surface energy can be written as
[39): Esr = % = (Acesi — Ao) +ZujAlyj + 3, "2 L2, where where Acery; is the
effective surface area of the i-th cell, 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, 4 is
the line tension per unit interface length between two cells, T,,,; 1s the contractility

coefficient, and L; is the perimeter of the i-th cell. The tissue surface tension represents

the change of the tissue surface energy caused by changing the surface area and can be

OE . . . .
expressed as: y = WST where A; is the external multicellular surface area in contact with
S

a liquid medium.

4.1.1 Surface tensions of the epithelial and cancer subpopulations: comparative
analysis

The surface tensions of the epithelial and cancer subpopulations depend on an
interplay between the strength of the cell-cell adhesion contacts and the cell contractility.

Epithelial cells establish strong E-cadherin-mediated adherens junctions (AJs), which are



inhomogeneously distributed along multicellular surfaces. In contrast to epithelial cells,

metastatic cancer cells frequently establish weak cell-cell adhesion contacts [13,19]. Cell

contractility plays contrasting roles in the strengths of cell-cell adhesion contacts in

epithelial and cancer cells. Contraction of epithelial cells enhances the strength of AJs

[19]. On the other hand, the contractility of cancer mesenchymal-like cells leads to an

increase in cell-cell repulsion, thereby reducing the cancer surface tension [19].

Therefore, the surface tension of epithelial and cancer cells is determined by an interplay

between these factors. Summarising:

The surface tension of active contractile epithelial cells is higher than the surface
tension of passive non-contractile cells [19].

The surface tension of active epithelial cells is much higher than that of active
cancer cells [19].

An inhomogeneous distribution of the strengths of E-cadherin-mediated cell-cell
adhesion contacts causes an inhomogeneous distribution of the epithelial surface
tension [27].

Changes in the surface tension of multicellular systems, i.e., the dynamic surface
tension [21] occur on two time-scales. A short time-scale (minutes) corresponds
to remodeling of cell-cell adhesion contacts, while a long-time-scale (hours)
corresponds to collective cell migration.

Cohesive multicellular aggregates exhibit oscillations in their dynamic surface
tension over a few hours [21]. This finding was inferred from the observation of
shape oscillations in the aggregates during the rounding process following uni-
axial compression [40]. Note that the latter authors specifically focused on
measuring the static (equilibrium) surface tension of the cell aggregate after it had

been rounded between parallel plates following compression.



It is interesting and relevant to discuss how the surface tension was measured.

4.1.2 Measurement of a surface tension of multicellular systems

Although the surface tension of multicellular systems is known to vary with time
and space, 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.

The literature reveals that the static surface tension reported for multicellular
systems depends, not only on the cell type, but also on the measurement technique used.
Cell aggregates typically exhibit a static surface tension of a few mN/m when measured
through cell aggregate compression between parallel plates, which is significantly less
than the surface tension of water [40,41] (72 mN/m at room temperature). However, when
employing a magnetic tensiometer to measure the static surface tension of breast
epithelial MCF-10A cell aggregates, it amounts to a few tens of mN/m, as observed by
Nagle et al. [42]. It is widely acknowledged that the strong cell-cell adhesion contacts
formed by MCF-10A cells influence the surface tension. Furthermore, Jafari et al. [43]
reported that exposure of cell aggregates to a magnetic field can further enhance the
strength of these cell-cell adhesion contacts. There does not appear to be a comprehensive
review about the impact of the measuring technique on the value of the tissue surface
tension determined.

Besides the surface tensions of the subpopulations, the epithelium/cancer
interfacial tension influences significantly the self-organisation of the subpopulations in

direct contact.

4.2 Epithelium/cancer interfacial tension

The interfacial tension observed between epithelial and metastatic cancer cell



subpopulations when they are in direct contact is found to be a dynamic parameter that
varies with time and space. This dynamic interfacial tension is determined by the interplay
between the surface tensions of the two subpopulations and the adhesion energy present

between them:

Yec(1,T) = ¥e(r,T) + ¥ (r, T) — wo (7, T) (1)

where 7 is the coordinate along the epithelium/cancer biointerface, 7 is the long (hours)
time constant, and y,.(r, T) is the epithelium/cancer interfacial tension, while y, (r, T) and
y.(r,T) are the epithelial and cancer surface tensions, which satisfy the condition
Ye(r,T) » y.(r, 1), and w, (7, T) is the adhesion energy between the epithelial and cancer
subpopulations when in direct contact. Accordingly, the epithelium/cancer interfacial
tension can be expressed as: Vo (r,7) = y.(r,T) — w,(r,T). The adhesion energy
wq (1, T) is the energy that can be released when the epithelial and cancer multicellular
surfaces come into direct contact. This energy depends on the epithelial-cancer
interactions along the biointerface. Three types of interaction should be considered. They
are all facilitated by signalling molecules released by the cells. When the subpopulations
fail to form heterotypic cell-cell adhesion contacts, interactions take place through
electrostatic, steric, and Van der Waals forces between adjacent cell surfaces. Some
epithelial cell types are able to establish direct heterotypic cell-cell adhesion contacts with
mesenchymal cells. These heterotypic cell-cell adhesion contacts are weak and unstable
[44]. Additionally, specific epithelial cell types have the ability to secrete proteins like
fibronectin and laminin-5 along the biointerface with cancer cells [45]. In such instances,
both cell populations are inclined to establish focal adhesions with proteins, leading to
what can be described as protein-mediated heterotypic cell-cell interactions. The

interfacial tension is highest when epithelial and cancer cells are not able to establish



heterotypic cell-cell adhesion contacts. Consequently, the interfacial tension increases,
playing a crucial role in the effective separation of subpopulations within co-cultured
epithelial-cancer spheroids.

The measurement of dynamic interfacial tension among subpopulations within
cellular systems remains unexplored. Resonant acoustic rheometry stands as a potential
technique for quantifying this phenomenon. This method has been utilized successfully
in determining surface and interfacial tensions in soft matter systems such as hydrogels
[46].

4.3 Efficiency of spreading of cancer cells in co-cultured spheroids

The extension or compression of a subpopulation along the biointerface is
determined by a balance between the adhesion and cohesion energies at the biointerface,

as indicated by the spreading factors [5]. The spreading factor of the subpopulation k in

contact with the subpopulation [ is defined as S* = w¥~! — wk, where wk™! is the
adhesion energy between the subpopulations | and k and is given by k=t =y, + v, —

Yik»> Y1, and y;, are the surface tensions of the subpopulations, y;; is the interfacial tension
between them, and wk is the cohesion energy of the subpopulation k, equal to w¥ = 2y,.
If the S¥ > 0, the subpopulation k undergoes extension. Otherwise, when the spreading
factor is S* < 0, this subpopulation undergoes contraction. Consequently, the spreading
factor of the mesenchymal-like cancer subpopulation is equal to: S¢ =y, — (V¢ + Vec)»
while the spreading factor of the epithelial subpopulation is equal to S¢ =y, —
(Ye + Yec)- Because the surface tensions of the subpopulations satisfy the condition that
Ye > Ve, the epithelial spreading factor $€ < 0, while the cancer spreading S¢ > 0. This
means that the epithelial subpopulation contracts, while the cancer subpopulation

extends.



The efficiency with which cancer spreads into the epithelium can be quantified by

the ratio of the epithelial surface tension to the epithelium/cancer interfacial tension,

denoted as X = X&. The ratio X satisfies the condition that X > 1 which is in accordance

Yce

with eq. (1) [8]. Effective cancer spreading along the biointerface is therefore promoted
by higher epithelial surface tension, characteristic of migrating (contractile) epithelium
[15], and lower epithelium/cancer interfacial tension. This implies that stronger E-
cadherin-mediated cell-cell adhesion contacts, and increased protein-mediated
heterotypic epithelial-cancer interactions at the biointerface, facilitate the spread of
cancer.

4.4 Cell mechanical stress generation caused by collective cell migration of the
subpopulations

Cell mechanical stress resulting from the self-organization of different cell
subpopulations encompasses both normal (tensional and compressive) and shear stress
components (Glossary). This stress is induced by interactions between cells along the
biointerface and the coordinated migration of cells in a specific direction. The epithelial
subpopulation experiences compression, whereas the cancer subpopulation undergoes
extension along the biointerface. The compression (indicated by a "-" sign) or extension
(indicated by a "+" sign) is quantified by the cell's isotropic normal residual stress, which
is described by the Young-Laplace equation. Consequently, the normal stress within the
epithelial subpopulation is compressive and comprises both isotropic and deviatoric
contributions. The isotropic contribution arises from the interfacial tension y,,, which
decreases the interface area, while the deviatoric contribution is the anisotropic, direction-
dependent part of the normal stress, resulting from collective cell migration. The normal

residual stress within the epithelium can be expressed as [5,47]:

Oory = _Apceei + aerVCCM (2)



where @,y is the normal residual stress within the epithelium. The first term on the right-

hand side is the isotropic part of the residual stress, Ap.L. = —Vce (V-ﬁ), while

M is the deviatoric part of the residual stress caused by collective cell migration;

e
7l is the vector normal to the biointerface, and T is the unity tensor. The normal residual
stress within the cancer subpopulation is extensional and expressed as [5,47]:

Fery = +0Pcoel + Ty (3)
where &,y ““M is the deviatoric part of the normal residual stress caused by the collective
cell migration of cancer cells.

The shear stress experienced by the epithelial and cancer subpopulations at their
biointerface results from two main factors: natural convection and forced convection.
Natural convection is driven by the gradient of the interfacial tension along the
biointerface, leading to cell movement from areas of lower interfacial tension to those of
higher tension, known as the Marangoni effect [5]. This phenomenon is observed in
various soft matter systems due to changes in temperature or constituent distribution [48].
On the other hand, forced convection-induced shear stress is attributed to collective cell
migration. Unlike cell normal stress, cell shear stress does not affect the cell packing
density within the epithelial subpopulation. The shear stress within the epithelial
subpopulation @, is expressed as [5,47]:

T Fors £ = Vyoe B+ Tors™™ - 4)
where @,.,s is the shear residual stress within the epithelial subpopulation, 7]/63 is the

CM

interfacial tension gradient, Gors““M is the shear stress generated by collective migration

of the epithelial subpopulation, and  is the unit tangential vector. The first term on the
right-hand side of eq. (4) is the shear stress contribution caused by natural convection

while the second term is the shear stress contribution caused by the forced convection



(i.e. collective cell migration). The shear stress within the cancer subpopulation @ ,.¢ may
be expressed [5,47] as:

o Tos E= Ve E+ T Teps™™ %)
where @,.¢ is the shear residual stress within the cancer subpopulation and &chCCM is
the shear stress generated by collective migration of the cancer subpopulation. As in the
previous case, the first term on the right-hand side of eq. (5) is the shear stress contribution
caused by natural convection while the second term is the shear stress contribution caused
by the forced convection (i.e. collective cell migration). We can develop appropriate
constitutive models of viscoelasticity for each subpopulation by utilizing experimental
data obtained from the existing literature.

The migration of epithelial cells induces an accumulation of cell mechanical stress
due to the establishment of strong cell-cell adhesion contacts. In contrast, the migration
of cancer cells induces more intensive dissipation of the mechanical energy due to the
establishment of weak and unstable cell-cell adhesion contacts. The magnitude of residual
stress, whether shear or normal, arising from the collective migration of cells depends on
the particular migration mechanism, which is influenced by the density of cell packing.

Epithelial cell migration is influenced by three distinct mechanisms: (1) the

convective mechanism for the cell packing density n, < ngy,r [29], (2) the diffusion
mechanism for the cell packing density n.onr < n, <mn;, and (3) the sub-diffusion

mechanism for the cell packing density n,~n;, where n.q, is the cell packing density in

the confluent state equal to ~2.5x10° %HZS [49] and n; is the cell packing density in the

e cells

— [50]. Cancer cell migration is characterized by the convective

jamming state ~1x10
cm

mechanism, with the density of cancer cells showing fluctuations around the confluent



state. The constitutive models (Glossary) for the various mechanisms of epithelial cell
migration are discussed in the Appendix.

A lot of research on the reorganisation and migration of epithelial cells has used
Madin-Darbvy canine kidney (MDCK) cell monolayers for a cell packing density n, <
Ncony as Was investigated by Serra-Picamal et al. [22] and by Notbohm et al. [24]. Their
findings revealed a direct correlation between the cell residual stress, and the
corresponding strain (Glossary). This discovery suggests that these cells can be classified
as viscoelastic solids (see Glossary). The presence of strong cell-cell adhesion contacts,
mediated by E-cadherin in epithelial cells, further supports this observation. Another
noteworthy characteristic of epithelial monolayers within this range of cell packing
densities is their ability to relax stress towards the cell residual stress.

Stress relaxation was found to occur over minutes by Khalilgharibi et al. [51],
while the accumulation of cell residual stress was observed to take several hours.
Marmottant et al. [52] also detected stress relaxation in cell aggregates under uni-axial
compression, providing additional support for stress relaxation in these systems. Pajic-
Lijakovic and Milivojevic [21] concluded that changes in cell stress occur within minutes
through successive short-term stress relaxation cycles, while cell strain and the
corresponding cell residual stress change over hours. The Zener model, described in the
Appendix, could be a suitable constitutive model that meets the criteria of stress
relaxation within minutes and the correlation between cell residual stress and strain,
indicating long-term elastic behaviour [21]. Energy dissipation, which is characteristic of
the viscoelastic behaviour of multicellular systems, occurs over minutes due to the
rearrangement of cell-cell adhesion contacts [5]. The cell stress relaxes towards the elastic
cell residual stress, while the cell residual stress, cell velocity, and strain oscillate over

hours, as discussed in the context of mechanical waves [21,22,24]. Conversely, in their



collective migration, cancer cells behave as viscoelastic liquids (Glossary) for cell
packing density n, < ng,,y compared to epithelial cells, with the Maxwell model being
more suitable for such systems [29]. Experimental validation of the Maxwell model for
characterizing the viscoelasticity of multicellular systems through micropipette aspiration
has been reported [53]. The movement of cells during this process leads to the disruption
of cell-cell adhesion contacts, resulting in significant energy dissipation. The Maxwell
model delineates the purely dissipative nature of cell residual stress, while the Zener
model describes the purely elastic component of residual stress (Appendix).

When the density of epithelial packing increases further, specifically within the

range of Ngopr < N, <My, it leads to the inhibition of stress relaxation within the cells.

The presence of intense friction between cells, which is a characteristic feature of higher
cell packing densities, causes the dissipation of energy over an extended period during
the rearrangement of cells. Since the movement of cells is governed by a linear diffusion
mechanism, it is essential to utilize a corresponding constitutive model that is also linear.
In this specific regime, Pajic-Lijakovic [29] proposed the Kelvin-Voigt constitutive
model (Appendix), which considers both the elastic and viscous contributions to the
long-term change in cell stress.

Cell movement in an overcrowded environment is damped and is regulated by a
sub-diffusion mechanism, which has been elucidated through the utilization of fractional
derivatives. In this particular scenario, Pajic-Lijakovic [29] introduced a fractional
constitutive model for effective portrayal of the viscoelastic properties of cell monolayers

(Appendix).

4.4.1 Measurement of cell mechanical stress caused by collective cell migration

Various experimental methods have been utilized to quantify the cell stress

induced by collective cell migration. Tambe et al. [23] employed monolayer stress



microscopy to measure the 2D distribution of cell stress. This technique relies on the
assumptions that cell monolayers exhibit linear, uniform, and isotropic elasticity, as well
as uniform thickness, which do not align well with the actual conditions. Measuring the
3D stress distribution poses a greater challenge. To address this, several studies have
introduced different inclusions in the form of microbead/droplet-based stress sensors with
well-defined mechanical properties into 3D cellular systems to overcome the
complexities associated with 3D traction force microscopy [54]. Incompressible micro-
droplet sensors can be utilized to measure the anisotropic normal stress component [55].
Dolega et al. [18] developed elastic microbead sensors to quantify the isotropic
compressive stress resulting from tumour growth within the matrix (i.e., solid stress).
These inclusion-based experimental approaches enable the measurement of stress values

in close proximity to the inclusion.

5. Compaction of co-cultured epithelial-cancer spheroids by

collective cell migration

The volume and surface of a spheroid can: increase, decrease, or remain relatively
constant. To gain a comprehensive understanding of epithelial and cancer self-
organization, it is useful to conduct a comparative analysis of the behaviors of mono-
cultured epithelial and cancer spheroids, as well as of co-cultured epithelium/cancer
spheroids. These analyses will provide valuable insights into the mechanisms underlying
self-organization in these cellular structures:

e Epithelial surface tension induces cell migration from the spheroid’s surface
region towards its core, leading to a decrease in the spheroid volume and surface
and, correspondingly, an increase in the average cell packing density [19,20]. The
phenomenon of epithelial spheroid compaction shown in Figure 2a is pronounced

for epithelial cells, which have relatively high epithelial surface tension.



Accumulated cell residual stress caused by collective cell migration, along with
cell solid stress accumulated with the spheroid core region, can suppress cell
movement.

Figure 2a,b.

e The migration of cancer cells differs from that of epithelial cells, as it is primarily
directed from the core region towards the surface, driven by cell solid stress as
shown in Figure 2b. This movement is facilitated by the lower cancer surface
tension compared to epithelial surface tension. Consequently, this migration
process can result in an expansion of the spheroid surface and volume, with a
corresponding decrease in cell packing density. In the particular case of breast
MDA-MB-468 cancer cells, however, the surface and volume of the spheroid
remain relatively constant.

e Compaction of the epithelial subpopulation is reduced by the presence of cancer
cells in co-cultured epithelium/cancer spheroids. In this case, compaction of the
epithelial subpopulation involves work done by the epithelium/cancer interfacial
tension [8,47]. While epithelial cells migrate towards the spheroid core region,
cancer cells migrate towards the spheroid surface by the establishment of
complete or partial segregation of the subpopulations [28] as shown in Figure 3:

Figure 3.
Following the segregation process, the co-cultured spheroid exhibits greater
surface area and volume when compared to the mono-cultured epithelial spheroid, yet

smaller than the mono-cultured cancer spheroid [19].

6. Oscillations of collective cell migration

Oscillatory patterns of collective cell migration, in the form of mechanical waves,

have been documented in a variety of multicellular systems, for example during the



expansion of epithelial MDCK cell monolayers [22], and in their rearrangement [24].
These mechanical waves are indicative of prolonged oscillations in cell velocity, cell
strain, and cell mechanical stress. Furthermore, the phenomenon of collective cell
migration within mono-cultured and co-cultured spheroids also exhibits oscillatory
behaviour, as highlighted by Pajic-Lijakovic and Milivojevic [8] and Lucia et al. [7].
The compaction of cohesive mono-cultured cell spheroids via collective cell
migration exhibits oscillatory behaviour. Pajic-Lijakovic et al. [21] explored the
oscillations in the shape of cell spheroids as they round up under uni-axial compression,

a phenomenon previously observed by Mombash et al. [40]. The change in the shape of

the cell aggregate was expressed as: dA'ZI:(T) = —kAAR(t) (where the aspect ratio

difference is AAR = AR — 1 and k is the specific rate of the cell aggregate shape change
while k™1 is the relaxation time of cell aggregate shape during the aggregate rounding)
[56]. Pajic-Lijakovic and Milivojevic [56] discovered that there are two to three values
of k that satisfy certain conditions: (i) k! = 0, (ii) k™, k"' > k!, and (iii) % ~2—3.
These relaxation rates are associated with different scenarios of surface cell
rearrangement: (i) k! corresponds to the majority of cells being in a jamming state, (ii)
k' indicated that some cells migrate, while the others remain jammed, and (iii) k'
suggested that majority of cells migrate. Considering that it is the tissue surface tension
that governs surface changes, the oscillations in the spheroid's surface point towards
oscillations in the surface tension [21].

The collective migration of cancer cells in mono-cultured multicellular systems
also exhibits oscillatory behaviour. This phenomenon has been studied in model systems,
such as the fusion of two cancer spheroids. Grosser et al. [35] pointed to oscillations of
cell velocity during the fusion of two breast MDA-MB-436 cancer spheroids. Pajic-

Lijakovic et al. [57] pointed to oscillations of the rate of expansion in the radius of the



contact region between these spheroids, calculated from experiments by Dechristé et al.
[58].

Cell self-organisation within co-cultured epithelium/cancer systems via collective
cell migration also shows oscillatory behaviour, similarly to that of mono-cultured
systems. Lucia et al. [7] investigated the rearrangement of two types of co-cultured
monolayers: epithelial MDCK/cancer C2C12 spheroids and epithelial HaCaT/cancer
C2C12 spheroids. The velocities of the epithelial and cancer subpopulations were
measured and found to oscillate during the segregation process. These co-cultured
systems undergo partial segregation, wherein clusters of epithelial HaCaT or MDCK cells
are surrounded by C2C12 cancer cells. The rearrangement of the epithelial cells within
these clusters is influenced by an accumulation of cell compressive stress and shear stress
along the epithelium/cancer biointerface. The magnitudes of the interfacial tension and
viscoelasticity of the epithelial cells, as expressed by eq. (4), determine the level of
compressive stress experienced. The compressive stress accumulated within the MDCK
cell clusters is found to be higher than that within the HaCaT cell clusters. This
observation aligns with the fact that HaCaT cells exhibit greater resistance to compression
than MDCK cells. The latter display a sequence of cell jamming/unjamming transitions,
while the HaCaT cells maintain strong cell-cell adhesion contacts and exhibit swirling
motion [7]. Furthermore, the HaCaT cells form a supracellular actin structure along the
biointerface with the cancer cells. This network serves as a shell around the cluster, which
causes stiffening of the epithelial cells along the biointerface and, consequently, an
increase in the resistance effects. It protects epithelial clusters against cell compressive
and shear stress components. Supracellular contractions of a cell cluster caused by the
presence of the actin network lead to swirling motion of cells within the clusters. These

induce successive radial extension and compression of the clusters, involving work by



the centrifugal force. A common feature of cell movement in epithelial clusters, including
both the swirling motion and jamming/unjamming transitions, is an oscillatory variation
of cell velocity [8].

A biophysical model can be used to analyse these oscillatory variations.

6.1 Oscillations of collective cell migration: the biophysical model

The oscillations of cell velocity result from oscillations of driving forces or
resistive forces. These forces depend on physical parameters such as: the epithelial and
cancer surface tensions, interfacial tension between them, solid stress, and cell residual
stress generation. The inter-relationship between these physical parameters and their
impact on the spreading of cancer is shown in Figure 4:

Figure 4.

While epithelial cells in mono- and co-cultured spheroids undergo compression,

cancer cells undergo extension. The force balance for the surface region of mono or co-

cultured spheroids [57], can be expressed as:

D[ny (r,7)v(r,7) = =
(m), SONED] 5 fE R (6)

where the subscript k = e, c for epithelial and cancer cells respectively, (m), is the
average mass of a single cell, ny, is the epithelial or cancer packing density, Uy (r,7) =

c;—ﬁ;k is the velocity (i.e., the rate of displacement change) of the epithelial/cancer

subpopulations, Uy, is the epithelial/cancer displacement field, Y}; ﬁ'g{i is the sum of

driving forces, and }; FX, is the sum of resistive forces. The material derivative presented

on the right-hand side of eq. (6)

Dlny(r, T)Vk(r ol _ [5"k + (W 'V)i_fk] n

v [6ne + (U V)nk] [59]. Multicellular systems are compressible. However, a small

change in the cell packing density induces a significant change in the cell velocity.



Epithelial speed can be correlated with cell packing density in the form of ||¥,||~n,?
(where b is the scaling exponent) based on experimental data obtained for 2D
multicellular systems [31,60]. The scaling exponent is: (i) b = 1.85 for a free expansion
of MDCK cells [60], or (i1) b = 2.35 for a free expansion of MCF-10A cells [31]. The
packing density of metastatic cancer cells is more homogeneous in comparison with
epithelial cells due to the dissipation of cell residual stress in this case (see Appendix).
The driving and resistive forces, which influence cell rearrangement within mono-
cultured epithelial and cancer spheroids, as well as co-cultured epithelial-cancer
spheroids are shown in Table 1:
Table 1.

The scenario accounting for the oscillatory change of the epithelial velocity ¥, in mono-
cultured spheroids is as follows:

e The epithelial surface tension drives cells from the spheroid surface towards its
core. This increases the cell compressive residual stress and the cell packing
density, and therefore increases the viscoelastic force tending to reduce cell
movement.

e The increase in cell packing density intensifies cell-cell interactions thereby
weakening E-cadherin-mediated cell-cell adhesion contacts, which can induce the
cell jamming state transition. The weakening of cell-cell adhesion dissipates
energy, decreasing both the cell residual stress and the viscoelastic force. The cells
then resume their migration.

e Successive remodelling of the cell-cell adhesion contacts results in oscillations of
the epithelial surface tension force, as well as the spheroid surface area.

The scenario for the oscillatory change of the cancer velocity ¥, in mono-cultured

spheroids is as follows:



e The solid stress within the spheroid’s core region (Glossary) and the viscoelastic
force drive cancer cells towards the surface. This migration of cancer cells is
dissipative and leads to a decrease in the residual stress accumulated within the
spheroid core region by reducing further movement of cancer cells [47].

e The cancer surface tension reduces the movement of cancer cells to some extent
by increasing the mechanical stress within the core, accompanied by the cancer
viscoelastic force [8]. It is well known that the cancer surface tension is much
lower than that of the epithelium [19]. However, the spontaneous formation of
cancer spheroids under in vitro conditions needs some cohesion among cancer
cells [19].

e An increase in the cancer viscoelastic force stimulates cell movement leading to
an increase in the spheroid volume and surface area. This increase in the surface
area of the spheroid causes an increase in the surface tension force capable of
reducing movement of cancer cells.

e Oscillations of the viscoelastic force and the cancer surface tension force cause
oscillations of cancer velocity.

Thus, while the migration of the epithelial subpopulation within a co-cultured spheroid is
directed from the surface towards the core, driven primarily by the epithelial interfacial
tension force, the migration of cancer cells is directed from the core towards the surface
driven by the cancer interfacial tension force and viscoelastic force [5,47]. The epithelial
interfacial tension force induces compression of the epithelial subpopulation, while the
cancer interfacial tension force causes extension of the cancer subpopulation towards: (i)
the epithelium and (ii) the spheroid’s surface region. It is in accordance with fact that
these interfacial tension forces depend on the spreading factors of the subpopulations.

These movements of the subpopulations in opposite directions generate frictional forces,



reducing cell movement along the epithelium/cancer biointerface. These frictional forces

reduce cell movement depending on the relative velocity between the subpopulations

Vg = V. + V,. The thermodynamic mixing force in a co-cultured spheroid is caused by

mixing of the subpopulations and depends on the epithelium/cancer adhesion energy, as

a product of cell-cell heterotypic interactions along the biointerface [5]. Oscillatory

migration of the subpopulations during the segregation can be explained in a few steps:

Directed movement of epithelial cells driven primarily by the epithelial interfacial
tension force induces accumulation of cell compressive stress, leading to an
increase in the viscoelastic force capable of suppressing cell movement.
Epithelial cells have the ability to regulate both the interfacial tension force and
the viscoelastic force through the remodeling of cell-cell adhesion contacts. Two
mechanisms of remodeling for E-cadherin-mediated cell-cell adhesion contacts
have been observed within co-cultured spheroids: (i) jamming/unjamming
transitions; and (ii) formation of a supracellular actin network along the
epithelium/cancer biointerface [7,8].

Successive cell jamming/unjamming transitions induce weakening/reinforcement
of cell-cell adhesion contacts, leading to a decrease/increase: (i) in the
compressive stress accompanied by the viscoelastic force within the epithelial
bulk; and (ii) in the epithelial surface tension accompanied by the epithelial
interfacial tension force along the epithelium/cancer biointerface. Another
mechanism is associated with the formation of a contractile supracellular
actomyosin network along the biointerface that acts as a protective barrier against
the build-up of compressive and shear stress components within epithelial clusters
[7,62]. The swirling motion of cells within the cluster leads to successive cell

radial inwards/outwards flows, resulting in oscillations in the cluster surface area



and volume. These oscillations induce oscillations in the epithelial surface
tension, and in the epithelial interfacial tension force, and in the compressive
stress accompanied by the viscoelastic force within the clusters.

e The oscillation of the epithelial surface tension causes an oscillation of the cancer
spreading factor and hence of the interfacial tension force of the cancer cells.

e The viscoelastic force undergoes successive increases and decreases, which in
turn affect the movement of both subpopulations. The movement of epithelial
cells leads to the storage of mechanical energy (and epithelial stress) resulting in
an increase in cell residual stress accompanied by the viscoelastic force, while the
movement of cancer cells causes energy dissipation, resulting in a decrease in the
viscoelastic force.

These oscillations in the physical parameters, along with the corresponding driving and
resistive forces, give rise to oscillations in the velocities of both the epithelial and cancer

subpopulations.

Conclusion

This review has sought to elucidate the role of physical factors, particularly viscoelasticity
and the surface characteristics of epithelial and cancer subpopulations, in the progression
of cancer through epithelial tissues. The interplay between the physical/mechanical
properties of cancer and its surroundings is increasingly recognised as providing major
regulatory cues affecting the spreading of cancer. The discussion is focused on model
systems, especially the separation of epithelial and cancer subpopulations using co-
cultured spheroids. The development of three-dimensional spheroid and organoid cancer
models that accurately simulate the microenvironment of cancer tissues is becoming

increasingly important as a preclinical model system. These physical factors emerge from



both homotypic and heterotypic cell-cell interactions, as well as the contractility of the
cells. As a result, interactions between cells, shaped by biochemical signalling, exert a
reciprocal influence on the cohesiveness of subpopulations, their adhesiveness, and the
generation of mechanical stress. These physical parameters, defined on a mesoscopic
scale, in turn affect the cell-cell interactions themselves. Thus, while the biological factors
influencing the spreading of cancer are reasonably well understood, an appreciation of
how physical factors affect the spreading of cancer is still in its infancy. The known
biology includes the cell signalling and gene expression governing cell contractility, and
the remodelling of both the cell-cell and cell-matrix adhesion contacts, influencing the
homotypic and heterotypic interactions. In striking contradistinction the physical picture
is only now starting to come into focus. A full understanding will obviously require these

two complementary pictures to be brought together and reconciled.

Cancer cells exhibit two distinct modes of collective migration. They extend towards the
epithelium and engage in directional movement from the core of the spheroid to its outer
surface. The directional migration of cancer cells is driven by the compressive residual
stress that generates within the spheroid's core, whereas the expansion towards the
epithelium is governed by the interplay between epithelium-cancer interfacial tension and

epithelial surface tension in the form of cancer spreading factor.

The compressive residual stress is composed of three components: solid stress, the stress
caused by work of interfacial tension on reduction the interface area, and the stress
resulting from the collective migration of the cells. The stress associated with collective
migration is contingent upon the viscoelastic properties of the various subpopulations.
While the migration of epithelial cells leads to an increase in compressive mechanical
stress, the spreading of cancer cells is characterized as dissipative, ultimately resulting in

a reduction of the residual stress within the spheroid core.



The efficiency of cancer spreading along the biointerface increases with: (i) an increase
in epithelial surface tension relative to interfacial tension and (ii) establishment of the

interfacial tension gradient.

Cumulative effects of physical cell-cell interactions appear in the form of various driving
and resistive forces that govern spreading of cancer. Cancer invasion through epithelium
was explored through a framework of the system of force balance equations, which merge
surface and volumetric effects. This methodology facilitates an understanding of how the
interplay of diverse physical parameters affects the velocities of epithelial and cancer

subpopulations.

Further investigations are required to: (i) establish the relationship between the surface
tension of the epithelium and the interfacial tension between epithelial and cancer cells;
(i1) examine the gradients of interfacial tension in relation to the shear stress experienced
by cells along the biointerface; and (iii) evaluate the effects of the swirling motion of
epithelial clusters on the dynamics of the biointerface. A combination of experimental

studies and complementary theoretical analyses is needed.

The approach that we have described has brought insights that promise new ways of
inhibiting cancer metastasis, e.g. through the development of drugs to reduce the
epithelial surface tension and to enhance the epithelium/cancer interfacial tension by the

remodelling of cell-cell adhesion contacts.
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Appendix

The viscoelasticity of the subpopulations depends primarily on the strength of cell-cell
adhesion contacts and cell contractility. Metastatic cancer cells establish weak cell-cell
adhesion contacts and migrate as a stream. Their migration corresponds to a convective
mechanism. In contrast to cancer cells, epithelial cells establish strong cell-cell adhesion
contacts and migrate in the form of cell clusters. Consequently, the migration of epithelial
cells induces inhomogeneous storage of mechanical stress and corresponding
inhomogeneous epithelial packing density, while the migration of cancer cells induces
dissipation of mechanical stress resulting in a more homogeneous distribution of cancer
packing density around n.,,r. An increase in epithelial packing density, caused by
inhomogeneous accumulation of compressive stress, triggers a transition in the
mechanism of cell movement from convective, through diffusive, to sub-diffusive
movement, resulting in a decrease in epithelial velocity. This change in migration
mechanism also affects the viscoelastic properties of the epithelial subpopulation
described by the particular constitutive model. As a result, a single constitutive model has
been suggested to explain the movement of cancer cells, whereas the migration of

epithelial cells has been characterized by three distinct constitutive models.

The linear constitutive model used for describing the viscoelasticity of the cancer cell

subpopulation in the convective regime of cell movement (for n. < nyyy) is the Maxwell

model, which may be written in the form [29]:



3Ci(r) t, T) + TRi 3Ci (T, t, T) = nciéci(ri T) (Al)

where: i = §,V; S is shear and V implies volumetric; t is the short time of minutes; T is

the long-time of hours; &.; is the cancer mechanical stress (shear or normal); &.; is the

. C o 1(2 o= T . )
cancer strain (shear or volumetric); €.¢ = > (Vﬂc + Vi, ) is the cancer shear strain and

Ev = (V) -,)1 is the cancer volumetric strain; U, is the displacement field of the cancer
subpopulation; T is the unity tensor; & is the cancer strain rate; &,; is the rate of cancer
stress change; 1; is the shear or bulk viscosity of the cancer subpopulation; and tg,; is

the stress relaxation time of the cancer subpopulation.

This model for viscoelastic liquids describes stress relaxation from the initial value
towards the cancer residual stress expressed as & .r; = )¢ €¢i , under constant strain rate
conditions &, while the strain rate itself cannot relax. The stress relaxes within many
short-time stress relaxation cycles under constant strain rate per cycle, while the strain
rate change and residual stress generation occur on a long-time scale. The stress includes
viscous and elastic contributions. The main characteristic of the Maxwell model is that
elastic contribution to stress vanish during the stress relaxation, whereas the

corresponding residual stress is purely dissipative.

The linear constitutive model, suitable for describing the viscoelasticity of the epithelial

subpopulation in the convective regime of cell movement (for n, < n.,ps), is the Zener

model written in the form [29]:
Ooi(1,t,7) + TRei 3ei(r: t,T) = Epi&ei(r,T) + neiéei (r,7) (A2)

where: i = S,V; S is shear and V is volumetric; @,; is the epithelial mechanical stress

~ . . . . . ~ _)—) _)—) T
(shear or normal); &,; is the epithelial strain (shear or volumetric); &,5 = % (Vue + Vu, )



is the epithelial shear strain; &,y = (V -1,)1 is the epithelial volumetric strain; U, is the
displacement field of the cancer subpopulation; T is the unity tensor; &,; is the epithelial
strain rate; @,; is the rate of epithelial stress change; 1,; is shear or bulk viscosity of the
epithelial subpopulation; E,; is the Young’s or shear modulus of the epithelial

subpopulation; and tg,; is the stress relaxation time of the epithelial subpopulation.

This model for viscoelastic solids describes stress relaxation from its initial value towards
the residual stress of 6,..; = E,; €.; under constant strain &,; and strain relaxation under
constant stress. Stress relaxation takes place through multiple short-time cycles under a
constant strain per cycle, while strain change and residual stress generation happen over
a longer time period. The ability of strain to relax is a key characteristic of viscoelastic
solids. The main characteristic of the Zener model is that viscous contribution to stress
vanishes during the stress relaxation, whereas the corresponding residual stress is purely

elastic.

The linear constitutive model, suitable for describing the viscoelasticity of the epithelial

subpopulation in the conductive (diffusion) regime of cell movement (for ngy,r < 1, <

n;), is the Kelvin-Voigt model written in the form [29]:
Gei(1,7) = E¢i&ei + Mg éei- (A3)

This model for viscoelastic solids characterizes the relaxation of strain under conditions
of constant stress, with the stress itself unable to relax. The alteration in stress resulting
from the collective migration of cells takes place over an extended period and

encompasses both viscous and elastic components.

The non-linear sub-diffusive regime of movement of epithelial cells near the cell-

jamming transition (for n, — n;) can be described by the fractional model in the form



[29]:
Gei(1,7) = NeuiD% (i) (A4)
where: 1; is the effective modulus; D% (&,;) is Caputo’s fractional derivative expressed

1 d t&nrt)
(1—a) dt Y0 (-1«

as D& = dt'; T (1 — a) is a gamma function [63] and « is the order of

the fractional derivative (i.e., the damping coefficient) in the range 0 < a < 0.5. When
a — 0, the stress becomes purely elastic and is @,; = E,; €.;, where 1ny; = E,; and the
derivative D°(&,;) = &,;. Otherwise, when a — 1, the stress is purely viscous, i.e.,

Goi = Neiei, Where 11; = 1,; and the derivative is D(&,;) = &,;.

This model of non-linear viscoelastic solid behaviour is primarily characterized by the

inability of stress and strain to relax.
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Table 1. The driving and resistive forces, which influence cell rearrangement within
mono-cultured epithelial and cancer spheroids, as well as co-cultured epithelial-cancer

spheroids.

Figure 1. Process of segregation of epithelial and cancer subpopulations within co-

cultured spheroids via collective cell migration

Figure 2a,b. Rearrangement of cells within: (a) mono-cultured epithelial spheroids and
(b) mono-cultured cancer spheroids. Arrows indicate the direction of movement in each
case.

Figure 3. Schematic illustration of the segregation in a co-cultured epithelium/cancer
spheroid. Blue and yellow arrows show the directions of movement of cancer and
epithelial cells, respectively).

Figure 4. Schematic diagram illustrating the influence of physical parameters on the

spread of cancer cells.



Table 1. The driving and resistive forces, which influence cell rearrangement within mono-cultured epithelial and
cancer spheroids, as well as co-cultured epithelial-cancer spheroids

towards the core region.

Multicellular Driving forces Resistive forces

system

quo—gultured ne?ste = neizste = neyeﬁe FTvee =V (a sp + aerT)
Eplthel'lal The epithelial surface tension force [36] | The epithelial viscoelastic force [47,61], reduces
spheroids drives cells from the spheroid surface

cell movement caused by an accumulation of cell

residual stress Ge,. 7 = Oers + Gy and solid

stress & 2.

Mono-cultured
cancer

— c
_v.(xSD _ ~
Frye =V (0’ _ach)
The cancer viscoelastic force drives

- C

nFge =ncyuc
The cancer surface tension force, formulated by

ncfitc = n.SU,
The cancer interfacial tension force,
formulated by Pajic-Lijakovic et al. [5],
drives cancer extension within a co-
cultured spheroid (where S€ is the cancer
spreading factor).

— c—e —

Finix = vaa
The epithelium/cancer mixing force,
formulated here, drives the extension of
cancer cells.

spheroids movement of cancer cells from the Pajic-Lijakovic et al. [5] reduces expansion of
spheroid core region towards its surface cancer cells to some extent depending on the
[61]. This collective movement of cancer | magnitude of the cancer surface tension.
cells reduces solid stress accumulated in
the spheroid’s core region.
Epithelial . ne?ite = neseﬁe ?Tvec ‘= v (a P+ Oorr — &ch)
§ubp0pulat10n The epithelial interfacial tension force of | The viscoelastic force within epithelium/cancer
in co-cultured the epithelial subpopulation [5] drives co-cultured spheroids [47], reduces movement of
spheroids epithelial compression within a co- the epithelial subpopulation in a co-cultured
cultured spheroid (where S€ is the spheroid.
epithelial spreading factor). neﬁFRe = o, (B, + Do)
Foie =~V The epithelial friction force [5], reduces movement
. . l . of epithelial cells along the epithelium/cancer
The eplthehum/canger mIxing for.ce biointerface (where &, is the friction coefficient of
drives the Compression of eplthehal cells epithelial cells and the relative velocity between
and df':pends on the ep1thehun'1/cancer the subpopulation Uy is equal to Vg = U, + V,).
adhesion energy w, (where [ is the
average size of a single cell).
— c—e — (4
Cancer . Frye =V (a M Oorr — &ch) n.Fpg = ncfc(ﬁc + ﬁe)
§ubpopulat10n The viscoelastic force stimulates The cancer friction force, formulated by Pajic-
m movement of the cancer subpopulation Lijakovic et al. [5], reduces movement of cancer
Co-cul'tured in the co-cultured spheroid. cells along the epithelium/cancer biointerface
spheroids (where &, is the friction coefficient of cancer

cells).




Figure 1. Process of segregation of epithelial and cancer subpopulations within co-

cultured spheroids via collective cell migration
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Figure 2a,b. Rearrangement of cells within: (a) mono-cultured epithelial spheroids and

(b) mono-cultured cancer spheroids. Arrows indicate the direction of movement in each

case.
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Figure 3. Schematic illustration of the segregation in a co-cultured epithelium/cancer
spheroid. Blue and yellow arrows show the directions of movement of cancer and

epithelial cells, respectively).
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Figure 4. Schematic diagram illustrating the influence of physical parameters on the
spread of cancer cells.
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