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Abstract

Epithelial fingering emerges when the free edge of a collectively migrating monolayer becomes
mechanically unstable. Inhomogeneous line tension and spatial differences in adhesion energy relative
to cell—cell cohesion guide cells toward mechanically favorable regions at finger tips. This edge-directed
migration locally disrupts adherens junctions, promotes leader cell formation, and amplifies protrusive
instabilities. Because fingering breaks edge continuity, it perturbs coordinated migration, weakens
mechanical coherence, and compromises epithelial integrity during wound closure, morphogenesis, and
barrier maintenance. Preventing fingering is therefore essential for preserving directional migration and
tissue cohesion.

Monolayer viscoelasticity critically regulates this behaviour. Time-dependent redistribution of residual
stresses controls energy storage and dissipation and modulates effective edge line tension. Spatial
variations in cell packing density generate isotropic or anisotropic migration patterns that shape in-plane
stress gradients and trigger local wetting or de-wetting. Formation of a continuous supracellular actin
cable increases line tension and stabilizes the edge, thereby suppressing fingering. Together, these
mechanisms provide a theoretical framework linking spatial heterogeneity, viscoelastic stress
redistribution, and edge mechanics to the emergence and control of epithelial fingering.

Keywords:viscoelasticity, line tension, epithelial wetting and de-wetting, collective cell migration,
Marangoni effect



1.Introduction

Directional collective cell migration is a fundamental process that underlies numerous biological
phenomena, including tissue morphogenesis, wound healing, and coordinated tissue remodeling[1,2].
Successful migration requires that cells maintain alignment of motion, balanced mechanical stress
distribution, and cohesive interactions across the monolayer[3,4]. The emergence of epithelial fingering,
can compromise this coordination by creating local regions of differential stress and adhesion,
disrupting coherent, directional migration along the monolayer edge and potentially destabilizing tissue
integrity[5-7]. Understanding the mechanisms that regulate edge stability is essential, as the directional
migration of the monolayer plays a significant role in tissue spreading and repair.

Epithelial fingering refers to the spontaneous formation of finger-like extensions at the free edge of a
migrating epithelial monolayer. The phenomenon arises in monolayers that are highly mobile, weakly
cohesive, and capable of forming leader cells. Examples include MDCK Il (Madin—Darby Canine Kidneyll)
cells, MCF10A (Human breast epithelial) cells, HaCaT (human keratinocytes) and others[8-10]. An
inhomogeneous distribution of mechanical stress, line tension, cell tractions and variations in the
strength of cell—cell and cell-matrix adhesion contacts along the edge stimulate formation of leader cells
and on that basis epithelial fingering[8,10]. Leader cells differ from other epithelial cells in that they
become larger, exhibit pronounced front-rear polarization, form strong cell-matrix adhesions with
increased traction forces, and locally weaken cell-cell junctions, enabling protrusive migration at
mechanically unstable regions of the epithelial edge[4,8].

Similar fingering phenomena are observed in soft-matter systems, such as thin elastic or viscoelastic
sheets on substrates, where protrusions or wrinkles arise due to the competition between elastic
energy, adhesion, and boundary constraints. Yu and Jiang[11] highlighted that the interplay between the
adhesion energy (between the elastic sheet and the substrate matrix), and the storage elastic energy
contained within the sheet, affects the fingering patterns of the sheet. The fingering of a sheet depends
on the viscoelastic and surface tension forces, the elastic properties of the matrix, and the thickness of
the sheet[12]. In these systems, instabilities are typically passive, reflecting the cohesion properties of
sheets and sheet-matrix adhesion properties and their viscoelasticity. In contrast, epithelial monolayers
actively control: (i)the cohesive and adhesive properties by remodeling cell-cell and cell-matrix adhesion
contacts, (ii)the residual stress accumulation caused by collective cell migration, and (iii)the line tension
along the edge. The line tension indicates the elastic and contractile energy stored per unit edge,
depending on the viscoelastic nature of border cells, the strength of cell-cell adhesion connections, and
the viscoelasticity of the supracellular actin cable[13], if it exists. The latter is a continuous, belt-like
actomyosin structure formed by the coordinated alignment and coupling of actin filaments and myosin Il
motors across multiple neighbouring cells[14,15]. The actin cable arises from the collective organization
of the intracellular actomyosin cytoskeleton in a sequence of adjacent cells. It behaves as a contractile
structure on a supracellular scale, mechanically integrating cells along an epithelial boundary and
induces an increase in the line tension. This makes active epithelial fingering distinct, as compared to



fingering of soft matter systems as it couples the active response of epithelial collectives in ways that do
not occur in passive gels or sheets.

A significant aspect that has often been overlooked in earlier research on epithelial fingering is the
viscoelasticity of the monolayers. This influences: (i)the physical mechanism of collective cell migration
from convective to sub-diffusion, (ii)the accumulation of residual stress, (iiijthe compressive stress-
induced change of monolayer cohesion, and (iv)the extent of line tension and its distribution along the
edge. Most of the prior work on epithelial fingering treated migrating epithelial monolayer as viscous,
polar fluids[5-7]. However, migrating epithelial collectives establish strong E-cadherin-mediated cell-cell
adhesion contacts[1] and behave as viscoelastic solids[16]. Viscoelasticity, characterized by the
mechanisms of energy storage and dissipation, is influenced by the cell packing density[17].
Viscoelasticity governs how stress propagates and relaxes within the monolayer, how cells redistribute
mechanical stress, and how the edge responds to local perturbations. Incorporating viscoelasticity into
models of epithelial fingering is therefore essential to understand fully the physical principles controlling
edge stability, finger initiation, and subsequent supracellular responses.

Trenado et al.[7] highlighted the role of frictional effects on epithelial fingering. Dynamical friction has
been related to the remodelling of cell-matrix adhesion contacts, while the wear along the substrate is
often disregarded[18]. However, the strength of cell-matrix adhesion contacts relative to cell-cell
adhesion contacts influences the epithelial spreading factor, which in turn induces epithelial wetting
(extension) and de-wetting (compression) via collective cell migration and thermodynamic mixing
effects between the monolayer and substrate[19]. Alert et al.[6] emphasized the role of epithelial
surface tension and cell traction in epithelial fingering. The epithelial surface tension was treated as a
constant[6]. Nevertheless, the epithelial surface tension, which serves as an indicator of epithelial
cohesiveness, is dependent on both space and time due to the effects of dilational viscoelasticity[20].

The interplay between: (i)spreading factor, (ii)line tension gradient, (iii)distribution of residual stress,
(iv)distribution of cell-matrix adhesion contacts, and (v)cell tractions determines whether local
perturbations are damped, leading to a smooth edge, or amplified, resulting in finger formation. By
elucidating how these parameters interact, we can connect classical concepts from soft-matter physics,
such as elastic instabilities with Marangoni-like flows, to the complex, active mechanics of living
epithelial tissues, providing a framework within which to understand both the physiological and
pathological behaviors of epithelial monolayers.

2. Epithelial wetting/de-wetting on substrate matrices and fingering along the edge

Morphogenesis, tissue regeneration, and cancer invasion encompass dynamic changes in tissue
morphology, and they occur via collective cell migration. These changes can be interpreted as the active
and passive wetting and de-wetting processes of epithelial monolayers[19]. Similar to other soft-matter
systems, monolayers experience extension (wetting) or compression (de-wetting) on substrates,
contingent upon the equilibrium of cohesion properties within an epithelial monolayer and cell-matrix
adhesion[16,19-22]. The potential of a monolayer to wet or de-wet depends on the sign and magnitude
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of the spreading factor, which was discussed in the literature [16,19-22]. This factor can be expressed as:
S¢ = e, — e; (where e, is the cell-matrix adhesion energy per unit area equal to e, = pa%kAFBZ, Pa 1S

the surface number density of cell-matrix adhesion contacts, k is the spring constant of the single bond,
ATy is the bond extension equal to A¥p = U, — U, U, is the monolayer displacement field, U, is the
substrate displacement field, e. is the cell-cell cohesion energy per unit area (i.e., the energy required to
separate a multicellular system into two parts by creating two homotypic multicellular surfaces) which is
e. = 2Y,, and ¥, is the epithelial surface tension in contact with liquid medium. When the spreading
factor is S > 0, epithelial monolayers undergo wetting, while in the case of S¢ < 0, the monolayers
undergo de-wetting[16].

Unlike passive materials, multicellular systems actively modulate specific cohesion and adhesion
energies through actomyosin contractility and the remodelling of adhesion contacts. Consequently, an
epithelial monolayer undergoes oscillatory wetting/de-wetting. Extension (wetting) of the monolayer
caused by collective cell migration induces an increase in cohesive energy relative to adhesion energy
which triggers de-wetting. De-wetting (compression) stimulates cell-cell interactions causing a decrease
in cohesion energy relative to adhesion energy and the monolayer undergoes wetting again. Passive
mechanical effects, such as Poisson’s effect, also contribute, particularly in anisotropic regions[23]. The
average Poisson’s ratio of MDCK and Hela epithelial monolayers is v~0.77[24]. When the Poisson’s
ratio v > 0.5, extension in the x-direction induces compression in the y-direction and vice versa. It
means that: (i)wetting can be characterised by &y, >0 and ¢,, <0 and (ii)de-wetting can be

characterised by €5, < 0 and €, > 0 (where &,y and &,,, are the normal strain components).

The experimental studies conducted by Serra-Picamal et al.[25], Notbohm et al.[26], Tlili et al.[27], and
Pérez-Gonzalez et al.[20] have validated the inhomogeneous distributions of cell packing density, cell
velocity, distributions of adhesion strength, cell tractions, and stress-strain. Notbohm et al.[26] also
explored the anisotropic characteristics of mechanical stress in cells due to collective migration.
Furthermore, Pérez-Gonzalez et al.[19] have quantified the inhomogeneous distribution of cell-cell
adhesion strength, which contributes to the inhomogeneous distribution of epithelial cohesion energy.
Serra-Picamal et al.[25] highlighted that there is significant cell traction at the edge of the monolayer,
whereas the traction exerted by cells in the central area of the monolayer is nearly negligible. While
epithelial MDCK cell monolayers undergo wetting, some domains near the edge undergo de-wetting
even after only 2 h[25] as shown schematically in Figure 1:
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Figure 1. Inhomogeneous wetting/de-wetting of an epithelial monolayer inspired by experimental data
from Serra-Picamal et al. [25]. It possesses a distribution of multicellular domains characterized by their
cell velocity, packing density, stress, strain, and spreading factor.

These spatial variations lead to the formation of domains with approximately uniform physical
properties, which are inherently unstable and interact with neighbouring domains, generating local
forward and backward flows. Each domain has two degrees of freedom: spatial deformation and
translational displacement of its center of mass. Domains can undergo uni-axial or biaxial
extension/compression. Isotropic domains deform equally in all directions, driven predominantly by
active process such as collective cell migration. In contrast to isotropic domains, anisotropic domains
undergo uni-axial deformation by combining active and passive processes. The active process takes
place through collective cell migration along the deformation axis, whereas the passive process occurs
perpendicular in the migration direction due to Poisson's effect. Two possible outcomes can occur at the
monolayer edge during epithelial wetting/de-wetting: (i)fingering or (ii)a smooth edge, depending on
the magnitude and spatial distribution of the line tension along the edge, as shown in Figure 2:
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Figure 2. (a) Fingering instability at the epithelial monolayer edge without actin cable and (b) smooth-
edge morphology at the monolayer boundary caused by presence of actin cable during wetting/de-
wetting. The presence of a supracellular actin cable can stabilize the edge and against fingering.

Collisions between domains experiencing forward flow and adjacent domains undergoing backward flow
result in the generation of compressive stress, which in turn leads to an increase in cell packing density,
at the edge[17,25]. An increase in cell packing density enhances interactions between cells, resulting in a
transition from anisotropic to isotropic cell migration and a reduction in cell velocity. Certain domains at
the periphery migrate more rapidly than adjacent domains, resulting in the disruption of some cell-cell
adhesion contacts along the edge, which subsequently induces epithelial fingering. The localized
disruption of cell-cell adhesion contacts promotes the development of leader cells in specific cell types
by facilitating fingering.

We have introduced a new interpretation of epithelial fingering based on effective line tension along the
free edge. Although line tension is a classical mechanical concept, its use to describe fingering
instabilities in migrating epithelial monolayers is, to our knowledge, novel. Energy dissipation per unit
length caused by the remodelling of the edge 1,(s, T) depends on the relationship between the input of
spreading energy per line and the resistance of the edge expressed in the form of line tension. The cell



dEspread _
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S€l. (wherel, is the average size of single cell). The line tension A(s, T) represents the storage of elastic

spreading energy per unit length depends on the spreading factor and can be expressed as:

and contractile energy per unit length. Consequently, the energy dissipation per unit length can be

dEspread
—— A1
ds (

magnitude of the line tension, as well as its distribution along the edge, plays a crucial role in

expressed as: A;(s,7) = whereAA is the increment of storage energy per edge). The
determining the fingering. Additionally, it is vital to define line tension as a fundamental physical
parameter that greatly affects the epithelial fingering.

3. Line tension along the edge of epithelial monolayers

The edge of the monolayer consists of interconnected border cells. The line tension of the edge
represents the free energy per unit length[28]. In the context of the epithelial monolayer edge, the free
energy encompasses multiple contributions, including: (i)the elastic and contractile energies of border
cells, (ii)the cohesion energy, and (iii) the elastic and bending energies associated with the supracellular
actin cable. Consequently, total line tension can be expressed as:

A(S,T) = Acabte + Acenr (1)

where 7 is the time of hours, which corresponds to collective cell migration, s is the coordinate along
the edge, 4 is the total line tension along the monolayer edge, and A..;; is the contribution of the
border cells, while 4,45 is the contribution of the actin cable to the edge line tension.

3.1 Contribution of border cells to the supracellular line tension

The contribution of border cells to the supracellular line tension depends on the epithelial surface
tension and can be expressed as:

Acelt (s,7) = Yelc (2)

. . . . . O0E .
where y, is the dynamic epithelial surface tension y, = ﬁ”s, dA = dsl, is the surface area of border

K Teoni . . .

cells, Ecep = X3 E(AC" —Ag)* + i Alij + X %Liz, A is the effective surface area of the i-th
cell, K is an effective modulus of the cell around its initial surface area Ay, [;; is the interface length
between the i-th and j-th cells, A is the line tension per unit interface length between two cells A =

vy
N
%, Ny; is the number of adherens junctions within the interface between two neighbor cells

located at the aggregate surface, ej”

is the energy per single adherens junction, (I} is the averaged
interface length between two adjacent cells, T, ; is the contractility coefficient, and L; is the perimeter

of the i-th cell[29].



The dynamic epithelial surface tension y, is a space-time-dependent physical parameter, which is
influenced by a variety of factors, including the contractility of cells, the adhesive strength of homotypic
cell-cell interactions, and the deformation of multicellular surfaces, which can manifest as either
stretching or compression[20,30,31]. The contractility exhibited by epithelial cells serves to strengthen
the adhesion contacts between cells, thereby contributing to an increase in the epithelial surface
tension[30]. Stretching and compression of monolayers have the opposite effect. While stretching leads
to an increase in epithelial surface tension[31], compression enhances cell-cell interactions, resulting in
a reduction of the surface tension[20].

Although the surface tension of multicellular systems is expected to exhibit spatiotemporal variations
due to the viscoelasticity of multicellular surfaces and active cellular processes, direct experimental
measurements have thus far accessed only static (equilibrium) values. These static surface tensions have
been measured using several experimental approaches, including uniaxial compression of multicellular
spheroids between parallel plates[32], micropipette aspiration[31], and magnetic tensiometry[33].

. . N N .
Reported surface tension values are in the range of a few % to several tens of% depending on both,

cell type and the measurement technique employed[32-34]. In particular, the application of magnetic
fields has been shown to strengthen cell-cell adhesion contacts, leading to an increase in the measured
surface tension[35].

The line tension contribution A..; can be estimated from experimental values of static epithelial surface
tension. It is equal to A..;; ~1 — 10 nN, for the average cell size of [.~10 pm. However, the line tension
is not constant. It varies along the edge depending on the state of the border cells and the strength of
cell-cell adhesion contacts.

The change in the line tension contribution A..;; can be formulated by establishment of the constitutive
model for epithelial surface tension Ay, vs. ATA. In alignment with the principles of dilational
viscoelasticity observed in multicellular surfaces, the alteration in surface area ATA results in energy
storage and dissipation, which subsequently causes a variation in surface tension Ay,. The epithelial
surface tension contributes to a reduction in the multicellular surface ATA during: (i)the compaction of

epithelial spheroids[30], (ii)the rounding of cell aggregates after uni-axial compression[32,36], (iii)the
de-wetting of cell aggregates on rigid substrates[22], and (iv)the fusion of epithelial aggregates[16]. An

. . d [AAY . . .
increase in the rate of change of cell aggregate surface area 5(7) induces an increase in the surface

tension[31].

A constitutive model accounting for all of these conditions was expressed as[20]:

AA d (AA
bye = Bs G+ 552 () 3)

where Ejs is the surface modulus of elasticity, and 7 is the surface viscosity.

In further consideration, it is necessary to estimate the contribution of actin cable to the line tension
along the edge.



3.2 Viscoelasticity and line tension of actin cable

An actin cable consists of interconnected segments, each formed by bundles of actin filaments cross-
linked by actin-binding proteins inside the cells. The cable’s mechanical properties emerge from the
mechanics of these segments and their connections, so that each segment behaves as a polymer-like
unit capable of stretching, bending, and transmitting forces. Crosslinking proteins maintain connectivity
through dynamic, reversible interactions, analogous to bonds in a polymer chain. In epithelial
monolayers, actin cables can span multiple cells across adherens junctions, enabling stress transmission
along the tissue edge. Such supracellular actin cables form preferentially along tissue edges, where
broken force balance and anisotropic tension align actomyosin contractility parallel to the boundary,
stabilizing stress transmission across adherens junctions. During inhomogeneous epithelial wetting or
de-wetting, the edge-localized actin cable undergoes local bending and stretching or compression in
response to perpendicular forces. Stretching/compression of individual bundle of actin filaments have
been described by the Kelvin-Voigt model[37]. Consequently, total line tension of actin cable includes
strain energy, bending energy, and contractile energy contributions per unit length and can be
expressed as:

__ jcable cable cable
Acable (S, T) - Abend + Ael + Acont (4)

. . I . . d6\?2
where 152b1¢ s the bending contribution to the line tension of the cable equal to: 15%bl¢ = E(E) ,0(s)

is the angle between the tangent to the edge and the direction of cell migration, k is the bending

modulus, 1P s the elastic contribution equal to: A6¢Pte = 24€¢2 20 F . is the Young’s modulus,
el el 2 AC'c AC

g4c is the local strain of the cable, 7, is the radius of the cable equal to 0.5 — 1 um([38], A532L s the
contractile contribution of the cable. The elastic modulus of contractile epithelial MDCK monolayers is
approximately E.~33 kPa[39]. Although a direct Young’s modulus of the supracellular actin cable has
not been measured, multiple studies demonstrate that the cable sustains higher tensile stress and
stores more mechanical energy than the bulk monolayer, indicating a larger effective stiffness, i.e.,
E,c > E.[9,40,41]. More contractile cable has higher elastic modulus[42]. For the supposed elastic
modulus E,c = 2E, and 2% strain, A5¢2%¢ = 0.04 nN. The bending modulus of individual actin filaments
is 7x1072° Jm [43]. The bending modulus of actin cable (being a bundle of actin filaments) should be an
order of magnitude larger than the bending modulus of an individual actin filament. For the curvature of
~% um~1, the bending contribution A$22¢ js A¢able — 1 4x10~7 nN. Deguchi et al.[44] pointed out

that the contractile contribution to line tension of actin bundles is 15%2€~4 nN. As a result, the

contractile contribution to the line tension of an actin cable represents the largest contribution,
comparable in magnitude to that of the border cells. In contrast, the contribution arising from the
bending of the actin cable is minimal and can be neglected. For typical cell-scale edge curvatures (~5—
20 um wavelength), bending forces are orders of magnitude smaller than contractile tension and can
safely be ignored in the linear stability analysis.
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3.3 Line tension gradient along the edge

The inhomogeneous storage of elastic and contractile energy along the edge during the processes of
s . L . . . . Y .
epithelial wetting and de-wetting is essential for the establishment of a line tension gradient 5 Certain

domains near the edge experience extension, whereas others undergo compression. The degree of this
extension/compression is not uniform along the line. Moderate extension of the monolayer promotes
the reinforcement of cell-cell adhesion contacts[45]. Conversely, compression enhances cell-cell
interactions, which leads to contact inhibition of locomotion. This contact inhibition subsequently
initiates cell repolarization, which is associated with a reduction in both cell-cell and cell-matrix adhesion
contacts[46]. As a result, the strength of Als is greater in the extended regions of the edge compared to
the compressed regions. Cells that are extended exhibit higher contractility than those that are
compressed[47]. It is well-established that cells within stretched monolayers create a larger area of
contact with the matrix[48]. Cells with greater contact area exhibit higher contractility compared to
those with a smaller contact area[47]. As a result, cells located in the extended regions of edge store
more elastic and contractile energy than their compressed counterparts. The supracellular actin cable
functions as a semi-flexible filament[49]. Stretched semi-flexible filaments generate greater force than
compressed ones when subjected to the same absolute deformation[50]. This phenomenon is
associated with a nonlinear variation in force during the higher stretching or compression of individual
semi-flexible filaments, as described by a worm-like chain model[51]. Stretching of actin cable can
recruit additional actin and myosin along the cable, increasing its contractility and the contractile
contribution to the line tension 1522le[52].

. . NN . .
The gradient of line tension 3 drives cell movement along the edge from the regions of lower line

tension to the regions of higher line tension as shown in Figure 3:
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The Marangoni “flow” of epithelial cells along the
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Figure 3. Migration of epithelial cells along the edge driven by the gradient of line tension (thelD
Marangoni effect). Black arrows show directions of cell migration along the edge from the regions of
lower line tension (gap regions) to the regions of higher line tension (finger regions).

Stretched, finger-like regions are a product of wetting, while gap-like regions are less stretched or even
compressed. Higher-stretched finger-like regions of the edge have higher line tension than less
stretched or compressed gap-like regions. Consequently, cells within the gaps undergo migration
towards the fingers by stimulating fingering of the monolayer. The phenomenon can be discussed in the
context of the 1D Marangoni effect (Figure 2). In general case, the Marangoni effect represents 2D
migration/flow of the system constituents driven by the gradient of surface tension[53]. The Marangoni
effect also influences migration of cells from the region of lower surface tension to the regions of higher
surface tension[16]. While the gradient of line tension stimulates fingering of the monolayer, the line
tension itself reduces fingering.

Formation of supracellular actin cable leads to: (i)an increase in the line tension and (ii)reduction of the
line tension gradient. The phenomenon of epithelial fingering will be discussed based on postulated
force balance along the edge.
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4. Force balance along the edge

Collective cell migration in epithelial monolayers gives rise to hour-scale oscillations in velocity, strain,
and accumulated residual stress[25-26]. This dynamics has been interpreted as mechanical waves and
discussed in the context of low-Reynolds-number turbulence, a phenomenon also observed in
viscoelastic fluids such as polymer solutions[54,55]. In migrating monolayers, this behavior has been
described as active turbulence, reflecting the role of tissue viscoelasticity[56]. Mechanical waves are
further linked to oscillatory wetting and de-wetting at tissue interfaces[16,19,57]. Overall, low-Reynolds-
number turbulence in epithelial monolayers arises from viscoelastic effects that repeatedly perturb the
dynamical balance between driving and resistive forces, leading to long-term inertial effects[16,26,57].
In the case of active turbulence in migrating epithelial collectives, the Reynolds and Weissenberg
dimensionless numbers are low, i.e., R,, W; < 1. This effective long-term inertia emerges from two
coupled processes: the accumulation of residual stresses within multicellular systems caused by
collective cell migration, and cellular adaptation through: (i) the collective remodelling of cell-cell and
cell-matrix adhesion contacts, (ii) cell realignment caused by glancing interactions, and (iii)
repolarisation caused by cell head-on interactions [16]. Consequently, long-time inertia accounts for
delayed cellular adaptation, which occurs over hours.

The force balance along the edge can be expressed as:

dV,(s,T)

(MeppIpe—o— = Li Fdi_Zj Frj (5)

where (meff) is the effective cell mass, which represents a biological inductance, p, is the number
density of border cells per line, ¥,(s,T) is the epithelial velocity along the line, f')d,- is the i-th driving
force, while Fr]- is the j-th resistive force per unit line. The biological inductance results from the
biological response of a single cell caused by cell-cell interactions under internally generated mechanical
stress during collective cell migration. The resistive forces are: the normal component of line tension
force and viscoelastic force, while the driving forces are the spreading force, mixing force, tangential
component of line tension force, and traction force.

The spreading force (a driving force) Fsp is the in-plane normal force, which acts perpendicularly to the

edge and can be expressed as: ﬁsp(s, 7) = S®n (where 7 is the unit in-plane normal vector to the edge).
The spreading factor acts like an effective “active pressure’” inhomogeneously distributed along the
edge, which induces inward and outward curvature depending on whether the multicellular domains
near the edge undergo wetting or de-wetting.

The mixing force Fmix(s, T) (a driving force) is caused by thermodynamic mixing between the epithelial
monolayer and substrate matrix. This is a tangential force, which correlates with the distribution of

. . = Ja = 2. -
adhesion energy along the line and can be expressed as: F i, = —lcgeat (where t is the unit in-plane

tangential vector to the edge). If a segment of the edge has lower cell-matrix adhesion energy, the edge
pulls itself toward regions of higher adhesion energy along the edge. The phenomenon is known as
haptotaxis[58].
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The traction force Ft(s, 7) (a driving force) pulls against the substrate (protrusion-driven migration). It
depends on the viscoelasticity of the substrate matrices. The relationship between the traction force
and the displacement of the substrate can be presented in the form of the Zener constitutive model[59]:

dF, U

=4 — d
TF?+ Ft = Es(s)us + TIS(S) d

Ts (where U is the displacement field, 7 is the relaxation time of the

traction force under constant displacement, E;(s) is the elastic modulus of the matrix, and n¢(s) is the
viscosity of the matrix). The traction force has tangential and normal components.

The line-tension force FL(S,T) (a driving and resistive force) appears as a consequence of the
. L . . . . - 7] 2 .
inhomogeneous distribution of line tension and it can be expressed as: F; = g(/lt). The tangential

component of the line tension force causes migration of epithelial cells along the line from the regions

of lower line tension towards the regions of higher line tension (the Marangoni flow) and is equal to

oA

Ft = P This force drives fingering. The normal in-plane line tension force acts to reduce curvature of

. . a6 .
the edge and is equal to: F/* = Ak (where k is the curvature k = —, and 6 is the local angle of the

as’

curvature). These opposite effects of normal and tangential components of the line-tension force can be

discussed based on a stability analysis. When the edge is locally perturbed to y = &(x, T) = §,e®T+ik*

(where &é(x, ) is the edge local displacement, &, is the amplitude of perturbation, k is the x-component

of the wave vector, and w is the angular velocity of the perturbation), this perturbation causes: (i) the
92&

generation of a small curvature equal to: k = pri —k2& and (ii) a change in the line tension from 1 =

Ay to A = Ay + 61 (where the small perturbation of the line tension is supposed to be proportional to
the perturbation &(x, ), i.e., 54 = A&(x, ), and A is the proportionality coefficient that describes how
changes in the edge displacement modulate the local line tension). For small perturbations of the edge,

. AL désA . . .
it can be supposed that 5 Consequently, the normal component of the line-tension force is

equal to: FJ' = —(4, + A§)k?&, while the tangential component is: Ff = Ak&. In accordance with fact
that F/' is FJ* < 0, this force stabilises the edge. However, F} is Ff > 0 and destabilise the edge via the
1D Marangoni effect. While the 1D Marangoni effect drives epithelial fingering, the 2D Marangoni effect
caused by the gradient of epithelial-matrix interfacial tension influences the wetting/de-wetting of
epithelial monolayers [60]. Actin cable has the potential to (i) reinforce the edge by increasing the line
tension and the normal component of the line tension force and (ii) reduce the distribution of the line
tension along the edge by decreasing the tangential component of the line tension.

The viscoelastic force ?vs(s, T) (a resistive force) depends on the stress distribution along the monolayer
during epithelial wetting/de-wetting and can be expressed as: f'),,s(s, 1) = [2VG (where 6(r(s, 1), 1) is
the mechanical stress). This force includes tangential and normal components. The stress can be normal
(tensional or compressive) or shear. While wetting induce the generation of tensional stress,
compressive stress is generated during: (i) de-wetting and (ii) collision between forward and backward
flow along the edge. Inhomogeneous wetting/de-wetting of various multicellular domains results in the
generation of shear stress along the biointerface between neighbouring domains. While tensional stress
decreases the cell packing density, compressive stress increases it. Shear stress has no impact on cell
packing density, but has the potential to perturb aligned cell migration. An increase in cell packing
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density causes a change in: (i)the mechanism of cell migration from convective to sub-diffusion and
(ii)the state of viscoelasticity. Epithelial monolayers behave as viscoelastic solids in accordance with fact
that cells establish strong cell-cell adhesion contacts and migrate as compact clusters[1,16,17]. Three
regimes of viscoelasticity are presented in Box1:

Box1.Regimes of viscoelasticity caused by change the cell packing density

Regimel: Cell packing density n, < n. (where n. is the cell packing density under confluent state). Petitjean et al. [61]
cells
° cm?
Cell migration occurs via a convective mechanism. The velocity correlation length is an order of magnitude higher than the size
of single cells[62]. This means that cells perform directional migration characterised by a higher degree of anisotropy.
Consequently, cells undergo uni-axial extension/compression in this regime. While active extension/compression occurs in the
direction of cell migration, passive compression/extension occurs perpendicularly to this direction via Poisson’s effect[23]. The
viscoelasticity caused by collective cell migration can be characterised by the Zener constitutive model. The main characteristics
of the Zener model is that: (i)stress can relax under constant strain conditions, and (ii)strain can relax under constant stress
conditions. The stress relaxation time is a few minutes, while the strain relaxation time is a few hours[16,36,48]). The energy
dissipation in this regime is primarily caused by the remodelling of cell-cell and cell-matrix adhesion contacts, which occurs over
minutes[17].
Regime2: Cell packing density n, < n, < n; (where n; is the cell packing density in the jamming state, which is an order of
magnitude higher than n;)
Cell migration occurs via a diffusion (conductive) mechanism. The cell speed is much lower than that in the convective regime.
Intensive cell-cell interactions caused by an increase in cell packing density perturb aligned cell migration. The velocity
correlation length decreases. Consequently, this regime corresponds to isotropic cell migration such that active
extension/compression occurs equally in all directions. Stress relaxation is supressed. The energy dissipation in this regime is
primarily caused by perturbation of cell alignment, which occurs over hours. In accordance with the fact that diffusion is a linear
process, the corresponding constitutive model of viscoelasticity should be also linear. The Kelvin-Voigt model was proposed for
describing the viscoelasticity in this regime[16].
Regime3: Cell packing density n, — n;
This regime corresponds to the state of a multicellular system near jamming. Cell migration occurs via a non-linear, sub-
diffusion mechanism. The non-linearity is caused by damping of the cell rearrangement caused by an increase in cell packing
density, which has been described by fractional derivatives. The perturbation of cell alignment in this regime induces
anomalous energy dissipation, which occurs over hours[17]. The cell speed tends to zero. The velocity correlation length
corresponds to the size of single cell[60]. Pajic-Lijakovic et al.[16] proposed the fractional model to describe viscoelasticity of
cell monolayers in this regime.
An increase in the frequency of cell head-on interactions from regime 2 to regime 3 intensifies the contact inhibition of
locomotion, which represents the main cause of the cell jamming state transition[16]. The contact-inhibition of locomotion
triggers cell repolarisation and migration in the opposite direction[46]. The jamming state transition is the contractile-to-non
contractile cell state transition[16]. When the time between two collisions becomes shorter than the cell re-polarisation time,
cells cannot establish their active, migratory state again and undergo jamming.

demonstrated that the MDCK cell monolayers attained confluence at a cell packing density of 71,4, ~2.5x10

The existence of these distinct viscoelastic regimes points to a physical mechanism of cell migration that
is closely connected to the viscoelasticity of the cell monolayer and consequently helps to illuminate the
mechanism(s) of energy storage and dissipation. Energy storage within the edge is a prerequisite of edge
stabilization and has the potential to protect epithelial fingering.

When the spreading factor is S€ > 0, epithelial cells undergo inhomogeneous wetting. The wetting
causes: (iJinhomogeneous accumulation of tensional stress within the monolayer and along the edge by
increasing the viscoelastic force and (iijinhomogeneous extension of the edge by increasing the normal
component of the line tension force. Both forces, i.e., the normal component of the line tension force
and viscoelastic force act to reduce further extension of the monolayer, leading to decrease of the cell
velocity. A decrease in cell velocity causes a decrease in the traction force. Extension of the monolayer
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reinforces the strength of cell-cell adhesion contacts by increasing the epithelial cohesion energy
relative to cell-matrix adhesion energy. This increase in the strength of cell-cell adhesion contacts and
epithelial surface tension leads to a decrease in the spreading factor, as well as in the spreading force.
Collective cell migration during epithelial wetting tends to smooth cell-matrix adhesion gradients by
decreasing the mixing force. When cohesion energy becomes higher than adhesion energy, the
spreading factor is S¢ < 0. In this case, epithelial cells undergo local de-wetting, i.e. compression. The
compression of epithelial domains enhances cell-cell interactions leading to contact inhibition of
locomotion. These interactions results in a decrease in strength of cell-cell adhesion contacts leading to
an increase in the spreading factor and a decrease in the line tension. If the spreading factor is S¢ > 0,
cells undergo wetting again. A decrease in the line tension leads to epithelial fingering. While some
epithelial domains near the edge undergo wetting, surrounding domains undergo de-wetting producing
forwards and backwards flows along the edge. Collision between forward and backward flow causes an
increase in cell packing density, which can lead to a change in the regime of viscoelasticity of the
monolayer. In accordance with the observation that epithelial surface tension and mechanical stress
oscillate during epithelial wetting/de-wetting[20,25,26], it is expected that the line tension along the
edge also oscillates, despite the fact that spatiotemporal variations in line tension have not yet been
experimentally measured.

For fingering to occur, several conditions should be satisfied: (i)A < A, (where A, is the critical threshold

.., 01 e . . . . .
Ae~Acen), (i) s # 0, and (iii)Va # 0. In contrast, increases in: (i) the line tension due to the presence of

actin cable and (ii) cohesion energy relative to adhesion energy have the potential to reduce epithelial
fingering. Consequently, some epithelial cell types do not show fingering even without actin cable, if
these cells establish stronger cell-cell adhesion contacts. The presence of an actin cable can stabilise the
monolayer edge by: (i) increasing the line tension and (ii) reducing the variation of line tension along the
edge.

5. The relationship between physical parameters that govern epithelial fingering

The volumetric and dilational viscoelastic properties of migrating epithelial monolayers affect: (i)the
accumulation of mechanical stress, (ii)epithelial surface tension, (iii)the mechanism of cell migration,
and (iv)the contribution of border cells along the leading edge to the line tension. The viscoelasticity
depends on the strength of cell-cell adhesion contacts and cell contractility. An inhomogeneous
distribution of cell-matrix adhesion contacts relative to cell-cell adhesion contacts triggers epithelial
wetting/de-wetting leading to an inhomogeneous accumulation of mechanical stress. This, in turn, has a
feedback effect on the cell migration mechanism and the viscoelastic state itself. The interrelationship
between physical parameters is shown in Figure 4:
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Figure 4. The inter-relationship between physical parameters responsible for epithelial fingering (The
red colour emphasizes the cause-consequence relationship between viscoelasticity and epithelial
fingering.)

An inhomogeneous distribution of mechanical stress and the mechanism of cell migration along the
edge contribute to the formation of a line tension gradient. The interplay of these physical factors has
the capacity to destabilize the edge and initiate epithelial fingering. In order to achieve a deeper
comprehension of epithelial fingering, additional experiments are needed to ascertain several physical
parameters, including the distributions of: (i) epithelial surface tension across the monolayer and its
variations during the processes of epithelial wetting and de-wetting [63], (ii) epithelial line tension at the
edge of the monolayer, (iii) epithelial-matrix adhesion energy per unit area, (iv) residual stress within
cells, and (v) the density of cell packing, which correlates with cell velocity. Certain parameters have
already been quantified, such as: the distribution of cell stress [25], cell packing density [27], and cell
tractions [19] within the migrating epithelial monolayer. The surface density of cell tractions may be
associated with the epithelial-matrix adhesion energy, represented by the equation e, =

AP 5 . . . .
fol el T,,d(|A7g|) (where T, is the normal component of the surface density of cell tractions, which can

be correlated with the normal component of the line tension force F;,, = T, l.). While it is established
that the epithelial surface tension fluctuates with both time and spatial context (i.e., dynamic surface

17



tension), there is a lack of empirical evidence to substantiate the idea of temporal variations in this
physical characteristic. Up to this point, only a static (equilibrium) measurement of surface tension has
been recorded and identified as a feature of multicellular surfaces interacting with a liquid medium. The
distribution of epithelial line tension along the edge of the monolayer and its temporal changes remain
unmeasured.

Given multiple effective parameters (viscoelastic moduli, line tension, adhesion, and cohesion energy
per unit surface, cell residual stress discussed within three cell packing density regimes), the uncertainty
should be assessed. Bayesian inference provides a practical framework, combining prior knowledge with
experimental data to yield posterior distributions, credible intervals, and parameter correlations,
ensuring robust and interpretable model predictions [64].

6. Outlook: experimental tests

Experimental validation of theoretically predicted mechanical instabilities, including fingering, in
epithelial monolayers can be achieved using contactless or minimally invasive approaches that probe
intrinsic surface and line tensions, as well as cell mechanical stress. The estimated ranges of these
physical parameters and proposed measuring techniques are shown in Table 1:

Table 1. Physical parameters: ranges and proposed experimental techniques

Physical parameter The range of the parameter Experimental technique
Line tension A few nN to a few tens of nN laser ablation
A
Epithelial surface tension A few ™N 0 a few tens of 2N embedded elastic microbead
Ye m m sensors and
imaging of monolayer curvature
Cell mechanical stress < a few hundred of Pa monolayer stress microscopy
[
Surface density of cell tractions | < a few hundred of Pa traction force microscopy
T

Laser ablation of cell—cell junctions or supracellular actin cables combined with the 1D Kelvin-Voigt
model could be used for the measurements of line tension along edges through recoil dynamics [65],
while embedded elastic microbead sensors [66] quantify local isotropic compressive stress within the
monolayer. High-resolution imaging of monolayer geometry and curvature, combined with these
measurements, allows reconstruction of intrinsic epithelial surface tension near the edge based on the
Young-Laplace equation. Traction force microscopy can complement these approaches by mapping the
distribution of traction forces exerted on the substrate and estimating cell-matrix adhesion energy per
unit area [67]. To estimate the internally generated mechanical stress within an epithelial monolayer
during collective cell migration, monolayer stress microscopy has been employed [67]. Nonetheless, a
limitation of this technique is the assumption that the tissue possesses linear, uniform, and isotropic
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elasticity, as well as a consistent thickness [68]. Time-lapse imaging enables tracking of dynamic
changes; and perturbations of actomyosin contractility or adhesion allow separation of elastic,
contractile, and adhesion-mediated contributions. Together, these techniques provide a
spatiotemporally resolved, quantitative map of epithelial mechanical parameters, enabling rigorous
comparison with theoretical predictions of instability onset, finger formation, and propagation.

7. Conclusion

In summary, epithelial fingering emerges as a robust consequence of mechanical and adhesive
heterogeneities that develop during collective cell migration. We have shown that spatial variations in
mechanical stress, cell-matrix adhesion strength, cell-cell cohesion, and line-tension along the free edge
provide the essential cues that break symmetry and promote the emergence of protruding domains.
These inhomogeneities originate from the interplay between epithelial wetting and local de-wetting,
which dynamically redistribute stresses and adhesion contacts across the monolayer. Crucially, our
analysis highlights that viscoelasticity—although widely acknowledged as a dominant physical
characteristic of epithelial tissues—has been largely neglected in existing fingering models, despite its
central role in governing residual stress accumulation, and spatio-temporal modulation of line tension at
the edge.

The gradient of line tension and the differences in cell-matrix adhesion compared to cell-cell cohesion
are responsible for driving epithelial fingering. However, the distribution of residual stress and the
coupling between line tension and edge curvature serve to inhibit this fingering. Consequently, line
tension can play opposing roles—promoting or inhibiting finger formation—depending on its magnitude
and spatial distribution along the monolayer edge. Altogether, our work proposes that epithelial
fingering is not controlled by a single dominant factor but by the dynamic coupling between (i)
wetting/de-wetting, (ii) residual stress accumulation, (iii) the distribution of line tension, and (iv) spatial
variations in adhesion and traction forces.

Our findings provide an integrated biological and physical framework for understanding how epithelial
tissues regulate the balance between stable sheet migration and protrusive instability. Future work
combining live imaging, mechanical perturbations, and molecular manipulation of adhesion and
cytoskeletal regulators will be essential for determining how tissues actively prevent fingering during
normal development and repair, and why this control can fail in pathological contexts such as cancer
invasion.
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Figure captions:

Figure 1. Inhomogeneous wetting/de-wetting of an epithelial monolayer inspired by experimental data
from Serra-Picamal et al. [25]. It possesses a distribution of multicellular domains characterized by their
cell velocity, packing density, stress, strain, and spreading factor.

Figure 2. (a) Fingering instability at the epithelial monolayer edge without actin cable and (b) smooth-
edge morphology at the monolayer boundary caused by presence of actin cable during wetting/de-
wetting. The presence of a supracellular actin cable can stabilize the edge and against fingering.

Figure 3. Migration of epithelial cells along the edge driven by the gradient of line tension (thelD
Marangoni effect). Black arrows show directions of cell migration along the edge from the regions of
lower line tension (gap regions) to the regions of higher line tension (finger regions).

Figure 4. The inter-relationship between physical parameters responsible for epithelial fingering (The
red colour emphasizes the cause-consequence relationship between viscoelasticity and epithelial
fingering.)

Table captions

Table 1. Physical parameters: ranges and proposed experimental techniques
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