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Abstract

Epithelial tissues often experience, and respond to, in-plane compression. This occurs during
embryonic development and continues throughout adult life, driven by both internal and external
forces. Gaining insight into such processes is essential for understanding the mechanisms of tissue
morphogenesis, and therefore carries significant implications for developmental biology and
regenerative medicine. Although the biological mechanisms associated with epithelial folding have
been extensively researched, the physical mechanisms are only beginning to be clarified. One of the
primary factors contributing to the relaxation of epithelial monolayers, following externally induced
buckling and folding, is the viscoelasticity related to energy storage and dissipation resulting from
their compression. Physical mechanisms involve the interplay between physical parameters such as:
the epithelial surface tension, viscoelastic Poisson’s ratio, bending modulus, internally generated
strain and corresponding mechanical stress. The main focus of this review is to point out how
interconnected relaxation processes influence epithelial buckling and folding as an integral part of
the viscoelasticity, and how cells can regulate the extent of the folding depending on the magnitude
of the externally applied compressive stress. This complex phenomenon is elaborated on substrate-
devoid epithelial monolayers, considered as a simple model system under in vitro conditions.

Key words: epithelial surface tension, viscoelastic Poisson’s ratio, stress-strain constitutive model,
cell contractility, strength of cell-cell adhesion contacts



1. Introduction

Compressive forces, whether applied intrinsically or extrinsically, are fundamental to the intricate
shaping of tissues during the process of developmental morphogenesis [1]. Epithelial tissues often
experience in-plane compression during both embryonic development and adult life, due to a
combination of intrinsic and extrinsic forces. Gaining insight into these mechanisms is vital for
understanding tissue morphogenesis and carries significant implications for the fields of
developmental biology and regenerative medicine [2-4).

Such compressive forces occur on various time scales, ranging from minutes to hours. Compression
may be caused by any or all of (i) actomyosin-involved apical or basal constriction, which arises on a
time scale of minutes [5,6], (ii) the migration of epithelial collectives, or rearrangement of the
surrounding tissue via migration, occurring on a time scale of hours [4,7], and (iii) cell growth-
induced constraints developing on a time scale of days [1,8]. The initial mechanical instability, that
happens when in-plane compression exceeds a critical threshold, is buckling. It results in the
generation of a small out-of-plane strain, for which the corresponding cell rearrangement can be
treated as a linear phenomenon [9]. Compression-induced epithelial buckling is an integral part of
numerous morphogenetic processes such as: formation of intestinal villi, lumen formation in early
morphogenesis, and the rearrangement of epithelial monolayers on soft substrates [4]. Buckling
occurs through a series of interdependent events in which biochemical signals trigger cell shape
changes, leading to spatial phenotypic patterning [1,4]. In biological tissues, buckling can give rise to
non-linear phenomena such as: folds and large undulations in monolayers [4]. Various types of
folding such as invagination (i.e., inward folding) and evagination (i.e., outward folding) take place
during morphogenesis [10-12]. The integral formation of an invagination region near the evagination
regions via collective cell migration is known as vertical telescoping. In this case, central cells move
downward, and peripheral cells move upward [4,13]. Successive invagination and evagination
represent mechanically unstable structures that need more surface energy, bending energy, and
strain energy [14]. Gradients of the epithelial surface tension, the accumulated mechanical stress,
and the bending moment can provide the driving forces that cause relaxation to a lower energy state
against the internal energy of cells which drives curvature formation [7,15]. The internal cell energy
is induced by molecular mechanisms related to cell signalling and gene expression [4]. Cell signalling
influences the distributions of the strengths of cell-cell and cell-matrix adhesion contacts and cell
contractility via mechano-transduction pathways, while gene expression has a feedback impact on
the remodelling of adhesion contacts and cell cytoskeletons [16,17]. Epithelial folding activates
mechanosensitive Piezo 1 channels and triggers waves on a timescale of minutes and gene
expression on a timescale ranging from ten minutes up to hours [18]. Whereas buckling appears due
to the compression of epithelial monolayers or stratified epithelium, wrinkling is caused by a local
surface instability [19]. In what follows, we will be interested in the in vitro-induced buckling of
epithelial monolayers under uniaxial compression.

While biological mechanisms related to epithelial folding have been widely studied, the underlying
physical mechanisms are only starting to be elucidated. Viscoelasticity related to energy storage and
dissipation (see Glossary of Terms) caused by the compression of epithelial monolayers is one of the
main factors responsible for the relaxation of epithelial monolayers under various loading conditions
[20]. Lecuit and Lenne [21] discussed epithelial folding as a multi time process characteristic of
viscoelasticity. Wang et al. [22] revealed that the rate-dependent buckling mode is quantitatively
influenced by the viscoelastic and geometrical properties of epithelia. The influence of viscoelasticity
on the physical parameters that regulate epithelial rearrangement, including mechanical stress, the



associated strain, Poisson's ratio, bending modulus, and epithelial surface tension, is multi-time and
complex. Storgel et al. [23] and Lecuit and Lenne [21] pointed out that the tissue surface tension is a
key physical regulator of epithelial morphogenesis, including folding. However, surface tension was
discussed as an equilibrium property of the monolayer, while the dilation viscoelasticity, which is
related to changes with time of the surface tension, was not considered. A more profound
understanding of the viscoelastic characteristics of epithelial rearrangement is essential for
comprehending the multi-scale aspects of epithelial folding.

Inhomogeneous energy storage is the main origin of the mechanical instability, which induces
epithelial buckling [14,24]. The energy storage depends on the strength of E-cadherin-mediated cell-
cell adhesion contacts and cell contractility [25]. It is well known that a prerequisite of epithelial
folding is inhomogeneous distributions of actomyosin [15,26] and of the strength of the cell-cell
adhesion contacts when under the influence of mechanical stress. The complex impact of
viscoelasticity on epithelial folding can be discussed in terms of a set of physical parameters such as:
epithelial surface tension, bending stiffness, internal strain, viscoelastic Poisson’s ratio, and
generated stress, all of which are space-time-dependent [7,27].

The main focus of this theoretical consideration is to point out the inter-relationships of these
physical parameters in the physical mechanisms of monolayer relaxation under instantaneous uni-
axial compression. The phenomenon is discussed in relation to a simplified model system: a
suspended (substrate devoid) epithelial monolayer.

2. Phenomenological description of modelling systems

Two types of model system have been examined in relation to the buckling behaviour of epithelial
monolayers under uni-axial compression. One consists of suspended (substrate-devoid) epithelial
monolayers [15], while the other is epithelial monolayers on substrate matrices [19,28]. In vitro
folding of (substrate devoid) epithelial monolayers under uni-axial compression has been observed
in various biological systems such as: eye morphogenesis [29], mouse embryo epiblast folding during
implantation [30], and chick midbrain neural tube closure [31].

The epithelial wrinkling-to-folding transition was observed for epithelial Caco-2 monolayers on
collagen | substrate matrices under an externally applied uni-axial compressive strain of —0.5 [19]. In
this case, the initial wrinkling is a consequence of surface structural changes of the matrix and
depends on the strengths of the epithelial matrix focal adhesions (FAs) [28]. When suspended
(substrate-devoid) epithelial Madin-Darby Canine Kidney (MDCK) and keratinocyte (HaCaT)
monolayers [15] are compressed to a strain higher than -0.35, they undergo the buckling-to-folding
transition. The establishment of FAs induces damping effects of initial mechanical instability and
protect the monolayers against buckling. In this case, the surface instability of the collagen | matrix
and weakening of FAs under compression result in wrinkling [28]. In the case of epithelial
monolayers on collagen | matrices, folding occurs at higher compressive strain compared to the
substrate-devoid monolayers. When collagen | networks undergo a 20% uniaxial extension aligned
with the fibers, the equilibrium Poisson's ratio is estimated to be around v~5, which is linked to the
compression experienced by the network [32]. Consequently, strain stiffening and anisotropy
significantly influence the viscoelasticity of a collagen | matrix [33].



Some epithelial cell types are more prone to folding than others, even under the same uni-axial
compression. Some (substrate-devoid) epithelial monolayers, such as MDCK cell monolayers, are
able to relax the curvature caused by a compressive strain of -0.35, while others such as HaCaT cell
monolayers retain the out-of-plane displacement under the same conditions [15]. These two
scenarios are shown schematically in Figure 1:

Figure 1.
These scenarios under the same external compression are characterized as:

Scenario 1: A lower energetic state occurs after epithelial buckling at ¢ = At, where At is the time
necessary for epithelial buckling caused by the uni-axial compression applied at t = 0. Total
relaxation of the out-of-plane displacement has taken place att — oo, i.e., w — 0.

Scenario 2: A higher energetic state occurs after the epithelial buckling. Only partial relaxation of the
out-of-plane displacement has taken place at t - o, i.e., w = W4, Where w,, is the equilibrium
out-of-plane displacement.

The folding wavelength varies for different cell types under the same external compressive strain
condition, depending on the strength of the adherens junctions (AJs) and the cell contractility. MDCK
cells form strong Als and demonstrate contractility characterized by a higher Young's modulus of the
monolayers, whereas HaCaT cells display moderate Als and inconsistent contractility, as indicated by
a lower elastic modulus of the monolayers [34,35]. Consequently, the stress relaxation time of MDCK
cells, accompanied by the relaxation time of the out-of-plane displacement, is shorter than that of
HaCaT cells. The ability of the monolayers to fold depends on several factors, including: (i) the
structural organization of the monolayers, (ii) their thickness, (iii) their viscoelasticity, which
accounts for stress and strain relaxation and change in the Poisson’s ratio, (iv) their bending
modulus, and (v) the epithelial surface tension. The arrangement of the cytoskeleton, cell-cell
adhesion complexes, and even small density differences across cells, all affect the mechanical
response. Under steadily increasing compression, a more disordered or heterogeneous monolayer
might fold earlier and more than a highly ordered one [36]. The monolayers made by bigger cells
(i.e., a higher h) have higher bending rigidity; thinner monolayers fold more easily. Viscoelastic
relaxation influences epithelial folding. If a monolayer can relax stress quickly, it might not store as
much compressive stress, leading to less folding. Higher active contractility can promote folding at
lower strains. A monolayer with lower bending modulus will fold more easily — folds will appear
with larger amplitude and/or shorter wavelength. The bending modulus depends on cell-cell
adhesion strength, cortical tension, and cytoskeletal stiffness. Epithelial surface tension, as a
measure of the monolayer cohesiveness, resists bending.

Viscoelastic coupling between epithelial monolayers and substrate matrices contributes to the
epithelial buckling while, in the second case, the viscoelasticity of the epithelial monolayer is the
only factor responsible for cell response. Viscoelasticity in epithelial monolayers is a complex
phenomenon, governed by a set of space-time-dependent physical parameters such as: cell stress-
strain, epithelial surface tension, Poisson’s ratio, and bending modulus. When epithelial monolayers
are attached to substrate matrices, additional physical parameters are needed such as: the matrix
surface tension, a stress-strain constitutive model for the matrix, and the epithelial-matrix interfacial
tension. The total mechanical stress within the lamellar epithelial-matrix system is equal to the sum
of epithelial and matrix stresses, while the strains within both systems are the same.



To gain a more profound understanding of epithelial folding, it is essential to examine the interplay
between the physical parameters that facilitate and hinder this process. These parameters are
influenced by the strength of the cell-cell adhesion contacts and the contractility of the cells, which
enable the cells to modulate folding.

3. Response of epithelial monolayers under uni-axial compression

Compressive force is applied to the right-hand edge of the suspended (substrate-devoid) epithelial
monolayer along the x-direction. This generates in-plane compressive stress along the x-direction

F . . . . .
equal to o, cxternal — " (where F is the applied force and A is the cross-sectional area per unit

width). Initially, the compressive stress is uniformly distributed within the epithelial monolayer, but
then increases in the middle of the monolayer due to the force action in the opposite direction.
When the material experiences in-plane compression for the critical stress of —7 Pa [15], the edges
are pushed inward, while non-uniform distribution of mechanical stress leads to the monolayer
bending. The out-of-plane displacement (bending) becomes more pronounced over time, as the
material fails to resist further compression. This induced epithelial buckling results in the formation
of a curvature and, as the compressive force rises, the curvature will increase. The initiated buckling
occurs after a few seconds of uni-axial compression applied by the rate of 500 %s ™! [15]. Internally
accumulated mechanical stress resists further deformation of the monolayer. The epithelial
response to uni-axial compression is considered within three regimes: (i) a non-buckling (lower
strain) regime for &,,, < &, (where g}, is the buckling threshold strain), (ii) a folding (larger strain) for
Exx > &y, and (iii) a relaxation of the monolayer resulting in a decrease in the strain and
corresponding mechanical stress. The epithelial strain & is equal to: &{x,y,zt}=
ginplane(y y t) 4 gout-of-plane(y y 7 t) (where &mPlne(x y t) is the in-plane strain
contribution, i.e., Ein—plane(sxx, Eyy, exy) and gout-of-plane(y y 7 t) is the out-of-plane strain

~ in—plane __

: H H out—of—-plane H H
contribution, i.e. & f-plane(e ). The in-plane strain components are &;j

1/0 d 5} 5} A _ —
E(Euf +a_jui +Ewa—jw) (where i,j = x,y, u; = u, and u; = u, are the components of the

displacement field). The non-linear term of the in-plane strain should be included for the case of

2 2 2
epithelial folding. The out-of-plane strain component is €,, = —z (%W+aa—jzw) +%[(%W) +

a \? . .
(a—jw) ] [37]. The shear strain components &, and &,, are much lower than the normal strain

component &,, and can be neglected [37]. The non-linear contribution to out-of-plane strain should
be included for the case of epithelial folding. While the in-plane displacement Ti(ux,uy) is a vector,
the out-of-plane displacement w has been treated as a scalar [37]. It is in accordance with the fact
that the out-of-plane displacement always points in the same direction (normal to the un-deformed
monolayer). Consequently, w represents the magnitude of the displacement along the out-of-plane
axis. These strain components cause the internal generation of mechanical stress: G(&) =
gin-plane(q Tyy,» oxy) + gout-of-plane(; Y (where @M"Plan¢ s the in-plane stress and

&out—of—plane

is the out-of-plane stress, while the transverse shear stress components a,, and gy,
are often assumed negligible in comparison with normal strain component a,, [37]). Uni-axial strain
of the monolayer causes accumulation of: (i) strain energy equal to e; = AVZL-]- 0ij€ij + 022822
(where i,j = x,y such that the ij components of stress and strain are: xx, yy, and xy components and

AV is the volume of the monolayer part), (ii) the Helfrich types of bending energy which can be
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expressed as: e, = %Eb (a—w +67W - ZCO) +E§ (%Waa—yzw - (azay w) )dA [37], and (iii)

surface energy e, = y.dA (where y,(x,y,t) is the epithelial surface tension i.e., dynamic surface
tension, Ej, is the bending modulus, which is space-time dependent for viscoelastic monolayers and

expressed as: E,(x,y,t) = v(x,y,t) is the space-time-dependent Poisson’s ratio

12(1-v2)
characteristic of viscoelastic systems, E(x, y, t) is the relaxation modulus, which can be expressed in
terms of a suitable stress-strain constitutive model, Elf is the Gaussian bending modulus, Cj is the
spontaneous curvature, and A(x, y, t) is the surface area of the monolayer) [37]. Consequently, the
viscoelasticity of epithelial monolayers is included through the interplay between physical
parameters such as: epithelial surface tension, bending modulus, Poisson’s ratio, and internally
generated mechanical stress. The viscoelasticity of epithelial monolayers, as well as the level of out-
of-plane strain, can be controlled by the cells themselves.

4. Ability of epithelial cells to control viscoelasticity

Viscoelasticity of epithelial monolayers depends on an interplay between cell contractility and the
strength of E-cadherin-mediated cell-cell adhesion contacts. Storage of contractile energy within
cells and strong cell-cell adhesion contacts ensure transport and storage of elastic energy under
internally or externally applied strain. In contrast, the weakening of cell-cell adhesion contacts
increases energy dissipation during cell rearrangement. The level of epithelial contractility depends
on the concentration and distribution of actomyosin components. Inhomogeneous distribution of
actomyosin has been discussed as one of the main factors responsible for the buckling of
monolayers [15]. The contractility of epithelial cells enhances the strength of cell-cell adhesion
contacts [38]. Local extension of the monolayer also increases the strength of cell-cell adhesion
contacts [39], while compression has the opposite effect [40,41].

Cells are capable of self-regulating their cohesiveness, alongside their management of energy
storage and dissipation during epithelial response under uni-axial compression, which is essential for
their adaptation to micro-environmental conditions. This regulatory mechanism encompasses
biological processes such as cell signaling and gene expression [42]. The cellular response to
mechanical extension or compression is governed primarily by the interaction between E-cadherin
levels and the distribution of actomyosin, which affects: (1) the number of adherens junctions (Als)
formed between adjacent cells, (2) the number of bonds established within individual AJs and their
respective strengths, and (3) the cortical tension [40,43].

Sumi et al. [43] found that the radius of an individual AJ ranges from 1 um to 2 um, suggesting the
presence of one or more Als between adjacent epithelial cells. The turnover of E-cadherin occurs
over a time frame of minutes [7], while the conformational alterations of cadherin take place within
milliseconds to seconds. The stretching of Als facilitates the delocalization of actomyosin from the
interior of the cell towards the junctions, thereby preserving junctional integrity [43]. The
intracellular pulling force is estimated to be between 20 and 100 nN, which escalates with the
expansion of epithelial and endothelial multicellular structures [41=44].

The rupture of E-cadherin bonds necessitates a force of 200 nN [44]. An increase in the pulling force
leads to an expansion of the AJ’s surface area, ranging from 20 um? to 100 um?, thereby maintaining
a constant stress at the AJ through homeostatic mechanisms [44]. The adhesion stress is influenced



by the type of cell and the surrounding microenvironment; for instance, the adhesion stress in
endothelial cells is approximately 1 kPa [44], whereas in Drosophila tissue, it is around 100 Pa [45].
The interplay between the strengths of Als and the contractility of the cortex is antagonistic in Als.
This is consistent with the observation that cadherins interact with actomyosin, indicating that the
cytoskeleton also plays a role in generating tension on the cell-cell adhesion contacts [45].

The complex effect of viscoelasticity on the epithelial response to uni-axial compression can be
examined through a series of physical parameters, highlighting their interconnections.

4.1 Physical parameters that control epithelial response under uni-axial compression

We now discuss the impact of viscoelasticity on the generation of out-of-plane strain under uni-axial
compression of (substrate-devoid) epithelial monolayers, doing so in relation to physical parameters
such as: the epithelial surface tension, Poisson’s ratio, and the in-plane and out-of- plane stress
components. Our primary objective is to highlight the inter-relationships between these parameters.

4.1.1 Epithelial surface tension

The surface tension within a cellular system denotes an energy per unit area associated with a
multicellular interface interacting with a liquid environment [7,38,46]. This physical parameter is
space-time dependent, and is thus referred to as dynamic tissue surface tension (see Glossary of
Terms). The surface energy of a cellular system is contingent upon the intensity of homotypic cell-
cell adhesion interactions and the contractile properties of the cells, as articulated by Alt et al. [47]
and Koride et al. [48]:

K 2 Tconi
es =2 ;(Aceffi - Ao) + X AL+ X TLiZ (1)

where Ag.rr; 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,,,, ; is the contractility coefficient, and
L; is the perimeter of the i-th cell. As a result, the surface tension, which indicates the variation of
surface energy in relation to the surface area of the monolayer, is defined as:

6eA

Ye = 94 (2)

The epithelial surface tension relies on an interplay between: the strength of E-cadherin-mediated
cell-cell adhesion contacts, cell contractility, and local extension or compression of the monolayer
[7,38,39]. Extension enhances the strength of cell-cell adhesion contacts resulting in an increase in
the surface tension [39]. The application of micropipette aspiration forces ranging from 0.5 uN to 1.5

. . . N
UN at the surface of murine sarcoma (S180) aggregates increases the surface tension from ~7 % to

N . . . . .
~22 % [39]. However, compression has the opposite effect. It stimulates cell-cell interactions

causing a weakening of cell-cell adhesion contacts [7]. Variations in the contractility of epithelial
cells, stemming from the inhomogeneous distribution of actomyosin components, lead to an
inhomogeneous distribution of surface tension throughout the monolayer. The tissue surface

. L . N
tension varies significantly between different cellular systems, from several % up to a few tens of

%N [46,49,50]. The average equilibrium value of the tissue surface tension has been measured for



various multicellular surfaces, rather than the spatiotemporal change of the surface tension resulting
from cell rearrangements induced by either external or internal forces.

Epithelial buckling/folding stimulates the contractility of epithelial cells [4] leading to an increase in
the epithelial surface tension expressed as [51,52]:

in—plane
Ye(x,y,t) =y, P 4+ kV2w (3)
in—plane . . . . . . . .
where y, is the in-plane epithelial surface tension, k is a surface tension-curvature coupling

coefficient, which depends on the bending modulus, i.e., k(x,y, t)~%, h is the thickness of the

monolayer, and Ej is the bending modulus. The bending modulus of the tissue is in the range of
3x10713 —5x10713] [23,53]. For a curvature radius corresponding to a few cell sizes and

h~10 um, the second term on the right-hand side of eq. 3 is equal to ~1 %N An increase in the

curvature radius causes an increase in the epithelial surface tension, which reduces bending.
Changes in the out-of-plane displacement and the in-plane compression influence the surface area

of the monolayer expressed as: A(w) = fn 1+ |Vw|dxdy. Change of the epithelial surface

tension, and its rate of its change, cause a decrease in the surface area of the monolayer; change of
the surface area, and its rate of change, have a feedback impact on the epithelial surface tension
itself. Nonetheless, surface tension was addressed as an equilibrium characteristic of the monolayer,
whereas dilation viscoelasticity [21,23]. This cause-consequence cycle, characteristic of viscoelastic
surfaces such as epithelial monolayers, can be expressed in the form of a dilational constitutive
model [7].

d L AAWwL) d (AA
Ye(X,,t) + Try - (Ve) = Es 2, Tlsy (A_o) (4)

where 7y, is the relaxation time for epithelial surface tension, Es is the surface elastic modulus and
7 is the surface viscosity. An increase in cell packing density results in an increase in the relaxation
time tg,,.

The gradient of the surface tension represents a driving force for the out-of-plane displacement of
the monolayer and the monolayer rearrangement [54]. The phenomenon is known as the Marangoni
effect [55]. The displacement occurs from the region of lower surface tension toward the region of
larger surface tension. The surface tension for viscoelastic systems such as epithelial monolayers is
space-time dependent. The other driving force for epithelial buckling is connected to the generation
of in-plane mechanical stress, which will be discussed below.

4.1.2 Viscoelastic Poisson’s ratio

For viscoelastic systems such as epithelial monolayers, the Poisson’s ratio is time-dependent [27]. If
the monolayer thickness h is approximately constant, the uni-axial strain causes the monolayer
volume to: (i) increase for v < 0.5, (ii) stay constant for v = 0.5, or (iii) decrease for v > 0.5.
Epithelial monolayers are recognized for their anisotropic behaviour (see Glossary of Terms), which
arises from cell polarization driven by acto-myosin activity, i.e., v # 0.5. Moisdon et al. [56]
measured the Poisson’s ratio of MDCK and Hela epithelial monolayers on a flat substrate in
frequency-mode for the frequency range 1072 — 102 Hz and pointed out that the Poisson’s ratio is
frequency independent and equal to v~0.77, indicating extension of the monolayer in the y-
direction. Wang et al. [22] supposed a constant value of Poisson’s ratio equal to 0.3. Consequently,



the normal strain component in the y-direction &, is extensional (&,,,, > 0), while the normal strain
component in the x-direction &y, is compressive &, < 0. The strain &, relaxes on the strain &,,.
This relaxation can be expressed as [27]:

dexx(xy.z,t") dt’ (5)

t
Eyy(X,Y,2,t) = —Voeur(X,,2,1) + [[v(x,y,2,t — ") —

where v, is the initial Poisson’s ratio, and v(x,y, z,t) is the viscoelastic Poisson’s ratio, while the
strain component &, relaxes to the externally applied strain &;.

The shear strain component &,,, is also generated during the epithelial rearrangement under uni-
axial compression, and it can be pronounced during monolayer buckling.

4.1.3 Relaxation of the strain component &,

Buckling and folding induce changes in the strain distribution, while the internal strain &(x,y, z,t),
caused by the externally applied compressive strain g4, relaxes exponentially toward the residual
strain &y, -, Which is &, - = €4. Consequently, we can provide a model for relaxation of the normal
internal strain component &, under constant external compressive strain applied in the x-direction
in the form:

Exx t Tebxx = Exxr (6)

. . . . . . . . de .
where 7.(x,y,z) is the strain relaxation time, and é&,, is the strain rate &,, = d’;". The strain

relaxation time is the product of the in-plane and out-of-plane force balances, which will be

discussed in Section 4.2. This parameter can vary along the monolayer. For the initial conditions t =
0 the strain is €, = 0. The internal strain relaxation can be expressed as [15]:

t
gxx(x'YrZ' t) = Exxr (1 —€ Ts)- (7)

If 4 is @ compressive strain, than &, is also compressive.

4.1.4 Viscoelastic stress-strain constitutive model for the monolayer buckling/folding

Wyatt et al. [15] considered buckling of MDCK and HaCaT epithelial monolayers and revealed that
the buckling threshold corresponds to a compressive strain of ~ — 0.35. In the buckling regime, in-
plane stress relaxes exponentially under constant strain toward the residual stress, which points to a
linear constitutive model (see Glossary of Terms). In accordance with the fact that epithelial cells
establish strong E cadherin-mediated cell-cell adhesion contacts, their viscoelastic behaviour
corresponds to that of a viscoelastic solid (see Glossary of Terms). The Zener model satisfies these
experimental requirements. The constitutive model is expressed as [57]:

G + 1,0 = E & + 1, (8)

where @7¢(x, y, z, t) is the stress of the multicerllular system, G¢ is the rate of stress change equal

< dave . , . . . . .
to av¢ = %, E.(x,y,z) is the Young’s modulus, 1, is the viscosity, and T, is the stress relaxation

time. The latter depends on the strength of the AJs [58,59] and corresponds to a time scale of
minutes [60]. Higher AJ strengths result in shorter stress relaxation times. The relaxation of the
normal stress component g, can be estimated by introducing eq. 7 into eq. 8:



t t t t
O-xxve(xr Y,z t) = O-Oe_; + Eegxxr (1 - e_a) + T:_:TE [ne ris - Ee] Exxr (e_; - e_a) (9)
where gy is the epithelial pre-stress, which is tensional (i.e., g, > 0) and equal to 240 £ 30 Pa [15].
While the stress relaxation is primarily the result of the remodelling of the Als, the strain relaxation
time is caused by equilibration of the in-plane and out-of-plane force balances, which depends on
the distribution of epithelial surface tension, and the in-plane and out-of-plane stress components
along the monolayers, which will be discussed in Section 4.2. Two scenarios can be considered:

(i) If . < 7, the boundary condition specifies that for t — oo, the x-component of normal
residual stress is 0y,-'¢ = Eo€xy (Where the normal residual strain in the x-direction is
Exxr < 0). The compressive residual stress calculated for a compressive strain of g5 =
—0.30, which corresponds to the buckling regime, and Young’s modulus of 640 Pa, for
the case that g5 = €,,, is equal to -213 Pa. The normal stress component in the y-
direction is tensional and relaxes toward the residual stress oy,,"¢ =
—v(x,y,2,t)E.e4 ~ (see Glossary of Terms).The experiments from Wyatt et al. [15]
show that the stress and strain relaxation times satisfy the condition that 7.~7,.

(i) When 7. > 1, then, as T, = o, 7,,,”® - 0. Harris et al. [34] considered strain
relaxation under instantaneous application of tensional stress of 3 kPa to the
monolayers. The strain relaxation time is more than 10 min.

Besides the viscoelastic component G%¢ the residual stress includes another component which
depends on epithelial surface tension.

4.1.5 Cell residual stress accumulation within the monolayers

The cell residual mechanical stress also depends on the epithelial surface tension and the surface
tension gradient. The normal cell residual stress @y,- has been expressed as [57]:

Onr = Ape7 +Oyr (10)

where an isotropic part of the residual stress has been expressed in the form of the Young-Laplace
. 1 = . . . .
equation as Ap, = EerZW, I is the unit tensor, while the deviatoric part of the normal residual

stress @y is caused by the distribution of the strain energy caused by the viscoelastic response of
the monolayer. If the monolayer is curved, the surface tension y, generates an additional pressure
tending to flatten it.

The cell shear stress accounts for two contributions, i.e., the shear stress induced by: (i) the gradient
of surface tension and (ii) the distribution of strain energy. The shear stress within the epithelial
subpopulation @,,.s is expressed as [57]:

ﬁ)'asr'i’):V]/e'Z‘FT—i'asrve'_t) (11)

where 7 and £ are the normal and tangential vectors to the direction of the monolayer deformation,
respectively. The first term on the right hand side corresponds to the shear stress contribution
caused by the gradient of surface tension, i.e., the Marangoni effect, while the second term
represents the shear stress contribution caused by the distribution of strain energy. When an
epithelial monolayer is attached to a substrate matrix, the epithelial-matrix interfacial tension
contributes to the generation of a part of the cell residual stress rather than epithelial surface
tension [57].



Cell stress generates an internal bending moment, which resists the buckling/folding of epithelial
monolayers. The internal bending moment per unit length caused by compression of the epithelial
monolayer depends on the total mechanical stress, which includes in-plane and out-of-plane
contributions, and can be expressed as [60]:
h/2

My (x,y,t) = f—h/z zoy(x,y,2,t)dz (12)

where k = xx,yy, xy, M (x,y,t) is the component of the bending moment per unit length and h is
the thickness of the monolayer. While the bending moment resists epithelial buckling/folding, the

components of the in-plane force tensor N can be expressed as Ny (x,y,t) = h a,in_plane and the

gradient of epithelial surface tension Vye drives buckling/folding.

4.2 In-plane and out-of-plane force balances

Change in the displacement field u(x,y,t), which includes compression in the x-direction and
extension in the y-direction, can be expressed in terms of the in-plane force balance by accounting
for inertial effects. They arise as a consequence of fast, stepped, uni-axial compression of the
monolayer. The corresponding force balance can be formulated by the modified model of Audoly
and Pomeau as [37] by including the impact of epithelial surface tension on the velocity U,. It is
expressed as:

(m,)p, dve(d’;,%t) _ peyein—planeﬁ _ hyginplane (13)

— du . . . . .
where v, = d—': is the rate of change of the in-plane displacement field, (m,) is the average mass of a

single cell, 3 P"€(x, y,t) is the in-plane stress, p, is the surface packing density of the epithelial
monolayer, and .o (x, y, t) is the pre-buckling epithelial surface tension. While the surface tension
force (i.e., the first term on the right-hand side of eq. 13) drives cell rearrangement by reducing the
surface area of the monolayer, internally generated in-plane stress resists the monolayer
compression. Imbalance between these two forces caused by instantaneously applied uni-axial
compression is the main cause of the inertial effects. Although the internal in-plane stress opposes
the creation of in-plane displacement, it facilitates the occurrence of out-of-plane displacement.

The out-of-plane force balance, which accounts for inertial effects, can be expressed through use of
the modified model proposed by Audoly and Pomeau as [37] by including the impact of the
epithelial surface tension and the surface tension gradient on changes in the rate of change of the
out-of-plane displacement. It is expressed as:

Pw(xyt) = =2 ~ 1 ~ 1
(me)pe 222D = Gy, + V- (VN)w — =V - (VM) — =y, (14)

where the gradient of the epithelial surface tension, along with the spatial distribution of the in-
plane force tensor—specifically the first and second terms on the right side of eq. 14—drives out-of-
plane displacement, while the bending moment and the epithelial surface tension itself resist
buckling/folding. The force balances presented by eqgs. 13-14 is presented in scalar notation in the
Appendix. Change of the out-of-plane displacement can be considered within three regimes:

(i) Buckling regime: An increase in the out-of-plane displacement w is driven by the in-

. . ~ d
plane stress expressed in the form of the in-plane force tensor N, such that the rate d—v:

. e .o d . e 1
is positive, i.e. d—v: > (0. Wyatt et al. (2020) pointed out that the critical in-plane stress



necessary for the buckling of epithelial monolayers is low and equal to ~7 Pa [15]. It
means that epithelial buckling appears after a few seconds of monolayer uni-axial
compression. An increase in the displacement w causes increases in both the epithelial
surface tension ¥, and the surface tension gradient Vye. While the epithelial surface
tension resists folding, the surface tension gradient destabilises the monolayer, which
further stimulates buckling. Further increase in the displacement w leads to the
buckling-to-folding transition.

. . . , , d
(ii) Folding regime: The displacement w increases for the rate d—‘:> 0 and reaches a
maximum value w,,,,. In this state, driving and resistive forces are equilibrated such
dw . . d
that the net rate = is zero, i.e., 2 -o.
dat dt
(iii) Relaxation regime: The relaxation of in-plane stress causes a decrease in the driving
force V- (VIV) by perturbing the equilibrium state. Consequently, the displacement w

. d . .
starts decreasing, such that the rate d—‘f < 0. A decrease in the displacement w over a
few minutes causes a decrease in both the epithelial surface tension and the surface

tension gradient Vye by reducing the out-of-plane displacement. When the in-plane
stress relaxes toward the residual stress, a new equilibrium between the driving and

. . . d . .
resistive forces is established such that the rate d—v: = 0. This state can be characterized

by minimum buckling, such that the out-of-plane displacement is w = wy,;;,,. In some
cases, for lower in-plane residual stress and the corresponding externally applied strain,
the epithelial monolayer is able to recover an initial state such that w — 0.

Consequently, the relaxation of in-plane stress is a key process responsible for the dynamics of
buckling/folding. This relaxation phenomenon is closely connected with the viscoelasticity of
epithelial monolayers. When the monolayer is attached to a substrate matrix it is necessary to
account for the in-plane and out-of-plane traction forces.

The cascade of relaxation phenomena related to the relaxation of: (i) strain component &,, under
externally applied uni-axial compressive strain &4, (ii) strain component ¢,,, on the strain component
£,y depending on the viscoelastic Poisson’s ratio, (iii) epithelial surface tension under change in the
monolayer surface area, (iv) mechanical stress under internal strain, and (v) epithelial bending
described by the bending modulus govern the buckling/folding of epithelial monolayers. Spatio-
temporal changes of epithelial surface tension influence the in-plane and out-of-plane displacement
fields and the cell residual stress accumulation, which have a feedback impact on the epithelial
surface tension itself. An increase in the out-of-plane displacement stimulates cell contractility [4].
Consequently, cells are able to actively self-regulate their cohesiveness, as well as energy storage
and dissipation, during the buckling of epithelial monolayers: they do so by remodelling the cell-cell
adhesion contacts, as a part of their adaptation to micro-environmental conditions [25]. The inter-
relationships between the relevant physical parameters are shown in Figure 2:

Figure 2

The relaxation of in-plane stress reduces the out-of-plane displacement, such that the equilibrium
level of epithelial buckling after the stress relaxation process depends on the residual stress
accumulation. The residual stress includes two components, i.e., the viscoelastic component and a
component that depends on the epithelial surface tension (egs. 10, 11).



5. Wavelength and the modes of epithelial buckling/folding

We can propose the out-of-plane displacement in the x-direction at constant y as a function of time
based on experiments by Wyatt et al. [15]: it must satisfy the conditions that, at t = 0, the
displacement is w(0,y = const,0) =0 and w(L,y = const,0) =0 (where L is the distance
between opposite edges of the monolayer after the applied uni-axial compression). It is expressed
as:

w(x,y = const, t;n) =Y., A(x,y = const, t;n) sin (i—nx) (15)

where A(x,y = const,t;n) is the amplitude, which decreases exponentially with time,
corresponding to mechanical stress relaxation. The decrease of amplitude can be expressed as:
A(x,y = const, t;n) = Age Tt (where Ay(x,y = const,t =0) is the initial value of the
amplitude and f(n) is the rate of decrease in amplitude with time, which depends on the magnitude
of the externally induced strain) [37]. The mode with the largest f(n) dominates as time
progresses. The wavelength of the curvature can be expressed by supposing discrete
buckling/folding modes such that the evolution of wavelength means jumping between modes n(t).

2L . .
Consequently, the wavelength can be expressed as: 1,, = - (where n € N). During the evolution of

the out-of-plane displacement, the mode n(t) is changed to n — n,,;, which satisfies the condition
that F,, is minimal [37] (where F,,, is the free energy functional of the monolayer, which accounts
for the sum of surface energy eA(W(n)), bending energy eB(W(n)), and strain energy es(w(n)),
expressed in Section 3). Consequently, the evolution of modes during the out-of-plane displacement
relaxation can be expressed as [14,61]:

dn O0Fon

at = on (16)
where I is the kinetic constant, which quantifies the relaxation phenomenon. Higher modes n

correspond to higher energetic states of epithelial monolayers.

6. Conclusion

Our theoretical analysis indicates that epithelial cells are capable of regulating their degree of folding
under uniaxial compression along the x-direction. Uniaxial compression initiates a series of
interconnected relaxation processes. The externally applied compressive strain &; leads to the
development of an internal compressive strain in the x-direction, denoted as ¢,,, along with its
subsequent relaxation. This internal strain component along x results in an extensional strain
component in the y-direction €,,,, which is influenced by the strain &, and the viscoelastic Poisson’s
ratio v, and which varies in space and time. The induced strain generates mechanical stress and its
relaxation.

Mechanical stress exerts a reciprocal influence on the relaxation of strain by affecting both in-plane
and out-of-plane displacements. The divergence of in-plane stress opposes in-plane displacement
while simultaneously promoting out-of-plane displacement, which can result in the buckling or
folding of epithelial monolayers. Additionally, epithelial surface tension works to minimize the
surface area of these monolayers, thereby inducing in-plane compression. Conversely, an increase in
epithelial surface tension, triggered by buckling or folding, counteracts further out-of-plane
displacement. This indicates that, not only do physical factors such as mechanical stress and
epithelial surface tension play a role in epithelial buckling or folding, but the heterogeneous



distribution of these factors also has a feedback effect on the mechanical stability of the monolayer,
as well as on energy storage and dissipation. The key findings of this research were obtained through
the integration of physical models and experimental observations within the fields of
mechanobiology and biological physics. These findings can thus be summarized as follows:

e Remodelling of cell-cell adhesion contacts, accompanied by cell contractility in response to
external mechanical forces, can modulate the processes of energy storage and dissipation
within cellular monolayers.

o Adistribution of the strength of cell-cell adhesion contacts, caused by cell signalling, induces
an inhomogeneous distribution of epithelial cohesiveness and mechanical stress. These are
quantified by the divergence of mechanical stress and the gradient of epithelial surface
tension that drive epithelial buckling/folding.

e A monolayer that exhibits increased disorder or heterogeneity, attributable to the non-
uniform distribution of the strengths of cell-cell adhesion contacts, may experience folding
for a lower mechanical force, and to a greater degree than for a monolayer that is highly
structured.

e The thickening of epithelial monolayers, resulting from the structural changes of cell
cytoskeletons and an increase in Young's modulus due to enhanced epithelial cohesiveness
and contractility, contributes to a rise in the bending modulus, thereby diminishing the
occurrence of epithelial buckling or folding.

Further experiments are required to gain a more comprehensive understanding of epithelial folding,
particularly regarding the spatiotemporal distribution of physical parameters, including cellular
mechanical stress, epithelial surface tension, and Poisson's ratio.
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Appendix
Scalar notation of the force balance equations are:

In-plane force balance expressed from eq. 13:

Avex(x,y,t) _ in—-plane 0 _in-plane 0 _in—plane

(me)pe dt = PeYe uy—h o Oxx + ao-xy (A1)
Avey(x,y,t) in—plane 0 _in—-plane , 0 _in-plane

(Mme)pe — = e Uy, —h (5 Tyy + 55 Oxy ) (A2)

Out-of-plane force balance expressed from eq. 14:

azw(x,y,t)_(a ] ) (62Nxx 02Nyy aZNyy) 1(62Mxx 02 My, aZMyy)
(me)pe atz 6xye+6yy€ + dx2 +26x6y + dy? LA P +26x6y dy?

1
Zye (A3)
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Glossary of terms

Anisotropy: The property of a system where its physical characteristics vary depending on the
direction they are measured in. This means a system can exhibit different properties, like strength
or stiffness, along different axes.

Compressibility of multicellular systems: Multicellular systems are compressible. The porous
structure of the cell membranes and extracellular spaces ensures an outflow of intracellular and
extracellular liquid even under relatively modest physiological strain conditions [27,56].

Epithelial surface tension: A measure of the cohesiveness of epithelial surfaces, which depends
on cell contractility and the strength of cell-cell adhesion contacts. The cohesiveness of epithelial
surfaces is space-time dependent [7,51,52].

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

Remodelling of cell-cell adhesion contacts: include change in (i) the number of adhesion
complexes per single cell (ii) the number of E-cadherin molecules per adhesion complex and (iii)
strength of bond between two cadherin molecules between neighbor cells. These processes are
governed by cell signaling and gene expression [42].

Residual stress: A stress that remains in a system in the absence of external forces. The residual
stress can be either dissipative (viscous) or elastic. This stress consists of shear and normal
(tensional or compressive) components.

Strain: The deformation of a system in response to mechanical stress.

Viscoelasticity: A time-dependent response of cellular systems under externally or internally
applied forces, which includes energy storage and dissipation during cell rearrangement.
Mechanism of energy storage and dissipation is closely connected with the stress and strain
relaxation phenomena and can be described in the form of proper constitutive model [20].

Types of viscoelastic behaviour: linear/non-linear viscoelastic liquids and viscoelastic solids

Viscoelastic liquids: The main characteristics of this type of systems are that: (i) strain cannot
relax under constant stress conditions, (ii) stress can relax under constant strain rate conditions,
and (iii) strain rate can relax under constant strain rate in some cases [20].

Viscoelastic solids: The main characteristics of this type of systems are that: (i) strain can relax
under constant stress conditions, (ii) stress can relax under constant strain conditions in some
cases [20].

Viscoelasticity of epithelial monolayers: Epithelial monolayers behave as linear viscoelastic solids.
This behaviour, confirmed in various experimental systems, is primarily resulted by ability of
epithelial cells to establish strong E-cadherin mediated cell-cell adhesion contacts [15,60,62].




Figure captions:

Figure 1. Schematic representation of two scenarios for relaxation of out-of-plane displacement of
epithelial monolayers under uni-axial compression. The yellow arrows represent the directions of
uni-axial compression. An epithelium (depicted in red) is positioned between two coverslips
(illustrated in grey); when the right coverslip is shifted, it causes deformation of the tissue.

Figure 2. The inter-relationship between relevant physical parameters, which drive and resist
epithelial buckling/folding. Dashed-line box indicate interrelationship between various strain
components that further contribute to the generation of mechanical stress.



