Pajic-Lijakovic et al. Journal of Biological Engineering (2024) 18:24
https://doi.org/10.1186/513036-024-00415-6

Journal of
Biological Engineering

Official publication of the Institute of Biological Engineering

REVIEW Open Access

=

Check for
updates

Role of viscoelasticity in the appearance
of low-Reynolds turbulence: considerations
for modelling

lvana Pajic-Lijakovic!, Milan Milivojevic' and Peter V. E. McClintock®”

Abstract

Inertial effects caused by perturbations of dynamical equilibrium during the flow of soft matter constitute a hallmark
of turbulence. Such perturbations are attributable to an imbalance between energy storage and energy dissipation.
During the flow of Newtonian fluids, kinetic energy can be both stored and dissipated, while the flow of viscoelastic
soft matter systems, such as polymer fluids, induces the accumulation of both kinetic and elastic energies. The accu-
mulation of elastic energy causes local stiffening of stretched polymer chains, which can destabilise the flow. Migrat-
ing multicellular systems are hugely complex and are capable of self-regulating their viscoelasticity and mechanical
stress generation, as well as controlling their energy storage and energy dissipation. Since the flow perturbation

of viscoelastic systems is caused by the inhomogeneous accumulation of elastic energy, rather than of kinetic energy,
turbulence can occur at low Reynolds numbers.

This theoretical review is focused on clarifying the role of viscoelasticity in the appearance of low-Reynolds turbu-
lence. Three types of system are considered and compared: (1) high-Reynolds turbulent flow of Newtonian fluids, (2)
low and moderate-Reynolds flow of polymer solutions, and (3) migration of epithelial collectives, discussed in terms
of two model systems. The models considered involve the fusion of two epithelial aggregates, and the free expansion
of epithelial monolayers on a substrate matrix.

Keywords Mechanical stress generation, Energy storage, Energy dissipation, Collective cell migration, Cell-jamming
state transition, The strength of cell-cell and cell-matrix adhesion contacts

Introduction

Turbulence is a common phenomenon in nature. The
flows of air in the atmosphere, water in rivers and oceans,
and a variety of fluids in industrial plants, are just a few
examples [1-3]. Physiological blood flow occurs under
Reynolds numbers less than 2400 and consequently is
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usually considered as a laminar flow [4]. However, recent
findings pointed out that the multi-harmonic nature of
blood flow is the primary cause of turbulence [5]. Col-
lective cell migration during morphogenesis has recently
been recognised as a turbulent phenomenon as well
[6—11]. While turbulence in Newtonian fluids and in vis-
coelastic systems, such as polymer solutions, has been
well elaborated [1-3, 12—-14], turbulence in viscoelastic
multicellular systems caused by collective cell migration
is only starting to be elucidated. A deeper understanding
of turbulence is necessary in order to predict and control
natural processes, biomedical processes, tissue develop-
ment and self-organisation, and a variety of processes in
industry. Transition between laminar and turbulent flow
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occurs through various transient states. These transient
states have not been properly characterized even for
flow of Newtonian fluids [2]. Inertial effects, induced by
fluid flow, represent a hallmark of turbulence. They are
caused by the generation of flow instabilities in the form
of eddies. The latter represent unstable supramolecular/
supracellular structures which can be characterized by
their kinetic energy, elastic energy, size, and lifetime. The
formation of eddies depends on: (1) the energy input into
the system (i.e. driving forces), (2) resistive forces, which
are sometimes connected with energy dissipation, and (3)
the system’s rheological behaviour. Consequently, iner-
tial effects arise when the dynamic equilibrium between
driving forces and resistive forces is perturbed. The driv-
ing force for the flow of Newtonian fluids is the pres-
sure gradient, responsible for the input of kinetic energy,
while the resistive force is represented by the divergence
of the shear stress, responsible for the energy dissipa-
tion [3]. The turbulent flow of soft matter systems such
as polymer solutions and multicellular systems depends
in particular on the systems’ viscoelasticity [8, 15, 16].
While the flow of polymer solutions is induced by the
pressure gradient, the flow of living matter such as move-
ment of epithelial collectives can be driven by a range of
extracellular signals. These include chemical, mechani-
cal, electrical (influencing the cell contractility), and the
strengths of cell-cell and cell-matrix adhesion contacts
which together provide the basis for the viscoelasticity of
multicellular systems [17, 18].

The turbulence which occurs under isothermal condi-
tions, when gravity can be neglected, has been character-
ized by a range of dimensionless numbers including: (1)
the Reynolds number (R.) — the ratio between the iner-
tial and viscous forces, (2) the Weber number (W,) — the
ratio between the kinetic and surface energies, and (3)
the Weissenberg number (W;) which accounts for the vis-
coelasticity caused by shear flow [3]. The Reynolds num-
ber is defined as R, = % (where 1, is the viscosity of
fluid, p; is its density, L is a characteristic length, U = % is
the average velocity, Q is the volumetric flow rate, and S is
the cross-sectional area). The Weissenberg number is
defined as W; = '(va% (where 1R,y is the stress relaxa-
tion time for polymer chains). The Weber number for a
fluid droplet is defined as W, = 2 1;//121 (where y; is the fluid
surface tension, v is the droplet speed, and [/ is the droplet
diameter) [19]. This list is not final and should be
extended to describe turbulence caused by the viscoelas-
tic nature of the flowing systems considered [12].

The R, number has been used to characterize the flow
of Newtonian fluids in various geometries. In many cases,
such as the flow of fluid through a pipe, it is the only
dimensionless number needed. When the flowing flu-
ids have a free surface with air, however, such as a flow
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through open channels and fluid jets, it is also necessary to
include the W, number. The R, number for turbulent flow
of Newtonian fluids through pipes is R, > 3500. However,
turbulent flow of Newtonian fluids through open chan-
nels can occur at lower R, values, i.e. R, > 2000. While
fluid flow through a pipe consists of unperturbed core
flow (without the velocity gradient) and flow within the
boundary layers of fluid in contact with the wall (with the
large velocity gradient), flow through open channels can
be treated as the boundary layer only [3]. Energy dissipa-
tion caused by a fluid flow within boundary layers is more
intensive than that due to flow through the core region
of pipes. Consequently, the more dissipative flow of fluid
through open channels is characterized by a lower R, num-
ber. Turbulence in the circular Couette flow of Newtonian
fluids, for the case where only the inner cylinder rotates
occurs for R,; > 1500 (where R,; is the Reynolds number
at the inner cylinder) [2]. Fluid flow past a sphere induces
flow separation, causing additional energy dissipation, and
results in the generation of flow instabilities under an even
smaller R, number, i.e. R, > 10 [3].

However, turbulent flow of viscoelastic systems
such as polymer solutions consisting of long and flex-
ible polymer chains occurs at low and moderate R,
numbers [12, 15, 16]. In this context two types of tur-
bulence have been discussed: elastic turbulence (i.e.
the inertia-less turbulence obtained for R, < 1), and
elasto-inertial turbulence (obtained in Couette flow for
R.;i > 200), depending on the magnitude of the inertial
force [20]. The elastic turbulence has been treated as
some transient state [15]. In the case of elastic/elastic-
inertial turbulence, an additional dimensionless number
is introduced to characterise the system viscoelasticity.
It is the Weissenberg number, W;, which correlates the
polymer stress relaxation time with the macroscopic
shear rate. Collective cell migration is another example
of low-R, turbulence caused by the system’s viscoelas-
ticity. However, in contrast to other soft matter systems,
multicellular systems are active, and capable of self-
rearranging, which has been treated as an active form
of turbulence [11]. The viscoelasticity of multicellular
systems caused by collective cell migration is a com-
plex and multi-time phenomenon. Low-R, turbulence,
caused by movement of multicellular systems, has been
recognised in model systems such as: (1) free expansion
of epithelial monolayers [6, 8]; (2) the rearrangement of
confluent epithelial monolayers [7]; (3) the fusion of two
cell aggregates [21, 22]; (4) cell aggregate rounding after
uni-axial compression between parallel plates [23, 24];
(5) cell aggregate wetting on rigid substrates [25]; and
(6) the segregation of co-cultured epithelial-mesenchy-
mal spheroids [26]. The “active turbulence” is connected
to long-time inertial effects (i.e. effective inertial effects)
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caused by: (1) inhomogeneous distribution of the cell-
packing density, the cell velocity, the corresponding
strain, and the cell residual stress; and (2) their oscilla-
tions on a time-scale of hours in the form of mechani-
cal waves [6-8]. Consequently, the active turbulence
is induced by density-driven changes in the state of
viscoelasticity accompanied by tissue surface charac-
teristics [6, 27, 28]. A detailed understanding of the tur-
bulence, caused by collective cell migration, promises to
facilitate the control of critical multicellular processes
in development, regenerative medicine, and invasive
diseases.

The main focus of the present review is: (1) to point
to the role of viscoelasticity in the appearance of the low
and moderate-R, turbulence by considering the flow of
polymer solutions and collective cell migration; and (2)
to compare this type of turbulence with the high-R, tur-
bulence occurring during the flow of Newtonian fluids.
A deeper insight into the main causes responsible for the
appearance of active turbulence within the epithelium
promises new ways to: (1) stimulate wound healing; (2)
understand the orderly trend of tissue self-organisation
required during morphogenesis; and (3) suppress the
spreading of cancer through the epithelium.

High-R. turbulence in Newtonian fluids

Two types of turbulence will be considered and compared:
(1) high-R, turbulence and (2) low and moderate-R, turbu-
lence, respectively. As already mentioned, the onset of tur-
bulence is connected with inertial effects. The underlying
mechanisms responsible for generating the inertial effects
are related mainly to the system’s rheological behaviour.
While high-R, turbulence occurs in Newtonian fluids, low
and moderate-R, turbulence occurs in viscoelastic sys-
tems such as polymer solutions made up of flexible, high
molecular weight polymer chains, and in epithelial multi-
cellular systems. First, the constitutive behaviour of New-
tonian fluids will be described, and then the phenomenon
will be discussed based on the equations for conservation
of momentum and mass. For characterizing the turbulent
flow of Newtonian fluids through pipes, only the R, num-
ber is needed. In order to appreciate the origin of the inertial
effects, it is necessary to discuss the rheological behaviour of
Newtonian fluids under turbulent flow and then to formu-
late the momentum and mass conservation equations.

Newtonian fluids: their rheological behaviour

The shear flow of Newtonian fluids is purely dissipative.
While the constitutive stress—strain model for laminar
flow of Newtonian fluids is linear, the constitutive model
for turbulent flow is non-linear. Its non-linearity arises
from the fluctuations of fluid Veloc1ty_> Moreover, the local
velocity of turbulent flowv;(r,t) = Vi + 7V ; (where V;
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is the average velocity and v ! 1s the fluctuating velocity
that satisfies the condition that (¥ l) = 0). The generated
stress includes two components, i.e.

Gis(r,t) = nEs(r,t) + g (1)

where r is the space coordinate, ¢ is time, 0 s is the shear
stress,& s is the shear strain rate expressed for the average
->— —=>—>T
VVi+ VYV,

velocity in the form e1s = % >, n; is the

molecular viscosity and 3;5 is the Reynolds stress which
arises as a consequence of the velocity fluctuations. The
component of the Reynolds stress can be expressed as:
0 sij = —p(V ;Y ll> (where ¥, and ¥ Jj are compo-
nents of fluctuating velocity and py is the density of fluid)
[1]. The first term on the right-hand side is the linear part
of the stress, while the second is its non-linear part. The
Reynolds stress can be described by introducing the eddy
viscosity in the form: 0 ;g = n(r, £)&;5(r, t), where ne(r, )
is the eddy viscosity. While the viscosity n; of the Newto-
nian fluid remains constant under isothermal conditions,
the viscosity n¢(r, t) is a hypothesised property of the flow
and depends on the size and distribution of the eddies
[3]. The limitations of the eddy-viscosity approach arise
from its assumption of equilibrium between the turbu-
lence and the mean strain field €;5(r, ), and also from the
assumed independence of system rotation [29]. The
changes in stress and shear strain rate occur on the same
time-scale. Newtonian fluids can adsorb kinetic energy
even when gravity is neglected.

Conservation of momentum and mass equations

for the flow of Newtonian fluids

The simplest form of the conservation of momentum in
the turbulent flow of incompressible, Newtonian fluid (i.e.
v . V1 = 0) through pipes can be expressed in the form
of the Reynolds-averaged Navier—Stokes equation as [1]:

DV

I = —

——~=F,—F 2)
12 Dt d r

where DD‘;’ =2 V’ + (V V) Vl is the material derlva-

tlves [1], the derlng force for the fluid flow F 4 = — v )2
v p is the pressure gradient, and F , is the resistive, dis-
sipative force equal to F, =V -0s. The presence of
eddies in the flow, quantified by the fluctuating part of
the stress o g, causes continuous fluctuations of the dis-
sipative, resistive force, leadlng to an imbalance between
these two forces, i.e. I-' 4 # F, [3]. This imbalance
results in generation of the inertial effects characteristic
of turbulent flow. In this case, the inertial effects exceed
the dissipative, viscous effects. Additional energy input
results in the generation of eddies, entities whose kinetic
energy is larger than that of the surrounding fluid. During
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their movement and collision with other eddies they lose
energy. When the kinetic energy of a single eddy become
equal to the kinetic energy of the surrounding fluid, the
flow attains local dynamical equilibrium and the eddy
stops existing [3]. Consequently, the eddy lifetime rep-
resents the time necessary to dissipate the eddy’s energy.
Larger eddies migrate faster and last longer [30].

As the Reynolds number increases, Newtonian fluids
pass through a range of intermediate flow states from
laminar to turbulent. In the case of Couette flow this set
of transient states, called the Taylor-Couette instabilities,
has not extensively studied, even for Newtonian fluids
[2]. The schematic presentation of circular Couette flow
is shown in Fig. 1.

In the next section, we will discuss the elastic and elasto-
inertial turbulence which occur at low and moderate R,
number.

Lower-R. turbulence in polymer solutions

In lower-R, turbulence, flow destabilisation is caused
primarily by the viscoelastic behaviour of the systems
[8, 15, 16]. In order to point to this cause-consequence
relation, we will consider low and moderate-R, turbu-
lence in polymer solutions which behave as viscoelas-
tic liquids, and in migrating epithelial collectives which
behave as viscoelastic solids [8, 15, 16]. In the case of
polymer solutions, besides the R, number, it is also
necessary to introduce another dimensionless number
to characterize the turbulence. It is the Weissenberg
number which accounts for the polymer stress relaxa-
tion phenomenon. The moderate and high W; obtained
during low-R, Couette flow (for R, < 1) of polymer
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solutions was in the range of 1 < W; <~ 30 — 50 [16,
31]. As a further consideration, it is necessary to discuss
the viscoelasticity of polymer solutions and to postulate
their conservation of momentum and mass equations.

Polymer solutions: their rheological behaviour

Despite its not physically correct, the Oldroyd-B con-
stitutive model hasbecome the starting point for almost
all complex flow calculations and analysis involving the
behaviour of dilute polymer solutions [32]. The shear
flow of these viscoelastic liquids induces generation of:
(1) shear stress within the solvent o5 and (2) shear and
normal stresses, 0ps and o,y respectively, within the
polymer chains. It is a common characteristic of viscoe-
lastic systems that shear strain rate causes the genera-
tion of a volumetric strain rate (i.e. an extensional strain
rate), resulting in the generation of both polymer shear
and normal (tensional) stresses. The total stress within
these systems can be expressed as the sum of these con-
tributions: o7 (r,t) =65+ 0ps + 0py. The solvent
behaves as a Newtonian fluid, while the polymer chains
show viscoelastic behaviour caused primarily by inter-
and intra-chain interactions. Consequently, the poly-
mer stress 1nclu31es viscous and elastic contributions, i.e.
O pk = "pks + 0,k (where k = S, V, S is shear, V is volu-
metrlc, pk is the viscous part of the polymer stress, and
Upk is the elastic part of the polymer stress). The rheo-
logical behaviour of the solvent corresponds to that of
a Newtonian fluid and can be described by Eq. 1, while
the rheological behaviour of the polymer chains can be
described by the upper convected Maxwell model [15]
expressed as:

Circular Couette flow

Fig. 1 Schematic presentation of circular Couette flow

X
Y

Circular flow of fluid
in annular region
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Do pi
o'pk(r: £+ TRpk =,

Dt npkEpk(r» 7) (3)

where Tz, is the polymer stress relaxation time, 1 is the
polymer viscosity (shear or bulk), r is the space coordi-
nate, o pk(r,t) is the polymer stress (normal or shear),

g’;" are the material derivatives [1] expressed as
Dopk _ 29pk while 7p is the

Dr = ot +(_v)?p)T'Epk*&‘pk'V?w
velocity of the polymers, &, (r, ) is the corresponding
strain rate (shear or volumetric) such that
Epstr =1 (Vﬁ + ?@T) is the shear strain rate,
&0 = (v - v is the volumetric strain rate, 1 is the unit
tensor. The main characteristics of the model proposed
by Eq. 2 are: (1) polymer stress can relax under constant
polymer strain rate conditions, (2) the strain rate and
strain itself cannot relax, and (3) the stress change and
the corresponding strain rate change occur on the same
time scale [33]. The local system velocity ¥ can be
expressed as: V=2V, + pp v p (Where py is the density
of the solvent, p, is the polymer density, and p is the den-
sity of the system p = p; + pp) [32]. The relationship
between the normal stress generated within polymer
chains under flow and the external shear strain rate can
be expressed in the form of the first and second normal
stress differences. The first normal stress difference for
Couette flow Nj is positive for the case of flexible poly-
mer chains [34] and can be formulated as:
N1 = 0p99 — 0y (Where 0,99 and oy, are the compo-
nents of polymer normal stress in cylindrical coordi-
nates). During a shear flow, the polymer chains undergo
stretching caused by extensional strain rate €,y. The
stretching induces polymer local stiffening accompanied
by a local increase in the normal stress within the poly-
mer chains. In contrast, shear deformation has no effects
on the polymer stiffness. Consequently, our attention is
primarily directed to the flow conditions capable of alter-
ing the polymer stretching which can destabilise the flow.
For example, in circular Couette flow, polymer stretching
is pronounced due to generation of centrifugal force
unlike the case of flow through pipes [20]. In Couette
flow, the chain stretching occurs perpendicular to the
flow direction.

The rapid increase in the polymer normal stress, caused
by the chains stretching, is followed by stress relaxation.
This relaxation toward the residual stress results in a relax-
ation of the polymer chains, which leads to the chain sof-
tening again. The relaxation of the normal polymer stress
under constant extensional strain rate, i.e. Epv = const.
can be expressed from Eq. 2 as:

__t __t
EpV(r»t) Z&OpVe “Rpk +(7rpV(r)<1_e TRpV)

(4)
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where &gy is the initial “hoop stress” which
includes the elastic and viscous contributions, i.e.
OCopy =0 oé,v + GOpV’ while the polymer residual stress
0 rpv is purely viscous and dissipative, i.e. Orpv =1y Epv
. The elastic contribution to the stress Egﬁﬂ, can be about
two orders of magnitude larger than the viscous contri-
bution &) during low-R, flow [16]. depending on: (1)
the chain flexibility, (2) molecular weight, and (3) the
magnitude of the chain stretching [32].

The elastic contribution to the polymer stress ES;V
decreases during the process of relaxation toward the
equilibrium state, satisfying the condition that when
t — leg, the stress O’OI v — 0 and the viscous part of the
stress is equal to the residual stress, i.e. G,y ~ Orpy
(where t, is the time for reaching the equlhbrlum state).
The existence of eddies in the flow of polymer solutions
is related to polymer local stiffening. Consequently, the
lifetime of the eddies f;7 in this case corresponds to the
polymer stress relaxation time, which is included in the
dimensionless W; number. Consequently, the lifetime of
the eddies is £, ~ tgpv. This rapid increase in the elastic
contribution to the polymer stress caused by the polymer
stretching is the main cause of the flow destabilisation
and could result in the generation of the inertial effects.
In this context, two variants of the phenomenon have
been discussed: (1) elastic turbulence and (2) elastic-iner-
tial turbulence [15, 20]. The existence of inertial effects in
elastic turbulence depends on the inter-relation between
driving and resistive forces.

Conservation of momentum and mass equations

for the flow of polymer solutions

The flow of polymer solutions can be treated as incom-
pressible, i.e. V v =0. Similarly, to the previous case,
the flow of polymer solutions can be expressed as a con-
servation of momentum, inspired by the experimen-
tal findings of Groisman and Steinberg [15] and Li and
Steinberg [35], as:

p% ?d_?vis_?fr (5)
where 22 B = —I— (V - V)V isthe materlal derivatives
[1], o is the polymer solution density and ¥ v, is the local
velocity of the solution. The driving forceis F 4 = — v )2
while the resistive _f)orce includes two contributions, the
viscoelastic force Fvs=Y @5 +3,," +319) and the fric-
tional force 7f, = ptyy V. Here &qp is the effective frictional
coefficient caused by solvent flow past polymer chains
expressed as &7 = %Cd,o |V ||r12{, C, is the dimensionless
drag coeficient, || 37 || is the solution speed, and ry is the
hydraulic radius of the polymer cluster. The effective fric-
tion coefficient depends on inter- and intra-chain
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interactions which are responsible for the chain stiffening

and can be expressed as &7 = £q (3%,). Li and Stein-

berg [35] revealed that the drag coefficient increases with
the dimensionless W; number during the low-R, flow of
the solution through a channel. The main question is: can
an increase in the effective friction, caused by the stiffen-
ing of the polymer chains, induce a perturbation of the
dynamical force equilibrium such that 7, - F,; - F,, #0?
This could be happening in circular Couette flow, caused
by the work of the centrifugal force, rather than during
the solution flow through pipes/channels depending on
the polymer’s flexibility, concentration and molecular
weight [36]. If it arose, this type of turbulence would cor-
respond to low (or moderate) -R, elasto-inertial turbu-
lence. Otherwise, it would be elastically induced unstable
flow, declared as low-R, elastic turbulence (known as an
inertia-less turbulence [37]), representing some transient,
chaotic, state arising during the development of turbu-
lent flow [20]. Three types of instability have been dis-
cussed: shear-dominated, extensional-dominated, and
mixed instabilities [12]. The elasto-inertial turbulence has
been recognised during Couette flow of polyethylene
oxide solutions for R.; > 200 and R., = 0 (where R,; is
the Reynolds number of the inner cylinder and R, is the
Reynolds number of the outer cylinder) [20]. For the case
of Couette flow of Newtonian fluids, turbulence occurs
for R,; > 1500 and R,, = 0 [2]. The phase diagram for
Taylor-Couette flow of Newtonian fluids and viscoelastic
polymer solutions is shown in Fig. 2.
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Interestingly, while polymer chains increase the friction
coefficient during the low-R, flow, they exert an opposite
effect on the friction coefficient under the high-R, flow
of the solution. Tabor and De Gennes [38] pointed out
that when the kinetic energy of polymer chains becomes
equal to the elastic energy, the chains act to reduce the
friction coefficient by perturbing the turbulent cascade,
i.e. the distribution of kinetic energy. This phenomenon
can appear during the flow of polymer solutions through
pipes for R, > 50000 [39].

In further consideration, we will compare the low-R,
elasto-inertial turbulence arising during the flow of poly-
mer solutions with the low-R, turbulence, i.e. the active
turbulence, recognized during collective cell migration.

Low-R, turbulence in migrating epithelial
collectives

While viscoelastic polymer solutions need an external
force to initiate the flow, multicellular systems self-gener-
ate energy for cellular migration and follow extracellular
signals [17, 40]. Directional cell movement, i.e. taxis can
be induced by various chemical, mechanical, and elec-
trical stimuli. Consequently, established gradient of: (1)
soluble chemical cues induces chemotaxis, (2) an electric
field induces galvanotaxis, (3) the stiffness of a substrate
matrix or adjacent tissue induces durotaxis, and (4) cel-
lular adhesion sites or substrate-bound cytokines induce
haptotaxis [40, 41]. Consequently, this form of low-R,
turbulence is caused by an inhomogeneous distribution

Couette flow
Interpenetrating

500 4 spirals
Spirals
Wavy spirals
Taylor-vortex flow (TVF)
400 Wavv-vortex flow
o~ 300 1
o
200 4 5
elastic fluds
100 4—rvrpo-—ov—pr—sr-14r-—-rn--r-—r—r—pb7-vr-—"-"1—"-"7—"1—"-"T7"7—
-800 -600 -400 -200 0 200 400 600 800 1000
Re,

Fig. 2 The phase diagram for Taylor-Couette flow of two different fluids: viscoelastic polymer solutions (shown as regions between coloured lines)
and Newtonian fluids (represented as coloured regions); The phase diagram that was developed was influenced by sources [2, 20]
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of stored elastic energy rather than by kinetic energy.
Butler et al. [42] calculated the strain energy of a single
muscle cell adhering to a substrate from the work of the
traction force. The corresponding cell strain energy is
~ 107 '2]. The average kinetic energy is the smallest ener-
getic part for single cell and equal to ~ 10728] (for cor-
responding cell speed 127" and average single cell mass of
~ 10~ 2kg [43].

Low-R, turbulence in migrating epithelial collectives
in the form of propagating and standing waves has been
recognised in several model systems [6-8, 21, 25, 26].
The propagating and standing waves are the consequence
of long-time inertial effects [7, 8]. While the standing
waves are generated during the confluent cell monolayers
which can result in the cell swirling motion, the propa-
gating waves have been recognised during free expansion
of epithelial monolayers [6]. The long-time inertial effects
are related to oscillations in cell velocity, and in the cor-
responding strain and resultant cell stress [6, 7, 25, 26],
as well as to the geometrical characteristics of multicel-
lular systems [23, 25, 27]. Some authors have discussed
low-R, turbulence of multicellular systems in the context
of effective inertia [7, 8, 44], while some of them neglect
inertial effects [6]. Banerjee et al. [44] and Notbohm
et al. [7] considered the effective inertia as a product of
the viscoelasticity of multicellular system by considering
the phenomenon on a cellular level. Notbohm et al. [7]
emphasized that the effective inertia arises as a result of
coupling between cell contractility and strain, in the form
of cell active stress which depends on the myosin concen-
tration. Banerjee et al. [44] coupled local strain with cell
contractility and polarization. Pajic-Lijakovic and Milivo-
jevic [8] discussed the appearance of effective inertia as a
product of the system viscoelasticity by considering the
phenomenon on a supracellular level. Serra-Picamal et al.
[6] neglected long-time inertial effects. They postulated
that the cytoskeletal reinforcement and fluidization result
in a biphasic stress response in single cells which are
responsible for generation of mechanical waves. Deforet
et al. [45] simulated cell rearrangement caused by collec-
tive cell migration and included the effective inertia into
the conservation of momentum equation formulated at
cellular level.

The main characteristic of collective cell migration is
its multi-time-scale nature [8, 46]. A short time-scale (i.e.
a time scale of minutes) corresponds to the remodelling
of cell-cell and cell-matrix adhesion contacts, while a
long time-scale (i.e. a time-scale of hours) corresponds to
cell movement. Cell division can be neglected because it
occurs on a time-scale of days. The average doubling time
of epithelial MCF-10A cells is ~ 1day [47], for human
keratinocytes it is ~ 2 — 3days [48], and for MDCK
cells it is ~ 5days [49]. This doubling time may increase
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further under adverse conditions, such as a rise in the cell
packing density #,.

The main causes of the generation of the Low-R,
turbulence in cellular systems

Collective cell migration generates cell mechanical stress
[6, 7]. Epithelial cells have developed biological mecha-
nisms to respond to this mechanical stress and even to
regulate it. These mechanisms account for the inter-
play between biological processes such as: remodelling
of cell-cell and cell-matrix adhesion contacts; contact
inhibition of locomotion (CIL); cell polarity alignment;
the cell-jamming state transition; and the epithelial-to-
mesenchymal cell state transition (EMT) [17, 18, 50, 51].
The remodelling of cell-cell and cell-matrix adhesion
contacts is related to the gene expression depending on
micro-environmental conditions [17, 52]. The CIL rep-
resents cell head-to-head collisions, which are intensive
for higher cell packing densities, which can induce weak-
ening of the cell-cell adhesion contacts and which can
down-regulate cell propulsion [53].

The main characteristic of migrating epithelial col-
lectives is the inhomogeneous distribution of cell pack-
ing density and cell velocity [6, 28, 54, 55]. Tlili et al.
[55] considered the free expansion of Madin-Darby
canine kidney type II (MDCK) epithelial monolay-
ers and revealed that cell packing density varies from
IxIOS%HZS to sx10°<ls. An increase in cell packing density
from 1x10° <% to 5x10° < resulted in a decrease in cell veloc-
ity from 0.8% to zero [55]. Nnetu et al. [54] considered
the free expansion of epithelial MCF-10A cell monolay-
ers and pointed out that cell velocity drops to zero at a
cell packing density of ~ 3.5x10° %”25 corresponding to
cell-jamming. This cell packing density was correlated
with the cell mechanical stress caused by collective cell
migration [56]. The cell-jamming state transition, which
leads to a separation of the system’s contractile and non-
contractile states, is caused by inter-dependent processes
such as: (1) an increase in cell packing density [28, 54],
(2) change in the strength of cell-cell adhesion contacts
[57, 58], (3) the magnitude of cellular forces and persis-
tence time for these forces [58], (4) cell shape changes
[57], and (5) contact inhibition of locomotion (CIL) [59].
Higher cell packing density, characteristic of the jammed
state, leads to CIL, which results in a weakening of the
cell—cell adhesion contacts. The contractile to non-con-
tractile cell state transition also influences the shapes of
single cells [57]. Under jamming, the cells enter a non-
contractile, resting state resulting in a softening of the
multicellular system. Schulze et al. [60] revealed that the
Young’s modulus of contractile MDCK cell monolayer
is~33.0+3.0 kPa, while the modulus of non-contractile
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cells is approximately twice lower. The weakening of
cell—cell adhesion contacts causes energy dissipation and
a decrease in the cell compressive stress. A decrease in
the compressive stress leads to cell-unjamming. Then
the cells establish the contractile state and strong cell-
cell adhesion contacts and start migration again. Con-
sequently, the cell jamming-to-unjamming transition is
the cell mechanism applied to regulate the compressive
stress [51]. A schematic presentation of the cell response
under mechanical stress caused by collective cell migra-
tion is shown in Fig. 3.

While cells well tolerate a normal cell stress of a
few hundreds of Pa, a shear stress of a few tens of Pa is
enough to induce an inflammation of epithelial collec-
tives and even cell death [61-64]. Cell response to the
shear stress generated during collective cell migration is
primarily related to the epithelial-to-mesenchymal tran-
sition (EMT). While a cell compressive stress of a few
hundred Pa can also induce the EMT, this process can
be initiated under very low shear stress of < 1Pa [65].
The main characteristics of epithelial-like cells are their:
cuboidal shape, reduced cell mobility, and apical-basal
polarity, and the establishment of strong E-cadherin-
mediated cell-cell adhesions. In contrast, mesenchymal-
like cells can be characterized by their: elongated shape,
increased migratory cell ability, establishment of front-
rear cell polarity, and weak N-cadherin-mediated cell-
cell adhesion [66]. The EMT is a process in which cells
decrease their cohesiveness leading to: (1) energy dis-
sipation accompanied by a decrease in the shear stress
and (2) establishment of a cell swirling motion caused by
the work done by shear stress torque [9]. The cell swirl-
ing motion is a way for cells to reduce single cell expo-
sure to the undesirable shear stress. It is known that the

Collision of the velocity fronts
during collective cell migration

Cell compressive stress

|

An increase in cell packing density —., viscoelasticity

| Intensive cell-cell interactions

Contact inhibition of
locomotion

Mode of cell migration
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local shear strain within the swirl is lower than the mac-
roscopic shear strain established in the surroundings of
the swirl [9].

Both processes, the jamming state transition and the
EMT have a feedback on the cell speed and viscoelastic-
ity accompanied by the generation of mechanical stress
(both shear and normal). In order to understand the low-
R, turbulence in multicellular systems, it is necessary to
discuss the rheological behaviour and surface character-
istics of multicellular systems in more detail.

Epithelial multicellular systems: rheological behaviour

The “flow” of multicellular systems caused by collec-
tive cell migration is primarily extensional, while com-
pressional and shear strains also exist locally [6, 7, 33].
Extension in one direction results in compression in
the other directions in order to preserve the structural
integrity of multicellular systems [8]. These strains gen-
erate cell stresses. The viscoelasticity of multicellular sys-
tems caused by collective cell migration exhibits several
important characteristics, including:

+ The cell mechanical stress can have both normal
(tensional/compressive) and shear components [6,
67]. The tensional stress is generated during the free
expansion of cell monolayers, while compressive
stress is primarily induced by the collision of local
forward and backward flows [6, 51]. Compressive
stress is also generated within the cellular systems
under higher cell packing density such as: (1) the
rearrangement of confluent cell monolayers [7] and
(2) the collision of oppositely directed velocity fronts

Cell shear stress generation at the
biointerface between migrating epithelial
clusters and surroundingcells in the resting
state

|

Epithelial-to-mesenchymal transition

| Weakening of cell-cell adhesion 1
Contractile-to-non contractile contacts Cells retain their contractile state
cell state transition I

i A decrease in the tissue

Cell shape change cohesiveness

1 !

Cell jamming

Energy dissipation —_—
Adecreasein the cell \«—

compressive stress

|

Cell unjamming

A decrease in the cell shear stress

|

Could stimulate mesenchymal-to-
epithelial transition

Fig. 3 Schematic representation of cell response under mechanical stress caused by collective cell migration
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at the contact point between two cell aggregates dur-
ing their fusion as was shown in Fig. 4 [23].
Shear stress is generated along the biointerface
between migrating epithelial clusters and surround-
ing cells in the resting state [62].
The ability of the cell stress to relax depends on
the cell packing density. For a cell packing density
He < Heonf (Where ngoyr is the cell packing density at
the confluent state), the stress can relax. Petitjean
et al. [68] pointed out that the MDCK cell mon-
olayers reached the confluence for a cell packing
density of nepr ~ 2.596105%112S and a cell velocity of
~ 0.14 42

min
An increase in the cell packing density changes the
state of viscoelasticity. For higher cell packing den-
sity, which corresponds to a cell state near jamming,
the stress cannot relax. Consequently, three mecha-
nisms of cell migration can be considered depending
on the cell packing density: (1) a convective mecha-
nism for n < neopr, (2) a diffusion mechanism for
nj > ne > Neopy (Where n; is the cell packing density
under the jamming state), and (3) a sub-diffusive
mechanism for n, — n;.
When the cell stress can relax toward the cell residual
stress, the process is exponential [46, 69] and occurs
on a time-scale of minutes [46, 69]. The stress relaxa-
tion is primarily caused by the remodelling of cell-
cell adhesion contacts and cell shape changes [8, 46].
The cell strain can relax under constant stress condi-
tions. Relaxation occurs via collective cell migration
on a time-scale of hours [46].
The epithelial stress relaxes within many short-time
relaxation cycles under constant strain per cycle,
while the strain change occurs on a time-scale of
hours [8].
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o The cell residual stress remains in the system in
the absence of external forces. It is elastic when
epithelial cells retain their phenotype for the con-
dition that 7, < neyy. It is in accordance with fact
that the epithelial residual stress correlates with
the corresponding strain during free expansion of
epithelial monolayers; the rearrangement of con-
fluent epithelial monolayers has been confirmed
experimentally [6, 7]. When the epithelial cells
undergo the epithelial-to-mesenchymal transition,
the corresponding residual stress becomes purely
dissipative due to weakening of the cell-cell adhe-
sion contacts.

+ Cell residual stress accompanied by the correspond-
ing strain and cell velocity oscillates on a time-scale
of hours [6-8]. This phenomenon, described as a
mechanical waves, represents a part of the low-R,
turbulence. A description of the main characteristics
of this type of turbulence will be given in more detail
below.

+ An externally-applied compressive or shear stress
reduces the movement of epithelial cells. A com-
pressive stress of 773 Pa suppresses the movement
of epithelial breast MCF-10A and MCE-7 cells [70].
A shear stress of only 1.5 Pa reduces movement of
MCE-10A cells [71].

In further consideration, we will discuss the phenom-
enon of low-R, turbulence in relation to two epithelial
model systems: (1) the fusion of two epithelial aggre-
gates and (2) the free extension of epithelial monolay-
ers on a substrate matrix. Epithelial cells within cell
aggregates only establish cell-cell adhesion contacts,
whereas epithelial cells within monolayers establish
both, cell-cell and cell-matrix adhesion contacts.

Collision of velocity fronts

Migrating epithelial cluster

Epithelial cells in resting state

Fig. 4 Schematic presentation of the collision of two cell velocity fronts during collective cell migration
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The cell normal residual stress, generated within migrat-

ing epithelial collectives, has been expressed as [72]:

~ T, ~CCM

Oerv = +Apd + 0,y ©)
where ¢,y is the normal residual stress within the epi-
thelium, Ap. is the isotropic part of the cell residual
stress, while 5ecﬁ,M is the deviatoric part of the residual
stress caused by collective cell migration, and I is the
unity tensor. The isotropic part of the cell normal stress
is:

(1) Apc = —ve (? . 71)) for the fusion of two epithelial

aggregates (where y, is the epithelial surface tension
and 7 is the normal vector to the aggregate sur-
face), or

(2) Ape = —Vem <$) . 71)) for movement of epithelial

monolayers on a substrate matrix (where y,,, is the
epithelial-matrix interfacial tension).

When the cell rearrangement during the fusion of two
cell aggregates is discussed, it is necessary to take into
consideration the change in epithelial surface tension,
while the extracellular matrix is not presented in this
model system. Cells establish only the cell-cell adhe-
sion contacts. The epithelial surface tension y, is a time-
dependent physical parameter quantifying the energy of
a multicellular surface in contact with a liquid medium,
i.e. the surface cohesion. This parameter depends on: the
strength of E-cadherin-mediated cell-cell adhesion con-
tacts, the cell contractility, and the surface deformabil-
ity [24]. The cell contractility enhances the strength of
E-cadherin-mediated cell—-cell adhesion contacts leading
to an increase in the epithelial surface tension [73]. The
extension of a multicellular surface, caused by collective
cell migration, results in an increase in the epithelial sur-
face tension [74]. The main characteristic of the latter is
an inhomogeneous distribution along the multicellular
surface, caused primarily by a remodelling of the cell—cell
adhesion contacts under local cell strain.

When the movement of cell monolayers on a substrate
matrix is discussed, it is necessary to take into account
changes in the epithelial-matrix interfacial tension y,,
and in the matrix surface tension y,,, as well as the epi-
thelial surface tension y,. While the epithelial surface ten-
sion has been measured under simplified conditions (i.e.
the equilibrium, static epithelial surface tension) [23, 75],
the epithelial-matrix interfacial tension has not yet been
measured. The epithelial-matrix interfacial tension ye,,
and the matrix surface tension are also time-dependent
parameters. The migrating epithelial cells, in this case,
exert traction on the surface matrix by altering the matrix
rearrangement, which has a feedback impact on the
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matrix surface tension y,,. The epithelial-matrix inter-
facial tension can be expressed as Ve, = Ve + Yim — €a
(where yy, is the surface tension of the substrate matrix
and e, is the adhesion energy between the epithelial cells
and matrix per unit area of the biointerface equal to
e, = pe_m%k|7t>m , Pe—m is the surface packing density
of cell-matrix adhesion contacts, k is the spring con-
stant of the single focal adhesion and % ,, is the matrix
displacement field [76]). When epithelial cells estab-
lish stronger cell-matrix focal adhesions, the interfacial
tension is lower. The main characteristic of the epithe-
lial-matrix interfacial tension is its inhomogeneous dis-
tribution along the epithelial-matrix biointerface.

An inhomogeneous distribution of epithelial surface
tension (for the fusion of two cell aggregates) generates
a cell shear stress along the multicellular surface of the
cell aggregates. Similarly, an inhomogeneous distribution
of the epithelial-matrix interfacial tension (for the migra-
tion of cell monolayers on a substrate matrix) generates
cell shear stress along the epithelial-matrix biointerface.
In both cases, the shear stress is induced by cell move-
ment from the region of lower surface tension/interfacial
tension to the region of larger surface tension/interfacial
tension along the surface/biointerface. Gsell et al. [77]
recently confirmed cell movement along the multicel-
lular surface in contact with a liquid medium, driven by
the gradient in tissue surface tension. This is a part of the
Marangoni effect. The latter has been recognized in vari-
ous soft matter systems caused by temperature or con-
centration gradients [78]. The other part of the cell shear
stress is induced by collective cell migration.

Consequently, the shear stress generated along the
surface of cell aggregates, caused by the cell aggregate
fusion, can be written:

- =

-~ —
t =V o (7)

W Gers "+ dEM. T
where 0 ;s is the total shear stress, ?ye is the gradient of
epithelial surface tension, &S%M is the shear stress caused
by collective cell migration, and 7 is a vector tangent to
the aggregate surface. The shear stress generated along
the epithelial-matrix biointerface, caused by the migra-
tion of epithelial monolayers on a substrate matrix, can
be written:

—

~ — — _ —
e Oers t = ViVem - [l cem 8)

t +n-0,g5 L.
where ?Syem is the gradient of the epithelial-matrix
interfacial tension. The total cell residual stress is:
gerT = &erV + EerS-

The cell stress (normal and shear), caused by collective
cell migration, depends on the cell packing density which is
inhomogeneously distributed within epithelial systems [28,
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79]. The proposed constitutive models depending on the
cell packing density and cell speed are presented in Table 1.
An increase in the cell packing density, caused by a col-
lision of velocity fronts, results in an increase in the cell
compressive stress and changes the mechanism of cell
migration from the convective through diffusive to sub-
diffusive which corresponds to the state of a multicellu-
lar system near jamming. The viscoelasticity of epithelial
systems corresponds to linear constitutive models, i.e.
the Zener model for the convective regime and the Kel-
vin-Voigt model for the conductive regime. The system
near jamming represents a particularly-defined nonlin-
ear viscoelastic solid state which satisfies following con-
ditions: (1) the viscosity increases dramatically, (2) the
stress relaxation time tends to infinity, and (3) the ratio
between the storage and loss moduli G/ and G/, respec-
tively is constant and higher than unity. Here, G/ repre-
sents a measure of the stored elastic energy within the
system, while G/ represents a a measure of energy dis-
sipation caused by the cell rearrangement [28, 80].

Table 1 Viscoelasticity of migrating epithelial collectives
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An increase in the cell packing density leads to the stiff-
ening of multicellular systems if and only if cells retain
their contractile state and strength of cell-cell adhesion
contacts [51]. However, when cells jam, they enter the
passive non-contractile state accompanied by a weak-
ening of cell-cell adhesion contacts, resulting in energy
dissipation and, consequently, system softening [51].
After energy dissipation, cells re-establish strong cell—
cell adhesion contacts and start migrating again, leading
to an increase in the cell stiffness [51]. This local stiffen-
ing and softening is capable of destabilising the flow and
inducing long-time inertial effects.

The epithelial-to-mesenchymal transition also induces
local softening of multicellular system. It is in accordance
with the fact that the mesenchymal cells establish weak
N-cadherin-mediated cell-cell adhesion contacts, while
the epithelial cells establish strong E-cadherin-mediated
cell-cell adhesion contacts [17]. Accordingly, with the
reversibility of epithelial-to-mesenchymal transition, the

Characteristics of cell movement  Cell packing density

Cell speed

Constitutive model

Convective cell migration Ne =< Nconf

0.1 < [ Vel <~ 142

min Fol (16, T) + ThekT ok

The Zener model for viscoelastic solids:
um peel

= Eck€ek (I, T) + Nck€ek

Stress relaxation under constant strain condition €k per single short-time
relaxation cycle'

NL/ M

K (10,T) = Goeke

Tk +&C(,f/(r r)( ﬁ)

Cell residual stress is elastic.
Urek = Eck€ek

Conductive (diffusion) cell migration n; > ne > Neonf
n;jis the cell packing density

at thejammlng state

The Kelvm -Voigt model for viscoelastic solids:

Tor (1, 7) = EckBek + NlckEek
The stress cannot relax.
M _ ~CCM

rek

A long-time change of the stress accounts for elastic and viscous contributions.

CCM

The Fraction model for the jamming state for viscoelastic solids:
(1, 7) = ek D* (ek)

ForO <a<1/2
The stress cannot relax.
~CCM __ ~CCM

_ ~C
Vel ~102 =10~ 2um Ok
Damped conductive (sub-diffusion)  ne — n;
e . - g,
cell migration near the cell jamming Vel = 0
ek
Convective cell migration after epi-  ne < nconr

rek

The Maxwell model for viscoelastic liquids:

ial-to- v mm ~CCM = <
theha}l(to mesenchymal cell state Vel =155 Oek (1t 7) + RO ek = Tlckeek((rf) . ‘ _ _
transition Stress relaxation under constant strain rate €gcx per single short-time relaxation
cycle:
~((M ~CCM

(1,1, T) = Goek® Tk +0ex (I, rJ(W —e ﬁ
Cell residual stress is purely dissipative.
CCM _
Tek = TlckCek

wherek = S, V, Sis shear,V is volumetric, Tgy is the cell stress relaxation time, ¢, is the elastic modulus, n is the cell viscosity (shear or bulk) r is the space
coordinate, { is a short-time scale (i.e. minutes), T is a long-time-scale (i.e. hours), v, is the cell speed, v, is the cell velocity equalto V ¢ = d , U (r T)is the cell

local displacement field, aek (r, t, T)is the cell stress (normal or shear), ag,fM is the rate of stress change ¢5;" = %" caused by the stress relaxation, &y is the cell strain
such that the volumetnc strain is equal to ey (r,7) = (V - @)1, T is the unit tensor, and the shear strain z,s, ) = —i(va+va’ € is the corresponding strain rate equal

t0 Eek = d ek 1)k is the effective modulus, oz, = 2222 is the fractional derivative, and o glves the order of fractional derivatives (the damping coefficient). Caputo’s

definition of the fractional derivative of a function &(r, ‘L’) is used and expressed as: D%g = 1,“ E—_——r /g (:U;’))q drts(whereT (1 — «)is a gamma function) [77]
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mesenchymal cells can reach out the epithelial phenotype
again leading to stiffening of a multicellular system [17].

Consequently, a change in the state of viscoelastic-
ity, caused by the generation of compressive stress, is
the one of the main origins of the low-R, turbulence in
the form of the propagating waves, while the epithelial-
to-mesenchymal transition can induce the generation of
standing waves. As discussed above, the generation of
standing waves is related to cell swirling motion [7, 9]. It
occurs in two inter-connected steps: (1) the epithelial-to-
mesenchymal cell state transition results in a weakening
of the cell-cell adhesion contacts and a decrease in the
cell cohesiveness, while cells retain their actlve, contrac-
tile state, and (2) the shear stress torque A T does work
We=AT - we (where a)e = VX V. is the angular
velocity) and induces the swirling motion of less cohesive
cellular systems [9]. The lifetime of migrated cell clus-
ters within the cell monolayers can be identified with the
period of long-time oscillations which is approximately
equal to 4 — 6hours [6, 7].

We will discuss the mechanism of generation of long-
time inertial effects during collective cell migration,
based on conservation of cell momentum and mass equa-
tions, by considering our two model systems: (1) the
fusion of two cell aggregates, and (2) free expansion of an
epithelial monolayer on a surface matrix.

Generation of long-time inertial effects during the fusion
of two cell aggregates

The fusion of two epithelial aggregates is driven by the
epithelial surface tension and it leads to a decrease in

a) Geometrical characteristics of the two-
cell aggregate system

b) The neck radius change during the fusion of two cell

aggregates
dry (um)
dt \h ) °
’ T(h)

) Scenarios of the fusi
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the surface and volume of the two-aggregate system. The
epithelial surface tension causes cell migration from the
aggregates’ surfaces toward the core regions and oppo-
sitely-directed flows from the core regions of the aggre-
gates toward their mutual contact point as shown in
Fig. 5.

The collision of the velocity fronts causes an increase in
the cell compressive stress at the contact point between
the cell aggregates, resulting in a sequence of local jam-
ming-to-unjamming transitions caused by an oscillatory
variation in the cell velocity [21, 22]. In addition, the cell
velocity, cell packing density, and neck radius also per-
form long-time oscillations [27]. The neck in this case
represents the contact region between two aggregates.
The long-time oscillations of cell velocity area conse-
quence of the competition between the driving and resis-
tive forces.

The driving force for the fusion of two cell aggregates is
the surface tension, formulated by Pajic-Lijakovic and
Milivojevic [22] as: n, F s = neyeTZ (where # is the cell
displacement field caused by collective cell migration).
The surface tension force guides cell movement from the
aggregates’ surface regions toward their core regions and
guides the migration of cells from the core regions
toward the contact area between two aggregates in order
to decrease the surface of two-aggregate system. The
resistive force is the viscoelastic force F 7, based on a
modlﬁed form of the model due to Murray et al. [76] as:
FTve =V. <0erT +¢T
residual stress caused by surface effects and collective cell

migration, while 55’3 is the solid stress accumulated

), where o ,.,7 is the total cell

of two cell aggregates

Total
coalescence

Arrested
coalescence

Fig. 5 The fusion of two cell aggregates: (a) geometry of the two-aggregate systems, (b) oscillatory decrease the rate of the neck radius change
(the rate of the neck radius change was calculated from the experiments by Shafiee et al. [81]), (c) two possible scenarios for the fusion of a pair

of cell aggregates: total coalescence and arrested coalescence
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within the core regions of the aggregates. The viscoelastic
force is a measure of the accumulation of the elastic
energy, rather than energy dissipation. It is known that
the cell residual stress, caused by collective cell migra-
tion, is purely elastic for a cell packing density ne < n¢opf
(Table 1). The solid stress results from cell growth under
confluent condition in the cell aggregate core region [82].
The accumulation of elastic energy reduces the move-
ment of epithelial cells [70, 71].

The conservation of momentum equation can be for-
mulated as [23]:

Dn(r,t)_v) (r,7) — e — e
e e Dte }:”ert — F 1ye )

where 7 is the long-time,(m), is the average mass of a sin-

gle epithelial ~cell, the epithelial cell velocity
e(r,r) d”, U is the epithelial cell displacement
field, and the material derivative

Bl Teen] _p, [0 1 (7, )Vo] 4 Ve[ 2 + T Vone| [1]. Multi-
cellular systems are compressible. Shafiee et al. [81] con-
sidered the fusion of two confluent skin fibroblast cell
aggregates and pointed out that the surface of the two-
aggregate systems decreases by a factor of 2.18 X, while
their volume decreases by 2.38 X within 140 h. A cancer
cell spheroid of CT26 cells lost 15% of its volume under
an osmotic stress of 5 kPa, while the cell volumes were
approximately constant [83]. This stress corresponds to
that under physiological conditions. However, cells have
special mechanisms to regulate the cell packing density
such as: the contact inhibition of locomotion, cell extru-
sion, and remodeling of cell-cell adhesion contacts [17,
50, 84]. A small change in the cell packing density induces
significant change in the cell velocity. Cell speed can be
correlated with cell packing density in the form of
|V ell ~ 1.2 (where b is the scaling exponent). The scal-
ing exponent is: (1) b = 1.85 for free expansion of MDCK
cells [55] and (2) b = 2.35 for free expansion of MCF-10A
cells [54]. Consequently, we can suppose that
e[S+ (Ve VIV > Ve 2o+ T Vol

The long time inertial effects appear when the dynam-

e = e

ical equilibrium is perturbed, i.e. no F ¢4 # F Tye . The
mechanism of the long-time oscillations in cell veloc-
ity involves a sequence of inter-connected steps: (1) the
surface tension acts to decrease the surface and volume
of the two-aggregate system by inducing an increase in
the cell compressive stress, (2) the accumulation of cell
compressive stress causes a decrease in the cell veloc-
ity and an increase in the cell packing density, (3) the
increase in the cell packing density intensifies cell-cell
interactions, inhibiting locomotion by direct contact
(4) these interactions result in a weakening of cell—cell
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adhesion contacts, (5) this weakening of cell-cell adhe-
sion contacts causes energy dissipation, leading to a
decrease in the cell compressive stress, and (6) the cells
re-establish strong E-cadherin-mediated cell-cell adhe-
sion contacts and start migration again by increasing
their velocity.

In addition to the conservation of momentum equa-
tion, we also require conservation of mass equation for
the movement of epithelial cells within the clusters,
which can be expressed as:

0ne(r, ) - —> e —
T=V'(]m + J Mme)

(10)
— e

where the flux J,, describes the mode of cell move-
ment. For the convectlve movement of cells it is the
convective flux J ,;, = J cony = He Ve For the dif-
fusion mechanism of cell movement unger ehiglgr cell
packing Li)ensity it is the diffusion flux J ,, = J airy
= —Dyg V ne, where Deg is the effective diffusion coef-
ficient. For high cell packing density near to cell-jam-
ming, the cell migration is damped and corresponds
to sub diffusion. In this case, the correspondmg ﬂux
] m represents the sub-diffusion flux Tul=T dsz
and the conservation of mass equatlon (Eq. 9) should
be transformed to D%y, -v.J U asub—airr + ] me)
where D“ne is the fractlonal derivative expressed as
D%(n,) = d r“ , and « is the order of the fractional deriva-
tive ie. the damping coefficient of the system struc-
tural changes Wthh satlsﬁes the conditiona < 1/2, the
ﬂux] dsuh— d:ff = —D, V ne» and Dy is the the damped—
conductive diffusion coefficient which has units of ¢ m
(28].

The flux ] Me is the Marangoni flux which depends on
the gradient ogthe epithelial surface tension and has been
expressed as: J are = kptente V sve, where ke is the meas-
ure of the mobility of epithelial cells along the biointerface
and V s(+) is the surface gradient [62]. The Marangoni flux
directs the movement of cells from the region of lower
interfacial tension toward the region of larger interfacial
tension. The Marangoni flux also arises in a variety of soft
matter systems, primarily as a consequence of the temper-
ature distribution [78].

The low-R, turbulence (i.e.R. < 1), in this case, could
be characterized by modified Weissenberg number
Wiapp = Tc( N/yNeq ) Where Tc is the period of the
long-time osc1llat10ns in the cell velocity, ry is the neck
radius, and rae, is the equilibrium neck radius obtained
when the fusion is finished or arrested. The neck radius
can be expressed as: () = R(7)sinf(t), where R(7) is
the aggregate radius and 6(t) is the fusion angle which
changes from 6(0) = 0 to #(c0) = 5 as shown in Fig. 3
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[85, 86].The Weber number, which represents the ratio
between kinetic energy and surface energy, is formulated

— (m), neeq)” V eMAX ”
Yeeq AA

the equilibrium epithelial surface tension obtained after
the fusion of two cell aggregate, AA is the decrease in the
surface area of the two-aggregate system, the average cell
packing density at the end of the fusion
(Meeq) = v%, [ 1e(r7eq)dr®, Teq is the equilibrium time for
fusion, and ||7eMAX || is the maximum cell speed.

To complement our discussion of the fusion of two epi-
thelial aggregates, we now consider the generation of long-
time inertial effects on another model system: the free
expansion of epithelial monolayers on a substrate matrix.

here in this case as: W, , where yeeq is

Generation of long-time inertial effects during free
expansion of epithelial monolayers

Free expansion of epithelial monolayers on a substrate
matrix can be treated as an interfacial problem. For char-
acterizing the cell rearrangement caused by the collective
cell migration, it is necessary to account for the viscoe-
lasticity and surface characteristics of the multicellular
system and matrix based on the inter-relation between
the physical parameters such as: the epithelial and matrix
surface tensions, the epithelial-matrix interfacial tension,
the cell residual stress and the matrix residual stress. The
long-time oscillations in cell velocity are connected with
the monolayer oscillatory wetting and they arise from
a competition between the driving forces and resistive
forces. The driving forces are the interfacial tension and
the mixing force, whereas the viscoelastic force and trac-
tion force constitute the resistive forces.

The mixing force F juix results from the ther-
modynamic energetic effect of mixing of two soft mat-
ter systems, in this case the cell monolayer and the
substrate matrix. This force may be formulated as:
me =1lv s(eq), where h. is the average size of
single cell. The interfacial tension force He F it drives
cell wetting, depending on the inter-relation between the
tissue and matrix surface tensions accompanied by the
interfacial tension between them, expressed in the form
of the cell _]')”readmg factor [72]. This force is expressed
as: neF it = 1,S¢ U, where the spreadmg factor of
epithelial cells S¢ = y,, — (Ve + Vem) and # is the cell dis-
placement field. The spreading factor for free expansion
of cell monolayers satisfies the condition that S® > 0 and
change with time causes an oscillatory wetting [6].

The traction force is the  resistive force formulated by
Murray et al. [76] as: pe—m F tr = Pe— mk U ,, (Where
Pe—m is the number density of cell-matrix adhesion
contacts, k. is the spring constant of single cell-matrix
adhesion contact, and Tl)m is the local displacement
of matrix caused by cell tractions). It is in accordance
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with fact that establishment of strong cell-matrix adhe-
sion contacts can reduce cell movement [17]. The vis-
coelastic force as formulated by Murray et al. [76] may
be expressed as: F ye =V : (Oopr — Omr) (Where G epr
is the total cell residual stress and o, is the residual
stress within a substrate matrix caused by cell trac-
tions). The residual stress within a substrate matrix
depends on the matrix viscoelasticity and cell tractions.
Cell tractions also influence the matrix surface tension
and epithelial-matrix interfacial tension.

The conservation of momentum equation can be
expressed as:

D_v)e(r, 7) — e — e - e—m — e-m
<m)e"e(r1 T)T =Fuyu +neFiy — Frye — Pe—m F tr
R . (1)
— . . .
where DDVTE LA " e 4+ (V.- V)V ,isthe material deriva-

tive [1]. In this Case, the long-time inertial effects appear
when the dynamical equilibrium between the driving and
resistive forces is perturbed. The mechanism of the long-
time oscillations in the cell velocity includes several inter-
connected steps: (1) the epithelial monolayer undergoes
wetting for the case that S¢ > 0, (2) altered extension
cause an increase in the cell tensional residual stress and
epithelial surface tension which result in a decrease in
the cell velocity, (3) local increase in the epithelial surface
tension leads to a decrease in the spreading coefficient
and slows down the wetting, (4) the wetting slow-down
results in a decrease in the tensional stress accompanied
by the epithelial surface tension, (5) a decrease in the
surface tension causes an increase in the spreading fac-
tor and cell velocity again. The cell dynamics described
can be treated as a damped oscillatory wetting up to the
equilibrium state. The cell tensional stress performs long-
time oscillations. The maximum tensional stress was
~ 300Pa [6].

An inhomogeneous distribution of cell residual stress
accompanied by the epithelial surface tension causes
inhomogeneous wetting of epithelial monolayers,
inducing the generation of local forward and backward
flows as shown in Fig. 6:

The generation of forward and backward flows was
experimentally confirmed by Serra-Picamal et al. [6].
These flows could represent a local de-wetting of the
monolayers. The collisions between forward and back-
ward flows can induce an increase in the cell compres-
sive stress and even lead to the local cell jamming-state
transition. However, the magnitude of the compressive
stress generated during fusion of cell aggregates should
be much larger and capable of causing the arrested
coalescence, which represents the global cell jamming-
state transition within the contact region between two
cell aggregates [21]. The distribution of kinetic energy
within migrating epithelial monolayers corresponds to
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Free expansion of epithelial monolayers: oscillatory wetting

Collision of forward and
backward flows

Local generation of the cell
compressive stress

Forward flow
Backward flow

Substrate matrix

Fig. 6 Schematic presentation of the generation of local forward and backward flows during free expansion of epithelial monolayers on a substrate

matrix, inspired by the experimental data of Serra-Picamal et al. [6]

a q-Gaussian distribution with g ~ 1.2 [10]. This type
of distribution points to the presence of multiplicative
noise, perhaps caused by the forward and backward cell
flow.

The conservation of mass equation in the case of
free extension of epithelial monolayers could be also
described by Eq. 9, while the Marangoni flux in this case
is induced by the gradient of epithelial-matrix interfacial

- =
tension and can be expressed as: J are = kate#e V sVem-

The low-R, turbulence (i.e.R, < 1), in this case, could
be characterized by modiﬁe%L\X/eissenberg number Wi,
expressed as: Wiy = TC(#)max’ where T, is the
period of long-time oscillations of cell Velocity,%—OL is the
change of the monolayer width relative to the initial
widthZy. The Weber number could be formulated as:

W = (m)etneeg)| ¥ epax”
e Vemeq AA
epithelial-matrix interfacial tension and AA is the exten-

sion of the cell monolayer area during the process of the
oscillatory wetting.

Consequently, the long-time inertial effects in this case
are induced by oscillatory changes in the epithelial sur-
face tension and the cell residual stress accumulation.

, where ygpeq is the equilibrium

Comparative analysis of three type of systems

from the standpoint of turbulence

Three types of systems have been discussed above in the
context of turbulence: (1) high-R, turbulence of New-
tonian fluids, (2) low- and moderate-R, turbulence of

polymer solutions, and (3) low-R, turbulence caused by
the migration of epithelial collectives. The generation of
flow instabilities, a hallmark of turbulence, is primarily
connected with the system’s rheological behaviour. A
summary of the main characteristics of turbulence for
various systems is given in Table 2:

Turbulence is associated with the nonlinear behav-
iour of an out-of-equilibrium physical system whose
energy is distributed over a large number of degrees of
freedom. The nonlinearity is caused by inertial effects
and can also be induced by nonlinear rheological
behaviour. Inertial effects lead to nonlinearity, which
is associated with the second term of the material
derivative, ie. (V - ?)7. The rheological behavior of
Newtonian fluids under high-R, number and polymer
solutions under low and moderate-R, number is non-
linear. The nonlinear rheological behaviour of Newto-
nian fluids under high-R, number is primarily induced
by velocity fluctuations. In the case of polymer solu-
tions, the nonlinear behaviour is induced by polymer
stretching, which results in the generation of tensional
“hoop” stress and chain stiffening. However, the gen-
eration of flow instabilities during collective cell migra-
tion is related to the density-driven changes of the state
of viscoelasticity. The inhomogeneous distribution of
cell packing density, accompanied by cell mechani-
cal stress, tissue stiffness, and epithelial surface ten-
sion have a feedback impact on the cell velocity. The
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Table 2 The main characteristics of turbulence for various systems
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Newtonian fluids

Polymer solutions

Epithelial multicellular systems

compressibility incompressible

Rheological behaviour Turbulent liquids

Linearity of the constitutive model Nonlinear

Stress and strain cannot relax
Changes of stress and strain
occur on the same time-
scale

Main characteristics of the constitu-
tive models

For Couette flow
Reo =0
Rei > 1500

Reynolds number

Inertial effects Short-time inertial effects

incompressible
Viscoelastic liquids

Nonlinear

Stress can relax under constant strain
condition

Strain cannot relax

Changes of stress and strain occur
on the same time-scale

For Couette flow

Reo =0

Re < 1for elastic turbulence

Rei > 200 for elasto-inertial turbulence

The elastic turbulence is inertia-less
unstable flow of polymer solutions
The elasto-inertial turbulence
is a product of inertial effects

compressible

-Viscoelastic solids for epithelial
phenotype

-Viscoelastic liquid for mesenchymal
phenotype

-Linear for cell packing density ne < n;
-Non-linear for the cell state near jam-
ming, i.e. when n, — n; (where n;

is the cell packing density in the jam-
ming state)

Stress can relax for the condition

that ne = Neonf

In this case stress relaxes under: (1)
constant strain rate conditions for vis-
coelastic liquids and (2) constant strain
for viscoelastic solids

The stress relaxation occurs on a time
scale of minutes, while strain change
and residual stress generation occur
on a time scale of hours

Re <1

Long-time inertial effects (the effective
inertia)

where neis the cell packing density, Nconf is the cell packing density at the confluent state, 1 is the cell packing density at the jamming state, Rep and Re; are Reynolds

numbers of the outer and inner cylinder, respectively

distribution of cell velocity within migrating epithelial
collectives is significantly inhomogeneous. When cell
migration aligns with the sub-diffusion mechanism
close to cell jamming, the rheological behaviour of
epithelial systems transitions from linear to nonlinear.
Cells actively change the magnitude of accumulated
stress by remodelling cell-cell adhesion contacts and
changing the state of contractility.

Conclusion

This theoretical review has clarified the role of vis-
coelasticity in the appearance of low-Reynolds tur-
bulence. Three types of system were considered and
compared: (1) high-Reynolds turbulent flow of New-
tonian fluids; (2) low-Reynolds flow of polymer solu-
tions; and (3) migration of epithelial collectives, which
also represents an example of low-Reynolds turbu-
lence. The main results were obtained by integrating
physical models with experiments on fluid mechanics,
bio-mechanics, and biological physics. We can sum-
marize them as follows:

.

Inertial effects, as a hallmark of turbulent flow,
appear as the consequence of a perturbation of the
dynamical equilibrium induced by an imbalance
between driving forces and resistive forces. While
the imbalance is induced by an inhomogeneous dis-
tribution of kinetic energy for the case of Newtonian
fluids, it is caused by an inhomogeneous distribution
of stored elastic energy and energy dissipation for the
case of viscoelastic systems such as: polymer solu-
tions and cellular systems.

The driving force for the shear flow of Newtonian
fluids is frequently induced externally by a pressure
gradient, while the resistive, viscous force depends
on the viscosity of eddies and the geometry of the
flow. Intensive fluctuations in the viscosity of eddies,
accompanied by energy dissipation, are the main
generators of inertial effects.

While the imbalance between driving and resistive
forces occurs at high Reynolds numbers for Newto-
nian fluids, this imbalance can be induced at moder-
ate Reynolds number during flow of polymer solu-
tions as a consequence of their viscoelasticity. Shear
flow of viscoelastic liquids, such as polymer solu-
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tions, generates extensional strain rate perpendicu-
lar to the direction of flow. The phenomenon is pro-
nounced during circular Couette flow caused by the
centrifugal force. The extensional strain rate induces
stretching of polymer chains, resulting in their stiff-
ening caused by storage of elastic energy. Polymer
stiffening is capable of destabilising the flow, even
for lower (or moderate) Reynolds numbers, by gen-
erating additional frictional effects accompanied by
energy dissipation. This type of turbulence is known
as elasto-inertial turbulence.

+ Migrating epithelial collectives are highly complex
systems capable of self-organising. The low-Reyn-
olds turbulence in these systems represents a conse-
quence of the viscoelasticity caused by collective cell
migration and the cellular ability to adapt to micro-
environmental conditions. Epithelial cells establish
strong E-cadherin-mediated cell-cell adhesion con-
tacts, which enable them to accumulate mechani-
cal stress accompanied by the elastic energy caused
by cell movement. An inhomogeneous distribution
of cell mechanical stress, accompanied by epithelial
surface tension, cell velocity and packing density. is
a hallmark of migrating epithelial collectives. The
response of cells under stress conditions includes an
interplay of biological processes such as: the remod-
elling of cell—cell and cell-matrix adhesion contacts;
contact inhibition of locomotion; the cell-jamming
state transition; and the epithelial-to-mesenchymal
transition. These processes can decrease undesirable
stress within epithelial systems, which can supress
and even stop their movement.

+ In the context of low-Reynold turbulence, two model
systems are considered: the fusion of two epithe-
lial aggregates and free extension of epithelial mon-
olayers on a substrate matrix. The driving force for
the fusion of two cell aggregates is the surface ten-
sion force, while the resistive force is the viscoelas-
tic force. Imbalance between these forces can result
in long-time inertial effects (i.e. effective inertia)
accompanied by oscillations of cell velocity. The
cell monolayers undergo oscillatory wetting. This is
caused primarily by changes in the epithelial surface
tension and the accumulation of cell residual stress,
which are responsible for the generation of the long-
time inertial effects.

Page 17 of 19

Authors’ contributions
Authors equally contributed to the manuscript preparation.

Funding

This work was supported in part by the Engineering and Physical Sciences
Research Council, United Kingdom (grant number EP/X004597/1) and by the
Ministry of Science, Technological Development and Innovation of the Repub-
lic of Serbia (Contract No. 451-03-47/2023-01/200135).

Availability of data and materials
Not applicable.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
All authors have agreed to publish this manuscript.

Competing interests
The authors declare no competing interests.

Received: 8 January 2024 Accepted: 24 February 2024
Published: 8 April 2024

References

1. Bird RB, Stewart WE, Lightfoot EN. Transport Phenomena. New York,
London: John Wiley & Sons INC; 1960.

2. Grossmann S, Lohse D, Sun C. High-Reynolds Number Taylor-Couette
Turbulence. Annu Rev Fluid Mech. 2016;2016(48):53-80.

3. Southard J. Introduction to Fluid Motions and Sediment Transport. text-
book, LibreText. Introduction to Fluid Motions and Sediment Transport
(Southard) - Geosciences LibreTexts. 2023.

4. Barral JB, Croibier A. Circulatory physiology, in Visceral Vascular Manipula-
tions. Elsevier. 2012. https://doi.org/10.1016/C2009-0-63401-2.

5. Sagr KM, Tupin S, Rashad S, Endo T, Niizuma K, Tominaga T, Ohta M. Physi-
ologic blood flow is turbulent. Sci Rep. 2020;10:15492.

6. Serra-Picamal X, Conte V, Vincent R, Anon E, Tambe DT, Bazellieres E, Butler
JP, Fredberg JJ, Trepat X. Mechanical waves during tissue expansion. Nat
Phys. 2012;8(8):628-34.

7. Notbohm J, Banerjee S, Utuje KJC, Gweon B, Jang H, Park Y, Shin J, Butler
JP, Fredberg JJ, Marchetti MC. Cellular contraction and polarization drive
collective cellular motion. Biophys J. 2016;110:2729-38.

8. Pajic-Lijakovic | and Milivojevic M. Mechanical oscillations in 2D collective
cell migration: the elastic turbulence. Front. Phys. 2020; 8, doi: https://doi.
0rg/10.3389/fphy.2020.585681.

9. Pajic-Lijakovic I, Milivojevic M. Viscoelasticity and cell swirling motion. Adv
Appl Mech. 2022;55:393-424.

10. Lin S-Z, Zhang W-Y, Bi D, Li B, Feng X-Q. Energetics of mesoscale cell
turbulence in two-dimensional monolayers. Comm Phys. 2021;4:21.

11. Alert R, Casademunt J, Joanny J-F. Active Turbulence. Annu Rev Condens
Matter Phys. 2022;13:143-70.

12. Datta SS, Ardekani AM, Arratia PA, Beris AN, Bischofberger |, McKinley GH,
Eggers JG, Lopez-Aguilar JE, Fielding SM, Frishman A, et al. Perspectives
on viscoelastic flow instabilities and elastic turbulence. Phys Rev Fluids.
2022;7:080701.

13. ShankarV, Subramanian G. A linear route to elasto-inertial turbulence.
Science Talks. 2022;3: 100051.


https://doi.org/10.1016/C2009-0-63401-2
https://doi.org/10.3389/fphy.2020.585681
https://doi.org/10.3389/fphy.2020.585681

Pajic-Lijakovic et al. Journal of Biological Engineering (2024) 18:24

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33

34

35.

36.

37.
38.

39.

40.

41.

42.

43.

DubiefY, Terrapon VE, Hof B. Elasto-Inertial Turbulence. Annu Rev Fluid
Mech. 2023;55:675-705.

Groisman A, Steinberg V. Mechanism of elastic instability in Couette flow
of polymer solutions: Experiment. Phys Fluids. 1998;10(10):2451-63.
Groisman A, Steinberg V. Elastic turbulence in a polymer solution flow.
Nature. 2000;405:53-5.

Barriga EH, Mayor R. Adjustable viscoelasticity allows for efficient collec-
tive cell migration. Sem Cell Dev Biol. 2019;2019(93):55-68.

Alert R, Trepat X. Physical models of collective cell migration. Annu Rev
Condens Matter Phys. 2020;11:77-101.

Frohn A, Roth N. Dynamics of Droplets. Berlin, Heidelberg: Springer,
Verlag; 2000. p. 15.

Boulafentis LT, Cagney N, Balabani S. Experimental insights into elasto-inertial
transitions in Taylor-Couette flows. Phil Trans R Soc A. 2023;2023(381):20220131.
Grosser S, Lippoldt J, Oswald L, Merkel M, Sussman DM, Renner F, Gottheil
P, Morawetz EW, Fuhs T, Xie X, et al. (2021) Cell and nucleus shape as an
indicator of tissue fluidity in carcinoma. Phys Rev X. 2021;11:011033.
Pajic-Lijakovic I, Milivojevic M. Surface activity of cancer cells: the fusion of
two cell aggregates. Biocell. 2023;47(1):15-25.

Mombach JCM, Robert D, Graner F, Gillet G, Thomas GL, Idiart M, Rieu JP.
Rounding of aggregates of biological cells: Experiments and simulations.
Phys A. 2005;352:525-34.

Pajic-Lijakovic |, Eftimie R, Milivojevic M, Bordas SPA. (2023a) Multi-scale
nature of the tissue surface tension: theoretical consideration on tissue
model systems. Adv Colloid Interface Sci. 2023;315: 102902.

Beaune G, Blanch-Mercader C, Douezan S, Dumond J, Gonzalez-Rodri-
guez D, Cuvelier D, Ondarcuhu T, Sens P, Dufour S, Murrell MP, Brochard-
Wyarta F. Spontaneous migration of cellular aggregates from giant
keratocytes to running spheroids. PNAS. 2018;115(51):12926-31.

Lucia SE, Jeong H, Shin JH. Cell segregation via differential colli-

sion modes between heterotypic cell populations. Mol Biol Cell.
2022;33(ar129):1-12.

Pajic-Lijakovic I, Milivojevic M. Mechanical waves caused by collective cell
migration: generation. Eur Biophys J. 2022;51:1-13.

Pajic-Lijakovic |, Milivojevic M. Viscoelasticity and cell jamming state
transition. Eur Phys J Plus. 2021;136:750.

Blazek J. Turbulence Modelling. In Computational Fluid Dynamics: Princi-
ples and Applications pp. 227, Elsevier, 2005; doi.org/https://doi.org/10.
1016/B978-0-08-044506-9.X5000-0.

Bejan A. Rolling stones and turbulent eddies: why the bigger live longer
and travel farther. Sci Rep. 2016,6:21445. https://doi.org/10.1038/srep21445.
van Buel R, Stark H. Active open-loop control of elastic turbulence. Sci
Rep. 2020;10:15704.

Bird RB, Hassager O, Armstrong RC, Curtiss CF. Dynamics of Polymer
Liquids, Volume 1: Fluid Mechanics. John Wiley & Sons; 1977.
Pajic-Lijakovic I. Basic concept of viscoelasticity. In: Pajic-Lijakovic |, Barriga
E, editors. Viscoelasticity and collective cell migration: An Interdisciplinary
Perspective Across Levels of Organization. United States: Academic Press;
2021.p.21.

Janmey PA, McCormick ME, Rammensee S, Leight JL, Georges PC, Mack-
intosh FC. Negative normal stress in semiflexible biopolymer gels. Nat
Mater. 2007;6:48-51.

Li'Y, Steinberg V. Mechanism of vorticity amplification by elastic waves in
a viscoelastic channel flow. PNAS. 2023;120(28): €2305595120.

Teraoka I. Polymer Solutions: An Introduction to Physical Properties. New
York: John Wiley & Sons Inc.; 2002.

Larson RG. Turbulence without inertia. Nature. 2000;405:27-8.

Tabor M, De Gennes PG. A cascade theory of drag reduction. Europhys
Lett. 1986;2(7):519-22.

Han JW, Choi JH. Role of Bio-Based Polymers on Improving Turbulent
Flow Characteristics: Materials and Application. Polymers. 2017;9:209.
Shellard A, Mayor R. Collective durotaxis along a self-generated stiffness
gradient in vivo. Nature. 2021,600:690-4.

Shellard A, Mayor R. All roads lead to directional cell migration. Trends
Cell Biol. 2020;30(11):852-68.

Butler JP, Tolic-Norrelykke IM, Fabry B, Fredberg JJ. Traction fields,
moments and strain energy that cells exert on their surroundings. Am J
Cell Physiol. 2022,282:C595-605.

Bryan AK, Hecht VC, Shen W, Payer K, Grover WH, Manalis SR. Measuring
single cell mass, volume, and density with dual suspended microchannel
resonators. Lab Chip. 2014;14(3):569-76.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

Page 18 of 19

Banerjee S, Utuje KJC, Marchetti MC. Propagating Stress Waves During
Epithelial Expansion. Phys Rev Lett. 2015;114: 228101.

Deforet M, Hakim V, Yevick HG, Duclos G, Silberzan P. Emergence of
collective modes and tri-dimensional structures from epithelial confine-
ment. Nature Comm. 2014;5:3747.

Marmottant P, Mgharbel A, Kafer J, Audren B, Rieu JP, Vial JC, van der
Sanden B, Maree AFM, Graner F, Delanoe-Ayari H. The role of fluctua-
tions and stress on the effective viscosity of cell aggregates. PNAS.
2009;106(41):17271-5.

Adak A, Yagmur Unal YC, Yucel S, Vural Z, Turan FB, Yalcin-Ozuysal O,
Ozcivici E, Mese G. Connexin 32 induces pro-tumorigenic features in
MCF10A normal breast cells and MDA-MB-231 metastatic breast cancer
cells. Biochim Biophys Acta Mol Cell Res. 2020;1867(12):118851.

Liu SC, Eaton MJ, Karasek MA. Growth characteristics of human epidermal
kerationcytes from newborn foreskin in primary and serial cultures.

In Vitro. 1979;15:813-22.

Cho MJ, Thompson DP, Cramer CT, Vidmar TJ, Scieszka JF. The Madin
Darby canine kidney (MDCK) epithelial cell monolayer as a model cellular
transport barrier. Pharm Res. 1989,6(1):71-7.

Zimmermann J, Camley BA, Rappel WJ, Herbert LH. Contact inhibition

of locomotion determines cell-cell and cell-substrate forces in tissues.
PNAS. 2016;113(10):2660-5.

Pajic-Lijakovic |, Milivojevic M. Cell jamming-to-unjamming transitions and
vice versa in development: Physical aspects. Biosyst. 2023;234:105045.
Campas O, Noordstra |, Yap AS. Adherens junctions as molecular regula-
tors of emergent tissue mechanics. Nature Rev Mol Cell Biol. 2023.
https://doi.org/10.1038/s41580-023-00688-7.

Mayor R, Carmona-Fontaine C. Keeping in touch with contact inhibition
of locomotion. Trends Cell Biol. 2010;20:319-28.

Nnetu KD, Knorr M, Pawlizak S, Fuhs T, Kaes J. Slow and anomalous
dynamics of an MCF-10A epithelial cell monolayer. Soft Matter.
2013;9:9335-41.

Tlili S, Gauquelin E, Li B, Cardoso O, Ladoux B, Delanoé-Ayari H, Graner F.
Collective cell migration without proliferation: density determines cell
velocity and wave velocity. R Soc Open Sci. 2018;5: 172421,

Trepat X, Wasserman MR, Angelini TE, Millet E, Weitz DA, Butler JP,
Fredberg JJ. Physical forces during collective cell migration. Nature Phys.
2009;5:426-30.

Bi D, Lopez JH, Schwarz JM, Manning ML. A density-independent rigidity
transition in biological tissues. Nat Phys. 2015;11:1074-9.

Garcia S, Hannezo E, Elgeti J, Joanny J-F, Silberzan P, Gov NS. Physics of
active jamming during collective cellular motion in a monolayer. PNAS.
2015;112:15314-9.

Roycroft A, Mayor R. Molecular basis of contact inhibition of locomotion.
Cell Mol Life Sci. 2016;73:1119-30.

Schulze KD, Zehnder SM, Uruefa JM, Bhattacharjee T, Sawyer WG, Ange-
lini TE. Elastic modulus and hydraulic permeability of MDCK monolayers. J
Biomech. 2017;53:210-3.

Flitney EW, Kuczmarski ER, Adam SA, Goldman RD. Insights into the
mechanical properties of epithelial cells: the effects of shear stress on
the assembly and remodeling of keratin intermediate filaments. FASEB J.
2009;23(7):2110-9.

Pajic-Lijakovic |, Milivojevic M. Marangoni effect and cell spreading. Eur
Biophys J. 2022;51:419-29.

Pitenis AA, Uruefia JM, Hart SM, O'Bryan CS, Marshall SL, Levings PP,
Angelini TE, Sawyer WG. Friction-induced inflammation. Tribol Lett.
2018;66(3):66-81. https://doi.org/10.1007/511249-018-1029-7.

Espina J, Cordeiro MH, Milivojevic M, Pajic-Lijakovic |, Barriga E. Response
of cells and tissues to shear stress. J. Cell Sci. 2023;136(18):jcs260985.
https://doi.org/10.1242/jcs.260985.

Rizvi |, Gurkan UA, Tasoglu S, Alagic N, Cellia JP, Mensah LB, Mai Z, Demirci
U, Hasan T. Flow induces epithelial-mesenchymal transition, cellular
heterogeneity and biomarker modulation in 3D ovarian cancer nodules.
PNAS 2013; E1974-E1983.

Gandalovic¢ové A, Vomastek T, Rosel D, Brabek J. Cell polarity signaling in
the plasticity of cancer cell invasiveness. Oncotarget. 2016;7(18):25022-49.
Tambe DT, Croutelle U, Trepat X, Park CY, Kim JH, Millet E, Butler JP, Fred-
berg JJ. Monolayer stress microscopy: Limitations, artifacts, and accuracy
of recovered intercellular stresses. PLoS ONE. 2013;8(2):e55172.


https://doi.org/10.1016/B978-0-08-044506-9.X5000-0
https://doi.org/10.1016/B978-0-08-044506-9.X5000-0
https://doi.org/10.1038/srep21445
https://doi.org/10.1038/s41580-023-00688-7
https://doi.org/10.1007/s11249-018-1029-7
https://doi.org/10.1242/jcs.260985

Pajic-Lijakovic et al. Journal of Biological Engineering (2024) 18:24

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

Petitjean L, Reffay M, Grasland-Mongrain E, Poujade M, Ladoux B, Buguin
A, Silberzan P. Velocity fields in a collectively migrating epithelium. Bio-
phys J. 2010;98(9):1790-800.

Khalilgharibi N, Fouchard J, Asadipour N, Yonis A, Harris A, Mosaff P, Fujita
Y, Kabla A, Baum B, Murioz JJ, Miodownik M, Charras G. Stress relaxa-
tion in epithelial monolayers is controlled by actomyosin. Nat Physi.
2019;15:839-47.

Tse JM, Cheng G, Tyrrell JA, Wilcox-Adelman SA, Boucher Y, Jain RK, et al.
Mechanical compression drives cancer cells toward invasive phenotype.
PNAS. 2012;109(3):911-49.

Riehl BD, Kim E, Lee JS, Duan B, Yang R, Donahue HJ, Lim JY. The role of
fluid shear and metastatic potential in breast cancer cell migration. J
Biomech Eng. 2020;2020(142): 101001.

Pajic-Lijakovic |, Eftimie R, Milivojevic M, Bordas SPA. The dynamics along
the biointerface between the epithelial and cancer mesenchymal cells:
Modeling consideration. Sem Cell Dev Biol. 2023;147:47-57.

Devanny AJ, Vancura MB, Kaufman LJ. Exploiting differential effects of
actomyosin contractility to control cell sorting among breast cancer
cells. Mol Biol Cell. 2021;32(ar24):1-15. https://doi.org/10.1091/mbc.
E21-07-0357.

Guevorkian K, Brochard-Wyart F, Gonzalez-Rodriguez D. Flow dynamics
of 3D multicellular systems into capillaries. In: Pajic-Lijakovic |, Barriga E,
editors. Viscoelasticity and collective cell migration. US: Academic Press;
2021.p. 193.

Stirbat TV. AMgharbel A, Bodennec S, Ferri K, Mertani HC, Rieu JP,
Delanoe™Ayari H. Fine tuning of tissues'viscosity and surface tension
through contractility suggests a new role for a-Catenin, PLOS ONE.
2013;8(2): €52554.

Murray JD, Maini PK, Tranquillo RT. Mechanochemical models for
generating biological pattern and form in development. Phys Rep.
1988;171(2):59-84.

Gsell S, Tlili S, Merkel M, Lenne P-F. Marangoni-like tissue flows enhance
symmetry breaking of embryonic organoids. bioRxiv 2023; https://doi.
0rg/10.1101/2023.09.22.559003.

Karbalaei A, Kumar R, Cho HJ. Thermocapillarity in Microfluidics—A
Review. Micromach. 2016;7:13. https://doi.org/10.3390/mi7010013.
Podlubny I. Fractional Differential Equations, Mathematics in Science and
Engineering. London Academic Press. 1999;198:78.

Baumgarten K, Tighe BP. Viscous forces and bulk viscoelasticity near jam-
ming. Soft Matter. 2017;13:8368-78.

Shafiee A, McCune M, Forgacs G, Kosztin I. Post-deposition bioink self-
assembly: a quantitative study. Biofabrication. 2015;7: 045005.

Kalli M, Stylianopoulos T. Defining the role of solid stress and matrix stiff-
ness in cancer cell proliferation and metastasis. Front Oncol. 2018. https://
doi.org/10.3389/fonc.2018.00055.

Dolega ME, Monnier S, Brunel B, Joanny JF, Recho P, Cappello G. Extracel-
lular matrix in multicellular aggregates acts as a pressure sensor control-
ling cell proliferation and motility. eLife. 2021;10:e63258.

Kocgozlu L, Saw TB, Le AP, Yow |, Shagirov M, Wong E, Mege RM, Lim CT,
Toyama Y, Ladoux B. Epithelial cell packing induces distinct modes of cell
extrusions. Curr Biol. 2016;26(21):2942-50.

Kosztin |, Vunjak-Novakovic G, Forgacs G. Colloquium: Modeling the
dynamics of multicellular systems: Application to tissue engineering. Rev
Mod Phys. 2012,84(4):1791-805.

Dechristé G, Fehrenbach J, Griseti E, Lobjois V, Clair PC. Viscoelastic
modeling of the fusion of multicellular tumor spheroids in growth phase.
JTheor Biol. 2018;454:102-9.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Page 19 of 19


https://doi.org/10.1091/mbc.E21-07-0357
https://doi.org/10.1091/mbc.E21-07-0357
https://doi.org/10.1101/2023.09.22.559003
https://doi.org/10.1101/2023.09.22.559003
https://doi.org/10.3390/mi7010013
https://doi.org/10.3389/fonc.2018.00055
https://doi.org/10.3389/fonc.2018.00055

	Role of viscoelasticity in the appearance of low-Reynolds turbulence: considerations for modelling
	Abstract 
	Introduction
	High- turbulence in Newtonian fluids
	Newtonian fluids: their rheological behaviour
	Conservation of momentum and mass equations for the flow of Newtonian fluids

	Lower- turbulence in polymer solutions
	Polymer solutions: their rheological behaviour
	Conservation of momentum and mass equations for the flow of polymer solutions

	Low- turbulence in migrating epithelial collectives
	The main causes of the generation of the Low- turbulence in cellular systems
	Epithelial multicellular systems: rheological behaviour
	Generation of long-time inertial effects during the fusion of two cell aggregates
	Generation of long-time inertial effects during free expansion of epithelial monolayers

	Comparative analysis of three type of systems from the standpoint of turbulence
	Conclusion
	References


