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ARTICLE INFO ABSTRACT

Keywords: Cell migration regulates central life processes including embryonic development, tissue regeneration, and tumor
Clutch model invasion. To establish the direction of migration, cells follow exogenous cues. Durotaxis, the directed cell
Af:t“’e ge'l models migration towards elastic stiffness gradients, is the classical example of mechanical taxis. However, whether
glscottax_‘s gradients of the relaxation properties in the extracellular matrix may also induce tactic responses (viscotaxis)
c;rloazﬁfsmn is not well understood. Moreover, whether and how durotaxis and viscotaxis interact with each other has
Mechanotransduction never been investigated. Here, we integrate clutch models for cell adhesions with an active gel theory of

cell migration to reveal the mechanisms that govern viscotaxis. We show that viscotaxis is enabled by an
asymmetric expression of cell adhesions that further polarize the intracellular motility forces to establish the
cell front, similar to durotaxis. More importantly, when both relaxation and elastic gradients coexist, durotaxis
appears more efficient in controlling directed cell migration, which we confirm with experimental results.
However, the presence of opposing relaxation gradients to an elastic one can arrest or shift the migration
direction. Our model rationalizes for the first time the mechanisms that govern viscotaxis and its competition

with durotaxis through a mathematical model.

1. Introduction

Cell migration determines key biological processes such as em-
bryonic development, tissue regeneration, wound healing, and tumor
invasion [1-3]. For decades, there has been increasing interest in
understanding how cells organize themselves to migrate. There is also
growing concern about controlling cell migration, as it may allow us
to arrest tumor metastasis [4-6], enhance tissue regeneration, and
design better biomimetic materials [7,8]. Three forces cooperate to
enable cell migration on two-dimensional (2D) substrates (see Fig. 1).
First, the F-actin network, along with myosin motors that pull on actin
filaments, creates an active viscoelastic flow, or retrograde flow [9,
10]. Second, the F-actin network continuously polymerizes, pushing
the cell membrane outward [11,12], creating a differentiated actin
network compared to the contractile actomyosin network. These two
competing actin networks, the first moving inwards and the latter
outwards, determine the protruding velocity of the cell contour and,
therefore, cell migration. Third, cells create adhesions that link the
intracellular actomyosin network with the extracellular matrix (ECM).
Cell adhesion is mediated by molecules that sense and respond to the
mechanical properties of the ECM [13-15]. Through the formation and
disassembling of adhesion complexes, cells tune the friction between
the intracellular network and the ECM.

But then, how does a cell organize itself to determine the direction
of migration? Most cells require stimuli to break the symmetry in
the intracellular force generation or extracellular force transmission to
enable directed cell migration. Otherwise, cells would just spread with
symmetric distributions of F-actin retrograde flow, polymerization,
and adhesion formation [16,17]. Mechanical [3,18-20] and chemical
signals [21,22] have been well studied. In terms of mechanical cues
for cell migration, which we analyze here, most studies have focused on
durotaxis, the motion of cells towards elastic stiffness gradients of the
ECM [18,19,23,24]. Durotaxis is expressed across different cell types,
including fibroblasts [25], smooth muscle cells [26], neurons [24], and
cancer cells [27]. When cells are placed on ECM with an elastic stiffness
gradient, they establish an asymmetric adhesive state [28,29], with
one side of the cell more adhesive than the other. In response to this
friction gradient between the cell and the substrate, the retrograde flow
also polarizes [29] and establishes a prospective cell front and rear.
Moreover, the direction of the adhesion gradient determines whether
the cell front orients towards the positive or negative elastic stiffness
gradient [29].

However, extracellular matrices in vivo are not purely elastic but
also present viscous properties [30]. The viscoelasticity of the ECM
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Fig. 1. (a) Sketch of the main forces
acting in cell migration velocity (v). A
contractile actomyosin flow, (vf black
arrows), competes with protrusive forces
at the front (/,(1)) and rear (/,(1)) of the
cell (v?, blue arrows). At the cell-ECM
interface, intracellular forces are trans-
mitted extracellularly through a friction
force that appears due to adhesion mech-
anisms. (b) A standard linear model
describes the viscoelastic behavior of the
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the right are the force and displacement
curves of a relaxation test. (¢) Detail of
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mediates several cell functions, including the formation of adhesion
complexes [31-34], cell differentiation [34,35], proliferation [34,36],
lamellipodial and filopodial protrusion [37], and cell spreading [31—
33,38]. Most studies have analyzed the effect of homogeneous viscous
properties of the ECM on cell function. How cells migrate along gradi-
ents in the relaxation properties of the ECM has only been preliminarily
analyzed experimentally, without exploring the underlying physical
processes that determine viscotaxis [39] or through physical models
that neglect the heterogeneous internal retrograde flow and actomyosin
distribution [40], which is cause and effect of directed cell migration.
Here, based on the same principles that drive durotaxis, we reveal
through physical models mechanisms of cell viscotactic migration in
2D. Moreover, because elastic and relaxation gradients may appear
simultaneously in vivo and in vitro, we analyze how durotaxis and
viscotaxis compete with each other, which has not been addressed by
any previous work. A clear understanding of how elastic and viscous
gradients affect each other can allow us to better engineer biomaterials
for specific biological functions.

In this work, we first describe the mathematical models used for
cell adhesion (the clutch model) and for the cell motility (an active
gel model). Next, we discuss how we prepared the gel and tested
mechanically. We finish the methods section by describing cell culture,
time lapse microscopy and cell migration analysis of our work. The,
in our results, we first show the cell adhesion behavior as a function
of the elasticity and viscoelasticity of the ECM, which we later use
to propose a mathematical model of single cell viscotaxis. Then, we
explain theoretically how viscotaxis appear and show that viscotaxis
can compete with durotaxis to control cell migration. Finally, we
conclude discussing the main results of our work.

2. Materials and methods
2.1. Clutch model for cell adhesions based on Montecarlo simulations

We use previous clutch models to understand the response of cell
adhesion to the viscoelasticity of the ECM [29,41-43] (Fig. 1(b-c)). It
considers several molecular clutches that attach to the ECM on one side
and to the adaptor talin rod on the other. At its other end, talin is
linked to actin filaments pulled by myosin motors. The computation
of the clutch model relies on repeated random sampling, which we
solve by a Monte Carlo (MC) simulation, during which many events of
engagement and disengagement occur, resulting in cycles of formation
and rupture of adhesion complexes (see Fig. 1c). We use a constant time
step, 4t =0.005 s, and a final time of 1, = 100 s, which was shown to

adhesion complex, the velocity of the
actin filaments, 0, and traction forces on
the substrate, P.

0
0 20
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provide accurate results [43]. Then, the MC simulations are averaged
over time to obtain the results at specific mechanical properties of the
ECM.

During the cycling process of cell adhesion, the actomyosin network
pulls on the adhesion molecules thanks to the contractile forces of the
myosin motors. The actin velocity, 9, is given by the force-velocity
relation

ﬁ:l)u(l_F/Fxrall)’ (1)

where v, is the free velocity of the actin flow. F,,, is the stall force of
the myosin motors, being F,,,;, = n,,F,,, where F,, is the force required
to stall the activity of one myosin motor and n,, the number of motors
in the system. F is the reaction force in the substrate, which balances
the force on all the molecular clutches, F = Z:z”lg F,;, being n,,, the
number of engaged clutches. The displacement of the engaged clutches
is computed as Az = 04t, and the displacement of the substrate at the
current time step, z**!, is obtained by solving the balance of forces
between the n,,, engaged molecular clutches and the substrate, from
where we can later obtain F.

The force at each ith clutch, F,;, is given by F,; = k.(z.; — Zgy),
where k., is the stiffness of each molecular clutch (see [41-43] for
details) and z_; is the displacement of the ith molecular clutch, z,, is
the displacement of the substrate. Once F is computed, the cell traction
can be obtained, P = F/za?, where (za?) is the area occupied by a
circular adhesion complex.

Moreover, once the force at each clutch, F, ;, is computed, we can
calculate the binding and unbinding events at each molecular clutch.
The attachment of the n, molecular clutches to the ECM, which rep-
resents the integrin-ECM link, follows a catch-bond behavior [42,44].
Several molecular clutches bind to the ECM with a constant rate k
and unbind with a dissociation rate Kk yye
each molecular binder, F,, as

szf = k‘;ff e(Fc/F;“”) + kf.ff e(_FC/F:mch)’

on>

that depends on the force on

@

where the first and second terms represent a slip and catch bond,
respectively. %/ and k%7 and F;“" and F{“" are the unloaded
dissociation rates and the characteristic bond rupture forces in the slip
and catch pathways, respectively.

Mechanosensitivity is promoted by talin unfolding, which induces
vinculin recruitment and subsequent integrin clustering [42]. This pro-
cess of integrin crowding is usually termed adhesion reinforcement. We
introduce talin reinforcement by considering talin unfolding according
to Bell’s model at a rate kin p [42]. Then, it can either refold again or
vinculin can bind to it at a force-independent rate k,,,,. If talin unfolds,
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Table 1

Left: Parameters adopted for the clutch model of cell adhesion. The model parameters
for the catch bonds with talin reinforcement are obtained from [42,43]. The unbinding
rate is considered to follow a cycle of mechanical reinforcement, following & r =
8.1074 eFe/816) 4 10,14 F:/624 4 900 ¢(~F:/00D [42]. Right: Parameters adopted for the
cell migration model and related references. * indicates that the value was adjusted in

this work.

Clutchs parameter Migration parameters

a (nm) 1700 uf (kPa s) 10 [48,49]
n, 1200 n, (kPa s/um?) 0.05 [48,49]
k. (pN/nm) 1000 ¢ (kPa) 0.05 [47,48]
Ky (um?/s) 211x10% & 0.1 [49]
d, (int /pm?) 300 Dy (n m/s) 0.3 [48,50]
E, (pN) 2 D (p m/s) 0.4 [48,50]
"y 800 Ky 0.1 [51,52]
v, (nm/s) 110 k, 0.1 [51,52]
kowy (571 1x 108 UG (n m/s) 0.55 [53]
int,y, (int /pm?) 24 L,(pm) 7

m, (int /pm?) 15000 Ty (MN/pm) 0.4

At (s) 0.005

i () 100

it can either refold again or vinculin can bind to it. Then, integrin
density increases by int,;,; = 24 integrins/um? and the binding rate of
integrins results in k,, = k,,d,,, where k,, is the true binding rate
characterizing each integrin-fibronectin bond, and d,,, is the density of
integrins in the adhesion complex. We do not allow integrin density
to go above a maximum integrin density, m,, determined by the sep-
aration between integrins (see [43] for details). If the clutch unbinds
before vinculin binds to talin, integrin density is decreased by int,,,,
reflecting the fact that adhesions lose integrins if force application is
decreased [45,46].

To model the viscoelastic behavior of the ECM, we use the Maxwell
representation of a Standard Linear Solid (SLS) model such that the
stress—strain relation is given as

F+ ”/kuF = kezsub + ”(ku + ke)zsub/kt)' (3)

k, is the long-term stiffness, k, is the relaxation stiffness, which repre-
sents the drop to the long-term stiffness as the material relaxes, z,, = 0,
and p is the viscosity of the ECM (see Fig. 1(b)). The time derivatives
are discretized using a backward Euler method, which results in an
equation for zg:bl as a function of F"*!.

Here, we assume that the friction between the cell and the ECM is
n = P/0 [29,47], so friction changes as a function of the ECM stiffness
similar to how actin velocity and tractions change. This relation as-
sumes that strong and stable adhesions, which are represented by large
traction forces, induce large friction in comparison to small and weak
adhesion complexes.

All model parameters related to the clutch model are summarized
in Table 1.

2.2. Active gel model and numerical solution of the system of equations

Recently, we and others have shown that durotaxis emerges from an
asymmetry in the cell adhesion strength [28,29]. Hence, our results on
these friction gradients due to gradients in the relaxation properties of
the ECM strongly suggest that single cells may also express viscotaxis.

To analyze the exposure of single motile cells to relaxation gradi-
ents of the ECM, we use an active gel model of cell migration [29,
47,49,54]. We consider a 1D domain, ©, with moving coordinates
x(®) € [1,(0),1,(®)], where () and [ ,(r) represents the rear and front
boundaries of the cell and, therefore, the cell length is determined
as L(t) = I;(t) - I,(» (Fig. 1). The retrograde flow is modeled with
a contractile viscous gel in contact with the ECM. The constitutive
relation for the stress in the active fluid is given as

o =uFo " +¢p"pM. 4
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vf is the velocity of the retrograde flow, uf is the shear viscosity, ¢ the
active contraction exerted by the myosin motors and p™ and pf are the
densities of myosin motors and F-actin, respectively (see below). The
balance of linear momentum for the active gel is then

a0 =pfof. )

We assume zero stresses on the cell boundaries. The right-hand
side represents the friction between the intracellular network and the
ECM, where the clutch model for cell adhesion described above couples
with the active gel model for cell migration. The friction parameter is
nf = ny + n, where 5 is described above and #7,=0.05 kPa-s/pm? is
added to the effective friction # as baseline friction of the retrograde
flow with the surrounding cytoskeletal structures.

To compute the velocity of actin network polymerization against
the membrane, which we consider as a separated F-actin structure,
we use previous models (see [53,55,56] for details) where actin poly-
merization decreases when the membrane tension increases as v? =
V1 = 2(L(1)/7yq]® from a free-growth velocity of. ,,, is a tension
required to stall the polymerization of the actin network. The mem-
brane tension is calculated as a linear Hookean spring, t(L(¢)) = k(L(t)—
L), L(t) < L,, where k is the spring constant and L, accounts for the
resting length and the buffer membrane length of the cell membrane.
The model assumes zero compressive stresses. The outward polymeriza-
tion velocities, Uf, > compete with the inward retrograde flow velocity,
v¥|, s, at the cell rear and front. This competition makes the cell ends
expand or retract with velocity I, (1) = v/, f—vF |,.s» respectively (Fig. 1)
and the migration velocity is defined as v = (I.(t) — [ /())/2, the mean
value of the front and rear velocity of the cell. The distribution of
the F-actin density, pf'(x,?) is modeled through the following transport
equation,

al‘pF"'ax (pr_DFapr) :kp_kdpF’ (6)

where the right-hand side includes the polymerization and depolymer-
ization terms with rates k, and k,, respectively [52], D is the diffusive
parameter of the F-actin. Similarly, the myosin motors bound to the
F-actin network [571, pM, as

3,0 + 0, (wpM — Do, pM) =0, @

where D is the effective diffusion parameter [49,50].

F-actin and bound myosin motors are also drifted in the cell frame
with velocity w = vf' — v. We impose zero fluxes on the cell boundaries
to reflect that no F-actin or myosin motors can enter or leave the cell
domain.

To solve the system of PDEs described above, we use a staggered
finite element method to discretize the system in space, and an implicit
second-order Crank-Nicholson method to discretize the equations in
time [58,59]. To avoid undesired oscillations from the numerical so-
lution of the parabolic equations if the problem becomes convective
dominant, i.e. Pe > 1, we include the Stream-Upwind Pretrov Galerkin
(SUPQG) stabilization term. This strategy allows us to use finite elements
of constant size h = [,(f)/ N, where N is the number of elements and,
consequently, keep the number of elements of our domain constant. The
complete finite element and time discretization have been presented
previously [57]. All model parameters related to the migration model
are summarized in Table 1.

2.3. Gel preparation and mechanical testing

All the experimental procedures and experimental data described in
this work for the gel mechanical properties are taken from a previous
publication [39]. Viscoelastic properties, represented by the storage
modulus (G’) and loss modulus (G”), were measured for each gel. Creep
measurements were also performed with both gels where constant shear
stress, o, was applied and strain y was measured for an hour.
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Fig. 2. (a) Friction of the cell-ECM adhesion, 5, for k,=1 pN/nm and a range of
values of the relaxation stiffness, k,, and viscosity, u. (b) Friction as a function of the
viscosity, u, for k,=0.2 pN/nm (dash line) and k,=20 pN/nm (solid line). (c) Friction
as a function of the relaxation stiffness, k,, for y=2 pN-s/nm (dash line) and =20
pN-s/nm (solid line).

Here, we fit the experimental compliance (J= y (t)/o,) with the
compliance expression of a SLS model,
1 kU kEkU
J@)=—0-[ lexp(— 1), ®
ko kP Tk, 1 Ky
using the non-linear least squares fitting algorithm in MATLAB. Since
the initial compliance J(0) = 1/(k, + k) is known and is equal for both
high-loss and low-loss gels (as seen from the experimental data), k, +k,
was constrained to remain constant for the two fits.

2.4. Cell culture, time lapse microscopy and cell migration analysis

Again, the experimental data described in this work for the cell cul-
ture are taken from a previous publication [39]. In short, umbilical cord
human Mesenchymal stem cells (UC-hMSCs) between passages 4 and 7
were used for the experiments. Then, the paths of the cells were tracked
using the ImageJ software (National Institutes of Health, Bethesda,
USA) plugin with manual tracking developed by Fabrice Cordeliéres at
Institut Curie, Orsay, France, and further migration analysis was done
using the “Chemotaxis and Migration Tool” plugin developed by IBIDI
Software. were used for the experiments. We refer to our previous work
for details [39].

3. Results

3.1. Adhesion behavior as a function of the elasticity and viscoelasticity of
the ECM

We first analyze the cell adhesion behavior for substrates of different
long-term stiffnesses, relaxation stiffnesses, and viscosities (Fig. 2).
Changes in long-term stiffness are related to durotaxis. In agreement
with previous models [29,42], the friction increases as we increase k,
(see Fig. 2(a)). To analyze the viscoelastic effects, we fix the long-term
stiffness, k,=1pN/nm, and analyze the effect of the relaxation stiffness
k, and viscosity u. We show an increase in the friction between the cell
and the substrate as we increase k, and u (Fig. 2(b)). For a relaxation
stiffness lower than ~1 pN/nm, friction vanishes for all values of ECM
viscosities, 4 < 0.5 pN-s/nm (Fig. 2(c)). For values of k, bigger than
~1 pN/nm, friction increases as the viscosity of the ECM increases
(Fig. 2(c)). For constant values of viscosity, we show a transition for
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friction values. For viscosities larger than ~ 10 pN- s/nm, we observe
monotonically increasing values of friction, that reach ~ 2 kPa-s/um?.
For viscosities smaller than ~ 4 pN- s/nm, we see a biphasic behavior.
Friction increases up to ~ 0.7 kPa-s/pm? at k, ~10 pN/nm, and then
it decreases, describing a negative gradient for the relaxation stiffness
(Fig. 2(c)).

Our results confirm previous data on how cell adhesion responds
to the elastic stiffness of the ECM [29,41,42], showing that cells mi-
grate towards positive gradients of friction created by the asymmetric
strength in cell adhesions [28,29]. When cells express talin reinforce-
ment, as in our model, this migration occurs towards the positive
gradient of the elastic stiffness [29,42]. Further, we show that an
increase in the viscosity for constant values of relaxation stiffnesses
behaves equivalently to a stiffness increase in pure elastic substrates
with cells expressing talin reinforcement [42]. However, an increase
in the relaxation stiffness induces, for increasing values of viscosity,
a transition from an adhesion behavior reminiscent of non-reinforced
adhesion complexes to reinforced ones (Fig. 2(c)).

3.2. Theory predicts viscotaxis in single cells

We simulate cells placed on substrates of length L, equal to 200 and
1000 pm (Fig. 3). To obtain values of friction in the moving coordinate
system that represents the migrating cell, k,, k,, and u become func-
tions of space that follow a linear relation with positive (e.g. xk,/L;)
or negative slope (e.g. k,(L, —x)/L,). Because the absolute viscoelastic
properties in which cells are initially located modify the friction they
experience, we also analyze three different initial locations. In these
three samples, we fix the long-term stiffness to k,= 1 pN/nm and we
vary independently k, and u from 10~2 to 102 (Fig. 2b-c). We consider
that cells undergo viscotaxis if the migration velocity is larger than v =
1 nm/s, otherwise we assume that they spread and remain stationary.
Cells on the 200 pm sample express the strongest viscotactic response
compared to the 1000 pm sample, which did not express viscotaxis
(Fig. 3). In all cases, the strongest viscotactic response is obtained for
cells located at the largest gradient of the sample. Therefore, to analyze
the differences between the viscous properties of these matrices in
detail, we focus on the 200 pm sample Fig. 3(a).

Cells initially located at the center of the sample show a persistent
positive viscotaxis with velocities of ~ 5 nm/s for samples of varying
k, and fixed y=2 and 20 pN- s/nm. Same behavior is observed for
samples of varying u and k, ~20 pN/nm. On the other hand, cells
initially located at the center of the sample but of a constant y= 0.02
pN- s/nm remained stationary because there was no friction gradient
for the cells to polarize. The same behavior is observed for samples of
varying u and k, ~ 0.02 pN/nm (see Fig. 2b-c). However, when cells
are initially located at that same middle spot but for samples of varying
k, and constant ;= 2 pN- s/nm, they express negative viscotaxis as they
move towards negative gradients of the viscosity, which correspond to
regions where the friction gradient is negative (Fig. 2c).

Our results show that in most cases cells migrate towards the
positive gradients of the relaxation parameters k, and u of the ECM
(Fig. 3), i.e. expressed positive viscotaxis. However, there are specific
combinations of viscous properties that induce negative viscotaxis. Our
results suggest, in agreement with previous results on durotaxis [28,
29], that gradients in the relaxation stiffness of the ECM can express
both positive and negative viscotaxis. However, gradients in u can
only induce positive viscotaxis. All these results are explained by the
adhesion strength shown in the previous section (Fig. 2). In other
words, our results indicate that cells will always migrate with the
cell front oriented with the strongest adhesion or, equivalently, to-
wards positive gradients of friction [29]. The asymmetric adhesion
forces induce asymmetric retrograde flow which, given the constant
polymerization velocity at both cell edges, establishes the cell front.

3.3. Viscotaxis is mediated by intracellular asymmetric motile forces

To get a deeper understanding of how viscotaxis emerges and
progresses, we analyze the intracellular motile forces that coordinate
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Fig. 3. Migration velocity over time for substrates of 200 pm (a) and of 1000 pm (b) in length. Left and right columns are for cells located at points ii and iii, respectively. Cells
located at point i did not migrate (data not shown). For each substrate, results in the first row are for fixed values of u to 0.02 (blue), 2 (red), and 20 (black) pN-s/nm while cells
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Fig. 4. For the black line case (i in Fig. 3a, bottom-left) we show the evolution of
intracellular variables in space and time. At steady state, (a) actin (black) and myosin
(blue) densities and (b) retrograde flow, (c) polymerization velocity (solid) and the
retrograde velocity at the cell membrane (dash) in time, and (d) kymograph of the
friction 7.

cell migration in space and time. We focus on the case that showed the
strongest viscotactic response (sample with a viscous gradient of 200 pm
in length, fixed k,=0.1 pN/nm and k,= 20 pN/nm, and cells initially
located at y= 20 pN- s/nm). As cells migrate, they travel through
regions of different viscosities and, therefore, the friction computed
through the clutch model changes in space and time (Fig. 4d). This
heterogeneous friction along the cell creates an asymmetric retrograde
flow (Fig. 4b, which competes with the constant polymerization ve-
locity o? at the cell ends (Fig. 4c). The right end protrudes faster
and, therefore, represents the cell front. The asymmetric retrograde
flow also polarizes the actomyosin network (Fig. 4a). All other cases
of viscotaxis described above exhibit similar results, with the model
variables polarized towards the positive or negative direction, and
at a smaller or larger extent, depending on the strength of the cell
friction. Because viscotaxis and durotaxis emerge from the same force
principles, the strength of the cell adhesion and, therefore, the strength

of the asymmetric friction values, our results are in agreement with the
behavior observed during durotaxis [28,29].

3.4. Competition between viscotaxis and durotaxis

Then, we wonder how viscotaxis competes with durotaxis. Gradients
of the elastic stiffness may coexist with gradients of the relaxation
properties of the ECM in vivo. Therefore, it is important to understand
how these two different but coexisting mechanical signals may control
cell migration. To do so, we take our previous model of durotaxis [29]
and put it in competition with our current model of viscotaxis. We name
this cooperative response as viscoelastotaxis.

We use again the strongest viscotactic response described above.
However, we let the long-term stiffness k, change to enable durotaxis.
We also use the strongest durotactic response for a sample of 200 pm
in length where the long-term stiffness changes between 10~2 to 102
pN/nm. We simulate matrices where the long-term and viscosity stiff-
ness change along the same direction or opposite to each other. For
aligned viscoelastic and elastic gradients, the friction profile is similar
to pure viscotaxis (Fig. 5a), although the migratory ability is enhanced
and cells reach a maximum velocity of 6 nm/s. However, when the
two mechanical gradients of the ECM are in opposite directions, cells
may express positive, negative, or null viscoelastotaxis. We show a
minimum in friction at ~ 1 pN/nm relaxation stiffness (Fig. 5(a). We
term this spot diverging stiffness. Cells placed initially on the left of the
diverging stiffness express negative viscoelastotaxis while cells on the
right express positive durotaxis. Cells located at the diverging stiffness
would tend to migrate away from it contrary to durotaxis, where an
optimum rigidity marks a goal location for the cells to migrate [29].

Finally, we use previous experimental results [39] to validate our
computational model. Cells were located in substrates of different
viscous and elastic properties. In summary, two drops of pre-polymer
solutions, which we also tested mechanically, are placed in contact and
diffuse with each other to form a relaxation gradient (see [39] and
Materials & Methods for details). The frequency sweep test showed that
these materials have the same storage modulus (G’) but different loss
moduli (G”). From the small amplitude oscillation regime, we show
that the elastic moduli were nearly the same for both gels, which
also translates to equal short-term for both gels (see Fig. 6a). These
two polymers were also tested in a creep test for applied stress of
60=10 Pa. High loss and low loss gels deform equally at short time
scales (t< 2 s). Fitting of the material parameters to the SLS model
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specified by a triangle. Friction increases monotonically for increasing values of the
elastic stiffness, while it presents a concave shape with a minimum at ~ 1 pN/nm,
where the diverging rigidity localizes. (b) Migration velocities of single cells in a sample
of 200 pm in length exposed to aligned and opposing durotactic and viscotactic signals.
Black line corresponds to the case of aligned gradients. For opposing cues, cells are
initially located at the red cross (k,=0.1 pN/nm and k, =10 pN/nm), blue cross (k,=1
pN/nm and k, 1=pN/nm) and yellow cross (k,=10 pN/nm and k,=0.1 pN/nm) in
panel a. Colors in velocities in panel b correspond to these colors in panel a.

D
o

10%
£ g
- <
o =
ZD ) .l.....
10 *%00000 "““O 1073
$90300000000%°
1072 10° 102 10° 102
Freq. [Hz] Time [s]
c
ke(pN/nm ) B 1o
>
Y S Bk /
= S A
g 0 ‘ 43‘ QQ’
S //% //x \‘Qx
I N
-5 o ?
ey
-10

ky(pN/nm) st 1 (pN-s/im ) el

Fig. 6. (a) Experimental frequency sweep G’ modulus (diamonds) and G” modulus
(circles) for Low Loss (blue) and High Loss (red) gels. (b) Compliance (J) of the Low
Loss (blue) and High Loss (red) gels. The experimental compliance (circles) was fitted
following the SLS model (lines). (¢) A collection of tracks for many cells obtained from
multiple independent experiments of hMSCs migrating on the gels with gradients in the
viscoelastic properties. The material varies from k, = 1.06 pN/nm, k, = 0.28 pN/nm
and y=38.5 pN- s/nm on the left to k, = 0.22 pN/nm, k, = 1.11 pN/nm and y=46.2
pN- s/nm on the right (scale bar 50 pm). (d) Normalized velocities with respect to the
control case in (c) . Colors represent the control case in black, fixed x in blue, fixed
k, in red, fixed k, and k, in green, and fixed k, in magenta.

(Fig. 6b). showed that the first material has k, = 1.06 pN/nm, k, = 0.28
pN/nm and x=38.5 pN- s/nm and the second has k, = 0.22 pN/nm,
k, = 1.11 pN/nm and p=46.2 pN- s/nm. This represents a complex
viscotactic state where gradients of long-term and viscous modulus and
viscosity are established in opposite directions and the prediction of
what direction cells would move towards is not clear.

Then, cells were seeded on the substrate and the migration direction
was measured. 23 cells out of 33 analyzed migrated towards the
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positive gradient of the long-term modulus, in opposite directions to the
viscous gradients (Fig. 6 c). Then, we simulate the same viscoelastotaxis
case. Our results reproduce the migration towards the positive gradient
of the long-term modulus (see control case, Fig. 6d).

To further explore the model results, we performed several simu-
lations to predict how visco-elastotaxis would behave if the material
properties changed. We set each of the viscoelastic parameters constant
and leave the others as the control case (Fig. 6d). Our results show that
if we keep k, or k, and k, constant migration direction is reversed.
A closer look into the migration velocities indicates that the opposing
gradients in k, and k, act as competing mechanical stimuli. When one
of these parameters is kept constant, the migration direction increases
by one order of magnitude, indicating that in the control case, they
were acting against each other. When u was fixed, we observed a mild
change in migration velocity. These results indicate that the relaxation
time scale is far from the timescale of the adhesion cycle determined by
the clutch model. Indeed, when k, and k,, are fixed, migration velocity
decreases by one order of magnitude.

4. Discussion

A deep understanding and precise control of cell migration are
key for medicine and bioengineering as it may allow us to not only
understand how tumor cells invade and metastasize [4,5] or how
cells orchestrate tissue regeneration [1,60], but also to engineer cell
migration for better biomimetic tissue designs [61,62].

In this work, we have shown through physical arguments how single
cells may express viscotaxis, as previously shown by an experimental
study. Most living tissues are viscoelastic; therefore, cells migrating
across these materials feel a combination of viscoelastic properties. Un-
derstanding how gradients in the relaxation properties of the ECM may
impact cell migration is a fundamental question in biology, medicine,
and bioengineering.

Here, we show that the same physical mechanisms that enable
durotaxis dictate viscotaxis. Our results show that gradients of the
relaxation properties of the ECM may activate an oriented cell migra-
tion thanks to an asymmetric adhesion strength, or cell-ECM friction.
We also show that specific combinations of viscoelastic properties
may induce positive and negative viscotaxis. Specifically, gradients in
the viscosity of the ECM always induce positive viscotaxis when the
relaxation stiffness is large enough compared to the long-term stiffness,
or no migration at all if the relaxation stiffness is negligible because
no relaxation of the material occurs at the time scales of the cellular
adhesion. However, gradients in the relaxation stiffness show both
positive and negative viscotaxis. If the relaxation stiffness is smaller
or similar compared to the long-term stiffness, cells will migrate with
a weak positive viscotaxis, because the material’s relaxation will also
be weak. As the values of the relaxation stiffness increase, positive
viscotaxis is enhanced when a large viscosity of the material allows
for material relaxation. However, if the viscosity is low compared to
the time scale of cell adhesion, the effect of high relaxation stiffness is
hindered.

We also confronted viscotaxis and durotaxis and found that a di-
verging minimum in the cell friction makes cells migrate away from it,
contrary to what happens with the optimum stiffness in durotaxis [28,
29]. Other mathematical models of durotaxis have also been used to
explain how durotaxis emerged [63-66]. This diverging point appears
due to the sum of the opposing gradients in the long term and relaxation
stiffnesses, or friction. The point at which the minimum of these
added contributions appears corresponds to the diverging minimum.
Our results also indicated that durotaxis seems to be more efficient in
controlling oriented cell migration than viscotaxis. However, a viscous
gradient could also shift the direction of durotaxis, or inhibit it. When
the relaxation timescale of the material is much larger than the ad-
hesion timescale, or when the relaxation stiffness is low compared to
the long-term stiffness, cells mostly sense the nearly elastic long-term
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stiffness of the substrate. In these cases, the viscotactic response is weak
and cell migration would be due to durotaxis or would not occur.

These opposing responses of viscoelastotaxis can be used for design-
ing relaxation gradients of the ECM to either arrest or shift an initially
oriented durotactic response (see Fig. 5). Or, the other way around,
elastic stiffness gradients can be manipulated to change pure viscotactic
responses, as shown in Fig. 5.

There is also limitation in our model that should be addressed in
the future. The first one is due to the 1D approach we chose, which
limits the analysis of shape changes in the cell or the study of migration
in more complex environments. Well-established numerical methods
could be used in the future to address migration in higher dimen-
sions [67,68]. We also used a simple SLS model. Perhaps, certain ECMs
are better reproduced with other viscoelastic models. Moreover, we
focused exclusively on mechanical signals and, if they are not present,
the cell would just spread symmetrically. However, there are always
other signals that may also coexist with the mechanical gradients,
and that can be responsible for the natural polarization of the cell.
These signals can trigger downstream polarization of GTPases [69]
that may self-polarize due to noisy stimuli, which would eventually
polarize the downstream signals that, eventually, induce cell migration.
Such interaction between mechanical and chemical signals should be
addressed in the future.

In summary, we have added the effect of a viscous matrix to
the notion of durotaxis and rationalized how viscotaxis works. Our
model describes for the first time the competition between elastic and
viscous gradients of the ECM and establishes a new, or more complex
mechanical signal to control cell migration.
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