N

N

Modelling of migration and orientation of endothelial
cells on micropatterned polymers
Julie Joie, Y. Lei, Thierry Colin, Marie-Christine Durrieu, Clair Poignard,

Olivier Saut

» To cite this version:

Julie Joie, Y. Lei, Thierry Colin, Marie-Christine Durrieu, Clair Poignard, et al.. Modelling of mi-
gration and orientation of endothelial cells on micropatterned polymers. [Research Report] RR-8252,
INRIA. 2013. hal-00795238v2

HAL Id: hal-00795238
https://inria.hal.science/hal-00795238v2

Submitted on 14 May 2014

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://inria.hal.science/hal-00795238v2
https://hal.archives-ouvertes.fr

Modelling of migration
and orientation of

endothelial cells on
micropatterned polymers

J. Joie, Y. Lei, T. Colin, M.-C. Durrieu, C. Poignard, O. Saut

RESEARCH
REPORT

N° 8252

February 2013

ISSN 0249-6399 ISRN INRIA/RR--8252--FR+ENG

Project-Teams MC2







V4

: in]armutics,mathemutics

Modelling of migration and orientation of
endothelial cells on micropatterned polymers

J. Joie, Y. Lei, T. Colin, M.-C. Durrieu, C. Poignard¥, O. Saut

Project-Teams MC2

Research Report n° 8252 — February 2013 — [I9] pages

Abstract: Understanding the cell migration on micropatterned polymers, as well as their orien-
tation is a critical issue in tissue engineering, since it is the preliminary step in the blood vessel
formation. In this paper, we derive an agent-based model to describe the migration and the ori-
entation of endothelial cells seeded on bioactive micropatterned polymers. The model is obtained
thanks to the experimental observations, and it provides numerical results that are quantitatively
in accordance with the experimental data.
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Modélisation de la migration et de 'orientation de cellules
endothéliales

Résumé : Lacompréhension de la migration et de I'orientation de cellules controlées géométrique-
ment est un point crucial dans le contexte de I'ingénierie tissulaire. Il s’agit en effet de la premiére
étape pour la formation de vaisseaux sanguins. Dans cet article, nous avons établi un modéle
d’agent décrivant la migration et I'orientation de cellules endothéliales dispersées sur des plaques
composées de polyméres bioactifs. Ce modéle est basé sur des considérations expérimentales et
nous avons pu obtenir des résultats quantitativement en accord avec ces experiences.

Mots-clés : Ingénierie tissulaire ; modélisation bio-mathématique ; modéles d’agents, cellules
endothéliales ; migration ; équation différentielles
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1 Introduction

Tissue engineering is the use of combination of cells, engineering, materials, and suitable bio-
chemical factors to improve or replace biological functions [2I]. A major problem for the creation
of tissue in wvitro is the lack of functional microvasculature networks. Indeed, the role of capil-
laries and blood vessels is to supply oxygen and nutrients to the cells, but also to remove waste
products and COq [12]. Without an efficient vessel network, the size of cultured tissues is limited
by the weak diffusion of nutrients. The understanding of the mechanisms involved in the creation
of new blood vessel is therefore crucial.

One strategy to develop clinical implants consists of appropriate utilizations of bioactive
materials: bioactive materials may induce in vivo regenerative response at the site of damage,
whereas when used in vitro, they can stimulate the tissue growth for subsequent implantation [T,
[16]. Different bioactive ligands have been used to study their effects on cell functions for a better
understanding of vascularization [23]. In the aim of promoting angiogenesis in the case of tissue
engineering or of inhibiting angiogenesis in the case of cancer, it is important to understand the
mechanisms that regulate lumen formation. Successful micropatterning of cells is becoming a
key component of this field [IT].

Researchers are currently interested in the behavior of cells on substrates that have been
patterned by micro— or nano—fabrication [8, [22]. As reported by Chen et al. in [3], cell position-
ing and physiology can be controlled by the substrate on which the cells adhere. Experiments
presented by Lei et al. in [I5, [I6] show that the use of cell adhesion peptides that are mi-
cropatterned onto material makes possible the formation of tube-like structures unlike the use
of homogeneously grafted materials.

More precisely, experimental studies using micropatterned substrates revealed that the cell
migration is governed by the geometry of patterns. So cultured endothelial cells form extensive
cell-cell interactions, and in some configurations, the accumulation of endothelial cell junctions
implies that tube-like structures are created. The goal of the present paper is to provide a simple
model that describes quantitatively the cell migration towards the micropatterns and the final
orientation of the cells on the strips.

In a previous work [4], we have derived a continuous model of cell migration based on the
well-known Patlak-Keller-Segel model for chemotaxy. That approach made possible qualitative
description of the evolution of endothelial cell densities in accordance with the experiments. In
particular we have shown the high influence of the geometry and of the initial cell density on the
migration.

Nevertheless such a continuous model does not take the cell orientation into account, which
is an important experimental data since it describes the cell organization on the micropatterns.
Cell orientation on the micropatterns plays a crucial role in the formation of tube-like structures,
and the aim of this work is to propose a simple model that can account for it.

Since the experiments deal with a quit small number of cells (around 50 000 per cm?), un-
like [4], it is relevant to consider each cell separately and we describe cell-to-cell interactions for a
large number of cells. We refer to [0, [24] for agent-based models that describe cell-cel interactions.
We emphasize that the idea is to propose a very simple model that can be fitted to produce quan-
titative results in accordance with the data. We thus started from the biological observations of
the phenomena, and we derive our models thanks to simple mechanics considerations.

Polarization of cells can be an active phenomena induced by external causes (see [9],[18], [2]).
Nevertheless in some cases polarization can be observed without any external stimulations as
reported in [10], [26] and [25]. Therefore, we have chosen some ad hoc rules of cell alignment in
order to model the cell orientation. These phenomenological and simple rules account for the
complex phenomenon of cell orientation, which is probably a mixing of the effect of the micro

Inria
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patterned and of non observable phenomena.

The outline of this article is the following: in the first part we present the experimental
techniques and the data that are available. We then describe the set of equations defining
the model, before presenting numerical results. We also show the consistency of our model,
by comparing quantitatively both numerical and experimental data. It is very striking and
interesting that our very simple model, which is only based on classical mechanics without any
description of the complex molecular interactions, provides results that are quantitatively in
accordance with the experiments.

2 Experimental studies

The experimental results have been precisely presented in [I5] [16]. We only remind the reader
of the main observations given in these papers. The micropatterned polymers are adhesive areas
composed of cell adhesion peptides or growth factors peptides that make the cells adhere. These
areas are surrounded by non-adhesive areas on which cells move freely [I5]. Human umbilical
vein endothelial cells (HUVECs) were isolated from the human umbilical cord vein. HUVECs
were grown on gelatin coated culture flasks in a complete HUVEC culture medium. HUVECs
are seeded onto micropatterned bioactive materials during several hours, then they are washed
out. Only the adhered endothelial cells remain on material. The initial cell density is around
50000 cells per cm? (see [15]).

Active principles (cell adhesion peptides or growth factors) do not diffuse in the domain.
Therefore endothelial cells outside adhesive areas have no means to "feel" directly these areas.
They find out these areas indirectly, by the chemoattractant produced by the cell that are already
on the strip. Actually, during the migration phase, we observe that cells have a random motility
and stop on adhesive areas. Moreover the attraction of endothelial cells on adhesive areas seems
to be higher than the one of cells outside those areas. Note that throughout the paper we do
not consider the influence of nutrients and we assume that cells obtain enough nutrients from
the material (due to grafted active principles onto material).

In Fig the final position of the cells on two different micropatterns are observed. Fig
shows the case of thin adhesive areas of 10 pm width with an inter-pattern separation of 100 pm,
whereas Fig[1(b)] shows the end of the migration on large strips (bioactive pattern size: 300 um
and distance between patterns: 100 pm). For a detailed description of such experiments, one
may refer to [15].

(a) thin areas (b) large areas

Figure 1: Endothelial cells alignment onto micropatterned polymer (PET) (10um (a) and 300
pm (b) stripes of cell adhesion peptides) [I5]. The distance between bioactive patterns is 100

pm.

It has been observed that cells tend to gather along the micropatterns. Note that the cells
located on the adhesive areas still move along the strip: they are not completely stuck on

RR n° 8252
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the adhesive area, but they do not leave the strips. Note also that according to pattern size,
endothelial cells line their cytoskeleton to adjust it with the adhesive area.

As presented in [I5], the orientation of the endothelial cells is strongly influenced by the width
of the patterns. Fig. [2] shows cells on different widths of strips . One can also notice that, on

(a) Without bioactive principle (b) Strip of 100 pm width

(c) Strip of 50 um width (d) Strip of 10 ym width

Figure 2: Endothelial cells alignment on different micropatterned polymers (PET) (strips of
RGDS peptides), [15]

micropatterns of 10 pm thin strips, tubes containing a central lumen may appear [15],[5]. In
other words, blood vessels are created from an initial random density of endothelial cells. Such
phenomenon is not observed with larger strips [5],[I3],[17].

Our goal is to predict quantitative information on the influence of the micropatterned geome-
try on both cell migration and alignment. The following facts have been observed experimentally:

e Initially, cells have a random motility and stop on the adhesive areas.

The attractive force between cells is important.

Cells on adhesive areas more strongly pull their neighbors and still have a very low motility.

Two cells cannot stack themselves.

If part of a cell body is located on a strip, it tries to completely enter the strip.

e Cells tend to align themselves with their neighbors.
We aim at deriving a model that describes precisely these phenomena. Note that since the cell
deformation during the migration is a very complex process, which is still poorly understood,

we choose to consider a simple cell shape, namely in the paper, the cells are ellipses whose
parameters depend on the configuration of the experiments.

Inria
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3 Description of the model

Since the experimental data deal with a quite small number of cells, the continuous model derived
in [4] cannot provide results that could be quantitatively compared to the experiments. The use
of a discrete model has been preferred here to describe the cell migration on the micropatterns
at the microscopic level. We therefore aim at deriving a model that describes both motility and
orientation of a single cell, with respect to its neighbors and its environment.

For the sake of simplicity, we did not consider the cell deformation caused by its motion. In
addition, since the cells can be seen as ﬂatEI and since in most of our data they do not overlap,
we consider cells to be bidimensional.

We denote by €2 the domain on which cells migrate. This domain is split into two parts: the
micropatterned domain €, on which cells adhere, and the domain Q \ Q, on which cells move
freely. In the experiments, €2 is mainly composed of disjoint thin strips of polymers, but some
experiments have dealt with annulus micropatterns (see Fig. . We describe the motion and
the orientation of NV cells on the domain €.

For 0 < i < N, the i*" cell at the time ¢ is characterized by an ellipse centered at the point
M ;(t) of the surface and whose (major axis) orientation is given by the unit vector L;(t), as
described in Fig. The major and minor radii of the ellipse, respectively denoted by A
and A, do not depend on time: they are parameters of the model that will be fitted with the
experimental data.

(a) Ideal cell (b) Micropatterns in (¢) Micropatterns in
strip circle

Figure 3: Schematic single cell, and examples of experimental micropatterned domain.

The heuristics of the modeling can be summarized as follows. Using the principle of the
second Newton’s law, which states that the net force is proportional to the acceleration, we first
obtain the motion of M, the center of the ellipsoidal cell. We then obtain the equation on L;
by analogy with the orientation of a dipole subjected to a field in a bidimensional domain.

3.1 Net force acting on the cell

According to the experiments, and to the biological consideration, a single cell is subjected to
the four following forces:

e A long range attractive force between the cells F'., generated by the chemical signal released
by the other cells, so that cells attract themselves.

L According to the experiments, the cells are 25 to 50 um long, 10 to 20 um wide and only 1 to 2 um thick.
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e A short range repulsive force F';, which prevents the overcrowding of the cells.
e A friction force F'¢, which describes the adhesion to the domain.

e An attractive force on the strip F',, which stacks the cell on the strip thanks to the nutrients.

The differential equation satisfied by the cell center M ; reads:
M,=F.—F,—F;+F,. (1)

Note that we have normalized cell mass to 1 in Newton’s law. This is hidden in the parameters
describing each force. We chose to keep the inertial term M; because it is not clear if it can
be neglected in the crowding process. The drawbacks of this choice is that small time steps
have to be used, which increase the computational time. Of course one can recover the usual
overdamped model by choosing carefully the coefficient of the forces which neglect the inertial
term. Moreover, as our model involves the velocity of the cells in the description of the forces, it
would be difficult to solve numerically the problem without taking the acceleration into account.
Let us write precisely the above forces.

3.1.1 Cell-to-cell attraction force F'

The way that endothelial cells communicate is still not clearly understood, but according to
biologists (see [I4]), it seems that cells produce chemoattractant that diffuse around them in
order to attract their neighbors.

We denote by ¢ the density of chemoattractant produced by the cells on the domain €.
For each cell, the production of ¢ is generated by a Gaussian ¥ supported by the cell, whose
maximum is at the cell center. We assume that the diffusion of ¢ occurs on a smaller timescale
than the cell movement. Therefore ¢ satisfies the Poisson equation:

N
Ap = fo(x) > W (x — Mi(t,x)), VY(t,x) € (0,00) x Q. (2)

=1

with homogenous Dirichlet boundary conditions.

Here above the function f. is related to the rate of production of the chemoattractant. We
assume that cells produce more chemoattractant on the strip than outside, therefore f. is the
following piecewise constant function:

fe(x) =

{ Loifx e QA0 g o (3)

Y. ifx € Q; ’

This corresponds to the fact that cells that are in good condition of adhesion tends to attract
the other cells more than the cell whose adhesion is weak.
The attraction force F'. is then derived from ¢:

F.(t,x) = Vo(t,x), Y(t,x) € (0,400) x Q.
From the numerical point of view, ¢ (and thus the attraction force F'.) is computed on the

cartesian grid, while the cells move freely in the domain. Therefore, the value of F'. is projected

on each endothelial cell (M)}, using the projection method described by Min and Gibou [19].

Inria
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3.1.2 Repulsive force

It has been experimentally observed that two cells do not overlap. This fact is taken into account
by a repulsive term which prevents the cell overcrowding:

N

M, — M,
R(M;) = -t ) 4
(M) Z;\\Mz‘—MjHB @
J
VE

The power 3 ensures that the repulsive force is an inverse-square law: it is inversely proportional
to the square of the distance between 2 cells. We chose such an inverse square law so that
repulsion force is bigger than the attraction force. Actually in 2 dimensions the Green function
of the Laplacian is log(r) and therefore the attraction force is of order 1/r: to prevent the
overlapping, we have to impose a repulsion greater than the attraction for short distances.
Since the cells are ellipsoidal, it is necessary to add a multiplication factor in front of R.
Actually suppose that two cells are located at the points M; and M ; (see Figld]). When cells are

. e . . . . .
aligned along M ;M ; (see Fig , the repulsion force is the lowest since the distance between
the cell boundaries is the greatest. On the contrary, in the configuration of Figure the cell

e
alignment is parallel to M ;M ;, the repulsion force reach its maximum value. We therefore

L; i
g "
. M, \_MX
L; i
(a)

(b)

Figure 4: Influence of the cell orientation on the cell-cell distance.
introduce the factor 3(L;), which depends on the orientation of the i** cell:

A=A M; - M,;
B(L;) = )\<Z(M -L;
)

)>+1

The coefficient (A — A)/A is introduced in order to take the cell shape into account: for rounded
cell it vanishes since there is no cell orientation, and the more elongated the cell, the greater it
is. The repulsive force now writes

- L;

‘IIM M, ||

F.(L;, M;) = v.(L;)R(M;), (6)

where 7, is a parameter fitted with the experiments.

RR n° 8252
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3.1.3 Friction force

The friction force is proportional to the cell velocity, it thus reads
F(M;) = ar fr(M;) M3,

where the friction coefficient fr describes the adherence of the domain. Since cells move slowly
on the strip, ff(M;) is a piecewise constant function given by :

Ji(M;) =

{ LMy, € Q0D e > 1 (7)

Ve ifMi,E Qﬂ- ’

3.1.4 Attractive force of the adhesive areas

If a part of a cell is located on the micropatterned polymer region, it will find nutrients and
oxygens on the active principle that will attract the whole cell on the strip. On the contrary, if
the cell is completely on the polymer region, or outside this region, the attraction force F', due
to the strip vanishes.

We use the above function f;, which describes the adherence of the domain, to determine
whether the cell is straddling the polymer region and the outer domain. Actually, since the
distance between two strips is larger than the cell size, the term

fe(M; + AL;) — fe(M; — AL;)

vanishes if the point M; + AL; and M; — AL; are on the same domain. It is positive and equal
to y¢ — 1 if M; + AL; is on the strip and not M; — AL;, and thus the cell will tend to move in
the direction of L;. On the other hand, if M; — AL; is on the strip and not M; + AL;, then it
equals 1 — ¢, and the cell will tend to move in the direction of —L;. Similar considerations by
replacing A by A and L; by Lf‘ ensures that F', is thus given by

Fo(M;, L;) = va (fe(M; + AL;) — fy(M; — AL;)) L;

+ Ya (ff(Mi+)\Lil)—ff(Mz‘—/\LiL)) L}, )

where 7, is a numerical parameter.

3.2 Orientation of the cells

As mentioned before, the deformation of endothelial cells is a very complex process, which is
not taken into account in our simple model. Nevertheless, the cell alignment plays an important
role in the tube-like formation. We therefore have chosen to take this alignment behavior into
account by modeling the orientation L; of each cell.

3.2.1 Heuristics of cell alignment

Before stating the equation satisfied by L;, we introduce the “alignment” vector field ® defined
from R? x R? onto R? by

d : R? x R?2 = R?
(U, V)~ (U-V)(U-VHut (9)

Inria
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In order to understand the above vector field ®, suppose that V is a given vector of R2. Let U
be a time-dependent vector of R? and let § be the angle between U and V in the left-handed
orientation. The orientation of U along V is easily written by the following ordinary differential
equation on 6:

6 = —% sin(26),

such that {0, 7} are stable equilibrium points while {—m/2,7/2} are unstable. This differential
equation can be written in terms of U thanks to ®:

U =&(U,V).

3.2.2 Differential equation for L;

According to the experiments, the cell orientation is driven by three phenomena:
e Alignment along the cell velocity.
e Alignment along the orientation of their neighbors.

e Alignment along the local tangent vector S; of the boundary of micropatterns at the closest
point of M.

We therefore infer the differential equation for L;:

. ®(L,;, L;)
L; =w,®(L;, o A2
||M || Z [M; — M, ||2 (10)

J#l

+ wrBr(M;)®(L;, S;).

Here again it is natural to introduce an inverse-square law for the interaction between two cells.
The above function 3, is given by

Br(M;) = 4f(M;) — fe(M; + AL;) — fi(M; — AL;)
— fe(M; + \L;) — fe(M; — AL;),

it ensures that if the cell is entirely on (or out of) the micropatterns, the cell does not try to
align but if the cell is partly on the strip then it tends to align along the direction of the strip.
Here above, the parameters wy, w. and w, are homogeneous to the inverse of the characteristic
time of each alignment. They will be fitted with the experiments.

(11)

4 Simulations and experiments

In order to study the consistency of our model, we compare the simulation with the experimental
results. We focus on experimental results described in [I5]. The domain €2 is a square of 1mm?,
on which 500 cells are randomly distributed, in accordance with the experiments. To compute
the distribution of the chemoattractant ¢ given by , the domain €2 is meshed thanks to a
cartesian grid of 100 x 100 elements. Three different widths of the adhesive areas are considered:
10, 50 and 100 pm, with the same spacing of 100 ym between the strips.

We emphasize that in order to validate the model we first optimized the parameters for one
specific experiment: here we present the case of strips of 100um width, and then, taking the
values of the parameters for this specific experiment and changing the geometry, we compare the
numerical results to the experimental data.

RR n° 8252



12 J. Joie, Y. Lei, T. Colin, M.-C. Durrieu, C. Poignard, O.Saut

4.1 Numerical method

The discretization of the time derivatives are made using a "leap-frog" scheme for the acceleration
and a centered scheme for the velocity. Initially, cells are randomly distributed on the domain
Q.

The Laplace problem is discretized using a centered finite volume scheme (cf [7]). The
variables are computed at the center of each element of the mesh. The homogenous Neumann
condition is imposed using a penalty method. This allows us to define a general framework to
deal with different kinds of geometries (cf Fig. and Fig. . We use a solver implemented
on the academic library eLYSe.

4.2 Calibration of the model
4.2.1 Cell shape

In [I5], for all three cases, the authors give the cell shapes distribution at the end of the exper-
iments. They measured an approximation of the circularity C (cf Fig of the cells corre-
sponding to the rapport of the major axis with the minor axis. They also give the area of the
cells A on the three different geometries (cf Fig. .

_ 10 3500

=

€ 09

2 3000 -

3 08 l

2] < 2500 -

% o7 I € l [

§ 08 l “é' 2000 - ]

& ° l [ 8 1500 l

§ o4 1 I Tl | I

& © 1

% 03 I 1000

§ 0.2

2 500 -

T 014

O o . . . .
unpatterned  100um 50um 10um unpattemed  100um 50um 10um
(a) Mean circularity C of the cells (b) Mean area A of the cells

Figure 5: Cells shape informations measured at the end of the experiment. [I5]

These measures determine entirely the cell shape parameter of the model thanks to the
relations:

C=MNA, A=mA

Therefore, for each test-case the value of A and ) are given by table[I] Since our phenomenological

Strip width 10 pm | 50 pm | 100 pm
A: Semi major axis (um) | 59.6 59.7 59.2
A: Semi minor axis (um ) | 21.4 26.2 34.3

Table 1: Major and minor axes of the cells with respect to the width of the strips.

model does not come from physical consideration, the parameters involved in the modeling cannot
be measured. Therefore it is essential to fit the parameters with the experiments.

Inria
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Figure 6: Position and orientation of endothelial cells on 100 pym strips at different times.

We first consider the experiments with strips of 100 pm width. We then chose the parameters
given by table[2] to fit with the experiments. In the next paragraph, the consistency of the model

Ye Yr Yt 673 Ya Wy | We Wr
10 [ 107 [ 120 | 10 | 0.05 1 0.2 | 0.2

Table 2: Parameters set to fit with the experiments of 100 pm.

will be shown in the next section by comparing the numerical results with the experiments. We
keep the parameters of table [2] and we change the width of the strips as well as the final shape
of the cells in accordance with the experiments.

A trickier question would be to solve an inverse problem and to find all the set of parameter
that lead to an adequate fit of the data. Note that this is a difficult problem which we will not
address in this paper. The above set of parameter fit with all the considered test cases.

4.3 Qualitative results on the cell motility towards the micropatterns

We first provide qualitative results of the cell migration for strips of 100 pm width. In Figlf]
the positions of the endothelial cells at different times are given. The adhesive areas are colored
in red, the outer domain in blue and the cells are plotted as white ellipses. In accordance with
the experiments, we observe that the cells migrate towards the strips. Note that, as for the
experiments, some cells remains out of the strips since they do not have enough space on the
adhesive areas.

In the experiments the cells are washed out before counting. Numerically speaking, this
corresponds to take out the cells that are not on the strips. Thus in Fig. [} we present the
final cell position on the strip only, at the end of the simulation (i.e. when the cells are almost
completely stabilized).

The results are qualitatively in agreement with the experiments.

4.4 Quantitative results on cell alignment

We now focus on the orientation of the cells in the three previous configurations. In [I5], at the
end of the experiment, the authors measure the angle 6 (in degree) between the major axis of
a cell with the axis of the adhesive areas as shown in the Fig. For each configuration, six
experiments are performed and histograms of the mean values are obtained. This is consistent
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Figure 8: Definition of the angle # for a cell.

with the number of experiments performed for each configurations ([I4]). When 6 is less than
10°, we have considered that the cells are aligned with the strip.

We first consider the 100 pm width strips case. We have computed the angle 8 of the adhered
cells for different initial conditions. We present experimental and numerical results in Fig. [9] The
results are qualitatively and quantitatively in accordance with the experiments. Experimentally,
27% of the cells are considered to be aligned, numerically, this value is equal to 33.78%. Moreover,
the mean value of the cell body alignment angle is equal to 25.9 in [I5] and we obtain a closed
value: 23.10. (see also Tables [3H4)).

For the domain composed by 10um width strips, the results are also in accordance with the
experiments, as shown in Fig. [I0]

Note that the number of aligned cells is more important on thin strips. Numerically, 70.54
% of the cells have an angle belonging between 0° and 10° whereas experimentally one obtains
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Figure 9: Cell alignment on 100um strips, comparison between experimental (a) and numerical
(b) results.

73 % of the cells. The mean alignment angle value obtained numerically is equal to 8.8° and
experimentally it is equal to 9.98°.
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Figure 10: Cell alignment on 10 pm strips in the experiments Fig. [L0(a)| and in the simulation
Fig{10(b)

Let us now take 50 pm width strips. As previously, we show, in Fig. [TI] the cell alignment
at the end of the experiment.

The distribution of the angle have qualitatively the expected behavior, the cells are more
aligned than in the case of 10 um strips. One observes that 42% of the cells are aligned, when
we have obtained 47.19%. We obtain an angle mean value of 14.62°, which is very closed to the
experimental measurements: 15.2°.

4.5 Sensitivity analysis

We are interested here in studying the influence of the parameter involved on the orientation
of the cells: wy, we, and w; on two different results: the mean angle value and the percentage
of aligned cells. We use Morris’s method introduced in [20]. We let one parameter vary and
compute the elementary variation of the results for sample points of the parameter space. This
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Figure 11: Cell alignment on 50pm strips, comparison between experimental (a) and numerical
(b) results.

give rise to a random variable. We then compute the mean m and the standard deviation S
of this random variable and the corresponding points are plotted in a plan (m,S). The results
obtained are presented in Fig[I2] We observe that the mean value and the standard deviation
obtained for w., and w, are important meanwhile they are low when considering the influence
of wy. The mean angle value and the percentage of aligned cells is strongly influenced by the
intensity of the alignment along the strips and along the orientation of the neighbors.

300 5 300 5
20| + We . 04| + We
w0 ]| X @ ® 20| X W
w, w,
200 L8 m 200 L8 +
[}
220 4 220 o
200 o 200 o
5 180 4 5 180
i k]
3 160 o 2 160
3 3
% 140 E 140
= 120 = 120
100 o 100 o
80 X 80 - X
60 o 60 o
40 o 40 o
20 o 204
0 T T o T T
50 100 150 200 250 300 0 50 100 150 200 250 300
mean mean
(a) Influence on the mean angle value (b) Influence on the percentage of aligned cells

Figure 12: Sensitivity analysis of the w, (orientation along the velocity field), w.(orientation
along the neighbors of the cells), and w, (orientation along the strips)parameters .

5 Conclusion
We have provided a simple agent-based model that describes the cell motility on bioactive mi-

cropatterned polymers thanks to classical mechanics consideration. The model has been derived
by analogy to the Newton laws: the acceleration of the cell is driven by four forces, which describe
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the cell-cell interactions and the influence of the domain on the cell motility. We also describe
the orientation of the cell, similarly to a dipole subjected to a force field. This model involves
phenomenological parameters whose values have been estimated to fit the experiments. Chang-
ing the configuration of the strips, but keeping the same parameters, we obtain results that are
quantitatively in accordance with the experiments. The comparison between the experimental
measurement of the cell orientation to the simulation are summarized in tables BH4l As men-
tioned above, the numerical results are qualitatively in good agreement with the experimental
data.

Percentage of aligned cells along the strips
10 pm | 50 pm 100 pm

Exp. Data 73 42 27

Num. Res. | 70.54 47.1 33.68

Table 3: Angle of the mean cell alignment along the patch

Angle of the mean alignment along the strips
10 pym 50 pm 100 pm
Exp. Data | 8.6 6.1° | 15.2£9.6° 25.9£15.8°
Num. Res. 9.98° 14.62° 23.10°

Table 4: Cell alignment of the experiments (Exp. Data.) given by [I5] compared with the
numerical simulations (Num. Res.)

According to both experimental and numerical results (Fig. and E[) the cell alignment
is more efficient on thin strips than on larger ones.

Moreover, the forces that we have used are enough to describe both adhesion and orientation
of the cells. This may be seen, in some sense, as a basic framework for the description of cell
motion on scaffold.
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