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Abstract
The processes in which cardiac cells are reorganized for tissue regeneration is still unclear. It is a complicated process that
is orchestrated by many factors such as mechanical, chemical, thermal, and/or electrical cues. Studying and optimizing these
conditions in-vitro is complicated and time costly. In such cases, in-silico numerical simulations can offer a reliable solution to
predict and optimize the considered conditions for the cell culture process. For this aim, a 3D novel and enhanced numerical
model has been developed to study the effect of the mechanical properties of the extracellular matrix (ECM) as well as
the applied external forces in the process of the cell differentiation and proliferation for cardiac muscle tissue regeneration.
The model has into account the essential cellular processes such as migration, cell–cell interaction, cell–ECM interaction,
differentiation, proliferation and/or apoptosis. It has employed to study the initial stages of cardiac muscle tissue formation
within a wide range of ECM stiffness (8–50 kPa). The results show that, after cell culture within a free surface ECM, cells
tend to form elongated aggregations in the ECM center. The formation rate, as well as the aggregation morphology, have been
found to be a function of the ECM stiffness and the applied external force. Besides, it has been found that the optimum ECM
stiffness for cardiovascular tissue regeneration is in the range of 29–39 kPa, combined with the application of a mechanical
stimulus equivalent to deformations of 20–25%.

Keywords In-silico · 3D model · Cardiac muscle tissue · Cardiomyocyte · Mechanical stimuli

1 Introduction

Nowadays, cardiovascular diseases are the first cause of
human death [1]. Due to the unrecoverable nature of the
cardiac tissues, the damage suffered after the myocardial
infarction has a particular importance [2]. The cardiac insuf-
ficiency produced by this deficiency or by other reasons may
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produce a severe heart failure and even death. At present,
the only effective method to restore heart functions is to sub-
ject the affected person to a heart transplant. However, at
this time, the available healthy hearts for transplantation are
insufficient to face the waiting lists [3]. The severity of the
consequences reveals the importance of achieving an alter-
native technique to deal with these diseases. In this line, the
scientific community has made a great effort to understand
the morphogenesis processes of the cardiac tissues in order
to be able to fabricate tissue fragments and recently whole
the organ in-vitro. The possibility of making functional car-
diac tissues in-vitro opens a new line of investigation with
unlimited possibilities and a promising future.

To achieve an efficient cell culture for cardiac tissue regen-
eration, it is compulsory to understand the cellular behavior
as well as the cues and stimuli needed for the morphogenesis
process. If any of these factors is not correctly controlled and
well-tuned, some vital aspects such as tissue architecture [4–
6], cell phenotype [7] or cellular adhesion [8] may be altered
and it could have a negative impact on the functionality of
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the generated tissue [9]. In such cases, this generated tissue
is not prepared to be used in-vivo.

Up to date, a large number of studies have been carried
out for in-vitro development of cardiac tissues [7,10–12].
The construction of this type of tissue relies on clear advan-
tages offered by stem cells to obtain autologous tissues [13].
In this context, very promising experimental studies have
been developed, where a complete differentiation into car-
diomyocytes has been achieved from different pluripotent
cell resources [9,14,15]. Unfortunately, the regeneration of
perfectly functional tissues has not been achieved. In most
cases, electrically active tissues that mimic the original liv-
ing tissues are obtained [16], and tissues with the capacity of
spontaneous contraction are even generated [17]. However,
the contractile stresses developed by these tissues are usu-
ally less than those that are developed in adult cardiac tissues
[15,18]. This difference could be due to several factors, such
as the lack of vascularization and innervation of the tissue
or the state of differentiation and maturation achieved by the
cells [19]. This deficiency of the generated tissue encouraged
the scientific community to deepen its studies on cardiac tis-
sue regeneration. Supporting the exerted experimental efforts
with theoretical and computational models could be the best
strategy to study these processes and find the optimal condi-
tions for tissue regeneration.

Accordingly, in recent years, the development of com-
putational models to explain, optimize and substitute an
important part of the experimental work, has increased. Their
clear advantages make possible to perform a large number
of in-silico experiments to evaluate the effects of differ-
ent parameters with a wide range of possible values. These
models make possible to reduce dramatically the number of
in-vitro and in-vivo experiments, with the consequent eco-
nomic, time and pain saving.

From the computational point of view, two different
approaches can be appliedwhen addressing suchmodels: dis-
crete models, where single-cell interactions can be defined,
and continuum models, where global behavior of cell popu-
lations is considered. Continuous models, usually based on
cell densities, are suitable for studying the behavior of large
cell populations, with a low computational cost. Using these
models, it is easy to study some processes such as wound
healing [20], nutrient consumption [21,22], scaffold design
[23,24], etc. However, these models tend to simplify the
physics of cell interaction and, in many cases, cell migra-
tion, which are essential to the definition of cellular structure
in tissues. For instance, several studies have been shown that
cell architecture is an important factor in tissue functionality.
So it should be considered in the study of tissue regenera-
tion [6,25–28]. Single-cell models can analyze the decisions
made by each individual cell considering its specific envi-
ronment, including ECM signals, cell–cell interactions, and
cell–ECM interactions, and establish their relationship with

respect to the different cellular processes such as migration,
proliferation, and apoptosis.

In 2004, Ramtami et al. [29] presented a new computa-
tional model to describe cell mechanics based on cell–cell
and cell–ECM interactions from a continuum approach. In
their interesting work, local contractions of a cell popula-
tion interact actively with the ECM, however, single-cell
perspective should be taken into account to study the cell–
cell interactions. Zaman et al. [30] based on the differences
observed between 2D and 3D in-vitro cultures, purposes one
of the first 3D mechanical models for cell migration. In their
work, several parameters such as ECM stiffness, and lig-
and density are considered in cell migration, and differences
between 2D and 3D cell migration are exposed. Later, the
developed computational models evaluate cellular behavior
through an analysis of the stresses that they exert to sense their
environment [31], studying processes such as 3D migration
[32], protrusion generation [33,34], morphology [35–38] or
even cellular differentiation [39].

Some recent works consider the adoption of stochastic
approaches to define some cell parameters. For instance,
some authors considered that cell protrusion could be given
bymolecular and thermal fluctuations, and purposes stochas-
tic approaches for their study [34,40].Nonetheless, stochastic
models are usually limited by their computational cost and
considering a large number of cells becomes computationally
expensive (see interesting review in [41]). In this paper, we
focused on the effect of the mechanical stimulation, and the
effects of thermal and molecular fluctuations are considered
as a randomness factor in the definition of the protrusion
forces. In this point, deterministic models can give some
advantages in terms of simplicity and from the computa-
tional point of view. So, we purpose a single-cell model with
deterministic approach, that lets us simulate cell–cell and
cell–ECM interactions in considerable populations of cells
with reasonable computational costs. With this model, pro-
cesses such as cell migration, differentiation, proliferation,
apoptosis, cell–cell, and cell-matrix interaction, and the for-
mation of specific cellular architectures have been studied.

2 Materials andmethods

In the present work, a 3D computational model has been
developed to study the cellular response to different stimuli.
In particular, the processes of migration, differentiation, pro-
liferation, and apoptosis of mesenchymal stem cells (MSC)
as well as cardiomyocytes (CM). Besides, the model con-
siders cell–cell and cell–ECM interactions, which can be
experienced by the cells. Using the established model, the
effect of different mechanical conditions, such as ECM stiff-
ness and/or ECM applied external forces, can be evaluated
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Fig. 1 Cellular mechanosensing and generated forces. a To explore its
environment, the cell exerts some sensing forces, Fsens , on the mem-
brane nodes. The balance of forces is calculated in the cell centroid
considering the traction force, Ftrac, protrusion force, Fprot , and drag
force, Fdrag . b Exerted cell stresses are proportional to the internal

cell deformations. The internal cell deformation in the direction of ei
is established by the initial position vector of the i th node, OMi , and
deformed one, ONi , the resulting length variation at the i th node is
defined by the Ni Mi segment

to qualitatively study their effects on the development of the
cell vital processes.

2.1 Cell migration

Cell migration plays a key role in many biological processes
such as tissues regeneration or remodeling [42,43], wound
healing [44] and cancer development [45–47]. Through
mechanotaxis, the cell is able to interact with its ECM
to evaluate the mechanical conditions of its microenviron-
ment. Aspects such as ECM rigidity or the presence of other
neighbor cells influence directly the cell decision to migrate
towards a specific location. It can even guide the cells to
regenerate a specific cell pattern to recover the original tis-
sue functionality [2,5,25,48].

In the present model, during cell migration, a balance of
forces is considered on the cell body. The considered forces
are the traction force, Ftrac, generated by the cell Actin–
Myosin (AM) apparatus, protrusion force, Fprot , due to the
expansion–retraction of the cell protrusions, and drag forces,
Fdrag , due to the viscous resistance of the medium to cell
movement (Fig. 1a). Here, the inertial effects are negligible
in comparison with the rest of the considered forces. In this
way, the balance of forces can be defined as [49]:

Ftrac + Fprot + Fdrag = 0. (1)

Traction forces, Ftrac, are transmitted through the cell
adhesion located in the cell membrane. So, the traction force,
given by the resultant of the forces applied in eachmembrane
node in the discretized cell, can be calculated as:

Ftrac =
n∑

i=1

Ftrac
i , (2)

whereFtrac
i is the traction force applied at each i th node of the

cell, and n is the number of external nodes of the cell. These
nodal traction forces are calculated through the internal cell
stresses as:

Ftrac
i = σi S ζ ei , (3)

where σi is the exerted stress on the i th node, ei is the direc-
tion of that node with respect to the center of the cell, S is
the node proportional cell surface area and ζ is a dimension-
less parameter related to the adhesiveness of the cell. This
parameter takes into account the density of ligands on the
cell surface, ψ , the number of available receptors in the cell,
nr , and the binding constant, k. It can be calculated by [30]:

ζ = k nr ψ. (4)

The cell exerted stresses, σi , are considered to be depen-
dent on the internal cell strains, εi . These stresses can be
classified into two groups: active stresses, generated by the
actin–myosin filaments contraction, and passive stresses,
generated by the resistance of the cell membrane and the
cytoskeleton to be deformed (Fig. 2a). It is supposed that the
actin–myosin crosslinking motor system generates stresses
directly proportional to the internal deformation experi-
mented by the cell due to the exerted sensing forces, Fsens .
The generated internal cell deformation is considered to be
bounded by the maximum deformation, εmax , and minimum
deformation, εmin (Fig. 2b). In a similar way, the passive
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Fig. 2 Cellular mechanosensing model. a Mechanical model of the
cell. The contraction of the Actin–Myosin machinery, AM, generates
stresses that are transmitted to cell adhesions through the cytoskeleton,
which generates active, εact , and passive, εpas , deformations on the cell
elements, as well as the ECM deformation, εECM . σcell represents the
stresses resulting from the AM contraction and the resistance to defor-
mation of the active, Kact , and passive, Kpas , elements, where Kact and

Kpas are the stiffness modulus of actin filaments and the passive com-
ponents of the cell, respectively. Likewise, KECM , is the ECM stiffness.
fext is an applied external force. bCell exerted stresses generated by the
actin–myosin machinery, σAM , which are linearly dependent on εAM .
εmin and εmax are minimum and maximum cell internal deformation,
respectively

stresses are considered to be dependent linearly on the inter-
nal cell deformation. So, the cell exerted stresses can be
calculated by [39]:

σi =

⎧
⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎩

Kpas εi εi < εmin or εi > εmax

Kactσmax (εmin−εi )
Kact εmin−σmax

+ Kpas εi εmin ≤ εi ≤ ε̃

Kactσmax (εmax−εi )
Kact εmax−σmax

+ Kpas εi ε̃ ≤ εi ≤ εmax

(5)

εi can be calculated at each external node of the cell con-
sidering the variation of the radius with respect to its initial
value as (Fig. 1b):

εi = NiMi

OMi
. (6)

Kpas and Kact are the active and passive stiffness of the
cell, respectively (Fig. 2a). σmax is the maximum stress gen-
erated by the actin–myosin machinery, which is related to
the contraction capability of the Actin–Myosin machinery,
εAM . As the AM deformation is strongly coupled to the
active, εact , and passive, εpas , deformations, it is compli-
cated to obtain. However, this deformation is the generator
of the motor forces of the cell, being implicitly contained in
σmax . Finally, ε̃, is the result of establishing a linear approx-
imation of the cell internal stresses between εmin and εmax ,
defined as:

ε̃ = σmax/Kact . (7)

Protrusion forces are generated by the expansion and
retraction of protrusions of the cell. These protrusions are
generated randomly by the polymerization and depolymer-
ization of cell actin filaments. They generate new anchor
points that alter the migration direction. The magnitude and
direction of these forces will depend on the size and loca-
tion of the generated protrusions, the magnitude is always
less than the traction forces. So, the protrusion forces can be
defined as:

Fprot = κ ‖ Ftrac ‖ erand , (8)

where κ is a random value between 0 ≤ κ < 1, and erand is
a random unit vector.

Finally, the drag force, Fdrag , is the needed force to pene-
trate the cell within the ECM. This force has been calculated
by applying the Strokes law, considering the cell as a spheri-
cal element with r radius moving at a v velocity in a medium
with a η viscosity [50].

Fdrag = 6π r η v. (9)

So, solving the Eq. (1), the migration speed, v, and the
cell displacements, d, can be calculated at time t by

d = Fdrag

6π r η
t . (10)
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2.2 Cell–cell interaction

Cell interactions play a key role in cell behavior. Cells in con-
tact may change drastically their behavior on such aspects as
cell proliferation [66,67] and migration [44,68]. Along the
contact surface between two cells, they lose the ability to
generate protrusions, thus limiting the ability to interact with
the ECM. Likewise, this allows cells to establish intercellular
connections to develop their collective activities. In the case
of muscle cells, cells are grouped to form chains (fibers) con-
veniently oriented acquiring the ability to transmit contractile
forces collectively in a preferred direction, which requires
that the orientation of their cytoskeleton (forming sarcom-
eres) are consistent with the direction of the cell binding.

In the present model, these complex cell–cell interactions
have been considered and implemented. First, an overlapping
limitation has been established so that interference between
cells is not allowed during the cell migration. So, for any pair
of cells, the distance between them must satisfy the criterion
of non-interference. Being Xi and X j the position vector of
the cells i th and j th, respectively, the distance between them,
Xi j , is calculated as:

Xi j = X j − Xi . (11)

To establish the non-interference criterion, cells are con-
sidered to fulfill all the time that ‖ Xi j ‖ ≥ 2r (Fig. 3a).
Consequently, if two cells are in contact, the cell contact
direction can be calculated as:

ei j = Xi j

‖ Xi j ‖ . (12)

The effect of cell adhesion has also been considered. This
adhesion will be conditioned by the orientation of the cells
with respect to the contact direction. The orientation of the
cell is dependent on the direction of the cytoskeleton of the
cell. This direction will be defined as the direction of the
minimum deformation of the cell after the mechanosensing
process, as:

eipol = 1

n

n∑

j=1

ε j r e j , (13)

where ε j is the internal deformation, r is the radius of the
cell and e j is the position vector, at the j th node of the i th
cell.

Besides, we have defined a global polarization direction
(Gpol ), which has the direction of the resultant of all the indi-
vidual cell’s polarization direction after the mechanosensing
process to monitor the general direction of cell polarization
at every time step (Fig. 3b). So, Gpol is calculated as:

Gpol = Rpol

‖ Rpol ‖ , (14)

where

Rpol = 1

n

n∑

i=1

eipol
‖ eipol ‖ . (15)

In the presentmodel, if two cells are in contact, it is consid-
ered that they generate a stable attachment to form a muscle
fiber if the following two conditions are satisfied (1) two or
more nodes in the discretized cell’s membrane are in con-
tact and (2) the cell contact direction agrees with the Gpol

within an established range. For this purpose, the cell contact
direction, ei j , is projected onGpol and then is divided by the
longitude of Gpol , as:

li j = Proj(ei j ,Gpol), (16)

li j is a value between 0 and 1 which gives insight on the
proximity of these two directions. In this way, if the two
vectors have the same direction then li j = 1, meanwhile, if
they are in perpendicular directions then li j = 0. So, to define
a stable contact, capable of forming a muscle fiber, li j should
be within the following established range 1 ≥ li j ≥ ladh (see
Table 2) and ‖ Xi j ‖= 2r . The cells, which are joined in this
way, tend to remain attached.

Unlike individual cell migration (Fig. 4a), cells will pull
on each other, tending to drag all the group. Thereby, a col-
lective response is generated where the joined cells move
together (Fig. 4b). To reproduce this effect, for the cells that
are considered part of a group, Eqs. (1)–(8) are calculated
considering the whole group as one entity. Due to the irreg-
ular group shape, we have to change Eq. (9) by introducing
a shape factor, fsh , as [38]:

Fdrag = fsh 6π rgrp η vgrp. (17)

Here rgrp, and vgrp, are the group’s equivalent radius
and velocity, respectively. Being lmin , lmax , and lmed , the
minimum, maximum and medium lengths, respectively, rep-
resentatives of the group’s ellipsoid morphology, and taken
with respect to an orthogonal reference system, the shape
factor, fsh , is calculated as [38]:

fsh =
[
lmax lmed

l2min

]0.09

. (18)

Finally, applying Eq. (10), we obtain the group displace-
ment, dgrp.

Besides, cells have the capacity of relocating spatially
positions that are more favorable to them. Thus, although the
cells move together, there is also a tendency to move them
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Fig. 3 Cell interaction. a Xi and
X j are the position vector of the
i th and j th cells, respectively,
Xi j is a vector passing by the
centroids of these two cells,
which must satisfy
‖ Xi j ‖ ≥ 2r . (n1 : n4) are the
common nodes. In these nodes,
cells lose their capacity of
exerting protrusions to interact
with the ECM. b The global
polarization direction, Gpol , is
calculated as the average of all
cell polarization directions, eipol .
To establish the type of contact,
li j is defined as the projection of
Xi j in the Gpol direction

Xij
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Fig. 4 Collective migration. Different cell behaviors are considered
in cell migration. a Single-cell migration is considered when cells are
separated, or they are not attached to any group of cells. b Collective
cell migration is applied to any group of cells bonded together. Group

translocation is a consequence of the interaction of each cell in the group
with the EMC. cCells also have the capacity of moving inside the group
to improve their integration within the group

within the group (Fig. 4c), due to the interaction between
them. However, during the same time-step of interaction, the
possibility of a cell moving twice has been discarded. So, if
a cell moves along with a group, it loses the ability to move
independently. Moreover, if the group does not move during
a determined time step, any cell in that group has the capa-
bility to relocate itself within the group, thus it can migrate
to a new position. Displacement applied, in this case, will
be the result of the evaluation of Eqs. (1)–(10) for that cell
individually (see Fig. 4c).

2.3 Cell fate

Different studies have shown the relevance of the mechani-
cal conditions of the cell environment in the differentiation
of stem cells [70,75,76], as well as its maturation [7,18]
and apoptosis [77,78]. Cultured MSCs are capable of mim-
icking different tissues, trigger the differentiation into the
typical cellular phenotype of the mimicked tissue. Although
the mechanotransduction pathways are multiple and remain

elusive, some advanced studies suggest that deformations in
cell nucleolus as well as in specific proteins of the nucleus
membrane can trigger specific biological processes [79,80].
This requires the communication of the deformations experi-
enced in the cell membrane, which is sensing the mechanical
microenvironment of the cell, to the cell nucleus through the
cytoskeleton. Understanding and controlling the processes
that trigger this differentiation can present a clear advantage
in the treatment of different diseases. However, the complex-
ity of the composition and properties of some tissues, such
as cardiac tissue, presents a great challenge to overcome in
order to produce in-vitro tissue constructs with comparable
properties to in-vivo tissue. Stoppel et al. presented a review
of the response of CM to mechanical and electrical stimuli,
where the complexity of themechanical conditions of the cel-
lular environment and its implications during the fabrication
of cardio-like constructs are exposed [69].

In the present work, the effects of ECM stiffness as the
main promoter of cell differentiation will be considered. The
stiffness of the ECM can be perceived by the cell through the
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stresses or deformations that the cell membrane experiences.
However, the relationship between stiffness and deforma-
tions is not always direct, and depends, among others, on the
mechanical properties of the ECM and the boundary condi-
tions. In this study, the mechanical behavior of the ECM has
been considered as linear elastic. Under these conditions, the
relationship between stresses and strains is known and direct.
This allows us to define the mechanical stimulus as a func-
tion of the deformations of the ECM, which in turn will be
related to the stiffness of the ECM. Thereby, the intensity
of the mechanical stimulation received by the cell is calcu-
lated, as a consequence of the interaction of the cell with the
medium, through the deformation of the cell membrane as:

γc(t) = 1

n

n∑

i=1

ei : εi : eTi , (19)

where γc is the mechanical stimulus on the cell, εi is the
strain tensor at the i th node of that cell, ei is the direction
vector of the i th node respect to the center of the cell, and n
is the number of the nodes in the cell membrane.

Considering the deformation experienced by the cell in
ECMswith different stiffness, the ranges ofmechanical stim-
ulation that trigger the differentiation of a certain cellular
phenotype can be obtained. The specific signal transduc-
tion pathway of the cell differentiation due to the mechanical
stimulus is still unclear, however, it is known that the defor-
mation experienced by the cell membrane can be transmitted
through the cytoskeleton to the cell nucleus thus triggering
the transcription of specific differentiation factors [73,81].
Besides, cells require a certain level of maturity to active the
differentiation or proliferation processes. In this way, cell
differentiation becomes a time-dependent process, requiring
the application of a specific level of mechanical stimulation
along the period of the cell maturation.

The time necessary to activate the differentiation, as well
as the proliferation, depends on the cell type. It has been
observed that the increase of the rigidity of the ECM can
reduce the time necessary for the maturation of the cell, sug-
gesting that cell maturation depends in a certain way on the
level of stimulus that the cell receives [73,82]. Although this
time can be reduced by the mechanical stimulus, the cell
always needs a certainminimum time to trigger the processes
of differentiation and proliferation [81]. Consequently, it is
proposed that thematuration time of the cell can be calculated
as:

tmat (γ, t) = tmin + tpγc(t), (20)

where tmat is the time necessary for the cell maturation, tmin

is the minimum time needed to cell proliferation or differen-
tiation, and tp is a proportional time, which depends on the
mechanical stimulus γc.

The maturation state of each cell can be defined through
the Maturation Index (MI) calculated from the maturation
time as:

MI =
{ t

tmat
t ≤ tmat

1 t > tmat
. (21)

The differentiation of stem cells, s, into cardiac myocyte
cells, m, depending on the mechanical conditions of the
ECM, has been considered. Thus, cell phenotype, i ∈ {s,m},
will be conditioned by the state of maturation (MI) as well as
by the level of mechanical stimulus it receives. Thus, once an
undifferentiated cell reaches MI = 1, if the level of mechan-
ical stimulation is within the threshold of differentiation of a
given cell type, the cell will be differentiated into the corre-
sponding phenotype.

Cell state =
⎧
⎨

⎩

m γlow < γc ≤ γmyo & MI = 1
apoptosis γapop < γc

no differentiation otherwise

(22)

On the other side, cell proliferation plays a key role in
tissue regeneration, allowing cells to replicate themselves to
increase their number. For this purpose, cells go through sev-
eral stages of growth before triggeringmitosis, where the cell
divides to generate two new cells instead [83]. The capacity
of cell proliferation seems to be closely related to the level
of differentiation of some lineages, the more specialized is
the phenotype the lower is their proliferation capability, thus
limiting the ability of natural regeneration of certain tissues
[73,84]. It has also been observed that there is a close rela-
tionship between mechanical stimulation and proliferation,
having observed the inhibition of cell proliferation under dif-
ferentmechanical conditions [66–68,85]. Thus, in the present
model, the cell proliferation capacity has been implemented,
relating it to the mechanical stimulation and the maturation
time such as:

Cell proliferation

=
{
1 mother → 2 daughter γprol < γc & MI = 1

no proliferation otherwise
(23)

Aftermitosis process, one of the cellswill occupy the posi-
tion of the mother cell and the other will has a new position at
a distance 2r from the mother cell, which can be calculated
randomly as:

x(1)
daut = xmoth

x(2)
daut = xmoth + 2rerand ,

(24)
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where xmoth is the position vector of the progenitor cell, x
(1)
daut

and x(2)
daut are the position vector of the cells after the mitosis

process and erand is a random unit vector.
Until the late 1990s, the belief that adult CM is unable

to proliferate was widely defended. However, later studies
presented contradictory evidences [86–88]. Nowadays, it is
believed that adult CMs have, although low, some ability to
proliferate (less than 1%) [88]. The ability to proliferate is
closely related to the degree of CM differentiation through
the cell-cycling arrest [72,89]. Recently, Roveimiab et al.,
on an interesting review of muscle cell migration, show the
close relationship between the cell-cycling arrest and the
mechanical conditions of the cell [90]. Concluding that it
may be possible that cells re-enter the cell cycle by reducing
cell junctions, which would result in a recovery of prolifer-
ation capacity. This restriction of the proliferation capacity
with respect to the level of cell maturity has been taken into
account in the present model. Thus, we consider that the
CM goes through different degrees of cellular specialization
reaching the maximum degree of specialization when estab-
lishing connections with other cells that cover at least half
of the nodes of the cell membrane. At this stage, the cells
reduce the capacity of proliferation to 1%.

2.4 Computational model

The model has been implemented within a user-defined
subroutine (UELMAT [91]) within the commercial Finite
Element (FE) software Abaqus Dassault Systems. A repre-
sentative element is defined for the cells by a quasi-spherical
element with 24 nodes that are representing the cell mem-
brane (see Fig. 1). In this element, internal strains and stresses
can be calculated as described in the previous sections. The
cell is surrounded by a continuous medium (ECM) with
which it interacts mechanically, evaluating the conditions of
its environment and triggering the different cellular processes
in response. The stresses transmitted by the cells, through the
nodes located in the cell membrane, require a stress-strain
balance inside the ECM. The interaction of the cell with
the ECM generates deformations that require the solution of
an elastic equilibrium problem of the entire ECM for every
time step through the FE method. The ECM dimensions are
800x400x400µm. It has been discretized by 128,000 tri-
linear hexahedral elements. The mechanical behavior of the
ECM material has been considered as linear elastic. Bound-
ary conditions have been described in Fig. 5. We consider
free surfaces ECM and, to ensure calculation stability, points
(1) and (2) are restricted in their planes. When external trac-
tion forces are applied on the x = 0 and x = 800µm planes,
points (1) and (2) are maintaining the same restrictions. The
algorithm of the model is detailed in Fig. 6. The proper-

U2
y = 0

U2
z = 0

U1
x = 0

U1
y = 0

Fx

Fx

(1)

(2)

(1)

(2)

Fig. 5 Applied boundary conditions. To study the effect of ECM stiff-
ness on cell fiber formation, a free surface ECM has been considered.
In this case, for calculation issues, points (1) displacement in the direc-
tion of X and Y are restricted, while points (2) displacements in the
directions Y and Z are restricted. To study the effect of external traction
forces on cell alignment, homogeneous forces are applied on the planes
x = 0 and x = 800µm combined with the previous restrictions of
points (1) and (2). The value of applied force varies depending on the
ECM stiffness and the desired level of deformation

ties and constants required for the calculation are listed in
Tables 1 and 2.

3 Results

For the validation of the model, we developed a series of
cases to compare their results with experimental cases from
literature. The proposed cases aim is the study of the cellular
response during the differentiation of MSCs in cardiac cells,
as well as to study the effects of the mechanical conditions
of the ECM on the systematic orientation of the cells. Car-
diac tissue shows a high specialization in the generation of
contractile stresses. They also show a preferred direction in
which they are oriented and adhere to each other. This ability,
common for the different types of muscle cells, is due to the
reorientation and the growth of the cytoskeleton inwell orien-
tated structures. Likewise, the cells are able to join by means
of stable junctions with which they are capable of transmit-
ting stresses and electric potential. Several studies suggest
an improvement of the mechanical properties developed by
muscle tissues in-vitro via increasing cell alignment due to
an increase in state of the cell maturation [15,92]. Therefore,
we will simulate and study the effects of the application of
different boundary conditions on the ECM in order to obtain
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σ

l

Fig. 6 Algorithm of the presented model for cell mechanics and cell fate. Cell differentiation, proliferation, apoptosis, and single and collective
migration has been considered

Table 1 Mechanical parameters considered in the model

Parameter Description Value References

Kpas Stiffness of the cell passive elements 2.8 kPa [51,52]

Kmsc
act Stiffness of the actin–myosin machinery of MSC 5.0 kPa [51,52]

Kcm
act Stiffness of the actin–myosin machinery of CM 7.0 kPa [51,53,54]

εmax Maximum cell strain 0.09 [55–57]

εmin Minimum cell strain − 0.09 [55–57]

σmsc
max Maximum contractile stress exerted by the actin–myosin machinery on MSC 0.10 kPa [58,59]

σ cm
max Maximum contractile stress exerted by the actin–myosin machinery on CM 0.25 kPa [59,60]

ν ECM Poisson ratio 0.4 [7,53]

η ECM viscosity 1000 Pas [30,61]

k Binding constant of the cell 108 mol−1 [30,62,63]

nr f Number of available receptors at the front of the cell 1.5 × 105 [64,65]

nrb Number of available receptors at the back of the cell 1.0 × 105 [64,65]

ψ Concentration of the ligands at the rear and the front of the cell 10−5 mol [64,65]
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Table 2 Defined thresholds to model cellular behavior

Parameter Description Value References

ladh Minimum bound of projection to consider cell adhesion 0.50 [4,55]

γlow Lower bound of cell mechanical signal leading to CM differentiation − 0.04 [69,70]

γmyo Upper bound of cell mechanical signal leading to CM differentiation − 0.01 [69,70]

γprol Maximum mechanical signal to cell proliferation − 0.20 [69,71]

γapop Minimum mechanical signal leading to cell apoptosis 0.60 [55,71]

tmin Minimum time needed for maturation 6 days [9,72]

tp Time proportionality 200 days [71,73,74]

the optimal stimulation conditions to improve the processes
of tissue alignment and maturation.

3.1 Cell differentiation

In the last decades, the capacity of stem cells from different
sources, multi and pluripotent, to express cardiac phenotype
has been studied. As a result, it has been observed that the
stiffness ranges of the ECM, which promote the expression
of cardiacmarkers, can vary depending on the cellular source
[93]. However, it is generally observed that these ranges are
comparable to those that can be found in the heart tissue.
Cardiac tissue is a tissue of intermediate stiffnesswhose stiff-
ness varies between 10 and 20 kPa depending on the degree
of maturity [7,69,94]. In this context, Li et al. [70], studied
the effects of ECMs with a stiffness range between 16 and
65 kPa on MSCs differentiation. In these experiments, dif-
ferentiation of CM was observed in ECMs whose rigidity
was close to that of healthy tissue. Likewise, an improve-
ment in the differentiation could be observed as the rigidity
increases, ending by recommending stiffness close to 50 kPa.
Later, Stoppel et al. [69], appointed that stiffness greater than
those of healthy tissue could inhibit the correct maturation
of cardiac cells. Besides, Young et al., 2014 have studied the
difference between ECMs of 1, 11, and 34 kPa for CM cul-
ture. Their study showed that, although differentiation could
be observed in ECMs of 34 kPa, whose rigidity was similar
to that of fibrotic niches, the correct maturation of the cells
could be affected by the high stiffness and this could have
repercussions on the contractile capacities of the cells.

In the first studied case, differentiation of MSCs into CMs
based on the ECM stiffness will be studied. A range of 8–20
kPa ECM stiffness has been chosen to employ. Initially, 40
MSCs were seeded randomly, in ECMs of 8, 10, 15, and 20
kPa, to study cellular differentiation during a period of 5 days,
distributed in 200 steps. Each calculation step is equivalent
to 0.6 h of cell–ECM interaction.

During the first hours, the cells dispersed throughout the
ECM and migrate toward the center guided by the relative
rigidity at the ECM center and the presence of other cells.

Once the center of the ECM is reached, the cells stay in that
zone interacting with each other and forming cell clusters.
After a certain time of interaction, for all cases, MSCs dif-
ferentiate into CM. This differentiation takes place once the
cell reaches a certain level of maturation. The time needed
for this maturation depends on the level of the cell internal
deformations, being greater on soft ECMs. Thus, the more
rigid ECMs the faster the differentiation is. For instance, in
ECM of 8.0 kPa, cells initiate the differentiation after 48 h,
and after 92 h all the cells have been differentiated. In con-
trast, in ECM of 20.0 kPa, cells start the differentiation after
30 h, and after 60 h all the cells have been differentiated (Fig.
7).

ECM stiffness not only influences the differentiation pro-
cess, but also the cell exerted forces. In Fig. 8, the average of
cell traction forces is shown for the considered rigidities. It
can be seen that in stiffer ECMs the traction forces are higher
than in soft ECMs. Besides, in the curves, two transitions can
be observed. The first one corresponds to themigration of the
cells to the center zone, where their level of internal defor-
mation falls and consequently it increases the traction forces.
The second transition corresponds to cell differentiation. The
phenotype change leads to a greater degree of specialization
of the cells generating an increase in the average traction
forces in this case.

3.2 Effect of ECM stiffness on cell fiber formation

In the second case study, the orientation and the formation
of CM fibers in ECMs of 8, 10, 15, and 20 kPa are studied.
Thereby, starting with differentiated CM, cell–cell and cell–
ECM interactions are considered and simulated for 15 days.
For each ECM stiffness, the experiment has been repeated
10 times. Random initial cell distributions have been gen-
erated for each repetition. The evaluation of the results has
been made with the average of the results obtained from the
10 experiments for each stiffness. To contrast the obtained
results, they have been compared with those obtained for
fibroblasts in an ECM of 35 kPa, which is the appropriate
stiffness for fibroblasts in cardiac fibrotic tissues [50,74].
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Fig. 7 Maturation state (right) and cell phenotype (left) (see also video Suppl_case_01). The cells are randomly distributed into a 20 kPa ECM.
After 30 h in culture, the cells start to differentiate. After 60 h in culture, all the cells have differentiated into CM

After cell migration to the center of the ECM, the CM
join to each other following the direction of Gpol . In ECM
of higher rigidity, this direction is closer to the longitudi-
nal direction and elongated groups are formed. In contrast,
fibroblasts form an aggregation with a spherical shape in

the ECM center (Fig. 9). Besides, increasing the stiff-
ness improves cell maturation and proliferation rates, which
explain the higher number of cells in stiffer ECMs. How-
ever, due to the low proliferation rate of CM in comparison

123



Computational Mechanics

Simulated time [hours]

C
el
l
tr
ac

ti
on

fo
rc
es

[p
N
]

Fig. 8 Cell traction forces. Softer ECMs show higher traction forces
than rigid ECMs. An increase in traction forces is observed after 70 h
due to cell differentiation. The time necessary for cell differentiation is
reduced by the ECM stiffness

with fibroblasts, the number of cells of the most rigid ECM
is much lower than that achieved with fibroblasts [90].

It is also observed that, as the simulation progresses, the
number of cells that are incorporated into the main chain
(fiber) increases, obtaining, at the end of the simulation, the
incorporation of almost the total of the cells in a single chain
for all cases (Fig. 10a). We observed that, initially, the cells
take longer time to join each other in softer ECMs, delaying
chains formation, and increasing the variability of the results
(Fig. 10b). At later time steps, we observe how both, the
number of cells in themain chain and its elongated shape, are
greater in stiffer ECMs [95–98]. After 15 days in culture, the
groups formed in 8 kPa ECMs incorporate about 100 cells,
while for 20 kPa ECMs, the groups formed incorporate 140
cells. Although the groups in the stiffest ECMs have a greater
population, the appearance and alignment with respect to the
longitudinal axis are, in general, better in stiffer ECMs.

To compare the shape of the fiber in the different cases, an
aspect ratio, based on the groups’ geometry, has been defined.
The dimensionless parameter ηx , the aspect ratio, shows how
the morphology of the group is geometrically correlated, and
it is calculated as:

ηx =
[

L2
x

L y Lz

]0.5
, (25)

where Lx , Ly , and Lz , are the dimensions of the aggrega-
tion in X , Y and Z directions, respectively. In Fig. 10c an
improvement in the aspect ratio can be observed as the stiff-
ness of the ECM increases.

Along with the simulation, it can be seen that cell groups
have the ability tomove together [99]. Initially, small groups,
made up of a few cells, have a movement capacity similar to
that of individual cells. However, as the number of cells in
the group grows, the movement of these groups slows down
and even stops. Likewise, cells within the same group are
able to relocate to new positions without leaving the group.

3.3 Mechanical stimuli (external traction force on
ECM) on cell alignment

Mechanical stimuli (external traction force) can play a key
role in adherent cell behavior. Cells such as CMs form
anisotropic tissues in which there is a principal direction in
which the forces are transmitted preferentially. These forces
are transmitted from cell to cell through the cadherin-type
junctions, which interconnect the cytoskeleton of the cells.
The ability to transmit forces from one cell to another, as well
as along the cell itself, depends on the degree of alignment
of the cells with respect to the direction of that force. Dur-
ing embryonic development, a perfectly sequenced cascade
of mechanical and chemical signals promote this alignment,
stimulating the cells to generate functional muscle tissues
[100]. The degree of functionality of tissues developed in-
vitro depends on the ability to reproduce these stimuli. In
recent years, a great effort has been exerted to develop dif-
ferent strategies to improve cell alignment in muscle tissues
[15,69,101]. It has been possible to improve the degree of
tissue maturation and contraction capacities. However, the
generated forces by these in-vitro engineered muscle tis-
sues are still lower than those observed in in-vivo tissues.
In this way, understanding the close relationship between the
mechanical conditions of the cell culture environment and
the degree of cell alignment seems to be a key point to con-
tinue advancing towards the improvement of these in-vitro
engineered tissues.

In the previous case, the effect of the ECM geometry has
seemed to be decisive in cell alignment. In the present case
study, a traction force has been applied to the ECM in the
x-direction, achieving the deformation of the ECM in the
range of 5–35%. Being a sustained permanent deformation,
the cells have been considered to adapt their morphology
to the deformed situation of the ECM. Thus, the passive
deformations of the ECM are not considered when calcu-
lating the internal cell deformations. Moreover, due to this
applied force, residual stresses have been generated in the
ECM, which reduces the cell internal deformation in this
direction, thus being able to influence the direction of the
cell polarization.

To study this effect, a series of experiments on ECM with
stiffness in the range of 8–50 kPa, have been generated. For
each stiffness, traction forces have been applied in the x-
direction equivalent to deformations in the range of 5–35%.
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Fig. 9 CMs are seeded in ECMs of 8.0 and 20.0 kPa, and fibroblasts
are seeded in 35.0 kPa ECM (see also video Suppl_case_02). Different
morphologies are adopted by cell aggregations depending on the cell

phenotype and ECM stiffness. CMs form groups along the direction of
Gpol , which is close to the longitudinal direction. In contrast, fibroblasts
create spheroid aggregation in the ECM center

Each case has been repeated 10 times with initial random
distributions of 40 cells.

In general, an improvement in the results with respect to
the previous case can be observed (Fig. 11). The presence of
internal stresses in the ECM, due to the effect of the applied
force, reduces the internal cell deformations in the sensing
phase, which translates into a faster maturation rate. As in
the previous case, a greater number of cells are observed in
stiffer ECMs. However, despite the increase in the rate of
maturation, the proliferation does not seem to suffer a signif-

icant variation for 8 kPa ECMs. In general, in the main chain,
an increase of the cell number is observed with the stiffness
increase until a specific value (39 kPa) and then it decreases.
Besides, as the applied traction force increases, the number
of cells in the main group also increases until a specific value
(20% of deformation) and then it decreases again (Fig. 12a).
A reduction of the time necessary for the incorporation of 75
% of the cells in a single chain is observed in general until
a specific value (29 kPa) and then it increases (Fig. 12b).
Finally, an increase in the Aspect ratio can be observed until

123



Computational Mechanics

(c)

(a)

T
im

e 
to

 i
nc

or
po

ra
te

 t
o 

th
e 

m
ai

n 
fib

er

A
sp

ec
t 

ra
ti

o

(b)
N

um
be

r 
of

 c
el

ls
 in

 m
ai

n 
gr

ou
p

Fig. 10 Analysis of the effect of stiffness on chain (fiber) formation. a
Number of cells that form the main group for 76.5 and 375 h. Stiffer
ECMs show greater proliferation than soft ECMs and it also shows
a higher number of cells in the main chain. b Time (hours) required
for the incorporation of 75% of the cells in the main fiber in different

ECM stiffness. As the stiffness increases, the time necessary for the
cells to incorporate to the main chain drops. cAspect ratio, the relation-
ship between the length of the chain in the longitudinal and transverse
direction for 76.5 and 375 h

a specific value (31 kPa)and then a slight decrease is observed
(Fig. 12c).

These results are consistent with those obtained in dif-
ferent experimental works, where a cell alignment follows
the direction of the imposed force or displacement [4,8,102–
104].

4 Discussion

Cell migration depends on the interactions of cells with
tissue structures, including ECM and other cells, establish-
ing an interdependent evolution between them. Thus, cells
respond to different stimuli (mechanical, electrical, thermal,
and chemical) in different scales (subcellular, cellular, and
multicellular) through ECM interactions, which influencing
individual and/or collectivemigration processes.Mechanical
properties of ECM are perhaps the most essential regula-
tory factor on cellular activity, being key in the regulation
of processes such as migration, proliferation, differentiation,
and apoptosis [105]. Due to the increasing interest in cell
mechanics and cell mechanics modeling, several reviews can
be found in the bibliography. Rorth [106] presented a com-

plete review of the different migration processes, as well as
the influence of cell–cell interaction during collective migra-
tion, highlighting the role played by different cells in the
group, which adopts specific cell phenotypes during collec-
tive migration. Later in 2016, Mayor et al. [107] presented a
new review where they deepen into the process of collective
migration with a special interest in cell–cell communication
through molecular signaling which could be essential in the
coordination of collective cell migration. In that same year,
te Boekhorst et al. [108] presented another interesting review
focused on the mechanical properties of the cell, such as the
evolution of cell adhesions, or the deformations that appear
in the cytoskeleton and the cell, during cell migration pro-
cesses. They also add a good introduction to the developed
computational models, as well as its interesting capabilities
to bring new conclusions in this field. More recently van
Helvert et al. [58], presented an updated review, where new
concepts such as nano-topology and porosity, are presented
with great interest in the analysis of cell mechanics. This
review introduces a new approach in the consideration of
cell–ECM interactions, being necessary to consider an active
and reciprocal relationship between cells andECM.Thus, the
properties of the ECM could alter the cell properties, which
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Fig. 11 CMs are seeded in ECMs of 8, 22, and 36 kPa after 15
days. Incremental traction values are applied in ascending order.
(Top) Traction in x-direction equivalent to 10% of deformation (see
also video Suppl_case_03(a) for ECMs of 36 kPa). (Middle) Trac-
tion in x-direction equivalent to 20% of deformation (see also video

Suppl_case_03(b) for ECMs of 36 kPa). (Top) Traction in x-direction
equivalent to 35% of deformation (see also video Suppl_case_03(c) for
ECMs of 36 kPa). Better cell alignment and greater number of cells in
the main group, can be observed as the stiffness increases. Better results
were obtained in 36 kPa ECMs with 20% of deformation

in turn could modify the ECM, in a continuous process of
reciprocal remodeling.

In the presented work, we purpose a 3Dmodel to evaluate
cell mechanics in complex mechanical ECMs with recipro-
cal interactions. This model has been applied to study cell
differentiation, as well as cell–cell and cell–ECM interac-
tions of cardiac cells, in the early stages of tissue formation,
with a special interest in tissue architectures. To validate the
model, a series of cases, based on experimental results from
the literature, have been proposed.

In the first experiment, cell differentiation guided by sub-
strate stiffness has been studied. The cell–ECM interaction
generates internal cell deformations that are transcribed and
transported to the cell nucleus, triggering specific genetic
transcription protocols. After a time necessary for cell matu-
ration, and which in turn is influenced by the ECM stiffness,
the cells adopt cardiac-like phenotypes.

In the second experiment, cells migration is guided by
both the mechanical stimuli generated by other cells and the
geometry of the ECM. As the ECM has an elongated shape
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Fig. 12 The effect of the application of external traction forces in the
formation of chains in ECMs with stiffness in the range of 8–50 kPa.
Blue line represents the evolution of the results of the intermediate
deformation (ε = 1.20) by a quadratic approximation. The optimum
stiffness obtained from the quadratic approximation of the obtained
results is between the values of 29 and 39 kPa (green band). a Number
of cells that form the main chain after 15 days under deformations of
10, 20 and 35% of the ECM, respectively. An increase in the number of
cells has been observed as the external traction force applied increases
until a local maximum and then a decrease has been observed. b Time
(hours) required for the incorporation of 75% of the cells in the main
fiber after the application of different ECM strains. Minimum values,
and less variability, have been obtained in 36 kPa ECMs stiffness. In
general, the best results are observed for 20% of deformation. c Aspect
ratio after 15 days. (Color figure online)

and the outer faces are free of constraints, the stiffness is rel-
atively high in the longitudinal direction. Coupling of these
two stimuli generates differences in the formation of groups
for different stiffness. The effects of the neighboring cells
are smaller in more rigid ECMs while the effect of the ECM
geometry increases, being determinant for the quality of the
formed chains. Initially, the effect of the stiffness in cell align-

ment does not seem conclusive. A slight improvement can be
observed in the aspect ratio in Fig. 10c, with better results for
the stiffest ECMs. Togetherwith the number of cells that con-
form to the main chain, it is possible to conclude that larger
chains, with equal or better morphology, can be obtained.
Besides, as it evolves with the time, the aspect ratio and the
size of the main chains increases in all cases. The incorpora-
tion of the cells to the main chain seems to be faster in stiffest
ECMs. This is consistent with the well known cell behavior,
that a cell migrates faster in stiffer ECMs. As the cells prolif-
erate, the attraction force generated by cell clusters stimulates
the cells to join rapidly the nearby groups. Due to the own
morphology of the chain, there is a greater number of pro-
liferating cells in the lateral cluster surface, which stimulate
again the cellular growth to be higher in this direction than
in the longitudinal one, reducing in this way the aspect ratio.
Thereby, as a larger number of cells are incorporated into the
main chain, a thickening effect of the chain can be observed.

In the third experiment, we observed longer and thinner
chains. This improvement is reflected in the aspect ratio,
where it is observed that it reaches values above 2.5 (Fig.
12c). However, it is also observed that an excessive ECM
external applied traction force causes a drop in all the aspects.
In 8 kPa ECMs, the time needed to incorporate 75% of the
cells in the main chain, increases when the applied traction
exceeds 2.0 kPa. However, an improvement with respect to
the second experiment can be observed in all the cases for
times below 90 h. In the 15 kPa ECM, a drop can be observed
in both the number of cells in themain chain and in the aspect
ratio. This is repeated for almost all the considered stiffness.
All the cases have been exposed in a 3D graph in which the
best quadratic fit plane is presented for global comparisons
(Fig. 13). The number of cells seems to increase rapidly with
the ECM stiffness (Fig. 13a). Furthermore, the time needed
to incorporate 75% of the cells in the main group seems to
decrease for intermediate stiffness (Fig. 13b). In compari-
son, results for AR seem to be correlated with the imposed
deformation,with higher values in intermediate deformations
(Fig. 13c). For all cases, these results seem to be related to the
ECM deformation, showing worse results for strains above
25% and optimum results within the range of 20–25% of the
ECM deformation (Fig. 13).

We observed local tendencies for each stiffness in func-
tion of the external imposed deformation, with better results
for the intermediate deformations in almost all the cases. So,
instead of using the full data set, for a better comparison of
the results, we compare the obtained results for the interme-
diate deformation by obtaining the approximation curve that
fits better to this data (see blue curve in Fig. 12). The order
of the approximation curve was chosen based on the sim-
plest approximation criterion but keeping a good fit with the
obtained data. Thus, comparing quadratic, cubic, and quartic
approaches, only slight differences could be found, conclud-
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ing that the quadratic approximation curve was sufficient and
adequate for this set of data. Considering this function, it can
be concluded that the optimum stiffness range for obtaining
aligned chains is between 29 and 39 kPa applying a mechan-
ical stimulus equivalent to deformations of between 20 and
25%. This strain value is consistent with theworking range of
cardiac tissue [69]. The drop in higher strains may be caused
by an excessive deformation which could hinder the interac-
tion of the cell with the ECM. This effect could be equivalent
to that is produced by a too rigid ECM, which complicates
the cell penetration.

5 Conclusion

Here we present a 3D model for the analysis of CM behavior
for tissue formation. So, a model of cell migration has been
developed considering the formation of stable cell adhesions,
and collective migration, depending on the mechanical stim-
uli of the cellular environment. Besides, the model includes
the processes of differentiation, proliferation, and apoptosis,
as a response to the mechanical conditions of the ECM. This
model has been applied to study differentiation of MSCs
into CMs, as well as their proliferation and the cellular
architecture formation, due to the effect of the ECMmechan-
ical properties. The results show a relationship between the
geometry of the ECM and the generation of oriented fibers,
as a consequence of the stiffness effects. These effects are
increased by applying external loads that generate internal
stresses in the ECM. The obtained results are qualitatively
consistent with the bibliography [7,15,69,90,95–99,103].

The results show how the mechanical stimuli of the
cell environment are essential for cell behavior, including
differentiation, migration, proliferation, and apoptosis. For
instance, MSCs in ECM in the range of embryonic heart
stiffness trigger differentiation in CMs [69,70,109]. It is also
observed how cells have a different response to different
environment conditions, adopting different cellular architec-
tures depending on the cell phenotype. Fibroblasts form a
spherical aggregate of cells, while CMs adopt an elongated
architecture, due to the tight junctions [105]. Besides, it can
beobservedhowdifferentmechanical stimulus impact on cell
migration behavior. Initially, the cells feel differences in stiff-
ness of the ECM and migrate accordingly. Once they reach
a certain degree of closeness with other cells, the direction
of migration varies, tending to get the cells closer together.
We see that this effect depends strongly on the ECM stiff-
ness, where the cells are able to feel each other at a greater
distance in softer ECMs. While the cells are kept at a cer-
tain distance, the direction of majority polarization is given
by the mechanical conditions of the medium. By applying
an external traction load, it is possible to generate an influ-
ence in this direction of polarization, thereby achieving cells

Fig. 13 The effect of the variation of the ECM stiffness and deforma-
tion with cell behavior. Better results are obtained for stiffness in the
range of 30–40 kPa, and external deformations of 20%. a Number of
cells increases rapidly with stiffness with less relevance of the imposed
external force. b Groups are formed faster in intermediate stiffness. c
Aspect ratio increases in the intermediate imposed deformations

alignment and adherence in a certain direction. Additionally,
it is observed that the geometry of the ECM plays a key role,
as well as the presence of external stimuli, such as the appli-

123



Computational Mechanics

cation of external forces [4,103]. However, it is also noted
that the application of excessive forces or excessive rigidity
can have unfavorable consequences.

In summary, better results have been obtained for stiffer
ECMs, where a higher proliferation rate is observed, due
to faster maturation. Optimum results have been shown in
ECMs with stiffness in the range of 29–39 kPa, applying
a traction force in the x-direction equivalent to deforma-
tions in the range of 20–25%. However, softer ECMs, where
cells are able to differentiate properly, could be beneficial
initially. Thus, as proposed by Young et al. [74], it could
be beneficial to work with materials whose stiffness could
be adapted as the cells mature, achieving an ECM with a
mechanical behavior closer to in-vivo tissue. Finally, as it has
been demonstrated experimentally, applying external forces
to stimulate mechanically the cells, improves both cell matu-
ration and cell alignment, being able to obtain an anisotropic
tissues oriented in a certain direction [4,103]. In this context,
better results have been obtained applying ECM external
deformations in the range of 20–25%, which is consistent
with the deformations to which the cardiac tissue is subjected
[69].

Cellular architecture plays a key role in the growth and
development of tissue functionality [6,25]. This architecture
is closely related to the presence of perfectly coordinated
mechanical, thermal, chemical and electrical cues. The abil-
ity to understand and apply these stimuli in controlled
environments will define the quality of tissues that can be
developed in-vitro. The application of computational mod-
els that can easily reproduce complex environments, can
present a great advantage when designing and analyzing
experimental assays. With the present model, we want to
take a step towards the understanding of these stimuli and
offer a possible tool capable of optimizing the mechanical
environments for cell cultures. Some simplifications and/or
limitations have been considered in the proposedmodel, such
as the consideration of constant cellmorphology, and the con-
sideration of the linear elastic behavior of the ECM. Some
ECM characteristics such as topology, molecular networks,
ECM remodeling, etc. should be taken into account. How-
ever, the presented model has the advantage of being simple,
with a low computational cost and easy adjustment of the
parameters for the study of different cases. In this way, even
with these limitations, the present model can provide rele-
vant information to deepen the study of cell migration and
mechanobiology.
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