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Abstract: Electrical and mechanical stimulations play a key role in cell biological processes,
being essential in processes such as cardiac cell maturation, proliferation, migration, alignment,
attachment, and organization of the contractile machinery. However, the mechanisms that trigger
these processes are still elusive. The coupling of mechanical and electrical stimuli makes it difficult
to abstract conclusions. In this sense, computational models can establish parametric assays
with a low economic and time cost to determine the optimal conditions of in-vitro experiments.
Here, a computational model has been developed, using the finite element method, to study
cardiac cell maturation, proliferation, migration, alignment, and organization in 3D matrices,
under mechano-electric stimulation. Different types of electric fields (continuous, pulsating,
and alternating) in an intensity range of 50–350 Vm−1, and extracellular matrix with stiffnesses
in the range of 10–40 kPa, are studied. In these experiments, the group’s morphology and cell
orientation are compared to define the best conditions for cell culture. The obtained results are
qualitatively consistent with the bibliography. The electric field orientates the cells and stimulates the
formation of elongated groups. Group lengthening is observed when applying higher electric fields
in lower stiffness extracellular matrix. Groups with higher aspect ratios can be obtained by electrical
stimulation, with better results for alternating electric fields.

Keywords: in-silico; 3D model; cardiac cell; cardiac muscle tissue; cardiomyocyte; electrical stimulation

1. Introduction

Electrical stimulation (ES) is an essential part of the human body physiology, which has relevant
regulatory effects on cell motility, nutrient transport, and disease signaling, among others [1].
The effects due to the presence of electric fields and electric currents, generated by electric potentials,
at both the cellular and tissue levels, play a key role in processes such as embryogenesis [2],
tissue regeneration [3], and cancer development [4]. In the past decades, the application of cell ES has
been applied to study various effects, including, among others, the development and regeneration
of tissues [5,6], embryonic development [7], and tissue engineering [8]. Furthermore, ES has
been shown to play a key role in maintaining a differentiated phenotype of certain cell lineages,
such as neuroblasts and myocytes, keeping a close relationship between electrical activity and
functionality [4,9,10]. Thus, the application of electric fields during cell maturation can influence
maturation, architecture, and functionality of the developed tissues in-vitro. Different studies have
shown the advantages of applying electrical stimulation in the muscle cell culture, observing benefits
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in cell differentiation [11,12], maturation [13,14], alignment [15,16], sarcomeric organization [17],
and functional assembly [11,17]. In general, there is an improvement in the ultrastructural organization,
an increase in the synchronization and amplitude of tissue contractions, in electrically stimulated
tissues in comparison with non-stimulated ones.

Despite its observable effects [11], the mechanisms that regulate the cell response to electrical
stimulus are still, in part, unknown, especially when it is combined with other stimuli such as
mechanical cues. Cells, guided by electrotaxis, are able to detect the presence of endogenous electric
fields through the extracellular matrix (ECM), polarizing and migrating in the direction of the electric
field [4,6]. In the anodic zone, the cell is hyperpolarized tending to release K+, and acquiring a locally
more negative membrane potential. On the opposite side, in the cathodic side, the cell is depolarized,
tending to absorb Ca2+ from the environment and becoming locally more positive [4]. These two effects
cause migratory effects in opposite directions, being the effective direction of migration as a result
of this balance. In fact, it depends, among other factors, on the cell phenotype, where both cathodic
and anodic migration tendencies can be observed. For instance, Cardiac Progenitor Cells (CPC),
Cardiac Fibroblasts (CF) [18] and Breast Cancer Cells [4] tend to migrate towards the cathodic direction,
while Fibroblasts (FB) [18] and Keratinocytes [19] tend to migrate towards the anodic direction.
However, this migratory tendency can be altered by changing ECM conditions. In fact, Frederich et al.,
studied the effect of the soluble Vascular Adhesion Molecules (sVCAM) on the migration of CPD
and CF [18]. They observed that, in absence of sVCAM, the directionality effects produced by the
electrotaxis disappeared for the CPC, while the direction was reversed for the CF. Thus, the complexity
of cellular environments, which coupling several stimuli simultaneously (mechanical, electrical,
and chemical), makes it difficult to study and obtain conclusions. For instance, T. A. Banks et al.
have observed differences in the direction of cell migration and alignment, between Mesenchymal
Stem Cells (MSCs) from different donors [20] as well as from previously published studies [21].
These differences might be due to the coupling of different stimuli [18]. Besides, H.Heidi Au et al.
have compared the effect of the electric stimulation coupled with mechanical cues. They conclude that
cell orientation was strongly determined by the topographical stimuli, while the electric stimuli had
less relevance in cell orientation [16].

Generally, when damage is generated in cardiac tissues, the regenerative capacity is limited.
This shortage is associated, among other factors, with the lack of cells proliferative capacity [18,22,23].
Stimulating and improving this capacity implies the need to know and control all the parameters
that influence this process. Establishing the optimal conditions necessary to stimulate and accelerate
regenerative processes implies the development of a large number of in-vitro experiments. From an
experimental point of view, performing multiple tests to regulate and optimize different parameters
entails a high time and economic cost, in addition to considerable technological complexity [11,23].
In this way, theoretical and computational models can offer support to study cell response
in complex environments, letting us study the effect of multiple parameters on cell behavior.
Thus, multiple experiments can be designed and evaluated, with reasonable economical and temporary
costs, to obtain suitable conditions for a given objective, such as the stimulation of cell proliferation
and tissue regeneration. Through these models, it is possible to purpose different hypotheses,
breaking down and studying simple cases whose effects are known. After adequate calibration,
it is possible to consider the coupling of different stimuli to analyze their effects in more complex cases.
These models can be especially useful to study the formation of cellular architecture in complex tissues,
where the architecture is closely related to the functionality [24,25]. Despite the advantages that these
models could offer, as far as we know, up to date, there are few published models related to this topic.
N. Ogawa et al. 2006 presented a computational model for cell reorientation in paramecium cells due
to the galvanotaxis stimulus [26]. They considered the electrical effect on ciliary beating to be the
main cue of cell reorientation. Despite their interesting point of view, cell-cell interactions as well as
mechanical effects of the cellular environment were not considered in their model. In previous works,
our group presented a new approach for cell galvanotaxis considering coupled effects of mechanical,
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electrical, thermal, and chemical stimuli in cell migration [27–29] and cell morphology [30] in 3D ECMs.
However complex cell-cell interactions as cell junctions and collective cell behavior for Cardiomyocytes
(CMs) were not considered. In the current work, we present a 3D mechano-electric model for the study
of cell architecture based on the orientation and cellular migration of cardiac cells. This model allows
to study the processes of migration, maturation, and proliferation as well as the formation of stable
cell chains of Cardiomyocytes (CMs), depending on the applied electrical and mechanical stimuli.

2. Methods

In order to study the cellular response to the ES as well as the mechanical stimulus, a 3D
computational model has been developed. The present model includes cell processes such as migration,
maturation, and proliferation, as well as cell interaction and adhesion. The model has been developed
based on the Finite Element Method (FEM) and depending on the cell internal deformations.

2.1. Cell Migration

Cell migration described in this section is based on the contractile effect of the actin-myosin
(AM) machinery [31–33]. During cell migration, the cell, which is anchored to ECM through the
focal adhesions, is contracted by the effect of the AM assembly. This contraction has two effects,
to evaluate the mechanical environment of the cell (stiffness) and to impulse the cell. After evaluating
the conditions of the ECM, the front part of the cell (preferential migration direction) generates new
adhesions, while the rear part releases them [34,35]. This effect, together with the cellular contraction,
drives the cell towards a new location. The direction in which the cell migrates is defined by a set of
events that include actin random [36] or guided [37,38] polymerization [34,39]. Thus, the relationship
between the cell internal stresses generated by the contraction of the AM and the produced deformation
in the ECM (Figure 1) has been established by the following equation [40,41]:

σi =



Kpas εi εi < εmin or εi > εmax ,

Kactσmax(εmin−εi)
Kactεmin−σmax

+ Kpas εi εmin ≤ εi ≤ ε̃ ,

Kactσmax(εmax−εi)
Kactεmax−σmax

+ Kpas εi ε̃ ≤ εi ≤ εmax ,

(1)

where σi is the internal stresses generated by a cellular deformation εi at each evaluated FE point of
the cell membrane. Kpas and Kact, correspond to the stiffness of the passive and active elements of the
cell, respectively. σmax, εmax, and εmin, correspond to the maximum stress generated by the contraction
of the AM motor, the maximum and minimum deformation, respectively, for which the AM generates
active stresses. Finally, ε̃, is the cellular strain for which maximum effort is generated, and is defined
by ε̃ = σmax/Kact.

During the migration process, the internal stresses are transmitted to the ECM through the
multiple focal adhesions as traction forces, Fi

trac. The magnitude of these forces depends, in addition to
the internal stresses, σi, on the ligands concentration, ψ, and the number of the available receptors, nr,
on the cell membrane as [27,30]:

Fi
trac = σi S k nr ψ ei , (2)

where S is the membrane surface, k is the binding constant, and ei is a unit vector that points from
the evaluated membrane point towards the cell centroid. Then, the resultant traction force, Ftrac,
is obtained through the contribution of the n forces of the cell as [42,43]:

Ftrac =
n

∑
i=1

Fi
trac . (3)
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In addition to the traction forces, the model considers the effect of the forces generated by the
electric field, Felec, the forces due to protrusions generation, Fprot, and the drag forces, Fdrag, due to the
viscosity of the ECM.

KECM KECM

σcell

fextfext

σcell

AM Kact

Kpas

εAM εact

εcell

Figure 1. Mechanical model of the cell. The Actin-Myosin (AM) filaments generate cell internal
contraction, εAM, which is transmitted through the active, Kact, and passive, Kpas, elements, generating
cell internal deformations, εcell , and the resulting stresses, σcell . Likewise, fext corresponds to the
extracellular matrix (ECM) stresses generated by the deformation of the ECM with a stiffness KECM.

Different studies have observed a linear relationship in the migratory cell behavior with respect to
the electric field [17,20,44]. For instance, B. Frederich et al. studied different cardiac cells under direct
current electric fields of different intensity concluding that the effect of the ES is proportional to the
magnitude of the electric field [18]. Besides, C. Chen et al. showed in their review that ES stimulates
cell migration and the average displacement is increased as the intensity of the ES increases, being a
useful tool for regulating cell behavior [44]. This performance is attributed to the influence of Ca2+,
which generates a hyperpolarization of the cell in the direction of the electric field (Figure 2). Therefore,
the force, FEF, with which the cell is dragged by the electric field, E, can be defined as:

FEF = −E Ω S eEF , (4)

where Ω is the cell surface charge density, S is the surface of the cell membrane, and eEF is the direction
of the electric field. The surface charge density can be obtained using the Gouy-Chapman membrane
charge equations as a function of the resting potential of the membrane [45].

Different experiments conclude that, although there is a linear relationship between the intensity
of the electric field and the velocity of the cell migration, cells also exhibit a threshold for which this
velocity does not increase anymore. This value of EF for which saturation of the electric forces appears,
Esat, seems to be dependent on the analyzed cell type [18,19,21,44]. This saturation effect has been
defined in the calculation of the electrical charge density of the cell as:

Ω =

{
Ω(z, ψ) E ≤ Esat ,

Ωsat E > Esat ,
(5)

where Ωsat is the saturation charge of the cell surface, and Esat is the electric field for which the electric
cell forces show a saturation.
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Figure 2. Cell electrotaxis. Cell membrane towards the anode is hyperpolarized allowing the influx of
Ca2+ by passive electromechanical diffusion. In the cathodic side, the cell is depolarized, and its ion
channels open releasing Ca2+. The net electrotactic force depends on the balance of the two opposing
attraction forces.

The present model also considers the local repulsion force produced by the individual charge
of the cells. The repulsion electric force, Fij

EF, experienced by the cells i and j, is proportional to the
electric charge of the cells, Ωi and Ωj, and inversely proportional to the distance between them, rij.
It can be calculated by [27,28]:

Fij
EF =

ke

εr

ΩiSiΩjSj

r2
ij

eij , (6)

where ke is the coulomb constant, εr is the relative permittivity of the ECM, and eij is the direction
from the jth cell towards the ith cell. With the generated forces by each jth neighbor cell and the forces
due to the electric field, the total force on the ith cell, Felec, can be obtained by:

Felec = FEF +
n−1

∑
j=1

Fij
EF . (7)

Protrusion forces, due to the extension and retraction of protrusions of the cell, generate extensions
of the cell which increase cell penetration. In general, it is considered as a random process.
Thus, the magnitude and direction of the protrusion forces, Fprot, have been calculated as [40,43]:

Fprot = κ ‖ Ftrac ‖ ernd , (8)

where κ is a random value between 0 ≤ κ < 1, and ernd is a random unit vector.
Finally, the drag force effect, Fdrag, has been considered as a force that opposes the movement of

the cell due to the medium viscosity, η. It has been defined by the Strokes law as the resistance force to
a cell of radius r, which is moving at velocity v, as:

Fdrag = 6πrηv . (9)

Proposing a balance of forces on the cell, and neglecting inertial effects due to the scale of the
problem, we obtain:



Mathematics 2020, 8, 1875 6 of 23

Ftrac + Felec + Fprot = Fdrag , (10)

through which the direction and velocity of cell migration are obtained.

2.2. Cell Interaction

Cells show a collective response different from their individual behavior. Cell-cell interaction has
a high impact on processes such as cell proliferation [46,47] and migration [48,49]. Through cell-cell
interactions, cells establish intercellular connections by binding, for example, their cytoskeleton
through desmosomes, or communicating electronically through gap junctions [50–52]. By counterpoint,
the cells lose some of the ability to interact with the ECM along the contact surface between two cells.
In muscle cells, cell-cell interaction is particularly important, where the final functionality of the tissue
depends drastically on the union quality between the cells [24,50]. So, to develop in-vitro muscle
tissues, a correct cell guidance to appropriate architectures is desired. Thus, the cell contact vector is
defined, for any pair of cells, through the position vectors of these cells (Figure 3a), as [41,43]:

Xij = Xi − Xj , (11)

where Xi and Xj are the position vectors of the ith and jth cells, respectively. To avoid cells overlapping,
Xij must fulfill Xij ≥ 2r.

Xij

Xj

Xi

n1

n2

n3

n4

O

Xij

(a) (b)

Gpol
lij

ei
pol

Initial
cell shape

Deformed
cell shape

ei

(c)

Figure 3. Cell interaction. (a) Xi and Xj are the coordinate vectors of the ith and jth cells, respectively,
and Xij is the contact vector, which satisfies ‖ Xij ‖≥ 2r. The contact face, defined by the nodes (n1 : n4)
loses the capacity to interact with the ECM. (b) The global polarization direction Gpol , is defined
through the cell polarization ei

pol . The projection of the cell contact, lij, is defined by the projection
of the contact vector, Xij, in the Gpol direction. Being the cell junction possible when lij ≥ ladh,
and ‖ Xij ‖= 2r. (c) The direction of the internal cell deformation, ei, is considered to establish the
direction of the cell mechanical stimulus.

The direction of cell contact can be defined as:

eij =
Xij

‖ Xij ‖
, (12)

while the direction of cell polarization can be determined by the mechanical, ei
mech, and electrical, ei

elec,
stimuli to which the cell is subjected, as:

ei
pol =

ei
mech + ei

elec
‖ ei

mech + ei
elec ‖

, (13)
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where ei
mech and ei

elec are the direction of the mechanical and electrical stimuli, respectively,
calculated as:

ei
mech =

Ftrac

‖ Ftrac ‖
, (14)

and
ei

elec =
Felec
‖ Felec ‖

. (15)

Cardiac tissues are composed of highly ordered myofibrils, which increase in size, number and
complexity during tissue development [3,23,53]. Thus, cells guided by different stimuli in the ECM,
polarize and join other cells forming myotubule-like structures. For instance, V. Planat-Bénard et al.
studied cardiomyocyte differentiation, observing how cardiac cells differentiate and form myotubule
structures after 14 days of cell culture [54]. Besides, as exposed by N. Tahara et al., cardiac precursor
migration showed that CM become connected to form coherent epithelia in bilateral cardiac precursor
populations [55]. This behavior can be observed in different in-vitro studies [3,15,56,57]. In this context,
we define the global polarization direction, Gpol , is an indicator of the degree of alignment of the cells,
which indicates the major direction on which the cells are structured (Figure 3b). This direction is
obtained by evaluating the polarization direction of all cells as:

Gpol =
Rpol

‖ Rpol ‖
, (16)

where

Rpol =
n

∑
i=1

ei
pol

‖ ei
pol ‖

. (17)

This direction is compared to the cell-cell contact direction to determine the quality of the cell
adhesions. Thus, to compare the direction of cell contact, eij, with the direction of global polarization,
Gpol , the projection parameter, lij, has been defined as:

lij =
Proj(eij, Gpol)

‖ Gpol ‖
, (18)

where its value is limited within the range 0 < lij ≤ 1, being 1 if the cell contact vector, eij, and the global
polarization direction, Gpol , have the same orientation, and 0 if they are in perpendicular directions.

In addition, let us define the cell junction (CJ) as a parameter that represents the union of
appropriately oriented two, or more cells. Thus, when two cells are in contact (‖ Xij ‖= 2r) and the
direction of cell polarization is consistent with the polarization direction of the whole cells (lij ≥ ladh),
CJ represents a strong cell contact. ladh represents the minimum bound of the projection parameter to
consider cell adhesion which is proposed based on the ultrastructure of cardiac tissues [24,43,50,58].

Each cell, through the previously described mechanosensing process, tends to move into a new
location (Figure 4a). Nevertheless, cells attached with strong CJ, form groups that tend to remain
attached during migration [22,59]. Each cell tends to drag the cells to which it is attached. This effect
generated by each cell in the group causes a collective migration behavior (Figure 4b). In this case,
a new equilibrium is established by [43]:

Fgrp
drag =

n

∑
i=1

Fi
trac + Fi

elec + Fi
prot , (19)

where Fi
trac, Fi

elec, Fi
prot are corresponding to the contributions of the mechanical, electrical,

and protrusion forces, respectively, of each ith cell in the group. Fgrp
drag corresponds to the drag

force of the group, which can be calculated by [43]:
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Fgrp
drag = fsh6πrgrpηvgrp , (20)

where rgrp and vgrp are the equivalent radius and the velocity of the group, respectively. fsh is a shape
factor, due to the irregular shape of the group, calculated as [30,43,60]:

fsh =

[
lmaxlmed

l2
min

]0.09

, (21)

where lmax, lmed, and lmin, correspond to the maximum, medium, and minimum dimensions of the
group, respectively, which is defined in an orthogonal coordinate system.

Furthermore, cells can also be relocated to new positions, more favorable, within the same group.
After evaluating the translocation of the group, if the group does not move, the individual migration
of the cells of this group is evaluated, vi. In this case, if a cell has the capacity to migrate to a new,
and available, position within the group, then, it is relocated into that new position (Figure 4c).
Thus, the cells belonging to a group can migrate with the group, or relocate within it [22,43,61].

vi
vgrp

vi

(a) (b) (c)

vi

vi

cell-cell
attachments

Figure 4. Cell migration. (a) Individual cell migration is considered when cells are separated or for
cells which are not attached to another cell by CJ. vi is the individual cell velocity. (b) Collective
cell migration is considered for each group of cells attached by cell junctions. Group velocity, vgrp,
is defined from the migratory tendency of the cells in the group. (c) Cell relocation is considered when
group velocity is insufficient to consider the movement. A cell can migrate to a new position, with its
individual velocity, vi, without leaving the group.

2.3. Cell Fate

The mechanical properties of the ECM not only affect cell migration but also are important
for processes such as cell maturation, proliferation, and apoptosis. In the case of cardiac cells,
the mechano-electric conditions to which they are subjected during their maturation are key in the
development of functional tissues [11]. For instance, under different mechanical stimuli, cells mature
at different rates, showing faster maturation in stiffer ECMs [62–64]. To include the effect of the
mechanical stimulus, γc(t), to which a cell is subjected at each instant of time, t, based on its internal
deformation, εi, the mechanical stimulus can be defined as (see Figure 3c) [28,65]:

γc(t) =
1
n

n

∑
i=1

ei : εi : eT
i , (22)

where εi and ei are the cell internal deformation and the position vector, respectively, of the ith node of
the cell, and n is the number of nodes in which the cell has been discretized.

The cell maturation time, tmat(γc, t), which is the time necessary for a cell to reach the necessary
level of maturity to proliferate, is obtained for each cell at each time step, considering the mechanical
stimulus, γc(t), as:

tmat(γc, t) = tmin + tpγc(t), (23)
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where tmin is the minimum time needed to maturate. tp is a time proportionality factor, which depends
on the mechanical stimulus.

To define the status of maturation of each cell, we have defined a Maturation Index (MI) as:

MI =

{
t

tmat
t ≤ tmat ,

1 t > tmat .
(24)

When maturity is reached, MI = 1, the cell has the possibility of proliferating. However,
the proliferation capacity of cardiac cells is limited [66,67], and closely related to the cell-cycle arrest
and cell junctions [23,68]. In this model, an adaptive cell phenotype is considered. In this way,
cardiac cells, initially considered as CM in the early stages of maturation (early CM), and upon
reaching the maturity state, MI = 1, can advance in the maturity of their cardiac phenotype, and reach
the state of adult CM (late CM). This phenotype change is associated with the ability of cells to
form stable cell-cell adhesions [23,54,68]. In fact, adult CM are highly ordered in stable myofibrils,
which prevents cell division [23]. Thus, CM proliferation is closely related to cell maturation and
cell-cell adhesions [23]. In this way, early CM retains the capability of proliferating where an adult CM
is considered post-mitotic and do not proliferate [23,67,69].

Thus, cell proliferation has been defined as a function of the number of CJ, which defines the
formation of cell-cell stable adhesions, and the MI, which defines the cell-cycle status. Whereas, a cell
fully incorporated into a chain undergoes cell-cycle arrest, which blocked cell proliferation. In contrast,
free cells, or partially attached to a chain, maintain their proliferation capacity due to its consideration
as early CM phenotype. This process is defined by the following equation:

Cell proliferation =

{
1 mother→ 2 daughters CJi < CJmax & MI = 1 ,

no proliferation otherwise ,
(25)

where CJi is the number of cell junctions of the ith cell, and CJmax is the number of cell junctions that
promotes cell-cycle arrest [70]. Thus, if the cell is partially surrounded, means attached to at least 4
other cells (CJmax = 4), which corresponds to the 50% of the maximum possible CJ due to the model
discretization, cardiac cell phenotype is considered to achieve an adult phenotype and cell proliferation
is inhibited [43].

Once a cell proliferates, it generates two daughter cells. The locations of these new cells have been
defined as:

x(1)daut = xmoth ,

x(2)daut = xmoth + 2rerand ,
(26)

where xmoth, x(1)daut, and x(2)daut, are the coordinates vectors of the mother cell, the first and the second
daughters, respectively. erand is a randomly generated unit vector.

2.4. Computational Model

The model has been implemented via a user-defined subroutine within the commercial Finite
Element software Abaqus Dassault Systems (UELMAT) [71]. Within this subroutine, the cell has
been defined as a discretized quasi-spherical element with 24 nodes located in the cell membrane
(see Figure 3a). The ECM, with which the cell interacts, is defined through trilinear hexahedral
elements, with dimensions of 800× 400× 400 µm. The model has 128,000 elements and 136,161 nodes.
Each calculation step is equivalent to 0.8 h of cell-ECM interaction, analyzing a total of 160 h in
each experiment. The ECM has been considered as a linear elastic material. The model algorithm is
described in Figure 5, and the employed parameters have been detailed in Table 1.
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Figure 5. Algorithm of the model implemented for each time step.
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Table 1. Mechanical parameters considered in the model.

Parameter Description Value Refs.

Kpas Stiffness of the cell passive elements 2.8 kPa [72,73]
Kact Stiffness of the actin-myosin machinery 7.0 kPa [72,74]
εmax Maximum strain of the cell 0.09 [30,75]
εmin Minimum strain of the cell −0.09 [30,75]
σmax Maximum contractile stress exerted by the actin-myosin machinery 0.25 kPa [76,77]
ν ECM Poisson ratio 0.4 [78,79]
η ECM viscosity 1000 Pa·s [64,80]
k Binding constant of the cell 108 mol−1 [28,80]
nr Number of available receptors of the cell 1.5× 105 [28,80]
Esat Saturation value of electric field 1200 Vm−1 [18]
Ωsat Saturation value of cell charge density 5−2 Cm−2 [45,81]
ψ Concentration of the ligands at the of the cell 10−5 mol [28,80]
ladh Minimum bound of projection to consider cell adhesion 0.50 [24]
tmin Minimum time needed for maturation 6 days [54,68]
tp Time proportionality 200 days [72,82]
γlow Minimum level of mechanical stimuli for cardiac cell differentiation −0.04 [11,83]
γmyo Maximum level of mechanical stimuli for cardiac cell differentiation −0.01 [11,83]
γapop Maximum mechanical stimuli which trigger apoptosis 0.6 [50,82]

3. Results

A series of experiments have been developed to calibrate and compare the model results with
those obtained from the bibliography. For this aim, a rigidity range equivalent to that is used in
the bibliography for cardiac cell culture (10–40 kPa) [11,50,78,83] has been considered. Additionally,
a determined range of electric field (50–350 Vm−1) has been chosen based on the data available in the
bibliography, avoiding intensities that could cause cell damage [18,84,85]. In all the cases, the electric
field is applied in the longitudinal direction.

To study the variability of the results, for each case, 10 repetitions with different initial random
cell distributions have been generated. For representations issue, the average value of the results of
these 10 repetitions has been calculated.

3.1. Continuous Mechano-Electric Stimulation

In the first experiment, the effect induced by a constant electric field on cells is studied. Initially,
40 cells have been randomly distributed in the ECM. Their behavior has been monitored for 160 h.
Different experiments with stiffnesses of 10, 20, 30, and 40 kPa combined with electric field strengths
of 50, 150, 250, and 350 Vm−1, with a total of 16 different configurations have been prepared. In this
case, the interaction of two effects on the cell and its variation is observed by changing the stiffness
and the intensity of the electric field. As observed in previous works of our group [40,43], cells tend
to occupy the center of the ECM guided by mechanical stimulation, being the area where the cells
undergo less internal deformations. The presence of a unidirectional ES guides the cells in the direction
of the electric field, while the different stiffness generate a wide range of possible results. For high
stiffness, the effects related to the mechanotaxis tend to be high, with a greater tendency of the cells to
migrate towards the center of the substrate. In the same way, for high ES cases, a high drag effect of
the cells is generated by the galvanotaxis. The final location of the cells depends on the intensity of
both stimuli.

A differentiated effect is observed for different stiffnesses, with a higher impact of the ES in lower
rigidity ECMs. As the ES increases, cells show an increase in the alignment in the longitudinal direction
as well as a high migration tendency in the direction of the electric field. For the maximum ES, cells are
rapidly dragged by the ES, hindering cell-cell interaction (Figure 6).
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Figure 6. Cardiomyocytes (CMs) in 10 and 40 kPa ECMs, under ES of 50 and 350 Vm−1, after 160 h
of simulation (see also Supplementary Materials video 1). (a) Cells tend to form a longer group in
the longitudinal direction as the electric field increases. Under low electrical stimulus (50 Vm−1),
cells remain at the center of the ECM (top). As the stimulus increases, cells tend to move to the outer
surface of the ECM (bottom). Numerical results for Aspect Ratio (AR) (b) and directionality (c).

As the stiffness increases, the impact of the ES seems to decrease slightly, but general behavior
is maintained. For the 10 kPa ECM, cells only remain in the center of the substrate for the minimum
ES (50 Vm−1). In 40 kPa ECM, where the mechanical stimulus is higher, the cells remain in the center
of the ECM for higher electric field strengths (above 150 Vm−1). Thus, as stiffness increases the ES
and the mechanical stimuli seem to be better balanced, obtaining, in general, better results (Figure 6).
In all the cases, the increase in the ES generates a higher cells attraction in the direction of the electric
field. Thus the electric field increases the directionality of the cell migration toward the direction
of the ES, which is consistent with the bibliography [18,84]. The speed with which the cells are
attracted to the electric field also depends on the stiffness of the ECM, being the lower the stiffness the
higher the ES attraction. Besides, directionality is dependent on the ES strength as was reported by
B. Frederich et al. [18]. At the same time, the effect of mechanical stimulation on maturation increases
the number of cells at the end of the simulation as the stiffness increases. The coupled of these two
effects generate groups with a higher number of cells, maintaining a good degree of cell alignment.



Mathematics 2020, 8, 1875 13 of 23

To evaluate the alignment effects in group’s morphology, we define an Aspect Ratio (AR)
parameter by comparing the geometry of the groups. Thus, AR is defined, considering the main
group’s geometry in each simulation, as:

AR =

[
l2
x

lylz

]0.5

, (27)

where lx, ly, and lz are the longitudinal group length, in X direction, and the transversal group length,
in Y and Z directions, respectively. In addition, the directionality of the cells is controlled by the global
polarization vector, Gpol .

Analyzing the effect of the stiffness and ES on the AR, it is observed that the electrical effects
are much higher than the stiffness. Likewise, the variation of AR seems to have a linear dependence
with the electric field intensity (Figure 7a). The effects of the stiffness on the AR are comparatively
low, with higher AR being observed for low stiffness. Similarly, in the directionality analysis, a greater
effect of the ES is observed in comparison with the effect of stiffness (Figure 7b). As with the AR,
the directionality is shown to be higher for cases of less rigidity and a higher electric field.

(a) (b)

Figure 7. Representation of the obtained numerical results applying a continuous electric field with
different intensities in ECM with different stiffnesses. Blue dots represent 10 experiment repetitions,
on which the surface with the best fit to the results is represented. (a) Aspect ratio for the different
combination of stiffness and electric stimulus. (b) Directionality for the different combination of
stiffness and electric stimulus.

3.2. Pulsatory Mechano-Electric Stimulation

In in-vitro experiments, the ES can be applied to mimic the physiological electrical currents of the
heart [17,84,85]. This is a primarily intended to activate and coordinate the spontaneous contraction
of the AM apparatus. These currents are of a pulsating type and low frequency. For instance,
S. Pietronave et al. observed an increase in the cell alignment and the expression of specific cardiac
markers while stimulating CPCs with monophasic and biphasic electric fields [84]. This is also
supported by M. Radisic et al. work, where cardiac myocytes were stimulated with monophasic
electric fields, showing an increase of the cell alignment, with myofibers aligned in the direction of the
electric field application, and ultrastructural improvement with formed GAP junctions and contractile
activity within the cells after five days [17]. In this way, we also tried to study the stimulation of the cells
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with monophasic electric fields. So, an electric pulsatory field is applied during the simulation to study
and compare the effect of different ways of stimulation on cell behavior and group’s morphologies.

In this case, the electric field is applied discontinuously with the same configurations of stiffnesses
(10, 20, 30, and 40 kPa), electric fields (50, 150, 250, and 350 Vm−1), and initially random distributed
40 cells. The electric field is initially active and then it alternates its activation at each step (on/off).

The general behavior of the cells, observed in the previous experiment, is maintained (Figure 8).
During the steps in which the electric field is active, the cells tend to migrate in the direction of the
electric field, which is consistent with the bibliography [17,18,84]. In the steps in which the electric
field is disabled, the cells, due to mechanical stimulation, tend to migrate toward the center of the ECM
as it was seen in a previous work of our group [43]. These two effects slow down the migration to the
outer surface of the ECM. Thus, compared with the previous experiment, the effects of the electric field
are less pronounced.

10 kPa 40 kPa

50
V

m
−

1

(a)

(c)(b)

35
0V

m
−

1

Figure 8. CMs in 10 and 40 kPa ECMs, under electrical pulsatory stimulation of 50 and 350 Vm−1,
after 160 h of simulation (see also Supplementary Materials video 2). (a) Less effect of the electric field
is observed with a greater tendency of the cells to remain close to the center of the ECM. AR (b) and
directionality (c) increase as the Electrical stimulation (ES) increases.

As in the previous case, the ES is more intensive in low stiffness ECM, showing higher values of
the directionality (Figures 8c and 9b). On the contrary, the results for the AR seems to be balanced for
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all ECM stiffness (Figure 9a). In this second experiment, the dependence of the AR with the ES seems
to follow a linear tendency (Figure 9a). The maximum values of the AR, obtained with the maximum
ES, seem to be reduced compared with the previous experiment. However, in the visual comparison of
the results, a good level of cell alignment is observed for high levels of ES, avoiding excessive drag of
the cells towards the surface of the ECM (Figure 8).

(a) (b)

Figure 9. Representation of the obtained numerical results applying a pulsatory electric field with
different intensities in ECM with different stiffnesses. Blue dots represent 10 experiment repetitions,
on which the surface with the best fit to the results is represented. (a) Aspect ratio for the different
combination of stiffness and electric stimulus. (b) Directionality for the different combination of
stiffness and electric stimulus.

3.3. Alternating Mechano-Electric Stimulation

The cells not only can be stimulated by a discontinuous electric field, as mentioned in the previous
case, but also by alternating electric field [11]. Thus, in the third experiment, the application of an
alternating electric field is considered. For this purpose, the direction of the electric field has been
reversed at each step. As in the previous cases, stiffnesses of 10, 20, 30, and 40 kPa, and electric fields
of 50, 150, 250, and 350 Vm−1 are applied on 40 cells initially randomly distributed. Having in account
that prolonged exposure to high-intensity electric fields can trigger cell apoptosis [18,20], cell-cell and
cell-ECM interactions are studied during 160 h of simulation.

In this case, the electric field guides cells to move alternately in the longitudinal direction while
the mechanical stimulation guides cells toward the center of the ECM. Although the cells are moving
in the longitudinal direction, the migration direction is reversed as the electric field reverses. This is
consistent with experimentally studied cases in the bibliography, where the direction of cell migration
was evaluated when the electric field was reversed [18,21]. This process reduces the effective migration
(total translocation) of the cells in the longitudinal direction. In low ES cases (50 Vm−1), the cells
migrate easily to the center of the ECM, which shows that the electric stimulus effect is lower than
the mechanical stimuli. On the contrary, in high ES (350 Vm−1), cells approach the center of the
ECM moving slightly in the longitudinal direction. Initially, cells’ effective movement is almost
perpendicular to the electric field direction, toward the center of the ECM with slight movement in
the direction of X axis. As the cells reach the central position of the ECM, the presence of other cells
increases the mechanical stimuli, guiding the cells to migrate towards the other cells. The combination
of both stimuli introduce an improvement in the length of the formed groups.
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Compared with the previous cases, the groups are bigger and more elongated (Figure 10). As the
cells remain in the center of the ECM, the region of higher rigidity, the cell proliferation increases.
When the cells join a group, cell proliferation is considered to be inhibited. Unlike the previous cases,
as the cells have a combination of two different directions stimuli, groups are formed later, which gives
de cells extra time to proliferate. As in the previous experiments, the effects of ES are more pronounced
in ECM of less stiffness, where the mechanical stimulus is lower. Besides, better results of AR and
directionality are obtained (Figure 11). In this third case, it is observed that the AR tendency follows a
behavior that can be considered linear, both for the mechanical and electrical stimulus, individually
and/or combined effects (Figure 11a). On the contrary, the directionality follows a clearly non-linear
tendency. For values greater than 150 Vm−1 and for all stiffness, saturation in the directionality of the
cells is observed (Figure 11b).

10 kPa 40 kPa
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Figure 10. CMs in 10 and 40 kPa ECMs, under an alternating electric field of 50 and 350 Vm−1,
after 160 h of simulation (see also Supplementary Materials video 3). (a) Higher tendency to form a
group in the longitudinal direction is observed. Cells remain close to the center of the ECM where the
cells maturate faster and the proliferation rate increases. Larger and better-oriented groups are formed
by applying an alternating electric field, with better results for AR (b) and directionality (c).
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(a) (b)

Figure 11. Representation of the obtained numerical results by applying an alternating electric field with
different intensities in ECM with different stiffnesses. Blue dots represent 10 experiment repetitions,
on which the surface with the best fit to the results is represented. (a) Aspect ratio for the different
combination of stiffness and electric stimulus. (b) Directionality for the different combination of
stiffness and electric stimulus.

4. Discussion

ES is essential for the development of engineered heart tissues, which preserving cells’ mature
phenotype and improving the contractile properties [11,15,17,18]. Likewise, its intensity, frequency,
and duration of application can be key for the development of highly functional tissues [15].
The coupling effects of electrical and mechanical stimuli have been shown to be relevant in cardiac
tissue development [11]. This strongly encourages us to study these effects in computational models
where such stimuli can be studied, modeled, and balanced, saving time, costs, and pain in experimental
studies. Furthermore, through the parametrization of cell behavior, it is possible to evaluate different
cell and ECM conditions, including those associated with different pathologies [10,11,58].

In the proposed model, the cells initially align and migrate in the direction of the electric field
which is consistent with the bibliography [11,18,21,44,85]. It has seen that different electric field
strengths, as well as different stiffnesses of the ECM, generate differences in the direction and speed of
cell migration as was observed in experimental models [18,85]. In general, as observed in the present
model, high values of ES increase the degree of cell alignment and the groups elongated morphology.
Likewise, the greater the stiffness, the faster the cell maturation, which increases cell proliferation until
the cells join in groups where cell proliferation is inhibited. Their coupling effect is also extended to
cell-cell interaction. If the electric stimulus is higher than the mechanical stimulus, cells can be dragged
by the electric field which can delay or impede cell-cell contact and group formation. As it has been
observed in the obtained results, the formation of correctly organized groups depends on the correct
balance between the electrical and the mechanical stimulus.

As observed in the present model, cell response varies depending not only on the intensity but
also on the type of the applied electric field. Comparing the results of the applied different modes
of ES, significant differences are observed in cell response. For instance, in the cases of continuous
and pulsative electric fields, cells are dragged in the direction of the electric field and tend to migrate
towards the external face of the ECM (cathodic zone) [18,20,44]. On the other hand, in the case of the
alternating electric field, cell migration direction is reversed as the electric field changes its direction,
as can be observed in different experimental models [18,21,44].
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Better results are observed when applying a continuous electric field (Figure 6). When applying
ES discontinuously (Figure 8), the results are worse. This can be attributed to the decrease in the
effective electric stimulus which is only active half of the time. Furthermore, by disabling the electric
field, the cells only get stimulated by the mechanical cue. So, they lose some of the directionality
induced by the electric field. On the other hand, when an alternating field is applied, cells maintain
the directionality induced by the electric field. Due to the changing of the electric field polarity, the cell
drag towards the electric field is reduced, keeping the cells in the center of the ECM. Cells alternate
the direction of the migration which reduces the effective cell motility in the longitudinal direction.
Thus, cells migrate towards the center of the ECM, due to the existence of strong mechanical stimulus
and the presence of other cells, which stimulate the cells to form more elongated groups and improve
the cell-cell interaction.

In the first and second experiments, when stiffness increases, slight differences are observed,
in both AR and directionality. On the contrary, higher differences can be observed in the third
experiment. A significant change in the tendency of cell directionality is observed, where a saturation
point is detected when the applied electric field is greater than 150 Vm−1 (Figure 11b). These differences
in the results obtained for the different modes of application of the electric field, which highlights
the relevance of properly understanding the processes that trigger the electrical stimulation of the
cells. In this way, the hypothesis of the use of computational models is reinforced, to support the
experimental work, which allows advancing in the understanding of these processes.

For more rigid ECMs, larger groups can be observed. This can be attributed to, as mentioned
before, the increase in stiffness, which leads to faster maturation of the cells. Besides, as the cells are
considered initially at the stage of early CM, an increase in cell proliferation has been noted. As the
number of cells increases, the AR ratio may be decreased due to the thickening effect of the groups.
This justifies that, although visually the groups are larger in stiffer ECMs, the graphs show a slight
improvement in the results. This effect of stiffness can also be seen when comparing the number of
cells observed in the third experiment with the previous ones. As the cells are kept in the center of the
ECM, which is the stiffest zone, the maturation of the cells is faster, and the total number of cells after
160 h of simulation is higher than in other cases.

5. Conclusions

We have developed a computational model to study cardiac cell behavior in 3D matrices,
with different stiffnesses, under the effects of different external electric fields. The model has been
applied to study cell migration, polarization, organization, and formation of groups through cell
junctions. With this model, we studied the effect of the electric field, with different modes of
application which include continuous, pulsative, and alternating electric fields. Furthermore, different
combinations of ECM stiffness and electric field intensity were simulated to study the effect of the
coupling of the mechanical and electric stimuli. The obtained results are qualitatively consistent with
the bibliography [2,17,18,44,84,85]. Thus, cells tend to migrate, in the direction of the electric field,
proportionally to the intensity of the electric stimulus [18,44]. Besides, cells polarize towards the
electric field direction and tend to form aligned groups in the direction of the electric field which
depends on its intensity [17,18,44,85].

The stimulation of the cells through the application of an external electric field improves the
directionality of the cells in the longitudinal direction, which corresponds to the electric field direction.
As the electric field increases, cells tend to form elongated groups with higher AR. These effects
are more pronounced in less ECM’s stiffness, revealing the effects of the coupling of electrical
and mechanical stimuli. While the ES induce the cells to migrate in the longitudinal direction,
the mechanical stimulation guides cells to the center of the ECM. As a result, an improvement of
the AR and directionality is observed by decreasing stiffness and thereby mechanical stimulation.
Similarly, by increasing stiffness, the effects of ES decrease. In case of lower electric field (50 Vm−1),
cells tend to remain at the center of the ECM, indicating that the mechanical stimulus dominates the
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electric stimulus. Thus, the best directionality and AR results are obtained by applying the maximum
electric field combined with the minimum stiffness. On the other hand, cell maturation is faster in
more rigid ECMs, which increases the maturation speed as well as increasing the proliferation rate of
the early CM. The effect of stiffness on the proliferation can also be observed in the third experiment.
In this case, cells keep at the center of the ECM, which corresponds to the stiffest zone of the ECM,
increasing cell maturation and showing higher proliferation.

The mode of application of the electric field changed the response of the cells. Thus, a considerable
increase in directionality and AR has been observed when applying an alternating electric field. In this
case, a saturation point of the directionality is observed for ES above 150 Vm−1, where this is not
observed in the other modes of the electric field. Significant differences can be observed due to the
coupling of electrical and mechanical stimuli, with substantial variations in the results. Cells are
guided by stimuli with different effects and the cellular response depends on the incidence of each
stimulus. Thus, when a high mechanical stimulus is observed, the effect produced by the electrical
stimulus tends to decrease. In the same way, for high electrical stimuli, the effect of the mechanical
stimulus loses relevance.

In conclusion, groups with higher AR can be obtained by applying higher ES. The increase in
AR seems to increase linearly by increasing the intensity of the electric field. Different electric field
applications (continuous, pulsating, or alternating) show a different influence in AR and directionality,
with better results when the alternating electric field is applied. Likewise, an increase in stiffness is
favorable to promote cell proliferation.

The presented model has been elaborated establishing a series of simplifications that must
be considered with the aim of simplifying and providing stability to the calculations. Among them,
cell morphology, which is considered spherical along with the simulation. Likewise, cellular interaction
with certain growth factors, which can modify or inhibit certain cellular behaviors, has been simplified
by considering neutral cell culture. Despite the model limitations, it is capable of evaluating the
coupling of different stimuli, electrical and mechanical, which is relevant in the case of cardiac cells.
Furthermore, the results indicate that the mode of application of the electric field can significantly
change the cell behavior. This strengthens the idea of using computational models to study the
appropriate conditions for cell culture, giving support to the in-vitro and in-vivo assays. Likewise,
computational models can reproduce a large number of culture conditions with reduced time and
economic cost, thus being able to establish preliminary studies that reduce dramatically the number of
experiments. In this case, it has been seen that the coupling of the electrical and mechanical stimulation
notably increases and accelerates the cell proliferation process. Consequently, it can be considered a
highly recommended combination for the in-vitro and in-vivo experiments.

Supplementary Materials: Supplementary Materials (video 1, video 2, video 3) can be downloaded at
http://www.mdpi.com/2227-7390/8/11/1875/s1.
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