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ARTICLE INFO ABSTRACT

Keywords: Engineered heart tissues (EHTs) built from human induced pluripotent stem cell-derived cardiomyocytes
Cardiac electrophysiology (hiPSC-CMs) showed promising results for cardiac function restoration following myocardial infarction.
Human induced pluripotent stem cells Nevertheless, human iPSC-CMs have longer action potential and lower cell-to-cell coupling than adult-like CMs.

In silico modeling and simulation
Myocardial infarction

Scaffold design

Tissue engineering

Ventricular assist device

These immature electrophysiological properties favor arrhythmias due to the generation of electrophysiological
gradients when hiPSC-CMs are injected in the cardiac tissue. Culturing hiPSC-CMs on three-dimensional
(3D) scaffolds can promote their maturation and influence their alignment. However, it is still uncertain
how on-scaffold culturing influences the overall electrophysiology of the in vitro and implanted EHTs, as it
requires expensive and time consuming experimentation. Here, we computationally investigated the impact
of the scaffold design on the EHT electrical depolarization and repolarization before and after engraftment
on infarcted tissue. We first acquired and processed electrical recordings from in vitro EHTs, which we used
to calibrate the modeling and simulation of in silico EHTs to replicate experimental outcomes. Next, we built
in silico EHT models for a range of scaffold pore sizes, shapes (square, rectangular, auxetic, hexagonal) and
thicknesses. In this setup, we found that scaffolds made of small (0.2 mm?), elongated (30° half-angle) hexagons
led to faster EHT activation and better mimicked the cardiac anisotropy. The scaffold thickness had a marginal
role on the not engrafted EHT electrophysiology. Moreover, EHT engraftment on infarcted tissue showed that
the EHT conductivity should be at least 5% of that in healthy tissue for bidirectional EHT-myocardium electrical
propagation. For conductivities above such threshold, the scaffold made of small elongated hexagons led to the
lowest activation time (AT) in the coupled EHT-myocardium. If the EHT conductivity was further increased and
the hiPSC-CMs were uniformly oriented parallel to the epicardial cells, the total AT and the repolarization time
gradient decreased substantially, thus minimizing the likelihood for arrhythmias after EHT transplantation.

* Corresponding author at: Instituto de Investigacién Sanitaria de Aragén (IIS Aragén), Zaragoza, Aragén, Spain.

E-mail addresses: rrosales@unizar.es (R.M. Rosales), k.mountris@ucl.ac.uk (K.A. Mountris), aolivanv@unizar.es (A. Olivan-Viguera),
mariapzabalza@unizar.es (M. Pérez-Zabalza), g.cedilloservin@umcutrecht.nl (G. Cedillo-Servin), oiglesias@unav.es (O. Iglesias-Garcia),
a.hrynevich@umecutrecht.nl (A. Hrynevich), m.dias.castilho@tue.nl (M. Castilho), j.malda@umcutrecht.nl (J. Malda), fprosper@unav.es (F. Présper),
mdoblare@unizar.es (M. Doblaré), mmazoveg@unav.es (M.M. Mazo), epueyo@unizar.es (E. Pueyo).

https://doi.org/10.1016/j.compbiomed.2024.108044

Received 14 August 2023; Received in revised form 23 December 2023; Accepted 26 January 2024

Available online 1 February 2024

0010-4825/© 2024 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-
nc-nd/4.0/).


https://www.elsevier.com/locate/compbiomed
https://www.elsevier.com/locate/compbiomed
mailto:rrosales@unizar.es
mailto:k.mountris@ucl.ac.uk
mailto:aolivanv@unizar.es
mailto:mariapzabalza@unizar.es
mailto:g.cedilloservin@umcutrecht.nl
mailto:oiglesias@unav.es
mailto:a.hrynevich@umcutrecht.nl
mailto:m.dias.castilho@tue.nl
mailto:j.malda@umcutrecht.nl
mailto:fprosper@unav.es
mailto:mdoblare@unizar.es
mailto:mmazoveg@unav.es
mailto:epueyo@unizar.es
https://doi.org/10.1016/j.compbiomed.2024.108044
https://doi.org/10.1016/j.compbiomed.2024.108044
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

R.M. Rosales et al.

1. Introduction

Myocardial infarction (MI) is the leading cause of mortality world-
wide, standing behind 45% and 39% of female and male deaths respec-
tively during 2021 [1]. Even if the improvement in treatment strategies
has made most patients to survive acute MI, there is a subsequent
induced pathological remodeling that has major impact on patient
outcomes. The remodeling involves progressive cardiomyocyte death,
the formation of a fibrotic scar and impairments in the diastolic and
systolic heart function [2]. All these alterations following MI increase
the risk for heart failure and enhance vulnerability to arrhythmias and
sudden cardiac death [2,3].

In recent years, novel treatment strategies have been developed
that involve the repopulation of MI-injured myocardial regions with
human induced pluripotent stem cell-derived cardiomyocytes (hiPSC-
CMs). By integration and proliferation of the hiPSC-CMs in the MI
region, these strategies aim at recovering cardiac function. They, thus,
represent promising alternatives to current solutions, such as cardiac
transplantation and left ventricular assist devices [4,5]. Heart trans-
plantation is a highly complex surgical procedure, only considered in
some cases of end-stage heart failure, as its main shortcoming is the
lack of availability of human donors. Once a donor-recipient match has
been identified after an exhaustive analysis of their risk factors, many
complications still need to be overcome for this technique to provide
long-term patient survival, with some of the main complications being
related to graft dysfunction and failure, life-long immunosuppression,
allograft rejection and cardiac allograft vasculopathy [6]. Regarding
left ventricular assist devices, they usually represent a temporal therapy
while waiting for heart transplantation and their implantation involves
cumbersome invasive surgeries and the administration of long-term
anticoagulation drugs [4,5].

An important limitation of the use of hiPSC-CMs is their lack of mat-
uration. The structural, electrical, mechanical and metabolic immatu-
rity of these fetal-like cells is the result of the notable shortfall of trans-
verse tubules, mature calcium handling and oxidative metabolism [7].
Mechanically, structural deficiencies such as sarcomere length and
organization can originate contractions with short amplitude and dura-
tion that might be insufficient to restore cardiac function. Electrically,
immature hiPSC-CMs present spontaneous electrical activity, higher
diastolic membrane potential, longer action potentials and lower up-
stroke velocity than adult CMs. These dissimilarities unleash electro-
physiological heterogeneities that could increase the risk for arrhyth-
mias when transplanting hiPSC-CMs into the host tissue [4,8].

The lack of maturation has been suggested to originate as a conse-
quence of hiPSC-CMs culturing in non-biomimetic milieus in absence
of stromal and vascular cardiac cells and the biophysical interactions
among them [8]. Therefore, electrical and mechanical stimulation,
topographical and chemical substrates and other tissue engineering
techniques have been investigated to generate cells more closely mim-
icking adult-like CMs. Recent studies have postulated that maturation
can be promoted by culturing cells in engineered patches [9-12].
Modern additive manufacturing techniques, such as melt electrowriting
(MEW), are able to build scaffolds resembling the extracellular ma-
trix [13]. Nevertheless, a thorough characterization of the conduction
and repolarization properties of hiPSC-CMs cultured in those scaffolds
is yet lacking, which could help to identify the optimal culturing
conditions to provide engineered heart tissues (EHTs) able to recover
cardiac function while not exacerbating arrhythmic risk when engrafted
on the infarcted myocardium.

In the past decades, the use of computational modeling and simu-
lation has grown exponentially with the aid of drastic improvements
in computational resources and experimental data collection. In sil-
ico models now enable highly detailed representations of biological
processes and contribute to reduce expensive and time consuming ex-
perimental trials. Ionic, cell, tissue and whole-organ in silico models can
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be employed to e.g. evaluate spatiotemporal distributions of electro-
physiological variables or to assess therapeutic interventions [14,15].
It is currently feasible to investigate the effects of engrafting EHTs
in ventricular tissues after MI with the aid of in silico simulations of
cardiac electrical activity.

This work aims to in silico determine the scaffold characteristics
that render EHTs closely replicating the electrophysiology of healthy
heart tissue. First, an initial model calibration is performed based on
the acquisition and processing of in vitro electrical recordings acquired
from EHTs manufactured with the MEW technique and loaded with
hiPSC-derived cells. We build a linear model between the electri-
cal conductivity, represented by the longitudinal diffusion coefficient
(LDQ), and the cellular alignment (CA) in the in silico EHT models
according to the experimental results. Once the CA-conductivity re-
lation was defined, a comprehensive evaluation of the depolarization
and repolarization properties of the EHTs is conducted for scaffolds
created using different thicknesses and a range of pore shapes and sizes.
Subsequently, in silico EHTs are engrafted on three-dimensional (3D)
slabs composed of healthy and infarcted tissues. Activation time (AT),
conduction velocity (CV) and repolarization time (RT) gradient (RTG)
are calculated to assess propagation and arrhythmic risk in the coupled
EHT-myocardium.

A preliminary version of this work was reported in [16]. Substantial
additions were included in the present manuscript with respect to [16].
These include experimental analysis of more complex pore-shaped
EHTs, novel numerical simulations with improved EHT models based
on an extended in vitro acquisition and processing of electrical record-
ings as well as more accurate definition of in silico model parameters
based on experimental evidence. Also, we extended our previous in sil-
ico evaluation of EHT designs by adding different scaffold’s pore shapes,
by including variations on scaffold’s pore size and by varying overall
EHT thickness, maturation-related conductivity and CA. Importantly,
here we tested electrophysiological changes generated by different EHT
designs not only before but also after the EHTs were engrafted on
slabs of infarcted ventricular tissue. Furthermore, we performed a new
arrhythmic risk assessment based not only on ATs but also on CVs for
the individual EHT models (not coupled to cardiac tissue), and on ATs,
CVs and RTGs for the in silico coupled EHT-myocardium models. Thus, a
more exhaustive and robust evaluation is presented in the present study
that considers a wider number of variables and simulation cases and
allows to more thoroughly and realistically characterize the electrical
propagation in EHTs, both alone and when engrafted on infarcted
myocardium.

2. Methodology

Fig. 1 depicts the four main tasks conducted in this work, one
experimental task described in Section 2.1 and three in silico tasks
described in Sections 2.2.2-2.2.4. First, we acquired and analyzed elec-
trophysiological data obtained from in vitro EHTs (Fig. 1a). Next, we in
silico replicated this experimental data (Fig. 1b) by adjusting the model
parameters. Subsequently, we in silico assessed the electrophysiological
behavior of distinct EHT designs both before and after being implanted
on a slab of MI tissue (Fig. 1c and d, respectively).

2.1. Experimental electrophysiological analysis of in vitro EHTs

2.1.1. Experimental data acquisition

Electrophysiological recordings from a two-dimensional (2D)
scaffold-free culture and four 3D scaffold-based EHTs were acquired
and processed. Three different recordings were collected for each of
the EHTs and one recording was collected for the 2D control culture,
which rendered 13 electrical recordings for analysis. The results of the
electrical propagation analysis served as a basis to evaluate the impact
of the scaffold used to culture hiPSC-CMs. In particular, the alignment
and maturation of hiPSC-CMs, which have been reported to be lower
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Fig. 1. Experimental and in silico assessment. (a) Experimental data acquisition by optical mapping and resulting AT map for a square-pore EHT. (b) In silico calibration of
EHT models, with illustration of the comparison between experimental and simulated ATs and the derived CA-conductivity relation. (c) In silico evaluation of EHT designs by
electrophysiological analysis of different scaffold’s pore sizes and shapes (left panel) and its definition of CA and conductivity (right panel). (d) In silico evaluation of EHTs engrafted
on a slab of MI tissue (left panel) and the pore-driven and uniform approaches used for defining CA and electrical conductivity in the engrafted EHT (right panel).

for 2D scaffold-free cultures than 3D EHTs [17], were considered as a
function of the scaffold characteristics.

For EHTs, fiber scaffolds were printed in medical grade poly-e-
caprolactone (mPCL, Purasorb PC 12, Corbion) using a purpose-built
MEW device (QUT, Queensland, Australia). Of the 4 EHTs, 3 had square
pores and 1 had regular hexagonal pores. All 2D and 3D experiments
had a surface area of 5 x 5 mm? and, in the 3D cases, a thickness
of 0.2 mm. The pore area was 0.04 and 0.42 mm? for square and
hexagonal geometries, respectively. Human iPSC-derived cells were
produced in-house as described in [17] and embedded in growth factor
reduced matrigel and fibrin for the square and hexagonal pore-shaped
EHTs, respectively. Both hydrogels were expected to provide only a
transient support and to quickly degrade, thus not interfering with
cellular communication. The hexagonal pore EHT was made available
from an ongoing investigation assessing culturing hydrogels and it
contained 10% of hiPSC-derived cardiac fibroblasts (hiPSC-CFs). The
hydrogel-cells complexes were casted on the printed scaffolds, with
similar cellular densities for all EHTs, and were cultured for 28 days.
For the 2D culture, cells were plated on slide chambers (Ibidi).

High temporal and spatial resolution videos of Ca2* transient activ-
ity in the EHTs were acquired by optical mapping (OM) employing a
MiCAM 05-Ultima CMOS camera (SciMedia, Costa Mesa, CA). Samples
were stained by immersion in culture medium supplemented with
Rhod-2 AM (Ca?* sensitive dye, Invitrogen, Eugene, OR) at 5 pm for 30
min under incubation conditions (37 °C, 5% CO,). Blebbistatin (10 pwm,
Tocris Bioscience, St. Louis, MO) incubation during 30 min prevented
motion artifacts. Ca2t transients were acquired due to the increased
recorded fluorescence amplitude associated with Ca2+ dyes compared
to voltage dyes. After dye incubation, the EHTs were placed in a heated
chamber (RC-27NE in a PM-6 heated platform, Warner Instruments)
at 36.5 °C with 1 mL pre-oxygenated Tyrode’s solution (supplemented
with 30 mm BDM to prevent motion artifacts) and Ca2* concentration
was mapped. EHTs were excited using a high intensity LED illumination
system through an excitation filter of 530 nm (LEX2-LZ4, SciMedia,
Costa Mesa, CA, USA). Emitted fluorescence was collected through
a THT-macroscope (SciMedia) and detected with a camera equipped
with a 575/15 nm band-pass filter. A sampling frequency of 500 Hz
and a spatial resolution of 100 x 100 pixels per frame, with a field
of view of 3.1 mm, were used. The EHTs were field-stimulated with
two platinum electrodes at 1 and 2 Hz [18], using an A385 stimulator
(World Precision Instruments, Sarasota, FL) to apply monopolar pulses

of 70 mA amplitude and 3 ms duration. After a short stimulation period
to allow the EHTs to adjust to the pacing rate, 20-s recordings were
acquired.

2.1.2. Experimental data processing

Optical mapping signals were analyzed using custom-written soft-
ware [19]. A region of interest was manually defined for each mapped
EHT. Baseline drift in the signals was attenuated by high-pass filtering
with a cut-off frequency of 0.4 Hz. High-frequency noise was removed
by using an adaptive spatio-temporal Gaussian filter with automatic
selection of its parameter values as a function of the recording char-
acteristics [19,20]. Fig. 2(b) presents the Ca2+ signals corresponding
to the points X, and X, marked in the EHT of Fig. 2(a), which
were obtained after application of the described processing and sub-
sequent normalization. From the individual signals, denoted by x;(t),
i = 1,...,N, with N the total number of pixels in the region of
interest, a mean Ca?* signal, X(t), was calculated by first aligning the
signals and subsequently averaging them. Cross-correlation between
each individual signal x;(r) and the mean signal x(r) was computed
and only those individual signals with maximum correlation above 0.86
were used for subsequent analysis. Next, local ATs were calculated for
each x;(n), i = 1,..., N, as exemplified in Fig. 2(e). Specifically, the
AT value for x;(¢) and a given beat was computed as the time elapsed
between a fixed time reference, denoted by A, and the time associated
with the maximum derivative of x;(r) in that beat, denoted by U. The
reference A was defined from the mean signal X() in the given beat by
subtracting a constant B to the time C associated with the maximum
x(t) value. Thus, a unique reference A was set for AT calculation in all
pixels. A final AT value was computed for each pixel as the median of
the ATs of all beats.

As depicted in Fig. 2(a), an AT map was obtained from the ATs of
all pixels. Image processing techniques, including opening, closing and
median filtering operations, were applied to remove isolated clusters of
cells. The AT values from all pixels were clustered with a dendrogram
based on the Euclidean distance among cluster centroids, as illustrated
in Fig. 2(c). This served to visually assess depolarization propagation
and to define the stimulation region when using in silico models (see
Section 2.2.5).
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Fig. 2. (a) Experimental AT map. (b) Normalized OM signals for points X, and X,.
(c) In silico mesh generation and node set definition. (d) Tissue node alignment, with
red and blue arrows representing aligned and random orientations, respectively. (e)
AT calculation for an individual action potential. A is the time reference computed
from the time of peak C of the average EHT action potential, x(¢), minus a predefined
distance B. The time U corresponds to the maximum derivative of the action potential
upstroke for the individual signal x,(r). AT is the time difference between A and U.

2.2. In silico electrophysiological analysis of EHTs

2.2.1. Cellular alignment and conductivity of in silico models

Three sets of computational simulations were conducted, as shown
in Fig. 1b—d. Both pore-driven and uniform approaches were used to
define the CA and conductivity values in the in silico analysis. The CA
was defined as:

» Pore-driven: hiPSC-CMs located in the center of the scaffold pore
were set to be randomly aligned, while the hiPSC-CMs near the
pore walls were oriented following the pore wall direction, as
observed experimentally [17].

» Uniform: all hiPSC-CMs in the EHT were oriented either ran-
domly or following a unique direction.

The conductivity was defined as:

» Pore-driven: the LDC was defined based on the percentage of
CA associated with the scaffold architecture. Specifically, each in
vitro EHT experiment was represented by an in silico model and
the percentage of pore-driven CA was paired to the in silico LDC
required to replicate the maximum AT in the experiment. All the
CA-LDC pairs were fitted using a linear function, which allowed
setting the EHT conductivity for any EHT design.

Uniform: the conductivity in the EHT was set to a constant
value, which was made relative to the conductivity in the healthy
myocardium.
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Table 1

CA and conductivity values used in each set of in silico simulations. The offset
percentage applies to the linear CA-conductivity relation and it is relative to the
conductivity in the healthy myocardium.

Case CA

Conductivity

Experimental replication Pore-driven Determined

Not engrafted EHT designs Pore-driven Pore-driven

Pore-driven
Pore-driven
Uniform

Pore-driven (5% offset)
Pore-driven (40% offset)
Uniform

Engrafted EHT designs

Table 1 presents a summary of CA and conductivity definitions for
each of the three sets of in silico simulations. The following sections
describe the modeling and simulation in each of the three sets and
present the methods used to run the simulations and compute the
electrophysiological markers derived from those simulations.

2.2.2. In vitro-based construction of in silico EHT models

In silico scaffold-free and scaffold-based models were built. For
calibration purposes, we generated in silico scaffold meshes that al-
lowed reproducing the experimental results described in Section 2.1.2.
Square pore-shaped scaffold meshes were automatically constructed
from the corresponding experimental images. For the hexagonal pore-
shaped scaffold, experimental images showed substantial deformation
associated with contraction-relaxation cycles prior to its inhibition with
blebbistatin. This deformation was significantly more accentuated in
the hexagonal pore-shaped scaffolds due to their lower stiffness com-
pared to square pore-shaped scaffolds [10]. Therefore, a semiautomatic
approach was developed to generate the in silico meshes. This included
threshold and manual segmentation in combination with skeletoniza-
tion to determine the scaffold profile from microscopical images. The
in silico meshes were defined from the skeleton’s binary images. The
scaffold wall directions were subsequently identified.

The in silico EHT models were built by assembling the in silico
scaffold meshes with coupled hiPSC-CMs. The spatial resolution of
these models was fixed at 31 um, which agrees with the pixel resolution
of the OM experiments. The spatial discretization was implemented
using quadrilateral and hexahedral elements for 2D and 3D models,
respectively. For the 2D scaffold-free model, CA for every node of the
tissue was assigned from a uniform statistical distribution spanning 0-
180 degrees in plane. For 3D scaffold-based EHT models, tissue nodes
within a distance of 27 pm to the scaffold were assigned to a CA
according to the direction of the pore walls, as depicted in Fig. 2(d).
This distance threshold was chosen in agreement with experimental
measures reported in the literature [10,17]. The CA assigned for every
other node far from the scaffold was extracted from an uniform random
distribution, as in the 2D scaffold-free case. The CA along the thickness
was kept constant due to the lack of accurate experimental information.

Conductivity was considered to be orthotropic with transverse
isotropy, i.e. with equal sheet and normal-sheet conductivities. A
transverse-to-longitudinal conductivity ratio of 0.25 was used, which
led to conduction velocity anisotropy in agreement with that reported
for cardiac tissue [21]. As mentioned, the LDC was adjusted so that
the maximum AT values in the simulations of square and hexagonal
pore-shaped EHTs matched the corresponding experimental AT values
calculated as described in Section 2.1.2.

To extrapolate the LDC values to EHT designs other than those
used for model calibration, the data representing the relationship be-
tween conductivity and CA for all experimentally-based simulations
were fitted with a linear polynomial using a least-square criterion. The
percentage of CA was calculated by dividing the number of tissue nodes
aligned to the scaffold fibers by the total number of nodes.
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Fig. 3. EHT pore architectures and fiber alignments: (a) square, (d) rectangle, (e)
auxetic, (b), (¢) and (f) hexagonal with 60°, 50° and 30° half angles and 0.4 mm?
area; (g), (h) and (i): 40° half-angle hexagons with 0.6, 0.4 and 0.2 mm? area. Red
and blue arrows represent aligned and random orientations, respectively, while black
lines depict the scaffold’s pore walls. The length of the green scale bars is 0.2 mm.

2.2.3. In silico testing of scaffold designs for EHTs

Once model conductivity values were set based on the calibration
described in Section 2.2.2, additional EHTs were built to assess the
impact of variations in scaffold pore geometry and size and in scaffold
thickness.

Scaffold pore shapes included square, rectangle, hexagons with half
angles of 60°, 50°, 40° and 30°, and auxetic architectures perpendicular
and parallel to the depolarizing direction. The 3D EHTs with all these
pore geometries were tested for 0.2, 0.4 and 0.6 mm? pore areas, as
shown in Fig. 3g—i for the 40° elongated hexagon. Only the 0.4 mm?
pore area was studied for 2D scaffold-based EHTs.

Rectangular tissue meshes of 4 x 10 mm? were generated for 2D
EHTs. For 3D EHTs, tissue meshes of the same surface size with a
thickness of 0.2 mm were built. This thickness enhanced cell viability
compared to larger thicknesses [22]. The tissue model was discretized
with 50 pm-side square and hexahedral elements for 2D and 3D cases,
respectively [23].

Scaffold meshes were built covering the corresponding tissue. The
scaffold and tissue centroid positions were matched and tissue nodes
CA was defined according to the scaffold wall directions, as described
in Section 2.2.2. To emphasize the effect of the scaffold’s pore structure,
a higher distance threshold of 55 pm was used to define tissue nodes
CA (Fig. 3).

The LDC was computed as a function of the CA percentage according
to the linear relationship established in Section 2.2.2. To further de-
scribe the effect of the scaffold’s characteristics on electrical activation

Computers in Biology and Medicine 171 (2024) 108044

Aligned

Random
Scaffold

Fig. 4. In silico model of an EHT engrafted on a slab of infarcted myocardial tissue.
(a) Myocardial tissue and EHT mesh. (b) The CA of the myocardial tissue and the EHT
cultured in a square pore-shaped scaffold.

while taking into account that the scaffold walls may orient cells
transverse to the propagating wavefront, we additionally calculated
a longitudinal cellular alignment (LCA) metric different from the CA
metric. The LCA metric was defined as the percentage of tissue nodes
oriented within + 45° from the overall depolarization direction.

Next, we modeled variations in the EHT thickness by varying it from
0.2 to 0.6 mm, with the surface area of the tissue set at 3 x 6 mm?. The
spatial resolution was equal to 50 pm in the three dimensions, as in the
above described tests. The scaffold size matched the tissue size, with a
0.2 mm-side square pore. The CA was set using a distance threshold
of 27 pm and the LDC was obtained from the linear relationship
established in Section 2.2.2.

2.2.4. In silico models coupling EHTs and infarcted tissues

The EHT models of previous sections were coupled to a slab of
myocardial tissue. Fig. 4 shows an example of an in silico transmural
tissue slab of healthy and infarcted tissue with a size of 2 x 10 x 6 mm3
on which a 2 x 7 x 0.5 mm?® EHT was engrafted. The myocardial thick-
ness was chosen based on the human ventricular wall size [24]. The
EHT thickness was representative of modern MEW-based scaffolds [10].
The integrated EHT-myocardium mesh was discretized with 702 486
irregular tetrahedrons interconnecting 125202 nodes. The mean edge
length of the mesh was 120 and 50 pm for the myocardial and EHT
regions, respectively. Transmural heterogeneities were represented by
assigning 40%, 35% and 25% of the nodes with endo-, mid- and
epicardial cell properties. A scar of 2 x 5 x 6 mm3 was positioned in
the center of the tissue slab to model a chronic transmural MI.

Orthotropic conductivity with transverse isotropy was considered
for the myocardial tissue and the EHT. The LDC in the myocardium
was set to 0.0013 cm?/ms (equivalent to 0.13 S/m for a membrane
surface-to-volume ratio of 1000 cm ! and capacitance per unit area of
1 pF/cm?) and the scar was defined as a non-conducting region. The
LDC and CA in the EHT were set as pore-driven or uniform, as described
in Section 2.2.1. In the pore-driven approach, a distance threshold of
55 pm for the cells with respect to the scaffold walls was used for
computing the CA metric. If the calculated EHT LDC was below 1%
of that in the healthy myocardium, a 5% offset was added to avoid
conduction block at the EHT. For both the myocardial tissue and the
EHT, the transverse-to-longitudinal conductivity ratio was set to 0.25.

The CA in the myocardium was linearly varied in a 120° range from
epi- to endocardium. The EHT was oriented in three different ways,
representing the EHT being parallel and perpendicular to the epicardial
CMs and parallel to the left ventricle long axis. This was equivalent to
the epicardial cells being oriented with angles of 0°, 90° and 60° from
the longitudinal direction of the EHT. Since similar electrophysiological
outcomes were obtained for different pore shapes with a common area
of 0.4 mm? when the three different EHT alignments were tested,
the following analyses were only performed with the overall EHT
architecture being aligned parallel to the epicardial CMs.

As shown in Table 1, three groups of numerical simulations were
conducted to evaluate electrophysiological changes when the EHT was
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engrafted on the infarcted tissue slab. In the first group (G1), we tested
different scaffold pore shapes and sizes with pore-driven EHT CA and
using the minimum value of EHT conductivity that allowed electrical
wave propagation in the entire EHT-myocardial tissue. In the second
group (G2), we tested different pore shapes with an equivalent area of
0.4 mm?, but this time the EHT conductivity was increased by adding
an offset of 40% of that in healthy tissue. In the third group (G3), we
tested completely random, parallel and perpendicular CA in the EHT
with respect to the epicardial CMs and we also varied the conductivity
to be 10%, 40% and 80% of that in the healthy tissue.

2.2.5. Electrophysiological simulations

The action potential (AP) models of Paci et al. and O’Hara et al.
were used to computationally describe the cellular electrophysiology of
ventricular-like hiPSC-CMs [25] and human adult ventricular CMs [26],
respectively. Electrical impulse propagation was described using the
monodomain model [27], defined by the following reaction-diffusion
partial differential equation and Neumann boundary condition:

oV /ot =V-(DVV)-1,(V)/C inQ

n-(DVV)=0 in 002 M

where V is the transmembrane voltage and I;,, is the total current,
including all ionic currents and the stimulus current. C is the membrane
capacitance, D is the diffusion tensor, 2 is the cardiac domain and 92
is the boundary of Q.

Strang’s operator splitting method was used to decouple the reaction
and diffusion terms [28]. The numerical time integration was imple-
mented using a dual adaptive time integration algorithm [23] in which
the reaction and diffusion terms were computed explicitly using the
forward Euler method and the value of the time integration step Ar
was dynamically selected to guarantee stability. The spatial derivatives
in Eq. (1) were numerically integrated using the Finite Element Method.
The in-house developed software ELECTRA was used for numerical
computations [29,30]. All simulations were performed in a personal
computer equipped with an Intel® Core® i7-9700K microprocessor
clocked at 3.6 GHz and with 32 GB of RAM.

After initializing the models to steady-state, each simulation con-
sisted of three 1Hz-paced cycles, with the last cycle being used for
electrophysiological evaluation. The hyperpolarization-activated cyclic
nucleotide-gated funny current (I;) in the Paci model was inhibited in
the simulations of in vitro-based EHT models so that the APs in the
EHT were elicited by the applied external stimulation, which has been
observed to occur more likely than self-driven EHT depolarization in
OM experiments and once the EHT has been engrafted on the my-
ocardial tissue [31]. In simulations of EHTs not coupled to myocardial
tissue, stimuli of 5-nA magnitude and 2-ms duration were applied to
depolarize the EHT. In simulations of coupled EHT-myocardial tissue,
stimuli of 80-mA magnitude and 1-ms duration were applied to the
healthy myocardium.

For in silico EHTs reproducing in vitro results of square and hexago-
nal pore-shaped EHTS, node sets were defined following the experimen-
tal AT-based classification, as described in Section 2.1.2 and depicted in
Fig. 2(c). The stimulus current was applied onto the node set initiating
the depolarization (i.e. with the shortest AT), shown in red in the figure.
In all other simulations with in silico EHTs not based on in vitro results,
the stimulus was applied onto a half millimeter side of the EHT or
EHT-myocardial model covering their entire cross sections.

2.2.6. Computation of electrophysiological markers

Numerically computed transmembrane voltage was saved with a
time step resolution of 1ms. AT, AP duration at 90% repolarization
(APDy), RT and RTG were computed for each node in the EHT or
coupled EHT-myocardium meshes. Mean CV was computed on the
overall EHT.

In brief, AT was calculated as the difference between a fixed time
reference and the time instant when the AP upstroke crossed 0 mV,
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Fig. 5. The five linear paths used for computing the mean EHT CV are depicted for the
individual (left) and on MI slab-engrafted (right) EHT. Each path is the line between X
and X’ with X =1,2,3,4,5. The yellow area depicts the infarction scar region where
the AT was not computed.

i.e. changed from negative to positive values. APDy, was defined as
the time elapsed from the time instant of maximum voltage derivative
in the AP upstroke to the time when repolarization from AP peak to
diastolic membrane potential reached 90%. The RT was measured as
the sum of AT and APDgy,. To compute RTG, the RTG vector between
two nodes was first defined as the ratio of the difference between the
two RTs and their Euclidean distance. Next, RTG was calculated for a
given node as the mean of the RTG vectors between this node and its
neighboring nodes within a radius of 210 pm. This radius value was
taken to be the maximum edge length of the coupled EHT-myocardial
mesh so that at least one neighboring node was included in all node-
wise RTG computations, while avoiding an RTG smoothing effect due
to averaging if higher radius values were used. We evaluated RTG only
for coupled EHT-myocardial tissue, in which larger repolarization het-
erogeneities can be expected. In particular, the mean RTG magnitude
at the EHT region was analyzed.

For mean CV calculation, we manually selected five nodes in both
extremes of the EHT covering the whole thickness as observed in
Fig. 5. We calculated the distances and AT differences for the five
corresponding linear paths and we computed the ratio between distance
and time for defining the path-wise CV values. The mean EHT CV was
defined as the mean of these five individual CV values. In Section 3,
relative EHT CVs are shown. The reference CV was set to the CV of
the EHT with the largest square pore shape, when CA and conductivity
were pore-driven, and to the EHT with hiPSC-CMs perpendicularly-
aligned and with 10% relative conductivity, when CA and conductivity
were uniform.

3. Results
3.1. In vitro-based calibration of in silico EHT models

Model calibration of experimentally-based EHTs identified LDCs
leading to simulated activation patterns and maximum AT values
closely reproducing the corresponding experimental ones. The exper-
imental AT maps served as a basis to generate in silico EHT models that
reproduced such maps. The CA in the in silico models was defined based
on the experimental observations and, next, the LDC value was set so
that simulated and experimental maximum ATs matched.

Specifically, simulated and experimental maximum ATs differing
by less than 2 ms were obtained employing LDC values ranging from
1.35x10~6 to 3.5x105 cm?/ms in all tested cases. Fig. 6 depicts ex-
amples of experimental and simulated AT maps for square and regular
hexagonal pore-shaped scaffolds. Experimentally measured maximum
ATs were, in mean, 94 ms for square and 256 ms for hexagonal
pore-shaped EHTs, as illustrated in Fig. 6. The delayed activation of
the hexagonal architecture was in correspondence to the lower CA
(mean 8.11%) and size of this pore shape compared to the square
architecture (mean 40.4%). The identified LDC values were, in mean,
1.56x10~% cm?/ms for hexagons and 1.63x10~5 cm?/ms for squares.
Table 2 shows the CAs and LDCs used on the in silico experimentally-
based EHTs for achieving a maximum simulated AT similar to the
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;z:)eleshzape, CA and LDC values for different experimentally-based in silico EHT models to reproduce in vitro AT values. S: Square, H: Hexagon and (-): 2D scaffold-free.
Pore shape - S S S S S S S S S H H H
CA (%) 0 39.3 39.9 46.9 39.5 38.4 40 39.3 40.3 40 8.1 8.3 7.9
LDC (105 cm?/ms) 0.35 1 1 1 3.5 2.5 3.5 0.43 1 0.75 0.13 0.2 0.1

314

208

w) [V

(b) Hexagon pore-shaped scaffold.

Fig. 6. Experimental (left) and simulated (right) AT maps for square (a) and hexagon
(b) pore-shaped scaffolds.

experimental case. The fitted linear relationship between CA and LDC
was y = 3.8x + 4.8, where x is the percentage of CA and y is the LDC in
10~7 cm?/ms.

To sum up, the simulated EHTs replicated the in vitro observations
and allowed inferring EHT conductivity values, represented as the LDC,
in function of the CA.

3.2. Insilico assessment of EHT designs

We compared electrical activation for 2D versus 3D scaffold-based
EHTs. For this comparison, the 3D EHTs had the same pore geometry
and size as the 2D EHTs and presented equal characteristics for all
layers along the EHT thickness. Numerical simulations showed that the
maximum AT was very similar for the 2D and 3D EHTs. The mean
difference in maximum AT over all tested pore geometries was equal
to 1.75 ms. In view of these results, subsequent analysis was performed
for 3D EHTs only.

Next, we assessed CA for scaffolds with different pore geometries
and sizes. Square and rectangle-pore shaped scaffolds presented higher
CA than 60° half-angle hexagon pore-shaped scaffolds. The CA in-
creased with hexagon’s elongation. Auxetic pore-shaped scaffolds led
to the highest CA percentages among all studied designs. Regarding the
relationship between CA and pore size, we found a clear inverse rela-
tion between them. Fig. 7b summarizes the CA percentages calculated
for different pore shapes and sizes.

The maximum ATs and relative CVs for each of the EHTs modeled
by varying the pore geometry and size are shown in Fig. 7. The LDC was
calculated in each case as a function of the CA percentage presented in
Fig. 7b. As can be observed, faster EHT activation was found as the
pore size was reduced. Mean maximum AT were of 402, 367.2 and
313.5 ms for the 0.6, 0.4 and 0.2 mm? pore size scaffolds over all
pore geometries. Similarly, the mean relative CV over all pore shapes
increased by 8.32% and 27.3% in the 0.4 and 0.2 mm? pore size
scaffolds, respectively, when compared with the 0.6 mm? pores. Square
and rectangle pore-shape scaffolds rendered only slightly different elec-
trical propagation patterns, which were always faster than those for

regular hexagons. As hexagons became more elongated, CA increased,
which translated into higher conductivity, leading to lower ATs and
higher CVs than for square and rectangle pores. Even though auxetic
pores were associated with higher CA, and thus higher LDC, than 30°
elongated hexagons, faster propagation of the electrical excitation was
observed for the most elongated hexagonal pores. The reason for this
is the fact that more fibers were oriented parallel to the depolarizing
direction for this pore shape than for auxetic, square and rectangular
pore shapes. Fig. 7c shows that the LCA was more than 18% larger
for the 30° elongated hexagons than for all other pore geometries.
Furthermore, as pore size was reduced, the number of fibers oriented
parallel to the propagation wavefront markedly rose for all hexagonal
geometries, thus contributing to explain the corresponding increment
in CV (Fig. 7d) and reduction in maximum AT (Fig. 7a).

Also, we evaluated the effects of varying the scaffold thickness.
Thicknesses of 0.2, 0.4 and 0.6 mm rendered equal activation patterns
and a maximum AT of 191 ms as well as equal mean CV of 3 cm/s.

In conclusion, the fastest activation was found for the EHTs with the
smallest and most elongated hexagons, which better reproduced cardiac
anisotropy. The EHT thickness played a secondary role.

3.3. Insilico analysis of the interaction between EHT and infarcted tissue

3.3.1. Role of scaffold pore shape and size in the EHT-myocardium inter-
action

The EHT models obtained by varying the scaffold’s pore shape and
size were engrafted on a tissue slab containing healthy and infarcted
tissue. To avoid conduction block, we added an offset equivalent to
5% of the healthy myocardial electrical conductivity to the EHT con-
ductivity obtained from the CA-conductivity relationship computed in
Section 3.1 (G1 group of simulations). Maps depicting AT and RTG for
an EHT with a 30° hexagon pore of 0.4 mm? engrafted on a tissue slab
are shown in Figs. 9(a) and 9(b). The maximum AT, relative CV and
mean RTG for the simulations using different EHT designs can be seen
in Fig. 8.

Rectangular pores led to faster conduction than square pores in the
coupled EHT-myocardium, with the relative CV being 5.8% higher for
the rectangular than the square pore geometry for 0.2 mm? pores. In
addition, lower ATs and higher CVs were obtained when the auxetic
pore was oriented parallel rather than perpendicular to the depolar-
ization direction. The largest relative CV difference of 8.27% between
these two pore orientations was found for the smallest pore size. An
increment in CV, and consequently decrease in AT, was measured with
hexagonal elongation. The mean over all pore sizes of the relative CV in
the EHT-myocardium increased from 2.7% to 12% for the regular and
30° elongated hexagons, respectively. The most elongated hexagons
yielded faster conduction than all the other pore geometries, reaching
the highest relative CV of 14.8% and the lowest maximum AT of 89 ms
for 0.2 mm? pores.

Overall, the ATs for the EHT-myocardium were higher for 0.6 than
for 0.2 mm? pores for all pore geometries. A slightly mean increment
in the relative CV of 1.53% and 3.7% was measured when the pore
size was reduced from 0.6 to 0.4 and from 0.4 to 0.2 mm?2. Higher
variability in the relative CV and maximum AT values was found for
the coupled EHT-myocardium when smaller pore sizes were assessed.
Maximum relative CV differences of 14.3%, 10.9% and 6.9% were
found for 0.2, 0.4 and 0.6 mm? pore sizes, respectively, when different
pore shapes were tested. This suggested that scaffold pore shapes had
larger impact on CV, and consequently on depolarization times, when
the pore size was smaller.
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Fig. 7. Maximum ATs, overall CA and LCA and relative CV percentages are shown in (a), (b), (c) and (d), respectively, for 3D EHTs with different scaffold pore shapes and sizes.
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Fig. 8. (a) Maximum AT, (b) relative EHT CV and (c) mean EHT RTG for different scaffold pore shapes and sizes (G1 group of simulations). S: square, R: rectangular, APa:
parallel-oriented auxetic, APe: perpendicular-oriented auxetic and HX: hexagonal with half angle of X degrees.

Different pore shapes did not lead to significantly different re-
polarization duration in the EHT-myocardium or RTG in the EHT.
Differences in the mean RTG over different pore geometries were as
low as 1.12, 1.15 and 0.88 ms/mm for 0.2, 0.4 and 0.6 mm? pore sizes,
respectively. Thus, the scaffold pore shape played an insignificant role
on RTG. The lowest mean RTGs were associated with the auxetic shape
aligned with the depolarization direction (see Fig. 8(c)).

The mean RTGs in the EHT were lower for decreasing pore sizes,
with mean RTG over all pore shapes decreasing by 0.58 ms/mm for
0.4 with respect to 0.6 mm? pores and by 1.02 ms/mm for 0.2 with
respect to 0.4 mm? pores.

3.3.2. Role of EHT conductivity and CA in the EHT-myocardium interaction
Additional groups of simulations (G2 and G3) were conducted to

assess the impact of both EHT conductivity and CA on the coupled

EHT-myocardium electrophysiology, as described in Section 2.2.4.

For simulations with EHTs having 0.4 mm? pore size and the EHT
conductivity being incremented by an offset equivalent to 40% of the
healthy myocardium conductivity (G2), the maximum CV increment in
the EHT was found for the 30° half-angle hexagonal pore shape (7.6%),
as shown in Fig. 10(b). As a consequence, the maximum AT in the
EHT-myocardium attained the lowest value of 46 ms for the same pore
architecture (see Fig. 10(a)). Similarly to the results reported for in silico
representations of not engrafted EHTs, the CV in the EHT raised with
hexagonal pore elongation (around 2% for elongation step as depicted
in Fig. 10(b)).

AT (ms)
45 60 75 93

RTG (ms/mm)
60 90 120 1426

15 30 30

(@)

(b)

Fig. 9. (a) AT and (b) RTG maps for the most elongated hexagonal pore shape (H30)
with a pore size of 0.4 mm?. Yellow areas depict tissue regions where the variable of
interest was not computed (infarction scar and stimulation region).

When the EHT conductivity and CA were uniform (G3), we observed
large variations in the relative CV and maximum AT on the EHT and
on the whole EHT-myocardium, respectively. As depicted in Fig. 11(a),
the perpendicular CA of the hiPSC-CMs led to total ATs of 109, 62 and
50 ms for 10%, 40% and 80% of EHT conductivity relative to healthy
myocardium. For parallel alignment, the total ATs were the lowest,
with values of 66, 42 and 36 ms (93.6%, 191.4% and 281% relative
CV increments, respectively) for increasingly higher EHT conductivity.
Generally, the largest AT reductions and CV increments were found
when the relative EHT conductivity increased from 10% to 40%, while
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Fig. 11. (a) Maximum AT, (b) relative EHT CV and (c) mean EHT RTG for the G3 group of simulations where EHTs had uniform CA and conductivity. EHTs with conductivity
of 10%, 40% and 80% of that in healthy myocardium were evaluated with random, parallel or perpendicular CA with respect to the epicardial cells.

the increase from 40% to 80% led to smaller AT reductions and CV in-
crements, respectively. The differences in maximum AT over the three
analyzed alignments were 43, 20 and 14 ms for 10%, 40% and 80%
relative EHT conductivity, respectively. While, differences in relative
CV over the studied alignments were 93%, 191% and 281% for the
three EHT conductivity cases. Then, augmenting the EHT conductivity
stressed CV variations in the EHT while it attenuated depolarization
times discrepancies in the whole EHT-myocardium due to different CA.

In terms of mean RTG in the EHT after being coupled to the
myocardium, we found practically no differences in the values obtained
for different pore shapes (differences of 0.61 ms/mm) when the rel-
ative EHT conductivity was set to 40% (G2) of that in the healthy
myocardium (see Fig. 10(c)). The minimum mean RTG was obtained
for the most elongated hexagon, with the value being 11.62 ms/mm,
while this slightly increased to 12 ms/mm for regular hexagons.

When the uniform relative EHT conductivity increased (G3), the
EHT-myocardial coupling was enhanced in the non-infarcted contact
regions and this had an impact on APDy,. In particular, APDy, was
increased in the myocardium and was reduced in the EHT within the
engraftment region. Fig. 12 illustrates how the repolarization hetero-
geneities partially vanished with the increment in EHT conductivity.
The lowest values of mean EHT RTG were found for the highest EHT
conductivity and the parallel orientation of the EHT cells (Fig. 11(c)).
We computed mean EHT RTGs of around 25 ms/mm for all EHT
alignments when the relative EHT conductivity was 10%. When the
relative EHT conductivity was 80%, mean EHT RTGs of 11.13, 8.39
and 6.94 ms/mm were calculated for the perpendicular, random and
parallel alignment. The reduction in the mean RTG was more marked
when the relative EHT conductivity varied from 10 to 40% than when
it varied from 40 to 80%.

In summary, after the EHT being engrafted on the infarcted tissue,
EHT conductivities higher than those inferred from in vitro experi-
ments were required to enable bi-directional electrical propagation. The
hiPSC-CMs conductivity and CA in the EHT, which increased along
with cellular maturation, played a major role in increasing CV while
reducing RTG, thus contributing to mitigate the arrhythmic risk.

APDy, (ms)
277 300 325 350 375 400 419

EHT relative conductivity

Fig. 12. APDy, in the coupled EHT-myocardium is shown for variations in the EHT
conductivity when EHT cells were aligned parallel to the epicardial CMs.

4. Discussion

4.1. Calibrated in silico EHT models reproduce in vitro EHT electrophysi-
ology

We acquired and processed OM data from in vitro EHTs generated
using scaffolds of square and hexagonal pores and we used them to
build and calibrate in silico EHT models. We aligned the hiPSC-CMs
in the models according to their distance to the scaffold walls based
on experimental evidence [10,11,17]. Specifically, we followed [17],
which reported that hiPSC-CMs located near the pore walls had higher
CX43 expression levels than hiPSC-CMs in the pore center and were
oriented following the scaffold walls. Here, we represented such CA in
the models and we subsequently adjusted the electrical conductivity so
that the maximum AT agreed between simulations and experiments.

From the in vitro EHT measurements, we observed faster activation
and lower scaffold deformation for square pores than for regular hexag-
onal pores. This might be due to the smaller pore size used in square
pore-shaped scaffolds, which incremented the amount of scaffold fibers
per unit area, leading to higher CA and reduced pore deformation
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due to the raised overall stiffness. As a consequence, cellular coupling
was enhanced for square pore-shaped scaffolds with respect to regular
hexagonal ones and the electrical propagation was faster, as confirmed
by our simulations with the constructed in silico EHT models.

In the in vitro EHTs used in this study, only the one with hexagonal
pore-shape scaffold included 10% hiPSC-CFs cocultured with hiPSC-
CMs. Several studies have recently assessed the coculturing of 90%
hiPSC-CMs with 10% hiPSC-CFs. Napiwocki et al. [32] observed no
significant variation in CV when hiPSC-CFs were added to pre-cultured
hiPSC-CMs. Lou et al. [33] demonstrated that the addition of hiPSC-CFs
on cultures of hiPSC-CMs, endothelial and smooth muscle cells signif-
icantly rose CV. On the other hand, Zhang et al. [34] obtained twice
slower electrical conduction when hiPSC-CFs were added to hiPSC-CMs
cultures. These contradictory results highlight the uncertainty in the
electrophysiological effects of adding hiPSC-CFs. Taking this as a basis,
we postulate that the slower electrical activation of our hexagonal
pore-shaped EHT could to a large extent be attributed to the pore
architecture and size rather than being a reflection of the influence of
hiPSC-CFs.

From the experimentally-adjusted relation between LDCs and CA
percentage of the analyzed EHTs, we fitted a linear polynomial that
allowed to extrapolate the LDC for any other in silico EHT built from any
scaffold pore shape and size. This was further employed to assess the
electrical activity for EHTs with varied scaffold pore shapes and sizes
both before and after being engrafted on a transmural slab of infarcted
tissue.

4.2. EHTs with scaffolds of small elongated hexagonal pores activate faster
than with other scaffold designs

In silico simulations using EHT models showed that, as the scaffold
pore size was reduced, a higher number of hiPSC-CMs were in contact
with the scaffold walls and this led to higher CA and faster depolar-
ization. Thus, the shortest global AT and highest CV in the EHT was
found for the smallest scaffold pore size of 0.2 mm?2. On the basis of
these results, the selection of the 3D printing technique is essential to
attain sufficiently small scaffold pores that guarantee rapid electrical
propagation in the EHT. The additive manufacturing field is rapidly
evolving and more precise structures are expected to be delivered in
the coming years.

Regarding scaffold pore shapes, our study emphasized the impor-
tance of the CA in the EHT and how this CA varied for different
scaffold pore shapes. In cardiac applications, it is vital that the EHT
replicates the anisotropy of the native tissue and it renders electrical
CV similar to that of healthy myocardial tissue. We observed that
auxetic configurations aligned a higher percentage of hiPSC-CMs than
other scaffold pore shapes, although the highest CA was not necessarily
correspondent with the highest LCA due to the different directions
of the scaffold fibers. The scaffolds built with the most elongated
(30°) hexagonal pores led to the highest LCA and were the ones best
mimicking the cardiac anisotropy of the native tissue and delivering the
fastest electrical conduction. Although some works have investigated
the performance of scaffolds with pore shapes like auxetic [22,35],
rectangular [9], square and hexagonal [10] geometries, to the best of
our knowledge this is the first study investigating a large set of scaffold
pore geometries and sizes and identifying their suitability in terms of
electrophysiological behavior.

Considering our results, EHTs presenting a preferential conduc-
tion direction can be best suited for cardiac tissue engineering. Such
preferential conduction direction should be taken into account when
engrafting the EHT on the infarcted heart. Besides, future computa-
tional studies could be conducted to assess the possibility of implanting
multiple single-direction conducting EHTs rather than a single EHT
depending on the characteristics of the infarction substrates.
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4.3. EHT thickness has a negligible electrophysiological role when in vitro

We assessed the role of EHT thickness on electrical activation.
Adding printed layers to the scaffold led to EHTs presenting the same
electrophysiological behavior, with AT maps sharing similar charac-
teristics for all layers along the different tested thicknesses. This out-
come on the very minor role of EHT thickness in electrical terms is
in line with results reported in other experimental [22] and com-
putational [24] studies. In [22], similar Ca®* transient signals were
experimentally measured from auxetic pore-shaped EHTs with different
thicknesses. In [24], the EHT thickness was not a determining factor for
electrical activation when the in silico EHTs were engrafted on models
of partial or transmural infarcted myocardium.

Nevertheless, in an in silico study using biventricular infarcted mod-
els with engrafted EHTs [31], CV was found to decrease and the
arrhythmogenic risk to increase with EHT thickness. In addition, it
is paramount to highlight that cellular differentiation improves in 3D
constructs but cellular viability decreases with EHT thickness [5,17,22].
Therefore, a trade off in the amount of EHT thickness should be at-
tained to promote in vitro cellular differentiation and maturation when
in culture while favoring cell viability and integration with the native
tissue once the EHT is engrafted on the infarcted cardiac tissue.

4.4. EHT design determines the activation properties of coupled EHT-
infarcted myocardium

When the in silico EHTs were engrafted on slabs of infarcted tissue,
the depolarization wave successfully traveled from the myocardium to
the EHT but there was a conduction block when traveling from the
EHT to the myocardium. The EHTs showed considerably long ATs with
respect to healthy myocardial tissue, in association with conductivity
values that were low enough to impair excitation from the EHT to
the myocardium due to the presence of a source-sink mismatch [36].
When a conductivity offset equal to 5% of myocardial conductivity
was added to the EHT (G1 group of simulations), no conduction block
in the coupled EHT-myocardium was observed. This suggests that the
current experimental methods to culture hiPSCs in 3D scaffolds should
be improved to guarantee that the electrical conductivity in the EHTs
is high enough that, when the EHT is engrafted on the infarcted
myocardium, propagation occurs between the EHT and the surrounding
native tissue.

By designing scaffolds with different pore shapes and sizes, vari-
ations in the maximum AT of the coupled EHT-myocardium and in
the mean RTG and CV of the EHT were measured. In particular,
we observed a reduction in ATs and RTGs and an increment in CV
when the pore size was diminished to 0.2 mm? for all tested pore
shapes, which is in agreement with the faster conduction we measured
experimentally for smaller pore sizes. Similarly to the results reported
for the not engrafted EHTs, the most elongated hexagons favored the
anisotropic alignment of the hiPSC-CMs in the EHT, thus producing
faster conduction in the coupled EHT-myocardium than other scaffold
pore shapes. Additionally, the analysis of arrhythmic risk evaluated by
the RTG metric showed that, the higher the elongation of the hexagons,
the lower the likelihood for arrhythmic activity. Specifically for RTG,
we observed that the parallel-oriented auxetic pore shape led to the
lowest RTG values, which were somewhat below those of the elongated
hexagons. Nevertheless, the variations in RTG over all tested pore
shapes were minor.

To complete the characterization of the scaffold design, we set the
pore size to 0.4 mm? and we increased the EHT conductivity by adding
an offset equal to 40% the healthy tissue conductivity to investigate the
impact of the EHT engraftment on the myocardial tissue provided the
culturing methods allowed to increase the EHT conductivity (G2 group
of simulations). Under those conditions, the maximum AT and the mean
RTG were found to attain the lowest values for the 30° half-angle
hexagonal pores. Nonetheless, similarly to the outcomes obtained for
the G1 group of simulations, the RTG, maximum AT and CV differences
for distinct pore shapes were practically negligible.
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4.5. Increased EHT conductivity reduces arrhythmic risk in coupled EHT-
infarcted myocardium

We further tested variations in the EHT conductivity and alignment
of its hiPSC-CMs to assess the impact on the depolarization and repolar-
ization of the coupled EHT-myocardium (G3 group of simulations). We
tested EHT conductivity values of 10%, 40% and 80% of that in the
healthy myocardium, considering that improved EHT manufacturing
and culturing could at some point allow to reach such values. We found
that the largest conductivity in the EHT led to drastic exponential-
like declines in both AT and RTG while it raised CV linearly. Also,
we tested random, parallel and perpendicular hiPSC-CMs alignments
with respect to the epicardial cells in the tissue slab and we found that
the parallel and perpendicular alignments always produced the lowest
and highest AT and RTG, respectively. Taken together, the impact of
hiPSC-CMs orientation on EHT-myocardium depolarization was more
noticeable for low EHT conductivities, whereas the impact on repolar-
ization heterogeneities and CV was larger for high EHT conductivities.
Thus, hiPSC-CMs alignment can be concluded to play a relevant role in
mitigating arrhythmic risk throughout the whole maturation process,
with the impact on depolarization and repolarization occurring over the
whole range of EHT conductivities. These results should be considered
when designing scaffolds for regenerative medicine to maximize the
benefits on the electrophysiology of the coupled EHT-myocardium.

Our findings on the need for the EHT to present conductivity and
CA characteristics that avoid conduction delays are consistent with
previous studies [24]. Yu et al. reported that EHT AT and CV were
driven by the electrotonic interaction with the healthy myocardium
when the EHT engraftment on an in silico biventricular model of
infarction remuscularization was complete [31]. In a study using two
geometries of infarcted left ventricle, Fassina et al. showed how the
healthy myocardium drove the EHT activation in the EHT-tissue in-
teracting regions, suggesting that, once the EHT was implanted, the
myocardium accelerated the EHT depolarization [37]. Importantly,
these results applied to cases where the EHT was electrically coupled
to healthy myocardium, whereas, if coupled to the infarct scar, the
engrafted EHT preserved its electrophysiological characteristics. Thus,
as slow conducting regions favor reentrant arrhythmias [24,31,37],
achieving EHT depolarization times and CV values similar to those
in healthy tissue should reduce the arrhythmic risk [38]. Our study
provides a characterization on how EHT properties, including electrical
conductivity and CA modulated by the scaffold shape and size, could
help in building EHTs that better mimic the characteristics of healthy
myocardial tissue.

With regards to repolarization heterogeneity and proarrhythmic
risk, our results describe how the RTG metric is remarkably influenced
by the EHT properties. High RTG values are observed when the EHT
electrical conductivity is low and/or the hiPSC-CMs in the EHT are
not oriented parallel to the epicardial cells of the host myocardial
tissue. Laurita et al. [39] experimentally showed that unidirectional
blocks developed with repolarization gradients as low as 3.7 ms/mm
when an isthmus was present in the cardiac tissue. They predicted that
even in absence of isthmuses, unidirectional blocks can occur when
repolarization gradients are large. Fassina et al. conducted an in silico
analysis [24] and reported mean RTGs higher than the threshold set by
Laurita et al. [39] for cases in which the conductivities in the EHT and
the myocardium were highly distinct. Also, Riebel et al. [40] in silico
demonstrated that an increase in repolarization heterogeneities due to
the injection of a high number of hiPSC-CMs in the infarcted region can
lead to enhanced arrhythmic vulnerability. In line with these results,
here we found that the major reduction in RTG towards values found in
healthy myocardium was attained when the relative EHT conductivity
was increased to almost 100%. The addition of electrically conductive
elements, as suggested in some studies, could be used to increase
the EHT conductivity [35,41]. Furthermore, in accordance with the
computational and experimental results in [24,42], we measured higher
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APDy, values in the healthy myocardium near the engraftment and
lower APDy, values in the EHT when the conductivity in the EHT was
augmented, which confirms better integration of the EHT in the native
tissue. It should be noted that in our study the highest RTG values
were measured in the EHT, as conductivities lower than the one in the
healthy myocardium were always considered. In agreement with this,
Fassina et al. reported that, when the EHT conductivity was increased
over the one in the healthy myocardium, the electrotonic load applied
onto the myocardium by the EHT rose, originating the highest RTGs in
the host tissue near the engraftment [24].

Even if to a lesser extent, the contribution of the completely parallel
CA in the EHT aided to reduce RTG and increase CV and, thus, to dimin-
ish the arrhythmic risk. These effects could be better appreciated when
the EHT conductivity was high enough. The smallest, most elongated
hexagonal scaffold pores would facilitate such alignment and would
contribute to reduce proarrhythmia in the coupled EHT-myocardium.

5. Limitations and future work

Using computational modeling and simulation based on experi-
mental data, we investigated the impact that the EHT design has on
cardiac electrophysiology, both before and after implantation on a slab
of infarcted ventricular tissue. Our main objective was to assess the
effect that the different EHT design features have on electrical activity,
including CV and repolarization heterogeneity. Even though our in silico
representations were carefully based on experimental results, there are
areas for improvement that we address in the following.

In terms of CA modeling, we based our in silico modeling and
simulation study on available experimental data, including acquired
and processed OM recordings and published microscopic data of the
EHT [10,11,17]. If newer and more precise experimental data became
available, e.g. supporting that hiPSC-CMs may orient parallel to the
pore direction with less stiffness to facilitate contraction, these could be
easily incorporated into the in silico models by defining such alignment
of the hiPSC-CMs in the EHT. Furthermore, in our in silico EHTs, two
different distance thresholds were used for the alignment of the cells
depending on their distance to the scaffold walls. The first one, 27 pm,
was grounded on experimental data [10,17]. A second distance thresh-
old of 55 pm was used to further compare the EHT electrical activity
for different pore geometries. The value of this second threshold was
chosen to be slightly higher than the 50 pm mean edge length of the
EHT meshes, which is lower than currently used mesh resolutions in
cardiac simulations [24,31,37]. The value of such second threshold lies
between the distance of 27 pum reported in [10,17] and the approxi-
mated 100 pm graphically reported by Cui et al. [11] for the orientation
of hiPSC-CMs following the scaffold fibers when located within such
distance. New studies could refine and extend the results presented here
by using finer EHT meshes and testing different threshold distances for
the definition of CA.

As derived from our results, the EHT electrical conductivity is a
major factor determining the proarrhythmicity of this tissue engineer-
ing therapy. Currently, new manufacturing techniques are continuously
being tested for improving EHT conductivity, such as the addition
of electrically conductive elements to scaffolds or hydrogels [35,41].
Here, we set a unique electrical conductivity in the whole EHT which
was proportional to the CA found for each particular design, as aligned
cells near the pore walls showed a more mature electrical pheno-
type [17]. Even though this CA-conductivity relation was adjusted from
experimental outcomes as described, enhanced EHT models can be at-
tained with a more realistic representation, which locally incorporates
the spatial distribution of the added electrically conductive elements
and/or precisely replicate the local areas of more mature/immature
hiPSC-CMs on the EHT.

Concerning cellular population modeling, the in silico evaluations
of this study consider EHTs containing only one cell type, i.e. hiPSC-
CMs. These were based on the available experiments, which contained
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hiPSC-CMs only, except for the hexagonal pore-shaped EHT that con-
tained 10% hiPSC-CFs. Further studies could use more extensive in vitro
data containing CFs and other cell types, like endothelial and smooth
muscle cells, to enable more detailed in silico modeling representative
of the electrical interactions between cell types. The simulation of these
interactions could serve to further adjust the scaffold design and deliver
even deeper improvements on the EHT fabrication procedure.

We tested the engraftment of the EHT on a 3D tissue slab containing
an infarct scar. Our results could be extended to include realistic biven-
tricular geometries and infarct scars. Also, we considered a complete
attachment of the EHT on the myocardial tissue while it is likely that
air bubbles and poor attachment happen due to several factors, includ-
ing the effects related to cardiac contraction-relaxation cycles. Some
computational investigations have reported that homogeneous partial
EHT adhesion strongly impacts the transplantation outcome [31]. Other
investigations have suggested that when this partial engraftment is
distributed all over the patch, it is sufficient to achieve the results
that could be obtained if the attachment was complete [37]. In this
regard, Gibbs et al. [43] showed that partial heterogeneous attach-
ment between the host myocardium and the EHT strongly affects the
probability of developing ectopic beats from the EHT but only when
no other non-EHT pacing was applied to the simulations. Based on
this, we postulate that including a certain degree of heterogeneous
EHT-myocardium attachment would not remarkably alter the presented
simulations results. Nevertheless, further in silico evaluations could
test the impact of partial heterogeneous interactions on the EHT-heart
interface and provide a characterization as a function of the infarction
substrate.

To close the gap, the in silico predictions on the outcomes of EHT-
grafted infarcted hearts should be contrasted with in vivo electrophysi-
ological data. Based on this, subsequent extensive in silico evaluations
of the EHT-heart activity could be conducted to aid in the develop-
ment of improved cardiac assist devices, which could accelerate their
therapeutic implementation whilst avoiding costly and time-consuming
experiments aimed at optimizing the scaffold design.

6. Contributions

This work presents an experimentally-guided in silico modeling
and simulation approach for aiding in the design of EHTs, with the
following novel contributions:

We developed novel methodologies to define in silico EHT models
with varied architectures based on cutting-edge in vitro electrical
recordings.

We conducted an extensive evaluation to elucidate the roles of
the scaffold’s pore shape, size and thickness, the degree of EHT
maturation and the CA within the EHT.

Using our experimentally-guided EHT models, we assessed the
impact of the studied EHT designs on the electrical properties of
EHTs engrafted on slabs of infarcted ventricular tissues.

Our analysis pointed to important design criteria required to
mitigate the arrhythmic risk and the conduction block associated
with EHT engraftment on the infarcted tissue.

7. Conclusion

We simulated an extensive set of EHT models with varied scaffold
pore shapes and sizes. Scaffolds made of small, elongated hexagonal
pores led to the fastest conduction, as they conveyed the highest
number of cells oriented parallel to the depolarization wavefront. In
silico engraftment of the EHT on infarcted tissue showed that the EHT
conductivity is the most critical parameter to avoid conduction block
due to EHT-myocardium source-sink mismatch and to increase con-
duction velocity and reduce depolarization delays and repolarization
heterogeneity, all of which contribute to diminish pro-arrhythmic risk.
Also, by aligning the EHT cells parallel to the epicardium of the tissue
slab, the risk for proarrhythmia following EHT engraftment was further
reduced.
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