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Abstract

Biofabrication of human tissues has seen a meteoric growth triggered by recent technical
advancements such as human induced pluripotent stem cells (hiPSCs) and additive
manufacturing. However, generation of cardiac tissue is still hampered by lack of adequate
mechanical properties and crucially by the often unpredictable post-fabrication evolution of
biological components. In this study we employ melt electrowriting (MEW) and hiPSC-derived
cardiac cells to generate fibre-reinforced human cardiac minitissues. These are thoroughly
characterized in order to build computational models and simulations able to predict their
post-fabrication evolution. Our results show that MEW-based human minitissues display
advanced maturation 28 post-generation, with a significant increase in the expression of cardiac
genes such as MYL2, GJAS5, SCN5A and the MYH7/MYH6 and MYL2/MYLY7 ratios. Human
iPSC-cardiomyocytes are significantly more aligned within the MEW-based 3D tissues, as
compared to conventional 2D controls, and also display greater expression of C x 43. These are
also correlated with a more mature functionality in the form of faster conduction velocity. We used
these data to develop simulations capable of accurately reproducing the experimental performance.
In-depth gauging of the structural disposition (cellular alignment) and intercellular connectivity
(C x 43) allowed us to develop an improved computational model able to predict the relationship
between cardiac cell alignment and functional performance. This study lays down the path for
advancing in the development of in silico tools to predict cardiac biofabricated tissue evolution
after generation, and maps the route towards more accurate and biomimetic tissue manufacture.

© 2022 The Author(s). Published by IOP Publishing Ltd
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1. Introduction

The ability to replace failing or injured organs, as
well as to generate accurate models and testing plat-
forms, would boost our capacity to treat currently
incurable pathologies, to extend our knowledge of
human physiology and development, as well as to
increase the accuracy of preclinical tests for new ther-
apies and drugs. Currently, cardiovascular diseases
remain the number one cause of death worldwide [1],
and myocardial-related complications stand amongst
the main causes of drug withdrawal, either from the
development pipeline or from the market [2]. There-
fore, being able to build human myocardial tissues in
the laboratory is highly desirable [3].

Thelast 15 years have seen extraordinary develop-
ments in different areas that together bring research-
ers closer to achieving this objective. Firstly, human
cellular reprogramming has opened the way for
obtaining large numbers of human cardiac cells, be
they cardiomyocytes (CMs), vascular cells or car-
diac fibroblasts [4—6]. Concomitantly, material sci-
ence has yielded a range of biocompatible natural,
synthetic and semi-synthetic materials able to com-
ply with the main requirements of engineering car-
diac tissues (reviewed in [3]). At the same time, the
revolutionary application of additive manufacturing,
with its best known format being 3D bioprinting, is
able to generate human engineered myocardial tissues
at the micro and macroscales [7—10].

Crucially, some of the most important roadb-
locks have been addressed by intense research and are
progressively being resolved. Cellular immaturity is a
prominent feature of human pluripotent stem cell-
derived cardiac cell types, including human induced
pluripotent stem cells (hiPSCs) [11]. Long term cul-
ture [12], dynamic electromechanical stimuli [13,
14], or in vivo transplantation [15—17] have all shown
remarkable effects upon the phenotype and function
of hiPSC-derived cardiac tissues, although they still
fall short of resembling adult human properties. Tech-
nological advances in additive manufacturing have
delivered heightened printing precision [18, 19], and
paved the way for the derivation of autologous bio-
materials and cells [20]. However, two issues still need
further attention: (a) the capacity of generated tissues
to replicate and withstand the mechanical environ-
ment of the cardiac wall has still not been fully replic-
ated, and (b) the post-fabrication evolution of the bio
artificial myocardium is still in need of improvement.

Fibre reinforcement can significantly upgrade the
mechanical properties of soft materials, including
biocompatible hydrogels [21]. Solution electrospin-
ning has been a classical method for obtaining fibrous
substrates, but it lacks accurate control over 3D
deposition and depends on toxic solvents. Melt elec-
trowriting (MEW) has the capacity to generate fibres
of the order of magnitude of the size of a human cell,
with extremely precise 3D positioning [22, 23]. MEW
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fibres have the potential to reinforce most soft mater-
ials employed in cardiac tissue engineering, provid-
ing not only better material properties, but also align-
ment cues for CMs, which is crucial for the optimal
development of a bio artificial human myocardium,
as recently demonstrated [24].

As an additive manufacturing technology, MEW
can benefit from CAD/CAM strategies for the fab-
rication of highly biomimetic bioengineered tissues,
as has been shown for cardiac 3D bioprinting [25].
However, the biofabricated tissue will evolve beyond
the initial design. This can be due to the presence
of living or biological components, such as natural
extracellular matrix (ECM) molecules, cytokines or
cells [26]. Also, the application of mechanical or elec-
trical stimuli will cause it to remodel, both structur-
ally and functionally [14, 27]. Finally, in vivo trans-
plantation will induce pronounced changes on these
parameters, arising from factors such as the ingrowth
(orits absence) of vascularization, presence of inflam-
mation, fibrotic encapsulation or, for cardiac tis-
sue, electromechanical coupling to the endogenous
myocardium [28]. This has fundamental implications
for the fabrication of biotissues, as regardless of the
accuracy of the engineered replicate at the moment
of assembly, their post-fabrication evolution can res-
ult in a final product with characteristics that diverge
greatly from those initially designed.

However, assessment of all the individual vari-
ables affecting each fabricated tissue development
would require an enormous amount of time and
resources. New predictive tools grounded on bio-
logical and mechanical information would greatly
streamline this process. One such tool is in silico mod-
elling and simulation, which has become a power-
ful asset to accurately represent and predict cardiac
electro-mechanical behaviour from sub-cellular to
whole-organ scales. We propose using i silico tools to
tackle this post-fabrication problem. In this manner,
the gap between what is fabricated and what the tissue
actually becomes could be predicted in antecessum,
ensuring the resulting product follows the required
specifications at both structural and functional levels.

In the present study, we take the first step towards
the development of advanced computational models
for the optimized fabrication of human cardiac tis-
sue. As a starting point, we employ a simple MEW-
design to fabricate a fibre reinforcement of a biolo-
gical hydrogel in medical-grade poly-e-caprolactone
(mPCL). Human CMs are produced from hiPSCs
and incorporated to the system, generating cardiac
minitissues. We perform a detailed characterization
of these tissues, at structural and functional levels,
and employ this information to adjust the newly
developed in silico models. Our results show that the
isometric MEW-reinforcement results in enhanced
hiPSC-CM gene expression, alignment and, import-
antly, advanced functionality. We analyse in detail the
organization of hiPSC-CMs within tissues of varying
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pore sizes, to gauge how the specific engineered niche
impacts cellular alignment and inter-connectivity.
Finally, the generated multidimensional information
is employed to inform a novel computational model,
able for the first time to perform predictions correlat-
ing the fabricated tissue structure with its functional
outcome.

2. Materials and methods

All products from Thermo Fisher unless otherwise
stated.

2.1. Melt electrowriting (MEW)

Fibre scaffolds were printed in mPCL (Purasorb PC
12, Corbion) using a purpose-built MEW device
(QUT, Queensland, Australia, figure 1(a)). mPCL
pellets were loaded on a 3 ml plastic syringe and
molten at 80 °C for 2 h before being connected to
a tube delivering pressurized N,. Voltage was slowly
increased until the jet was stable, and printing main-
tained (no coiling or whipping). We tested a range
of printing conditions by varying collector speed,
pressure, head and nozzle temperatures and needle
diameter.

2.2. Mechanical analysis

Uniaxial tensile tests were performed on a univer-
sal testing machine (Instron Microtester 5548 system)
using a 10 N load cell. Rectangular scaffold strips
(30 mm x 7 mm) were tested. An optical measure-
ment system (Instron 2663-281 video-extensometer)
was used to monitor the strain. In order to analyse the
anisotropy of the scaffolds, equibiaxial tests were also
performed on Instron BioPuls™ low-force planar-
biaxial testing system with a camera system to track
the strain. Square specimens, 40 x 40 mm, were pre-
pared. Uniaxial and equibiaxial tests were performed
at a rate of | mm min~! at room temperature until
rupture of the scaffold. At least six samples for each
scaffold and testing condition were tested. Mechan-
ical parameters as elastic stress and strain (o and &)
and tangent modulus at stress—strain elastic region
(Et) were determined from the uniaxial engineering
stress—strain curves. Finally, isotropy was computed
as the ratio between the engineering stress on x- and
y-direction of the printing plane at 15% of strain from
the equibiaxial curves (isotropy ratio (IR); IR =1
means full isotropy).

2.3. hiPSC culture, differentiation and FACS

The human episomal iPSC line and the WTC GcAMP
hiPSC line (WTC11-AAV-CAG-GCaMP6, a kind gift
from Prof Bruce Conklin, Gladstone Institutes) were
routinely maintained in E8 medium on growth factor
reduced matrigel (GFR-MG) coated plastic surfaces
(1:180 dilution), and passaged 1:15 using 0.5 mM
EDTA every 4-5 d. For differentiation towards CM,
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a biphasic Wnt modulation protocol [4] was used
with minor modifications. Briefly, upon 80%—-90%
confluence, media were changed to RPMI supple-
mented with B27 minus insulin (RPMI B27—) and
6-8 uM CHIR99021 (Axon Medchem). About 24 h
later, medium was replaced with RPMI B27— for
2 d, and then replaced with RPMI B27— and 2 uM
C59 (Axon Medchem) for 48 h. After 2 d in RPMI
B27—, differentiations were maintained in RPMI sup-
plemented with full B27 (RPMI B27). Beating usually
started at this point or 1-2 d later. About 48 h after-
wards, cells were subjected to 2 cycles of 3 d in RPMI
no glucose supplemented with 4 mM lactate. Finally,
medium was refreshed with RPMI B27 before isola-
tion, making a total of 2225 d for the whole process.

FACS was performed to determine differentiation
purity. For this, the Fix & Perm kit was employed fol-
lowing manufacturer’s instructions, with a primary
antibody against cardiac troponin T (1:100) and
an Alexa Fluor 488 conjugated secondary antibody
(1:200).

2.4. CM isolation and construct generation

Once differentiation was finished, hiPSC-CMs were
washed three times in 0.5 mM EDTA in phosphate
buffered saline (PBS) and incubated for 7-10 min in
TrypE at 37 °C for monolayer dissociation. Cells were
gently recovered, pooled and counted. One million
hiPSC-CMs were embedded in GFR-MG (1:1) and
cast on printed 0.25 mm? mPCL scaffolds in a silicon
mould (40 pl total volume). Samples were incubated
at 37 °Cfor 1 h before topping up with medium. Cells
were also plated on slide chambers (Ibidi) as controls.
hiPSC-CMs were plated in RPMI B27 supplemented
with 5 uM Y27632 (Tocris) to enhance survival after
dissociation. On the next day, medium was refreshed
without Y27632, and every other day from there on.

2.5. Live/dead staining

Cell survival was assessed with the Live/dead kit,
following manufacturer’s instructions. In brief, cal-
cein AM and ethidium homodimer were both diluted
1/500 in RPMI B27, added to samples and incubated
for 45 min at 37 °C, after which media were changed
and samples imaged in a Leica DMIL LED epifluores-
cence microscope.

2.6. RNA extraction, RT, quantitative real
time-PCR

Total RNA was extracted with TRI Reagent (Sigma)
following the manufacturer’s instructions. RNA con-
tent and purity were determined using a Nanodrop
(Qiagen). Retrotranscription was performed using
the Prime Script RT Reagent (Takara) with up to
500 ng of RNA per sample as per manufacturer’s
instructions. Afterwards, they were further diluted
to 200 ul using sterile water. Quantitative real time
PCR was performed with 5 ng of cDNA and the
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primers shown in table S1, in an Applied Biosys-
tems™ PowerUp™ SYBR™ Green Master Mix in a
QuantStudio 5, using fast mode as follows: 20" at
95 °C followed by 40 cycles of 95 °C for 1’ and 20’
at the annealing temperature, plus the melting curve
to confirm specificity of the reaction. GAPDH was
selected as a housekeeping and results analysed using
the 2724Ct method. All samples were measured in
triplicate.

2.7. Immunofluorescence, confocal microscopy
and image processing

For staining, samples were washed three times in PBS,
fixed in 10% buffered formalin for 30 min at RT,
followed by three washes in PBS and stored at 4 °C
until use. Samples were stained overnight at 4 °C
with anti-cardiac a-actinin (1:200), anti-connexin-
43 after 1% Tween20 permeabilization. Appropriate
secondary antibodies were employed (Alexa Fluor
488- or 594-conjugated, 1:200). Images were recor-
ded using an LSM 800 Zeiss Confocal microscope and
processed using Fiji.

2.8. Z-band spacing and sarcomere directionality
analysis

Alpha-actinin confocal stacks from 2D and 3D
samples were used for quantifying Z-band spacing
and sarcomere orientation. A custom macro was
developed based on Fiji (available upon request). A
minimum of 10 and maximum of 30 sarcomeres were
analysed per plane, with an interplane separation of at
least 20 pims. User was blinded to the group of origin
to avoid any bias in the analysis.

2.9. Optical mapping

2.9.1. Calcium transient acquisition and mapping

For calcium transient (CaT) imaging, samples were
stained by immersion in Tyrode’s solution medium
with Fura 2AM (Ca®" sensitive probe, TEFLabs, Inc.,
Austin, TX, United States) at 10 M for 30 min under
incubation conditions (37 °C, 5% CO,) [29]. Ca*t
transients are used as a surrogate for action potentials
(APs) and to visualize propagation patterns due to the
increased recorded fluorescence amplitude compared
to voltage dyes. After dye incubation, culture medium
was changed to Tyrode’s solution at 37.0 °C (contain-
ing, in mM:NaCl 120, NaHCO; 25, H,0,PNa.H,0
1.2, MgCl, 1, glucose 5.5, CaCl, 1.8, KCI 5.4 and albu-
min 0.04 g171).

In order to excite Fura-2AM, cell cultures were
illuminated with two filtered UV LED light sources
(peak output 400 mW; peak wavelength 380 nm;
Nichia, Tokushima, Japan), with a plano-convex
lens (LA1951; focal length = 25.4 mm; Thorlabs,
Newton, NJ, United States) and a UV excitation
filter (FF01-380/14; Semrock) [29]. Fluorescence
was recorded using an electron-multiplying charge-
coupled device (EMCCD; Evolve-128: 128 x 128,
24 pm x 24 pm-square pixels, 16 bit; Photometrics,
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Tucson, AZ, United States) with a custom emis-
sion filter (ET525/50-+800/200M; Chroma Tech-
nology) suitable for Fura-2AM emission placed
in front of a high-speed camera lens (DO-2595;
Navitar Inc., Rochester, NY, United States). Fifteen-
second movies of fluorescence were recorded at
142.9 frames/s throughout the protocol duration.
The area of the field of view was ~5 mm X 5 mm
(128 pixels x 128 pixels) and included the entire
MEW composite.

2.9.2. Optical data processing and analysis

Custom software written in MATLAB was used
to perform optical mapping image processing and
analysis [30]. Data was filtered to remove fluores-
cence noise, applying a spatial Gaussian filter (ker-
nel size = 5) and a temporal smoothing filter (kernel
size = 5) as described in previous studies [31]. Finally,
CaT signals of each pixel were normalized between 0
and 1 [32].

2.9.3. In silico modelling and simulation

The effect of the fibre scaffold on the electrical activ-
ation of cultured hiPSC-CMs was assessed by com-
putational modelling and simulation using the finite
element method (FEM). Isoparametric quadrilateral
and hexahedral elements were used to construct mesh
representations of hiPSC-CMs cultured in conven-
tional 2D surfaces and in 3D MEW scaffolds, respect-
ively. Cellular electrophysiology of hiPSC-CMs was
represented using the Paci et al AP model [33]. Elec-
trical impulse propagation was described using the
monodomain model [34]. The longitudinal conduct-
ivity (i.e. in the myocardial fibre direction) was par-
ticularly set for each simulation, with a transversal-
to-longitudinal conductivity ratio of 0.15 in all cases.
FEM simulations were performed using the electro-
physiology solver ELECTRA [35, 36].

4, Results

4.1. MEW-scaffold optimization and mechanical
characterization

The fabrication of MEW-based engineered human
myocardium critically relies on two components:
a pre-designed polymeric scaffold and a biological
filler. For the present study, mPCL was the poly-
mer of choice, as this is the gold standard material
for MEW [37], demonstrating excellent processability
and reproducibility of printed designs. As main bio-
logical filler, we used hiPSC-CMs in order to gather
specific information on the influence of the construct
characteristics on this specific cell type. Cells were
embedded in GFR-MG to provide an initial but tran-
sient 3D environment, as Matrigel would disappear
within days and allow hiPSC-CM-to-CM interac-
tion. Although mPCL demonstrates optimal fabric-
ation properties, the resulting MEW fibres constitute
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Figure 1. Set up of MEW conditions for the generation of an optimal polymeric fibre reinforcement. (a) MEW device.

(b) Example of printing results. (c) Example of printing conditions tested. Selected condition is #2. (d) Measurement of fibre
diameter, fibre spacing and maximum printing error for the 3 exemplified printing condition sets. (e) and (f) Confocal IF for
cardiac a-actinin, showing the intimate interaction between hiPSC-CMs and the printed mPCL fibres, where cells wrap around
the fibres, developing regular sarcomeric striations. Scale bars: (b): 500 pm; (e): 25 pm; (f): 20 pm.

Maximum printing error

f

Cond.1

Cond.2 Cond.3

a hyper-stiff attachment surface for cardiac cells, sev-
eral orders of magnitude above the cardiac micro-
mechanical environment [38, 39], which can lead to
an isometric contraction (CM contraction without
cell shortening) as usually seen on conventional
plastic or glass culture surfaces. As planned, we tested
a range of printing conditions (three representative
examples are shown in figure 1(b) alongside their
printing details in figure 1(c)). The chosen printing
settings (8 kV, 7 mm nozzle-to-collector gap, 2.5 bar,
80/60 °C head/nozzle, 300 mm s~ collector speed,
22 G syringe tip) produced fibres around 20 pm in
diameter (figure 1(d)). To test if this fibre size allowed
the attachment of few individual CMs, to minim-
ize contact with the hyper-stiff mPCL fibres, hiPSCs
were differentiated to CMs by a chemically-defined
biphasic Wnt-modulation protocol, followed by a
metabolic enrichment by glucose deprivation in the
presence of lactate (figure S1(a)). This protocol pro-
duced beating monolayers (movie S1) of highly pure
hiPSC-CMs (>90% TNNT+ by FACS, figure S1(b)),
with presence of well-defined cardiac sarcomeric stri-
ations and a gene expression profile characteristic of
human cardiac cells (figures S1(c) and (d)). When
hiPSC-CMs were plated on the 20 pm-fibre dia-
meter MEW scaffolds, cells were able to attach, spread
and organize their sarcomeric structures (figures 1(e)
and (f)). As hypothesized, confocal microscopy ana-
lysis showed that the fibres of the selected diameter
were engulfed by 2—4 cells, thus decreasing the inter-
action of human CMs with the hyper-stift mPCL
fibres. Once we determined these fibre dimensions
were able to support the fabrication of human cardiac

minitissues, we generated a small library of scaffolds,
where the simplest pore geometry, squared, but fibre
spacing was varied. Uniaxial and biaxial tensile stress—
strain curves are shown in figures 2(a)—(d). The 200
and 400 pm spacing scaffolds were able to extend
along the x-direction more than 9% and 18% before
undergoing permanent deformation (e, figure 2(e)),
respectively. Uniaxial mechanical tests showed that
the elastic modulus decreased with an increasing fibre
spacing (Er (200 ym) = 75.48 £ 7.96 MPa; Er
(400 pm) = 55.8627 £ 7.5872 MPa, figure 2(f)). The
400 pm spacing scaffolds exhibited a lower elastic
limit stress oq = 4.7337 £ 0.1656 MPa than the
200 pm one o = 5.0315 £ 0.2040 MPa (figure 2(g)).
Finally, biaxial results appeared due to the symmet-
ric orthogonal design and pore geometry; all samples
were mainly isotropic showing an isotropy ratio of.
IR = 0.9717 4+ 0.0614 and IR = 0.9775 4+ 0.1999 for
200 and 400 pm spacing scaffolds respectively.

4.2, MEW-based cardiac minitissues are functional
and show features of cardiac maturation

In order to gain specific information for the gen-
eration of the computational models, 5 X 5 mm
(length/width), 200 pm spacing, square pore and ten
layers mPCL scaffolds were chosen to generate human
cardiac minitissues. hiPSC-CMs were embedded in
GFR-MG and deposited at 1 million cells per sample
on the 5 x 5 mm mats (figure 3(a)). Cells were able
to quickly remodel their surrounding matrix, as evid-
enced by the compaction of tissues and cell elonga-
tion seen in the samples (figure 3(b)), with early, loc-
alized beats evident within the first 2 d after plating.

5
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Synchronous contractions started to appear after a
week in culture and were maintained for the dur-
ation of the experiments (4 weeks, movies S2 and
S3 respectively). Live/dead staining (figures 3(c) and
(d)) showed that most cells remained viable at both
time points examined (1 and 4 weeks), with dead
cells constituting a small minority, well in line with
results for similar systems in cardiac tissue engin-
eering [24, 40]. During this period and as shown
in figure 3(a), tissues remained largely intact, with
their beat rate becoming stabilized at 0.5-1 Hz after
1 week (figure 3(e)). Analysis of gene expression by
real time quantitative polymerase chain reaction (RT-
qPCR) (figure 3(f)) pointed towards a more mature
phenotype by the end of the culture period, with
a significant downregulation of the immature iso-
form of MYHS6 and a significant upregulation of the
ventricular isoform of myosin light chain (MYL2),
which resulted in an increase in the mature/immature
MYH ratio (MYH7/MYH6) and ventricular/atrial
(MYL2/MYL7). Minitissues displayed an increased

expression of the fast-conducting gap junction GJAS,
and of the sodium voltage-gated channel, encoded by
SCN5A, pointing towards a faster conduction of the
cardiac impulse and coupling, and a faster depolar-
ization. In line with the reported stabilization of the
beating rate, a significant decrease in the pacemaker
signature gene HCN4, implicated in CM automati-
city, was found. In summary, the selected scaffolds
allow the fabrication of human cardiac minitissues,
where hiPSC-CMs survive and function for up to
4 weeks, displaying a significant maturation trend at
the gene expression level.

4.3. Human CMs are organized and better
inter-connected in MEW-minitissues

After we had obtained basic proof of the suitability
of our chosen components for building human car-
diac tissues, it was crucial to determine the structural
configuration of CMs within them. We employed
immunofluorescent staining and confocal micro-
scopy to obtain accurate morphometric information
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Figure 3. Characterization of fibre-reinforced engineered human cardiac minitissues. (a) Minitissue assembly procedure.

(b) Light microscopy images of minitissues 1, 7 and 28 d after generation. (c) Live/dead staining at 7 and 28 d post-generation,
(d) showing low percentages of dead cells. N = 3, n = 2. (e) Beating rate evolution during the course of the experiments, showing
a spontaneous beating stabilization around 0.5-1 Hz. N = 3, n = 2. (f) (e) RT-qPCR analysis depicting gene expression from
hiPSC-CM isolation (day 0) to the experimental endpoint (28 d after minitissues generation). Data shown as median (Q1, Q3),
N=4,n=3.%:p<0.05 **:p<0.01; ***: p <0.001. Scale bars: (b, left): 500 zm; (b, right): 100 pm.

and compared it with conventionally cultured cells
(on 2D, matrigel-coated plastic surfaces) in order to
specifically gauge the magnitude of the effect. Analysis
of confocal images and stacks revealed that hiPSC-
CMs were randomly arranged on 2D substrates, fol-
lowing an isometric distribution with no directional
preference. However, it was soon evident that CMs
in close contact and in the vicinity of mPCL fibres

followed the printed orthogonal design (figure 4(a)).
Although no difference was found in sarcomeric Z-
band spacing (with 1.842 + 0.014 pm for hiPSC-CMs
on 2D surfaces and 1.87 + 0.015 pum for those on
the 3D MEW minitissues, mean &+ SEM, p = 0.469,
figure 4(b)), the alignment of sarcomeres was sig-
nificantly influenced by the presence of the scaffold
(figure 4(c)), with almost 60% of them arranged
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Figure 4. Analysis of structural organization with cardiac minitissues. (a) Confocal IF images of cardiac a-actinin stained samples
depicting the well-organized sarcomeric striations present in hiPSC-CMs in 2D and 3D samples. (b) Quantification of Z-band
spacing. (c) Analysis of sarcomeric alignment in CMs cultured in 2D versus those in minitissues. (d) Sarcomeric alignment
relative to fibre direction. (e) Confocal IF images of cardiac troponin and connexin-43-stained samples. (f) Quantification of
connexin-43 presence. (g) Confocal IF staining of cardiac troponin and connexin-43 of hiPSC-CM attached to MEW-mPCL fibre
(MEW-3D); insert: higher magnification showing connexin-43 in the CM—CM interface. Data shown as (b) median (Q1, Q3) or
(f) average &= SEM, N = 3—4, n =2—3. **: p < 0.01. Scale bars: 20 pm.

within 20° of the fibre direction (figure 4(d)).
This sets out and quantifies the alignment stimulus
provided by the scaffolds. However, we also noted a
more prominent presence of connexin-43 (C x 43)
CM-CM connections. As can be seen in figure 4(e),
hiPSC-CMs on both 2D and 3D-MEW substrates
presented a dotted C x 43 staining, but the pres-
ence of C x 43 was significantly higher when CMs
were cultured in the 3D systems (0.246 % 0.06 vs
1.727 £+ 0.301 respectively, mean + SEM, p = 0.002,
figure 4(f)). As seen in figure 4(g), CMs in close con-
tact with the mPCL fibres often had well lateralized
C X 43 staining, connecting neighbouring cells. Taken
together, these results point towards the capacity of
the MEW scaffolds to pattern hiPSC-CMs, and to
improve the electrical interconnection between them,
as compared with 2D conventional culture systems.

4.4. Improved cardiac function in human
minitissues

Anisotropy and electrical connectivity are two fea-
tures of mature cardiac tissue. As these features, also
supported by the reported changes in gene expres-
sion, can affect cardiac functionality, we conducted
optical mapping for CaTs both early (1 week) and late
(4 weeks) after generation, in comparison with con-
ventional 2D culture. Both 2D and the MEW-based
minitissues presented a homogeneous propagation of
the signal with clear foci that initiated the activa-
tion of the structures, revealing a well-connected and
ordered disposition of the cells within a clear func-
tional tissue that propagated throughout the whole
surface of the samples (movie S4 and S5 for 2D and
MEW respectively). Quantitative analysis of conduc-
tion velocity, exemplified on the isochronal maps
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(figure 5(a)), revealed that engineered minitissues
were functionally superior to hiPSC-CMs on 2D
plastic surfaces, with a statistically superior conduc-
tion velocity at both 1- and 4 weeks post-fabrication
(1 week: 2D: 4.985 + 0.099 cm s~ '; MEW-3D:
17.297 + 1.758 cm s}, p < 0.001; 4 weeks: 2D:
17.090 £ 2.017; MEW-3D: 24.653 £ 6.605, p = 0.013;
mean + SEM, figure 5(b)). All in all, MEW human
cardiac minitissues showed a faster conduction velo-
city, in the range of human myocardium (10 cms™1).

4.5. In silico replication of cardiac function in
human minitissues vs conventional hiPSC-CM
cultures

The functional superiority of 3D MEW-based min-
itissues with respect to hiPSC-CMs cultured on 2D
surfaces was further investigated in silico. Electrical
propagation in hiPSC-CMs 2D cultures was simu-
lated using a regular 2D mesh of isoparametric quad-
rilateral elements with 50 pm spacing, in which cell
alignment followed a uniform statistical distribution
spanning 0-180°. The tissue mesh was partitioned
in several node groups, in which the funny current
It controlling cellular automaticity was reduced by
distinct factors up to 90% to reproduce the exper-
imentally measured activation pattern. To reach the
same maximum activation time (AT) as in the optical
mapping experiments, the diffusion coefficient was
set t0 3.5 x 107% cm® ms™'. A close match between
simulated and experimental isochronal maps was
achieved, with a maximum AT difference of 7 ms
(figure 6(a)). A similar approach was followed to sim-
ulate electrical propagation in 3D MEW minitissues
with square pores of 200 pm side, for which we con-
structed a regular 3D tissue mesh of isoparametric
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Figure 5. CaT optical mapping of hiPSC-CMs on 2D surfaces and minitissues. (a) Black and white images of samples and
isochrone maps (ms) for 2D (top) and 3D (bottom) hiPSC-CM samples. (b) Conduction velocity measured in cm s~ ! for 2D and
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hexahedral elements with 50 pm spacing. Cell align-
ment was set to be uniformly randomly distrib-
uted except for nodes proximal to the MEW scaffold
(within 27 pm), in which it was defined to match
the direction of the MEW fibres. This led to reori-
entation of 28.5% of the tissue nodes for the scaf-
fold with 200 pum pore size. Inhibitions of the It
current of up to 80% were applied in specific node
groups to simulate the experimental activation pat-
tern, with additional 20% Iy, reductions applied at
certain node groups to represent zones devoid of cells
in the experimental system. The diffusion coefficient
was set to 2.72 x 10~% ¢cm? ms™!, which allowed
accurate in silico reproduction of the experimental
isochronal map (figure 6(b)). In conclusion, our sim-
ulated isochronal maps replicated the experimentally
measured maps in 2D and 3D configurations, with a
relevant improvement in propagation speed induced
by the use of MEW scaffolds.

4.6. Varying pore size influences hiPSC-CM
alignment without affecting CM—CM connectivity
In order to confirm the models and feed addi-
tional information into them, we printed orthogonal
mPCL MEW scaffolds with different pore lengths:
200, 400 and 1000 pm. We hypothesized that the pos-
itive influence of MEW scaffolds over CM alignment
would decrease with increased pore size. Therefore,

minitissues were grown for 4 weeks, stained for
a-actinin and C X 43 and quantitative analysis of the
confocal images and stacks was performed, for sar-
comere directionality, Z-band spacing and C x 43
expression. Although no differences for Z-band spa-
cing were found between the hiPSC-CMs populating
the different scaffolds (figure S2), culture on the 3D
MEW substrates was able to differentially align the
cells, when all the 3D conditions were compared with
those seen on 2D surfaces (figures 7(a) and (b)). Spe-
cific analysis of alignment for the different spacings
showed, however, that only 200 and 400 pum scaffolds
induced a statistically relevant alignment of hiPSC-
CMs when compared with cells cultured on isotropic
2D plastic surfaces (p < 0.0001 for 200 pem vs 2D, for
200 pm vs 1000 pm, for 400 pim vs 2D and for 400 pm
vs 1000 pm) (figure 7(c)). In addition, the sarcomeric
orientation for CMs on both the 200 and 400 pm
scaffolds was significantly more aligned than for the
1000 pm mats. No statistically significant differences
were found between the different scaffolds when the
presence of C x 43 was quantified (figure 7(d)).

4.7. Cell location within pore determines
alignment and CM-CM connectivity

During the analysis of sarcomeric alignment, it
became evident that the described effect was not
homogeneous. Careful inspection of the engineered

9



Biofabrication 14 (2022) 045017

P Montero-Calle et al

Relative frequency (%)

%Cx43+ area

[~ S -

400 pm

HIlH
1000 pm |.m_|

E

S,
=
=
&

)
=

400 pm

Relative frequeney (%)
S

I

=
S DI R e T D

1000 pm B 200 um

e e e S )

T T e D e e 2 ——eEErEX

Angle

B 400 pm 1000 um

2

w
=

Relative frequency (%)

=

<

%Cx43+ area
2 IS

B = o
£ 4 5
5 oo A

B Close

(a 200/500/1000): 50 pm; (a 2D): 20 pm; (e): 20 pm.

Figure 7. In-depth analysis of hiPSC-CM organization in minitissues. (a) Confocal IF images of cardiac a-actinin stained samples
depicting the prominent sarcomeric striations present in hiPSC-CMs in MEW-3D composites of pore sizes of 200, 400 and

1000 um and in 2D. (b) Quantification of sarcomeric orientation in MEW-3D vs 2D. (c) Specific orientation of sarcomeres in
MEW-3D samples of 200, 400 and 1000 zzm, and in 2D. (d) Analysis of C X 43 presence as a factor of pore size of MEW-
minitissues. (e) Regional sarcomeric orientation for hiPSC-CM:s close to the fibres, in the vicinity (20 pm), and within the pores,
in comparison to CMs on 2D surfaces. (f) Quantitative analysis of sarcomere orientation in the said compartments. (g) C X 43
presence analysis. Data shown as median (Q1, Q3), N =3, n=2.*: p < 0.05; ***: p < 0.001; ****: p <0.0001. Scale bars:

Pore

tissues allowed us to delimit three distinct cellular
behaviours in three different areas: those cells in dir-
ect contact with the fibre, those in the immediate
vicinity and those in the pore. As this differential
internal organization could provide greater accur-
acy for the computational model, we quantified sar-
comeric orientation and connectivity (% of C x 43)
in three areas, specifically (a) direct contact with the
mPCL fibres (termed ‘Close’), (b) within 20 pm of
these (termed 20 pm’) and (c) in the pore (from
20 um to the centre, termed ‘Pore’), whilst we used
hiPSC-CMs on 2D surfaces as control. As depicted on
figures 7(e) and (f), hiPSC-CMs in the ‘Close’ region
followed the strong alignment cues provided by the
mPCL fibres, as shown by the sharp sarcomeric ori-
entation, with over 80% of these structures following

the fibres or within 20° of them. This specific dis-
tribution was significantly different from what was
found in all other three conditions. Sarcomeres in
the 20 pm delimited region still were differentially
aligned when compared with isometrically distrib-
uted cells (2D), though the percentage of sarcomeres
within the chosen 20° of the proximal fibre orienta-
tion already dropped to less than 20%. Finally, CMs in
the pore area showed no preferential alignment, with
a behaviour similar to what is found on 2D surfaces
(isometric distribution). When looking into CM-to-
CM connection by C x 43 (figure 7(g)), cells in dir-
ect contact with the fibre had a significantly increased
presence of C x 43, whilst no difference was found for
those in the 20 pm or Pore regions (3.15 £ 0.406%,
1.52 £+ 0.375%, 2.065 + 0.321% for Close, 20 ym and
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Pore regions respectively, p = 0.046 for Close vs Pore).
Taken together, this highly specific regional morpho-
metric characterization shows that alignment is lost
towards the centre of the pore and with increased dis-
tance from the fibre, but that hiPSC-CMs are able to
follow the predesigned fibres, and that those in dir-
ect contact with the said mPCL fibres are electrically
better connected.

4.8. In silico identification of optimal pore size in
MEW scaffolds

To further inspect the effect of the pore size on
cell alignment and connectivity, we performed sim-
ulations using the tissue geometry described in
section 3.5 but considering MEW scaffolds of vary-
ing pore size in the form of squares with sides ranging
from 100 to 1000 pm (figure 8(a)). The propor-
tion of tissue nodes oriented according to the scaf-
fold’s fibres remarkably decreased from the smallest
to the largest pore size in concordance with a reduc-
tion in the number of nodes within 27 pym of the
scaffold. In a set of simulations, we assumed a lin-
ear relationship between the degree of cell alignment
in the minitissues and cell-to-cell connectivity. For
the scaffold with the smallest pore size of 100 pm,
54.1% of the tissue nodes were oriented and the dif-
fusion coefficient was set to 5.13 x 10~* cm? ms™!.
For the largest pore size of 1000 pm, cell alignment
was reduced to 4.1%, with a corresponding diffusion
coefficient of 4.17 x 107> cm? ms™~!. To investigate
which factor was mostly contributing to the increased
propagation speed in 3D minitissues as compared to
2D cultures, we computed isochronal maps for each
pore size under three different simulated scenarios
(figure 8(b)). In the first scenario, a decrease in cell
alignment with increasing pore size was simulated
while the diffusion coefficient remained constant at
4.17 x 107> cm? ms~! for all pore sizes. In the second
scenario, random cell orientation was assigned to all

simulated meshes independent of the pore size while
cell-to-cell connectivity was reduced with increasing
pore size. In the third scenario, a decrease in both cell
alignment and connectivity with increasing pore size
was simulated. The maximum AT in the isochronal
maps remained approximately constant at 131 ms for
all pore sizes when cell-to-cell connectivity was not
varied. When including variations in cell-to-cell con-
nectivity proportional to variations in cell alignment,
the maximal AT was remarkably reduced from 135 ms
for a pore size of 1000 um to 34 ms for a pore size of
100 pm. These findings demonstrate that cell-to-cell
connectivity plays a highly relevant role in the activ-
ation of scaffolds, with smaller pore sizes leading to
faster activation. This serves to highlight the role of
increased C X 43 expression in the electrical activ-
ity of cells cultured in MEW scaffolds, particularly for
small-to-medium scaffold pore sizes, as in the exper-
imental evidence reported above. Moreover, our sim-
ulations generate evidence that an optimal pore size
would be as small as 100 pm.

5. Discussion

The aim of the present study was to develop new tools
based on computational modelling that enable an
in silico prediction of changes occurring in the period
after cardiac engineered tissue fabrication. To this
end, we firstly examined the functional and structural
characteristics of fibre-reinforced human engineered-
cardiac tissues built using MEW, in order to input
this information to computational simulations. Our
results show that human cardiac cells (hiPSC-CMs)
form viable and contractile minitissues whose func-
tionality can be stably maintained for at least 4 weeks.
These tissues matured over time, as shown by their
gene expression and the increase in CV, reaching
levels on the same order of magnitude as the natural
human myocardium (10 cm s™'). A more specific
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structural examination determined that the cells fol-
lowed an overall alignment dictated by the MEW PCL
fibres and had an increased presence of the fast con-
nexin C x 43, pointing towards a better electrical
interconnection. The former effect on cellular align-
ment was mostly evident in the proximity of the poly-
meric fibres, as it disappeared when pore size in the
MEW structure was enlarged, although the increase
in C x 43 was maintained. The cells in close contact
with the fibres displayed an even higher presence of
C x 43 when compared with those located over 20 pm
from them. All this specific information was fed into
an in silico model, that was able to predict the rela-
tionship between pore size and the resulting minitis-
sue functionality.

Cardiac tissue engineering has traditionally
sought to faithfully replicate the natural human
myocardium, including its cellular and extracellu-
lar components, as well as its physical properties. In
order to achieve this, ECM-mimics in the form of
hydrogels, either natural such as collagen type I [41]
or fibrin [42], or synthetic such as GelMA [43] or
PVA [44] have been extensively explored. However,
though these hydrogels adequatedly mimic the tis-
sue’s Young’s modulus (in the range of 10 s of kPa),
their tensile strength, crucial to sustain the constant
cycles of filling-pumping, is significantly inferior.
Composites formed by supplementing mechanical
reinforcers such as nanoparticles, reversible cross-
links or fibres [45—47], have contributed to strategies
that enhance the mechanical properties of the result-
ing tissue. In this area, MEW stands out for it super-
ior capacity to support this strategy. First, it demands
very little volume [21], unlike other widespread melt-
based additive manufacturing technologies like fused
deposition modelling, where fibres are orders of mag-
nitude larger. This also allows cells to interact with
features of a similar size to themselves. Secondly,
unlike solution electrospinning, the capacity of MEW
to control fibre deposition make it possible to tailor
the desired mechanical properties to those of the tis-
sue to be produced [24, 40, 71, 72]. In our research, we
designed the simplest isometric (square pore) scaf-
folds in order to be able to relate the biological results
to the obtained mechanics and structure in a straight-
forward way. We chose Matrigel as the ECM mimic
here, in spite of its drawbacks (mainly, its undefined
nature and lot-to-lot variability) because of its high
biocompatibility and transient nature, which enable
the hiPSC-CMs to connect early on after minitis-
sue formation and to interact unhindered with the
MEW-PCL fibres. Despite several reports highlight-
ing the importance of the presence of stromal cells,
either fibroblasts or mesenquimal cells, for the form-
ation of cardiac tissues in vitro [11, 50, 51], this was
not the case in our study. Although it is plausible, as
suggested by others [24], that the presence of fibres
may be enough to ensure the formation of the tis-
sues, it is possible that in our case, non-CMs in the
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cellular preparation (up to a maximum of 10%) could
contribute to this stromal fraction.

Our biological analysis of the human cardiac
minitissues revealed several features of an ongo-
ing maturation process, mainly highlighted by the
increase in CV for the MEW-3D minitissues over
that of conventionally cultured hiPSC-CMs (2D).
Although 2D-maintained cells improved their func-
tionality over the 4 week period, hiPSC-CMs in the
3D environment propagated the calcium waves signi-
ficantly faster. This is also supported by the increase
in expression of SCN5A over time, which could point
towards a faster depolarization during phase 0 of the
AP [52], and of GJA5 (encoding the fast connexin
C x 40), added to the increased presence of C x 43
in the 3D tissues in comparison with the 2D cultures.
Both C x 40 and C x 43 are fast conducting gap junc-
tions allowing the passing of ions and the coordinated
propagation of the cardiac AP between connected
cells, indirectly supporting the observed functional
outcome. Added to this, human MEW-based car-
diac minitissues demonstrated a decreasing expres-
sion of the immature isoform of MYH6 (encoding
for the alpha-isoform of the protein), and increased
the ventricular form of the MYL2, which led to an
increase in the MYH7/MYH6 (mature/immature)
and MYL2/MYL7 (ventricular/atrial) ratios respect-
ively, both of which are related to improved matur-
ation, as reported for other engineered systems such
as in the work by Ronaldson-Bouchard et al with col-
lagen type-I based tissues, Ronaldson-Bouchard et al
with fibrin-based constructs subjected to electrical
stimulus or Kit-Anan et al using PDMS microwells
[14, 41, 53], probably pointing more to the effect of
the 3D environment rather than to a material-specific
response. A note of caution must be raised regard-
ing this maturation, as, in spite of the mentioned
findings, the cells in our minitissues still fall short
of the characteristics found in adult human CMs.
These include structural features such as presence of
T-tubuli, higher mitochondria content, longer sar-
comeres (close to 2.2 um for Z-band spacing at relax-
ation), highly patterned C x 43 or larger size, as well
as functional differences as still higher CV (reviewed
in [48]).

We used the optical mapping information to
develop the first computational simulations able to
accurately reproduce the experimental results and
make predictions on the electrical behaviour of mini-
tissues. To generate in silico models that can help in
building advanced human cardiac tissues and pre-
dicting their evolution after fabrication, we thought
it crucial to understand how cells were organized
within the engineered systems after the 4 week culture
period. Human iPSC-CMs arranged themselves in a
specific fashion when included in the 3D MEW com-
posite tissues. Cells were able to follow the pattern of
the PCL fibres, similarly to what has been described
for PDMS features [49, 53], electrospun matrices
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[54], or carbon nanotube-doped substrates [55]. By
varying the pore size of the scaffolds, we demon-
strated that the overall alignment effect was lost when
the pores were sufficiently large (1000 zsm), where cel-
lular distribution of alignment behaved more simil-
arly to the isotropic arrangement found on 2D sur-
faces, and where no preferential direction or cue is
provided. We gauged the magnitude of this effect
and its specific location within the tissue structure.
As expected, the strongest alignment effect could be
found when CMs directly interacted with the MEW
fibres, and it was preserved within the neighbouring
cellular layers (approximately up to 20-30 pm away).
In contrast, cells beyond that limit (within the pore,
not directly exposed to the alignment cues) were ran-
domly arranged and behaved more similarly to cells
cultured in 2D. In consequence, the larger the pore,
the smaller the alignment stimulus and effect, as the
amount of fibre decreases with increased pore size.
Given the importance of aligned CM contraction for
the generation of relevant pumping forces, the capa-
city to precisely control this feature is fundamental
for the efficient mimicry of the fabricated construct.
Surprisingly, although hiPSC-CMs showed a higher
presence of C X 43 when included in the 3D envir-
onment of the MEW composites in comparison to
cells in 2D, those cells in direct contact with the fibres
had even higher levels when compared to the other
two locations. This latter piece of information poten-
tially has important implications as these cells could
act as ‘conduction highways’ and impact the overall
engineered tissue performance by tuning the trans-
mission of the cardiac impulse. This can be crucial
for building better and more biomimetic engineered
cardiac tissues. Novel MEW-scaffold designs could be
produced in which, by changing the printing path
whilst complying with the desired macroscopic (at tis-
sue level) mechanical properties, an increased align-
ment stimulus could be provided by decreasing the
pore size and increasing the number of fibres ori-
ented in a single direction, thus better replicating the
myocardial anisotropy. In line with our results, this
would be anticipated to increase conduction speed
in the chosen direction. Also, pore geometry could
be tuned to increase flexibility and contraction capa-
city, as already shown for hexagons and sinusoidal
patters [24, 48].

Design is inherent to additive manufacturing.
Traditionally, this has come from medical imaging
data such as MRI or CT scans. The information
is segmented and transformed into printable files
that will enable the selected technology to reproduce
the natural architecture. However, this workflow is
imperfect, as it does not always take into account
the specifics of tissue maturation after assembly. In
consequence, even the most accurately manufactured
and bioinspired engineered tissue could fail to deliver
the expected functionality if during the evolution
after fabrication, its constituents are rearranged in the
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wrong fashion. Our work takes the first steps towards
developing in silico tools able to perform a design-to-
evolution prediction. These will, in the near future,
allow us to fine-tune the fabrication and assembly
procedures for a final engineered tissue displaying
the required structural and functional characteristics.
We used the simplest design and components (square
isometric pores, transient hydrogel, uniphenotypical
cellular composition) to deliver this first generation
simulation. The model is already able to adequatedly
simulate the relationship between pore size and res-
ulting biological performance (AT). Our next steps
will be directed towards increasing its complexity
by obtaining novel information in different areas.
These include (a) varying the pore geometry, orient-
ation and number of layers to accommodate complex
structures such as those already reported, including
hexagons and auxetic structures [24, 56], (b) analyse
the effect of the structure on the overall mechanical
properties of the scaffold, (c) including the specific
material properties, as well as novel features such
as conductivity [56-58], (d) increasing the complex-
ity of the cellular components to make it more rep-
resentative of the native cardiac tissue, by introdu-
cing fibroblasts, vascular and pacemaker cells, all of
which are now attainable through specific differenti-
ation of hiPSCs [6, 59, 60], (e) enhanced function-
ality through maturation via the implementation of
electromechanical, hormonal or metabolic stimula-
tion [14, 61, 62], and (f) increased biological inform-
ation through the use of novel genomics procedures
and analysis, including single cell sequencing [63].

It is important to note that, in spite of the
tensile properties of the MEW-mPCL scaffolds, well
above the range reported for human myocardium,
our minitissues are functional and show macro-
scopic beating. This probably results from their over-
all mechanical properties (including the hydrogel and
cellular components) providing a suitable environ-
ment for hiPSC-CM to contract the whole struc-
ture. Subsequent work will investigate this in depth.
This underlines the importance of having an optimal
understanding of the mismatch between the mech-
anical properties of the individual components in
a given engineered tissue, versus the properties of
that tissue as a whole. Although mPCL is the gold
standard material for MEW, other polymers with
more suitable mechanical properties, such as highly
elastic poly(L-lactide-co-e-caprolactone) [64], would
be highly beneficial for their use in the cardiac field.
In addition, the long degradation time of mPCL (in
the range of years) [65] can also be detrimental for
the application.

Building biomimetic, functional and mature
human myocardium has significant application ven-
ues. Firstly, as tissue models, they could allow the
investigation of human cardiac physiology and patho-
logy. Added to the potential of deriving hiPSCs from
patients or to simulate disease conditions in vitro,
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they could help fill in knowledge gaps currently unad-
dresseable due to the scarcity of human primary heart
tissue [66]. Although hiPSC-derived cells in 2D or as
organoids are undergoing intense research in this area
[67, 68], lack of adequate maturity or 3D organiza-
tion are some of the main roadblocks that the present
approach could help lift. Secondly, as drug testing
platforms. Albeit the need for cell numbers in the
range of millions precludes their use in high through-
put testing, mature electrical properties can position
MEW-based minitissues as a safer and more reli-
able testing system for compound arrhythmogenicity,
currently one of the main causes of drug withdrawal
[69]. Lastly, this technology has a superb potential
for the building of human myocardium for thera-
peutic purposes. MEW scaffolds can be printed to a
relevant thickness with fine control of fibre depos-
ition [23], enabling the recapitulation of the specific
cellular alignment within the myocardial wall, which
added to the recent development of methodologies to
increase the yield of CMs from hiPSC differentiation
procedures [70] makes this aim more feasible than
ever.

In summary, we fabricated human cardiac engin-
eered tissues employing hiPSC-CMs and an ECM
mimic based on a fast-degrading hydrogel (Matri-
gel), reinforced with a 3D-MEW fibrous structure.
These minitissues present contractile activity, and
show maturation over time in terms of gene expres-
sion and functionality. In addition, the presence of
the 3D MEW reinforcement is able to deliver a spe-
cific hiPSC-CM alignment and a higher intercon-
nectivity through a stronger presence of C x 43. By
inputting the collected biological information into
novel computational simulations, our work outlines
the path towards the development of advanced tools
that will allow the in silico design of new constructs
with enhanced and accurately predicted functional
capacity. This strategy can easily be applied to most
additive manufacturing technologies that allow for a
controlled deposition of material or cells.
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