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In the heart, the specific 3D structure of myocardial layers produces an
efficient ejection of blood. When myocardial infarction strikes, this architecture
is disrupted, adding a disarranged contraction to the decreased availability

of pumping units (cardiomyocytes, CMs). In this work, the alignment of
cardiac fibers in a large animal model (pig) is characterized and employ melt
electrowriting (MEW) to fabricate a bio-inspired scaffold with diamond-shaped
pores. Using human-induced pluripotent stem cell-derived CMs and cardiac
fibroblasts, human cardiac tissues with a biomimetic in-plane contraction are
generated. MEW-diamond tissues beat macroscopically for over 1 month, with
significantly faster kinetics, increased force, and higher conduction velocity
than those based on square or rectangular pores. The diamond design induces
a specific hiPSC-CM alignment resulting in the observed in-plane contraction.
Transcriptomic analysis using bulk RNA-seq reveals diamond-MEW

tissues present features of maturation as compared to traditional

2D cultures. Finally, the bio-inspired cardiac tissues are employed to treat

an infarction model in athymic rats, showing a significant benefit on systolic
function and remodeling, tied to the presence of large grafts of human cells
remuscularizing the ventricular wall. All in all, it is demonstrated that the new
design generates superior human cardiac tissues with therapeutic capacity.

1. Introduction

The human heart is a complex biological
structure, where pumping efficiency is max-
imized through the specific geometrical ar-
rangement of its contractile units, the car-
diomyocytes (CMs), and their surrounding
extracellular matrix (ECM). The specifics
are still a matter of debate, with differ-
ent systems proposed, such as the helical
myocardial band (also termed of Torrent-
Guasp), or the so-called myocardial mesh
models.['?] Independently of these theoret-
ical frameworks, CMs in the left ventricu-
lar (LV) wall vary their orientation through-
out the thickness of the tissue.l} This gives
rise to a highly coordinated contraction-
torsion movement, responsible for the ade-
quate ejection of blood, as well as an appro-
priate electrical propagation. Disturbance of
this exquisite arrangement can occur due
to an underlying disease, but purely struc-
tural alterations can also result in organ
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malfunction. For example, myocardial infarction (MI) not only
causes the death of a significant portion of cardiac cells, decreas-
ing the pool of work-generating units, but also alters their global
arrangement, thus reducing global contraction.[*3] This natural
cardiac 3D structure is a result of complex embryonic move-
ments, and the contribution from several progenitor populations
at different stages of development.[®”] Structural remodeling con-
tinues after birth, with the rise of hemodynamic demand, and
through infancy and puberty, till the completion of CM matura-
tion around the second decade of life.®] These natural processes
can be the source of inspiration for the biofabrication of human
cardiac tissue in the lab, but 20 years is too long a scale. This
is especially relevant given the pressing need for the obtaining
of human myocardium, as cardiovascular diseases are the num-
Dber one killer worldwide, with MI being the first single cause of
death,®! and a significant source of expenditure.['"]

Opportunity is ripe. The bursting of boundaries brought about
by the almost concomitant development of additive manufac-
turing technologies and cellular reprogramming, has provided
excellent breakthroughs across different scales. The Dvir lab
was one of the first to produce personalized, anatomically rel-
evant, and scaled models of human myocardium, in the form
of both patches and hearts. Omental tissue was processed into
a hydrogel, whilst cells were reprogrammed into human in-
duced pluripotent stem cells (hiPSCs), later to be differenti-
ated into CMs and endothelial cells.'" The Feinberg group fine-
tuned a collagen-based bioink and similarly employed a sup-
port bath (freeform reversible embedding of suspended hydro-
gels or FRESH), to build hiPSC-cellularized small ventricles with
cohesive functionality and coordinated electrical activity.l'?] The
team of Brenda Ogle took a slightly different approach, with
a more complex biomaterial ink formulation which included
gelatin methacrylate (GelMA), collagen methacrylate (ColMA), fi-
bronectin, and laminin-III. The resulting bioink from combining
this mixture with hiPSCs was printed into the shape of a mini-
ventricle and cardiac differentiation induced, achieving physio-
logical drug-responsiveness and macroscopic beating, amongst
others.[**] Recently, the group of Felix Engel has developed an
improved support bath and biomaterial ink (collagen-hyaluronic
acid-based) formulation and applied it to the printing of
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cardiac constructs with increasing complexity and long-term cul-
ture capacity.'*] Other approaches have involved the biofabrica-
tion of cardiac structures including cardioids.['! Overall, these
scaffold-free methods can generate functional, physiologically-
shaped constructs, but alignment is usually limited. Inclusion
of polymeric cues or additional fabrication steps have demon-
strated the capacity to surpass this limitation, progressing toward
the recapitulation of the already structured alignment of CMs
within each layer of the LV wall has seldom been explored us-
ing biofabrication technologies, as achieving programmed direc-
tionality on CMs is not trivial. Choi et al showed the 3D printing
of gelatin fibers within an alginate-gelatin ink. The pre-formed
fibres provided alignment cues for the CMs, that were seeded
after printing, delivering a functional ventricle model with co-
ordinated impulse propagation.['®] The Lewis group took clever
advantage of the sheer produced during bioprinting to induce
hiPSC-derived CM (hiPSC-CMs) alignment.['”] This method de-
livered high-density units, that could be programmed with a
pre-designed alignment to achieve different functionalities. In
general, this approach has shown better results than the inclu-
sion of more conventional 3D-printed polymeric fibers, which
generally results in stiffer constructs with diminished contrac-
tile capacity.'®! In addition, the presence of a scaffold often oc-
cupies a high volumetric fraction, precluding the generation of
high-density tissues equivalent to native human myocardium, re-
ported in the range of 10-28 million cells per mL.[']

Within the different biofabrication technologies, melt elec-
trowriting (MEW) is uniquely suited to surpass these limita-
tions, tuning CM alignment and construct functionality. MEW
can 3D print micrometric fibers (usually 10-20 ym in diame-
ter), with high precision, providing a superb control over the pre-
sented cues, as well as the mechanical environment of the to-
be construct.[??) MEW scaffolds present large pores, occupying
a low volume within the final construct,[*!! enabling the genera-
tion of the high densities needed for human cardiac tissue engi-
neering. We and others have already demonstrated the capacity of
MEW to constitute the basis for the generation of engineered hu-
man cardiac tissues.?223] Moreover, we have started to decipher
what is the relationship between the printed MEW scaffold, the
resulting hiPSC-CM arrangement, and the resulting functional-
ity. However, orthogonal pore geometries do not adequately re-
capitulate the mechanical anisotropy of cardiac tissue.[?* Simi-
larly, although the hexagonal structures used by Castilho et al.[?*]
better permit reversible cyclic deformations, the statement that
an hexagon better represents the honeycomb structure of the
myocardium!?! is not totally accurate. This honeycomb-like pat-
tern is produced by the cross-sectional area of CMs, whereas the
cells will arrange longitudinally on scaffolds regardless of the ge-
ometry of the pore.

In the present work, we go one step further and design MEW
scaffolds that recapitulate the aligned, in-plane beating of LV my-
ocardial layers. These structures, with pores in the shape of dia-
monds, demonstrate better functionality, structure, and gene ex-
pression than conventional orthogonal designs (square, rectan-
gle). A transcriptomic analysis is able to pinpoint the differences
of this MEW 3D system over conventional 2D cell culture, with
the former presenting higher similarity to the biological counter-
part. We transplant the MEW cardiac constructs in an athymic rat
model of MI, where animals treated with the 3D constructs show
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better cardiac function, with large grafts of human cells surviv-
ing for the duration of the in vivo study (4 weeks). Finally, we
employ in silico simulations to investigate the proarrhythmic po-
tential of our designs when interfaced with porcine and human
myocardium.

2. Results and Discussion

2.1. Using MEW to Generate Scaffolds with Potential to Generate
Aligned Contraction

Current models determine that CMs within the ventricular wall
are aligned, and that the direction of this alignment varies
throughout the thickness to deliver a healthy contraction-torsion
motion.[] To assess the degree of this change and determine
if this can be mimicked using MEW, we performed a directional
analysis on Hematoxylin-Eosin -stained pig myocardial histologi-
cal preparations, sampled throughout the thickness of the LV free
wall (Figure 1A), at the location corresponding to the area of MI
in this experimental model.l””] Using the Orientation ] feature
of Image]J, the analysis (N = 6 porcine hearts Figure 1B) showed
that CM alignment varied 48.56 + 5.95° from epicardium to en-
docardium, equating to a change of 5.94 + 1.38°/mm (Figure 1C),
which is similar to what Walker and co-workers reported for
the sheep heart.?! This magnitude of change can be adequately
reproduced using MEW. Within the possible geometries avail-
able for printing with MEW, orthogonal pores had been already
explored by us and others,?2?! but they were mostly isomet-
ric, whereas cardiac tissue is characterized by the said strong
anisotropy, leading to efficient unidirectional contraction within
one myocardial layer. Hexagons, a more advanced geometry, are
also similarly limited in this regard.[?*} Therefore, we designed
a novel scaffold with pores in the shape of diamonds. Diamonds
feature a prominent direction of lesser resistance along the minor
diagonal, and would potentially constitute a good fit for our hy-
pothesis: that the mechanical environment and alignment cues
provided by the fibrillary MEW scaffold can optimize macro-
scopic function of biofabricated human myocardium toward a
unidirectional, in-plane contraction. We designed a G-code for
the printing of 2 X 1 mm (large x small diagonal) pores (Support-
ing information), as MEW scaffolds based on medical grade poly-
e-caprolactone (mPCL) are substantially rigid if designed with
small pores,??l which would limit the overall construct macro-
scopic contraction. With a therapeutic perspective in mind, the
more rigid the MEW scaffold, the more work-seeded CMs would
have to invest in contracting this structure, which would then di-
minish the amount available for transmission to any underlying
diseased myocardium. It is plausible that a careful gauging of
the relation between pore-dimensions and resulting functional-
ity could render a more optimized set of dimensions, though that
lies outside the scope of this work. In order to ensure a precise
and homogeneous scaffold deposition, and to minimize fiber di-
ameter (also impacting scaffold rigidity), MEW conditions were
optimized, namely feed pressure, voltage, collector distance, and
collector speed. Figure 1D depicts the effect of the different vari-
ables on the fiber thickness. As shown, for a constant collector
distance of 8 mm, an increase in the feed pressure translates into
thicker fibers. Conversely, augmenting either the voltage or the
collector speed results in diminished fiber diameters. Hence, the
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thickest fibers were obtained at the combination of highest pres-
sure and lowest voltage and speed, measuring 64.88 + 0.35 ym
for 3 bars, 4.5 kV, and 200 mm min~'. On the other hand, the
thinnest fibers, of 9.44 + 0.39 um in diameter, were achieved
with the experimental combination of lowest pressure (1 bar)
and highest voltage (6.5 kV) and speed (800 mm min~!) of the
examined values (Figure 1Di). However, homogeneous and con-
tinuous printing of full scaffolds at this low end of achievable
thickness was challenging, especially impacting fiber deposition
patterns. Here, the most important factor for fiber deposition ac-
curacy is the relationship between the polymer mass flow at the
nozzle and at its contact point in the collector plate. In practice,
this can be assimilated to the relationship between the jet and
collector velocities, Vi, and V.. Ideally, optimal fiber collection
happens if V. = Vj; this velocity is known as critical trans-
lation speed (CTS) and is specific of each set of conditions, in-
cluding external variables such as ambient temperature. When
the collector plate speed is not fast enough to accommodate the
amount of polymer being deposited (V.. < Vj,), coiling occurs,
and fiber piles up as a result.[3*3!] The slower the plate, the big-
ger the degree of fiber coiling, as can be seen in Figure 1Dii. On
the other hand, when V ;.. > Vj,,, the polymer jet does not have
enough time to be completely deposited, as the plate “pulls” from
it. This results in an increased fiber lag, which is the distance be-
tween the projection of the nozzle on the collector plate and the
spot in which the fiber actually contacts the plate. In turn, the
longer lag translates into a poorer accuracy deposition, especially
the regions where the path involves a sharp change in direction,
such as the edges of the scaffold (Figure 1Diii). The consistent
testing and set up of these parameters resulted in the follow-
ing final conditions: 2 bars, 6.5 kV, and 800 mm min~!, with a
head-to-collector distance of 8 mm. In this manner, large scaf-
folds with the designed pores in the shape of diamonds could be
reproducibly printed (Figure 1E). Scanning electron microscopy
(SEM) imaging (Figure S1, Supporting Information) shows a pre-
cise stacking of fibers and layer bonding.

2.2. Diamond-Pore MEW Design Produces Human Constructs
with Aligned Macroscopic Contraction

In order to test the capacity of the diamond-pore MEW scaf-
folds to produce the hypothesized contraction, we differentiated
CMs and cardiac fibroblasts (CFs) from hiPSCs. Both phenotypes
were derived using chemically-defined protocols,3233] yielding
high-purity cultures as determined by FACS (Figure S2, Support-
ing Information for an extended cellular characterization). Cells
were differentiated in separate substrates, detached, mixed in in
a 9:1 proportion (hiPSC-CMs: hiPSC-CFs), embedded in a fib-
rinogen precursor and casted on oxygen-plasma treated MEW
scaffolds (Figure 2A). This 9:1 proportion was chosen to boost
contractility of the constructs by maximizing hiPSC-CM content
whilst retaining a proportion of stromal cells, as previously used
by others.[**-7] 10-layer scaffolds were printed, in order to avoid
potential issues with nutrient and oxygen diffusion, since these
would result in a thickness below the 200 um limit,1*®! as each
fiber has a thickness of ~#17 pm. Fibrinogen was crosslinked to
fibrin upon the addition of thrombin, through a 60-min incu-
bation at 37 °C, after which samples were cultured for 2 weeks.
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Figure 1. Biomimetic MEW scaffold design and fabrication. A) Schematics of alignment variation throughout the thickness of the myocardial wall and
area of sampling. B) Alignment analysis (color-coded) and representative porcine heart tissue processed for H&E staining and orientation assessed,
with 4 = 1 being the layer closer to epicardium. C) Quantitative assessment of alignment (N = 6 hearts, 20-30 slides per heart, data shown as median
(Q1,Q3)). D) MEW printing optimization. i) Effect of varying voltage and pressure on fiber dimensions, (ii) dealing with coiling by achieving right CTS
and (iii) collector speed. E) Image of full scaffold printed under final conditions: 6.5 kV, 800 mm min~" 2 bar.
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Figure 2. Diamond-pore MEW scaffolds generate in-plane contracting tissues. A) Scheme of MEW-based engineered tissue fabrication (made with
BioRender.com). B) Live/dead staining on days 1and 14, showing overall cellular morphology, as well as presence of dead cells. C) Evolution of macro-
scopic beating rate during culture. D) Quantitation of cell retention via PicoGreen assay, showing a decrease in the number of cells. E) Overall stability
of metabolic activity, measured by AlamarBlue (AB), resulting in (F) a significant increase in the ratio of metabolic activity/cell number. G) Confocal im-
munofluorescent (IF) analysis of cell location within the structure of the tissues, demonstrating (i) complete filling of the 3D space, with hiPSC-derived
cells (ii, left panel) following the fiber direction (red arrowheads) or arranging perpendicular to it (white arrowheads) when in its proximity, whilst adopt-
ing a more random orientation within the pore, (ii, right panel) with hiPSC-CFs interspersed; (iii) quantification of overall sarcomeric alignment. H)
Gene expression analysis by RT-qPCR, relative to day 1 samples. Data shown as: D-F): median (Q1,Q3); C,H): mean + SEM. N = 3-5 independent
experiments, n = 2—4. E): paired t-test; D,F,H): independent t-test; **p < 0.01; ***p < 0.001.
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Live/dead staining on day 1 showed overall rounded morphology,
which evolved to a more elongated one by day 14 (Figure 2B).
This change in cellular morphology correlated with a distinct
beating behavior, as engineered cardiac tissues showed localized
contraction already 1 day after generation, with rhythm peaking
on day 2 ~80 beats per minute (bpm), and decreasing thereof
and becoming stable ~60 bpm (1 Hz) by day 14 (Figure 2C).
A significant proportion of cell death was evident, with roughly
half of the viable cells lost in the 2-week culture period
(Figure 2D). Significantly, the metabolic activity was maintained
(Figure 2E), meaning that although cells were lost, the ones that
remained were significantly more active (ratio metabolic activity
to DNA, Figure 2F), pointing toward a potential increase in their
maturity.

Tissues showed macroscopic contraction, evident to the naked
eye, which was aligned on the lesser diagonal of the diamonds
(Video S1, Supporting Information). This contraction reached a
magnitude big enough to produce motion (Video S2, Supporting
Information). Cells in constructs were evenly distributed, gen-
erating thickly populated tissues, in contrast to what has pre-
viously been shown by Castilho et al,[?}! where the use of col-
lagen type I as the embedding hydrogel led to a retraction of
the cellularised areas toward the fibers, probably due to the me-
chanical behavior of collagen itself. Here, hiPSC-derived cells
fully filled the pores (Figure 2Gi) and attached to fibers, with
a-actinin® hiPSC-CMs displaying well-arranged sarcomeres and
VIM™* hiPSC-CFs distributed throughout the tissue (Figure 2Gii).
As shown by our group in the past,[??! cells were able to interact
and follow the MEW fibers, whilst others arranged themselves
more perpendicular to them (Figure 2Gii, red and white arrow-
heads, respectively), and those deep into the pore were more
randomly distributed. Quantification of the sarcomeric align-
ment resulted in a distribution of ~51% in the range of 70 + 30
° (referred to the direction of the major diagonal of the dia-
mond, Figure 2Giii), which coincides with the direction of con-
traction. Finally, the 14 days of in vitro culture did not signifi-
cantly alter cellular proportions, as 8.95 + 0.62% (mean + SEM)
of cells showed a positive staining for VIM, labeling them as CFs.
Curiously, hiPSC-CFs showed a skewed geographical distribu-
tion, with significantly more cells presence in the middle of the
pore as compared to the fiber and its immediate vicinity (27.77
+2.01% vs 72.23 + 2.02%, p < 0.001 t-test, Figure S3, Supporting
Information).

Gene expression analysis of myosin isoforms by RT-qPCR
showed a downregulation of the expression of the immature
form of myosin heavy chain, MYHG6, whilst the expression of the
mature MYH?7 remained unchanged, leading to a significant in-
crease in the ratio MYH7/MYHG6. The light chain isoforms re-
lated to atrial (MYL?7) and ventricular (MYL2) phenotypes, or their
ratio (MYL2/MYL?7) also remained unchanged during the 2-week
period (Figure 2H). As a whole, these results demonstrate that
diamond-pore MEW scaffolds can sustain the formation of hu-
man cardiac-engineered tissues using hiPSC-derived cells (CMs
and CFs), and that they undergo an evident maturation during
2 weeks. Importantly, the initial hypothesis of the diamond-pore
design being able to deliver aligned, unidirectional contractile tis-
sues is confirmed.
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2.3. Diamond-MEW Human Cardiac Engineered Tissues Display
Features of Maturation at Transcriptomic Level

To analyze in depth the influence of the mechanical environment
on the evolution, maturation, and biomimetism of the human
biofabricated tissues, we studied their transcriptomic profile by
bulk RNA-seq. Cells at a 9:1 hiPSC-CMs: hiPSC-CFs ratio were
either embedded in the fibrin hydrogel in combination with the
diamond-MEW designs or seeded on standard 2D culture plates
at the same density, maintained for up to 30 days and character-
ized at the transcriptomic level (Figure 3A). A principal compo-
nent analysis (PCA) showed a clear separation of the 3D sam-
ples from the 2D cultures in the first component, pointing to an
impact of the mechanical environment in the different cell cul-
ture conditions (Figure 3B). A differential expression analysis be-
tween 3D and 2D conditions at day 30 showed significant upregu-
lation of genes related to cardiac maturity, lipid metabolism and
potassium metabolism in the 3D tissues compared to cells cul-
tured in 2D (Figure 3C). In contrast, we detected a significantly
higher expression of ECM related genes in 2D cultures highlight-
ing, in agreement with previous studies, the limitations of 2D
cultures with respect to the in vivo reality.*) Additionally, several
genes involved in the regulation of cellular stress and hypoxia
response were detected in 3D, which can either reflect the de-
crease in cell viability observed in cultured 3D tissues or suggest
a limited oxygen diffusion within the 3D environment, in spite
of the chosen thickness (below the 200 pm limit). This is critical
for engineered cardiac tissues due to the high metabolic demand
of CMs, which require a controlled microenvironment with ad-
equate supply of oxygen and nutrients.[*’ Notably, the most rel-
evant biological differences between 3D and 2D were associated
with an upregulation in processes related to cardiac contraction
and a down-regulation in processes related to ECM organization
(Figure 3D; Figure S4, Supporting Information). Clustering dif-
ferentially expressed genes (DEG) into expression patterns re-
vealed that most genes behave similarly in 2D even after being
cultured for 30 days, indicating that 2D conditions do not pro-
vide the physiological relevant cues to favor cardiac differentia-
tion and maturation. On the other hand, in 3D conditions their
expression differ, presenting an upregulation for processes re-
lated to heart contraction and downregulation of ECM related
processes (Group 1 and 3 respectively in Figure S4, Support-
ing Information). These results demonstrate that the diamond-
MEW-based design provides a highly biomimetic and more real-
istic environment to actively drive cardiac tissue maturation, pre-
senting a higher similarity to their cardiac counterpart. It would
be highly interesting to pursue additional methods to further the
maturation of these constructs. Ramped-up electrical stimulation
has provided on of the most advanced examples of maturation,
with tissues displaying a positive force-frequency relationship, in-
creased contractility, and adult-like ultrastructure.[*!]

2.4. Mechanical Characterization of MEW Scaffolds

To comprehensively characterize the mechanical response of
the scaffolds, both uniaxial and biaxial testing are needed

© 2025 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH

85UB01 T SUOWILWIOD 8A 11810 3|qeot ddke au Aq peusenob a2 o lie YO ‘SN JO Sa|nJ oy Akeid1auljuQ A1 UO (SUORIPUOD-PUR-SLLBY WD A8 | I AReq Ul [Uo//Scy) SUOIIPUOD pue swie | au) 88S *[6202/70/92] uo Akeiqiauljuo A8]im ‘(‘ouleAnde ) sqnopesy Aq 90T0ZYZ0Z WiPe/Z00T 0T/I0P/W0 A8 | Ale.d 1 |Bul UO"peoUeApe//Sciy Wl pepeojumod ‘0 ‘82089T9T


http://www.advancedsciencenews.com
http://www.afm-journal.de

ADVANCED
SCIENCE NEWS

ADVANCED
FUNCTIONAL
MATERIALS

www.advancedsciencenews.com

www.afm-journal.de

A B Principal component analysis C Hiearchical clustering of selected samples
hiPSC-CMs + hiPSC-CFs
(9:1)
°
Day 0 g °
‘ay l s Group
. | 2 ® 2000
g o ° ® 200%
) diamor J o ¢ o wow |
2D controls 3D diamond-MEw | _ Bulk 8 [ ]
design + fibrin RN);;(seq o°
30 days 1 204
— ° 0
5 %o 5 % %
PC1: 42% variance

2D D30 3D D30

D Biological processes 3D D30 vs. 2D D30

(LY T i ” Cardiac contraction
_em sliding

Imuscle filament sliding ECM
[Glycaiysisianalgit coneogenesis

myofioril assembly

_ontraction

_heart contraction

-tabolic process

[GargiEgihyofibril assembly

[FEACid Metabolism

[G8IITE response to hypoxia
-rane repolarization during cardiac muscle cell action potential

[f&§lilation of cellular response to stress

_(LAMA1
COL11A1

Group

B3D D30
Dimension

10
—log10(adjusted p-value)
Il Upregulated M Downregulated

-2-101 2 3

[l Potassium metabolism Bl Hypoxia
M EC™

M Glycolisis
W Cardiac maturity [l Lipid metabolism

Figure 3. RNA-seq analysis of diamond-MEW cardiac minitissues. A) A schematic diagram of the cell culture condition, tissue fabrication, and sample
processing for RNA-seq analysis (made with BioRender). 2D cultures prior to tissue generation (day 0): 2D DO; 2D cultures at day 30: 2D D30); 3D
tissues at day 30: 3D D30). B) Principal component analysis (PCA) for 3D (N = 3) and 2D culture conditions (N = 3 (day 0), N = 2 (day 30)). C)
Heatmap showing scaled expression for DEGs (adjusted p-value < 0.05 and absolute log2FC > 1) between 3D and 2D culture conditions at day 30.
Certain genes are colored according to their biological function. D) Bar plot showing selected gene sets from a gene ene over-representation analysis
using the Gene Ontology (GO) biological processes, BioPlanet, and MSigDB Hallmarks databases, considering the DEGs up- and down-regulated in

3D tissues compared to 2D cultures at day 30.

(Figure 4A). The structural anisotropy plays a crucial role in in-
fluencing the alignment of cell contraction, particularly as cardiac
cells tend to exert contractile forces along the less mechanically
demanding direction of their surrounding medium.[*?] There-
fore, assessing the anisotropy under uniaxial loading conditions
provides insights into the alignment of cell contraction in each
design. Additionally, given that the scaffold will experience bi-
axial loading during ventricular expansion, biaxial characteriza-
tion is crucial to understand its impact on cardiac tissue post-
implantation.

As anticipated, the square geometry exhibits complete
isotropic behavior in both biaxial and transversal uniaxial tests
(Figure 4B). The rectangular geometry demonstrates some de-

Adv. Funct. Mater. 2025, 2420106 2420106 (7 of 20)

gree of anisotropy in both testing conditions but maintains high
stiffness in both directions, even at low strain levels, similar to
the SQ geometry. In contrast, the diamond geometry exhibits the
highest degree of anisotropy, displaying virtually zero stiffness
in its shortest direction, even beyond a 50% deformation. This
suggests that the diamond geometry is likely to promote contrac-
tion more effectively in this shorter direction compared to the
other designs. Biaxial tests (Figure 4C) reveal a consistent behav-
ior with uniaxial tests. Once again, the diamond scaffolds exhibit
the lowest isotropy ratio, followed by the rectangular geometry
and the SQ geometry. This is further detailed in Table 1. It is
noteworthy that the diamond geometry shows early failure in its
longest direction during uniaxial conditions when compared to
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Figure 4. Experimental results for mechanical tests (made with BioRender). A) Overview of sample preparation for uniaxial (blue) and biaxial (pink)
assays. B) Mean uniaxial test results. C) Equibiaxial (right) results for the three compared geometries. Dotted lines represent the longest direction of
each geometry (x-axis) and solid lines the shortest one (y-axis). SQ: square; RECT: rectangular; DIAM: diamond.

the other geometries, indicating a potentially plastic behavior in
that direction. However, this issue is not observed in biaxial tests.
Given that the scaffolds will operate under biaxial conditions af-
ter implantation, this specific uniaxial failure is not considered a
concern. Consequently, the diamond pattern appears to offer sig-
nificant advantages over the other designs. It displays a consider-
ably more anisotropic response (~20 times more than rectangu-
lar and 40 times more than square), substantially improving the
alignment of embedded cells. Furthermore, its biaxial response
remains adequate for the analyzed deformation level (50%), sur-
passing physiological condition expectations.

2.5. Engineered Tissues Based on Diamond-MEW Scaffold Show
Enhanced Functionality

In order to determine if the in-plane actuation delivered by the
new diamond MEW designs resulted in a superior contractility,
we printed scaffolds to function as cantilevers. This experiment
was showcased by the Parker lab almost a decade ago,**! and con-
sists on a rectangular construct with only one freely contracting
end. We printed cantilevers of 8 x 5 mm with MEW scaffolds
with pores in the shape of squares, rectangles, and diamonds, all
depicting the same pore area (1 cm?, Figure 5A). In these, the
short sides of rectangles and the smaller diagonal in diamonds
followed the longer side of cantilevers (Figure 5B). These were
seeded with 3 x 10° hiPSC-CMs and -CFs in a 9:1 proportion
within a fibrin hydrogel, and cultured for 30 days (Figure 5B).
Beating rate did not differ between the different groups, being
as before stable ~#1 Hz (Figure 5C). Z-band distance measured
on a-actinin-stained samples and imaged by confocal microscopy

Table 1. Isotropy ratios for each geometry at both loading conditions.

RECT SQ DIAM
Uniaxial loading 0.485 0.980 0.024
Biaxial loading 0.470 0.974 0.302

Adv. Funct. Mater. 2025, 2420106 2420106 (8 of 20)

on day 30 did not show significant differences (2.00 + 0.021,
1.96 + 0.017, and 2.00 = 0.016 um, mean + SEM for the square,
rectangular and diamond-pore constructs, respectively, p > 0.05,
Figure 5D). This roughly shows that the contractile apparatus was
similarly arranged between the different architectures. In spite of
being superior to reported values for Z-band spacing of hiPSC-
CMs cultured on conventional plastic surfaces (~1.6 pm)!** and
similar to electrically-stimulated advanced examples, !l although
it does not fully reach the 2.2 um value of adult human CMs.[*’]
We recorded videos of the cantilevers to analyze their beating
behavior in depth, as differences in magnitude were evident to
the naked eye (Videos S3-S5, Supporting Information for tis-
sues with square, rectangular, and diamond pores, respectively).
Videos were processed using a point-tracking algorithm devel-
oped in MATLAB (Figure 5E). As shown in Figure 5F, when
comparing the contraction length (i.e., the displacement of the
tracked points between their origin at the relaxed state and their
position in the contracted configuration), cardiac minitissues
made with the diamond-patterned scaffolds showed a 3—4 times
higher magnitude of contraction (107.10 + 1.82 um of displace-
ment, versus 30.90 + 0.20 and 24.29 + 0.19 um for square and
rectangular pored scaffolds, respectively; p<0.001). Similarly, the
contraction speed (defined here as how fast the points move from
their origin to their contracted position) was 4-5-fold higher for
the diamond-pored group (23.65 + 0.24 um s™! for the diamond-
patterned group, 6.83 + 0.03 um s~! for the square-patterned
and 5.12 + 0.03 um s7' for the rectangular pattern; p < 0.001,
Figure 5G). The direction of displacement of the tracked points
with respect to the horizontal (0°) was also registered, and its
quantification can be seen in Figure 5H. Results show how the
diamond patterned constructs predominantly contract in the ver-
tical direction (90°, 17.53%), with more than 50% of the tracked
points aligned between 80 and 100°, and almost 75% between
70 and 110°. This direction corresponds to the short axis of the
diamonds, and the direction of lesser mechanical resistance. On
the other hand, both the square and rectangular pore geometries
resulted in wider frequency distributions, with slightly higher
peaks at 150° (16.58%) and 170° (17.19%), respectively. Finally,
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Figure 5. Comparative analysis of MEW architecture and its impact on contraction. A) Schematic representation of the cantilever experiment (made with
Creo Parametric). B) Representative images of the cantilevers fabricated with the three geometries. C) The engineered myocardium showed comparable
beating rate, (D) as well as similar Z-band spacing. E) Sketch of the point-tracking analysis. Diamond-pore tissues showed significantly greater (F), faster
(G), and more aligned (H) contractions. |) Comparative gene expression analysis between square, rectangle, and diamond-pore MEW scaffolds. Data
are shown as: C,F,G,l): mean + SEM; D: median (Q1,Q3). ANOVA followed by HSD Tukey, *p < 0.05; **p < 0.01; ***p < 0.0001. N = 3 independent
experiments, n = 3-4.

Adb. Funct. Mater. 2025, 2420106 2420106 (9 of 20) © 2025 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH

85U8017 SUOWWIOD SAIIER.D 3(edl|dde auyy Aq peusenof a2 ol VO ‘8sN JO Sa|NnJ 10j ARIq1T 8UlUO 8|1 UO (SUOIPUOD-PUR-SLUIB)/LIOD"AB| 1M AleId 1 [Bul[UO//SdNL) SUORIPUOD pue S L 8L 88S *[5202/70/92] Uo AreiqiTauliuo A8 |im (-ouleAnde1) aqnopesy Aq 90T0ZF202 WiPe/Z00T OT/I0p/uoo"Aa| 1M A el Ul juo"peoueApe//sdiy WoJj pepeojumod ‘0 ‘820£9T9T


http://www.advancedsciencenews.com
http://www.afm-journal.de

ADVANCED
SCIENCE NEWS

ADVANCED
FUNCTIONAL
MATERIALS

www.advancedsciencenews.com

we compared the profile of gene expression for cardiac genes on
the three geometries by RT-qPCR (Figure 5I), showing the dia-
mond designs elicited a higher expression of MYL2 (almost four-
fold), resulting also in a significantly increased MYL2/MYL7 ra-
tio, pointing toward a more ventricular-like phenotype. MYH7
showed a trend toward increased expression in the diamond ge-
ometry, as well as the maturity ratio MYH7/MYHG, but these did
not reach statistical significance. Interestingly, the genes encod-
ing for the atrial and brain natriuretic peptides, NPPA and NPPB,
were significantly increased in diamonds over the other orthog-
onal designs. This could have several interpretations, as NPPA
and NPPB expression is high during working myocardial devel-
opment, with both genes expressed in embryonic CMs (reviewed
in).[*¢] On the other hand, NPPA and NPPB are upregulated post-
natally in situations of stress or disease.l*’] Although this last pos-
sibility cannot be excluded, given that even the more advanced
maturation status achieved in vitro for hiPSC-CMs still equated
to early-to-mid-stages of human embryonic development,[*!l we
expect our engineered myocardium to still display characteristics
of fetal tissue, thus compatible with the former interpretation.
Nevertheless, further experiments will be needed to clarify this
point.

The above information can be brought together with results
from the mechanical analysis to hypothesize a potential mecha-
nism for the observed functional improvement. 3D tissues have
consistently shown their capacity to improve the functionality
and maturity of hiPSC-CMs,[*148] as also shown for MEW-based
tissues by us and others.[?223] At the same time, the near zero stiff-
ness of the diamond scaffolds on the direction of the minor di-
agonal (under uniaxial loading) for the deformation experienced
during hiPSC-CM contraction, means a lesser proportion of the
force generated by cells is employed on moving the scaffold itself,
leading to a greater and faster contraction. A higher gene expres-
sion of prominent ventricular contractility-related genes such as
MYL2, also supports the observed effect. However, determining
whether the original source of the improvement is the 3D envi-
ronment or the mechanical properties cannot be discerned with
the current results.

Most previous efforts to engineer human myocardial surro-
gates have focused on improving the maturation status of CMs by
the application of electrical or mechanical stimulation or a com-
bination or both (with only relative success to date, see).[*0:41:49-51]
However, although previous studies of human-engineered car-
diac constructs had found a good correlation between the degree
of CM maturation achieved and the improvement in tissue-like
functionality, the levels of expression of maturity-related genes
indicated immature fetal-like CM properties, still far from those
of adult heart. To date, the highest level of cardiac maturation
achieved has been reported by the Vunjak-Novakovic”s labo-
ratory, who demonstrated advanced features of structural and
molecular maturation of human-engineered cardiac tissue after
4 weeks under electrical stimulation, but a slower and less com-
plete functional maturation.[*! The group of W.H. Zimmermann
had also previously reported the generation of engineered human
myocardium with advanced maturation by applying mechanical
stimulation, although they revealed enhanced expression of adult
cardiac genes in the engineered tissues compared to 2D mono-
layers cultures, transcriptome profiling suggested that tissues are
at large similar to fetal human heart at 13 weeks of gestation.[*”]
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In our study, the MEW cardiac tissues were not subjected to elec-
trical or mechanical stimulation and the degree of maturation
achieved here is in accordance with the studies described above
where electromechanical training has been used to further im-
prove maturation, which highlights the relevance of our MEW-
based system in the generation of advanced human engineered
cardiac tissues. We anticipate that much longer culture times and
the combination of electromechanical and metabolic stimulation
would be necessary for further maturation at the CM level, and
eventual cessation of spontaneous beating activity.

Taking all the above into account, we can conclude from this
comparative analysis that the diamond MEW designs are able
to deliver a significantly enhanced contraction, in comparison to
more conventional orthogonal structures. Diamond human car-
diac minitissues have larger and faster contractions, following a
more aligned direction.

2.6. Diamond-MEW Minitissues have Better Calcium Conduction

In striated muscle, including the human myocardium, the arrival
of the electrical wave triggers the entry of Ca from the extracel-
lular space, as well as its massive release from the intracellular
sarcoplasmic storage. The transmission of these calcium waves
closely follows action potential (AP) propagation and can be used
to measure conduction velocity (CV), which is enhanced upon
cardiac maturation.[®?l Comparative optical mapping of calcium
transients (CaT) showed that CV was highest in the diamonds
with 9.38 + 1.20 cm s~ This value was significantly higher than
that of the orthogonal designs (square: 6.47 + 1.42 cm s™'; rect-
angle 4.97 + 1.00 cm s7!, p < 0.05 Figure S5A, Supporting In-
formation). Optically mapped APs and CaT of MEW minitissues
showed that the AP duration (APD) and CaT duration was similar
for all designs at all tested pacing frequencies (0.5-3 Hz) (Figure
S5B-D, Supporting Information). In conclusion, the electrophys-
iological properties of the minitissues built with diamond-pore
scaffolds are closer to those of human myocardium (CV: 50—
100 cm s71) than for minitissues built with other scaffold-pore
designs.53-5]

2.7. Diamond-MEW Minitissues Improve Cardiac Function In
Vivo

So far, our results support that the diamond MEW design seeded
with hiPSC-CMs and -CFs in a fibrin hydrogel generates en-
gineered human cardiac minitissues with advanced functional-
ity and maturation. In order to test if the new tissues can pro-
vide therapeutic support to an infarcted myocardium, we con-
ducted an in vivo study using a model of myocardial infarction
in RNU athymic rats. This strain, which is deficient in T lym-
phocytes, was selected to avoid any acquired immune response
to the human cells in the minitissues. Animals were subjected
to permanent ligation of the left descending coronary artery and
7 days later allocated, after 3D echocardiographic confirmation of
functional impairment (left ventricular ejection fraction, LVEF,
<40%), to receive diamond-MEW human engineered heart tis-
sues (MEW-hECTS), the acellular, fibrin-loaded mPCL scaffold
(MEW) or equivalent suturing in the Control group. Four weeks
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later, after a final 3D echocardiography, animals were humanely
euthanized, and tissues fixed for subsequent analysis (Figure 6A).
Tissues were placed following the long axis of the organ, as we
reasoned this would maximize their capacity to actively provide
contractile support (Figure 6B). A circumferential transplant po-
sition was ruled out due to anatomical space constrains in the
animal model (difficulty to suture on the posterior surface).

Using 3D echocardiography, systolic function analysis was per-
formed as the most accurate parameter of myocardial contractil-
ity, 4 weeks after the minitissue transplant. This analysis showed
that only the myocardium treated with MEW-hECTs had a sig-
nificant improvement in contractility, with a significantly higher
left ventricular ejection fraction (LVEF) compared to the control
group (Figure 6C). No differences in average heart rate were de-
tected between the two groups. These data are also consistent
with the fact that less ventricular dilatation was also found in
the treatment group, with significantly lower end-diastolic and
end-systolic volume parameters compared to the control group.
These same findings of ventricular remodeling observed in the
control group are consistent with the pathophysiological process
that occurs in patients with chronic ischemic heart disease in rou-
tine clinical practice. In these patients, after the acute ischemic
event, there is an activation of inflammatory mechanisms that
produce increased fibrosis and stiffness. Changes in the colla-
gen produced in the infarcted myocardium, cause a persistence
and worsening of the absence of contractility (akinesia). This
leads to a progressive deterioration of systolic function, which
perpetuates and increases the thinning of the non-contractile my-
ocardium. The result is a greater ventricular dilatation, all facili-
tated by a non-contractile myocardium. An ongoing remodeling
process replaces dead myocardium in the ischemic area with a
non-contractile scar tissue. Importantly, this was prevented in
both the MEW and MEW-hECT-transplanted groups, were values
for areas and volumes only increased mildly and did not change
significantly. However, the contractile benefit on LVEF, was only
found on the MEW-hECT group, and was accompanied by signif-
icant improvements in fractional shortening and fractional area
change (FAC), which was absent for the other two control groups.
All of these findings highlight once again that changes and modi-
fications of distending or deforming forces can importantly influ-
ence ventricular enlargement and therefore the ejection fraction
and ventricular function.l®! Overall, we provide for the first-time
evidence of the effectiveness of MEW-based cardiac minitissues
in treating a MI animal model. Although Castilho et al showed
the first hiPSC-based tissues transferred to pig hearts through a
minimally invasive procedure, they did not seek to assess any po-
tential therapeutic benefit.!?] It is important to note however, that
the MEW scaffold by itself was also able to contain ventricular re-
modeling, even if this did not translate to a benefit upon contrac-
tility (LVEF). This effect has been reported for other systems but
specially for hydrogels, such as those made from decellularized
ECM,7) or hyaluronic acid,®® the later also being explained us-
ing in silico models by decreasing fiber stress due to anisotropic
stiffening.[>]

Explanted rat hearts were processed for histology after sacri-
fice. Sections throughout the length of the LV were stained for
H&E or Sirius Red, and morphometric analysis performed. In-
triguingly, this showed statistically significant differences in in-
farct size, measured as the area covered by the collagen scar,
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versus total LV area, on both Control and MEW-hECT groups
versus scaffold-only transplanted animals (22.38 + 1.06%, 14.36
+ 1.61% and 20.56 + 1.21% for Control, MEW and MEW-hECT
respectively, p = 0.002). Peri-infarct fibrosis, as the percentage of
collagen in the infarct border, did not differ between the three
groups (45.37 + 1.21%, 47.47 + 3.74% and 46.88 + 1.24% for
Control, MEW, and MEW-hECT respectively, p = 0.2) (Figure
SG6A,E, Supporting Information). Similarly, density of inflam-
matory cells in the peri-infarct zones was not different (5548
+ 116.8 cells mm™2, 5275 + 119.1 cells mm~2 and 5528 + 91.78
cells mm~2 for Control, MEW and MEW-hECT animals respec-
tively, p = 0.17, Figure S4B,E, Supporting Information). Nei-
ther vasculogenesis (density of a-SMA+ vessels) nor angiogen-
esis (density of small caliber BSL-I+ ones) were affected by the
transplantation of the MEW minitissues (Figure S4C-E, Sup-
porting Information). However, wall thickness was significantly
increased in the MEW-hECT group, whereas a small yet non-
significant increase was also produced in animals transplanted
with the acellular scaffolds (Control: 901.5 + 72.68 ym; MEW:
1087 +111.1 ym; MEW-hECT: 1309 + 104.1 um; p = 0.036, Figure
S4E, Supporting Information), evidencing the contribution of the
construct itself to this parameter.

The presence of substantial implants, evidenced by the pres-
ence of voids left by the MEW scaffold (mPCL dissolves dur-
ing histological processing) and this increased in wall thickness
prompted us to search for the transplanted cells. Heart sections
were stained for the human marker Ku80, alongside phenotype-
specific antibodies. Grafts could be identified, forming large ar-
eas in an epicardial position (Figure 6D-F). Human-iPSC-CMs
Ku80™ cells could be found in these areas in abundance, display-
ing well-arranged sarcomeres (Figure 6H,I). Transplanted CMs
were easily distinguished, however, by their smaller size and sar-
comeric content as compared with host rat CMs (also stained
in green in Figure 6D,E,G). This highlights that in spite of the
metabolic, gene expression, and functional maturation found
in vitro, hiPSC-CMs in the minitissues are still distant from a
full maturation. Here, it is plausible that extended transplanta-
tion periods can improve this.[®*) No Cx43-mediated connection
between the host-rat CMs and minitissue hiPSC-CMs could be
found (not shown), although this cannot be excluded, given the
punctuated and irregular nature of this staining in hiPSC-CMs,
in contrast to the regular localization in intercalated discs in adult
CMs.[%1] The transplant location, mostly over the infarcted area,
where few host-CMs are left after the permanent ischemia could
also have a role in this. On the border zones, although rat CM-to-
hiPSC-CM contacts could occur, again they were absent. Given
the important electrophysiological differences between rat and
human cells, with rodents having a much higher beating rate
and shorter APs (reviewed in),[®] this isolation could play a pos-
itive role in protecting the graft from this mismatch, although a
much detailed examination would have to be carried out to prove
or disprove either possibility, especially in light of the observed
improvement in contractile function.

Ku80~ cells were also present, signaling the capacity of host
cells to infiltrate the graft area. Some of these were forming ves-
sels, that had ingrowth from the host and were connected to the
endogenous circulation, as shown by the presence of erythro-
cytes in their lumen (Figure S7A,B, Supporting Information).
The rapid appearance of vessels could be determinant for graft
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Figure 6. In vivo transplantation of diamond-pore MEW minitissues in an athymic rat model of myocardial infarction. A) Scheme of the experimental
timeline (made with Biorender). B) Images of the hearts of MEW-hECT-transplanted animals on day 0 and 28, showing a good integration of the grafts,
without any noticeable fibrotic encapsulation. C) 3D echocardiography analysis of cardiac function in control, MEW, and MEW-hECT groups, showing
substantial benefits in minitissue-transplanted animals (MEW-hECT). D) Confocal IF localization of minitissues 28 days after transplant, showing large
grafts present over the infarcted LV wall. E,F) Further magnification of the graft site, showing human Ku80*TNT* hiPSC-CMs. G) Side-by-side comparison
of the host rat CMs (green, left of dashed line) and the graft hiPSC-CMs (Ku80*, right of dashed line). H) Detailed, single channel and composite images
of grafted hiPSC-CMs. 1) High magnification of engrafted hiPSC-CMs, showing the presence of prominent TNT striations. Analysis: C: two-way ANOVA
followed by HSD Tukey, *p < 0.05; **p < 0.01; ***p < 0.001.
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survival, providing oxygen and nutrients to transplanted cells in
the engineered tissues. Host-derived macrophages were present
in the grafted areas, identified by the expression of CD68, be-
ing especially abundant in the vicinity of mPCL fibers (Figure
S7C, Supporting Information), where the clustered forming gi-
ant cells. This can result from a response to the presence of
the polymeric scaffold, as described for the MEW-segment of
bone implants.[®*] However, this did not derive in an increased
density of macrophages in the infarcted or peri-infarcted areas
(Figure S7D, Supporting Information). Human iPSC-CFs were
also present in the grafts, identified as Ku80*VIM™* cells, inter-
spersed with hiPSC-CMs. Some of the transplanted hiPSC-CFs
expressed the myofibroblast marker a-SMA. Albeit this was not
organized as filaments, ruling out a full differentiation into this
pathological phenotype (Figure S7E, Supporting Information),
but pointing to a proportion of cells probably initiating the pro-
cess or having had initiated it in vitro, as shown by the expres-
sion of the aSMA gene, ACTA2 (Figure S2G, Supporting Infor-
mation). This can be derived from the pathological-like environ-
ment hiPSC-CFs face when transplanted, with increased levels of
TGEp, neurohormonal activation and higher mechanical stress,
all known inductors of the fibroblast-to-myofibroblast transition
(reviewed in).[%]

The thickness of grafts was increased in vivo to over a mm in
some points (Figure 6D-F), probably through the contribution of
the ingrowth host-derived cells, which includes the mentioned
vessels and inflammatory cells. This has important implications
as, joined with the effects on ventricular dilatation, it is plausi-
ble that the graft elicited a beneficial effect by decreasing wall
stress (as per Young-Laplace’s law).[®] Of note, we found that
host CM size, measured as perimeter and area, was more sim-
ilar to that found in healthy, non-infarcted animals, than to the
control group (Figure S5E, Supporting Information). Although
it could be hypothesized that the materials themselves could be
source of benefit, we believe that the transient nature of fib-
rin precludes this effect. Also, even though this approach was
tested in the past,[®! we and others have casted doubts on this
mechanism.[’] The presence of large, thick grafts, alongside the
absence of a significant paracrine effect (no increase in vascu-
larization/angiogenesis or decrease in fibrosis), points to a func-
tional contribution of the MEW minitissues to the active bene-
fit in systolic function, as already demonstrated by Stiidemann
et al.[8]

Overall, these results support the translation of the MEW car-
diac tissues as a therapeutic option for MI. However, it is im-
portant to consider that the crucial role of the immune system
has in the post-infarct healing phase (which covers the period
when MEW tissues are transplanted here) (reviewed in ref. [69]) is
partially missing in our athymic model. Although hiPSC-derived
cells can potentially be applied in an autologous manner, avoid-
ing the need of immunosuppression, it is likely that this option
would impact graft survival in the long-term. Here, our minitis-
sues were able to survive for up to 4 weeks in vivo. The presence of
well-organized striations, as well as host-derived perfusion, sup-
port their capacity to survive in the longer term. In fact, the work
by Kadota et al demonstrates the capacity of these cells to further
mature in vivo,l®! with recent work from the same group sup-
porting the capacity of even non-contractile hiPSC-CMs to induce
a therapeutic benefit in a similar model of MI in athymic rats,!”°!
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albeit using a higher cell dose (107). Hypoimmunogenic hiPSC
lines have been derived and constitute an attractive option to cir-
cumvent this issue,l”t! but safety concerns, especially regarding
tumorogenicity, need to be examined in depth.’?! In any case,
studies in large animal models such as pigs!”*! or non-human
primates!’* will be a must. Here, it will be important to match
the design of the scaffolds to not only generate tissues that con-
tract in-plane, but also to follow the variation in CM orientation
across the epicardial surface.l””] This can be considered as neg-
ligible for the rat model, where constructs in the cm size-range
are applied, but more significant for large animals (as well as hu-
man patients), where tissues will be expected to span several cms.
MEW has already demonstrated the high precision and adaptabil-
ity needed to fulfil this requirement./’®!

2.8. In Silico Modelling of Arrhythmogenic Potential

Further translation of MEW-based tissues into the clinical area
will require safety clearance in large animal models such as pigs.
For over 20 years, arrhythmogenicity has been one of the ma-
jor concerns,!”’] also raised more recently in non-human primate
studies.l”®7°I Thus, we conducted an in silico modeling and sim-
ulation study to assess the impact of the scaffold pore design
on ventricular electrophysiology and proarrhythmicity, both be-
fore and after engrafting the minitissues on simulated human
and porcine myocardium. We modelled minitissues built using
square- and diamond-pore scaffolds (Figure 7A-C). The align-
ment of hiPSC-CMs in relation to the scaffold walls, the degree of
cell-to-cell coupling, the tissue mesh properties and the cellular
AP response were mathematically defined based on experimen-
tal evidence (see Experimental Section). We measured activation
time (AT), conduction velocity (CV) and repolarization time gra-
dient (RTG), the latter being characteristic of repolarization dis-
persion and proarrhythmic risk, in both individual and engrafted
in silico minitissues, as shown in Figure 7.

We observed that the maximum AT and the mean CV were
lower and higher, respectively, for diamond-pore than for square-
pore minitissues, both when analyzed individually and after
engrafting them on simulated human or porcine myocardium
(Figure 7D,E). In the individual minitissues, the maximum AT
was reduced by 8.5 ms and the mean CV was minimally incre-
mented by 0.6 cm s~! for the diamond-pore as compared to the
square-pore design. When engrafted on porcine and human tis-
sues, the maximum AT was reduced by 3.9 ms and the mean
CV was increased by 0.9-1 cm s~!. These results suggest that
minitissues made of diamonds better replicate the anisotropy of
the myocardium and result in more biomimetic activation prop-
erties, which could contribute to diminish arrhythmia vulnera-
bility upon engraftment. Nevertheless, the mean CV in the dia-
mond minitissues (%12 cm s71) was still remarkably lower than
the mean CV in the native myocardium (50-70 cm s™') and this
may lead to ventricular re-entries after engraftment (Figure 7C),
in line with the observations by Fassina et al. for slow-conducting
minitissues coupled to infarcted ventricles.®]

The mean RTG for the diamond-pore minitissues en-
grafted on ventricular myocardium was lower than for the
square-pore minitissues, although differences were small (1.2
and 1.5 ms mm™! for engraftment on porcine and human
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Figure 7. In silico modeling of arrhythmogenic potential of diamond-pore MEW minitissues. A) Scheme of the modeling of cardiac minitissues and its
engraftment on ventricular myocardium. B) Alignment of hiPSC-CMs (yellow arrows) for square- and diamond-pore minitissues and cell alignment in
the healthy myocardium. C) AT maps for square- and diamond-pore minitissues engrafted on human myocardium. D) Maximum AT and mean CV for
individual square- and diamond-pore minitissues. E) Mean CV and RTG in minitissues and maximum AT for coupled minitissue-myocardium.

myocardium, respectively). The absolute mean RTG values were
minimally higher for porcine than human myocardium (48.2
and 48.0 ms mm™!, respectively). The moderate reduction in
RTG for different alignments of hiPSC-CMs as a function of
the scaffold geometry agrees with previous works®!82 that have
shown arrhythmic risk to be slightly dependent on cell ori-
entation and to be largely determined by the degree of cell-
to-cell coupling associated with the cell maturation level.l81-33]
Here, we observed that diamond-pore minitissues presented en-
hanced maturation with respect to square-pore minitissues. Fur-
ther cell-to-cell conductivity increase, associated with augmented
hiPSC-CMs maturation, in diamond-pore scaffolds could help
to reduce arrhythmic risk to a larger extent. Achieving this
has been shown by the application of a range of interven-
tions, from specific media to prolonged culture (reviewed in),34
which could be applied to MEW-based engineered cardiac tis-
sues. For example, Ronaldson-Bouchard et al. demonstrated
that a progressively ramped up electrical pacing for 3 weeks
resulted in one of the most advanced maturations to date, at
the gene expression, ultrastructural, and functional levels.[®]
From the fabrication standpoint, the present scaffold can be im-
proved in several ways. First, although PCL is the gold stan-
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dard in MEW due to its suitable properties (specially its low
melting point and adequate viscosity), using a material de-
livering less stiff fibers would be beneficial. This could also
be achieved by decreasing the PCL fiber diameter, but repro-
ducibility of fabrication can be compromised, or stacking fewer
layers. Second, if the engineered tissue is found to be pro-
arrhythmogenic, a space devoid of cells can be designed, be-
tween the recipient heart and the transplanted tissue, using
for example an insulating hydrogel. Finally, the translation of
the contraction from the engineered tissue to the heart can
be improved by adding an area with stiff fibers for an efhi-
cient force transmission. Also, matching the contraction di-
rection to the recipient’s, as mentioned, would increase this
efficiency.l””]

All in all, we found that the proarrhythmicity resulting from
engrafting the engineered minitissues to native ventricular my-
ocardium was mitigated when the minitissues were designed us-
ing diamond-pore scaffolds with respect to other geometries like
square-pore scaffolds. This can be explained by the reduction in
AT and increase in CV due to a better replication of myocardium
anisotropy and by the reduction in repolarization heterogeneities
measured by RTG.
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3. Conclusion and Outlook

In this work, we show for the first time how, by using a novel
diamond-pore MEW design and hiPSC-derived cells, human
cardiac-engineered tissues imitating the in-plane contraction of
myocardial layers can be biofabricated. These tissues display fea-
tures of enhanced maturation at the metabolic and bulk gene-
expression level, as compared to conventional 2D culture. Our
work provides the first evidence of the capacity of MEW-based en-
gineered cardiac tissues to support cardiac function in an animal
model of myocardial infarction. Animals treated with the MEW
constructs show better contractility and diminished ventricular
dilatation. This correlates with the presence of large grafts con-
taining transplanted human cells, contributing to the thicken-
ing of the ischemic myocardial wall. Finally, we use computa-
tional models of natural and engineered myocardium to show
that our MEW diamond designs present decreased arrhythmo-
genicity, compared to conventional orthogonal structures. Over-
all, our work contributes to position MEW-based engineered tis-
sues as a feasible cardiac regenerative therapy, with an optimal
safety profile.

The path toward translation is now open. Although, several
limitations hinder the next steps, these are already being chal-
lenged by the scientific community worldwide. A deeper knowl-
edge on the organization, structure, and mechanics of human
myocardium is required. Despite the information on porcine tis-
sue as the closest anatomical equivalent is increasing,! build-
ing a highly mimetic 3D-engineered myocardium needs human-
specific data. For this, advanced technologies are being applied,
such as untangling the myofiber organization at high resolution
with magnetic resonance diffusion tensor imaging,®! mechani-
cal analysis of fresh cadaveric human samples.®”! These are cou-
pled with advanced computational models and design tools en-
abling the rapid printing of MEW scaffolds tailored to the spe-
cific features of each individual MI. Here, sufficient representa-
tion of specimens from both sexes will be crucial to ensure an
optimal applicability and avoid later issues as for other cardio-
vascular applications.!®! On the biological side of the engineered
tissue, the thickness of our present constructs will have to be in-
creased to achieve a significant therapeutic effect in larger animal
models and humans. The first obvious need will be the incorpo-
ration of vascularization, as ingrowth of host-derived vessels will
be slower in larger mammalians than in rats, thus compromising
long-term construct viability. MEW has provided excellent exam-
ples for building mm- and um-size vessels,[#%°! also in conver-
gence with other technologies such as volumetric bioprinting.!]
Finally, although the technical side of upscaled hiPSC-derived
cardiac cell production is being tackled by using bioreactor tech-
nology and expansion protocols,!”}] whose implementation will
contribute to mitigate costs, these remain high (estimated at
$800 000 for similar autologous applications).* In spite of the
above, all the outlined advances provide reasons for optimism.

4. Experimental Section

Porcine Myocardial Fiber Orientation Assessment: Porcine hearts were
obtained from a local butcher and transported to the laboratory in PBS on
ice. Myocardium strips (20 X 10 X 3 mm) were dissected from the region
that normally was affected after infarction. Tissue was excised, fixed in 4%
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paraformaldehyde, dehydrated in ethanol (4 °C, o/n) and embedded in
paraffin. Tissue sections of the myocardium were cut to 4 um thick every
0.5 mm of depth, all across the myocardial wall. The sections were de-
paraffinized and hydrated using serially diluted concentrations of ethanol
(100%, 90%, 80%, 75%). Sections were then stained with hematoxylin-
eosin, imaged, and analyzed with Orientation J, a plugin of Image) free
software (National Institutes of Health, USA), designed to characterize the
orientation and isotropy properties of an image. With this program, the
frequency distribution of muscle fiber orientation was obtained for each
tissue section.

Melt Electrowriting (MEW):  Fibrous scaffolds were printed in mPCL
(Purasorb PC12, Corbion) using a purpose-built MEW device (QUT,
Queensland, Australia), as previously described.[??] Briefly, mPCL pellets
were melted on a plastic syringe, to which two bars of N, pressure were
delivered to induce material accumulation on the tip of the syringe (23 G).
Voltage was gradually increased until polymer deposition started, and sub-
sequently adjusted, in combination with the collector speed, until the jet
was stable, and printing maintained (no coiling or whipping) (8.9 + 0.3 kV
and 660 + 60 mm s~'). The collector distance was kept at 8 mm. G
codes with different pore geometries (squared, rectangular, and diamond-
shaped) were implemented. Pore dimensions were adjusted to keep the
pore area constant at ~1 mm? in all cases (1000 x 1000 um? for squares,
700 x 1400 um? for rectangles and diamonds measuring 1000 um in the
small diagonal and 2000 um in the big diagonal). All scaffolds used were
printed with a thickness of ten layers (150 pm thick).

Scanning Electron Microscopy (SEM): Prior to scanning, mPCL scaf-
folds were cut to a 1 cm? size. Samples were then attached to Aluminum
stubs using Carbon tape, gold coated in an Emitech K550X sputter coater
and visualized in a Hitachi S3400N scanning electron microscope.

Mechanical Analysis of MEW Scaffolds:  Uniaxial and equibiaxial tensile
tests were conducted on three types of MEW-printed PCL scaffolds featur-
ing different pore geometries: squared (SQ), rectangular (RECT), and dia-
mond (DIAM) pores. To ensure inter-geometrical equivalence, an internal
area of 1 mm? was maintained. The uniaxial tests were performed using
a universal testing machine (Instron Microtester 5548 system) equipped
with a 10 N load cell. Tests were conducted at transversal orientations
relative to the pore geometry to evaluate uniaxial anisotropy, utilizing rect-
angular scaffold strips (40 X 10 mm). An optical measurement system (In-
stron 2663-281 video-extensometer) was utilized to monitor strain. Equib-
iaxial tests were carried out on an Instron BioPulse low-force planar biax-
ial testing system, accompanied by a camera system for strain tracking.
Square specimens (20 x 20 mm) were prepared for equibiaxial tests. Both
uniaxial and equibiaxial tests were performed under quasistatic conditions
(1 mm min~") until scaffold rupture, maintaining room temperature. A
minimum of eight samples for each pore geometry and testing condition
were employed. Isotropy was computed as the ratio between the engineer-
ing stress on the x- and y-directions of the printing plane at 15% strain, with
an isotropy ratio (IR) of 1 indicating full isotropy. The x-axis was defined
as the longest direction of the pore shapes in all tests, with the y-direction
being transversal to the x-axis (see Figure 4A).

hiPSC Culture and Differentiation: ~ All experiments were performed us-
ing the WTC11 hiPSC line (UCSFi001-A, kindly donated by Prof. Bruce
Conklin, Gladstone Institutes). Cells were maintained in E8 medium on
growth factor reduced matrigel (GFR-MG) coated plastic surfaces (1:180
dilution), and passaged 1:15 by incubation with 0.5 mm EDTA (Invitrogen)
every 4-5 days. Differentiation toward the cardiac lineage was induced
using a biphasic modulation of the Wnt pathway following the protocol
described by the Burridge lab.[32] Briefly, when hiPSCs achieved conflu-
ence, media were changed to RPMI supplemented with B27 minus insulin
(RPMI B27-) and 8 um GSK3 inhibitor CHIR99021 (CHIR, Axon Med-
chem) for 24 h. After 24 h, medium was changed to RPMI B27— for an-
other 2 days, and then replaced with RPM| B27— and 5 um Wnt inhibitor
C59 (Axon Medchem) for 48 h. After 2 days in RPMI B27—, differentiations
were maintained in RPMI supplemented with full B27 (RPMI B27). On day
9-10, contracting CMs were obtained. At this point, cells were subjected
to two rounds of CM purification by culturing them for 72 h in RPMI no
glucose supplemented with 4 mm lactate. Between the two cycles in lac-
tate, the cells were replated, after incubation with TrypLE (Gibco) for 7-10
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min at 37 °C. Cells were gently recovered and reseeded onto well plates
coated with GFR-MG diluted 1:80 in RMPI B27. The media was supple-
mented with 10% Knock-out serum replacement (KSR, Gibco), and 10 um
of Y-27632 (Y27, Tocris) to enhance survival after dissociation. After 24 h,
the media was changed into RPMI B27 without Y27. Cells were maintained
in RPMI B27 with frequent media changes until their use, making a total
of 22-25 days for the whole process.

To obtain CFs, the method described by Zhang et al.33] was used, where
Wnt pathway was first activated and cells directed toward epicardial lin-
eage and cardiac fibroblast specification. Briefly, starting from hiPSCs at
90% confluency, cells were incubated with 5 pm CHIR on RPMI B27— for
48 h. After 24 h on RPMI B27—, cells were incubated with 5 um C59 for 48 h.
At day 5, cells were reseeded on 12 well-plated coated with Matrigel 1:30
using Advanced Dulbecco s Modified Eagle s Medium (ADMEM, Gibco)
supplemented with 5 um CHIR, 2 um retinoic acid (Sigma Aldrich), 10%
KSR and 10 um Y27. The following day, the media was changed to remove
Y27 and the KSR concentration was decreased to 2%. On day 8, CHIR
was removed from the media and cultures were kept in ADMEM supple-
mented with 2% KSR kept for 72 h. At day 11, cells were dissociated and
replated on 0.1% gelatin (Merck Milipore) coated 12 well plates, using
Fibroblast Growth Medium 3 (FGM3, PromoCell) supplemented with 10
um SB431542 (Sigma Aldrich), 10 ng mL™" of FGF2, and 10 um Y27. After
24 h, Y27 was removed from cell culture media and cells were maintained
in culture with media changes every 2 days. On day 18, cultures of differ-
entiated hiPSC-CFs kept with FGM3 medium supplemented with 10 pm
SB431542 and 1% P/S until their use.

Flow Cytometry: Fluorescence-activated cell sorting (FACS) was per-
formed to determine differentiation purity. For this, the Fix & Perm Kit
(Invitrogen) was employed following manufacturer ’s instructions, with
primary antibodies against cardiac troponin T (cTNT) (1:100, Invitro-
gen, MA5-12960); DDR2 (1:100, Sigma Aldrich, SAB5300116); and TCF21
(1:100, Sigma Aldrich, HPA013189). Mouse IgG Alexa Fluor 488 and rabbit
1gG Alexa Fluor 594 conjugated secondary antibodies (1:100, Invitrogen)
were used as isotype controls. Cells were analyzed in a CytoFlex cytometer
(Beckman Coulter) and data acquisition and analysis performed by Flow)o.

Cell Isolation, Tissue Generation, and Culture: Prior to cell seeding,
mPCL scaffolds were cut to a 25 or 50 mm? size and treated with O,
plasma (Diener Electronic) for 5 min, in order to increase their hydrophilic-
ity and facilitate infiltration of the cell suspension. The scaffolds were then
incubated in ethanol 70% during 30 min, washed thrice in sterile distilled
water and left to dry. Once cell differentiation was finished, hiPSC-CMs
were washed twice in 0.5 mm EDTA in PBS and incubated for 7-10 min
in TryplE at 37 °C for monolayer dissociation. Cells were gently recovered,
pooled, and counted. Human iPSC-CFs underwent a similar process and
were added to the cell suspension in a 9:1 hiPSC-CMs: hiPSC-CFs ratio.
Cell s concentration was adjusted to 5 X 10* cells per mm? of scaffold.
The tissue mastermix was made of cells mixed with RPMI B27 media sup-
plemented with 10% KSR, 1% P/S, 10 um of Y27, and 6 mg mL~" bovine
fibrinogen (Sigma Aldrich). For 8 mm diameter samples, 35 uL of master-
mix and 1.8 uL thrombin (100 U mL~" (Biopur)) were pipetted into a Teflon
mold, by first dispensing half of the volume (17.5 pL of mastermix), then
adding the MEW scaffold and finally the other half volume plus 1.8 uL of
thrombin, followed by incubation for 1h at 37 °C to induce fibrin crosslink-
ing. Afterward, samples were transferred to culture plates with RPMI B27
supplemented with 10% KSR, 1% P/S, and 10 um of Y27. On the next day,
media was refreshed with RPMI B27 without Y27 and supplemented with
aprotinin (0.1% (wt vol™"); 33 ug mL™") (Sigma Aldrich) to avoid fibrin
degradation. The medium was changed every other day.

Sample Contraction Analysis and Quantification: To investigate the ef-
fect of pore geometry on CM contraction, scaffolds of 10 x 5 mm with dif-
ferent pore geometries (squared, rectangular, and diamond-shaped) but
comparable pore area were manufactured into several strips attached to
one end (see Figure 5A). At day 27, spontaneous beating of the constructs
was recorded for at least 10 s. A custom-made point tracking algorithm in
MATLAB was used to obtain contraction velocity, contraction maximum
displacement, and contraction trajectory.

Live/Dead Staining: Cell survival was assessed at days 1 and 14 us-
ing the Live/Dead Viability/Citotoxicity kit (Invitrogen) following manufac-
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turer’s instructions. In brief, calcein 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 epifluorescence microscope.

AlamarBlue Assay:  Cell metabolic activity was assessed using an Ala-
marBlue assay for cell viability (Invitrogen), following manufacturer’s in-
structions. In brief, AlamarBlue solution was added to phenol red-free
RPMI media (Life Technologies) to a final concentration of 10% (v/v), and
constructs were incubated in this solution for 4 h at 37 °C. 100 uL of the
supernatant was then collected in 96 well plates and measured in a plate
reader (BMG Labtech).

Picogreen Assay: Cell retention within the scaffold, measured indi-
rectly through the amount of double-stranded DNA, was examined with
a PicoGreen assay (Quant-iT PicoGreen dsDNA Kit, Invitrogen), accord-
ing to the manufacturer’s instructions. Samples were frozen and digested
overnight (o/n) at 65 °Ciin a 125 ug mL~" papain solution (Whorthington
Biochemical). DNA-induced fluorescence was measured in a fluorometer
and relative cellular DNA was calculated.

RNA Extraction, RT, gPCR: Total RNA was isolated from differentiated
cells and cardiac tissues using Trizol RNA lIsolation Reagent (Life Tech-
nologies), following the manufacturer’s instructions and 1 pg RNA was
next retrotranscribed into cDNA using the Prime Script RT Reagent Kit
(Takara). Quantitative real-time PCR was performed with 5 ng of cDNA in
a PowerUp™ SYBR™ Green Master Mix (Applied Biosystems) and car-
ried out in a QuantStudio 5 Fast Real-Time PCR system (Applied Biosys-
tems). Human GAPDH was used as housekeeping gene and results were
analyzed using the 2722Ct method.

Immunostaining Analysis:  For staining, engineered cardiac tissues
were fixed with Zinc buffered formalin (Thermo Scientific) for 30 min at
RT, followed by three washes in PBS and stored at 4 °C until use. Samples
were incubated in blocking solution (PBS and 3% BSA (Sigma Aldrich))
for 20 min at RT after 0.2% Triton-X100 (Sigma Aldrich) permeabiliza-
tion. Samples were stained o/n at 4 °C with anti-cardiac a-actinin (1:400,
Sigma Aldrich, A7811) and anti-vimentin (1:500, Abcam, ab92547) pri-
mary antibodies diluted in 1% BSA (Sigma Aldrich). After 3 washes in
PBS, samples were incubated with Alexa Fluor 488- and 594-conjugated
secondary antibodies (1:500, Invitrogen) diluted in 1% BSA for 1 h at RT.
Finally, samples were washed thrice with PBS and incubated with DAPI
(1:500, Sigma Aldrich, D9542) diluted in PBS for 30 min at RT. Differ-
entiated CMs and CFs seeded on Matrigel- and gelatin-coated coverslips
(Ibidi) respectively, were fixed with zinc-buffered formalin for 15 min at
RT. CMs were stained with primary antibodies against cardiac a-actinin
and cTNT (1:200, Abcam, ab45932), and CFs with DDR2 (1:500, Sigma
Aldrich, SAB5300116), and collagen | (1:100, Abcam, ab34710) antibod-
ies. Appropriate secondary antibodies were employed (Alexa Fluor 488- or
594-conjugated, 1:500). Images were recorded using an LSM 800 Zeiss
Confocal microscope, and processed using Image) software.

Quantification of Cell Abundance, Z-Band Spacing, and Filament Align-
ment: Vimentin and a-actinin confocal stacks from 3D samples were
used for quantifying cell abundance, sarcomere length, and orientation.
Custom macros were developed based on Image) (available upon re-
quest). To quantify cell abundance, between 100 and 300 hiPSC-derived
cells were analyzed per plane by measuring the percentage of VIM* hiPSC-
CF and a-actinin* hiPSC-CMs within the diamond-shaped pore. To quan-
tify Z-band spacing and filament alignment a minimum of 20 and maxi-
mum of 40 sarcomeres were analyzed per plane, with interplane separa-
tion of at least 10 um. The user was blinded to the group of origin to avoid
any bias in the analysis.

Bulk RNA Sequencing and Analysis:  Roughly 150 ng of high-quality total
RNA (RIN > 8) were used for transcriptomic interrogation of engineered
tissues using lllumina’s Stranded mRNA Prep Ligation according to the
manufacturer’s instructions. Briefly, oligo(dT) magnetic beads were used
to capture and purify poly-adenylated mRNA molecules from total RNA.
The purified mRNA was then fragmented and reverse-transcribed to cDNA
using random primers. A second strand cDNA synthesis step removed
the RNA template while incorporating dUTP in place of dTTP in order
to preserve strand specificity. Next, double-stranded cDNA was A-tailed,
then ligated to Illumina anchors bearing T-overhangs. PCR-amplification
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of the library allowed the barcoding of the samples with 10-bp dual in-
dexes and the completion of lllumina sequences for cluster generation.
Libraries were quantified with Qubit dsDNA HS Assay Kit (Thermo Fisher,
Oregon, USA) and their profile was examined using Agilent's HS D1000
ScreenTape Assay (Agilent, CA, US). Sequencing was carried out in an
Illumina NextSeq2000 using paired-end, dual-index sequencing (Read1:
59 cycles; i7: 10 cycles; i5: 10 cycles Rd2:59 cycles) at a depth of 30
million reads per sample. Samples were demultiplexed using lllumina
bel2fastq software (v.2.2.0) and aligned to the human genome (GRCh38)
with STAR (V2.7.0d) using default parameters. Gene expression quantifi-
cation was performed using the featureCounts function implemented in
the R package Rsubread (v2.4.3) counting uniquely mapped reads with re-
verse strandness. The Ensembl v103 gene annotation was considered as
the reference. The filterbyExpr function implemented in the edgeR pack-
age (v3.40.2) was used to filter out genes with low number of counts for
downstream analyses. Data normalization, transformation (considering
variance stabilizing transformation), principal component analysis and
differential expression analyses were performed with the DESeq2 pack-
age (v1.30.7). To compare 3D and 2D samples at day 30, the Wald test
was considered, keeping genes with an FDR of 0.05. Overrepresenta-
tion analyses of the differentially expressed genes (shrunken log2 fold-
change with the IfcShrink function > 1) were performed with enrichR
(v3.0) against the “GO_Biological _Process_2021", “BioPlanet_2019" and
“MSigDB_Hallmark_2020" databases. In addition, to evaluate significant
expression changes across all levels (including day 0), the Likelihood Ra-
tio Test (LRT) with ~1 as reduced model was considered in DESeq2. Then,
the function degPatterns from the library DEGreport (v1.26.0) was used in
regularized log-transformed data, obtained with the rlog function, to look
for different expression patterns in those genes with an FDR < 0.05.

Optical Mapping: High temporal and spatial resolution videos of
transmembrane voltage and CaT activity in the engineered cardiac tissues
were recorded by optical mapping with a MiCAM O5-Ultima CMOS cam-
era (SciMedia, Costa Mesa, CA). Tissues were stained by immersion in cul-
ture medium supplemented with RH237 (voltage-sensitive day, Invitrogen,
Carlsbad, CA) at 7.5 uM for 15 min and with Rhod-2 AM (calcium-sensitive
dye, Invitrogen, Eugene, OR) at 5 uM for 30 min under incubation condi-
tions (37 °C, 5% CO,). Blebbistatin (10 uM, Tocris Bioscience, St. Louis,
MO) incubation during 30 min prevented motion artefacts. Following the
incubation with the dyes, the tissues were placed in a heated chamber (RC-
27NEin a PM-6 heated platform, Warner Instruments) at 36.5 °Cwith 1 mL
pre-oxygenated Tyrode’s solution (supplemented with 30 mm BDM to pre-
vent motion artefacts). Both voltage and calcium activities were mapped
using 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. The tissues were field-
stimulated with two platinum electrodes using an A385 stimulator (World
Precision Instruments, Sarasota, FL) to apply monopolar pulses of 70 mA
amplitude and 3 ms duration. After a short period of stimulation to allow
the tissues to adjust to the pacing rate, 20-s recordings were acquired at
pacing frequencies of 0.5, 1,2 and 3 Hz.

Computational Modeling and Simulation: Squared- and diamond-pore
tissues were in silico modeled following the approach described in pre-
vious studies.[871 2D meshes of 5 x 5 and 10 x 10 mm? were built,
the former for individual tissues and the latter for tissues engrafted on
healthy human or porcine myocardium. All models were discretized with
50 um-side quadrilateral elements. In silico scaffold representations were
set to replicate the experimental configurations. Square and diamond
pores were generated with an area of 1x 1and 1 x 2 mm?, respectively
(Figure 7A). Human iPSC-CMs were oriented following experimental ob-
servations (Figure 7B). For square-pore tissues, the tissue nodes were
gradually aligned following the square-pore diagonals and randomly ori-
ented in a 0.2 mm-thick central cross. For diamond-pore tissues, as hiPSC-
CMs were experimentally observed to preferentially align in the diamond’s
short axis, cell orientation was set parallel to this direction. The hiPSC-CMs
electrical activity was described by the Paci et al. ventricular model.[?®] The
O’Hara-Rudy!®®! and the Gaur et al.[®’l models were used to represent
the human epicardial and porcine ventricular APs, respectively. Electrical
impulse propagation was modeled by the monodomain partial differen-
tial equation!®® and the software ELECTRAI®®] as employed to numeri-
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cally integrate the reaction-diffusion equation of this model. The electrical
conductivity was considered to be orthotropic with transverse isotropy. A
longitudinal-to-transverse ratio of 0.25 was set. Longitudinal diffusion co-
efficients of 0.0013 and 0.00013 cm? ms~" were set for the ventricular my-
ocardium and engineered tissues, respectively, to replicate experimentally
reported CV ranges. Cellular models were paced to steady-state by running
2000-s simulations. The values of the model state variables at the end of
pacing were used for initialization of tissue simulations, which consisted
of five cardiac cycles stimulated at 1 Hz, with the last cycle being used
for analysis. Stimuli of T ms-duration and 5 and 80 mA-magnitude were
applied at the 0.5 mm inferior band of the individual and engrafted tis-
sue meshes, respectively. A temporal resolution of 0.1 ms and a spatial
resolution of 50 um were used for numerical integration.

Surgery Animal Procedure and Study Design: All animal procedures
were approved by the University of Navarra Institutional Committee on
Care and Use of Laboratory Animals (CEEA) and the Navarra Regional
Government (CEEA #E3-22 (043-21E1)). Ten- to 12-week-old female RH-
Foxn1™“ athymic nude rats (Envigo RMS Spain S.L., San Feliu de Codines,
Barcelona) underwent permanent coronary artery ligation of the left ante-
rior descending (LAD) coronary artery, as previously described.l'%] Seven
days post-infarction, animals underwent a second surgical procedure and
two engineered cardiac tissues of 10 X 5 mm? size were sutured with a
Prolene 7/0 non-absorbable suture (W8702, Ethicon) at four points of the
heart, covering the infarcted area (MEW-hECT group). The survival rate of
the course of the experiment was more than 80%. Only those animals that
survived (n = 22) and with an ejection fraction below 40% (as determined
by echocardiography at day 5 post-infarction) were included in the func-
tional study (n = 18; n > 5/group). 28 days after tissue transplantation,
animals were anesthetized, perfusion-fixed and killed for histological anal-
ysis. A group transplanted with only a MEW scaffold loaded with a fibrin
hydrogel and cultured for 28 days (MEW group). For the Control animal
group, the animals underwent the same surgical procedure without tissue
implantation.

Echocardiography: ~ Cardiac function was assessed through transtho-
racic echocardiography utilizing the Vevo 3100 high-resolution ultrasound
system (VisualSonics, Toronto, Canada). This system was equipped with
an MX550 transducer, which operated at a central frequency of 40 MHz, a
focal length of 7.0 mm, and a frame rate of 557 fps in B-mode, covering a
maximum field of view of 14.1 x 15.0 mm in 2D imaging. The spatial reso-
lution was 90 um (lateral) by 40 um (axial), allowing high-resolution imag-
ing. Echocardiography was performed at 5 days post-infarction and at 28
days post-transplantation. Rat anesthesia was induced by placing them in
an induction chamber and administering a mixture of 4% isoflurane and
1L min~1 100% O,. Once the animals lost their righting and digital re-
flex, they were carefully positioned in a supine posture on a heated pad
maintained at 37 °C. The concentration of isoflurane was then adjusted
to 1-2% to ensure the heart rate remained within the optimal range of
300-400 bpm during the image acquisition process. Continuous monitor-
ing of vital parameters including heart rate, electrocardiogram (ECG), and
respiratory physiology was conducted using surface ECG limb electrodes.
Additionally, body temperature was meticulously monitored using a rectal
probe. To optimize imaging conditions, the chests of the mice were gently
shaved using a chemical depilatory cream (Veet, Reckitt Benckise, Spain),
followed by the application of warmed ultrasound gel (Quick Eco-Gel,
Lessa, Spain) to enhance the visibility of cardiac structures. The cardiac
function of the left ventricle (LV) was evaluated using Simpson’s method.
This method entailed measuring end-diastolic and end-systolic areas at
different LV levels (basal, middle, and apical) using the parasternal short-
axis (PSAX) view in B-mode imaging. Additionally, to complete Simpson'’s
method, the end-diastolic and end-systolic endocardial areas, along with
the LV length from the aortic annulus to the apex, were measured utiliz-
ing the parasternal long-axis (PLAX) view. All images were meticulously
analyzed offline using the cardiac measurement package seamlessly inte-
grated into the VevolLab software (v5.7.1).

Tissue Processing, Staining, and Quantification: After sacrifice, hearts
were excised, fixed o/n in Zinc buffered formalin at 4 °C, and cut into
three equally sized blocks (apical, mid-ventricular, and basal). Next, the
organs were dehydrated in 70% ethanol (4 °C, o/n), embedded in paraffin
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and sectioned at a 5 pm thickness. For histological evaluation, selected
sections (1 every 10 slides) were stained with hematoxylin-eosin and Sir-
ius Red and with the appropriate antibodies. For Sirius Red staining, sec-
tions were deparaffined and immersed in 0.1% Direct Red (Sigma) in a
saturated solution of picric acid for 30 min, dehydrated, and mounted in
DPX (Sigma). For Hematoxylin-Eosin staining, sections were stained in
Ehrlich“s hematoxylin (Sigma) for 10 min, differentiated through water-
HCl and Li,COj3 solutions, immersed in 1% Eosin (Sigma) for 5 s, dehy-
drated, and mounted in DPX.

Quantification of infarct size, ventricular wall thickness, and tissue fi-
brosis degree was performed in stained serial sections with Sirius Red
and the degree of tissue inflammation and CM hypertrophy was evaluated
in hematoxylin-eosin-stained serial sections. Tissue revascularization was
assessed by immunostaining techniques in the infarct border. Angiogen-
esis was assessed by counting the number of small vessels (capillaries)
stained with lectin (1:50, BSL-l, Sigma, L3759) and using Streptavidin-
Horseradish Peroxidase (HRP) conjugate (Sigma Aldrich) as secondary
reagent and diaminobenzidine (Dako) as chromogen. Vasculogenesis (ar-
terioles and arteries) was evaluated by measuring the area occupied by
smooth muscle-covered vessels and by counting the number of large
vessels using an anti-a-smooth muscle actin (a-SMA) primary antibody
(1:200, Sigma Aldrich, A5228) and an anti-mouse 1gG Alexa Fluor 488
(1:500, Invitrogen, A21202) conjugated secondary antibody.

The human cells were identified through immunofluorescence using
anti-human Ku80 (1:50, Cell Signaling, 1672180S) in combination with and
anti-cTNT (1:20, Abcam, ab8295) primary antibody to detect hiPSC-CMs,
and with antibodies against vimentin (1:20, Abcam, ab11256) and aSMA
(1:200, Sigma Aldrich, A5228) to detect hiPSC-CFs. Macrophage detection
was based on the presence of CD68-positive signals (anti-CD68, 1:100,
Bio-Rad, MCA341R). Appropriate secondaries antibodies were employed
(conjugated to Alexa Fluor 488, Alexa Fluor 594, and Alexa Fluor 647). All
primary and secondary antibodies were diluted in 1% BSA in PBS.

Bright-field digital images were acquired with an Aperio CS2 scan-
ner (Leica Biosystems, Nussloch, Germany) and images processed with
the ImageScope software (Leica Biosystems). Immunofluorescent images
were acquired with a Phenoimager HT 2.0 (Akoya Biosciences) and im-
ages visualized with the Phenochart 2.0 software (Acoya Biosciences). For
confocal microscopy, a LSM 800 Zeiss Confocal microscope was used.
Histological and immunofluorescence preparations were quantified using
Image) software with custom macros. Sampling and measuring were per-
formed in all cases by an investigator blinded to the treatment of individual
animals. All digital images were imported into Adobe Photoshop and for-
matted.

Statistical Analysis: Normal distribution of data was tested using the
Shapiro-Wilk and Kolmogorov—Smirnov normality tests. All data are ex-
pressed as mean = SEM or median (Q1, Q3) for normal and non-Gaussian
distributed data. Comparisons between two groups were performed using
Student’s t-test. For experiments involving more than two groups, data
were analyzed using one-way or two-way ANOVA followed by Tukey “s HSD
test. Analysis were performed using GraphPad Prism 8 (GraphPad Soft-
ware Inc.), and differences were considered significant when p < 0.05.
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the author.
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