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ABSTRACT: A combination of human-induced pluripotent stem cells
(hiPSCs) and 3D microtissue culture techniques allows the generation of
models that recapitulate the cardiac microenvironment for preclinical
research of new treatments. In particular, spheroids represent the simplest
approach to culture cells in 3D and generate gradients of cellular access to
the media, mimicking the effects of an ischemic event. However, previous
models required incubation under low oxygen conditions or deprived
nutrient media to recreate ischemia. Here, we describe the generation of
large spheroids (i.e., larger than 500 μm diameter) that self-induce an
ischemic core. Spheroids were generated by coculture of cardiomyocytes
derived from hiPSCs (hiPSC-CMs) and primary human cardiac fibroblast
(hCF). In the proper medium, cells formed aggregates that generated an
ischemic core 2 days after seeding. Spheroids also showed spontaneous
cellular reorganization after 10 days, with hiPSC-CMs located at the center and surrounded by hCFs. This led to an increase in
microtissue stiffness, characterized by the implementation of a constriction assay. All in all, these phenomena are hints of the fibrotic
tissue remodeling secondary to a cardiac ischemic event, thus demonstrating the suitability of these spheroids for the modeling of
human cardiac ischemia and its potential application for new treatments and drug research.
KEYWORDS: myocardial ischemia, cardiac spheroid, fibrosis, hiPCS-CM, stiffness

■ INTRODUCTION
Cardiovascular diseases have increased in the last decades as a
result of population growth and aging, remaining the leading
cause of death worldwide in 2019 and a major contributor to
reduced quality of life.1 Almost half of the cardiovascular
disease burden is due to ischemic heart diseases, a set of
clinical syndromes characterized by the imbalance between the
myocardial blood demand and supply, usually caused by the
occlusion of a coronary blood vessel. Preclinical research has
benefited from human-induced pluripotent stem cells
(hiPSCs) and 3D microtissue culture techniques to recapit-
ulate in vitro the complex microenvironment of physiological
and pathological human myocardium (i.e., structure, different
cell types, cell-to-cell, and cell-to-matrix connections). Despite
the recent blossom of these cardiac models,2,3 few works have
focused on reproducing myocardial ischemia.4

Tissue damage during cardiac ischemia tends to be related to
an insufficient oxygen supply, but it is also due to a reduced
availability of nutrients and inadequate removal of metabolic

end-products. In fact, diseases only caused by hypoxia, like
cyanosis, severe anemia, or lung diseases, cause less notorious
effects than ischemia.5 Therefore, modeling an ischemic
myocardium in vitro requires the recreation of its particular
3D architecture, closely related to the formation of nutrient,
oxygen, and cellular product concentration gradients, and
generating a spatial increase in cellular damage. Spheroids
represent the simplest approach to culture cells in 3D and
generate gradients of cellular access to the media. Aggregates
of cardiomyocytes (CMs) derived from hiPSC (hiPSC-CMs)
have been subjected to reduced nutrient media and hypoxic
atmosphere, followed by standard conditions’ restoration to
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simulate the effects of blood flow restoration.6 After such an
ischemia/reperfusion protocol, the spheroid core presented
lacunae and apoptotic cells. hiPSC-CM also showed disrupted
sarcomere myofilaments, mitochondria alterations, and in-
crease secretion of inflammatory, angiogenic, and migration-
related molecules.

While CMs represent the most notorious cells in the heart
and are most sensible to oxygen and nutrient deprivation, a
model of cardiac ischemia also requires the presence of other
cell types involved in the cardiac response to ischemia. In
particular, cardiac fibroblasts play a key role in ischemic
myocardial remodeling. Thus, following ischemic cardiomyo-
cyte death, fibroblasts are recruited to the injured area and
activated into myofibroblasts, which synthesize collagen,
forming a scar that increases tissue stiffness and further
reduces cardiac pumping capacity.7 To generate a more
complex model of cardiac ischemia, hiPSC-CM have been
cocultured in spheroids with human cardiac fibroblasts
(hCFs), along with human adipose-derived stem cells and
human umbilical vein endothelial cells.8 When these complex
spheroids were subjected to partial oxygen reduction and
adrenergic stimulation, they recreated features of cardiac
fibrosis, including cellular reorganization, with hiPSC-CMs
located at the core and surrounded by hCFs, and tissue
stiffening.9 Although several characteristics of ischemic
myocardium have been successfully recreated within spheroids,
the few reported models of cardiac ischemia worked with
relatively small aggregates, requiring incubation in low oxygen
conditions or deprived nutrient media to achieve an ischemic
core.6,8,9

Here, we hypothesized that culturing larger cardiac
spheroids that self-induce the ischemic core could more
physiologically recapitulate the in vivo environment of the
ischemic human myocardium, including effects of waste
products accumulation. For this purpose, we generated
spheroids of at least 500 μm diameter by coculturing hiPSC-
CM and primary hCF. We cultured the resulting spheroids for
up to 17 days, studying cellular viability and hints of fibrotic
remodeling.

■ MATERIALS AND METHODS
Cell Lines. hCFs, isolated from discarded cardiac surgical tissue

from patients undergoing cardiac surgery through explant outgrowth,
were routinely cultured with low glucose DMEM (Biowest, France)
supplemented with 10% FBS, 5% penicillin/streptomycin, 10 ng/mL
fibroblast growth factor 2 (FGF-2) (Miltenyi Biotec, Germany), and 3
μM glutamine.

Human iPSCs (CBiPSsv-4F-40 line) were cultured on 1:80 Growth
Factor Reduced-Matrigel (Corning, United States)-coated plastic
surfaces in mTeSR1 complete medium (STEMCELL Technologies,
Canada) and passaged every 4−5 days through cell detaching by
incubation with 0.5 mM EDTA (Invitrogen, United States).
hiPSC Differentiation into CM. Human iPSC differentiation into

CMs was performed following a biphasic Wnt modulation protocol10

with minor modifications. After reaching 90% confluence, cells were
incubated for 24 h in RPMI (Gibco, United States) supplemented
with B27 1× minus insulin (Gibco, United States) (RPMI B27-) and
12 μM CHIR99021 (STEMCELL Technologies, Canada), followed
by 48 h of incubation in RPMI B27-. Then, the medium was changed
to RMPI B27- supplemented with 5 μM C59 (Sigma-Aldrich, Spain)
for 48 h, followed by another 48 h of incubation in RMPI B27-. The
medium was then changed to RPMI supplemented with B27 1× and
insulin (Gibco, United States) (RPMI B27+) and refreshed every 48
h. Once generalized cellular beating was observed, cells were
subjected to 2 purification cycles, consisting of incubation in RPMI

without glucose supplemented with 4 mM lactate (Sigma-Aldrich,
Spain) for 48 h. After purification, the medium was changed to RPMI
B27+ and refreshed every 2 days until hiPSC-CM usage.

For quality control analysis of hiPSC-CM differentiation, the
percentage of cells expressing the cardiac marker troponin was
quantified by flow cytometry (Figure S1). Briefly, cells from random
wells were detached using TryplE and processed using a FIX & PERM
cell permeabilization kit (Invitrogen, United States), following the
manufacturer’s instructions. Cells were stained with a cardiac
Troponin T (cTnT) Monoclonal Antibody from mouse (clone 13-
11, MA5-12,960, Invitrogen, 1:100), incubated for 30 min at RT,
followed by a secondary antibody Alexa Fluor 488 goat antimouse (A-
11001, Invitrogen, 1:100) for 15 min RT in the dark. All samples were
then centrifuged in 2 mL of FACS buffer for 5 min at 1800 rpm 3
times. Each pellet was resuspended in PBS and stored at 4 °C until
analysis. Differentiation batches with less than 70% of cTnT+ cells
were discarded.
Cell Metabolic Activity. For the metabolic activity character-

ization of hCF and hiPSC-CM cells in different media compositions,
both cell types were separately seeded in 96-well plates, with hCF
maintenance medium and RPMI (plus B27+ and 5 μM Y-27632)
medium for 24 h, respectively. The medium was changed to the tested
medium, and the solution was reused every 2 days. Tested media
consisted of (1) hCF basal medium composed of low glucose DMEM
supplemented with 3 μM glutamine and 0.5 ng/mL FGF-2; (2)
hiPSC-CM basal medium composed of RPMI medium supplemented
with B27 1× and insulin; (3) hCF basal medium supplemented with
B27 1× and insulin; (4) hiPSC-CM basal medium supplemented with
0.5 ng/mL FGF-2, and (5) a 50:50 mixture of hCF and hiPSC-CM
basal media.

After 7 days, metabolic activity was assessed by 3-[4,5-
dimethylthiazol-2-yl]-2,5-diphenyl tetrazolium bromide (MTT) met-
abolic assay (Sigma-Aldrich, Spain), following the fabricant’s
recommendations. Absorbance of each condition was measured at a
570 nm wavelength in a spectrophotometer (Synergy HT, BioTek,
Spain) and normalized to the absorbance from cells cultured on their
respective basal media.
Cardiac Spheroid Generation. hiPSC-CMs and hCFs, sepa-

rately or mixed at a 70:30 ratio, were suspended in the appropriate
media and seeded in U-well-bottom 96-well plates, previously treated
with antiadherence rising solution (STEMCELL Technologies,
Canada). After 2 days, cells in each well were aggregated into one
large spheroid, and aggregates were either maintained in the 96-well
plate to track their size or transferred to flask culture bottles in 5−10
mL of new media. The media was changed once a week. For spheroid
size monitoring, phase contrast images of at least 10 spheroids per
condition were acquired with an optical microscope (Leica
THUNDER, Spain), and the diameter was measured using ImageJ
open-source software.
Cell Viability. Cell viability within the spheroids was evaluated by

cell membrane integrity analysis. Briefly, spheroids were incubated
with 4 μg/mL calcein and 8 μg/mL propidium iodide (PI) in their
own media for 24 h at 4 °C. Thereafter, spheroids were protected
from light in all steps. Spheroids were rinsed 3 times with PBS and
fixed by incubation with 4% PFA at RT and shaking for 40 min. After
fixation, spheroids were rinsed again 3 times with PBS and stored in
PBS at 4 °C until clearing. The storage period was not prolonged for
more than 7 days. For clearing, a modified form11 of the CUBIC-2
solution,12 hereafter called MD+ clearing solution, was used. MD+
solution was composed of 50% sucrose (w/v), 20% nicotinamide (w/
v), 10% triethanolamine (w/v), and 0.1% Triton X-100 (v/v).
Spheroids were incubated with 50% MD+ (diluted in distilled water)
for 2 h at RT with shaking, followed by incubation with 100% MD+
overnight. Finally, spheroids were visualized under confocal
microscopy (Nikon, The Netherlands) and immersed in the same
100% MD+ solution.

To calculate the dead core radius from z-stack viability images, the
normalized radial fluorescence intensity of calcein and PI signal was
measured with ImageJ at different distance points from the spheroid
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center. Dead core radius was stablished as the largest distance at
which the PI/calcein ratio surpassed a value of 1.
Histological and Immunofluorescence Analysis of Sphe-

roids. Spheroids were harvested into 1.5 mL tubes, washed with PBS
2 or 3 times, and fixed for 30 min in 4% PFA (VWR, Spain) and 4%
sucrose (Sigma-Aldrich, Spain) solution. Fixed spheroids were
incubated overnight with 30% sucrose at 4 °C. Then, spheroids
were embedded in a Tissue-Tek OCT compound (Sakura) and
rapidly frozen by immersion in N2 liquid-cold isopentane (VWR,
UK). Blocks of spheroids embedded in the OCT were stored at −80
°C until cryosectioning into layers (thickness of 10 μm) onto
SuperFrost Plus glass slides (VWR, Spain).

For immunostaining, samples were permeabilized and blocked by a
30 min incubation at RT in PBS with 0.01% Triton X-100 (Sigma,
Spain) and 5% goat serum (Sigma-Aldrich, Germany). Samples were
incubated overnight at 4 °C with specific primary antibodies diluted
in 0.01% Triton X-100 and 0.5% goat serum in PBS. The primary
antibodies used were rabbit antivimentin (diluted 1:500) (IgG
polyclonal, SC-7557-R, Santa Cruz Biotechnology), mouse anti-cTnT
(diluted 1:200) (13-11, ThermoFisher), rabbit anticaspase-3 (diluted
1:100) (IgG polyclonal, C8487, Sigma), mouse anticollagen-I (COL-
1, Santa Cruz Biotechnology), mouse anti collagen-III (B-10, Santa
Cruz Biotechnology), and mouse anti- HIF-1-α (diluted 1:50) (28b,
Santa Cruz Biotechnology). Next, samples were washed with 0.01%
Triton X-100 and 0.5% goat serum in PBS and incubated for 1 h at
RT with corresponding secondary antibodies and 0.1 μg/mL Hoechst
33,342 (H1399, Invitrogen) diluted in 0.01% Triton X-100 and 0.5%
goat serum in PBS. Secondary antibodies used were goat antimouse
AlexaFluor 488 (diluted 1:1000) (A11001, Life Technologies) and
goat antirabbit IgG Rhodamine (diluted 1:100) (AP132R, Millipore).
Samples were then washed with PBS. Cryosections were covered with
DPX mounting solution and cover glasses for storing until fluorescent
microscopy visualization (Leica THUNDER, Spain) and further
analysis with ImageJ.

For hematoxylin/eosin histological staining, spheroid cryosections
were immersed in hematoxylin for 12 min, rinsed with water,
immersed in eosin for 20 s, and rinsed with water again. Then,
samples were dehydrated by the consecutive incubation in 60°
ethanol, 96° ethanol, 100° ethanol (twice), and xylol (twice), for 3 s
each. Finally, samples were covered with DPX mounting solution
(255,254, ITW Panreac, Spain) and cover glasses for storage until
optical microscopy (Leica THUNDER, Spain) inspection.
Constriction Assay. Spheroid stiffness was determined using a

custom-made constriction methacrylate microfluidic device, similar to
a previously described system for the microcapsule aspiration
assay.13,14 The device was designed by BEOnChip S.L. (Spain) and
manufactured by Aitiip Centro Tecnoloǵico (Spain). It consists of a
single 400 μm tubular channel, which is reduced to 200 μm (the
schematic of the device and dimensions are shown in Figure 6). For

the constriction assay, the microdevice was connected to a pressure
controller (OB1Microfluidic Flow Control System, Elveflow, France)
using a 1/16″OD PTFE (Elveflow, France) and TYGON
(ACF00002-C, Saint-Gobain, France) tubing systems. The micro-
device was placed in an optical inverted microscope (Leica DMi8,
Spain) for inspection.
Constriction Measurements. Spheroids were individually

isolated in a U-shaped 96-well plate (Sarstedt, Germany) for optical
microscopy inspection (Nikon-Eclipse, the Netherlands). After
measuring the spheroid diameter with NIS Elements Analysis
Software (Nikon, Netherlands), each spheroid was captured with a
micropipet and injected into the system previously perfused with
culture media. Pressures lower than 1000 Pa were applied to place the
spheroid at the entrance of the microchannel constriction, blocking
the passage of the liquid flow. Then, the pressure was increased at a
constant rate of 100 Pa/s, pushing the spheroid through. The
microscopic optical image of the microdevice and the pressure
measurements were video recorded during the whole process for
posterior analysis. At least 10 microcapsules and 6 spheroids per
condition were tested.
Stiffness Calculation from Constriction Data. The spheroid

stiffness was determined as a pressure-deformation relationship (ΔP/
Δδ). To obtain this relationship, videos of the constriction assay were
processed by using VLC media player software. After each 10 mbar
pressure increment, the corresponding video frame was exported as an
image file. The length occupied by the deformed spheroid in the 200
μm diameter channel was measured for each exerted pressure (ImageJ
software) and normalized by the initial spheroid diameter to calculate
deformation (Figure 6). For small deformations, experimental results
could be fitted to a linear curve from which the pressure/deformation
relationship was obtained, as previously reported for the mechanical
characterization of capsules via aspiration assays.14

Statistics. Statistical computations were executed by using
GraphPad Prism 6 software. Normal distribution was determined by
the Shapiro−Wilk normality test. When data followed a normal
distribution, one-way ANOVA was used for comparison among
multiple groups, followed by Dunnett’s posthoc test. For non-
Gaussian data, Kruskal−Wallis’ test was used for comparison among
multiple groups, followed by Dunn’s posthoc test. Significance level
was set at 0.05.

■ RESULTS AND DISCUSSION
Optimization of Cellular Proportions and Culture

Medias. Working with cocultures requires careful determi-
nation of cellular proportions to properly recreate a human
myocardium, along with an adequate medium that satisfies the
metabolic needs of both cell types. In vivo, CMs represent
around 40% of total cell numbers in the human myocardium

Figure 1. Effect of different media formulations on the metabolic activity of hCF and hiPSC-CM after 7 days of culture. Metabolic activity was
measured using the MTT assay. Values represent percentage relative to cell activity in their own basal media (green bars). Bars represent mean ±
SD ***: p < 0.001 and *: p < 0.05 compared to each cell basal media.
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but occupy almost 75% of the tissue volume due to their large
size. On their side, CF numbers are below 20%.15 However,
these numbers suffer alterations depending on the tissue
maturation degree and during disease.16,17 Previous attempts
to recreate human myocardium in vitro have worked with
numbers that usually range from 50 to 80% for CM and 15 to

30% for CF, with the inclusion in some cases of other cell types
present in the myocardium, such as endothelial cells or
mesenchymal stem cells.9,18−20 In the absence of a general
consensus, we established a tentative 70:30 (hiPSC-CM:hCF)
ratio in our models. We chose a high percentage of hiPSC-CM
in regard to the small size of our hiPSC-CMs, and considering

Figure 2. Effect of culture media on cardiac spheroids. (A) Spheroids of 10.000 hCFs cultured in CM basal medium were not compact and cells
were lost over time. Detailed images of spheroids after 14 days of culture: spheroid of 10.000 hCFs cultured in (B) CM basal medium and in (C)
CF basal medium, and (D) spheroid of 40.000 cells (hiPSC-CM:hCF, 70:30) cultured in CM + CF mix media. Scale bar: 200 μm.

Figure 3. Cellular viability inside cardiac spheroids at day 2 and day 10 of culture. (A) Confocal images of living cells stained with calcein (green)
and dead cells stained with propidium iodide (red), followed by spheroid clarification. (B) Top view of the projection from a z-stack of confocal
images. Scale bar = 200 μm. (C) Percentage of normalized quantified dead core radius across the multiple spheroids studied for each condition.
Bars represent mean ± SD n = 7 spheroids with at least 10 z-slides analyzed per spheroid. Mann−Whitney test. ***: p < 0.001. (D) HIF-1-α
(green) immunostaining images at day 2 and day 10 of culture. Nuclei are depicted in blue.
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the fact that hCFs have the potential to grow and proliferate,
which is mostly absent in hiPSC-CMs.

Similarly, choosing an adequate media for coculture may be
a complex issue. There are many protocols for the
monoculture of CMs and CFs that work with different culture
media depending on the cell source, among other factors.
Regarding the coculture of both cell types, some groups work
with specialized commercial media such as iCell or StemPro-
34,21,22 while others choose a CM basal medium,20 since CMs
are supposed to be more sensitive to media formulation than
fibroblasts. In consensus, the group of D.J. Richards chose a
mixture of each cell basal medium in the same ratio than cell
proportion in the coculture.9 In this context, we have analyzed
the effect of different combinations of CM and CF basal media
on the metabolic activity of both cell types. hiPSC-CM basal
medium consisted of RPMI 1640 supplemented with B27 plus
insulin (B27+), while hCF were cultured in low glucose
DMEM supplemented with fibroblast growth factor 2 (FGF-
2). We studied the effect of both basal media, along with CF

basal medium supplemented with B27+, CM basal medium
supplemented with FGF-2, and a 1:1 mixture of both basal
media (Figure 1).

Interestingly, while hiPSC-CMs showed the highest
metabolic activity when cultured with CM basal medium,
hCF presented the lowest metabolic activity when cultured in
their own basal medium, possibly explained by the low
concentration of nutrients and growth factors of CF basal
medium. In light of these results, we initially chose CM basal
medium for the coculture of hiPSC-CM and hCF. However,
preliminary attempts to generate single-cell type cardiac
spheroids (i.e., only-CM or only-CF spheroids) using CM
medium resulted in poor cellular aggregation in only-CF
spheroids (Figure 2A,B), in contrast to only-CF spheroids
cultured in CF basal medium (Figure 2C). Therefore, a 1:1
mixture of both basal media was finally chosen, ensuring
spheroids’ integrity without significant effect on hiPSC-CMs
activity compared to CM basal medium. Indeed, hiPSC-

Figure 4. Immunofluorescence and histological analyses of cardiac spheroids. (A) Caspase 3 (apoptosis marker, in red) distribution in cardiac
spheroids cryosections. Nuclei were stained with Hoechst (blue). (B) Mean fluorescence intensity of the caspase 3 immunofluorescence signal in
the core area (around 10% of the total spheroid area). Bars represent mean ± SD n = 17 spheroids. One-way ANOVA with Dunnet’s multiple
comparison test. *: p < 0.05. (C) Spheroid cryosections stained with hematoxylin/eosin. Delimitation between areas with differential histological
features are highlighted with a gray dashed line. Scale bar: 100 μm. (D) Detailed hematoxylin/eosin images of the spheroid center and the outer
layers at the defined time points.
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CM:hCF spheroids cultured in 1:1 mixture media remained
compact for at least 14 days (Figures 2D and S2).
Generation of Cardiac Spheroids with an Ischemic

Core. Once optimal conditions for hiPSC-CM and hCF
coculture were established, CM/CF (70:30) spheroids were
generated by culture in round-bottom surfaces. Cells were left
for 2 days to assemble, transferred to round-bottomed 96-well
plates or Petri dishes, and incubated for up to 17 days. To
ensure the generation of a hypoxic core, spheroids of at least
500 μm diameter were produced by culturing 40.000 cells per
spheroid, considering that the range of oxygen diffusion in
spheroids is around 200 μm.23 However, the large size of these
spheroids constitutes a real handicap for the characterization of
ischemic hallmarks. Initially, cellular damage at the ischemic
core was assessed by live/dead staining at day 2 and day 10 of
culture, but cellular density prevented fluorescent signal
visualization a few micrometers below the surface. Thus,
after staining, spheroids were fixed and subjected to a clearing

process,11 which enabled the visualization of inner layers of the
spheroid with confocal microscopy (Figure 3A). Z-stack
projection of confocal images (Figure 3B) showed the external
distribution of living cells and internal congregation of dead
cells since day 2 of spheroid culture. Furthermore, at day 10,
the frontier between live and dead cells became sharper, with
living cells gathering at the spheroid surface and a clearly
defined dead core. In fact, quantification of the dead core
radius across all the spheroids and conditions showed
significant differences (p < 0.001) between days 2 and 10,
indicating an increased progression of dead cells within the
spheroid core (Figure 3C and S3). The dead core evolution
overtime correlated with the expression of hypoxia-inducible
factor 1-alpha (HIF-1-α), as shown by immunostaining
observations (Figure 3D).

Results suggest a quick establishment of ischemia in the
defined conditions of spheroid culture (i.e., large spheroids of
40.000 cells, cultured in mixed media without oxygen

Figure 5. (A) Ischemic-related fibrotic remodeling assessed by immunofluorescence. Vimentin (CF marker, in red) and cTnT (CM marker, in
green) disposition across cardiac spheroids cryosections. Nuclei stained with Hoechst (blue). Scale bar = 100 μm. (B) Quantification of spatial
distribution of vimentin. Bars represent mean ± SD n = 17 spheroids. Statistical significance was assessed at 50 and 90% spheroid radius by one-
way ANOVA with Dunnet’s multiple comparison test. *: p < 0.05. **: p < 0.01 and ***: p < 0.001, compared to day 2.
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deprivation). Few works have described the generation of
necrotic cores within cardiac spheroids. Thus, deprivation of
nutrient and oxygen for 5 h, followed by standard conditions
restoration for 16 h, results in apoptosis and cell death after
ischemia, exacerbated during reperfusion in only cardiomyo-
cyte spheroids.6 More complex spheroids, containing also
fibroblasts, subjected to 6 h of nutrient and oxygen reduction
closely simulate ischemia,8 seeking for a highly hypoxic core
and a more functional edge when these cardiac spheroids are
incubated for 10 days with a partially reduced oxygen
concentration up to 10% O2.

9 However, all of these previously
described spheroids require the deprivation of nutrients and
other factors, along with the limitation of oxygen to generate
ischemia, an external factor overcome in our current model.
This supports the representativeness of our system given the
speed at which hypoxia affects the natural human myocardium.
Additionally, this may reduce experimental times and opens
the door to control the timeline of ischemia development by
varying the spheroid size.

Necrosis is classically considered one of the main cell death
operators during ischemia/reperfusion injury in vivo.24 Since
there is no direct marker of necrosis, to characterize the cell

death pathway inside the spheroids, we investigated the
presence of the apoptotic marker caspase-3 by immunofluor-
escence in spheroid cryosections over time (Figures 4A and
S5A). At initial stages of ischemia (days 2 and 5), the spheroid
core did not show a high density of apoptotic cells, thus
suggesting that necrosis has a leading role. Interestingly, after
10 days of culture, apoptotic cells were concentrated in the
inside of the spheroid (Figure 4B), correlating with the live/
dead distribution observed at day 10 in whole spheroid
confocal images (Figure 3). These findings imply that even if
necrosis may initially lead to cell death, at later stages of
ischemia, apoptosis may also have a role in the conformation of
the ischemic core. In fact, necrosis and apoptosis are not the
only death pathways that have been proved to operate during
an ischemic event in vivo.25 Histological images, obtained by
hematoxylin/eosin staining of cryosections, confirmed the
generation of a death area at day 10 (Figure 4C, gray dot line,
and Figure S5B), defined by a characteristic intense pink
pigmentation and absence of well delimited nuclei (Figure
4D). Overall, the accumulation of dead cells inside the
spheroid supports the recreation of cardiac ischemia by
controlling the spheroid size, without alteration of external O2.

Figure 6. Characterization of the cardiac spheroid stiffness and size through time. (A) Schematic of the constriction assay set up. Spheroids
immersed in culture media are injected in a microfluidic device and positioned at the entrance of the microchannel constriction point. By slowly
increasing the applied fluidic pressure (B), spheroids are forced to penetrate the narrowest microchannel. For lower pressures, the spheroid
deformation (i.e., the penetration length inside the microchannel) and the applied pressure are linearly correlated (C). (D) Spheroid stiffness
calculated as the pressure/deformation ratio from a constriction assay. (E) Spheroid radius was measured with Fiji software from bright field
images. Bars represent mean ± SD n = at least 6 spheroids. One-way ANOVA with Dunnet’s multiple comparison test. ***: p < 0.001 and **: p <
0.01.
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Fibroblast Remodeling in Ischemic Cardiac Sphe-
roids. To further corroborate the recreation of ischemia within
our large cardiac spheroids, we investigated another con-
sequence of ischemia on the myocardium: the fibrotic tissue
remodeling.7 In previous models of cardiac ischemia based on
the culture of small spheroids on hypoxic conditions,9 an
increase in vimentin, a CF marker, around the spheroid
indicated a fibrotic remodeling that led to spheroid stiffness
increase. Thus, we analyzed vimentin and cTnT (CM marker)
disposition within spheroids by immunofluorescence staining
of spheroid cryosections (Figures 5A and S6). Although in the
first days of culture, vimentin and cTnT were randomly
arranged within the spheroid, a thin layer of vimentin+ cells
coating the spheroid surface could already be seen at day 2.
After 10 days of culture, the initial disposition evolved to
present a central aggrupation of cTnT+ cells (i.e., CMs) flanked
by areas of vimentin+ cells (i.e., CFs), similar to previous
observations in smaller cardiac spheroids subjected to external
hypoxia, suggesting a shift in fibroblast organization toward the
edge of the spheroid.9 We confirmed fibroblast redistribution
by quantifying the fluorescence signal across the spheroid
radius provided by vimentin immunostaining (Figure 5B).

We next investigated if the observed cellular reorganization
led to an increase of tissue stiffness, as previously reported.9 To
study spheroid stiffness, we applied a constriction assay
methodology (Figure 6A−C) previously developed in our
group for the mechanical characterization of alginate-based
microcapsules.26,27 Either 20.000 or 40.000 cell seeding
spheroids were studied by this system. However, although
20.000 cell seeding spheroids were enough to generate
spheroids over 500 μm, they were not retained in the
constriction system, not allowing the quantification of the
stiffness by this methodology (Figure S4). We found that
cardiac spheroids significantly increased their stiffness from day
7 to day 14 of culture (Figure 6D). To discard spheroid
compaction as a cause of stiffening, we compared stiffness
increment with spheroid size (Figure 6E). Spheroids suffered a
slight shrinkage during the first 7 days of culture, while stiffness
increment was predominant from day 7 to day 14 of culture,
discarding compaction as a cause for stiffness increment, as
shown by the relationship between spheroid size and stiffness
(Figure S7). Moreover, the timeline of stiffness changes
matched the timeline of cellular reorganization, also correlated
with a higher collagen type III deposition in the border of the
spheroid, without collagen type I expression changes (Figure
S8), confirming the initial fibrotic stiffening of cardiac
spheroids.28,29 Based on these results, and considering that
previously described characterization assays are destructive, the
extrusion assay under sterile conditions could be used as a
nondestructive assay that allows us to track the evolution of the
fibrotic stiffening within the spheroid over time.

Overall, our results demonstrate the possibility of recreating
cardiac ischemic features by culturing hiPSC-CM and hCF
into cardiac spheroids bigger than 500 μm in diameter, with no
external stimuli (i.e., nutrient deprivation or hypoxic
incubation). Cell death inside the spheroid is already observed
at day 2, although high levels of apoptosis and histological
features of death appear later, coinciding with a fibrotic
remodeling and stiffening of the cardiac spheroid, which are
also hints of cardiac ischemia.

■ CONCLUSIONS
In this work, we assessed the biomimetic recreation of human
cardiac ischemia in a 3D in vitro model based on self-induction
of nutrient, pH, and oxygen gradients that lead to ischemia. We
used hiPSC-CMs and hCFs to produce cardiac spheroids. The
large size of the spheroids resulted in the generation of a dead
core without external inductors of ischemia, such as nutrient
deprivation or incubation in hypoxic atmosphere. Cardiac
spheroids also recreated hints of ischemic damage pointing to
the development of fibrosis, including tissue remodeling and
stiffen. Spheroids are easy to culture, do not rely on external
matrix that may alter tissue intrinsic features, and are directly
accessible for the measure of several parameters, from cellular
secretions to beating and response to electric stimulus. Data
presented in this work entail the first steps to establish a
complex biomimetic spatial recreation of human cardiac
ischemia gradients.
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T.; Arabloo, J.; Ärnlöv, J.; Artanti, K. D.; Ataro, Z.; Ausloos, M.; Avila-
Burgos, L.; Awan, A. T.; Awoke, M. A.; Ayele, H. T.; Ayza, M. A.;
Azari, S.; Darshan, B. B.; Baheiraei, N.; Baig, A. A.; Bakhtiari, A.;
Banach, M.; Banik, P. C.; Baptista, E. A.; Barboza, M. A.; Barua, L.;
Basu, S.; Bedi, N.; Béjot, Y.; Bennett, D. A.; Bensenor, I. M.; Berman,
A. E.; Bezabih, Y. M.; Bhagavathula, A. S.; Bhaskar, S.; Bhattacharyya,
K.; Bijani, A.; Bikbov, B.; Birhanu, M. M.; Boloor, A.; Brant, L. C.;
Brenner, H.; Briko, N. I.; Butt, Z. A.; dos Santos, F. L. C.; Cahill, L.
E.; Cahuana-Hurtado, L.; Cámera, L. A.; Campos-Nonato, I. R.;
Cantu-Brito, C.; Car, J.; Carrero, J. J.; Carvalho, F.; Castañeda-
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