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ARTICLE INFO ABSTRACT

Keywords:
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Myocardial ischaemia is one of the leading dead causes worldwide. Although animal experiments have histor-
ically provided a wealth of information, animal models are time and money consuming, and they usually miss
typical human patient’s characteristics associated with ischemia prevalence, including aging and comorbidities.

SEZ?ES: Generating reliable in vitro models that recapitulate the human cardiac microenvironment during an ischaemic
Scpaffol ds event can boost the development of new drugs and therapeutic strategies, as well as our understanding of the

underlying cellular and molecular events, helping the optimization of therapeutic approaches prior to animal and
clinical testing. Although several culture systems have emerged for the recreation of cardiac physiology,
mimicking the features of an ischaemic heart tissue in vitro is challenging and certain aspects of the disease
process remain poorly addressed. Here, current in vitro cardiac culture systems used for modelling cardiac
ischaemia, from self-aggregated organoids to scaffold-based constructs and heart-on-chip platforms are
described. The advantages of these models to recreate ischaemic hallmarks such as oxygen gradients, patho-
logical alterations of mechanical strength or fibrotic responses are highlighted. The new models represent a step
forward to be considered, but unfortunately, we are far away from recapitulating all complexity of the clinical
situations.

1. Modelling heart ischaemia kg of ATP per day (Neely and Morgan, 1974), most of which is produced

through the aerobic oxidation of fatty acids. In consequence, the

1.1. Myocardium characteristics

Although in its first embryonic stages the myocardium develops
within a hypoxic environment (Dunwoodie, 2009), it soon turns into a
high oxygen demanding tissue. The heart is one of the first organs to
function and keeps on throughout an individuals lifespan. It is respon-
sible for the continuous supply of blood to the organism and does so
through an efficient pumping cycle. This strenuous work comes with a
strict metabolic demand: it is estimated that the heart recycles around 6

myocardium has a stringent oxygen demand that is tightly tied to organ
performance, and where its perturbance has acute functional effects.
The heart is a complex organ. Its function is intimately related to its
3D organization, where contractile units align to deliver force produc-
tion. These units are cardiomyocytes (CMs), which are able to respond to
a membrane depolarization stimulus with a series of events leading to
cellular contraction (MacLeod, 2014). Although CMs are the most
notorious cellular type in the heart, they are not the only component,
with vascular, stromal (fibroblasts), neural and immune cells
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myocardial infarction; VEGF-A, vascular endothelial growth factor A.
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performing crucial actions, often highly intertwined. Cardiomyocytes
constitute the largest fraction by volume, but myocardial cellular pro-
portions have been revisited, showing that in rodents, it is endothelial
cells the most abundant cell type (Pinto et al., 2016). This is especially
notorious upon histological inspection, with each large CM in close
contact with several vessels (capillaries), a structure that is well
conserved between species, including humans. However, the issue re-
mains controversial, further complicated by differences in abundance
depending on the anatomical location (Bergmann et al., 2015). Needless
to say, all cell types are essential for the correct function of the organ.
Endothelial cells, lining the inner surface of blood vessels, regulate the
trafficking of nutrients to the extracellular space. They have proven
instrumental in key events such as tissue hypertrophy (Gogiraju et al.,
2019) or post-ischemia remodelling (Segers et al., 2018). Cardiac fi-
broblasts are responsible for extracellular matrix (ECM) homeostasis in
the tissue. Under certain pathological stimuli, such as ischemia,
inflammation or persistent neurohormonal activation, these cells can
differentiate into the pro-fibrotic myofibroblasts (reviewed in (Tallquist
and Molkentin, 2017)). Though important in the healing process post-
injury, this phenotype often fails to disappear and produces an exces-
sive collagen deposition, leading to a functional impairment. Recently,
this cell type has been subject to intense research, highlighting the
heterogeneity of a previously thought as homogeneous cell type and
their role in controlling cardiac function (Chou et al., 2022; Ruiz-
Villalba et al., 2020). Similarly, immune cells, believed in the past to
play a policing/cleaner role in the organ, are starting to reveal them-
selves as important modulators of CM functionality, as shown for the
electrical coupling of macrophages with cardiac cells in the atrioven-
tricular node (Hulsmans et al., 2017).

The last component of the tissue that merits mention is the ECM. The
ECM is a network of glycoproteins found extracellularly, whose main
component in the heart are collagens (accounting for 2-5 % of the organ
dry weight). These molecules are synthesised by cardiac cells and are not
only responsible for tissue organisation, but also for its mechanical
properties, with for example collagen being a great contributor to
myocardial tensile properties (Fomovsky et al., 2010). Of the many
collagen subtypes, the most abundant are types I and III, whose balance
is crucial for the said tensile properties, and type IV, found in the
basement membrane and in intimate contact with cells. Other important
components are elastin (especially in large vessels and valves), fibro-
nectin and laminin.

Cardiac cells and ECM are all arranged in a 3D structure that is very
specific of the organ function and can be both altered in disease or its
alterations being the cause of disease (Eghbali and Weber, 1990). In
cardiac morphogenesis, the different components of the organ
(including chambers, valves, outflow and inflow tracts or the coronary
arteries and veins, amongst others) arise and are given their specific
anatomical location, responsible for the adequate unidirectional flow of
blood. This 3D structure results in a contraction-torsion movement, but
the specifics of the 3D architecture are still a matter of debate, with the
myocardial band model (Buckberg, 2002; Buckberg et al., 2018) and the
mesh model (Maclver et al., 2018b, 2018a) as the most advanced ex-
planations. In any case, this 3D organisation not only stems from the
relative cellular arrangement, but also from the disposition of the car-
diac extracellular matrix (ECM).

All in all, as mentioned, the above players contribute to the proper
functionality of the heart. In consequence, their alteration can lead to
disease. Although cardiac disease is a broad term encompassing from
congenital illnesses to acquired conditions, cardiac ischemia is of special
relevance due to its impact, being the first single cause of death
worldwide (Roth et al., 2020).

1.2. Cardiac ischaemia

The most common form of myocardial ischemia occurs secondary to
a thrombotic event, where the rupture of an atherosclerotic plaque in a
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coronary vessel leads to its blockage. Depending on the affected vessel,
ischemia will affect different regions in the myocardium (Frangogiannis,
2015), which is thus bereft of irrigation. Given the stringent metabolic
needs of CMs, this ischemia leads to rapid pathological changes. Within
minutes, CMs start developing the first signs of necropsy, including
mitochondrial swelling and sarcomeric disarray. If blood flow is not
speedily restored through interventions such as reperfusion, CMs soon
will enter a no-return path towards death. Several cell death mecha-
nisms have been stablished as contributors to CM death upon ischemia
(Davidson et al., 2020). But, blood reperfusion, although necessary to
limit ischemic damage, also causes microvasculature damage (Cac-
cioppo et al.,, 2019), oxygen reactive species (ROS) concentration
imbalance (Raedschelders et al., 2012), altered mitochondrial perme-
ability and membrane potential. Moreover, in blood reperfusion CMs
show hypercontracture, due to ATP production recovery in the over-
loaded presence of Ca®" accumulated during ischemia (Inserte et al.,
2009). While the redox balance is complex and may also have a car-
dioprotective role (Pagliaro and Penna, 2015), overall reperfusion ef-
fects enhance cell death pathways initiated during ischemia, resulting in
the ischaemia/reperfusion (I/R) injury.

The process after a myocardial ischemia is traditionally divided in 3
sequential yet overlapping phases (Mazo et al., 2010). Firstly, there is a
massive influx of inflammatory cells, first granulocytes, then macro-
phages, which will clear the cell debris and help maintain the integrity of
the cardiac wall. In a second stage, termed proliferative phase, the in-
flammatory infiltrate is progressively cleared away, whilst fibroblasts
are recruited to the injured site. The presence of inflammatory and
profibrotic signals, added to the mechanical stress, trigger the transition
of these cells to a myofibroblasts phenotype. Myofibroblasts deposit a
collagenous scar, akin to the healing of a skin cut. However, in stark
contrast, myofibroblasts in the heart do not disappear, and continue
depositing ECM in what is called the healing phase. The chronification of
this collagen deposition leads to the appearance of a hyper-stiff scar,
with an increased content of collagen type IIL

Under this situation, the organ will contain less CMs to perform its
function, effectively diminishing its pumping capacity. Added to this,
the non-ischemic area is also impacted. For example, the collagen scar
renders a significantly stiffened tissue, against which the remaining
contractile CMs must function, also leading to an alteration of the
normal cardiac 3D architecture. The consequence is a further decrease of
the efficiency of contraction. This pathological situation soon becomes
chronic, leading to a maladaptive remodelling of the tissue (Frantz et al.,
2022), further functional decline, and the final dichotomy of trans-
plantation versus death.

1.3. Evolution of experimental models of cardiac ischemia

Studying human cardiac ischemia has traditionally relied in 2 types
of models: 2D in vitro cell culture and animals. In vitro, control of pOy
can be easily achieved in cell culture incubators through the controlled
infusion of an inert gas such as No. However, a sharp control of hypoxia
can be challenging, as opening the incubator, or taking cells out to
change medium will immediately increase oxygen levels to normoxia
(reviewed in (Pavlacky and Polak, 2020)). Several commercial devices
have been developed to address this issue, but in general these are not
widespread. Two-dimensional models have heavily relied on the use of
rodent cells, especially neonatal rat ventricular CMs. These cells can be
readily isolated from rat pup hearts using mechanical and enzymatic
disaggregation (Pereira et al., 2021). They are functional and can be
maintained in cultured for several days. However, even if almost pure at
isolation, presence of contaminating cardiac cells, fundamentally fi-
broblasts, will eventually overtake non-dividing CMs, rendering long-
term experiments not viable. Also, the neonatal nature of these cells
makes them inherently immature, with lack of salient features such as T-
tubules or aligned sarcomeres (Sheehy et al., 2017). Adult CMs can also
be isolated from rodents using techniques such as Langendorff perfusion
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(Li et al., 2020). These cells, though relevant, are scarce and show a
culture lifespan of days, as they soon enter an artificial dedifferentiation
process. Other cellular models include cell lines such as mouse HL-1 and
rat HI9C2 cells. Although thanks to models based on animal cell lines,
easy to handle in the lab, have helped to clarify aspects of cardiac cell
biology, differences to human cardiac cells in terms of structure (pres-
ence of sarcomeres, CXs, amongst others) and function (such as low
conduction velocity or irregular beating) may reduce the predictive
power of these models.

Cardiac ischemia is induced in animal models through surgical
ligation of a coronary artery (Mazo et al., 2010), though cryoinjury has
sometimes been used as a simple surrogate (von Bibra et al., 2022).
However, it presents evident differences from ischemia, as the tissue is
scarred, and ischemia develops secondary. In consequence it is rarely
employed. Ligation-based models are more widespread but technically
demanding, as reproducibility of the extent of ischemia (and thus of the
functional impairment) highly depends on the experience of the sur-
geon. Although still artificial, ligation models recapitulate the different
phases of post-ischemia healing and remodelling, including the cellular
phenotypes modulation and structural impact (Mazo et al., 2010).
Broadly speaking, ligation-based models of cardiac ischemia can be
mainly divided between those producing a chronic ischemia, and those
where the ligation is withdrawn, mimicking reperfusion interventions in
patients, and termed “ischemia/reperfusion”. This model is thought to
be more translationally relevant, as most patients are in fact reperfused
if deemed safe.

The purpose of both 2D in vitro and animal models is to recapitulate
as faithfully as possible the characteristics of the pathological process.
However, their animal nature constitutes an unbridgeable gap. On the
other side, human primary CMs are very scarce, as human cardiac tissue
is not readily available. In fact, most human myocardial samples are
obtained from already diseased individuals, as for example a recipients
heart after a transplant, making them unsuitable unless the specific
disease of the patient is being studied. In 1998, James Thomson derived
the first human embryonic stem cells (Thomson et al., 1998). These cells
soon proved capable of giving rise to human CMs (Laflamme et al.,
2007). Few years later, the derivation of the first human induced
pluripotent stem cells (hiPSCs) and the generation of CMs with
increasingly refined differentiation protocols, opened the path to the
obtaining of human cardiac cells beyond CMs (Nakagawa et al., 2007;
Yu et al., 2007; Zwi et al., 2009), without ethical constrains and in
virtually unlimited supply. These cells, though human and thus more
relevant than previous in vitro models, still faced limitations such as
their immature nature (Karbassi et al., n.d.), being more like embryonic
human CMs than their adult counterpart. This is a significant issue given
that cardiac ischemia usually affects adults.

In addition to these, it has been increasingly evident that 2D, though
informative, is not representative of the in vivo situation. Organs and
tissues are 3D, and this, as already mentioned in prior sections, has
crucial implications for myocardial function and, for the development of
accurate models, including of cardiac ischemia. Therefore, in the last
three decades, efforts have been made to recreate more straightforward
cell microenvironment than classical 2D cultures. Novel approaches aim
to recapitulate in vivo cellular diversity of human tissues, its precise
architecture, and various cellular stimuli (e.g., mechanical or electrical).
These new models represent an intermediate step between classical in
vitro cultures and experimental animals, reproducing closer physiolog-
ical conditions than classical 2D in vitro cultures, while entailing lower
ethical concerns, time, and money expenses than animal models.
Although, new in vitro approaches cannot fully recreate the complex
response of the entire body during disease, they offer wide possibilities
for in situ monitoring of human cellular response, helping to unravel
specific cellular mechanisms and responses to drugs or experimental
treatments.
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2. Scaffold-free models: Cardiac spheroids and organoids
2.1. Physiological heart spheroids

The ability of most cells to self-assemble has been largely used for
generating 3D scaffold-free aggregates, known as spheroids or organo-
ids. This nomenclature has been quite confusing in the literature. Since
there is no widespread consensus on the differences between both terms,
here we will refer to spheroids as aggregates of differentiated cells, and
organoids as aggregates of stem cells differentiated after aggregation.
Spheroids and organoids are easy and quick to form and constitute a
closer model of the human tissue’s physiological 3D microenvironments
than monolayer cultures. They reproduce cellular network connections
and diffusion movements of nutrients or drugs. Several tissues, such as
brain (Privat-Maldonado et al., 2018), liver (Leedale et al., 2020) or
kidney (Kang et al., 2019), have been modelled by culturing cells as
hanging drops or in U-shaped, low-attachment wells, which favours cell-
to-cell connections and aggregate formation.

First attempts to recreate myocardium using spheroids were based on
the culture of neonatal rat and mouse CMs (Kelm et al., 2006, 2004),
since primary adult cells lose their functionality after few days in culture
(Louch et al., 2011). The development of CM differentiation techniques
of hiPSC, though, as mentioned, usually immature in phenotype, led to
the generation of the first human cardiac spheroids (Beauchamp et al.,
2015). In fact, 3D culture has proved to enhance the maturity of CM
derived from hiPSC (hiPSC-CM) (Correia et al., 2018). Moreover, orga-
noids allow the coculture of the different cell types that constitute a
certain tissue and their self-organization into a physiological architec-
ture. Thus, hiPSC-CM have been cultured with cardiac fibroblasts,
endothelial cells, or mesenchymal cells in organoids, more closely
mimicking the complexity of myocardial structure and functionality
(Lee et al., 2019; Yang et al., 2019), with cardiac spheroids and orga-
noids showing intrinsic contractile activity (Desroches et al., 2012;
Polonchuk et al., 2017). In fact, they have been electrically or me-
chanically stimulated to enhance contraction and maturation of CMs
(LaBarge et al., 2019; Stevens et al., 2009; Tan et al., 2015).

Main methods to monitor spheroids and organoids include cytokine
and factor release quantification, characterization of oxygen consump-
tion rate and metabolic pathways, Transmission Electron Microscopy
(TEM), architecture and cell phenotype determination by immunofluo-
rescence, transcriptomic analysis or optical tracking of calcium and
contraction (Archer et al., 2018; Beauchamp et al., 2015; Giacomelli
et al., 2020; Lewis-Israeli et al., 2021). Nevertheless, self-assembly does
not achieve a functional 3D architecture similar to the natural
myocardium, such as cell alignment, and does not allow direct
contraction force measurement. Therefore, methods to spatially orga-
nize and electromechanically integrate spheroids into larger functional
structures may overcome these spheroid pitfalls (Kim et al., 2018).

2.2. Modelling cardiac ischaemia via spheroids

In vivo cardiac infarction injury is spatially characterized by a
gradient of gravity from the seriously damaged centre of the infarcted
area to a remote zone, where the effects of the blood flow arrest are less
aggressive. Despite spheroids intrinsic capacity to reproduce nutrients
and oxygen gradients, few attempts have been done to recreate
myocardial ischaemia via spheroid or organoid modelling. In standard
normoxic conditions (21 % Os), cardiac spheroids with radius smaller
than 150 um (oxygen diffusion rate in cardiac engineered tissue (Brown
et al., 2007)) maintain good viability throughout the spheroid (Archer
et al., 2018; Desroches et al., 2012). However, when those cardiac
spheroids are subjected to diverse chemical or biological stimulus, they
can mimic different ischaemic events (Table 1).

Cardiomyocyte damage during myocardial infarction (MI) is initially
caused by the limitation of oxygen and nutrients availability, but
exacerbated after reperfusion. Thus, I/R injury can be mimicked in
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Table 1
Cardiac spheroid models assessing different features of myocardial ischaemic
injury.

Spheroid generation ~ Cell Ischaemic Ischaemic Ref.

types stimulus hallmark
recreated

1500 cells/spheroid ~ hiPSC- 5h of Apoptosis (Sebastiao
AggreWell400Ex CMs ischaemia: Lacunae at etal.,
plates, followed Nutrient spheroid core 2020)
by orbital reduction Disrupted
suspension (Ischaemic sarcomere
culture Mimetic myofilaments
Seeded at day 7 of Solution) and Z band
CcM less than 0.4 organization
differentiation % O, Mitochondria
and cultured for alterations
18 days (to reach 16 h of Increase in
complete reperfusion: inflammatory,
differentiation control angiogenetic
and maturation) conditions and migration-
~260 um restoration related
diameter secretions

4000 cells/spheroid hiPSC- 6 h of Increased (Richards
agarose CMs ischaemia: secretion of IL6 et al.,
micromolds hCFs Nutrient Increased 2017)
4 days’ HUVECs  reduction secretion of
incubation for hADSCs (serum free, VEGF-A
self-assembly (ratio low glucose
~150 um 7:4:2:1) medium)
diameter 1% O,

4000 cells/spheroid ~ hiPSC- 10 days of Reduced- (Richards
agarose CMs ischaemia: oxygen etal.,
micromolds hCFs 10 % O, environment 2020b)
4 days’ HUVECs 1uM Anaerobic
incubation for hADSCs noradrenaline  metabolism
self-assembly (ratio Pathological
~150 pm 7:4:2:1) fibrosis
diameter Inner apoptosis

Arrhythmic
calcium
handling and
contractile
activity
Higher
susceptibility
to cardiotoxic
drugs

Decrease of MI
effects after
anti-MI drug
treatment

cardiac organoids of hiPSC-CMs matured after organoid formation by
deprivation of nutrient and oxygen for 5 h, followed by standard con-
ditions restoration for 16 h (Sebastiao et al., 2020). The I/R protocol
results in apoptosis and cell death after ischaemia, which is exacerbated
during reperfusion, with no significant change in organoids diameter. In
concordance with these results, immunofluorescence from organoids
cryosections shows lacunae in the core of organoids subjected to I/R
simulation. hiPSC-CMs maintain the expression of the cardiac markers
Troponin-T (cTnT) and o-sarcomeric actinin («SA), but present dis-
rupted sarcomere myofilaments and Z-band organization, and higher
density of mitochondria with disorganized cristae and membrane
rupture. I/R simulation also increases organoid expression of inflam-
mation, angiogenesis and migration related molecules. In fact, condi-
tioned media of organoids subjected to I/R increases the angiogenetic
potential of human umbilical vein endothelial cells (HUVEC) and causes
human cardiac progenitor cells to express genes related to migration,
proliferation, paracrine signalling, and stress response.

While the aforementioned model recapitulates relevant responses of
CM to I/R injury, several additional processes triggered by myocardial
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ischaemia depend on other cardiac cell types, like angiogenesis or
fibrosis, and cannot be simulated by a monoculture of hiPSC-CMs. Thus,
hiPSC-CMs cocultured in spheroids with human cardiac fibroblasts
(hCFs), human adipose-derived stem cells (hADSCs), and human um-
bilical vein endothelial cells (HUVECs) (Richards et al., 2017) offer a
more complex cardiac model. Spheroids with a cell ratio corresponding
to that of the developing myocardium result in better development of
hiPSC-CMs structure and functionality than those built under an adult-
like ratio (i.e., higher proportion of hCFs) 10 days after seeding.
Spheroids are then subjected to 6 h of nutrient and oxygen reduction,
simulating ischaemia, with no reperfusion afterwards. Ischaemia causes
an increase in interleukine 6 (IL6) and vascular endothelial growth
factor A (VEGF-A) expression, both characteristic of an ischaemic heart
event. IL6 secretion increase is attributed to the presence of hCFs, since
only-hCFs spheroids show the highest levels of IL6 gene expression,
confirming the importance of co-culture for a proper modelling.
Although all single-cell-type spheroids show VEGF-A increase, hiPSC-
CMs spheroids and hCFs spheroids present the highest increase, sug-
gesting a leading role of CMs and hCFs in ischaemic VEGF signalling.

This cardiac spheroid model has been used to simulate post-
myocardial infarction (post-MI) tissue by truly recreating an oxygen
gradient within the spheroid (Richards et al., 2020a). Previous studies
have worked with oxygen pressures below 1 %, which led to homoge-
nous hypoxia throughout the whole spheroid. Conversely, these cardiac
spheroids are incubated for 10 days with a partially reduced oxygen
concentration (10 % O3), seeking for a highly hypoxic core and a more
functional edge (Fig. 1). Damaged myocardial tissue in vivo usually
presents a reduced ability to pump blood to the body, which triggers
nervous system adrenergic stimulation with noradrenaline. This positive
feedback cannot be fully compensated by the damaged tissue and may
lead to major heart dysfunction (Frangogiannis, 2015). To recreate this
compensatory demand stimulus, spheroids were treated with 1uM
noradrenaline in addition to the oxygen reduction. After 10 days,
spheroids showed a shift towards anaerobic metabolism, pathological
fibrosis (which is absent in single-cell-type hiPSC-CM spheroids), as well
as arrhythmic calcium handling and contractile activity, therefore
recapitulating major aspects of in vivo ischaemic myocardium. Notably,
spheroids showed a NADH autofluorescence gradient, indicating
reduced-oxygen environment in the spheroid centre, that correlates with
the presence of apoptotic cells in the same area Fibrotic remodelling
caused an increase in vimentin organization towards the edge of the
spheroids and led to higher spheroid stiffness. Spheroids produced with
hiPSC-CMs from a different donor showed similar results, indicating the
robust translation of this ischaemia model. Further confirmation of the
post-MI spheroid suitability as a model in drug research was assessed by
testing the cardiotoxic effect from doxorubicin (a cardiotoxic anticancer
medication) and the potential protective effect of JQ1 (an anti-fibrotic
drug) for heart failure. Spheroids subjected to the MI protocol showed
higher susceptibility to the toxic effects of doxorubicin than control
spheroids, and incubation with JQ1 through the whole MI protocol
duration resulted in significant reduction of the ischaemia effects. These
results highlight the potential benefits of this model for preclinical drug
testing.

Several aspects of myocardial ischaemic injury have been repro-
duced in different cardiac spheroid and organoids models so far, with
encouraging results. However, a model that fully combines mature and
cell-diverse myocardium with true ischaemic oxygen and nutrient gra-
dients, along with reperfusion effects and adrenergic stimulation must
still be implemented. Moreover, spheroids inherent features prevent
cardiac cell alignment, fundamental for enhanced cardiac contractile
functionality, and implementation of mechanical stimulation. Real time
monitoring of gas and nutrients mass transport and cell response inside
spheroids can also be an important drawback of cardiac spheroids
models.
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hiPSC-CM
— HUVEC

hADSC

10% O,
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Fig. 1. Recreation of an ischaemic oxygen
gradient within a cardiac spheroid. Spheroids are
generated by coculture of hiPSC-CMs with hCFs,
HUVECs and hADSCs; and then subjected to 10 days
of oxygen partial deprivation and noradrenaline
stimulation. An oxygen gradient is generated within
the spheroid, with a highly hypoxic core, leading to
apoptosis, anaerobic metabolism switch, tissue
fibrotic remodelling and alterations in calcium
handling and contractile activity. Created with BioR
ender.com.

+ noradrenaline

Apoptotic
cells

Anaerobic
metabolism

3. Engineered cardiac tissues
3.1. Biomaterials for the recreation of myocardial tissue architecture

The use of biomaterials that mimic the extracellular matrix (ECM) for
cell culture allows a high control of 3D construct architecture, including
microtissue shape, cell alignment or density, which is not achievable by
self-aggregation of cells (Joshi et al., 2018a; Lee et al., 2008). Bio-
materials meant to recreate cardiac ECM must provide cells with a
microenvironment akin to the native cardiac tissue, mimicking anisot-
ropy, elasticity, mechanical strength and electromechanical coupling
(Bursac et al., 2002; Deitch et al., 2012; Herron et al., 2016; Wang et al.,
2011). To meet these features, different materials may be chosen and
modified, with regards to their biocompatibility, porosity, fibrillary
density, electrical conductivity, stiffness, anisotropy, or degradation
kinetics.

The biomaterials that most accurately reproduce the complex ar-
chitecture and features from cardiac tissue are decellularized ECMs.
Cells from native cardiac tissues are removed via enzymatic, chemical or
physical procedures, leaving a fibrillary network of macromolecules that
maintain intact the main features of the original native ECM (Heath,
2019) and can be used as a scaffold for new cell seeding. While scaffolds
from decellularized human myocardium would ensure the biomimetic
environment for human cells, source availability is substantially limited
(Guyette et al., 2016). Thus, extensive work has been done to optimize
decellularization protocols for animal sources, mainly pig hearts, given
their large size and high similarity with the human heart (Hodgson et al.,
2017). Plant-derived biomaterials, such as decellularized cellulose
network, have also been investigated for the reproduction of scaffolds
for tissue engineering, avoiding immunogenicity incompatibilities
(Fontana et al., 2017). However, independently of the original source,
decellularization processes are long and complex and a complete cell
removal usually compromises ECM integrity (Liao et al., 2020; Mendibil
et al., 2020).

De novo generation of 3D scaffolds by polymerization of natural or
synthetic polymers into biocompatible hydrogels represents a simplified
and widespread approach to mimic the ECM. Cells are mixed with the

Fibrosis

Altered
contractile
activity

polymer liquid solution prior to polymerization, obtaining homoge-
neous seeding through the scaffold, whose geometry can be easily tuned
using different casting molds (Jackman et al., 2016; Li et al., 2018).
Hydrogels present good diffusion properties, and high permeability for
oxygen, nutrients, and other water-soluble metabolites (Saludas et al.,
2017). To meet the optimal scaffold properties for cardiac tissue engi-
neering, a wide range of hydrogel materials can be used. Natural poly-
mers, such as collagen or fibrin, show high biocompatibility and
biodegradability and can mimic components of the ECM. Collagens I and
III are the most abundant structural proteins of the mammalian
myocardium ECM (Frangogiannis, 2017) and have been used for cardiac
tissue engineering (Ruan et al., 2016; Zhang et al., 2017), even though
collagen scaffolds are stiffer than other hydrogels, do not easily remodel
to allow high cell density and interconnectivity, and do not stimulate
endogenous matrix secretion by cardiac fibroblasts (Pomeroy et al.,
2020). Fibrin overcomes these issues and is recently gaining ground over
collagen (Jackman et al., 2016; Matveeva et al., 2020). However, fibrin
presents significant batch-to-batch variability, low mechanical strength
and a fast degradation rate (Khodabukus and Baar, 2009; Matveeva
et al., 2020). Chemical modification of these proteins, or combination
with basal lamina proteins, such as the commercial mixture Matrigel (Li
et al., 2018), can improve hydrogels performance as cardiac scaffolds.
Other natural polymers such as gelatin (Gaetani et al., 2015; Navaei
et al., 2016), chitosan (Jiang et al., 2019) and hyaluronic acid (HA)
(Gaetani et al., 2015) have also been used for cardiac scaffold produc-
tion. Synthetic polymers, in turn, offer an extended versatility for
different chemical and physical needs, but must ensure high biocom-
patibility and cardiac functionality. Hydrogels of poly(ethylene glycol)
(PEG) (Basara et al., 2022) and fibrous mesh generated from poly(pt-
lactic-co-glycolic acid) (PLGA) (Chen et al., 2015), poly(glycerol seba-
cate) (PGS) (Ravichandran et al., 2013), or poly 3-hydroxybutyrate
(PHB) (Cristallini et al., 2014) are examples of synthetic polymers that
have been used to recreate cardiac scaffolds.

Recently developed techniques for micro- and nanofabrication have
been applied to scaffold production, patterning biomaterials, including
the aforementioned polymers, with precise control of the chemistry,
topography, elasticity, and conductivity of the resulting scaffold. The
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electrospinning technique, consisting of the application of electrostatic
forces to a polymer solution to obtain nanofibers that can be deposited as
a nanofibrous scaffold, has recently incorporated the use of native ECM
proteins to generate engineered heart tissues (EHTs) (Joshi et al.,
2018b). Bioprinting (i.e., layer-by-layer deposition of biomaterials
called bioinks with a defined pattern) has also been applied to cardiac
scaffold fabrication with promising results, since it allows complex
biomaterial ink composition, high spatial resolution, and the possibility
to add cells to the ink prior to scaffold formation (Maiullari et al., 2018).
However, nanofabrication technologies still need to be optimized to
overcome present limitations, such as low porosity, difficulties in
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scaling-up and in efficient incorporation of various ECM proteins
(Pomeroy et al., 2020; Zhao et al., 2015).

3.2. Modelling cardiac ischaemia via scaffolds

Cardiac cell culture within scaffolds allows the generation of cardiac
constructs with defined shapes, dimensions, and cellular densities, ad-
vantageous to model ischaemia. Disk-shape scaffolds of defined thick-
ness (1.5-2 mm) and high diameter/thickness ratio, loaded with
different concentrations of neonatal rat ventricular CMs, were used to
characterize the effects of oxygen and nutrient gradients in one

CM mechanical stimulation

Mechanical
stretching

Spheroid spatial distribution

Scaffold Embebed I
cells

Cellular modifications induced by ECM composition

Physiological hESC-CM

decellularized ECM ‘

Ischaemic
decellularized ECM o b

hESC-CM

Normal cell function
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‘

Altered cell function
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‘

Fig. 2. Application of scaffolds in 3D cardiac models of ischaemia. Cell culture inside scaffolds allows recreation of linear (A) or radial (B) oxygen gradients.
Ring-shape scaffolds (C) enable the application of mechanical stretching stimulation for CM maturation prior to ischemia induction. Scaffolds can also be used as
molds (D) for the spatial distribution of “healthy” and “injured” cardiac spheroids. E) hESC-CMs suffer functional alterations after seeded within decellularized ECM

(Extracellular matrix) from ischaemic heart human samples.
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dimension (through the disk thickness line) (Carrier et al., 2002; Radisic
et al., 2006, 2004). Cell-loaded polyglycolic acid (PGA) (Carrier et al.,
2002) or collagen (Radisic et al., 2006, 2004) disks were sandwiched
and sealed between two silicone gaskets, leaving an exposed area of
45-85 % of their diameter. The system was cultured for 7-16 days in
spinner flasks, to guarantee a homogeneous distribution of medium
around the construct, as compared to disks subjected to direct laminar
medium flow (Fig. 2A). Thus, a lower pH and pO, was quantified at the
disk surface in constructs cultured in spinner flasks than in constructs
under flow regime, while pCO5 was higher (Carrier et al., 2002). Lack of
flow is translated into inhomogeneous distribution of cells, with viable
cells concentrated within the outer region, suggesting a depth-
dependent decrease in oxygen and nutrient availability inside the scaf-
fold. Elongated cells expressing the sarcomeric protein a-actin with
differentiated sarcomere ultrastructure located no further than 300 pm
from the surface. Cell damage and death, assessed by lactate deshy-
drogenase (LDH) levels, were significantly higher in non-flow than in
flow conditions. Furthermore, CMs isolated from constructs cultured in
orbitally mixed dishes arrested at G2/M phase, apparently unable to
complete the cell cycle, drifting to anaerobic metabolism, showed by the
increase of the molar ratio of lactate produced/glucose consumed (L/G)
(Radisic et al., 2004). Both spontaneous and electrical stimulation-
related synchronous contractions were also observed in constructs,
with an arrhythmic contraction pattern under flow absence. Oxygen
concentration within the construct, quantified by microelectrodes,
exhibited a linear decrease along the centre line, from the top construct
surface to the bottom. Combination of cellular density, viability and
oxygen concentration distribution data show that live cell density de-
creases exponentially with the decrease in oxygen concentration.
Interestingly, when live cell density data are fitted to an exponential in
silico model, oxygen concentration prediction decreased linearly, as
expected. However, it is underestimated at low cell densities (under
1,000 mm depth), fitting more accurately by modifying the values of
Michaelis-Menten equation parameters used to describe oxygen con-
sumption kinetics. These results suggest that the effects of oxygen gra-
dients in cellular distribution are dependent on cell respiration rate
(Radisic et al., 2006).

Disk-shaped scaffolds can also be used to generate radial gradients of
oxygen (Brown et al., 2007). In this approach, neonatal rat ventricular
CMs are resuspended in a collagen-Matrigel mixture, gelled between two
circular plastic disks (Fig. 2B) and cultivated in standard well plates. The
plastic disks limit the medium-hydrogel interphase to the external
perimeter surface of the disk, with radial diffusion rates dominating cell
access to oxygen and nutrients. A wide range of experimental conditions
have been tested with this approach, including variations in construct
diameter (4, 6 and 7.2 mm), cell density (5, 10 and 15 x1 06cells/rnL),
oxygen concentration in the medium (0, 10, 20, 70 %), time of culture
(0.5, 4, 18 and 36 h) and presence of metabolic inhibitors (2-deoxy-
glucose and potassium cyanide). Distance from the hydrogel radial
surface to the front line of hypoxic cells allows the development of a
mathematical model of oxygen diffusion, whose oxygen profiles pre-
diction correlates well with experimental data. However, although the
recreation of oxygen gradients and its correlation with viable cell den-
sity has been assessed, other media component gradients, such as
glucose, could enhance the relevance of this kind of 3D cardiac models.
Moreover, the combination of these construct designs with the coculture
of human cardiac cells like hiPSC-CM and hCF might increase their
biomimicry.

The application of scaffolds to generate a wide range of cardiac
construct shapes is not restricted to gradient recreation. Neonatal rat
cardiac cells (50 % CMs, 50 % non-myocytes) seeded into collagen-
Matrigel ring-shaped hydrogels (Fig. 2C), show irregular contractions
5 days after seeding, becoming synchronous and regular after 7 days of
mechanical stretching, prior to ischaemia induction (Katare et al.,
2010). Electron microscopy demonstrates the presence of developed
adult CMs with normally arranged sarcomeres. In fact, mechanical
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stretching results in upregulation of connexin 43 and a-sarcomeric actin.
Moreover, functional adult-like EHTs subjected to 6 h of hypoxia by
culturing with 1 % O, followed by 12 h of reoxygenation, result in the
downregulation of the cell survival regulators Akt and Bcl-2, dephos-
phorylation of gap junctional protein connexin 43 and loss of normal
conduction across the EHT. Interestingly, preventive treatment with the
pro-survival agents cyclosporin or acetylcholine prior to hypoxia re-
duces damage to EHTs, showing the potential of the model in drug
research, even though animal cells may always entail differences in their
response from human cells.

Mechanical stretching of ring-shaped collagen hydrogels has also
been used for enhancing human cardiac cells functionality differentiated
from human embryonic stem cells (hESCs) (Voges et al., 2017). After 5
days of static incubation followed by 7 days of mechanical stretching,
human EHT form functional sarcomere units that display physiological
inotropic responses to calcium. However, CMs-stromal cells ratio is
comparable to that of the fetal/neonatal heart, and sarcomeric struc-
tures are indicative of immature CMs. In fact, cellular response to injury
mimics neonatal rather than adult myocardium. To recreate a spatially
focalized MI damage, the model is subjected to cryoinjury by application
of a small dry-ice probe. Cryoinjury results in localized cell death, but
CM cell size and fibronectin protein expression reveal no hypertrophy or
fibrosis, hallmarks of adult reparative response to myocardial ischaemia
in humans, and regenerating injured region at day 14, with recovered
contractile forces. This functional recuperation is dependent of CM
proliferation since blocking with mitomycin C prevents recovery of
contraction force. Interestingly, addition of human monocytes does not
upregulate proliferative response of immature CM, consistent with an
angiogenic rather than a CM proliferative role of monocytes in vivo
(Aurora et al., 2014). However, although this is a promising model of
human neonatal myocardium, its prediction power for developing
therapeutic strategies against MI is reduced, since ischaemic injury in
vivo is more common in adult myocardium, which largely loses CM
regenerative potential, rendering post-MI recovery tougher than in
neonatal myocardium (Porrello et al., 2013).

Hydrogels have also been used as supporting molds for the spatial
distribution of spheroids (Fig. 2D). A model of localized cardiac
ischaemia based on the generation of a ring composed of 8 spheroids
with different CM:CF rate composition embedded within a hyaluronic
acid hydrogel allows to mimic electrophysiological properties of a heart
chamber, including the possibility of re-entrant arrhythmias (Masti-
khina et al., 2021). Since pathological fibrosis is one of the main features
of adult cardiac response to ischaemic injury, spheroids with high pro-
portion of hCF (1:4, hiPSC-CM to hCF) can recreate a damaged area,
while spheroids with high proportion of hiPSC-CM (4:1, hiPSC-CM to
hCF) reproduce a healthy tissue. Thus, 8 healthy spheroids printed
within hydrogels can form a control ring-shape microtissue, while rings
with 6-7 healthy spheroids and 1-2 “damaged” spheroids serve as a
model of MI. A low polymer concentration (3 wt%) allows high cell
viability 24 h after spheroids printing, reaching fusion into a microtissue
ring 4 days after culture. Connexin-43 staining shows gap-junction for-
mation in healthy regions of the microtissues but not in scarred regions.
Moreover, healthy microtissues show synchronized calcium activation
propagation across the entire ring, indicating functional electrical
coupling between fused spheroids, while injured microtissues show
wave-like propagation. Activation delay increases in microtissues con-
taining two scarred spheroids (at opposing ends of the ring) compared to
single scar. This model can recreate organotypic cell densities, supports
high levels of CM-CM contact, analogous to healthy cardiac tissue, and
allows the study of border zone interactions, but it fails to reproduce the
anisotropic tissue alignment present in mature myocardium, and the CM
damage caused by O, and nutrient deprivation during an ischaemic
event. Damaged microtissues treatment with miRNAs for stimulating
CM proliferation and cardiac repair resulted in tissue remodelling and
significantly reduced activation delay, showing the model potential for
the testing of therapeutic avenues.
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The relevance of scaffolds for microenvironment recreation has been
recently demonstrated by the differential response of CMs derived from
human embryonic stem cells (hESC-CM) cultured in decellularized ECM
(Fig. 2E) from either healthy or ischaemic failing human heart samples
(Zhao et al., 2022). Constructs from ischaemic samples show altered
contractile activity, with increased expression of a-actinin, and reduced
troponin organization in hESC-CMs seeded within ischaemic ECM
compared to healthy ECM, with also increased vimentin™ non-myocyte
population in ischaemic ECM-based constructs. The observed expression
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is consistent with data from whole myocardium tissue proteomics of
normal and ischaemic heart samples, demonstrating the importance of
mimicking human myocardial ECM in cardiac ischaemia models, and
how these models can be used in future personalized medicine.
Although scaffolds offer a wide range of approaches for controlling
spatial cell distribution, allowing the investigation of gradients and
recreating localized myocardial ischaemic injuries (Table 2), to date, O
gradients have only been tested on monocultures of animal CM, whose
response may differ from human CM and cannot recreate hallmarks of in

Table 2
Myocardial infarction modelling via scaffolds.

Cardiac construct Scaffold

Cell types

Ischaemic stimulus

Ischaemic hallmark recreated

Ref.

Disk sandwiched between
two silicon gaskets
Disk thickness: 2 mm

Polyglycolic acid (PGA)

Disk diameter: 11 mm
Exposed area: 9.5 mm

Disk sandwiched between
two silicon gaskets
Cell density: 1.35-10°
cells/cm®
Disk thickness: 1.5 mm
Disk diameter: 11 mm
Exposed area: 9.35 mm
Disk Collagen
Cell density: 1.5-10%
cells/cm®
Disk thickness: 1.8 mm
Disk diameter: 3.6 mm

Collagen

Disk sandwitched
between two plastic
disks
Cell density: 5, 10 and
15 -10° cells/mL
Disk diameter: 4, 6 and
7.2 mm

Ring for mechanical
stretching (7 days) to
enhance cell
functionality
Ring inner diameter: 5
mm Ring outer
diameter: 10 mm
Ring height: 5 mm

Collagen-Matrigel

Collagen type I -Matrigel
(9:1)

Ring for mechanical
stretching (7 days) to
enhance cell
functionality

Collagen type I

8 cardiac spheroids
spatially distributed in
a ring-shape within the
hydrogel

Hyaluronic acid

- De-cellularized
extracellular matrix
(ECM) from human
cardiac samples

Neonatal rat
ventricular CMs

Neonatal rat CMs

Neonatal rat
ventricular CMs

Neonatal rat
ventricular CMs

Neonatal rat CMs and
non-myocytes cells
a1:1)

CMs (60-70 %) and
non-myocytes
differentiated from
hESC

hiPSC-CMs

hCFs

hESC-CMs

10 days of ischaemia:Gradient
of medium penetration within
the disk depth in spinner flask
culture

(compared to uniform media
perfusion through the
scaffold)

7 days of ischemia:Gradient of
medium penetration within
the disk depth in spinner flask
culture

(compared to uniform media
perfusion through the
scaffold)

16 days of ischemia:
Gradient of medium
penetration within the disk
depth in static culture

0.5, 4, 18 and 36 h of
ischemia:

Radial gradient of medium
penetration within the disk
0, 10, 20, 70 % O
Presence of metabolic
inhibitors

6 h of ischemia:

1% Oy

12 h of reperfusion:
Standard O,

Cryoinjury over the width and
one-third of the construct
length

Damage area recreated by 1-2
spheroids with higher
proportion of hCF than
“healthy” spheroids

ECM from ischaemic hearts
(vs healthy donnors)

Low pH and pO3

High pCO,

Anaerobic metabolism

Spatial gradient of ischaemic effects
Cells shrinkage

Disorganized sarcomeres

Loss of cell junctional complexes

Less dense cytoplasm with fewer
recognizable organelles

Cell death

Anaerobic metabolism

Cell cycle arrest at the G2/M phaseNot
uniform cell distribution

(cells concentrated at the disk surface)
Arrhythmic contraction pattern

Cell death

Anaerobic metabolism

Total cell number and cell viability
decrease from the top construct surface to
the bottom construct surface

Absence of cardiac markers in bottom
cells

O, linear decrease

from the top construct surface to the
bottom construct surface

Hypoxic cells at the disk radial center
(diameter of the hypoxic area dependent
on cell density, disk diameter, O,
concentration and presence of metabolic
inhibitors)

Downregulation of the cell survival
regulators Akt and Bcl-2
Dephosphorylation of gap junctional
protein connexin 43

Loss of normal conduction

Decrease of I/R effects with preventive
pro-survival drug treatment

Localized cell death

Reduction of active contractile force
Neonatal response to cryoinjury, without
fibrosis or hypertrophy features
Regeneration and contractile force
recovery after 14 days, dependent on CM
proliferation (neonatal features)

Lack of gap-junction formation in damage
areas

Wave-like propagation of calcium
activation

Reduced CTD and calcium flux amplitude
in damage areas

Slower time-to-peak in damaged areas
CM proliferation, tissue remodelling and
improvement of contractile activity after
miRNA treatment

Altered contractile activity

Non-myocyte population increase
Increased expression of a-actinin
Reduced troponin organization

(Carrier et al.,
2002)

(Radisic et al.,
2004)

(Radisic et al.,
2006)

(Brown et al.,
2007)

(Katare et al.,
2010)

(Voges et al.,
2017)

(Mastikhina
et al., 2021)

(Zhao et al.,
2022)
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vivo ischemia dependent of other cardiac cells, such as fibrosis. Scaffold-
based approaches also fail in mimicking blood flow and capillary-
myocardium interfaces, which can improve the recreation of gradients
and reperfusion events. Moreover, although mechanical stretching en-
hances CM functionality, the recreation of an ischaemic event on a
mature human myocardium model still remains elusive, maybe
requiring combination with other maturation strategies, such as higher
cell density to increase cell-to-cell connections, chemical induction of
hiPSC-CM maturation, or coculture with other cardiac cells (Karbassi
et al., n.d.). In conclusion, similar to spheroid systems, currently
developed scaffold-based models of cardiac ischemia do not assess the
recreation of combined ischaemic features, like blood reperfusion,
adrenergic stimulation, or immune system implication.

4. Heart-on-chip
4.1. Heart-on-chip technologies

The development of microfluidics and microfabrication technolo-
gies, in combination with cell culture techniques, opens the door to
unprecedented opportunities for the biomimetic recapitulation of
human tissue features in vitro, including cardiac tissues. Diverse
microdevices have been designed in the last two decades for the simu-
lation of different myocardium particularities, generating a wide range
of heart-on-chip models. Cardiac microfluidic platforms can serve for
the culture and study of single cells (Kaneko et al., 2007), monolayers
(Ugolini et al., 2016), biopsies (Cheah et al., 2010), spheroids (Chris-
toffersson et al., 2018) and scaffold-embedded cells (Veldhuizen et al.,
2020), in monoculture or coculture, incorporating CMs, CFs, or endo-
thelial cardiac cells (Veldhuizen et al., 2020; Zhang et al., 2016).
Although other in vitro cell culture technologies, like spheroids or
scaffolds, already offer the possibility of generating physiological-like
3D constructs and controlled spatial cell distribution, heart-on-chip
platforms enable the precise control of many other biochemical and
electro-mechanical features of cardiac cell microenvironment.

The implementation of flow systems allows the controlled perfusion
of media inside cardiac microdevices, thus recreating outcomes of blood
flow, such as capillary-tissue interface, mass transport within the tissue,
speed ranges of nutrients supply and waste washout, or shear stress
stimulus (Kobuszewska et al., 2017; Ren et al., 2013). Physiological
gradients of oxygen, nutrients or drugs can also be simulated in heart-
on-chip platforms (Mathur et al., 2015; Ren et al., 2013; Veldhuizen
et al., 2020; Zhang et al., 2016). The combination of materials with
different mechanical properties and specific designs in microdevice
fabrication enables the simulation of mechanical stimulus over the cells.
CM monolayers cultured over flexible sheets or 3D constructs anchored
to flexible pillars recreate cells passive tension that improves contractile
function and CM maturation (Anna Grosberg et al., 2011; Ronaldson-
Bouchard et al., 2018). Dynamic cyclic stretching applied to cardiac
microtissues with motorized or pneumatic loading systems can also
simulate physiological- or disease-like strains, sensed by cardiac cells in
vivo (Marsano et al., 2016; Ugolini et al., 2016). Moreover, CMs can be
electrically stimulated to mimic myocardium electrophysiology by
incorporation of electrodes to heart-on-chip platforms (Marsano et al.,
2016). Another advantage of heart-on-chip models is the capacity to
monitor several cellular parameters in situ. Microdevices usually present
good access to optical microscopic inspection, which allows tracking of
fluid patterns and mass transport with fluorescent beads, Ca?* transients
(Zhao et al., 2019), or cardiac contraction (Veldhuizen et al., 2020). In
fact, along with beating rhythm and amplitude, optical analysis of
anchoring pillars deflexion can be used to determine contractile force
(Serrao et al., 2012). The implementation of piezoresistive cantilevers,
pressure or electrical sensors coupled to carbon nanotubes can also
provide quantitative force measurements (Matsudaira et al., 2017;
Trzewik et al., 2004; Wang et al., 2018). Electrical activity and action
potentials inside heart-on-chip microdevices have also been measured
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by means of electrical sensors (Liu et al., 2020). Altogether, these heart-
on-chip tools offer great opportunities for accurately recreate myocar-
dium microenvironment and get insight of cardiac cellular response to
different stimuli.

4.2. Ischaemic heart-on-chip

Precise control and monitoring of oxygen concentration are key for
developing in vitro models of cardiac ischaemia. Organ-on-chip tech-
nology can overcome the drawbacks from spheroids and cardiac con-
structs to quantify oxygen within tissues. A simple approach is the
optical monitoring overtime of a fluorescent ruthenium-based oxygen-
sensitive dye inside a polydimethylsiloxane (PDMS) microfluidic device.
The microdevice presents two separated chambers (Fig. 3A), one
chamber for 2D culturing of porcine primary CMs and the other con-
taining the dye (Khanal et al., 2011). To avoid shear stress on the cells, a
syringe pump pushes cell medium through a microchannel connected
laterally to the cell chamber, allowing nutrients to reach cells via low-
shear mass transport. The microdevice can be placed inside a poly-
carbonate box on the microscope stage with nitrogen flowing inside the
box to displace oxygen and mimic ischaemia for up to 5 h, followed by 1
h of oxygen restoration, mimicking reperfusion. The oxygen perme-
ability of PDMS ensures no negligible differences on oxygen concen-
tration between the microdevice chambers during the experiment. Dye
fluorescence intensity increase correlates with the quick oxygen fall to
less than 1 % after 30 min of nitrogen flow, following ischaemia/
reperfusion outcomes by porcine CM morphology and viability. After 1 h
of ischaemia, almost all cells retract into spherical shape, increasing the
apoptotic cell fraction after 2 h of ischaemia, assessed by MitoTracker
staining of mitochondria, and confirming the contribution of apoptosis
pathway to CMs death burden during ischemia. Although the apoptotic
fraction during reperfusion is variable between experiments preventing
to stablish a robust conclusion of the effects of oxygen restoration, this
first approach to model cardiac ischemia in a heart-on-chip devices
opens the door to real-time monitoring of oxygen levels along with
cellular markers of cell death pathways for the unravelling of CMs death
mechanisms and timing during I/R injury. However, the system does not
allow direct oxygen concentration quantification along the cellular
chamber and only relies on external application of hypoxia to mimic
ischaemia, without investigating possible nutrient gradients within the
cellular chamber. 2D culture and porcine cells also reduce the relevance
of the model to recreate the features of in vivo human cardiac ischaemia.

The implementation of an oxygen control system in the upstream
media reservoir allows the perfusion of accurately defined oxygen
concentration media into a heart-on-chip microdevice (Liu et al., 2020).
The microdevice, fabricated in PDMS, with immortalized mouse atrial
HL-1 cells 2D monolayer in a single channel, is perfused with medium at
low flow rates. The upstream media oxygen control enables temporal
modulation of oxygen concentration, switched from normoxic (21 %) to
hypoxic (1 %), and followed by restoration of normoxia, to simulate I/R
changes. This system is used for either acute induction of hypoxia or a
gradual switch with an intermediated step of 20 min of 4 % oxygen. As a
novelty, extracellular features (beat rates, rhythmicity, and wavefront
propagation velocities) are monitored by bioelectronics interface in the
microfluidic channel bottom surface (Fig. 3B), with planar electrodes,
while intracellular outcomes (shape and duration of action potentials at
single-cell level) are determined by arrays of Pt nanopillars that enter
into the cellular cytosol, providing insight into spatial heterogeneity of
cellular function. Bioelectronic monitoring shows initial tachycardia
after hypoxia induction, followed by gradual frequency reduction until
arrhythmia, returning to basal rhythm 30 min after oxygen restoration.
The high yield of multiplexed readouts enables the generation of
isochronal maps for studying wavefront propagation velocity, uniform
during normoxia but variable and slower during hypoxia. Intracellular
outputs also demonstrate hypoxic-related alterations of action potential,
with reduced repolarization and depolarization times. Although



L. Paz-Artigas et al.

A

Media perfusion

International Journal of Pharmaceutics 632 (2023) 122589

- i Standard O,
i,ﬂ;{.pb%ﬁ'if,n incubation
= =
. PDMS
0; sensitive dye microdevice
0, control system Media Standard Ischemic
perfusion media media
perfusion \v perfusion
,_[—\“
CMs

PDMS
microdevice

—

Bioelectronic
surface

Planar
electrode

Intracellular

CMs—__ measurements

Extracellular
measurements

Pt nanopillar

PDMS
microdevice

(Al ddi L L L]

Physiological

mechanical

Culture chamber

regime

M

(8% strain)

.

Vﬁccubm Humidified gas Vaccum
chamber f
- mixture chamber chamber Ischemic
mechanical
/ /‘\ regime
_PDMS Physoxia Hypoxia PDMS )
microdevice (5% 05) (1% 0y) membrane (2% strain)
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Created with BioRender.com.

implementation of bioelectronics enhances the analytical power of the
model, several aspects of myocardial tissue and in vivo ischaemia are not
accurately recapitulated. This 2D culture only relies on uniform oxygen
deprivation to recreate ischaemia, without addressing shear stress im-
plications caused by direct flow over the cells, or oxygen concentration
alteration inside the microfluidic channel due to the high gas perme-
ability of PDMS. Addressing these issues, along with implementing

10

human cells such as hiPSC-CM and hCF, could increase the accuracy of
the model to mimic cardiac ischaemia.

Taking advantage of fluidics to recreate a gradient of oxygen
accessibility, monolayers of rat heart H9c2 cells were culture within the
central chamber of a PDMS microfluidic device, separated from two
lateral channels by symmetrical arrays of micropillars for perfusion with
a syringe pump (Ren et al., 2013). The small space left between
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micropillars mimics the capillary-myocardium interface, achieving
rapid nutrient transport to the central chamber, while maintaining low
shear-stress over the cells (Fig. 3C). PDMS gas permeability prevents
accurately oxygen changes by media flow modification or blocking.
Thus, FCCP, a chemical mitochondrial respiratory chain blocker, rec-
reates the incapacity of cells to incorporate oxygen to their metabolism,
added to the use of serum-free medium, mimicking a less nourishing
environment. Prior to cell culture and ischaemia induction, nutrient
transport and distribution inside the microdevice is assessed by optical
monitoring of fluorescein perfused through one channel. A range of
symmetrical and non-symmetrical flow rates mimicking capillary blood
velocity are tested, obtaining a range of fluorescence gradient inside the
central chamber. These gradients can be used to spatially recreate an
ischaemic area. Indeed, when culturing cells for 2 h with standard me-
dium perfused in one channel and serum-free medium containing FCCP
perfused in the other, cells suffer a shrinkage, lose cell-to-cell contacts,
present disrupted actin filaments and show a decrease in their mito-
chondrial membrane potential. These ischaemic markers are more
evident as cells are closer to the “ischaemic” channel, correlating with
the increase of caspase-3 positive cell percentage. This model confirms
the recreation of an ischaemic gradient by combining hypoxia and me-
dium supplement depletion Fluorescein analysis of mass transport and
distribution is a useful tool to determine flow parameters for recreating a
physiological or pathological environment inside a microdevice. How-
ever, achieving a real quantifiable oxygen reduction inside the chamber,
along with nutrient gradient, mainly glucose, would be more represen-
tative of the in vivo ischaemia. Culturing cells from human sources in a
3D structure, along with assessing effects of reperfusion, could also in-
crease the predictive power of the model.

The implementation of mechanical stretching with oxygen control
and sensors in PDMS microdevices allows mimicking the biochemical
and mechanical features of an ischaemic environment (Ugolini et al.,
2017). Thus, primary hCFs are cultured on a thin PDMS membrane that
can be stretched by means of a vacuum system in two adjacent cham-
bers. A humidified gas mixture with controlled composition is perfused
under the culture chamber (Fig. 3D). The PDMS membrane permeability
guarantees homogenous gas distribution in the culture chamber,
confirmed by an oxygen sensor adjusted with a micromanipulator to
reach the culture membrane. Thus, basal oxygen concentration, prior to
ischaemic recreation, is settled at 5 %, the physiological concentration
in the normal myocardium and henceforward referred as “physoxia”,
instead of 21 % used in in vitro cultures (henceforward, “normoxia”). A
physiological mechanical regime is simulated by applying 8 % strain at
1 Hz stimulus. Ischaemia is recreated within this microdevice by either
changing oxygen concentration to 1 % (hypoxia) or reducing mechani-
cal stimulus to 2 % strain. Cellular response is studied under static
conditions, 8 % strain and 2 % strain, in combination with either
physoxia or hypoxia. Interestingly, hypoxia causes hCFs in static con-
ditions to activate proliferative responses (i.e. YAP nuclear trans-
location, secretion of mitogenic PDGF, and higher mitotic cell fraction),
which is prevented in cells under physiological mechanical 8 % strain.
Hypoxia also increases collagen synthesis in both static and 8 % strain
conditions. When hCF are only exposed to ischaemic-like mechanical
load (2 % strain), with physiological oxygen concentration, they also
show proliferative responses, but no collagen increment. However,
when both ischaemic stimuli are implemented (2 % mechanical strain
and 1 % oxygen), hCF display significant increases in their proliferation,
inflammatory activity (production of cytokine IL1-p) and fibrotic
remodelling response (secretion of TGF-f and matrix-degrading en-
zymes MMP-2 and MMP-3). These results demonstrate the importance of
recreating the physical environment when modelling myocardial
ischaemia. However, myofibroblast differentiation, commonly observ-
able in animal models of myocardial ischaemia (Small et al., 2010) and
in in vitro 3D cocultures (Richards et al., 2020b), is not reproduced by
this model. A more complex model, that implements cardiomyocytes,
3D structures and ischaemic reduction of nutrients, may help in
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recreating in vivo cell response to ischaemia.

Combining hiPSC-CMs embedded in collagen-fibrin hydrogels and a
PDMS microdevice including two pairs of flexible pillars results in cell
alignment and mechanical maturation of the tissue after 2 weeks (Chen,
2018). The construct is subjected to an ischaemia/reperfusion protocol,
replacing standard media with an ischaemic solution (saline solution
with lactate and pH = 6.4) and placing the microdevice into a hypoxic
chamber (95 % N2, 5 % CO5) for 6 h, followed by reestablishment of
control conditions. The model recapitulates well-known damage effects
of ischaemia (disruption of CM cytoskeletal fibres, caspase-3 activation
and cell death) that are boosted by reperfusion (ROS generation, mito-
chondrial depolarization, and higher cell death numbers). Notably,
when the I/R process is applied to immature constructs (cultured for
only 3 days), these effects are highly mitigated, thus demonstrating that
cell maturation properly recapitulates the consequences of an ischaemic
event in the adult myocardium. Although lacking other cardiac cells
implicated in myocardium ischaemic responses, like CF-dependent
fibrosis, it is a powerful approach to investigate strategies for CM
death prevention or proliferation enhancement. In fact, media acidifi-
cation, treatment with antioxidants, or use of the mitochondria
depolarization-regulator CsA applied during reperfusion results in
reduction of cell death markers in the cardiac model.

A similar anchoring pillar-based microdevice coculturing hCFs and
hiPSC-CMs can recreate myocardial fibrosis (Mastikhina et al., 2020), a
wound healing process leaded by fibroblasts and triggered by cardiac
damage events, such as ischaemic injury. Fibrosis results in excessive
deposition of extracellular matrix components and tissue stiffness in-
crease, jeopardizing myocardial function. Cells at 3:1 ratio (hiPSC-CM to
hCF) are seeded in fibrin gels, facilitating the assessment of cellular
deposited collagen, which then led for microtissue compaction and
cultured up to 3 weeks. To induce fibrosis, fibroblasts are previously
activated by 2D culture in presence of TGF-p1, comparing microtissue
biomechanical features to microtissues generated with non-activated
fibroblast. Optical monitoring of pillar deflexion allows the determina-
tion of microtissue passive (at peak cardiomyocyte relaxation) and
contraction force (during peak cardiomyocyte contraction), while
atomic force microscopy enables microtissue stiffness characterization.
Fibrotic microtissues present lower contraction force, higher passive
tension and higher stiffness than control microtissues, correlating with
an increase on both interstitial collagen deposition and collagen type I to
III ratio in fibrotic microtissues. Moreover, while presence of alpha
smooth muscle actin (a-SMA), a marker of myofibroblast activation, is
increased on fibrotic tissues; vimentin and ¢TnT positive cells, as well as
proliferation and apoptosis, are similar in fibrotic and control tissues,
indicating that the reduction of contractile force in fibrotic tissues is not
caused by a potential loss of cardiomyocytes. Interestingly, standard
drugs for cardiac failure decrease fibrotic markers more than in 2D
culture, demonstrating the high impact of cellular 3D microenvironment
on myocardium modelling for drug research. The implementation of an
ischaemic protocol (O, reduction and nutrient deprivation, possibly
combined with other ischaemic cues) could be used to recreate CM
damage and ischaemic-dependent CF activation and fibrosis, mimicking
key hallmarks of ischaemic disease.

Recently, a new heart-on-chip microdevice that relies on surface
topographic patterning, instead of anchoring flexible pillars, to induce
3D cell anisotropic alignment, has been used to simulate I/R myocardial
injury (Veldhuizen et al., 2021). hiPSC-CMs and hCFs at 4:1 ratio
embedded in collagen-Matrigel hydrogel within a central culture
chamber, presenting an array of micropillars around which cells align to,
forming an anisotropic 3D structure, are nourished by two lateral
channels. After 2 weeks, microdevices are incubated for 24 h in either
normoxic (21 % Os), physioxic (5 % O2) or hypoxic (1 % O3) chambers,
quantifying oxygen availability inside the microtissue by fluorescent
imaging of a reductase activity-based probe. Although oxygen depriva-
tion has no significant effect on cell alignment, hypoxic microtissues
show lower synchronicity of cardiac beating, correlating with decreased
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expression of calcium-handling and contraction-related genes (ATP2A2
and RYR2) and higher expression of tissue remodelling markers (VEGFA
and a-SMA). Whole transcriptomic analysis shows a swift to glycolytic
metabolism, enhanced angiogenesis, and downregulation of DNA
replication on hypoxic microtissues. Interestingly, viability remains
around 88-90 % for hypoxic tissues but significantly falls after oxygen
reperfusion, while lactate levels increase during hypoxia and are
reduced during reperfusion. Gene expression also trends towards basal
levels after oxygen restoration. The data obtained reveals the differential
outcomes of ischaemia and reperfusion, and the great potential of the
model for drug and cardiac therapeutic research, that includes human
fibroblast and achieve CM 3D anisotropic alignment.

The wide variety of biochemical and biomechanical cues imple-
mented in heart ischaemia-on-chip models (Table 3), including 3D
coculture, oxygen and nutrient gradients, capillary-tissue interface

International Journal of Pharmaceutics 632 (2023) 122589

mimicking, accurate media composition overtime, defined spatial cell
distribution, cell anchoring supports, and mechanical stretching, allows
precise biomimetic recreation of characteristic features of myocardial
tissue and ischaemic injury. Moreover, organ-on-chip technology offers
the possibility to accurately monitor several parameters during
ischaemia recreation, such as in situ oxygen availability, quantitative
CM contractile force or electrical measurements. The combination of
these ischaemic cardiac features, along with deep monitoring in a single
microdevice is technically challenging, with current models focused on
recreating and study few and particular aspects of the in vivo myocardial
ischaemia process.

5. Perspectives

In vitro modelling of the human heart has shown an incredibly

related genes

Beating frequency
alterations

Anaerobic metabolism
Enhanced angiogenesis
Low proliferationCell
death

(during reperfusion)

Table 3
Heart-on-chips for myocardial ischaemia modelling.
O, control system Stimuli or monitoring Medium perfusion 2D/3D Cell types Ischaemic Ischaemic hallmark Ref.
system culture stimulus recreated
Optical monitoring of - Through a lateral 2D porcine 5 h of ischemia: Cell (Khanal et al.,
fluorescent ruthenium- channel primary CMs Ny replacement of  shrinkage 2011)
based oxygen sensitive external O, Apoptosis
dye 1 h of reperfusion:
External O,
restoration
Oxygen sensor upstream Bioelectronic bottom Directly through 2D mouse atrial Ischemia: Action potential (Liu et al.,
media reservoir inferface for extracellular cell chamber HL-1 Medium’s O, alterationsBeating 2020)
and intracellular cells reduction to 1 % frequency alterations
measurements Reperfusion: (tachycardia and
Medium’s O, arrhythmia)
restoration to 21
%
- - Through lateral 2D rat heart Ischemia: Gradient of damage (Ren et al.,
channels separated H9c2 cells Perfusion of Cell shrinkage 2013)
by micropillar serum-free Loss of cell-to-cell contacts
arrays medium with Disrupted actin filaments
FCCP Apoptosis
Gas of controlled Mechanical stretching Static culture 2D human 24 h of ischemia: CF proliferation (Ugolini et al.,
composition perfused ventricular 1 % OoReduced CF inflammatory activity 2017)
under the culture CF mechanical load increase
chamber monitored by (2 % strain) CF fibrotic remodelling
fine-tip oxygen sensor response increase
at cell level
Cell anchoring pillars Static culture 3D hiPSC-CM 6 h of ischemia: Cell death (Chen, 2018)
N, replacement of ~ Apoptosis
external O, Cytoskeletal disruption
Nutrient reduction ~ ROS generation
Reperfusion: and mitochondrial
Standard depolarization during
conditions reperfusion
restoration Reduced effects in
immature constructs
Reduced effects after
different therapeutic
strategies
- Cell anchoring pillars Static culture 3D hiPSC-CM Fibrosis: Low contraction force (Mastikhina
Use of hCF High passive tension, et al., 2020)
hCF previously stiffness, collagen
activated with deposition
(3:1) TGF-p1 and collagen type I to III
ratio
Optical monitoring of a Topographic patterning Static culture 3D hiPSC-CM 24 h of ischemia: High expression of tissue (Veldhuizen
reductase activity- to induce anisotropic 1 % external O, remodelling markers et al., 2021)
based probe alignment hCF Low expression of calcium-
fluorescence (4:1) handling and contraction-
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blossoming in the last decades thanks to the development of stem cell
technologies for obtaining human CM. However, current heart models
have not been translated to robust cardiac ischemia modelling yet, with
few promising works mimicking myocardial ischemic events in vitro.

One of the major drawbacks of human cardiac ischaemia models’
development is the recreation of a mature heart. Assessing physiological
features of adult myocardium is fundamental for ischaemia modelling,
since ischaemic events are more likely to happen in adult hearts, with
lower regenerative potential than their neonatal counterpart (Heallen
et al., 2013; Porrello et al., 2013). Neonatal and hiPSC-derived CMs with
immature phenotype allow generation of in vitro cardiac microtissues,
but require posterior maturation, currently not fully achieved in the lab.
Cellular organization in 3D structures, like self-aggregation in spheroids,
enhances CM maturation (Correia et al., 2018), especially when co-
cultured with other cardiac cells, such as CF (Munawar and Turnbull,
2021), but lack other maturation cues, like mechanical induction of cell
anisotropic alignment. The structural support of scaffolds allows
implementation of cell anchoring systems and mechanical stretching,
inducing cell alignment and maturation. Implementation of elastic
membranes for stretching or topographical patterning for alignment
induction in heart-on-chip microdevices has also improved CM matu-
ration (Carlos-Oliveira et al., 2021). A combination of strategies,
including chemical inductors of maturation, 3D coculture with CF and
other cardiac cells, high cell density to favour cell-to-cell connections
and mechanical stimulus for cell alignment should be tested to achieve
more mature myocardium in vitro. However, even the most advanced
reports fail short of their natural counterpart, with the engineered
myocardium still comparable to foetal tissue (Ronaldson-Bouchard
et al., 2018).

In addition, modelling cardiac ischaemia requires the implementa-
tion of a protocol that reproduces the phenomena during an ischaemic
event in the human heart. Current models have mimicked CM damage
caused by an hypoxic environment, recapitulating the switch towards an
anaerobic metabolism, loss of contractile functionality, with changes in
calcium-handling and beating rhythm alterations, disruption of sarco-
mere and cytoskeletal structure, loss of cell-to-cell connections, CM
hypertrophy and death (Carrier et al, 2002; Chen and Vunjak-
Novakovic, 2019; Richards et al., 2020a). 3D culture in spheroids or
scaffolds also allow to recreate O, gradients, translated to gradients in
CM damage severity (Richards et al., 2020a). Similarly, microfluidic
technology mimics blood flow and capillary-tissue interface recreating
changes in nutrient composition and O, concentration and generating
gradients by mass-transport phenomena (Ren et al., 2013). Some works
have also recreated the effects of O, restoration during reperfusion
(Chen and Vunjak-Novakovic, 2019; Sebastiao et al., 2020), which
causes an increase in ROS and leads to high levels of CM death, recre-
ating fibrotic wound healing process. Co-culturing with CF recreates
ischaemic ECM composition changes, tissue remodelling and stiffness
increase, also reducing myocardium contractile capacity (Mastikhina
et al., 2021; Richards et al., 2020a). Moreover, implementation of me-
chanical stretching application systems within heart-on-chip micro-
devices enables mimicking myocardial mechanical load reduction
during ischaemia (Ugolini et al., 2017). However, most models focus on
the recreation of few features, missing any feedback event and
enhancing effects of the combined ischaemic stimuli. As an example,
hypoxic environment and reduction of mechanical load cause higher CF
activation when combined than separately (Ugolini et al., 2017). Thus,
next generation of cardiac ischaemia in vitro models must envision the
accurately recreation of the whole complex ischaemic process, from the
initial blood flow arrest that leads to gradients of O reduction, nutrient
deprivation and end-products accumulation to the effects of reperfusion.
Models must also include all cell types implicated in the process trig-
gered by ischaemia, such as tissue remodelling led by CF or inflamma-
tory effects of immune cells, recapitulating paracrine signalling and
adrenergic stimulation, along with electromechanical cues (Frango-
giannis, 2006).
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Modelling the complexity of the myocardial ischaemic injury re-
quires also implementing real-time monitoring of the cardiac response.
Cardiac spheroids and organoids fall short in recreating cell alignment,
mechanical stimuli and blood flow phenomena; and although they allow
bulk experiments, they present limitations for electromechanical char-
acterization measurements and structural imaging by conventional
confocal microscopy. Scaffold-based models can overcome some draw-
backs, enabling higher control of cellular organization and imple-
mentation of both mechanical stimuli and mechanical measurements
(Katare et al., 2010; Mastikhina et al., 2020). Finally, culture of spher-
oids or scaffold-embedded cells within heart-on-chip microdevices may
exponentially increase the possibilities for ischaemic stimuli recreation,
such as mechanical stimuli and blood flow effects; and implementing
real-time monitoring systems, including confocal imaging of micro-
devices with reduced Z dimension, O, spatial measurements, and bio-
sensors for characterization of cardiac cell electrical activity (Liu et al.,
2020; Ren et al., 2013; Ugolini et al., 2017).

6. Conclusions

As described, ischaemic cardiac models allow low cost and quick in
vitro cultures with human cells. Indeed, combination of in vitro models
with CM differentiated from patient hiPSCs may open the door to
personalized medicine. Moreover, these novel approaches surpass clas-
sical 2D in vitro models by recreating more faithfully myocardial envi-
ronment, including cellular alignment, coculture of different cardiac
cells, mechanical and electrical cues, or blood flow effects, which may
enhance their predictive power. In ischaemic heart-on-chip systems,
biological, mechanical, and electrical features from myocardial micro-
tissues can be directly monitored in situ, more complex when working
with animal models. However, current models cannot fully recreate the
complex body reaction to cardiac ischaemia/reperfusion injury (e.g.,
microvasculature damage or immune inflammation), as animal models
do. Novel approaches also fall short in overcoming some of the classical
limitations of animal models, such as advanced ages, comorbidities, and
severe medication. Finally, alternative treatments assayed in new
models should assess not only cell death and infarct size reduction but
also attenuation of coronary microvascular obstruction, as well as
longer-term targets including infarct repair and reverse remodelling.

In summary, 3D systems, such as spheroids and scaffold-based car-
diac constructs, and heart-on-chip models have promisingly recapitu-
lated aspects of myocardial microenvironment and cellular response
during cardiac ischaemia. Achieving a highly mature myocardial
phenotype and mimicking the variety of ischaemic phenomena within
the same model, with further implementation of monitoring techniques,
may greatly increase the predictive power of these models for drug
research and personalized medicine.
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