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ABSTRACT

Despite the latest advances in cardiovascular biology and medicine, myocardial infarction (Ml)
remains major causes of deaths worldwide. While reperfusion of the myocardium is

critical to lig jschaemic damage typical of an Ml event, it causes detrimental morphological and

nown as “reperfusion injury”. This complex scenario is poorly represented in
currently available' models of ischaemia/reperfusion injury, leading to a poor translation of findings
from th&b he bedside. However, more recent bioengineered in vitro models of the human
heart reprmre clinically relevant tools to prevent and treat Ml in patients. These include 3D
cultures of gardiagcells, the use of patient-derived stem cells and 3D bioprinting technology. This
review ai

ighting the major features typical of a heart attack while comparing current in
vitro, ex vivo in vivo models. This information has the potential to further guide in developing

novel advmtro cardiac models of ischaemia/reperfusion injury. It may pave the way for the
generation dv@hced pathophysiological cardiac models with the potential to develop

personaliz:ies.
KeywordC

Myocardia@n, in vitro and in vivo models, 3D cardiac cultures, advanced cardiac models.
1. INTRODUCT;I
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1.1. Myocardial Ischaemia/Reperfusion Injury.

Cardiovascular disease (CVD), including myocardial infarction (Ml) and stroke, is the leading cause of
death worllwide.[ﬁCVD causes more than 17 million deaths and costs US $863 billion worldwide
annually. heart attack is characterized by prolonged (~20 minutes) myocardial ischaemia

ade of coronary blood flow due to rupture of mature atherosclerotic plaque and
igure 1).% %

This is fo‘l Weactive oxygen species (ROS) production, cardiomyocyte death and fibroblast
infiltratiorhiac ischaemic events account for 85% of total deaths caused by CVD."
Restoratio bl@ed flow to the ischaemic area with reperfusion therapy is critical to limit the
ischaemic @] However, myocardial reperfusion following ischaemia is followed by
detrimental morphological and functional changes within the myocardium that is known as

“myocardi ia/reperfusion (I/R) injury”.”! Given the complexity of molecular, intracellular
and extrac anges typical of the myocardial I/R injury (Figure 2), it is critical to better
understan les during the ischaemic and reperfusion events, as described below.

1.2. Path gy of Myocardial I/R Injury.

Myocardia!ER injury is characterized by changes in adenosine triphosphate (ATP) levels. During
myocardial ischaemia, oxygen depletion inhibits the mitochondrial oxidative phosphorylation,
reduces A tion and shifts cardiomyocyte metabolism from aerobic to anaerobic
respiration ] tracellular calcium overload also decreases ATP production, even during the

ue to the excessive mitochondrial oxygen and ROS production.” Altogether, the
h.[9, 10]

reperfusi

constant jon in ATP levels leads to irreversible cardiac injury/cell deat

During i Iso the intracellular pH decreases below physiological levels due to the
accumulation of lactate and protons causing intracellular acidosis.™ *? During reperfusion, the pH
increases as lactate is removed from the cell and this activates the Na*-H" exchanger and the Na'-
HCO* sym extrude protons.™ The rapid restoration of physiological pH leads to

permeability transition pore (MPTP) opening together with ROS production. This is

followed b gontracture due to the indirect effect of ion fluxes resulting in increased
intracellula and subsequent increase in contractile activity. Together, ROS and

cardiomyo rcontracture lead to cardiac muscle death.™”

Intracelc typical of the ischaemic insult is followed by the activation of the sodium-
hydroge“xchanger, with increased intracellular sodium and hydrogen levels (intracellular
ionic imba gether, the acidic environment and the lack of ATP inhibit the sodium-potassium

adenosine triphosBhatase (Na'-K" ATPase) exchanger that further promotes intracellular sodium
accumulati ell swelling. The sodium overload activates sarcolemmal sodium-calcium (Na'-

Ca’*) exchange lowed by intracellular calcium accumulation.™ Upon reperfusion, rise in energy
a’-K" ATPase exchanger to balance the sodium overload. However, the rapid pH
normalizatio augh activation of Na'/H" exchanger and sodium-bicarbonate (Na'/HCO*)

cotransporter extrudes hydrogen ions causing a further increase in intracellular sodium. This in turn
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reactivates reverse mode of sarcolemmal Na*-Ca®* exchanger, thereby increasing calcium levels and

promoting cardiomyocyte death.™™®

erated in both ischaemic and reperfusion events."”” During ischaemia, low pH
and mitochondcial dysfunction activate ROS synthesis during ischaemia. Hyperoxygenation, xanthine
amide adenine dinucleotide phosphate (NADPH) oxidase are responsible for ROS
generation g rfusion.™® Increased ROS levels cause cell death through damage to DNA,
lipids, peoteimssamelitriggers MPTP opening.!*® During reperfusion, increased ROS levels lead to

cytotoxic pSoxynitrite (a reactive nitrogen specie, or RNS) by their reaction with nitric oxide (NO).*"!

During the g#berf@ision event, intracellular calcium opens MPTP, activates mitochondria-localized
calpains, daages€lectron transport chain (ETC), releases cytochrome c and produces ROS, all

contributing to mitochondrial dysfunction and cell death."

"
increased i erfusion due to rapid increased in pH levels (cardiomyocyte
hypercontracture) 8% Calcium overload and calpain-mediated hydrolysis of sarcolemmal and

cytostruct

iL€dntracture is inhibited during ischaemia due to a decreased pH, whereas it is

eins during early reperfusion decrease the ability of cardiomyocytes to handle
16]

mechanica d leads to cytolysis.

Ca rload during ischaemia and reperfusion leads to activation of intracellular
calcium-de, cysteine proteases, such as calpain.' This hydrolyzes structural and functional
proteins, inglu arcoendoplasmic reticulum (SR) calcium transport ATPase (SERCA) and

ryanodine receptor (RyR), and plays a major role in structural remodelling through the production of

[22]

mitoch roapoptotic factors.

cytes, such as cardiac fibroblasts and endothelial cells, represent approximatively
70% of
function of fibroblasts is to control the extracellular matrix (ECM) and to maintain the structural

integrity offfnyocardium.® Fibroblasts remain scattered in the ECM around the cardiomyocytes to

e human heart and play a major role during myocardial I/R injury. The primary

provide el d mechanical stimulation to the cardiomyocytes."*” Following the ischaemic
insult, resi iac fibroblasts release inflammatory cytokines and chemokines while becoming
activated i e myofibroblasts.”™ % These mediate cardiac fibrosis by the excessive
production en type | and eventually heart failure.'* > Endothelial cells control
cardiomyo@yte homeostasis, contraction and ventricular relaxation via paracrine signalling. For
instancé® cal NO production by endothelial cells is altered during reperfusion injury, as NO
reacts WM produces toxic RNS together with other inflammatory factors.”” % |nactivated

the bloodstream and only during injury they promote thrombosis and

haemostatis.!?* 3!

ey are recruited and activated in the area surrounding the infarcted zone
on.BY They first infiltrate in the myocardium and then adhere to capillaries and
venular en m resulting in formation of microthrombi. Activated platelets mainly attach to
elease vasoconstrictive and pro-inflammatory substances. Altogether,

microthrombi, onstrictive and pro-inflammatory agents cause cardiac damage following

reperfusion post-ischaemia.m]

This article is protected by copyright. All rights reserved.



To date, there is no optimal model that can completely recapitulate the complex human heart
microenvironment as described above. This has led to several challenges in translating preclinical
studies from bench to the bedside for patients suffering from a heart attack. Latest developments in
three-di 3D) modelling of human cardiac tissues for in vitro testing have demonstrated

cellular and extracellular microenvironment is critical for optimal human heart
glology and pharmacology. This review article aims to describe the complex

eart attack or Ml in humans and how this has been modelled in animals in vivo,
isoIated-ormues ex vivo, and using cells in vitro. A thorough description of currently available
models is \Lentify the pros and cons of both to better engineer new models to study
myocardial ggfar@ion, focusing on the complex 3D microenvironment of human heart tissues. The
goal of thi@ to provide insights for the optimal engineering of novel in vitro cardiac models
by highlighting current challenges in recapitulating the pathophysiology of the human heart
described aboye.

—)

2. EXPER&AL MODELS OF MYOCARDIAL I/R INJURY

2.1. Invi ivo Animal Models of Myocardial I/R Injury

Despite theMli ions, animal models have been used for a long time as they recapitulate the
majorit res typical of the complex 3D microenvironment of the heart.??3* These
include in vi X vivo models.

Ex vivo

These models were first established in 1895 by Oscar Langendorff to induce ischaemia/reperfusion
injury usin%iolated hearts. The animal heart is attached to a glass water-jacketed spiral column
through whic ysiological buffer is delivered via retrograde perfusion directly into the aorta
(Figure 3A e buffer is perfused with constant pressure and is supplied with a mixture of
oxygen (95 rbon dioxide (5%), kept at physiological pH and temperature conditions.
Ischaemia iaduced in two ways either i) through a coronary artery ligation; or ii) by stopping

(or decreading) the buffer perfusion.®* 3"

Benefit
models co

lated Langendorff preparations are simpler and cheaper myocardial I/R injury

ared to in vivo animal models. Ex vivo hearts allow more reproducible ischaemic event
experiments to a fRagion of myocardium or to the entire heart. with direct access to the area of
interest. ilei quent, even a human heart can be used in a Langendorff preparation.®® Overall,

ex vivo model sed to evaluate biochemical, physiological, and pharmacological features

I [39]

regulati ,_,ﬂ yocardial I/R injury independently of the neurohumoral contro

Limitations. Animtallicells differ from human cardiac cells in several biochemical, morphological,
physiological and pharmacological features, such as cytoskeletal protein levels and expressions,

contractile activity and biochemical interactions.”*" Ex vivo animal models poorly translate to

This article is protected by copyright. All rights reserved.



humans as the continuous coronary blood flow may cause tissue oedema. Another major challenge
is represented by the lack of physiological and pathophysiological ROS conditions in ex vivo I/R
models."*? Another major limitation of these models is that their contractile and chronotropic
function y approximately 5% per hour, despite the fact the tissue may survive for several

hours.m] Q
In vivo Mo

I
Ischaemia/geperfusion injury in animals is induced via the temporary ligation of either the left

anterior d (LAD) coronary artery or left circumflex artery (LCx)."*? LAD occlusion causes
more dam t bal left ventricular function over the occlusion of LCx.[**! Both LAD and LCx are
occluded indbigger@nimals (such as pigs and sheep) to induce a bigger infarct.*? It is an invasive

procedure and requires highly skilled staff. A range of animals, from small rodent to large pigs, are
being usedffor o models of myocardial I/R injury.** ***® Anesthetized mice are intubated
through th (o and a cut in the skin of less than 0.5 cm in the middle of a line between xyphoid
and left axijiagi e to open the thoracic cavity (Figure 3C). Another cut in the fourth intercostal
space is made to p;ce the retractors for complete view of the heart and the pericardium is
removed. "the LAD/ LCx is ligated using a silk suture for 30-60 minutes (ischaemic event)
followed b val to allow reperfusion of the myocardium (Figures 3B and 3D-F). At this point,

the chest cayity is closed with prolene sutures until the animal fully recovers and presents
spontaneous breathing.!”

Benefits. Invi els are optimal for longitudinal studies for repeated imaging via
echocardiogfap®i€ultrasound to measure cardiac function and deformation. Myocardial anatomy

usion, wall motion and contractility can be analysed with another type of

imaging that | iac magnetic resonance imaging (MRI). Important clinical parameters that can be
ese in vivo studies are: i) infarct size; ii) area at risk; iii) haemodynamics; iv)
inflammatory response; v) fibrosis; vi) neovascularization; and vii) myocardial damage.***®¥ Animal
models are advantageous as they integrate the complexity of the whole organism, allow prolonged
studies, gestic manipulation and identify effects of metabolites and therapeutic drugs.!*!

LimitationsQD/ LCx ligation may vary depending on how consistently the suture is placed in
each animmnce in branching and direction of the LAD/ LCx among animals can pose various
problems cted on infarct size variation and direct delivery of drug to the heart at the time of
reperfusion, Therafore, a very rigorous and long training is needed for the operator to achieve
reproduM model.”™ The use of anaesthetic agents during the procedure may play both a
negative a e role on the procedure outcomes as well.*'The use of anaesthetic agents
during theme may play both a negative and positive role on the procedure outcomes as

well.”® Further , the models do not recapitulate fully the clinical setting such as the ischemic

time, pr oning and the duration of reperfusion depend on the species and other factors such
as gender temperature.®"*? For example, the ischemic time for small animals
such as mice, rats and rabbit are around 30-40 min while large animals including

dogs, pigs and monkeys have an ischemic duration between 60 to 180 min. In
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humans, the duration of index ischemia of humans is around 198-411 min, hence
the data demonstrated that human hearts are very robust and less sensitive

compWimals.[Sll

stadera
heart com o.ﬁ odents, they also present several disadvantages, such as higher costs and
difﬁcultﬂamd housing issues. This makes smaller animals preferred models for early
preclinical gtudies. Nevertheless, due to the intrinsic differences between rodent and human cells,
bigger anihetter models for studying the metabolism and function of cardiac cells. Data
generated @big animal models better translate into humans as they include clinically relevant

ions. Although large animals represent more physiological models of the human

infarct size iac function measurements.

Limitation to both in vivo and ex vivo animal models: While both in vivo and ex vivo
models rec lafe some of the features typical of human IR injury, such as 3D microenvironment,

infarct size
such as morphology and hemodynamic parameters and molecular, cellular and extracellular features

isand prolonged studies, they still present intrinsic differences with human hearts,

typical of t an heart. These are heart rate, blood pressure, ejection fraction, myocardial fibre
orientatio ction, action potential and electromechanical function.® **%? ynlike humans,
. (43]

response t ia and pharmacological agents following anaesthesia is masked in animals.

Furthermore,pa ts with myocardial IR injury have frequently co-morbidities such as diabetes,

enal failure that are routinely treated with additional drugs; for example, beta-
[48]

hypertensig@n 4
blockers, a 2tics medication and aspirin compare to animal models.

2.2.In Edial I/R Injury Models

In vitro disease modelling of myocardial I/R injury allows the use of isolated cardiac cells from either

human or gimal origin to mimic changes in oxygen levels (hypoxia/normoxia), typical of the

ischaemic fused states of an infarcted heart. To date, cells used in in vitro disease models

[53-56]

of myocar jury include: i) cultures of primary cardiomyocytes; ii) induced-pluripotent

(57, 58] 15964 and iv) cardiac progenitor cells.'®>

stem cell (i ved cardiac cells; iii) cardiac cell lines;
%I These cel een primarily used in 2D monolayer culture, while in some cases these were

employed i 3D cultures.'” Monolayer cultures poorly translate into clinical studies as they lack the
comple vironment of the heart in vivo, including cell-cell and cell-matrix interactions, a

complewchical vascular network and a physiological contractile activity.'® In vitro

studies usi cardiac cells represent more clinically relevant tools as animal cells differ in
biochemical, physiBlogical and pathophysiological features from the ones present in the human
heart.[®® nt in vitro studies using bioengineered heart tissues aimed at developing 3D
cultures th approximate the human microenvironment to overcome the limitations
presen monolayer cultures (Table 2). These include: i) engineered heart tissues (EHTS), ii)
cell sheets, iil fluidics devices, iv) heart-on-a-chip, v) organoids/spheroid cultures, vi) patient-

specific stem cell-derived cardiac cells; and vii) 3D bioprinted cardiac tissues.** %74
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2D Monolayer Cultures.

The maijonolayer cultures used to study myocardial I/R injury presents cardiac myocytes
alone.*> 7% 8 clude either freshly isolated adult rat ventricular cardiomyocytes (ARVCs) or
neonatal ra & ular cardiomyocytes (NRVCs) in hypoxic conditions.”>”* Other rodent cell types
used inc-lude stem cell-derived cardiac cells, myogenic cell lines such as Sprague—Dawley rats cardiac
stem ceIIs,rembryonic rat heart—derived myogenic cell line H9c2,"”* 77 78 HL-1 cardiomyocytes.””

Human ca freshly isolated from heart biopsies are used to overcome the limitations that
are specie;@“gl As access to human heart biopsies is restricted to availability, cardiomyocytes
fro

differentia human-induced pluripotent cell-derived cardiomyocytes (hiPS-CMs) or human
embryonic stemells (hESCs) have been employed to study myocardial I/R injury in vitro.*” 2% 8%
These cells rally grown on either i) uncoated tissue plastic or ii) laminin-, fibronectin-,

better mimic bloodiflow and contractile activity of the heart microenvironment have been
[84, 85]

gelatin- or ﬁd fibrin- precoated tissue plastic.®>*" More recently, homotypic 2D cultures that

developed icrofluidics devices and heart-on-a-chip (discussed below).

Benefits. 2B monolayer cultures of cardiac cells are simple to use and well-established IR models.
Cellsaree controlled oxygen levels and medium conditions for optimal control of nutrients

and growtm%]
Limitations¥n nately, these cultures present several limitations for in vitro testing of

myocar , which are specific to their origin.®” The lack of a 3D microenvironment,
including its rization and the other prominent cell types relevant to I/R injury, makes studies
from 2D poorly translatable into clinic.*! Cardiac myocytes in 2D present a different intrinsic
sensibil level changes compared to human cardiac cells in vivo and only recently they
have been cultured the physiological 3-5% oxygen levels, compared to the classic 20% oxygen
present in % incubator.®® Critical parameters, such as changes in infarct sizes and cardiac function,

cannot be d in monolayer cultures. Cell shape cannot be controlled in 2D myocardial I/R
injury cells etermines biophysical cues affecting cell bioactivities, including sarcomere
retention actile activity and response.®® In particular, freshly isolated cardiomyocytes
cultured in vi sent a reduced viability compared with cells in vivo. Regarding the use of animal

cardiomyog@ytes, these cultures present morphological, biochemical and functional features that
differ f
cardiom“several biochemical and physiological features, including cytoskeletal protein
expression metabolism and contractile activity.'*” % ° This controls their sensibility to low
oxygen levels, as t;y do not die in hypoxic conditions (<1% oxygen).®% % Adult primary

cardiomyo

eart cells.*) Neonatal and iPSC-derived cardiomyocytes differ from adult

d cardiac cell lines responds to hypoxic conditions similar to adult human

cardiomyo ivo. However, these 2D cultures of adult cells fail at recapitulating the complex
cardiac orphology, haemodynamics and electrophysiology. Other factors that limit adult
cardiomyocyt res to fully recapitulate the scenario typical of in vivo I/R injury in humans is

represented by the lack of: i) the role played by endothelial cells, fibroblasts and cells regulating the
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inflammatory response; ii) ECM proteins; iii) a vascular network; and iv) paracrine signalling(Figure
4) [42, 49, 68, 87, 90]

3D Cultu“

While 2D crdiac myocytes are widely used, other cell types found in the human heart,
such as encothe alls, fibroblasts and circulating cells, play a major role during I/R injury (Figure
4).[42' 87]ﬁoMon, 3D cultures of myocardial I/R injury are generated from either cardiac cells
alone (hor}typic),m %2 or by co-culturing cardiomyocytes with other cell types (heterotypic).[’" !
Generatio ltures include: i) organoid/spheroid cultures, ii) cultures embedded within a

scaffold or@rown@n/in a prefabricated scaffold, iii) cell sheets, iv) microfluidics devices; and v) 3D
bioprinted Gagdiagtissues (Table 2).°%.

Non-cardi{itga cells in 3D cultures. The native microenvironment typical of the human heart
includes ot ypes than cardiomyocytes alone, such as fibroblasts, endothelial cells,
inflammat ne cells and platelets.[GB] For this reason, more recent in vitro studies use 3D
cultures that included non-cardiomyocyte cells to better study their role in cardiac pathophysiology
(Figure 5).7"" These non-cardiomyocyte cell populations play a major pathophysiological role in
ECM depom vascular network formation in the human heart. In particular, post injury,
endothelia ilbroblasts and platelets promote injury as discussed earlier. More recently,
Sebastiao, I., have developed an in vitro human heterotypic model of myocardial I/R injury
by co—cultman cardiac progenitor cells (hCPCs) and hiPS-CMs in 2D cultures at 3% oxygen
(normoxic c s) followed by their treatment with a serum-deficient culture medium in
presen : ygen (control cultures were exposed to), better replicating the in vivo I/R

conditions. ther study, human adipose-derived stem cells (hADSCs) were also co-cultured
with hu
organoi

hypoxic conditions required extensive (10 days) exposure to 10% oxygen, which is known to be

C-derived cardiomyocytes, cardiac fibroblasts and endothelial cells in cardiac
"However, the role played by hADSCs is not clear, and the in vitro testing of

above in v/s 5% ’normoxic) oxygen levels.®® Therefore, the presence of additional cell types is
critical in regulating the hypoxic/normoxic conditions for cardiomyocytes and should be considered

for the de

t of novel in vitro models to study myocardial I/R injury.

Cultures embédded within a scaffold. To further promote cell-matrix interactions in 3D, cardiac cells

have been gEeEEed in scaffolds made of biocompatible polymers (typically hydrogels).l’%

Optima e designed to eventually disintegrate over time for physiological remodelling of
the tissWhe same cells.”" A first scaffold-based contractile cardiac tissue was generated
e

by embed neonatal rat ventricular cardiomyocytes in collagen sponges using Matrigel.**”
Following stu?iesied this approach to mimic left ventricular wall thinning, a typical event that

follows my, infarction in a patient."® One of the most commonly used models of cardiac
cells embeddeddg#@ scaffold is represented by EHTs. They were first developed by Eschenhagen et
al., in In the original model, chicken embryonic cardiomyocytes were embedded in
collagen hy using casting molds with metallic spacers. Direct measurements of forces as

contractile activity under isometric conditions are possible by growing EHTs between two silicon-
coated hook-and-loop fastener tubes.!"? A further modified development of these EHTs includes
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the replacement of the silicone tube with Velcro-coated glass tubes and chicken cardiomyocytes
with rat neonatal cells."® Later on, ring structures have been used instead of the original lattices
and hiPSC-CMs instead of rodent primary cells.’®* ! Thanks to these latest developments in using
immatu lIs, EHTs have been used to study cellular maturation by applying a range of
force (stretfhing) intensity and electrical pacing. Similarly, they have been used in preclinical drug
development and safety toxicology to monitor effects of drugs on contractile function, pace making
activity,_and relaxation. Another 3D model of cardiac cells is the Biowire, developed to improve
electrophysiological and calcium handling properties of cardiac constructs.!™® In this 3D model,
cardiac celhbedded in collagen gels around a template suture in a microfabricated well,
while electggal f stimulation can be progressively increased in frequency.”%]

Cell sheetsuodel, multiple 2D cellular sheets of a variety of rodent and human cardiac cells
types are s top of each other.™®” Cell sheets are generated by using temperature-
responsive mel surfaces to supply controlled release of cell layers and free-floating sheet of
cohesive ¢ ave been tested in vivo as well."® While less popular recently, this approach has

been successfully @sed to replicate the pulsatile contractile function typical of cardiomyocytes in
(1091 gj ®this technology has been used together with biodegradable 3D scaffolds to

regenerate issue.[84' 109-124]
Organoids roid cultures. These are scaffold-free 3D cellular aggregates by culturing one or

more cell t rder to generate spheroids with defined cellular and extracellular features,

vivo.

including afuni size, cardiac cells have been cultured in: i) hanging drops, ii) non-adhesive micro-
molds and multiWells plates and iii) microfluidics devices; whereas spheroids presenting a non-

ions for growth, migration and differentiation, closer to the human 3D

59 Spheroid size is controlled and limited by the development of hypoxia in the
center, typical of any tissue thicker than 100-200um in diameter.®® More recently,
prevasculartization of spheroids allowed the culture and growth of cardiac myocytes together with
ﬁbroblastswthelial cells. When generated from hiPSC-CMs, they possess spontaneous
contractile 3 and have been used for disease modeling, such as cardiac fibrosis, and cardiac

toxicity st o 125-127] Heterotypic spheroid cultures generated from cardiomyocytes,
fibroblasts 3 dothelial cells present biophysical and biochemical cues similar to in vivo human
heart tissu 3% Heterotypic vascularized cardiac spheroids have been employed to study the

toxic effect§of doxorubicin (a well-known cardiotoxic agent used to treat leukemia, lymphoma and
breat cancey) at copcentrations found in the bloodstream of treated patients.”"***?*! Cardiac
spheroiM

applicatiorﬁcroﬂuidics devices.®
Microfluidil s. In order to mimic blood flow, cells are seeded inside a porous bioreactors

made of ine ers, generally poly(dimethylsiloxane) (PDMS)."** 3 This model is being studied
over th r cardiac disease investigations for cell behaviour analysis.[131'136] The microfluidic

n also employed together with other biocompatible polymers for 3D bioprinting

devices gener sing cardiomyocytes, whose structure allows them to function as heart as called
as heart-on-a-chip.[134' 57 The original heart-on-a-chip was modified to controls injection of drugs,
embedded electrodes, a metallic base to maintain physiological temperature, and a transparent

10
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cover to visualize any defects. A study has demonstrated the use of heart-on-a-chip in in vitro

myocardial I/R injury by introducing hypoxia and reoxygenation.!*”

3D biopwc tissues. 3D bioprinting technology has emerged in the past fifteen years as a
promising toglto engineer tissues with defined geometry and composition for optimal cell viability

and functig ¥8 1391 | particular, a lot of studies have focused on the development of viable

[69, 136, 140]

and functid inted cardiac tissues for both in vitro and in vivo applications.

Several BD iwimpmimting platform are currently available, with a preference for extrusion-based
bioprinterﬁue to their reduced pressure and shear stress applied to cells during the bioprinting
r

[69]

process. usion of cardiac cells through the nozzle of a 3D bioprinted allows the layer-by-layer

depositionfof cellsYh 3D to better approximate the complex 3D hierarchical tissue-like structures

with a mor resembling the one typical of the human heart. 3614014 ce||s are mixed with
hydrogels te cardiac bioinks, which can be 3D bioprinted in different geometries.!* 44
Therefore,mations around polymer biocompatibility and structural support for direct
encapsulatj Is in tissues are critical."** Despite so many recent advances in this field, to date

limited human hediit tissues have been successfully 3D bioprinted using either single cells,™* or pre-

formed ca rotissues.!**®! Heterotypic 3D bioprinted cardiac tissues have been developed by
co-culturin myocytes with non-cardiomyocytes, such as endothelial cells and fibroblasts.!***
143,144 |1n a figst study, cardiomyocytes were seeded into an endothelialized bioprinted microfibrous

lattice, similar to a heart-on-a-chip model."*® In another study mouse iPSC-CM and human umbilical
vein endot@s (HUVECSs) were bioprinted with microfluidics printing head for differential
u

spatial dist nd to create vascular network."*® More recently, a study demonstrated the
feasibili i@printing of patient-derived cells to form human cardiac patches in a smaller
scale.™ joprinted cardiac tissues have been used to model calcific aortic valve disease

, electrical and mechanical strength analysis, there is no study reporting the use o
CAVD),**! lectrical and mechanical strength analysis, th tud ting th f
3D bio tissues to study myocardial I/R injury in vitro.'>® 4!

Benefits. 3§cell cultures allow the use of cardiomyocytes in optimal culturing conditions for: i)
oxygen an iemt gradients; ii) cell shape; iii) tissue size. When co-cultured in 3D, heterotypic

cultures pres mproved: i) cell-cell and cell-matrix interactions; ii) spatio-temporal gradients of

[68, 94]

oxygen, n d cytokines; iii) ECM; and iv) vascular network formation (Figure 4).
Altogether, the¥*€nhance cardiomyocyte viability and contractile function in vitro, with retained
sarcomeri e, essential for optimal contractile activity.'®” "% **" %% |n regards to 3D
bioprinﬂ of cardiac-tailored bioinks for 3D bioprinting technology comprising patient-

specific cel! in co’bination with permissive hydrogels provide potential tools for the development
of personalfzed medicine to both treat and prevent Ml-induced damage in patients.”*” Cardiac
tailored h@resenting mechanical and electrical features that promote cardiac cell viability
and functi he forefront in this field." From the engineering point of view, the improved

rinted 3D tissues allows the generation of cardiac tissues with complex

survival rate of

composition thereby creating porous inner structures to facilitate oxygen and

nutrients s (149, 150]

Limitations. In vitro 3D cultures of cardiomyocytes alone lack the paracrine effects played by other
cell types and the ECM, reflecting on their poor translation into human pathophysiology."®® % In
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particular, the inner core of any tissue >100um in diameter naturally develops tissue hypoxia in
absence of a proper vascular network typical.’®® %! Except for microfluidics devices, in vitro co-
cultured models continue to lack the dynamic microenvironment typical of the in vivo human heart,
incIudinH

s blood stream and mechanical forces (shear stress and pressure) applied on

cardiac blog@™ 5.8 The presence of endothelial cells is not sufficient for a proper branched

vascular né d is regulated by several factors including the presence of non-cardiomyocyte

cells at specific ratios.”” A standardized protocol for generation of bioengineered heart tissues is
.. . . .

missing anan arfect the performance of 3D cultures following their exposure to myocardial I/R

injury, limi il use as high throughput assays to model and study myocardial I/R injury in

vitro.*> 151]g ;
Despite the developments in tissue engineering of cardiac tissues using stem cells,

bioengineeféd rdiac tissues are still far from presenting optimal cell viability and function. For
instance, t egSlre and shear stress applied on cells through the nozzle of a 3D bioprinter,

together timal electrophysical properties, bioactivity and conductivity of hydrogels,

negatively affects fhe viability and function of these cells in 3D. > ¥ Ultimately, one of the major
challenges to overcome remains the generation of a fully developed vascular network within the 3D
cardiac tisﬁ. To date, 3D in vitro cardiac tissues still fail at fully providing optimal conditions

for cells to nd contract at pathophysiological conditions, features that are critical for the

modeling o dial I/R injury in vitro."®®
3. DISCUSS

In this re have focused on considerations for the optimal modeling of human cardiac tissues
to study m I/R injury, as summarized in Table 1. We have briefly discussed the cause of Ml,
its epid eimi atment, factors influencing the pathophysiology of myocardial I/R injury and

clinical manifestations. To better engineer novel cardiac models to such a complex pathophysiology,
our reviewsf previously published studies provides insights on how conventional in vivo and ex vivo

myocardia y animal models can still provide useful tools depending on whether we use

small or largé¥a
vivo and in @
scaffold-based"3D cultures, scaffold-free organoid/spheroid cultures, cell sheets, microfluidics

devices an loprinted cardiac tissues. Altogether, the knowledge provided by this review article
aims at highlighéiag how a model may be preferred over the others depending on the parameters to

be evaIWocardial I/R injury patients.

Animal mo been extensively studied in the past for their ease to use based on previously
establishe Is and their 3D physiological microenvironment. However, their limited potential

Is. We have highlighted benefits and limitations of currently available ex vivo, in

ocardial I/R injury models and mentioned emerging technologies, including

to directly trans findings to humans have promoted the development of novel in vitro assays

includi 3D cultures of human cardiac cells. The use of animals fails at fully recapitulating

the huma biochemistry, physiology and pharmacology besides the fact that it presents ethics
considerations that' may limit their use. .
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Studies using monolayer cultures of cardiac cells are not able to replicate pathophysiological
myocardial oxygen and nutrient gradients typical of the in vivo environment of an infarcted heart.
3D in vitro models of the human heart allow a better functional maturation of human
cardiomHitro, together with an improved level of cell-cell and cell-matrix interactions.
Also, 3D mg
nutrient grad
that promote blood flow and its mechanical changes on the human heart, together with the
paracrin-e ﬂyed by other cells and tissues in our body are critical for future considerations in
developin d cardiac tissues to study the complex scenario typical of myocardial I/R injury

(Figure 6).wudies demonstrated that in vitro 3D cardiac cultures may represent improved
and

ercome other limitations typical of 2D cultures, such as oxygen, metabolite, and

the culture conditions."”® However, considerations around dynamic conditions

physiologi thological in vitro models of cardiotoxicity and cardiac fibrosis compared to

previous ones, as they better provide the opportunity to replicate complex features of the human
heart, sucmll-cell and cell-matrix interactions observed in vivo."" ° The use of human cells
I

inin vitro 3
biochemicg\/siological features differ between human and animal cells.!*% %% >4

Despite th dvancements in the field of cardiac 3D culture technologies and engineered
tissues ov t 20 years, they are still missing the complex integration of critical features such
as paracrin due to the inflammatory response, blood flow and pathophysiological

es provides promising alternatives to studying myocardial I/R injury, as intrinsic

contractile activity, While current models still fail at fully recapitulating such a complex scenario,

thereis a uture studies that may benefit by the integration of different technologies to

generate h ures for dynamic and static conditions. This may involve the use of 3D bioprinted

tissues luidics devices, patient-derived stem cells and optimal oxygen/nutrient
conditions. ile.this field is still evolving given the continuous development of novel biomaterials
Ive and photoactivated polymers), future studies may benefit from the use of
itro models to study myocardial I/R injury for both personalized medicine and

high-throughput assays.

Overall, wihntinuous progress in cardiovascular tissue engineering we have access to several
that better recapitulate some features of the native like intracellular and

3D invitrom

extracellul o@nvironment. ”> ”® However, the lack of a fully functional 3D vascular network

and optima actile function prevents the direct translation of findings from the bench to the
4. CONCLU
Currently ayai X Vivo, in vivo and in vitro models are able to address specific questions

nd the myocardial I/R injury. However, they all fail at fully recapitulating the

regarding cues
comple i scenario of the human heart microenvironment. The engineering of advanced

cardiacm address the gap in current cardiovascular research is expected to include optimal
cell composition, blomaterials, technology development and potential for personalized medicine and

high throughput assay generation.
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Figure 2

Molecufar; ular and Extracellular Mechanisms Regulating Myocardial
Ischaemia/Reperfusion Injury. During ischaemia, intracellular pH decreases due to lactate
productiongactivation of the Na*-H" exchanger and the Na*-Ca®* exchanger. This leads to intracellular
ca” overlL\hibition of the MPTP opening on the mitochondrial membrane and
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suture

polyethylene tube

Figure 3“

Ex vivo and in viv§vlodels of Myocardial I/R injury. (A) Langendorff heart preparation for ex vivo
myocardia y. Reprinted with permission.™* 2015, Jove (B-F) In vivo myocardial I/R injury in

mice. To eval e acute effects of myocardial I/R injury, the knot is temporarily closed with a
polyeth e, which is released to reperfuse the heart (B). (C-F) Images showing the position of
the sutu e steps of the surgical procedure to model Ml in vivo. Following the thoracotomy in

a ventilated mous®!{(C), the chest cavity is opened (D), a silk suture is passed beneath the LAD/LCx (E)
and a tight knot is made to occlude the artery (F). Reproduced with permission.“ss] 2007, Oxford
University Press.
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Figure 4

Considera@he Bioengineering of the Cardiac Microenvironment. This schematic shows cell-

cell,

cell-matrix interactions and gradients typical of the cardiac tissue microenvironment.
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Figure 5
“ﬁell Cultures to study Myocardial Ischaemia/Reperfusion Injury in vitro. (A)

Bioengine
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Table 1. Features typical of the several in vivo, ex vivo and in vitro myocardial I/R Models.

A comparative summary of the different features typical of the scenario found in Ml patients and
recapit i different models. v = fully recapitulated; X = not recapitulated; X/v' = partially
recapitulate uiring additional considerations.

t

P

Features T uman | invivo

Il

M di in vivo in vitro 20 | in vitro 3D
yocardial#fissu Big Ex vivo in vitro in vitro
Small ;

for Advance el Anima Animal Animal Ani | Hu Ani | Human Human
Consideration I mal | man | mal | Homo Hetero
Human Ca:ytes X/ X/V X/V XV |V X/ |V

Human Fib X/ X/ X/ X X X X

Human Engthelial Cells X/ X/ X/ X X X X

Human Pla X/V X/V X/V X X X X

d

N N NN

Extracellula v v X X X X X
VasculaE v v X X X X X

Blood fl v v X X X X X X
Contractile Function X X X X X X X v
Haemodyn* X X X X X X X X
Fibrosis O X/ X/ X X X X X N4
Paracrine Si X/ X/ X X X X X N4
Cardiac X/ X X X X X X v
Reduction'Hvels X/ X/ X/ v v v v v
Intracellulﬁnges v N N XV | XV | XV | XV X/V
Intracell ic

Imbalan v v v XIN | XIN | XIV | XIV v
Reactive Oxygen Species

(ROS) v v X/ WINEDINE D INED N X/
Mitochondrial Dysfunction | X/v/ X/ X/ XV |V XNV |V v 27
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Cardiomyocyte
Hypercontracture

Calpain
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(RNS)
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pecies

X/ X/V
X/ X/
X/ X/

X/V XV |V
X/ X X
X/ XV | XV

XV |V v
X X v
XV | XV v

O
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Table 2. Pr

ns of 2D and 3D Engineered Cardiac Tissues

In vitro rce Biomaterials Pros Cons
Models

2D E Un-coated tissues | Previously Cytoskeletal proteins
Cultur plastic 1 established and contractile activity

es

C

Rodentitem
ved
6]

Fibronectin-
Gelatin-precoated
surface!® 8

PEGylated fibrin-
precoated tissue
plastic[84]

methods, easy to
generate and
maintain

Suitable for drug
testing as high-
throughput assays

High proliferation
rate with low
density of
cardiomyocytes
(not for adult cells)

Direct access over
cardiac muscle and
function, useful in
testing
electromechanical
properties.

differs between adult
and neonatal/iPSC-
derived
cardiomyocytes

Lacks vascularization

Limited cell-cell
interactions

Limited cell-matrix
interactions

Low ECM production

Response to drugs and
oxygen changes differ
from cells in vivo*!

Lacks paracrine
signalling and oxygen,
and nutrient gradients

Lacks in vivo
morphology
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Prolonged viability
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endothelial cells
(vascularized
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Sensors can be
integrated
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can be stimulated
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Optimal for drug
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throughput assays

Limited diffusion
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Fragile

Lacks paracrine
signalling and oxygen,
and nutrient gradients

Low proliferation rate
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Author Man
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Cell Primary Scaffold-free Co-cultures with Limited diffusion

Sheets | rodent cells approach endothelial cells capacity,

dult agd and fibroblasts
H [109 46,1721 - Cell death between
) (vascularization and
1 ) sheets
'Q Polycaprolactone ECM production)
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e Mechanical and Si naIIinp and diffusion
| human Polypyrrole!*?® electrical 8 ) 8
[118] . ) gradients
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oids !dent cells agarose hydrogel endothelial cells spheroids possess
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os Cell-cell Spheroid handling
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) Paracrine signalling | Improper nutrient and
erived Gelatin-coated cell
. 1747 | and oxygen, and waste transport
giomyocyt | culture plastic ) )
ﬁ 126, 129, nutrient gradients
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hydrogels
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(body-on-a-chip)

Control of
paracrine

Difficult to scale up

External pumps,
tubing, connectors,
and valve are required
to operate

Cells are grown on stiff
substrates (PDMS)

This article is protected by copyright. All rights reserved.

31




signalling, pH,
oxygen, and
nutrient gradients

3D
Biopri
nted
Tissue
s

]

ul
onat

—_

>

Jany

inar
huma
cells

u

rive

Compariso
different c

loo wo

Ipt

ail

ent cells

d

[136,

~

uman iPSC-

ocyt

[69, 143, 144]

GelMA-alginate
ge|[136]

Fibrin-based
composite
hydrogel™*%!

Poly(ethylene
glycol)-fibrinogen
hydrogels'®

Omentum
hydrogel™**!

Alginate and
polyethylene
glycol
monoacrylate-
fibrinogen**!

Defined location of
cellsin 3D

Hierarchical tissue-
like structures

Anisotropic growth
of cells

Co-cultures with
endothelial cells
and fibroblasts
(vascularization and
ECM production)

Cell-cell
interactions

Cell-matrix
interactions

Better mimics the
in vivo morphology

Forces resulting from
hydrogels before,
during and after
bioprinting process
may affect cell viability

Fragile constructs

Still lacking optimal
balance between
optimal cell viability
and printability of
cardiac tissues

I

thao

U

rd Gentile

A

rent in vitro cardiac culture based on types constructs they form upon using

iomaterials.

This article is protected by copyright. All rights reserved.

32




Dr Genti rmD/PhD, FAHA is a Lecturer within the School of Biomedical
Engineering atid leads the Cardiovascular Regeneration Group at the University
of Tech Sydney (UTS) and at the University of Sydney. He is a Senior

Lecturer rary) at the University of Sydney, a Sydney Medical School
Foundat ow and Visiting Fellow at Harvard Medical School.

He is an tlonally recognized expert in the field of 3D bioprinting and
stem cel logles for his studies using vascularized cardiac spheroids as
novel ji odels of the human heart to study and treat cardiovascular
disease

Author N

Major molecular, cellular and extracellular features typical of a heart attack in humans together with
a direct comparison of currently available in vivo, ex vivo and in vitro models are summarised in this
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review article with the goal to generate advanced bioengineered in vitro models better
recapitulating the complex in vivo microenvironment typical of an infarcted heart.
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