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A B S T R A C T   

The mechanical environment and anisotropic structure of the heart modulate cardiac function at the cellular, 
tissue and organ levels. During myocardial infarction (MI) and subsequent healing, however, this landscape 
changes significantly. In order to engineer cardiac biomaterials with the appropriate properties to enhance 
function after MI, the changes in the myocardium induced by MI must be clearly identified. In this review, we 
focus on the mechanical and structural properties of the healthy and infarcted myocardium in order to gain 
insight about the environment in which biomaterial-based cardiac therapies are expected to perform and the 
functional deficiencies caused by MI that the therapy must address. From this understanding, we discuss 
epicardial therapies for MI inspired by the mechanics and anisotropy of the heart focusing on passive devices, 
which feature a biomaterials approach, and active devices, which feature robotic and cellular components. 
Through this review, a detailed analysis is provided in order to inspire further development and translation of 
epicardial therapies for MI.   

1. Introduction 

In the United States alone, approximately 720,000 people will suffer 
from a myocardial infarction (MI) each year [3]. MI occurs when blood 
flow to the myocardium is obstructed, resulting in myocardial ischemia 
and cardiomyocyte death. Acute MI treatments focus on reperfusion 
therapies that restore blood flow in order to preserve cardiomyocyte 
survival and limit ischemic injury. Reperfusion is not always enough to 
preserve cardiac function, however. Reduced systolic function post-MI 
can trigger pathological ventricular remodeling to compensate for 
reduced cardiac output. If left untreated, or if a patient is not responsive 
to maximal drug therapy, this remodeling can lead to heart failure (HF). 
With an estimated 30% of patients surviving MI further developing HF 
and the gold standard treatment being heart transplantation, improved 
therapies post-MI must be developed [4]. 

In an attempt to enhance MI treatment and limit its progression to 
HF, a new class of cardiac therapies have emerged: epicardial restraint 
devices. These biomaterial-based devices are implanted on the infarcted 
region of the myocardium and work to mechanically reinforce the 
ventricular wall in order to prevent pathological remodeling and thus 
improve cardiac function. Advancements in tuning the mechanical and 

structural properties of these materials have greatly contributed to their 
ability in providing appropriate restraint. Recent pre-clinical improve-
ments to such therapies feature composite systems with robotic or 
cellular components, which directly compensate for the loss of con-
tracting cardiomyocytes in the ischemic myocardial regions. 

Success in translating new technologies largely relies on our under-
standing of the changes induced in the myocardium post-MI. Therefore, 
in this review, the mechanical and structural properties of the healthy 
and infarcted myocardium will be investigated. Through identification 
of the environment in which the therapy must perform as well as the 
functional deficiencies induced by MI which the therapy must address, 
necessary properties of the biomaterial-based cardiac therapies will be 
determined. Then, the epicardial devices, as well as the engineering 
techniques used to fabricate them, will be explored as potential thera-
pies. Epicardial therapies will be discussed in two categories: passive 
devices, which feature a biomaterials approach, and active devices, 
which feature robotic and cellular components, as illustrated in Fig. 1. 

2. Cardiac Mechanostructure 

When considering the movement of the heart, or “cardiac motion,” 
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an immediate appreciation emerges for its continuous, coordinated and 
dynamic nature. During the cardiac cycle, the heart undergoes syn-
chronized contraction and subsequent deformation to create torsion, a 
motion comparable to the wringing out a wet towel. This unique motion 
optimizes the volume of blood pumped from the left ventricle thus 
ensuring sufficient circulation of oxygenated blood to the body. 

Contraction of the heart is largely dependent on two key factors: (1) 
mechanical environment and (2) anisotropic structure. Even more 
important is the cooperation between these two factors. For example, 
during a healthy cardiac cycle, the myocardium contracts to shorten 
between 15 and 20% and develops a peak stress of 22 mN/mm2 [10]. If 
myocardial mechanics was the only determinant of cardiac function, the 
ejection fraction of the heart would be significantly less than the phys-
iological ejection fraction of >50% [11–13]. Sallin et al. demonstrated 
through mathematical modeling of the heart as an ellipsoid with 
myocardial fibers oriented sole in the circumferential direction could 
yield an ejection fraction of only 30%; however, when helical fiber or-
ganization was considered, a physiological-relevant ejection fraction of 
60% could be achieved [14]. Such modeling illustrates the importance 
of myocardial fiber organization within the ventricle wall and further its 

ability to ensure efficient cardiac pumping.1 

A major step in studying cardiac motion, and moreover the rela-
tionship between cardiac mechanics and structure, arises from ad-
vancements in imaging technologies. Such technologies, some of which 
are outlined in Table 1, have enabled researchers to study the cardiac 
cycle in vivo. Inherently noninvasive techniques such as echocardiog-
raphy, magnetic resonance imaging (MRI) and computed tomography 
(CT) have been widely used in clinical practice to investigate global 
cardiac structure and function [11,15]. Although these imaging mo-
dalities are insightful, they do not capture the mechanical function of the 
heart at a local level. Recently, techniques to quantify local mechanics, 
such as strain profiles, degree of rotation and angular velocity within the 
ventricular wall, have proven to be sensitive indices in detecting ven-
tricular performance [16]. These metrics can be measured by tracking 
myocardial motion non-invasively through speckle tracking echocardi-
ography [17,18], tagged-MRI [19], 4D ultrasound with 3D strain map-
ping [20] as well as tracking transmural myocardial fiber organization 
through diffusion tensor MRI [21–23] and 3D ultrasound backscatter 
tensor imaging [24]. These techniques are especially important when 
considering cardiovascular diseases such as heart failure with preserved 
ejection fraction (HFpEF), recently declared by the National Heart, Lung 
and Blood Institute as the “greatest unmet need in cardiovascular 
medicine” [25]. In HFpEF, the ejection fraction of the heart remains 
within a physiologically healthy range while the left ventricle experi-
ences diastolic dysfunction. By utilizing more sensitive metrics of local 
ventricular function, better detection, such as in the case of HFpEF, and 
mechanistic understanding of cardiovascular diseases can be achieved. 

Through these advancements it is clear that cardiac mechanics – how 
the myocardium responds to force- and structure – which dictates the 
functional implications of the mechanics-play key roles in proper car-
diac function. 

2.1. Cardiac biomechanics 

Throughout the cardiac cycle, different forces act upon and within 
the myocardium, with the average diastolic tension and peak developed 
stress in humans reaching 11 mN/mm2 and 22 mN/mm2, respectively 
[10]. The biomechanical function of the heart can be easily visualized as 
a pressure-volume (PV) loop, a graph which relates ventricular volume 
(x-axis) with pressure (y-axis) during a cardiac cycle. One key metric is 
stroke volume (SV), defined as the volume of blood ejected during 
contraction of the ventricle. SV is calculated as the difference between 
the end systolic volume (ESV) and end diastolic volume (EDV). 

The mechanical environment of the myocardium, specifically the 
pre- and after-loading conditions, can significantly impact SV. Preload 
refers to the initial force placed on the ventricle which occurs during 
diastolic filling to induce cardiomyocyte stretching. Factors such as 
venous return, diastolic wall stiffness, filling time and atrial stiffness 
significantly impact the force of preload [26]. Afterload, on the other 
hand, refers to the force the heart must contract against and is largely 
determined by factors such as arterial pressure, arterial resistance and 
aortic valve function [26]. Abnormal preload and afterload conditions 
have been associated with ventricular dysfunction. Structurally, sarco-
meres within the cardiomyocyte rearrange in response to abnormal 
loading conditions in order to preserve cardiac output. Increased pre-
load (known as volume overload) and afterload (known as pressure 

Fig. 1. Epicardial therapies for post-MI support. Passive restraint devices 
are acellular and may be homogeneous (i.e., non-directional and isotropic) to 
cover the whole heart, such as the Acorn CorCap (A), cover a local area such as 
hydrogels (B) or be anisotropic (C). Active cardiac support devices include 
mechanical circulatory support such as left ventricular assist devices (LVAD, D), 
total artificial heart (E) and novel robotics (F) or cellular implants (G–I). The 
structure and anisotropy of cellular engineered tissues may originate from 
decellularized native tissue (G), hydrogel molding techniques with topograph-
ical cues (H) or fibrous scaffolds where hydrogel and cell mixtures are cast upon 
fibers (I). (A) Reprinted from Ref. [1] with permission from Elsevier; (B) 
Reprinted with permission from Ref. [5], Copyright 2020 American Chemical 
Society; (C) Reprinted from Ref. [6] with permission from Elsevier; (D) 
HeartMate II is a trademark of Abbott or its related companies. Reproduced 
with permission of Abbott, © 2020. All rights reserved; (E) Reproduced with 
permission of SynCardia, © 2020. All rights reserved; (F) From Ref. [7]. 
Reprinted with permission from AAAS; (G) Reprinted from Ref. [8] with 
permission from Elsevier; (H) Reprinted from Ref. [9] with permission from 
Elsevier; (I) Reprinted from Ref. [2] with permission; the publisher for this 
copyrighted material is Mary Ann Liebert, Inc. publishers. 

1 Estimates are adapted from Ref. [7]. For an ellipsoid hemisphere with a 
height of H, radius of R and uniform shortening of the fibers to k times their 
initial length, the initial volume (Vi) and final volume (Vf) would be: Vi =

2
3 πHR2 and Vf = Vi =

2
3 πHR2k2. Ejection fraction is calculated by: EF = Vf − Vi

Vi
. 

Using the volume equations for an ellipsoid hemisphere, the ejection fraction 
can be solved for 1-k2. This equation illustrates that a large ejection fraction 
cannot be obtained through physiologically shortening. For example, at 20% 
fiber shortening (k = 0.8) the ejection fraction corresponds to 0.36. 
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overload) induce eccentric and concentric hypertrophy, respectively. In 
the former case, sarcomeres respond to the increased diastolic stress and 
volume demand by assembling in series, which subsequently leads to 
chamber enlargement [27]. In the latter case, sarcomeres assemble in 
parallel in response to increased systolic stress, effectively increasing the 
thickness of the ventricular wall [27]. Both preload and afterload forces 
have also been shown to regulate the expression of fetal genes [28,29]. 
Toischer et al. differentiated between preload and afterload conditions, 
finding Akt activation without fibrosis and little apoptosis associated 
with the former and CaMKII-dependence, fibrosis and apoptosis asso-
ciated with the latter [30]. 

The concept of preload and afterload are often utilized in engineer-
ing cardiac tissue. In its simplest form, these loads are introduced into 
the engineering of cardiac tissue through posts at the tissue ends, used to 
induce stretch (preload) as well as provide a flexible beam against which 
the tissue must contract against (afterload) [31]. More complicated 
systems feature mechanical bioreactors programed with dynamic cyclic 
loading sequences which control the length at which the tissue is 
stretched and/or the force applied against tissue contraction [32,33]. 
Increased afterload has been described to enhance the functional 
maturity of engineered cardiac tissue as evidenced by increased sarco-
mere alignment, cardiomyocyte elongation [33], tissue compaction and 
force of contraction [34] and improved calcium handling [33] as 
compared to controls without afterload. However, similar to in vivo 
observation, there is an optimal range for preload and afterload condi-
tions in vitro. Hirt et al. found engineering cardiac tissue with posts 
reinforced with metal braces results in hypertrophic enlargement, acti-
vation of fetal genes, as well as reduced contractile force and diastolic 
relaxation even when the afterload is released [35]. 

2.1.1. Mechanical contribution of the elastin-rich epicardium 
Unsurprisingly, much of research surrounding cardiac biomechanics 

focuses on the myocardium of the heart as this layer contains car-
diomyocytes, the cells responsible for active contraction of the heart. 
However, the ventricular wall of the heart contains two more layers: the 
epicardium (outermost layer, inner layer of the serous visceral pericar-
dium) and the endocardium (innermost layer), both of which are made 
up of elastin fibers embedded within a collagen network. The myocar-
dial extracellular matrix (ECM) plays a key role in defining the overall 
helical architecture of the heart, promoting active contraction by the 

cardiomyocytes within its network and ensuring appropriate passive 
stretch to prevent overstretching during diastole. However, recent sci-
entific discoveries have implicated the elastin-rich epicardial layer as 
another key component in regulating cardiac mechanics [36,37]. 

Elastin is an important component in soft tissues as it allows for long- 
range deformability, promotes passive recoil and efficiently stores and 
releases energy during dynamic loading. Although its role in cardiac 
biomechanics is still being elucidated, elastin has been well studied in 
arteries. At low pressures in arteries, most of the load is placed on 
elastin, allowing the artery to be compliant and stretch. At higher 
pressures, however, the load is transferred to the collagen fibers of the 
artery, which limit its dilation to prevent rupture [38]. Although artery 
compliance is tangentially related to cardiac mechanics, understanding 
the role of elastin and its relationship with collagen in the arteries, a 
well-studied system, gives insight into the potential importance and 
function of elastin in cardiac cyclic loading. 

Recent studies have investigated the mechanical role of the epicar-
dial layer [36,37]. The epicardial layer is under tension in vivo; removal 
of this load by explant results in the recoil of the epicardium and sub-
sequent bending of the ventricular tissue attached to it. The bending 
angle of this recoil can be quantified at various anatomical regions of the 
heart in order to gain insight into the regional role of the epicardium in 
cardiac mechanics. One such study was performed by Shi et al., who not 
only extensively outlined the characterization of such bending angles 
but also provided valuable insights about the functional role of the 
elastin-rich epicardium. Shi et al. quantified epicardial pre-strain in 
different anatomical regions and orientations in the heart and used a 
finite element model to demonstrate that epicardial pre-strain modu-
lated ventricular expansion during diastole [36]. Additionally, Jöbsis 
et al. studied the epicardium structure illustrating that parallel elastin 
rods run along collagen fibers at the surfaces of the epicardium but is 
independent of collagen orientation in the midsection [37]. When the 
epicardial region was removed by blunt dissection, Jöbsis et al. reported 
a decrease in the passive stiffness at lower ventricular volumes. These 
studies serve as an important and significant step in enhancing the un-
derstanding of the biomechanical mechanism of the heart beyond that of 
the myocardium and inspire further research into how such mechanics 
are impacted or even contribute to cardiovascular disease, such as MI 
and HF. 

Table 1 
Measuring functional mechanics and anisotropy in the heart.   

Technology Description Application 

Global Structure and 
Function 

Echocardiography Uses sound waves; portable, noninvasive, fast; 2D or 
3D 

2D ventricular dimensions throughout the cardiac cycle, 3D 
end-systolic and end-diastolic volumes, wall thickness, 
structural abnormalities, ejection fraction, stroke volume, 
cardiac output 

Cardiac Magnetic Resonance 
Imaging (MRI) 

Application of magnetic field; noninvasive; uses ECG 
gating; higher resolution compared to 
echocardiography; sensitive to motion artifact 

2D ventricular dimensions throughout the cardiac cycle, 3D 
end-systolic and end-diastolic volumes, wall thickness, 
structural abnormalities, ejection fraction, stroke volume, 
cardiac output 

Computed tomography (CT) Uses X-ray and often requires a contrast agent 3D images of the heart, visualization of vasculature 
Catheterization Invasive Pressure-volume measurements     

Local Strain Profiles 
and Fiber 
Organization 

Speckle tracking 
Echocardiography (STE) 

Utilizes speckle pattern in myocardium Location deformations, stress/strain, rotation and twisting 

Tagged Magnetic Resonance 
Imaging 

Tracks altering of longitudinal magnetization Location deformations, stress/strain, rotation and twisting 

4D Ultrasound with 3D Strain 
Mapping 

Combines ultrasound imaging with post-imaging 
analysis 

3D strain mapping 

Diffusion Tension Magnetic 
Resonance Imaging (DT-MRI) 

Based on principle orientation of microstructure and 
diffusivity of water parallel; sensitive to motion 
artifact 

Fiber orientation changes during the cardiac cycle 

3D Ultrasound Backscatter 
Tensor Imaging 

Ultrafast ultrasound; quantify spatial coherence of 
backscattered echoes 

Fiber orientation changes during the cardiac cycle 

Doppler tissue Higher temporal resolution compared to MRI Blood flow velocities, torsion angular velocity 
Gyroscopic sensors Invasive Twisting of different ventricular regions based on placement of 

sensors; angle of rotation and velocity  

K.D. Dwyer and K.L.K. Coulombe                                                                                                                                                                                                           



Bioactive Materials 6 (2021) 2198–2220

2201

2.2. Cardiac anisotropy 

The global organization of myocardial fibers explains the twisting 
motion and functional efficiency of the heart throughout the cardiac 
cycle. According to the Torrent-Guasp model, discerned through gross 
dissections, the ventricle consists of a helically organized myocardial 
band [39]. This band contains oblique, overlaying myocardial sheets 
with fiber angles rotating up to 104◦ from the endocardium (inner) to 
epicardium (outer) layer in the left ventricle of humans [40]. In the 
sub-endocardium region, fibers are organized longitudinally at an angle 
of approximately +40◦ relative to the circumferential axis of the heart, 
essentially creating a right-handed helical structure. Through the 
mid-wall of the ventricle fibers rotate in a counterclockwise manner, 
resulting in a largely circumferentially organization. At the epicardial 
wall, the fibers reach an angle of approximately − 60◦ relative to the 
circumferential axis of the heart and resemble a left-handed helical 
structure [11,40]. A schematic of the helical organization of myocardial 
fibers is depicted in Fig. 2. 

Based on this structural explanation – right-handed helical confor-
mation conformation in the endocardium and left-handed helical 
conformation in the epicardial region – contraction in the endocardium 
results in the ventricular base rotating in the counterclockwise direction 
and the apex rotating in the clockwise direction. However, in the 
epicardial region of the ventricular wall, this directionality is reversed 
[11]. These motions do not cancel each other out, however, for two 
reasons: timing and torque. The timing of contraction is largely deter-
mined by the bundle of His, highly conductive fibers that form branches 
known as the Purkinje fibers that propagate the electrical signal to the 
ventricle. Based on the anatomically location of the Purkinje fibers, the 
endocardium is the first region in the left ventricle to be electrome-
chanically activated [41]. This activation causes sub-endocardial 

shortening and sub-epicardial stretching, resulting in clockwise rota-
tion at the apex and counterclockwise at the ventricular base. The 
electrical signal eventually reaches the epicardium. Because torque is 
proportional to the distance from the center of rotation, contraction of 
the sub-epicardial myocardial fibers dominates the overall cardiac 
rotational motion [42,43]. However, due to the opposing motion in the 
sub-endocardium region, a shear force develops toward the ventricle 
cavity, inducing fiber reconfiguration and wall thickening. Like a spring, 
these fiber store potential energy which is used in the recoil of the 
ventricle during isovolumetric relaxation [43]. 

The fiber angle gradient within the ventricular wall is responsible for 
the longitudinal and circumferential motion of cardiac torsion. Utilizing 
2D speckle tracking echocardiography on human patients (ages 25–55), 
Zhang et al. measured peak apical and basal torsion to be around − 5◦

and 13◦, respectively and peak untwisting velocity to be around 100◦/ 
sec [44]. It should be noted, however, that these values vary signifi-
cantly depending on age, likely due to the architectural changes of 
myocardial fiber during early development and late aging. Nagata et al. 
further investigated the strain gradient within the ventricular wall, 
calculating the global longitudinal strain in the endocardial, transmural, 
and epicardial regions of the left ventricle as − 23.1%, − 20.0% and 
− 17.6% and circumferential strains in the same regions as − 28.5%, 
− 20.8% and − 15.3% [45]. 

An important theme thus established in studying the structure of the 
heart is anisotropy, or directionally dependent properties. Although 
anisotropy is important at the global scale in order to induce torsion, this 
property also functions at the cellular level in tension generation and 
electrical signal propagation. Individual cardiomyocytes have a rod-like 
shape, featuring an aspect ratio of ~7:1 which allows for the estab-
lishment of a major axis within the cell [46]. In the myocardium, car-
diomyocytes have approximately 11 neighbors in space, with cell-cell 
junctions occurring predominately in the longitudinal direction or 
through branching at acute angles [47]. Further, the size and shape of 
cardiomyocytes are significantly influenced by its extracellular envi-
ronment. Using fibronectin, Bray et al. created patterns with varying 
aspect ratio upon which neonatal rat cardiomyocytes were cultured 
[46]. As the aspect ratio of the pattern increased, myofibrils and sar-
comeres within the cardiomyocytes had improved longitudinal align-
ment, effectively demonstrating that geometric cues from the ECM play 
a significant role to reconfigure the intracellular architecture of 
cardiomyocytes. 

The anisotropy of cardiomyocyte also influences its function. 
Because the sarcomeres are the contractile machinery of the car-
diomyocyte, their alignment along a major axis and elongation close to 
the 2.2 μm length observed in adult cardiomyocytes allows unidirec-
tional, forceful contraction as compared to randomly oriented sarco-
meres [48]. Additionally, anisotropy influences propagation of electrical 
signals by promoting the polarization of extracellular gap junctions to 
the longitudinal ends of the cardiomyocytes. The anisotropic structure 
influences the size and shape of the intracellular cytoplasm, a medium 
which has low resistivity to electrical propagation, and polarization of 
the intercellular junction, a structure which has high resistivity to 
electrical signal propagation [49]. Thus, controlling cardiomyocyte 
anisotropy in vitro has resulted in changes to the conduction velocity and 
action potential duration of the cell [48,50]. 

The importance and functional impact of cardiac anisotropy varies 
based on the length scale of focus and the integration of all components, 
from cells to fibrous structure and macroscopic features. An advanced 
understanding of cardiac anisotropy can be leveraged to engineer bio-
materials that advance cardiac function through recapitulation of the 
hierarchical, anisotropic structure of the heart. 

2.3. Functional consequences of cardiac mechanostructure 

Optimal cardiac function requires multiscale cooperation between 
the mechanical environment and anisotropic structure of the heart. The 

Fig. 2. Anisotropic structure of the heart. The myocardial fiber orientation 
varies transmurally throughout the ventricle wall in a left-handed helix at the 
endocardium and rotating through circumferential orientation mid-wall into a 
right-handed helix at the epicardium to contribute significantly to the efficiency 
in cardiac pumping. This fiber organization is disrupted by MI, contributing to 
reduced cardiac output. 
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unique properties of the myocardium in regard to these two factors have 
key functional consequences. It is in understanding these functional 
consequences – and investigating how MI changes them – that bio-
materials for epicardial restraint therapies can be engineered with 
properties that are appropriate to improve cardiac function. 

Frank Starling Law – The Frank Starling law, which is based on the 
length-tension relationship observed in striated muscle, relates diastolic 
volume with stroke volume in the heart [51]. Through this mechanism, 
increased stretching, such as that induced by increased diastolic volume, 
increases the force of contraction by the cardiomyocyte. It is important 
to note that there is a maximum limit to this relationship, an important 
factor in engineering materials with appropriate compliance. 

Law of Laplace - The Law of Laplace states that wall stress within a 
spherical wall at a given pressure is inversely proportional to the wall 
thickness [52]. This is especially significant in considering ventricular 
stress and strain profiles during physiological or pathological ventricular 
remodeling, in which the thickness in the ventricular wall can change. In 
the case of myocardial infarction, for example, ventricular dilation, 
infarct thinning and even rupture are not uncommon. Accordingly, this 
thinning will increase the ventricular wall tension. Epicardial cardiac 
biomaterials mechanically reinforce areas of thinning and high tension; 
however, appropriate mechanical properties of these biomaterials must 
be closely considered. 

Mechanics and anisotropy impact torsion– Loading conditions can 
directly impact the ability of the myocardium to generate torsion 
through changing the contractility of the cardiomyocytes. Increasing 
preload, according to the Frank Starling mechanism, increases 
contractility and peak rotational angle while afterload reduces both 
[43]. Disruption of anisotropy also impacts the ability of the heart to 
generate torsion. Cardiac fiber rearrangement associated with aging [44, 
53], pressure load hypertrophy [54], HF [55] and MI [22,23] lead to 
changes in torsion metrics. For example, during aging sub-endocardial 
fibers rearrange and become unable to counter the torque produced 
by the epicardial region. Functionally, this results in increased peak 
twist angle [44,53]. In MI, loss of fibers or disruption of their structure 
can be observed in the infarcted region [23]. Further, ventricular dila-
tion can cause the myocardial fibers on the surfaces of the ventricle to 
orient circumferentially. The difference in fiber orientation between the 
endocardial and epicardial surfaces increases, challenging the delicate 
balance necessary for optimal torque generation [11,22]. 

3. The Response of Cardiac Mechanostructure to MI 

During MI, cardiomyocytes, starved of oxygen and nutrients, pro-
gressively die downstream of an arterial occlusion until blood flow can 
be restored to the infarcted region or the oxygen tension is sufficient to 
curb cardiomyocyte necrosis. This myocardial death, and its subsequent 
healing, drastically changes the mechanical and structural landscape of 
heart. 

When blood flow is restored to the infarcted region post-MI, a 
healing process is triggered with the goal of maintaining cardiac func-
tion. Often times, however, MI causes injury beyond the heart’s intrinsic 
ability to repair itself. In developing new therapies for extrinsic repair, it 
is important to understand the mechanics and structure of the myocar-
dium during this healing process because (1) these factors impact the 
severity of infarct damage, expansion and rupture, as well as its poten-
tial progression to HF [56]; and (2) these factors can impact the cardiac 
response to therapies, especially when exogeneous cells are introduced 
to the ischemic environment [57–60]. 

An extensive review by Holmes, Borg and Covell explores the 
structural and mechanical changes during the MI healing process [56]. 
In it Holmes et al. postulate that specific elements of the cardiac envi-
ronment dominate the mechanics at different stages of infarct healing. 
They outline four phases: acute ischemia governed by the passive 
myocardium; necrotic phase governed by edema, fibrotic phase gov-
erned by the deposition of large collagen fibers; and the remodeling 

phase governed by collagen crosslinking. The focus of this review will be 
on advancements in understanding these phases which are vital in en-
gineering in vivo therapies. 

3.1. Acute ischemia: the passive myocardium 

During the first 30 seconds of hypoxia following coronary occlusion, 
the myocardium loses its ability to generate active force, effectively 
acting as a passive, viscoelastic material [61]. The passive mechanical 
properties of the myocardium are largely determined by the tension 
developed intracellularly (cardiomyocytes) and extracellularly 
(collagen fibers). The tension level determines which of these compo-
nents dominates. Granzier and Irving calculated that at low tension 
levels (sarcomere lengths between 1.9 and 2.1 μm), titin contributes 
70% to the passive tension of cardiac rat muscle while at higher tensions 
(sarcomere lengths above 2.1 μm), the extracellular collagen contribu-
tion increased sharply to 80% [62]. 

At low tensions, the intracellular myofilament, titin, largely de-
termines the passive properties of the myocardium. Spanning from the 
Z-disk to the M-band on the sarcomeres of individual cardiomyocytes, 
titin acts as a spring to prevent overextension of the sarcomeres along 
the myofilament axis. Mutations in titin are the leading cause of familial 
dilated cardiomyopathy, presumably due to the inability of the heart to 
create passive tension and thus prevent dilation upon force [63]. 
Post-translational phosphorylation [64,65], disulfide bridge formation 
[66], calcium binding [66–68] and different isoforms [69–71] can have 
a significant impact on the stiffness of titin and thus the myocardial 
environment. For example, the N2BA titin isoform has a longer 
extendable I-region, resulting in increased compliance, as opposed to its 
counterpart N2B [69]. The ratio of these isoforms thus determines the 
contribution of titin to the passive stiffness of the myocardium, with 
humans having a ratio of N2BA/N2B ~0.6 [70]. 

At higher tensions, collagen fibers dominate the mechanical prop-
erties of the passive myocardium. Collagen is composed of three left- 
helix polypeptide chains intertwined to form a triple helix structure. 
Under physiological condition, tropocollagen, which is defined as the 
collagen triple helix with its exposed amino and carboxy-prolylpeptide 
cleaved, self assembles into fibrils, which feature staggered gaps on 
the order of 60 nm. These fibrils form the commonly referenced collagen 
fibers [72]. Collagen fibers contain macroscopic crimps, based on the 
organization of the fibers, as well as nanoscale crimps, which are regions 
of the collagen helices deficient in the amino acid, hydroxyproline, a key 
compound involved in the hydrogen bonding responsible for maintain-
ing the helical structure [73,74]. When strain is applied to the collagen 
fiber, these crimps straighten, resulting in a region with little stress 
development, known as a “toe region.” With increasing stress, no further 
entropic extension is possible and a linear region on the stress-strain 
graph ensues, representing the response from the sliding of collagen fi-
brils and stretching of the triple helix [74]. 

3.2. Necrotic phase: degradation 

Following the acute ischemia is a phase marked by inflammation, 
degradation and death. Within 24 hours, necrotic cardiomyocytes lose 
their striations [75] and a phenotype of “wavy fibers,” most likely from 
stretching of fibers during systole, ensues [76]. This is indicative of the 
degradation of titin and collagen. There is also an imbalance between 
matrix metalloproteinases (MMPs), which degrade components of the 
ECM, and tissue inhibitors of metalloproteinases (TIMPs). This imbal-
ance is evidenced by spatiotemporal peaks in MMP activation - specif-
ically MMP-1 (collagenase), MMM-2 and MMP-9 (gelatinase) – which 
degrade the ECM environment [77–79]. The removal of necrotic car-
diomyocytes coupled with the degradation of the ECM results in 
increased infarct compliance and expansion as cardiomyocytes slip past 
each other. Unsurprisingly, the highest risk of ventricular dilation and 
infarct rupture occurs during this phase [80]. This increased 
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compliance, however, quickly shifts to increased stiffness attributed to 
swelling as early as 4–6 h post-MI in large animal [56]. 

3.3. Fibrotic phase: deposition 

After the necrosis stage of MI healing, new ECM is rapidly deposited 
in the infarcted area. This change in the ECM can significantly impact 
cellular function, as evidenced by Sewanan et al. Using decellularized 
ECM from porcine carrying a hypertrophic cardiomyopathy mutation, 
Sewanan demonstrated that the diseased ECM provokes abnormal 
behavior in the contractility of otherwise healthy cardiomyocytes [81]. 
The content, composition and organization of the new ECM thus plays a 
vital role in the infarct mechanics and further cardiomyocyte function. 

3.3.1. Mechanical changes 
After MI, the collagen content in the infarct region rapidly increases, 

which correlates with increased stiffness [56]. Barry et al. highlights this 
increase, measuring the elastic modulus to be 18 kPA in the healthy, 
remote rat myocardium, 55 kPa in the infarcted myocardium and 
changing at a rate of − 8.5 kPa/mm (in the direction from the infarct 
toward the remote region) within the border region [82]. 

Although critical in preventing infarct rupture, increased collagen, 
and thus stiffness, can impact systolic contraction and limit diastolic 
stretching in the infarcted and/or adjacent regions. At the cellular level, 
in vitro testing has illustrated the impact of material properties, partic-
ularly stiffness, on cardiomyocyte spreading [60,83], contractility 
[57–60], sarcomere alignment [57,58], β-MHC expression [83] and 
calcium handling [58]. Ultimately, these studies indicate that optimal 
cardiomyocyte function occurs on substrate stiffnesses close to that of 
healthy myocardium (~10 kPa). In addition to these studies, researchers 
have developed systems and studied the mechanical environment of the 
myocardium post-MI. Corbin et al. developed a magnetorheological 
elastomer in which stiffness can be tuned instantaneously based on the 
distance between the substrate and magnet in order to more closely 
model the stiffness changes post-MI [83]. Additionally, Nguyen et al. 
utilized different substrate stiffnesses to mimic the healthy myocardium 
(~14 kPa) as well as the myocardium 1-week post-MI (~83 kPa) and 
2–6 weeks post-MI (~484 kPa) to investigate the impact of substrate 
stiffness at the cardiomyocyte – cardiac fibroblast boundary. This study 
found the magnitude of the transmitted force and propagating distances 
over the boundary were inversely related to substrate stiffness [59]. 

3.3.2. Compositional changes 
The content of collagen is not the only contributing factor to the 

change in the mechanical properties of the post-MI myocardium. The 
composition of the ECM deposited in the infarcted area varies signifi-
cantly compared to that of healthy myocardium. 

One week after MI in rat models, the extracellular protein periostin 
increases five-fold accompanied by slight increases in fibronectin and 
collagen VI and decreases in collagen I, collagen XV and laminin [84]. 
More dramatically is that by four weeks after MI, collagen I comprises of 
57% of the extracellular proteins, as compared to 16% in healthy 
myocardium [84]. These compositional changes are important for both 
the structure and signaling functions of the ECM. For example, periostin, 
which is typically only found in healthy myocardium at early embryo-
genesis stages, is abundant in the infarct border zone [85]. Periostin has 
been found to regulate collagen 1 fibrillogenesis [86] as well as activate 
fibroblasts through FAK-integrin signaling in order to increase infarct 
stiffness and decrease likelihood of cardiac rupture [87]. Unlike peri-
ostin, the increase in collagen VI may be deleterious in cardiac remod-
eling. As a nonfibrillar collagen, collagen VI aids in organizing the 
fibrillar collagen I and III and anchoring them to the basement mem-
brane [88]. Although seemingly important in maintaining structure, 
Luther et al. found that deletion of collagen VI in mice actually improves 
MI outcome as evidenced by reduced collagen deposition and decreased 
cardiomyocyte apoptosis in the infarct and remote regions [89]. 

Additionally loss of collagen XV in mice has been associated with 
increased tissue stiffness and irregularly organized cardiomyocytes [90] 
as well as a diminished inotropic cardiac response [91]. 

As expected, the different ECM components create a distinct envi-
ronment which influences not only its mechanics and structural integrity 
but also its ability to bind cells and propagate signal. In one example of 
this, Atance et al. found that ECM composition can modulate deposition 
of collagen by fibroblasts [92]. It is important to understand these 
compositional changes and their functional impact when choosing ma-
terials for cardiac therapies. 

3.3.3. Fiber structural changes 
The organization of the newly deposited ECM is debated in literature 

based on the animal model used. For example, rats feature structurally 
and mechanically isotropic scars post-MI [93] while canines feature 
collagen fibers varying transmurally, − 14◦ to 12◦ (endocardium to 
epicardium) [94]. Furthermore, porcine models have also been shown to 
have anisotropic scar formation post-MI with collagen fibers in the scar 
oriented at 30◦ relative to the circumferential axis [95]. However, such 
differences in the infarct fiber organization can be explained by regional 
mechanics in the infarcted environment [96,97]. Holmes et al. tested 
different infarct shape (circular, circumferential ellipsoid, longitudinal 
ellipsoid) and locations (apex or mid-ventricle) using a combined 
computational and experimental approach, finding that only infarct 
location significantly impacted scar orientation [97]. It has been shown 
in vitro that fibroblasts align with tension [98] and deposit collagen fiber 
along their axis [97]. In this way, the structural orientation of the scar 
can be explained by the local mechanics: infarct scars at the apex, in 
which the myocardium is stretched in both in the circumferential and 
longitudinal direction, are isotropic while infarct scars at the mid-wall, 
where the myocardium is stretched in the circumferential direction, are 
circumferentially aligned [97]. 

As previously mentioned, MI inhibits cardiac torsion. Marcelli et al. 
measured a significant decrease in the apical rotational angle in ovine 
models post-MI [99], likely caused by the change in myocardial fiber 
organization. Based on the structural fiber organization in healthy 
myocardium, dysfunction in the sub-epicardial region would cause 
reduced rotation with appropriate relaxation while dysfunction in the 
sub-endocardial would cause appropriate rotation with impaired 
relaxation [11,42]. 

3.4. Remodeling phase: chronic impacts 

In the remodeling phase of MI, the mechanical properties of the scar 
decouples from the collagen content deposited in the region [56]. Dur-
ing this time, the scar itself continues to change as increased collagen 
crosslinking [100,101] and shrinkage within the infarct [100,102] 
occur. 

The formation and dynamics of the infarct scar during the remod-
eling phase is especially significant when considering patient prognosis; 
the size, location and mechanical properties of the scar are critical in 
determining patient survival and quality of life [103]. In a study of 
fifty-two long-term MI survivors, the size of the scar had a positive 
correlation with left ventricle end diastolic and systolic volumes and 
negative correlation with ejection fraction [104]. Unsurprisingly, many 
studies support this observation reporting correlation of infarct size with 
decreased cardiac output, stroke volume and stroke work [105], 
increased risk of ventricular dilation [106] and worse prognosis [107]. 
Such statistics have inspired current clinical practices aimed at quickly 
restoring blood flow within the infarcted myocardium in order to limit 
infarct size, a goal which continues to be at the forefront in developing 
new therapies. 

Mechanics within the scar also impact cardiac function. For example, 
at the early stages of MI the developing scar is extremely compliant, as 
cardiomyocytes slip past one another and collagen has not yet been 
deposited to reinforce the region. Unable to withstand the mechanical 
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load imposed on it, the infarct has an increased risk of rupture, with 
10–20% acute MI suffering this fate [108]. On the other hand, increasing 
the infarct stiffness can be deleterious as it restricts the ability of the 
heart to contract efficiently and thus reduces cardiac output and blood 
flow [109]. Further, without active contractility, infarcts are prone to 
stretching and thinning which increase ventricular wall stress and can 
perpetuate into further remodeling, ventricular dysfunction, malignant 
arrhythmias and even HF. 

In addition to the dynamics of the scar, an important consideration is 
its relationship with the surrounding surviving tissue, a region known as 
the border zone. High resolution reconstruction of the transmural 
collagen and cardiomyocyte organization within a rat ventricle shows 
lateral coupling between cardiomyocytes decreased by 65% over a 250 
μm region within the border zone [110]. Additionally, Yankey et al. 
found unique regional strain profiles in the remote, adjacent and infarct 
zone, yet all consistently increased over the 8-week study. Increased 
wall stress has been shown to induce apoptotic pathways, with Yankey 
et al. reporting a positive correlation between regional strain and 
expression of the apoptotic proteins mitochondrial bax, cleaved 
caspase-3 and poly(adenosine diphosphate–ribose) polymerase [111]. 
By better understanding the mechanical dynamics in not only the scar 
but also the regions surrounding the healing infarct, therapies can be 
engineered to target surviving cardiomyocytes and preserve their 
function. 

4. Treatments Based on Loading and Anisotropy 

The idea of changing the mechanical environment of the myocar-
dium to treat heart disease is not a new concept. For example, heart 
failure drugs such as angiotensin-converting enzyme (ACE) inhibitors 
and angiotensin II receptor blockers (ARBs) modulate the vasocon-
striction of cardiovascular blood vessels by targeting angiotensin II, a 
potent agent for vasoconstriction [112]. Because resistance to flow is 
inversely related to the vessel radius (to the fourth power), drug-induced 
dilation of the blood vessel has a significant impact in lowering the 
afterload and increasing the stroke volume of the heart. 

More recently, however, biomaterials are being used to modulate the 
mechanical environment of the heart post-MI. Such treatments pre-
dominately come in two forms: injection and epicardial restraints. From 
a mechanics standpoint, both injection and epicardial therapies work to 
thicken the infarcted area and reduce ventricular wall stress, based on 
the Law of Laplace. Injections have the advantage of being less invasive 
as compared to epicardial therapies, which may be more appealing in a 
clinical setting. However, injections utilizing cellular components suffer 
from low retention and engraftment within the infarcted area of the 
myocardium, with rates as low as 15% in rats injected with neonatal 
cardiomyocytes after 12 weeks [113]. Injected acellular biomaterials 
essentially act as a scar filler in order to improve ventricular wall 
thickness and cardiac function [114,115]. Such therapies feature a range 
of materials from natural polymers such as collagen [116], fibrin [117, 
118], decellularized porcine ECM [119–121], alginate [122,123], chi-
tosan [5] to a variety of synthetic polymers [124,125]. 

Because the scope of this paper considers both the mechanical and 
structural understanding of the myocardium in developing post-MI 
therapies, the analysis will focus only on epicardial therapies, as their 
structure and anisotropy can be modulated in a way injection therapies 
have not been able to achieve. The subsequent section will entail a 
deeper analysis of the in vitro engineering techniques and in vivo 
implementation of these passive and active epicardial therapies in re-
gard to their mechanical and anisotropic structural properties as well as 
their impact of cardiac function. 

4.1. Passive epicardial therapies 

Utilizing epicardial restraint as a therapeutic post-MI began with a 
procedure known as a cardioplasty, first performed at the Broussais 

Hospital, Paris in 1985. In the procedure, the latissimus dorsi muscle is 
wrapped around the epicardium and electrically stimulated [126]. 
Success of this procedure was found primarily in the passive restraint it 
provided to the heart. Although not in clinical practice today, this study 
stimulated further research into understanding the mechanisms under-
lying epicardial mechanical restraint and further development of such 
therapies, as outlined in Table 2. 

Passive cardiac restraint therapies work by physically confining the 
ventricle in order to maintain its shape and size while providing me-
chanical reinforcement to the injured myocardium. This duality – 
confinement and reinforcement — reduce ventricular wall tension by 
physically preventing dilation or, in the case of MI, infarct expansion. In 
vivo and clinical studies demonstrate the ability of these passive devices 
to reduce ventricular diameter and improve cardiac ejection fraction 
[127,128]. Interestingly, cardiac restraint has also been shown to induce 
changes at the cellular level, which may in part explain how such de-
vices not only prevent disease progression but improve hemodynamic 
cardiac function. Using canine HF models treated with an epicardial 
restraint device, Sabbah reports decreased cardiomyocyte hypertrophy, 
downregulation of the stretch proteins apoptosis-inducing factor and 
Bax, improved calcium handling and upregulation of α-MHC [129]. 

Two of the most extensively studied epicardial restraint devices are 
CorCap by Acorn and the HeartNet by Paracor. The Acorn CorCap, made 
by knitting polyester, features a unique geometry that provides bidi-
rectional compliance, with greater support in the circumferential di-
rection compared to the longitudinal direction (Fig. 1A) [130]. 
Preclinical studies in ovine models revealed improvement in global 
ventricular structure [127] and function [131] when treating 
tachycardia-induced HF as well as preserved cardiomyocyte length 
adjacent to infarcted myocardium when treating MI [132]. The CorCap 
proceeded to human clinical trials; however, due to insignificant cardiac 
functional improvements and extensive fibrosis on the epicardium 
which limited subsequent cardiac surgeries, the Food and Drug 
Administration (FDA) failed to advance the device [133,134]. The 
Paracor HeartNet is made out of nitinol wire mesh and can be admin-
istered using a fluoroscopic guide system in order to achieve a less 
invasive surgery as compared to the CorCap [135]. In vivo testing of the 
Paracor device with ovine models demonstrated reduced left ventricular 
dilation post-MI yet no functional improvement was observed [128]. 
The clinical trial featuring this device, Prospective Evaluation of Elastic 
Restrain to Lessen the Effects of Heart Failure (PEERLESS-HF), was 
suspended after six months when no significant improvement in cardiac 
function was observed over the control group [136]. 

Since the development of the CorCap and Paracor, many different 
natural and synthetic acellular materials have been utilized in epicardial 
patches for treatment post-MI [137]. For example, Ruiz-Lozano et al. 
engineered acellular scaffolds made of type 1 collagen, utilizing a plastic 
compression technique to achieve mechanical material properties 
similar to those of the native myocardium [138]. After in vivo evaluation 
of the patch using a murine MI model, Ruiz-Lozano et al. reported 
improved cardiac function; interestingly, histological and immuno-
staining analyses revealed infiltration of fibroblasts, smooth muscle 
cells, and epicardial cells into the acellular collagen patch. Additionally, 
porous acellular collagen sponges have been shown to promote angio-
genesis upon implantation on rat hearts in cryoinjured regions [139]. 
Highly elastic materials have also been investigated to create acellular 
epicardial therapies due to their ability to withstand the dynamic me-
chanical nature of the heart. Wagner et al. report the use of acellular 
polyester urethane urea (PEUU), a highly elastic yet biodegradable 
material, which increased both transmural wall thickness and fractional 
area change in rat MI models [140] and increased transmural thickness, 
decreased end diastolic area and increased fractional area change in 
swine MI models [141]. 

The role of biodegradability in acellular epicardial patches has been 
investigated and shown to be advantageous in improving cardiac func-
tion. A study by Kitahara et al. featured polyglycolic acid as the 
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biodegradable material. The degradation of polyglycolic acid involves 
the conversion of glycolic acid to carbon dioxide and water, components 
which can be removed from the body via the respiratory system. Kita-
hara et al. reported the strength of the polyglycolic acid halved at 2 
weeks in vivo and was lost at 4 weeks [142]. Kitahara et al. compared this 
biodegradable support to the non-biodegradable material, polyethylene 
terephthalate, in a canine model for MI. At 12 weeks, canines treated 
with the biodegradable polyglycolic acid support showed increased 
ejection fraction, improved end diastolic pressure-volume relationship 
and decreased end diastolic wall stress as compared to the 
non-biodegradable treated group. Such a biodegradable material 

overcomes the extensive scarring observed in devices such as the Acorn 
CorCap and Paracor HeartNet. 

An important realization that arose from studying acellular epicar-
dial restraint devices is the delicate balance between sufficient rein-
forcement and inhibition of cardiac function. If the passive restraint is 
too compliant, the energy generated by surviving, contracting car-
diomyocytes will be wasted in stretching the material. This in turn will 
inhibit systolic function [56]. On the other hand, if the mechanical 
reinforcement is too stiff, the dynamic stretching and contraction of the 
myocardium during the cardiac cycle will be inhibited; functionally, this 
impacts the ability of the myocardium to utilize the Frank-Starling 

Table 2 
Passive epicardial therapies.  

Name/Material Material Prop. Model Results Ref. 

Acorn CorCap 
Knit-Polyester 

EC = 10.55 MPa 
EL = 9.70 MPa  

In vivo- ovine 
Tachycardia-induced HF 
LAD permanent ligation 

Increased fractional shortening, increased ejection fraction [127, 
131] 
[132] 

In vivo- canine 
Intracoronary 
embolization with 
polystyrene microsphere 

Decreased CM length and volume in remote region [152] 

Clinical trial, Phase II Decreased LV-EDV; Increased LV systolic fractional area of 
shortening; Observed extensive fibrosis on the epicardium 
which limited subsequent cardiac surgeries and failed to 
advance due to insignificant cardiac functional improvements 
Provided inspiration for restraint therapies improvements and 
data supporting structural changes to the heart post-MI can 
improve its function 

[133, 
134] 

Paracor HeartNet 
Nitinol wire mesh 

N/a In vivo – ovine 
LAD permanent ligation 
Rapid ventricular pacing 
Analysis after 6 weeks 
Clinical trials 

Reduced LV dilation; no significant improvement in cardiac 
function failed to advance 
Provided example of epicardial restraint which can be 
administered using a fluoroscopic guide system to achieve less 
invasive surgery 

[128, 
136] 

Compressed type 1 collagen 
patch 

Elastic moduli ranging from 3000 to 
10,000 Pa 

In vivo -mice 
10–13 weeks old C57BL/ 
6J 
LAD permanent ligation 

Decreased fibrosis, formation of interconnected blood vessels, 
patch infiltration by fibroblasts, smooth muscle cells, epicardial 
cells and immature cardiomyocytes (in comparison to infarcted 
hearts with no treatment) 

[138] 

PEUU Pore size ranging 30–100 μm; 
Porosity 86%; 
Peak tensile stress/strain: 307 KPa/103% 
Initial modules: 704 kPa 

In vivo – rat 
LAD permanent ligation 

Increased both transmural wall thickness and fractional area 
change 

[140, 
141] 

In vivo – porcine 
Ischemia- reperfusion 

Increased transmural thickness, decreased end diastolic area 
and increased fractional area change 

Biodegradable Polyglycolic 
acid 

Peak tensile strength: 19.4 N 
(polyglycolic acid), 11.3 N (polyethylene 
terephthalate) 

In vivo – canine 
LAD permanent ligation 

biodegradable polyglycolic acid support showed increased 
ejection fraction, improved end diastolic pressure-volume 
relationship and decreased end diastolic wall stress as 
compared to the non-biodegradable treated group 

[142] 

Hydrogels 
Chitosan hydrogel Storage modulus 5000-35,000 Pa based 

on %wt chitosan 
In vivo – Wistar rats 
LAD permanent ligation 

Cell infiltration and incorporation onto the epicardial surface 
Decreased fibrosis, decreased expression genes involved in 
fibrosis and stretch 

[143, 
144] 

starch hydrogel with Ca 
(NO3)24H2O crosslinker 

At gel point; viscoelastic In vivo –rats 
LAD permanent ligation 

High biocompatibility, slow degradation; decreased left 
ventricular dilation, increased ejection fraction and fractional 
shortening 

[145] 

poly-ethylene-glycol (PEG) 
and sebacic-acid- 
diacrylate (SDA) 

Tested hydrogel and hydrogel coated on 
polyanhydroglucuronic-acid 

In vivo –rats 
LAD permanent ligation 

the scaffold with coated hydrogel resulted in increased ejection 
fraction and decreased left ventricular end-diastolic diameter 

[146] 

Anisotropic Acellular Therapies 
Modified Dacron EC = unrestricted 

EL = 800–900 MPa  
In vivo- Mongrel canines 
Temporary IVC occlusion 
LAD permanent ligation 
Immediate treatment 
Analysis 30 min post MI 

Reduced EDV 
Improved systolic function without impairing diastolic filling 

[151] 

In vivo – 77 Sprague 
Dawley rats 
LAD permanent ligation 
Immediate treatment 
Analysis 1,2,3,6 weeks 
post MI 

Collagen alignment parallel to region strain [96] 

Electrospun PECUU fibers D = 1.32 μm In vivo – female Lewis rats 
MI permanent ligation 
10 weeks post MI 

N.S compared to MI in end systolic/diastolic area; [6] 

EL = Young’s Modulus in longitudinal direction. 
EC = Young’s Modulus in circumferential direction. 
EDV = End diastolic volume. 
ESV = end systolic volume. 
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mechanism to adjust cardiac output in response to increased blood 
volume. To address this delicate balance, hydrogel-based and aniso-
tropic reinforcement has been studied as described below. 

Acellular Hydrogels: Hydrogels have been explored as promising 
biomaterials for cardiac therapies due to their ability to mimic the native 
ECM, promote cells infiltration and maintain their shape. A variety of 
different hydrogel materials have been utilized in engineering epicardial 
therapies for MI treatment. Fiamingo et al. prepared acellular chitosan- 
based hydrogels as an epicardial therapy due to the material’s biode-
gradability and ability to promote wound healing (Fig. 1B). When 
assessed in vivo, the chitosan hydrogel had low cell invasion when 
neutralized with NaOH; however, Domegngé et al. improved such in-
vasion by increasing the degree of acetylation within the chitosan 
hydrogel [143,144]. Further, Lin et al. developed a viscoelastic epicar-
dial patch made from ionically crosslinking a starch hydrogel with Ca 
(NO3)24H2O. Finite element modeling and further testing in vivo illus-
trated the viscoelastic functionality of the patch was able to accommo-
date the cyclic mechanics of the heart and improve cardiac function at 
4-weeks post-MI [145]. 

Vilaeti et al. developed a biocompatible and biodegradable hydrogel 
made out of poly-ethylene-glycol (PEG) and sebacic-acid-diacrylate 
(SDA). Interestingly, Vilatei et al. compared the hydrogel to a gauze- 
like material, polyanhydroglucuronic-acid, coated with the same 
hydrogel. In vivo testing showed attenuated remodeling in both systems; 
however, the scaffold with coated hydrogel resulted in increased ejec-
tion fraction and decreased left ventricular end-diastolic diameter sug-
gesting the need to supplement the mechanical properties of hydrogels 
[146]. One of the major advantages of hydrogels is the ability to load 
hydrogels with biologics, such as growth factors, that further enhance 
the function of the heart post-MI. Although beyond the scope of this 
review, this topic is briefly discussed in Section 5.4 as to inspire 
continued research in this area and readers are referred to an excellent 
review by Li and Mooney [147]. 

Anisotropic Reinforcement: Development of innovative technolo-
gies in material engineering has afforded the ability to precisely control 
the structure and mechanics of material-based therapies, both of natural 
and synthetic origin. Physical cues can have a significant impact on 
cardiac function and remodeling post-MI, motivating studies to inves-
tigate anisotropic reinforcement to the heart through acellular epicar-
dial patches and in engineering cardiac tissue (as will be discussed in the 
next section). 

Several prominent groups have contributed to the understanding, 
engineering and implementation of anisotropic cardiac therapies. Using 
a finite element model, Estrada et al. and Fomovsky et al. from the 
Holmes Group as well as Voorhees and Han observed increased cardiac 
function through longitudinal reinforcement of the ventricular wall 
post-MI [148–150]. These models illustrate that isotropic stiffening of 
the infarct improves systolic function, most likely by minimizing energy 
dissipation in the infarct region, but negatively impacts diastolic filling. 
The original hypotheses surrounding longitudinal restraint post-MI was 
intuitive: mechanical restraint in the longitudinal direction would pro-
vide appropriate reinforcement while mechanical freedom in the 
circumferential direction would allow for increased myocardial stretch, 
diastolic filling and contractile ability through the Frank-Starling 
mechanism. However, the opposite was found in vivo: longitudinal 
enforcement improved systolic, as opposed to diastolic, function. In 
these studies, Fomovsky et al. used a modified Dacron path which 
contained longitudinal slits so motion in the longitudinal direction was 
supported but motion in the circumferentially direction was unre-
stricted. In vivo testing using canines post-MI illustrated improved sys-
tolic function without hindrance of diastolic function [151]. Further 
computational modeling by this group found that such longitudinal 
reinforcement improved systolic function post-MI by reducing the 
magnitude of fiber stretch during diastole and stress during systole while 
also redistributing these peaks from the endocardial surface toward the 
mid-wall, where the myocardial fibers are circumferentially distributed 

and the generated torque is greater [149]. 
In conjunction with anisotropy, appropriate material properties may 

play a key role in achieving the benefits associated with longitudinal 
reinforcement in vivo (Fig. 1C). D’Amore et al. found no functional 
cardiac improvement with circumferential or longitudinal epicardial 
reinforcement post-MI in rat models compared to controls when using 
electrospun polyester carbonate urethane urea (PECUU) fibers [6]. 
Upon explant 10 weeks post-MI, the circumferential and longitudinal 
patches displayed similar bi-axial mechanical properties, suggesting 
changing PECUU fiber mechanics or geometry within the dynamic 
native cardiac environment. 

4.2. Active epicardial therapies 

It is estimated that 1 billion cardiomyocytes are killed during 
myocardial infarctions with hemodynamically significant outcomes 
[153]. An important consideration when engineering therapies to 
compensate for such a devastating loss is the regenerative capabilities of 
the heart itself. Using radiocarbon (14C) birth dating, researchers have 
been able to estimate the cardiomyocyte turnover in humans to be be-
tween 0.5 and 2% [154–156]. However, this rate is dependent on age, 
with the lowest regeneration (<0.5%) occurring in elder populations 
(>75 years) [154]. 

The point of discussing cardiomyocyte regeneration is to highlight 
the fact that cardiomyocytes lost during MI are not able to be replaced at 
a rate relevant to improving cardiac function [154–156]. Once they are 
lost, the infarcted area essentially loses its ability to contract. Although 
there are benefits in utilizing acellular epicardial therapies – full char-
acterization of the material, stable shelf life and defined scaling up 
procedures – they fail to directly address the loss of functional, actively 
contracting myocardium. Addressing this loss is especially important for 
large infarcts, in which the death of cardiomyocytes and sudden loss of 
force generation are too significant for passive therapies to have func-
tional benefits. 

This need for an active component in MI treatments was highlighted 
in an unexpected way through the clinical studies of the cardioplasty 
procedure. During the procedure, pacemakers were implanted in order 
to stimulate the latissimus dorsi on the epicardial surface. After 10 years, 
the pacemakers began to die resulting in cessation of latissimus dorsi 
stimulation. Interestingly, patients with failed pacemakers presented 
with symptoms of HF; however, when the pacemaker batteries were 
replaced and stimulation was recovered, patients made a gradual re-
covery [126]. Thus, the ability to incorporate active components within 
epicardial restraint devices is a promising field filled with exciting 
research and advancements. 

4.2.1. Active robotic epicardial therapies post-MI 
Advancements in robotics have ushered in the ability to artificially 

engineer the active component of the heart, as illustrated in Table 3. One 
such therapy in current use as a bridge-to-transplantation is the left 
ventricular assist device (LVAD) (Fig. 1D). The LVAD is a mechanical 
pump that helps a failing left ventricle pump blood to the aorta. In the 
REMATCH (Randomized Evaluation of Mechanical Assistance in the 
Treatment of Congestive Heart Failure) trial, patients treated with an 
LVAD essentially doubled their survival (from 25% to 52%) after one 
year [157]. Another mechanical device, SynCardia Total Artificial Heart 
(TAH), is currently the only FDA-approved total artificial heart 
(Fig. 1E). Unlike the LVAD, which is implanted adjacent to left ventricle, 
the TAH requires resection of both ventricles and replaces them with 
artificial ventricles composed of biocompatible plastic. More than 1700 
TAHs have been implanted in patients around the world with a success 
rate of 67.6% at 12 months (53.5% patients receiving a transplantation 
and 14.1% alive on the TAH device) [158]. 

Despite these benefits, the LVAD and TAH require lifestyle adjust-
ments and can have severe complications. First, these devices require 
external, battery-operated machinery, weighing approximately five 
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pounds, which must constantly be carried by the patient and charged by 
a consistent power source. Additionally, because the devices interact 
directly with blood, patients must be treated with blood thinning drugs 
in order to decrease the risk of thrombosis within the device [159]. 
Anticoagulants pose an increased risk of bleeding, and when analyzing 
200 patients with LVADs implanted between 2006 and 2014, gastroin-
testinal bleeding was the most common complication (21% of patients 
analyzed) [160]. Further complications are prominent in patients on 
TAH for long-term use (>12 months) with 10% patients experiencing 
device-related technical problems, 53% experiencing systematic infec-
tion and 14% experiencing a hemorrhagic event [161]. 

One design solution overcoming the issue of clotting as seen in long- 
term use of LVADSs and TAHs is the use of soft actuators implanted on 
the epicardial surface of the heart (Fig. 1F). Because the actuators are 
not in direct contact with blood, the use of anticoagulants becomes 
unnecessary. Additionally, by utilizing soft-bodied robotic devices the 
mechanical and structural properties of not only the material but force 
generation can easily be tuned. By positioning actuators circum-
ferentially and helically on the epicardial surface, compression and 
twisting, respectively, can be achieved to mimic the torsion of a healthy 
heart [7,162,163]. Further developments are being made such as syn-
chronization of the robotic cardiac sleeve with the native heart through 
pressure readings from catheters placed in the left ventricle [162] as 
well as 3D printing of actuating epicardial implants from patient MRI or 

CT scans [164]. Payne et al. even added an elastic sleeve over the 
epicardial actuators, which upon depressurization, use its stored elastic 
energy to ensure proper recoiling of the device [162]. 

4.2.2. Active cellular epicardial therapies post-MI 
The ultimate goal of treating MI is to replace the healthy myocar-

dium that was destroyed and restore cardiac function. An ideal approach 
to this treatment is replacing the infarcted scar tissue with healthy, 
contracting cardiomyocytes. Cardiomyocytes engineered into tissues 
which can then be implanted on the epicardial surface of the infarcted 
area can replace the contractile myocardium lost during MI while 
reducing or eliminating risks such as thrombosis, external sources of 
power and machine failures observed in robotic-based epicardial 
devices. 

The functional benefits of using cells, particularly in epicardial 
patches, for MI treatments has been well established through in vivo 
testing [165,166]. However, one of the biggest limitations in using 
cardiomyocytes, specifically those derived from human pluripotent stem 
cells (hPSCs), is their immature function compared to adult car-
diomyocytes [167–170]. A recent study using single-cell RNA 
sequencing across different datasets reports that PSC-derived car-
diomyocytes mature only up to a fetal stage [171]. Methods being used 
to promote maturation of these cardiomyocytes include physical, 
biochemical, electrical and mechanical conditioning. By engineering 
scaffolds and/or environments with the appropriate mechanical and 
anisotropic components, the physical cues promote cardiomyocyte 
alignment, which as discussed, improve their contractile function. 
Although there are many techniques for developing these environments, 
this review will focus only on those that modulate the mechanical and 
anisotropic properties to create 3D tissues, as they are imperative in 
translation to an epicardial therapy. The techniques to engineer these 
composite systems will be discussed briefly and supplemented with 
Table 4, which outlines their functional impact in greater detail. 

4.2.2.1. Scaffolds. Scaffolds are an important resource in engineering 
cardiac tissue. With the ability to precisely measure and control scaffold 
mechanics and structure, their use in cardiac tissue engineering serves as 
a vital tool in better understanding cardiomyocyte-material interactions 
and engineering physiologically relevant, cardiomyocyte-based epicar-
dial therapies. 

Decellularized Constructs: Intuitively, an optimal structural and 
mechanical environment for cardiomyocyte culture is the myocardium 
itself. A variety of different tissue types and techniques have been uti-
lized in decellularization of tissues for cardiac tissue engineering ap-
plications (Fig. 1G). For example, full heart decellularization and re- 
cellularization has been investigated to create tissue-engineered or-
gans [8,172,173]. In this review, decellularization scaffolds to create 
engineered cardiac tissue patches will be discussed; however, additional 
methods and applications are extensively reviewed by Bejleri and Davis 
[174]. 

Techniques have been developed to decellularize the myocardium 
without disrupting its native structure and composition [121]. Schwan 
et al. utilized a commercial CO2 laser to cut sheets of decellularized 
porcine myocardium and create precisely defined scaffolds upon which 
cardiomyocytes could be cultured [175]. Alternatively, Balzeki et al. 
used a vibrotome in order to section 300 μm thick rat or porcine 
myocardium which could be decellularized and seeded with car-
diomyocytes [176]. 

In addition to decellularized myocardial ECM, decellularized peri-
cardial tissue has been identified as a potential scaffold for cardiac tissue 
engineering [177,178]. The pericardium is a membrane which encloses 
the heart and serves to protect and anchor it. Decellularized bovine 
pericardium has been widely used in cardiac surgery and for replace-
ment heart valves when processed and crosslinked to increase durability 
and reduce immunogenicity. This material is advantageous as it has a 

Table 3 
Active robotic epicardial therapies post-MI.  

Type Material Prop. Model Results Ref. 

LVAD Pump implanted 
adjacent to failing 
LV to circumvent 
blood flow to the 
aorta 

Clinically used as a 
bridge-to- 
transplantation 
therapy 

Increased 
survival from 
25% to 52% at 
one year with 
LVAD 

[157] 

TAH SynCardia; 
Polyurethane 

Clinically used as a 
bridge-to- 
transplantation 
therapy 

67.6% patients 
at 12 months 
either 
underwent heart 
transplant or 
alive on the 
device 

[161] 
[158] 

DCC Helical and 
circumferential 
McKibben soft 
actuators 

In vivo - porcine 
Esmolol induced 
HF (reduced 
cardiac output to 
45% of baseline) 

Increased Aortic 
Flow rate 
Recovered 
cardiac output to 
97% of baseline 

[7] 

DCC Individual 
McKibben-based 
actuators with 
elastic sleeve 

In vivo – porcine 
Esmolol induced 
HF 

Mechanical 
coupling 
between implant 
and native heart 

[162] 

DCC Elastomeric 
polyurethane (PU) 
open-celled foam 
with inside coated 
with PU elastomer 
and outside coated 
with PU elastomer +
5% chopped carbon 
fiber 

Ex vivo – porcine 0.12 L/min peak 
flow at a 
frequency of 60 
beats/min 

[164] 

VAD 2 McKibben soft 
actuators, Brace Bar 
and Anchoring 
system 

In vivo - porcine 
Permanent LAD 
(aortic flow 
reduced to 39%) 
Coronary occlusion 
through 
polystyrene 
microbeads (aortic 
flow reduced to 
56%) 

Increased aortic 
flow; Decreased 
end diastolic LV 
pressure; 
Increased peak 
LV pressure 

[163] 

LVAD = left ventricle assist device. 
TAH = total artificial heart. 
DCC = direct cardiac compression. 
VAD = ventricular assist devices. 
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Table 4 
Active cellular epicardial therapies post-MI.  

Fabrication Scaffold Properties Engineered Cardiac Tissue Model Results Ref. 

Laser cutting decellularized 
myocardium 

Myocardium was cut in 150 μm slices; 
native fiber angle was oriented either 
parallel or 90◦ relative to the long axis 
of the tissue  

Neonatal rat cardiomyocytes 
Human embryonic stem cells 
(hESCs) 
Induced pluripotent stem cell 
(hiPSC) 
100 μL cell in media 
10 million cells/ml 

In vitro Compared to transverse tissues, 
longitudinal orientation 
produced peak stress 420% 
greater. 
Maximum peak stress of 6.5 mN/ 
mm^2 
Average peak stress of 2.2 mN/ 
mm^2 
Time from peak stress to 50% 
relaxation: 168 ms 
Time to peak stress: 181 ms (at a 
1 Hz pacing frequency) 

[175] 

Directional freezing of cECM 
(cardiac ECM) and silk 

Dynamic modulus in the range of 
25–50 kPa in the longitudinal 
direction 

ESC-derived cardiomyocytes: 
5 × 105 cells/mL in media 
HL-1 continuously proliferating 
cardiomyocytes from atrial 
tumor: 
1 × 106 cells/mL in media 
100 μL/construct 
Scaffold volume is 125 mm3  

In vitro 
1 week 

Acellular subcutaneous implant; 
99% cell infiltration 
Compared to isotropic scaffold 
(using HL-1 cells): 
Increased connexin 43, 
increased MHC content 
Compared to aligned without 
cECM (using hESC): 
Increased integrin β1, islet-1, 
and cardiac troponin I 

[182]  

Microgrooves from PDMS 
seeded with collagen- 
chitosan-CM 

10,20,100 μm microgrooves 
Height ~ 220 um  

neonatal ventricle myocytes 
(Sprague-Dawley rats) 
Collagen I: 0.19 mg/mL and 
Chitosan = 9.5 mg/mL 

In vitro 
Day 6 

Increased alignment, lower 
excitation threshold, increased 
success of beating (100%) for 10 
μm microgrooves 
For 10,20,100 μm unstimulated 
tissues, respectively: 
Excitation threshold ~1 V/cm, 
2.5 V/cm,2 V/cm 
Maximum capture rate ~ 4Hz, 
5Hz,4.5 Hz  

[185] 

Heat wrinkling of palladium 
metal and polystyrene 
polymer 

PDMS with laminin and fibronectin 
coating wrinkle thickness: 800 nm − 1 
μm 
depth: nm to ~3 μm  

murine neonatal 
cardiomyocytes 
human embryonic stem cell 
induced cardiomyocytes 

In vitro 
Days 1,2,3,7 

Increased alignment (alpha 
actin, cardiac troponin I) 

[187] 

Ellipsoid pores introduced 
through post size 

Controls, 0.6 mm ellipsoid pores and 
1.2 mm ellipsoid pores 

neonatal ventricle myocytes 
(Sprague-Dawley rats) 
hydrogel solution containing 2 
mg/mL fibrinogen, 10% 
Matrigel, 5 × 106 cells/ml, and 
1 U/ml thrombin 

In vitro 
2 weeks 

Increased alignment with larger 
pores 
No significant different in 
transverse conduction velocity 

[184] 

Control 
CV = 17 
cm s− 1 
AR =
1.33 

Pore 
=

0.6 
mm 
CV 
= 20 
cm 
s− 1 
AR 
= 1.3 

Pore =
1.2 mm 
CV = 26 
cm s− 1 
AR = 1.6 

Laser-etched acrylic to 
fabricate PDMS molds 

Single post and multiple posts at 
lateral ends of the engineered tissue; 
Rectangle, triangle and diamond and 
striped shaped features with different 
aspect ratios to modulate cell 
alignment 

Induced pluripotent stem cell 
(hiPSC) 
Minimum: 10 × 3 mm 
Maximum: 2 × 1.5 cm 

In vitro 
In vivo 

Achieved conduction 0.17 mm/ 
ms along border and 0.04 mm/ 
ms in the transverse direction 
Action potential of 290 ms 
Diamonds, triangles and 
stripped designs provided 
enhanced cardiomyocyte 
alignment; but breakage of 
stripped and difficulty in loading 
triangular without introducing 
bubbles 

[186] 

Electro-hydrodynamically 
printed micro-lattices with 
PCL 

Spacing: 200,400,600,800 μm 
Heights: 154 μm, 307 μm and 568 μm  

neonatal ventricle myocytes 
(Sprague-Dawley rats) 
Collagen 1 = 3 mg/ml 
Cell density = 1.6 × 106 cells/ 
ml 

In vitro 
Hours 

Proof-of-concept; successfully 
demonstrated the possibility to 
align multilayer cellular 
scaffolds 

[189] 

poly(glycerol sebacate) (PGS) 
honeycombs 

Overlapping two 200 μm by 200 μm 
squares at 45◦ followed by excimer 
laser ablation  

neonatal ventricle myocytes 
(Sprague-Dawley rats) 
36 × 106 cells/cm2. 
Construct: 5 × 5 mm 

In vitro 
1-week 

Accordion 
honeycombs: 
ETL = 0.9 V 
ETT = 0.7 V  

Rectangular 
honeycombs: 
ETL = 1 V 
ETT = 0.85 V  

[188] 

Accordion 
honeycombs: 

Rectangular 
honeycombs: 

(continued on next page) 
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Table 4 (continued ) 

Fabrication Scaffold Properties Engineered Cardiac Tissue Model Results Ref. 

200 × 200 μm 
EL = 195 kPa 
ET = 57 kPa  

400 × 200 μm 
EL = 206 kPa 
ET = 117 kPa   

Electrospinning w/stretch 
PCL fibers 

Random 
D = 14 μm 
MTS = 2.9 MPa 
E = 0.72 MPa 
EB = 426%  

Parallel 
D = 7 μm 
MTS = 10.2 
MPa 
E = 1.81 MPa 
EB = 426%  

hiPSC-derived cardiomyocytes 
1 × 106 cells/scaffold in media 
Scaffold: 6 mm diameter, 0.1 
mm thick 

In vitro 
12 days post seeding 

Upregulation of MYH7 
expression, maximum 
spontaneous velocity and 
calcium handling phenotype 
CASQ2 

[200] 

Random 
CV = 2.4 μm/ 
s 
55 BPM 
paced 1 Hz 
SL = 1.3 μm  

Parallel 
CV = 3.8 μm/s 
60 BPM paced 
at 1 Hz 
SL = 1.6 μm  

Electrospinning PLGA w/ 
stretch 

D = 0.9–1 um 
Porosity = 71–78% 

neonatal ventricle myocytes 
(Sprague-Dawley rats) 
400,000 cells/cm2. 
12 × 7 × 0.2 mm 

In vitro Increased cardiomyocyte 
elongation evidenced by SEM 
and confocal imaging 

[199] 

Electrospinning 
polymethylglutarimide 
(PMGI) 

Ave diameter: 400 nm - 1.2 μm 
Fiber distance: 200, 100, 50, 20–30 μm  

neonatal ventricle myocytes 
(Wistar rats) 
2 × 105 cells/cm2. 
Scaffold dimensions: 2–20 mm 
in width and 20–25 mm in 
height 

In vitro Greatest alignment when fiber 
spacing <30 μm longitudinal-to- 
transverse velocity ratio of 2.0  

[198] 

Electrospinning PVDF Aligned: 
D = 0.59 of E =
27.9 MPa 
YS = 6.5 MPa 

Random: 
D = 1.2 um 
E = 15.9 MPa 
YS = 3.5 MPa 

neonatal ventricle myocytes 
(Sprague-Dawley rats) 
5 × 105 cells in media 
15 μL/construct 

In vitro 
Day 7,14 

Increased alignment (alpha 
actinin staining) 
Increased cellular elongation 
Increase sarcomere length 

[195] 

Electrospinning Albumin Aligned: 
E = 1.22 MPa 
D = 1.48 μm (10% 
albumin); 6.2 μm 
(14% albumin) 

Random: 
E = 0.43 MPa 
D = 1.53 μm 
(10% 
albumin); 
5.13 μm (14% 
albumin) Pa 

neonatal ventricle myocytes 
(Sprague-Dawley rats) 
5 × 105 cells/10 μL media 
suspension 

In vitro 
Day 3, 7 

Higher beating rate 
Higher contraction amplitude 

[196] 

Electrospinning PCL/Gelatin EL = 500 kPa 
ET = 74 kPa  

hiPSC-derived cardiomyocytes 
90,000 cells/mm3 

Half ellipsoidal (a = b = 4.5, c 
= 9 mm, 
V = 500 μL, thickness = 0.1 
mm)  

In vitro 
14 days post seeding 
analysis 

EF = 2% 
SW = 0.05 mmHg/μL 
Structural arrythmias model 
proof-of-concept  

[197]  

Wet spinning collagen fibers hydrated collagen micro-fibers: 
E = 0.73 MPa 
UTS = 0.05 MPa 

hiPSC-CM 
15 × 106 cells/mL 
1.2 mg/mL collagen I. 
50 μL/construct 

In vitro Constructs compacted to 38.4% 
by 96 h 
Ability to create precisely define 
collage microfiber scaffolds 

[2] 

30◦ fiber angle: 
EL = 22.28 kPa 
ET = 4.92 kPa  

60◦ fiber 
angle: 
EL =

11.40 kPa 
ET = 6.85 
kPa  

Wet spinning fibrin threads 140 μm spacing between fibrin micro- 
threads 
Elastic modulus: 
5% fiber volume = 20.6 kPa 
11% fiber volume = 46.4 kPa 
22% fiber volume = 97.5 kPa 

neonatal ventricle myocytes 
(Sprague-Dawley rats) 
hydrogel solution containing 4 
x 106 xcells/mL, 1.6 U/mL 
thrombin, and 3.1 mg/mL 
fibrinogen 

2 and 3-day old 
neonatal 
Sprague–Dawley rats 

Improved alignment compared 
to no fibers. 
CMs could sense stiffness and 
direction of fiber up to 100 μm. 

[202] 

Wet spinning fibrin threads Aligned: 
UTS = 800 kPa 

Random: 
UTS = 400 
kPa 

neonatal ventricle myocytes 
(Sprague-Dawley rats) 
5 × 106 cells/mL 
Fibrin hydrogel (of 3.3 mg/mL) 

In vitro 
2 weeks 

Aligned: 
Contractile 
force = 1.3 
mN 

Random: 
Contractile 
force = 0.47 
mN 

[201] 

laser-based stereolithography 
printing 

gelatin methacrylate (GelMA) and 
polyethylene glycol diacrylate 
(PEGDA) 
different fiber width (100, 200 and 
400 μm), fill density (20,40,60%), 
fiber angles (30◦ ,45◦,60◦) and 
different stacking layers (2,4,8 layers). 

hiPSC-CM 
Printing mixture contains: 1 ×
106 per ml of hiPSC-CMs with 
5% GelMA and 15% PEGDA 

In vitro 
In vivo 

improved adhesion to the 
epicardial, angiogenesis and cell 
infiltration in the cellularized 
constructs 

[203] 

EL = Young’s Modulus in longitudinal direction. 
ET = Young’s Modulus in transverse direction. 
D = Diameter. 
MTS = Maximum Tensile Strength. 
UTS = Ultimate Tensile Strength. 
EB = % Elongation of break. 
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fibrous structure rich in elastin and collagen, affording it the ability to 
withstand mechanical stress while also having the structurally integrity 
to be sutured onto the heart [179]. Perea-Gil et al. compared the func-
tion of decellularized myocardial tissue and pericardium as a scaffold for 
cardiac tissue engineering through in vitro and in vivo testing [178]. 
Perea et al. performed proteome characterization of the myocardial and 
pericardial decellularized ECM, reporting enrichment of matrisome 
proteins and ECM components as well as better cell penetration and 
retention in the re-cellularized pericardium as compared to the 
re-cellularized myocardium. Further in vivo studies showed both 
re-cellularized scaffolds, regardless of origin, were able to integrate into 
the host and improve ventricular function in treating swine post-MI 
hearts. The creativity in utilizing different decellularized materials as 
cardiac scaffolds may best be exemplified by Gaudette et al., who utilize 
decellularized plants as a cardiac tissue scaffold. This “green” technol-
ogy features decellularized spinach leaves, which are able to retain 
cardiomyocytes even without ECM coating [180,181]. 

Other approaches utilize decellularized myocardium in conjunction 
with additional materials to create hybrid scaffolds while maintaining 
anisotropy. For example, Stoppel et al. combined silk with solubilized 
decellularized myocardial ECM and, through a directional freezing 
approach, achieved a structurally anisotropic scaffold [182]. Addition-
ally, Smoak et al. used decellularized skeletal muscle ECM with 
hexafluoro-2-propanol (HFIP) in order to electrospun the solution into 
randomly oriented fibers [183]. Although decellularized myocardial 
ECM captures the environment, structure and composition of the native 
heart, and hydrogels formed from it maintain the compositional 
complexity, it is very challenging to recellularize at a high cell density 
and may not be sustainable. 

Topographical Cues: Technologies utilizing topographical design 
features have been developed to engineer scaffolds that recapitulate 
physiologically relevant mechanical and structural cues in order to 
promote cardiomyocyte function. Structural ridges and grooves create 
lanes which physically constrain cardiomyocyte spreading and promote 
alignment [184–189]. Topography is often introduced to a system 
through replica molding in which negative masters are created and used 
to fabricate elastomeric molds, typically formed from poly(dimethylsi-
loxane) (PDMS), on which cardiomyocytes or engineered cardiac tissues 
are cultured. Thus, the technique and design involved in fabricating the 
negative molds directly impacts the environment of the cardiomyocytes 
(Fig. 1H). Photolithography has frequently been used in creating the 
structural designs of these negative molds [9,184,185]. However, recent 
advancements have been made in order to overcome the 
time-consuming, expensive and technical process of photolithography. 
For example, Munarin et al. utilized laser-etched acrylics as negative 
masters, illustrating the ability to create PDMS molds of different size, 
shape and topographical design, while achieving a resolution of ~200 
μm [186]. Additionally, Luna et al. developed a technique which ex-
ploits the stiffness differences between a polymer sheet and metal; upon 
heating of this system, the gold-palladium metal film buckles while the 
polystyrene polymer retracts to cause the formation of wrinkles [187]. 
The scale of the wrinkling can thus be modulated by the thickness of the 
metal film and further used as a negative master to create PDMS molds. 
One limitation of using specifically PDMS, especially if considering the 
reuse of scaffolds, is their ability to absorb small, hydrophobic molecules 
and proteins [190]. To overcome this, printing of polycaprolactone 
(PCL) to create precisely defined micro-lattices [189] as well as over-
lapping scaffold layers and using excimer laser microablation to create 

an accordion-like honeycomb design [188] have been developed. 
Fibrous Scaffolds: Frequently when engineering tissues, hydrogels 

are utilized due to their ability to mimic the native ECM, entrap high 
concentration of cells and maintain their shape. However, these 
hydrogels, especially those of natural origins are mechanically weak and 
their structures cannot be intrinsically defined [191,192]. This is illus-
trated in the work of Munarin et al. and Bian et al. in which the topo-
graphical features to promote anisotropy introduces holes within the 
engineered cardiac tissue, resulting in increased tissue fragility and 
compromised mechanical integrity [184,186]. In order to modulate both 
the mechanics and anisotropy while maintaining mechanical integrity, 
researchers encapsulate fibers within cell-hydrogel mixture. The me-
chanical properties of such fibers can be modulated based on the chosen 
material and density of fibers while its structural anisotropy is largely 
based on technique used to fabricate them. In electrospinning, for 
example, fiber alignment can be induced by changing device parameters 
such as using a rotating mandrel collection device and modulating 
rotational speed [193–197] the use of electrodes in front of the collec-
tion device [198] or post-processing conditions, such as uniaxial 
stretching [199,200]. 

Despite the advantages of electrospinning, one major drawback is the 
harsh conditions which limit the material which can be utilized. An 
attractive alternative is wet spinning, in which a polymer dissolved in a 
solvent solidifies into a fiber upon precipitation out of its solvent. 
Recently, our lab has developed a system in which wet-spun collagen 
fibers are collected on a rotating mandrel in a way that allows fiber 
spacing, orientation and size to be modulated (Fig. 1I) [2]. Wet-spun 
fibrin fibers have also been created for use as cardiac tissue scaffolds 
through coextrusion of fibrinogen and thrombin [201,202]. 

Fiber anisotropy can also be recapitulated through 3D printing 
technologies. Using a gelatin methacrylate (GelMA) and polyethylene 
glycol diacrylate (PEGDA), Cu et al. utilized laser-based stereo-
lithography printing to create anisotropic scaffolds to which car-
diomyocytes could be seeded [203]. GelMA was used due to its ability to 
be crosslinked with a photoinitiator as well as its ability to promote cell 
attachment while the PEGDA solution was mixed with GelMA to control 
its swelling volume and increase the mechanical integrity of the scaffold. 
Cui et al. printed a variety of designs featuring different fiber width 
(100, 200, 400 μm), fill density (20, 40, 60%), fiber angles (30◦, 45◦, 
60◦) and stacking layers (2, 4, 8 layers). When comparing cellular and 
acellular constructs in rat MI models, Cu et al. reports improved adhe-
sion to the epicardium, angiogenesis and cell infiltration in the cellu-
larized constructs [203]. 

4.2.2.2. Conditioning environment. In recapitulating the native cardiac 
environment, the role of the heart’s dynamic mechanics has been 
investigated to promote maturation of engineered cardiac tissue. 

Static and stepwise mechanical stretching of engineered cardiac 
tissue refer to an initial stretching of the tissue or a stepwise increase in 
the percent stretch over time. For example, static stretching of engi-
neered can easily be introduced to tissue systems through posts at the 
tissue edges [184,186,204]. Many studies have illustrated the beneficial 
effect of cardiomyocytes static stretching such as stabilization of car-
diomyocyte myofibrillar structure (5% static stretch) [205] and 
increased gene expression of c-fos and ANP (15% static stretch, 30 min) 
[206]. 

Dynamic stretching, on the other hand, refers to cyclic mechanical 
stretching which mimics the filling of the ventricles with blood. Fink 

YS = Yield Strength. 
CV = Conduction velocity. 
SL = sarcomere length. 
EF = ejection fraction. 
SW = stroke work. 
AR = Anisotropic ratio. 
BPM = beat per minute. 
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et al. utilized phasic unidirectional stretch of engineered cardiac tissue 
for 6 days in culture, reporting induction of cardiomyocyte hypertrophy 
and functional improvement. More specifically, Fink et al. observed 
improved cardiomyocyte organization, increased atrial natriuretic fac-
tor mRNA and alpha-actin, increased force of contraction (up to four- 
fold higher than un-stretched engineered cardiac tissue), increased cell 
length and width, longer myofilaments, increased mitochondrial density 
and accelerated contraction kinetics [207]. Salameh et al. further 
studied the localization of gap junctions in response to mechanical 
stimulation, finding that cyclic mechanical stretch of neonatal rat car-
diomyocytes polarized connexin 43 and N-cadherin to the car-
diomyocyte ends [208]. Additionally, Tulloch et al. reported a two-fold 
increase in cardiomyocyte proliferation as well as increased alignment, 
myofibrillogensis and sarcomeric banding in 3D engineered cardiac 
tissues undergoing uniaxial mechanical stress [209]. Zimmerman et al. 
illustrated the functionality of mechanically stretched engineered car-
diac tissue by implanting the constructs in vivo, finding the tissues were 
able to survive and improve cardiac function in rats post-MI [210]. 
Mechanical stimulation can also take the form of compressive strain. For 
example, Shachar et al. applied compression (1 Hz, 15% strain) com-
bined with fluid shear stress (10− 2 to 10− 1 dyn/cm2). Compression was 
applied to engineered cardiac tissues for 4 days, 30 min each day with 
Shachar et al. reporting increased expression of connexin 43 and 
elevated secretion of basic fibroblast growth factor and transforming 
growth factor-β [211]. 

Sophisticated systems to induce phasic mechanical stimulation are 
available. For 2D cultures, the Flexecell Strain Unit (Flexcell Int., 
Hillsborough, NC, USA) is commonly used. In this system, a vacuum 
pressure is applied to the bottom of the culture plate to induce defor-
mation and thus mechanical stretch of cells cultures above. Additional 
3D systems have been developed, such as the Biostretch apparatus (ICCT 
Technologies, Markham, ON, Canada) in which different protocols can 
be programmed [212]. Additionally, Zimmermann and Schenider-
banger developed a different approach to engineering their tissue with 
mechanical stretch, creating circular cardiac tissues placed over two 
mechanically-controlled poles that could provide unidirectional, cyclic 
stretch (10%, 2Hz) [213]. Atcha et al. also describe a low cost method to 
fabricate a uniaxial cell stretcher using a servomotor [214]. Further 
innovation has led to the creation of bioreactors which can be tuned and 
used to scale up technologies. Such bioreactor development for cardiac 
tissues is reviewed in great detail by Govani et al. [215]. 

Mechanical stretch of engineered cardiac tissue has also been used in 
conjunction with electrical stimulation at physiological frequencies. For 
example, Black et al. tested several different electromechanical pro-
tocols, reporting that beginning mechanical stretch before electrical 
stimulus resulted in tissues with the highest contractile force. This delay 
is hypothesized to be most effective as it mimics the native mechanical 
environment [216]. Further, Godier-Furnémont et al. achieved a posi-
tive force-frequency relationship in their engineered cardiac tissue when 
conditioning with mechanical and electrical stimulation at physiological 
frequencies [217]. Lluciá-Valldeperas et al. developed a device to pro-
vide mechanical and electrical stimulation which can be sterilized, used 
in a standard culture plate and tuned appropriately [218,219]. 

Further, electrical conditioning has also been used in conjugation 
with topographical cues to promote cardiomyocyte alignment. Several 
studies report that topographical cues were a stronger determinant of 
cardiomyocyte orientation over electrical stimulation, although elec-
trical stimulation further improved cardiomyocyte elongation in the 
presence of topographical cues [185,220,221]. Au et al. further inves-
tigated the molecular mechanisms at play when utilizing both electrical 
stimulation and topographical cues, reporting that cardiomyocyte 
orientation and elongation was abolished by cytochalasin D, an inhibitor 
of actin polymerization, and partially inhibited by LY294002, an in-
hibitor of the phosphatidyl-inositol 3 kinase (PI3K) pathway. However, 
electrical stimulation reversed the impact of LY294002 and thus could 
partially recover signaling of the phosphatidyl-inositol 3 kinase (PI3K) 

pathway [221]. 

4.2.2.3. Additional considerations in engineering cardiac tissue. This re-
view primarily focuses on engineering techniques and technologies to 
create material that recapitulate the heart’s physiological structure and 
mechanics. However, there are additional considerations in engineering 
cardiac tissue that can significantly impact the mechanical function and 
anisotropic structure of cardiomyocytes. Although not the focus of this 
review, a few of such components will be briefly assessed to underscore 
their importance and inspire continued research into better under-
standing the culturing conditions for creating functional cardiac tissue. 

Heterotypic Cell Interactions: The cardiac cellulome is incredibly 
diverse. Although responsible for 70–80% of the volumetric fraction of 
the heart, cardiomyocytes comprise only one-third of the cardiac tissue 
by cell number with endothelial cells and cardiac fibroblasts as the 
majority non-cardiomyocyte cell populations [222,223]. Utilizing 
single-cell RNA sequencing, Skelly et al. extensively characterized the 
transcriptional profile of murine non-myocytes to quantify such cellular 
diversity and gain insight into the intercellular relationships which al-
lows for proper heart function. In the study, Skelly et al. identified 12 
distinct cell cluster: endothelial cells (Cdh5,Pecam1); fibroblasts (Cola1, 
Pdgfra, Tcf21); granulocytes (Ccr1, Csf3r, S100a9); lymphocytes 
(Ms4a1,Cd3e,Klrb1c,Ncr1); pericytes (P2ry14, Pdgfrb); macrophages 
(Adgre1, Fcgr1); dendritic cell (DC)-like cells (Cd209a); schwann cells 
(Plp1,Cnp); and smooth muscle cells (Acta2, Tagln) [224]. Such an 
analysis provides an important resource for the cellular composition of 
the heart and serves to stimulate research into the role of 
non-cardiomyocyte cell population on cardiac tissue function. 

Understanding the diverse cellular landscape of the heart aids in 
cardiac regeneration as heterotypic cellular interactions have been 
shown to impact the phenotype and function of engineered cardiac tis-
sue. For example, co-culture of cardiomyocytes with endothelial cells 
[204,209,225–227], human marrow stromal cells [209,226] and peri-
cyte cells [228], have been shown to support and enhance vasculariza-
tion in engineered tissue in vitro and in vivo. More recently, however, the 
mechanical and structural impact of non-cardiomyocyte on engineered 
cardiac tissue function is being investigated. For the scope of this review 
specific examples will be discussed as it pertains to cardiac mechanics 
and structure; however, further research into multi-cellularity in engi-
neering cardiac tissue is reviewed extensively by Owen and Harding 
[229]. 

One key cell type in in the cardiac cellulome is fibroblasts. Cardiac 
fibroblasts play a key role in providing structural maintenance and 
support by providing organization in the cardiac ECM. 

In engineering cardiac tissues, fibroblasts have been shown to in-
crease compaction of the tissue, contractile force and cardiomyocyte 
alignment [230–233]. Rupert et al. extensively investigated the effects 
of co-culturing hiPSC-derived cardiomyocytes with adult human cardiac 
fibroblasts (hCFs) in 3D engineered tissues, finding that the number and 
activation state of hCFs significantly modulates hiPSC-cardiomyocyte 
function [232]. Rupert et al. reports that engineered cardiac tissue 
supplemented with 5% hCFs displayed increased tissue compaction and 
up to three-fold increased contractility compared to tissues composed of 
only hiPSC-cardiomyocytes. However, increasing the percentage of hCFs 
to 15% increased ectopic activity and spontaneous excitation rate while 
supplementing the engineered cardiac tissue with hCFs that underwent 
myofibroblast activation ablated the functional benefit observed with 
5% hCFs. Interestingly, these beneficial results are not reproduced with 
neonatal human dermal fibroblasts, suggesting the important and 
specialized role of cardiac specific fibroblasts. Additionally, Beauchamp 
et al. used CFs in conjunction with hiPSC-derived cardiomyocytes in 
engineering cardiac spheroids, reporting increased maturation and 
function [233]. Interestingly, Beauchamp et al. utilized SEM and TEM to 
characterize the surface and ultrastructure of the cardiac spheroids with 
CFs, reporting smoother spheroid surface with CFs as well as 

K.D. Dwyer and K.L.K. Coulombe                                                                                                                                                                                                           



Bioactive Materials 6 (2021) 2198–2220

2212

well-formed intercalated disc-like structures and cell-cell contacts be-
tween non-myocytes and hiPSC-derived cardiomyocytes. 

Recently, epicardial cells have been identified and used as another 
important cell type for co-culture with cardiomyocytes to significantly 
improve cardiomyocyte mechanics and structure. Justification for the 
co-culture of cardiomyocytes with epicardial cells can be easily 
explained through the lens of developmental biology. As previously 
noted, hiPSC-derived cardiomyocytes are immature, resembling the 
functionality of embryonic cardiomyocytes [171]. During mammalian 
embryonic development, epicardium-derived cells migrate into the 
myocardium and contribute to coronary artery development, valve 
maturation, Purkinje fiber formation and myocardial architecture 
[234]. In vitro studies have shown epicardial-derived cells promote 
cardiomyocyte proliferation with regulation through retinoic acid and 
erythropoietin signaling [235] and enhance cardiomyocyte maturation 
and alignment through direct interaction of epicardial cells with car-
diomyocytes [236]. Bargehr et al. used hESC-derived epicardial and 
cardiomyocytes to augment cardiomyocyte function in 3D engineered 
cardiac tissues [237]. Structurally, Bargehr et al. observed increased 
compaction, sarcomere length, cell diameter, cell sectional area, 
myofibril alignment and expression of connexin 43. Such structural 
tissue maturity was followed by functional improvements as 3D cardiac 
tissues supplemented with epicardial cells displayed increased 
contractility, Frank-Starling relationship, active force production with 
increasing strain and more mature calcium handling capabilities. 
Furthermore, the engineered cardiac tissue supplemented with epicar-
dial cells was grafted to the infarcted zone of rat hearts in vivo. Although 
there was no effect on infarct scar, rats treated with the engineered 
cardiac tissue supplemented with epicardial cells had increased micro-
vasculature, 2.6-fold larger grafts, and improved fractional shortening at 
4 weeks. 

Although these studies suggest multi-cellular systems can better 
recapitulate the cellulome of the native heart and thus improve the fi-
delity of engineered cardiac tissue, such systems are complex. Our un-
derstanding of heterotypic cellular interactions in cardiac tissue is not 
complete and logistical challenges ensue when maintaining and incor-
porating different cell types in culture. In culturing multi-cellular sys-
tems, special attention is required to ensure appropriate cell fractions as 
cardiomyocytes are non-proliferative and most non-cardiomyocytes, 
such as fibroblasts, can proliferate, although at different rates in 3D 
tissues versus sparse 2D culture. Additionally, patterning of different cell 
types may become necessary. Typically, and in the studies discussed, 
non-cardiomyocyte cell populations were added to the cell mixture used 
to form 3D cardiac tissues; however, in order to achieve the physio-
logically relevant structural organization of multi-cellularity, different 
cell population may need to be patterned through techniques such as 
bioprinting or layer-by-layer tissue assembly with different cell geom-
etry and composition in each layer [238]. 

Hydrogel Formulations: As discussed, hydrogels are often utilized 
in tissue engineering due to their ability to mimic the native ECM, entrap 
high concentrations of cells and maintain their shape. A variety of 
different components are used to create hydrogels for engineering car-
diac tissue which include but are not limited to fibrin [239–241], 
collagen I [209,242,243], Matrigel® [243] and Geltrex™ [209]. Kaiser 
et al. utilized a design of experiment approach to investigate the rela-
tionship between collagen concentration, fibrin concentration, seeding 
density and cardiomyocyte purity in engineering 3D cardiac tissues 
[244]. Kaiser et al. reported increased fibrin concentration and seeding 
density were each associated with increased compaction, while 
increased collagen concentration was associated with decreased 
compaction. From this study, the greatest compaction of cardiac tissue 
was predicted to occur in constructs prepared with a 40–50% 
cTnT-positive population. Such a study illustrates the need for system-
atic evaluation of the role of different components in engineering car-
diac tissue in order to (1) gain a better mechanistic understanding; (2) 
optimize cardiac tissue function; and (3) establish standardized, 

repeatable technologies. Future work utilizing hydrogels in cardiac tis-
sue engineering and better understanding how their components influ-
ence cardiac tissue structure, mechanics and function will enhance our 
understanding of cell-material interactions and ability to engineer 
cardiomyocyte-based epicardial therapies. 

5. New Directions 

5.1. Utilizing models 

The models used to study MI are extremely important to consider 
when performing and analyzing potential therapies. Two models of 
particular relevance are animals and computational simulations. 

5.1.1. Animal models 
Animal models have often been utilized in researching the cardio-

vascular system in order to recapitulate its biological complexity. The 
ideal animal model should resemble the human heart – genetically, 
biochemically, mechanically, geometrically and hemodynamically. An 
extensive review detailing the advantages and disadvantages of different 
animal models in cardiovascular research has been discussed by Milani- 
Nejad and Janssen [245]. In the context of this discussion, however, 
some of the mechanical and hemodynamic properties of rat, canine, 
ovine and porcine animal models will be highlighted. 

The cardiac mechanical environment of different animals can vary 
significantly. As discussed, the passive mechanical properties of the 
myocardium are largely determined by the titin protein and its isoform. 
In adult rodents, where the N2B titin isoform dominates, the myocardial 
has a high passive stiffness. Larger animals and humans, on the other 
hand, have an increased proportion of the N2BA titin isoform, resulting 
in more compliant passive myocardium [69,70]. Additionally, two iso-
forms of the myosin heavy chains (MHC) exist in cardiomyocytes, α-and 
β-MHC, with the α-MHC isoform having increased ATPase activity and 
contractile velocity compared to the β-MHC isoform [246]. Human 
ventricular cardiomyocytes predominately express the β-MHC [247, 
248]. While larger animals resemble humans in β-MHC expression 
[245], ventricular cardiomyocyte from small animals, such as rats, 
predominately express the α-MHC [249]. 

Hemodynamic levels are comparable between animal models, while 
heart rate is generally inversely proportional to body weight [245]. 
Anatomically, swine models feature limited anastomosis in the cardiac 
coronary arteries, thus resembling a younger human heart, while canine 
models feature collateralization, thus resembling more of an older 
human heart [250]. Based on these mechanical and structural differ-
ences, post MI outcome can vary. For example, canine models develop 
dilated cardiomyopathy readily but are less susceptible to myocardial 
infarction [250]. Additionally, as previously discussed, the anisotropic 
properties of the healing infarct vary across animal models with rats 
having isotropic infracts [93] while canine and swine develop aniso-
tropic infarcts [94,95]. 

5.1.2. Computational models 
Recently, computational modeling has been an especially insightful 

resource in eliciting the mechanical response of the heart to cardiac 
therapies. The use of such model in a predictive capacity has the 
advantage of saving time, money and resources as well as allowing for 
better understanding of the mechanism surrounding the therapeutic 
treatment. In regard to epicardial restraint therapies, many computa-
tional models have been developed to study the functional outcome of 
specific therapies. For example, Lin et al. utilized finite element analysis 
to study the functional benefits of a viscoelastic patch on cardiac func-
tion post-MI [145]. Additionally, previously discussed models have 
investigated the impact of anisotropic epicardial restraint on cardiac 
function [148–150]. 

Computational modeling has also aided researchers in determining 
key cellular pathways during MI healing. For example, cardiomyocyte 
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stretching in the infarcted region is an important consideration when 
analyzing myocardial function post-MI. Under normal conditions, total 
tension can be generated from individual cardiomyocytes through iso-
metric (constant length) and isotonic (length change) contraction. 
However, in the ischemic environment, the cardiomyocytes lose this 
ability to create tension. Instead, these cells passively stretch, as illus-
trated in the PV loops mapped by Tyberg et al. [251]. Instead of the 
counterclockwise cycles seen in healthy myocardium, resulting from the 
tension developed by the cardiomyocytes, the passive lengthening of the 
ischemic myocardium results in a clockwise loop. This is an important 
distinction: instead of the myocardium performing the work, the work is 
being performed on the myocardium. Additionally, Tyberg et al. 
observed hysteresis as the end-diastolic length increased at every 
end-diastolic pressure, suggesting that the work performed by the sur-
rounding healthy myocardium was being dissipated into the stretching 
of the ischemic region. Using computation modeling, Tan et al. built a 
map of 124 interactions of 94 stretch-responsive signaling proteins 
determined through an extensive literature review. This model illus-
trates the extensive connection synergy between multiple pathways 
from cardiomyocyte. Sensitivity testing allowed for the identification of 
key hubs: calcium, actin, Ras, Raf2, P13k and JAK [252]. 

5.2. Quantitative restraint 

An important consideration when discussing methods to mechani-
cally restrain the heart is how such restraint can be quantified. If suc-
cessful, restraint devices should limit dilation and reduce the diameter of 
the heart; this means that restraint over the course of treatment will 
decline as observed by Ghanta et al. [253]. 

Researchers have developed epicardial restraint devices with the 
ability to measure and adjust restraint during therapy. This helps answer 
questions surrounding the ideal restraint level and the need to maintain 
it throughout treatment. Ghanta et al. studied immediate (2 months) and 
long-term (4 months) impact of restraint level (0,3,5 and 8 mmHg) in 
ovine models using a fluid-filled balled to apply force to the epicardial 
surface. In this study, 3 mmHg was identified as optimal, although this 
level was not maintained throughout the experiment [253]. Similarly, 
Lee et al. also found 3 mmHg to be the ideal level in decreasing LV 
dilation and improving LV ejection in ovine MI models [254]. Unlike 
Ghanta et al., Lee et al. maintained the 3 mmHg restraint level by 
changing the fluid volume within their epicardial patch. Maintenance of 
this restraint decreased left ventricular end diastolic volume and 
increased ejection fraction as compared to standard restraint, suggesting 
a benefit in maintaining a desired restraint level [254]. 

Another question which arises in regard to restraint quantification is 
the amount of pre-stretch is necessary at the time of application to the 
heart. Using computational modeling Lin et al. demonstrated that 
epicardial therapies with increased stiffness are more sensitive to pre- 
stretching [145]. It may also be important to consider the impact of 
general anesthesia on ventricular structure. Using echocardiography, 
Stein et al. observed differences in structural metrics such as LV 
end-diastolic diameter and cross-sectional diastolic area when 
comparing mice samples treated with the anesthetics isoflurane or 
ketamine/xylazine compared to conscious mice [255]. 

5.3. Implant timing 

As discussed, the healing process after a MI is a dynamic process. The 
timing at which treatment, whether acellular or cellular, is applied may 
impact its efficacy. When considering epicardial reinforcement, it seems 
logical that the therapy would be applied prior to or at the necrotic 
phase of healing, where the infarct is at highest risk of rupture. For 
cellular epicardial therapies, however, such timing may also aid in cell 
retention. For example, Cezar et al. found that when myoblast trans-
plantation was performed during peak inflammation, there was 
enhanced tissue perfusion, decreased fibrosis and increased contractility 

[256]. 
Whyte et al. developed an epicardial device called Therepi, con-

structed using GelMA and Gelfoam with a subcutaneous port through 
which cells and other drugs could be administered [257]. Administra-
tion of cells over four weeks using Therepi showed improved ejection 
fraction, fractional shortening and stroke work in MI rat models as 
compared to single injection of the cells. 

5.4. Adding functionality 

Although this review focused on the inspiration of cardiac mechanics 
and structure in developing biomaterial based epicardial restraint de-
vices, there is great potential in engineering such therapies with addi-
tional functionality. 

5.4.1. Cytokine loading 
Local and controlled delivery of cytokines to the infarcted area can 

be achieved by loading these factors in epicardial restraint therapies. 
Recently published work in our lab illustrates this technique. Munarin 
et al. engineered epicardial patches containing hiPSC-derived car-
diomyocytes and alginate microspheres loaded with vascular endothe-
lial growth factor (VEGF), basic fibroblast growth factor (bFGF) and 
sonic hedgehog. In vivo implantation showed the angiogenic “cocktail” 
increased vascularization both in the infarcted area and into the engi-
neered tissue [258]. Release of cytokines by epicardial therapies can also 
be used to modulate the immune response in the healing myocardium 
post-MI [259]. Cheng et al. created an acellular epicardial patch made of 
decellularized porcine myocardium tissue and “synthetic cardiac stro-
mal cells” which were actually biodegradable PLGA microparticles 
containing three key factors secreted by cardiac stromal cells: VEGF, 
hepatocyte growth factor (HGF) and insulin-like growth factor (IGF) 
[260]. This treatment improved left ventricle ejection fraction and 
fractional shortening in post-MI rats and decreased infarct size while 
increase infarct wall thickness in porcine post-MI models. 

5.4.2. Exosomes 
Exosomes are membrane-enclosed vesicles that may carry proteins, 

mRNAs, microRNAs or additional bioactive material and thus play a key 
role in cell-cell communication. Recently, exosomes have been identi-
fied to play an important role cardiovascular disease, a topic reviewed 
extensively by Yu and Wang [261]. Recent studies demonstrate the 
ability of exosomes to induce cardiomyocyte proliferation, promote 
angiogenesis and modulate cardiomyocyte apoptosis and hypertrophy 
[262]. Further, exosomes isolated by cardiomyocytes in the infarcted 
region post-MI have been shown to regulate the local inflammatory 
response [263]. Through better understanding the role of exosomes, the 
materials carried by them and their impact in infarct repair, technolo-
gies can be developed to mimic exosomes or modulate their activity in 
order to promote repair in the infarcted myocardium post-MI [262]. 
Similar to cytokine loading of materials, these identified factors may be 
used in conjunction with epicardial therapies that provide mechanical 
support in order to activate intrinsic biochemical healing pathways. 

5.4.3. Cell type 
Although the cellularized constructs in this review predominately 

focused on those with contractile cardiomyocytes, application of other 
cell types to the infarcted myocardium have been shown to improve 
cardiac function post-MI. This may be in part to a paracrine effect, in 
which secreted molecules from the implanted cells promote altered 
remodeling within the infarcted myocardium as opposed to the active 
contraction which can be achieved utilizing cardiomyocytes. 

As previously mentioned, co-culture of cardiomyocytes with endo-
thelial cells [204,209,225–227], human marrow stromal cells [209,226] 
and pericyte cells [228] promote vascularization. However, utilization 
of only non-cardiomyocytes has also resulted in improved cardiac 
function post-MI. For example, Kellar et al. utilized human dermal 
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fibroblasts in a cardiac patch resulting in higher ejection fraction; 
however, this was compared only to infarcted mice with no treatment 
[264]. Additional cell types, such as endothelial and cells and smooth 
muscle cells in a fibrin matrix [265], adipose-derived stem cells [266] 
and mesenchymal stem cells in a fibrin patch [241,267], have been used 
in MI-treatment, all reporting functional benefits. 

5.4.4. Electrical integration 
Propagation of the electrical signal within the heart is a key element 

in achieving coordinated contraction. The scar tissue developed after MI 
is largely non-conductive with fibroblasts able to carry an electrical 
signal only up to 300 μm [268]. When cellularized patches are applied to 
the epicardial surface of the heart post-MI, it is extremely important that 
patch electrically couples with the host in order to avoid potential 
arrythmia and dysfunction. Gerbin et al. illustrated that cardiomyocyte 
patch implants on the epicardial surface of rats did not electrically 
couple to the host after 4 weeks, most likely due to the physical barrier of 
the scar tissue [269], suggesting the importance of developing tech-
niques to promote electrical integration of epicardial therapies. How-
ever, this study demonstrated that intramyocardial hiPSC-derived 
cardiomyocytes were able to electrically couple to the host rat at heart 
rates up to 6 Hz, validating the use of the rat as a model for studying 
electrical coupling of hiPSC-derived cardiomyocyte therapies. One 
approach to overcome the challenge of epicardial implant coupling is 
incorporating electrically conductive material that can connect the 
healthy myocardium with the epicardial therapy. Behabtu et al. devel-
oped a wet spinning technique to create macroscopic carbon nanotube 
fibers, which can be sewn across the epicardial scar and electrically 
paced [270]. Testing of this design in ovine models showed improve 
conduction velocity over the scar area [271]. Additionally, Park et al. 
developed a styrene-butadiene-styrene polymer with silver nanowires 
mesh. This device not only provided structural reinforcement but 
increased electrical conduction across the infarcted myocardium [272]. 
Additionally, electrically conductive scaffolds for cardiac tissue engi-
neering has been an important and innovative field in ensuring proper 
and mature electrical activity of engineered tissue. A variety of materials 
such as gold nanoparticles, carbon nanotubes, graphene, polypyrrole 
and polyaniline have been utilized; these materials and their impact on 
engineered cardiac tissue is reviewed in great detail by Baei et al. [273]. 

6. Conclusion 

The cardiac mechanostructure plays a key role in physiological 
function and pathological dysfunction of the heart. The helical organi-
zation of myocardial fibers within the ventricular wall, coupled with 
their active contraction, are responsible for the twisting motion and 
subsequent functional efficiency of the heart. MI significantly disrupts 
the mechanics and structure of the heart. From the death of actively 
contracting cardiomyocytes to compositional changes in the deposited 
ECM, the myocardium must adjust to this new environment, often time 
undergoing significant remodeling in order to preserve cardiac output. 
Epicardial therapies aim to limit deleterious ventricular remodeling and 
its progression into HF. 

Many epicardial therapies are being developed to recapitulate the 
mechanical and structural properties of the healthy myocardium and 
address the functional loss induced by MI. These therapies, which 
encompass passive and active devices, are promising alternatives to 
current treatments, such as LVADs and heart transplantation, and 
address an unmet need for patients unresponsive to conventional drug 
therapies on a trajectory towards HF. Further research into the funda-
mental knowledge surrounding MI changes in the myocardial environ-
ment as well as interdisciplinary cooperation is necessary for continued 
development of epicardial therapies for treating post-MI heart 
regeneration. 
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R. Knöll, R. Körfer, G. Hasenfuss, Elevated afterload, neuroendocrine stimulation, 
and human heart failure increase BNP levels and inhibit preload-dependent 
SERCA upregulation, Circ Heart Fail 1 (4) (2008) 265–271. 
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