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A B S T R A C T   

The pathophysiology of dilated cardiomyopathy (DCM), one major cause of heart failure, is characterized by the 
dilation of the heart but remains poorly understood because of the lack of adequate in vitro models. Current 2D 
models do not allow for the 3D organotypic organization of cardiomyocytes and do not reproduce the ECM 
perturbations. In this review, the different strategies to mimic the chemical, physical and topographical prop-
erties of the cardiac tissue affected by DCM are presented. The advantages and drawbacks of techniques 
generating anisotropy required for the cardiomyocytes alignment are discussed. In addition, the different 
methods creating macroporosity and favoring organotypic organization are compared. Besides, the advances in 
the induced pluripotent stem cells technology to generate cardiac cells from healthy or DCM patients will be 
described. Thanks to the biomaterial design, some features of the DCM extracellular matrix such as stiffness, 
porosity, topography or chemical changes can impact the cardiomyocytes function in vitro and increase their 
maturation. By mimicking the affected heart, both at the cellular and at the tissue level, 3D models will enable a 
better understanding of the pathology and favor the discovery of novel therapies.   

1. Introduction 

The heart is a vital and complex organ which generates the blood 
flow through arteries and veins to irrigate organs in nutrients and oxy-
gen. This organ also plays a crucial part in the control of blood pressure. 
The primary function of the heart resides in its contraction/relaxation 
cycles which are under a fine physiological regulation. When the cardiac 
output and/or the blood pressure in cardiac chambers are chronically 
out of physiological range, a heart failure occurs which eventually leads 
to death. Heart failure is one of the major causes of death worldwide as it 
affects approximately 1–2% of the global adult population in industri-
alized countries [1]. Among the different etiologies that are responsible 
for the development of heart failure, cardiomyopathies are one of the 
leading causes besides artery diseases and hypertension [2,3]. Cardio-
myopathies are a heterogeneous category of cardiac pathologies char-
acterized by anatomic and/or electrical dysfunction of the heart tissue. 

Among them, dilated cardiomyopathy (DCM) is the most common form 
and is known as one of the most frequent causes of heart failure with 
reduced ejection fraction [3]. Etiologies of DCM include genetic causes, 
infection or toxic agents, immune or metabolic diseases and cardiomy-
opathy associated with pregnancy (peripartum cardiomyopathy). 
Approximately 40% of diagnosed DCM cases originate from genetic 
causes, and their value is probably underestimated because of the het-
erogeneity of clinical symptoms [4]. Mutations in more than 100 genes 
have been reported to be involved in the development of DCM [5]. These 
genes are mainly involved in the force generation or transmission, the 
mechanosensing and the structural integrity of the cardiomyocytes, the 
cardiac contractile cells. For example, the gene encoding the giant 
protein titin, component of the sarcomere, is mutated in approximately 
20–25% of DCM patients [6]. Mutations of other proteins, such as dys-
trophin, desmin or lamin A/C, are also associated with DCM. 

As the clinical management of genetic-driven DCM is not effective for 
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curing these diseases, there is an urgent need to develop pertinent 
models to better understand the pathophysiological mechanisms of DCM 
and to develop new treatments. Animal models of DCM were used to 
unravel the physiological mechanisms that underlie DCM [7]. Despite 
their great usefulness for fundamental research, the animal models 
appeared to be limited due to fundamental differences between animals 
and humans. This is especially the case in the field of early pharmaco-
logical drug development for which the need of simpler but pertinent 
model remains to be met. With the advent of the induced pluripotent 
stem cell (iPS) technology in 2007 [8], cardiomyocytes can be easily 
derived from patients affected by genetic-driven DCM. This technique 
allows the production of functional cells at any time by differentiation 
from iPS cells. Despite several drawbacks in terms of maturity, these 
functional cells are broadly used to model DCM in vitro. Besides the 
development of cellular models, biomaterials appear more and more 
suitable for cell culture as they aim at mimicking the physiological or the 
diseased extracellular matrix (ECM). 

The most advanced 3D engineered heart tissue is a cellularized 
hydrogel consisting of primary cardiac cells and a mixture of collagen I 
and fibrinogen. Prior to gelling, the mixture is cast between two PDMS 
(polydimethylsiloxane) pillars to allow hydrogel attachment. This set-up 
is adequate for cell contraction studies [9] because it is closer to the 
physiological heart than the 2D cell layers. Streckfuss-Bömeke and 
co-workers measured an impaired force generation in diseased micro-
tissues generated by a similar method [10]. However, this system suffers 
from other drawbacks which limit its utilization as cardiac model. First, 
hydrogels do not possess the suitable stiffness as the collagen concen-
tration used is very low. In addition, the system evolves during the time 
course of the experiment because the cardiomyocytes contract and 
rearrange the collagen network. Last, this system is not porous. 

In this review, we first provide an overview on the current models of 
DCM. Then, the different strategies to improve these models are pre-
sented. For this purpose, we focus on the biomaterial design to obtain 
the most relevant artificial extracellular matrix and the recent technol-
ogies to promote cardiomyocyte differentiation and maturation from 
iPS. Therefore, the different scaffolds mimicking the healthy and DCM 
cardiac extracellular matrix will be highlighted. Last, an overview of the 
different techniques suitable to assess the contractility of the engineered 
tissues will be presented. 

2. Anatomical and cellular features of dilated cardiomyopathy 

Structural modifications are visible at different scales of the heart. At 
the cellular level, cardiomyocytes have a lower force contraction which 
leads to an impaired ejection fraction of the blood in the circulatory 
system. Before the major symptoms appear, patients can be asymp-
tomatic thanks to compensatory mechanisms through an increase of 
vasoconstriction and/or heart rate to maintain the physiological blood 
pressure. These compensatory mechanisms are associated with heart 
remodeling which finally becomes detrimental and irreversible in the 
long-term. A cellular hypertrophy is observed which partially compen-
sates the loss of cardiomyocytes [11] (See Table 1). When the first 
symptoms occur, the major structural modification is the enlargement of 
the left ventricle, up to around 140% its initial size [12]. This enlarged 
ventricle has a thinner wall and weaker contraction abilities [13]. A 
healthy heart is able to pump 5 L of blood every minute, i.e. around 100 
mL per beating, while in DCM, each beat ejects less than 65 mL6. When 
heart does not provide the demand in blood and oxygen for tissues, the 
patient develops a heart failure characterized by breathlessness and 
chest pain. Depending on the mutation, patients have different lifespans, 
but, after 60 years, all are affected by a severe heart failure that may 
cause a heart attack at any time. 

The anatomical and functional alterations are the consequence of 
changes at the tissue level. The microenvironment of each cell is 
disturbed on several aspects: mechanical, biochemical and structural. In 
a healthy heart, the ECM production ensures a constant renewal but in 

Table 1 
Biophysical comparison of a healthy and a dilated human heart.  

Level  Parameters Healthy heart Dilated heart 

Organ Morphology Left ventricle 
slightly larger than 
the right ventricle 

Enlarged and 
weakened left 
ventricle [13] 

Diameter between 
39 and 59 mm [12] 

Diameter larger than 
69 mm [12]    

Function Full ejection 
fraction around 100 
mL per beat [30] 

Ejection fraction 
reduced of 45% [6] 
Not enough oxygen 
provided    

Remodeling Reversible 
remodeling with 
endurance [15] or 
pregnancy 

Irreversible 
remodeling: 
increased ECM 
deposition, fibrosis, 
inflammation [15]  

Tissue Stiffness From 7 kPa to 15 
kPa [31] 

Increased due to 
fibrosis and collagen 
deposition [32] 
Decreased elasticity 
[33]    

Inflammation Inflammation is due 
to infection, 
oxidative stress or 
hypertension [18, 
34] 

Robust 
proinflammatory 
response following 
cellular damages 
[18] 
Recruitment of 
immune cells    

ECM Fibers of collagen I 
and III (ratio 7:1) 
[35] 

Overproduction of 
fibronectin and 
collagen [14] 
(especially I and VI 
[33]) Fibrosis occupy 
20% of the volume 
[36] 

Proteoglycans Loss of CM alignment 
Anisotropy to allow 
CM alignment     

Capillary 
density 

2439 ± 59 
capillaries per mm 
[2,37] 

1245 ± 345 
capillaries per mm2 

Increased 
intercapillary 
distance [38] 
Shorter and smaller 
coronary arteries 
[22]    

Cell 
composition 

Cardiomyocytes 
(18%), endothelial 
cells (24%) and 
mesenchymal cells 
(58%) [19] 
CM fill 75% of the 
volume [20] 

Loss of 10% of CM 
[36] 
Decreased cell 
density  

Cardiomyocytes 
(CM) 

Sarcomeric 
passive 
tension 

Ratio 30/70 
between the two 
isoforms of titin 

Reduced ratio 50/50 
when titin is mutated 
[39] 
Faster relaxation 
kinetics [25] 
Myofibrils stiffness 
decreased by 26% 
[23]    

Contractile 
function 

ECM stiffness for 
best force 
contraction 
generation [26] 

Decreased force 
capacity depending 
on the mutation [23]    

(continued on next page) 
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the DCM heart, an overproduction of ECM induces a fibrosis [14]. Due to 
the excess of ECM deposition [15], cardiac tissue is stiffer and thinner 
causing cellular damages such as necrosis and a severe inflammatory 
response [16–18]. This fall of the cardiomyocytes population in the 
heart leads to an imbalance between cardiomyocytes, fibroblasts and 
endothelial cells [19]. Despite cardiomyocytes accounting for less than 
25% of the cells, they occupy 75% of the volume [20]. When car-
diomyocytes die in the DCM heart, other cells such as fibroblasts pro-
liferate and increase the fibrotic phenomenon, thus a vicious circle is 
formed. Moreover, the cardiac endotelialization is also disturbed with a 
defective vascularization and impaired angiogenesis [21]. The reduced 
expression of ß-catenin impacts activation, proliferation and migration 
of endothelial cells to create new vessels [22]. These changes result in a 
reduced perfusion with an inadequate blood flow for cardiomyocytes. 

At the cell scale, all these consequences are due to a mutation on 
genes encoding for proteins components of the cytoskeleton. This mu-
tation affects the contraction force of each individual cell [23]. To 
compensate for this lack of efficiency, cells tend to hypertrophy [24], 
beat faster and shorten their relaxation kinetics [25]. In a healthy heart, 
every parameter such as the stiffness is finely tuned to optimize cell 
contraction efficiency [26]. As cells beat faster in the DCM heart, they 
consume more energy and they will switch their fatty acid metabolism to 
a glucose consumption [27,28]. This metabolism hastens the production 
of energy. Ionic channels change their sensitivity to calcium that leads to 
an acidification of the tissue and a poorer electrical conduction [29]. 

In an in vitro DCM model, the cellular parameters will be followed to 
determine the severity of the disease, its evolution and the impact of 
drugs to slow down or reverse some effects of the disease. 

3. Cellular in vitro cardiac models 

3.1. Cell selection for a relevant model of heart tissue 

To develop a physiological cardiac tissue model of DCM, cell selec-
tion is crucial. As cardiomyocytes are the cardiac beating cells, they 
must be used to develop a heart model. Unfortunately, they are differ-
entiated cells unable to proliferate, thereby limiting their use in vitro. 
Over time, cardiomyocytes from neonatal rats [44,45], rabbits [46] or 
chickens [47] have been used. Once collected, these cells lose their 
cardiac abilities and, additionally, animal cells differ from human ones. 
Moreover, no satisfactory immortalized cell lines exist for car-
diomyocytes [48,49] because they do not contract and proliferate (not 
physiological for a cardiomyocyte). Pluripotent stem cells of embryonic 
origin (hESCs) or reprogrammed from adult somatic cells (such as 
induced pluripotent stem cells, iPS) are promising alternatives as these 

cells can be chemically differentiated into cardiomyocytes. 
Takahashi and Yamanaka developed a technique to reprogram 

differentiated cells into embryonic-like stem cells [8]. Yamanaka ob-
tained the Medicine Nobel Prize in 2012 for this reprogramming tech-
nique using four distinct growth factors (Oct4, Sox2, KIf-4 and c-Myc). 
This outstanding discovery opened a new field of research since 
cardiomyocytes-derived iPS cells can be obtained within a month. 
Several techniques are used to generate cardiomyocytes from pluripo-
tent stem cells but the most popular method is the time-dependent in-
duction of signaling pathways thanks to CHIR99021 and Wnt inhibitor 
[50]. This method is considered the easiest one to perform and affords 
an optimal differentiation yield with around 85% of differentiated car-
diomyocytes. An additional step of purification yields to a 95% of car-
diomyocytes ratio. As an alternative, microenvironment can also induce 
specific cell differentiation triggered by the substrate stiffness [51,52]. A 
recent study shows that pluripotent stem cells co-cultured with differ-
entiated cardiomyocytes differentiate into neo cardiomyocytes [53]. 

Concerning hESCs, ethics and regulatory rules are the major draw-
backs for their utilization [54,55]. In addition, the unavoidable chal-
lenge is to obtain hESCs with a genotype of interest, especially when the 
role of a mutation and/or specific genetic background associated with 
DCM needs to be assessed. 

Nowadays, cardiomyocytes derived from induced pluripotent stem 
cells (iPS-CM) are the main source of cardiac cells used in vitro to study 
cardiomyopathies. Their main advantage is the ability to collect them 
from any patient, healthy or sick. Blood circulating cells [56] or dermal 
fibroblasts [57] are collected and reprogrammed in vitro. When a DCM is 
genetic, the cells express the disease features since they have the 
genetically inherited mutation. Such cells were used to mimic and study 
a specific pathology and to gain a better understanding of the specific 
features of pathologies such as Lamin A/C DCM [57] or titin DCM [56]. 
As these cellular models are derived from a specific patient, drug 
screening performed in vitro can lead to a personalized treatment [58]. 
To ensure the relevance of such a model, the cells can be genetically 
modified to correct the mutation by gene editing using the CRISPR-Cas9 
technology. Thus, for each patient, two types of cardiomyocytes can be 
generated: diseased and corrected healthy cells [59,60] (Fig. 1) which is 
used as control. Discovered by Doudna and Charpentier, CRISPR-Cas9 
are molecular scissors able to cut a piece of gene and to replace it 
with a designed DNA sequence. Recently, Rebs and co-workers used this 
gene editing technique to correct a DCM mutation in iPS cells from a 
patient and they succeeded in differentiating the corrected cells into 
cardiomyocytes [61]. 

One limitation of iPS-CM is their lack of proliferation. As they are 
differentiated, they have to be seeded with a high density to colonize the 
tissue. Physiological tissues are composed of 108 cells per cm [3]. This 
cell density is difficult to reach in vitro and is costly and time-consuming. 
To overcome this limitation, two techniques are now available. The first 
one consists of in situ differentiation of undifferentiated cells able to 
proliferate inside the scaffold. The differentiation process will be trig-
gered in a second time [62]. The second technique relies on a chemical 
combination to induce proliferation of non-mature cardiomyocytes 
which spontaneously differentiate. They succeeded in expanding 
massively iPS-CM until 100–250 fold was reached [63]. Another strat-
egy is to reduce the size of the engineered tissue. Thanks to miniaturi-
zation, the number of cells required is much lower and it is easier to 
obtain a contiguous tissue [64]. 

iPS-CMs are subject to a major drawback: their lack of maturity [65]. 
iPS-CM express cardiac markers levels similar to those of fetal car-
diomyocytes. The morphology and the structural organization are also 
immature: cells are not sufficiently elongated and their sarcomeres not 
well defined [66]. Fortunately, several strategies can be used to hasten 
cell maturation in vitro. 

Table 1 (continued ) 

Level  Parameters Healthy heart Dilated heart 

Ionic 
exchanges 

Calcium 
concentration is 
high during systole 
and low during 
diastole (from 1 μM 
to 100 nM) [40] 

Increased calcium 
sensitivity, enhances 
the contraction rate 
[23] Tissue 
acidification alters 
electrical conduction 
[29]    

Cell 
metabolism 

Adult cells consume 
fatty acids [41] 

Metabolism switch to 
glucose consumption 
[27,42]    

Cell density & 
morphology 

108 cells/cm3 Loss of 
cardiomyocytes [17] 
Visible remodeling 
scars [43] 
Cell hypertrophy 
around 2 fold [36]  

High length/width 
ratio (7:1)  
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3.2. Current strategies to artificially mature iPS-CMs 

To enhance cell maturation in vitro, several techniques must be 
combined to obtain an adequate maturation and mimic the cell micro-
environment (Fig. 2). 

Among these techniques, the simplest one consists in the long time 
cultivation to artificially age cardiomyocytes. This method gave mixed 
results with a higher expression of cardiac markers and a more physio-
logical cell phenotype, only for a small fraction of cells [68]. However, 
most of these did not express these phenotypic markers. This technique 
is also limited by the high proliferative rate of non-myocyte cells such as 
fibroblasts that will become the predominant population if the car-
diomyocyte purity is not high enough. Cardiomyocyte maturation can 
also be improved by the addition of growth factors into the culture 
medium. Angiogenic factors such as VEGF-A enhance vessel sprouting 
and cardiomyocyte maturation [69]. The addition of dexamethasone, a 
glucocorticoid hormone, alone [70,71] or combined with triiodothyro-
nine [72] and insulin growth factor-1 (IGF-1) [20] can improve 

cardiomyocytes maturation. Cardiac markers and cell contractility are 
higher when these three biomolecules are combined. Oxytocin also in-
fluences cardiomyocyte differentiation and heart homeostasis [73]. 
Associated with female reproduction, this hormone plays a role in the 
healing process after infarction because of its anti-inflammatory and 
cardioprotective properties [74]. The addition of oxytocin into the cul-
ture medium improves the differentiation of embryonic stem cells into 
cardiomyocytes and induces cell contractility [75]. 

Another strategy focuses on cell metabolism. Immature car-
diomyocytes use a glucose-based metabolism instead of a fatty acid one. 
A culture medium depleted in glucose encourages cardiomyocyte to 
switch to a fatty acid metabolism [76]. As a result, cardiomyocytes are 
more elongated and have more visible Z-lines as well as a higher 
expression of cardiac differentiation markers. The number of mito-
chondria per cell also increases as it is observed in adult cardiomyocytes. 
A change in oxygen level to mimic the in utero development of the heart 
is also a culture condition that can improve cell maturation. Hypoxic 
culture conditions lead to a higher ratio of cardiac differentiation and 
more mature cells [77]. Hypoxic conditions also tend to increase the 
expression of VEGF-A and the angiogenesis stimulation when car-
diomyocytes are co-cultured with endothelial cells. An enhanced 
angiogenesis is beneficial to mature cardiomyocytes. 

The microenvironment is a key element to ensure cell development. 
So, the use of a 3D scaffold to culture cells increases their maturation. 
With perfusion and sparse 3D structures, cells survived for 6 weeks [62] 
or even for as long as 98 days [78]. Medium perfusion in the structure 
[79] or porous substrates [80,81] allowed a uniform distribution of 
nutrients and oxygen, with a consequent high viability of cells in the 
whole structure being observed for a lengthy cultivation period. Cell 
survival was optimal regardless of its location, whether on channel walls 
or within a hydrogel [82]. Moreover, perfusion also mimics the blood 
pressure and induces the cardiomyocyte maturation by mechanical 
stimuli [83,84]. Blood pressure plays a significant role in contraction 
acting as a contraction trainer for cells thanks to fluid pressure [85]. 
Force contraction of the cardiomyocytes is twenty times higher after a 
week in perfused conditions than that of the static ones [86]. However, 
this contraction is not strong enough to mimic the physiological heart. 
The first studies using external mechanical stimulation of embedded 
cardiomyocytes in a collagen I/ECM protein gel [47,87] led to an in-
crease of the force contraction and the calcium release transients [88]. It 
also induced cell hypertrophy and elongation, markers of cardiac 
maturation. 

Cardiomyocytes are also sensitive to electrical stimulation; their 
beating rate is synchronous thanks to an electric wave. An electrical 
stimulation progressively extends the propagation of the electric wave 
on the entire structure [62] and cells beat synchronously. Moreover, 
electrical stimulation enhances cell ultrastructure: sarcomeres are more 
defined, gap junctions and intercalated disks are well developed [89]. 
Combining mechanical and electrical stimulation enhances cell align-
ment, maturation and hypertrophy [90] and induces a pace in the 

Figure 1. Protocol to obtain iPS-CM derived from a patient affected by DCM. This strategy allows a comparison between patient and healthy donor cells to have 
a better understanding of the disease and/or find new therapeutic approaches. 

Fig. 2. Current strategies to mature cardiomyocytes in vitro (Inspired from 
Jiang and al [67].). A: Moving to 3D culture is a key aspect of cardiomyocytes 
maturation because it reproduces the microenvironment of cardiac cells in vivo. 
B: Reducing oxygen level reproduces fetal conditions for cardiomyocytes. Cells 
are first conditioned in hypoxia and mature when the oxygen level rises. C: 
Perfusion with medium reproduces the blood flow in heart. This increases 
nutrient and oxygen diffusion, thereby promoting the cardiomyocyte viability. 
D: Long term cultivation is an obvious technique to age cardiomyocytes in vitro. 
E: Soluble factors such as hormones also enhance cell maturation as it repro-
duced the in vivo exposition to signaling molecules. F: Addition of other cell 
types reproduces the intercellular communications. G: A combination of elec-
trical and mechanical stimulations trains the artificial tissue and synchronizes 
its beating. 
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engineered heart tissue with higher force contraction. Sun and Nunes 
reviewed the different techniques to stimulate cells mechanically and 
electrically [91]. 

Combining several maturation techniques seems to be the best way 
to artificially mature iPS-CM [92]. Ronaldson-Bouchard and co-workers 
obtained iPS-CM with visible sarcomeres, gap junctions and functional 
calcium handlings [90] due to an electro-mechanical stimulation on a 
3D construct. Once cells are mature enough, the 3D model of DCM can 
be used to understand the pathology or to test new drugs. 

3.3. From the simplest approaches in 2D to the most complex 
developments of 3D cardiac models 

In the pharmaceutical industry, the evaluation drug toxicity or 
screening of novel molecules tested for cardiac therapies relies on 2D 
cell culture on plastic dishes (Fig. 3-A). More recently, models dedicated 
to a specific pathology have emerged through which more knowledge 
can be gained regarding the disease and its features. Sun and co-workers 
generated cardiac cells from iPS cells of DCM patients. They compared 
these cells with healthy cells from other members of the family, allowing 
an altered regulation of calcium transients and decreased contractility to 
be observed [93]. These results were similar to those obtained by Shah 
and co-workers even though the mutation was different [94]. These 
models provide for useful information regarding DCM pathophysiology 
but they lack physiological relevance as the cell behavior differs from 
that in 3D. 

The main advantage of 2D cultures is their high reproducibility, and 
this justifies their broad use for pharmacological drug screenings. 
Morphology and contractility of cardiac cells can be easily analyzed 
owing to the unique layer of cells. However, they are far from DCM 
cardiac tissue in important respects: they do not possess a disturbed ECM 
with the specific stiffness, anisotropy and porosity. To improve 2D 
models, cardiomyocytes can be aligned using patterned lines of proteins 
[95] (Fig. 3-B) or nanogrooved substrates [96,97] (Fig. 3-C). The 
patterned lines are often generated by microstamping: a stamp with 
lines is impregnated with proteins and then stamped on a glass slide. 
Besides the patterns, the substrate is given a non-adhesive coating. 
Nanogrooved substrates are fabricated using photolithography. A sili-
cium wafer is designed with the negative grooves and PDMS (Poly-
dimethylsiloxane) is molded on top to obtain a grooved substrate. The 
mold is then coated with adhesion proteins. Patterned lines are chemical 
guides for cardiomyocytes whereas grooves provide topographical 
guidance. The cell alignment observed on micropatterns or within 
grooves restores the gap junctions and ions channels, thereby enabling 
an improved conduction of contraction between cells. Differences be-
tween healthy and mutated cells can be discerned at the cell scale by 
electrophysiological measurements. 

DCM affects the microenvironment of cells in vivo and these condi-
tions cannot be reproduced in vitro with 2D cultures. Over the last 
decade, 2D culture models have been progressively replaced by more 
realistic 3D ones. In a 3D environment, cells interact with each other by 
secreting soluble factors, feel the appropriate matrix stiffness and restore 
cell-cell/cell-ECM contacts. These 3D models seem to be more suitable 
to the reproduction of DCM in vitro. The use of ECM proteins mimics the 
biochemical microenvironment of in vivo cells [98] and confer a more 
physiological shape to the cells. The first proof of concept of cardiac 3D 
culture consists of chicken cardiac cells embedded in a collagen I/ECM 
protein matrix to form spheroids [47]. Cells beat and a mechanical 
stimulation reinforces them. The recent emergence of 3D bioprinting 
accelerates this technology and offers the ability to create more complex 
structures [99]. Computer-associated design of structure allows for the 
generation of all types of shapes and the printer produces these with a 
high fidelity regardless of its complexity. Computed tomography (CT) 
scans of healthy hearts are now used as models for bioprinting to mimic 
the heart shape and its vascular network [62,100]. 

Few systems use iPS-CM derived from DCM patients in a 3D engi-
neered heart. Mostly, these systems are collagen-based gels in which iPS- 
CM are embedded. The biochemical composition of these models is 
relevant as the cardiac ECM mainly consists of collagen I. However, 
hydrogels produced in vitro are softer and less porous than the physio-
logical ECM. Hinson and co-workers demonstrated the impaired 
contractility of DCM cardiomyocytes encapsulated within collagen 
hydrogels compared to healthy cells [56]. However, this system still 
needs improvement to increase its biomimetism as the matrix compo-
sition is far from the physiological one. Using the same method, Stilli-
tano and co-workers showed lower contraction rates and impaired force 
generation in the mutant cells than those of the corrected cells [101] 
(using the CRISPR/CAs 9 gene editing). By focusing on a different mu-
tation, Streckfuss-Bömeke and co-workers developed a DCM cardiac 
model based on the same strategy and observed altered calcium tran-
sients when the gel was mechanically stretched [10]. In this type of 
model, cells are aligned due to the mechanical stretching but their sta-
bility over time is uncertain. Ma and co-workers used a different strategy 
with filamentous 3D matrices (made of a photo-curable organ-
ic-inorganic hybrid polymer OrmoClear®) with mutated and corrected 
iPS-CM. They demonstrated that mutated tissues have an impaired force 
contraction and abnormal calcium transients [102]. Even if this matrix 
possesses mechanical and topographical properties, its synthetic 
composition is not entirely relevant to mimic DCM matrix. Hence novel 
strategies are required to mimic biological, physical and topographical 
cues of DCM extracellular matrix. 

3D models can be more sophisticated with the addition of other cell 
types present in the heart tissue. Adding fibroblasts [103], epicardial 
derived cells [104] or human cardiac stem cells [105] positively impacts 

Fig. 3. Comparison of cardiomyocytes alignment depending on the substrate: A- flat polysterene culture plate [97], B- patterned lines of laminin (non published 
results), C- nanogrooved substrate of polystyrene [97]. Compared to flat surface, cells align along the lines or the nanogrooves. Immunostaining: A and C: α-actinin, 
B: α-actinin (green), DAPI (blue) and Connexin 43 (red). 

M. Camman et al.                                                                                                                                                                                                                              



Bioactive Materials xxx (xxxx) xxx

6

the morphology of cardiomyocytes with an increased length/width 
ratio. Besides, the addition of endothelial cells promotes the structural 
organization of cardiomyocytes [82]. Taken together, these results show 
that the best strategy for cardiac tissue engineering is the combination of 
the three main cell types (fibroblasts, endothelial cells and car-
diomyocytes) to improve the contractility, cardiac markers expression 
and the structural organization of cardiomyocytes. Huang and 
co-workers conducted experiments to optimize the ratio between fi-
broblasts, cardiomyocytes and endothelial cells into an ECM-based 
hydrogel. As fibroblasts actively proliferate, the culture conditions 
were tuned to preserve enough empty space for cardiomyocytes to 
enlarge until they filled 75% of tissue volume as seen in vivo [20]. 
However, adding other cell types increases the complexity of the model 
and a compromise must be established. 

Despite many advances in biomaterials and in cardiomyocytes 
cultivation, the 3D models lack anisotropy and suitable mechanical 
properties. By investigating these two aspects of cell microenvironment 
in 3D, models could evolve toward more physiological mini hearts. 

4. The ideal biomaterial to mimic DCM tissue 

Scaffolds are key elements to mimic the architecture of the heart 
extracellular matrix. In DCM, the ECM is stiffer, more fibrous, with a 
lower porosity than that of the healthy heart. This is due to the excess of 
collagen deposition leading to fibrosis and capillary spacing. These 
matrix features need to be reproduced in vitro before the combination 
with DCM cardiomyocytes. First, the scaffold has to allow for cell 
adhesion and survival. Second, it has to reproduce the ECM biochemical 
composition and physical properties observed in DCM: stiffness [31], 
elasticity [106] and stability [107]. Third, an adequate topography must 
be created including porosity to promote efficient diffusion of nutrients 
and oxygen and anisotropy to induce cell alignment [108,109]. 

4.1. Mimicking biochemical cues of cardiac ECM 

Biochemical characteristics of biomaterials have to fit with the organ 
features they aim to reproduce and they have to allow cell culture [31]. 
Cardiac ECM is mainly composed of aligned collagen I fibrils around a 
very porous structure. Hence, the ideal biomaterial has to mimic this 
biochemical composition and topography. 

4.1.1. Natural polymers 
Natural polymers are biodegradable, biocompatible and promote cell 

adhesion. Collagen [99,110], hyaluronic acid [111], gelatin [80], algi-
nate [44], cellulose [112], fibrin [113] or chitosan [45] are biopolymers 
suitable for the fabrication of tissue engineered scaffolds. Collected from 
animals or plants, the physiological structure observed in vivo is difficult 
to reproduce in vitro. As a consequence, this lack of biomimetism results 
in poor mechanical properties. Collagen I is the main constituent of the 
physiological cardiac ECM and positively impacts the cardiomyocyte 
differentiation [114] by upregulating the gene expression of sarcomeric 
markers such as troponin [115]. Currently used at a low concentration, 
collagen hydrogels are too soft to mimic physical properties of heart 
ECM. Several strategies have been developed to increase the hydrogel 
stiffness such as cross-linking, use of highly concentrated solutions or 
combination with other polymers. For instance, using a collagen con-
centration at 20–40 mg mL− 1 increases the hydrogel mechanical prop-
erties up to the values measured in vivo for the cardiac ECM [116,117]. 
In addition, a mix of highly concentrated collagen I and ECM powder is 
promising to reproduce the complexity of in vivo cardiac ECM. 

Gelatin may also be used to form a hydrogel but this denaturated 
form of collagen does not reproduce cell-ECM interactions [80]. Asso-
ciated with chitosan [118] or ECM proteins [119], gelatin has a lower 
degradation kinetics, better mechanical properties and cell-ECM 
interactions. 

Alginate and agarose are too soft to reproduce cardiac ECM alone, 

but they become suitable for cardiac biomaterials after the addition of 
cross-linkers. Several crosslinkers exist such as glutaraldehyde [120], 
riboflavin/UV light [121], genipin [122] and carbodiimide [123]. 
However, these are not natural components of the cardiac ECM, so their 
utilization for a biomimetic approach is questionable. Moreover, the 
quantity of crosslinkers has to be adapted to prevent the cytotoxic effect. 

To overcome their poor mechanical properties and stability, natural 
polymers such as collagen and gelatin can be functionalized by cross-
linkable groups such as metacrylate [124]. Metacrylate functions poly-
merize to create a random mesh stiffer than the original mesh. 
Crosslinking of collagen I hydrogels lowers their swelling ability but 
increases their strength, stiffness and stability [125]. Thus, cross-linking 
is of particular value to model the fibrotic cardiac ECM characterized by 
a high stiffness and a low deformability. 

In DCM, it is well known that fibroblasts overproduce specific pro-
teins of extracellular matrix [14]. These ratios can be reproduced in vitro 
by mixing several natural biopolymers to mimic either a healthy matrix 
or a diseased one. 

4.1.2. Synthetic polymers 
Synthetic materials made of polymers such as polycaprolactone 

(PCL) [126,127], polyethylene glycol (PEG) [128] or polyvinylidene 
fluoride (PVDF) [129] possess high and tunable mechanical properties. 
They were first used on their own to design scaffolds for cardiac engi-
neering but are now combined with natural polymers. Usually, synthetic 
polymers are coated with ECM proteins (collagen [130], gelatin [126] or 
other ECM proteins) to improve their poor abilities for cell adhesion and 
spreading. The substrate becomes less hydrophobic and enables specific 
contacts with cellular receptors such as integrins. The main advantage in 
their utilization is their easy shaping and high reproducibility. Li and 
co-workers developed a cardiac tissue-like construct consisting of PLGA 
nanofibers by electrospinning to guide the growth of hiPSC-CMS. The 
nanofibers (diameter comprised between 500 nm and 2 μm) were 
designed to mimic collagen fibers in cardiac tissue. Because of this 
topography, the upregulation of cardiac biomarkers was observed and 
contractile function improved [131]. This study was performed with 
healthy hiPSC-CM but can easily be used to study DCM cardiomyocytes 
in order to analyze the changes in contractile function. 

4.1.3. Decellularized tissues 
Decellularized matrix offers the best cell-ECM interactions [132] 

because it consists of a mix of natural proteins and proteoglycans that 
enhances cell adhesion and maturation. Decellularized matrices can be 
obtained from healthy or DCM hearts, although their availability is 
limited. All recognition domains used for cell attachment are present 
[133]. Using detergents, human pericardium isolated from cadavers is 
decellularized [118,134]. Because of the lack of human supplies, porcine 
myocardium is also generally used [119,133]. Lu and al. have decellu-
larized a whole mouse heart and recellularized it with human iPS cells 
derived from cardiac progenitor cells [135]. Cells seeded on the 
construct differentiate into cardiomyocytes, endothelial cells and 
smooth muscle cells. Thanks to the addition of a perfusion system, 
cardiomyocytes beat for over 20 days in culture. Several techniques 
allow for tissue decellularization but the main challenges are the con-
servation of most of ECM components and the persistence of adequate 
mechanical properties [136]. Unfortunately, decellularized matrices 
lack mechanical stability (altered compared to native ECM), and a batch 
to batch variability is observed [137]. Nowadays, the utilization of ECM 
powder is preferred to complete decellularized matrices [118]. ECM 
powder possess(es) the same biochemical properties that enhance cell 
adhesion and orientate them towards cardiomyocyte maturation [135]. 
Combined with PEG hydrogels [138], the stiffness is enhanced due to the 
chemical cross-linking. This leads to a more suitable DCM extracellular 
matrix in vitro [47,110,139]. 
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4.2. Tuning the mechanical properties of biomaterials to mimic DCM 

A number of studies have investigated the cardiac stiffness in vivo. 
Several groups measured a Young’s modulus of around 10 kPa in spite of 
variations during the contraction cycle. At the beginning of contraction, 
the stiffness is c.a 15 kPa but decreases to c.a 7 kPa at the end of the 
systolic phase [31]. This specific stiffness allows gap junctions between 
cells [106,109]. These junctions play a crucial role in contraction con-
duction and a change in stiffness severely affects the force contractility 
of cells as observed in DCM. 

DCM is characterized by an excess of collagen deposition leading to 
the formation of a fibrotic tissue. As a consequence, the heart stiffness 
increases up to 35 kPa [140] thereby impairing the contraction con-
duction and cardiomyocytes viability. In vitro, the substrate stiffness 
impacts iPS-CM cultured on stiff polyacrylamide gels (120 kPa) with the 
aim of mimicking fibrotic tissues. The upregulation of 
cardiac-fibrosis-associated transcripts such as collagen I and III are 
observed on the substrates [141]. 

Thus, the mechanical properties of cardiac tissue models must be 
precisely tuned to reproduce in vitro the fibrotic DCM tissue. 

4.3. 3D shaping to model the DCM extracellular matrix 

In a healthy heart, the myocardial capillary density is around 2400 
capillaries per mm2 37 to ensure oxygen and nutrient diffusion to the 
cardiomyocytes, whereas in the DCM heart it decreases to 1245 capil-
laries per mm238. Because of cardiomyocyte hypertrophy in DCM, the 
intercapillary distance increases and impedes the diffusion of nutrients 
and oxygen in the tissue [38]. Capillaries are difficult to reproduce in 
vitro due to their small size and their complex network; however, 
porosity generation techniques that allow the physiological perfusion of 
oxygen and nutrients can be used. The modulation of the number of 
pores inside the biomaterial can be performed to reproduce the DCM 
vascular network. 

Basically small pores (<20 μm in diameter) are dedicated to nutrient 
diffusion or angiogenesis and vasculogenesis when endothelial cells are 
added [142]. For cardiomyocytes cultivation, larger pores are required. 
A macroporosity with pores larger than 100 μm in diameter is adapted 
for the 3D development of cardiomyocytes and penetration [143,144]. 
This enables cardiomyocytes organotypic growth and promotes cell 
maturation owing to cell-cell interaction [80]. Another aspect of porous 

structures is the interconnectivity between pores, a parameter impacting 
cell colonization and survival in the scaffold which needs to be opti-
mized (See Table 2). 

4.3.1. Molded biomaterials 
A simple approach relies on molding the substrate in the wells of a 

culture plate or in a PDMS mold to form hydrogels [9,145]. For instance, 
Masumoto and co-workers used collagen I mixed with Matrigel® and 
human iPSCs-CM to form an engineered heart in situ [146]. This tech-
nique does not create pores but the final volume of the construct is small 
enough to ensure nutrient diffusion and prevent necrotic core formation. 
UV-light, heating above 37 ◦C or chemicals are harmful to cells so the 
gelation process must avoid these cross-linking techniques to preserve 
cells. As collagen and Matrigel® do not require heating above 37 ◦C or 
UV light for gelling, cells bear the encapsulation process inside the gel. 
Cast hydrogels often do not mimic the natural microenvironment of cells 
because there is no vasculature or pores. 

To generate porosity within a plain scaffold, laser ablating tech-
niques have been used. This technique is based on the focusing of a laser 
beam that will induce local dissolution of hydrogel to form a desired 
shape and porosity. This process is very accurate, depending on the laser 
used, and the pore size could be adjusted to suit particular applications 
in tissue engineering such as neuronal guidance [147]. Unfortunately, 
the channel diameters are around 10 μm which is not large enough for 
cardiac cell organotypic growth. 

4.3.2. Techniques used in chemistry and material science to create porosity 

4.3.2.1. Self-assembly of polymers. Self-assembly is the spontaneous 
organization of molecules into an ordered structure [148](Fig. 4-A). The 
pores are homogeneous and well distributed within the gel but they 
remain small. Amphiphilic peptides are good candidates for 
self-assembly because their negatively charged part creates 
non-covalent bonds with the positively charged side of another peptide. 
Schneider and co-workers synthesized a 16 residue peptide able to form 
stable sheets in water. The gelation process is tuned with temperature, 
pH and increasing salt concentration [149]. The gel was grafted and was 
easily colonized by host cells that suggests a good cytocompatibility and 
an easy penetration of cells. However, this is a microporosity rather than 
a macroporosity since the pores are around 10 μm in diameter. Hence it, 
is only suited to the diffusion of nutrients. 

Table 2 
Comparison of the techniques to obtain a porous substrate suitable to cultivate cardiomyocytes.  

Techniques Self-assembly Freeze casting Porogen agent 3D printing Needles 

Size of the pores 100 nm–10 
μm 

Tunable (>10–100 μm) Depends on the porogen agent 
(>100 μm) 

Size of the printing head 
(>100 μm) 

Size of the needles (>100 
μm)  

Geometry Not 
controlled 

Pores formed by ice 
crystals 

Crystal shape Channels Channels  

Interconnectivity Not 
controlled 

Not controlled Not controlled Controlled Not controlled  

Position in the material Not 
controlled 

Not controlled Not controlled Controlled Controlled  

Easy to handle No Yes Yes No Yes  

Nutrient diffusion Yes Yes Yes Yes Yes  

Cardiomyocytes organotypic 
growth 

No Yes No Yes Yes  

Easy to perfuse/vascularize No Yes No Yes Yes  

References [149–151] [153] [160] [62,100] [161]  
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Rexeisen and co-workers developed a fibronectin mimetic peptide 
sequence with amphiphilic properties to induce self-assembly. This 
sequence contains an RGD domain to promote cell adhesion and another 
domain called PHSRN known to enhance cell interactions. This peptide 
naturally forms nanofibers in solution and gelifies. Unfortunately, the 
Young’s modulus measured is around 500 Pa, i.e. very low compared to 
the cardiac ECM [150]. Ban and co-workers observed a 90% cell survival 
after 7 days in culture for neonatal murine cardiomyocytes encapsulated 
within this nanomatrix [151]. However, this technique generates pores 
that are too small to allow for cell assembling in an organotypic 
structure. 

4.3.2.2. Freeze-casting. The freeze-casting or ice templating is a process 
using a progressive decrease in temperature with a specific rate to 
induce a directional ice crystal formation inside a polymer solution 
(Fig. 4-B). Polymers such as alginate [152], collagen [153] or silk pro-
tein [154] are first dissolved in water to form a solution of the desired 
concentration. Ice growth within the solution can be random, with no 
specific direction; radial, crystals grow from the perimeter to the center 
or axial; crystals grow along one axis. Once ice crystals are formed, the 
polymer is cross linked or gelified, then freeze dried to remove water. 
Control of the cooling rate allows for tuning of the pore size. The high 
porosity of freeze casting constructs reduces their mechanical properties 
but collagen I scaffolds shaped by freeze-casting have straight pores able 
to align murine myoblasts [153]. This characteristic pore size of around 
100 μm allows cardiomyocytes colonization. 

4.3.2.3. Porogen agent. The removal of a porogen agent such as salt, 
wax or sugar crystals encapsulated within the polymeric scaffold can 
create pores [155](Fig. 4-C). Porogen agents are first mixed with the 
polymer solution and dissolved in a second time after scaffold formation. 
For instance, NaCl salt crystals can be mixed with PLA in a dichloro-
methane solution. Then, the scaffold is formed by solvent evaporation 

and the porosity generated by porogen dissolution. The matrix must be 
stable during this process to reveal pores with a high interconnectivity 
[156]. The major drawback of this process is due to the removal step of 
porogens which limits the scaffold thickness [157]. Using NaCl crystals, 
Tadic and co-workers generated pores from 250 to 400 μm in diameter 
with an interconnection larger than 10 μm. This structure of pores is well 
adapted for cell culture and efficient nutrient diffusion. Sucrose or so-
dium bicarbonates crystals create smaller pores from 125 to 250 μm in 
diameter [158]. Using a commercial polymer Vicry, Xu and Quin ob-
tained high aspect ratio channels – 322 × 8000 μm – [159]. The chal-
lenge with this process is always the removal step. 

Ganji and co-workers used a salt leaching technique to create a 
microporous substrate for cardiomyocytes. The microporosity enhances 
cell communication and improves the electrical stimulation efficiency 
[160]. However, this method does not allow for cell encapsulation 
within porosity as solvents are used in the process. Cardiomyocytes are 
seeded on top of the scaffold and have to migrate within to colonize it. 
Despite the high rate of porosity (90%), pores are not large enough to 
ensure cardiomyocytes organotypic organization. 

4.3.3. Needles (or fibers) molding 
To generate macroporosity, needles can be placed during the poly-

mer casting in mold and removed after gelation [161] to create straight 
channels (Fig. 4-D). This technique represents an easy and rapid way to 
form straight channels. It is mainly used to reproduce vessels and these 
are colonized by endothelial cells [142]. The same procedure can be 
performed using nylon fibers to create channels [162]. The large range 
of diameters available allows the formation of pores of different size 
(from 100 μm to 500 μm). 

4.3.4. 3D printing to combine shaping and porosity generation 
Before the advent of 3D bioprinting, cells were seeded on top of 

hydrogels [44] or mixed with the polymer solution before gelling [146]. 

Fig. 4. Strategies to create pores of specific di-
ameters. The diameter of pores is designed for a 
specific application: to enhance nutrient diffusion, to 
improve cell colonization or to create a vascular 
network. A- Self-assembly peptides to create a nano-
porous mesh with homogeneous pores (scale bar 1 m) 
[163].Cardiomyocytes do not penetrate, they must be 
encapsulated prior to gelation. B- Freeze-casting 
applied to a polymeric solution to create anisotropic 
pores with a controlled diameter [153]. Pores are 
large enough for cardiomyocytes culture (scale bar is 
1 µm). C- Porogen agent removal, macroporous 
network shaped by the porogen agent [164]. D- 
Needles molding (same principle with nylon fibers) 
and removal after gelation. Large pores suitable for 
3D organotypic growth of cardiomyocytes (non pub-
lished results).   

M. Camman et al.                                                                                                                                                                                                                              



Bioactive Materials xxx (xxxx) xxx

9

The emergence of bioprinting in the last decade has revolutionized the 
field since tissue shaping is now feasible. Bioprinting mainly uses an 
extrusion-based process [165] and resolution is limited by the needle 
diameter [166]. The ink is placed in a syringe and thanks to an x, y and z 
platform, it moves to extrude the ink and follow the pattern previously 
designed. A specific shape is developed on a computer and printed with 
the suitable bio-ink. To mimic heart morphology, X-ray tomography 
scans of patients are converted into 3D printed files and reduced to 
create mini hearts [62,100,167]. These complex shapes do not allow 
cells to survive if they are not vascularized [62]. This technique is 
illustrated on Fig. 5 line 1. 

To mimic the heart vasculature, many scaffolds possess a network of 
small channels to increase nutrient diffusion. In addition, a larger 
macroporosity can be created to help cells to form organotypic struc-
tures and to mimic their 3D environment. With 3D printing, channels 
can be obtained by the use of a sacrificial ink removed after printing 
[168]. Basically, the bioprinter prints two different inks: the first 
extrusion head forms the biomaterial structure and a second one makes 
the sacrificial matrix. This latter is specifically chosen to be easily 
removable by 1) heating, 2) solvent addition or 3) cold exposition 
without impacting the scaffold structure and stability. After the printing 
and gelation step, the sacrificial ink is removed to reveal pores or 
channels. Many materials can be used as sacrificial inks, including, for 
example, gelatin which liquefies at 37 ◦C (1) [86,99] making it easy to 
remove. Organic solvent dissolves polycarbonate when it is used to 
create channels (2) [81] and a cold exposition liquefies Pluronic F127 
and flushes it out (3) [82,127]. This removal step is performed only after 
the gelation step of the scaffold around the channels. The appropriate 
combination scaffold/sacrificial matrix is a key requirement because the 
removal of the second network (sacrificial matrix) must not alter the first 
one (scaffold). 

Hinton et al. developed a promising approach employing 3D printing 
to recreate the complex structural properties of the heart using a mac-
roporous scaffold. To support the printing of their complex shape, they 
used a support bath made of a thermo-reversible hydrogel such as 
gelatin spheres. Gelatin was stiff enough to support the printing of the 
construct performed at room temperature. At the end of the printing, the 
scaffold printed with an alginate bio-ink and a cross-linker was stiff 
enough to be heated to 37 ◦C. This step allows an easy removal of the 
support bath of gelatin through heating (Fig. 5 line 2). This enables the 
printing of the hydrated hydrogels with a low elastic modulus in a me-
chanically stable structure [167]. 

The different inks have to be biocompatible with a suitable viscosity 
to be printable [170]. Most studies use cellularized inks, called bio-inks, 
in which cells are directly mixed with the polymer solution in the 
printing head. The inks need to ensure cell survival as Gaetani and 
co-workers demonstrated using human cardiac progenitor cells in a so-
lution of alginate that preserves their viability [171]. Alginate, gelatin, 

collagen I or decellularized ECM are often used as ink for bioprinting. 
For instance, Pati and co-workers developed an ink made from decel-
lularized heart tissue which preserves critical components of the cardiac 
ECM [172]. Using bio-inks, cells are seeded with high precision and a 
uniform distribution within the scaffold. The challenge of in vitro heart 
tissue engineering is to increase the complexity of the environment of 
cardiomyocytes compared to the basic 2D cell culture while maintaining 
sufficient control in reproducibility. The 3D printing techniques comply 
with specifications since the shape is precisely designed on a computer 
and the printer follows exactly the same procedure each time. 

4.4. Topographical relevance with an anisotropic scaffold 

The scaffold topography plays a crucial role in inducing car-
diomyocytes alignment which in turn influences contractile force [173]. 
To study the decrease of force contraction during the disease, cells have 
to be aligned to reproduce the in vivo conditions. Aligned cells are more 
mature and orientate toward a physiological behavior [107] because 
they have gap junctions and visible sarcomeres. Cardiomyocytes 
cultured in vitro on plastic are randomly aligned. As a consequence, the 
distribution of their contractile force is in all directions and so is not 
efficient [174]. To align cells, a scaffold needs to be anisotropic, i.e. to 
possess a preferential orientation. Intrinsic properties of the materials or 
shaping can create anisotropy in the scaffold and then cardiomyocytes 
will follow this anisotropy, i.e. they will be aligned (Fig. 6). We can 
notice several types of anisotropy: the first one is the anisotropy due to 
the shaping process such as electrospinning. Electrospinning parameters 
can be tuned to obtain aligned fibers. The second depends on the 
intrinsic properties of the material to form aligned fibers (extruded 
collagen, for instance). Last, cell anisotropy can be generated by a post 
processing step using mechanical stretching that forces the cells to align. 

4.4.1. Electrospinning 
Using the electrostatic force, the electrospinning technique produces 

polymeric fibers ranging from nanoscale to microscale [176,177]. A 
highly intense electric field (1–10 kV) charges two electrodes with 
opposite polarities. The first electrode is immersed in the polymeric 
solution and the second electrode is placed on the collector. When the 
electrical field overcomes the resistance of the surface tension in the 
polymeric solution, the electrically charged solution is ejected towards 
the collector. The polymeric jet is stretched during this step and long and 
thin fibers are produced. By changing the rotating speed of the collector, 
aligned fibers or randomly organized fibers are obtained. This shaping 
process creates anisotropic material when fibers are aligned. 

Electrospun Polyurethane fibers of around 2 μm in diameter can be 
used for cardiomyocyte culture after coating with fibronectin. This 
scaffold allows for cardiomyocyte alignment and synchronous contrac-
tion along the main axis of electrospunned fibers [178]. In addition, cells 

Fig. 5. 3D printing to combine shaping and porosity. First line: 3D printing in a support bath (Inspired from McCormack and al. [169]). The ink is printed in a 
support bath that allows printing of all complex shapes. After ink gelation or cross-linking, the support bath is removed by heating and reveals the final scaffold 
[100]. Second line: 3D printing in a cellularized scaffold. The sacrificial ink is printed within the cellularized scaffold and, after scaffold gelation, the sacrificial ink is 
removed by 1) heating; 2) solving; or 3) colding. The removal reveals porous channels [124]. 
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develop an anisotropic organization (i.e. aligned cells) with mature 
sarcomeres. Smaller fibers with polyvinylidene 
fluoride-trifluoroethylene (PVDF-TrFE) – 550 nm – [129] or PCL – 250 
nm – in diameter [126] are obtained to create a fibrous substrate. Nat-
ural polymers are more difficult to process due to denaturation and are 
often inhomogeneous in diameter. However, polyglycerol sebacate fi-
bers with a collagen I core were produced by electrospinning [46] as 
well as silk fibroin [176] or chitosan [179] fibers. Matthews and 
co-workers succeeded in optimizing collagen processes to obtain fibers 
of 250 nm in diameter with the structural organization of collagen fibrils 
– with the 67 nm D banding pattern –, a characteristic of native collagen 
[180]. Joanne and co-workers obtained larger fibers from 600 nm to 2 
μm and they demonstrated the cytocompatibility of collagen electrospun 
subtrates [181]. IPS-CM survive on this substrate because the collagen 
and the high porosity improves cell colonization in the substrate. 

The main limitation of such a process is the poor repeatability when 
natural polymers are used and only thin materials are obtained pre-
venting organotypic organization. 

4.4.2. Intrinsic anisotropy of fibrillar biopolymers 
Another approach to generate anisotropy is the use of an intrinsic 

anisotropic material. Many natural polymers such as collagen or fibrin 
form fibers. These fibers can be aligned within the biomaterial and the 
resulting scaffold is anisotropic. 

The collagen I fibrillogenesis process generates fibrils of between 10 
and 100 nm in diameter that can be aligned with a controlled extrusion 
process. Using a syringe and a well-adapted needle, the shearing con-
ditions are adapted to form collagen threads with aligned fibers [182]. 
The needle diameter depends on the type of biopolymer used. Hyal-
uronic acid/collagen I bio ink forms aligned fibers with a 15G needle 
[183] whereas a 25G needle is required to align collagen I fibers within a 
decellularized ECM bioink [184]. This approach has also been used with 
Poly(lactic-co-glycolic acid) (PLGA) with a good fiber alignment. Cells 
seeded on this substrate follow the orientation of the substrate and align 
[185]. 

Fibrinogen mixed with thrombin self-assemble into fibers to form a 
hydrogel. By constraining this hydrogel, fibrin fibers align and the 
substrate becomes anisotropic [186]. Cardiomyocytes can be embedded 

into the fibrin hydrogel and they will survive and remodel their sub-
strate thanks to the mesh structure [186]. 

As an alternative, a high magnetic field can be used to orientate 
diamagnetic molecules. Collagen I is a diamagnetic molecule due to its 
high aspect ratio and its intrinsic properties [187,188]. The magnetic 
field induces the rotation of collagen molecules to align in one direction 
during the self-assembly process [189,190]. However, this approach 
requires a very strong magnetic field and few structures are available to 
produce such conditions. 

4.4.3. Induced anisotropy by mechanical stretching 
This strategy uses mechanical forces to induce cell alignment once 

the cells are cultured within the scaffold. Before the stimulation, the 
cells are randomly dispersed but after cycles of stretching they align 
along the stretching axis. Mechanical stress conditioning along one axis 
promotes a 2-fold increase in cardiomyocyte size and cell alignment 
[139]. The external stimulation is not always required because a fibrin 
hydrogel fixed between two PDMS pillars will contract along the axis of 
attachment. The PDMS pillars bend during the contraction and the 
elongation induces alignment of cells [90]. This is the most widely used 
technique to align cardiomyocytes encapsulated within a hydrogel to 
form a microtissue mimicking DCM [191]. 

ECM anisotropy is a crucial parameter to consider for mimicking the 
topography of a physiological heart. Electrospinning of fibers does not 
seem to be relevant due to the scaffold thinness and the use of synthetic 
polymers. Hence, the use of a natural polymer with intrinsic anisotropic 
fibers seems suitable for 3D cardiac modelling which can be aligned 
when the polymeric solution is extruded while 3D printing. As a result, 
this technique allows for the generation of macroporous and anisotropic 
scaffolds. 

5. Physiological evaluation of a 3D cardiac model 

Among the read-outs, contractility seems to be the most relevant 
parameter with which to study DCM. The tissue displacement during 
contraction and its frequency give an estimation of contractility and beat 
rate. Force measurements on isolated cardiomyofibrils show a reduced 
tension in sarcomeres of around 25% in DCM cells. Combined with the 
reduced population and the forming fibrosis, these consequences dras-
tically reduce the force contraction in the patient’s heart [192]. 

At the cellular level, immunostaining image analysis gives informa-
tion on parameters such as the sarcomere size during contraction and 
stretching. Images are modified with a 2D Fourier transform to extract 
sarcomere content and cell length. The mean length between sarcomeres 
and the aspect ratio of cardiomyocytes indicates their ability to beat 
[56]. A new software proposes to analyze time lapse of beating car-
diomyocytes and to extract PDMS post deflection, fractional shortening 
of sarcomere length and beating rate thanks to an algorithm [193]. 
Human involvement is limited and analysis of the images and video is by 
algorithm. New techniques using live imaging allow a spatiotemporal 
analysis. For instance, voltage-sensitive dies enable the monitoring of 
the action potential propagation in a cell sheet or a 3D culture [194]. 
Electrodes placed on the culture surface report the electric potential and 
its propagation wave when cardiomyocytes are aligned. These spatio-
temporal methods afford a better understanding of the cell behavior of 
cardiomyocytes collected from healthy or sick patients [195]. Yang and 
Hsu developed a piezo electric membrane to record spontaneous 
contraction of aligned cells in 2D96. To convert this technique into 3D 
measurements, Tian and co-workers elaborated a highly porous elec-
tronic mesh integrated in a PLGA electrospun fiber scaffold. After 
seeding, cardiomyocytes interact with the electronic mesh that will re-
cord the electric propagation in a 3D environment. This electronic mesh 
does not affect tissue formation and growth because of its flexibility and 
porosity. This set up allows monitoring of extracellular potential at 
different locations with a high spatiotemporal resolution [196]. This 
approach is a major research orientation to design bionic tissues with 

Fig. 6. Cardiomyocytes alignment on anisotropic substrate (From Han and 
co-workers [175]). Human-induced pluripotent stem cells-derived car-
diomyocytes were cultured on electrospun PCL fibers for 2 weeks. The fibers 
were coated with Matrigel® to enhance cell adhesion and cells were immu-
nostained with DAPI and Phalloidin. 
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built-in electronics to monitor cell function and to provide electrical 
stimulation to cardiomyocytes [197]. To go further, optogenetics tools 
have been adapted to cardiomyocytes studies [198]. Light sensitive 
channels have been transfected to cardiomyocytes owing to lentivirus. 
With these channels, cells are sensitive to a specific wave length and 
their contraction can be triggered and controlled [199]. Moreover, Park 
and co-workers developed a set up able to combine optical mapping and 
optogenetic stimulation. Because of the light sensitivity they were able 
to change the shapes of the action potential while recording them. This 
technique allows a very high spatial and temporal resolution. The 
electrical signal was recording with a voltage sensitive dye [200] (see 
Table 3). 

In most cases, the force contraction of an engineered tissue is directly 
measured with a force transducer [47,87,146] (Fig. 7A) or indirectly by 
the measurement of displacement of PDMS pillars [9,201] (Fig. 7B). In 
the first case, the gel is attached to a fixed part and to a force transducer 
that will measure the force contraction. In the second case, the gel grows 
between two PDMS pillars and its contraction will induce pillar deflec-
tion that is recorded. Using these systems, cardiomyocytes have a lower 
beating rate and a reduced force contraction than the physiological 
heart. This difference may be due to a lack of cell alignment and a lower 
cell density that induce a poor conduction. Force transducers can be 
miniaturized to study single cell contraction with very high accuracy 
[202]. Combined with a video microscope, this technique allows 
observation of cell striation and contraction of cardiac myocytes. 
However, some examples demonstrate that a single cell assay was not 
relevant to show difference in contractility between cells affected by 
DCM (titin mutation) and healthy cells [56]. Moving to 3D tissue models 
with cells randomly cultured into a hydrogel, these showed that the 
mutated line generates only 50% of the contractile force compared to 
the control line. This study proves the lower ability to beat of mutated 
cardiomyocytes. For this purpose, fluorescent microbeads were mixed 
with PDMS to create pillars on top of which the engineered heart tissue 
is anchored. With fluorescent imaging and tracking of the beads, cell 
contractility is assessed within the entire tissue [56]. Other techniques 

were developed based on the displacement of a cantilever brought into 
contact with cardiac myocytes [203] or using atomic force microscopy 
but these techniques are more suited to 2D cultures. The different 
techniques are compared in Table 3. 

6. Future perspectives 

Most researchers in the field of cardiac tissue engineering must seek 
to combine a suitable biomaterial with iPS-CM to create a reliable car-
diac model. This approach is particularly relevant with DCM since this 
disease affects not only the cells but also the cardiac ECM. By optimizing 
the bioprinting techniques and the macroporosity generation, we should 
soon be able to create a porous substrate allowing for iPS-CM cultiva-
tion. Mimicking the stiffness of DCM extracellular matrix is the simplest 
parameter to reproduce in vitro. The porosity is another crucial point to 
focus on since the vascularization network is reduced in DCM. Designing 
several biomaterials with distinct stiffness and porosity before adding 
iPS-CM could help to understand the impact of ECM changes on the 
evolution of contractile function impairment. 

This iPS cell strategy is particularly well adapted to genetic disease 
modelling. Once the 3D cellularized scaffold is mature enough, the in 
vitro heart tissue will exhibit the disease features at the cell and tissue 
level [56,206]. Thanks to the CRISPR-Cas9 technology, it is now feasible 
to generate an artificial control of DCM cells. Both cellularized models 
will have the same genetic background corresponding to that of a spe-
cific patient. For a personalized medicine strategy, these models could 
be useful for drug testing to find the appropriate treatment for a specific 
patient. The biomaterial contractility and the cellular morphology could 
be relevant read-outs. The optical mapping technique with a voltage 
sensitive dye seems to be the most promising strategy to observe the 
signal conduction between cells [62,95] and evaluate the treatment ef-
ficacy. The video analysis and comparison with the control will reveal 
any improvements in the treated diseased model. 

Table 3 
Comparison of the different strategies to assess the performance of a cardiac model.  

Techniques Video AFM/ 
Cantilever 

PDMS pillars Force transducer Electroresponsive 
substrate 

Fluorescent 
microbeads 

Optogenetic 

Reads-out Beating frequency Beating 
frequency 

Beating frequency Beating frequency Beating frequency Beating frequency Beating 
frequency   

Vertical force Tissue contraction Tissue contraction  Cell displacement Electrical wave   
Cellular 
stiffness       

Cell features Cell length/width 
ratio during 
contraction 

Contractile 
amplitude & 
force 

Average cell length/ 
width ratio during 
contraction 
Contractile amplitude 
& force 

Average cell length/ 
width ratio during 
contraction 
Contractile 
amplitude & force 

Electrical currents 
inside the cells 

Cell length/width 
ratio during 
contraction 

Action potential 
propagation  

Type of 
models 

2D and 3D 2D and 3D 3D 3D or single cell 2D and 3D 2D and 3D 2D and 3D  

Advantages Easy to handle Very accurate Non invasive Easy to handle Live imaging Live imaging High temporal 
and spatial 
resolution  

Non invasive  Easy to handle  Visible electric wave 
of contraction 

Non invasive   

Live imaging        

Limitations No force 
measurement 

Long time 
acquisition 

Not accurate, only a 
global force 

Global force 
contraction or single 
cell 

Substrate interfere 
with cells 

More accurate with 
single cells 

Require to modify 
cells   

Local 
acquisition 

Indirect measurement      

References [56,194] [203,205] [9,56,193] [47,202] [96,196] [204] [198–200]  
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7. Conclusion 

The development of a fully functional cardiac tissue model of DCM 
could not be completed without a close collaboration between material 
physico-chemistry and cell biology. With the development of iPS cells, it 
is now possible to derive pathological cells from blood circulating cells. 
To reproduce the cellular diversity of heart tissue, other cells such as 
fibroblasts and endothelial cells can be co-cultivated with iPS-CM with 
the aim of recreating the physiological cell interactions. These advances 
in cardiac cell biology must be combined with a suitable 3D scaffold 
mimicking the heart ECM to set-up adequate cell/ECM interactions. 
Advances in biomaterial design techniques such as 3D printing enable 
fabrication of an artificial cardiac ECM with adequate stiffness, 
composition and shape. Macroporosity and anisotropy are also crucial to 
reproduce the cell microenvironment in a healthy or a diseased heart. 
This porosity allows the cell organotypic organization and the devel-
opment of a primitive vascular network when endothelial cells are 
added. This vascular network can be perfused to reproduce the blood 
pressure inside the heart tissue. Furthermore, biomaterials nowadays 
allow greater innovation through the addition of drug release particles 
or electronical mesh to produce and record cell contraction. By 
combining all these technologies, it appears possible to create a func-
tional cardiac tissue model of genetic DCM. 
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[3] P.M. Seferović, M. Polovina, J. Bauersachs, M. Arad, T.B. Gal, L.H. Lund, S. 
B. Felix, E. Arbustini, A.L.P. Caforio, D. Farmakis, G.S. Filippatos, E. Gialafos, 
V. Kanjuh, G. Krljanac, G. Limongelli, A. Linhart, A.R. Lyon, R. Maksimović, 
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Pure dense collagen threads from extrusion to fibrillogenesis stability, Biomed. 
Phys. Eng. Express 4 (3) (2018), 035008, https://doi.org/10.1088/2057-1976/ 
aaab78. 

[183] A. Schwab, C. Hélary, R.G. Richards, M. Alini, D. Eglin, M. D’Este, Tissue mimetic 
hyaluronan bioink containing collagen fibers with controlled orientation 
modulating cell migration and alignment, Mater. Today Biol. 7 (2020) 100058, 
https://doi.org/10.1016/j.mtbio.2020.100058. 

[184] H. Kim, J. Jang, J. Park, K.-P. Lee, S. Lee, D.-M. Lee, K.H. Kim, H.K. Kim, D.- 
W. Cho, Shear-induced alignment of collagen fibrils using 3D cell printing for 
corneal stroma tissue engineering, Biofabrication 11 (3) (2019), 035017, https:// 
doi.org/10.1088/1758-5090/ab1a8b. 

[185] T. Guo, J.P. Ringel, C.G. Lim, L.G. Bracaglia, M. Noshin, H.B. Baker, D.A. Powell, 
J.P. Fisher, Three dimensional extrusion printing induces polymer molecule 
alignment and cell organization within engineered cartilage: 3D printing for 
cellular organization IN engineered cartilage, J. Biomed. Mater. Res. 106 (8) 
(2018) 2190–2199, https://doi.org/10.1002/jbm.a.36426. 

[186] K. Yuan Ye, K.E. Sullivan, L.D. Black, Encapsulation of cardiomyocytes in a fibrin 
hydrogel for cardiac tissue engineering, JoVE 55 (2011) 3251, https://doi.org/ 
10.3791/3251. 

[187] D.L. Worcester, Structural origins of diamagnetic anisotropy in proteins, Proc. 
Natl. Acad. Sci. Unit. States Am. 75 (11) (1978) 5475–5477, https://doi.org/ 
10.1073/pnas.75.11.5475. 

[188] J. Torbet, M. Malbouyres, N. Builles, V. Justin, M. Roulet, O. Damour, Å. Oldberg, 
F. Ruggiero, D.J.S. Hulmes, Orthogonal scaffold of magnetically aligned collagen 
lamellae for corneal stroma reconstruction, Biomaterials 28 (29) (2007) 
4268–4276, https://doi.org/10.1016/j.biomaterials.2007.05.024. 

[189] C. Guo, L.J. Kaufman, Flow and magnetic field induced collagen alignment, 
Biomaterials 28 (6) (2007) 1105–1114, https://doi.org/10.1016/j. 
biomaterials.2006.10.010. 

[190] S. Chen, N. Hirota, M. Okuda, M. Takeguchi, H. Kobayashi, N. Hanagata, 
T. Ikoma, Microstructures and rheological properties of Tilapia fish-scale collagen 
hydrogels with aligned fibrils fabricated under magnetic fields, Acta Biomater. 7 
(2) (2011) 644–652, https://doi.org/10.1016/j.actbio.2010.09.014. 

[191] J.T. Hinson, A. Chopra, A. Lowe, C.C. Sheng, R.M. Gupta, R. Kuppusamy, 
J. O’Sullivan, G. Rowe, H. Wakimoto, J. Gorham, M.A. Burke, K. Zhang, 
K. Musunuru, R.E. Gerszten, S.M. Wu, C.S. Chen, J.G. Seidman, C.E. Seidman, 
Integrative analysis of PRKAG2 cardiomyopathy IPS and microtissue models 
identifies AMPK as a regulator of metabolism, survival, and fibrosis, Cell Rep. 17 
(12) (2016) 3292–3304, https://doi.org/10.1016/j.celrep.2016.11.066. 

[192] I. Makarenko, C.A. Opitz, M.C. Leake, C. Neagoe, M. Kulke, J.K. Gwathmey, F. del 
Monte, R.J. Hajjar, W.A. Linke, Passive stiffness changes caused by upregulation 
of compliant titin isoforms in human dilated cardiomyopathy hearts, Circ. Res. 95 
(7) (2004) 708–716, https://doi.org/10.1161/01.RES.0000143901.37063.2f. 

[193] L. Sala, B.J. van Meer, L.G.J. Tertoolen, J. Bakkers, M. Bellin, R.P. Davis, 
C. Denning, M.A.E. Dieben, T. Eschenhagen, E. Giacomelli, C. Grandela, 
A. Hansen, E.R. Holman, M.R.M. Jongbloed, S.M. Kamel, C.D. Koopman, 

Q. Lachaud, I. Mannhardt, M.P.H. Mol, D. Mosqueira, V.V. Orlova, R. Passier, M. 
C. Ribeiro, U. Saleem, G.L. Smith, F.L. Burton, C.L. Mummery, MUSCLEMOTION: 
a versatile open software tool to quantify cardiomyocyte and cardiac muscle 
contraction in vitro and in vivo, Circ. Res. 122 (3) (2018), https://doi.org/ 
10.1161/CIRCRESAHA.117.312067. 

[194] L. Gepstein, C. Ding, D. Rehemedula, E.E. Wilson, L. Yankelson, O. Caspi, 
A. Gepstein, I. Huber, J.E. Olgin, In Vivo assessment of the electrophysiological 
integration and arrhythmogenic risk of myocardial cell transplantation strategies, 
Stem Cell. 28 (12) (2010) 2151–2161, https://doi.org/10.1002/stem.545. 

[195] I. Itzhaki, L. Maizels, I. Huber, L. Zwi-Dantsis, O. Caspi, A. Winterstern, 
O. Feldman, A. Gepstein, G. Arbel, H. Hammerman, M. Boulos, L. Gepstein, 
Modelling the long QT syndrome with induced pluripotent stem cells, Nature 471 
(7337) (2011) 225–229, https://doi.org/10.1038/nature09747. 

[196] B. Tian, J. Liu, T. Dvir, L. Jin, J.H. Tsui, Q. Qing, Z. Suo, R. Langer, D.S. Kohane, 
C.M. Lieber, Macroporous nanowire nanoelectronic scaffolds for synthetic tissues, 
Nat. Mater. 11 (11) (2012) 986–994, https://doi.org/10.1038/nmat3404. 

[197] R. Feiner, L. Engel, S. Fleischer, M. Malki, I. Gal, A. Shapira, Y. Shacham- 
Diamand, T. Dvir, Engineered hybrid cardiac patches with multifunctional 
electronics for online monitoring and regulation of tissue function, Nat. Mater. 15 
(6) (2016) 679–685, https://doi.org/10.1038/nmat4590. 

[198] J. Joshi, M. Rubart, W. Zhu, Optogenetics: background, methodological advances 
and potential applications for cardiovascular research and medicine, Front. 
Bioeng. Biotechnol. 7 (2020) 466, https://doi.org/10.3389/fbioe.2019.00466. 

[199] Zhuge Yan, B. Patlolla, C. Ramakrishnan, R.E. Beygui, C.K. Zarins, K. Deisseroth, 
E. Kuhl, O.J. Abilez, Human pluripotent stem cell tools for cardiac optogenetics, 
in: 2014 36th Annual International Conference of the IEEE Engineering in 
Medicine and Biology Society, IEEE, Chicago, IL, 2014, pp. 6171–6174, https:// 
doi.org/10.1109/EMBC.2014.6945038. 

[200] S.A. Park, S.-R. Lee, L. Tung, D.T. Yue, Optical mapping of optogenetically shaped 
cardiac action potentials, Sci. Rep. 4 (1) (2015) 6125, https://doi.org/10.1038/ 
srep06125. 

[201] K. Breckwoldt, D. Letuffe-Brenière, I. Mannhardt, T. Schulze, B. Ulmer, T. Werner, 
A. Benzin, B. Klampe, M.C. Reinsch, S. Laufer, A. Shibamiya, M. Prondzynski, 
G. Mearini, D. Schade, S. Fuchs, C. Neuber, E. Krämer, U. Saleem, M.L. Schulze, 
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