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Modeling integrated human physiology in vitro is a formidable task not yet achieved with any
of the existing cell/tissue systems. However, tissue engineering is becoming increasingly
successful at authentic representation of the actual environmental milieu of tissue develop-
ment, regeneration and disease progression, and in providing real-time insights into mor-
phogenic events. Functional human tissue units engineered to combine biological fidelity
with the high-throughput screening and real-time measurement of physiological responses
are poised to transform drug screening and predictive modeling of disease. In this review, we
focus on the in vitro engineering of functional human myocardium that mimics heart tissue
for analysis of myocardial function, in the context of physiological studies, drug screening for
therapeutics, and safety pharmacology.

For decades, tissue engineering has been driv-
en by biologists, engineers, and clinicians

to meet the growing need to repair or replace
tissues lost by disease, injury, or degeneration in
an aging population. After some spectacular
successes (Atala et al. 2006; Macchiarini et al.
2008), some failures, and the development of
some promising new approaches (Zimmer-
mann et al. 2006; Caspi et al. 2007; Dahl et al.
2011), it is becoming clear that engineering bi-
ological substitutes of tissues, or perhaps even
organs, is increasingly plausible but is still fac-
ing major hurdles. The large size of clinically
useful tissues often means that immediate per-
fusion with blood is required. There is also a

need for robust, renewable cell sources with
which to make authentic constructs. Combined
with complex regulatory procedures, these fac-
tors have slowed down progress toward clinical
implementation although in vitro applications
are now meeting success.

Engineered human tissues that are most
widely used at present time are for repairing
bone and other tissues of the skeleton. A range
of new in vitro applications, such as safety phar-
macology and creating disease models suitable
for drug discovery, are also being considered,
with the goal of translating the laboratory re-
search to treatments for patients. The engi-
neered tissue is, in this case, not a medicinal
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product, but the vehicle for testing treatments.
In this more immediate application of tissue
engineering, the tissues are small enough to
avoid diffusional constraints of oxygen supply
and the regulatory requirements are only mini-
mal. Although it is unreasonable to expect these
three-dimensional (3D) tissue models to re-
spond exactly as a native tissue, such models
can recapitulate certain physiological functions
and be used in early stage research to investigate
the efficacy, safety, and mode of action of thera-
peutic agents. Instead of attempting to mimic
the complexity of the whole organ, a reasonable
goal would be to replicate the tissue-specific ar-
chitecture so that it recapitulates a subset of most
relevant physiological functions for the tissue of
interest. The focus here is on tissue-engineered
structures for human myocardium to model
normal and disease physiology of the heart.

Potential cell sources for cells of the heart are
stem cells because human cardiomyocytes differ
significantly from those of rodents, most obvi-
ously in their electrophysiological properties.
In addition, the mouse heart typically beats at
approximately 500 times per minute (bpm)
whereas the beating rate of the human heart is
usually �60–90 bpm, human stem cells are a
preferred source. Currently, there are three main
sources of stem cells that can be used as a source
of human cardiomyocytes: (1) human embry-
onic stem cells obtained from donated human
blastocysts (Thomson et al. 1998), (2) human-
induced pluripotent stem cells (hiPSC) ob-
tained by reprogramming adult somatic cells
by overexpressing key transcription factors (Ta-
kahashi et al. 2007), and (3) human cardiac
progenitor cells derived from fetal or possibly
adult heart (Goumans et al. 2007; Smits et al.
2009). All of these cell types can form cardio-
myocytes in vitro either by differentiating in the
presence of specific growth factors (methods
reviewed in Mummery et al. 2012), coculture
with a mouse endodermal cell line (Mummery
et al. 2003), or treatment with 5-azacytidine and
TGF-b (Goumans et al. 2007). Stem cell-de-
rived cardiomyocytes usually show spontane-
ous electrical activity with cyclic contraction
and measurable action potentials that are sensi-
tive to chronotropic drugs (which change the

heart rate), features typical of immature or fetal
cardiomyocytes (Wobus and Boheler 2005; Da-
vis et al. 2011). Furthermore, the progenitor
cells from pluripotent cells or the heart appear
to differentiate into cardiac fibroblasts and en-
dothelial cells, also essential components of the
heart and comprising up to 60% of its cellular
content.

The term “myocardial tissue engineering”
refers, in a broad sense, to the application of
principles and methods of engineering and life
sciences toward fundamental understanding of
structure–function relationships in normal and
pathological heart tissues and the development
of biological substitutes to restore, maintain, or
improve tissue function (Fig 1). Key aspects in-
clude the 3D nature of the scaffolding material,
and the environmental control and provision of
spatial and temporal sequences of biophysical
factors via bioreactors (Fig. 2).

A tissue-engineering paradigm for using
cardiac cells involves coordinated use of bioma-
terial scaffolds providing a structural template
for cell attachment and tissue formation, bio-
chemical and physical regulatory signals (Vun-
jak-Novakovic and Scadden 2011). To use the
full biological potential of the cells, the in vitro
system needs to recapitulate some aspects of the
native tissue milieu. This requirement for “bio-
mimetics” is not easy to meet as cells respond to
the entire context of their microenvironment,
not simply to a few dominant signals (reviewed
in Vunjak-Novakovic et al. 2010). For engineer-
ing cardiac muscle, scaffold requirements in-
clude an appropriate porosity (to foster cell mi-
gration and attachment, and the exchange of
nutrients, most critically oxygen, and metabo-
lites), and hierarchical structure (orientation,
anisotropy, channels for vascular conduits).
Ideally, a scaffold is designed to mimic the prop-
erties of native heart matrix and thereby medi-
ate tissue formation. A scaffold needs to actively
interact with the cells at multiple scales: “mo-
lecular” (incorporated ligands and growth fac-
tors), “cellular” (migration, cell–cell contacts,
stiffness), and “tissue” (interfaces, structural and
mechanical anisotropy) (Langer and Tirrell 2004;
Lutolf and Hubbell 2005; Tibbitt and Anseth
2009).
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With the recent advances in both stem cell
and tissue engineering technologies, the time is
now ripe to apply functional 3D myocardium
from human pluripotent stem cells (hPSC) to
preclinical drug development, basic research,
and patient-specific disease modeling. Increas-
ingly automated and miniaturized assay for-
mats provide higher content than standard
two-dimensional (2D) cultures, are more stable,
and drive cardiomyocyte maturation toward
mature heart tissue (Hirt et al. 2014).

CELLS OF THE HEART

The adult heart is composed of at least three
major cells types. Atrial and ventricular myo-
cytes make up 30% of the heart and cardiac
fibroblasts (+60%). The remaining 10% are
pacemaker cells, endothelial cells/endocardi-
um, epicardium, and pericytes, which, although
only a relative minority, are essential for nor-
mal cardiac function and a major cause of dis-
ease when functionally impaired or defective.

The fetal heart has proportionally more cardio-
myocytes and fewer cardiac fibroblasts. Within
these broad categories of cell types, there are
functionally distinct subtypes in both the adult
and embryonic heart. For example, cardiomyo-
cytes can have atrial, ventricular, or pacemaker
identities with distinct electrophysiological fea-
tures and gene expression profiles, although it is
still a matter of debate when or how these iden-
tities are specified in normal development.

The heart forms soon after gastrulation
from anterior mesodermal cells that migrate be-
tween the ectoderm and endoderm cell layers
in the primitive streak. Heart-forming cells (or
cardiac progenitors) are primarily localized in
the middle of the primitive streak. Signals from
adjacent cells, in the endoderm in particular,
are thought to promote the induction of cardiac
mesoderm and its subsequent patterning. Three
families of protein growth factors or their in-
hibitors identified by disruption of normal de-
velopment (reviewed by Olson and Schneider
2003) are among the endoderm-derived in-
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Figure 1. Myocardial tissue engineering. The classical paradigm of myocardial tissue engineering involves
cultivation of cells on scaffolds, with the application of molecular and physical factors (via bioreactors), for
implantation. Alternatively, host cells can be recruited to the repair site by implanted scaffolds, with or without
cells. More recently, myocardial tissue engineering is being increasingly used for modeling disease and in high-
throughput platforms for screening of drugs and therapeutic targets.
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structive signals: bone morphogenetic proteins
(BMPs), the Wnt proteins, and the fibroblast
growth factors (FGFs). BMP signaling generally
promotes cardiogenesis, whereas the Wnt pro-
teins and FGFs are involved in providing posi-
tional cues for cell specification.

Overall, the timing and relative expression
of different combinations of growth factors in-
duce and pattern the cardiogenic mesoderm
(reviewed in Davis et al. 2011). During anteri-
or migration, the mesoderm receives signals
that switch on a highly conserved heart-specific
combination of transcription factors estab-
lishing the cardiac identity. The mesodermal
precursor cells in the primitive streak express
transcription factors such as the T-box factor
Brachyury (T) and the homeodomain protein,

Mixl1. Subsequently, these cells transiently acti-
vate the basic helix–loop–helix transcription
factor mesoderm posterior 1 to enter a “precar-
diac” mesoderm stage of development.

A subset of these cells begins to express the
homeodomain transcription factor Nkx2-5, the
T-box protein Tbx5, and Isl1, all early markers
of the cardiac lineage that are activated dur-
ing the formation of the primary and secondary
heart fields (Mjaatvedt et al. 2001; Waldo et al.
2001; Cai et al. 2003; Meilhac et al. 2004; Buck-
ingham et al. 2005). Nkx2-5 and Tbx5 associate
with members of the GATA family of transcrip-
tion factors (GATA4/5/6) and serum response
factor to activate cardiac structural genes such
as actin, myosin light chain, myosin heavy chain,
troponins, and desmin. Myocyte enhancer fac-

Self-renewal

Differentiation

Biosynthesis

Migration

Apoptosis

Genes

Cytokines

Environmental signals Cell response

Physical forces

Cell–cell and
cell–ECM interactions

Figure 2. Environmental regulation of cell function. Both in vivo and in vitro, cells interact with the entire
context of their environment: cytokines, surrounding cells, extracellular matrix, and physical forces (hydro-
dynamic, mechanical, electrical). In response to the combined effects of these factors, the cells may take a
number of different fates—from differentiation to apoptosis and death. At the same time, the cells modulate
their environment by secreting cytokines, remodeling the extracellular matrix, affecting the surrounding cells,
and generating forces. Cardiomyocytes are an example of the cells that actively interact with their environment
throughout development, adult life, as well as under pathological conditions. The designs of advanced systems
for myocardial tissue engineering are “biomimetic” in nature as they recapitulate key regulatory factors, mo-
lecular and physical, acting in vivo. (From Vunjak-Novakovic and Scadden 2011; reproduced, with permission,
from the author.)

G. Vunjak Novakovic et al.

4 Cite this article as Cold Spring Harb Perspect Med 2014;4:a014076

w
w

w
.p

er
sp

ec
ti

ve
si

n
m

ed
ic

in
e.

o
rg



tor 2 family members regulate cardiac muscle
structural genes.

Thus, multiple complex interactions be-
tween these highly conserved gene regulatory
networks control the initial differentiation, pro-
liferation, and maturation of cardiomyocytes
although the expression of single molecular
markers cannot be linked unambiguously to
one cardiac progenitor cell lineage. Because of
their functional roles, many of these cardiac
genes can be used as markers of emerging car-
diomyocytes in differentiating cultures of hPSC.

Methods for inducing stem cell differentia-
tion are being driven by our increased under-
standing of the underlying developmental
biology. Genetic marking and identification of
the different cell subtypes and application of
developmental signals in an appropriate time
and concentration-dependent manner enabled
derivation of many cardiac and vascular sub-
types from stem cells. Today, we have various
methods for their specification, selection, and
sometimes expansion in culture available (re-
viewed in Mummeryet al. 2012). These methods
have moved the field significantly beyond the
initial studies in which only ,1% of cells in
the spontaneously beating regions of cell aggre-
gates or “embryoid bodies” were actually cardi-
omyocytes, to the present state of the art in
which up to 80% of the cells may now be cardi-
omyocytes. Crucial to improving efficiency and
reproducibility of differentiation methods have
been (1) the use of standard aggregate size and
format by using identical cell numbers in each
and aggregating by centrifugation in 96-well
plates of use of Aggrewells, (2) cross-titration
of the principle mesoderm inducing growth fac-
tors BMP4 and activin to find optimal batch and
cell line concentrations, (3) timed addition and
removal of the growth factors, (4) the use
of serum-free (commercial) medium formu-
lations, and (5) small molecules to activate the
Wnt signaling pathway. In addition, some meth-
ods do not require aggregation and instead de-
rive cardiomyocytes in monolayer cultures.
They use much the same combination of growth
factors, but often include additional small mol-
ecules like XAV. Recent advances in efficiency
are thus largely attributable to the use of defined

culture media, specific growth factors, and
small molecular inhibitors (Elliott et al. 2011;
Kattman et al. 2011; reviewed in Mummery
et al. 2012).

Whereas it is presently possible to generate
atrial, ventricular, and pacemaker-like cells
from hPSCs, cell differentiation into these spe-
cific phenotypes is still random and cannot be
controlled in a directed fashion and under de-
fined and reproducible conditions. Moreover,
methods for generating endocardium, epicar-
dium, and cardiac fibroblasts have not been
described to date, yet these cells are crucial com-
ponents of cardiac repair after damage. Ex-
ceptionally, derivation of specific subtypes of
smooth muscle cells has now been described
(reviewed in Majesky and Mummery 2012).
Much research is presently ongoing in these ar-
eas toward deriving all cells of the heart specif-
ically and efficiently. The success of this work
is critical for enabling reconstruction of syn-
thetic human myocardium “in a dish” for tissue
engineering purposes.

One important problem with developing
physiological and disease models based on car-
diomyocytes derived from hPSCs is that these
differentiated derivatives are very immature,
for the heart perhaps no more than an equiva-
lent of early gestation, as evidenced by the low
upstroke velocities of their action potentials, ir-
regular shape, poor sarcomere organization,
and gene expression (Mummery et al. 2003).
Although the cardiomyocytes derived from
hPSC show many typical features of their in
vivo equivalents, overt symptoms of many dis-
eases at the organ level develop only in adults
late in life (although at the cellular level, some
defects may be evident earlier). Signals that in-
duce cell maturation during development are
likely to vary depending on the individual cell
type. However, these signals are generally de-
rived from the local tissue “niche,” through its
spatial organization or molecular, electrical, and
mechanical signals. The heart, for example, un-
dergoes cyclic work and this is thought to con-
tribute to cardiomyocyte maturation (Sheehy
et al. 2012).

Not only do the functional phenotypes of
cardiovascular cells change during maturation
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(e.g., gene expression changes, spontaneous
beating stops), but the chromatin structure
and epigenetic status also change. Polycomb re-
pressive complex 2 (PRC2), which trimethylates
histone H3 at lysine 27, for example, establishes
H3K27Me3 repressive epigenetic marks that
promote tissue-specific differentiation by si-
lencing ectopic gene programs. In heart devel-
opment, the PRC2 subunit EZH2 is controlled
by the cardiac transcription factor Nkx2.5 and
EZH2, in turn, represses a multiplicity of cardi-
ac transcription factors; if the epigenetic land-
scape established by EZH2 is disrupted in early
development, this can lead to sustained disrup-
tive effects in later development and cardiac
maturation (He et al. 2012). These parameters
provide opportunities to develop readouts for
the state of cell maturation, and at the same time
present potential targets through which matu-
ration might be induced. Tissue engineering in
3D settings is an effective approach used for this
purpose, in particular, in conjunction with the
use of reporter lines derived by homologous
recombination that enable assessment of func-
tional readouts in real time and optimization of
each differentiation event in a stepwise fashion.

BIOMATERIALS FOR ENGINEERING
MYOCARDIUM

The native heart matrix is a highly ordered ani-
sotropic structure that supports densely packed
cardiomyocytes and supporting cells, the func-
tion of which is governed by the propagation of
electrical signals inducing synchronous me-
chanical contractions that pump blood. Colla-
gen is the primary load-bearing protein in the
heart that transduces the forces generated by the
myocytes in systole and provides passive stiff-
ness during diastole (Fomovsky et al. 2010),
acting in concert with titin, a major intracellular
contributor to passive elasticity (Chung and
Granzier 2011) and modulating the cell pheno-
type (Engler et al. 2006). The extracellular ma-
trix of the adult heart also includes fibronectin,
laminin, vitronectin, and elastin, all of which
contribute to cell adhesion and the load-bear-
ing capacity of the heart (Godier-Fournemont
and Vunjak-Novakovic 2012).

Biomaterial scaffolds should provide a 3D
environment for cells to attach, interact with
each other, transmit load, and conduct elec-
trical signals. An effective scaffold for cardiac
tissue engineering has the capacity to induce
alignment, provide appropriate stiffness for
the cells to generate physiological force, and
enzymatically degrade over time to be replaced
by cell-secreted extracellular matrix proteins.
Moreover, highly ordered anisotropic layers
within native myocardium are critical for align-
ment of cardiomyocytes and the transduction
of mechanical and electrical signals. Conceiv-
ably, for normal function, cardiac cells need
a matrix with cardiac-like molecular composi-
tion, structure, and mechanical properties. Two
broad classes of cardiac tissue engineering scaf-
folds are natural and synthetic materials.

Frequently used natural materials include
collagen (Eschenhagen et al. 1997; Radisic et al.
2004a; Zimmermann et al. 2006), fibrin (Christ-
man et al. 2004; Hansen et al. 2010), hyaluronic
acid (HA) (Khademhosseini et al. 2007), Matri-
gel (Zimmermann et al. 2002; Radisic et al.
2004b; Laflamme et al. 2007), and preparations
of native heart matrix (Duan et al. 2011; Go-
dier-Furnemont et al. 2011; Singelyn et al. 2012).
Natural materials readily provide signals to cells
by surface receptor interactions, uptake, and
degradation of the matrix molecules, but are
difficult to process without disrupting poten-
tially important hierarchical structures. Hydro-
gels formed from natural materials are particu-
larly suitable for tissue engineering applications
because their mechanical properties can be ad-
justed to values inherent to native heart matrix
(about 5 kPa) (Marsano et al. 2010).

Frequently used synthetic materials include
polyesters such as poly(lactic acid) and poly
(glycolic acid) (Bursac et al. 1999; Carrier et al.
1999), polylactones (Ishii et al. 2005), polyure-
thanes (McDevitt et al. 2005), and polysebasic
acid (Radisic et al. 2006; Engelmayr et al. 2008;
You et al. 2010; Marsano et al. 2013). Synthetic
biomaterials can be readily customized, but
may be limited in functional cellular interac-
tions, and therefore are often modified to incor-
porate adhesion peptides or release biological
molecules.
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In a series of studies by Eschenhagen and
Zimmermann, cardiac constructs were made
using a mixture of liquid collagen I, Matrigel,
and growth supplements to encapsulate heart
cells (Zimmermann et al. 2000, 2002, 2004,
2006). The cell-hydrogel solution was reconsti-
tuted in circular molds to form ring-shaped
constructs 15 mm in diameter and 1–4-mm
thick, and subjected to mechanical loading
(10% stretch, 2 Hz). After a short culture period,
these constructs developed contractile and elec-
trophysiological properties of working myo-
cardium. Alternatively, cellular tension was in-
duced via excitation–contraction coupling by
applying cardiac-like electrical stimulation to
cultured cells on scaffolds using bioreactors fit-
ted with conducting electrodes (Radisic et al.
2004a). The electrically stimulated cells con-
ducted electrical pacing signals, and contracted
synchronously at the frequency of stimulation.

Another natural biomaterial that has been
successfully applied to cardiac tissue engineer-
ing is HA. Although HA macromolecules main-
tain the biomechanical properties of cardiac tis-
sue, their fragments are highly bioactive and
involved in many regulatory events including
cellular function and development, tumor pro-
gression, angiogenesis, inflammation, wound
healing, and regeneration. Although HA has
not received as much attention as other bioma-
terials for cardiac tissue engineering, it has been
shown to support a differentiated cell pheno-
type in adult cardiomyocytes (Khademhosseini
et al. 2007).

An excellent synthetic scaffold for cardiac
tissue engineering is the elastomer poly(glycerol
sebacate) (PGS) (Radisic et al. 2006). PGS has
been extensively used in cardiac tissue applica-
tions because of its high and controllable elas-
ticity and stiffness, as well as slow degradation
via hydrolysis. The pores, stiffness, and channel
geometry in this scaffold can be designed to
enable engineering of vascularized cardiac tis-
sue (Marsano et al. 2010). This material was
used to fabricate scaffolds in the form of an
accordion-like honeycomb with anisotropic
structure and biomechanical properties of na-
tive cardiac muscle (Engelmayr et al. 2008).
When cultured with neonatal heart myocytes,

this scaffold induced cell alignment and cou-
pling, and a direction-dependent contractile be-
havior.

Several groups have sought to use biological
tissues as scaffolds for cardiac tissue engineer-
ing. A 2008 study reported by Taylor (Ott et al.
2008) revealed that decellularized rat hearts
could be seeded with cardiomyocytes and en-
dothelial cells, resulting in regions of contractile
activity after four days in culture. Decellu-
larization of tissues, pioneered by the Badylak
laboratory (Robinson et al. 2005), removes all
cellular elements from a tissue, leaving an intact,
functional extracellular matrix. Thin sheets of
fully decellularized human heart matrix were
an excellent substrate for in vitro cultivation
and in vivo delivery of cells for cardiac regener-
ation (Godier-Furnemont et al. 2011). Such
scaffolds can provide acombination of local con-
trol (through preserved protein content and
native mechanical properties) and long-range
signaling (through well-preserved anisotro-
pic structure and topology of the extracellular
matrix).

We also investigated cardiogenesis and mat-
uration of human cardiomyocytes derived by
staged molecular induction of embryonic stem
cells (Yang et al. 2008) in hydrogels derived by
blending native cardiac extracellular matrix
(ECM) with type I collagen without any addi-
tional growth factors (Duan et al. 2011). Matu-
ration of cardiac function was documented in
terms of synchronous contractile behavior, ex-
pression of mRNA for cardiac-specific markers,
and striation patterns. Hydrogel with high ECM
content (75% ECM, 25% collagen, no supple-
mental factors) increased the fraction of cells
expressing cardiac marker troponin T when
compared with either hydrogel with low ECM
content (25% ECM, 75% collagen, no supplemen-
tal factors) or collagen hydrogel (100% collagen,
with supplemental factors) (Duan et al. 2011).

The scaffold is a key component of almost
all tissue-engineered systems as it determines
interactions between the cells and their environ-
ment. Specialized scaffolds are now available
that guide cell alignment, improve mass trans-
port by incorporation of perfusion channels,
and provide the mechanical properties and deg-
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radation necessary for the formation of func-
tional tissue constructs. Although much has
been achieved in the development of “designer”
scaffolds customized for use with cardiac cells,
further advances in tissue engineering may re-
quire a new generation of scaffolds, perhaps
those with ability to change their properties in
response to the conditions of perfusion and
loading. However, the cardiac constructs used
for in vitro drug screening and modeling of dis-
ease can be simpler than those engineered for
implantation. Consequently, the scaffold mate-
rials can also be simpler and, in many cases, just
a hydrogel under tension can form a basis for
minimally functional small tissue organoids.

FUNCTIONAL MYOCARDIUM IN VITRO

The main advantage of engineered functional
myocardium is that it is a more physiological
surrogate of native heart than cardiac myocytes
cultured on plastic dishes or a slice of native
myocardium. As such, engineered myocardium
extends the promises of all cell culture work: (1)
direct experimental access to the cell/tissue
without interference with systemic, compensa-
tory mechanisms such as sympathetic nervous
activation, (2) relative stability over days or
weeks, a clear advantage over isolated muscle
work, (3) relative ease of genetic manipulation,
for example, by adenoviral or adeno-associated
virus (AAV)-mediated gene transfer or small
interfering RNA-mediated gene knockdown,
(4) replacement of ethically critical animal ex-
periments, and (5) unique potential to study
biomedical questions in human heart muscle
in vitro. It is, particularly, the latter argument
that drives the field forward.

At present, only some of this potential has
been fulfilled. It is interesting that pharmaceu-
tical companies still rely on animal experiments
and did not switch to cell culture work at a
larger scale. A major limitation for adopting
the in vitro models remains the immaturity of
hPSC-derived cardiac myocytes as discussed
above (which also applies to all other derivatives
of PSC), as well as the imperfection of cardiac
tissue quality in 3D models and the difficulties
to control culture conditions at a level required

by “good laboratory practice” standards (see
Table 1 for comparison of animal experiments,
isolated heart tissues, and engineered cardiac
constructs). Nevertheless, functional myocardi-
um, particularly that derived from hPSC, will
play an increasing role in biomedical and phar-
maceutical research because it allows studying
questions that could not be answered otherwise,
either in animals or in classic 2D cell monolay-
ers, for the following reasons.

(1) Cardiotoxicity of drugs is an increasing
problem because many of the new “targeted”
anticancer drugs inhibit signaling pathways
that are not only important for tumor growth,
but also for the defense of cardiac myocytes
under stress (Eschenhagen et al. 2011; Force
2012). Despite some undisputable examples
such as trastuzumab (Piccart-Gebhart et al.
2011), the scope of the problem remains con-
troversial with oncologists generally not very
interested in this aspect. The exact mechanisms
of toxicity are unknown, and standard toxic-
ity assays based on cell death, lactate dehydro-
genase (LDH), or troponin-release are often
not valid, and simple cell culture experiments
tend to overestimate the toxicity of anticancer
drugs (Force and Kolaja 2011). Finally, drugs
such as trastuzumab are human specific and
therefore cannot be studied in animals. For all
these reasons, more sophisticated experiments
with functional human myocardium are need-
ed. Readouts of greatest interest are contractile
force, kinetics and reversibility of contractions,
and cell ultrastructure, under normal and
stressed conditions. These measurements, con-
ducted in a 3D setting of engineered cardiac
muscle would help understand the degree and
mechanisms of cardiotoxicity for numerous
existing and candidate drugs before they enter
clinical studies and the market.

(2) Similar reasons argue for using func-
tional myocardium for studying proarrhythmic
actions of drugs. The scope of the problem
is enormous with an estimated 10% of all new
chemical entities (NCE) having relevant repo-
larization-inhibitory effects (Fenichel et al.
2004) that can provoke torsade-de-pointe ar-
rhythmias, ventricular fibrillation, and sudden
death. Regulatory agencies such as the Food and
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Drug Administration (FDA) and European
Medicines Agency (EMA) therefore require all
NCE to undergo extensive tests, typically includ-
ing patch clamp experiments on cells expressing
a major human potassium channel (hERG),
measurements of action potentials in isolated
heart muscle preparations, and systemic appli-
cation in telemetrically surveyed dogs (Darpo
et al. 2006). Yet, the predictive value of these
batteries of tests remains unsatisfactory. Experi-
ments in human functional myocardium could
offer significant advantages by providing an in-
tegrated readout of the effects of the drug on the
entire set of proteins involved in excitation–con-
traction coupling. In contrast to hERG-assays or
isolated muscle work, drug effects can be studied
in engineered cardiac muscle over prolonged pe-
riods of time to assess the possible role of delayed
pharmacokinetics.

(3) Finally, functional myocardium will be
instrumental for hiPSC-mediated modeling of
human cardiac disease. Whereas the potential
value of this approach has already been shown
(Davis et al. 2012), its practical application will
require robust, standardized and quantitative,
high-content readouts. It seems unlikely that
the subtle phenotypes typically seen in inherited

cardiac diseases, even more relevant in multi-
genic variations, will be detectable with the nec-
essary precision in isolated cells randomly in-
termingled among an undefined mix of other
cells. The use of synthetic functional myocar-
dium would have multiple advantages: physio-
logical longitudinally oriented, well-organized
structure of myocytes and nonmyocytes, de-
fined conditions of pre- and afterload, use of
integrated functional readouts from thousands
of cells, and minimal impact of random varia-
tions in individual cell function normally seen
in classic cell cultures. Tissue engineering was
shown to maintain one of the critical ultrastruc-
tural features of neonatal rodent cardiomyo-
cytes—T-tubuli (Zimmermann et al. 2002), a
feature yet to be shown in ES- and iPS-derived
cardiomyocytes (Lieu et al. 2009).

To have utility for drug testing, functional
myocardium needs to show more physiological
responses than 2D cardiac cell culture systems
and overcome some of their limitations. Specif-
ically, the engineered myocardium should drive
cardiac myocyte maturation toward an adult
state, provide 3D organization of myocytes
and nonmyocytes reminiscent of heart tissue,
and develop force (Shimizu et al. 2002; Zim-

Table 1. Relative advantages and disadvantages of drug testing using animal experimentation, isolated cardiac
tissues, and engineered cardiac tissues

Parameter Animal experiments Isolated cardiac tissues Engineered cardiac tissues

Advantages Integrate complexity of whole
organism

Allow long-term studies
Identify effects of metabolites
Validity (effects in animals

are “real”)
Full repertoire of genetic

manipulation
Long-term experiences
Regulatory demand

Direct access to cardiac muscle
or vessel function

Intact mature myocardium/
vessel

Full repertoire of methods to
determine function

Long-term experiences

Human
Direct access
Simple interventions
Stability for days/weeks
Simple genetic

manipulation
Simple multiplexed

functional readout

Disadvantages Species differences
Strain differences
Lack of good disease models
Ethics
Integrate complexity of whole

organism complicates
interpretation

Costs

Only short-term experiments
High degree of experimental

artefact
Species and strain differences
Difficult genetic manipulation

Unclear validity for human
biology

High degree of experimental
artefact

Limited maturity
Limited experiences
Methods to determine

function undefined
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mermann et al. 2002; Radisic et al. 2004a; Ti-
burcy et al. 2011). The experimental system
should be simple, robust, easily accessible to ex-
perimental manipulation, automatable, and cost
effective. Obviously, some of these requirements
are contradictory so a compromise would need to
be tailored to specific requirements.

Among the three major tissue engineering
techniques (cell-hydrogels, cellularization of
prefabricated matrices, cell-sheet layering),
only the hydrogel technique has been developed
with the goal of creating functional myocardi-
um as a paradigm for preclinical testing. The
other two approaches also provide well-devel-
oped 3D functional heart muscle constructs
(Shimizu et al. 2002; Radisic et al. 2004a,b),
but are not well suited for functional tests be-
cause the constructs need to be mechanically
fixed to allow transducers to measure function.
The hydrogel technique, in contrast, can be de-
signed in a way that heart muscles develop on
devices (Eschenhagen et al. 1997) or in a geo-
metrical form (Zimmermann et al. 2002) that
allows easy attachment to force transducers.
Variations of this technique include strip-like
muscles mounted on a FlexerCell system (de
Lange et al. 2011), needles (Birla et al. 2005),
or silicone posts (Hansen et al. 2010; Boudou
et al. 2012). In most systems, the muscles are
fixed to isometric force transducers in organ
baths and subjected to the entire spectrum of
analyses classically performed with papillary
muscles or isolated muscle strips. However,
this approach cannot be scaled to larger num-
bers and requires tedious manual work. In con-
trast, the silicone post technique involves only
minimal handling and allows miniaturization
and automated readout of contractile func-
tion. Moreover, it provides the developing heart
tissue with an autoadapted preload against
which the tissue can perform contractile work,
a perfect stimulus for longitudinal alignment
and muscle development (Eschenhagen et al.
2012). We propose that this technique is pre-
ferred for preclinical research.

In vitro assays based on the use of heart
muscle engineered using hiPSC have potential
to address numerous biomedical questions,
some of which are described below.

(1) Specification and maturity of engi-
neered cardiac tissue. Most engineering meth-
ods available to date result in the formation of
immature, fetal-quality cardiac tissues, whereas
a certain level of maturity is necessary for phar-
macological studies predictive of human situa-
tion (Fig. 3). Moreover, cardiac muscle contains
a variety of muscle and nonmuscle cells that
form distinct structures: the atrial and ventric-
ular muscle, valves, pacemaker and conduction
system, aortic and pulmonary outflow tract,
coronary arterial system, and the endocardium
(Vunjak-Novakovic et al. 2011). Although much
progress has been made in recent years, further
studies are needed to engineer different types of
cardiac muscle and mature tissue organization
and cell function.

(2) Mechanisms of cardiac actions of drugs.
Engineered heart tissue (EHT) was instrumen-
tal in detecting an antiadrenergic effect of the
cholesterol-lowering drugs atorvastatin on the
heart. Pretreatment with atorvastatin desensi-
tized EHTs to the positive inotropic effect of
isoprenaline because of reduced isoprenylation
of the signal-transducing G protein subunit g3,
which then lead to a drop out of the stimulatory
G protein Gas from the membrane (Mühl-
häuser et al. 2006).

(3) Proarrhythmic effects of drugs. Drugs
known to cause torsade-de-pointes arrhythmi-
as in patients (e.g., quinidine, erythromycin,
dofetilide, thioridazine) generally cause action
potential prolongation by inhibiting a specific
Kþ channel (hERG). Preclinical toxicology ex-
periments in EHTs suggest that prolongation of
contraction twitches, particularly the relaxation
phase, is a valid surrogate of the proarrhythmic
effect. In human EHTs, the effect was closely
related to the inhibition of hERG (Schaaf et al.
2011). In contrast, in rat EHTs, which do not
contain relevant hERG-like activity, other ef-
fects are involved that may point to additional,
currently unknown mechanisms of potentially
lethal side effects of drugs (Hansen et al. 2010).

(4) The role of specific proteins in heart
muscle function. A powerful approach to study
protein function in the heart is to generate car-
diac-specific knockout mouse lines. Future ap-
plications will likely use hiPSC from patients

G. Vunjak Novakovic et al.
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with natural mutations in the same genes. EHTs
can serve an important purpose in target vali-
dation studies. We have knocked down PKC-a
in EHTs using adenovirus-encoding-specific
short hairpin RNA and observed contractile
force to negatively correlate with the concentra-
tion of the remaining PKC-a (El-Armouche
et al. 2007), suggesting that PKC-a exerts a con-
stitutive negative influence on contractile force
in the heart, making it a potential target for
drug development.

(5) Functional genomics. In a similar man-
ner, EHTs can serve as a test bed for analyzing
the consequences of disease-associated muta-
tions in cardiac proteins. By comparing the ef-
fects of AAV-mediated overexpression of wild-
type and mutants of the FHL1, a protein sug-

gested to be involved in stress sensing in the
sarcomere, we have shown that mutant FHL1
exerted pathological effects on EHT contractile
function (Friedrich et al. 2012). These data sup-
port the notion that the mutants indeed cause
the development of inherited cardiomyopa-
thies.

(6) Hypertrophy and heart failure mecha-
nisms. Cardiac hypertrophy is a physiological
mechanism of heart adaptation to increased he-
modynamic demand (growth, pregnancy, exer-
cise). It is also a major risk factor, however,
for the development of heart failure. The key
question that is still unanswered is whether the
pathways involved in these two phenomena are
identical and to what extent pathways can be
identified that cause a pathological, maladaptive

Day 0 Day 3 Day 12

Cultured in vitro

a-Actinin

DAPI

A

B

C

Native heart

Day 12
PE, Ang

Day 12
HIS

Day 12 Adult

Figure 3. In vitro testing platforms. (Top) Engineered cardiac tissues can reach the level of advanced morphologic
differentiation and maturation typical of their age-matched in vivo counterparts. Hypertrophic cardiomyocyte
growth in hydrogel with the application of mechanical stretch is compared to native heart. Cardiomyocytes from
engineered tissues at culture days 0, 3, and 12 from three experimental groups: (1) untreated, (2) treated with
phenylephrine (PE, 20 mmol/L), angiotensin II (Ang, 100 nmol/L), and (3) treated with hypertrophy-inducing
serum (HIS) are compared to cardiomyocytes from rat myocardium. Red, a-actinin; blue, DAPI-labeled nuclei.
Scale bar, 20 mm. The image is an assembly of individual immunostains of representative cells from each group.
(From Tiburcy et al. 2011; reproduced, with permission, from the author.) (Bottom) Experimental setup for
casting and cultivation of cardiac tissue. (A) Silicone post rack with four tissues, turned upside down, scale in
mm. (B) Teflon spacer to generate agarose molds, turned upside down, scale in mm. (C) Generation of cardiac
tissues. First lane, Casting molds are generated in 24-well plates using agarose and Teflon spacers. Silicone racks
are placed on the dish, pairs of posts reach into each mold. Second lane, Cell suspension in Matrigel, fibrinogen,
and thrombin is pipetted into the molds. Third lane, Two hours later, the hydrogel is polymerized, with silicone
posts embedded in hydrogel at both ends. The constructs are removed from the molds and transferred to 24-well
plates. Fourth lane, The constructs are maintained in culture for 15 to 30 days. (From Hansen et al. 2010;
reproduced, with permission, from the author.)
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form of hypertrophy. Answering this question
would require in-depth molecular analysis and
accurate assessment of contractile function. In
this respect, we have recently developed a new
EHT-based hypertrophy model in which EHTs
are subjected to increased afterload by stiffening
the silicone posts for a few days. This manipula-
tion induced the full spectrum of pathological
hypertrophy, including decreased contractile
function and increased metabolic demand (Hirt
et al. 2012).

CONCLUDING REMARKS

New sources of healthy and diseased human
cardiomyocytes over the last decade based on
both hiPSC and targeted mutations in control
hPSC have developed in parallel with major ad-
vances in designing biomaterial scaffolds that
mimic the composition, structure, and bio-
mechanics of native human heart tissue. These
two research areas are now poised to exploit the
technology to the full and develop the much
needed in vitro models for studying human
heart disease and screening drugs under condi-
tions representative of whole-body physiology.

A major remaining challenge is to refine
methods for directed differentiation to atrial,
ventricular, and pacemaker-like cells from
hPSC is possible, as well as other crucial cellular
components of the heart, endocardium, epicar-
dium, and cardiac fibroblasts. Developmental
biology is here leading the way toward this
goal. Combining these “organs on a chip” for-
mats that not only contain the tissue of inter-
est, like the myocardium and adjacent epicardi-
um and endocardium, but functional blood
vessels that can transport culture medium, syn-
thetic or real blood, and drugs, means that
new perspectives are on the horizon that can
address complex disease paradigms and multi-
drug treatments.

However, modeling integrated human phys-
iology in vitro is a formidable goal that has not
been reached yet with any of the existing cell/
tissue systems. Tissue engineering is now be-
coming increasingly successful in more authen-
tically representing the actual environmental
milieu of development, regeneration, and dis-

ease progression, and providing real-time in-
sights into cellular and morphogenic events. In-
stead of attempting to recapitulate the entire
complexity of the organ, a more reasonable
goal is to replicate the tissue-specific architec-
ture (as a basis for function) and a subset of
most relevant functions in a way predictable of
human physiology. It is thus of interest to iden-
tify the simplest functional tissue unit allowing
high-throughput, high-content in vitro studies.
Such minimally functional human tissue units,
engineered to combine biological fidelity with
the use in high-throughput platforms and on-
line analytics, are expected to replace animal
experimentation and transform drug screening
and modeling of disease.
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