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Abstract
Cardiac tissue engineering aims at providing contractile heart muscle constructs for replacement therapy in vivo. At present, most
cardiac tissue engineering attempts utilize heart cells from embryonic chicken and neonatal rats and scaffold materials. Over the past
years our group has developed a novel technique to engineer collagen/matrigel-based cardiac muscle constructs, which we termed
engineered heart tissue (EHT). EHT display functional and morphological properties of differentiated heart muscle and can be
constructed in different shape and size from collagen type I, extracellular matrix proteins (Matrigels), and heart cells from neonatal
rats and embryonic chicken. First implantation studies in syngeneic Fischer 344 rats provided evidence of EHT survival and
integration in vivo. This review will focus on our experience in tissue engineering of cardiac muscle. Mainly, EHT construction,
matrix requirements, potential applications of different cell types including stem cells, and our ﬁrst implantation experiences will be
discussed. Despite many critical and unresolved questions, we believe that cardiac tissue engineering in general has an interesting
perspective for the replacement of malfunctioning myocardium and reconstruction of congenital malformations.
r 2003 Elsevier Ltd. All rights reserved.
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1. Introduction
Myocardial infarction and heart failure generate
substantial socioeconomic costs and represent the main
cause of death in industrialized countries. Despite
improvement of pharmacological and invasive treatment regimens numbers of patients with heart failure are
increasing. This is partially due to an increased likelihood to survive otherwise fatal myocardial infarctions
with a severe impairment of left ventricular function. A
marked reduction of quality of life and a high mortality
of heart failure patients aggravate the need for new
treatment strategies. Implantation of cells or in vitro
reconstituted tissue constructs might offer a novel
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causal therapy to patients with malfunctioning myocardium [1].
Cardiac tissue engineering approaches rely mainly on
the use of synthetic or biological matrix materials and
heart cells to reconstitute contractile cardiac muscle-like
tissue in vitro that might be utilized for replacement of
diseased myocardium in vivo [2–13]. These approaches
are in line with the general principles of tissue
engineering as proposed by Langer and Vacanti in the
early-1990s [14]. The ideal cardiac tissue construct
should display functional and morphological properties
of native heart muscle and remain viable after implantation. Mechanical, electrical, and functional integration
into the organ architecture should result in improved
systolic and diastolic function of diseased myocardium.
Thus, constructs should be (1) contractile, (2) electrophysiologically stable, (3) mechanically robust yet
ﬂexible, (4) vascularized or at least quickly vascularized
after implantation, and (5) autologous. Unfortunately,
such ideal biomaterial does not exist, yet.
Over the past ten years different groups have
contributed to the ﬁeld of cardiac tissue engineering
[2–13]. Approaches in cardiac tissue engineering have
been either matrix based or non-matrix based. Matrixbased approaches can be further subdivided into
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Table 1
Overview of applied methods in cardiac tissue engineering
Matrix

Constitution Bioreactor Study

Polystyrene beads/collagen threads Solid
Polyglycolic acid
Solid
Gelatine mesh
Solid
Modiﬁed collagen
Solid
Gelatine mesh
Solid
Alginate
Solid
Collagen mesh
Solid
Collagen
Liquid/gel
Collagen/matrigel
Liquid/gel
Collagen
Liquid/gel
Collagen/matrigel
Liquid/gel
No matrix

+
+
+
7

+
+

[6]
[7]
[3]
[5]
[10]
[11]
[2]
[8]
[13]
[9]
[12]
[4]

Matrix-based approaches utilize either solid or liquid matrix material
to allow for cell attachment or maintenance of a high-density cell
milieu to support spontaneous formation of cardiac tissue in a deﬁned
volume, respectively. Bioreactors have been employed to improve
oxygen/metabolic supply and/or impose mechanical load on developing tissue constructs. (+) Studies utilize bioreactors; ( ) studies do not
utilize bioreactors.

methods that apply solid and sometimes preformed
matrices or liquid, not formed matrix–cell mixtures.
Further, different types of bioreactors have been used to
improve metabolic supply [7,15] or impose mechanical
stretch [8,13] on engineered heart constructs (overview
in Table 1). So far, reconstitution of strongly contracting heart muscle constructs (systolic force development
of 1–3 mn) has only been achieved by approaches that
avoid solid matrices as a cell attachment substratum
[4,8,9,12,13].
Engineered heart tissue (EHT) is made from a liquid
cell matrix-mixture composed of neutralized, liquid
collagen type I, extracellular matrix proteins (Matrigels), and freshly isolated heart cells from neonatal rats.
This reconstitution mixture can be pipetted into casting
molds of different shape and size. So far, we have
generated EHTs with a lattice and a circular geometry
[9]. In culture, we could observe spontaneous remodeling of the liquid reconstitution mixture and a development of spontaneously and synchronously contracting
solid EHTs after 5–7 days. Subsequently, the culture is
continued under cyclic mechanical stretch for another 5–
10 days. Stretching improves morphological, functional,
and mechanical properties of EHT [8]. The suitability of
EHTs as graft material for potential replacement
therapy has been tested in syngeneic Fischer 344 rats
[16]. These studies have provided evidence that EHTs
survive in vivo for at least 8 weeks, remain contractile,
and become morphologically integrated into the host
myocardium. In this review we discuss construction,
cell–matrix composition, and functional properties of
EHTs and ﬁrst EHT-implantation studies as well as
animal models for replacement therapy approaches and
possible applications of stem cells for cardiac tissue
engineering.

Fig. 1. Macroscopic view of contracting EHTs. Serial recordings of 3
spontaneous contractions of an EHT in Tyrode’s solution (left panels).
Low power microscopic view of an EHT (arrows) attached to a glass
rod (gr; right panel). Online movie clips demonstrating the contractile
function of EHTs can be viewed at: www.pharmakologie.unierlangen.de or at http://circres.ahajournals.org/cgi/content/full/90/2/
223/DC1/. Bar: 1 mm.

2. Construction and matrix properties of engineered heart
tissue
Culture of heart cells in a reconstitution mixture
consisting of collagen type I, extracellular basement
membrane proteins (Matrigels), chick embryo extract,
and horse serum-containing medium yields EHTs with
morphological and functional properties of native heart
tissue (Fig. 1) [9,12,13]. The method differs in two
important aspects from other, matrix-based approaches.
First, the soluble collagen type I, in contrast to solid
matrices (e.g. polyglycolic acid, alginate, collagen/
gelatine meshes), apparently promotes organization of
heart cells to a synchronously contracting heart tissuelike construct. The intrinsic property of heart cells to
form contractile aggregates has been described many
years ago for embryonic chick cardiac myocytes and in a
more recent publication for neonatal rat cardiac
myocytes [6]. The second important aspect is, in our
view, culture under persistent mechanical load. In our
early experiments with square cardiac tissue lattices,
load was imposed on the constructs by metal spacers
that were designed to hold the cardiac muscle construct
at a deﬁned distance via two Velcro-coated glass tubes
that were attached to opposing sides of the construct [9].
This yielded biconcavally shaped spontaneously and
synchronously contracting lattices spanning the gap
between the two tubes and prevented ﬁbrotic degeneration of the cardiac muscle construct. More recently
circular EHTs have been developed. In this geometry
load is imposed on the cells more equally which results
in a signiﬁcantly improved tissue structure [12,13].
Continued culture under cyclic stretch improved
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Fig. 2. Transmission electron microscopy demonstrating matrix remodeling processes in EHT. (a) In vitro synthesized collagen within EHT. Note
the characteristic cross striation of mature collagen ﬁbrils. Mature collagen is not present in the original EHT reconstitution mixture. (b) Ultra-high
resolution imaging of collagen assembly. Arrows indicate extracellular assembly of mature collagen after secretion from a ﬁbroblast within EHT.
rER: rough endoplasmatic reticulum inside the ﬁbroblast. (c+d) Phagocytosis of cell debris and matrix components (asterisk) by macrophages (M)
within EHT.

morphology and function particularly of lattice-shaped
EHTs [8].
During EHT culture (10–14 days) matrix structure
changes markedly from mostly randomly oriented
collagen ﬁbers without apparent cross striation to a
more organized matrix structure with newly synthesized
mature collagen with ultrastructurally discernable cross
striation (Fig. 2a). We assume that the original, rat tailderived collagen ﬁbers in the reconstitution mixture
provide a provisional 3D environment that is at least
partially replaced by newly formed mature collagen and
possibly other matrix proteins like laminin and ﬁbronectin to reconstitute extracellular matrix and the
basement membrane of cells within EHT [13]. Macrophages and ﬁbroblasts are frequently found throughout
EHTs and most likely play a central role in the
remodeling process of the EHT matrix (Figs. 2b–d).
The change in matrix structure is paralleled by marked
changes in MMP and TIMP expression during culture
(unpublished data). Eventually, a compact, mechanically stable construct forms that can be manipulated
in vitro and implanted in vivo by standard surgical
techniques [16].

Various factors have been tested for their role in
EHT formation. Increasing the collagen content
in the reconstitution mixture yields EHTs with
higher stiffness and less contractile force development.
In contrast, decreasing the collagen content yields
EHTs with a soft matrix structure but improved
contractile properties [17]. We chose a collagen
content of 0.8 mg/EHT collagen as a compromise
between mechanical stability and contractility.
Addition of chick embryo extract and horse serum
was found to be essential for EHT development
[17]. While chick embryo extract could be omitted
from the culture medium after an initial culture
phase, even short periods of horse serum withdrawal
led to cessation of contractions (Fig. 3). Similarly,
Matrigels is an essential factor for EHT formation
in rat, but interestingly not in chick EHTs [12].
Geometric shape and size of EHTs can be adjusted by
utilization of suitable casting molds [12]. The production
of large 3D constructs for replacement of large tissue
defects or partial reconstruction of a ventricular wall
can be achieved by stacking and merging of multiple
EHTs in vitro.
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Fig. 3. Effect of horse serum and chick embryo extract on contractile
function of EHT. (a) Force development of EHTs was markedly
diminished and completely absent (not shown) when culture was
performed without chick embryo extract (CEE) and/or horse serum
(HS) supplementation, respectively. (b) When CEE or HS was
withdrawn after 7 days for the last 5 days in culture contractility
was not effected or completely abolished, respectively. Complete
culture medium: DMEM, 10% HS, 2% CEE. Force of contraction
was measured under isometric conditions at 37 C in Tyrode’s solution
(2 mmol/l calcium) and pulsed-ﬁeld stimulation at 2 Hz on culture day
12. When cultured under complete medium conditions EHTs developed (a) 0.6870.06 and (b) 0.5570.06 mN7SEM at 2 mmol/l
calcium. po0:05 vs. complete culture medium (+HS,+CEE).

3. Cell composition of engineered heart tissue
As indicated above EHTs are not composed purely
from cardiac myocytes, but comprise almost all cell
species that are normally found in the heart including
cardiac myocytes, ﬁbroblasts, smooth muscle cells,
endothelial cells, macrophages, and other cells of
leukocytotic origin [13]. Physiologically, the heart
consists of approximately 30% cardiac myocytes and
70% non-myocytes [18]. Non-myocytes play a pivotal
role in heart and cardiac myocyte development/hypertrophy and function [19,20]. Accordingly, EHTs reconstituted from unpuriﬁed heart cell mixtures showed an
advanced tissue structure and increased contractile and
passive forces when compared to EHTs reconstituted
from partly puriﬁed cardiac myocyte populations [21].
Thus, we believe that the construction of optimal
cardiac tissue constructs depends on a ‘‘physiological
mix’’ of non-myocytes and cardiac myocytes. In line
with this reasoning, EHTs do not only consist of a
cardiac myocyte network embedded in a collagen
matrix, but display other organotypic structures such
as a well-organized continuous surface completely
covered by epithelial cells (Fig. 4) and capillary-like
structures that penetrate the matrix and sometimes form
large primitive vessel-like structures [13,21].
In the absence of true vascularization or artiﬁcial
means to supply engineered tissue constructs with

Fig. 4. Scanning electron microscopy of a gold sputtered EHT. (a)
EHT fragment at low magniﬁcation. (b) Partial cross-section of a
fractured EHT. Note the EHT surface which is completely covered by
an epithelial cell layer (arrows). (c) Longitudinal view of the interior of
an EHT after fracture of the sample. Note the longitudinal orientation
of matrix embedded cells within the EHT. Bars: 1 mm (a), 0.1 mm
(b+c).

nutrients and oxygen, all tissue engineering, approaches
face the problem of critical thickness. Indeed, the
maximal thickness of compact muscle strands in EHTs
is limited to 100–200 mm. However, in EHTs the
majority of cardiac cells form a loose, highly interconnected 3D network consisting of cardiac myocyte
strands that are generally less than 20 mm in diameter.
This network occupies almost the entire EHT with a
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thickness of 1 mm without signs of core necrosis [13]. It
is likely that the loose collagen/matrigel matrix does not
impose a signiﬁcant diffusion barrier and that the
network of thin cardiac myocyte strands facilitates
sufﬁcient oxygen and metabolic supply in EHTs. This
is exempliﬁed by the fact that EHTs contract in culture
at normal room oxygen for weeks without signs of
degeneration. At present, the size of EHTs for implantations is increased by stacking and merging several
EHTs. Yet, thicker and larger constructs, necessary for
applications in humans, are likely to require advanced
methods. One option may be to increase the intrinsic
angiogenic activity in EHTs by adding more endothelial
cells or angiogenic growth factors. Additionally, bioreactors may allow culture under high oxygen and
optimized metabolic supply [6,7,15].
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Contractile parameters of EHTs can be assessed by
isometric force measurements in standard organ baths
[9,12]. EHTs respond to mechanical (Frank-Starling
mechanism) and pharmacological (positive inotropic
responses to calcium and isoprenaline) interventions in
an organotypic manner (Fig. 5) [9,12,13]. Maximal force
of contraction of EHTs has been recorded at B3 mn/
mm2 which is less, but already comparable to isolated
muscle strips from rat hearts (B20 mn/mm2). Another
important aspect is the ratio of active (systolic) and
passive (diastolic) force (see [13] for discussion). The
ratio should be above 1 in healthy myocardium from
rats and humans [22,23] and amounts to 1.33 in EHTs at
basal calcium concentrations (0.4 mmol/l) [13].
Stimulated action potential recordings of cardiac
myocytes within EHTs exhibit a negative resting
membrane potential ( 7372 mV), a steep upstroke
(dV =dt: 6678 V/s), a plateau phase (action potential
duration: 14873 ms), and no spontaneous depolarization in phase 4 indicating a relatively mature ventricular
myocyte-like electrophysiological phenotype [13]. These
ﬁndings were somewhat unexpected since EHTs contract spontaneously and rhythmically (B1–2 Hz). During culture the spontaneous beating behavior of EHTs
undergoes extensive changes. 1–3 days after casting
multiple areas within EHTs contract independently
from each other. Coherent contractions of the complete
EHT start 3–4 days after casting and, over time of
culturing, become increasingly regular and robust, faster
in terms of single twitch kinetics, and slower in terms of
beating rate. Interestingly, small fragments cut from
coherently contracting EHTs retain their propensity to
beat spontaneously. This observation may indicate that
spontaneous EHT contractions are not the result of a
reentry activation but controlled by predominant pacemakers in complete and fragmented EHTs.

500 ms

Fig. 5. Contractile properties of EHT. Representative tracings of an
isometric contraction experiment (37 C, 2 Hz pulsed ﬁeld stimulation).
Force of contraction recorded at L0 (slack length) and Lmax (optimal
preload) in modiﬁed Tyrode’s solution (0.4 mmol/l calcium), at low
(0.2 mmol/l) and high (1.8 mmol/l) calcium, and before (Tyrode) and
after stimulation with isoprenaline (1 mmol/l) at 0.2 mmol/l calcium.
Extended wash out phases were performed in between interventions.

5. Implantation of engineered heart tissue
EHT-implantation studies were performed in syngeneic Fischer 344 rats and served to investigate in vivo
survival, integration, and maintenance of EHT contractile function [16,17]. EHTs were implanted either into
the peritoneal cavity or on the beating heart of healthy
rats (Fig. 6). First implantation studies failed due to
immune rejection that was most prevalent after cardiac
EHT implantation [16]. Taking into consideration our
syngeneic approach, cells and collagen were prepared
from syngeneic donors, this ﬁnding was not anticipated
but could be explained by residual immunogenic matrix
components (Matrigels) or strongly adherent or impregnated culture medium components (chick embryo
extract, horse serum). The necessity of matrigel and
serum components did not allow for withdrawal of these
potentially immunogenic EHT components neither did
prolonged washing in serum-free Tyrode’s solution
reduce the immune response. Thus, all EHT implantation studies had to be performed under immunosuppression (cyclosporine A, azathioprine, methylprednisolone)
[16]. Under this treatment regimen EHTs remained
viable and contractile for at least 8 weeks in vivo and
became strongly vascularized and innervated. Another
important observation was the advanced degree of
maturation obtained by implanted cardiac myocytes
in vivo. This indicates the importance of a physiological
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Fig. 6. Implantation of EHT onto the heart of a Fischer 344 rat after
left lateral thoracotomy. Rats were anesthetized with isoﬂurane and
ventilated. The third intercoastal space is held open by a retractor. A
circular EHT (arrows) was ﬁxed to the myocardium by two single
sutures. Bar: 5 mm.

milieu for terminal cardiac myocyte maturation. Presently, EHT implantation studies are carried out in
outbred Wistar rats under immunosuppression to
investigate the applicability of EHT to regenerate viable
myocardium after myocardial infarction.

6. Animal models for experimental replacement therapy
Different rat models have been employed to study the
value of tissue engineered heart constructs for replacement therapy [4,10,11,16,17,24]. First implantation
studies aimed to investigate whether or not in vitro
constructed cardiac muscle grafts survive in vivo,
maintain their electric activity, and remain contractile
[4,10,16,17]. To assess these basic questions cardiac
constructs were implanted subcutaneously [4,10], into
the peritoneal cavity [17] or on beating hearts of healthy
rats [16]. The question of in vivo survival is not trivial
since implanted muscle constructs are not immediately
connected to the host vasculature. Thus, diffusion
barriers that are present in vitro (see discussion above)
are most likely to become even more deleterious in vivo.
Despite this apparent obstacle different groups have
shown that engineered cardiac muscle constructs do
survive in vivo and retain their electromechanical
activity [4,10,11,16,17,24]. As other important issues,
inﬂammation and immune response have to be considered in cardiac regeneration with tissue engineered
heart muscle. While inﬂammation caused by the surgical
intervention cannot be completely avoided, an additional inﬂammatory response to scaffold materials or its
degradation products might be minimized by chemically
altering scaffold materials, utilization of autologous

scaffolds or avoiding scaffold material at all. To avoid
immunorejection studies have been performed either in
nude rats [4] or under immunosuppression (see above)
[16].
To investigate whether or not cardiac muscle constructs can be utilized in cardiac regeneration models of
myocardial infarction or ventricular replacement have
been employed [10,11,24]. To generate myocardial
infarctions in rats ligation of the left descending
coronary artery (LAD) or freezing of the myocardium
with a cryo-probe are widely employed. Both methods
have advantages and disadvantages. Ligation of the
LAD resembles the natural development of a myocardial infarction more closely. On the other hand, infarct
size is more variable when compared to cryo-infarctions.
So far, Leor et al. and Li et al. have reported
implantation of cardiac grafts on infarcts after coronary
ligation and cryo-injury, respectively [10,11]. Implantation of alginate-based cardiac constructs resulted in
improved diastolic function which could be explained by
an improvement of scar tissue stability and a prevention
of aneurysm formation [11]. Eventually, improvement of
systolic function has to be achieved to fulﬁll the promise
of cardiac muscle regeneration.
To evaluate the impact of tissue graft implantation on
systolic and diastolic heart function and on cardiac
remodeling in the infarct model, several critical issues
have to be taken into account. (1) Given the variability
of infarct sizes particularly in the ligation model,
extensive training is necessary to increase the reproducibility of the model to an acceptable level. (2) Infarct
size and hemodynamic consequences of an infarction
should be investigated prior to grafting in each animal,
e.g. by high-resolution echocardiography or magnetic
resonance imaging. (3) This allows for a longitudinal
study design with repeated non-invasive measurements
which provides more valid conclusions at reasonable
numbers of animals than a cross-sectional comparison
of different treatment groups. (4) Controls such as
grafting of tissue constructs from non-contracting cell
types are essential to differentiate between effects that
are brought about by the contractile activity of new
cardiac myocytes and other indirect effects that include
improvement of scar elasticity, prevention of aneurysm
formation, stimulation of angiogenesis, or cardiac
myocyte-growth-promoting paracrine effects.
As an alternative approach Krupnick and colleagues
have developed a heterotopic transplantation model to
investigate the suitability of cardiac tissue engineering
for replacement of the ventricular wall [24]. Full
replacement of the ventricular wall of the heart in
orthotopic position is presently not possible due to a
lack of cardio-pulmonary bypass systems for rats.
Hence, heterotopic transplantation allows convenient
ex vivo handling of the host heart and implant
material but is surgically challenging especially when the

ARTICLE IN PRESS
W.-H. Zimmermann et al. / Biomaterials 25 (2004) 1639–1647

heterotopically implanted heart is to be maintained
under loaded conditions.
Eventually, ﬁndings from rat models will have to be
evaluated in larger animals like pigs, sheep, and dogs.
Despite the obvious advantage of genetically modiﬁed
mice, which would in principle allow for a utilization of
available growth promoting and otherwise favorable
transgenics in cardiac tissue engineering, it remains to be
demonstrated that comprehensive implantation studies
with tissue engineered heart constructs can be performed
reproducibly in a mouse model.

7. Stem cells in cardiac tissue engineering
For clinically relevant applications of tissue engineering it will be crucial to identify a suitable cell source. The
ideal cell should be autologous and available at large
quantities, and should exhibit phenotypic cardiac
qualities. This cell source has not been identiﬁed, yet.
A major limitation of cardiac tissue engineering is the
inability of cardiac myocytes to proliferate [25]. This
precludes in vitro propagation and therefore application
of primary cardiac myocytes as an autologous cell
source for cardiac tissue engineering. In contrast,
embryonic and certain adult stem cells demonstrate
unlimited proliferation capacity and provide great hope
for cardiac replacement therapy [26,27]. Previous studies
have demonstrated the potential of embryonic and adult
stem cells to (trans-)differentiate into cardiac myocytes
[28–36]. Yet, quantities of stem cell derived cardiac
myocytes are low and replacement of a large myocardial
infarction (25% of the left ventricle infarcted) would
require approximately 1  109 myocytes [37] which
indicates that the major challenge for stem cell-based
cardiac tissue engineering will be to increase the
efﬁciency of stem cells (trans-)differentiation into
cardiac myocytes [38,39]. Additionally, concepts have
to be developed that take into consideration that the
heart consists of multiple different cell types that most
likely have to work in concert for an optimized function
and thus would be required in tissue engineering of heart
muscle (see above). The usefulness of embryonic stem
cells might be limited due to their allogeneic character
which would require either induction of immune
tolerance [40] or life long immunosuppression [41].
Recently, non-immunogenic cardiac grafts have been
prepared from recipient derived cardiac myocytes
generated by somatic cell nuclear transfer [42].
Besides serious ethical concerns related to this
technique the issues of quantity (generation of
enough cardiac myocytes) and quality (generation of
differentiated and functional cardiac myocytes) pertain
to therapeutic cloning as to other stem cell-based
approaches.

1645

8. A long way to clinical applications
Despite exciting achievements in cardiac tissue
engineering and stem cell research many crucial questions remain unanswered and preclude a valid prediction
of its clinical value. (1) Most importantly an ideal cell
source has not been identiﬁed yet and methods for large
scale production of differentiated cardiac cells are
lacking. (2) Whether implantation of engineered cardiac
tissue constructs can improve systolic and diastolic
function of malfunctioning myocardium remains unclear. (3) Whether or not the technically more demanding tissue engineering approach offers clear advantages
over cell injection or infusion remains to be elucidated.
(4) Finally, even if all requirements are being fulﬁlled, it
remains to be answered if the best cell-based therapy
approach is more efﬁcacious than traditional or stem
cell directed pharmacological treatment.

9. Conclusion
Cardiac tissue engineering is a promising ﬁeld aiming
at replacement of diseased myocardium with prefabricated cardiac tissue-like constructs. As such, it might be
an alternative to the direct injection or infusion of
isolated cells [35,43–49]. Various groups including our
own have developed methods to fabricate 3D cardiac
tissue-like constructs from neonatal rat heart cells
in vitro. Functional properties, tissue integration and
immunological toleration of the engineered constructs
are currently investigated mostly in rat models with ﬁrst
exciting results. Nevertheless, the potential clinical value
of cardiac tissue engineering approaches will critically
depend on the availability of a suitable cell source and
the proof of concept in larger animal models.
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