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Description

FIELD OF THE INVENTION

[0001] The invention is directed to a novel method for
continuously measuring contraction characteristics of
engineered heart tissue constructs which is based on the
mechanical coupling of the construct to a support ele-
ment which comprises or is mechanically coupled to a
piezoelectric element. An apparatus for carrying out the
method of the invention is also provided.

BACKGROUND OF THE INVENTION

[0002] Myocardial infarction and heart failure repre-
sent the main cause of death in industrialized countries.
The loss of terminally differentiated cardiac myocytes
which is associated with these pathologies accounts for
a decrease in myocardial function which can lead to total
organ failure or trigger compensatory mechanisms like
hypertrophy of the remaining myocardium and activation
of neurohumoral systems.
[0003] It has been shown that endogenous regenera-
tive mechanisms do not suffice to compensate for cardiac
myocyte death after myocardial infarction. Modern phar-
macotherapy can delay, but not reverse the natural
course of the disease. Thus, exogenous regenerative
strategies including cardiac implantation or the coronary
transfusion of cells have been widely discussed in recent
years. For example, cells of various origins and devel-
opmental stages have been grafted into healthy and dis-
eased hearts, including immature cardiac myocytes,
skeletal myoblasts, fibroblasts, endothelial cells, embry-
onic stem cell-derived cardiac myocytes, and a number
of potential cardiac progenitors from peripheral blood or
bone marrow. Even though evidence for the formation of
true cardiac muscle tissue, electrically coupled to the host
myocardium is sparse, some studies reported proce-
dure-induced improvement of contractile function after
myocardial infarction.
[0004] A more promising concept in cardiac regener-
ation resides in the ex vivo preparation of 3-dimensional
contractile constructs by tissue engineering. Such con-
structs, which are commonly referred to as engineered
heart tissue (EHT) in the literature, can be tailored in size,
shape and function before implanting them into the body.
In theory, the use of contractile EHT allows for a complete
replacement of diseased myocardium or the reconstitu-
tion of missing cardiac structures.
[0005] Apart from their clinic application, engineered
heart tissue constructs may serve as in vitro models for
predictive toxicology and target validation. Such EHT-
based models take advantage of a particularly physio-
logical cellular environment.
[0006] Over the past decade, a number of techniques
have been developed to generate cardiac tissue-like con-
structs in vitro using either neonatal rat heart cells or em-
bryonic stem cells as a starting material (Eschenhagen

& Zimmermann (2005); Circ Res.; 97:1220-1231). For
example, recent cardiac tissue engineering approaches
include the use of solid, preformed scaffolds (Carrier et
al. (1999), Biotechnol Bioeng., 64:580-589; Engelmayr
et al. (2008), Nat Mater., 7:1003-1010; Li et al. (2000), J
Thorac Cardiovasc Surg., 119:368-375; Leor et al.
(2000), Circulation, 102 (19 Suppl 3) :111-56-1111-61) ;
Radisic et al. (2004), Proc Natl Acad Sci USA,
101:18129-18134; Ott et al. (2008), Nat Med.,
14:213-221) and matrix-free generation of tissues from
stackable cell sheets (Shimizu et al. (2002), Circ Res.,
90:e40).
[0007] A technique that has attracted considerable at-
tention in the past is the generation of constructs in pre-
formed casting molds using hydrogels such as collagen
I, Matrigel, fibronectin, or fibrin (Eschenhagen et al.
(1997), FASEB J, 11:683-694; Zimmermann et al.
(2002), Circ Res., 90:223-230, Naito et al. (2006), Circu-
lation, 114 (1 Suppl):I-72-I-78; Huang et al. (2007), J Bi-
omed Mater Res A, 80:719-731; Bian et al. (2009), Nat
Protoc., 4:1522-1534).
[0008] In a recent publication, a simple and robust pro-
tocol for generating EHTs from human embryonic stem
cells was described (Schaaf et al. (2011), PLoS One, 6
(10) :e26397. This protocol allows for the preparation of
fibrin-based EHTs in a 24-well format using an unselect-
ed population of differentiated human embryonic stem
cells. Briefly, human embryonic stem cells were differen-
tiated in serum containing media yielding beating embry-
oid bodies. The embryoid bodies were enzymatically dis-
persed, and dissociated cells were mixed with fibrinogen
and thrombin and poured into slit-formed agarose casting
molds. EHT beating activity occurred after 5-10 days.
[0009] However, to effectively repair myocardial infarc-
tions or heart defects, EHTs need to be engineered with
contractile features that lend significant support to the
failing heart tissue in the patient. For this reason, the
ability to precisely assess the contraction characteristics
of an EHT construct is of utmost importance in prepara-
tion of tissue implantation into a patient.
[0010] Likewise, drug screening platforms and toxicol-
ogy models that make use of EHTs are based on moni-
toring the change in the contraction characteristics of the
tissue constructs upon contact with potential drugs and
toxic compounds. Thus, it is a prerequisite that the con-
tractile force generated by an EHT can be reliably deter-
mined in such screening platform or toxicology model.
[0011] At present, different approaches for the assess-
ment of EHT contraction are known in the art. In the first
approach, contractile forces are measured in an organ
bath that is equipped with a force transducer (Eschen-
hagen et al. (1997), FASEB J, 11(8):683-94). This meth-
od initially requires the manual fixation of the EHTs to
force transducers. The fixed EHT is subsequently im-
mersed in an organ bath filled with an electrolyte solution.
This approach is laborious and error-prone. Also, due to
the necessity to fix the EHTs manually, the method does
not allow to analyze a high number of EHTs at the same
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time. In addition, EHTs that have been tested in the organ
bath can no longer be used for implantation due to sterility
constraints.
[0012] The second commonly used approach for de-
termining EHTs contraction involves optical surveillance
systems (Hansen et al. (2010), Circ. Res., 107(1):35-44).
Compared to organ bath measurements, optical surveil-
lance systems can be considered as an improvement.
However, this approach still does not allow the simulta-
neous analysis of a high number of EHTs and is therefore
unsuitable for multiplex testing. This is because a video
camera can only record a single EHT at a defined point
in time. Another disadvantage resides in the generation
of a high volume of data. More importantly, however, the
evaluation of the contractile force in optical surveillance
systems is indirectly achieved measuring the deflection
of elastic holdings. In other words, optical surveillance
systems require an auxotonic muscle contraction, while
the generation of contractile force in heart tissue is nor-
mally measured isometrically, i.e. force generation with-
out shortening of the muscle
[0013] Document US2003091979 discloses a further
approach for determining EHTs contraction which in-
volves a strain gauge for measuring static forces of con-
traction of EHTs directly where they are produced without
needing to remove them, as formerly necessary, from
the culture dish and transferring them into an organ bath
for the measurement. Documents WO2006102890 and
US2006105357 also disclose devices and methods for
measuring contraction characteristics of engineered
heart tissue constructs.
[0014] Therefore, it is an object of the present invention
to provide a method that allows the direct and continuous
measurement of contractile characteristics of EHT con-
structs of different size and geometry. The method should
be cost-effective and less laborious than the presently
used methods. Ideally, the method should also be ame-
nable to automation and multiplex testing.
[0015] This object is achieved by a method having the
features of claim 1 and by an apparatus having the fea-
tures of claim 6.
[0016] Advantageous embodiments of the method and
apparatus are the subject-matter of the respective de-
pendent claims.
[0017] According to the present invention a method for
measuring contraction characteristics of engineered
heart tissue constructs comprises providing one or more
engineered heart tissue constructs and attaching each
of these engineered heart tissue constructs to a separate
first support element, e.g. by mechanically coupling,
mounting, adhering or otherwise connecting the respec-
tive engineered heart tissue construct to the respective
first support element. Thus, in the case of more than one
engineered heart tissue construct, the same number of
first support elements is used and each engineered heart
tissue construct is coupled to a different one of the first
support elements. As will become evident later-on, the
term "support element" is used to indicate that such an

element supports an engineered heart tissue construct
during the measurement.
[0018] As used herein, engineered heart tissues are
three dimensional, contractile, force-generating tissue
structures. The engineered heart tissue constructs,
which shall be analyzed in terms of their contraction char-
acteristics, can be prepared in accordance with methods
and protocols which are known in the art.
[0019] According to a preferred embodiment of the
present invention, the engineered heart tissue constructs
for use in the method of the present invention have been
prepared in pre-formed casting molds using solubilised
scaffold material, such as collagen I, fibronectin or fibrin.
Methods for casting engineered heart tissue constructs
using solubilised scaffold material are known in the art
and have been described in a number of publications.
[0020] For example, Zimmermann et al. (2002), Circ
Res 90, 223-30 discloses the generation of engineered
heart tissue rings from cardiac myocytes of neonatal rats.
The constructs are made from a liquid cell matrix-mixture
composed of neutralized, liquid collagen type I, extracel-
lular matrix proteins (Matrigel®), and freshly isolated
heart cells from neonatal rats. This reconstitution mixture
is pipetted into ring-shaped molding devices. After solid-
ification, engineered heart tissue rings are obtained
which start to contract spontaneously. Hansen et al.
(2010), Circ Res, 107 (1) :35-44 describes the generation
of heart muscle strips from neonatal rat cells using a fi-
brin-based hydrogel and Matrigel® in agarose casting
molds having a strip format. It was found that tissue con-
structs prepared based on fribrin or fibrinogen were eas-
ier to miniaturize as smaller cell numbers are required
compared to collagen-based constructs.
[0021] Schaaf et al. (2011), PLoS One, 6(10):e26397
disclose the preparation of strip-shaped engineered
heart tissue constructs from human embryonic stem
cells. Stem cells are first differentiated to cardiac myo-
cytes by culturing them in the presence of a mixture of
growth factors. After enzymatic dissociation, the cells are
mixed with fibrin and thrombin and poured into slit-formed
agarose casting molds in which two elastic silicone posts
were inserted from above. After fibrin polymerisation, the
cells were maintained under standard cell culture condi-
tion until the onset of contraction.
[0022] The engineered heart tissue constructs for use
in the method of the present invention can be prepared
in accordance with one of the above methods. After the
constructs have formed, they can be manually trans-
ferred to an apparatus as described below for measuring
their contraction characteristics. For this purpose, engi-
neered heart tissue constructs that have been isolated
from cell culture medium are attached to the separate
first support element.
[0023] It is, however, particularly preferred that the en-
gineered heart tissue constructs are grown in place on
the support elements. In this case, providing an engi-
neered heart tissue construct and attaching it to a support
element occurs generally at the same time. Thus, the
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step of providing one or more engineered heart tissue
constructs and the step of attaching each of these engi-
neered heart tissue constructs to a separate first support
element may in fact constitute a single step carried out
simultaneously. As described in more detail later on, the
engineered heart tissue constructs are preferably pre-
pared using casting molds which are arranged such that
the tissue construct is grown directly in contact with the
first support element. For example, a strip-shaped cast-
ing mold can be positioned such that the first support
element and, optionally, the associated second support
element extend downwardly into the casting mold. A liq-
uid reconstitution mixture is poured into the casting mold
such that the one or more support elements are im-
mersed into the liquid. Upon solidification of the recon-
stitution mixture, an engineered heart tissue construct is
formed around the one or more support elements. When
using casting molds into which first and associated sec-
ond support elements are inserted from above, engi-
neered heart tissue constructs are obtained which are
suspended on and between the respective first and sec-
ond support elements.
[0024] Each such first support element to which an en-
gineered heart tissue construct is attached or coupled
comprises or is mechanically coupled to at least one pi-
ezoelectric element which is the sensing element of a
piezoelectric transducer. Thus, the piezoelectric element
is a part of the first support element or is provided as a
separate element mechanically coupled thereto in such
a manner that the below functions can be fulfilled. In this
regard, it is preferred that the piezoelectric element is a
part of the first support element, and in that case it is
even possible that the first support element is constituted
by the piezoelectric element. However, it is preferred that
the first support element also comprises other parts or
elements, e.g. in order to facilitate coupling to an engi-
neered heart tissue construct, to protect the piezoelectric
element from environmental influences or for mechanical
or stability reasons.
[0025] In any case, the attachment, such as the me-
chanical coupling, of each of the one or more engineered
heart tissue constructs to its associated first support el-
ement is effected in such a manner that upon contraction
- and relaxation - of the respective engineered heart tis-
sue construct a load or force is transferred to the piezo-
electric element of the respective first support element
and the respective piezoelectric transducer generates
and outputs a corresponding electrical sensor signal
characteristic of the a change of the load or force over
time applied to the respective first support element by
the respective engineered heart tissue construct due to
the contraction - and preferably also expansion - thereof.
In other words, the piezoelectric element is chosen and
arranged suitably on or in the first support element, the
attachment, such as the mechanical coupling, is estab-
lished at a suitable location, and the engineered heart
tissue construct is oriented suitably, such that upon con-
traction - and expansion - a load or force transfer takes

place which induces a corresponding sensor signal in-
dicative of the contraction - and expansion. Consequent-
ly, the type and arrangement of the piezoelectric element
and the attachment of an engineered heart tissue con-
struct must be adapted to each other. Generally, piezo-
electric elements respond to compressive loads. In this
connection it should be noted that it is generally difficult
or at least more difficult to measure static loads or forces
with piezoelectric elements and transducers. This is be-
cause applying a load or force to a piezoelectric element
results in the accumulation of electrical charge on sur-
faces of the piezoelectric element, and without taking
special measures, this charge will quickly dissipate when
attempting to measure the amount of charge accumulat-
ed. Thus, while it is in principle possible to measure static
loads or forces, it is the object of the present invention
to measure dynamic loads or forces, i.e. the changes of
loads or forces over time. Such changes result in changes
in the accumulated charge, which can be continuously
measured in a simple manner as electrical currents which
change over time. In the case of engineered heart tissue
constructs the measurement of the change of the load
or force effected by the engineered heart tissue con-
structs is advantageously possible, because they contin-
uously carry out contraction and expansion cycles.
[0026] Finally, for each of the engineered heart tissue
constructs, the corresponding sensor signal generated
by the respective piezoelectric transducer is analyzed,
and at least one contraction characteristic of the engi-
neered heart tissue construct is derived on the basis of
the analysis. Contraction characteristics which can be
derived from the sensor signals include, e.g., contraction
force, contraction frequency, contraction velocity, relax-
ation velocity, contraction time, relaxation time.
[0027] This method has the advantage that the amount
of data produced is significantly smaller than the amount
of data produced by prior art methods. Therefore, the
data analysis and the determination of contraction char-
acteristics is greatly facilitated and can be carried out in
less time and with less hardware and work costs. At the
same time, the method allows for easily measuring in
real time and continuously multiple engineered heart tis-
sue constructs at the same time and over extended pe-
riods of time of up to several months. Further, it is ad-
vantageously possible to measure engineered heart tis-
sue constructs of different geometries, such as, e.g.,
strip-shaped, ring-shaped or patch-shaped.
[0028] According to the invention the attachment, e.g.
the mechanical coupling, of each of one or more engi-
neered heart tissue construct to a separate first support
element comprises, for each of the engineered heart tis-
sue constructs, attaching the respective engineered
heart tissue construct to one, two, three, four or more
second support elements. For attaching an engineered
heart tissue construct to a second support element the
same details apply as noted above for attachment to a
first support element, i.e. attachment may be effected
e.g. by mechanically coupling, mounting, adhering or oth-
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erwise connecting the respective engineered heart tissue
construct to the respective second support element or
by growing the respective engineered heart tissue con-
struct in place onto the respective second support ele-
ment. Each such second support element is spaced -
preferably in its entirety, but at least with a portion thereof
- from the associated first support element. Preferably,
the space between said at least one first support element
and said at least one second support element is between
5 and 50 mm, more preferably between 10 and 25 mm,
so that the engineered heart tissue which is formed be-
tween these elements has a length in this range. It is
particularly preferred that the space between said at least
one first support element and said at least one second
support element is between 10 and 12 mm. When using
a reconstitution mixture as described above, this will re-
sult in constructs having an initial length in said range.
Upon solidification and further cultivation of the con-
structs, cells spread inside the matrix and remodel the
structure of the construct by the formation of cell-cell-
contacts. This usually leads to a condensation of the con-
struct and imposes a mechanical load which bends the
support elements toward each other. The condensed
constructs will have a length between 6-8 mm which
renders them suitable for being used in a multi-well as
described herein.
[0029] The arrangement of the associated first and
second support elements with respect to each other and
the mechanical coupling of an engineered heart tissue
construct to them is chosen such that each second sup-
port element engages the engineered heart tissue con-
struct at a location spaced from the location at which the
associated first support element engages the engineered
heart tissue construct. In this manner, the engineered
heart tissue construct is then supported between the first
support element and the associated one or more second
support elements, possibly in a stretched state. This is a
particularly simple way for ensuring a reliable coupling
and a suitable and reliable load or force transfer to the
piezoelectric element.
[0030] According to the invention, each of the first sup-
port elements is attached to and extends from a base
element, which may be provided, e.g., in the form of a
frame and/or plate and may be constituted by a printed
circuit board. Such base element is then arranged or ori-
ented such that each of the first support elements extends
downwardly from the base element while carrying out the
measurement. As will become apparent later-on, this ad-
vantageously allows for disposing the engineered heart
tissue construct (s) in a container or well while the base
element is supported at an edge or surrounding region
of the opening of the container or well.
[0031] For, inter alia, the latter reason, according to
the invention, each of the second support elements is
attached to and extends from the base element and pref-
erably, when said base element is arranged such that
each of the first support elements extends downwardly
from the base element, each of the second support ele-

ments likewise extends downwardly from the base ele-
ment. In this orientation each of the engineered heart
tissue constructs is suspended on and between the as-
sociated first and second support elements.
[0032] In any embodiment comprising arranging the
base element such that the one or more first support el-
ements and - if present - the one or more second support
elements extend downwardly therefrom, it is advanta-
geous to arrange the base element on the surface of a
suitably dimensioned multi-well plate such that each of
the first support elements together with - if present - its
associated second support element(s) extends down-
wardly from the base element in a different one of the
wells of the multi-well plate. In this case, the engineered
heart tissue constructs are attached, e.g. mechanically
coupled, to the first and second support elements such
that each is arranged in a different one of the wells. It is
then possible to carry out the measurements in culture
media, in order to maintain the engineered heart tissue
constructs functional, or in different selected media in
order to study their impact on the contraction character-
istics.
[0033] In embodiments utilizing one or more second
support elements, each of the first support elements is
preferably rigid, and then, for example, the following
measurements can be carried out:

a) For one or more or all of the first support elements
all of the respective associated one or more support
elements may be selected to be rigid, so that the
respective engineered heart tissue construct carries
out an isometric contraction on the respective first
and second support elements with no or only little
deformation thereof.
b) For one or more or all of the first support elements
one or more or all of the respective associated sec-
ond support elements may be selected to be flexible,
so that the respective engineered heart tissue con-
struct carries out an auxotonic contraction on the re-
spective first and second support elements while
bending the flexible second support elements. Of
course, in case for a first support element the asso-
ciated second support elements comprise rigid as
well as flexible second support elements, the flexible
second support elements must be suitably located
to allow deformation thereof upon contraction of the
engineered heart tissue construct.
c) For one or more or all of the first support elements
one or more or all of the respective associated sec-
ond support elements may be selected such that
they can be selectively configured to assume (i.e.
switched between) a rigid state and a flexible state.
These second support elements are then changed
between their rigid and flexible states, and for the
respective engineered heart tissue constructs iso-
metric and auxotonic contraction are measured at
different times depending on the state of the corre-
sponding second support elements. Further, it is
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easily possible to adapt a measurement arrange-
ment to different applications. For each state the con-
siderations indicated above for the first two cases
apply.

[0034] In this regard, it is possible to combine the dif-
ferent possibilities, e.g. by providing that for some first
support elements the associated second support ele-
ments are rigid and for others of the first support elements
the associated second support elements are flexible.
[0035] The above-described method is carried out by
an apparatus comprising a base element and one or more
first support elements, each attached to and extending
from the base element. For the base element and the
first support elements all of the above explanations and
details apply. Thus, according to the invention, each such
first support element comprises or is mechanically cou-
pled to at least one piezoelectric element which is the
sensing element of a piezoelectric transducer, i.e. the
piezoelectric element is a part of the first support element
or is provided as a separate element mechanically cou-
pled thereto in such a manner that the functions men-
tioned below and above can be fulfilled. In this regard, it
is preferred that the piezoelectric element is a part of the
first support element, and in that case it is even possible
that the first support element is constituted by the piezo-
electric element. However, it is preferred that the first
support element also comprises other parts or elements,
e.g. in order to facilitate coupling to an engineered heart
tissue construct, to protect the piezoelectric element from
environmental influences or for mechanical or stability
reasons.
[0036] Further, each of the first support elements com-
prises a support portion adapted for attaching an engi-
neered heart tissue construct thereto. It should be noted
that in case a first support element is suitable for attaching
an engineered heart tissue construct thereto at an arbi-
trary location, the support portion may simply be consti-
tuted by the entire first support element or by an arbitrary
portion of the first support element. However, even in that
case it is preferred that the first support elements com-
prises a predetermined portion as support portion, which
may be, e.g., marked or specifically constructed for fa-
cilitating attachment, so that in operation engineered
heart tissue constructs can be attached to the first support
elements at defined locations thereof. Further, as also
already briefly indicated above, the type and arrange-
ment of the piezoelectric element with respect to the re-
spective first support element and the location and con-
figuration of the support portion are chosen such that
after attaching an engineered heart tissue construct to
the support portion the respective engineered heart tis-
sue construct can be arranged and stabilized in such a
manner that upon contraction thereof a load or force is
transferred to the respective piezoelectric element and
the respective piezoelectric transducer generates and
outputs a corresponding electrical sensor signal charac-
teristic of the load or force applied to the respective first

support element by the respective engineered heart tis-
sue construct due to the contraction thereof.
[0037] The use and operation of this apparatus can be
taken from the above description of the method.
[0038] In the following some preferred embodiments
are described which are specifically adapted to corre-
sponding ones of the above preferred embodiments of
the method. The use, operations and advantages can be
taken from the corresponding portions of the above de-
scription.
[0039] According to the invention, the apparatus fur-
ther comprises, for each of the one or more first support
elements, one or more second support elements at-
tached to and extending from the base element. Each
such second support element comprises a support por-
tion adapted for attaching an engineered heart tissue
construct thereto. Again, it should be noted that in case
a second support element is suitable for attaching an
engineered heart tissue construct thereto at an arbitrary
location, the support portion may simply be constituted
by the entire second support element or by an arbitrary
portion of the second support element. However, even
in that case it is preferred that the second support ele-
ments comprises a predetermined portion as support
portion, which may be, e.g., marked or specifically con-
structed for facilitating attachment, so that in operation
engineered heart tissue constructs can be attached to
the second support elements at defined locations thereof.
Further, each such support portion of each such second
support element is spaced from and arranged with re-
spect to the support portion of the respective first support
element, such that, after attaching an engineered heart
tissue construct to the support portion of one of the first
support elements and to the support portion of each re-
spective associated second support element, the respec-
tive engineered heart tissue construct is engaged by the
support portion of the respective first support element at
a location spaced from the location at which the support
portion of each of the respective associated second sup-
port elements engage the engineered heart tissue con-
struct, so that it is supported, preferably in a stretched
state, between the respective first support element and
the respective second support elements. In particular, it
is preferred that each of the second support elements is
entirely spaced from the associated first support element.
[0040] In this embodiment it is further preferred that
each of the first support elements and each of the second
support elements extend from a same side of the base
element, and that the base element is adapted to be dis-
posed on the surface of a suitably dimensioned multi-
well plate, such that each of the first support elements
extends, together with its associated second support el-
ements, into a separate one of the wells of the multi-well
plate. The support portions of the first and second support
elements are then arranged and located such that each
engineered heart tissue construct attached to the support
portions of one of the first support elements and the as-
sociated second support elements is suspended on and
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between the respective first and second support ele-
ments and disposed inside the respective one of the wells
of the multi-well plate.
[0041] In this embodiment it is further preferred that
each of the first support elements is rigid, and that

a) for at least one of the first support elements all of
the associated second support elements are rigid,
so that engineered heart tissue constructs attached
to the support portions of one of these first support
elements and the associated second support ele-
ments carry out an isometric contraction on the re-
spective first and second support elements,
b) for one or more or all of the first support element
one or more or all of the associated second support
elements are flexible, so that engineered heart tissue
constructs attached to the support portions of one of
these first support elements and the associated sec-
ond support elements carry out an auxotonic con-
traction on the respective first and second support
elements, and/or
c) for one or more or all of the first support elements
one or more or all of the associated second support
elements are selectively configurable to assume a
rigid state and a flexible state, so that engineered
heart tissue constructs attached to the support por-
tions of these first support elements and the associ-
ated second support elements carry out isometric or
auxotonic contraction, depending on the state of the
respective second support elements.

[0042] Again, these possibilities can be combined. For
example, mixing cases a) and b), isometric and auxotonic
measurements can be carried out using different first
support elements. Case c) is even more flexible, because
it provides both possibilities in various freely selectable
configurations.
[0043] If case c) is realized in the above embodiment,
it is preferred that the corresponding second support el-
ements each comprise a flexible elongate tubular ele-
ment - e.g. made of silicone - and a rigid elongate element
shaped and dimensioned to be selectively inserted into
and removed from the tubular element for selectively con-
figuring the respective second support element to be flex-
ible and rigid. This is a particularly simple and reliable
construction of such second support elements.
[0044] In a preferred embodiment the support portions
of the first and - if present - second support elements
comprise or are made of silicone. However, such support
portions may also comprise or be made of other flexible,
bio-compatible materials. Additionally or alternatively the
support portions may comprise or be a region of in-
creased surface roughness as compared to the remain-
der of the respective support element.
[0045] In a preferred embodiment, which may be ad-
vantageously combined with the preceding embodiment,
each of the first support elements comprises an elongate
section extending from the base element, and the re-

spective support portion is preferably located at or near
the longitudinal end of the elongate section remote from
the base element. In this case it is particularly preferred
if the support portion comprises or is a portion extending
transversely and, more preferably, perpendicularly with
respect to the elongate section to opposite sides of the
elongate section. In this regard it should be noted that in
addition to such a portion extending transversely or per-
pendicularly with respect to the elongate section to op-
posite sides thereof the support portion preferably also
comprises a portion of the elongate section immediately
adjacent to the transversely or perpendicularly extending
portion. If the apparatus is arranged such that the elon-
gate section extends downwardly from the base element,
an engineered heart tissue construct may then advanta-
geously be looped or grown around the elongate section
adjacent to the transversely or perpendicularly extending
portion (and preferably also around the transversely or
perpendicularly extending portion) such that the trans-
versely or perpendicularly extending portion prevents the
engineered heart tissue construct from slipping from the
elongate section and the respective support element. If
the engineered heart tissue construct adheres to the
elongate section, the transversely or perpendicularly ex-
tending portion constitutes an additional securing means.
In any case, the elongate section, which is preferably
straight, may be, e.g., bar- or strip-shaped. The trans-
versely or perpendicularly extending portion of the sup-
port portion may be advantageously, e.g., disk-, plate-,
dish- or bar-shaped. A disk-, plate- or dish-shaped trans-
versely or perpendicularly extending portion, resulting in,
e.g., a generally mushroom-shaped configuration of the
first support element with the foot of the "mushroom" be-
ing connected to the base element, may be used for rel-
atively weak engineered heart tissue constructs, where-
as a bar-shaped portion extending transversely or per-
pendicularly with respect to the elongate section may be
used for relatively strong engineered heart tissue con-
structs. In the latter case the first support element may,
in particular, be chosen to have a T-shaped configuration,
with the base of the "T" being connected to the base
element.
[0046] In a preferred embodiment, which may be ad-
vantageously combined with either one or both of the two
preceding embodiments, each of the second support el-
ements comprises an elongate section extending from
the base element, and the respective support portion is
preferably located at or near the longitudinal end of the
elongate section remote from the base element. Also in
this case it is particularly preferred if the support portion
comprises or is a portion extending transversely and,
more preferably, perpendicularly with respect to the elon-
gate section to opposite sides of the elongate section. In
this regard it should be noted that in addition to such a
portion extending transversely or perpendicularly with re-
spect to the elongate section to opposite sides thereof
the support portion preferably also comprises a portion
of the elongate section immediately adjacent to the trans-
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versely or perpendicularly extending portion. If the appa-
ratus is arranged such that the elongate section extends
downwardly from the base element, an engineered heart
tissue construct may then advantageously be looped or
grown around the elongate section adjacent to the trans-
versely or perpendicularly extending portion (and prefer-
ably also around the transversely or perpendicularly ex-
tending portion) such that the transversely or perpendic-
ularly extending portion prevents the engineered heart
tissue construct from slipping from the elongate section
and the respective support element. If the engineered
heart tissue construct adheres to the elongate section,
the transversely or perpendicularly extending portion
constitutes an additional securing means. In any case,
the elongate section, which is preferably straight, may
be, e.g., bar- or strip-shaped. The transversely or per-
pendicularly extending portion of the support portion may
be advantageously, e.g., bar-, disk-, dish- or plate-
shaped. If it extends transversely or perpendicularly with
respect to the elongate section, the second support ele-
ment may, in particular, be chosen to have a T-shaped
or mushroom-shaped configuration, with the foot of the
"T" or "mushroom" being connected to the base element.
In the case of a strong engineered heart tissue construct
choosing a T-shaped configuration with a support portion
being or comprising a bar-shaped portion may be suita-
ble. However, in the case of the second support elements
it is preferred to account for the strength of the engineered
heart tissue construct by using more or less second sup-
port elements.
[0047] According to the invention, each of the piezoe-
lectric transducers is electrically connected to electronic
circuitry integrated into or disposed on the base element
and adapted for conditioning, converting, processing and
analyzing the respective sensor signals. In this regard,
in case of multiple piezoelectric transducers a single elec-
tronic component or circuit may be electrically connected
to all piezoelectric transducers, or separate electronic
circuitry, which may or may not be interconnected, may
be electrically connected to different ones of the piezo-
electric transducers. In any case, it is particularly pre-
ferred that the base elements is or comprises a printed
circuit board on which the circuitry is provided and to
which the first and - if present - second support elements
are attached. Providing the electronic circuitry on the
base element ensures short signal paths and, conse-
quently, fast response times and reduced noise and in-
terference.
[0048] In a preferred embodiment one or more or all
of the first support elements further comprise at least one
strain gauge mechanically coupled to the respective first
support element, such that after attaching an engineered
heart tissue construct to the support portion of the re-
spective first support element the engineered heart tissue
construct can be arranged such that upon contraction
thereof a load is transferred to the respective at least one
strain gauge and the respective at least one strain gauge
generates and outputs a corresponding electrical strain

gauge signal characteristic of the static load applied by
the respective engineered heart tissue construct to the
respective first support element due to the contraction
thereof. Such strain gauges may likewise be coupled to
electronic circuitry of the type and arrangement men-
tioned above. Although strain gauges have a rather low
sensitivity as compared to the piezoelectric transducers,
they can be advantageously combined therewith in order
to also provide for measurements of static force charac-
teristics of the engineered heart tissue constructs.
[0049] In the following an embodiment of the invention
will be explained in more detail with reference to the draw-
ings, in which:

Figure 1 is a perspective view of an apparatus ac-
cording to an embodiment of the invention, wherein
an engineered heart tissue construct is attached
thereto in a measurement position.

Figure 2 is a perspective view of the apparatus of
Figure 1 being supported on a multi-well plate.

[0050] The apparatus 1 shown in Figure 1 comprises
a planar plate-shaped base element 2 having two gen-
erally rectangular cut-outs 3. On the, in Figure 1, upper
surface 4 of the base element 2 electronic circuitry com-
prising an integrated circuit component 5 as well as a
flexible strip 6 including electrical conduits are mounted.
The component 5 is located between the two cut-outs 3.
As will be described below, the component 5 is coupled
to different piezoelectric transducers in order to process
their signals, and is also coupled to the electrical conduits
of the strip 6 in order to provide the processed signals to
exterior means. In this regard, it is advantageous if the
base element 2 is a printed circuit board and signal con-
duction to and from the component 5 is effected by means
of conductive traces (not shown) of the printed circuit
board 2.
[0051] From two opposite edges of each of the cut-
outs 3 a projection 7 extends into the cut-out 3 in the
same plane with the remainder of the base element 2.
To each of the projections 7 a straight, elongate support
element 8, 9 is attached such that the support elements
8, 9 extend downwardly for the, in Figure 1, lower surface
of the base element 2 in a manner perpendicularly to the
plane defined by the base element 2. In this regard, for
each of the cut-outs 3 one of the projections 7 carries a
support element 8 and the other projection 7 carries a
support element 9, so that overall two support elements
8 of identical construction and two support elements 9 of
identical construction are present. The two support ele-
ments 8 are attached to the projections 7 closest to the
component 5.
[0052] Each support element 8 comprises two strip
shaped piezoelectric elements 10 sandwiching between
them an intermediate layer 18 stabilizing the piezoelectric
elements 10 and possibly providing support for electrical
conduits and/or circuitry operatively coupled to the pie-
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zoelectric elements 10. This sandwich structure forms
an elongate section 11, to the longitudinal end of which
remote from the respective projection 7 a dish-shaped
silicone element 12 having a circular shape and extend-
ing perpendicularly to the direction of extension of the
elongate section 11 is attached. The element 12 has
rounded edges. For protecting the piezoelectric elements
10 against external influences, the entire elongate sec-
tion 11 or at least the piezoelectric elements 10 may be
provided with a protective coating (not shown). Prefera-
bly, the piezoelectric elements 10 are electrically con-
nected in series in order to provide together a signal
which is twice the signal of a single piezoelectric element
10. In this manner, the sensitivity is increased without
increasing the length of the elongate sections 11 and the
support elements 8.
[0053] On the other hand, each support element 9
comprises a straight elongate silicone tube 13 of circular
cross-section and a cylindrical elongate rod 14, which is
rigid and also of circular cross-section. Each such rod 14
comprises a straight section 14a, which extends over
nearly the entire length or at least most of the length of
the rod 14, and at one of its longitudinal ends an end
section 14b bent by 90° as compared to the straight sec-
tion 14a. The rod 14 is dimensioned such that the rod 14
or, more particularly, the straight section 14a thereof can
be selectively inserted into and removed from the tube
13 to selectively render the support element 9 rigid and
flexible, respectively. In this regard, the length of the rod
14 and of the straight section 14a thereof are chosen to
be greater than the length of the tube 13, to allow for
rendering the support element 9 rigid along the entire
length of the tube 13 while being able to easily remove
the rod 14 when flexibility of the support element 9 is
desired. Further, the diameter of the rod 14 is chosen
such that insertion and removal are possible, but suffi-
cient rigidity in the radial direction is also provided. The
bent end section 14b provides the advantage that the
protrusion of the rod 14 above the base element 2 is
limited, so that the entire arrangement is kept relatively
flat, even if covered with a lid. However, in principle it is
also possible that the rods 14 are straight along their
entire length, i.e. that the bent section 14b is omitted.
[0054] To the longitudinal end of the tube 13 remote
from the respective projection 7 a dish-shaped silicone
element 15 having a circular shape and extending per-
pendicularly to the direction of extension of the tube 13
is attached. The element 15 has rounded edges and, in
the example illustrated, is identical to the elements 12.
All elements 12 and 15 are arranged at the same distance
from the base element 2.
[0055] For each of the support elements 8 the piezo-
electric element 10 forms, together with electrical com-
ponents not specifically shown, a piezoelectric transduc-
er which is, in turn, electrically connected to the compo-
nent 5. The support elements 8 are arranged as close
as possible to the component 5 in order to keep noise,
interference and response time at a minimum.

[0056] The elements 12 and 15 constitute support por-
tions which are suitable for attaching engineered heart
tissue constructs thereto. More particularly, each pair of
support elements 8 and 9 associated with the same cut-
out 3 is adapted and intended for mounting an engineered
heart tissue construct to the corresponding pair of sup-
port elements 12 and 15. If the support portions 12 and
15 are immersed into a liquid reconstitution mixture which
is provided in a rectangular casting mold, the strip-
shaped engineered heart tissue construct formed upon
solidification directly attaches to the support elements 8
and 9 via the corresponding support portions 12 and 15.
This is illustrated for an engineered heart tissue construct
16 for the rightmost pair of support elements 8 and 9. As
illustrated, it is suspended in a slightly stretched state
between the two support elements 8 and 9, wherein the
tissue has attached to the support portions 12 and 15 at
contact points 17. The dish-shaped support elements 12,
15 prevent that the engineered heart tissue construct
slips off the support elements 8 and 9 upon culturing of
the construct.
[0057] In Figure 1 the rod 14 is inserted into the tube
13, so that the support element 9 carrying the engineered
heart tissue construct 16 is rigid. Thus, upon contraction
of the engineered heart tissue construct 16 the support
element 9 remains in the shown configuration. The same
essentially applies to the support element 8. However,
due to the sandwich structure and overall strip-shaped
configuration of the elongate section 11, it slightly de-
forms together with the piezoelectric element 10. Due to
the high sensitivity thereof, a small deformation, which
is invisible in practice, is sufficient for the piezoelectric
transducer to generate a signal indicative of the force
changes applied by the engineered heart tissue construct
16 to the support element 8. This configuration measures
isometric contraction of the engineered heart tissue con-
struct 16.
[0058] When the rod 14 is removed from the tube 13,
contraction of the engineered heart tissue construct 16
results in bending of the support element 9. Neverthe-
less, the sensitivity of the piezoelectric transducer is so
high that a signal indicative of the force applied by the
engineered heart tissue construct 16 to the support ele-
ment 8 is generated. This configuration measures aux-
otonic contraction of the engineered heart tissue con-
struct 16.
[0059] As should be evident from the preceding expla-
nations, in this embodiment the support elements 8 con-
stitute first support elements in accordance with the
above general description, the support elements 9 con-
stitute second support elements in accordance with the
above general description, and the elements 12 and 15
constitute corresponding support portions in accordance
with the above general description.
[0060] Figure 2 shows in which manner the apparatus
1 may be advantageously used for measuring while two
engineered heart tissue construct 16 mounted to the two
pairs of support elements 8 and 9 are disposed inside
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two different wells 20 of a suitably dimensioned multi-
well plate 21.
[0061] The dimensions of the multi-well plate 21 are
adapted to the apparatus 1, such that the distance be-
tween the centers of the two cut-outs 3 is identical to the
distance between the centers or longitudinal axes of two
adjacent wells 20, that the distance between the two sup-
port elements 8, 9 associated with each cut-out 3 is small-
er than the diameter of the wells 20, and that an engi-
neered heart tissue construct 16 suspended on the ele-
ments 12 and 15 is spaced from the bottom of the well
20 if the base element 2 is located on the surface 22 of
the multi-well plate 21 extending between the openings
of the wells 20 and the two pairs of support elements 8
and 9 extend into adjacent ones of the wells 20.
[0062] In this arrangement of the apparatus 1 on the
multi-well plate 21, the flexible strip 6 including electrical
conduits can be conveniently guided around the multi-
well plate 21 and comprises a connector 6a for connec-
tion to external devices. The cut-outs 3 allow visual in-
spection of the engineered heart tissue constructs 16
without moving the apparatus 1.
[0063] In the measurement position shown in Figure
2, the apparatus 1 may be covered during the measure-
ment by a, preferably transparent, lid. When using rods
14 with a bent end section 14b, the apparatus 1 advan-
tageously adds only little to the height of the multi-well
plate 21.
[0064] As mentioned above, the apparatus of the in-
vention may be used in combination with casting molds
to prepare engineered heart tissue constructs based on
a liquid reconstitution mixture. The apparatus can be ar-
ranged above the casting molds which contain the liquid
reconstitution mixture such that the tips of the downward-
ly extending support elements are immersed in the re-
constitution mixture. Non-limiting examples for protocols
for the preparation of engineered heart tissue constructs
are provided below. Any other method which has been
described in the art for the generation of engineered heart
tissue based on liquid reconstitution mixtures can be
used as well.

PROTOCOL 1: TISSUE CONSTRUCTS FROM RAT 
CARDIAC MYOCYTES

[0065] Unpurified heart cells were isolated from neo-
natal Wistar rats (postnatal day 0 to 3) by a fractionated
DNase/Trypsin digestion protocol as previously de-
scribed (Zimmermann et al. (2000), Biotechnol Bioeng.,
68:106-114). The resulting cell population was immedi-
ately processed to prepare the tissue constructs.
[0066] To generate the engineered heart tissue con-
structs, a reconstitution mix was prepared on ice as fol-
lows (final concentration): 4.1x106 cells/ml, 5 mg/ml bo-
vine fibrinogen (stock solution: 200 mg/ml plus aprotinin
0.5 pg/mg fibrinogen in NaCl 0.9%, Sigma F4753), 100
ml/ml Matrigel (BD Bioscience 356235). 2xDMEM was
added to match the volumes of fibrinogen and thrombin

stock to ensure isotonic conditions. Casting molds were
prepared by placing a teflon spacer in 24-well culture
dishes and adding 1.6 ml 2% agarose in PBS (Invitrogen
15510-027) per well. After agarose solidification the
spacer were removed (yielding a casting mold of 12x3x4
mm) and silicon post racks were placed onto the dishes
with pairs of posts reaching into each casting mold. For
each construct 145 ml reconstitution mix was mixed brief-
ly with 4.5 ml thrombin (100 U/ml, Sigma Aldrich T7513)
and pipetted into the agarose slot.
[0067] For fibrinogen polymerisation the constructs
were placed in a 37°C, 7% CO2 humidified cell culture
incubator for 2 hours. 300 ml of cell culture medium was
then added per well to ease removal of the constructs
from agarose casting molds. The racks were transferred
to new 24-well cell culture dishes. Constructs were main-
tained in 37°C, 7% CO2 humidified cell culture incubator.
Media was changed on Mondays, Wednesdays and Fri-
days. The medium consisted of DMEM (Biochrom
F0415), 10% horse serum (Gibco 26050), 2% chick em-
bryo extract, 1% Penicillin/Streptomycin (Gibco 15140),
insulin (10 mg/ml, Sigma-Aldrich 19278), tranexamic acid
(400 mM, Sigma-Aldrich 857653) and aprotinin (33 mg/ml,
Sigma Aldrich A1153).
[0068] Directly after casting, the engineered heart tis-
sue constructs contained evenly distributed amorphous
round heart cells. Within days, cells elongated, aligned
along force lines, and started to beat as single cells at
day 4 to 5. Degradation and remodeling of extracellular
matrix led to a marked reduction of construct size, in-
creased cellular density, and formation of small groups
of cardiac myocytes and, at day 7 to 9, to coherent beat-
ing. By day 10, force of contraction was sufficient to rhyth-
mically deflect the posts. Measurements were routinely
done between days 14 to 16. At this point of development
cardiomyocytes appear as approximately 100 to 200
mum long spindle-shaped cells with maximum diameter
of 10 to 20 mm.
[0069] Further details of this protocol can be taken from
the publication of Hansen et al. (2010), Circ. Res., 107
(1) :35-44 and the references cited therein.

PROTOCOL 2: TISSUE CONSTRUCTS FROM HUMAN 
EMBRYONIC STEM CELLS

[0070] HES2 cells (HES2.R26, see Irion et al. (2007),
Nature Biotechnology 25: 1477-82) were propagated on
Matrigel® with CF1-MEF conditioned medium according
to the protocol of Xu et al. (2001), Nature Biotechnology
19: 971-4. Confluent layers of hESC colonies were di-
gested with collagenase IV (Gibco 17104, 1 mg/ml, 1
ml/10 cm2) until edges of the colonies start to dislodge
(10-20 minutes). Collagenase was removed and washed
with 2 ml PBS/10 cm2. CF1-MEF conditioned medium
was added (1 ml/10 cm2). Embryoid bodies (EBs) were
generated by carefully scraping off colony fragments with
a 5 ml-pipette tip. Colony fragments were collected and
remaining colonies were detached with a cell scraper.
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EB formation was performed in ultra low attachment cell
culture flasks (ULA-CCF, Corning 3815), with colony
fragments of 2.5 cm2 (undifferentiated hESC layer) per
ml conditioned medium. Differentiation was performed in
RPMI-B27 medium containing RPMI 1640 (Gibco
21875), B-27 supplement (2%, Gibco 0080085-SA),
Penicillin/Streptomycin (0.5%, Gibco 15140) and HEPES
(10 mM). Y-27632 (10 mM, Biaffin PKI-27632-010) and
growth factors were added. After 24 hours, EBs were
collected in 50 ml tubes. ULA-CCFs were washed twice
with PBS, solutions were added to the tubes and centri-
fuged (4 minutes, 300 rpm). Pelleted EBs were resus-
pended in 20 ml mesodermal induction medium (stage
I, basic FGF (5 ng/ml, R&D 233-FB), Activin-A (6 ng/ml,
R&D 338-AC), BMP-4 (10 ng/ml, R&D 314-BP), Y-27632
(10 mM)) and transferred back into the ULA-CCF. After
1-3 days EBs were collected in 50 ml tubes. ULA-CCFs
were washed twice with PBS, and the solutions were
added to the tubes and centrifuged (4 minutes, 300 rpm).
EBs were resuspendend in 15 ml cardiomyocyte induc-
tion medium (stage II, DKK-1 (150 ng/ml, R&D 5439-DK),
VEGF (10 ng/ml, R&D 293-VE), Y-27632 (10 mM) and
transferred back into the ULA-CCF. After 3 days EBs
were collected in 50 ml tubes. ULA-CCFs were washed
twice with PBS, solutions were added to the tubes and
centrifuged (4 minutes, 300 rpm). EBs were resuspend-
end in 15 ml cardiomyocyte induction medium (stage III,
DKK-1 (150 ng/ml), VEGF (10 ng/ml), basic FGF (5
ng/ml)).
[0071] After 5-7 days 5 ml of RPMI-B27 medium was
added every second day until the first beating EBs were
detected. EB formation and differentiation was per-
formed at 95% humidity, 37°C, 5% oxygen, 5% CO2.
EBs were transferred to serum-containing medium
(DMEM, Gibco 41965, 1% L-glutamine, 1% NEAA, 0.5%
Penicillin/Streptomycin, 20% fetal bovine serum, 100 mM
2-mercaptoethanol) between day 12-15 and were kept
at 20% oxygen. Onset of beating occurred between day
10 and day 15. EBs were dissociated with 500 ml of a
pre-warmed mixture (37°C) of collagenase and trypsin
(approximately 1 mg/ml collagenase in 0.5% trypsin so-
lution) for 2-5 minutes under continuous trituration with
a 100 ml pipette. Dissociated cells were washed twice
by adding 1 ml of serum containing media and centrifu-
gation for 2 min at 200 g.
[0072] After cell counting human EHTs were generat-
ed according to PROTOCOL 1 described above for ne-
onatal rat cardiomyocytes. Specifically, 0.6 x106 differ-
entiated cells were mixed with fibrinogen and thrombin
and poured into slit-formed agarose casting molds in a
standard 24-well plate in which two elastic silicone posts
per well were inserted from above. After fibrin polymeri-
sation (2 hours) silicone racks with 4 pairs of silicone
posts each and the respective cell-fibrin gel were trans-
ferred to new 24 well plates and maintained under stand-
ard cell culture conditions (37°C, 95% humidity, 40% ox-
ygen). Medium was changed on Mondays, Wednesdays
and Fridays. Medium composition was: DMEM (Bio-

chrom F0415), 10% horse serum (Gibco 26050), 2%
chick embryo extract, 1%, penicillin/streptomycin (Gibco
15140), insulin (10 mg/ml, Sigma-Aldrich 19278), tran-
examic acid (400 mM, Sigma-Aldrich 857653) and apro-
tinin (33 mg/ml, Sigma-Aldrich A1153). Y-27632 (10 mM
was added to the medium for the first 24 hours. EHTs
were subjected to contraction analysis after 5 weeks,
thus matching the age of 7-8 week old EBs.
[0073] Further details of this protocol can be gathered
from Schaaf et al. (2011), PLoS One, 6(10):e26397 and
the references cited therein.

Claims

1. A method for continuously
measuring contraction characteristics of engineered
heart tissue constructs, comprising the following
steps:

- providing at least one engineered heart tissue
construct (16) and an apparatus comprising a
base element (2), an electronic circuitry (5) in-
tegrated into or disposed on the base element
(2), at least one first support element (8) at-
tached to and extending from the base element
(2), each of said at least one first support ele-
ment (8) comprising or being mechanically cou-
pled to a piezoelectric element (10), which is the
sensing element of a piezoelectric transducer,
wherein each of said at least one first support
element (8) comprises a support portion (12)
adapted for attaching an engineered heart tis-
sue construct (16) thereto, and for each of said
at least one first support element (8), at least
one second support element (9) attached to and
extending from the base element (2), wherein
each of said at least one second support ele-
ment (9) comprises a support portion (15) adapt-
ed for attaching an engineered heart tissue con-
struct (16) thereto, and each support portion (15)
of each second support element (9) is spaced
from and arranged with respect to the support
portion (12) of the respective first support ele-
ment (8),
- attaching each of said at least one engineered
heart tissue construct (16) to a separate first
support element (8), such that upon contraction
of the respective engineered heart tissue con-
struct (16) a load is transferred to the respective
piezoelectric element (10) and the respective pi-
ezoelectric transducer is configured to generate
and to output a corresponding electrical sensor
signal characteristic of a change of the load over
time
applied to the respective first support element
(8) by the respective engineered heart tissue
construct (16) due to the contraction thereof,
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wherein the step of attaching each of said at
least one engineered heart tissue construct (16)
to a separate first support element (8) compris-
es, for each of said at least one engineered heart
tissue construct (16), attaching the respective
engineered heart tissue construct (16) to at least
one second support element (9), each being
spaced with at least a portion thereof from the
respective first support element (8) and each en-
gaging the respective engineered heart tissue
construct (16) at a location spaced from a loca-
tion at which the respective first support element
(8) engages the respective engineered heart tis-
sue construct (16), so that it is supported be-
tween the respective first support element (8)
and the respective at least one second support
element (9), and
- analyzing, by the electronic circuitry (5), for
each of said at least one engineered heart tissue
construct (16), the sensor signal output by the
respective piezoelectric transducer and
deriving , by the electronic circuitry (5), at least
one contraction characteristic of said at least
one engineered heart tissue construct (16) on
the basis of the analysis.

2. The method of claim 1, wherein the method further
comprises the step of arranging said base element
(2) such that each of the first support elements (8)
extends downwardly from the base element (2).

3. The method of claims 1 and 2, wherein said base
element (2) is arranged such that each of the first
support elements (8) extends downwardly from the
base element (2), each of the second support ele-
ments (9) likewise extends downwardly from the
base element (2), so that each of said at least one
engineered heart tissue construct (16) is suspended
on and between the respective first and second sup-
port elements (8, 9).

4. The method of claim 2 or claim 3, wherein the step
of arranging said base element (2) such that each
of the first support elements (8) extends downwardly
from the base element (2) comprises arranging the
base element (2) on the surface (22) of a multi-well
plate (21) such that the base element (2) is supported
on the surface (22) and each of said at least one
engineered heart tissue construct (16) is disposed
in a separate one of the wells (20) of the multi-well
plate (21).

5. The method of any of the preceding claims, wherein
each of the at least one first support elements (8) is
rigid, and wherein

- for at least one of the at least one first support
element (8) each of the associated at least one

second support element (9) is rigid, so that the
respective engineered heart tissue construct
(16) carries out an isometric contraction on the
respective first and second support elements (8,
9),
- for at least one of the at least one first support
element (8) at least one of the associated at least
one second support element (9) is flexible, so
that the respective engineered heart tissue con-
struct (16) carries out an auxotonic contraction
on the respective first and second support ele-
ments (8, 9), and/or
- for at least one of the at least one first support
element (8) at least one of the associated at least
one second support element (9) can be selec-
tively configured to assume a rigid state and a
flexible state, and the method comprises selec-
tively changing these second support elements
(9) between their rigid and flexible state and
measuring both isometric and auxotonic con-
traction of the respective engineered heart tis-
sue constructs (16).

6. An apparatus for continuously measuring contrac-
tion characteristics of engineered heart tissue con-
structs, comprising:

- a base element (2),
- an electronic circuitry (5) integrated into or dis-
posed on the base element (2)
- at least one first support element (8) attached
to and extending from the base element (2),
each of said at least one first support element
(8) comprising or being mechanically coupled to
a piezoelectric element (10), which is the sens-
ing element of a piezoelectric transducer, and
- for each of said at least one first support ele-
ment (8), at least one second support element
(9) attached to and extending from the base el-
ement (2), wherein each of said at least one sec-
ond support element (9) comprises a support
portion (15) adapted for attaching an engineered
heart tissue construct (16) thereto, and each
support portion (15) of each second support el-
ement (9) is spaced from and arranged with re-
spect to the support portion (12) of the respec-
tive first support element (8), such that, after at-
taching an engineered heart tissue construct
(16) to the support portion (12) of one of said at
least one first support element (8) and to the
support portion (15) of each associated second
support element (9), the respective engineered
heart tissue construct (16) is engaged by the
support portion (12) of the respective first sup-
port element (8) at a location spaced from the
location at which the support portion (15) of each
of the respective at least one second support
element (9) engages the engineered heart tis-

21 22 



EP 2 978 835 B1

13

5

10

15

20

25

30

35

40

45

50

55

sue construct (16), so that it is supported be-
tween the respective first support element (8)
and the respective at least one second support
element (9),

wherein each of said at least one first support ele-
ment (8) comprises a support portion (12) adapted
for attaching an engineered heart tissue construct
(16) thereto, wherein after attaching an engineered
heart tissue construct (16) to the support portion (12)
the respective engineered heart tissue construct (16)
is arranged such that upon
contraction thereof a load is transferred to the re-
spective piezoelectric element (10) and the respec-
tive piezoelectric transducer is configured to gener-
ate and to output a corresponding
electrical sensor signal characteristic of the change
of the load over time applied to the respective first
support element (8) by the respective engineered
heart tissue construct (16) due to the contraction
thereof, and
wherein the electronic circuitry (5) is adapted for an-
alyzing, for each of said at least one engineered heart
tissue construct (16), the sensor signal output by the
respective piezoelectric transducer and for deriving
at least one contraction characteristic of said at least
one engineered heart tissue construct (16) on the
basis of the analysis.

7. The apparatus of claim 6, wherein each of said at
least one first support element (8) and each of said
at least one second support element (9) extend from
a same side of the base element (2), and wherein
the base element (2) is adapted to be disposed on
the surface (22) of a suitably dimensioned multi-well
plate (21), such that each of said at least one first
support element (8) and the associated at least one
second support element (9) extends into a separate
one of the wells (20) of the multi-well plate (21), and
that each engineered heart tissue construct (16) at-
tached to the support portions (12, 15) of one of said
at least one first support element (8) and the asso-
ciated at least one second support element (9) is
suspended on and between the respective first and
second support elements (8, 9) and disposed inside
the respective one of the wells (20) of the multi-well
plate (21).

8. The apparatus of claim 6 or claim 7, wherein each
of the first support elements (8) is rigid, and wherein

- for at least one of the at least one first support
element (8) each of the associated at least one
second support element (9) is rigid, so that en-
gineered heart tissue constructs (16) attached
to the support portions (12, 15) of one of these
first support elements (8) and the associated at
least one second support element (9) carry out

an isometric contraction on the respective first
and second support elements (8, 9),
- for at least one of the at least one first support
element (8) at least one of the associated at least
one second support element (9) is flexible, so
that engineered heart tissue constructs (16) at-
tached to the support portions (12, 15) of one of
these first support elements (8) and the associ-
ated at least one second support element (9)
carry out an auxotonic contraction on the re-
spective first and second support elements (8,
9), and/or
- for at least one of the at least one first support
element (8) at least one of the associated at least
one second support element (9) can be selec-
tively configured to assume a rigid state and a
flexible state, so that engineered heart tissue
constructs (16) attached to the support portions
(12, 15) of these first support elements (8) and
the associated at least one second support el-
ement (9) carry out isometric or auxotonic con-
traction, depending on the state of the respective
at least one second support element (9).

9. The apparatus of claim 8, wherein, for at least one
of the at least one first support element (8), at least
one of the associated at least one second support
element (9) is selectively configurable to assume a
rigid state and a flexible state, and comprises a flex-
ible elongate tubular element (13) and a rigid elon-
gate element (14) adapted to be selectively inserted
into and removed from the tubular element (13) for
selectively configuring the respective second sup-
port element (9) to be flexible and rigid.

10. The apparatus of any of claims 6 to 9, wherein

- the support portions (12, 15) of the first and
second support elements (8, 9) comprise or are
made of silicone, and/or
- each of the at least one first support element
(8) comprises an elongate section (11) extend-
ing from the base element (2) and the respective
support portion (12) is located at the longitudinal
end of the elongate section (11) remote from the
base element (2), the support portion (12) com-
prising a portion extending transversely with re-
spect to the elongate section (11) to opposite
sides thereof, and/or
- each of the at least one second support ele-
ment (9) comprises an elongate section (13, 14)
extending from the base element (2) and the re-
spective support portion (15) is located at the
longitudinal end of the elongate section (13, 14)
remote from the base element (2), the support
portion (15) comprising a portion extending
transversely with respect to the elongate section
(13, 14) to opposite sides thereof.
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11. The apparatus of any of claims 6 to 10, wherein each
of the piezoelectric transducers is electrically con-
nected tc the electronic circuitry (5) adapted for con-
ditioning, converting, processing and analyzing the
respective sensor signals.

12. The apparatus of any of claims 6 to 11, wherein at
least one of the at least one first support element (8)
further comprises at least one strain gauge mechan-
ically coupled to the respective first support element
(8), such that after attaching an engineered heart
tissue construct (16) to the support portion (12) of
the respective first support element (8) the engi-
neered heart tissue construct (16) is arranged such
that upon contraction thereof a load is transferred to
the respective at least one strain gauge and the re-
spective at least one strain gauge is configured to
generate and to output a corresponding electrical
strain gauge signal characteristic of the static load
applied by the respective engineered heart tissue
construct (16) to the respective first support element
(8) due to the contraction thereof.

13. The apparatus of any of claims 6 to 12, wherein the
distance between said support portion (12) of said
at least one first support element (8) and the support
portion (15) of the respective at least one second
support element (9) is between 5 and 50 mm.

Patentansprüche

1. Verfahren zur kontinuierlichen Messung von Kon-
traktionseigenschaften von künstlich hergestellten
Herzgewebekonstrukten, bei dem man:

- mindestens ein künstlich hergestelltes Herz-
gewebekonstrukt (16) und eine Vorrichtung be-
reitstellt, die ein Basiselement (2), eine in das
Basiselement (2) integrierte oder auf dem Basi-
selement (2) angeordnete elektronische Schal-
tung (5) und mindestens ein erstes Trägerele-
ment (8), das an dem Basiselement (2) befestigt
ist und sich von diesem erstreckt, wobei jedes
der mindestens einen ersten Trägerelemente
(8) ein piezoelektrisches Element (10) umfasst
oder mechanisch mit diesem gekoppelt ist, wel-
ches das Messelement eines piezoelektrischen
Wandlers ist, wobei jedes der mindestens einen
ersten Trägerelemente (8) einen Trägerab-
schnitt (12) umfasst, der für die Befestigung ei-
nes künstlich hergestellten Herzgewebekonst-
rukts (16) daran angepasst ist, und für jedes der
mindestens einen ersten Trägerelemente (8)
mindestens ein zweites Trägerelement (9) um-
fasst, das an dem Basiselement (2) befestigt ist
und sich von diesem erstreckt, wobei jedes der
mindestens einen zweiten Trägerelemente (9)

einen Trägerabschnitt (15) umfasst, der für die
Befestigung eines künstlich hergestellten Herz-
gewebekonstrukts (16) daran angepasst ist, und
wobei jeder Trägerabschnitt (15) jedes zweiten
Trägerelements (9) relativ zu dem Trägerab-
schnitt (12) des jeweiligen ersten Trägerele-
ments (8) beabstandet und angeordnet ist,
- jedes der mindestens einen künstlich herge-
stellten Herzgewebekonstrukte (16) an einem
separaten ersten Trägerelement (8) so befes-
tigt, dass bei Kontraktion des künstlich herge-
stellten Herzgewebekonstrukts (16) eine Last
auf das jeweilige piezoelektrische Element (10)
übertragen wird, und der jeweilige piezoelektri-
sche Wandler so konfiguriert ist, dass er ein ent-
sprechendes elektrisches Sensorsignal erzeugt
und abgibt, das charakteristisch für eine Verän-
derung der Last über die Zeit ist, welche auf das
jeweilige erste Trägerelement (8) durch das je-
weilige künstlich hergestellte Herzgewebekon-
strukt (16) aufgrund der Kontraktion desselben
ausgeübt wird, wobei der Schritt des Befesti-
gens jedes der künstlich hergestellten Herzge-
webekonstrukte (16) an einem separaten ersten
Trägerelement (8) für jedes der mindestens ei-
nen künstlich hergestellten Herzgewebekonst-
rukte (16) Schritte umfasst, bei denen man das
jeweilige künstlich hergestellte Herzgewebe-
konstrukt (16) an mindestens einem zweiten
Trägerelement (9) befestigt, wobei jedes dersel-
ben mit mindestens einem Teil davon von dem
jeweiligen ersten Trägerelement (8) beabstan-
det ist und an das jeweilige künstlich hergestellte
Herzgewebekonstrukt (16) an einer Stelle an-
greift, die von einer Stelle beabstandet ist, an
der das jeweilige erste Trägerelement (8) an das
jeweilige künstlich hergestellte Herzgewebe-
konstrukt (16) angreift, sodass dieses zwischen
dem jeweiligen ersten Trägerelement (8) und
dem mindestens einen jeweiligen zweiten Trä-
gerelement (9) gestützt ist, und
- mittels der elektronischen Schaltung (5) für je-
des der mindestens einen künstlich hergestell-
ten Herzgewebekonstrukte (16) das von dem je-
weiligen piezoelektrischen Wandler gelieferte
Sensorsignal analysiert und auf der Grundlage
dieser Analyse mindestens eine Kontraktions-
eigenschaft des mindestens einen künstlich her-
gestellten Herzgewebekonstrukts (16) definiert.

2. Verfahren nach Anspruch 1, wobei das Verfahren
ferner den Schritt umfasst, bei dem man das Basi-
selement (2) so anordnet, dass sich jedes der ersten
Trägerelemente (8) von dem Basiselement (2) nach
unten erstreckt.

3. Verfahren nach Anspruch 1 und 2, wobei das Basi-
selement (2) so angeordnet ist, dass jedes der ersten
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Trägerelemente (8) sich von dem Basiselement (2)
nach unten erstreckt, und jedes der zweiten Träge-
relemente (9) sich ebenfalls von dem Basiselement
(2) nach unten erstreckt, so dass jedes der mindes-
tens einen künstlich hergestellten Herzgewebekon-
strukte (16) an und zwischen den jeweiligen ersten
und zweiten Trägerelementen (8, 9) aufgehängt ist.

4. Verfahren nach Anspruch 2 oder 3, wobei der Schritt,
bei dem man das Basiselement (2) so anordnet,
dass sich jedes der ersten Trägerelemente (8) von
dem Basiselement (2) nach unten erstreckt, Schritte
umfasst, bei denen man das Basiselement (2) auf
der Oberfläche (22) einer Platte mit mehreren Ver-
tiefungen (21) so anordnet, dass das Basiselement
(2) auf der Oberfläche (22) gestützt wird und jedes
der mindestens einen künstlich hergestellten Herz-
gewebekonstrukte (16) in einer separaten Vertie-
fung (20) der Platte mit mehreren Vertiefungen (21)
angeordnet ist.

5. Verfahren nach einem der vorhergehenden Ansprü-
che, wobei jedes der mindestens einen ersten Trä-
gerelemente (8) starr ist und wobei:

- für mindestens eines der mindestens einen
ersten Trägerelemente (8) jedes der zugehöri-
gen mindestens einen zweiten Trägerelemente
(9) starr ist, so dass das jeweilige künstlich her-
gestellte Herzgewebekonstrukt (16) eine isome-
trische Kontraktion an den jeweiligen ersten und
zweiten Trägerelementen (8, 9) ausführt,
- für mindestens eines der mindestens einen
ersten Trägerelemente (8) mindestens eines
der zugehörigen zweiten Trägerelemente (9)
flexibel ist, so dass das jeweilige künstlich her-
gestellte Herzgewebekonstrukt (16) eine auxo-
tonische Kontraktion an den jeweiligen ersten
und zweiten Trägerelementen (8, 9) ausführt,
und/oder
- für mindestens eines der mindestens einen
ersten Trägerelemente (8) mindestens eines
der zugehörigen zweiten Trägerelemente (9)
selektiv so konfiguriert werden kann, dass ein
starrer Zustand und ein flexibler Zustand ange-
nommen wird, und das Verfahren das gezielte
Wechseln dieser zweiten Trägerelemente (9)
zwischen ihrem starren Zustand und ihrem fle-
xiblen Zustand und das Messen sowohl der iso-
metrischen Kontraktion als auch der auxotoni-
schen Kontraktion der jeweiligen künstlich her-
gestellten Herzgewebekonstrukte (16) umfasst.

6. Vorrichtung zur kontinuierlichen Messung von Kon-
traktionseigenschaften von künstlich hergestellten
Herzgewebekonstrukten, umfassend:

- ein Basiselement (2),

- eine elektronische Schaltung (5), die in das
Basiselement (2) integriert oder auf diesem an-
geordnet ist,
- mindestens ein erstes Trägerelement (8), das
an dem Basiselement (2) befestigt ist und sich
von diesem erstreckt, wobei jedes der mindes-
tens einen ersten Trägerelemente (8) ein piezo-
elektrisches Element (10) umfasst oder mecha-
nisch mit diesem gekoppelt ist, welches das
Messelement eines piezoelektrischen Wand-
lers ist, und
- für jedes der mindestens einen ersten Träge-
relemente (8) mindestens ein zweites Trägere-
lement (9), das an dem Basiselement (2) befes-
tigt ist und sich von diesem erstreckt, wobei je-
des der mindestens einen zweiten Trägerele-
mente (9) einen Trägerabschnitt (15) aufweist,
der für die Befestigung eines künstlich herge-
stellten Herzgewebekonstrukts (16) daran an-
gepasst ist, und wobei jeder Trägerabschnitt
(15) jedes zweiten Trägerelements (9) relativ zu
dem Trägerabschnitt (12) des jeweiligen ersten
Trägerelements (8) so beabstandet und ange-
ordnet ist, dass nach dem Befestigen eines
künstlich hergestellten Herzgewebekonstrukts
(16) an dem Trägerabschnitt (12) eines der min-
destens einen ersten Trägerelemente (8) und
dem Trägerabschnitt (15) jedes zugehörigen
zweiten Trägerelements (9) der Trägerabschnitt
(12) des jeweiligen ersten Trägerelements (8)
an einer Stelle an das jeweilige künstlich herge-
stellte Herzgewebekonstrukt (16) angreift, die
von der Stelle beabstandet ist, an der der Trä-
gerabschnitt (15) jedes der jeweiligen mindes-
tens einen zweiten Trägerelemente (9) an das
künstlich hergestellte Herzgewebekonstrukt
(16) angreift, so dass dieses zwischen dem je-
weiligen ersten Trägerelement (8) und dem je-
weiligen mindestens einen zweiten Trägerele-
ment (9) gestützt wird,

wobei jedes der mindestens einen ersten Trägere-
lemente (8) einen Trägerabschnitt (12) umfasst, der
für die Befestigung eines künstlich hergestellte Herz-
gewebekonstrukts (16) daran angepasst ist, wobei
nach dem Befestigen eines künstlich hergestellte
Herzgewebekonstrukts (16) an dem Trägerabschnitt
(12) das jeweilige künstlich hergestellte Herzgewe-
bekonstrukt (16) so angeordnet ist, dass bei seiner
Kontraktion eine Last auf das jeweilige piezoelektri-
sche Element (10) übertragen wird und der jeweilige
piezoelektrische Wandler so konfiguriert ist, dass er
ein entsprechendes elektrisches Sensorsignal er-
zeugt und abgibt, das charakteristisch für die Ver-
änderung der Last über die Zeit ist, welche auf das
jeweilige erste Trägerelement (8) durch das jeweili-
ge künstlich hergestellte Herzgewebekonstrukt (16)
aufgrund der Kontraktion desselben ausgeübt wird,

27 28 



EP 2 978 835 B1

16

5

10

15

20

25

30

35

40

45

50

55

und wobei die elektronische Schaltung (5) ange-
passt ist, für jedes der mindestens einen künstlich
hergestellten Herzgewebekonstrukte (16) das von
dem jeweiligen piezoelektrischen Wandler gelieferte
Sensorsignal zu analysieren und mindestens eine
Kontraktionseigenschaft des mindestens einen
künstlich hergestellten Herzgewebekonstrukts (16)
auf der Grundlage dieser Analyse zu definieren.

7. Vorrichtung nach Anspruch 6, wobei jedes der min-
destens einen ersten Trägerelemente (8) und jedes
der mindestens einen zweiten Trägerelemente (9)
sich von der gleichen Seite des Basiselements (2)
aus erstreckt, und wobei das Basiselement (2) so
angepasst ist, dass es auf der Oberfläche (22) einer
geeignet dimensionierten Platte mit mehreren Ver-
tiefungen (21) so angeordnet werden kann, dass
sich jedes der mindestens einen ersten Trägerele-
mente (8) und der zugehörigen mindestens einen
zweiten Trägerelemente (9) in eine separate Vertie-
fung (20) der Platte mit mehreren Vertiefungen (21)
erstreckt, und wobei jedes künstlich hergestellte
Herzgewebekonstrukt (16), das an den Trägerab-
schnitten (12, 15) von einem der mindestens einen
ersten Trägerelemente (8) und der zugehörigen min-
destens einen zweiten Trägerelemente (9) befestigt
ist, an und zwischen den jeweiligen ersten und zwei-
ten Trägerelemente (8, 9) aufgehängt und in einer
der jeweiligen Vertiefungen (20) der Platte mit meh-
reren Vertiefungen (21) angeordnet ist.

8. Vorrichtung nach Anspruch 6 oder 7, wobei jedes
der ersten Trägerelemente (8) starr ist, und wobei:

- für mindestens eines der mindestens einen
ersten Trägerelemente (8) jedes der mindes-
tens einen zugehörigen zweiten Trägerelemen-
te (9) starr ist, so dass künstlich hergestellte
Herzgewebekonstrukte (16), die an den Träge-
rabschnitten (12, 15) von einem der ersten Trä-
gerelemente (8) und der mindestens einen zu-
gehörigen zweiten Trägerelemente (9) befestigt
sind, eine isometrische Kontraktion an den je-
weiligen ersten und zweiten Trägerelementen
(8, 9) ausführen,
- für mindestens eines der mindestens einen
ersten Trägerelemente (8) mindestens eines
der zugehörigen zweiten Trägerelemente (9)
flexibel ist, so dass die künstlich hergestellten
Herzgewebekonstrukte (16), die an den Träge-
rabschnitten (12, 15) von einem dieser ersten
Trägerelemente (8) und der zugehörigen min-
destens einen zweiten Trägerelemente (9) be-
festigt sind, eine auxotonische Kontraktion an
den jeweiligen ersten und zweiten Trägerele-
menten (8, 9) ausführen, und/oder
- für mindestens eines der mindestens einen
ersten Trägerelemente (8) mindestens eines

der zugehörigen zweiten Trägerelemente (9)
selektiv so konfiguriert werden kann, dass ein
starrer Zustand und ein flexibler Zustand ange-
nommen wird, sodass künstlich hergestellte
Herzgewebekonstrukte (16), die an den Träge-
rabschnitten (12, 15) dieser ersten Trägerele-
mente (8) und der zugehörigen mindestens ei-
nen zweiten Trägerelemente (9) befestigt sind,
eine isometrische oder auxotonische Kontrakti-
on ausführen, abhängig vom Zustand des jewei-
ligen mindestens einen zweiten Trägerelements
(9).

9. Vorrichtung nach Anspruch 8, wobei für mindestens
eines der mindestens einen ersten Trägerelemente
(8) mindestens eines des mindestens einen zuge-
hörigen zweiten Trägerelemente (9) selektiv so kon-
figurierbar ist, dass ein starrer Zustand und ein fle-
xibler Zustand angenommen wird, und ein flexibles
längliches rohrförmiges Element (13) und ein läng-
liches starres Element (14) umfasst, das angepasst
ist, selektiv in das rohrförmige Element (13) einge-
setzt und aus diesem entfernt zu werden, um das
jeweilige zweite Trägerelement (9) selektiv so zu
konfigurieren, dass es flexibel und starr ist.

10. Vorrichtung nach einem der Ansprüche 6 bis 9, wo-
bei:

- die Trägerabschnitte (12, 15) der ersten und
zweiten Trägerelemente (8, 9) Silikon umfassen
oder aus Silikon bestehen, und/oder
- jedes der mindestens einen ersten Trägerele-
mente (8) einen länglichen Abschnitt (11) auf-
weist, der sich von dem Basiselement (2) aus
erstreckt, und wobei der jeweilige Trägerab-
schnitt (12) an dem von dem Basiselement (2)
entfernten Längsende des länglichen Ab-
schnitts (11) angeordnet ist, wobei der Träge-
rabschnitt (12) einen Abschnitt aufweist, der
sich quer zu dem länglichen Abschnitt (11) zu
dessen entgegengesetzten Seiten erstreckt,
und/oder
- jedes der mindestens einen zweiten Trägere-
lemente (9) einen länglichen Abschnitt (13, 14)
aufweist, der sich von dem Basiselement (2) aus
erstreckt, und wobei der jeweilige Trägerab-
schnitt (15) an dem von dem Basiselement (2)
entfernten Längsende des länglichen Ab-
schnitts (13, 14) angeordnet ist, wobei der Trä-
gerabschnitt (15) einen Abschnitt aufweist, der
sich quer zu dem länglichen Abschnitt (13, 14)
zu dessen entgegengesetzten Seiten erstreckt.

11. Vorrichtung nach einem der Ansprüche 6 bis 10, wo-
bei jeder der piezoelektrischen Wandler elektrisch
mit der elektronischen Schaltung (5) verbunden ist,
welche zur Aufbereitung, Umwandlung, Verarbei-
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tung und Analyse der jeweiligen Sensorsignale an-
gepasst ist.

12. Vorrichtung nach einem der Ansprüche 6 bis 11, wo-
bei mindestens eines der mindestens einen ersten
Trägerelemente (8) ferner mindestens einen Deh-
nungsmesser umfasst, der mechanisch mit dem je-
weiligen ersten Trägerelement (8) so gekoppelt ist,
dass nach dem Befestigen eines künstlich herge-
stellten Herzgewebekonstrukts (16) an dem Träge-
rabschnitt (12) des jeweiligen ersten Trägerele-
ments (8) das künstlich hergestellte Herzgewebe-
konstrukt (16) so angeordnet ist, dass bei seiner
Kontraktion eine Last auf den jeweiligen mindestens
einen Dehnungsmesser übertragen wird, und der je-
weilige mindestens eine Dehnungsmesser so konfi-
guriert ist, dass er ein entsprechendes elektrisches
Dehnungsmessersignal erzeugt und abgibt, das
charakteristisch für die statische Last ist, die von
dem jeweiligen künstlich hergestellten Herzgewebe-
konstrukt (16) aufgrund seiner Kontraktion auf das
jeweilige erste Trägerelement (8) ausgeübt wird.

13. Vorrichtung nach einem der Ansprüche 6 bis 12, wo-
bei der Abstand zwischen dem Trägerabschnitt (12)
des mindestens einen ersten Trägerelements (8)
und dem Trägerabschnitt (15) des jeweiligen min-
destens einen zweiten Trägerelements (9) zwischen
5 und 50 mm beträgt.

Revendications

1. Procédé pour mesurer en continu des caractéristi-
ques de contraction de structures de tissu cardiaque
fabriquées, comprenant les étapes suivantes :

- fournir au moins une structure de tissu cardia-
que fabriquée (16) et un appareil comprenant
un élément de base (2), un circuit électronique
(5) intégré dans ou placé sur l’élément de base
(2), au moins un premier élément de support (8)
fixé à l’élément de base (2) et s’étendant depuis
celui-ci, chacun desdits au moins un premier
élément de support (8) comprenant ou étant ac-
couplé mécaniquement à un élément piézoélec-
trique (10), qui est l’élément sensible d’un trans-
ducteur piézoélectrique, dans lequel chacun
desdits au moins un premier élément de support
(8) comprend une partie de support (12) adaptée
pour la fixation d’une structure de tissu cardia-
que fabriquée (16), et pour chacun desdits au
moins un premier élément de support (8), au
moins un deuxième élément de support (9) fixé
à l’élément de base (2) et s’étendant depuis ce-
lui-ci, dans lequel chacun desdits au moins un
deuxième élément de support (9) comprend une
partie de support (15) adaptée pour la fixation

d’une structure de tissu cardiaque fabriquée
(16), et chaque partie de support (15) de chaque
deuxième élément de support (9) est espacée
et agencée par rapport à la partie de support
(12) du premier élément de support (8) respectif,
- attacher chacune desdites au moins une struc-
ture de tissu cardiaque fabriquée (16) à un pre-
mier élément de support distinct (8), de sorte
que lors de la contraction de la structure de tissu
cardiaque fabriquée (16) respective, une charge
est transférée à l’élément piézoélectrique (10)
respectif et le transducteur piézoélectrique res-
pectif est configuré pour générer et pour délivrer
un signal de capteur électrique correspondant
caractéristique d’une variation dans le temps de
la charge appliquée au premier élément de sup-
port (8) respectif par la structure de tissu cardia-
que fabriquée (16) respective due à la contrac-
tion de celle-ci, dans lequel l’étape consistant à
attacher chacune desdites au moins une struc-
ture de tissu cardiaque fabriquée (16) à un pre-
mier élément de support distinct (8) comprend
le fait, pour chacune desdites au moins une
structure de tissu cardiaque fabriquée (16), d’at-
tacher la structure de tissu cardiaque fabriquée
(16) respective à au moins un deuxième élément
de support (9), chacune étant espacée avec au
moins une partie de celle-ci du premier élément
de support (8) respectif et chacune se mettant
en prise avec la structure de tissu cardiaque fa-
briquée (16) respective en un endroit espacé
d’un endroit où le premier élément de support
(8) respectif se met en prise avec la structure
de tissu cardiaque fabriquée (16) respective, de
sorte qu’elle est supportée entre le premier élé-
ment de support (8) respectif et ledit au moins
un deuxième élément de support (9) respectif, et
- analyser, par le circuit électronique (5), pour
chacune desdites au moins une structure de tis-
su cardiaque fabriquée (16), le signal de capteur
délivré par le transducteur piézoélectrique res-
pectif et définir, par le circuit électronique (5), au
moins une caractéristique de contraction de la-
dite au moins une structure de tissu cardiaque
fabriquée (16) d’après cette analyse.

2. Procédé selon la revendication 1, dans lequel le pro-
cédé comprend en outre l’étape consistant à agen-
cer ledit élément de base (2) de telle manière que
chacun des premiers éléments de support (8)
s’étend vers le bas depuis l’élément de base (2).

3. Procédé selon les revendications 1 et 2, dans lequel
ledit élément de base (2) est agencé de telle manière
que chacun des premiers éléments de support (8)
s’étend vers le bas depuis l’élément de base (2),
chacun des deuxièmes éléments de support (9)
s’étend de même vers le bas depuis l’élément de
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base (2), de sorte que chacune desdites au moins
une structure de tissu cardiaque fabriquée (16) est
suspendue sur et entre les premier et deuxième élé-
ments respectifs (8, 9).

4. Procédé selon la revendication 2 ou 3, dans lequel
l’étape d’agencement dudit élément de base (2) de
telle manière que chacun des premiers éléments de
support (8) s’étend vers le bas depuis l’élément de
base (2) comprend le fait d’agencer l’élément de ba-
se (2) sur la surface (22) d’une plaque à plusieurs
puits (21) de telle manière que l’élément de base (2)
est supporté sur la surface (22) et chacune desdites
au moins une structure de tissu cardiaque fabriquée
(16) est placée dans un puits distinct (20) de la pla-
que à plusieurs puits (21).

5. Procédé selon l’une quelconque des revendications
précédentes, dans lequel chacun des au moins un
premier élément de support (8) est rigide, et dans
lequel :

- pour au moins l’un desdits au moins un premier
élément de support (8), chacun desdits au moins
un deuxième élément de support associé (9) est
rigide, de sorte que la structure de tissu cardia-
que fabriquée (16) respective réalise une con-
traction isométrique sur les premier et deuxième
éléments de support respectifs (8, 9),
- pour au moins l’un desdits au moins un premier
élément de support (8), au moins l’un desdits au
moins un deuxième élément de support associé
(9) est flexible, de sorte que la structure de tissu
cardiaque fabriquée (16) respective réalise une
contraction auxotonique sur les premier et
deuxième éléments de support respectifs (8, 9),
et/ou
- pour au moins l’un desdits au moins un premier
élément de support (8), au moins l’un desdits au
moins un deuxième élément de support associé
(9) peut être configuré sélectivement pour pren-
dre un état rigide et un état flexible, et le procédé
comprend le fait de modifier sélectivement ces
deuxièmes éléments de support (9) entre leur
état rigide et leur état flexible et de mesurer à la
fois la contraction isométrique et la contraction
auxotonique des structures de tissu cardiaque
fabriquées (16) respectives.

6. Appareil pour mesurer en continu des caractéristi-
ques de contraction de structures de tissu cardiaque
fabriquées, comprenant :

- un élément de base (2),
- un circuit électronique (5) intégré dans ou placé
sur l’élément de base (2),
- au moins un premier élément de support (8)
fixé à l’élément de base (2) et s’étendant depuis

celui-ci, chacun desdits au moins un premier
élément de support (8) comprenant ou étant ac-
couplé mécaniquement à un élément piézoélec-
trique (10), qui est l’élément sensible d’un trans-
ducteur piézoélectrique, et
- pour chacun desdits au moins un premier élé-
ment de support (8), au moins un deuxième élé-
ment de support (9) fixé à l’élément de base (2)
et s’étendant depuis celui-ci, dans lequel cha-
cun desdits au moins un deuxième élément de
support (9) comprend une partie de support (15)
adaptée pour la fixation d’une structure de tissu
cardiaque fabriquée (16), et chaque partie de
support (15) de chaque deuxième élément de
support (9) est espacée et agencée par rapport
à la partie de support (12) du premier élément
de support (8) respectif, de sorte que, après
avoir attaché une structure de tissu cardiaque
fabriquée (16) à la partie de support (12) de l’un
desdits au moins un premier élément de support
(8) et à la partie de support (15) de chaque
deuxième élément de support associé (9), la
structure de tissu cardiaque fabriquée (16) res-
pective est mise en prise par la partie de support
(12) du premier élément de support (8) respectif
en un endroit espacé de l’endroit où la partie de
support (15) de chacun desdits au moins un
deuxième élément de support (9) respectif se
met en prise avec la structure de tissu cardiaque
fabriquée (16), de sorte qu’elle est supportée
entre le premier élément de support (8) respectif
et ledit au moins un deuxième élément de sup-
port (9) respectif,
dans lequel chacun desdits au moins un premier
élément de support (8) comprend une partie de
support (12) adaptée pour la fixation d’une struc-
ture de tissu cardiaque fabriquée (16), dans le-
quel après avoir attaché une structure de tissu
cardiaque fabriquée (16) à la partie de support
(12), la structure de tissu cardiaque fabriquée
(16) respective est agencée de telle manière
que lors de la contraction de celle-ci, une charge
est transférée à l’élément piézoélectrique res-
pectif (10) et le transducteur piézoélectrique res-
pectif est configuré pour générer et pour délivrer
un signal de capteur électrique correspondant
caractéristique de la variation dans le temps de
la charge appliquée au premier élément de sup-
port (8) respectif par la structure de tissu cardia-
que fabriquée (16) respective due à la contrac-
tion de celle-ci, et
dans lequel le circuit électronique (5) est adapté
pour analyser, pour chacune desdites au moins
une structure de tissu cardiaque fabriquée (16),
le signal de capteur délivré par le transducteur
piézoélectrique respectif et pour définir au
moins une caractéristique de contraction de la-
dite au moins une structure de tissu cardiaque
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fabriquée (16) d’après cette analyse.

7. Appareil selon la revendication 6, dans lequel cha-
cun desdits au moins un premier élément de support
(8) et chacun desdits au moins un deuxième élément
de support (9) s’étendent depuis un même côté de
l’élément de base (2), et dans lequel l’élément de
base (2) est adapté pour être placé sur la surface
(22) d’une plaque à plusieurs puits (21) dimension-
née de façon appropriée, de sorte que chacun des-
dits au moins un premier élément de support (8) et
ledit au moins un deuxième élément de support as-
socié (9) s’étendent dans un puits distinct parmi les-
dits puits (20) de la plaque à plusieurs puits (21), et
de sorte que chaque structure de tissu cardiaque
fabriquée (16) attachée aux parties de support (12,
15) de l’un desdits au moins un premier élément de
support (8) et dudit au moins un deuxième élément
de support associé (9) est suspendue sur et entre
les premier et deuxième éléments de support res-
pectifs (8, 9) et placée à l’intérieur du puits respectif
parmi lesdits puits (20) de la plaque à plusieurs puits
(21).

8. Appareil selon la revendication 6 ou 7, dans lequel
chacun des premiers éléments de support (8) est
rigide, et dans lequel :

- pour au moins l’un desdits au moins un premier
élément de support (8), chacun desdits au moins
un deuxième élément de support associé (9) est
rigide, de sorte que les structures de tissu car-
diaque fabriquées (16) attachées aux parties de
support (12, 15) de l’un de ces premiers élé-
ments de support (8) et dudit au moins un
deuxième élément de support associé (9) réali-
sent une contraction isométrique sur les premier
et deuxième éléments de support respectifs (8,
9),
- pour au moins l’un desdits au moins un premier
élément de support (8), au moins l’un desdits au
moins un deuxième élément de support associé
(9) est flexible, de sorte que les structures de
tissu cardiaque fabriquées (16) attachées aux
parties de support (12, 15) de l’un de ces pre-
miers éléments de support (8) et dudit au moins
un deuxième élément de support associé (9)
réalisent une contraction auxotonique sur les
premier et deuxième éléments de support res-
pectifs (8, 9), et/ou
- pour au moins l’un desdits au moins un premier
élément de support (8), au moins l’un desdits au
moins un deuxième élément de support associé
(9) peut être configuré sélectivement pour pren-
dre un état rigide et un état flexible, de sorte que
les structures de tissu cardiaque fabriquées (16)
attachées aux parties de support (12, 15) de ces
premiers éléments de support (8) et dudit au

moins un deuxième élément de support associé
(9) réalisent une contraction isométrique ou
auxotonique, selon l’état dudit au moins un
deuxième élément de support (9) respectif.

9. Appareil selon la revendication 8, dans lequel, pour
au moins l’un desdits au moins un premier élément
de support (8), au moins l’un desdits au moins un
deuxième élément de support associé (9) est confi-
gurable sélectivement pour prendre un état rigide et
un état flexible, et comprend un élément tubulaire
flexible de forme allongée (13) et un élément rigide
de forme allongée (14) adapté pour être sélective-
ment inséré dans et retiré de l’élément tubulaire (13)
pour configurer sélectivement le deuxième élément
de support (9) respectif afin qu’il soit flexible et rigide.

10. Appareil selon l’une quelconque des revendications
6 à 9, dans lequel :

- les parties de support (12, 15) des premier et
deuxième éléments de support (8, 9) compren-
nent ou sont faites de silicone, et/ou
- chacun desdits au moins un premier élément
de support (8) comprend une section allongée
(11) s’étendant depuis l’élément de base (2) et
la partie de support (12) respective se situe à
l’extrémité longitudinale de la section allongée
(11) distante de l’élément de base (2), la partie
de support (12) comprenant une partie s’éten-
dant transversalement par rapport à la section
allongée (11) jusqu’aux côtés opposés de celle-
ci, et/ou
- chacun desdits au moins un deuxième élément
de support (9) comprend une section allongée
(13, 14) s’étendant depuis l’élément de base (2)
et la partie de support (15) respective se situe
à l’extrémité longitudinale de la section allongée
(13, 14) distante de l’élément de base (2), la
partie de support (15) comprenant une partie
s’étendant transversalement par rapport à la
section allongée (13, 14) jusqu’aux côtés oppo-
sés de celle-ci.

11. Appareil selon l’une quelconque des revendications
6 à 10, dans lequel chacun des transducteurs pié-
zoélectriques est connecté électriquement au circuit
électronique (5) adapté pour conditionner, convertir,
traiter et analyser les signaux de capteur respectifs.

12. Appareil selon l’une quelconque des revendications
6 à 11, dans lequel au moins l’un desdits au moins
un premier élément de support (8) comprend en
outre au moins un extensomètre accouplé mécani-
quement au premier élément de support (8) respec-
tif, de sorte qu’après avoir attaché une structure de
tissu cardiaque fabriquée (16) à la partie de support
(12) du premier élément de support (8) respectif, la

35 36 



EP 2 978 835 B1

20

5

10

15

20

25

30

35

40

45

50

55

structure de tissu cardiaque fabriquée (16) est agen-
cée de telle manière que lors de la contraction de
celle-ci, une charge est transférée audit au moins un
extensomètre respectif et ledit au moins un exten-
somètre respectif est configuré pour générer et pour
délivrer un signal d’extensomètre électrique corres-
pondant caractéristique de la charge statique appli-
quée par la structure de tissu cardiaque fabriquée
(16) respective au premier élément de support (8)
respectif due à la contraction de celle-ci.

13. Appareil selon l’une quelconque des revendications
6 à 12, dans lequel la distance entre ladite partie de
support (12) dudit au moins un premier élément de
support (8) et la partie de support (15) dudit au moins
un deuxième élément de support (9) respectif vaut
entre 5 et 50 mm.
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