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1 Introduction

1.1 Mechanical Cell Forces and Tensile Stress

Mechanical forces/tensile stresses are critical determinants of cellular growth, dif-
ferentiation and migration patterns in health and disease [13, 19, 27, 61, 43]. They
co-regulate the mechanical balance between cells and the extracellular matrix in
nearly all tissues outside and within organs of the body. In addition, they are
associated with the regulation of mechanically driven biochemical and genetic
cellular processes [1, 35]. Tensile stresses determine intercellular traction, as well as
internal cytoskeleton mediated tensile stress transmittance to the extracellular
matrix (ECM) through cell-matrix adhesion proteins [22, 30].
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The terms “force” and “tensile stress” should not be mixed up. “Cell Force” is
more intuitively accessible and is used in most biological papers, while the term
“tensile stress” is more abstract and therefore less commonly used. The term “force”
describes pulling forces in cells given in Newton “N”. “Tensile stress” instead, acts
when a force pulls at a cross sectional area perpendicular to it. It is given in N/m?
where “m®” stands for the product of thickness x width of the (idealized) rectan-
gular cross-section of a tissue sample [27, 62]. In some applications where the
thickness of a cultured tissue sample is very much smaller than its width, for
example when cells are cultured as approximately 2 pm thick monolayers on a
CellDrum membrane of 16 mm in diameter, then the “tensile stress” is given in
N/m. The latter implies a “force” pulling perpendicularly to an imagined cutting
line “cut” perpendicular through the monolayer plane. The “line length” is given in
“m” (Table 1). These are simple yet necessary statements when talking about
“force” and “tensile stress” induced by tissues or cells, respectively.

Although all cytoskeletal proteins have an impact on the cell’s mechanical
properties, actin is the basis of mechanically driven movement in all known
eukaryotic cells. Phagocytosis, cytokinesis, cell crawling and muscle contraction all
depend upon structures build from actin. Typically, actin represents about 5-10% of
total amount of proteins within a cell and 20% of protein in muscle. Actin forms
assemblies of filaments and plays a key role in force transmission from the ECM to
the cell’s nucleus and vice versa [51, 59].

In fibroblasts the primary function of the protein actin is building up filaments
(Fig. 1). Actin monomers, G actin, polymerize to filamentous F actin. A high actin
concentration at polymerization onset allows for faster formation of filaments. Actin
filaments exhibit both ends, a slow growing minus as well as a fast growing plus
end [50].

Myofibroblasts are an intermediate form of smooth muscle cells and fibroblasts
containing contractile actin and myosin fibers. These cells endogenously contribute
high amounts of collagen to the ECM. Myofibroblasts contract via smooth muscle
cell actin-myosin complexes, which contains more alpha-smooth muscle actin.

1.2 Focal Adhesions

Focal adhesions are large cellular protein assemblies (Fig. 1, red colored dots)
which help regulate the “mechanical balance” in tissues. They are a prerequisite to
regulate cell internal signals in response to the cellular mechanical environment.
Via focal adhesions cells transmit forces to the extracellular matrix (ECM) and
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Fig. 1 Immunofluorescence
image of actin filaments
(fibers, green) and the focal
adhesion protein vinculin (red
dots) in a fibroblast. Focal
adhesions are
integrin-containing,
multi-protein structures
forming mechanical cell
membrane spanning “bridges”
between intracellular actin
fibers and the extracellular
matrix and/or a surface,
respectively, in adhesion
dependent cell types [80]

other interacting cells. In other words, they represent sub-cellular structures
mediating regulatory effects (i.e., signaling events) of a cell in response to ECM
adhesion [18]. The attachment of cells to its substratum which may be a basement
membrane in vivo or the culture dish in vitro, thus, is mediated by focal contacts or
focal adhesions [34]. These multi-domain proteins adhere to the surface of the
tissue culture dish and expose specific sequences that are recognized by cell-surface
receptors. The cell-surface receptors involved in focal-contact formation belong to
the integrin superfamily. Integrins are non-covalently associated complexes of two
distinct, high molecular weight polypeptides called o and [ integrin acting as
transmembrane linker in a variety of cells. They span the plasma membrane in the
region of focal contacts. Its cytoplasmic domain binds through a chain of various
acting proteins including talin, vinculin and o actinin to actin filaments of the
cortical cytoskeleton. The ability of fibroblasts to perceive extracellular stress to and
from transmittable contractile force to the ECM is crucial for regulating their
activity during connective tissue remodeling [30, 71, 61].

1.3 Extracellular Matrix

Cell adhesion is defined as cellular binding to a surface, which can be another cell, a
surface or an extracellular, organic matrix. Extrinsic structures determining a tis-
sue’s mechanical integrity are mainly formed by the extracellular matrix (ECM).
The ECM is a molecular complex mainly consisting of fibers and an amorphous
inter-fibrillary matrix composed by components like glycoproteins and proteogly-
cans. The ECM also contains molecules such as growth factors, cytokines,
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matrix-degrading enzymes and their inhibitors [78]. The idea of a dynamic
reciprocity between the ECM on the one hand and the cytoskeleton and nuclear
matrix on the other hand is widely accepted. In this model, ECM molecules interact
with cell surface receptors, which then transmit signals across the cell membrane to
molecules in the cytoplasm; these signals initiate a cascade of events through the
cytoskeleton into the nucleus, resulting in the expression of specific genes, whose
products, in turn affect the ECM in diverse ways [11].

Basically all cell-ECM interactions [36] participate directly in processes like cell
migration, growth, differentiation, programmed cell death (known as apoptosis),
cell adhesion, activating intracellular signaling and contractile response. Matrix
components and the mechanical forces that cells experience markedly influence the
maintenance of cellular phenotypes and effect cell shape, polarity and differentiated
function. In most tissues, the ECM is constantly being remodeled, particularly in
processes like wound repair or tumor cell invasion. Extracellular matrices are
specialized for particular function, such as strength (tendon, connective tissue) or
adhesion (basement membrane of epithelia) [60].

1.4 Cell and Tissue Tensile Stress Measurement Technology

An important physiological function of cells in terms of biomechanics is the tensile
stress they are able to generate either alone as single cell, as 2D-cell monolayer, or
embedded in a 3D cell-ECM culture, respectively. Quantifying these tiny tensile
stresses is a real technological challenge. On top of all other requirements as there
are sensitivity, reproducibility, electronic drift, signal-to-noise ratio, and tempera-
ture further preconditions MUST be considered. Tensile stress measurements
require defined boundary conditions to be considered and results obtained with a
certain experimental setup should not depend on specific technological designs.
Although these are general requirements for measurements in mechanics, there are
major problems for biological samples. The cells are alive, meaning their meta-
bolism needs to be maintained. They also age, changing their mechanical proper-
ties, among other things. They must be kept as much as possible in their natural
biomechanical and biochemical environment since, importantly, cells exist in a
delicate balance with their mechanical environment. Cells in a soft matrix provide
data other than cells in a stiff or very rigid matrix [37]. This is a factor that is by far
not adequately taken into account in many cell experiments by biologists and
medical scientists. Protein and gene expression of cells depend quantitatively and
qualitatively on the mechanical properties of their environment, the extracellular
matrix. For example, fibroblasts that suddenly find a foreign material with extre-
mely high modulus of elasticity as a result of pacemaker implantation, rather than
soft tissue as before, extremely change their extracellular matrix. Doctors even
speak of encapsulation of the pacemaker [40].

Furthermore, it is often important to follow the time course of the mechanical
measurements of cells over days and weeks. Then the selected boundary conditions
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of the measurement setup must be chosen so that the cells remain vital for one thing
and for another degenerate in no way. This is the case for example in toxicology
tests with cardiomyocytes [14, 39]. These prerequisites define the
technological-biological measures to be taken in experimental setups and test
systems aiming at cell tensile stress measurements at all scales from tissue via cells
to subcellular structures.

Methods for force measurement on cells and subcellular structures use tools to
mechanically deform cells in combination with transducers and/or imaging tech-
nologies, respectively [24]. These approaches include atomic force microscopy
[28], magnetic cytometry, carbon fiber based systems etc. Qualitative measurements
on individual cells have been made using atomic force microscopy to investigate
cytoskeletal substructures [63]. The nano-indention technique is another tool to
characterize mechanical properties of living cells to understand biomechanical and
biophysical processes, such as disease progression and cell-material interac-
tions [43]. At the same time, advancement in the field enabled high-resolution
structural visualization of living materials. For instance the two-photon fluorescence
microscopy may provide a more sensitive detection technique than classical his-
tological methods. Multi-photon microscopy assesses for example the
nano-mechanical contribution of elastin networks to overall tissue mechanics in
multiscale models [57]. Mechanical investigations on a molecular scale are
approached by Forster resonance energy transfer (FRET) [75], photo-quenching,
loss of fluorescence or changes in fluorophore emission properties for correlating
molecular tensile stresses to molecular, cellular or tissue functions [21, 66].
FRET-based Molecular Tension Microscopy uses a mechanical tension-sensitive
FRET biosensor genetically encoded within a protein of interest and depicts spa-
tiotemporal maps of molecular tensions detected [29]. These approaches can also be
complemented by in vitro experiments using soft gel substrates (traction force
microscopy), elastic micropillars [64] and gel matrices to quantify traction forces
generated by cultured cells individually and collectively in 2D and 3D geometries
[16]. Techniques based on birefringence can be used to quantify tissue scale stress
but suffers setbacks like requiring flat, transparent samples and delicate calibration.
Tissue-scale laser ablation measures tissue stress to viscosity ratio but requires
sample and laser alignment and allows only a few experiments per sample [67].
Information on cellular processes in tissues/organs can be derived from the
mechanical properties of living cells (see Chap. 8), cell layers and tissues.
Particularly elasticity measurements offer a valuable insight. Before 1970,
mechanical behavior of tissues and organs were interpreted from the whole organ
behavior (like pressure-volume relations of the heart). Later on attention has been
paid to the mechanics of non-adhesion dependent blood cells like red blood cells.

Micropipette aspiration techniques were applied to determine the viscoelastic
behavior of individual cells and initially used for analyzing mechanical membrane
properties of red blood cells (RBCs) and other blood cell types [20, 38]. However,
this technique together with all further technologies developed for the mechanical
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analysis of individual cells have major drawbacks limiting their applications to a
great extent, in particular if considered for routine use. They do not keep cells in a
normal (mechanical) in vivo environment. Furthermore, the micropipette fabrica-
tion and cell sample preparation is quite skeptic, complicated and time consuming
[69]. On the other hand (and with different scientific aims) micropipettes can be
very useful in biophysical cell experiments. This technique lead to the discovery
that hemoglobin molecules of different animal species as well as of humans must be
seen not only as oxygen and carbon-dioxide transporting molecule but also as a
molecular thermometer sensing a species’ body temperature [8, 6].

Most other cells are adhesion dependent. They only survive when mechanically
stretched [48, 61]. Cells exert mechanical tensile stress and transmit it to their
environment (substrate, ECM). This may cause substrate/ECM deformation that can
be visualized and investigated further for cellular tensile stress induction if
substrate/ECM material properties and biomechanical laws are considered properly
[27]. The silicon wrinkling technique was pioneering such approaches and proved
to visualize the traction forces of individual cells on ultra-thin flexible membranes.
It uses a highly viscous polymeric fluid polydimethyl siloxane crosslinked at the
surface forming a thin elastic film over it. A cell on its surface creates wrinkles that
are characteristic of the mechanical stresses generated by the cell (Fig. 2).

Improvements were made later on by include the “tuning” of the elastic com-
pliance of the elastic film. However, deformation data can be analyzed only semi
quantitatively because the buckling of thin polymer film is a nonlinear phenomenon
according to the theory of elasticity [15, 33].

Fig. 2 Single fibroblast
crawling spontaneously on a
thin silicone sheet (<1 pm
thick). The elliptically
sheathed area covers the cell’s
body which is attached to the
surface. Arrows indicate the
cell’s current moving
direction. Stars mark the
instantaneous wrinkling area
in front of (green) and behind
(red) the cells body (adopted
from [33])
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Other augmented experiments realized the impact of a 3D environment on
individual cells and began analyzing mechanical properties of standardized cell
seeded artificial tissues [25, 49]. Available contemporary sensor technology
allowed analyzing the mechanical behavior of tissues or tissue cultures by
stretching them in one (uniaxial) or two (biaxial) directions, respectively. The
uniaxial tissue-stretch-technique (Fig. 3) is an optical-electromechanical system for
measuring the force-deforming behavior of uniaxial or biaxial loaded slabs of soft
tissue specimen [54]. Although the set-ups appear intuitively appropriate, look
simple and easy to use, many circumstances and boundary conditions do not
suggest using such devices. They suffer a major technical drawback caused by
specimen deformation due to unreliable grip (slippage or tear-out near clamps).
Further factors limiting the application of such technique are soft, gel-like
mechanical consistency of cultured tissue strips, experiments carried out in a culture
medium bath, and surface tensile stress problems. Furthermore, rectangular gels
suffer from “necking” due to the stress variations imposed during uniaxial force
measurements. The uniaxial loading also introduces a physiologically unknown
parallel aligning in response to the applied mechanical tensile stress and there is
augmented likelihood that the object to be investigated is actively modified by the
experimental setup.

In summary and in a nutshell all devices and methods are able to monitor
somehow mechanical properties of cultured tissue constructs or individual cells.
However, they suffer common drawbacks like use of complicated setups, not
accounting for the environmental influences, absence of well-defined and biologi-
cally relevant boundary conditions, and last not least not considering the specific
needs of a sterile and cell culture compatible experimental setup. These drawbacks
may cause misinterpretation of experimental results marring the investigator’s
experimental expertise. Hence there is a quintessential need for a technique with
potential upscaling for pharmaceutically relevant sample throughput.

Fig. 3 Uniaxial stretching
test setup. The white tissue
testing strip (center) is
mounted between two holders
(above and below) and is
being elongated by them. The
force applied and the resulting
elongation are monitored
simultaneously and plotted as
force versus elongation curves
[15, 54]
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2 The CellDrum Solution

The CellDrum principle was patented in 2000 [3]. This chapter introduces the terms
and procedures involving applications of the CellDrum technology as an innovative
routine testing solution. In this perspective we discuss about time independent or
gradually changing mechanical tensile stress patterns, rhythmic changes of
mechanical tensile stress and, the future perception of individualized high
throughput screening (HTS) in pharmacology and toxicology.

2.1 Measurement Principle

All adhesion dependent cells exert mechanical tensile stress to the substrate they
adhere upon [6, 47, 63]. There are many feedback mechanisms and signal trans-
duction cascades involving regulation of the dynamics between mechanical tensile
stresses, cell motility and cell growth. These facts gave a reason to develop the
CellDrum technology. This, however, was just a technological expression of the
wide field of Mechanobiology [27, 43]. The technology dedicates itself to analyze
the effects of mechanical tensile stress of their environment (extracellular matrix,
ECM, proteins, and biomaterial surfaces) to cells and vice versa. Cell matrix
interactions normally are regulated and cell forces are transmitted through focal
adhesion complexes. They transmit mechanical signals from outside the cell to the
nucleus and from the nucleus to the cells environment, respectively. Thus,
mechanical effects have a great impact on the fate of cells in a matrix [43, 61].
Normally, when cells adhere to a culture dish/surface, the (small) cellular
mechanical tensile stress does not bend it, it remains flat. This is because the
underlying substrate is too stiff to bend. However, when underlying substrates of
any cell culture assembly approximately match the order of magnitude of cell layer
forces then that tensile stress will be able to deform the substrate. This can be made
visible and the extend of surface bending quantified. The CellDrum [3, 73] uses as
substrate a thin (normally 4 pm), circular (16 mm) silicone membrane on which the
cells are cultured (Fig. 4). A culture medium container (cylinder) is sealed water-
tight from below with an ultra-thin silicone membrane (pink colored, Fig. 4a). The
ratio membrane thickness divided by the cylinder diameter of 16 mm is 0.00025!
Cells are cultured from inside the chamber on top of the membrane which is
functionalized for good cell attachment. The CellDrum is filled with cell culture
medium. The culture medium weight bulges the membrane downwards. This
indentation is measured. Membrane indentation is at its maximum when no cells are
attached to the membrane. An additionally cultured cell monolayer on top of the
membrane or a 3D tissue culture, respectively, will lift the membrane upwards. This
is because cells generate intrinsic lateral mechanical tensile stress inside the cell



Functional Toxicology and Pharmacology Test of Cell Induced ... 165
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Fig. 4 CellDrum: a Scheme with enlarged cell monolayer, b CellDrum holder for culturing
purposes, ¢ A smaller than 2 pm thick membrane allows its complete bending under the weight of
the drop. The drop is surrounded by the membrane drop-shaped which prevents it from tearing off.
If we would culture beating cardiomyocytes on the inside of the membrane the drop would
contract like a real heart with no further stimulation

layer and try to shorten it. Since cells are attached to the membrane surface, tensile
stress is transmitted via cellular focal adhesions to the membrane and lifts it this
way [3, 56, 72, 73]. When a cell layer contraction is induced by chemical com-
pounds the membrane lifts up further. If we reverse this and wash out the extra
tensile stress causing compound from the cell monolayer (if possible), then the
tensile stress in the cell layer decreases—the membrane bends again downwards.
Thus, the lateral cell monolayer tensile stress relaxes to the mechanical state it had
before compound application. If we then detach all cells of the monolayer bio-
chemically from the membrane, then their contribution to the total mechanical
tensile stress of cell monolayer plus membrane bias is lost. Thereafter, the total
stress, and thus the deflection of the membrane, should assume the state it had
before the addition of cells. If the membrane deflection does not fully return
downwards to the indentation of the “unused, pure” membrane the residual
indentation difference must be the result of the ECM that has been secreted by the
cells during the cell monolayer culture period. This value could become another
important mechanical parameter of cell mechanics research that could not previ-
ously be measured. The CellDrum technology inventors would call this an “in-
teresting side effect”. It might reveal insight into the stiffness of the ECM for
example depending on cell culture time.

In summary, with the CellDrum system only the membrane indentation is
measured at each condition. Now, if simple laws of mechanics are applied, the
mechanical stress caused by the cell layer can be calculated. Since the mechanical
tensile stress of the membrane without cells is known for each CellDrum, it can be
subtracted and the result is the membrane tensile stress alone, as if it was bulged
without any supporting membrane underneath. For cell culturing purposes, multiple
such CellDrums are placed in a CellDrum holder which than can be put in the
incubator for cell culturing. Cell culturing procedures are the same as used regu-
larly. Ongoing new technology development aims at automated culture medium
change inside the incubator.
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2.2 Finite Element Simulation

For finite element analysis the MSC Patranv2001R3 and NastranV707 software
(MSC. Software Corporation, Santa Ana, USA) were used [73]. Two membrane
tensile stress causing load application models were analyzed (Fig. 5), (1) a uniaxial
stretched rectangular membrane resembling tissue constructs of other authors [13],
and (2) a planar, concentrically biaxial stretched circular membrane (Fig. 6). As for
the membrane material, a Young’s modulus of 2.5 MPa (vs. 210 GPa for steel!) and
a Poisson’s ratio of 0.49 were assumed. For calculations, a linear, elastic approach
and a freely scalable unit-force at the boundary nodes being either uniaxial or
concentrically were applied. The resulting pseudo-color images indicate the levels
of the von Mises stress. FEM analysis for uniaxial load of a rectangular strip
(Fig. 5a) revealed that at constant load the relative von Mises stress in the strip
varied from 8.0 * 10 — 5 to 1.4 * 10 — 4. The circular membrane (Fig. 5b) loaded
circumferentially showed almost no stress variation all over its area. Slight vari-
ances along the circumferential border of the membrane model (light blue) result
from theoretical force transmission points. They became visible because of the
limited number of boundary points considered in the calculations. The stresses
discussed here all are stresses acting in-plane with the tested samples.

We tested as well how two different hydrostatic loads would bend the same
circular membrane (Fig. 5b). As a result, the former isotropic tensile stress distri-
bution across the membrane area turns into a rotationally symmetric one with small
radial stress variations (Fig. 6a), and (Fig. 6b) the tensile stress along the mem-
brane’s radius from center to the periphery differs significantly. In Fig. 6a, a small
hydrostatic pressure of 100 Pa was modelled. In full accordance to our intuition,
this tendency becomes much more pronounced at higher load (500 Pa) (Fig. 6b).
Thus, there is not only one membrane tensile stress value anymore given which
would characterize the whole membrane area. For experimental purposes with the
CellDrum, however, up to a ratio of the membrane diameter/maximum membrane

1.30-04 14.356

]

E
I 14_3d7i

8.00-05 ' 14.340

Uniaxial load applied from both ends of the strip Circumferential biaxial load

Fig. 5 Color encoded von Mises stress distribution in a a uniaxial stretched rectangular
membrane, and b concentrically biaxial stretched circular membrane. The load was applied
in-plane of the membranes. Light blue areas of the circular membrane (image b) result from the
limited number of fix points considered in the model
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A: radial load plus 100 Pa from top B: radial load plus 500 Pa from top

Fig. 6 Finite Element Method results of two concentrically pre-stretched circular silicone
membranes. In addition to this, two different hydrostatic pressures act from above and cause
significant membrane indentations. Model input parameters: membrane © = 16 mm, thick-
ness = 100 pm, Young’s modulus (silicone) = 2.5 MPa, Poisson’s ratio = 0.49, boundary
condition: edge clamped, shift = 0, twisting = 0, deformation scale 1:1 as compared to true size.
For better visualization only the rear part of the membrane is shown. Colors represent the von
Mises-Yield Criterion. Color scales for both images are identical

indentation of ~ 10 the stress and 50 Pa hydrostatic pressure variations across the
membrane can still be neglected, in other words can be assumed to be constant.

3 “Load-Deflection-Mode”—Slowly Changing Cell Layer
Tensile Stress

3.1 Principle Setup

Most cell types change their mechanical tensile stress which they transmit to each
other or to their environment, respectively, slowly and not fast in milliseconds or
rhythmically as cardiomyocytes do. The mode of CellDrum applications described
was named “Load-Deflection-Mode”. In this mode the cell monolayer/tissue con-
struct tensile stress over pressure is measured. Figure 7 shows the CellDrum setup
and Fig. 8 the principle function.

Fig. 7 CellDrum

(rotationally symmetrical)

scheme: CellDrum cylinder

(dark grey), membrane with 1

culture medium (typically 400 e - Cylinder

uL) on top (pink), cut-out— -16mm E_ Sidrareaing
enlargement of a cell

monolayer (red) when % E::;rgfm s
attached to the downwards B | .
bulged membrane

16 mm
- -
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— sealing ring
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L— airtight
chamber
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- air =
CellDrum & < 1
membrane ane L] i )
v micro syringe

displacement sensor

Fig. 8 Load-Deflection-Mode: Experimental setup for slowly changing mechanical tensile stress
measurements. Pink colored strip: cell culture layer plus membrane when its plane is adjusted with
the CellDrum cylinder’s lower end-plane. Lower arc: initial membrane position right after
CellDrum insertion into the measurement chamber. At this position the air valve is open for
pressure equilibration to the environment. After closing, the air pressure inside the airtight chamber
is increased via the micro syringe pump. With increasing pressure, the membrane continuously
bulges upwards reaching the horizontal cylinder plane and bulges up further to the preset end of air
pumping. It is usually stopped after the membrane’s upper arc reached the same magnitude of the
lower arc before air application

The CellDrum is partially filled with culture medium. From inside the cylinder
and on top of the membrane cells are cultured as 2D (monolayer) or 3D
cell-ECM-gel. For proper functioning of the CellDrum measurement principle a cell
to membrane surface attachment via focal adhesions is necessarily required. In
many cases fibronectin coating of the silicone surface alone may not be sufficient.
Almost always a chemical or physical surface conditioning is required in such
applications. Due to the culture medium weight, the membrane bulges out down-
wards. The CellDrum is placed into the measurement and seals it airtight. The
chamber contains an air pressure sensor and an inlet for a micro syringe (Fig. 9).
Before the measurement begins, the air pressure inside the chamber must be
equilibrated to the atmospheric pressure via an air valve. The central indentation of
the membrane is measured from below. There are several methods for membrane
displacement measurements available. Here a laser sensor as described elsewhere is
used [74].

In the Load-deflection mode (Fig. 9) the displacement ‘Ah’ at the beginning of
the experiment is negative since it is bulged downwards below the CellDrum
cylinder’s bottom plane. When the pump presses air into the chamber, the mem-
brane is lifted upwards. It passes the cylinder bottom plane and bulges up further,
causing positive membrane deflection. Pressure increase ‘Ap’ and indentation ‘Ah’
are measured simultaneously (Fig. 9). From these data the mechanical tensile stress
of the cell monolayer (2D, N/m) or the tissue construct (3D, N/mz), respectively, is
calculated. The development of a completely new technology is often



Functional Toxicology and Pharmacology Test of Cell Induced ... 169

Open to air Hvdrostatic cell

medium pressure

cell
Membrane medium
+
cell tension
cell
Air Drum
pressure

AR

Airtight
chamber

Pressure
sensor

s

Membrane -
Precision

syringe

Fig. 9 Load-deflection-mode (extended scheme): cells are cultured on top of the silicone
membrane (below the green bended arrow). The scheme shows the balance of forces in the setup:
blue arrow from top; hydrostatic culture medium pressure, light blue arrow from below;
counteracting air pressure as pumped into the air tight chamber following pressure equilibration
with the outside atmosphere. Green arrow (alongside the membrane) shows the counteracting
tensile stress of the membrane to the hydrostatic medium pressure. With cells tightly attached to
the membrane an additional tensile stress alongside the silicone membrane is exerted which lifts
the membrane further. From this indentation on, the system is “lifted” in addition to the
membrane-plus-cell culture’s intrinsic mechanical tensile stress upwards by the air pressure added
to the airtight chamber by the precision syringe

technologically manifested in several stages of development, so also with the
CellDrum technology. For example, Fig. 10 shows three generations of the Tissue
Tension Analyzer for use in Load Deflection Mode.

3.2 Mechanical Tensile Stress Calculation

At small membrane indentations the bulged membrane can be seen as a spherical
segment (Fig. 11). Thus, for calculating the membrane tension, o, Laplace’s Law
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Fig. 10 Load-deflection-mode;Three generations of tissue tension analyzers; left image: a CTT I,
single-well tissue tension analyzer (black: laser triangulator with red colored sensor fiel, above:
ring shaped chamber which is closed airtight by the CellDrum inserted from the top; air valve and
syringe pump are not shown); middle image: b CTT II, seven-well tissue tension analyzer; only its
CellDrum holder is shown in photo; seven individual CellDrums are filled with medium, seeded
with cells which are cultured further in an incubator; for measurement purposes, the holder with
CellDrums is positioned on the CTT II instrument body forming seven independent measurement
setups which can be individually analyzed; right image: ¢ CTT MTS, 24-Well Tissue Tension
Analyzer; the photo shows two CTT MTS 24-Well systems for Medium Through Screening in an
incubator with 24 CellDrums

[T

Fig. 11 Scheme for calculating the CellDrum’s membrane tensile stress

can be applied although the membrane’s circumferential edge is fixed at the
cylinder. Hydrostatic pressure Ap of the cell culture medium bulges the membrane
downwards forming a spherical cap at a curvature radius R.

The tensile stress ¢ of the membrane at small deflections Ah can be calculated
using Laplace’s formula for a thin-walled sphere with thickness t:

Ap - R

[
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Radius R is obtained from the deflection Ah with the Pythagorean Theorem:
R* = (R — AR)* + 7

where 7 is the radius of the CellDrum (r = 8 mm). This can be solved for:

R— 72 1+Ah2
T 2-Ah r2

With h < r we neglect Ah*/r* and simplify the formula for R to

}’2

K= m ()

Combining equations (*) and (**), we obtain the membrane stress ¢ [Pa] as
function of the differential pressure Ap [Pa] and the resulting deflection Ah of the
membrane [um], and the dimensions of the CellDrum [pum]:

Ap r? ( )
g=—' — * ok ok
Ah 4.t

For calculations using Formula (***) the precise membrane thickness of each
individual CellDrum, s, is needed. For this purpose a common interferometric
procedure was adopted.

3.3 Data Acquisition in the Load-Deflection Mode

The experiments described in Sect. 3 were carried out with the Single Well Tissue
Tension Analyzer, CTT I, in the so-called “Load-Deflection-Mode”. Figure 12a
shows the setup and Fig. 12b a typical load deflection curve. In order to obtain such
curve experimentally, the CellDrum plus attached cell layer is placed into the
airtight, temperature-controlled measurement chamber and equilibrated for 500 s.
After this period, the strain of the membrane is adjusted to minus 0.3-0.5%. The
corresponding pressure level is taken as zero pressure Ap in Formula (**%). As for
experimental data acquisition, additional air pressure Ap is slowly added lifting the
membrane upwards. The pressure AP versus center deflection Ah is measured
stepwise. The data points (Fig. 12b, blue dots) are than mathematically fitted. From
this fit the slope Ah/Ap at zero membrane bending is calculated, inserted in Formula
(**%), and with geometrical membrane parameter the tensile stress  is calculated.
For absolute cell layer tensile stress measurements it is necessary to subtract the
in-plan pre-stress of the membrane which must have been measured before cells
were seeded on it. Data obtained with cells alone but without any tensile stress
active compound are taken as controls for drug effect measurements.
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Fig. 12 a Chamber setup for data acquisition in the Load-Deflection-Mode: The membrane has
been bulged upwards by the micro syringe pump to the a pre-set maximum membrane strain after a
pressure deflection curve was measured. b Scheme of a load deflection data set. The membrane
deflection at the “start” and the “end”, respectively, of a data point sampling are indicated. The
slope as take for tensile stress calculation in framed in green. At the dot circled in red marks the
membrane is in-plane with the CellDrum’s lower end plane

3.4 Validity Experiments of the Load-Deflection-Mode

The procedure above is repeated after the CellDrum with cells (control) was
brought back to the lower membrane indentation by opening the air tight chamber
(Fig. 9) to the atmosphere. It was regularly observed that the lower membrane
deflection of controls returned back to its starting position, thus, was fully rever-
sible. This indicates that load application to the extent chosen in the experiment did
not affect cell-cell or cell-membrane attachments. Otherwise, the deflection would
not be reversible.

For subsequent drug effect investigation based on control cell cultures the
respective cell active compound is added for 5 min. This was carried out cumu-
latively for stepwise increased drug concentrations at each measurement cycle by
replacing 20% volume of the culture medium with the same volume of culture
medium containing the compound. A result was obtained as Fig. 13 shows.
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Fig. 13 Left: individual 3T3 fibroblast (bar 10 pm) with Phalloidin stained actin cytoskeleton.
The cell is attached to the CellDum’s silicon surface by focal adhesions. Right: Pressure
indentation (deflection) curves of a 3D fibroblast 3D tissue construct cultured on a CellDrum
membrane kept in-plane with the CellDrum bottom plane during culturing by supporting air
pressure from below. After 48 h of culturing the load(pressure)-deflection curve was measured at
various conditions as indicated in legend and text below. Culture condition: 3T3 Fibroblasts in
Collagen I-Gel, 500 pm thickness, 10° cells/ml, FCS 10%; cytochalasin D was dissolved in
dimethylsulfoxide (DMSO) and stored at —20 °C. Before use the final concentration was adjusted
with DMEM. Experiments with fetal calf serum (FCS) were carried out using one and the same
aliquot of FCS throughout experiments (Trzewik 2007)

By way of example, the pressure versus indentation curves from Fig. 13 will be
commented on here. The membrane itself without cell culture was extremely soft
and deformed fast at low AP. The cell containing collagen gel right after seeding
stiffened the gel-membrane compound only weakly. At this point it should be
mentioned, that the silicon membrane alone is not only highly but fast deformable.
In other words, after applying a step wise increased AP the deformation needs a
very short time to reach its new deformation stage. However, when gels and/or cells
are cultured on the surface the silicone-gel- compound exhibits a higher viscosity,
thus longer “relaxation times” are required to reach the new equilibrium defor-
mation stage. Practical consequences are, that any change of pressure (membrane
deformation) should be carried out slowly not to damage the cell-ECM integrity.
This is only a hint. It has not been studied systematically.

Forty eight hours of fibroblast culturing in collagen stiffened the
membrane-gel-compound drastically. The 3T3 fibroblasts not only proliferated
during this period and more total cell generated tensile stress was developed. It is as
well because cells formed contacts to each other and to the gel’s proteins, thus,
stiffened the membrane-cell monolayer compound “membrane”. Thrombin known
to cause fibroblast contraction increased the tissue construct’s stiffness drastically.
Depolymerization of the actin cytoskeleton is manipulated by actin-binding
Cytochalasin disrupting the normal actin polymerization kinetics. The effects of
Cytochalasins are specific to actin filaments, where they bind to the plus end of
actin filaments resulting in an indirect depolarization of the actin fibers. In other
words, due the Cytochalasin D action, used here, the mechanical tensile stress
transmission pathway via the cellular cytoskeletons is interrupted.
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As can be seen, the pressure deflection curve does not return to the curve of
collagen gel alone as seen before. This is interpreted as a consequence of a residual
stiffness caused by the extracellular matrix that has developed during culturing
(compare our remarks about the remaining membrane stiffening after cell mono-
layer culture in Sect. 2.1). The latter effect is only an observation and should be
studied in more detail.

3.5 Efficacy of Cosmetic Ingredients and of Natural
Remedies

Animal experiments are not permitted any longer to be used in cosmetic research.
The CellDrum technology and its unique features will become a requisite techno-
logical replacement for testing newly developed active ingredients (compounds,
blends) on appropriate human 2D/3D tissue constructs. Moreover, with the
CellDrum system applied to human tissue constructs much more information can be
obtained than in animal experiments. Another imperative advantage implies that
CellDrum results obtained with human cells will become more valuable for drug
research, as results of animal tests can only be partially transmitted to humans.

Thus the CellDrum technology in its Load-Deflection-Mode may become a
testing tool for researchers in the cosmetic industry incisive for mechanically active
formulations of their ingredients, their prerequisite being “Does our particular
ingredient show a positive effect on cell tensile stress and to what extent?” A
“translation” of such scientifically sounding question is “Does our ingredient have
the potential to smoothen skin wrinkles in vivo?” A very typical and normal
question of the real industry world out there! These most legitimate applied research
tasks involve sometimes big business and are often confident matters. Moreover, in
many cases pure substances are questioned about their efficacy. Often active
ingredients (of a skin cream for example) contain mixtures of compounds whose
formulation will never be disclosed to the public, likewise are questions about the
efficacy of “Natural Remedies” used for example against hypertension. In such
cases the CellDrum may act as a cell assay revealing valuable information on the
efficacy of Natural remedies and mixtures of multiple compounds. An in vitro
standard testing approach is routinely establishing negative/positive controls as well
as a more novel “damaging model” method. Such models reflect only parts of
complex physiological situation in cells. Yet when chosen carefully they still might
be a practical tool gaining first insights into an “ingredients efficacy” in certain
questions.

Mechanical tensile stress in living tissues and tissue cultures is involved in
multiple cellular processes. The project as partially presented in Fig. 14 uses pri-
mary human dermal fibroblasts, (NHDF), (Promo Cell GmbH, Heidelberg,
Germany) derived from young (18-20 years old) and elderly (61-65 years old)
donors, respectively. The aim of the project was to quantify cosmetic ingredient
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Fig. 14 a Micro photographs of actin stained primary human skin cell (NHDF)
monolayers. Upper row, left photo: donor age 18-20 years; right: donor age 61-65 years.
Lower photo: donor age 61-65 years and UV treated. b Normalized NHDF cell monolayer tensile
stress of 18-20, 61-65 years old donor cells, and of 61-65 years old donor cell that have been
exposed to UV irradiation (N = 12, +1 SD, *p < 0.05)

effects (blends of unknown substance compositions) on NHDF monolayer tensile
stress containing primary human skin cells donated by young and elderly pri-
mary cell donors. In this applicable demonstration NHDF are used to explore the
efficacy of a cosmetic company’s active ingredients of skin cream.

In the demonstration presented here, a particular important question was about
the establishment of a “damaging” or a “comparative” model, respectively. In this
example the “comparative model” is represented by NHDF of elder donors. The
“damaging model” is instead the application of UV light to the cells of elder donors.
The question posed by the ingredient producer in this case is, whether their
ingredient can improve the abnormal mechanical tensile stress of elder donor
NHDF cells as compared to cells of young donors. Microscopic images show, that
NHDF of elder donors have a somehow “eroded” cytoskeleton (Fig. 14a). This
results in a significant lowered mechanical tensile stress of elder donors’ NHDF cell
monolayer versus those of young donors by ~10% (Fig. 14b). The same figure
shows that an additional extrinsically caused cell damaging due to UV radiation
(following a standardized UV light irradiation protocol) reduces the cell tensile
stress exhibited by cells of elder donors further, by in total ~24%! Cell exposure to
UV light enhances the expression of matrix metallo-proteinases (MMP) followed
by an ECM degradation. The phenomenon is called skin photo aging [41].

As application the effects of cosmetic ingredients (blends) to NHDF cell
monolayer tensile stress was measured (Fig. 15). NHDF cells of one 59 year old
donor (grey bar) are taken as control (100% tensile stress). TGF B known to induce
NHDF contraction (stiffening of the cell monolayer) elevated the cell tensile stress
significantly by about 15% versus controls (green bar). Four different blends were
added to cells of elder donors. Blend II and blend IV enhanced the mechanical
tensile stress to about the extent of TGF B (shadowed in pink). Blend I and III
showed only a tendency towards TGF [ results but no significant increase. The
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effect of a mix of blend I-1V (I: 2.5%, 1I: 24.5%, 48.9%, and 24.1%) was significant
as well (shadowed in green), but less pronounced than blend II and IV, respectively,
alone.

This is only one result out of many that have been obtained. However, it
illustrates that the CellDrum technology in its Load-Deflection-Mode may serve as
a sensitive tool for such type of questions and applications. The results underline a
high potential for many more applications. However, there arises a new techno-
logical demand: The need for a High-through-put CellDrum system in order to
screen many combinations at once and at low costs, to optimize a mix of phar-
macological compound and/or to exclude drug interactions.

In conclusion, the CellDrum technology gives the opportunity to make com-
parative estimations of pharmaceuticals/substances, to find out about their potency
to induce or reduce respectively cellular contractile forces. There exist many so far
not sufficiently studied natural remedies which might be worth studied further with
the technology described here. Another yet most important application of the
CellDrum in both of its modes, however, will be pharmacology and toxicology
testing. Despite many other such tests for screening new substances and to test new
active principles the CellDrum technology represents a method that answers the
question, whether a compound exhibits a wanted or an unwanted, respectively, cell
mechanical tensile stress induction effect on (human) cell cultures in vitro. The
relative simplicity of the CellDrum technology will allow routine testing with large
sample numbers in the very near future.
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4 “Self-exciting Mode”—Rhythmically Contracting
Cardiomyocytes

4.1 Brief Introduction on Cardiomyocytes in the Heart

Cardiomyocytes represent the active contracting cells of the heart comprising
atrial as well as ventricular cells in the respective functional parts of the heart. Their
functions are critical to the proper form and regulation of the beating human heart.
Human Induced Pluripotent Stem Cells (hIPS) from healthy as well as diseased
patients have the potential to give rise to all phenotypes of cardiomyocytes, making
them a good model system to study human cardiac diseases that affect different
parts of the heart. There are three types namely, atrial myocytes, ventricular
myocytes and pacemaker myocytes. Adult atrial myocytes and ventricular myo-
cytes are examples of non-pacemaker action potentials in the heart. Because their
action potentials undergo rapid depolarization (upstroke), these are sometimes
referred to as “fast response” action potentials. Atrial cardiomyocytes make an
important contribution to the refilling of ventricles with blood, which enhances the
subsequent ejection of blood from the heart. The dependence of cardiac function on
the contribution of atria becomes increasingly important with age and exercise [12].
It has been reported that 95% of the cardiomyocytes from differentiating human
Embryonic Stem Cells after treatment with Noggin and retinoic acid had atrial-like
action potentials; treatment with retinoic acid increases atrial-specific gene
expression and percentage of atrial myocytes but decreases expression of
ventricular-specific genes [23, 32]. Treatment of differentiating hESCs with Noggin
and retinoic acid inhibitors increased the expression of ventricular-specific genes
and 83% of the obtained cardiomyocytes had ventricular-like action potentials.
Weng et al. reported a protocol that generates 93—-100% ventricular myocytes from
different hESC and hiPSC lines based on electrophysiological properties of the
cardiomyocyte population and resulting ventricular-like cardiomyocytes exhibited
typical ventricular ionic currents [76].

Cardiac pacemaker myocytes carry impulses that are responsible for the beating
of the heart, they can spontaneously generate, send out electrical impulses and also
electrical impulses from cell to cell. Kapoor et al. [46] demonstrated that de
novo cardiac pacemaker myocytes can be obtained by direct reprogramming of
rodent ventricular myocytes via viral delivery of the transcription factor required
for embryonic pacemaker tissue development, the translational potential of this
work has been suggested by preclinical studies carried out with pigs demonstrating
that this strategy can be translated to large animals. Ionta et al. found that over-
expression of Shox2, a transcription factor critical for embryonic pacemaker tissue
development, in differentiating mouse ESCs resulted in upregulation of
pacemaker-specific genes. The obtained pacemaker-like cells exhibited enhanced
automaticity and are able to pace adult rat hearts [32, 42].
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4.2 The CellDrum a Complementary In Vitro Tool
to the Langendorff Heart

For more than hundred years explanted animal hearts were used for pharmacology
and toxicology testing of inotropic drugs. Since the fundamental work by
Langendorff the isolated perfused heart (Fig. 16) has been the ultimate experimental
model in cardiovascular research [53].

However, from the moment of organ harvesting the heart sets on deteriorating;
unphysiologic formations of edemas occur, and the rates of deterioration are
affected together with many other factors. This includes the skill of the operator
avoiding contusion injury, the species, the composition of the perfusion fluid, the
presence or absence of various drugs, animal age, heart rate/cardiac output and the
temperature at which the studies are carried out. This rate of deterioration can be
crucial in the design and interpretation of studies. This is in particular true when it is
necessary to use time-matched controls with corrections for baseline deterioration
when comparing groups like papillary or trabeculae preparations obviously have to
cope with the same limitations [68]. Some more objections are obvious: One animal
needs to be killed for only one experiment, physiological data of animals cannot be
simply transferred to humans, data obtained with just one organ explant cannot be
generalized for a whole animal population, and last not least, high-through-put
testing is ethically inacceptable. On the other hand, no in vitro test can fully replace
animal organ testing. The Langendorff heart is a naturally grown organ and, thus,
represents still best the endogenous regulation of the heart.

However, taking into account the broad experimental potential of the CellDrum
Technology it may become the ultimate in vitro method of choice for pharmacology
and toxicology testing as well as for applied and basic heart research. It may also
serve well in basic medical research. One such feature for example, so far not yet
experimentally approached with the CellDrum technology, could be studying the
molecular and cellular mechanisms underlying the Frank-Starling effect [65]. They

Fig. 16 Preparation of a
Langendorff heart from a
healthy mouse. The authors
thank the very talented
scientist Dr. med. rer.nat
habil. Petra Kleinbongard
from the University of
Duisburg-Essen for providing
us with the photos to the
figure
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remain still elusive. The question raised is why an increase in the heart’s ventricular
filling, causing elongation of cardiomyocyte sarcomere length, induces an increase
in the ventricular mechanical work caused by strain-stimulated cardiomyocyte’s
ability to perform more physical work at increasing strain levels (mechanical tensile
stress).

4.3 “Self-exciting-Mode”—Proof of Principle
with Cardiomyocytes

Whereas the frequency of cardiomyocyte cultures can be analyzed routinely with
various other methods, the CM induced mechanical tensile stress cannot be mea-
sured on a routine basis as demanded in pharmacology and toxicology applications.
In 2010, the CellDrum technology was first successfully applied to autonomously
beating cardiomyocytes (CMs). An important proof of principle test was carried out
by that time with neonatal CMs from Wistar rats using the CellDrum technology in
its self-exciting mode (Figs. 17 and 18).

Experiments are aimed at deriving rhythmical cardiomyocyte induced pressure
signals corresponding to cardiomyocyte induced mechanical tensile stress. Neonatal
cardiomyocytes from Wistar rats are cultured on a CellDrum membrane and a
pressure versus time signal is derived. For tensile stress measurements the
CellDrum is placed into the airtight measurement chamber. Normally 300,000
cardiomyocytes at a time are used per CellDrum. Cells adhere, form contacts and
start beating autonomously and simultaneously. No further electrical excitement is
needed. Afterwards the syringe raises the chamber pressure inducing an offset
pressure in the chamber. It bulges membrane and cell layer upwards.

Fig. 17 Micro photograph of a cardiomyocyte monolayer of neonatal Wistar rats on a CellDrum
membrane
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Fig. 18 “Self-Exciting-Mode” for quantifying cardiomyocyte mechanical tensile stress.
a Scheme of the experimental setup: CellDrum cylinder (dark grey), membrane and cell
monolayer (red), culture medium (pink), plus syringe pump and pressure sensor with access to the
airtight chamber. b About 10-15 contraction cycles are measured. Although rhythmic beats are
somehow visible, the original signal is very noisy. Low pass Epanechnikov filtering eliminates
noise and reveals smooth individual mechanical beats. The application of filters needs careful
considerations in order not to “filter out” important signal content

Cardiomyocytes continue beating autonomously. Their rhythmical mechanical
tensile stress modulates an additional sinusoidal pressure to the offset pressure
(Fig. 18a). Figure 18b shows an original plot containing information on the fre-
quency and beat tensile stress amplitude. In these experiments a monolayer of cells
was sandwiched in-between two ultrathin collagen layers. These tests were per-
formed by Trzewik [73].

This pressure signal is measured over time at high resolution. The original signal
is noisy and needs software filtering. An Epanechnikov filter is used to smoothen
the input curve (Fig. 18b). A peak-to-peak data analysis over a sufficient number of
subsequent filtered beats gives the average frequency and the beat amplitude in N/m
(cardiomyocyte monolayer, 2D) or N/m? (cultured 3D cardiomyocyte tissue con-
struct), respectively.

In another experiment, another monolayer of neonatal Wistar rat cardiomyocytes
embedded in-between two ultrathin collagen layers was tested. The aim was
showing that the rhythmicity observed in the signal was caused by self-exciting
beating cardiomyocytes. Figure 19a shows a corresponding data recording. Clearly
rhythmicity can be observed even without signal filtering. It disappeared fully after
killing the cells with a 10% Triton X-100 solution (Fig. 19b). Respective signals
observed after noise reduction are shown in Fig. 19c (living cells) and Fig. 19d
(dead cells). After applying Fourier transform software there appeared a strong
3.2 Hz frequency peak from curves taken with alive cells before Triton X-100
application (Fig. 19¢). Such peak was NOT anymore observed after Triton treat-
ment (Fig. 19f). Consequently, the sinusoidal rhythmicity in Fig. 19, E is due to
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Fig. 19 Life cell-dead cell proof: the graphs A, C, and E, were obtained with an alive cell culture.
However, B, D, and F represent signals after the application of Triton X-100 killing the cells
(original data after the offset pressure subtraction). Above: Original pressure signal, a before, and
b after Triton X application. Middle: ¢ and d Low pass filtered pressure signals. Below: e The
Fourier transformed signal reveals a frequency peak at 3.2 Hz (192 beats/min) of the alive cell
culture and f no such peak was seen after Triton X-100 treatment
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cellular rhythmical beating of alive cells. In this test a cell induced tensile stress of
1.28 + 0.13 uN/mm? at a frequency of 3.2 Hz (192 beats/min) was measured.

The experiments above reveal that contracting cardiomyocytes induce a mea-
surable rhythmical signal. The road for developing the CellDrum technology
towards measuring routinely cardiomyocyte tensile stress and inotropic drug effects
was opened.

4.4 Pharmacological Experiments with the “Self-exciting”
Mode

In an early experiment the effect of noradrenalin and a B blocker [17, 70] on the
contraction frequency and the beating strength of primary Wistar rat cardiomy-
ocytes was examined using the CellDrum in its “self-exciting-mode (Fig. 20).
Noradrenalin acts on the heart in a positive chronotropic, dromotropic, inotropic,
bathmotropic und lusitropic manner. In the experiment show in Fig. 20, initially,
cardiomyocytes are beating at 4.4 Hz. After ~6 min, 10-4 M noradrenalin is
added. An immediate increase of the contraction frequency is observed reaching a
peak at 11% above the initial level after 4 min. Within the next 5.5 min the fre-
quency drops to 6% which is followed by a linear decrease at 7.3 MHz/min. Thirty
five minutes after experiment begin, 10-6 M B blocker were added to the nora-
drenalin pre-treated cell culture. The rate of drug induced frequency change was
—15.5 MHz/min. After ~60 min the frequency reached a plateau at minus 4.5%,
thus below the initial frequency. Such experiments might easily be repeated and
carried out with cells grown in culture dishes. However, results might be different.
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Fig. 20 Effect of Noradrenalin and a  blocker on the frequency of cardiomyocytes of primary
neonatal Wistar rats [6]
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We would like to underline at this point another special feature of the CellDrum
technology: Cells are seeded on a soft and deformable substrate—the ultrathin
silicone membrane. Cardiomyocytes are used to a permanent mechanical and
rhythmical biaxial elongating and contracting environment. Such mechanical
boundary condition is greatly mimicked by the CellDrum; however it is not by a
stiff culture dish surface. This may affect biochemical and physical responses of
cells to their mechanical environment [52]. Cardiomyocytes in the CellDrum do not
only exhibit rhythmic beating pattern; they perform real physical work. Cells use
glucose from the cell culture medium producing energy allowing them to work
against the culture medium weight without any other intervention (no electros-
timulation). Due to cell contractions the culture medium is lifted upwards against
gravity. This work is partially represented in the beat amplitude of the CellDrum
signal.

Summarizing so far, using the CellDrum technology, the frequency and simul-
taneously the mechanical beating strength of primary cardiomyocytes from neonatal
Wistar rats can be measured and principle drug action can be shown. In other
words, the new element of these data presented here is that the mechanical cell
tensile stress (beating strength) of cell layers can be measured in addition to the
frequency. Thus, in the future new testing strategies can be designed in order to
understand drug action better than with experiments lacking mechanical beating
strength information. The CellDrum opens up a new perspective performing
long-term drug testing experiments over weeks. Moreover, much less Langendorff
heart experiments may be needed in the future to verify CellDrum data by whole
organ studies [10, 53].

4.5 Inotropic Drug Effects on Human IPS Derived
Cardiomyocytes

In March 2016, the first article on contraction forces of cultured tissue containing
human induced pluripotent stem cells (hIPS CMs) was published [31]. The results
of this study are presented below.

Before doing so, however, let us briefly turn to a similar study, which was
reported a few months later, in May 2016. The authors reported on force mea-
surements on cultured tissue containing IPS-derived human CMs Although a dif-
ferent force transducer principle has been used in the modified method [58], forces
of uniaxial strained cultured tissues with all the disadvantages associated therewith
continue to be measured. Such setup is obviously not suitable for sample quantities
in the medium or high throughput range. In contrast, with the CellDrum technique,
mechanical stresses with physiological, two-dimensional clamping are measured
with high precision. Furthermore, the CellDrum technology is basically reasonably
applicable for medium throughput set-ups up to 96 CellDrum units. The data shown
were obtained using the CTT I setup (Fig. 10).
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Two different drugs targeting cardiac Ca®" channels, S-Bay K8644 and
Verapamil, respectively, are applied to hiPS-derived cardiomyocytes.
Representative recordings of S-Bay K8644, a Ca®* channel agonist, and the
antagonist verapamil are shown in Fig. 21. S-Bay K8644 enhances the beating
strength amplitude of the CR-cycle by 60% above control reaching a plateau at
90 nM. Concurrently, the beating frequency reduced between 90 and 160 nM
significantly. Verapamil, a Ca®* channel antagonist, reduced the beating strength
amplitude (Fig. 22) to 25% at 300 nM. The frequency was increased linearly to
160% at 300 nM. There is no saturation observed [31].
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Fig. 21 Representative recordings of S-Bay K8644 (Ca>* channel agonist, above) and Verapamil
(antagonist, below) action on hIPS derived cardiomyocytes
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Fig. 22 Dose dependency of S-Bay K8644 and Verapamil action on hIPS derived
cardiomyocytes
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4.6 Medium Throughput (MTS) CellDrum Based Test
System

The CellDrum technology offers a unique technological solution towards a func-
tional MTS toxicology and pharmacology test of cell induced mechanical tensile
stress in 2D and 3D cultured tissue constructs, in particular hIPS derived car-
diomyocyte cultures. Figure 23 shows a set-up for a 24-well MTS toxicology and
pharmacology solution. Multi-well solution development is in progress. New
multi-well developments based on CellDrum technology are right now in the
development stage. Those are meant for routine use and large numbers of experi-
ments performable in a decent lab time. At the same time smaller CellDrum vol-
umes in multi-well setups reduce the amount of test substances needed for
experiments easily by factor one hundred. Multi-well systems enable comparative
estimations of pharmaceuticals with equal indications, to find out the individual
potency of pharmaceuticals and/or substances, to do toxicological tests (adverse
reactions), to do screening of new substances and to test new active compounds.
For smaller test numbers and research applications a set of smaller and more
affordable instruments are available.

Fig. 23 a 24-well CellDrum array as seen from below. The membrane spans the drilling in the
array block watertight. b 24-well array, components: From top: base with pressure chambers and
air inlets, circuit board & electrodes, chamber block, top-lid (blue). ¢ Four 24-well arrays can be
positioned simultaneously into the incubator for automated measurements. The incubator contains
a pipet robot controlled from outside the incubator. d The pipette is used for media exchange
during cell culturing. Once cells are ready for experiments, pipettes help mix substance solutions
from stock solutions and place them into each one of the 24 CellDrum-wells for measurements
setting on right after. e External hardware, pumps, valves, steering units etc. f Incubator opened for
experiment preparation with touchscreen. Exposure times, dosages, kinds of substances are
controlled via touch screen. A PC steers the whole process and analyses data
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5 Conclusions

The Cell Drum Technology represents an ideal high precision experimental setup to
test cultured cells for their ability to generate mechanical tensile stress at various
biochemical and -physical conditions. It enables precise measurements of this
parameter using various cell types and at different conditions. It has the potential to
simulate elevated blood pressure, oxygen partial pressure, and drug supply as well
as to be upgraded to at least medium high-throughput testing. At standardized
conditions the Cell Drum can simulate to certain extend conditions including
ischemia/reperfusion by changing the oxygen partial pressure. Human IPS derived
cardiomyocytes represent a neonatal signature which is different from adult heart
cells and, thus, their response to certain drugs. Efforts need to be made towards
maturing those neonatal cells in so far unknown ways.

We conclude that the Cell Drum technology is an accurate high precision
method to quantify mechanical properties of cardiac myocyte cell layers in vitro. It
combines a high degree of handling simplicity and allows for precise conclusions
on cellular mechanics. The major advantage of this approach is its potential scal-
ability towards medium-throughput-screening systems. The application of
Laplace’s law on circular tissue constructs enables biaxial measurement of cellular
tensile stress. Hence, cellular alignment is not necessary for the acquisition of the
exerted stress. As a result, this setup eliminates common deviations caused by
improper control of the geometry of the specimen. As a research tool with
well-defined biomechanical boundary conditions and its potential for upgrading the
technology to high throughput tests the Cell Drum satisfies many needs for drug
testing of cardiomyocytes as well as the mechanical characterization of other cells
and tissues. The experimental setup offers the possibility to simulate acute and
chronic cardiovascular hypertension by adjustment of the membrane deflection
through application of pneumatic pressure. Adopting the current 2D Cell Drum
technology to a 3D model may lead it closer to the three-dimensional environment
in ventricular tissue. In addition, the Cell Drum benefits from the fact that cell are
not grown on a stiff substrate but on highly flexible membranes mimicking to some
extend the natural compliance of soft tissue. Yet, the highly anisotropic three
dimensional environment and several other factors still rely on full organ tests
suffering from the drawback of a non-scientific experimental setup—the heart of an
animal. However, the parallel mathematical modeling and simulation allows in
principle a transfer to different types of cardiac myocytes as well as to the aniso-
tropic behavior of oriented tissues.

At present, human iPS stem cells promise to bring about a turning point affecting
numerous applications from pharmacology to toxicology. Besides ethical advan-
tages over animal models and the prevention of concerns regarding the translata-
bility of the pharmacological results, hiPS derived cardiomyocytes can be produced
in an infinite amount from individuals with known medical and clinical history. Yet,
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the promises of the new technology bear a certain number of unanswered questions
to date. In particular, iPS-derived cardiomyocytes are suspected to not reflect the
maturity of adult somatic cells, especially concerning the functionality of ion
channels and expression of specific receptors and signaling cascades. Despite these
issues, we have shown consistent and physiological responses of hiPS-derived
cardiomyocytes on inotropic compounds. Hence, the findings of this study support
the hypothesis that iPS-derived cardiomyocytes can provide an adequate model for
pharmacological and toxicological studies. Future studies with hiPS-derived
electro-competent cardiac fibroblasts and biomimetic three-dimensional connec-
tive tissue scaffolds may improve the physiological conditions towards a more
concise cardiac tissue model. The parallel mathematical modeling and numerical
simulation may be further developed to understand and predict maturation of
iPS-derived cells and predict the transfer to adult cells.

The CellDrum technology is basically reasonably applicable for medium
throughput set-ups up to 96 CellDrum units. There is currently no technological
solution available for the economic and routine high-throughput measurements
required for tens of thousands of wells per day in the future. In the future, func-
tional (mechanical) high-throughput test principles will have to be developed. They
will help avoid many organ specific, circulatory, metabolic and stress effects as
present in whole organ studies. On the other hand whole organ studies cannot be
replaced by the CellDrum whenever the whole organ physiology matters.
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