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a b s t r a c t

Cardiomyocytes (CMs) from induced pluripotent stem (iPS) cells mark an important achievement in the
development of in vitro pharmacological, toxicological and developmental assays and in the establish-
ment of protocols for cardiac cell replacement therapy. Using CMs generated from murine embryonic
stem cells and iPS cells we found increased cellematrix interaction and more matured embryoid body
(EB) structures in iPS cell-derived EBs. However, neither suspension-culture in form of purified cardiac
clusters nor adherence-culture on traditional cell culture plastic allowed for extended culture of CMs.
CMs grown for five weeks on polystyrene exhibit signs of massive mechanical stress as indicated by a-
smooth muscle actin expression and loss of sarcomere integrity. Hydrogels from polyacrylamide allow
adapting of the matrix stiffness to that of cardiac tissue. We were able to eliminate the bottleneck of low
cell adhesion using 2,5-Dioxopyrrolidin-1-yl-6-acrylamidohexanoate as a crosslinker to immobilize
matrix proteins on the gels surface. Finally we present an easy method to generate polyacrylamide gels
with a physiological Young's modulus of 55 kPa and defined surface ligand, facilitating the culture of
murine and human iPS-CMs, removing excess mechanical stresses and reducing the risk of tissue culture
artifacts exerted by stiff substrates.

© 2014 Elsevier Ltd. All rights reserved.
1. Introduction

Induction of pluripotency from somatic cells by defined factors
facilitates the generation of iPS cells from every donor, irrespective
of its age or sex [1]. Initial studies have reported on the induction of
pluripotency in primary cultures of murine skin fibroblasts [2,3].
The resulting stem cells are capable to differentiate into virtually
any cell type of the adult organism including functional iPS-derived
cardiomyocytes (iPS-CMs). These CMs display physiological
response to adrenergic and muscarinergic stimulation, express
Pathophysiology, Institute for
ch Str. 39, 50931 Cologne,

. Pfannkuche).
marker genes indicative of cardiac commitment, show action po-
tentials with pacemaker-like, atrial-like or ventricular-like shape
and confer force of contraction to physiological substrates [4e6].

The possibility to generate iPS-CMs not only from mice but also
from any human donor, including aged and diseased persons, has
gained attention of many scientists in the field of reconstructive
medicine [7], toxicology and pharmacology [8]. iPS-CMs are pro-
duced from an unlimited source of pluripotent stem cells and the
physiology of the cells is supposed to match the properties of the
donors primary cardiomyocytes as well (discussed in Bellin et al.,
2012) [9]. As an example in vitro model systems of QT interval
prolongation (indicating increased delay between Q-wave and T-
wave in the electrocardiogram) have been establishedwith iPS cells
from diseased human donors (for a review see Friedrichs et al.,
2013) [10]. These models are of great interest to perform drug
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screenings on standardized setups using not only animal-derived
but human cells as well.

To utilize iPS-CMs as a standardized model system in order to
perform pharmacological assays and elaborate methods for
reconstructive applications, a refinement of culture conditions is
mandatory. Long-term culture of purified iPS-CMs is becoming
necessary to evaluate effects of drugs and toxic agents in vitro over
extended time spans and to maintain iPS-CMs without quality-loss
for reconstructive purposes.

With respect to reconstructive medical applications research on
iPS-CM-based therapeutic strategies is still mainly focused on an-
imal models because most technologies are not matured yet to
allow for clinical application. Murine model systems are widely
used because they allow the exploration of reconstructive strate-
gies in a mammalian model with reasonable effort.

Various culture techniques can be applied to generate long term
cultures of CMs. The simplest way is a culture on traditional cell-
culture-optimized polymer surfaces with neglected elasticity. We
have applied such culture conditions and found themunsuitable for
extended culture of iPS-CMs. Studies of the workgroup of Discher
[11] have demonstrated that primary CMs of the Japanese quail
react to the stiffness of a polyacrylamide (PAA) matrix, being unable
to organize their sarcomeres on very soft tissues and failing to
contract on very stiff substrates within only 48 h. An optimal
stiffness of the culture matrix was identified at an elasticity of
11e17 kPa for these cells. The elasticity of the matrix appears
therefore as a major parameter to enable culture of primary CMs
and it is likely that this finding can be extrapolated to iPS-CMs.

The present studywas designed to identify conditions that allow
for the prolonged culture of cardiomyocytes derived from plurip-
otent stem cells and at high plating densities. Experiments were
conducted to clarify if murine iPS-CMs can be cultured as spheroids
in suspension. For comparison purified CMs were cultured on
traditional cell culture surfaces. Finally a PAA matrix with opti-
mized properties and physiological elasticity was utilized to sup-
port long-term persistence of stem cell-derived CMs to overcome
common restrictions of low cell attachment and inefficient
immobilization of bulky matrix proteins on PAA surfaces.
2. Materials and methods

2.1. Stem cell culture and differentiation

In order to generate purified CMs from pluripotent stem cells the established
murine embryonic stem (ES) cell line aPIG44 was used [12]. For comparison a
murine iPS cell line (UTF2-iPS cells) derived from adult fibroblasts and selected for
pluripotency by UTF1-based selection was chosen [13]. UTF2-iPS cells were trans-
fected with a plasmid expressing a resistance protein against the antibiotic puro-
mycin (puromycin-acetyltransferase) under control of the cardiomyocyte-specific
alpha myosin heavy chain promoter [12]. Transgenic clonal cell lines were screened
for cardiac-specific expression of the puromycin-acetyltransferase (data not shown)
and finally clone TaP4 was selected for further experiments.

Murine ES cells and iPS cells were maintained on a layer of mitotically inacti-
vated feeder fibroblasts (MEFs). MEFs were obtained from e14.5 embryos of outbred
mice, passaged 3 times and mitotically inactivated by incubation with Mitomycin C
(10 mg/ml, Serva) for 2e4 h. For a cell culture plate with 60 mm diameter, at least
8 � 105 inactive fibroblasts were plated.

The culture of ES and iPS cells was performed at 37 �C and 5% CO2. Cells were
cultured using ES medium, composed of Iscove's modified Dulbecco's Medium
(IMDM) with Glutamax (Invitrogen) supplemented with 1% Penicillin/Streptomycin
100� solution (Invitrogen) and 1% non-essential amino acids (“MEM 100� solution”
(Invitrogen)) as well as 17% foetal bovine serum (Invitrogen) and 1000 U/ml of LIF
(ESGRO, Chemicon). The culture was divided every 2e3 days.

To differentiate ES or iPS cells to CMs, a protocol for the production of EBs in
suspension was used [14].

Briefly, to induce the EBs formation, ES or iPS cells were dissociated (0.05%
trypsin/EDTA) to single cells. 2.5 � 106 cells were resuspended in 12 ml of ES me-
dium with addition of 3 mg/ml L-Ascorbic-Acid-Phosphate-Magnesium-Salt-n-Hy-
drate (Wako Chemicals GmbH, Neuss, Germany) but without LIF. Cells were
incubated in a bacteriological dish (non-adhesive plastic ware) at 37 �C and 5% CO2

with continuous agitation on a rocking table inside a cell culture incubator at 50
revolutions per minutes. After two days, EBs were collected in a 15 ml Falcon tube
and counted. EBs were distributed at 250 per plate (10 cm) in 12 ml ES Medium
without LIF and further cultured under continuous agitation. EBs were monitored
until the first spontaneous contractions were observed under an inverted micro-
scope. Once beating EBs were found, usually on day 7th or 8th, medium containing
8 mg/ml Puromycin was used until day 15 of differentiation in order to purify CMs.

EBs containing purified CMs were then dissociated to single cells if not indicated
otherwise. Cells were collected in a 15 ml centrifuge tube, left for 5 min to slowly
collect by gravity at the bottom of the tube, supernatant was then carefully aspirated.
Afterwards, cells were washed twice with calcium- and magnesium-free PBS, su-
pernatant was removed and 0.5 ml of trypsin/EDTA (0.05%) were added to the pellet
and transferred using a 1000 ml “blue” pipette tip to a 3 cm petri dish containing
2.5 ml of trypsin/EDTA (0.05%). Cell clusters were then incubated (37 �C and 5% CO2)
for 15 min and subsequently monitored under an inverted microscope. If necessary
1 ml of fresh trypsin/EDTA (0.05%) was added and the dish was transferred again to
the incubator for another 5min. Afterwards cell suspensionwas briefly and carefully
aspirated repeatedly with a pipette (upper limit 10 times) and dissociationwas then
stopped by the addition of serum containing medium.

Cells were used for downstream applications. The culture of CMs on cell culture
dishes refers to tissue culture treated plastics made from polystyrene.

2.2. Human iPS cell-derived CMs

Human iPS-CMs were contributed by ReproCELL Inc. (distributed by Pelo
Biotech, Planegg, Germany) as frozen single cells. Cells were cultured in ReproCardio
culture medium 2. Medium was changed every alternative day.

2.3. Immunocytochemistry

For immunocytochemical staining cells on plastic surfaces were fixed by quick
immersion in ice cold methanol. Fixation was performed for at least 20 min
at �20 �C. Methanol was allowed to evaporate and cells were rehydrated. Blocking
was performed with 5% bovine serum albumin in PBS for 1 h. Primary detection was
done overnight at 4 �C with antibodies against sarcomeric actinin (1:500, clone
EA53, SigmaeAldrich), smoothmuscle actin (1:500, clone 1A4, SigmaeAldrich), and
integrin-a9 (1:100, Santa Cruz Biotechnology (H-198), rabbit, polyclonal). Following
rigorous washing secondary detection was performed at room temperature for
90 min with anti-mouse-IgG1-AlexaFluor488, anti-mouse-IgG2B-AlexaFluor647,
and anti-rabbit-AlexaFluor647 (Molecular Probes, distributes by Invitrogen Life
Technologies, Karlsruhe, Germany). Nuclei were counterstained by Hoechst33342
dye or Sytox Green. Cells on hydrogels were fixated with 4% paraformaldehyde
instead and permeabilized by treatment with 0.2% Triton �100 for 15 min at room
temperature prior to antibody staining. Samples were analysed on a Zeiss Axiovert
200 inverted microscope equipped with apotome.

2.4. Scanning electron microscopy (SEM)

Murine cardiac clusters and CMs were cultured on Thermanox™ coverslips
(Nunc, Thermo Scientific), made from polystyrene, the same material as in culture
dishes. The samples were prepared for SEM as previously described [15]. Briefly, the
samples were fixed in 2% glutaraldehyde and 2% osmium tetroxide in cacodylate
puffer, and treated with 1% of tannic acid and 1% uranyl acetate in distillated water.
After dehydration in increasing alcohol, the samples were dried in hexamethyldi-
silazane (HMDS, SigmaeAldrich, Taufkirchen, Germany). Finally, the samples were
coated with carbon and studied by SEM. After coating some samples were examined
in the secondary electron (SE) mode and backscattered electron (BSE) mode. The
other samples were prepared according to modified block-face SEM [16]. Briefly, the
samples were embedded in epoxy resin, cross-sectioned with ultra-microtome,
coated with carbon and studied by SEM in BSE mode. SEM and block-face SEM
studies were performed using a field emission scanning electron microscope FESEM
XL30 (Phillips, Eindhoven, Netherlands).

2.5. Preparation of PAA hydrogels

PAA hydrogels were prepared from a solution containing 0.374 ml of 15%
acrylamide (w/v), 0.150 ml of 0.3% N,N0-Methylenebisacrylamide (w/v), 0.010 ml of
1.5 M NaH2PO4 and 0.405 ml of distilled water. The solutionwas briefly vortexed and
degassed for 5 min. 2,5-Dioxopyrrolidin-1-yl 6-acrylamidohexanoate (12.5 mg) was
added to the solution, briefly sonicated (in a water bath sonicator) and warmed to
40 �C for 3min until it was dissolved. (Methods of Sulfo-SANPAH- and NHS-acrylate-
based protein immobilization are provided on request.)

The solutionwas aliquoted in samples of 0.250ml. Each aliquotwas polymerized
by addition of 0.015ml of 200mM potassium persulfate in distilled water (previously
deaerated) and 0.015 ml of TEMED (diluted 1 to 10 in distilled water). Polymeriza-
tion was performed in closed poly-Tetrafluoroethylene (Teflon) casts for 2 min. (See
supplemental Fig. 1 for construction details of the Teflon mold.) Polymerized PAA
Gels had 7 mm diameter and 1 mm thickness. After polymerization, PAA gels were
washed twice with 200 mM Hepes pH 8.5 and 0.070 ml of 15ug/ml Fibronectin in
200 mM Hepes pH 8.5 was added to each gel. Activated PAA gels were left at 4 �C
overnight.
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Fibronectin coated PAA gels were then washed once with 200 mM Hepes 8.5 pH
and were sterilized under UV light for 30 min. Afterwards they were washed with
200 mM Hepes 8.5 pH once and left with 17% IMDM medium for 1 h at 37 �C before
cell seeding.

2.6. 2,5-Dioxopyrrolidin-1-yl 6-acrylamidohexanoate (compound I) synthesis

Compound I was synthetized following a protocol developed by Pless et al. [17].
Briefly, 6-Aminohexanoic acid (5 g) and calcium hydroxide (5 g) were added to 75ml
of water, and the mixture was cooled to 0 �C in an ice bath. This reaction created the
spacer arm of interest for our crosslinker and is therefore one important step on the
complete reaction. The excess of calcium hydroxide remaining in the synthesis
maintained the pH value above 12. Acryloyl chloride (7 ml, 86 mmol) was added in
1 ml portions every 2 min over a 12 min period to the rapidly stirred aqueous
suspension. After an additional 2 min, the insoluble calcium hydroxide was removed
by filtration. When the filtrate was acidified to pH 2.6 by the drop wise addition of
concentrated hydrochloride acid (at 0 �C with stirring) the 6-acrylamidohexanoic
acid precipitated as white crystals. The product was collected by filtration and
washed in ice cold water. Recrystallization from ethyl acetate yielded white crystals.

Crystalline anhydrous 6-acrylamidohexanoic acid (13 g, 76mmol) was suspended
in dichloromethane (200ml) treatedwithN-hydroxysuccinimide (8.7 g, 76mmol) and
the suspension chilled on ice. EDAC (1-ethyl-3-(3-dimethylaminopropyl)-carbodii-
mide) (17.4 g, 91 mmol) was added and the reaction was stirred at 0 �C. The reactants
remained partially insoluble during the reaction. After 1 h, glacial acetic acid (0.2 ml)
was added to hydrolyse the excess carbodiimide, and the mixture was stirred for an
additional 10 min. Excess reactants and side products were removed by extraction of
the dichloromethane solution with cold saturated aqueous sodium bicarbonate
(200 ml, twice) and coldwater (200 ml, twice). The dichloromethane phasewas dried
overanhydrous sodiumsulphate,filteredand evaporated to syrup. Crystallization from
absolute ethanol yielded 6.1 gof compound I. Compound Iwas storedunder vacuumor
in argon flooded flasks at �20 �C.

2.7. Atomic force microscopy

AFM experiments were performed by a commercial AFM, Nanowizard (JPK,
Berlin, Germany) in spectroscopy mode. The samples were measured in PBS buffer.
The cantilever was pressed onto the sample with a velocity of 1 mm/s at several
points of the sample. Standard silicon tips were used with a nominal spring constant
of k¼ 42 N/m (Atomic Force, Mannheim, Germany) and k¼ 2.8 N/m (Nanoandmore,
Wetzlar, Germany). The extended Hertz model was applied to get the elasticity [18].
The tip shape was assumed as a cone with an opening angle of 20� respectively 18� .
The lower spring constant was determined using thermal fluctuations in air [19] and
the value of the higher spring constant is given from the company. The sensitivity
was determined under PBS buffer on glass.

2.8. Nuclear magnetic resonance spectroscopy

NMR spectra were recorded on a Bruker Avance III 500 spectrometer (11.7 T) at
298 K, utilizing a 5 mm BBOF probe with z-gradient coil. 1H and 13C {1H} NMR
spectra were recorded in pyridine-d5 using TMS as internal standard. Deuterated
solvent from Merck, Uvasol®, was employed. Assignment was accomplished via a
combination of 1H, 13C {1H}-DEPTQ1, H,H COSY, H,C HMQC and H,C HMBC
experiments.

2.9. Detection of protein immobilization on PAA hydrogels

To assess the fibronectin immobilization on the surface of the PAA gels, SYPRO
Ruby Protein Gel Stain (Molecular probes) was used. Briefly, samples containing 2,5-
Dioxopyrrolidin-1-yl 6-acrylamidohexanoate were prepared in triplicates with
fibronectin coating, a second batch was prepared with 2,5-Dioxopyrrolidin-1-yl 6-
acrylamidohexanoate and left without fibronectin coating, and a third batch was
prepared without 2,5-Dioxopyrrolidin-1-yl 6-acrylamidohexanoate and coated with
fibronectin following the procedure used before. Samples were left overnight at 4�

following a fixation in a 50%methanol, 7% acetic acid solution for 30min (twice), left
overnight with SYPRO Ruby gel stain solution and washed on a 10% methanol, 7%
acetic acid solution for 30 min and washed twice with ultrapure water for 5 min
before the images were captured. Every step was performed on an orbital shaker at
50 rpm and at room temperature.

2.10. Intracellular action potential measurements

For intracellular action potential (AP) measurements purified TaP4 murine iPS-
CMs and human iPS-CMs (ReproCELL Inc., Japan) were plated on 55 kPa PAA
hydrogels. At different time points after plating intracellular AP recordings were
performed at 37 �C in culture medium using glass microelectrodes (World Precision
Instrument, Sarasota, USA) with resistances of 20e50 MU. Signals were amplified
with a SEC-10LX amplifier (npi electronic GmbH, Tamm, Germany) and acquired
with the Pulse software (HEKA, Lambrecht/Pfalz, Germany). Data were analysed
offline with the Mini Analysis program (Synaptosoft, Fort Lee, USA). All data are
presented as mean ± standard error (SEM). SigmaPlot™ and SigmaStat™ (Systat
Software, San Jose, USA) were used for calculations and visualisations.
3. Results

3.1. Generation of stem cell-derived CMs

In order to induce cardiac differentiation aPIG44 and TaP4 cells
were clustered in suspension culture to form EBs as detailed in
material and methods. Cardiomyocyte-specific staining of TaP4 EB-
sections with antibodies against sarcomeric a-actinin revealed
efficient commitment to the cardiac line (Fig. 1A, B). CMs were
found in the inner compartment of the EBs and tended to undergo
spatial polarization as described for the mesodermal germ layer
during murine EB development [20]. Similar results were found for
differentiated aPIG44 EBs (Fig. 1C, D). The nuclear staining points to
a difference in the structure of the endodermal layer of the EBs,
facing the surrounding medium. TaP4 derived EBs show a dense
cell layer on the surface of the EB and CMs are located below this
outer layer. In contrast the outer layers of aPIG44 EBs appear less
structured and CMs are present on the surface of the EB in some
instances (Fig. 1C, D). Block-face SEM of TaP4 EBs revealed the
presence of an epithelial lining with apical microvilli on the surface
of the EBs (Fig. 1E) and dense cell-to-cell contacts (Fig. 1F).

3.2. EB structure and sarcomere integrity

Immunohistochemical stainings of TaP4 and aPIG44 EBs with
antibodies against integrin-a9 were performed and revealed a
prominent enrichment of integrin-a9 at the interface between the
outer endoderm (epithelium) and the inner cell population of TaP4
EBs (Fig. 2A) pointing to an established basal lamina between these
structures. In contrast in aPIG44 EBs no such structure was detec-
ted (Fig. 2B) pointing to a difference in the maturation of the
extracellular matrix between the ES and iPS cell lines used.

To estimate the effect of puromycin selection on the new
established TaP4 cell line cardiac clusters where incubated with
puromycin from day8 of differentiation onwards. Purified clusters
were dissociated at day 13 and day 20 of differentiation and plated
on fibronectin coated cell culture dishes. CMs were stained for
sarcomeric actinin and nuclei were counterstained. Day 13 CMs
appeared virtually pure, only individual large nuclei not sur-
rounded by actinin were found (Fig. 2C and supplemental video 1).
Surprisingly day 20 cultures lack the organized pattern of sarco-
meric a-actinin albeit continuous selection with puromycin was
applied pointing to a loss of cardiac commitment under prolonged
culture in suspension spheroids (Fig. 2D).

Supplementary video related to this article can be found at
http://dx.doi.org/10.1016/j.biomaterials.2014.05.027.

In order to obtain pure CMs from differentiated EBs of both cell
lines puromycin selection was applied resulting in the formation of
vigorously contracting clusters of purified CMs. Clusters were
stained for sarcomeric actinin in order to analyse the formation of
sarcomeric structures as a consequence of the interaction of the
CMs with their surrounding matrix. It was found that TaP4-derived
cardiac clusters show partially organized sarcomers (“striation”,
Fig. 2E) whereas no detectable striation patternwas seen in aPIG44
derived cardiac clusters (Fig. 2F).

Surface analysis performed in SE mode of SEM (Fig. 2G, H) and
transmission light observations (Fig. 2G, insert) indicated that
aPIG44 derived cardiac clusters are loosely aggregated and
revealed a rough surface structure of aPIG44 cardiac clusters with
loosely attached cells (Fig. 2H). In contrast, TaP4 derived cardiac
clusters appeared compact in light microscope and SEM (Fig. 2J and
J, insert), showed in SEM a polygonal morphology of individual cells
and visible attachment (Fig. 2K). Using block-face SEM in BSE mode
at day 16 of differentiation z-discs within sarcomere structures
were detected in aPIG44 (Fig. 2I, arrow) as well as in TaP4 clusters



Fig. 1. Differentiation of murine ES cells and iPS cells in embryoid bodies. Cryosections of day 10 embryoid bodies were stained with antibodies against the z-disc protein sarcomeric
a-actinin (red) indicating presence of cardiomyocytes. Nuclei were counterstained with Sytox green (green). Panel A and B show sections of iPS cell-derived EBs. The image in panel
A was generated by stitching of two overlapping images of the same EB. In panel C and D sections of ES cell-derived EBs are shown. Panel E and F show block-face SEM images of iPS
EBs.
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(Fig. 2L, arrow). Mitochondria were abundant in CMs derived from
both cell lines (Fig. 2I and L, double arrows).
3.3. aPIG44 and TaP4 cultured CMs

Purifiedmurine cardiac clusters at day 16 of differentiationwere
dissociated into single cells, cultured on fibronectin-coated Ther-
manox coverslips, and studied in SEM (Fig. 3). CMs from both cell
lines were attached well on Thermanox and showed a flat
morphology. aPIG44 CMs (Fig. 3A) developed nascent sarcomeres
12 h after plating (Fig. 3B, arrow) becoming further organized after
48 h culture on Thermanox (Fig. 3C, D, arrow). CMs derived from
TaP4 iPS-cells revealed similar attachment with flat spreading after
12 h of culture on Thermanox (Fig. 3E) and sarcomeres (Fig. 3F,
arrow). In contrast to aPIG44 CMs a lot of short microvilli were
detected on the surface of TaP4 CMs (Fig. 3E). After 48 h of culture
on Thermanox TaP4 CMs appeared flattened (Fig. 3G). Sarcomere
structures weremarkedlymatured with interspersedmitochondria
(Fig. 3H, arrow). High power magnification indicated fine fibres
adherent to the cell surface of only TaP4 CMs (Fig. 3I, J).

Clusters of purified TaP4 were suspension-cultured in presence
of puromycin for prolonged time spans and analysed by SEM on day
22 after onset of differentiation. At this time point the surface
structure of the clusters is clearly alteredwith only a few intact cells
facing the surrounding medium and a majority of dead cells on the
cluster surface (Fig. 3K). Block-face SEM analysis of the clusters
shows no indication of intact sarcomere structures and overall
breakdown of cell contacts (Fig. 3L, asterisks).
3.4. Long term culture of ES-CMs and iPS-CMs on rigid surfaces

Prolonged culture of TaP4 in suspension clusters has led to loss
of sarcomere organization and therefore appears inappropriate to
establish a culture system for cardiac long term culture. In order to
address the feasibility of CM culture on classic cell culture surfaces
aPIG44 as well as TaP4 CMs were cultured on fibronectin-coated



Fig. 2. Embryoid body formation and cardiac differentiation of murine ES-CMs and iPS-CMs. Cryosections of embryoid bodies derived from ES cells (A) and iPS cells (B) were stained
with antibodies against integrin a9 (purple), nuclei were counterstained by Sytox green (green). Following cardiac differentiation iPS-CMs were purified by puromycin addition for 5
days. Purified cells at day 13 (C) and day 20 (D) of differentiation were dissociated and plated onto fibronectin-coated cell culture dishes and analysed by staining by antibodies
against sarcomeric a-actinin (green), nuclei were stained using Hoechst dye (blue). Clusters of purified ES-CMs (E) and iPS-CMs (F) were stained as whole mounts by antibodies
against sarcomeric a-actinin (white). Surface structure of cardiac clusters examined with SEM (explanations see in Results): G and H-SEM images of purified ES-CMs prior to
dissociation (insert in G: transmission light microscopic image). I: Block-face SEM analysis of ES-CM clusters. J and K: SEM of purified iPS-CMs prior to dissociation (insert:
transmission light microscopic image). L: Block-face SEM analysis of iPS-CM clusters. (For interpretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)
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cell culture vessels. Both cell types displayed a flattened
morphology and spontaneous contractions after attachment. With
increased culture time of up to 5 weeks aPIG44 (Fig. 4, AeD) as well
as TaP4 CMs (Fig. 4, EeL) developed a very flat morphology with
atypical beating behaviour. A fraction of the cells exhibited only
local oscillations but failed to perform organized contractions,
some cells apparently lost their contractile capabilities (see sup-
plemental video 2 for an example of TaP4 iPS-CMs cultured for 4
weeks).

Supplementary video related to this article can be found at
http://dx.doi.org/10.1016/j.biomaterials.2014.05.027.

Failure of contraction might be associated with sarcomere
disassembly. To analyse the sarcomere integrity immunocyto-
chemical staining for the z-disc protein a-actinin were performed.
Additionally antibodies for smooth muscle actin were used to test
for induction of elevated smooth muscle actin filament formation
as a potential result of mechanical stress. The staining revealed a
breakdown of the sarcomere structure in a fraction of the cells
(Fig. 4: sarcomeric actinin shown in green) and simultaneously up-
regulation of smooth muscle actin (Fig. 4: smooth muscle actin
shown in red).

3.5. Generation of polyacrylamide-based culture surfaces

The previous experiments have indicated that neither culture in
suspension spheroids nor adherence culture on conventional
polystyrene plastic ware is suitable to culture stem cell-derived
CMs for extended time spans. One potential reason could be the
mechanical stress endured by the cultured cells. To overcome this
obstacle we sought to generate matrices that resemble the elas-
ticity of native heart tissue and identified polyacrylamide as a
suitable material to engineer cell culture substrates with defined
mechanical properties.

Polyacrylamide gels were fabricated according to the materials
and methods section with an expected elasticity of 55 kPa. In order
to validate the elasticity of the gel preparations three independent
preparations of PBS immersed gels were probed using an atomic
force microscope. Utilizing a cantilever with k ¼ 42 N/m to indent
the material on randomly chosen locations (8e14 individual mea-
surements per gel), elasticity measurements resulted in an average
Young Modulus of 49.2 kPa ± 3.2 kPa.

To facilitate cell attachment it is mandatory to immobilize ma-
trix proteins or peptides to the surface of the polyacrylamide gel.
Our initial experiments were conducted with Acrylic-acid-N-
hydroxysuccinimide-ester (“NHS-acrylate”) and Sulfo-SANPAH.
However the results obtained by using these crosslinkers were
discouraging, only few CMs attached to the hydrogel surface and
long term cultures were hardly possible (Fig. 5). In order to over-
come this obstacle we synthesized 2,5-Dioxopyrrolidin-1-yl-6-
acrylamidohexanoate (“compound I”) for further tests as further
detailed in the following sections. A comparison of all three
crosslinkers was performed side by side. CMs were generated from



Fig. 3. SEM of murine ES-CMs and iPS-CMs dissociated after puromycin-driven lineage selection and cultured on the Thermanox coverslips. A and B: ES-CMs after 12 h, andC and D
e after 48 h of culture respectively. For comparison, E and F e iPS-CMs after 12 h, and G and H after 48 h of culture respectively. Fine fibres were detected on iPS-CMs after 12 h (I)
and 48 h (J) of culture. Long term culture of iPS-CMs in suspension spheroids was performed till day 22 of differentiation under continuous exposure to puromycin. Cell surface
morphology (K) of a day 22 iPS-CM cluster in suspension and Ultrastructural analysis of such clusters (L) performed with block-face SEM. Explanations see in Results.
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TaP4 iPS-cells and plated on hydrogels, coated with fibronectin
using the respective crosslinking agents. Cells were monitored one
day and two weeks after plating (Fig. 5). Poor cell attachment was
found one day after plating when Sulfo-SANPAH or NHS-acrylate
were used to immobilize fibronectin to the PAA surface (Fig. 5A,
B). In contrast compound I-mediated immobilization of fibronectin
efficiently supported attachment of CMs (Fig. 5C). Two weeks
following seeding, well-spread CMs could hardly be found on Sulfo-
SANPAH loaded hydrogels, cell tended to loose attachment and
vanished from the surface (Fig. 5D). Cell retention was better with
NHS-acrylate, residing CMs displayed a flat shape (Fig. 5E). Gels
loaded with compound I for fibronectin immobilization showed
monolayers of synchronously contracting CM (Fig. 5F).
Fig. 4. Culture of stem cell-derived cardiomyocytes on polystyrene tissue culture dishes i
fibronectin-coated tissue culture dishes. Staining was performed with antibodies against th
were stained with Hoechst dye (blue). Individual channels as well as overlays are shown. Pa
cardiomyocytes at different magnifications.
3.6. Characterization of 2,5-dioxopyrrolidin-1-yl 6-
acrylamidohexanoate

In order to overcome limitations linked to inappropriate
immobilization of extracellular matrix proteins we sought to opti-
mize the protein immobilization. Compound I was identified as a
promising alternative and was synthesized from commercially
available raw materials at a fraction of the cost of commercially
available crosslinkers (see material and methods for details) uti-
lizing standard laboratory equipment. In order to analyse the
quality of the purified compound I, nuclear magnetic resonance
spectroscopy (NMR) was employed. Analysis of 1H (online
supplement) and 13C NMR spectra proved the expected structure
nduces smooth muscle actin expression. Cells were culture for 5 weeks on common,
e z-disc protein sarcomeric a-actinin (green) and a-smooth muscle actin (red). Nuclei
nels AeD present ES cell-derived cardiomyocytes. Panels EeL present iPS cell-derived



Fig. 5. Cultivation of iPS-CMs on polyacrylamide hydrogels with fibronectin-coating. Hydrogels with a Young's modulus of 55 kPa were prepared using different crosslinking agents
for surface immobilization of fibronectin. Cardiomyocyte cultures on the respective hydrogels were analysed one day and two weeks after plating. iPS-CMs grown on A) Sulfo-
SANPAH- B) NHS-acrylate- and C) 2,5-Dioxopyrrolidin-1-yl-6-acrylamidohexanoate-(compound I) treated gels one day after seeding. Panels DeF show cell distribution after
two weeks of culture.

Fig. 6. 2,5-Dioxopyrrolidin-1-yl-6-acrylamidohexanoate crosslinking agent exhibits long spacer arm length and immobilizes fibronectin efficiently. (A) Structure of the synthesis
product as proven by NMR spectroscopy. To estimate the spacer arm length a structural modelling was applied for substance at 0 K for the free molecule (B) and the postulated
crystalline structure (C). A modelling for 300 K (D) approximates the effect of temperature to the structure. The putative sites of protein binding are indicated by open and closed
circles, calculated spacer arm lengths are given in Angstroms. Use of the crosslinking agent without addition of protein (E) or use overnight incubation with fibronectin without
addition of crosslinking agent (F) did not result in a staining using Ruby Protein stain. Combination of crosslinking agent and fibronectin revealed a structured deposit of
immobilized protein on the hydrogel surface.

C.O. Heras-Bautista et al. / Biomaterials 35 (2014) 7374e73857380
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(Fig. 6A) and a purity of the substance of >98% with the residual 2%
composed of water and ethanol. Based on the known structure of
compound I we were interested to approximate the spacer arm
length of the agent. Spacer arm length refers to the molecular
distance between the hydrogel surface and the immobilized pro-
tein. Arm length is an important parameter: Due to possible steric
hindrance (the proximity of the N-succinimidyl group to the
polymer backbone) protein immobilization can be reduced, as it
was experienced in our experiments with the short arm length
crosslinker Acrylic acid N-hydroxysuccinimide ester with only 1.5Å
arm length (results not shown).

In order to calculate the relevant distance, first principles cal-
culations were carried out using Density Functional Theory under
the local density approximation and with the use of pseudopo-
tentials, as implemented in the SIESTA code [21]. The wave func-
tions are expanded in a linear combination of atomic orbitals
(LCAO) using a DZP basis set. Both the isolated molecule (Fig. 6B)
and the two dimensional layer (Fig. 6C) were considered. First
principles molecular dynamics using a Nos�e thermostat set at 300 K
and a 0.1fs step during 1 ps were carried out in order to investigate
the effect of temperature on the atomic arrangement. Differences in
conformation and distances were observed, as shown in Fig. 6D.
Protein binding can occur at two locations in the molecule (black
circle and dotted circle in the figure); interactions occur in a ran-
domized fashion and cannot be controlled; however, one bond is
thermodynamically more favourable than the other, resulting then
in maximum distance of 7.504 Å at a room temperature and an arm
length span of 7.894 Å at 0 K as a crystalline structure.

It is important to point out that, regarding of the state of the
molecule (isolated, crystalline at 0 K or crystalline at 300 K) the
major change in arm length occurs in the carbon that would have a
lower incidence in our experiment (black dotted circle).

3.7. Protein immobilization assay

To assess fibronectin immobilization at the activated hydrogel
surface after covalently binding of the protein, fluorescent staining
of the immobilized protein was performed using a commercially-
available, highly sensitive fluorescent protein stain (SYPRO ruby
protein stain), originally developed to detect proteins in poly-
acrylamide gel electrophoresis. It is a non-specific protein staining
that allows staining of the hydrogels without changing its physical
characteristics. As control crosslinker-loaded polyacrylamide gel
without addition of protein was used. As a further control poly-
acrylamide gel polymerized without crosslinker but incubated
overnight with a solution of 15 mg/ml fibronectin solution in 50 mM

HEPES buffer was analysed. Neither control revealed a fluorescent
signal under the microscope (Fig. 6E, F). In contrast activated
hydrogels incubated with 15 mg/ml fibronectin overnight at 4 �C
resulted in an intense staining in our assay (Fig. 6G) indicating
successful immobilization of the fibronectin on the polyacrylamide
surface. Remarkably the immobilized proteins appeared to be non-
randomly distributed on the gel surface and apparently formed a
web-like structure potentially as a consequence of the PAA surface
structure.

3.8. Long term culture of murine iPS-CMs on polyacrylamide
hydrogels

In order to analyse the capacity of substrates with heart-tissue-
matched elasticity, PAA hydrogels with 55 kPa elasticity were
fabricated and surface coated with fibronectin. Purified TaP4
CMs were dissociated and plated on the hydrogels. After seven
weeks of culture the cells were finally analysed by video micro-
scopy (supplemental video 3) and, following fixation, by
immunocytochemistry. Video analysis revealed a rhythmical and
synchronous beating behaviour of the entire CM population on the
hydrogels. Immunocytochemical staining of TaP4 CMs cultured for
seven weeks on PAA hydrogels with antibodies against the z-disc
protein a-actinin indicated a high degree of sarcomere organisation
(Fig. 7, AeC). Co-staining with antibodies for smooth muscle actin
revealed only very few smooth-muscle-actin-positive cells with a
large surface area (Fig. 7, DeG). Remarkably even single cells (i.e.
cells that were not incorporated in colonies or layers and therefore
lack lateral support) showed a high degree of sarcomere organi-
zation as compared to CMs cultured at low density on plastic sur-
faces (Fig. 7C).

Supplementary video related to this article can be found at
http://dx.doi.org/10.1016/j.biomaterials.2014.05.027.

3.9. Spontaneous contraction frequency

The functionality of CMs is reflected by spontaneous contrac-
tions in culture. Stem cell-derived CMs are expected to show
autonomous contractions at constant frequency. We have observed
a reduction or even total loss of contractility of CMs on rigid
polystyrene surfaces and hypothesize that culture on hydrogel fa-
cilitates the spontaneous contractions.

Purified TaP4 iPS-CMs were dissociated and plated on
fibronectin-coated polyacrylamide gels with 55 kPa stiffness. In
parallel cells were plated on fibronectin-coated polystyrene dishes
for comparison. Video clips were recorded to document the spon-
taneous contractions. A LabView-based software solution (pro-
grammed in house) was applied to quantify beating rates based on
video recordings. Fig. 7H displays a representative analysis: regions
of interests were manually defined and pixel-movements were
detected by the software to generate a trace encoding the move-
ment of the cells, as shown in the lower part of Fig. 7H.

First measurements were done at day þ1 to allow the cells an
overnight attachment to the surfaces and revealed spontaneous
contractions of plated CMs at a frequency of 4.3/s for cells on
polystyrene and 5.0/s for polyacrylamide cultures. At dayþ10 the
contraction rate was found to be decreased to 3.2/s on polystyrene
and 3.8/s on polyacrylamide matrix. At dayþ30 a spontaneous
contraction rate of 2.8/s on polystyrene and 4.3/s on poly-
acrylamide matrix were found. Finally at dayþ49 there was no
spontaneous contraction observable for polystyrene cultured cells
whereas the contraction frequency of polyacrylamide cultured cells
remained constant at 4.3/s (Fig. 7I).

3.10. Analysis of action potential properties of murine and human
iPS-CMs on polyacrylamide substrates

The possibility to analyse the electrophysiological properties of
iPS-CMs cultured on hydrogels was elucidated as the electrophys-
iological characteristic is of primary importance to judge a CMs
proper function. Detailed analysis of electrophysiological proper-
ties of long-term cultured CMs on soft hydrogels will be important
to take full advantage from this culturing method.

Recordings of purified TaP4 iPS-CM after plating on 55 kPa
hydrogels resulted in a mean diastolic potential (MDP)
of �40.7 ± 3.3 mV at day þ2 (n ¼ 6), �47.7 ± 1.1 mV after 3 weeks
(n ¼ 4) and �47.7 ± 1.1 mV after 4 weeks (n ¼ 9), an amplitude
of �47.0 ± 3.8 mV at dayþ2, 45.8 ± 3.0 mV after 3 weeks and
44.3 ± 3.4 mV after 4 weeks and a maximum upstroke velocity of
16.3 ± 7.0 V/s at dayþ2,11.0± 7.1mV after 3weeks and 8.8 ± 3.4 V/s
after 4 weeks. A spontaneous contraction frequency of 9.7 ± 0.2/s at
day þ2, 4.0 ± 1.1/s after 3 weeks and 3.9 ± 0.6/s after 4 weeks was
recorded. Analysis of the action potential duration resulted in an
action potential duration at 20% of repolarization (APD20) of



Fig. 7. Long-term culture of iPS-CMs on PAA hydrogel matrix. Murine iPS-CMs were culture for 7 weeks on fibronectin-coated PAA matrices. Panel AeC: Staining with antibodies
against sarcomeric a-actinin (green) and nuclear staining using Hoechst Dye are shown. DeG: Double staining with antibodies against sarcomeric a-actinin (green) and a-smooth
muscle actin (red), nuclei are counterstained by Hoechst dye. H: Videoframe with sensor positions used to measure the beating frequency of iPS-CMs on PAA hydrogels. The lower
part of the panels shows a representative trace of cell contractions identified by the evaluation software. Red circles indicate events that were recognized as individual contractions.
Panel I summarizes the spontaneous contraction frequencies of iPS-CMs in long-term culture on polystyrene vs. PAA hydrogel culture at different culture durations. No spontaneous
contractions were observed after seven weeks of culture on polystyrene. J: Representative action potential recording of a murine iPS-CM grown for four weeks on PAA hydrogel,
recorded with a sharp electrode. K: Representative action potential recording of a human iPS-CM grown for one week on PAA hydrogel. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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8.4 ± 0.4 ms at day þ2, 6.7 ± 0.4 ms after 3 weeks and 7.5 ± 0.7 ms
after 4weeks, a APD50 of 16.1 ± 0.7ms at dayþ2,13.1± 0.5ms after
3 weeks and 14.8 ± 1.0 ms after 4 weeks, and a APD90 of
38.1 ± 2.5 ms at day þ2, 29.3 ± 0.8 ms after 3 weeks and
32.3 ± 2.3 ms after 4 weeks. The APD50/90 ration was calculated as
42.8± 2.8% at dayþ2, 47.8 ± 4.4% after 3weeks and 47.8 ± 4.4% after
4 weeks. A representative trace recorded from a cell after four week
of culture on the hydrogel is shown in Fig. 7J.

To proof the possibility to culture and record human iPS cell-
derived CMs as well we plated purified human iPS-cell derived
CMs on 55 kPa hydrogel. Cells were analysed one week after
seeding by sharp electrode recording showing an MDP of
48.6 ± 7.4 mV (n¼ 4), amplitude of 81.0 ± 5.8 mV, a contraction rate
of 1.4 ± 0.3/s and a maximum upstroke velocity of 9.8 ± 0.5 V/s.
APD20 was determined as 81.1 ± 11.6 ms, APD50 was
147.9 ± 18.1 ms and APD90 was 188.7 ± 17.4 ms. The APD50/APD90
rationwas estimated as 77.7 ± 2.6%. A representative trace is shown
in Fig. 7K.

4. Discussion

Cardiomyocytes represent a highly dynamic cell type, interact-
ing actively with their surroundings, namely extracellular matrix
(ECM) (for a review see Israeli-Rosenberg et al. [22]). ECM does not
only provide vital signals to the cells but permits an appropriate
anchorage for CMs and a transfer of contractile forces to the matrix
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in order to facilitate the function of the heart as a muscular pump.
Feedback loops regulate the contractile behaviour of CMs to match
the changing demands of the cardiovascular system; the Frank-
Starling-Mechanism is a prominent example [23].

The present study indicates that i.) suspension cultures in
spheroids as well as ii.) culture on traditional cell culture plastics
negatively affects the integrity of stem cell-derived cardiomyocytes
while iii.) polyacrylamide hydrogels with a stiffness that matches
the native cardiac tissue allow for prolonged culture of functional
stem cell-derived CMs.

Our data indicate that culture of stem cell-derived CMs on
traditional plastic surfaces has deleterious effects on the structure
and function of the cells. A suspension culture of cardiomyocyte
clusters, derived from differentiated EBs, performed worse in terms
of structural preservation. These findings were irrespective of the
differences observed between the ES cell line and the iPS cell line
used. However it is worth noting that EBs generated from adult
fibroblast-derived TaP4 iPS cells show remarkable differences to
their ES counterparts: the structure of the outer endoderm
appeared to form a compact epithelial lining with prominent
expression of integrin-a9 (Fig. 2A, B) at the basal side of the
epithelium e a potential indication for the presence of a basal
membrane. Such structure was not observed in ES cell-derived
embryoid bodies. Furthermore the spontaneous cardiac differen-
tiation efficiency of these iPS cells was found to be high (data not
shown). CMs in TaP4-derived, purified cardiomyocyte-clusters
were found to exhibit pronounced organization of a-actinin in z-
discs as indicated by a striated pattern (Fig. 2). The surface of the
purified cardiac clusters appeared rough in the case of aPIG44 ES-
CMs but smooth in the case of TaP4-derived iPS-CMs. Further-
more fibrous ECM was detected on the surface of individual TaP4-
derived iPS-CMs after dissociation and plating. This can be inter-
preted as a sign of increased ECM deposition in iPS-EBs or differ-
ences in the matrix structure and/or composition in TaP4-derived
iPS-CMs as compared to ES-CMs. Together these results point to a
stronger matrix interaction of the TaP4-derived iPS-CMs compared
to aPIG44 ES-CMs because matrix interaction leads to sarcomere
organization, transduction of tensile forces, and increases surface
tension (“smooth surface”) of the cardiac clusters.

We have speculated that such interactions with the matrix
might facilitate culture of iPS-CMs in aggregates but found massive
loss of contractile structures early during culture. These findings
demonstrate the need to develop a simple method for in vitro
culture of CMs on mechanically defined substrates. It is further
stressed by a recent report by Yang et al. showing an irreversible
change in the expression of Yes-associated-protein (YAP)/tran-
scriptional coactivator with PDZ-binding motif (TAZ) transcription
factors in mesenchymal stem cells upon culture on mechanically
stiff matrices in comparison to soft matrix and pointing to the risk
of producing artificial results when working with cells on very stiff
substrates [24]. The study of Yang presents strong evidence of a
mechanical memory in mesenchymal stem cells inducing irre-
versible changes in cellular identity as a dose-depend result of
mechanical stress. It will be interesting to find out if these effects
occur in other cell types as well.

The flexibility of polyacrylamide used as hydrogel substrate for
cell adhesion is one of the main reasons why it has been preferred
against many other hydrogels, since the ligand coated poly-
acrylamide substrate has several advantages. It allows the sys-
tematic and reproducible control of the flexibility of the substrate.
It exhibits ideal optical quality and is biologically and chemically
inert, allowing the control of specific ligand adhesion to the
hydrogel surface, from short chain tailored peptides [25] to large
proteins such as the fibronectin that is composed of two peptides e
each 220 kDa in size.
Cells exhibit their differentiated phenotype on substrates that
match the stiffness of their native ECM [26,27], therefore it was
hypothesized by Bhana et al. [28] that CMs cultured on substrates
with physical properties resembling those of native tissue would
promote cell elongation, contraction, and presence of cell-specific
markers. The tissue of neonatal (4.0e11.4 kPa) and adult myocar-
dium (11.9e46.2 kPa) was measured by them, and it is comparable
to other groups, ~70 kPa for adult rat myocardium was measured
from atrioventricular samples [29], while a stiffness of 54 ± 8 kPa in
the circumferential direction and 20 ± 4 kPa in the longitudinal
directionwas measured by Engelmayr et al. [30], showing that cells
seeded on stiffness of 55 kPa, as has been done here, indeed “feel”
the stiffness of a substratum similar to native cardiac tissue. Mea-
surements of matrix stiffness by AFM were performed on uncoated
PAA hydrogels in the present study and it needs to be mentioned
that it cannot be completely ruled out that the further processing of
the gels results in a shift of the elasticity.

In the initial design of PAA hydrogels [31e33], the photo-
activatable, heterobifunctional reagent sulfosuccinimidyl-6-(40-
azido-20-nitrophenylamino) hexanoate, known as sulfo-SANPAH,
was used, since it allowed the covalent linking of proteins (such
as collagen I) due to its long arm and high reactivity. The major
disadvantages of Sulfo-SANPAH are the high cost and very low
stability of the substance, reducing the value of the substance for
routine applications in the laboratory.

Other strategies followed the use of a photoreactive phenyl
azide group as bridge to the polyacrylamide surface. NHS-acrylate
(Acrylic acid N-Hydroxysuccinimide Ester) is the most common
crosslinking agent that falls into this group. The simple chemistry of
NHS-acrylate, ease of use, low cost in relation to Sulfo-SANPAH and
controlled activation of the surface provided new alternatives for
hydrogel activation. However, the main limitation in using NHS-
acrylate is the short arm length (1.5 Å) which could cause steric
hindrance, limiting the amount of ligand immobilization after
treatment. This hypothesis is confirmed by the experimental results
obtained during this study: cell immobilization was low compared
to that one performed while activating the hydrogel surface with a
crosslinker with much larger arm length.

Although many studies have been published while using acrylic
acid NHS ester as crosslinker, it is unclear if the cell adhesion is
optimal, since for most of the studies, single cells were used. To our
experience, this is easily achieved while using a short arm length
crosslinker like NHS acrylate, where single cells are adherent and
results are reproducible. However, production of stable monolayers
or high density cardiomyocyte cultures has not been shown.

Therefore the use of alternative crosslinking agents e such as
the one proposed by Pless et al. [17] ewere necessary to overcome
such limitations. In the present study we describe the character-
ization of 2,5-Dioxopyrrolidin-1-yl 6-acrylamidohexanoate gener-
ated based on the method described by Pless et al. and with
standard laboratory equipment.

Our analysis revealed a purity of the final product of greater than
98%, while the rest 2% corresponded to ethanol and water.
Furthermore a structural analysis was performed based on NMR to
verify the molecular structure of the product. Too our best
knowledge such a complete structural characterization was not
performed to date (see Refs. [17,34] for examples of existing data).

To approximate the arm length of 2,5-Dioxopyrrolidin-1-yl 6-
acrylamidohexanoate, mathematic modelling was performed. The
resulting simulation confirmed the conformation of themolecule. It
also provided the distance from the polymer backbone to the point
of covalent linkage between the crosslinker and the amine con-
taining ligand. There are two probable locations for such in-
teractions for its crystalline conformation, with one of them having
the highest probability of occurrence as seen on the simulation.
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With a relative arm length distance of 7.504 Å, this increase of
distance between compounds that share the same basic chemistry
(acrylic acid NHS ester and 2,5-Dioxopyrrolidin-1-yl 6-
acrylamidohexanoate) was enough to provide a system that al-
lows the culture of cardiomyocyte-monolayers for extended time
spans.

The value of the method to perform long-term cultures of CMs is
experimentally supported by constant rates of spontaneous con-
tractions, organized sarcomere structure and lack of excess smooth
muscle actin fibre formation in iPS-CMs cultured for seven weeks
on PAA hydrogels. The feasibility of sharp electrode ablations of
action potentials from murine as well as human iPS-CMs cultured
on such hydrogels further underlines thewide range of applications
associated with the culture strategy presented here.

5. Conclusion

In this study we present evidence that culture of iPS-CMs on
classical tissue culture plastic results in the loss of contractile
function. In contrast generation of PAA hydrogels with tissue-
matched elasticity allowed for long-term culture of iPS-CMs. The
commonly used crosslinking agents Sulfo-SANPAH and NHS-
acrylate did not support immobilization of matrix proteins at the
PAA surface in sufficient manner. Synthesis of 2,5-Dioxopyrrolidin-
1-yl-6-acrylamidohexanoate with standard laboratory equipment
was shown to result in a purity of >98% and was found to immo-
bilize fibronectin efficiently e facilitating long term culture of iPS-
CMs on PAA hydrogels. The method presented here can be easily
adopted and allows culturing of cardiomyocytes for in vitro and
in vivo applications without risking mechanical-stress induced
culture artefacts. The option to tune the matrix elasticity according
to the experimental needs and to define the surface ligands gives an
additional value above conventional culture methods.
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