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ABSTRACT

Cardiomyocytes derived from induced pluripotent stem cells (iPSC-CMs) represent the best cell source for car-
diac regenerative purposes but retain an immature phenotype after differentiation with significant limitations
compared to adult cardiomyocytes. Apart from an incomplete cardiomyocyte-specific structure and micro-
architecture, cells show at the level of Ca* signaling only slow Ca>* release and reuptake properties. Here, we
investigated the effect of restructuring single iPSC-CMs in specially designed 3D-micro-scaffolds on cell mor-
phology and Ca®* handling. Using direct laser writing, rectangular-shaped scaffolds were produced and single
iPSC-CMs were seeded into these forms. Structural analyses revealed strong sarcolemmal remodeling processes
and myofilament reorientation in 3D-shaped cells leading to enhanced clustered expression of L-type Ca®*
channels and ryanodine receptors and consequently, to faster Ca®* transient kinetics. Spontaneous beating
activity was enhanced and Ca®* handling was more robust compared to non-patterned cells. Overall, our data
demonstrate for the first time significant improvement of Ca®™ signaling properties in reshaped iPSC-CMs in-
dicative of functional maturation by structural remodeling.

1. Introduction

Cardiac regenerative medicine is confronted with the problem to
develop appropriate cells with the ability to compensate for the loss of
cardiomyocyte function in the diseased heart [1,2]. Owed to their
cardiogenic electrophysiological profile and contractile properties,
cardiomyocytes derived from induced pluripotent stem cells (iPSC
CMs) represent the ideal cell source to fulfill the task of replacing
dysfunctional cardiomyocytes in future therapeutic approaches [3]. In
recent years, protocols leading to successful differentiation have been
standardized and reproducibly result in a high yield of cardiomyocytes
[4]. However, despite the cardiogenic features, iPSC CMs retain a
partially immature phenotype after differentiation, and so far it has not
been possible to further mature these cells to achieve in vitro the

complex structural and functional phenotype of adult cardiomyocytes
[5]. Even early attempts to mature these cells by implantation into the
heart remained unsuccessful in this regard [6,7].

The problem of immaturity of iPSC CMs becomes evident in com
parison to adult ventricular cardiomyocytes. Mature cardiomyocytes
show a high degree of structural specialization that is directly linked to
specific functional properties, especially the cardiac excitation con
traction (EC) coupling mechanism [8]. A typical feature of cardio
myocytes is their elongated nearly cuboid shape presenting one long
axis along which myofibrils are regularly arranged leading to the
characteristic striation pattern. Additionally, the sarcolemma shows
regular transverse and axial tubular structures, so called TATS or t tu
bules, protruding deep into the cell to guide the membrane depolar
ization and action potential to inner structures of the myocyte [9]. This
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membrane network comes into close proximity to the sarcoplasmic
reticulum (SR), and together they form dyadic structures, the initiation
point for EC coupling. Both membranes harbor Ca®** channels, the
voltage dependent L type Ca?* channel (Ca,1.2) on the sarcolemmal
side, and the Ca®* activated Ca®* release channel or ryanodine re
ceptor (RyR2) at the SR. These Ca®* channels sit opposite each other
spaced by about 15 20 nm dyadic cleft and are responsible for the tight
regulation of Ca?" induced Ca2* release (CICR), the functional
building block of EC coupling [10]. The stringent structural organiza
tion is required for the highly spatio temporally synchronized Ca®*
release during depolarization and the concerted activation of myofila
ments for efficient contraction. Disruption of this microarchitecture
leads to reduced EC coupling efficiency and loss of synchronization of
myofilament activation resulting in weaker contraction and eventually
heart failure [11,12].

In comparison, iPSC CMs present neither this specific cell shape, nor
do they produce the characteristic sarcolemma invaginations [13]. The
lack of the regular cell architecture with unorganized distribution of
myofibrils results in uncoordinated contraction. In addition, one hall
mark of iPSC CM immaturity is their spontaneous beating activity
caused by spontaneous depolarizations and Ca®* transients leading to
contractions. This automaticity is reminiscent of prenatal native car
diomyocytes, which remain spontaneously active for some time after
birth (duration is species dependent). The exact mechanisms under
lying automaticity may involve immature Ca®>* handling, which might
be related to the expression of premature protein isoforms involved in
control of Ca?* homeostasis [14]. However, so far it has not been
possible to overcome the stage of spontaneous activity in vitro.

The mechanisms of cardiomyocyte maturation remain poorly un
derstood. Moreover, a unified definition of maturation is still missing.
Ultimately, the new cardiomyocytes will have to provide the same
functional complexity in terms of EC coupling control, Ca>* handling,
force production and humoral response as native cardiomyocytes be
fore they can be used for therapeutic applications. With respect to
cardiac development, a multitude of different factors may influence
myocyte maturation. In principle, these factors can be grouped into
biophysical, biochemical or biological cues. Accordingly, previous
studies have involved electrical and mechanical stimulation, small
molecules, genetic approaches, co culture or implantation (just to
mention a few) to trigger further maturation of iPSC CMs with focus on
either structural or functional properties [4,15 17].

Here, we tested the hypothesis that structural remodeling of single
iPSC CMs by 3D micro scaffolds into the style of adult cardiomyocytes
leads to improved and robust Ca®?" handling in these cells. For this
approach, using the technique of direct laser writing (DLW) we have
produced 3D micro scaffolds in the shape of cuboids (and hexagons as
control) for single cell growth. Single cells grown within these scaffolds
were analyzed and compared with non patterned cells using a broad
range of different techniques. Our data demonstrate that the induced
elongated cell shape has tremendous influence on cell micro
architecture and membrane properties, modifies protein expression and
distribution patterns and leads to robust Ca®>* handling during spon
taneous and triggered activity. Therefore, we propose that specific
control of cell morphology can trigger structural and functional ma
turation processes in iPSC CMs and improve the cardiogenic phenotype
at the level of EC coupling.

2. Methods
2.1. Cell models

Murine induced pluripotent stem cell derived cardiomyocytes
(iPSC CMs, Cor.At®, Axiogenesis/Ncardia, Cologne, Germany) were
delivered and stored in liquid nitrogen until use. After defrosting, cells
were cultured as previously described [18]. Briefly, cells were seeded in
glass bottom dishes (35 mm, MatTek Corporation, Ashland, MA, USA)

or glass coverslips with DLW printed 3D structures (scaffolds, see
below). All culture surfaces were coated with a mixture of laminin and
fibronectin in PBS (1:1:100) overnight at 37 °C and cells were seeded at
a density of 2 x 10” cells per dish. For the selection of cardiomyocytes
and elimination of undifferentiated cells or non cardiomyocytes, cells
were treated with puromycin (1 pg/ml) for selection of cardiac specific
cells. The pac gene expression for puromycin resistance was under
control of the cardiomyocyte specific a myosin heavy chain (aMHC)
promoter. After 48 h, cells were switched to puromycin free CorAt®
medium according to the manufacturer's protocols. Cells were in
cubated at 5% CO, and 37 °C with CorAt® medium and used within 3
weeks after defrosting.

Adult ventricular cardiomyocytes were freshly isolated from mouse
hearts (wild type C57BL/6J, 2 month old) as described previously [19].
Briefly, hearts were excised, cannulated and retrogradely perfused with
(in mM) 140 NaCl, 5.4 KCl, 1.1 MgCl,, 1 Na,HPO,, 5 HEPES, and 10
glucose (pH 7.4 with NaOH) on a Langendorff apparatus. Cardiomyo
cytes were enzymatically dissociated using collagenase (1 mg/ml,
Worthington Biochemical Corp., Lakewood, NJ, USA) and protease
(50 ug/ml, Sigma Aldrich Chemistry, Munich, Germany) to obtain
single cells. After dissociation, cells were directly fixed and prepared for
immunofluorescence or ultrastructural analyses. All experimental pro
cedures were performed according to the guidelines of the local animal
care committee (Regierungsprasidium Karlsruhe, Germany) and con
formed to the Guide for the Care and Use of Laboratory Animals by the
US National Research Council.

2.2. 3D micro scaffold fabrication

2.2.1. Coverslip silanization

Prior to usage in the DLW process and replication, glass coverslips
were silanized in order to enhance the adhesion of the photoresist to the
substrate. The glass coverslips were first cleaned with isopropanol (Carl
Roth, Karlsruhe, Germany) and incubated in a Plasma Prep5 plasma
cleaner (Gala Instruments, Micro Precision Calibration Inc., Nijmegen,
Netherlands) for 10 min to produce a hydrophilic surface. This step was
followed by treatment with 1 mM 3 (trimethoxysilyl)propyl methacry
late (=98%, Sigma Aldrich) in toluene (Carl Roth, Karlsruhe,
Germany) for 60 min at room temperature (RT). The coverslips were
then rinsed in distilled water and dried with nitrogen gas.

2.2.2. Direct laser writing (DLW)

For the fabrication of the 3D micro structures, a commercially
available DLW system (Photonic Professional GT, Nanoscribe GmbH,
Eggenstein Leopoldshafen) equipped with a 25 X NA (numerical aper
ture) = 0.8 oil immersion objective was employed. A liquid photoresist
composed of the monomer pentaerythritol triacrylate (PETA, Sigma
Aldrich) with 2% w/w of photoinitiator Irgacure 819 (BASF,
Ludwigshafen, Germany) was polymerized via two photon absorption
using a frequency doubled erbium fiber laser with a center wavelength
of 780 nm and a pulse length of 90 fs (Fig. 1A) [20]. Typical average
laser powers were 20 30 mW (in front of the microscope lens) and the
typical scanning velocity was 50 mm/s 3D structures in the shape of
cuboids (22 x 55 x 20 um®) and hexagons (6 x 22 x 20 um?®), both
with a wall thickness of 1 2um, were produced, several repeats were
printed onto the same coverslip. The 3D structures were developed in a
1:1 (v/v) mixture of methyl isobutyl ketone (MIBK, Carl Roth, Karls
ruhe, Germany) and isopropanol for 10 min and subsequently dried
with nitrogen. 3D scaffolds were sputtered with gold and examined at a
scanning electron microscope (Fig. 1B). For cell experiments, the 3D
scaffolds were sterilized with 70% (v/v) ethanol and subsequently dried
for 30 60 min under UV light. They were then washed with PBS. To
promote cell adhesion the substrates were coated with extracellular
matrix proteins diluted in PBS (see above).



Fig. 1. 3D-scaffolds and their influence of on cell morphology. A) Schematic drawing of the single steps of the direct laser writing (DLW) technique to produce 3D-
scaffolds for reshaping individual iPSC-CMs: from left to right: a drop of liquid PETA is put on a glass coverslip; at the focal plane of the laser beam, the monomers start
to polymerize and build solid structures of the desired shapes. The remaining liquid is washed off at the end of the writing procedure. B) Resulting 3D-scaffolds in
either hexagonal (left images) or cuboid shape (right images) are shown at two different magnifications; several structures are printed onto the same coverslip to
enhance seeding success during cell dropping. C-F) Sarcomeric a-actinin (red, indicating Z-lines) and nuclear stainings by DAPI (blue) of non-patterned (NP) iPSC-
CMs (C), freshly isolated adult cardiomyocyte (D), and iPSC-CMs grown in hexagonal (E) or cuboid 3D-scaffolds (F). Note the almost parallel alignment of myofibrils
indicated by regular Z-band stainings perpendicular to the long axis of the cuboid. Autofluorescence of the scaffold polymer is visible in blue.

2.3. Transmission electron microscopy (TEM)

iPSC CMs grown in rectangular shaped 3D scaffolds and NP cells
were collected and processed from 11 individual cultures. Cells were
washed with PBS containing 3 uM blebbistatin to stop cells from con
tracting and to induce myofibril relaxation. Cells were fixed with 4%
glutaraldehyde in 0.1 M sodium cacodylate buffer containing 2%
polyvinylpyrrolidone at pH 7.5. For enhancement of membrane con
trasting, samples were incubated in alkaline diaminobenzidine (DAB)
medium for 30 min and postfixed with 1.5% osmium tetroxide in 0.1 M
sodium cacodylate buffer. After washing, cells were contrasted with 1%
uranyl acetate, dehydrated by a graded ethanol series and embedded in
glycidether 100 based epoxy resin. Semithin sections were stained with
a methylene blue/azure II solution (modified after Richardson et al.
[21]) and cells were selected for the following detailed examination.
Ultrathin sections were cut with a Reichert Ultracut S ultramicrotome
(Leica, Vienna, Austria) and stained with lead citrate for further ana
lysis by electron microscopy (Zeiss EM 10 CR) at an acceleration vol
tage of 60 kV. Images were obtained with technical help from the team
of Hilmar Bading, Department of Neurobiology at Heidelberg Uni
versity. TEM images were evaluated using ImageJ (NIH Image, free

software, Bethesda, MD, USA).

2.4. Immunocytochemistry

iPSC CMs were grown on non patterned 2D surfaces, in rectangular
or hexagonal 3D micro scaffolds, respectively. Cells were fixed in 4%
paraformaldehyde (ThermoFisher Scientific, Waltham, MA, USA),
blocked and permeabilized with 0.1% TritonX 100 and 1% bovine
serum albumin in PBS for 10 min at RT. Cells were selectively labeled
with primary antibodies for a actinin (mouse monoclonal, 1:500,
A7811, Sigma Aldrich or rabbit polyclonal, 1:500, ab90776, Abcam,
Cambridge, MA, USA), L type calcium channel Ca,1.2 (rabbit poly
clonal, 1:200, AB10515, MerckMillipore, Darmstadt, Germany), rya
nodine receptor RYR2 (mouse monoclonal, 1:200, ab2827, Abcam),
inositol 1,4,5 trisphosphate receptor IP3R (goat polyclonal, 1:200, sc
26386, Santa Cruz Biotechnology, Dallas, TX, USA) and the sarco en
doplasmic reticulum Ca®* ATPase SERCA2 (mouse monoclonal, 1:400,
ab2861, Abcam). Appropriate secondary antibodiesconjugated to Alexa
Fluor dyes of different excitation emission spectra were used (1:500,
ThermoFisher Scientific). Nuclei were stained with 4/,6 diamidino 2
phenylindole (DAPI) present in the mounting medium (Fluoroshield



F6057, Sigma Aldrich). Each staining was repeated at least 5 times in
individual cultures of iPSC CMs, and from each staining, at least 10 cells
were imaged and analyzed. Images were taken on a laser scanning
confocal microscope (Leica SP8, Mannheim, Germany) using 63x oil
immersion objective (1.4 NA). Samples were excited in sequential scans
using laser excitation at 405 nm, 488 nm, 552 nm and 638 nm. Emission
spectra were selected via tunable filters and emission was detected
using photomultiplier tubes (PMT) and hybrid detectors (HyD). High
resolution images were taken using the acquisition software LAS X (by
Leica). Images were further processed in ImageJ. Using a special plugin
of ImageJ (TTorg) designed to measure t tubular distances [49], a ac
tinin stainings indicating sarcomeric Z discs were analyzed and sarco
mere lengths calculated.

2.5. Live cell imaging

For all live cell imaging experiments, standard bath solution was
cardiac Tyrode's solution containing (in mM): NaCl 140, KCl 5.4, CaCl,
1.8, MgCl, 1.1, HEPES 5, glucose 10, pH 7.4.

2.5.1. Plasma membrane staining

Cells of either culturing condition were stained with the fluorescent
membrane dye di 8 ANEPPS for live imaging. Cells were incubated in
0.5uM di 8 ANEPPS (ThermoFisher Scientific) in normal Tyrode's so
lution for 5 min at RT without light exposure. Just before live imaging,
cells were washed twice in Tyrode's solution for removal of any un
bound dye. To avoid contractions during imaging, 3 uM blebbistatin
(1760, Tocris Bio Techne, Wiesbaden Nordenstadt, Germany) was
added to the bath solution.

2.5.2. Calcium imaging of spontaneous and triggered activity

Spontaneous Ca®* release activity of iPSC CM was recorded using
the Ca?™ sensitive fluorescent dye Fluo4 (from a 10mM Fluo4 AM
stock solution dissolved in DMSO, ThermoFisher Scientific). Cells were
loaded with 3 pM Fluo4 diluted in Tyrode's solution for 30 min at RT.
Cells were recorded 10 min after washing with Tyrode's solution for de
esterification. Global superfusion with fresh Tyrode's solution at the
speed of 1 drop/s avoided depletion of nutrients. Spontaneous Ca®™*
transients were recorded using linescan imaging. Additional experi
ments were performed while pacing cells with a field stimulator
(Myopacer, IonOptix, Dublin, Ireland). Using a stimulation amplitude
of 15V and a frequency of 1 Hz, cells were paced 10 times. During and
after pacing, linescan images were recorded to capture spontaneous and
triggered Ca®" transients.

Full frame and linescan images were taken on a laser scanning
confocal microscope (Olympus Fluoview FV1000, Hamburg, Germany)
using a 60x water immersion objective (1.2 NA). For acquisition of fast
Ca®™ signals, linescans were collected at 8 us/pixel, 4.7 ms/line and
8000 lines/image. Excitation wavelength was 473 nm and fluorescence
emission was collected between 490 nm and 545 nm. Linescans were
analyzed in ImageJ. Analysis comprised frequency of spontaneous Ca®*
transients, temporal delay between triggered and spontaneous Ca®*
transients, Ca?" transient kinetics (full duration at half maximum
FDHM, rise time constant t, decay time constant k). Caffeine induced
(10mM) Ca?™ transients served as SR Ca?* load controls and were
analyzed to calculate fractional release and SERCA contribution of
Ca®* reuptake after release [22]. All experiments were performed at
RT.

2.6. Data analysis and statistics

Imaging data were analyzed using ImageJ. Data were further pro
cessed in OriginPro® (OriginLab Corporation, Northampton, MA, USA)
for statistical analysis and graph design. Illustrations and figures were
produced in CorelDraw X6 (Corel Corp., Ottawa, Canada). For data
analysis, mean, standard error of mean (SEM), standard deviation (SD)

and coefficient of variation were calculated, n equals number of ana
lyzed cells. Statistical significance was tested using two sample
Student's t test and one way ANOVA. Significant differences in data sets
are indicated by * for P < 0.05, ** for P < 0.01 and *** for
P < 0.001.

3. Results

Cells growing in 3D micro scaffolds show structural reorganization
of subcellular microarchitecture. When iPSC cardiomyocytes (iPSC
CMs) grow on a planar surface like conventional coverslips or the
bottom of cell culture dishes, they are flattened and do not reveal any
defined axis formation or shape. As a consequence, the subcellular ar
rangement of intracellular organelles and the myofilaments mostly
appear in no particular organization. If myofibrils are formed, they are
not regularly arranged. In contrast, freshly isolated adult ventricular
cardiomyocytes appear as almost cuboid shaped large cells with a
clearly visible longitudinal axis, along which the cells contract after
stimulation. Strict parallel alignment of myofibrils enables optimal
force production during contraction as compared to cells with myofi
brils that are not organized and span into different directions. To in
vestigate the effects of cell shape on their subcellular structural orga
nization, iPSC CMs were seeded into 3D scaffolds prepared by DLW
(Fig. 1A) of hexagonal and rectangular forms (Fig. 1B) and cultured for
several days. Cuboid 3D scaffolds were prepared based on the rectan
gular structure of adult cardiomyocytes with dimensions that were
previously published and successfully used in 2D stamping techniques
with premature neonatal cardiomyocytes. Optimal length to width
ratio of 2D printed rectangles for the development of cellular anisotropy
in single neonatal cardiomyocytes was reported to be above an aspect
ratio of 2:1 [50]. We have optimized the dimensions for the technique
of direct laser writing (22 X 55um, 20 um height) so that during
seeding, one spheric cells would drop into each of the 3D shapes, settle
down and adhere to the growth surface and scaffold walls, elongate and
also grow in height. For direct control experiments, hexagonal 3D
shapes of similar surface area and height (s = 22 pym, h = 20 um) were
designed that do not permit any elongation of the cells during culture.
Instead, the cells keep a similar shape as if they were grown without
any given pattern, but within a confined surface area. Cells adopted the
form of the given 3D scaffolds within 2 3 days. After 5 days in culture,
iPSC CMs were fixed and immunostained to visualize the orientation of
myofibrils. iPSC CMs growing on a uniformly coated 2D surface, re
ferred to as non patterned, NP, were stained for the sarcomeric Z line
protein a actinin, which is oriented perpendicular to the long axis of
the myofibrils (Fig. 1C). For comparison, a single ventricular cardio
myocyte freshly isolated from adult heart revealed regularly spaced and
parallel a actinin signals indicating precise alignment of myofibrils
along the long axis of the myocyte (Fig. 1D). Orientation of myofibrils
in iPSC CMs grown in hexagonal 3D scaffolds (Fig. 1E) strongly re
sembles the diffuse distribution pattern in NP cells. In contrast, cells
growing in cuboid 3D scaffolds show a remarkable reorganization with
strong parallel alignment of their myofibrils as indicated by corre
sponding a actinin stainings (Fig. 1F) similar to the sarcomere pattern
of adult cardiomyocytes. Analysis of the sarcomere lengths of NP and
reshaped cells using a actinin staining representative for the Z discs
revealed no significant differences in the sarcomeric distances. Sarco
mere lengths amounted to 1.70 * 0.07um in NP cells (n =5),
1.69 = 0.02pum in cuboid cells (n = 7) and 1.64 * 0.05um in hex
agonal cells (n = 7) (P > 0.05, using one way ANOVA), demonstrating
that there was no effect of reshaping on myofibril organization at the
level of sarcomere length. These initial experiments convincingly de
monstrate that forcing single iPSC CMs to grow in rectangular shapes
leads to structural reorganization of myofilaments and orientation of
contractile myofibrils reminiscent of mature cardiomyocytes.

Structural remodeling leads to membrane invaginations. Apart from
their unspecific natural shape, iPSC CMs also differ from adult



3D-shaped rectangular cell

Fig. 2. Structural remodeling of iPSC-CMs in 3D-scaffolds. Live cell imaging of the sarcolemma using di-8-ANEPPS in two magnifications in NP cells (A), rectangular-
(B) and hexagonally-shaped iPSC-CMs (C). Note the strong membrane invaginations in 3D-shaped cells compared to NP cells. White boxes in the upper rows indicate

area of magnification. White arrows indicate location of membrane invaginations.

cardiomyocytes by the lack of t tubules. Using the fluorescent mem
brane dye di 8 ANEPPS, the sarcolemmal structures were recorded in
live cells. Under these experimental conditions, the fluorescent signal
indicates the plasma membrane outlining the cells (Fig. 2). In NP iPSC
CMs growing on uniformly coated 2D surfaces, no membrane foldings
or invaginations were present (Fig. 2A). In contrast, cells grown within
3D scaffolds revealed fine tubular membrane invaginations protruding
from the cell periphery or from the top surface deep into the cell (cu
boids in Fig. 2B, n = 5, and hexagons in Fig. 2C, n = 3). Interestingly,
rectangular shaped cells showed strong tubular invaginations mainly
from the end poles of the cell, indicative of early stages of membrane
remodeling towards the formation of t tubules.

Ultrastructural analysis of rectangular shaped iPSC CMs revealed
sarcolemmal t tubule like structures. The presence of t tubule like
structures was further investigated by electron microscopy. In com
parison with adult cardiomyocytes, which revealed a well organized
microarchitecture, densely packed mitochondria between parallel
aligned myofibrils and regular t tubules at the level of the Z lines
(Fig. 3A), NP iPSC CMs exhibited chaotic arrangement of myofilaments
and mitochondria with no recognizable t tubular structures. In rectan
gular shaped iPSC CMs grown in 3D micro scaffolds, however, the
sarcomeric units were more regularly organized in clearly structured
units and parallel to the scaffold wall (Fig. 3A and B). Furthermore, in
some specimen, regular t tubule like and even dyadic structures of
sarcolemmal and adjacent SR membranes could be identified near the
Z line (Fig. 3B). This is the first experimental evidence that structural
remodeling by change of cell shape leads to t tubule like membrane
invaginations.

Reshaping of cells leads to increased cell height. In addition to the
subcellular reorganization of myofilaments, membrane compartments
and other organelles, culture of iPSC CMs in scaffolds with limited
space may force the cells to grow in height. Single cells were analyzed
by confocal imaging in the z dimension and cell height was measured.
In contrast to NP cells (8.0 = 0.6 um, n = 10), iPSC CMs in rectangular
or hexagonal shapes exhibited significantly increased cell height
(Fig. 3C; 16.6 = 1.4um, n=10; 17.4 = 1.0um, n = 10, respec
tively). The increase in height may enable reorganization of organelles

and development of new microcompartments and their specific spatial
relation with direct consequences on cardiomyocyte function.
Expression pattern of Ca®>* handling proteins reveals reorganization
in rectangular shaped iPSC CMs. In the next step, we wanted to in
vestigate the effect of structural remodeling on the Ca®* regulatory
mechanisms in iPSC CMs. For this purpose, we first looked at the ex
pression of relevant proteins that are known to be critical for Ca®*
handling in cardiomyocytes. The tested proteins comprised the L type
Ca®* channel (Ca,1.2) as key Ca®* influx pathway for EC coupling, the
RyR2, which is the most important Ca®>* release channel in the SR, but
also the inositol 1,4,5 trisphosphate receptor (IP3R), which is known to
be expressed in immature cardiomyocytes, and SERCA, the main Ca®*
ATPase relevant for refilling the SR after Ca®* release. In principle,
iPSC CMs express all key Ca®* handling proteins needed for the control
of contraction. Fig. 4A illustrates the expression of these proteins in NP
iPSC CMs. Interestingly, despite the absence of well developed t tu
bules, Ca,1.2 expression was closely linked to a actinin expression re
sulting in a characteristic striation pattern hinting toward the location
of costameres. The strong expression of IP3R indicates a possible con
tribution of IP; mediated Ca®" release to Ca®>* cycling in these cells,
reminiscent of immature native cardiomyocytes. SERCA protein ex
pression revealed mostly a dotted and diffuse expression pattern, al
though regionally small areas of striation pattern could be detected
indicating the SR organization along myofibrils. RyR2 revealed strong
expression levels in all iPSC CMs (Fig. 4B). In cells grown in hexagonal
3D scaffolds, small areas were discernible, where dotted RyR2 expres
sion followed a regular striped expression pattern. However, in cells
grown in rectangular 3D scaffolds, RyR2 expression was highly orga
nized in a striation pattern indicative for a well developed SR network.
The improvement of RyR2 expression was demonstrated in line profiles
showing the regular spacing of fluorescence peaks in cuboid cells
compared to the punctate expression pattern in hexagonal cells, which
also indirectly indicate the arrangement of the SR (Fig. 4B). Since
Ca,1.2 and RyR2 are the main key players determining EC coupling in
cardiomyocytes, shape dependent changes in expression pattern were
investigated in double stainings. Representative expression patterns of
Ca,1.2 and RyR2 in NP and cuboid cells are depicted and analyzed in
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Fig. 3. Ultrastructural changes of cardiomyocytes by structural remodeling. A) from left to right: sarcomeric units (SU) in an adult cardiomyocyte, NP iPSC-CM, and
iPSC-CM grown in a cuboid scaffold (R) showing parallel alignment of myofibrils. B) Left top: detail of cell membrane next to scaffold wall; left bottom: regular
arrangement of tubular structures (indicated by arrows) along Z-lines of myofibrils. Right image: detail of sarcolemmal and sarcoplasmic reticulum tubules (arrow)
near Z-line. A, actin filaments; M, myosin filaments; MF, myofibril; Mit, mitochondrium; N, nucleus; SU, sarcomeric unit; TT, transverse tubule; Z, Z-line. C)
Schematic illustration (left) and quantitative analysis (right) of iPSC-CM growth on NP surfaces and within 3D-shaped rectangular structures (R). Growth direction is
indicated by green arrows (—) whereas growth limitations are marked in red (3<>). Analysis of cell height in NP, R and hexagonal (H) iPSC-CMs.

images shown in Fig. 4C. While Ca,1.2 expression showed numerous
areas of regular striation pattern with a peak to peak distance of
~1.7 um, the length of one sarcomere, RyR2 expression was mainly
dotted in NP cells, as reflected by a low degree of fluorescent signal
overlap. In contrast, in cuboid shaped iPSC CMs, there is significant
degree of overlap of peak expression of both Ca®* channels, exhibiting
strong regular striation pattern across the cell and perpendicular to the
long axis and myofibril orientation. Line profiles of RyR2 and Ca,1.2
expression confirmed the spatial synchronization and clustering with
peak to peak distances corresponding to the length of sarcomeric units.
These data indicate reorganization of Ca,1.2 and RyR2 Ca®* channels
relative to each other in rectangular shaped cells bringing them in close
proximity. In the next set of experiments, we investigated whether the
structural rearrangement also resulted in functional adaptations of
Ca®* handling in 3D shaped iPSC CMs with a higher degree of orga
nization.

Structural reorganization significantly influences Ca*>* handling in
iPSC CMs. To investigate the effect of shape on function, spontaneous
Ca®™ transients were imaged and analyzed. For this set of experiments,
cells were grouped according to 4 different phenotypes: cells grown on
non patterned 2D surfaces without any defined shape (NP), so called
shaped cells (S), which were NP cells that occasionally adopted a
longitudinal shape (< 2% of all NP cells), and cells grown in

rectangular (R) or hexagonally (H) shaped 3D scaffolds. Cells were
loaded with the Ca®™ sensitive fluorescent indicator Fluo4 and confocal
linescan images were recorded over the duration of 6 s. Representative
linescans and line profiles from the 4 distinct phenotypes are sum
marized in Fig. 5A. The frequency as well as the Ca®" transient dy
namics in terms of FDHM were analyzed. Frequency of spontaneous
depolarizations and Ca®* transients was significantly faster in all
shaped cells and highest in cells grown within 3D scaffolds (Fig. 5B).
Along the same lines, Ca®" transients of NP cells were significantly
slower in their decay kinetics compared to shaped cells (Fig. 5C). In
contrast to NP cells, the FDHM was significantly reduced in S, R and H
cells. However, no major differences were detected between R and H
cells. Both, faster frequency and FDHM are indicative for a higher ef
ficiency of Ca®* handling in shaped iPSC CMs.

iPSC CMs grown in scaffolds show significant improvement in Ca®*
reuptake mechanisms. To further explore the functional consequences
of cell growth in 3D scaffolds on Ca®>* homeostasis, iPSC CMs were
exposed to electric field stimulation. For this last set of experiments,
two protocols were applied. First, cells were paced at 1 Hz for 10 times,
and confocal linescans of Fluo4 signals were collected during the last 5
pulses to record steady state Ca®* transients and recovery of sponta
neous activity after pacing. Second, directly after pacing, 10 mM caf
feine was applied to empty the SR Ca®* store. Again, the time to
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recovery of spontaneous activity was assessed. Fig. 6A illustrates the
details of the experimental protocols. Three groups of different cell
phenotypes were investigated: NP cells growing on 2D surfaces (red),
cells grown in rectangular (R, green) and hexagonal (H, blue) 3D scaf
folds. Fig. 6B D shows representative linescan images and line profiles
of the different cell shapes. The frequency of Ca®* transients after re
start of spontaneous activity is summarized in Fig. 6E. In accordance
with our previous analysis (Fig. 5), we could observe that after pacing,
NP cells had a lower frequency of spontaneous Ca®* transients than R
or H cells in 3D scaffolds. In Fig. 6F, the pause after pacing until the

SERCA

Fig. 4. Expression patterns of Ca?* handling pro-
teins in iPSC-CMs relative to sarcomeric a-actinin: A)
left: L-type Ca®* channel Ca,1.2 (red) and a-actinin
(green), middle: IPs-receptor (red) and a-actinin
(green), right: SERCA2 (green) and actin (red). White
boxes indicate magnified areas of the images shown
below. B) RyR2 staining in 3D-shaped hexagonal
(left) and cuboid iPSC-CMs (center) with corre-
sponding line profiles of RyR2 expression pattern
and its new organization in rectangular cells (right).
C) Ca,1.2 (green) and RyR2 (red) expression pattern
in NP cells (top images) and in rectangular shaped
cells (bottom images). Note the reorganization of
Ca,l1.2 (green) and RyR2 (red) from a punctate ex-
pression pattern of RyR2 in NP cells to the new lo-
cation near Ca,1.2 in rectangular 3D-shaped iPSC-
CMs. Overlay images are shown in large, separate
channels in small images. Line profiles on the right
side indicate clustering of Ca,1.2 and RyR2 espe-
cially in cuboid iPSC-CMs.
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restart of spontaneous Ca®* transients was evaluated. Intermission of R
or H iPSC CMs was significantly reduced until restart of spontaneous
activity. However, 20% of NP iPSC CM did not reach any recovery of
spontaneous activity after pacing and therefore no Ca®* transients were
detectable and no duration of pause could be defined in the recorded
linescans (data not shown). Next, the number of Ca2* transients (peaks)
after caffeine dependent Ca** depletion of the SR was counted for the
duration of the linescan recording (20 s, Fig. 6G). Both, R and H iPSC

CMs presented significantly more Ca®* transients than NP cells. Next,
triggered Ca®™ transients were analyzed for their kinetics. NP cells had
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Fig. 5. Analysis of spontaneous Ca" transients in differently shaped iPSC-CMs. A) Representative linescan images and corresponding plot profiles of spontaneous
Ca®” release events and Ca®" transients in an NP cell, shaped cell, and cells growing either in a rectangular or hexagonal 3D-scaffold. Please note the different Ca®*
transient morphologies depending on the cell shape. B) Statistical analysis of the frequency of spontaneous Ca** transients for NP iPSC-CMs (NP: 0.40 + 0.02 Hz,
n = 67, red), shaped cells with long axis formation (S: 0.55 + 0.04 Hz, n = 18, purple), cells growing in rectangles (R: 0.89 + 0.09 Hz, n = 15, green) and hexagons
(H: 1.00 = 0.11Hz, n = 19, blue). C) Evaluation of FDHM of Ca>" transients in NP iPSC-CMs (NP: 577 + 53ms, n = 34, red), shaped (S: 288 + 27ms, n = 11,
purple), rectangular (R: 255 = 11ms, n = 11, green) and hexagonal cells (H: 238 + 22ms, n = 14, blue) revealed significantly faster Ca®>* reuptake dynamics in
differently shaped cells versus NP cells.

a significantly slower rise of intracellular Ca®* as evaluated by the time There was no difference in fractional release between the different cell
constant t than R or H cells (Fig. 6H). In addition, NP cells also showed shapes, which amounted in average to ~75% (Fig. 6J). Finally, the
a higher variability reflecting the high degree of heterogeneity and decay kinetics of the triggered Ca®* transients (ksystem, Fig. 6K) and the

immaturity of these cells in comparison to cells in 3D scaffolds, which caffeine induced Ca?* transients (Kcageine, Fig. 6L) were evaluated by
displayed significantly reduced coefficients of variation (Cy,r = 0.61 in measuring the decay time constant k by a monoexponential fit. While
NP cells vs. 0.34 and 0.36 in R and H cells, respectively). Similar to the ksystem comprises functional contribution of SERCA and NCX activity
tendency of spontaneous Ca®* transients, FDHM of triggered Ca®™* during Ca®* removal, kcaffeine mainly mirrors the activity of the NCX.
transients was significantly shorter in 3D shaped compared to NP cells Therefore, SERCA contribution to the decay kinetics was calculated by
(Fig. 6I). To assess the relationship of Ca?* released during pacing and the difference of ksystem and Kcagreine- The results revealed a significant
total SR Ca®* content, fractional release was calculated from peak increase in SERCA activity in R and H cells grown in 3D scaffolds

caffeine induced Ca®" transient and peak Ca®* transient amplitudes. (Fig. 6M). These data fit very well to the general observation that Ca®*
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Fig. 6. Ca®>" handling in stimulated iPSC-CMs. A) Illustration of two stimulation protocols for the analysis of restart of spontaneous activity after stimulation (00) and
after SR Ca* depletion with caffeine (@). Protocol O included 10 stimulations at 1 Hz, 20 mV. Linescans were recorded starting from the 6th stimulation and at rest
for 20's to record spontaneous activity. In protocol @ application of 10 mM caffeine triggered total SR Ca>* release. B-D) Sample linescans and line profiles of an NP
cell (B) and cells in a cuboid (C) or a hexagonal 3D-scaffold (D) using both stimulation protocols O and @. E) Frequency analysis of spontaneous Ca?™ transients after
stimulation during rest. NP cells showed slower frequency (NP: 0.32 *= 0.06 Hz, n = 18) in comparison to cells in rectangles (R: 0.53 = 0.05Hz, n = 17) or
hexagons (H: 0.55 = 0.09 Hz, n = 13). F) Analysis of the time after pacing until restart of spontaneous activity revealed significantly longer pause in NP iPSC-CMs
(4.86 += 0.82s,n = 18) compared with R cells (2.09 = 0.24s,n = 18) and H cells (2.24 = 0.39s,n = 13). G) Number of Ca?* transients after caffeine application
during linescan acquisition: NP cells revealed fewer Ca?" transients (0.8 = 0.2, n = 11) compared with R cells (8.0 = 0.7,n =9) and Hcells (8.1 + 1.1,n = 7).
H) Time constant of rise of triggered Ca?* transients in R cells (13.2 = 1.1ms, n = 18) and H cells (16.2 + 1.6ms, n = 14) showed significantly faster T than NP
cells (29.5 + 4.3ms, n = 18). I) Analysis of FDHM of triggered Ca®™ transients revealed faster reuptake mechanisms in R and H cells compared with NP cells. J)
Fractional release was not different in the three growth conditions and amounted to 69 + 5% in NP cells (n = 10), 74 + 5% in R cells (n = 9) and 73 * 3% in H
cells (n = 7). K-M) Decay time constants of triggered Ca®* transients (K), caffeine-induced Ca®* transients (L) and SERCA-dependent contribution to decay rate (M)

revealed significant increase in SERCA activity in cells grown in 3D-scaffolds.

transients have longer duration in NP cells. Most importantly, our
quantitative analysis of Ca®" transient kinetics demonstrates that
during structural remodeling in 3D scaffolds, a significant maturation
of the Ca®* handling processes takes place, especially regarding Ca®*
release (t,is.) and reuptake dynamics (ksgrca)-

4. Discussion

During cardiac development, numerous environmental cues influ
ence the structural and functional maturation processes that lead to the
complex phenotype of adult cardiomyocytes [5,23]. Regular pumping
activity comprising the periodic switch between contraction and re
laxation, mechanical load that induces passive stretch on cells, stimu
lating signals from pacemaker cells that synchronize electrical and
contractile activity, and humoral regulation by neighboring vascular
endothelial cells, fibroblasts as well as systemic activity are only some
of the mechanisms that have been identified to impact on cardiomyo
cyte maturation [4,24 27]. These are part of the difficulties that re
searchers are confronted with when cardiomyocytes are produced from
pluripotent cells. After successful differentiation, an immature cardio
myocyte phenotype is maintained, and it has yet not been possible to
maturate iPSC CMs showing adult characteristics in vitro, as it is basi
cally impossible to reproduce the natural conditions in a culture system.
The main goal of this work was to investigate the impact of structural
changes on one of the key aspects of cardiomyocyte function, namely
the control of Ca®>* homeostasis.

4.1. Structural remodeling of iPSC CMs in 3D scaffolds

In contrast to the cuboid like structure of adult ventricular cardio
myocytes, iPSC CMs grown on a planar surface do not naturally take the
form of adult cells, but stay rather flat with unspecific cell shape. This
might be attributable to the absence of cell neighbors in 3D and con
sequently also to the lack of directed activity during contraction. In our
experimental approach, we have tested the hypothesis that structural
alteration of iPSC CM shape influences cellular and subcellular micro
architecture. Single cells were forced to grow in rectangular shaped 3D
scaffolds and the consequences of structural remodeling were in
vestigated. In this novel cell culture setup, the scaffold walls served not
only as size limitation for cell growth and expansion, but additionally as
contact points for myocyte attachment. Our data demonstrate that
growth in the shape of a cuboid leads to the formation of a long cell axis
with strict parallel alignment of myofibrils. This novel arrangement of
the contractile apparatus resembles the organization in adult cardio
myocytes, as shown by the pattern of o actinin distribution.
Reorganization of myofibrils along the cell's long axis has strong impact
on the contractile behavior of the cell as contraction along only one axis
might enhance contraction amplitude and consequently force produc
tion [28]. Similar findings have been described before and confirm the
structural reorganization of iPSC CMs on 2D patterned substrates [29].
In the study of Ribeiro et al., the authors have investigated especially the
biomechanical properties of stem cell derived cardiomyocytes on 2D

printed rectangular patterns of different aspect ratios. Myofibril align
ment resulted in more mature sarcomere organization and strengthened
adhesion to the substrate at the cell extremities. In contrast, in the
present study we used 3D micro scaffolds to investigate the effect of
reshaping single cells in a rectangular 3D environment. In this model,
single cells have the possibility to adhere not only to the bottom sur
face, but also to the surrounding scaffold walls (which are equally
covered with extracellular matrix proteins). Our structural analysis
demonstrates that restriction of planar growth leads to increase in cell
height resulting in significant remodeling of subcellular structures. The
gain in 3D space may not only allow rearrangement of myofibrils and
organelles, but also alter diffusional space and dynamics for local and
global Ca®™ release events. Our structural analysis has further revealed
that the expression pattern of RyR2 changed from a dotted distribution
in unshaped and hexagonal cells to a strong and regular striation pat
tern in rectangular shaped cells. The distribution pattern of RyR2 is
indicative of a rearrangement of the SR from a disordered tubule system
to an organized subcellular membrane network oriented along myofi
brils. This new expression pattern of RyR2 is an important step towards
maturation of the Ca®* handling apparatus for efficient contractions as
it brings the main Ca®* release channel, and thus the activating Ca®*,
into close proximity to the myofibrils [30,31].

Another critical difference in the morphology between immature
and mature cardiomyocytes is directly related to the function of EC
coupling: in addition to the specific outer shape of adult myocytes, their
well organized network of t tubules located near the sarcomeric Z
plane functionally couples to the SR to form dyads, which serve as
structural basis for efficient CICR [32,33]. So far, natural development
of an orderly t tubule network has not been described in iPSC CMs [13].
Here, we have investigated the membrane outline and found no
membrane invaginations in NP iPSC CMs. However, in cells grown in
3D micro scaffolds, we repeatedly found membrane tubules that pro
truded inwards deep into the cell. Most prominent in rectangular
shaped cells, these membrane projections preferentially developed at
the cell poles, but also projected from the cell surface into the cell as
indicated in the top view of our images. This observation suggests that
the spatial limitation of cell expansion and the related increase in cell
height may trigger tubule formation. Currently, we can imagine three
scenarios to resolve the underlying mechanisms, which may be even
intimately linked to each other: 1.) The increase in cell height during
growth within the scaffold results in a larger cell thickness, which might
create a new need of the inner subcellular space and densely packed
compartments to develop membrane invaginations distances deep into
the cell for better signaling, enhanced supply with electrolytes and
nutrients, and reduction of diffusion, which is not required in very flat
cells with a naturally greater surface volume ratio. 2.) Wall adhesion
may increase passive stretch of the cell membrane during contraction
and activate mechanosensitive pathways, possibly ion channels of the
TRP family. Channel activity may activate intracellular signaling cas
cades to switch on certain gene programs for structural remodeling. 3.)
Mechanosensation may be conveyed by integrin receptor signaling
pathways and activate outside in signaling pathways to initiate



structural remodeling processes. Previously, the formation of a primi
tive t tubular network has only been achieved by overexpression of Bin
1, a protein required for membrane invagination and tubule formation
in striated muscle cells [34,35]. In a recent report, Bin 1 overexpression
induced strong membrane tubules in embryonic stem cell derived car
diomyocytes with strong impact on the expression patterns of Ca,1.2
and RyR2 [36]. So far, we can only speculate about the processes in
volved in the formation of t tubules, but it will be an interesting task to
investigate the putative mechanisms. Here, our data demonstrate for
the first time that it is sufficient to reshape iPSC CMs in 3D micro
scaffolds to induce tubule formation with positive consequences on the
structural and functional maturation of Ca®>* handling mechanisms.
The development of a t tubule like membrane network was further
confirmed by ultrastructural analysis, which revealed regularly ordered
tubules in direct vicinity of the sarcomeric Z disc in rectangular shaped
iPSC CMs. Furthermore, immunostainings uncovered strong re
organization of Ca,1.2 and RyR2 relative to each other leading to co
distribution of both Ca®* channels in the appearance of a striated
pattern suggestive of dyad formation as in mature cardiomyocytes.
Positioning of sarcolemmal membrane (containing Ca,1.2) and SR tu
bules (expressing RyR2) near to myofibrils has important functional
consequences, since the Ca®* regulating machinery needed for a pre
cise control of contraction is directly positioned to the place of action.

4.2. Functional remodeling of Ca®* handling in reshaped iPSC CMs

From disease conditions, we have learnt that cardiac function
strictly depends on structure and that pathophysiological structural
remodeling as for example in cardiac hypertrophy has severe con
sequences on EC coupling leading to reduced coupling efficiency be
tween Ca,l1.2 and RyR2 [37 40]. In developing cardiomyocytes, the
missing precise microarchitecture results in similar differences in Ca®*
handling compared to healthy and mature cardiomyocytes [41 43].
One hallmark of immaturity in iPSC CMs is the spontaneous beating
activity and the high propensity for spontaneous Ca®>" release events.
The mechanisms underlying automaticity have not yet been fully elu
cidated. However, the concept of a concerted interplay between the
membrane clock (describing the interplay of depolarizing and re
polarizing ion channels) and the Ca®* clock (comprising the sponta
neous Ca®* release and Ca®* removal machinery) mechanisms may
deliver the most probable explanation for the development of sponta
neous contractions [44,45]. The strong expression of IP3Rs in iPSC CMs
is another important indicator for an immature phenotype. In adult
ventricular cardiomyocytes, the IP3R is mainly expressed in the nuclear
envelope and probably responsible for excitation transcription coupling
rather than EC coupling, while in premature native cardiomyocytes,
IP3R is expressed throughout the cell [46]. In iPSC CMs, it is possible
that IP;Rs may be involved in the development of spontaneous Ca®*
release events and help to sustain the oscillatory activity. However, the
role of IPsR mediated Ca®* signaling in iPSC CMs remains to be elu
cidated in specific experiments.

iPSC CMs express all relevant Ca®* handling proteins that are in
volved in Ca®" influx, cytosolic Ca®* release and Ca®>* removal (our
data and [46,47]). Our experiments demonstrate that in NP cells,
spontaneous Ca®* release is characterized by low frequency and slow
Ca®>* removal mechanisms as indicated by the long lasting Ca®>* tran
sient duration. Reshaping iPSC CMs leads to significantly higher fre
quencies of spontaneous Ca®* transients and faster Ca®* recycling after
release. The differences in spontaneous beating frequencies and Ca®™*
handling properties between NP and 3D shaped iPSC CMs were also
confirmed by measuring the spontaneous Ca®* release characteristics
after a series of triggered Ca®* transients and emptying the SR Ca®*
store by caffeine application. In all conditions, 3D shaped iPSC CMs
revealed significantly stronger Ca>* handling mechanisms as indicated
by early and robust recovery after caffeine dependent Ca®™ release and
higher frequency of spontaneous beats. At first sight, it may appear

counter intuitive to have higher beating frequency as a result of ma
turation processes. However, this increase may have to be interpreted
as an improvement of overall Ca®>* handling during the Ca®>* release
reuptake cycles. Only optimal SR Ca®* reloading will provide sufficient
Ca®™ for the next release [48]. Therefore, picking up in speed may be
seen as the result of more efficient Ca®* recycling and a first step to
wards Ca®” signaling maturation.

In line with our findings on spontaneous Ca®"* release character
istics, analysis of electrically triggered Ca®* transients also revealed
faster Ca>* release and reuptake mechanisms in 3D shaped iPSC CMs
compared with NP cells. In line with the recent demonstration of en
hanced Ca®* transients in Bin 1 overexpressing ESC CMs [36], espe
cially the faster rising phase of Ca®* transients in our measurements
may indicate an increase in the coupling efficiency between Ca,1.2 and
RyR2. These functional data fit very well to our structural findings that
especially in rectangular shaped iPSC CMs, reorganization of the ex
pression pattern of Ca,1.2 and RyR2 leads to enhanced spatial clus
tering of both Ca®* channels, the basis for increased CICR. In future
studies, it will be interesting to use these novel 3D micro scaffolds for
detailed electrophysiological investigations of the development and
maturation of the EC coupling mechanism in reshaped iPSC CMs.

In addition, this is the first study that demonstrates faster decay of
the Ca®* transient in 3D shaped iPSC CMs. Detailed analysis of the
kinetics revealed significantly increased SERCA contribution while
sarcolemmal Ca®* removal mechanisms were not different. This en
hanced SERCA activity after Ca®" release is a direct evidence of im
proved Ca®?* handling mechanisms in 3D shaped iPSC CMs. Faster
Ca®* reuptake into the SR also explains the increased frequency and the
robust return to spontaneous beating activity after Ca®>* depletion. The
fact that we see functional differences between NP and 3D shaped cells
indicates that the increase in cell height and thus, the subcellular spatial
reorganization is a critical factor in the improvement of Ca®>* dynamics
in iPSC CMs.

Taken together, this study provides the first experimental evidence
that a change in cell structure leads to membrane tubule formation and
improved Ca®* handling of iPSC CMs.
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