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Cardiac tissue engineering describes techniques to constitute three dimensional force-generating engineered tissues. For the implementation of
these procedures in basic research and preclinical drug development, it is important to develop protocols for automated generation and analysis
under standardized conditions. Here, we present a technique to generate engineered heart tissue (EHT) from cardiomyocytes of different
species (rat, mouse, human). The technique relies on the assembly of a fibrin-gel containing dissociated cardiomyocytes between elastic
polydimethylsiloxane (PDMS) posts in a 24-well format. Three-dimensional, force-generating EHTs constitute within two weeks after casting.
This procedure allows for the generation of several hundred EHTs per week and is technically limited only by the availability of cardiomyocytes
(0.4-1.0 x 106/EHT). Evaluation of auxotonic muscle contractions is performed in a modified incubation chamber with a mechanical interlock

for 24-well plates and a camera placed on top of this chamber. A software controls a camera moved on an XYZ axis system to each EHT.

EHT contractions are detected by an automated figure recognition algorithm, and force is calculated based on shortening of the EHT and the
elastic propensity and geometry of the PDMS posts. This procedure allows for automated analysis of high numbers of EHT under standardized
and sterile conditions. The reliable detection of drug effects on cardiomyocyte contraction is crucial for cardiac drug development and safety
pharmacology. We demonstrate, with the example of the hERG channel inhibitor E-4031, that the human EHT system replicates drug responses
on contraction kinetics of the human heart, indicating it to be a promising tool for cardiac drug safety screening.

Video Link

The video component of this article can be found at https://www.jove.com/video/55461/

Introduction

Cardiac side effects such as the drug-induced long QT syndrome have led to market withdrawals over the past years. Statistics indicate that
about 45% of all withdrawals are due to unwanted effects on the cardiovascular system1. This drug failure after the expensive developmental
process and approval is the worst-case scenario for pharmaceutical companies. Research and development departments therefore focus on
detection of such unwanted cardiovascular effects early on. For economic and ethical concerns, efforts to reduce animal experiments and
replace them with new in vitro screening assays are ongoing.

A set of established assays are included in the United States Food and Drug Administration (FDA) and European Medicines Agency (EMA)
guidelines for preclinical evaluation of proarrhythmic drug effects®. The technology of reprogramming somatic cells followed by differentiation of
human induced pluripotent stem cells (hiPSC) boosted this research field®. It now offers the possibility to screen new drug candidates on human
cardiomyocytes in vitro and avoids issues with inter-species differences. Recent cardiac differentiation protocols“’5 provide unlimited supply

of cardiomyocytes without ethical concern. However, the measurement of contractile force, the most important and best characterized in vivo
parameter of cardiomyocytes, is not well established. This is related to the relative immaturity6 of human induced pluripotent stem cell-derived
cardiomyocytes (hiPSC-CM) as compared to the adult cardiomyocyte. A possible advancement is to engineer 3-dimensional heart tissue from
single cells’ (engineered heart tissue, EHT). The EHT protocol is based on embedding single murine or human cardiomyocytes&g‘10 in fibrin
hydrogel between two flexible polydimethylsiloxane (PDMS) posts11 in 24-well format. Within a few days the cardiomyocytes start to contract
spontaneously as single cells and start to form cellular networks. After 7-10 days, macroscopic contractions of the entire tissue are visible.
During this process the extracellular matrix is remodeled, which leads to a decrease of diameter and length. The shortening of the EHT results
in bending of the PDMS post even during rest, subjecting cardiomyocytes in the developing EHT to continuous load. EHTs continue to perform
auxotonic muscle contractions over several weeks. Human EHTs show responses to physiological and pharmacological stimulation indicating
their suitability for drug screening and disease modeling7.

In this manuscript we present a robust and easy protocol for the generation of human EHT, and the automated contractility analysis of
concentration dependent changes of the contraction pattern in the presence of hERG channel inhibitors.
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NOTE: The following steps describe a cell culture protocol. Please perform under sterile conditions and use pre-warmed media.

1. Cardiac Differentiation of hiPSC

1. Cultivate the hiPSC

1.

Coat 6-well plates (1 mL/well) or T75 flasks (7 mL/flask) with reduced growth factor basement membrane matrix (e.g. geltrex, 1:200;
see table of materials) diluted in Dulbecco's modified Eagle medium (DMEM) for 30 min at 37 °C. Prepare FTDA medium'? by mixing
basic DMEM/F-12 medium with 2 mM L-Glutamine, 0.5% penicillin/streptomycin, 5 mg/L transferrin, 5 pug/L selenium, 0.1% human
serum albumin, 1x lipid-mix, 5 mg/L insulin, 50 nM dorsomorphin, 2.5 ng/mL activin A, 0.5 ng/mL human TGFR1 and 30 ng/mL FGF2.
Seed hiPSC (~3 x 10% 10 cm?) in FTDA medium and culture at 37 °C, 5% CO,, 21% O, with daily medium change (Figure 1A). At 80%
confluency, passage (1:2-1:6) with ethylene diamine tetraacetic acid (EDTA; 0.5 mM; incubation time ~4 min).

2. Formation of embryoid bodies (EB)

1.

2.

3.

Cultivate hiPSC in T75 flasks to high density.
1. Wash flasks with confluent cells twice with phosphate buffered saline without calcium and magnesium (PBS) and incubate in 0.5
mM EDTA for ~10 min. Make sure the cells do not detach from the bottom of the flask.
2. Remove EDTA with glass pipette, flush off cells with 10 mL PBS, tap flasks at the bench to detach cells.
NOTE: Use cell scraper if necessary.
3. Collect cells in 50 mL conical tube, add %4 of volume (e.g. 10 mL RMPI to 40 mL cell suspension) RPMI 1640 medium (or any
other standard medium containing 1.8 mM calcium) and centrifuge at 250 x g for 5 min.

Resuspend cell pellet in FTDA medium supplemented with 4 mg/mL polyvinyl alcohol (PVA) and 10 uM Y27632 and count the cells in a
Neubauer chamber.

Fill the spinner flask with the cell suspension (30 x 10° cells/100 mL FTDA medium supplemented with PVA and Y-27632; see step
1.2.2) and initiate EB formation in spinner flasks (adjust rotor speed of magnetic stirrer to 40 rpm) in the cell culture incubator (37 °C,
5% CO,, 5% O;) over night.

3. Mesodermal differentiation

During EB formation, coat cell culture flasks suitable for suspension culture with non-ionic surfactant (14 mL/T175) over night at 37 °C.
The next morning, wash surfactant-coated flasks twice with PBS (30 mL/T175). Add PBS again and keep in the incubator until needed.
Remove the spinner flask from the incubator.

NOTE: Cell suspension should be clear with small macroscopically visible EBs (Figure 1B).

Transfer 50 mL suspension to a 50 mL conical tube and let EBs settle for 5-20 min.

Remove the supernatant and wash the pellet with 7 mL of RPMI 1640 supplemented with 2% PVA and 10 pM Y-27632. Transfer
suspension to a graduated 15 mL conical tube and estimate EB volume (~50-100 pL).

Transfer contents of the spinner flasks to uncoated T175 flasks and leave this on V-shaped rack for sedimentation for up to 20 min.
Remove supernatant and wash embryoid bodies as stated above. Do not fill the T175 flask with more than 200 mL as sedimentation
would take too long. If initial spinner flask volume exceeds 200 mL, split EB suspension to several T175 flasks and combine EBs again
after washing.

Remove washing medium and resuspend in medium for mesodermal differentiation, that is RPMI supplemented with 4 mg/mL PVA,
0.5% penicillin/streptomycin, 10 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), 0.05% human serum albumin, 5
pg/mL transferrin, 5 ng/mL sodium selenite, 0.1% lipid mix, 250 uM phospho-ascorbate, 10 uM Y-27632, 10 ng/mL bone morphogenic
protein-4 (BMP-4), and 3 ng/mL activin A, 5 ng/mL stable FGF2.

Remove PBS from surfactant-coated T175 flasks and fill with cell suspension (200 yL EBs in 40 mL). Use smaller flasks for smaller EB
volume.

Cultivate EBs in suspension for three days (37 °C, 5% COs, 5% O,). Exchange 50% of the medium (same composition as in step 1.3.7)
every day (use V-shaped sedimentation rack). Prepare medium fresh every day prior to feeding.

4. Cardiac differentiation

1.
2.

3.
4.

Prepare new surfactant-coated vessels the day before and handle as stated above (1.3.2).

After three days of mesodermal induction, let EBs settle for up to 5 min on sedimentation rack. Remove most of the medium and wash
with RPMI 1640 supplemented with 0.5% penicillin/streptomycin and 10 mM HEPES.

Transfer 10 mL of EB suspension to graduated 15 mL tube and estimate EB volume after sedimentation.

Resuspend EBs carefully in cardiac differentiation medium consisting of RPMI 1640 supplemented with 0.5% penicillin/streptomycin,
10 mM HEPES, 0.05% human serum albumin, 5 pg/mL transferrin, 5 ng/mL sodium selenite, 0.1% lipid mix, 250 yM phospho-
ascorbate, 1 pM Y-27632, 100 nM Whnt-inhibitor DS-1-7"2.

Transfer EBs to new surfactant-coated cell culture flasks (~200 yL EBs in 46 mL/T175).

Incubate for three days (37 °C, 5% CO,, 21% O,) with 50% medium change (medium composition see step 1.4.4) on the second and
third day. Do not change the medium within the first 48 h.

Incubate in medium consisting of RPMI 1640 supplemented with 500 uM 1-Thioglycerol, 10 mM HEPES, 0.5% penicillin/streptomycin,
1 M Y-27632, 2% serum-free neural cell culture supplement (e.g. B27) with insulin, 100 nM Wnt-inhibitor DS-I-7 with daily exchange of
50% medium for the next four days. EBs should start beating within this period.

After one week of cardiac differentiation, switch to the same medium without Wnt inhibition and with serum-free neural cell culture
supplement. Change 50% of the medium every day, except for the first day.

5. Dissociation of human cardiomyocytes
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NOTE: After two weeks of differentiation protocol, EBs should show spontaneous contractions (Figure 1C). If so, start dissociation and
prepare collagenase solution.
Prepare collagenase solution by weighing and solving 200 U/mL in calcium-free Hanks' balanced salt solution without calcium/
magnesium (HBSS) and add 1 mM HEPES, 10 uM Y-27632, 30 uM N-benzyl-p-toluene sulphonamide (BTS). Sterilize by filtering (0.2-
um filter) and store aliquots at -20 °C. Thaw aliquots at 4 °C over night.
2. Settle EBs on sedimentation rack, aspirate medium and replace with 20-25 mL pre-warmed HBSS. Repeat this washing step once
more.
3. Aspirate HBSS and replace with pre-warmed collagenase solution (15 mL/T175). Incubate for 4 h in the cell culture incubator (37 °C,
5% CO,, 21% O,).
4. Prepare blocking buffer with DMEM supplemented with 1% penicillin/streptomycin and DNase (12 pg/mL).
5. Tap the cell culture flasks on the bench, dissociated EBs should disintegrate and fall apart (if not, increase incubation time). Gently
triturate cell suspension and transfer to a conical 50 mL tube. Wash flasks with blocking buffer (15 mL/T175) and transfer to tube.
6. Centrifuge for 10 min at 100 x g. Resuspend cells in warm DMEM, triturate and count cells.

2. Generation of Engineered Heart Tissue (EHT)

1.

10.

1.

Autoclave commercially available PDMS racks and polytetrafluorethylene (PTFE) spacers (see Materials and Equipment spreadsheet;
Figure 2) and prepare the following solutions under sterile conditions, one day prior to EHT generation.
1. Prepare 2% agarose by weighing and dissolving in appropriate volume of PBS, autoclave, immediately store at 60 °C.
2. Prepare aprotinin (33 mg/mL) by weighing and dissolving in appropriate volume of aqua ad iniectabilia, filter sterile (0.22-um filter),
aliquot and store at -20 °C.
3. Prepare fibrinogen (200 mg/mL) by dissolving sterile fibrinogen in appropriate volume of sterile 0.9% NaCl (lukewarm), aliquot and
store at -20 °C.
4. Prepare thrombin (100 U/mL) by dissolving sterile thrombin in three parts sterile PBS and 2 parts aqua ad iniectabilia, aliquot portions
of 3 pL in small tubes and store at -20 °C.
5. Prepare 10x DMEM by dissolving 670 mg 10x DMEM powder in 5 mL aqua ad iniectabilia, filter sterile and store at 4 °C.
6. Prepare 2x DMEM by mixing 2 mL 10x DMEM with 2 mL heat-inactivated horse serum, 0.2 mL penicillin/streptomycin and 5.8 mL aqua
ad iniectabilia, filter sterile and store at 4 °C.
7. Prepare EHT-casting medium (ECM) by mixing DMEM with 10% heat-inactivated fetal calf serum, 1% penicillin/streptomycin and 1% L-
glutamine (200 mM), store at 4 °C.

Prepare casting molds in 24-well plates by pipetting 1.6 mL warm agarose (2%, PBS) and placing the PTFE spacer (Figure 2A) into the
wells.
NOTE: Place spacer immediately after pipetting into a maximum of 8 wells - agarose solidifies very fast. Do not leave the agarose at room
temperature for longer than 5 min.
After agarose solidification (~10 min, agarose will turn opaque), remove the PTFE spacers (Figure 2C) and place the PDMS racks (Figure
2B) into the casting molds so that pairs of PDMS posts reach into each mold (Figure 2D).
Resuspend the cardiomyocytes in ECM with a minimum concentration of 15 x 10° cells/mL.
Prepare 110% of the estimated volume of reconstitution mix in a round bottom 15-mL tube on ice.For 24 EHTs, pipette the reconstitution mix
listed in Table 1 for human, rat or mouse cardiomyocytes, respectively (10% extra is included).
NOTE: Cell concentration of the reconstitution mix is different for human (10 x 10° cells/mL), rat (4.1 x 10° cells/mL) and mouse (6.8 x 10°
cells/mL) EHTs. Depending on the concentration of the cell suspension, add additional ECM to a final volume of 2,640 pL. Fibrinogen has
to be lukewarm for pipetting. Slowly fill the tip of the pipet and do not touch the surface of the cold reconstitution mix with the fibrinogen-
containing pipet when adding fibrinogen to the reconstitution mix - the viscosity of the fibrinogen in the pipette tip would increase immediately.
Triturate the reconstitution mix 10 - 15 times with a serological pipette until the fibrinogen clot is dissolved. Check the reconstitution mix in the
pipette for homogeneity.
For each EHT, pipet 100 pL reconstitution mix in one thrombin aliquot (3 pL in 200 pL tube), mix and pipet the mixture into the agarose-slots
as quickly as possible (Figure 2E). Use a new filter tip for each EHT. Resuspend the reconstitution mix (trituration with serological pipette
5-10 times) after every 8 EHTs.
Once all slots are filled with reconstitution mix, close the lid of the cell culture dish and incubate at 37 °C, 7% CO, for 2 h.
Remove the plate from the incubator and place under a sterile hood. Cover each well with a small amount of medium (e.g. DMEM,
approximately 200 - 500 pL), shake the plate gently and incubate again at 37 °C for at least 10 min. The addition of DMEM will ease the
removal from fibrin gels from agarose casting molds.
Prepare a new 24-well plate with 1.5 mL EHT-medium per well consisting of DMEM supplemented with 10% heat-inactivated horse serum,
1% penicillin/streptomycin, 10 pg/mL insulin, 33 pg/mL aprotinin.
Carefully remove the PDMS racks from the agarose casting molds and transfer them to the medium-filled 24-well plate (Figure 2F).
Place the dish back in the incubator (37 °C, 7% CO,, 40% O, for human and rat EHTs, 21% O, for mouse EHTs) and feed Mondays,
Wednesdays and Fridays with freshly prepared EHT-medium. EHTs should show spontaneous contractions deflecting the posts of
the PDMS racks 7-10 days after casting (Figure 1D, 2G).

1. For mouse EHTs add 25 pg/mL of 5-cytosine BDarabinofuranoside to culture medium for 48 h to limit fibroblast proliferation.

3. Contraction Analysis

NOTE: The contraction analysis is based on video-optical recording in a commercially available EHT analysis instrument (see Table of
materials). The central unit of this instrument is an incubation chamber (Figure 3A). The software provided with the instrument calculates
contraction force based on deflection of the PDMS posts with known elastic modulus and geometry11 (Supplementary Figure 1).
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1. Turn on the heating device of the machine 2 h prior to the measurement. Turn on gas supply and electronic supply of the axis system
immediately prior to the contraction analysis.

2. For baseline recording (reference point in the analysis), place the 24-well-plate with the EHTs in EHT-medium into the EHT analysis
instrument and start the contraction analysis software according to supplier manual.

1.

2.

Click the "Protocol" tab on the right panel and enter relevant information regarding study name, user, species, cell type, age, recording
length and additional remarks.
Click the "Camera view" tab on the left panel and start camera live mode with automatic figure detection mode. Click the "Setup" tab
on the right panel andadjust the camera position with the xyz coordinates for each well in the 24-well-dish. Make sure the EHT is in the
center of the window and in focus of the camera.
1. Make sure the lid of the cell culture dish is not foggy as this will impair figure recognition and contraction analysis.
NOTE: The figure recognition algorithm is based on detecting high contrast areas and monitoring their change in position. In the
software these areas of figure recognition will be marked with a blue cross that moves with the contractions of the EHT.
2. Make sure that the positions of the blue crosses are at both the top and bottom ends of the EHTs and moving only vertically
matching the contractions of the EHTs (Figure 3B). Save setup positions of each well by pressing the button "position ok".

Next, click the "Parameters" tab on the left panel. The parameters displayed here define the criteria by which the software identifies

a contraction peak and marks it with a green square. These values are very important for correct identification of contraction peaks
(Figure 3C) and no false data points (Figure 3E-F).

NOTE: A list of species dependent parameters and examples is depicted in Figure 3H. For further details, please consult the software
manual.

Click the "Automatic” tab on the right panel and initiate the analysis by activating the "Start" button. The software will move sequentially
from one well to the next, record EHT contractions and calculate force during recording (displayed in the "Real time" tab on the left
panel). At the end of the analysis, a pdf report summarizing the results will be generated automatically.

3. Save and analyze the pdf report the system generated to summarize the results.

4. Monitor the contractile parameters by repeated measurement over several days. The EHT will increase in contraction force until it has
reached a plateau (usually around day 15 of culture).

5. Drug screening

1.

11

12.

Prepare protein free Tyrode solution one day prior to measurement and equilibrate in 24-well plates (2 mL/well) in the cell culture
incubator (37 °C, 7% CO,, 40% O,) over night: 120 mM NaCl, 5.4 mM KCI, 1 mM MgCl,, 0.1-5 mM CaCl,, 0.4 mM NaH,PO,, 22.6
mM NaHCO3, 5 mM glucose, 0.05 mM Na,EDTA, 25 mM HEPES. Add calcium up to 1.8 mM or the previously determined [EC5g] to
investigate positive inotropic effects.

Weigh and dissolve the drug in DMSO and filter sterile, if necessary. Prepare 6 different 1000x-sub-stock solutions (in DMSO) of the
working concentration (e.g. 0.3, 1, 3, 10, 30, 100 uM for the respective nanomolar range).

Dilute the respective stock in the Tyrode plates (2 pL in each 2 mL well) and mix thoroughly. Place the plates back in the incubator until
needed.

Start the baseline measurement by taking the first Tyrode-filled 24-well-plate under the sterile hood and position carbon electrodes in
the wells. Transfer the PDMS racks with the EHTs placed on top of carbon electrodes, close the lid, put the plate back in the incubator
and wait for an equilibration period of ~ 30 min.

Transfer the EHTs from the incubator to the interlock in the EHT analysis instrument. Close the instrument and record spontaneous
baseline contractility (20 s/EHT).

Connect the carbon electrodes to the pacing cable and start electrical stimulation of the EHTs (2.5 V, 4 ms impulse duration, human:
~1 Hz, rat: ~2 Hz, mouse: ~4 Hz). Record the "paced" baseline (10 s/EHT). Ensure that all EHTs are properly paced. Stimulation
frequency and voltage might vary from cell line to cell line.

After baseline recording, remove the EHTs from the instrument and transfer the electrodes with the PDMS racks on top, to the 24-
well-plate with the first drug concentration. Transfer the EHTs back onto the interlock of the EHT analysis instrument immediately and
incubate there (standard drug incubation time e.g. 20 min).

Reconnect pacing cables, adjust figure recognition and record EHT contractions responding to the first drug concentration.

For the following drug concentrations, repeat step 3.5.7 and 3.5.8 with the 24-well-plates containing higher drug concentrations.

. Save all pdf recordings. Check each recording for figure recognition, correct positioning of green squares identifying contraction peaks

and artifacts (see 3.2.1 and Figure 3).

. Perform additional offline analysis if needed.

1. Choose the respective run from the "Runs" database on the left panel by clicking "Select run". In the "Parameter” tab on the left,
change parameter for contraction analysis. Now choose "Offline analysis" in the "Offline" tab on the right panel to reanalyze the
videos.

2. To adjust figure recognition and therefore record a new video file, choose "Sample review" after adjusting the figure recognition
in the "Real time" tab. NOTE: Sample review can only reanalyze one well at a time, whereas offline analysis can apply new
parameter for all wells by clicking the button "Use parameter on all wells" in the "Parameter" panel on the left. Both types of
offline analyzes will automatically create new data files and pdf displaying the results.

Analyze the experiment by combining the results of the biological replicates and summarize the data in concentration response curves
for frequency, contraction force, contraction time and relaxation time (Figure 5D) and/or graphical display of average contraction peaks
(Figure 5C).

NOTE: PDMS racks and PTFE spacer can be used repeatedly (PDMS racks max. 5 times, and PTFE spacer endlessly). After use,
clean them manually with water, boil twice in demineralized water and autoclave. Be aware of potential carry-over effects, when re-
using the racks, as drugs might be absorbed by the PDMS.
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Representative Results

Cardiac Differentiation and Preparation of EHT

HiPSC were expanded on reduced growth factor basement membrane matrix, dissociated with EDTA and embryoid bodies (EBs) formed in
spinner flasks overnight. After mesodermal induction for three days, cardiac differentiation was initiated with the Wnt inhibitor. After ~17 days
of differentiation protocol, beating EBs were dissociated into single cells with collagenase type Il (Figure 1). EHTs were prepared from freshly
isolated cardiomyocytes with 1.0 x 10° cells per 100 pL tissue immediately after EB dissociation (Figure 2). For preparation from frozen cells
(e.g. commercial suppliers), cells were thawed by drop-wise resuspension in medium and resuspended in ECM after centrifugation. Within 48
h, spontaneous beating of single cells was observed microscopically in the EHT. Over the next days, cardiomyocytes spread out longitudinally
along the force lines of the tissue, coupled and formed a coherently beating EHT. The macroscopically visible deflections of the PDMS posts
were measured with the EHT analysis instrument.

Contraction Analysis

Analysis of EHT contractility was based on video-optical recording (Figure 3). Within the system, the 24-well plate with EHTs was positioned in
the gas- and temperature-controlled incubator chamber with a glass roof. A camera connected to a motorized XYZ-axis was positioned above
this unit, and XYZ-coordinates were defined for each EHT with a software program. Analysis of each EHT was based on figure recognition at
the top and bottom ends of the tissue. An automated software algorithm analyzed the filmed EHT contractions and calculated force development
based on post deflection and elasticity/geometry of the PDMS posts (Supplementary Figure 1)11. After determination of peaks according to
predefined criteria, a pdf report summarized parameters of contractility for all EHTs (Supplementary Figure 2).

Stability in Long Term Measurement

Long term measurement of EHTs was performed in the continuous mode with automated repeated measurement every 20 min. Contraction
analysis showed no time-dependent changes (Post test for linear trend was not significant) in contraction force, beating frequency, contraction
time T1 or relaxation time T2 for up to 20 h, indicating a high level of stability (Figure 4). As with every biological sample though, the EHTs
show some level of variability, as expected for biological replicates. The variation coefficients at beginning and end of long term measurement
were 7/13% for force, 12/6% for frequency, 4/3% for contraction time and 4/3% for relaxation time, respectively (n = 4). This variability between
biological replicates is not an artifact of figure recognition or analysis as the results for each single EHT are reproducible and have low variability
(Supplementary Figure 2).

Drug Screening

Drug screening was performed in serum-free Tyrode's solution. Cumulative concentration response curves were generated with a maximum
DMSO vehicle concentration of 0.1%. Baseline contraction analysis showed very little irregularity in beating pattern and very low variability
between the replicates. Exposure to the hERG channel blocker E4031 resulted in a significant prolongation of the relaxation time (T2) at 10 nM
and irregular beating pattern at higher concentrations (Figure 5). For frequency controlled contraction analysis, measurements were optionally
performed with electrical stimulation using carbon electrodes.

4 4 — | i '_.__ ~y ! \

Figure 1: Cardiac differentiation. (A) Human induced pluripotent stem cells. Scale bar = 100 um. (B) Embryoid bodies at the beginning of
mesodermal differentiation. Scale bar = 100 pm. (C) Contracting embryoid bodies at the end of cardiac differentiation. Scale bar = 100 ym. (D)
Human engineered heart tissue. Scale bar = 1 mm. Please click here to view a larger version of this figure.
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Figure 2: Generation of Engineered Heart Tissue (EHT). (A) PTFE spacer. (B) PDMS rack. A, (B) Scale bar = 1 cm (C) Top view on a well of
a 24-well-plate with casting mold in agarose after removal of the PTFE spacer. (D) Pair of posts from the PDMS rack positioned in the casting
mold. (E) Reconstitution mix pipetted into the casting mold and around the PDMS posts. (F) Freshly generated EHT at day 0, transferred to a
new culture dish with medium. (G) Remodeled EHT in medium at day 15. Please click here to view a larger version of this figure.
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Figure 3: Contraction Analysis of Engineered Heart Tissue (EHT). (A) EHT analysis instrument with computer-controlled camera above the
gas- and temperature-controlled incubation chamber with EHTs in 24-well-culture dish on top of a LED panel. (B) Live view of an EHT during
analysis with the automated contraction analysis software. (C) Exemplary contraction pattern displaying contraction force over time measured
with 100 frames per second and enlarged schematic contraction peak, displaying the analysis garameter force, contraction time (T1), relaxation
time (T2), contraction velocity (CV), relaxation velocity (RV; this figure has been reprinted from and27). D-H: Parameters for contraction analysis.
(D) Examples of different filter levels (blue filtered line) affecting the figure recognition. Left: Filter level = 0. Note that no blue filtered line is
visible, but only the red original trace. Middle: Filter level = 3, indicating ideal recognition/analysis of the contraction peaks. Right: Filter level =
20. Note that the blue filtered lines are much smaller than the original traces indicating poor contraction peak analysis. (E) Example of arrhythmic
EHT contractions analyzed with a too high force threshold (left) and lower force threshold (right) with all peaks recognized. (F) Examples traces
of EHTs exposed to the sodium channel agonist ATX-Il resulting in a prolonged relaxation time with early after contractions. Note that the fourth
contraction peak on the left panel is not recognized (no green square) due to a too low minimum factor. (G) Examples of contraction peaks

with (right panel) and without (right panel) pink curve (first derivative of contraction curve, contraction and relaxation velocity). (H) Summary of
parameter recommendations for murine and human EHTs. Note that these parameters might need adjustment as contraction pattern changes
during drug exposure (see E, F). Please click here to view a larger version of this figure.
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Figure 4: Time Control During Long Term Measurement of Spontaneously Beating Human Engineered Heart Tissue (EHT). Time control
during long term measurement of spontaneously beating human engineered heart tissue (EHT). EHTs were positioned in the EHT analysis
instrument and incubated for a period of 20 h. Automated contraction analyses were performed every 20 min with not significant post-test for
linear trend (n = 4; data represent mean + standard deviation). Please click here to view a larger version of this figure.
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Figure 5: Effect of hRERG Channel Blocker E4031 on Human Engineered Heart Tissue (EHT).

(A) Exemplary contraction pattern at baseline. (B) Exemplary contraction pattern after incubation in 300 nM E4031. (C) Average contraction
peak (n = 4) of electrically stimulated EHTs at baseline (black) and after 30 min incubation in 100 nM E4031 (red). Analysis with 100 frames per
second. (D) Concentration response curves for E4031 on spontaneously beating human EHTs. Note the smaller effect size in T2 prolongation in
the electrically stimulated EHTs (Cz) vs. the spontaneously beating EHTs (D). One-way ANOVA, repeated measures with Dunnett's post-test vs.
baseline; * p <0.05; n= 4. Z' factor S for T2 prolongation at 300 nM E4031 is 0.75. Please click here to view a larger version of this figure.

Human Rat Mouse
Cells 26.4x10° 10.8x10° 18.0x10°
2xDMEM [pL] 147 147 147
Basement membrane matrix [uL] 264 - 264
Y-27632 [uL] 2.6 - -
Fibrinogen [pL] 66.8 66.8 66.8
ECM [uL] ad 2640 ad 2640 ad 2640

Table 1: Pipetting Scheme for Preparation of Reconstitution Mix for 24 Human, Rat and Mouse EHTs. Fibrinogen concentration is 5 mg/

mL for all EHTs. Note that cell concentration is different for each species. For human EHTs, add basement membrane matrix (e.g. matrigel, see
Materials Table) and Rho-kinase inhibitor Y-27632 to the mixture. For mouse EHTs, add basement membrane matrix. Depending on the initial

concentration of the cell suspension, add additional ECM to reach a total volume of 2,640 pL reconstitution mix.
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F: Contraction force

3EIS 3mwER*S E: Elastic modulus of the PDMS
= 13 = 4]3 I: Inertance of the PDMS
1 &: Deflection of the PDMS posts
| = —mR* L: Length of the PDMS posts

4

R: Radius of the PDMS posts

Supplementary Figure 1: Calculation Formula for Contraction Force Based on Post Deflection. Please click here to view a larger version
of this figure.
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Beats per minute: 54
Sum Force [mN]: 0.142 0.143 0.144 0.000
Sum T1{10%) [s] 0.130 0.138 0.140 0.004
Sum T2(10%) [s] 0.260 0.272 0.280 0.005
Sum T1{20%) [s] 0.120 0.125 0.130 0.005
Sum T2(20%) [s] 0.220 0.226 0.230 0.005
Sum T1(50%) [s] 0.090 0.098 0.100 0.004
Sum T2(50%) [s] 0.160 0.162 0.170 0.004
Sum FS [%] 10.095 10.095 10.095 0.000
Sum Resting length [mum] 5.168 5.168 5.168 0.000
Sum RR Scatter [s] 0.020
Sum CV [mN /5] 1.529 1.606 1.656 0.039
Sum RV [mN /5] 0.800 0.849 0.895 0.028

Supplementary Figure 2: Exemplary Data Excerpt from the Contraction Analysis Report of the Software.

Top: Contraction peaks over 20 s of time recorded with 100 frames/s (red: contraction force; pink: contraction velocity). Bottom: Analyzed
contraction parameter showing minimum, mean, maximum value and standard deviation of the 18 analyzed contraction peaks marked with a
green square (top). Please click here to view a larger version of this figure.

Engineered heart tlssue offers a valuable optlon to the tool box of cardiovascular research EHTs in the 24-well format have proven valuable for
disease modellng drug safety screening 78101115 , or basic cardiovascular research'®

Potential modlflcatlons of the basic EHT protocols include studies on cellular interaction with defined mixtures of cardiomyocytes and non-
cardlomyocytes 8 and afterload enhancement™ . Important aspects for troubleshooting include the quality of the input cell population and the
quality of fibrinogen. If the initial gel formation is irregular or not compact enough to stick to PDMS posts, or if the gel is rapidly degenerated
within a few days after casting due to low aprotinin concentration, EHTs generation will not be successful.

The following limitations have to be considered. (i) The throughput in 24-well format is not well suited for a primary screening setup, but is
sufficient for a secondary confirmation screen. (ii) The integrated readout of force, contraction kinetics and rhythm have low specificity, which
makes it difficult to link changes in force to specific molecular mechanisms. (iii) While the 3D culture format and the stretch imposed by bent
PDMS posts improve morphological and functional aspects of maturation, the lack of true intercalated discs, spontaneous beating, and lower
than normal adrenergic responses |nd|cate that full cardiac maturation is not yet achieved with this protocol. (iv) PDMS has been shown to
absorb different drugs to various extend'® and the actual effective concentrahon on the EHTs might vary. This bias might be more prominent in
chronic toxicity studies'® than those investigating acute drug effects”® and clearly depends on the drug at hand. As a consequence, any PDMS
rack exposed to drugs should be discarded after use and the potential absorption of different drugs will need to be taken into consideration when
analyzing the data. (v) Given the fact that 1x10° hiPSCs are required per EHT the costs per data point are high.
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The significance of this protocol compared to ex vivo heart contractility analysis is the potential to work in a human system, the lack of
experimental run-down, and the standardized production of EHTs which allows setting up large studies on specific genetic backgrounds (e.g.
disease modeling). In comparison to other hiPSC test systems (multi electrode array, impedance), this system analyzes contractile force as
the most important physiological parameter of cardiomyocytes in a three-dimensional structure and allows cultivation under defined load. EHTs
contract regularly and at stable force, frequency and rhythm over many hours and weeks, allowing long-term measurements and evaluation of
chronic toxicity. EHT analysis can be performed under electrical stimulation which is important with regards to the force-frequency relationship
of muscle contraction and its potential influence on drug effects. With regard to the immature status of the hiPSC-CM, electrical stimulation
has the potential to push the cells towards a more mature phenotypezo'2 and could be included in EHT maintenance. In addition, the EHT test
system provides high content readout including all standard histological parameters as well as biochemistry (RNA, DNA, protein isolation)”.
Potential future applications include aspects of drug development (target validation, safety pharmacology) and disease modeling in particular in
combination with CRISPR/Cas9 mediated generation of isogenic controls.

During maintenance of EHTs and performance of concentration-response curves, it is important to carefully follow instructions for sterile cell
culture procedures to avoid fungal contaminations during transfer of PDMS racks between 24-well plates. The most critical step with EHT
though, is the cardiomyocyte differentiation protocol. For the EHTs to form coherently beating muscle strips, the input population has to consist
of at least 60% cardiomyocytes. Fortunately, the differentiation protocols became more robust and efficient over the years and cardiomyocytes
are readily commercially available by now. The role of non-myocytes in the development of hiPSC-derived engineered heart tissue is not fully
understood, yet. Experiments with hiPSC-CM of high purity led to surprisingly good EHT7, but integration of other cell types into the tissue has
been shown to improve tissue function and might push the phenotype towards a mature physiology22'23’24. As the tissues are generated in a
24-well-format with one million cells per tissue, this platform is still rather expensive. Scaling down to a 96-well format is aspired, but so far
robustness outbalances this shortcoming. The protocol presented in this manuscript is technically very robust with little variability between the
replicates. The intra-batch variability is very low for the kinetics (mean coefficient of variation = 5%), and somewhat large for the spontaneous
beating frequency (mean coefficient of variation 10%) and contraction force (mean coefficient of variation 17%). The technique is very robust.
Across different experimenters, the efficiency to generate beating EHTs is >90% of casted hydrogels.

I.M., T.E. and A.H. are co-founders of EHT Technologies GmbH, Germany.
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