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Abstract

Engineered Heart Tissue (EHT) is a three-dimensional in vitro model that can resemble
the cell-cell interaction and tissue organization of the human heart. This in vitro model
can be patient-specific by using human-induced pluripotent stem cell-derived cardiomy-
ocytes (hiPSC-CMs); however, hiPSC-CMs have shown an immature phenotype which
does not resemble the in vivo situation. By introducing electromechanical stimulation,
the maturation phenotype can be improved, and as a result, higher contractile perfor-
mance of the hiPSC-CMs can be observed. The optimal electromechanical conditions
to improve maturation have not been determined. Therefore, this research focuses
on evaluating the effect of different cycles of electrical stimulation on the contractile
performance of hiPSC-CMs. Multiple stimulation cycles were tested over a period of five
days. The effect induced was evaluated on the physiological level by the change in the
force of contraction and spontaneous frequency as well as electrically by the excitation
threshold, and current and resistance distribution. This research opened the door to
cycles of electrical stimulation on EHTs but further research is necessary to investigate
if cycles of electrical stimulation have the potential to improve hiPSC-CMs maturation
levels.

Introduction 1

Cardiovascular diseases (CVDs) remain the predominant cause of death and disabil- 2

ity worldwide, with approximately 19 million deaths in 2020. [1] [2]. However, drug 3

development for CVDs is greatly limited by the appearance of adverse drug reactions 4

affecting the heart during clinical studies or after approval. [3] Up to 2013, from the 462 5

drugs that were withdrawn from the market, 14% were removed due to cardiotoxic side 6

effects. [4] 7

The main cause of drug-induced cardiotoxic side effects is the inaccurate models that 8

are used for drug screening and development. [5] In pre-clinical studies, animal models 9

are commonly used to evaluate the effect of new compounds, even though they have a 10

limited physiological resemblance to humans. [6] Therefore, there is an urgent need for 11

more appropriate and accurate models that can be used during drug development. [5] 12

As mentioned by Takahashi et al. (2007), it is possible to generate human-induced 13

pluripotent stem cells, and those can be differentiated into cardiomyocytes. [7] A great 14

advantage of using human-induced pluripotent stem cell-derived cardiomyocytes (hiPSC- 15

CMs) is that these cells can be patient-specific. [7] [8] The 2-dimensional (2D) cardiac 16
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in vitro models made from these hiPSC-CMs are easy to develop and cost-friendly but 17

are unable to recapitulate the cell-cell interactions accurately. [5] [9] 18

Fortunately, 3-dimensional (3D) cardiac in vitro models like Engineered Heart Tissue 19

(EHT) are more advanced in mimicking the in vivo behavior of the human heart. [9] [10] 20

EHTs accurately represent the cell-cell interaction and micro-environment [9] [10] and 21

can be fabricated in a versatile platform such as the one developed by Ribeiro et al. 22

(2022). [11] This platform allows to make EHTs in a 12-well plate format which facilitates 23

the maintenance and analysis. [11] The tissues form around two pillars that create 24

mechanical resistance to the tissue. This resistance resembles the mechanical load of the 25

in vivo situation. [5] 26

Nevertheless, the hiPSC-CMs used to make the EHTs have an immature phenotype, 27

corresponding to 16 weeks of fetal development [12], which limits its application for drug 28

development. [5] [10] [13] 29

A method that promotes the maturation of hiPSC-CMs is electromechanical stimula- 30

tion. [5] [14] [15] [16] The improvement in the maturation can be observed by a higher 31

contractile performance of the hiPSC-CMs and improved tissue organization. [14] [17] [18] 32

Zhao et al. (2020) investigated ramp stimulation and compared daily increments of 0.2Hz 33

to weekly increments of 1Hz. [14] In both conditions, contractility improvements were 34

observed, but the preference was given to 1Hz. [14] In the study of Ronaldson-Bouchard 35

et al. (2018), constant stimulation of 2Hz was compared to ramp stimulation with 36

increments of 0.33Hz from 2Hz to 6Hz followed by 7 days of 2Hz stimulation. [16] 37

Maturation was claimed for the ramp stimulation group. [16] However, these results have 38

not been able to be replicated in-house with the platform of Ribeiro et al. (2022). [11] 39

As a consequence, to find the optimal protocol of electrical stimulation that improves 40

maturation in hiPSC-CMs, we have looked at the approach taken with skeletal muscle 41

cells. Valero-Breton et al. (2020) used a 2D configuration and found that repeating a 42

stimulation protocol for multiple days with a long recovery period between sessions was 43

more effective than single-time stimulation. [19] Furthermore, Tarum et al. (2017) found 44

that the same restitution period after pacing showed bigger improvements than a shorter 45

resting period. [20] 46

Here, we hypothesize that cycles of electrical stimulation, including rest, will improve 47

the contractile performance of EHTs. This paper evaluates the effect of cycles of electrical 48

stimulation on the physiological level by the change in the force of contraction and 49

spontaneous frequency, as well as electrically, by the excitation threshold, and current 50

and resistance distribution. 51

Materials and methods 52

EHT platform 53

The previously designed versatile platform from Ribeiro et al. (2022) was used to make 54

and stimulate EHTs in a 12-well plate format. [11] The platform has 12 holders made 55

from poly(methyl methacrylate; PMMA), each containing one plastic piece holding six 56

pillars. The EHTs form around two pillars so that three EHTs fit into one well and, 57

consequently, 36 tissues in a single plate. The pillars are 3mm in length, and each well 58

contains a working volume of 2mL. [11] More details about the platform are described 59

in [11]. 60

Each holder contains two rectangular-shaped holes for electrodes. The electrodes are 61

perpendicular to the EHTs creating a uniform electric field as shown in Fig. 1A. [11] 62

Here, carbon electrodes were used as their high resistance makes them less sensitive 63

to corrosion. [21] Furthermore, carbon electrodes are capable of transferring change 64

easily. [21] The set-up can be found in S1 Fig. 65
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EHT fabrication and refreshment 66

The EHTs were made following the protocol published by Ribeiro et al. [11] Briefly, 67

frozen hiPSC-CMs from the WTC lines (GM25256⋆G0002) were used in combination 68

with 3% human adult cardiac fibroblast (HFB). The HFB were obtained from Promocell 69

(C-12375). The cell mixture was pipetted each well of the 12-well plate. In each well, 70

three slots with the tissue shape were previously made. The plastic pillars were aligned 71

with the holder and allocated into each well. Each tissue is formed from approximately 72

250.000 cells. After 10 minutes of tissue formation, 1mL of cell medium (Low Insulin, 73

Triiode-L-Thyronine (1:15000), Dexamethasone (1:10000), Insulin-Like Growth factor 74

(1:10000), Lactate (1:1392,8), Glucose (1:100), and Fibroblast Growth Factor (1:5000)) 75

was added. After, the platform was placed in the incubator at 37◦C and 10% CO2. 76

1mL of cell culture medium was refreshed every other day until the day before the 77

experiment. From then on, the tissues were transferred to a new 12-well plate with 2mL 78

of fresh cell culture medium every 24 hours. 79

Electrical Stimulation 80

The tissues were provided with electrical stimulation by a Multi Channel System STG 81

4008 stimulus generator. [22] The Multi Channel System STG 4008 stimulus generator 82

output biphasic square waves of 32Vpp and a duration of 2ms for all conditions. [22] 83

Cycles of electrical stimulation 84

The cycles of electrical stimulation were divided in two, according to the time of tissue 85

formation, and are defined as late-stage stimulation (stimulation from day 11 until day 86

16) and early-stage stimulation (stimulation from day 6 until day 10). 87

Late-stage stimulation applied the following cycles regimes: (i) control; (ii) continuous 88

stimulation (1.2Hz); (iii) 2 hours of stimulation followed by 2 hours rest (2.5Hz) (hereafter 89

cycle (2h/2h)); (iv) 24 hours of stimulation followed by 24 hours rest (2.5Hz)(hereafter 90

cycle (24h/24h)); and (v) 8 hours stimulation followed by 16 hours rest (2.5Hz) (hereafter 91

cycle (8h/16h)). 92

Contrary, early-stage stimulation applied cycles regimes: (i) control; (ii) continuous 93

stimulation (1.2Hz); (iii) 2 hours of stimulation followed by 2 hours rest (2.5Hz) (hereafter 94

cycle (2h/2h)); (iv) 5 minutes stimulation followed by 10 minutes rest (2.5Hz)(hereafter 95

cycle (5m/10m)); and (v) 8 hours stimulation followed by 16 hours rest (2.5Hz) (hereafter 96

cycle (8h/16h)). An overview of the cycles is presented in Fig. 1B. 97

Excitation Threshold and Maximum Capture Rate 98

The excitation threshold (ET) for each tissue was determined by applying biphasic square 99

pulses of 2ms, 2Hz, with a custom-made device. The device allowed a field range from 100

2.5V/cm to 25V/cm. The pacing was started at 2.5V/cm, and increments of 2.5V/cm 101

were applied until the tissue showed synchronized beating of 2Hz. Once the ET was 102

determined, a 5-second video was recorded. This video was taken by a Nikon Ti2-E 103

inverted microscope with a high-speed camera Prime BSI produced by Photometrics at 104

100 fps with 2X magnification. [23] The ETs and corresponding currents were measured 105

daily. On the last day, the maximum capture rate (MCR) was measured by stimulating 106

the tissues from 3 to 6Hz. The MCR was set to be 150% and was measured after 107

determining the ETs for all tissues in a well. 108
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Fig 1. EHT model and cycles of electrical stimulation.
(A). Graphical representation of one well of the 12-well plate platform with the carbon
electrodes (left) and representation of the electrical field (right). (B). An overview of the
cycles of stimulation of late-stage stimulation and early-stage stimulation. An equivalent
representation is presented as percentages of electrical stimulation versus resting time
for one cycle of stimulation. Created with BioRender.com

Contractile performance assessment 109

The contractile performance was measured using a Nikon Ti2-E inverted microscope 110

as previously described with temperature and humidity control (37◦C and 10% CO2). 111

Before measurements, the electrical stimulation was stopped. First, the spontaneous 112

contraction was measured in all the wells, followed by the contraction force under 113

electrical stimulation at 2Hz. 114

Directly after measuring, the cell culture medium was refreshed as described above. 115

The recorded videos were analysed with software tool EHT Analysis, which provided a 116

detailed analysis of different contractile parameters as described in Rivera-Arbeláez et 117

al. (2022). [23] Furthermore, the resistance per well was calculated by the obtained ETs 118

and currents. The timeline of the experiment is presented in Fig. 2. 119

pH measurement 120

The pH of the cell culture medium was measured daily to assess the effect of the different 121

cycles of electrical stimulation on the pH. With the use of a Mettler Toledo FiveEasy 122

Plus, the pH values were measured in a 12-well plate after being in the incubator at 123

37◦C and 10% CO2. The reference cell culture medium was measured after being in the 124

incubator for 3 hours. The other cell culture media used throughout the experiments 125

were put in the incubator overnight and measured the following day. 126
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Fig 2. Experiment flow chart.
A schematic timeline of late-stage and early-stage stimulation in parallel. The EHTs were
made from hiPSC-CM and HFB, put in cell culture medium, and kept in the incubator
at 37◦C and 10% CO2. The tissue formation takes 10 days in late-stage stimulation
and 5 days in early-stage stimulation. Electrical stimulation was started on days 11 and
6, respectively. The conditions visible on the arrows are: control (brown), continuous
stimulation (green), cycle (2h/2h) (purple), cycle (24h/24h) (pink), cycle (8h/16h) (red),
and cycle (5m/10m) (blue). The contractile performance and pH were measured every
24 hours. Immunostaining was done for early-stage stimulation after day 10. Created
with BioRender.com

Immunostaining 127

To observe possible changes in bio-markers connexin-43 (Cx-43) and collagen type 1 128

(COL1), the EHTs that were early-stage stimulated were subject to immunostaining. 129

First, the EHTs were washed with Dulbecco’s Phosphate Buffered Saline (PBS), then 130

fixated with 4% Formaldehyde (FA) for 1 hour. Washings (3 x 20 min) followed, and 131

after the tissues were put in the fridge at 4◦C. 132

20 days later, the tissues were put in a blocking buffer (PBS including 3% Bovine 133

Serum Albumin (BSA), 0.3% Triton, and 0.1% Tween). The following day, the blocking 134

buffer was aspirated and the tissues were transferred to a 96-well plate. Antibody buffer 135

(PBS with 0.1% BSA, 0.3% Triton, and 0.1% Tween) with diluted antibodies was added 136

and the plate was kept at 4◦C. In this experiment, the diluted antibodies consist of Cx-43 137

rabbit (1/250; Sigma-Aldrich, C6219 [24]) with α-actinin mouse (1/800; Sigma-Aldrich, 138

A7811 [25]) and COL1 rabbit (1/200; Novus Biologicals, NB600-408 [26]) with α-actinin 139

mouse (1/800; Sigma-Aldrich, A7811 [25]). 140

After two days, the tissues were washed in permeabilization buffer (PBS with 0.3% 141

Triton) (3 x 20 min). Antibody buffer (PBS with 0.1% BSA, 0.3% Triton, and 0.1% 142

Tween) was added with diluted secondary antibodies Donkey-anti-Mouse Alexa Fluor 143

647 (1/500; Thermofisher, A31571 [27]) and Alexa Fluor 488 Chicken a Rabbit (1/500; 144

Thermofisher, A21441 [28]). From this moment forward, the well plate was kept dark. 145

Lastly, the next day, the EHTs were washed with permeabilization buffer (PBS with 146

0.3% Triton) (3 x 20 min). DAPI (1/3000; Molecular Probes, D1306 [29]) was added 147

during the first wash. 148
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Results 149

Electrical conditions 150

The stimulation pulses were chosen in accordance with the characteristics of the native 151

myocardium; that is, rectangular-shaped pulses 2ms, to resemble the in vivo situation 152

[30] [31] [32] 153

We investigate the role of pacing frequency and rest. First, a condition of continuous 154

stimulation was defined at 1.2Hz (72bpm) to resemble the heartbeat of humans at 155

rest. [33] The stimulation cycles with a restitution period were paced at 2.5Hz (150bpm) 156

corresponding to heart beat while exercising [33]. 157

Late-stage stimulation 158

The EHTs highest contractile performance was found to be day 10 of tissue formation, 159

as described in Ribeiro et al. (2022). [11] Taking this into account, the tissues in this 160

experiment are stimulated from day 11 to day 15. Therefore, this experiment was named 161

late-stage stimulation. 162

The contractile performance was measured from day 11 until day 15 and the results 163

are shown in Fig. 3. After one day of stimulation, all conditions show a negative relative 164

change of spontaneous contraction force (Fig. A). The control group showed the highest 165

percentage of increase in spontaneous contraction force on day 15 compared to day 166

11. And together with continuous stimulation and cycle (8h/16h), the percentage of 167

change in spontaneous contraction force on day 15 is positive relative to day 11. The 168

absolute values show the same positive development for these three conditions (S2 FigA). 169

Besides, cycle (24h/24h) has lower absolute values for spontaneous contraction force 170

than continuous stimulation and all other conditions. 171

The spontaneous frequency of all conditions became lower over time (Fig. B). The 172

control group was the first to collectively follow 2Hz from day 12. The tissues stimulated 173

with cycle (24h/24h) followed 2Hz collectively from day 14, the other conditions from 174

day 13 as shown in Tab. 1. 175

The ETs at day 15 were found to be lower than at the start of the experiment for 176

the control group, continuous stimulation, and cycle (8h/16h) (Fig. D). This trend is 177

also observed in the current distribution, and consequently, the resistance of the well 178

remains mainly stable (Fig. E and F). Lastly, on day 15, none of the EHTs were able to 179

follow 4Hz or higher. All EHTs with cycle (24h/24h) were also unable to follow 3Hz, 180

as presented in S1 Table. S3Fig contains two videos of tissues following 2 and 3Hz. 181

Both the absolute values of and change in contraction force during pacing show similar 182

behavior as the spontaneous contraction forces (Fig. E and S2 FigB). 183

Since the condition cycle (24h/24h) showed the least improvement in contractile 184

performance, it was decided to replace this condition. It seems that the tissues could not 185

recover from elongated stimulation with high frequency. Furthermore, tissues seemed to 186

benefit from a longer restitution period, as observed in cycle (8h/16h). Therefore, that 187

condition was modified to a short cycle of stimulation, namely, cycle (5m/10m) in the 188

early stage of stimulation. 189

Early-stage stimulation 190

The EHTs in early-stage stimulation had a shorter period of tissue formation before 191

electrical stimulation started than late-stage stimulation. Again, with the reference 192

point being day 10, therefore called this experiment is called early-stage stimulation. 193

This moment in time was chosen to be able to research the difference in contractile 194

performance between early and late stimulation for cycles of electrical stimulation. 195
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Fig 3. Effect of late-stage of electrical stimulation on contractile perfor-
mance and electrical conditions.
Contractile performance of EHTs from day 11 until day 15 with multiple cycles of
electrical stimulation: control (brown), continuous stimulation with 1.2Hz (green), cycle
(2h/2h) with 2.5Hz (purple), cycle (24h/24h) with 2.5Hz (pink), and cycle (8h/16h) with
2.5Hz (red). (A). Relative change of spontaneous force of contraction. (B). Spontaneous
frequency. (C). Excitation Threshold. (D). Current distribution. (E).Resistance
distribution. (F). Relative change of force of contraction while stimulated. Values are
expressed as mean ± SD (N = 1).

In addition to what was mentioned in the EHT fabrication and refreshment section, 196

during this experiment, the electrodes were replaced on day 8. 197

The results of the contractile performance were observed from day 6 until day 10 198

and are shown in Fig. 4. All conditions display a positive relation between spontaneous 199

contraction force between day 6 and day 10 (Fig. A). Interestingly, the EHTs that 200
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Table 1. Late-stage stimulation with input frequency 2Hz.
Percentage of tissues following 2Hz per day during late-stage stimulation.

Late-stage stimulation

Day 11 Day 12 Day 13 Day 14 Day 15

Control 92% 100% 100% 100% 100%
continuous stimulation 100% 83% 100% 100% 100%
2h/2h 100% 67% 100% 100% 100%
24h/24h 100% 67% 50% 100% 100%
8h/16h 100% 50% 100% 100% 100%

were constantly stimulated, reach approximately the same percentage of increase of 201

spontaneous contraction force as the control group at the end of the experiment. Although 202

in terms of absolute values, continuous stimulation reaches lower values than the control 203

group (S4 FigA). Besides, cycle (8h/16h) also reaches higher absolute values than 204

continuous stimulation (S4 FigA). Furthermore, cycle (5m/10m) and cycle (2h/2h) show 205

limited improvements between days 8 and 10 in both relative change and absolute values 206

of spontaneous contraction force. 207

All conditions show a declining line over time for the spontaneous frequency (Fig. 208

B). Limited synchronized beating was observed throughout the experiment (Tab. 2). 209

Only for the control group and continuous stimulation an ascending trend in percentage 210

of tissues following 2Hz is observed over time. The other conditions were best able to 211

follow on day 8. From then on, fewer tissues could follow 2Hz. Consequently, no EHT 212

was able to follow any frequency above 2Hz (S2 Table). 213

There is no clear indication of lowered ETs for any of the conditions (Fig. C). A 214

similar current distribution is presented in Fig. D; therefore, the resistance distribution 215

is stable (Fig. E). All conditions show an improvement in percentage of change in pacing 216

contraction force on day 10 compared to day 6 (Fig. F). The percentage increase for 217

contraction force is highest for the control group on day 10 relative to day 6. On day 218

10, only the control group and continuous stimulation showed positive development in 219

paced contraction force compared to day 8. In terms of absolute values, cycle (2h/2h) 220

comes close to the control group ( S4 FigB). 221

Table 2. Early-stage stimulation with input frequency 2Hz.
Percentage of tissues following 2Hz per day during early-stage stimulation.

Early-stage stimulation

Day 6 Day 7 Day 8 Day 9 Day 10

Control 100% 42% 47% 79% 74%
continuous stimulation 100% 42% 67% 50% 83%
2h/2h 100% 55% 73% 55% 55%
5min/10min 92% 67% 100% 58% 58%
8h/16h 100% 64% 82% 64% 45%

pH 222

The results of the pH measurements are presented in S5 Fig including the reference pH 223

in vivo. [34] All conditions in late-stage stimulation shows a significant decrease from day 224

13 onward compared to days 11 and 12. (S5 FigA). After that, the pH values of every 225

condition fluctuate a little, but all remain within the range of 7.5-7.9. The conditions in 226

early-stage stimulation do not show such results (S5 FigB). Here, all conditions are in 227

the same range, and the highest pH value measured does not exceed 7.9. 228
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Fig 4. Effect of early-stage of electrical stimulation on contractile perfor-
mance and electrical conditions.
Contractile performance of EHTs from day 6 until day 10 with multiple cycles of
electrical stimulation: control (brown), continuous stimulation with 1.2Hz (green), cycle
(2h/2h) with 2.5Hz (purple), cycle (5m/10m) with 2.5Hz (blue), and cycle (8h/16h)
with 2.5Hz (red). (A). Relative change of spontaneous force of contraction. (B).
Spontaneous frequency. (C). Excitation Threshold. (D). Current distribution. (E).
Resistance distribution. (F). Relative change of force of contraction while stimulated.
Values are expressed as mean ± SD (N = 2).

Immunostaining 229

Immunostainings were performed on the early-stage stimulation group to determine the 230

effect of cycles of electrical stimulation on the tissue organization and expressions of 231

bio-markers. 232

The expression of COL1 was evaluated to determine the presence of fibrotic areas as 233
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a consequence of the cycles of electrical stimulation. No differences were visible between 234

the conditions and the control group (Fig. 5A-E). 235

Furthermore, the expression of Cx-43 was analyzed, and the results are presented in 236

Fig. 5F-J. In any of the conditions an increase on the expression was observed compared 237

to the control. 238

Fig 5. Immunostaining early-stage stimulation.
Confocal images with stained hiPSCM-CMs. α-actinin (red), DAPI (nuclei, blue), with
in top panel COL1 (green), and bottom panel Cx-43 (green). Scale bar: 100 µm. (A&F).
Control. (B&G). Continuous stimulation with 1.2Hz. (C&H). Cycle (2h/2h) with
2.5Hz. (D&I). Cycle (5m/10m) with 2.5Hz. (E&J). Cycle (8h/16h) with 2.5Hz. Color
balance is adjusted with ImageJ for presentation purposes.

Discussion 239

EHT made from hiPSC-CMs is a 3D in vitro model holding great potential for drug 240

development. [10] Zhao et al. (2020) and Ronaldson-Bouchard et al. (2018) showed 241

that electromechanical stimulation can improve the immature phenotype of hiPSC- 242

CMs. [14] [16] However, in-house, the results from Ronaldson-Bouchard et al. (2018) 243

could not be replicated with the EHT platform from Ribeiro et al. (2022). [11] In 244

skeletal muscles, repetitive cycles of electrical stimulation in combination with rest were 245

shown to be effective. [19] [20] Therefore, here, the electrical stimulation conditions were 246

designed based on the results of electrical stimulation on skeletal muscle cells. The effect 247

of different cycles of electrical stimulation at different time points of tissue formation 248

(early or late) was studied in detail. 249

An important observation during this study is the inability of the tissues to follow the 250

input frequency of 2Hz during early-stage stimulation. (Tab. 1 and Tab. 2). Key differ- 251

ences between immature and mature hiPSC-CM may be linked to the electrophysiology; 252

slower upstroke velocity, shorter plateau phase, and less negative active potential. [35] 253

During the plateau phase, here the pulse duration, calcium enters the cells, which is 254

crucial to couple electrical excitation to physical muscle contraction. [36] The small 255

number of tissues following 2Hz in early-stage stimulation could be caused by the lack 256

of calcium present in the cells and/or the little time for tissue formation. The latter was 257

July 20, 2023 10/19



already pointed out by Ribeiro et al. (2022). [11] 258

Since calcium plays a key role in muscle contraction, in future experiments that 259

evaluate contractile performance, one could take into account the calcium concentration 260

in the cells before and throughout the experiment. The cells must contain a sufficient 261

calcium level to be able to follow the input frequency. As this was not achieved with a 262

2ms duration during early-stage stimulation, one could consider prolonging the pulse 263

duration to force synchronized beating. This suggestion was shortly tested during the 264

early-stage stimulation experiment. After regular measurements on day 7, 29 tissues 265

were stimulated with a pulse duration of 5 and 10ms. Here we found that a total of 86% 266

followed 2Hz with a pulse duration of 5ms while only 31% of the 29 tissues were able to 267

follow 2Hz with 2ms. From the remaining 14%, 100% followed 2Hz with 10ms. Based on 268

these results, a pulse duration of 5ms would be suggested for future experiments using 269

early-stage stimulation. 270

Multiple parameters were looked at to evaluate the contractile performance of the 271

EHTs. Between experiments, the EHTs in early-stage stimulation showed the biggest 272

improvement in force of contraction both spontaneously and paced (Fig. 3A&F and Fig. 273

4A&F). Contrary, no significant difference in spontaneous frequency is observed among 274

experiments (Fig. 3B and Fig. 4B). Overall, on the physiological level, early-stage 275

stimulation showed the biggest improvements in contractility. 276

In late-stage stimulation, the tissues can follow stimulation of 2Hz for lower ETs 277

than with early-stage stimulation (Fig. 3C and Fig. 4C). The average resistance in both 278

experiments is slightly under 150Ω (Fig. 3E and 4E), which is higher in magnitude but 279

in the same order as the average heart resistance of a dead heart which is 97Ω found 280

by Beattie et al. (1953). [37] The least tissues were able to follow 2Hz in early-stage 281

stimulation and only in late-stage stimulation some tissues were able to follow 3Hz (S1 282

Table and S2 Table). Overall, electrically speaking, during late-stage stimulation more 283

improvement could be observed. 284

In both experiments, the EHTs that were continuously stimulated showed more 285

improvements in contractile parameters than cycles of electrical stimulation. However, 286

even this condition did not reach the same the levels of contractility as the control group. 287

Since the EHTs of the control group are immature, we conclude that in this study, 288

electrical stimulation did not promote maturation. 289

In the future, further optimization needs to be done to evaluate if cycles of electrical 290

stimulation could improve maturation. One suggestion would be to extend the stimulation 291

period to, for example, day 6 until day 15. With this, the effect of cycles of electrical 292

stimulation can be evaluated over a longer period, and the results can easily be compared 293

to the data in this paper. Another point one could look into to is the pacing frequency of 294

the cycles. Since continuous stimulation of 1.2Hz showed the best contractility levels of 295

any of the conditions, lower frequency could potentially be beneficial as well to the cycle 296

conditions. Lastly, the determination of the cycles could be explored. The cycle that 297

seemed to best improve was cycle (8h/16h). Therefore future researchers could decide 298

to explore protocols that contain longer periods of pacing and double the resting period. 299

To improve the platform from Ribeiro et al. (2022), we might look at the high electric 300

field and current values that are applied to the tissues. [11] An easy way to lower these 301

values is by reducing the resistance of the well. Currently, the platform uses a 12-well 302

plate in which the electrodes are distanced 20mm apart. [11] Ribeiro et al. (2022) could 303

innovate by reducing the size of the well and, consequently, reducing the volume of the 304

cell culture medium and shortening the distance between electrodes. Using a smaller 305

well could introduce technical difficulties while fabricating and refreshing the tissues. 306

Therefore, another suggestion would be to look into biohybrid 3D printing similarly to 307
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the work that was done by Yong et al. (2023). [38] Yong et al. (2023) were able to 308

fabricate a platform where the electronics were fully insulated inside PDMS by using 309

carbon black-blended printable PDMS. [38] In the case of Ribeiro et al. (2022), the 310

carbon black-blended printable PDMS could be printed inside the pillars to optimize 311

the distance between the electrodes. Finally, for future experiments where the effect 312

of electrical stimulation is evaluated, it is suggested to only make one tissue per well 313

instead of the 3 technical replicates because it will avoid interference during the different 314

assays like ET or MCR. 315

The pH is an important parameter to evaluate whether electrical stimulation influences 316

cell functions. [39] As discussed in the results, on the first two days during late-stage 317

stimulation, the pH values for all conditions, including the control group, were relatively 318

high (≈ 8.2) compared to the in vivo pH of 7.4. [34] At that point, the pipeline was still 319

being optimized, and a different method was used to measure the pH on these days than 320

described in the method section. 321

First, the cell culture medium was put in the incubator for 30 min to 1 hour before 322

measurements instead of overnight. The incubator provides CO2, which stabilizes the 323

pH value of the cell culture medium. It was hypothesized that 30 min to 1 hour was too 324

short for the medium to return to a stable pH after performing measurements. Therefore, 325

from day 13 onward and during early-stage stimulation, the medium was put in the 326

incubator for a longer period. A longer time frame indeed showed a better stabilization 327

of the pH of the cell culture medium (Fig. S5 Fig). Second, the pH on days 11 and 12 328

was measured from a 50mL falcon tube instead of a 12-well plate. There was one falcon 329

tube per condition, contrary to multiple wells per condition. The reason to switch was 330

to keep the pH measurement conditions equal to the stimulation set-up of the EHTs 331

and ease up the measuring process. 332

Thus, to evaluate the effect of electrical stimulation on the pH of the cell culture 333

medium, the pH measurement conditions must be equal to the conditions when the 334

EHTs are electrically stimulated. That is, enough CO2 provided to the cell culture 335

medium and measuring from the initial set-up. 336

The results of immunostaining showed no observable differences between any of the 337

conditions for COL1 and Cx-43. This would indicate that electrical stimulation did not 338

affect these biomarkers. However, a technicality had likely arisen during the execution 339

of the immunostaining. Both the coloring of COL1 and Cx-43 are almost identical to 340

the DAPI coloring, which is an unexpected result. Instead, more coloring of COL1 and 341

Cx-43 would be expected around nuclei. A plausible cause for these results could be 342

antibody related. It is possible that the primary antibodies were too diluted to show any 343

signal or that the incorrect secondary antibodies were used. Therefore, it is suggested to 344

repeat the immunostaining and include the late-stage group to evaluate if there was an 345

effect in that condition. 346

To our knowledge, cycles of electrical stimulation to induce maturation in EHTs have 347

not been explored before. Here, we evaluated the effect of repeated cycles, including rest, 348

on different time points of tissue formation. Although maturation was not observed, this 349

study contributes to the development of the ideal conditions of electrical stimulation. 350

And even though a clear improvement compared to the control group was not achieved, 351

we believe that cycles of electrical stimulation still have the potential to improve hiPSC- 352

CMs maturation levels. Although, further research would be necessary to validate this 353

hypothesis. 354
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Conclusion 355

To conclude, we studied the effect of cycles of electrical stimulation on the contractile 356

performance of EHTs while keeping electrical stimulation and the environmental condi- 357

tions as physiological as possible. The results showed that cycles of electrical stimulation, 358

including rest, did not reach better levels of contractility than the control group or 359

continuous stimulation. Furthermore, maintaining the physiological situation might not 360

be optimal to reach the desired maturation level, especially when starting electrical 361

stimulation in an early-stage. Nevertheless, the findings of this study are useful for 362

the optimization of the electrical stimulation conditions to induce maturation of the 363

hiPSC-CMs to enable the application EHTs in drug discovery and disease modeling. 364
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S1 Fig. Bottom view of EHT set-up. 376
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S2 Fig. Absolute force of contraction values of late-stage stimulation. 377

(A) Absolute values for spontaneous force of contraction. (B) Absolute values for pacing 378

contraction force. Values are expressed as mean ± SD (N = 1). 379

S1 Table. Maximum Capture Rate late-stage stimulation. 380

MCR of late-stage stimulation. Tissues were paced from 2Hz up to 6Hz with biphasic 381

square pulses of 2ms and 150% ET. 382

Late-stage stimulation

2Hz 3Hz 4Hz 5Hz 6Hz

Control 100% 92% 0% 0% 0%
continuous stimulation 100% 33% 0% 0% 0%
2h/2h 100% 67% 0% 0% 0%
24h/24h 100% 0% 0% 0% 0%
8h/16h 100% 50% 0% 0% 0%

S3Fig. Video recordings of EHTs. 383

(A) Tissue with frequency 2Hz. (B) Tissue with frequency 3Hz. 384
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S4 Fig. Absolute force of contraction values of early-stage stimulation. 385

(A) Absolute values for spontaneous force of contraction. (B) Absolute values for pacing 386

contraction force. Values are expressed as mean ± SD (N = 2). 387

S2 Table. Maximum Capture Rate early-stage stimulation. 388

MCR of early-stage stimulation. Tissues were paced from 2Hz up to 6Hz with biphasic 389

square pulses of 2ms and 150% ET.

Early-stage stimulation

2Hz 3Hz 4Hz 5Hz 6Hz

Control 74% 0% 0% 0% 0%
continuous stimulation 83% 0% 0% 0% 0%
2h/2h 55% 0% 0% 0% 0%
5min/10min 58% 0% 0% 0% 0%
8h/16h 45% 0% 0% 0% 0%

390

S5 Fig. pH values late-stage stimulation and early-stage stimulation. 391

pH of cell culture medium: control (brown), continuous stimulation with 1.2Hz (green), 392

cycle (2h/2h) with 2.5Hz (purple), cycle (24h/24h) with 2.5Hz (pink), cycle (5m/10m) 393

with 2.5Hz (blue), and cycle (8h/16h) with 2.5Hz (red). (A) pH for late-stage stimulation 394

(N = 1). (B) pH for early-stage stimulation (N = 2). Values are expressed as mean ± 395

SD. 396
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11. Ribeiro, M. L., Rivera-Arbeláez, J. M., Cofiño-Fabres, C., Schwach, V., Slaats, R.
H., Den, S. a. T., Vermeul, K., Van Den Berg, A., Pérez-Pomares, J. M., Segerink,
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