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8 ABSTRACT: The synchronization of the electrical and
9 mechanical coupling assures the physiological pump function
10 of the heart, but life-threatening pathologies may jeopardize
11 this equilibrium. Recently, human induced pluripotent stem
12 cell-derived cardiomyocytes (hiPSC-CMs) have emerged as a
13 model for personalized investigation because they can
14 recapitulate human diseased traits, such as compromised
15 electrical capacity or mechanical circuit disruption. This
16 research avails the model of hiPSC-CMs and showcases innovative techniques to study the electrical and mechanical
17 properties as well as their modulation due to inherited cardiomyopathies. In this work, hiPSC-CMs carrying either Brugada
18 syndrome (BRU) or dilated cardiomyopathy (DCM), were organized in a bilayer configuration to first validate the
19 experimental methods and second mimic the physiological environment. High-density CMOS-based microelectrode arrays
20 (HD-MEA) have been employed to study the electrical activity. Furthermore, mechanical function was investigated via
21 quantitative video-based evaluation, upon stimulation with a β-adrenergic agonist. This study introduces two experimental
22 methods. First, high-throughput mechanical measurements in the hiPSC-CM layers (xy-inspection) are obtained using both a
23 recently developed optical tracker (OPT) and confocal reference-free traction force microscopy (cTFM) aimed to quantify
24 cardiac kinematics. Second, atomic force microscopy (AFM) with FluidFM probes, combined with the xy-inspection methods,
25 supplemented a three-dimensional understanding of cell−cell mechanical coupling (xyz-inspection). This particular
26 combination represents a multi-technique approach to detecting electrical and mechanical latency among the cell layers,
27 examining differences and possible implications following inherited cardiomyopathies. It can not only detect disease
28 characteristics in the proposed in vitro model but also quantitatively assess its response to drugs, thereby demonstrating its
29 feasibility as a scalable tool for clinical and pharmacological studies.
30 KEYWORDS: hiPSC-CMs, Brugada syndrome, dilated cardiomyopathy, traction force microscopy, optical tracker, HD-MEA

31 INTRODUCTION

32 Cardiovascular diseases continue to be a predominant cause of
33 illness and mortality worldwide, using estimates from 204
34 countries and territories from 1990 to 2019.1 Cardiomyocytes
35 (CMs) are the functional building blocks of the heart and play
36 a central role in cardiac contraction.2,3 Their ability to ensure
37 coordinated contraction at the tissue level is based on highly
38 coupled electrical and mechanical signaling, resulting in
39 rhythmic cardiac activity.4,5 Any disruption in this coupling,
40 whether due to electrical (i.e., arrhythmia, conduction block by
41 defected ion channels (Brugada syndrome))6−8 or mechanical

42disturbances (dilated cardiomyopathy,9,10 myocardial infarc-
43tion11), can lead to potentially life-threatening conditions.12,13

44Coordinated contraction begins with the transmission of
45electrical signals between individual CMs through key
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46 conduction pathways such as gap junctions.14 Afterward, the
47 electrical signal is converted to a mechanical contraction
48 through a chain of biochemical cues for each CMs, known as
49 electro-mechanical coupling.5 Under the regulation of electrical
50 activity, mechanical forces appear between neighboring CMs,
51 as well as between CMs and the extracellular matrix (ECM).
52 Mechanical crosstalk is especially complex in CMs, as CMs
53 sense and generate forces at the same time, this interaction
54 between CMs and external forces is bidirectional and occurs
55 through complex biochemical signaling pathways.15 For
56 example, between CMs, intercalated discs are the highway
57 through which electrical and mechanical signals flow,16,17 and
58 transmembrane proteins (e.g., desmosomes, N-cadherin)
59 mechanically link the cytoskeleton of two adjacent CMs.16,18

60 The resulting force between adjacent cells is correlated with
61 the size of these junctions, as previous studies have shown.19

62 Communication between the cell and the ECM is mainly
63 through focal adhesions involving macromolecular assemblies
64 (such as integrins and receptors), which link intracellular actin
65 and the ECM.20,21 Irregularities in this machinery can occur
66 and cause severe cardiac pathologies.12,13

67 The elucidation of coordinated CMs contraction and
68 cardiovascular disease mechanisms relies on functional studies
69 with in vivo animal models and in vitro models. Animal models
70 have become increasingly restricted for ethical reasons22 and
71 do not completely recapitulate the human geno- and
72 phenotype. In contrast, in vitro models, particularly human-
73 induced pluripotent stem cell-derived cardiomyocytes (hiPSC-
74 CMs), offer an alternative approach to animal cell models.23

75 The application of hiPSC-CMs also provides a particular
76 advantage in modeling cardiac diseases, they can be engineered
77 or patient-derived disease lines,23 providing information on
78 cardiac diseases and variability of drug toxicity for personalized
79 medicine.24−26 In this study, we employed hiPSC-CMs in a
80 bilayer configuration as our in vitro model, which is considered
81 more physiologically relevant compared to the single-cell
82 studies.3 Despite its relevance, the cell−cell interaction of this
83 configuration still lacks in-depth studies.27 This knowledge gap
84 may arise due to the complex machinery of CM contraction
85 mentioned above, involving interactions that occur between
86 mechanical, electrical, and biochemical cues.15 The in vitro
87 model adopted in this work not only allows the study of
88 contractility differences in healthy and diseased hiPSC-CMs
89 both mechanically and electrically but also offers a
90 considerable opportunity to investigate the interaction
91 between hiPSC-CMs.
92 In achieving clinical relevance for pharmaceutical analysis, in
93 addition to a carefully designed in vitro model, a validated
94 quantification of CM contraction is also of great importance.
95 This quantification has to address two aspects of the CM
96 contraction measurement: the electrical action potential and
97 mechanical contractility.
98 Electrical quantification typically relies on established
99 electrophysiological techniques, such as patch clamps or glass
100 microelectrode arrays (MEAs).28,29 Although the patch clamp
101 generally provides information about the action potential of
102 individual CMs, it lacks the ability to evaluate the overall
103 electrical signal propagation within the bilayer model adopted
104 with single-cell resolution. Recently, high-throughput electro-
105 physiology techniques, such as glass-based or complementary
106 metal-oxide semiconductors (CMOS)-based multielectrode
107 arrays (MEAs) showed potential in measuring the electrical
108 connectivity of CMs.30 Glass MEAs provide spatial informa-

109tion on the action potentials of a layer of CMs, but the
110recorded activity is typically the collective electrical signals of
111surrounding cells.28,31 In this work, we used a high-density
112CMOS-based microelectrode array (HD-MEA) platform to
113enable the recording of extracellular action potentials (ecAP)
114at the cellular level with a spatial resolution of 17.5 μm,
115corresponding to the pitch between electrodes, and a temporal
116 f1resolution of 0.05 ms (Figure 1).32−34

117As the other part of the equation, mechanical machinery can
118be analyzed by using different approaches. Traction force
119microscopy (TFM) has been instrumental in mapping
120contractile forces generated by cells.35−38 Among various
121TFM techniques, particle tracking is widely used, providing
122high spatial resolution with hundreds of nanometers data with
123pN sensitivity, but it requires a reference image and lacks
124tunable lateral resolution for complex cellular systems,35,39

125limiting its use to the single cell level.40 Video microscopy-
126based TFM techniques are often employed for the evaluation
127of contractility of in vitro tissue models with multiple cell types
128or 3D CM spheroids,41,42overcoming the limitations of particle
129tracking TFM. Despite their great potential for automation,
130video microscopy-based methods normally measure displace-
131ment in the range of microns, failing to evaluate the μN force
132developed by the sample. Thus, to match the displacement
133with the force measurements, calibration is needed.42 Confocal
134reference-free Traction Force Microscopy (cTFM) is capable
135of measuring the contractility of CMs layer27,43,44 with a high-
136resolution characteristic.45 Specifically, it achieves tunable
137lateral resolution through adjustable spacing in the array and
138obtains accurate measurements without the need for a
139reference image. In this work, we calibrated a recently
140developed video microscopy method: Optical Tracker
141(OPT) with cTFM (Figure 1, Video S1). Combining them
142allowed us to measure the contractility of hiPSC-CM layers in
1432D (xy inspection, Figure 1). Furthermore, FluidFM was
144enforced to inspect and complement the xy inspection with
145vertical displacement46,47 (xyz inspection Figure 1).

Figure 1. Experimental methods to quantify the mechanical and
electrical behavior of a hiPSC-CM bilayer. Mechanical quantifica-
tion of the hiPSC-CM layer is separately performed with two
methods: xy-inspection focuses on high throughput force analysis
in the xy axis (from QD: while focusing on the basal side) with
simultaneous recording of bright field (BF); xyz-inspection
provides force recording of xy (from QD focusing on the basal
side analyzed by cTFM), and z (from FluidFM focusing on the
apical side). Electrically, the HD-MEA platform is used to record
the action potential map (yellow pitch indicates the CMOS
recording electrodes).
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146 The cTFM technique utilizes quantum dots (CdSe) with 25
147 nm size,48 deposited with the nanodrip platform having 100−
148 200 nm spatial resolution, while HD-MEA chips, recording
149 ecAP of hiPSC-CMs, are fabricated according to a lithography
150 process with 180 nm resolution. Additionally, the QD array is
151 detected with 400 nm/pixel resolution in the xy-inspection,
152 while the xyz-inspection provides a 100 nm/pixel resolution,
153 enabling FluidFM measurements of the hiPSC-CMs contrac-
154 tility in the z direction with pN sensitivity.
155 The objective of this study was to quantitatively characterize
156 the hiPSC-CM bilayer electrically and mechanically using the
157 presented platforms. Moreover, with the provided lateral
158 resolution, we inferred further information about local effects;
159 particularly, we were able to measure and define the time
160 difference between the contraction peak of each pixel within
161 the layer, which we here refer to as the “latency” of the hiPSC-
162 CM contraction. Mechanically, the latency of CMs has rarely
163 been studied due to the lack of spatial resolution.49 Electrically,
164 HD-MEA technology allowed the study of ecAP propagation
165 between CMs at cell−cell resolution, which is still missing in
166 the literature28(Figure 1, Video S2). The quantification of the
167 overall contractility and the latency distribution were efficiently
168 estimated and further validated to differentiate healthy hiPSC-
169 CM with pathology (Brugada syndrome and dilated cardiomy-
170 opathy) and applied to measure the corresponding drug
171 response of diseased hiPSC-CMs (isoproterenol).

172 RESULTS AND DISCUSSION
173 The xy-Inspection Methodology and the Latency. For
174 a better representation of the tissue function, we considered a
175 layered hiPSC-CMs construct, as it reflects the physiological
176 state of hiPSC-CMs with rhythmic contraction. This
177 configuration also contains abundant connections between

178cell layers (cell−cell) and with the substrate (cell-ECM).
179These multidimensional cell−cell and cell-ECM interactions
180lead to varying contractions at each hiPSC-CM. The intricate
181kinetics and synchronization inherent to interacting cells are
182challenging to quantify and constitute the primary focus of our
183investigation.28,50 Mechanically, we combined two methods:
184video-microscopy based optical tracker (OPT), and traction
185force microscopy (cTFM)45 to measure the contractility in
186planar force in x and y of layered hiPSC-CMs.
187In the cTFM technique, the strain exerted by the cells
188induces a deformation of the elastomer and subsequent
189displacement of quantum dots (QDs), which were previously
190deposited on the elastomer in the form of hexagonal arrays
191 f2(Figure 2 a first panel, Video S1) (for further details, please
192refer to the experimental section, cTFM substrate fabrication).
193The shape distortion of the QD array from the relaxed state
194allows for calculating the active traction being exerted by the
195cells onto the substrate with the help of a finite element
196method algorithm (FEM).51 By changing the spacing between
197QDs during the printing process, the cTFM lateral sensitivity
198can be tuned for single cells and a cell layer. Here, we used
199arrays with 5 μm spacing as a good compromise between
200lateral resolution and sensitivity, since noise from printing
201error increases with smaller spacing. Moreover, since the
202elastomer is transparent, concurrent imaging with a confocal
203laser scanning microscope (CLSM) was possible. The bright
204field (BF) transmitted-light channel was used for the OPT
205measurement of the beating hiPSC-CM layer (OPT_BF,
206Figure 2b, first panel, Video S1). OPT_BF extracted the
207moving features using the Kanade-Lucas-Tomasi (KLT)
208algorithm (Figure S2, see details in experimental: OPT_BF
209Data Analysis section).52−54 Concurrently, the hiPSC-CM
210displacement on the elastomer was tracked over time in the BF

Figure 2. Mechanical properties of hiPSC-CMs with xy- inspection. (a) cTFM analyzes the deformation of a quantum dot array with a
spacing of 5 μm (first panel) and generates the corresponding strain map induced by the contractile forces of hiPSC-CMs (second panel).
The latency is mapped spatially (third panel). (b) BF channel of recording could be analyzed by OPT_BF (first panel) with detected moving
features indicated in green crosses, yielding the corresponding force map (second panel) and latency map (third panel). (c) Mean traction
force profiles of corresponding methods and cTFM (orange) are compared with those of the OPTBF (blue). (d) Latency distributions of
corresponding latency map in panels a and b are displayed for cTFM (orange) and OPTBF (blue). (e) A statistical comparison of
contraction features (amplitude, beat duration, and interspike time) between OPT_BF and cTFM (N = 4). No statistically significant
difference between any measured parameters. (f) Latency distributions were integrated with different samples (N = 4), see details in
methods TFM analysis section.
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211 (Figure 2b second panel). The displacements were trans-
212 formed with the Boussinesq equation55,56 into μN force.
213 OPT_BF, as it was recently developed, lacks experimental
214 validation, and while cTFM is a well-established TFM method,
215 its application at the tissue level is lacking. Therefore, we
216 validated OPT and cTFM with each other in evaluating the
217 same contraction events of layered hiPSC-CMs.
218 To ensure faithful quantification of the mechanical
219 contraction of the cells within hiPSC-CM layers, we carefully
220 optimized the mechanical platforms separately. First, cTFM
221 was used to generate a corresponding traction map illustrating
222 the force change over the course of a hiPSC-CMs beat. The
223 traction strain map is a quantitative representation of strain
224 magnitudes within the xy plane in 2D (Figure 2a, second
225 panel) (See details in experimental: cTFM Data Analysis
226 section). These values are typically expressed in kilo-Pascals
227 (kPa)57 and can be multiplied by the area of each pixel to
228 obtain information about the local deformation forces. To
229 compare forces between different samples, it is necessary to
230 extract the mean force of a strain map. In order to obtain a
231 mean force that is characteristic of the contractile cells, we
232 need to eliminate inevitable differences in active cell coverage.
233 Therefore, a mask was determined based on the map of hiPSC-
234 CMs at rest and in a contracted state, selecting only the
235 “active” pixels. Superimposing this mask on the traction force
236 map, the contraction was quantified much more precisely,
237 enabling the comparison of force changes over time between
238 different samples (details in Figure S1 and experimental:
239 cTFM Data Analysis section). Second, OPT_BF was tested
240 against variations in brightness, yielding a stable detection of
241 force regardless of the image parameter changes (Figure
242 S2.a,b), eliminating this common problem of video micros-
243 copy.42,58 By extracting the mean from all of the pixels of the
244 masked strain map in cTFM and plotting it over time, a force
245 profile was generated from cTFM strain maps. Simultaneously,
246 the root-mean-square (RMS) and the mean of the force from
247 all pixels of the moving features (”active pixels”) detected in
248 the OPT_BF force map can also be plotted over time (Figure
249 S2.c). Since the RMS provides a more accurate representation
250 of the overall magnitude of forces, it was chosen to be the
251 comparable average force for each image. The force profiles
252 over time measured by both methods represented the overall
253 beating of the hiPSC-CMs bilayer within the field of view
254 (normally 200 × 200 μm2) (Figures 2c and S1.b,c).
255 After the initial calibration, we investigated further the
256 temporal dynamics of the hiPSC-CM contraction, taking
257 advantage of the lateral resolution of both methods. Every pixel
258 in the strain/force map exhibited periodic amplitude changes
259 over time, reflecting the rhythmic beating of the hiPSC-CMs.
260 Exemplified with cTFM, these individual force profiles were
261 further analyzed using a peak detection function, generating a
262 distribution of key parameters: peak time points, peak
263 amplitudes, beat duration, and interspike time (Figure S1.d).
264 These parameters are indicators of the sample status and can
265 also be considered measurements of CM contractility in a
266 clinical context from a scalability perspective. For instance,
267 changes in the peak amplitude and interspike time in response
268 to a drug can be indicative of inotropic and chronotropic
269 effects, respectively. Furthermore, the peak time points in each
270 “active pixel” differed (Figure S1.e) (see details in Figure S1
271 and experimental: cTFM Data Analysis section). Comparing
272 the peak time point of each pixel with the first emergent peak,
273 the relative time difference can be extracted for each pixel

274which defines the pixel’s latency. (Figure S1.e). Latency in each
275“active pixel” can be plotted spatially, displaying the lateral
276timing difference of the hiPSC-CM contraction (Figure 2a,b
277third panel). The distribution of all latency values in one image
278of the contracting hiPSC-CMs can be displayed in a line plot,
279reflecting the percentage probability of a specific latency value
280(Figure 2d). This distribution can then be compared between
281samples and considered as a quantitative representation of the
282delay in mechanical communication of hiPSC-CMs (Figure
2832d).
284Following the development of our xy-inspection, we shifted
285to verify the integrity of the hiPSC-CMs bilayer construct,
286which is particularly vital when considering the analysis of
287diseased hiPSC-CMs models.59 In the initial stages of our
288study, we validated the electrical circuit integrity of the CM
289layer, ensuring that the cell model of our study is functionally
290correct.59 We investigated the electrical activity of hiPSC-CMs
291with two assays: electrical excitability upon electrical
292stimulation by xy-inspection and calcium inflow by calcium
293imaging (see details in Figure S3). Upon electrical stimulation,
294the hiPSC-CM layer responded practically instantaneously to
295voltage pulses up to 2 Hz resetting immediately back to
296spontaneous contraction (Figure S3.a, third panel) upon
297stopping the pulses. Calcium imaging of the bilayer hiPSC-
298CMs showed a rapid increase in intensity simultaneously in the
299whole construct, indicating well-connected cells in the bilayer
300(Figure S3.c,d). This fast electro-mechanical feedback suggests
301a complete electrical interconnectivity and functional coupling
302between the cells.
303With the optimized in vitro bilayer model and calibrated xy-
304inspection, we quantitatively analyzed the contraction of the
305hiPSC-CM layer, first focusing on the spatial information in
306the strain/force map. Deformed regions (highlighted colors in
307Figure 2a,b second panel) were identified on the map. These
308regions detected from the cTFM measured in the QD channel
309(Figure 2a second panel) did not spread over the entire image,
310although the hiPSC-CMs were present in the entire field of
311view. This indicates that the contraction of hiPSC-CMs
312detected by the QD is limited on the basal side to areas where
313the actin-myosin network is connected to the substrate by
314adhesion. Our observation circles back to the fact that traction
315in single cells develops mainly at the cell border, corresponding
316to the adhesion points with the substrate.21 OPT_BF displayed
317a contractile region different from that of cTFM (Figure 2b
318second panel). The observed difference can be attributed to
319the different inputs since OPT_BF analyzes the BF channel
320where hiPSC-CMs are moving in all three directions while
321cTFM detects x,y contraction in areas where hiPSC-CMs
322adhere tightly to the elastomer substrate. The higher spread
323latency values in the OPT_BF measurement are therefore a
324potential consequence of the more diverse detected cell layer
325movements in the z-axis compared to the basal contraction,
326whose traction is limited to the x- and y-axis. The detected
327disparity in contraction between hiPSC-CMs on the basal side
328(cTFM) and those observed in BF (features moving in x,y, and
329z axis) (Figure 2a,b second panel) highlights the complex
330contraction behavior of hiPSC-CM within a layer.
331Although different features were tracked, it can be observed
332that the mean force profiles of the OPT_BF and cTFM
333samples were similar (Figure 2c). The spatial differences were
334more prevalent in the timing of the hiPSC-CM contraction, as
335indicated by the different latency distribution between the two
336methods (Figure 2d). Addressing the spatial difference shown
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337 in the map, we further tested the correlation between the
338 OPT_BF applied on this data set and cTFM (details in Figure
339 S4). OPT_BF and cTFM also gave similar values for the
340 timing (Figure S4.b) as well as the amplitude and beat duration
341 (Figure S4.d,e). Moving on to quantitative values, we
342 compared the extracted key parameters (Figure S1.d) across
343 independent samples (N = 4, see experimental: statistical
344 analysis section). Despite the spatial difference in the
345 amplitude map, the mean peak amplitudes showed similar

346forces between the ±2 and ±2 μN values of OPT_BF (2.6 ±
3470.36 μN) and cTFM (2.2 ± 0.31 μN), corresponding to 0.065
348± 0.09 and 0.055 ± 0.08 mN/mm2 respectively (Figure 2e).
349This force is similar to the forces obtained by Tulloch et al.
350using engineered 3D hiPSC-CMs with a mixture of cell types,
351having contractility of 0.08 mN/mm2.60 Averaging latency
352across samples (N = 4, see experimental: statistical analysis
353section sec4.9), cTFM and OPT_BF converged at the same
354latency mean (cTFM: 0.10 s ± 0.008, and OPT_BF: 0.10 ±

Figure 3. Quantification of mono- and bilayer hiPSC-CMs contraction. (a) Schematic display of the morphological differences in a
monolayer (first panel) and a bilayer (second panel) of hiPSC-CM together with examples of immunofluorescent images. (b) Statistical
comparison in the amplitude (first panel), beat duration (second panel), and interspike times (third panel) between the two configurations
of hiPSC-CMs layer. (c) Corresponding average latency distributions of cTFM (orange: bilayer; darker orange: monolayer) (first row) and
OPT (blue: bilayer; darker blue: monolayer) (second row) (N = 4 for both mono- and bilayer hiPSC-CMs). The center line represents the
mean and the gray zone covers one time the standard deviation from the mean. Mechanical forces in xy (cTFM: orange) and of z
(FFM:green) are recorded simultaneously and are overlaid with highlighted peaks (cross in respective color) for monolayer (d) and bilayer
(e) configuration. Corresponding time points of these peaks are shown in text right next to them. (f) Immunostaining of the hiPSC-CMs
after recording, cyan indicates nuclei and red indicates α-actin positive cells (first panel). Amplitude of ecAP mapped for the whole HD-
MEA chip (second panel). (g) Zoom-in ecAP recordings from the HD-MEA were used to derive the electrical characteristics of monolayer
(first row) and bilayer (second row) configuration marked with rectangles in (f), their immunostaining images are in the first panel, and
their ecAP frequencies are mapped on the recorded electrode (second panel). Corresponding peak time points of ecAP in active electrodes
in the second panel are vectorized in the electrical latency map (third panel) with a black star indicating the starting position of ecAP.
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355 0.022 s). However, OPT_BF has a broader latency distribution
356 with a higher full width at half-maximum (cTFM: 0.10 ± 0.049
357 s; OPT_BF: 0.20 ± 0.062 s). (Figure 2f) This suggests a
358 temporal disparity in contraction between hiPSC-CMs on the
359 basal side and the features across the z-axis observed in BF.
360 Combined with the spatial disparity described above, we
361 hypothesize that OPT_BF detects (1) feature displacement on
362 the top layer independently from (2) basal adhesion.
363 Contraction of hiPSC-CM Mono- and Bilayers. We
364 have demonstrated that our xy-inspection is capable of
365 resolving not only the hiPSC-CM contractility but also the
366 mechanical cell−cell coupling through latency analysis.
367 Intuitively, the latency is intricately associated with the number
368 of cell junctions and the cell-ECM interactions. The fact that
369 hiPSC-CM is organized in layers mimics the physiological state
370 with rhythmic contraction and abundant cell−cell connections.
371 To further extend the latency analysis toward quantifying cell−
372 cell interactions, we compared the hiPSC-CM bilayer with a
373 single layer of hiPSC-CMs obtained using reduced seeding
374 densities (confluent monolayer: 1000 cells/mm2 and confluent

f3 375 bilayer: 2000 cells/mm2) (Figure 3a).
376 Structurally, the hiPSC-CM monolayer exhibited slight
377 nuclei enlargement (162.86 ± 50.53 μm2), with approximately
378 30 cells occupying an area of 0.04 mm2 (Figure 3 in the first
379 panel). Conversely, in the bilayer configuration, hiPSC-CMs
380 displayed smaller nuclei (146.35 ± 51.40 μm2) and a
381 distinctive bilayer structure was observed through a different
382 nuclei location pattern at different z focus in the z stack
383 imaging (Figure 3a second panel, Figure S3.e,f). This
384 manifested as thicker layers with varying levels of homogeneity
385 (Figure 3a second panel side view; Figure S3.e,f). In this
386 configuration, there were approximately 80 cells within the
387 same 0.04 mm2 area. Contractility quantification of these two
388 configurations revealed a higher peak amplitude of the hiPSC-
389 CM bilayer (≃2.5 μN) than the monolayer (≃1 μN) with a
390 comparable beat duration and frequency (Figure 3b). Apart
391 from the contractility difference, interestingly, a prominent
392 peak around 0.15 s in the latency of the OPT_BF was evident
393 in the monolayer hiPSC-CMs, compared to a flat latency
394 distribution across different values in the bilayer configuration
395 (Figure 3c second row). These two configurations likely
396 involve different timings for contraction, further emphasizing
397 the complexity of evaluating the collective contraction of
398 hiPSC-CMs. Statistically, the monolayer of hiPSC-CMs
399 showed a less delayed mean latency of 0.07 ± 0.011 s and a
400 broader fwhm of 0.133 s, compared to the 0.10 ± 0.008 s
401 average latency and 0.1 s fwhm obtained by cTFM for the
402 bilayer (Figure 3c, first row). We found a similar trend in the
403 OPT_BF measurements (latency mean of bilayer; fwhm of
404 averaged distribution: 0.10 ± 0.022 s; 0.2 s, monolayer: 0.11 ±
405 0.010 s; 0.033 s) (Figure 3c second row). The broader
406 distribution in the bilayer hiPSC-CM could be due to more
407 diverse moving features in the bilayer hiPSC-CM, including
408 both hiPSC-CMs adhering tightly to the substrate and hiPSC-
409 CMs connecting to each other. Therefore, we could describe
410 the bilayer contraction as more “free-standing” in comparison
411 with the monolayer.
412 To further investigate the differences between the mono-
413 and bilayer configurations, we conducted a 3D force recording
414 (xyz-inspection).61 This 3D contractility measurement pro-
415 vided additional information along the z-axis, probing on the
416 apical side of the hiPSC-CM layer. Mechanical forces were
417 concurrently recorded in both the xy-plane (using cTFM) and

418the z direction (utilizing FFM) (Figures 3d,e and S5; see
419details in experimental: xyz-Inspection section). The vertical
420contractility of a hiPSC-CM layer differed spatially in
421amplitude (Figure S5.b−d),62 yet preserved the same force
422profile characteristics such as duration and frequency (Figures
4233e, and S5.d). This combined measurement, including the
424force recorded from FFM at the apical side and from cTFM at
425the basal side, highlighted the 3D latency. Fixing the cTFM as
426the reference measurement for the basal side of the hiPSC-CM
427layer at time t = 0, it appeared that the contractions recorded
428from FFM occurred earlier in time. Furthermore, the FFM
429vertical delay (vs cTFM) was larger in the bilayer morphology
430(0.075 ± 0.014 s), compared to the monolayer (0.050 ± 0.019
431s) (Figure 3d,e). This could further confirm the “free-standing”
432feature of the bilayer configuration, as it contracts with more
433delay in the z-axis.
434As electrical signals mark the start of a hiPSC-CM
435contraction, electrophysiology measurements could investigate
436further the latency difference between the two configura-
437tions.63 We employed high-density multielectrode arrays (HD-
438MEA, see experimental: HD-MEA Data Analysis section for
439further details) to record the extracellular action potential
440(ecAP) of hiPSC-CMs adherent to the sensor area. The ecAP
441derived from this methodology was previously validated as a
442practical indication of the model assay for drug development.64

443Unlike traditional MEA measurements, where recordings
444include collective ecAP from multiple cells on the same
445electrode, the HD-MEA measured both the amplitude and the
446frequency of ecAPs with high temporal and lateral resolution
447(0.05 ms; 17.5 μm electrode pitch), sufficient to resolve single
448cell electrical activity and cell−cell electrical communica-
449tion.33,34,65 However, HD-MEA sensors are rigid which may
450stress hiPSC-CMs due to the stiff ECM.66 This unmatched
451ECM stiffness in the electrical recording (HD-MEA: GPa)
452with that of the mechanical measurements (xy- and xyz-
453inspection: 13.7 kPa67) affects the hiPSC-CM contraction
454characteristic by cell-ECM interaction. Therefore, targeted
455HD-MEA experiments were performed only to provide
456additional information with a limited number of independent
457samples (see details in the experimental HD-MEA Data
458Analysis section).
459Focusing on the cell−cell communication, the lateral
460morphological characteristics were verified by postexperiment
461immunofluorescent staining on formaldehyde-fixed samples
462(Figure 3f first panel), since the HD-MEA are not transparent
463for microscopy techniques. The amplitude and frequency map
464of the ecAP corresponded well to the cell coverage (Figure 3f,
465second panel), matching the fluorescent image (Figure 3f, first
466panel). In order to measure in detail the electrical activity at
467the cell−cell interface, zoom-in recordings of the hiPSC-CM
468were conducted on HD-MEA chips as the maximum number
469of parallel recording electrodes on the HD-MEA is 1024
470(Figure 3g, h). When selecting the recording electrodes, it was
471possible to identify if the selected cells are in a monolayer or a
472bilayer configuration comparable to what was defined in the
473mechanical measurements of the hiPSC-CMs, based on the
474ecAP activity in the frequency maps and the fluorescent images
475(Figure 3g,h).
476Additionally, corresponding examples of ecAP profiles were
477averaged for each contraction in these zoom-in recording in
478Figure S6.a,b. Similarly to the mechanical map, the difference
479in ecAP peak time points can be extrapolated onto the
480electrical latency map (zoom-in: Figure 3g,h third panel, whole
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481 chip: Figure S6.c; see details in the Experimental: HD-MEA
482 Data Analysis section). The first emergence of ecAP in all
483 recorded electrodes can be determined due to the high
484 temporal resolution of the MEA system (0.05 ms). Therefore,
485 we mapped the electrical latency with arrows indicating the
486 direction of ecAP propagation based on the latency of ecAP
487 peak timing (Figure 3g,h third panel). Such signal propagation
488 repeated periodically along with the rhythmic contraction of
489 the CMs; therefore, we further extracted the electrical latency
490 distribution to quantify the electrical propagation of the
491 hiPSC-CMs (Figure S6.d,e). The electrical latency map
492 combined with its distribution in a whole chip (most active
493 1024 electrodes selected) revealed that the ecAP propagated
494 from the left of the chip to the right within 5 ms (Figure S6.c,d,
495 Video S2). Comparing zoom-in recordings of hiPSC-CM in
496 different configurations, the hiPSC-CM monolayer presented a
497 dominant 1.2 ms peak in electrical latency, accompanied by
498 another two peaks at around 2.7 and 4.2 ms (Figure S6.e).
499 These two secondary electrical latency peaks could be due to
500 the hiPSC-CMs at the corresponding positions not being
501 electrically connected to the main hiPSC-CMs electrical event
502 (1.2 ms), as suggested by the latency map.
503 In contrast, the hiPSC-CMs in a bilayer configuration in
504 which the cells cover the entire field of recording had two main
505 electrical latency peaks at 1.3 and 1.7 ms (Figure S6.e), without
506 other latency peaks at higher values. Although we did not
507 observe a broader latency distribution electrically in the bilayer
508 configuration as in the mechanical measurement, the ecAP
509 propagation differed between monolayer and bilayers, showing
510 a reduction of electrical connection in the monolayer
511 configuration.
512 The mechanical map of the hiPSC-CM contraction is rich in
513 lateral resolution, providing 0.4 μm/pixel (xy-inspection, xyz-
514 inspection: 0.1 μm/pixel) resolution, showing hundreds of ms
515 mechanical latency difference between layers of hiPSC-CMs.
516 Although the temporal resolution of the mechanical
517 quantification is limited by the inherent acquisition rate of
518 the camera mounted on the microscope (xy-inspection: 0.033
519 s/frame and xyz-inspection: 0.025 s/frame; field of view: ≃0.04
520 mm2), the latency results reported here lay within the range
521 with respect to the long mechanical beat duration (1.2 s) (36
522 and 48 frames within one contraction for xy-inspection and
523 xyz-inspection, respectively).
524 The electrical communication of hiPSC-CMs with relatively
525 short ecAPs (duration: 200 ms)68 can only be resolved with
526 techniques with both high temporal and lateral resolution such
527 as the HD-MEA that is used in this work (Figure 3f−h).
528 Compared to patch clamp, which only allows parallel
529 measurements of a limited number of cells, HD-MEA, which
530 records 1024 pixels with a spatial resolution of 17.5 μm per
531 pixel, provides an improved advantage in resolving cell−cell
532 communication. Moreover, compared with the mechanical
533 latency map, we could derive the electrical propagation path
534 across the cell−cell interface thanks to the high temporal
535 resolution (4000 frames, 50 μs per frame, within one
536 contraction). Therefore, ecAP recording has the suitable
537 spatiotemporal resolution for the hiPSC-CMs electrical
538 communication, described as electrical latency in this work.
539 Upon comparison of the mechanical and electrical latency,
540 an order of difference in latency values in the mechanical
541 (hundreds of milliseconds) and electrical measurements (ms)
542 was observed. There is indeed an expected time difference
543 between the peak of ecAP and mechanical contraction,69 which

544should be in the range of tens of ms due to the cardiac
545excitation-contraction coupling.5 However, since each cell
546(from the one that starts contraction to the one that contracts
547last) is expected to have about the same inherent time
548difference, the overall mechanical latency should be the same
549as the electrical latency. Therefore, the long mechanical latency
550that we observed here suggests an electromechanical delay as
551previously demonstrated70 in a paced hiPSC-CM layer on a
552rigid substrate, measuring around 100 ms delay of a layer of
553hiPSC-CMs. We further hypothesized that this delay is also a
554result of mechanical inertia within the coordinated hiPSC-CM
555layer, which does not exist in a single hiPSC-CM. Starting from
556a local action potential, the corresponding hiPSC-CMs initiate
557their mechanical contraction, which simultaneously exerts
558pulling on the neighboring hiPSC-CMs. This process repeats
559in a chain of reactions within a network of hiPSC-CM until the
560hiPSC-CM layer completes a coordinated beat, which is
561registered either with cTFM through focal adhesion sites or
562with OPT_BF through the feature movement. From the macro
563perspective, the elasticity and local mass of the layer delay the
564force development in muscle tissue71 and correlate with the
565mechanical inertia. The ecAP measured in this work with even
566shorter electrical characteristics can only enhance this
567difference in latency. In this work, the degree of mechanical
568inertia depends on the complexity of interactions such as
569excitation-contraction coupling within each cell, cell−cell
570connections, and cell-ECM interactions. Compared to a
571previous electromechanical wave study by Liu et al. (30
572μm),70 we presented a higher lateral resolution with
573contractility quantification, resolving the mechanical coupling
574of hiPSC-CM with each other, which is especially complicated
575in the hiPSC-CM layer.
576The broad latency distribution of hiPSC-CM contraction
577observed from both mechanical and electrical measurements
578could arise from the inherent limitations of hiPSC-CMs in
579establishing connections with each other.72 The mechanical
580inertia in hiPSC-CMs can be explored more thoroughly via an
581in vitro model that includes supporting cells, such as cardiac
582fibroblasts which could modulate the mechanical coupling by
583producing ECM.72 The physical linkage between the ECM and
584the cytoskeleton, established by the focal adhesions, controls
585the complex bidirectional mechanical forces. Previous studies
586have shown that substrate stiffness influences the expression of
587the connexin isoform 43 and the calcium handling of hiPSC-
588CMs49 as well as their contractility.73 CMs on stiffer substrates
589have a larger contractility in xy73 and a smaller force in z49

590compared to CMs on soft substrates, suggesting that when
591contracting, CMs deform easier in 3D when adherent on softer
592substrates.74 In the bilayer configuration, the top layer binds to
593the bottom hiPSC-CMs which has a Young’s modulus of 1.25
594kPa,75 while the bottom layer adheres to the cTFM substrate
595or the HD-MEA, which has a modulus of 13.7 kPa or tens of
596GPa, respectively. From the mechanotransduction perspective,
597it is not surprising to observe the different mechanical and
598electrical propagation patterns between the bilayer and the
599monolayer of hiPSC-CMs. Moreover, mechanical conduction
600is faster with CMs adherent to a softer substrate.49 This
601matches the observations of mechanical latency differences
602found between the hiPSC-CM bilayer and monolayer with xy-
603inspections, where more diverse latency values were present in
604the hiPSC-CM bilayer configuration. Therefore, we attribute
605the larger mechanical inertia, indicated by the decreased mean
606latency detected by cTFM and the broader latency distribution
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607 seen in OPT_BF (Figure 3c), to the “free-standing” character-
608 istics of the hiPSC-CMs bilayer. Furthermore, more feature
609 movements covering the hiPSC-CM contraction in the vertical
610 axis in the bilayer configuration were measured by a larger 3D
611 latency delay than the monolayer configuration with xyz-
612 inspection. A further detailed investigation into the coupled
613 cell-ECM and cell−cell interactions could include a soft ECM
614 surrounding CMs, such as a hydrogel-based cell encapsulation
615 system while recording the local contraction with high lateral
616 resolution.
617 Contraction of Diseased hiPSC-CMs. The coordination
618 of the hiPSC-CMs in a layer does not only rely on the
619 cooperative coupling of the cell-ECM and cell−cell inter-
620 actions but is also tightly correlated to the functional
621 contraction of every single hiPSC-CM, all of which can be
622 altered by diseases and pathological conditions. After
623 characterizing the contraction of hiPSC-CMs from healthy

624donors both electrically and mechanically (CTRL), we
625extended the study with two different diseased hiPSC-CM
626cell lines (Brugada syndrome and Dilated Cardiomyopathy) to
627assess whether these diseases modify any of the previously
628 f4described quantitative parameters (Figure 4).7,10

629Brugada syndrome is a hereditary ion channel disorder that
630increases the risk of ventricular arrhythmias and sudden cardiac
631death. Here, we used engineered hiPSC-CMs with artificially
632introduced Cav1.2 (CACNA1C: loss-of-function) gene
633(G490R specifically) into a donor with no known disease-
634related genotypes (BRU) (Figure 4 is a second panel). Cav1.2,
635a voltage-gated L-type calcium channel, serves as a crucial
636mediator of the cardiac action potential.76 Given its function as
637the primary channel regulating calcium entry for excitation-
638contraction coupling, the loss of function in this channel leads
639to bradycardia and arrhythmias.76 Dilated cardiomyopathy
640(DCM) is typically diagnosed clinically by ventricular dilation

Figure 4. Quantification of diseased hiPSC-CMs contraction. (a) Immunofluorescent staining of CTRL, BRU, DCM, and isogenic DCM
diseased cell lines in a bilayer configuration. (b) Contractility quantification of hiPSC-CMs analyzed by xy-inspection providing statistical
comparison in amplitude (first panel), beat duration (second panel) and interspike time (third panel) (N = 4 for all conditions, n.s. stands
for not significant, * p < 0.05, ** p < 0.001,*** p < 0.0001,**** p < 0.00001,***** p < 0.000001). (c) Latency distributions of CTRL, BRU,
DCM, and ISOGEN analyzed by cTFM (first panel) and by OPT_BF (second panel). Xyz-inspections on CTRL (d), BRU (e), and DCM (f),
providing 3D force profiles with peak time points indicated next to the peaks.
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641 and reduced heart contractility, representing a disease in which
642 mechanobiology plays an important role.10 In our study, we
643 focused on hiPSC-CMs derived from an individual with DCM
644 pathology, specifically a donor carrying lamin A/C (LMNA:
645 L35P) protein mutation10 (DCM) (Figure 4a third panel). To
646 expand the application of our methodology in the genetic
647 etiology of DCM, we introduced the engineered isogenic
648 control of DCM with L35P correction, as stated by the
649 producer (ISOGEN) (Figure 4a fourth panel).
650 We have quantitatively assessed the behavior of both mono-
651 and bilayers of the diseased hiPSC-CMs by using the
652 methodology described above. Monolayers hiPSC-CMs mainly
653 differed in interspike time (Figure S7.c), especially between
654 CTRL and BRU. Bilayers hiPSC-CMs seemed to have a more
655 pronounced difference in the measured overall mechanical
656 quantitative parameters (Figure 4). Consequently, we chose to
657 focus on the hiPSC-CM bilayer condition for both healthy and
658 diseased cell lines, as it is also more relevant for the study of
659 cell−cell interactions.3 Statistical results revealed that both
660 BRU and DCM have a reduced beating amplitude, with both
661 cTFM and OPT_BF being in agreement (Figure 4b). DCM

662had a longer beat duration and interspike time (lower beating
663frequency) than BRU and CTRL and sometimes showed
664arrhythmia detection which indicates a more severe mechanical
665pathological condition, matching the reduced contractility of
666DCM samples (Figure 4b). The ISOGEN displayed an
667increased trend in amplitude compared to DCM hiPSC-
668CMs, however still had a longer beat duration and higher
669interspike time compared to the healthy hiPSC-CMs (Figure
6704b). Such observation indicates that the DCM pathology
671involves additional genetic mutations other than the L35P,
672resulting in a reduced contraction.58 The comparison of the
673isogenic control of DCM alleviates the differences in the
674genetic background of the donor of hiPSC-CMs, focusing the
675quantification on the specific genetic mutation. This further
676highlights the significance of hiPSC-CMs in the study.
677After a statistical analysis of the diseased hiPSC-CMs, we
678focused on latency comparison. cTFM measured increasingly
679higher fwhm of latency distributions for BRU (0.17 s) and
680DCM (0.20) compared to CTRL (0.10 s). The mean latency
681of DCM and BRU measured from cTFM shifted toward higher
682values (BRU and DCM averaged at 0.16 ± 0.016 and 0.20 ±

Figure 5. Response of hiPSC-CMs to isoproterenol. Contraction quantification and latency distributions with (a, b) cTFM and with (c, d)
OPT_BF of spontaneously beating and isoproterenol stimulated hiPSC-CMs in CTRL, BRU, and DCM conditions. CTRL (N = 4), BRU (N
= 4), and DCM (N = 4) (* p < 0.05, ** p < 0.001, *** p < 0.0001, **** p < 0.00001, ***** p < 0.00001. Not labeled statistics are not
significantly different.
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683 0.029 s respectively vs CTRL at 0.11 ± 0.010 s) (Figure 4c first
684 panel).
685 OPT_BF analysis had less obvious trends in latency
686 distribution but also displayed a greater percentage of higher
687 latency values measured in BRU and DCM (Figure 4c second
688 panel). The delay in latency means detected by OPT_BF
689 became more severe with DCM, having an average of 0.21 ±
690 0.033 s (CTRL: 0.10 ± 0.022 s). This difference was less
691 pronounced in BRU samples measured by OPT_BF, with an
692 average latency of 0.16 ± 0.024 s (Figure 4c, second panel).
693 The xyz-inspections of the diseased hiPSC-CMs revealed
694 distinct characteristics compared to healthy hiPSC-CMs
695 (Figure 4c−e). In BRU samples, a notable double-peak feature
696 and an FFM latency of 0.325 ± 0.224 s compared with the
697 cTFM measurement in the contraction was observed (Figure
698 4d). Likewise, in DCM, a large 3D latency difference was seen,
699 with −0.225 ± 0.122 s in the FFM anticipated to the cTFM
700 (Figure 4e). These 3D latency features of BRU and DCM
701 suggested irregularities in mechanical conduction along the z-
702 axis in diseased hiPSC-CMs.
703 Apart from the measured contractility reduction, also a
704 noticeable delay in mechanical latency was observed in the
705 diseased hiPSC-CM layer, suggesting a larger mechanical
706 inertia. This could stem from the defective coupling between
707 hiPSC-CM within the layer. Specifically, DCM hiPSC-CMs
708 have the LMNA defect, which results in reduced force
709 transmission from the sarcomere to the ECM, leading to the
710 broadest latency distribution. At the same time, the defective
711 mechanical coupling in BRU is interesting as the Cav1.2 defect
712 is not typically associated with mechanical disorders. The fact
713 that an ion channel defect results in larger mechanical inertia
714 indicates the important role of excitation-contraction in the
715 mechanical coupling of hiPSC-CMs.
716 The characterization of the electrical activity of diseased cell
717 lines is equally essential in identifying pathological con-
718 ditions.8,13 The loss-of-function Cav1.2 in BRU samples
719 generates a shortened action potential duration and short
720 QT intervals with a reduced calcium current.7 Therefore, we
721 expected to find the observed differences in the electro-
722 physiological behavior of the BRU hiPSC-CMs. Similarly,
723 although DCM primarily affects the heart structure mainly by
724 ventricular dilation, it also leads to electrical abnormalities as a
725 secondary consequence.8 Despite the rigidity mismatch
726 between mechanical and electrical measurements, HD-MEA
727 was needed for electrical characteristic registration of diseased
728 hiPSC-CMs (details in Figure S8). The latency analysis
729 showed that ecAP propagation in BRU has a higher delay
730 compared to that in the healthy hiPSC-CMs (Figure S8). This
731 electrical delay may be attributed to the loss of function in
732 calcium channels, leading to an overall reduced Ca2+ trafficking
733 in each hiPSC-CM and also between hiPSC-CMs. DCM
734 hiPSC-CMs by definition are “mechanically defective”9 and
735 our analysis demonstrated a milder delay with a latency; the
736 correction of the LMNA mutation (Isogenic DCM) leads to a
737 recovery of the electrical propagation (see details in Figure
738 S8). The limitation of this study is the separate recording of
739 the electrical and mechanical activity, performed on different
740 platforms with drastically different rigidity. An envisioned
741 improvement would be the simultaneous mapping of the
742 electrical and mechanical activities to further investigate the
743 effect of cell−cell and cell-ECM coupling by using, e.g.
744 different seeding densities and tunable substrate Young’s
745 modulus.

746Response of hiPSC-CM Bilayers to Isoproterenol.
747Finally, we investigated how the in vitro models (CTRL, BRU,
748and DCM samples) respond to isoproterenol to assess the
749suitability of our platform for investigating drug-induced
750effects. We treated the hiPSC-CMs with isoproterenol (1
751μM), which is known to upregulate the cardiac β-adrenergic
752pathway with an expected increase of contractility, beating
753frequency (positive inotropic and chronotropic effects), and
754conduction velocity.77−79 Overall, we did not measure any
755 f5positive inotropic effect of isoproterenol (Figure 5a first panel),
756which can be an indication of the immaturity of the hiPSC-
757CMs, as reported in the literature.22,80,81 A positive
758chronotropic effect was confirmed in both cTFM and
759OPT_BF by the two-fold decrease in the interspike time and
760a halving of the beating duration compared to the untreated
761hiPSC-CMs (Figure 5a,b).
762Focusing on the response of the diseased hiPSC-CMs
763toward isoproterenol, BRU hiPSC-CM samples were majorly
764rescued with shortened beat duration and a smaller interspike
765time, while DCM hiPSC-CMs still presented significantly
766longer beats and interspike time compared to the untreated
767CTRL (Figure 5a,b). We found no significant differences in
768average latency between spontaneous (cTFM: 0.1 ± 0.008 s;
769OPT_BF: 0.10 ± 0.022) and isoproterenol treated (cTFM:
7700.09 ± 0.006 s; OPT_BF: 0.10 ± 0.016) contraction of CTRL.
771Similarly for BRU, which showed an average latency at 0.18 ±
7720.025 s (OPT_BF: 0.12 ± 0.022 s) with isoproterenol (Figure
7735c,d, second panel) compared to 0.16 ± 0.016 s (OPT_BF:
7740.15 ± 0.024 s) for spontaneous contraction. In contrast, we
775observed a larger latency mean change in DCM compared to
776BRU, exhibiting a smaller mean latency centered at 0.16 ±
7770.013 s (OPT_BF: 0.16 ± 0.05 s) compared to spontaneous
778beating (0.21 ± 0.03 s, OPT_BF: 0.21 ± 0.033 s) (Figure 5c,d,
779third panel). Importantly, a clear narrower latency distribution
780in all cell types is measured by cTFM with the fwhm of the
781mean distribution compared in spontaneous and isoproterenol-
782treated contraction (CTRL: 0.10; 0.03 s; BRU: 0.17; 0.07 s;
783DCM: 0.20; 0.10 s) (Figure 5d first panel). The same trend is
784also observed in the OPT_BF analysis (CTRL: 0.20; 0.13 s,
785BRU: 0.07; 0.03 s, DCM: 0.23; 0.07 s; Figure 5d, second
786panel).
787To summarize, the latency analysis measures a partial
788mechanical coupling recovery by isoproterenol, which
789demonstrates the sensitivity of the mechanical measurements,
790making it also applicable in drug assessment. The decreased
791mean latency in DCM samples with isoproterenol confirms
792what in the literature has been assessed as the role played by
793impaired Ca2+ trafficking, a key dysfunction contributing to
794arrhythmogenesis in this cardiomyopathy.82 The unchanged
795mean latency in BRU indicates that the enhanced calcium
796trafficking from the β-adrenergic receptor activation could not
797fully compensate for the defective excitation-contraction
798coupling caused by the loss of function in the calcium
799voltage-sensitive channel mutation.83,84

800The β-adrenergic upregulation observed in the mechanical
801activity can also be observed in the parallel electrical
802measurements (details in Figure S9), with targeted experi-
803ments on CTRL and BRU, again considering the effect of rigid
804HD-MEA on cell-ECM interactions. We compared the ecAPs
805of hiPSC-CMs within the same zoom-in field of view under
806spontaneous contraction and after isoproterenol stimulation
807(Figure S9). In healthy hiPSC-CMs, the spontaneous
808frequency of ecAP doubled (0.5 Hz vs 1 Hz under
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809 isoproterenol treatment), and the latency distribution shifted
810 toward lower values with a peak at 0.78 ms, in contrast to
811 spontaneous activity (1.64 ms) (Figure S9.a−c). The BRU
812 response to isoproterenol was electrically present, not only in
813 the chronotropic effect but also in the altered latency
814 distribution (Figure S9.d−f). In the electrical latency map,
815 we observed a different conductive pathway in the isoproter-
816 enol-stimulated BRU, where the ecAP propagates faster from
817 the lower right to the middle until the upper regions of the
818 field of view (Figure S9). This also aligns with the accelerated
819 conduction velocity by β-adrenergic modulation from iso-
820 proterenol.77,79

821 CONCLUSIONS
822 In this work, cTFM and OPT_BF served as mutual validation
823 in quantifying the hiPSC-CM contractility and together
824 demonstrated great potential in measuring the cell−cell
825 mechanical coupling. Specifically, the introduced xy-inspection
826 and xyz-inspection complemented the traditional contraction
827 analysis with latency quantification. Furthermore, the electrical
828 latency was characterized by targeted ecAP mapping with HD-
829 MEA, resolving the electrical propagation pathway within the
830 hiPSC-CM layers. We provided a complete set of latency
831 evaluations, being able to distinguish between mono- and
832 bilayer hiPSC-CM configurations and between healthy and
833 diseased hiPSC-CM layers. Combined with contraction
834 measured with FFM at the z-axis, a more spread latency in a
835 bilayer hiPSC-CM configuration was shown in both 2D and
836 3D, highlighting the larger mechanical inertia in the bilayer
837 configuration. In diseased hiPSC-CM layers, a noticeable delay
838 in both mechanical and electrical latency was observed,
839 indicating defective coupling between hiPSC-CM within the
840 layer. This defected coupling could be partially rescued with
841 the activation of the β-adrenergic pathway, validating the
842 applicability of the proposed technique for drug assessment. In
843 conclusion, the mechanical and electrical analyses proposed in
844 this work provided different insights into the signal conduction
845 of cardiac in vitro models. Notwithstanding that the hiPSC-
846 CM mono- and bilayers do not have the grade of biological
847 complexity to be rationalized as multilayers or 3D models, they
848 ensure a high sensitivity enough to reliably detect pathological
849 conditions for possible applications in pharmaceutical research.

850 EXPERIMENTAL SECTION
851 Fabrication of cTFM Substrates. Glass coverslips were first spin-
852 coated with CY52−276 silicone (DOWSIL, USA) using a 9:10 mixing
853 ratio with components A and B, resulting in an elastic modulus of
854 approximately 13.7 kPa.45,61 Details of the silicone preparation can be
855 found in the study of Reyes Lua et al.67 Subsequently, red-emitting
856 quantum dots (CdSe, QD) in the form of nanodiscs were precisely
857 deposited onto these silicone substrates in hexagonal arrays (210 ×
858 210 μm2 each), maintaining a spacing of 5 μm between discs. This
859 deposition was achieved using the electrohydrodynamic nanodrip
860 printing technique, as previously reported by Bergert et al.45 For the
861 experiments, the prepared substrates were fixed to bottomless Petri
862 dishes (WillCo Wells, NL) for cell culture with double-sided adhesive
863 provided by the Petri dish manufacturer.
864 Cell Culture. hiPSC-CMs were purchased from Fujifilm Cellular
865 Dynamics Solutions (USA). The CTRL hiPSC-CM was derived from
866 a healthy donor clone 11,713. BRU hiPSC-CM was an artificial cell
867 line that engineered the Cav1.2 loss-of-function gene in a healthy
868 donor with clone number 01434. DCM hiPSC-CM was derived from
869 individual mice (clone 01016) with dilated cardiomyopathy. Isogenic
870 control of DCM hiPSC-CM was corrected with the L35P genetic
871 missense of the DCM hiPSC-CM cell line. xy-inspection and xyz-

872inspection use the cTFM substrate prepared with the same methods
873described above. The cTFM substrates were coated with vitronectin
874(Sigma, USA) (50 μg/mL in DPBS (Thermo Fisher, USA)) for 2 h at
87537 °C before cell seeding, and finally washed with DPBS twice before
876cell seeding.
877Cells were thawed and handled according to the manufacturer’s
878recommendations, in terms of the warm-up procedure and usage of
879specific medium. Two seeding densities were used to obtain either
880monolayers (1000 cells/mm2) or bilayers of cells (2000 cells/mm2).
881The HD-MEAs (Maxwell Biosystems, Switzerland) were prepared
882with the same coating protocol as the cTFM substrate described
883before; 100,000 cells were seeded on each HD-MEA. Two days after
884plating, the plating medium was replaced with a maintenance medium
885supplied by Fujifilm to guarantee cell viability and functionality. Cells
886were incubated at 37 °C and 5% CO2 for at least 10 days to allow for
887proper cell attachment to the substrate. The maintenance medium
888was refreshed every 2 days during the whole experiment according to
889the manufacturer’s instructions.
890xy-Inspection. Both BF and fluorescent (cTFM: QD) images
891were acquired by a confocal laser scanning microscope (CLSM)
892(Olympus Fluoview FV3000) with temperature and CO2 control. A
893488 nm argon laser was band-passed before illuminating the sample
894and exciting red QDs with an emission window of 550 to 650 nm.
895One minute acquisition on each sample were acquired with a 60×
896objective, having a numerical aperture of 1.35, at 30 frames/s.
897xyz-Inspection. We selected FluidFM commercial tipless silicon
898nitride probes (Cytosurge AG, Switzerland) with a 2 μm circular
899aperture and low spring constants (initially 0.2 N/m). According to
900the thermal tuning calibration,85−88 these probes have an average
901spring constant of 0.26 N/m. The deflection sensitivity was calibrated
902by averaging the slopes of deflection versus voltage from four forward
903force spectra recorded on glass in PBS (Thermo Fisher, USA) before
904each experiment. A 4 μm bead (Degradex, USA) was attached to the
905cantilever with negative pressure. The experiments were conducted at
90637 °C within an incubation chamber (Life Imaging Services,
907Switzerland). The cTFM samples with a hiPSC-CM layer were
908mounted on a live-cell, wide-field fluorescent microscope (Axio
909observer, Zeiss, Germany) equipped with the FluidFM system
910(FlexAFM-near-infrared scan head with a C3000 controller driven
911by the EasyScan2 software, Nanosurf AG, Switzerland). The highest
912point within the hiPSC-CM layer was selected for probing based on a
913z-stack of images. For each experiment, we selected 2−3 highest
914points to measure the z force. The approach set-point for force
915detection was set at 10 nN to ensure a gentle yet effective contact
916between the cantilever and the hiPSC-CM layer. The imaging of
917cTFM in the red channel was performed with a CMOS ORCA-flash
918camera (Hamamatsu, Japan) using a 63× objective, having a
919numerical aperture of 1.34 at 40 frames/s. The simultaneous
920recording of imaging information (shutter opening), deflection, and
921piezo movement was integrated into a DAQmx device (BNC-2090A,
922National Instruments, US). The force recorded with FluidFM and
923cTFM can then be synchronized based on the shutter opening,
924assigning the correct z force to the xy force in time.
925Immunostaining. Samples were fixed with 4% formaldehyde
926solution (Sigma-Aldrich, USA) for 10 min at room temperature. After
927fixation, the samples were washed three times for 5 min with 1×
928Phosphate buffer solution (PBS, Gibco, USA). Permeabilization of the
929cell membranes was performed with a 10 min incubation step in
930Dulbecco’s phosphate buffered solution (DPBS, Gibco, USA)
931supplemented with 1% bovine serum albumin (Sigma-Aldrich,
932USA) and 0.1% Triton-X100 (Sigma-Aldrich, USA). After washing
933thoroughly with 1× DPBS, the samples were incubated with primary
934antibody (Mouse Antisarcomeric Alpha-actin, Abcam, MS-295, UK)
935resuspended with a dilution factor of 1:200 in blocking buffer (DPBS
936with 0.1% goat serum), overnight at 4 °C. On the following day, after
937washing steps, incubation with the secondary antibody solution
938diluted in the blocking buffer (Alexa Fluor 488 goat antimouse,
939concentration 1:100, Thermo Fisher Scientific, A28175, USA) was
940performed for 2 h at room temperature. Lastly, after the unbound
941antibody was washed off, the samples were incubated with Hoechst
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942 33342 solution (Thermo Scientific, 62249, USA). Finally, the cells
943 were imaged within 2 days to prevent any bleaching of the
944 immunofluorescent signal.
945 cTFM Data Analysis. To calculate the traction forces during
946 hiPSC-CM beating, we employed image analysis using the previously
947 developed software, Cellogram,51 which does not require a reference
948 image. Instead, it relies on establishing the theoretical initial position
949 of the ordered QD nanodisc array and comparing it with the
950 experimentally acquired images to determine the QD displacement
951 field Δu. Subsequently, using the known material properties of the
952 substrate, the traction force vector field F was computed with a linear
953 elastic material model51:

=
+

+
+

·E EF u u
2(1 ) 2(1 )(1 )

( )
954 (1)

955 where E is the elastic modulus of the material (13.7 kPa here), and ν
956 is the Poisson ratio (0.49 for our CY elastomer substrate). Then, the
957 modulus of the projection of the traction force F onto the xy plane is

= +F F Fxy x y
2 2

958 (2)

959 Traditionally, Fxy is expressed in kPa (0.001 N/mm2) to be
960 subsequently multiplied by the area of each pixel (0.16 μm2 for xy-
961 inspection images, while 0.01 μm2 for xyz-inspection images due to
962 the better objective on the xyz-inspection setup).
963 Additionally, a filter step is incorporated into the analysis to extract
964 the pixels of the actually deformed regions with a mask to subtract the
965 noise. In this step, we utilize both images of the rest of the state and
966 the contracted state of hiPSC-CMs as a reference. A threshold of 0.3
967 × the standard deviation of the contracted state of hiPSC-CMs was
968 added to the background recorded at the rest of the state of hiPSC-
969 CMs for each pixel. Pixels below this threshold were excluded in the
970 final mask (black pixels in Figure S1.a). The final mask generated was
971 then projected onto the raw traction force map. The corresponding
972 force profile of each pixel in the masked map was preserved for the
973 extraction of peak amplitudes and timing (Figure S1.a).
974 The mean of these force profiles (pixels within the masked traction
975 force map) was then defined as the force profiles of the hiPSC-CMs
976 within the field of the view, and a peak-detection algorithm (modified
977 based on the find peaks function (scipy, python)) was applied to
978 output the peak time points and contractility indications such as peak
979 amplitude, beat duration, and interpeak time (Figure S1.b). The peak
980 time point of each pixel (within the masked traction force map and
981 within the beat) was extracted (Figure S1.e). Then these time points
982 were subtracted from the earliest peak time point, yielding values that
983 begin with 0 and end with a threshold (0.3 s for healthy hiPSC-CMs,
984 0.4 s for diseased hiPSC-CMs). These differences are defined in this
985 study as latency values, and the distribution of the latency values can
986 be plotted in a line plot, with latency time as the x-axis and the
987 percentage of each latency value as the y-axis (Figure 2d). The latency
988 of each pixel can be presented on a latency map (Figure 2a,b, third
989 panel). The latency distributions could be further compared and
990 averaged between individual samples, and the center line is the mean
991 over different samples, and the gray zone covers all points within the
992 standard deviation (Figure 2f). The full-width half-maximum (fwhm)
993 of the mean latency distribution over different samples is extracted to
994 describe how spread the distribution is. The latency distribution is
995 referred to in this study as a delay and is used to compare the
996 efficiency of cell−cell mechanical communications between different
997 hiPSC-CMs configurations and cell lines.
998 OPT_BF Data Analysis. The OPT software was developed in
999 Matlab (Matlab 2023a, The Mathworks Inc., USA) and it was based
1000 on movement tracking with automatic feature detection relying on the
1001 Kanade-Lucas-Tomasi (KLT) algorithm,52 which is a recognized
1002 approach for feature extraction with the advantage of computational
1003 discharge.53,54 The whole batch of features returned by KLT was
1004 processed and filtered. The displacement of the selected features
1005 (green crosses in Figure 2b first panel) was calculated in x (dxi) and y
1006 component (dyi) for each feature i between time points 0 and t. The
1007 calibration factor to switch from the image reference system to the

1008actual contraction in physical units (μm) was calculated according to
1009the approach by Sala et al.42 The traction force in x,y is linearly
1010dependent on the displacement and inversely to the G matrix (eq
10113).55 The traction force was calculated from the Boussinesq equation,
1012under a small displacement assumption.56

= ·[ ]F G x yd , d , 0i i
1

1013(3)

1014G matrix integrates the displacement with Young’s modulus (E) and
1015the Poisson ratio ν of the substrate to which the hiPSC-CMs adhered
1016in the system, as hiPSC-CMs drag the substrate while contracting.55
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1020Detected features within the traction force map underwent the same
1021peak detection algorithm and the extraction of the peak time points,
1022which was used later to output latency values. They can be further
1023visualized in the latency map and latency distribution as cTFM.
1024HD-MEA Data Analysis. In both whole-chip and zoom-in
1025recordings of the hiPSC-CMs, the ecAP at each electrode was
1026acquired and analyzed. From the profile of each ecAP, which is the
1027ecAP plotted over time, the maximum absolute amplitude, the
1028frequency of ecAP, and the time point of the absolute maximum
1029amplitude (time stamp of this ecAP) were extracted (Figure S6.f,
1030dashed lines). The maximum amplitude and the frequency of ecAP
1031were plotted at each electrode location, generating the spatial
1032amplitude and frequency maps (Figure 3f−h). The whole chip
1033amplitude maps of the hiPSC-CMs on the HD-MEA were generated
1034by subsequently routing 25 different electrode configurations,
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1035 recording for 30 s for each configuration, and then stitching all results
1036 together. The latency maps were derived from the time stamps of
1037 ecAP recorded on each electrode. The first occurrence of a spike
1038 event (the first time stamp) within a contraction (all electrodes
1039 averaged in the field of view) can be found thanks to the high
1040 temporal resolution of the recording system (50 μs). Assigning this
1041 earliest spike event as time 0, the relative latency time on other active
1042 electrodes can be mapped (Figure 3g,h third panel) This approach
1043 yields latency maps with vectors indicating the direction of the ecAP
1044 flow. This process of analyzing time stamps and assigning them
1045 spatially was based on a previously developed software package:
1046 Neurof low.65,89 Subsequently, these latency values recorded at all
1047 electrodes can be extracted, and their probability can be visualized as a
1048 latency distribution (Figure S6.d,e). We performed two whole-chip
1049 recordings for CTRL and BRU hiPSC-CMs, and one whole-chip
1050 recording for DCM, ISOGEN. Within the whole chip recordings of
1051 CTRL and BRU, at least 5 zoomed-in recordings were acquired.
1052 Statistical Analysis for the xy-Inspection. One recording (at
1053 least 1 min recording) from one sample seeded at a certain date was
1054 considered as an “independent” sample, on which several (from 10 to
1055 20) 200 × 200 μm2 regions were imaged contributing to the mean
1056 values for that sample. The number of biologically independent
1057 experiments, i.e. of samples seeded at different substrates and at
1058 different dates, was indicated as N in the caption or the text of each
1059 figure. The number of independent experiments analyzed for each
1060 condition were as follows: CTRL bilayer: 4, CTRL monolayer: 4,
1061 BRU monolayer: 4, BRU bilayer: 4, DCM monolayer: 4, DCM
1062 bilayer: 4, and Isogenic DCM bilayer: 3. Each sample had a paired
1063 spontaneous and isoproterenol-stimulated result. These numbers are
1064 also reported in the figure captions. The statistical tests were
1065 performed using a home-built Python script. The Shapiro-Wilk test
1066 was used to evaluate the normality of the data. For normally
1067 distributed data, the t-test was performed. For data with several groups
1068 (diseased states), the one-way ANOVA with pairwise Tukey multiple
1069 comparisons test was performed. For all tests, a specificity of 0.05 was
1070 set. In all box plots, the population median was indicated as a
1071 horizontal line inside the boxplot. The box covers the first quartile to
1072 the third quartile of the data. The whiskers extend from the box to the
1073 farthest data point lying within 1.5× the interquartile range from the
1074 box. Scattered dots are each experimental data point, outliers are
1075 marked as diamonds (n.s. stands for not significant, * p < 0.05, ** p <
1076 0.001, *** p < 0.0001, **** p < 0.00001, ***** p < 0.00001).
1077 The latency distributions were averaged over independent samples
1078 and were plotted as latency time versus probability as a percentage of
1079 that latency. The standard deviation above and below the mean was
1080 indicated with a gray zone.
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