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Abstract

We present a simple low-cost system for comprehensive functional characterization of cardiac 

function under spontaneous and paced conditions, in standard 96 and 384-well plates. This 

full-plate actuator/imager, OptoDyCE-plate, uses optogenetic stimulation and optical readouts 

of voltage and calcium (parallel recordings from up to 100 wells in 384-well plates are 

demonstrated). The system is validated with syncytia of human induced pluripotent stem 

cell derived cardiomyocytes, iPSC-CMs, grown as monolayers, or in quasi-3D isotropic 

and anisotropic constructs using electrospun matrices, in 96 and 384-well format. Genetic 

modifications, e.g. interference CRISPR (CRISPRi), and nine compounds of acute and chronic 

action were tested, including five histone deacetylase inhibitors (HDACis). Their effects on 

voltage and calcium were compared across growth conditions and pacing rates. We also 

demonstrated optogenetic point pacing via cell spheroids to study conduction in 96-well format, 

as well as temporal multiplexing to register voltage and calcium simultaneously on a single 

camera. Opto-DyCE-plate showed excellent performance even in the small samples in 384-well 

plates. Anisotropic structured constructs may provide some benefits in drug testing, although drug 

responses were consistent across tested configurations. Differential voltage vs. calcium responses 

were seen for some drugs, especially for non-traditional modulators of cardiac function, e.g. 

HDACi, and pacing rate was a powerful modulator of drug response, highlighting the need for 

comprehensive multiparametric assessment, as offered by OptoDyCE-plate. Increasing throughput 

and speed and reducing cost of screening can help stratify potential compounds early in the drug 

development process and accelerate the development of safer drugs.
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1. Introduction

Cardiotoxicity testing is central to drug development and has been part of preclinical 

assessment for all compounds in the pipeline. Recently, FDA announced that pre-clinical 

animal testing will not be required for moving to clinical trials, and there is intense activity 

to support new approach methods (NAMs) for toxicity testing and drug development [1–5]. 

These include high throughput (HT) in vitro assays with human induced pluripotent stem 

cells (iPSC-CMs), in silico methods, population studies and data mining. Human data are 

believed to provide more relevant information for responses to drugs and toxins compared to 

animal studies.

Technological developments in automation in optical sensing have advanced the methods for 

in vitro cardiotoxicity testing [6–8]. For example, a high-throughput imager was developed 

for incubator deployment based on parabolic mirror multiplexing using low cost components 

[8], and previously published dye-free imaging of cardiac waves [9]. Optogenetics and 

optical actuation [10,11] add the possibility to control rate, beyond passive observations of 

spontaneous activity, thereby leading to more comprehensive, all-optical electrophysiology 

assays [12–17]. For example, multiplexed patterned islands with various optical sensors 

within smaller FOV allowed multiparametric functional evaluation [18]. Overall, optical 

methods for cardiotoxicity testing are compatible with multicellular samples and engineered 

tissue, provide higher information content and may lead to better predictions compared to 

multielectrode arrays or other tools. Most earlier implementations of these methods have 

involved some serial scanning and/or multiplexing.

However, over the last 2–3 years, a surge of methodologies with increased parallelism 

and speed is seen, often including expansion of the field of view (FOV), in some cases, 

to imaging a full plate simultaneously. A sophisticated Swarm imager for all-optical 

electrophysiology was developed using several partitions of a HT plate [19]. Also plate 

partitions were used (3.5 × 2.0 cm area) in cardiac electrophysiology plate reader, capturing 

spontaneous activity (no pacing) with genetically-encoded sensors [20]. This offered 

longitudinal electrophysiological measurements from 96 wells of a standard multi well 

plate. Using a motorized XY stage, sequential partitions were imaged, so that the recording 

from all 96 wells was completed in 5 min. A true full-plate imager was achieved using 

optical contractility measurements in small engineered cardiac tissues in 96 well plate 

via lens array mosaic projection, that allowed better focusing and better mapping of the 

relevant areas in the FOV [21]. All-optical electrophysiology application was reported 

using trans-illumination-based 24-well plate imager MULTIPLE, capturing action potential 

propagation under optogenetic stimulation [22]. Finally, scalable optogenetic perturbations 

in the incubator setting have also been pursued, e.g. by using optoplate-96 with LED 

matrices [23].
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Our current study presents a new on-axis epifluorescence full-plate imager for all-optical 

electrophysiology (OptoDyCE-plate) that operates with standard 96 and 384-well plates. 

This high-throughput solution distinguishes itself from the recent developments with its 

simplicity, low cost and comprehensiveness of evaluation. The latter is demonstrated with 

combined voltage and calcium sensing under optogenetic pacing in glass-bottom HT plates 

as well as in quiasi-3D anisotropic and isotropic human iPSC-CM syncytia.

2. Results

2.1. OptoDyCE-plate system characterization

The developed OptoDyCE-plate is a full-plate imager for high-throughput functional 

electrophysiological testing. This on-axis epifluorescence-based optical actuator/sensor 

device is an extension of previous microscope-based systems we have reported [12,13], 

but it is a highly parallel stand-alone version able to image while optically pacing full 

standard 96-well and 384-well plates. We show how to construct such HT system using 

off-the-shelf low-cost components (including a low-cost camera) for less than $20,000. 

Using spectrally compatible optical sensors and actuators, it is possible to optically image 

voltage and calcium under optogenetic pacing. Fig. 1 presents OptoDyCE-plate along with 

its characterization.

Light source irradiance was characterized across the field of view, by placing a piece of 

white printing paper on the sample stage and taking a still image when illuminated. Fig. 1c 

shows the relative irradiance profiles seen by the camera. Due to the dichroic and emission 

filters (F6 and F7) in front of the camera, blocking certain wavelengths, the real irradiance 

at the sample position would be different, however, the relative irradiance profiles are still 

informative. During the irradiance characterization, the red LED was set at maximum power 

yielding 19 mW/cm2 measured with a power meter (PM100, Thorlabs). To not saturate the 

camera, the green and blue LEDs were set at less than their maximum powers during the 

irradiance characterization. The powers at the center of the sample stage from the green and 

blue LEDs were 11 mW/cm2 and 32 mW/cm2, respectively. During functional experiments, 

the red and pulsed blue LEDs were at their maximum powers; the green LED was usually 

set at ~70% of the maximum power to produce good signal to noise ratio (SNR) without 

inducing spectral crosstalk by activating the optogenetic actuator [17]. Light irradiance 

limitations, especially for the red LED, impacted signal at the periphery. However, the 

central portion of the FOV showed excellent SNR.

A very low-cost machine vision Basler camera was used here, as in some of our recent 

studies [17,24]. Fig. 1d shows the camera’s relative spectral responses with respect to the 

wavelength, adapted from published specifications, with the central wavelengths of the 

three light sources indicated by the color bars. Fig. 1e and f, present images of a 96-well 

plate and a 384-well plate, respectively, through the HT imager. Based on the illumination 

profiles from the three LEDs (Fig. 1c), to maintain best SNR, usually 6 × 8 wells at the 

center of 96 well plates were recorded. For a 384-well plate, we comfortably recorded 

signals from up to 100 wells in parallel (10 × 10 samples). Each figure legend indicates 

the format of the recordings. Image resolution of the HT plate imager is 132 μm/pixel; for 

the shown recordings, the camera was run at 100 frames per second, fps. The limitations in 
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resolution and FOV were based on the low-cost camera and the LED irradiance. Scaling up 

or upgrading either, especially deploying higher-irradiance LEDs, can directly improve these 

characteristics.

Initially, we tested OptoDyCE-plate with a 96-well glass-bottom plate using the central 

20 (4 × 5) wells with human induced pluripotent stem cell derived cardiomyocytes (hiPSC-

CMs), genetically modified with ChR2 for optical actuation. We recorded optically both 

Vm and [Ca2+]i activities from the 20 wells. Samples were paced optically with 0.5, 0.75, 

1.0, 1.2 and 1.5 Hz, while collecting voltage and calcium responses. All 20 wells followed 

each of the optical pacing frequencies. Fig. 2a shows example Vm and [Ca2+]i fluorescence 

traces for each optical pacing frequency. The traces were from the same well, indicated with 

squares in Fig. 2b. We quantified the SNR for Vm and [Ca2+]i traces from each well, color 

coded as shown in Fig. 2b. Fig. 2c and d present the SNR of Vm and [Ca2+]i, respectively, as 

a function of pacing frequency. SNRs are ~ 30 for Vm and ~ 40 for [Ca2+]i. The SNR was 

obtained by analyzing the Fourier spectrum after subtracting the DC component:

SNR = 10 × log10
Psig

Pnoise
, dB

where Psig is the power at the corresponding pacing frequency and Pnoise is the lowest power 

between the first and the second harmonic. SNR variation did not have a specific pattern 

related to the illumination profile; it most likely depends on the precise delivery of the 

optical sensors, which in our case was manual. We found a statistically significant difference 

in SNR results by both Vm/[Ca2+]i labeling and by pacing frequency; the interaction 

between these terms was also significant, suggesting the particular optical sensor and the 

pacing frequency both affect the SNR of the cells imaged.

Because pacing capture was successful in all 20 wells simultaneously, we concluded that 

the expanded beam of the single blue light source was sufficient for optogenetic pacing 

of the plate, allowing us to study restitution properties. Fig. 3a shows an image of the 20 

samples. From the Vm and [Ca2+]i traces of the samples, we extracted various parameters: 

action potential duration at 80% repolarization, APD80, and calcium transient duration at 

80% recovery, CTD80, as shown in Fig. 3b and c, respectively, with their corresponding 

curve fittings. Fig. 3d shows color-coded APD80 and CTD80 for each well at each pacing 

frequency. Variability among wells is relatively low, considering manual cell plating and 

labeling. Based on the good SNR and APD/CTD restitution characterizations, we therefore 

verified that the HT plate imager was fully functional for a large FOV – at least 37 × 45 mm 

(for the 20 sample) on a 96 well plate. For the data presented in Figs. 4 and 5, we restricted 

the recordings to the central 5 × 4 samples in a 96-well plate; Fig. 6 shows recordings from 

80 and from 100 samples in 384-well plate in parallel.

2.2. Drug testing using OptoDyCE-plat0065

The system was deployed to test the action of four drugs: dofetilide, nifedipine, cisapride 

and vanoxerine, compared to DMSO control samples. The drugs were applied acutely at 

concentrations, chosen to be 1 to 10× of the clinically used effective free therapeutic plasma 

concentrations (ETPC), Table 1. These drugs have varying degrees of proarrhythmia risk, as 
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per Redfern’s classification [25]. Dofetilide (a class III antiarrhythmic) is a K+ ion channel 

blocker and identified as a high-risk drug. Nifedipine (anti-hypertension drug) is a blocker 

of the L-type calcium channel and a low-risk or safe drug. Cisapride is used as gastrokinetic 

agent and is classified as a medium risk drug. Vanoxerine [26–28] has been used for the 

treatment of cocaine addiction, as a multi-channel blocker, it was considered recently as an 

anti-arrhythmic agent [29–32], which unfortunately failed in phase III clinical trials due to 

cardiotoxic effects [33,34].

Fig. 4a shows functional responses (APD80 and CTD80) to the applied drugs in human 

iPSC-CMs during spontaneous or optically paced activity from five individual glass-bottom 

96 well plates; Fig. 4b–c illustrate the corresponding percentage change compared to 

control. We observed expected electrophysiological changes to the drug treatments, where 

prolongation of the APD is used as a measure of cardiotoxicity risk. At the applied 

concentrations, dofetilide, cisapride and vanoxerine induced frequency-dependent APD80 

prolongation, while nifedipine-treated samples shortened APD80, as expected. For all 

four drugs, the effects were most pronounced at slower pacing rates, including during 

spontaneous activity, and the effects were significantly reduced at higher pacing rates, see 

Table 2. Two-way ANOVA showed significant effects of treatment and frequency on APD80 

and CTD80, and a significant drug × frequency interaction. Individual drug responses were 

compared to control using post-hoc correction and the significant differences are indicated 

in Fig. 4b–c. While calcium followed similar pattern of responses to that seen in voltage, 

the relative CTD80 changes under paced conditions were much smaller for these ion channel 

blockers and the CTD80 prolongation disappeared above 0.5 Hz pacing. Despite plate-to-

plate variability, the iPSC-CM responses to drugs were reproducible across plates. Dofetilide 

was used at low dose as a positive control, and even at this dose, some samples exhibited 

arrhythmic activity without pacing, as shown in the example traces, Fig. 4b.

For vanoxerine, we tested a range of clinically relevant concentrations [28,33,34], Fig. 4c–

d. Expected dose-response effect in APD80 prolongation was seen for doses from 30 to 

300 nM, with little change in CTD80. At the highest dose of 1000 nM, both APD80 and 

CTD80 collapsed to values below control. This can be explained as competition between 

vanoxerine’s effects on inward and outward currents, which have different Kd for this drug. 

Overall, depending on dosing, vanoxerine can have quite variable effect on APD and some 

effect on CTD at high concentrations, Table 3. Monitoring calcium may not be a good 

indicator for cardiotoxic effects of vanoxerine.

2.3. HT interrogation of isotropic and anisotropic quasi-3D cell constructs

The conditions of syncytial cell growth may influence the functionality of human iPSC-CMs 

and their response to drugs. It is important to understand variations in the readouts due 

to microstructure differences in the cell constructs. Preserving the HT format (still using 

96-well and 384-well plates), we explored quasi-3D cardiomyocyte assemblies on isotropic 

and anisotropic electrospun surfaces, Figs. 5–6, with OptoDyCE-plate. The electrospun 

matrices within each well and the respective cardiomyocyte growth are shown in Fig. 5a–b. 

The frequency-dependent functional responses from the HT plate imager on these surfaces 

are shown in Fig. 5c–d, and as a comparison, testing on our microscope-based system from 
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these samples is provided in Fig. 5e. As seen both in the HT imager results, as well as in 

the microscope-based records, compared to the isotropic constructs, anisotropic cell growth 

yields hypertrophy-like responses, i.e., overall longer APDs and CTDs at baseline, and 

steeper restitution, corroborating previous results with primary rat cardiomyocyte syncytia 

[35,36]. The effects of dofetilide, nifedipine and vanoxerine were tested, just like in the 

glass-bottom 96-well plates. Similar to the glass-bottom surfaces, these drugs exhibited 

stronger effects on voltage (compared to calcium) and these effects were more pronounced 

at lower pacing frequencies. The drug responses had tighter spread on the anisotropic 

surfaces for the same doses applied.

Two-way ANOVA analysis indicated that drug treatment and pacing both caused significant 

changes in the anisotropic and in the isotropic samples in voltage and calcium, when tested 

with the HT plate imager and when tested on the microscope-based system, Tables 4–6. 

The interaction term (drug × frequency) was only significant in the microscope-based data 

for action potential duration. Despite similar trends to the APD80/CTD80 prolongation and 

shortening to the results from Fig. 4, the pairwise comparisons to control, after post-hoc 

correction, in the isotropic samples did not reveal differences for vanoxerine but yielded 

significant APD80 changes for dofetilide and nifedipine, when measured with the plate 

imager, Fig. 5c. In the anisotropic samples, vanoxerine had a significant effect on APD80 

across all pacing frequencies; dofetilide also prolonged APD80 at 0.5 and 0.75 Hz, and 

CTD80 at 0.5 Hz pacing. Nifedipine had a significant effect on APD80 for each pacing 

frequency and on CTD80 at 0.5 Hz pacing. For all tested configurations (monolayers on 

glass, quasi-3D samples grown isotropically and anisotropically), the drug effects were 

qualitatively similar, with expected trends in APD and CTD, Figs. 4 and 5. In Fig. 

5, we have validated the results from the full-plate imager with sequential microscopic 

OptoDyCE imaging at 0.5 Hz optical pacing. The durations obtained from the imager and 

the microscope agree with each other.

2.4. Validation of HT testing in 384-well plates

OptoDyCE-plate was also deployed for multimodal parameter measurements on 384 well 

plate samples. Fig. 6a illustrates measurements from 80 samples (8 × 10) in glass-bottom 

384-well plate. Utilizing interference CRISPR (CRISPRi) and siRNA, targeting KCNJ2 in 

the hiPSC-CMs, we tested 8 conditions with 10 samples for each. Two different effectors 

for CRISPRi were tested (Dox-inducible system with dCas9-KRAB [37] and a constitutive 

expression system with dCas9-Zim3 [38]), as described in [39]. In addition to the conditions 

listed in Fig. 6a, there was a group without any perturbation and a group with dCas9-Zim3 

without gRNA. As KCNJ2 encodes for the inward rectifier current, IK1, responsible for the 

stability of the resting membrane potential, our output parameter, was spontaneous beating 

frequency, based on calcium records quantified using OptoDyCE-plate. From the results, 

the inducible dCas9-KRAB targeting KCNJ2 in high density syncytia was not effective 

in altering spontaneous beat frequency, as we have shown in [39]. The improved CRISPRi-

based system (dCas9-KRAB-Zim3) did have a more pronounced effect on spontaneous beat 

frequency when targeting KCNJ2. The changes in spontaneous beat frequency were most 

reliable when using siRNA, Table 7. Overall, the 384-well format allows for quick testing of 

multiple conditions when developing new genetic modification tools.

Heinson et al. Page 6

J Mol Cell Cardiol Plus. Author manuscript; available in PMC 2023 December 21.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



In Fig. 6b, we applied OptoDyCE-plate in 100 samples (10 × 10) in 384-well plate with 

anisotropic quasi-3D cell growth to test an extended list of pharmacological agents, as 

described in Table 1, including five histone deacetylase inhibitors (HDACi). These HDACi 

were panobinostat, trichostatin-A (TSA), 4-phenylbutyrate (4PB), tubastatin and SAHA 

(Vorinostat), applied chronically for 48 h prior to measurements. HDACi have global effects 

on the gene expression of multiple genes and their effects on cardiac electrophysiology and 

cardiotoxicity are under-studied [40–44].

The SNR obtained in these 384-well samples was sufficient for quantification of parameters. 

The measured APD80, CTD80 and the drug effects were consistent with the ones obtained 

in anisotropic 96-well plates, as in Fig. 5. The APD80 changes for these anisotropic samples 

in response to dofetilide, vanoxerine and nifedipine (Fig. 6b) were more pronounced than 

the ones seen in glass-bottom dishes (Fig. 4), although cisapride showed only slight APD80 

prolongation that was not significant. Drug application and pacing independently and as a 

cross-term were found to be significant modulators of APD80/CTD80, Table 8. From the 

HDACi applied in these samples, the most pronounced effects were seen for the pan-HDAC 

inhibitor, panobinostat, which shortened both APD80 and CTD80, in a frequency-dependent 

manner. Clinically, adverse electrophysiological effects have been reported previously for 

panabinostat [41]. SAHA (vorinostat) also shortened the APD80 significantly at low pacing 

frequencies. TSA reliably shortened APD80 at all tested pacing rates and had milder effect 

on CTD80. Conversely, at the applied concentrations, 4PB and Tubastatin yielded small but 

significant (for Tubastatin) CTD80 prolongation at low pacing rates, despite no effect on 

APD80. These are examples of differential effects on voltage and calcium that some drugs 

can exert, and the need for comprehensive assessment of electromechanical function. The 

HDACi cardiotoxicity may not fit some of the classic measures based on HERG channel 

block, leading to APD prolongation and increased risk for Torsade-de-pointes (TdP) type of 

arrhythmias. In our experience and as shown here, in most cases, HDACi led primarily to 

APD80 shortening.

Overall, using OptoDyCE-plate in the 384-well plate format allows the comprehensive 

testing of multiple samples and conditions simultaneously, under different pacing rates. The 

FOV for the 100 samples was 46 × 46 mm, and based on illumination profile, likely could be 

extended to optically stimulate and image up to approximately 200 samples in these plates.

2.5. Optical point pacing through ChR2 spheroids integrated in 96-well samples

The action of some drugs has unique effects on conduction properties rather than the 

functionality at the single-cell level. Therefore, it is desirable to be able to study wave 

propagation in a HT format. In preliminary investigation, we explored the possibility to 

create an optical point stimulation in each well, without patterned light, using the simple 

design of OptoDyCE-plate. To do so, we utilized our tandem-cell-unit approach [45] for 

optogenetic pacing using ChR2-HEK (spark) spheroids [46] deposited on the iPSC-CM 

monolayers, Fig. 7. Activation maps and traces for both Vm and [Ca2+]i from three samples 

(S1, S2, and S3) illustrate the responses at 0.5, 0.75, and 1.0 Hz optical pacing. Note 

that the duration of optical pacing was 20 ms to excite the spheroids. As expected, the 

waves for each sample originated from approximately the same location (of the spheroid) 
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at each pacing frequency. From the activation maps, conduction velocities (CVs) can be 

obtained in a high-throughput manner. In these examples, only mild CV restitution (CV 

slowing with increased pacing frequency) was seen. It is unclear if the small size and 

particular geometry of the 96-well samples may be the reason for this. Optimization and 

automated deposition of the spark-cell spheroids can enable future studies of conduction 

abnormalities in a HT format using OptoDyCE-plate, without optogenetically modifying the 

cardiomyocytes. Higher acquisition rate will further increase the range of measurable CVs in 

the small samples in 96-well format.

2.6. Validation of temporal multiplexing for single-sensor multiparametric imaging

All the experiments above (Figs. 1–7) were conducted when either red or green LED was 

constantly on for Vm or [Ca2+]i recording, respectively, in a sequential manner in the same 

samples. This way, Vm and [Ca2+]i were recorded at two different times (approximately 

40 s apart). To further advance the system, we then implemented a temporal multiplexing 

scheme where both Vm are [Ca2+]i were recorded simultaneously using the same low-cost 

camera and fast LED switching, synchronized with the camera frames, as described in 

our previous microscope-based system [12]. Fig. 8a shows the scheme of the temporal 

multiplexing. Here, we used Arduino 2560 to control both LEDs and the camera. During 

one frame, the red LED is on, and the green LED is off, for the next frame, the red LED 

is off, and the green LED is on. The camera operated at 100 frames per second (fps) and 

recorded Vm during one frame and [Ca2+]i the next frame, and so on, while post-processing 

compiled the voltage and calcium recordings from the interlaced frames. Note that optical 

pacing events were not necessarily synchronized with the camera or the green and red 

LEDs. The duration of optical pacing was 10 ms. We tested the temporal multiplexing mode 

on samples from a 96 well plate, with 0.5, 0.75, and 1.0 Hz optical pacing frequencies. 

Fig. 8b presents the restitution plots for APD80 and CTD80. Open symbols are the values 

obtained with temporal multiplexing scheme. For comparison, the APD/CTD durations were 

also obtained with either LED constantly on, shown as solid symbols. The two schemes 

agreed well with each other. Fig. 8c–d show example traces from temporal multiplexing and 

constant illumination, respectively, at each pacing frequency. SNR was similar for constant 

illumination vs. multiplexing – approx. 30 to 40 for both Vm and [Ca2+]i.

3. Methods

3.1. Building OptoDyCE-plate imager for all-optical electrophysiology

The full high throughput (HT) plate imager for all-optical electrophysiology is structured 

on a 12″ × 12″ aluminum breadboard; all mechanical components are standard parts from 

Thorlabs, Newton, NJ, except for the filter holder-adaptor unit (Edmund Optics, Barrington, 

NJ) attached to the main imaging lens. Based on epi-illumination for the multi-modal 

imaging of Vm and [Ca2+]i, fluorescence signals were simultaneously obtained in a full 

plate under optical/optogenetic stimulation. Fig. 1a and b show the schematic diagram and 

photo of the system, which uses a low-cost camera, Basler acA720–520um (Basler AG, 

Germany), with 720 × 540 pixels, 6.9 μm per pixel, capable of running at up to 525 

frames per second (fps). In this study, the camera was operated at 100 frames per second 

for all experiments, with each frame’s exposure time at 9.6 ms. The camera collects the 
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emitted fluorescence to image Vm and [Ca2+]i. The imaging lens is a 12 mm camera lens 

(f/2.0, Thorlabs, Newton, NJ). The combination of light sources and multi-band filters is 

previously described [12,17]. In the current implementation, the light sources of the system 

are high-power LEDs: a red LED (SOLIS-660C, Thorlabs) at 660 nm for excitation of the 

voltage-sensitive dye and a green LED (SOLIS-525C, Thorlabs) at 530 nm for excitation of 

the calcium-sensitive dye. The red and green LEDs are paired with excitation filters: F1 and 

F2 (AT655/30m and ET525/30m, Chroma, Bellows Falls, VT), respectively, and combined 

by a 605 long pass dichroic filter F3 (FF605-DI02–50.8×72.0, Semrock, Rochester, NY). 

Optogenetic stimulation is achieved via a high-power blue LED (SOLIS-470C, Thorlabs) at 

470 nm, typical pulse duration 10 ms, controlled by TTL signals via an LED driver. The 

blue LED is equipped with an excitation filter F4 (ET470/24m, Chroma), and combined 

by a 495 long pass dichroic filter F5 (FF495-DI03–50.8×72.0, Semrock) to join the red 

and green lights. The three lights are then reflected by a multiband dichroic filter F6 

(ZT473/532/660rpc-xt-UF1, Chroma) and propagate towards the sample from below. The 

emitted Vm and [Ca2+]i fluorescence signals are collected by the same multiband dichroic 

filter F6, the multi-bandpass emission filter F7 (ET595/40m+700lp, Chroma), and the 

camera lens attached to the camera. Since the high-power LEDs are large, instead of the 

standard sizes of the filters used in [17], all filters applied in the HT plate imager are 

enlarged accordingly. All dichroic filters are mounted in kinematic cubes (DFM2, Thorlabs). 

Basler Video Recording Software was used for constant illumination recordings and Pylon 

Viewer for temporal multiplexing illumination recordings using a single camera.

3.2. HT 96-well and 384-well plates

For HT studies, we used 96-well glass-bottom plates (Cat. P96–1-N, Cellvis) and 384-

well glass bottom plates (Cat. P384–1.5H-N, Cellvis). For studies of structured quasi-3D 

cell growth, plates with anisotropic and isotropic electrospun fiber arrangement (700 nm 

polycaprolactone or PCL fibers) were obtained from Nanofiber Solutions (SKU 9601, 9602, 

38401, 38402).

3.3. hiPSC-CM cell preparation

iCell Cardiomyocytes2 (Cat. C1016, Donor 01434, Fujifilm/Cellular Dynamics) were 

cultured onto fibronectin (Cat. 356,009, Corning) coated (50 μg/mL) HT 96-well or 

384-well plates at 1.56 × 105 hiPSC-CMs cells/cm2 and maintained according to the 

manufacturer’s protocol. For experiments conducted on 384-well electrospun fiber plates, 

cells were plated at 2.75 × 105 cells/cm2. All hiPSC-CMs were mycoplasma tested and 

cultured at 37 °C and 5 % CO2.

3.4. Spark-cell spheroids and iPSC-CM monolayer integration

As per Chua et al. [46], WT HEK cells were cultured using Dulbecco’s Modified Eagle 

Medium (DMEM) with 10% fetal bovine serum (FBS) and 1% penicillin-streptomycin. 

To express optical actuator ChR2, WT HEK cells were transduced with Ad-CMV-

hChR2(H134R)-eYFP (Vector Biolabs) and magnetic nano-particles (Cat. 657,841, Greiner 

BIO-ONE) were added and cultured overnight for complete absorption. The following day, 

the cells were trypsinized and 30,000 cells/spheroid were plated onto Corning 96-well 

spheroid microplates (Cat. CLC4920, Millipore Sigma) for 24 h for spheroid aggregation. 

Heinson et al. Page 9

J Mol Cell Cardiol Plus. Author manuscript; available in PMC 2023 December 21.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



The ChR2-expressing spheroids were pulled down onto the hiPSC-CM monolayer by a 

magnetic plate and integrated for up to 24 h prior to functional experiments.

3.5. CRISPRi gene modulation

For targeting the potassium channel gene KCNJ2 in the HT knockdown studies, we used 

CRISPRi as previously described [37,39]. Guide RNA’s were designed using CRISPR-ERA 

(Stanford) and VectorBuilder’s sgRNA design software to target around the transcription 

start site (TSS). gRNA oligo sequence ATTCCCAAGACCCAGCCCGC targeting KCNJ2 

and gRNA oligo GTGTAGTTCGACCATTCGTG for Scramble were cloned into a lentiviral 

vector and packaged into lentiviruses by VectorBuilder.

For CRISPRi knockdown of KCNJ2 by Doxycycline (Dox)-inducible CRISPRi (with 

KRAB effector domain), cells were transduced with both gRNA lentivirus and then 

transfected hiPSC-CMs with 0.022 μg AAVS1-Talen-L, a gift from Danwei Huangfu (Cat. 

59,025, Addgene), 0.022 μg AAVS1-Talen-R, a gift from Danwei Huangfu (Cat. 59,026, 

Addgene) and 0.044 μg pAAVS1-Ndi-CRISPRi, a gift from Bruce Conklin (Cat. 73,497, 

Addgene) per 17 × 103 hiPSC-CMs (Mandegar et al. 2016) using Lipofectamine 3000 

transfection agent (Cat. L3000001, ThermoFisher) following the manufacturer’s protocol. 2 

μM of Dox (Cat. D9891, Sigma-Aldrich) was applied for 5 days for full expression.

For CRISPRi knockdown of KCNJ2 by dCas9-KRAB-Zim3 [38], we packaged pHR-

UCOE-SFFV-dCas9-mCherry-ZIM3-KRAB, a gift from Mikko Taipale (Cat. 154,473, 

Addgene) into adenovirus Ad-dCas9-mCherry-Zim3 through VectorBuilder. Human iPSC-

CMs were transduced with both gRNA lentivirus and Ad-dCas9-mCherry-Zim3 at MOI 500 

and co-labelled with voltage- and calcium-sensitive dyes for functional experiments 5 days 

post transduction.

3.6. siRNA gene modulation

For knockdown of KCNJ2 by siRNA, cells were transfected with 270 ng of esiRNA 

Human KCNJ2 (Cat. EHU019661, Millipore Sigma) or non-targeting control (NTC) siRNA 

(Cat. SIC001, Millipore Sigma) per 2.7 × 105 hiPSC-CMs 5 days post plating using 

Mission Transfection Reagent (Cat. S1452, Millipore Sigma) following the manufacturer’s 

instructions [39,47]. Cells were labelled for functional experiments 4 days post-transfection.

3.7. Drug treatment and testing

All drugs were obtained from Sigma Aldrich: vanoxerine (Cat. D052), cisapride (C4740), 

dofetilide (PZ0016), nifedipine (N7634), as well as the following histone deacetylase 

inhibitors, HDACi: 4-phenylbutyrate, 4PB (567616), tubastatin A (SML0044) and from a kit 

(EPI009–1KT): trichostatin-A (TSA), panobinostat, and SAHA. The drugs were dissolved 

in DMSO (Cat. 34,869, Sigma-Aldrich), except for 4PB (dissolved in sterile water) and 

stored in −20 °C until ready for application on the hiPSC-CMs. The HDAC inhibitors 

TSA, panobinostat, 4PB, tubastatin, and SAHA stock solutions were diluted in hiPSC-

CM maintenance media and applied to the cells 48 h prior to functional measurements. 

Vanoxerine, cisapride, dofetilide, and nifedipine stocks were diluted in Tyrode’s solution on 

experimental day and applied for 30 min at 37 °C, 5% CO2 prior to functional experiments. 
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Drug concentrations are as specified in the figures, and all were selected to be at 1× to 10× 

of the effective free therapeutic plasma concentrations, ETPC, see Table 1.

3.8. All-optical functional experiments

For all-optical electrophysiological studies, hiPSC-CMs were infected with Ad-CMV-

hChR2(H134R)-eYFP (Vector Biolabs) at least two days prior to experiments for optical 

actuation. Membrane voltage and intracellular calcium staining protocol was performed as 

previously described [12,13]. All experiments were conducted at 32–35 °C in Tyrode’s 

solution (mM): NaCl, 135; MgCl2, 1; KCl, 5.4; CaCl2, 1.8; NaH2PO4, 0.33; glucose, 5; and 

HEPES, 5 at pH 7.4. Optical recordings of voltage were performed using the synthetic dye 

BeRST1 (gift from Evan W. Miller, UC Berkeley) diluted in Tyrode’s solution at 1 μM and 

calcium was recorded using Rhod-4 (AAT Bioquest) diluted in Tyrode’s solution at 10 μM. 

All probes are spectrally compatible with ChR2.

3.9. Data analysis

The recorded raw voltage and calcium traces were pre-processed in Matlab, including 

cropping of a region of interest (a well), baseline correction, temporal filtering (“rloess”, 

robust quadratic regression over 200 ms) and spatial Bartlett filtering (0.46 mm radius). 

A time-delay shift (150 ms) was applied to enhance the detection of events, and then 

key parameters were extracted, such as APD and CTD at different levels. Versions of 

the software have been published for the trace analysis [12,13], and for analysis of 

electromechanical waves [24].

3.10. Statistical analysis

Biological replicates are described in the figure legend. Statistical analysis was conducted 

in Prism Software (GraphPad). One-way ANOVA followed by post-hoc Bonferroni tests 

were used to evaluate significance where a gradient of vanoxerine dosages were used on 

the hiPSC-CMs. Two-way ANOVA followed by post-hoc Bonferrroni tests were used to 

evaluate significance between samples with varying pacing frequencies and drug treatments, 

as well as when comparing SNR of Vm and [Ca2+]i at varying frequencies. Finally, an 

unpaired t-test was used to assess the significance between spontaneous beat rate of hiPSC-

CMs that have been genetically modified to target KCNJ2. Significant differences were 

reported for p < 0.05.

4. Discussion

OptoDyCE-plate provides a simple, affordable, and versatile solution to high-throughput 

drug screening for cardiotoxicity testing and drug development. The total cost of our system 

is less than $20,000, lower than the price of a single scientific camera. To our knowledge, 

this is the first low-cost highly parallel system of this kind to offer multiparametric 

electromechanical assessment in 100 samples simultaneously over a large FOV, in standard 

HT plates (96- and 384-well) used in the pharmaceutical industry. While HT solutions based 

on planar patch clamp [48], including such covering full-plate format, have evolved rapidly 

over the last decade, their inherent limitation lies in the need for contact and the use of 

isolated cells, which may not capture truthfully the cellular properties and responses within 
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a cardiac syncytium [49,50]. Another HT approach, the microelectrode arrays, MEAs, 

has also seen rapid development and has been adopted to actuation and interrogation of 

cellular monolayers grown in more expensive specialized HT plates [51,52]. This approach 

is attractive as a long-term tool due to its label-free nature, however extracellular potentials 

captured by MEAs are acutely dependent on good contact and their interpretation for 

variable action potential shapes is non-trivial, i.e. they may not capture well key features 

like APD80. Overall, compared to other competing approaches, all-optical electrophysiology 

[12,13,16,17,53] offers uniquely comprehensive and robust methods for stimulation and 

multiparametric recordings within syncytial structures without direct contact. As we show 

here, the implementation can be very low cost and the consumables can be standard HT 

plates.

In validating the deployment of OptoDyCE-plate with human iPSC-CMs, we tackled several 

important questions:

• Does pacing rate matter in the assessment of responses to drugs?

• Are voltage and calcium measurements always synonymous in assessing 

cardiotoxicity, and can calcium transients be used as a surrogate measure for 

electrical abnormalities?

• Does the cell growth setting (monolayers vs. quasi-3D isotropic or anisotropic 

growth) alter the predicted responses to drugs?

The answers to these questions inform us how future efforts should be directed to provide 

simple yet reliable preclinical drug testing.

In the presented OptoDyCE-plate system, optogenetic pacing (global and point-pacing) 

adds an important feature compared to other systems for optical recordings of spontaneous 

activity [7,20,54], namely control over rate to better quantify drug responses. In all our 

studies, pacing frequency was not only an independent modulator of voltage and calcium 

morphology, but also an important factor in the cardiac response to drugs. Reverse use 

dependence (stronger response to drugs at slower rates) [55] is common for drugs that affect 

the HERG channel and therefore prolong APD. This stronger drug response at spontaneous 

activity or lower pacing frequency was indeed seen for most of the compounds tested in this 

study, Figs. 4–6. However, there are perturbations that are better revealed at higher pacing 

rates, such as drugs affecting conduction velocity, for example, as seen in other studies [39]. 

Rate control is essential in quantifying drug action accurately, as illustrated in the presented 

results here.

Fluorescence based measurements of intracellular calcium have been attractive for HT 

imaging because of the superior quality of optical sensors for calcium (compared to those 

for voltage), and some commercial systems are based on such measurements [7,56]. These 

are often used as direct surrogate for quantitative cardiotoxicity studies. Conversely, MEA-

based records exclusively rely on extracellular measurements to assess potential drug effects, 

while missing potentially important effects on calcium. Very few studies have provided 

detailed view of the similarities and differences in voltage and calcium responses to drugs. 

Based on our data, if calcium-based measurements were used to assess the effects of a 
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drug like vanoxerine on cardiac electrophysiology, they would miss a significant APD80 

prolongation at low to intermediate clinically relevant doses, Fig. 4. At higher pacing 

rates, calcium-only assessments may also miss or underestimate the action of classic 

drugs known to modulate cardiac electrophysiology, even including dofetilide, Figs. 4–6. 

Alternatively, some compounds may have a preferential effect on the calcium transients 

without detectable APD modulation, as for example the HDACi tubastatin at low pacing 

rates, Fig. 6b. Overall, we argue that in many cases calcium may not be a suitable surrogate 

for electrical assessment of the action of drugs, and that a comprehensive evaluation (voltage 

and calcium) provides important insights of how a compound may affect cardiac function. 

In appreciation that some compounds may uniquely affect wave propagation and conduction 

velocity, we also illustrated that optogenetic point stimulation can be achieved in the 96-well 

plate format that may be useful in such cases, Fig. 7. Current classic cardiotoxicity testing 

derives from assessment of torsadogenic risk of arrhythmias, which in turn is linked to 

QT-interval prolongation and APD prolongation. Torsade de pointes type of arrhythmias 

constitute a small fraction of possible arrhythmia mechanisms. The efforts to re-vamp 

cardiotoxicity testing in the CiPA initiative (comprehensive in-vitro proarrhythmia assay) 

[57–60] are motivated by desire to expand the assessment, reduce the false positives and 

false negatives and to arrive at better predictors of risk. HT high-content measurements 

provided by OptoDyCE-plate can contribute to such efforts.

The desire for higher throughput and the desire for more realistic representation of cardiac 

tissue structure, such as 3D oriented cell growth, are often at odds with each other. It 

is important to systematically validate the minimal requirements for representing cardiac 

syncytium in vitro without compromising predictions for the action of drugs. Our results 

with OptoDyCE using 96-well and 384-well format, monolayers grown on glass-bottom 

surface, as well as quisi-3D isotropic and anisotropic cell growth on electrospun matrices 

within such HT plates provide evidence that simple densely-grown monolayers may be a 

“good enough” representation for assessment of electrical responses of cardiac tissue to 

drugs, as qualitatively all cases agreed in the predictions. Quasi-3D growth yielded similar 

baseline parameters to the cell monolayers (Figs. 5–6 compared to Fig. 4). Structured 

anisotropic cardiac cell growth had slightly prolonged APD and CTD compared to isotropic 

growth on electrospun matrices, consistent with hypertrophic growth [35,36], Figs. 5–6. We 

also saw steeper restitution and tighter spread of the responses to drugs in these anisotropic 

constructs. Such structured cell growth may be particularly important in accurately capturing 

the effects of compounds on conduction properties and on cardiac mechanics, where 

anisotropy uniquely impacts function.

Some limitations of the presented system are as follows. We performed the experiments 

at 32–35 °C. While all responses to known drugs matched expectations, future studies 

should use stabilized temperature at physiological levels, 37 °C. Furthermore, to obtain 

good SNR, we used an acquisition rate of 100fps. This temporal resolution is sufficient 

for reconstructing voltage and calcium morphology; however it does not properly capture 

the voltage upstroke. For drug effects on the rate of depolarization, faster acquisition may 

be required. Finally, while OptoDyCE-plate is set for full-plate imaging, the limit of LED 

irradiance restricted our measurements to a region of the plates with high SNR. Still, in 

384-well plates, we were able to reliably pace and record voltage and calcium from 100 
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samples in parallel. Future work should be done to provide higher irradiance over the very 

large FOV of a plate, and to achieve uniformity in illumination. This may be possible by 

combining LEDs or using specialized higher-flux LEDs and a diverging lens [22].

Overall, the combination of increased throughput/parallelism and enhanced information 

content, as demonstrated here, can help speed up testing of drugs in a more rigorous way 

and accelerate the development of new therapeutics. The combination of OptoDyCE-plate 

with robotic liquid handling and further automation of cell plating, optical sensor application 

and drug application can reduce sample variability and further improve the preclinical 

assessment of the action of genetic or pharmacological modifications.
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Fig. 1. 
Low-cost high throughput (HT) all-optical plate imager OptoDyCE-plate. (a) Schematic 

diagram of the imaging system. Green LED is used for excitation of calcium-responsive 

optical or optogenetic sensors (Rhod4, jR-GECO), red LED for excitation of optical NIR 

voltage sensors, e.g. BeRST1, and blue LED is used for optogenetic stimulation. Notations 

include the sample stage – S, CMOS camera – Cam. Camera lens – L. Filters include: F1: 

655/30; F2: 525/30; F3: 605LP dichroic; F4: 470/24; F5: 495LP dichroic; F6: 473/532/660 

dichroic; F7: 595/40+700LP. (b) A photo of the imaging system structured on a 12″ × 12″ 
aluminum breadboard. Total cost was approximately $20,000, including the camera, three 

light sources and drivers, optical and mechanical components. Image resolution of the HT 

plate imager is 132 μm/pixel. (c) Irradiance profiles at the camera from the blue, green, and 

red LEDs, respectively, obtained by placing a piece of white printing paper on the sample 

stage. Each scale bar is 10 mm and the color bar shows relative intensity with an arbitrary 

unit. (d) Spectral response for the low cost Basler camera; the blue, green, and red LEDs 

wavelengths are indicated with the corresponding color bars. Images of a 96 well plate (e) 

and a 384 well plate (f) on the HT imager with room light on;each scale bar indicates 60 

pixels. The camera operated at 100 fps for all experiments, with each frame’s exposure at 

9.6 ms.

Heinson et al. Page 18

J Mol Cell Cardiol Plus. Author manuscript; available in PMC 2023 December 21.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 2. 
Signal-to-noise ratio (SNR) testing. HT plate imager testing using the central 20 wells of 

a 96 well plate. Optogenetically-modified syncytia of human induced pluripotent stem cell 

derived cardiomyocytes (hiPSC-CMs) were used. (a) Example Vm and [Ca2+]i fluorescence 

traces for 0.5, 0.75, 1.0, 1.2, and 1.5 Hz optical pacing; scale bar is 1 s. The traces were from 

the same well, indicated with squares in (b). (b) Color coded SNR at each pacing frequency 

for both Vm (top panel) and [Ca2+]i (bottom panel). (c) SNR of Vm records and (d) SNR of 

[Ca2+]i as a function of pacing frequency; n = 20 biologically independent samples, two-way 

ANOVA. From the dashed lines, average SNR is approximately 30 for the Vm signals and 40 

for the [Ca2+]i signals.
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Fig. 3. 
Parameter characterization and variability for voltage and calcium measurements. (a) An 

image of 20 hiPSC-CMs samples on a 96 well plate. Restitution plots of (b) action potential 

duration at 80% repolarization, APD80, and (c) calcium transient duration at 80% recovery, 

CTD80, with their corresponding curve fittings. (d) Color coded APD80 and CTD80 for the 

20 wells at each pacing frequency; indicated color scales are in seconds.
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Fig. 4. 
Drug testing in glass-bottom 96 well plates. Samples treated with vanoxerine (300 nM), 

cisapride (26 nM), dofetilide (2 nM), and nifedipine (77 nM) were compared with 

DMSO control (0.01 %) samples. (a) APD80 and CTD80 from five 96 well plates from 

different cultures under 0.5, 0.75, and 1.0 Hz optical pacing. (b) Percentage changes in the 

corresponding APD80; nifedipine had no spontaneous activity and (c) percentage changes 

in CTD80 at each pacing frequency along with the values from the spontaneous activities 

(n = 8–20 biologically independent samples per group; two-way ANOVA). Example Vm 

and [Ca2+]i traces from all conditions at 0.5 Hz optical pacing are included as insets, 

along with the arrhythmia traces from a dofetilide treated sample when no optical pacing 

was applied. The scale bar is 1 s. (d) Dose response for vanoxerine (30, 100, 300, 

and 1000 nM) compared with 0.01% DMSO control samples at 0.75 Hz pacing (n = 

3–4 biologically independent samples per group; one-way ANOVA). APD80 and CTD80 

responses are shown. (e) Corresponding percentage changes in APD80 and CTD80. All 

error bars represent standard errors. In panels b and c, (*) indicate significance (at p < 0.05) 

for the respective drug responses compared to control. The central 5 × 4 wells in 96-well 

plates were used in these records.
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Fig. 5. 
Drug testing in structured quasi 3D isotropic and anisotropic 96 well plates. (a) Image of 

the electrospun PCL for an isotropic well in 96 well plate and the corresponding image of 

cell growth in isotropic sample (green is ChR2-eYFP). (b) Similar images for an anisotropic 

electrospun sample in 96 well format. Scale bar is 50 μm. (c) APD80 and CTD80 responses 

to drugs from the HT full plate imager in isotropic samples in 96 well plate under optical 

pacing with corresponding percentage changes, (n = 4–14 biologically independent samples 

per group; two-way ANOVA). (d) Same as (c) for anisotropic samples with corresponding 

percentage changes, (n = 2–6 biologically independent samples; two-way ANOVA). Insets 

show example voltage and calcium traces. (e) Microscope-based APD80 and CTD80 

measurements for 0.5 Hz pacing in isotropic and anisotropic samples with corresponding 

percentage changes, (n = 5–14 biologically independent samples per group). The error 

bars represent standard errors. In panels c-e, (*) indicate significance (at p < 0.05) for the 

respective drug responses compared to control. The central 5 × 4 wells in 96-well plates 

were used in these records.
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Fig. 6. 
HT plate imager deployed for 384 well plate measurements. (a) CRISPRi and siRNA 

testing in glass-bottom 384 well plates, using different effectors and parallel measurement 

of spontaneous activity from 80 samples. The bottom panel presents a comparison of the 

relative changes in spontaneous frequency from control using different genetic perturbation 

methods targeting KCNJ2/Kir2.1 (n = 9–18 biologically independent samples per group; 

unpaired t-test). (b) Drug testing in quasi-3D anisotropic samples in 384 well plate – 

parallel measurements of voltage and calcium from 100 samples. Shown is an image of the 

100 samples, an image of the aligned cells (scale bar: 50 μm) in one well, and example 

Vm and [Ca2+]i traces from each of the conditions. The right panel shows APD80 and 

CTD80 changes upon drug treatments of the hiPSC-CMs under different optical pacing with 

corresponding percentage changes (n = 8–10 biologically independent samples per group; 

two-way ANOVA). The error bars represent standard errors. Significance (at p < 0.05) for 

the respective responses to treatments compared to control is indicated by a (*).
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Fig. 7. 
HT plate imager deployed for wave imaging with optogenetic pacing via integrated ChR2 

spheroids on unmodified iPSC-CM monolayers in glass-bottom 96 well plates. The left 

panel illustrates a sample. Shown are activation maps and traces for both Vm and [Ca2+]i 

from three samples at 0.5, 0.75, and 1.0 Hz pacing, with scale bars indicating 1 s and 1 

mm and a color bar indicating the wavefront activation times (in seconds). Yellow markers 

indicate the positioning of the spheroid for each of the samples.
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Fig. 8. 
Validation of temporal multiplexing for simultaneous voltage and calcium measurements 

with the low cost camera of the HT plate imager. (a) Diagram of Arduino Mega 2560 

controlling circuit. Green and red LEDs are multiplexed. Each frame of the camera records 

when only one LED is on and the other is off. Camera runs at 100 fps with exposure time 

9.8 ms for each frame. Optogenetic pacing uses 10 ms pulses, not necessarily aligned with 

each time frame. (b) Restitution plots for APD80 and CTD80 (n = 4–6). Open symbols are 

the values obtained from temporal multiplexing scheme and solid symbols are from constant 

illumination. Error bars represent standard deviation. (c) Example Vm and [Ca2+]i traces 

obtained simultaneously from temporal multiplexing at each pacing frequency. (d) Example 

Vm and [Ca2+]i traces obtained separately with constant illumination at each pacing. The 

scale bar indicates 1 s duration.
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Table 2

Two-way ANOVA analysis on SNR as a function of pacing frequency and Vm vs. [Ca2+]i (corresponding to 

Fig. 2c, d).

Pacing frequency Vm vs. [Ca2+]i freq × Vm vs. [Ca2+]i

SNR <0.0001 <0.0001 <0.0001
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Table 3

Two-way ANOVA analysis of drug responses under different pacing conditions in glass-bottom 96-well plates 

(corresponding to Fig. 4b, c).

Pacing frequency Drugs Freq × drugs

APD % change <0.0001 <0.0001 <0.0001

CTD % change <0.0001 <0.0001 <0.0001
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Table 4

Two-way ANOVA analysis of drug responses in isotropic quasi-3D electrospun 96-well plates (corresponding 

to Fig. 5c).

Pacing frequency Drugs Freq × drugs

APD <0.0001 <0.0001 0.074

CTD <0.0001 <0.0001 0.5291

The bold values in the table are for p < 0.05, indicating the effects were significant.
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Table 5

Two-way ANOVA analysis of drug responses in anisotropic quasi-3D electrospun 96-well plates 

(corresponding to Fig. 5d).

Pacing frequency Drugs Freq × drugs

APD <0.0001 <0.0001 <0.0001

CTD <0.0001 <0.0001 0.1901

The bold values in the table are for p < 0.05, indicating the effects were significant.
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Table 6

One-way ANOVA analysis of drug responses in isotropic and anisotropic plates 96-well plates using 

microscope-based measurements at 0.5 Hz pacing frequency (corresponding to Fig. 5e).

Van vs. control Dof vs. control Nif vs. control

Iso APD 0.0018 0.0002 <0.0001

Iso CTD 0.0004 0.0004 >0.9999

Aniso APD <0.0001 <0.0001 <0.0001

Aniso CTD <0.0001 <0.0001 <0.0001

The bold values in the table are for p < 0.05, indicating the effects were significant.
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Table 7

Unpaired t-test between the treatments to suppress KCNJ2: Dox/noDox, Zim3+/−, and siRNA +/−, for 

spontaneous activities of iPSC-CMs in glass-bottom 384-well plates (corresponding to Fig. 6a bottom panel).

Kir2.1 Gen1 Dox vs. noDox Scramble vs. Kir2.1 Ad-Zim3 NTC vs. Kir2.1 siRNA

0.816 0.0835 <0.00051

The bold value in the table is for p < 0.05, indicating the effect was significant.
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Table 8

Two-way ANOVA analysis of drug responses in anisotropic quasi-3D electrospun 384-well plates 

(corresponding to Fig. 6b right panel).

Pacing frequency Drugs Freq × drugs

APD <0.0001 <0.0001 0.1019

CTD <0.0001 <0.0001 <0.0001

The bold values in the table are for p < 0.05, indicating the effects were significant
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