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ABSTRACT: Evaluation of arrhythmogenic drugs is required by
regulatory agencies before any new compound can obtain market approval.
Despite rigorous review, cardiac disorders remain the second most
common cause for safety-related market withdrawal. On the other hand,
false-positive preclinical findings prohibit potentially beneficial candidates
from moving forward in the development pipeline. Complex in vitro
models using cardiomyocytes derived from human-induced pluripotent
stem cells (hiPSC-CM) have been identified as a useful tool that allows for
rapid and cost-efficient screening of proarrhythmic drug risk. Currently
available hiPSC-CM models employ simple two-dimensional (2D) culture formats with limited structural and functional relevance to
the human heart muscle. Here, we present the use of our 3D cardiac microphysiological system (MPS), composed of a hiPSC-
derived heart micromuscle, as a platform for arrhythmia risk assessment. We employed two different hiPSC lines and tested seven
drugs with known ion channel effects and known clinical risk: dofetilide and bepridil (high risk); amiodarone and terfenadine
(intermediate risk); and nifedipine, mexiletine, and lidocaine (low risk). The cardiac MPS successfully predicted drug cardiotoxicity
risks based on changes in action potential duration, beat waveform (i.e., shape), and occurrence of proarrhythmic events of healthy
patient hiPSC lines in the absence of risk cofactors. We showcase examples where the cardiac MPS outperformed existing hiPSC-
CM 2D models.
KEYWORDS: microphysiological system, hiPSC-CM, cardiac microtissue, arrhythmia, drug risk assessment, safety pharmacology

Before achieving market approval, all drug candidates are
screened for cardiac side effects. Despite efforts to detect

cardiac risk before a new pharmaceutical enters the clinic, a
recent meta-analysis reported that cardiac disorders are the
second most common cause for safety-related market with-
drawal (18.8%) after hepatotoxicity (27.1%).1 The study, which
investigated 133 drugs that have been withdrawn from the
market for safety reasons between 1990 and 2010 in countries
belonging to the World Health Organization (WHO), also
found that the average time from the introduction of a drug to its
withdrawal was 20.3 years. To prevent public health risks and
costly late drug withdrawals, while keeping good drug candidates
in the pipeline, there is a need to improve clinical prediction of
new drug candidates for cardiac liabilities.
One important aspect of cardiac safety is the absence of

arrhythmogenic properties including a drug’s potential to induce
torsades de pointes (TdP), a rare but potentially fatal form of
arrhythmia.2 Regulatory guidelines currently in place to prevent
drugs with proarrhythmic properties from entering the market
(ICH S7B and ICH E14) request screening for QT prolonging
effects, which purportedly is a predictive marker of arrhythmic
potential including TdP induction.3 However, in some cases,
QT prolongation does not correlate with either arrhythmia or

TdP, suggesting that screening simply on QT prolongation is
not sufficient to identify cardiac liabilities4 and may eliminate
promising drugs from the developmental pipeline.
A promising in vitro tool for screening for a drug’s

arrhythmogenic properties are human-induced pluripotent
stem cell-derived cardiomyocytes (hiPSC-CM), which offer a
human genetic background and therefore avoid issues associated
with inter-species differences in drug response. Furthermore,
cell-based assays are significantly cheaper than animal models
and allow for much higher throughput. In recent years, several
studies have investigated the utility of hiPSC-CMs for the
predication of clinically relevant proarrhythmic drug proper-
ties.5−10 Since QT prolongation cannot be directly measured in
vitro, testing typically includes evaluation of a drug’s ability to
block the human ether-a-go-go-related (hERG) potassium
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channel (IKr), which is associated with clinical QT prolongation
and/or observation of prolongation of QT-proxies such as
action potential (APD) or field potential (FPD) duration.6,8

However, while screening for QT prolongation helps to improve
drug safety, current methods can fail to detect arrhythmogenic
drugs that do not necessarily cause QT prolongation and, on the
other hand, also prohibit safe pharmaceuticals from entering the
market sinceQT prolongation alone is not a definite predictor of
increased arrhythmic potential.4

Several studies including the CiPA (comprehensive in vitro
proarrhythmia assay) initiative,5,6,11 which is dedicated specif-
ically to the in vitro evaluation of arrhythmia risk in drug
compounds using hiPSC-CM models, have pointed out other
parameters that should be considered in combination with QT
prolongation for more accurate safety predictions. Important
proarrhythmic markers can be derived from drug-induced
changes in the beat waveform (i.e., shape as measured by
triangulation12), observation of arrhythmia-like events such as
early after depolarizations,6 and the beat pattern (such as
irregular beating12 or drug-induced quiescence.6).
Models using hiPSC-CM have been used successfully to

assess cardiac arrhythmic risk of various ion channel blockers.
However, for some compounds, in vitro results are known to
deviate from the official drug risk classification and clinical
observations. Most cases of incorrect drug effect predication can
be attributed to one or more of the following factors: (i) the

clinical observations of arrhythmic events are associated with
additional risk factors such as age, gender, underlying illness
(e.g., liver disease, electrolyte imbalance, diabetes, and over-
weight), and drug−drug interactions.13−15 These co-factors
typically are not recreated in in vitro assays, and consequently,
the associated risk is not reported (e.g., bepridil and
terfenadine). (ii) Risk classification of the drug is controversial
(e.g., amiodarone).16 (iii) The drug has multi-ion channel
activity with similar IC50 values but compensatory effects on the
action potential (such as QT prolongation via IKr block and QT
shortening via ICa block).

5 This issue is enhanced if ion channels
are differentially expressed in hiPSC-CM compared to adult
human ventricular cardiomyocytes (e.g., lower density of late
sodium current is suspected for the deviation of in vitro and in
vivo effects of mexiletine).6

In the present study, we use a recently optimized version of
our cardiac microphysiological system (MPS)17−19 to evaluate
the proarrhythmic properties of seven drugs with well-known
effects on cardiac ion channels. The compounds have classically
been categorized into high-, intermediate-, and low-risk classes
according to their clinical arrhythmia risk.11,20 We investigated
two to three candidates from each category: dofetilide and
bepridil (high risk); amiodarone and terfenadine (intermediate
risk); and nifedipine, mexiletine, and lidocaine (low risk). Our
drug selection comprises compounds with typically well-
predicted effects in hiPSC-CM models (dofetilide, nifedipine,

Figure 1. Design and function of the cardiac MPS. (A) Layout of a multiplexed cardiac MPS device comprising four parallel tissue chambers with
individual cell loading ports and a common media inlet (in) and outlet (out). The media channels run parallel to each tissue chamber, and the
fenestration barrier provides protection from fluid shear stress while allowing for exchange of media via diffusion. Anchor pillars located at both
extremities of the tissue chamber provide attachment points to keep the cardiac muscle elongated and prevent collapsing. Scale bars represent 2000 μm
in the full device (left panel) and 100 μm in the close up (right panel). (B) Phase contrast images of the MPS with cardiac tissues formed using WTC
(top) and SCVI20 (bottom) cells. Scale bars represent 100 μm. (C) Fluorescent voltage traces (black and dashed red curves) are analyzed for action
potential duration at 80 and 30% signal amplitude (APD80 and APD30, respectively). The beat shape metric triangulation is calculated as (APD80 −
APD30)/APD80. A higher triangulation value (dashed red curve) is associated with increased arrhythmia risk. Importantly, normalizing to the APD80
decouples the triangulation value from other electrophysiological changes such as beat rate or peak width. (D) Classification of beat shape quality:
representative voltage fluorescence traces of a normal beat shape, three types of arrhythmia-like events (early afterdepolarization (EAD); irregular beat
pattern; fast spikes without discernable baseline), a weak and noisy trace for which the beat features could not be analyzed, and a trace of a non-beating
tissue. The colored rectangles represent the color code used in the bar charts throughout the article.
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and lidocaine) as well as several examples of drugs that yielded
false-negative or false-positive results in existing in vitro studies
(bepridil, terfenadine, amiodarone, and mexiletine).6,11 Our
compound selection included a mixture of drugs with
predominant single-ion channel interaction and drugs with
multi-channel activities (Tables S5−S7).
The cardiac MPS is a microfluidic tissue chip model

comprising a three-dimensional (3D) heart micromuscle
derived from hiPSC-CMs, which structurally and functionally
closely resembles a human heart muscle fiber.19 Data stream
readouts are based on high frame rate video acquisition of
fluorescent markers that are specific for changes in the
transmembrane potential (action potential) and intracellular
calcium handling. Lack of maturity has repeatedly been reported
as a critical limitation of hiPSC-CMmodels,21 and immature ion
channel expression (such as lower densities of the late sodium
current in hiPSC-CMs than the adult human ventricle) has been
associated with limited predictive value for certain drugs.6 To
address this, we recently optimized our in vitro model by
implementing a metabolic maturation step using fatty-acid rich
media.18 We demonstrated that this advancement helps to push
the maturation characteristics of the cardiomyocytes within the
MPS from a fetal to a more adult-like state with lower variance in
drug response. Here, we demonstrated the predictive drug
screening potential of the cardiac MPS using two hiPSC lines
from healthy donors and compared our findings to published
studies using 2D hiPSC-CM models.

■ RESULTS
Characterization and Operation of the Cardiac MPS.

Our microphysiological system is composed of elongated cell
chambers of 60 μm height (Figure 1A and Figure S8A,B) that
promote matrix-free self-assembly of 3D cardiac microtissues as

previously reported.18,19 The tissues are formed from a single-
cell suspension of 80% hiPSC-CM and 20% isogenic stromal
cells (hiPSC-SCs) and start spontaneous beating activity within
24−48 h. In this study, we used hiPSC lines from two different
healthy donors. Both cell lines allowed for efficient differ-
entiation of hiPSC-CMs and hiPSC-SCs and successful
formation of structurally and functionally stable micromuscles
in the cardiacMPS (Figure 1B) that are typically 7−12 cell layers
thick.18 A detailed comparative study of the two cell lines with
regard to the maturation state and baseline characteristics such
as the structure, ion channel expression, and electrophysiology
was recently published.18 Table S1 highlights the main ion
channel activity differences between the two cell lines. WTC and
SCVI20 MPS baseline (i.e., without drugs) characteristics show
mean spontaneous beat rates ∼1 Hz, cAPD80 ∼500 ms (WTC)
and 450 ms (SCVI20), and triangulation ∼0.3 (Table S2 and
Figure S9). The drugs were perfused via the media channels that
run parallel on either side of the cell chamber, and media
exchange to the tissue via diffusion was facilitated by an array of
small connection channels (i.e., a fenestration barrier) (Figure
1A and Figure S8B).19 Themicrofluidic devices either featured a
single tissue or four individual tissues arranged in parallel
(Figure S8A). Each drug was applied in an acute dose-escalation
regimen where the same tissue was subjected to increasing doses
of the compound, and electrophysiological effects were recorded
after a 30 min incubation (Figure S8C). We derived action
potential (AP) and calcium transients from high-speed (100 fps)
videos (Figure S8D) and analyzed the traces for APD, AP shape
(triangulation metric, see the Materials and Methods section;
Figure 1C), and incidence of arrhythmia-like events in AP or
calcium traces (Figure 1D). Importantly, the triangulation
metric allows valuation of the later phase of the repolarization
trajectory independent of the absolute change in APD.

Figure 2. Evaluation of pro-arrhythmic effects of the high-risk drug dofetilide. Results are shown for theMPS generated from theWTC cell line (A−C)
and the SCVI20 cell line (D−F). Panels (A, D) show the dose-dependent change in action potential duration (corrected to 1 Hz beat rate). Panels (B,
E) show the beat shape metric triangulation calculated as (APD80 − APD30)/APD80 for voltage traces. Panels (C, F) show the percentage of the MPS
exhibiting arrhythmia-like event (red), weak signals (gray), or non-beating tissues (black), as defined in Figure 1. Spontaneous voltage and calcium
traces were considered for this analysis. (G) Expected percent ion channel block determined from tested drug doses from the literature. Statistical
analysis: mixed-effects analysis with the Geisser−Greenhouse correction followed by Dunnett’s multiple comparison test to dose 0. Replicates are from
independent tissues. Reported significance levels are p < 0.05 (*), 0.01 (**), 0.001 (***), and 0.0001 (****).
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Dofetilide. Dofetilide is classified as a category 1 drug,20

which means that prolonging repolarization is an intended,
desirable effect of this drug. Dofetilide is labeled for QT and TdP

risk by the FDA and accordingly has been placed in the high-risk
category by the CiPA initiative.11 The cardiacMPS derived from
both cell lines demonstrated an increase in cAPD80 with

Figure 3. Evaluation of pro-arrhythmic effects of the high-risk drug bepridil. Results are shown for the MPS generated from the WTC cell line (A−C)
and the SCVI20 cell line (D−F). Panels (A, D) show the dose-dependent change in action potential duration (corrected to 1 Hz beat rate). Panels (B,
E) show the beat shape metric triangulation calculated as (APD80 − APD30)/APD80 for voltage traces. Panels (C, F) show the percentage of the MPS
exhibiting any sort of arrhythmia-like event (red), weak signals (gray), or non-beating tissues (black). Spontaneous voltage and calcium traces were
considered for this analysis. (G) Expected percent ion channel block at tested drug doses based on literature values. Statistical analysis: mixed-effects
analysis with the Geisser−Greenhouse correction followed by Dunnett’s multiple comparison test to dose 0. Replicates are from independent tissues.
Reported significance levels are p < 0.05 (*), 0.01 (**), 0.001 (***), and 0.0001 (****).

Table 1. Summary of Observed Drug Effects in the Cardiac MPS for Two Cell Lines and Literature Values fromOther 3D hiPSC
CM Tissue Formats

drug studies TdP risk
Cmax
(μM) prediction cAPD80 triangulation arrhythmia or no beating

matches
prediction?

dofetilide MPS WTC high 0.002 ↑ QT, ↑TdP20 ↑ 0.0001 μM ↑ 0.0001−0.001
μM

↑ 0.01−1 μM yes

MPS SCVI20 ↑ 0.01 μM ↑ 0.1 μM ↑ 0.01−1 μM yes
Biowire31 ↑ 10−1000 nM yes
tissue rings32 ↑25a nM32 yes

bepridil MPS WTC high 0.032 ↑ QT, ↑TdP20 ↑ 0.0032−3.2
μM

↑ 3.2−32 μM N/A partly (QT)

MPS SCVI20 N/A N/A ↑ 32 μM partly (TdP)
amiodarone MPS WTC intermed 0.0008 ↑ QT, ↑TdP5 ↑ 0.01−1 μM N/A N/A partly (QT)

MPS SCVI20 N/A N/A ↑ 0.01−1 μM partly (TdP)
terfenadine MPS WTC intermed 0.00028 ↑ QT, ↑TdP5,20 N/A N/A ↑ 0.3−3 μM yes

MPS SCVI20 ↓ Dose5 N/A ↑ 0.003−3 μM yes
anisotropy
strip33

↑ reentry events 300 nMa yes

nifedipine MPS WTC low 0.0077 ↑TdP20 ↓ 0.1−1 μM ↑ 1 μM N/A yes
MPS SCVI20 N/A ↑ 10 μM ↑ 0.1−10 μM yes
tissue rings30 ↑ 30 nM−1 μMa

30
yes

mexiletine MPS WTC low 2.5 ↓ QT,11 INaL
block

N/A ↑ 100 μM ↑ 100−1000 μM yes

MPS SCVI20 ↓ 100 μM ↑ 100 μM ↑ 100−1000 μM yes
lidocaine MPS WTC low 2.5 N/A,5 INaL block N/A N/A ↑ 100−1000 μM yes

MPS SCVI20 N/A N/A ↑ 1000 μM yes
tissue rings34 no arrhythmia events 100

μMa
yes

aParameter available in the literature not identical to the parameter used in this publication but comparable.
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increasing doses of dofetilide (Figure 2A,D). The transition
from long APDs to a fibrillation-like state caused a spread in the
data set so that statistical significance was determined only at 0.1

nM for WTC and 10 nM for SCVI20. Starting at 10 nM (5× the
maximum clinical free plasma concentration (Cmax)), more than
half of the tested tissues exhibited arrhythmia-like events or

Figure 4. Evaluation of pro-arrhythmic effects of the intermediate-risk drug amiodarone. Results are shown for the MPS generated from theWTC cell
line (A−C) and the SCVI20 cell line (D−F). Panels (A, D) show the dose-dependent change in action potential duration (corrected to 1Hz beat rate).
Panels (B, E) show the beat shape metric triangulation calculated as (APD80 − APD30)/APD80 for voltage traces. Panels (C, F) show the percentage of
theMPS exhibiting any sort of arrhythmia-like event (red), weak signals (gray), or non-beating tissues (black). Spontaneous voltage and calcium traces
were considered for this analysis. (G) Expected percent ion channel block at tested drug doses based on literature values. Statistical analysis: mixed-
effects analysis with the Geisser−Greenhouse correction followed by Dunnett’s multiple comparison test to dose 0. Replicates are from independent
tissues. Reported significance levels are p < 0.05 (*), 0.01 (**), 0.001 (***), and 0.0001 (****).

Figure 5. Evaluation of pro-arrhythmic effects of the intermediate-risk drug terfenadine. Results are shown for the MPS generated from the WTC cell
line (A−C) and the SCVI20 cell line (D−F). Panels (A, D) show the dose-dependent change in action potential duration (corrected to 1Hz beat rate).
Panels (B, E) show the beat shape metric triangulation calculated as (APD80 − APD30)/APD80 for voltage traces. Panels (C, F) show the percentage of
theMPS exhibiting any sort of arrhythmia-like event (red), weak signals (gray), or non-beating tissues (black). Spontaneous voltage and calcium traces
were considered for this analysis. (G) Expected percent ion channel block at tested drug doses based on literature values. Statistical analysis: mixed-
effects analysis with the Geisser−Greenhouse correction followed by Dunnett’s multiple comparison test to dose 0. Replicates are from independent
tissues. Reported significance levels are p < 0.05 (*), 0.01 (**), 0.001 (***), and 0.0001 (****).
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stopped beating (Figure 2C,F). At this dose, IKr is blocked about
25% (Figure 2G). At higher doses, the prolonged beats
developed EADs, which eventually split into narrow separate
beats with a high degree of triangulation (see the representative
traces in Figure S10A and triangulation in Figure 2B,E).
Therefore, the increasing cAPD80 could only be observed and
reported for doses up to 10 nM (WTC) or 100 nM (SCVI20)
(Figure 2A,D). At high doses of 100 and 1000 nM (50−500×
Cmax), an increasing number ofMPS ceased spontaneous beating
activity for both cell lines, indicating detrimental effects on the
entire action potential machinery (Figure 2C,F). Using external
stimulation, weak action potentials could still be induced in
most, but not all of these MPS (data not shown).
Bepridil. Bepridil is classified as a category 3 drug,20 meaning

that there have been numerous case reports of TdP in humans,
and has been labeled by the FDA for QT prolongation14 and
TdP risk. Due to its torsadogenic potential, bepridil has been
assigned to the high-risk category by the CiPA initiative.11

Significant cAPD80 prolongation was observed from 3.2 to 3200
nM bepridil (0.1−100× Cmax) in WTC (Figure 3A). The beat
shape as measured by triangulation remained stable until 3200
nM (100× Cmax) where it started to increase (Figure 3B). For
SCVI20, the same trend was observed but to a much lesser
extent, which did not yield significant changes at any dose
(Figure 3D,E). Interestingly, at extremely high doses of 1000×
Cmax (32,000 nM), cAPD80 dropped in both cell lines while
triangulation increased further. At this concentration, 75% of the
SCVI20 MPS stopped spontaneous beating activity. We did not
observe arrhythmia-like events in any dose or cell line (Figure
3C,F). Around its clinically relevant dose (Cmax = 32 nM; Table
1), bepridil predominantly blocks IKr while it targets multiple ion
channels at higher doses. At 32,000 nM (1000× Cmax), ICaL, INaL,

and INa are all blocked almost 100% while IKr is blocked about
85% (Figure 3G).
Amiodarone.Amiodarone has risks of QT prolongation and

TdP risk on its FDA label.5 It has not been classified by the CiPA
initiative but can be considered intermediate risk based on its
similarities to other drugs in this category.5,6,20 We detected a
weak cAPD80 increase (in WTC only) and no change in
triangulation (Figure 4A,B,D,E). Similarly, we observed no
(WTC) or few (SCVI20) arrhythmia-like events at any of the
tested doses ranging up to 1250× Cmax (Figure 4C,F). The
arrhythmia-like events were classified as fibrillations, meaning
that no clear baseline could be established between consecutive
beats. Amiodarone has no to little ion channel block activity at
concentrations under 1000× Cmax (Cmax = 0.8 nM; Table 1) and
targets mainly IKr and ICaL at high doses (Figure 4G).
Terfenadine. Terfenadine has been categorized as a class 2

agent,20 indicating market withdrawal due to an unacceptable
risk of TdP for the conditions being treated. It is labeled as QT
prolonging and TdP risk by the FDA,5 consistent with its
primary mechanism as an hERG blocker (Figure 5G). We found
variable effects on cAPD80 with no significant prolongation at
any dose but a clear cAPD80 decrease at the highest dose
(significant for SCVI20) (Figure 5A,D). We observed very little
impact on the beat shape measured by triangulation (Figure
5B,E) and no arrhythmia-like events up to 300 nM (1000×
Cmax) followed by a few observations of irregular beat patterns at
3000 nM (10,000× Cmax) in WTC cells (Figure 5C,F).
Quiescence was detected in a few MPS of each cell line,
reaching up to 33% in SCVI20 at 300 nM. At high
concentrations, terfenadine shows considerable multi-ion
channel activity (Figure 5G).
Nifedipine. Nifedipine only has isolated reports of TdP in

humans (Redfern class 4).20 This ICaL blocker (Figure 6G) has

Figure 6. Evaluation of pro-arrhythmic effects of the low-risk drug nifedipine. Results are shown for theMPS generated from theWTC cell line (A−C)
and the SCVI20 cell line (D−F). Panels (A, D) show the dose-dependent change in action potential duration (corrected to 1 Hz beat rate). Panels (B,
E) show the beat shape metric triangulation calculated as (APD80 − APD30)/APD80 for voltage traces. Panels (C, F) show the percentage of the MPS
exhibiting any sort of arrhythmia-like event (red), weak signals (gray), or non-beating tissues (black). Spontaneous voltage and calcium traces were
considered for this analysis. (G) Expected percent ion channel block at tested drug doses based on literature values. Statistical analysis: mixed-effects
analysis with the Geisser−Greenhouse correction followed by Dunnett’s multiple comparison test to dose 0. Replicates are from independent tissues.
Reported significance levels are p < 0.05 (*), 0.01 (**), 0.001 (***), and 0.0001 (****).
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been placed in the very low-risk group by the CiPA initiative.11

We observed APD shortening in both cell lines (significant in
WTC and non-significant in SCVI20) (Figure 6A,D). At the
highest dose, beat shape changes were detected as triangulation
increases in both cell lines (Figure 6B,E). No arrhythmia-like
events were detected (Figure 6C,F). A low incidence of non-
beating tissues was observed in SCVI20 at the two highest doses
of 1 and 10 μM (125 and 1250× Cmax, respectively). However,
action potentials could still be induced in all these tissues by
external electrical stimulation (data not shown).
Mexiletine.Mexiletine is a low-risk drug11 and does not have

FDA labels for QT prolongation or TdP risk.5 It not only has
predominant INaL blocking action but also affects IKR, ICaL, and
INa at higher doses (Figure 7G). We report cAPD80 shortening
(significant for SCVI20 at 40× Cmax (Figure 7A,D)) and
triangulation increase in both cell lines (Figure 7B,E). No
arrhythmic events were observed, and most tissues stopped
beating between 100 and 1000 μM mexiletine (Figure 7C,F).
Our observation is in line with the drug blocking INaL, IKR, ICaL,
and INa 50−100% at 100 μMand >95% at 1000 μM(Figure 7G).
Lidocaine. Lidocaine is an exclusive INaL blocker (class 1B

sodium channel blocker) (Figure 8G) with no FDA label for QT
prolongation or TdP risk5 and can therefore be considered low
TdP risk. Expected changes in the APD are a mild delay in the
upstroke and slightly shortened repolarization.We found a slight
average decrease in cAPD80 (not significant) and no statistically
significant effect on the triangulation metric (Figure 8A,B,D,E).
We did not observe any occurrence of arrhythmia-like events but
recorded a stop in spontaneous beating activity between 100 and
1000 μM(400×Cmax) in almost all tissues (Figure 8C,F). At that
dose, INaL is blocked nearly 100% (Figure 8G), which will induce
beating quiescence. Blockage of the sodium channels abolishes

the raising phase of the action potential, so an AP cannot be
generated.

■ DISCUSSION
Evaluation of Seven Drugs in the MPS. In this study, we

evaluated the arrhythmogenic drug risk with a novel micro heart
muscle tissue combined with a microfluidic platform. The
cardiac MPS features a structural and functional mimic of a
human cardiac muscle fiber derived from iPSC-CM in
combination with support cells. The geometric confinement of
the microfabricated cell chamber encourages self-assembly into
a uniaxial beating microtissue, and combined with fatty-acid rich
media, the maturity of the micro heart muscle was enhanced.18

We investigated seven drugs with known ion channel
inhibition and clinical effects. The drugs were selected to
include examples with high (dofetilide and bepridil), inter-
mediate (amiodarone and terfenadine), and low (nifedipine,
mexiletine, and lidocaine) arrhythmia risk.
Dofetilide. The desired arrhythmia-free APD prolongation

of dofetilide was successfully predicted by our system up to 5×
Cmax. The observed cAPD80 increase around a Cmax of 2 nM
correctly indicates a small safety margin for this drug. Based on
the AP prolongation accompanied by beat shape changes and
occurrences of arrhythmia-like events, the cardiac MPS system
successfully predicted the arrhythmogenic risk associated with
dofetilide in both cell lines (Figure 2). Due to its relatively high
TdP risk, the clinical use of dofetilide is subjected to extensive
contraindications, strict dosing guidelines, and FDA-mandated
inpatient monitoring during drug loading.22

Bepridil. The observed cAPD80 prolongation around 0.1−
100× Cmax is in concordance with clinical QT prolongation and
effects observed in other hiPSC-CM-based in vitro studies.5,6

APD prolongation together with the increasing triangulation at

Figure 7. Evaluation of pro-arrhythmic effects of the low-risk drugmexiletine. Results are shown for theMPS generated from theWTC cell line (A−C)
and the SCVI20 cell line (D−F). Panels (A, D) show the dose-dependent change in action potential duration (corrected to 1 Hz beat rate). Panels (B,
E) show the beat shape metric triangulation calculated as (APD80 − APD30)/APD80 for voltage traces. Panels (C, F) show the percentage of the MPS
exhibiting any sort of arrhythmia-like event (red), weak signals (gray), or non-beating tissues (black). Spontaneous voltage and calcium traces were
considered for this analysis. (G) Expected percent ion channel block at tested drug doses based on literature values. Statistical analysis: mixed-effects
analysis with the Geisser−Greenhouse correction followed by Dunnett’s multiple comparison test to dose 0. Replicates are from independent tissues.
Reported significance levels are p < 0.05 (*), 0.01 (**), 0.001 (***), and 0.0001 (****).
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higher doses points toward bepridil’s arrhythmic risk. The
effects at very high bepridil doses can be attributed to multiple
ion channel blockage, which will shorten and eventually
completely abolish all beating activity (Figure 3F,G).
Early clinical studies have shown instances of TdP associated

with bepridil treatment, albeit at low rates (0.01−1%).14,23 Even
though bepridil is classified as a drug with TdP risk, we did not
find any arrhythmia-like events (Figure 3C,F), similar to other
state-of-the-art hiPSC-CM studies. This can be explained by
three main factors: (i) the almost exclusive occurrence of TdP
correlated with old age (especially women over 70 years); (ii)
electrolyte imbalance (especially hypokalemia) as an additional
risk factor; and (iii) more hiPSC lines are needed to predict TdP
with low clinical incidence.14,15 Several other studies also
reported QT prolongation with high interindividual variation
but reported a low incidence of cardiovascular side effects and
no episodes of TdP, especially when accounting for the
established risk factors.15,24 Taken together, the low rate of
clinical TdP events and their association with additional risk
factors (hypokalemia and older age) suggest that current
complex tissue in vitro screening tools are unlikely to predict
proarrhythmic properties for bepridil but can reveal drug-
induced QT increase.
Amiodarone. Amiodarone blocks multiple ion channels

around similar concentrations (Figure 4G),5 which makes
placement in any specific risk and antiarrhythmic class
controversial:16 this atypical class III antiarrhythmic also
exhibits class I, II, and IV activities. The observed low prevalence
of pro-arrhythmic events as well their type (lack of stable
baseline between consecutive beats) can be explained by a
concurrent block of multiple ion channels at high drug
concentrations (ICaL and INaL; Figure 4G) that prevents
hERG-related arrhythmias. The outcome of our study matches

what has been previously reported in comparable in vitro studies.
Despite the drug’s label for QT increase, literature shows a
hERG block of 50% and higher only for concentrations around
100−1000× Cmax (Figure 4G). Similarly, Redfern et al. noted
that, out of the 11 category 1 drugs (i.e., compounds that have
repolarization prolongation as a desired effect), amiodarone was
the only compound that did not show in vitro APD prolongation
around the estimated therapeutic plasma concentration (ETPC)
but did at significantly higher doses, reaching a safety margin of
1400-fold.20 Therefore, it can be expected that in vitro studies
will only reveal an impact on APD, beat shape, or arrhythmic
events only at very high amiodarone concentrations above Cmax.
While amiodarone was not one of the 28 drugs of the 2018
multi-center CiPA study,6 it was included in an earlier trial
where no arrhythmic events were found even at concentrations
that caused a strong hERG block.5 Furthermore, in the clinical
setting, chronic amiodarone treatment is necessary to achieve its
therapeutic effects.16 Therefore, we suggest that a chronic in
vitro exposure scenario is necessary to fully reveal QT changes
and the torsadogenic potential of this drug.9

Terfenadine. Terfenadine effects have historically been
difficult to detect using hiPSC-CM in vitro test systems.
Literature reports that the clinically observed TdP risk of
terfenadine could not be predicted in hiPSC-based testing, and
outcomes for APD changes were variable.5,6,20 At doses up to
100 nM, mostly APD increases were reported followed by a
decrease and eventually quiescence around 1000 nM.6 These
effects are in line with the drug’s multi-ion channel blockage
activity at high doses (Figure 5G). While terfenadine is labeled
as QT prolonging and TdP risk by the FDA,5 in the CiPA
initiative, it was only placed in the intermediate-risk category for
torsadogenic potential based on published data and expert
opinion.11 Clinical cases of arrhythmia in patients without

Figure 8. Evaluation of pro-arrhythmic effects of the low-risk drug lidocaine. Results are shown for the MPS generated from theWTC cell line (A−C)
and the SCVI20 cell line (D−F). Panels (A, D) show the dose-dependent change in action potential duration (corrected to 1 Hz beat rate). Panels (B,
E) show the beat shape metric triangulation calculated as (APD80 − APD30)/APD80 for voltage traces. Panels (C, F) show the percentage of the MPS
exhibiting any sort of arrhythmia-like event (red), weak signals (gray), or non-beating tissues (black). Spontaneous voltage and calcium traces were
considered for this analysis. (G) Expected percent ion channel block at tested drug doses based on literature values. Statistical analysis: mixed-effects
analysis with the Geisser−Greenhouse correction followed by Dunnett’s multiple comparison test to dose 0. Replicates are from independent tissues.
Reported significance levels are p < 0.05 (*), 0.01 (**), 0.001 (***), and 0.0001 (****).
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additional risk factors have rarely been reported.25 Thus, the
cardiac MPS’ prediction is accurate for exposure to healthy
patients. The observation of irregular beat patterns at the highest
tested dose (3000 nM) in the WTC cell line is in-line with the
drug’s reported arrhythmia risk. However, the low prevalence
and occurrence only at a very high dose make it a weak predictor
for clinical arrhythmias. Terfenadine has been associated with
QT increase and risk of TdP, for which it was removed from the
market in 1998.26 Increased risk for these cardiotoxic effects was
connected to terfenadine accumulation in the patient due to
inhibition of its metabolic breakdown via CYP3A4 by a second
drug, ketoconazole treatment,13 and other predisposing factors.
To better capture the clinical risk of terfenadine, further in-depth
studies tailored to the specific pharmacokinetics of this drug are
required. Such follow-up tests may include assessing the risk of
the terfenadine metabolite fexofenadine.
Nifedipine. Our MPS system correctly predicted the QT

shortening effect of this ICaL blocker (Figure 6G). In
combination with the APD decrease, the observed triangulation
increase at high doses (Figure 6B,E) does not present a
proarrhythmic risk factor and is in concordance with the
expected effects of reduced calcium currents, which leads to a
reduction of the AP plateau phase. Our results are in line with
similar studies on hiPSC-CMmodels that reported a decrease in
QT, no occurrence of arrhythmia-like events, and few cases of
quiescence at >10× Cmax (>0.1 nM).11
Mexiletine. Clinically, mexiletine shortens the QT interval

in different forms of long QT syndrome.27 In the cardiac MPS,
these effects were accurately predicted by APD shortening,
especially in the presence of long baseline APDs (Figure 7A,D
and Figure S12B). Together with the absence of proarrhythmic
events, the observed behavior was in line with the expected
effects for this low-risk drug. Our findings for mexiletine are in
better concordance to the clinical effects than the large multi-
center CiPA study with 2D hiPSC-CM models,6 where a mild
repolarization prolongation (no effect in some test centers) was
reported together with occasional reports of arrhythmias at ≥4-
fold Cmax. The authors indicated lower densities of the late
sodium current in hiPSC-CMs than human ventricular
cardiomyocytes as a possible explanation for the unexpected
arrhythmia-like events since late INa is necessary to balance the
proarrhythmic hERG block effects. The absence of such non-
physiological events in our data suggests that our MPS provides
a more physiologically relevant model than simple 2D hiPSC-
CM formats.
Lidocaine. Our findings predict expected effects of the non-

cardiac risk lidocaine. We observed a mildly shortened APD and
no arrhythmia-like events. Beat shape changes caused by this
class 1B sodium channel blocker did not result in significant
changes in the triangulation metric.
Cardiac MPS Model for Drug Risk Prediction. In this

study, we focused on a screening protocol employing a complex
in vitro tissue model where drugs were acutely exposed to
healthy patient hiPSC lines in the absence of risk cofactors.
Under these circumstances, the cardiac MPS correctly predicted
clinically relevant changes in the APD (a QT-proxy),
proarrhythmic changes in beat waveform (increased triangu-
lation), and arrhythmia-like events (e.g., EADs and irregular beat
patterns). The improved predictive outcome for mexiletine
compared to 2D hiPSC-CM studies highlights the need for
cardiac tissue models beyond simple 2D formats for in vitro drug
risk screening. We hypothesize that the higher physiological
accuracy of our 3D tissue geometry and uniaxial alignment

combined with a fatty acid richmedia supports tissuematuration
and more relevant ion channel expression.18

Data retrieved from the cardiac MPS without additional
experiments can be used to investigate a range of research
questions.17−19 For example, the fluorescence video traces can
be examined for additional properties such as upstroke velocity
(to characterize INaL blockers such as lidocaine), intensity
amplitude, and inter-beat irregularities (Poincare ́ plots9,12).
Data from externally paced tissues can be probed for the
relationship of voltage to calcium traces using phase plots and to
measure conduction velocity within a tissue. The microfluidic
system further allows for precise control over the cellular
microenvironment and collection of risk biomarkers from the
media channels and chronic drug exposure studies.10 Finally,
brightfield videos can be examined for tissue stress and strain as
well as contractile forces.17,19

To improve prediction of drug-induced cardiac liabilities, our
findings suggest that screening should be conducted with
broader representation in patient lines to model clinical reality
with respect to the genetic, racial, physiological, and pathological
makeup of the population. Although it has been demonstrated
that hiPSC-CM generated from different sources appears
superficially similar,28 patient line-dependent variations in
drug response should be expected.29 To begin to account for
possible donor variability, we tested all drugs on the MPS
generated from two hiPSC lines (WTC and SCVI20). Overall,
the two cell lines showed good concordance in drug response;
however, in several cases, drug effects were significant in only
one patient line, while a similar but non-significant trend was
observed in the other patient line. Similarly, the exact dose at
which each patient line responded was different for most drugs.
Our observations for cell line variations and similarities are
comparable to recent findings in other 3D cardiac tissue
formats.30,31 Taken together, our results not only further
confirm the usefulness of hiPSC-CM models in general and
our 3D MPS heart micromuscle model in particular for cardiac
drug risk assessment but also underline the importance of using
multiple patient lines for new molecule discovery.
Recently, enormous progress has been made in 3D cardiac

tissue cultivation and new culture formats as application notes
are published frequently.35 Several studies have demonstrated
the benefits of 3D culture formats over simple 2D cell layers. 3D
cultures of various formats such as tissue strips, tissue rings, and
chambers yielded more mature phenotypes regarding gene
expression, electrophysiology, and tissue mechanics.18,36 To
date, only a few studies provide a direct comparison of drug
effects in 2D vs 3D cultures. The ones that exist clearly point to
increased accuracy of drug responses in 3D platforms.18,37 These
early successes highlight the importance of 3D platforms in the
drug risk assessment pipeline. Where applicable, we compared
our own findings to results obtained in other 3D cardiac tissue
culture systems (Table 1). However, few systems were directly
comparable to our data since they either used different drug
compounds,38 different metrics (such as structural metrics39 or
mechanical analysis34,36,40), or both.41 We did not find 3D
studies with comparable metrics for amiodarone and bepridil,
and 3D cardiac tissue testing for mexiletine has not been
previously published.
While our MPS model demonstrated high value for fast and

inexpensive prediction of clinical proarrhythmia risk, some
limitations need to be noted. First, even though we successfully
implemented engineering (confined chambers that promote
self-assembly into uniaxially beating tissues) and biological

ACS Pharmacology & Translational Science pubs.acs.org/ptsci Article

https://doi.org/10.1021/acsptsci.2c00088
ACS Pharmacol. Transl. Sci. 2022, 5, 652−667

660

https://pubs.acs.org/doi/suppl/10.1021/acsptsci.2c00088/suppl_file/pt2c00088_si_001.pdf
pubs.acs.org/ptsci?ref=pdf
https://doi.org/10.1021/acsptsci.2c00088?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(fatty acid rich maturation media) strategies to improve tissue
maturation, our MPS differ from adult human ventricular
cardiomyocytes. One prominent indicator if incomplete
maturation is the fact that our tissues retained spontaneous
beating capabilities, while adult human cardiomyocytes require
external stimulation to elicit an action potential. Our current
efforts toward further maturation include ongoing optimization
of the microdevice geometry, chronic pacing, and the
combination of our in vitro data with mathematical models
that extrapolate the expected clinical effects from experimental
results.18,42,43 In vitro or in silico maturation is an especially
attractive approach for drugs with multichannel effects (i.e., IC50
values for multiple ion channels are within the same order of
magnitude) such as bepridil, amiodarone, and mexiletine
(Tables S5−S7). For these drugs, the exact clinical effect
depends on a fine balance between the various ion channels and
small differences in ion channel ratios between patient lines, and
in vitro models and in vivo can result in contradicting outcomes.
For some compounds with known clinical side effects, our

MPS did not show AP prolongation or arrhythmia-like events.
These cases of “false negative” risk assessment occurred with
drugs (bepridil, terfenadine, and amiodarone) that are
associated with clinical cofactor or complex situation. Closer
examination of clinical data often revealed that the cardiotoxic
side effects were largely associated with the presence of
additional risk factors such as pre-existing cardiac issues
(congenital or acquired), electrolyte imbalance, or drug−drug
interaction.13,14 To correctly predict the risk for these drugs, the
in vitromodels need to be adapted to mimic relevant risk factors.
Accordingly, our MPS is well suited to recapitulate several
conditions that could lead to increased prediction of arrhythmic
potential. Patient-derived iPSC-CM can be used to mimic
congenital heart disease such as long QT syndrome and for
personalized risk assessment even in the absence of known
genetic predispositions. A range of conditions such as electrolyte
imbalance or high fat diet can be readily mimicked by
dynamically altering the media composition with automated
fluid handling. The cardiac MPS is also capable of replicating
chronic treatment scenarios,10 which is critical to assess drugs
that require long-term exposure to predict their clinical side
effects (e.g., amiodarone). Furthermore, MPS technology
facilitates the combination of different tissues44 to specifically
probe multiorgan effects. In a recent study, we use our MPS to
demonstrate the effect of the drug−drug interaction on liver
metabolism and subsequently cardiac toxicity of cisapride.45 The
combination of liver and heart MPS is essential in cases where
unknown drug metabolites are suspected to confer cardiotox-
icity.
To allow for screening of larger compound libraries, to

increase technical replicates, and to cover broader dose ranges,
platforms that allow for high throughput are desirable. In this
work, we used four-plex devices containing four parallel tissue
chambers (see Figure 1A) as opposed to the single-tissue devices
used in our previous publications.18,19 Technically, there is no
limitation in further multiplexing of our technology (e.g., 8, 16,
32, or 64 parallel chambers per device) and fitting approximately
200 tissues within the footprint of a standard multi-well plate.
Regarding cell loading, handling, and maintenance, the effort is
comparable to 2D cultures. From a tissue generation and
maintenance perspective, our platform is amenable to achieve
similar throughput as systems using a 96- or 384-well format.46

The main limitation for throughput in our current system is the
data acquisition. Recording and saving three videos (brightfield

and two fluorescence recordings) plus time for moving the
objective between samples take about 1 min per tissue. In our
current setup, all tissues within one experiment are exposed to
the drug at the same time. To keep drug exposure timing
concise, we limit acquisition to about 10 tissues per experiment.
By adding more fluidic pumps that deliver drugs independently
to different MPS, this number could be increased to about 35
tissues while keeping up with the 30 min drug exposure duration
for each tissue. To further improve the throughput, multiple
imaging systems could be used or alterations in the multiplex
form factor to accommodate imaging multiple tissue chambers
at the same time. In screening scenarios where throughput is of
prime importance, content can be sacrificed in favor of
throughput (e.g., limit acquisition to voltage traces or reduce
frame rates).

■ CONCLUSIONS
Predicting arrhythmogenic risk is an important step in the drug
development pipeline. Although hiPSC-CM models are gaining
increasing popularity due to their low cost and suitability for
high throughput analysis, most of the currently used hiPSC-CM
test systems are set up as simple 2D culture formats, which
inherently have limitations regarding their ability to recapitulate
in vivo tissue structure and function, and hence drug response.
We demonstrated that our advanced cardiac MPS (3D hiPSC-
CMmicromuscle model) allows for accurate prediction of drug-
induced cardiac liabilities and improves on those predictions
from 2D hiPSC-CM models. The specific biological and
technological advantages of our microfluidic system, which we
extensively reported on in several previous publica-
tions,17−19,43,45 allow the design of future studies to investigate
cardiac drug side effects that occur only in combination with
additional risk factors (e.g., genetic variations, drug−drug
interaction, and co-morbidities) and have not been sufficiently
addressed using existing hiPSC-CM models.

■ MATERIALS AND METHODS
Microfluidic Device Design and Fabrication. The

microfluidic design featured elongated cell chambers of 800 or
1550 μm length and 150 μmwidth connected to media channels
(50 μm width) via an array of fenestrations (2 μm × 2 μm
height/width; 40 μm length), which served to protect the tissue
from fluid mechanical forces while allowing rapid media change
via diffusion (Figure 1A and Figure S8B).19 Each MPS either
contained a single cell chamber or four cell chambers
multiplexed in parallel and fed via a single media inlet and
outlet port (Figure S8A,B).
The microfluidic MPS devices were fabricated from

polydimethylsiloxane (PDMS) using a traditional replica
molding technique. The process has been described in detail
elsewhere.9,18,19 In brief, an SU-8 master wafer was fabricated in
a two-step process. First, 2 μm tall fenestration features were
patterned on a silicon wafer followed by 60 μm tall structures for
the fluidic channels and cell chamber. Replica molding of
polydimethylsiloxane (PDMS;DowChemical, Sylgard 184) was
performed to pattern the final microfluidic devices. After curing,
the PDMS was cut to size and holes of 0.75 μm diameter were
punched for the media inlet and outlet as well as the cell loading
ports. To make the MPS, the replica-molded PDMS was treated
with an oxygen plasma (21 W, 24 s, 600 mTorr) and then
permanently bonded to a glass slide. Fluidic connections were
made via the media ports (Instech, SC20/15) and tubing
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(IDEX, 1527 and 1568; Saint Gobain, AAD04103) that was
connected using a pressure-driven pump (Fluigent, Flow EZ 345
mbar unit with M-switch) to precisely control media flow rates.
iPSC Cell Lines. All experiments were performed on cells

derived from two different healthy donor human iPSC lines:
Wild Type C (WTC; #GM25256, Coriell Institute) edited to
express the fluorescent calcium reporter GCaMP6f17 and the
Stanford University Cardiovascular Biobank Line 20 (SCVI20).
Cell handling and differentiation were performed similar to
published protocols.18 We have provided an extensive character-
ization of the MPS created from both cell sources in a recent
publication using experimental data supplemented with
computational modeling to deduce quantitative information
on ion channel activity and calcium handling.18 Table S1
summarizes the main differences in ion channel activity between
the two cell lines.
Human hiPSC-CM Differentiation (hiPSC-CMs) and

Purification. Human iPSCs were thawed and cultured in
mTeSR-1 media (Stem Cell Technologies, 85851) on Matrigel
(Corning, 354277)-coated tissue culture polystyrene (TCPS)
for several passages until differentiation was initiated. Cells were
split using Accutase (Millipore, SCR005) and plated at a density
necessary for the colonies to reach full confluency after 3 days
prior to induction of the Wnt/β-catenin signaling pathway.
Using 8 μM glycogen synthase kinase 3 small molecule inhibitor
CHIR 99021 (Peprotech, 2520691-10MG) in RPMI 1640
media (Gibco, 11875-093) supplemented with 2% of B-27
Minus Insulin (B27-I, Gibco, A18956-01), hiPSCs were induced
for a period of 24 h followed by a media exchange to only RPMI
+ B27-I without any small molecules for another 24 h. Next, the
Wnt/β-catenin pathway was blocked using 5 μM inhibitor of
WNT Production-4 (IWP-4, Peprotech, 6861787-10MG) for
48 h followed by another media exchange to only RPMI + B27-I
without small molecules for another 48 h. After this step, the
differentiation into hiPSC-derived cardiomyocytes (hiPSC-
CMs) was completed with subsequent media exchanges every
other day with an RPMI + 2% B27 supplement that contained
insulin (B27 +C, Gibco, 17504-044) until the cells began to beat
spontaneously. Cells were then harvested for purification using
collagenase type 2 (Worthington Biochemical Corporation,
LS004176) for 45−60 min in a 5% CO2 controlled, 37 °C
incubator with humidity. Once the cells were singularized, they
were gently collected in EB20 media (KnockOut DMEM
(Gibco, 10829-018) with 20% FBS (Gibco, 16000-044), 1%
MEM non-essential amino acids (Gibco, 11140-050), 1%
Glutamax (Gibco, 35050-061), and 400 nM 2-mercaptoethanol
(Gibco, 21985-023)) freshly supplemented with 10 μMROCK-
inhibitor (RI, Y-27632 dihydrochloride, Peprotech, 1293823-
10MG) and centrifuged for 5 min. The pellet was resuspended
in EB20 + RI, and cells were plated onto Matrigel-coated TCPS
plates at 150,000 cells/cm2 for the first 24 h. Media were
exchanged the following day to RPMI + B27 + C to allow the
cells to recover for 48 h; then, to purify the population for
cardiomyocytes, the cells were exposed to glucose-free RPMI
1640 media (Sigma, R1383-10X1L) supplemented with 4 mM
sodium L-lactate (Sigma, L7022-10G) for nomore than 5 days.47

Once purification was completed, cells were fed with RPMI +
B27 +C until cells were harvested for use in the cardiacMPS. To
confirm cardiomyocyte purity, a portion of the purified iPSC-
CMs was harvested, washed, fixed, permeabilized, and stained
for cardiac troponin T (cTnT). The lactate purified hiPSC-CMs
were quantified via flow cytometry using the Attune NxT (Life

Technologies) and were consistently >95% cTnT+ upon
loading.
Human iPSC-Stromal Cell Differentiation (hiPSC-SC)

and Purification. The same hiPSCs that were cultured and
expanded for the cardiomyocyte differentiation were split into
separate TCPS plates for endothelial cell differentiations as
described previously.18,48 Once cells were confluent, after 3 days,
they were treated with 8 μM CHIR 99021 in LaSR media
(Advanced DMEM (Gibco, 12491-015), 2.5 mM Glutamax
(Gibco, 35050-061), and 60 μg/mL L-ascorbic acid (Thermo
Fisher Scientific, BP351-500)) for 48 h. Media were then
changed to LaSR supplemented with 50 ng/mL Human VEGF
165 (Peprotech, 100-20-2UG) for two subsequent feedings
lasting for 48 h each. After this step, cells were fed with
endothelial cell growth media 2 (EGM2, PromoCell, C-22011)
to complete the differentiation for 24 h. Cells were harvested no
more than 48 h after completion of the differentiation and were
singularized using 0.125% trypsin (Corning, 25-053-CI) for 5
min. Cells were collected, centrifuged, and washed with PBS in
preparation for magnetic sorting. Using the anti-human CD31
primary antibody (eBioscience, 14-0319-82) 1:100 in PBS + 2%
FBS, cells were incubated for 30 min on a rocker at room
temperature to allow for binding. Afterward, cells were
centrifuged and washed to remove unbound primaries and
were then incubated with magnetic Dynabeads (Invitrogen,
11201D) 1:100 in PBS + 2% FBS for another 30 min at room
temperature to allow for binding to the primary CD31
antibodies. CD31+ cells were then magnetically sorted out of
the suspension, and the remaining CD31− cells were isolated.
These stromal cells (hiPSC-SCs) have been characterized
previously18 and were resuspended in EGM2 and plated in T75
flasks. hiPSC-SCs were split once and allowed to reach full
confluency before being mixed with our pure iPSC-CMs at a
ratio of 80% hiPSC-CM and 20% hiPSC-SC.
Cardiac MPS Loading and Maintenance. A cell mixture

of 80% purified hiPSC-CM and 20% isogenic hiPSC-SC was
prepared and loaded into the cardiac MPS. Both cell types were
dissociated using trypsin (Gibco, 25200056) at 0.125% for no
more than 5−8 min and resuspended in EB20 media
(KnockOut DMEM (Gibco, 10829-01820%) with 20% FBS
(Gibco, 16000-0), 1% MEM non-essential amino acids (Gibco,
11140-050), 1% Glutamax (Gibco, 35050-061), and 400 nM β-
mercaptoethanol (Gibco, 21985023)) freshly supplemented
with 10 μM RI. Cell viability was 83−90% for hiPSC-CM and
85−95% for hiPSC-SC. For each cell chamber, 3 μL of cell
suspension containing 20,000 viable cells (∼6600 cells/μL) was
injected into the cell loading port of the cardiac MPS using a
pipette tip (Rainin, LTS ultrafine 20 μL). The tip was cut to
approximately 1.5 cm length and remained in the chip during
two subsequent centrifugation steps (first in the horizontal and
then in the vertical position; each 300g for 3 min) that
transferred the cells from the pipette tip into the cell chamber of
the cardiac MPS (Figure 1A and Figure S8A). The pipette tip
end was then sealed and after 1 h of recovery in the incubator,
and additional pipette tips were inserted into the media inlet and
outlet. Media (100 μL, EB20 + RI) were added to the media
inlet tip and gently aspirated through the outlet tip to remove air
bubbles. After this priming step, the media perfused gravimetri-
cally from the inlet to the outlet tip. After 24 h, the media were
replaced with RI-free media. A quality control step was
performed, and any failed samples (such as incomplete loading
or air bubbles in the device) were discarded (10−30%). After
the onset of beating (typically 24−48 h after loading), the media
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were changed to fatty acid rich maturation media (MM) to
metabolically promote cardiomyocyte maturation.18 The MM
base media were prepared from RPMI 1640 (Sigma, R1383-
10X1L) and supplemented with 0.5 g/L D-glucose (Thermo
Fisher Scientific, BP350-1), 10 mM D-galactose (Sigma,
G5388), and 2 g/L sodium bicarbonate (Thermo Fisher
Scientific, S233-500). A fatty-acid cocktail was prepared from
MM base with 9% bovine serum albumin (BSA; Thermo Fisher
Scientific, BP1605-100), 10.23 μg/mL palmitic acid (Sigma,
P0500-10G), and 0.8 mM oleic acid (Sigma, O1383-5G). For
the final MM, 1 part FA solution was mixed with 3 parts MM
base media yielding 2.5575 μg/mL palmitic acid and 0.2 mM
oleic acid and supplemented with 2% B27 (Gibco, 17504-044)
and 150 μg/mL ascorbic acid (Thermo Fisher Scientific,
AC105021000). Fresh MM were applied to the MPS three
times per week. The MPS subjected to at least 10 days of
metabolic maturation in MM were used for the drug
experiments. Only MPS with completely filled cell chambers
featuring spontaneously and uniaxial beating tissues with 0.6−
1.4 Hz baseline beat rate were included in the drug evaluation
experiments (65−90% of tissues). Typically, beat rates were
relatively consistent and the majority of tissue failures were
attributed to morphological defects such as incomplete fiber
formation.
Tissue Staining. Tissues were stained to allow for

fluorescence-based recording of changes in the action potential
and calcium transients. A calcium dye (Oregon Green) was only
used on the SCVI20 cell line since WTC cells have a genetically
encoded calcium reporter (GCaMP). The voltage sensitive dye
BeRST-1 was obtained from Professor Evan Miller’s lab.49

Stocks of 1 mM BeRST-1 in DMSO were stored at room
temperature in the dark for up to 3 months. A 500 nM staining
solution in MM was prepared fresh, and MPS were incubated
with the dye overnight. For the calcium-sensitive dye Oregon
Green 488 BAPTA-1 AM (OGB-1-AM; Thermo Fisher
Scientific, O6807), a 4 mM stock was prepared in DMSO and
stored at −20 °C for up to 1 month. For staining, OGB-1-AM
was diluted to 2 μM in MM and MPS were incubated for 2 h.
Both dyes were washed out as the first drug dose was applied.
Drug Preparation. Drug doses were prepared in a

concentration range starting around the maximum clinical free
plasma concentration (Cmax) up to about 1000× Cmax at 10-fold
increments. Stock solutions prepared in cell culture media were
sterile-filtered using 0.2 μm pore size. Table S3 details the drug
preparation, and Table S4 lists the doses applied for each
compound. Drug doses were always prepared fresh on the day of
the experiment by performing a serial dilution from the highest
to lowest dose in MM. All drug doses including dose 0 were
adjusted to the same solvent concentration (Table S4). To
maintain a stable fluorescence signal intensity over the entire
experiment, voltage and calcium dyes were spiked into all drug
doses at 10% of the staining concentration: 50 nM BeRST-1 and
200 nM OGB-1-AM. OGB-1-AM was only added to SCVI20
cells. Before use, the final drug solutions were equilibrated to a
5% CO2 atmosphere until pH 7.5 was reached.
Drug Exposure.TheMPSwere subjected to increasing drug

doses in a “dose escalation” format (Figure S8C): A fresh drug
dose was applied and incubated for 30 min to allow for drug
effect manifestation before the tissues were imaged. The first
dose was always the drug-free control media followed by the
doses outlined in Table S4. Drug application was either
performed by manually changing the media or using a
pressure-driven pump. In the manual scenario, the pipette tips

in the media inlet and outlet were used as reservoirs and
perfusion occurred gravimetrically as the levels on the inlet and
outlet side equilibrated. For a media change, the media were
aspirated from the outlet and inlet tip. Without introducing air
bubbles, 200 μL of the next drug solution was added to the inlet
tip. A similar drug exchange pattern was achieved by using a
pressure-driven pump (Fluigent with M-switch). All vials
containing increasing concentrations of a particular drug were
connected to the pump at the beginning of the experiment, and
the system was primed to get rid of any air bubbles. Each drug
dose was perfused at 15 μL/min for the first 10 min to ensure
that the drug reaches the tissue in a timely manner (2.3 min for
35 μL of tubing dead volume). To minimize fluid mechanical
stress, a flow rate of 5 μL/min was applied for the remaining
incubation time as well as during acquisition. The pump was
programmed to automatically switch to the next dose.
Occasionally, two devices were connected to the pump outlet
in parallel using a flow splitter (IDEX, P-512). In that case,
needle valves (IDEX, P-445NF) were used to ensure equal flow
into both sides and volume flow rates were adjusted accordingly.
Replicates for each drug acquisition were obtained from
independent tissues derived from one or two independent
differentiations.
Data Acquisition. All images and videos were obtained on a

Nikon TE-300 inverted microscope base equipped with a
motorized stage, z-focus, an LED light engine (Lumencor
SpectraX), and a digital CMOS camera (HAMAMATSU,
C11440/ORCA-Flash 4.0). A heated platform (Tokai Hit,
TPi-SQX) was used to keep the cardiac microtissue and media
in the MPS at 37 °C. A pulse generator (IONOPTIXMyopacer
Field Simulator) was used to generate pacing pulses (20 ms,
biphasic). All hardware was controlled via the JOBS module of
Nikon NIS Elements software (version 5.02.00). For each drug
dose and tissue, one or several of the following acquisitions were
performed: brightfield videos (40 fps, no binning, 5−8 s),
BeRST-1 voltage videos (red LED 100% power, 100 fps, 4 × 4
binning, 5−8 s), and GCaMP or OGB-1-AM calcium videos
(cyan LED 100% power, 100 fps, 4× 4 binning, 5−8 s). After the
spontaneous beating activity had been recorded for all MPS, the
samples were electrically stimulated at 1 Hz (20 V for manual
drug applications via 1.5” long blunt stainless-steel needles (OD
0.032, “ID 0.023”; McMaster-Carr, 75165A757 (Vita Needle
M937)) inserted into the media inlet and outlet pipette tips; 3 V
for pump perfusion via hollow stainless-steel couplers (Instech,
SC20/15) bent to 90° and directly inserted into the PDMS inlet
and outlet punch holes) for at least 15 s before videos of the
paced activity were recorded.
Data Analysis. An in-house library of python scripts was

developed and used to process voltage and calcium recordings.
Fluorescence intensity profiles were derived from the videos
followed by background drift correction and extraction of
individual beats. Examples of time-intensity traces for each drug
are provided in Figures S10−S12. All peaks from each video
were then overlaid, and any peaks with properties deviating
more than one standard deviation from the average were
excluded. Figure S8D shows an example of the relative time-
stamped final AP and calcium waveforms extracted from videos
of paced tissue.
Characteristic parameters such as beat rate and beat duration

(at 80 and 30% of the total amplitude) were calculated. Action
potential duration values (APD80 and APD30) were derived from
the red voltage traces (Figure 1C). Similarly, duration of the
calcium transient (CaD80 and CaD30) was derived from the cyan
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calcium traces (Figure S8D). However, this data was largely
omitted for further analysis as we focused on the action potential
traces. To make data comparable, all values were either obtained
from tissues paced at 1 Hz or the beat duration was scaled to 1
Hz using the Fridericia method:50 cAPD80 = APD80/BR−1/3 with
BR being the beat rate in Hz and cAPD80 being the action
potential duration at 80% peak height corrected to a beat rate of
1 Hz. The change in cAPD upon drug exposure (ΔcAPD80) was
calculated as the difference in cAPD80 at a certain drug dose
compared to cAPD80 of the same tissue at drug-free baseline. It is
worth noting that, while many other studies look at APD90
values to determine the peak width, we chose APD80 since this
parameter was more robust in our dataset and could be reliably
measured using our automated scripts even in the presence of
background drift or low signal amplitude.
While elongation of the action potential duration is an

important predictor for proarrhythmic drug effects, it is not
sufficient to predict drug-induced arrythmia.51 Therefore, we
used triangulation, a parameter describing changes in the beat
waveform shape, as introduced by Hondeghem et al.12 We
computed triangulation as (APD80 − APD30)/APD80 (Figure
1C). This formula calculates the difference in peak width at the
base (APD80) compared to the top (APD30). Since the
parameter is normalized to the base peak width, a beat rate
correction is not necessary. The triangulation metric quantifies
changes in the later phase of the repolarization trajectory
independent of the absolute APD change. Lower triangulation
values indicate a more rectangular beat shape, while higher
values indicate stronger triangulation, which is associated with
increased proarrhythmic potential.
Arrhythmia-like events were categorized in a non-parametric

fashion, as outlined in Figure 1D. Each trace was manually
classified as normal, displaying any sort of arrhythmia-like event,
very weak (beats were noticeable but too weak and noisy for any
more detailed analysis), or non-beating. For every drug dose, the
number of MPS falling into each category was counted and
plotted as % of total MPS. Both calcium and voltage traces were
considered for this analysis.
Data was preprocessed in Microsoft Excel for Mac (version

16.16.27). All graphs were plotted in GraphPad Prism version
8.4.1 for macOS. Figures were assembled using Adobe
Illustrator (version 25.0.1).
Statistical analysis to compare dose effects was performed by

an initial mixed-effects analysis with the Geisser−Greenhouse
correction for paired samples with missing values, which uses the
maximum likelihood method. This analysis was followed by
Dunnett’s multiple comparison test to dose 0, with individual
variances computed for each comparison. Effects were reported
for the significance levels of p < 0.05 (*), 0.01 (**), 0.001 (***),
and 0.0001 (****).
Channel Block Percentages Based on Literature

Values. We computed ion channel block percentages for
specific drug doses using the following formula:

=
+ ( )

p D
p

( )
1

D

H

max

IC50

(1)

whereD is the drug dose, p(D) is the corresponding ion channel
block percentage, pmax is the maximal block percentage, IC50 is
the half maximal inhibitory concentration, and H is the Hill
coefficient. Table S5 provides an overview of the main ion
channel targets for each drug. Table S6 reports theoretical block
percentages for the specified drugs and doses. Drug character-

istics (pmax, IC50, and H) were obtained by Kramer et al.
52 and

used to compute the block percentages in Table S6. Kramer et
al.52 provide data of the drug effects on the hERG (IKr) current,
the Cav1.2 (ICaL) current, and theNav1.5 (INa) current. In Table
S6, we have assumed that the block percentage for Nav1.5
applies to both the fast and the late component of the sodium
current (INa and INaL). For the drugs not considered in the study
by Kramer et al. (mexiletine and lidocaine), we have used IC50
andH values from Crumb et al. andMirams et al.53 and assumed
that pmax = 100%. Note that, in some cases, there are quite large
variations in the drug characteristics reported in the literature.
To illustrate this, Table S7 compares various drug IC50 values
from the literature.
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