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AI-guided laser purification of human
iPSC-derived cardiomyocytes for next-
generation cardiac cell manufacturing
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Deok-Ho Kim 2,10,11 & Todd J. Herron 1,4,5

Current methods for producing cardiomyocytes from human induced pluripotent stem cells (hiPSCs)
using 2D monolayer differentiation are often hampered by batch-to-batch variability and inefficient
purification processes. Here, we introduce CM-AI, a novel artificial intelligence-guided laser cell
processing platform designed for rapid, label-free purification of hiPSC-derived cardiomyocytes
(hiPSC-CMs). This approach significantly reduces processing time without the need for chronic
metabolic selection or antibody-based sorting. By integrating real-time cellular morphology analysis
and targeted laser ablation, CM-AI selectively removes non-cardiomyocyte populations with high
precision. This streamlinedprocesspreservescardiomyocyte viability and function, offering ascalable
and efficient solution for cardiac regenerative medicine, disease modeling, and drug discovery.

Human cardiomyocytes (CMs) can now be derived in virtually unlim-
ited quantities using patient-specific human induced pluripotent stem
cells (hiPSCs), enabling transformative advances in cardiac disease
modeling, drug screening, and regenerative medicine1–3. 2D monolayer-
based directed cardiac differentiation protocols have become widely
adopted due to their relative simplicity and efficiency, with reported
conversion yields of up to 95%4,5. However, differentiation efficiency is
often inconsistent across batches (ranging from ~40 to 95%), necessi-
tating downstream purification of CMs for most applications. Although
3D bioreactor and spinner flask-based formats show promise for large-
scale hiPSC-CM production6, these approaches require complex engi-
neering devices, and spinning action can produce detrimental shear
stress on cells7. As such, 2D monolayer based hiPSC-CM production
approaches remain the practical standard in most laboratories. Many 2D
monolayer-based CM purification approaches have been developed for
hiPSC-CMs over the years, but current approaches are not ideal for
large-scale production and cryopreservation of healthy CMs with nor-
mal responses to cardioactive drugs8,9.

To address the need for purified hiPSC-CMs, a variety ofmethodshave
been explored. Fluorescent-based CM purification approaches have been
employed with direct chemical labeling of mitochondria10, or via genetic
modification of CMs to express green fluorescent protein (GFP) with sub-
sequentfluorescent activatedcell sorting (FACS)11. FACS-based enrichment
of hiPSC-CMs, however, is not feasible for large-scale production due to
significant loss of CMs and long processing times. Magnetic activated cell
sorting (MACS) approaches have also been developed relying on cell-
specific extracellular antigens that canbe targetedwith antibodies inorder to
purify hiPSC-CMs by positive or negative selection12–14. However, MACS-
based sorting of hiPSC-CMs is not ideal for large-scale cell production
owing to laborious multi-step cell processing procedures that can result in
low cell yield and variable, user-dependent success rates15. The most com-
monly used CM purification approach to date for hiPSC-CM 2D mono-
layers is ametabolic selectionmedia consistingof zeroglucose andabundant
lactate16. This metabolic selection media formulation relies on the unique
CM ability to utilize lactate for energy production while most non-CMs,
possessing fewer mitochondria, die. Although metabolic selection media is
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effective and popular for CM purification, it has been used historically to
model myocardial ischemia in vitro17, and chronic long-term exposure
≥7 days produces 2D hiPSC-CMs possessing a heart failure-like functional
and structural phenotype13,15. Thus there is a need for new methods of
healthy hiPSC-CM production, purification, and processing in 2D mono-
layers. Production of healthy hiPSC-CMs is critical to the goals of recently
enacted US legislation called the FDA Modernization Act 2.0/3.0, which is
focused on the use of human-relevant in vitro approaches to replace animal
testing for drug development and enhancement of the current clinical trial
paradigm18,19.

Artificial intelligence (AI) is being implemented to enhance hiPSC
research and cell processing20,21. Here, we introduce CM-AI, an AI-guided
laser cell processing platform that enables rapid, label-free purification of
hiPSC-CMs based on morphological features captured via phase-contrast
imaging. For this, we utilized a cell processing device with deep machine
learning capabilities from Kataoka Corporation (CPD-017, Kyoto, Japan),
designed for laser-mediated ablation of unwanted cells in 2Dmonolayers as
described before22. CM-AI provides an alternative hiPSC-CM purification
and processing approach for production of healthy cardiomyocytes.
Importantly, CM-AI enables shorter processing times compared to other
hiPSC-CM processing protocols and can be executed by a wide range of
users, enabling a larger number of lab personnel to contribute to cell pro-
duction. We provide a careful validation of hiPSC-CM health, structure,
cryopreservation, electrophysiological function, applications for 3D engi-
neered heart tissue (3D EHT) generation, and drug responsiveness fol-
lowing CM-AI purification and processing.

Results and discussion
To train and validate the CM AI-based recognition of unpurified hiPSC-
CMs in 2D monolayers, we utilized an established CRISPR/Cas9-engi-
neered cell line with CM-specific GFP expression23. The TTN-GFP hiPSC
cell line was differentiated to atrial chamber-specific cardiomyocytes using
an established small molecule protocol24,25, and GFP+ CMs could be
detected by day 8 of the protocol (Supplementary Fig. 1c, d). Training data
was acquired between days 8 and 13 of atrial specific hiPSC-CM differ-
entiation and included GFP images with corresponding overlaid phase
contrast images for CMdiscrimination byCM-AI. Following training, CM-
AI relies only on phase contrast images forCM identification,which enables
CM-AI application to other hiPSC-CM cell lines including those without a
genetic fluorescent tag. The use of CM-AI is a simple two-step process: Step
1. Image entire well, CM-AI detects cardiomyocytes and programs laser
ablation of the non-myocyte population. Step 2. Following laser ablation,
enrichedhiPSC-CMscanbe furthermaintained in culture andprocessed for
downstreamassays like electrophysiological screening. Step 1 requires 1min
for whole well image acquisition and AI recognition of the CM population,
plus up to 7min for laser ablationof the non-CMpopulation in a singlewell,
depending on the number of unwanted cells. Thus, CM-AI processing of a
single six-well plate requires ~48min in total. CM-AI also provides a
quantitative report of the percentages of hiPSC-CMs (wanted cell popula-
tion) and the non-myocytes (unwanted cell population) that are targeted for
laser ablation in eachwell (Supplementary Figs. 2 and 3). CM-AI can also be
programmed to process all six wells automatically, enabling the user to walk
awaywhile CPD-017 performs cell purifications. DuringCM-AI processing
the plate of cells is housed within a built-in incubator (37 °C, 5% CO2) for
stable maintenance of cell culture conditions. A Movie of contracting
hiPSC-CMs following CM-AI and laser ablation of non-myocytes initially
confirmed survival and health of the wanted CM cell population (Supple-
mentary Movie 1).

For an initial validation, we quantified the hiPSC-CMGFP confluence
area before and after laser ablation (Fig. 1c). On average, using CM-AI there
was a 2.4% reduction of GFP area confluence, indicating a small loss of the
CM population with processing. Importantly, following CM-AI processing
and replating, the GFP confluence area represented greater than 85% of the
total cell area per monolayer (Fig.1d). Further, using flow cytometry to
count GFP+ cells we found that CM-AI purification was comparable to the

purity achieved using the traditional metabolic media selection approach
(Supplementary Fig. 4). hiPSC-CM purification following CM-AI proces-
sing was also validated by flow cytometry analysis using cardiac troponin T
(cTnT) specific antibodies conjugated to Allophycocyanin (APC, Fig. 2).
Using the TTN-GFP hiPSC-CM cell line, the average purity of three sepa-
rate differentiations ranged from 91 to 93% cTnT+ cells (92.0 ± 1.0%,
n = 3). Applying the CM-AI approach to non-labeled hiPSC-CMs was also
successful (Fig.2b, c). Using a standard control hiPSC line without a genetic
tag (19.9.11 hiPSC cell line), the average purity ranged from86 to 99% cTnT
+ cells (94.3 ± 7.2%, n = 3). Importantly, no expression of pluripotent stem
cell genetic markers (NANOG and POU5F1, Supplementary Table 1) was
detected by qRT-PCR in hiPSC-CM populations following CM-AI pur-
ification and processing.

We analyzed the protein expression and function of CM-AI processed
and replated atrial hiPSC-CM monolayers (Fig. 3). Western blot analysis
revealed that atrial CM-specific protein expression was significantly enri-
ched in CM-AI processedmonolayers relative to non-purified control wells
(Fig. 3a–d). For example, the cardiac atrial specific intercellular gap junction
protein, connexin40 (Cx40),was significantly enriched inCM-AIprocessed
monolayers. Similarly, the CM-specific myofilament proteins, myosin light
chain 2a (mlc2a) and cardiac troponin I (cTnI), were significantly enriched
in CM-AI processed monolayers. To determine the impact of CM-AI
purification on hiPSC-CM monolayer function, spontaneous pacemaker
activations were recorded using a calcium-sensitive fluorophore as recently
described25. CM-AI laser processed cells formed electrically connected
monolayers with faster spontaneous beat rate, conduction velocity, and
shorter calcium transient duration (CaTD80) than non-purified mono-
layers (Fig. 3e–h). Spontaneousactivations andcalciumtransients ofCM-AI
purified and processed hiPSC-CM monolayers can be viewed in Supple-
mentary Movie 2.

Next, we determined the health of hiPSC-CMs acutely following CM-
AI and laser processing. AnnexinV reagent was utilized to assess cell health
following laser irradiation using two different approaches. First, we tested
the accuracy and precision of laser-induced cell killing by programming the
laser to cut grids (0.4mm squares, Fig. 4a–d) on an hiPSC-CMmonolayer
with subsequent AnnexinV staining to determine the location of dead cells.
We found that cell death was limited to the grid lines of programmed laser
irradiation (Fig. 4b, d). Second, we performedAnnexinV staining following
CM-AI purification and processing using two separate GFP fluorescent
tagged hiPSC-CM lines (Fig. 4e–h). In each experiment, AnnexinV-positive
cellswere restricted to the non-CMareas of 2Dmonolayers, indicating good
health of the hiPSC-CM population. Further confirmation of laser ablation
efficiency and health of remaining hiPSC-CMs was determined by optical
mapping spontaneous calciumwaves using a high-speed acquisition system
as before (Fig.5)25,26. Following custom laser ablation in the shape of 2 block
“Ms”ona100%confluent hiPSC-CMmonolayer, the remaining livehiPSC-
CMs continued to contract rhythmically as a syncytium with the sponta-
neous calcium activation waves navigating around the laser-ablated regions
(Supplementary Movie 3). This indicates functional integrity and health of
the electrically andmechanically connected hiPSC-CMsmonolayer regions
outside of the laser-irradiated areas. In the future, custompatient-specific in
vitromyocardial scarring diagnosticmodelsmay be implemented using this
laser ablation approach for clinically translatable anti-arrhythmic medica-
tion screening and arrhythmia source predictions to guide radiofrequency
ablation therapies.

hiPSC-CM cryopreservation and recovery from thaw is critical for
their implementation in drug discovery, cardiac safety screening, and to
promote feasibility for “clinical trials in a dish” applications9,27. Using two
separate hiPSC-CM lines, we tested the efficacy of cryopreserving atrial
hiPSC-CMs produced using CM-AI (Figs.6–8). Post-thaw viability of
hiPSC-CMs ranged from 62 to 74% (Fig.6a). Thawed hiPSC-CMs adher-
ence and 2D confluent monolayer formation kinetics were measured using
time-lapse microscopy (Fig.6b, c). For each hiPSC line tested, thawed
hiPSC-CMs formed confluent monolayers with rhythmic contractions
within 2.5 days from time of thaw. Following cryopreservation and
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replating, the atrial specific phenotype was maintained as verified by qRT-
PCR analysis of the relative cardiac myosin isoform expression. We found
MYH6 (fast, α-myosin) expression to bemuch greater thanMYH7 (slow, β-
myosin) gene expression as anticipated for healthy atrial myocardium of
large animals including humans28,29. Cryopreserved hiPSC-CMs 2D
monolayers responded to β-adrenergic stimulation (200 nM ISO) as
expected with increased spontaneous beat rate and faster calcium impulse
propagation velocity (Fig.6d–g). CM-AI laser processed and cryopreserved
hiPSC-CMs were also used to test responsiveness to phosphodiesterase
(PDE) inhibition using the PDE4 specific inhibitor, rolipram (Fig.7). Roli-
pram’s cardioactive effects are mediated by elevation of cAMP levels in
hiPSC-CMs30,31, and as expected we found rolipram elevated hiPSC-CM
beat rate, calcium transient amplitude, and impulse propagation velocity
(Fig. 7c–g). Taken together, our results using ISO and rolipram suggest an
intact and functional β-adrenergic signaling cascade in cryopreserved CM-
AI processed atrial hiPSC-CMs.

Finally, we tested the utility of cryopreserved CM-AI processed
hiPSC-CMs for creating functional 3D engineered heart tissues (3D
EHTs, Fig. 8). For these experiments cryopreserved hiPSC-CMs (TTN-
GFP atrial hiPSC-CMs) were manufactured in Ann Arbor at the Uni-
versity of Michigan and then shipped to Baltimore laboratory at Johns
Hopkins University where cells were thawed and cast into 3D EHTs (Fig.
8a). The cast 3D EHTs contracted spontaneously with normal rhythm
(supplementary Movie 4) and contractile parameters were quantified
(Supplementary Fig. 5). 3D EHT contractile function was quantified
using magnetic force sensing; repeated magnetic force measurements
were made over 36 days following thaw. Representative force traces and
quantification indicate maturation of contractile performance over time
(Fig. 8b, c). Here 3D EHTs response to ivabradine medication (0.3 nM,

pacemaker current inhibitor) was tested. We found the expected ivab-
radine effect to reduce 3D EHT spontaneous beat rate (Fig. 8d, e) without
altering contractility.

In summary, we have developed and validated an AI-guided laser
purification method (CM-AI) that enables efficient, non-invasive, and
scalable enrichment of hiPSC-derived cardiomyocytes. This technology
eliminates the need for complex reagents, genetic modification, or cell-
surface labeling, while delivering high-purity, functionally viable cardi-
omyocyte populations, compared to currently used antibody-based,
fluorescent-based, and metabolic-based purification approaches. CM-AI
enables hiPSC-CM purification as early as day 8 and up to day 13 of the
cardiac differentiation timeline, while traditional approaches require at
least 20 days of continuous culture prior to purification. CM-AI may be
utilized on any hiPSC line and eliminates the need for MACS and FACS-
based CM sorting methods that require complex fluidic systems, anti-
bodies, and genetic modifications to generate highly purified hiPSC-
CMs. Relative to the commonly utilized metabolic selection approach,
CM-AI produces comparable numbers of hiPSC-CMs per six-well dish
(Supplementary Fig. 6a) with a healthy phenotype (Supplementary
Fig. 6b–d). The average yield of CMs per six-well plate is 20.1 million
CMs using CM-AI, 8.2 million CMs using MACS, and 14.1 million CMs
using the traditional metabolic selection approach. Thus, CM-AI pro-
duces sufficiently high numbers of CMs for downstream applications.
CM-AI yield is less than recently described 2D roller bottle approaches
which reported yield of up to 120 million CMs per 1-L bottle32. However,
CM-AI yields of 1.75 million CMs/mL of media is comparable to recent
3D suspension based approaches that reported a CM yield of 1.2 million
CMs/mL6. Importantly, CM-AI enables less experienced personnel to
perform complex cell purification tasks with high efficiency in a fraction
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Fig. 1 |CM-AI automateddetectionofCMs and laser ablation of non-myocytes in
2Dmonolayers. a Step 1 in this hiPSC-CM enrichment process is to acquire a phase
contrast image of a well of cardiac differentiation with AI detection of CM colonies
(red). b Step 2 in this easy-to-use process is replating enriched hiPSC-CMs. c Phase
contrast and fluorescent imaging of GFP+ CMs enrichment in 2D monolayers.
Successful AI recognition of CMs in phase contrast images was validated using time-
lapse imaging of monolayers pre-AI laser processing and post-AI laser processing.
The overall GFP confluence did decrease significantly in six independent wells
processed using CM-AI-laser ablation of the non-myocyte (GFP-) cell population

(Pre GFP confluence = 11.23 ± 3.2%; Post GFP confluence = 8.88 ± 2.4%; n = 6
paired t-test, **P = 0.009). The green Mask was used for quantification of the GFP
confluence area before and after CM-AI laser processing. d Validation of CM
enrichment in replated monolayers. Following CM-AI laser processing and CM
enrichment, CMs were replated on CELLvo™MatrixPlus human ECM-coated plates
for analysis. CM-AI laser-processed wells reached purity (>85%) levels significantly
greater than unprocessed wells. (n = 4 monolayers per group; unpaired t-test;
****P < 0.0001).
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of the time. CM-AI and laser processing offers an alternative approach
for hiPSC-CM production in 2D monolayers with successful cryopre-
servation for use in disease modeling, drug screening, and regenerative
medicine. As a broadly applicable platform, CM-AI holds the potential to
significantly streamline cardiac cell manufacturing workflows and to
support personalized therapeutic development.

Methods
hiPSC cell culture maintenance and cardiac differentiation
hiPSCs were maintained and expanded as colonies in the undifferentiated,
pluripotent state using standard protocols with approval from the Uni-
versity of Michigan HPSCRO (Human Pluripotent Stem Cell Research
Oversight) Committee13,25,33,34. Two established genetically engineered

19.9.11 (no label)TTN-GFP (label)

cTnT-APC+ Cells cTnT-APC+ Cells

cba

Fig. 2 | Validation of hiPSC-CM purity after CM-AI processing of two separate
cell lines by flow cytometry. a Flow cytometry plots of GFP+ TTN-GFP hiPSC-
CMs following CM-AI purification stained for cardiac troponin T (cTnT-APC).
b Flow cytometry of untagged 19.9.11 hiPSC-CMs stained with cTnT-APC fol-
lowing CM-AI purification. c Summary of cTnT+ cell percentages from three

independent differentiations using TTN-GFP and 19.9.11 hiPSC lines (n = 3 per
line). Average purity was 92.0 ± 1.0% and 94.3 ± 7.2%, respectively. No residual
expression of pluripotency markers (NANOG, POU5F1) detected post-CM-AI
processing (qRT-PCR; Supplementary Table 1). Data are mean ± s.d.

✱✱✱✱
✱✱✱✱

a Western Blot Analysis:

e Atrial CM Monolayer Functional Analysis:
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Fig. 3 | Acute structural and electrical functional analysis of CM-AI purified
hiPSC-CM monolayers. aWestern blot analysis of atrial-specific CM proteins in
purified versus unpurified monolayers. CM-AI+ Laser purified monolayers (n = 6,
Lanes 1–6) showed significant enrichment of Cx40, cTnI, and mlc2a protein
expression compared to time and batch-matched non-purified monolayers. b Cx40
protein expression was significantly enriched in laser-purified hiPSC-CM mono-
layers compared to non-purified monolayers (0.73 ± 0.13au; n = 6 vs. 0.08 ± 0.01au;
n = 3; ****P < 0.0001, unpaired t-test). c cTnI protein expression was significantly
greater in laser-purified monolayers compared to non-purified hiPSC-CM atrial
monolayers (0.31 ± 0.09au; n = 6 vs. 0.02 ± 0.01au; n = 3; ***P = 0.0009, unpaired t-
test). d mlc2a myofilament protein expression was significantly enriched in laser-
purified hiPSC-CM monolayers compared to non-purified monolayers
(0.16 ± 0.08au; n = 6 vs. 0.03 ± 0.01; n = 3; *P = 0.04, unpaired t-test). eAtrial hiPSC-

CM monolayer function was quantified using calcium-sensitive dye (Calbryte
520AM, 5 μM) and high-resolution optical mapping. Representative spontaneous
calcium flux traces from re-plated CM-AI+ laser processed monolayers (blue) and
replated non-purified monolayers (black). f CM-AI + laser processed monolayers
had faster spontaneous beat rate compared to non-purified monolayers
(1.84 ± 0.14 Hz; n = 21 monolayers vs. 0.58 ± 0.14 Hz; n = 16 monolayers;
****P < 0.0001, unpaired t-test). g Calcium wave propagation velocity was faster in
CM-AI laser processed monolayers compared to non-purified monolayers
(22.0 ± 7.6 cm/s; n = 21 monolayers vs. 12.5 ± 3.5 cm/s; n = 15 monolayers;
****P < 0.0001). h Calcium transient duration 80 (CaTD80) was significantly
shorter in CM-AI laser processed monolayers compared to non-purified mono-
layers (0.164 ± 0.02 s; n = 21 vs. 0.379 ± 0.07 s; n = 15; ****P < 0.0001, unpaired
t-test).
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hiPSC lines were utilized with CM-specific GFP expression: (1) TTN-GFP
hiPSC line35, and (2) TNNT2-GFP hiPSC line (AICS-0037-172, Coriell
Institute). One non-reporter hiPSC control line was used to determine
utility of CM-AI for purification of non-labeled CMs (19.9.11 hiPSCs)36.

These hiPSCs were maintained as colonies in feeder-free conditions
on Matrigel ECM in mTesr+ stem cell media (Stem Cell Technologies)
with passaging every 7 days. Supplementary Fig. 1a, b shows the TTN-
GFP hiPSC colonies and growth monitored using phase contrast time-
lapse imaging (4×, Incucyte S3 Live Cell Imager, Sartorius). For cardiac-
directed differentiation, hiPSCs were replated at a density of 1 × 106 cells
per well of a six-well plate (Kataoka laser plates). Atrial cardiac directed
differentiation of hiPSCs was executed as previously described24,25. GFP+
CMs were observed as early as day 8 of the differentiation timeline
(Supplementary Fig. 1). On day 9–10 GFP+ CMs were observed with
visible contractions. Non-myocytes were negative for GFP expression as
expected (Fig. 1c). A total of five plates (30 wells) were utilized in this way
for AI creation, training, and validation. Live cell imaging was used to
determine GFP expression and for monitoring hiPSC maintenance
(Incucyte S3, Sartorius, Ann Arbor, MI).

Cardiomyocyte-artificial intelligence (CM-AI) training and
validation
For cardiomyocyte artificial intelligence (CM-AI) creation, we utilized the
device software (KataokaCell Processor, CPD-017, Cell Processor Training,
CpTr), which can create a classifier and training data. The learning data was
created using phase contrast images (4×) and fluorescence images acquired
with this device. It is important that training images be acquiredon the same
device that is used to implement CM-AI. The training data was labeled into
three regions: CM region, non-CM region, and blank region. Based on the
regions extracted by image processing from phase contrast images and
fluorescence images, regions added and corrected manually by marking
were used as training data. When performing image processing on a
fluorescence image, we extracted the GFP portion and labelled the CM
region by overlaying it with the corresponding phase contrast image. For
CM-AI, we combined image processing and manual marking to create
learning data equivalent to approximately three wells. U-Net, which is used
for segmentation of biological images, was used to train the classifier of this
device.We trained for 200 epochs and selected the classifier from the epochs
that yielded results with the least loss on both training and validation data.
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CM-AIwasused for automateddetectionofCMs inunpurifiedmonolayers;
with successful detection and marking of CMs within seconds of opening a
CMwell image (Fig. 1a). Validation of CM-AI was analyzed using standard
phase contrast+GFP imagingbefore andafter laser processing (Incucyte S3
Live Cell Analysis Instrument, Sartorius) throughout each well of six well
dishes (n = 12 wells, 2 plates). GFP confluence area was calculated before
and after CM-AI and laser cell processing and found to be minimally
reduced following laser processing. Following CM-AI processing, hiPSC-
CMmonolayers weremaintained for two days inmetabolic selectionmedia
with daily washes (Hanks balanced salt solution with glucose) to further
enhance CM enrichment. As a comparator, metabolic selectionmedia were
used as previously described2,16 with 10 days of chronic exposure to purify
atrial CMs in parallel to the CM-AI+ laser processing to enable direct
comparison between the two purification approaches (Supplementary
Figs. 4 and 6).

Flow cytometry
Flow cytometry was performed to assess the relative purity of CM culture
purified with two different purification methods by quantification of per-
centage of GFP+ cells (Supplementary Fig. 4c). Briefly, cells 1 × 106 cells
were fixed with cold 3% paraformaldehyde for 10min on ice and resus-
pended in 1 × PBS (no Ca, Mg) 50 µL. Cells GFP+ CMs were captured by
the Amnis ImageStreamX Mark II flow cytometer (Cytek Biosciences,
USA). For GFP detection we used excitation laser at 488 nm and emission
band at 480–560. The scatter plots were analyzed using the IDEAS
6.2 software. In other experiments (Fig.2), cTnT+ CMs were quantified by
immunolabeling and FACS analysis as described before13. The gating
strategy used to determine cTnT+ cell populations is displayed in Supple-
mentary Fig. 7).

qRT-PCR analysis
For quantitative evaluation of mRNA expression, hiPSC-CMmonolayers
were replated on MatrixPlus human ECM coating as confluent mono-
layers in twelve-well plates as described before25. Expression of plur-
ipotent stem cell markers was also evaluated with positive control RNA
isolated from hiPSC maintenance cultures and appropriate negative
controls. TaqMan probes (Applied Biosystems) were used for all reac-
tions and are listed in Supplementary Table 1. Total cellular RNA was
prepared using the RNAeasy Mini Kit (Qiagen) and cDNA was syn-
thesized as described recently37. We calculated mRNA fold expression by
the ΔΔCt method using the 18S rRNA as the housekeeping gene for
normalization (Supplementary Fig. 6b). Every qPCR reaction was per-
formed in triplicate and repeated using cDNA from at least three separate
cardiomyocyte differentiation cultures. To determine relative myosin
isoform gene expression (MYH6/MYH7) within samples, we used the
ΔCt method. We found that averageMYH6 ΔCt = 8.9 ± 0.53 and average
MYH7 ΔCt = 17.6 ± 0.63, indicating thatMYH6 »MYH7 gene expression
in CM-AI processed atrial hiPSC-CMs as expected for healthy human
cardiac tissue29.

hiPSC-CM protein expression analysis
CM-specific protein expression was analyzed by western blotting as
described before13,38. Primary antibodies used include: Cx40 (Ther-
moFisher; Cat #36-4900), cTnI (Abcam; ab47003), and mlc2a
(Synaptic Systems; #311011). Ponceau S total protein stain was
applied to the nitrocellulose membrane prior to immunoblotting and
images were used for normalization and quantification of protein
expression. Protein band quantification was done by densitometry
using ImageJ.
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hiPSC line at baseline and with isoproterenol (ISO, 200 nM) treatment. f Each cell

line hiPSC-CMs responded to ISO with increased beat rate (TTN-GFP hiPSC-CM
baseline = 68.9 ± 8.1; +ISO = 93.3 ± 10.3 bpm, n = 6) (19.9.11 hiPSC-CM base-
line = 100.3 ± 15.6; +ISO = 130.0 ± 20.6bpm, n = 6). Paired t-test, ***P = 0.0001.
g Each cell line hiPSC-CMs responded to 200 nM ISO with increased calcium wave
propagation velocity (TTN-GFP hiPSC-CM baseline = 33.7 ± 5.9; +ISO = 46.9 ±
4.6 cm/s, n = 6) (19.9.11 hiPSC-CM baseline = 30.1 ± 3.4; +ISO = 37.2 ± 6.3 cm/s,
n = 6). Paired t-test, ***P = 0.0003; **P = 0.04.
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hiPSC-CM 2Dmonolayer functional analysis and drug
responsiveness
Replated hiPSC-CMmonolayer electrophysiological function was assessed
using a calcium-sensitive fluorophore (CalBryte 520AM, AATBioquest)
and high-resolution, high-throughput optical mapping device (100fps,
CARTOX™, Fig. 3&5-7) as recently described25,26. 96-well plates coatedwith
CELLvo™ Matrix Plus human ECM were used to promote the maturation
and adhesion of the cardiomyocytes. Spontaneous contractions were
recorded in 10 s duration movies to quantify the beat rate, impulse con-
duction velocity, and calcium transient duration (CaTD80) using com-
mercially available software (StemBioSys Optical Electrophysiology
Analysis Tool). Isoproterenol (200 nM, Sigma Aldrich, I5627) was applied
to 2D hiPSC-CM monolayers to determine the functionality of the β-
adrenergic signaling system in CM-AI processed cells (Fig.6d–g). Rolipram
(1, 10 µM, Enzo BML-PD175) was also applied to 2D hiPSC-CM mono-
layers to further probe the function of the β-adrenergic signaling path-
way (Fig.7).

3D engineered heart tissue (EHT) casting and functional analysis
Atrial TTN GFP cardiomyocytes were differentiated, laser-purified, and
cryopreserved at the University of Michigan and then shipped overnight to
Johns Hopkins University. An estimated 17.3 × 106 CMs were removed from
−80 °C and thawed in a 37 °C bead bath until completely thawed, less than
4min. hiPSC-CMs were initially plated at 2D monolayers. Briefly, two six-
well plates were coated with Geltrex (ThermoFisher, Geltrex™ LDEV-Free
Reduced Growth Factor Basement MembraneMatrix, Catalog #: A1413201)
in DMEM:F12 (ThermoFisher, DMEM/F-12, Catalog #:11320033) and
incubated at 37 °C for at least 1 h. Each vial of CMs was dripped into RPMI/
B27+ (ThermoFisher, RPMI 1640 Medium, HEPES, Catalog #: 22400089)
and centrifuged to remove cryopreserving liquid. CMs were resuspended in
RPMI/B27+ at a concentration of 75,000 CMs/mL and then plated onto the
Geltrex plates at 1,500,000 CMs/well. CMs were incubated at 37 °C.

Once the CMs began spontaneously contracting, 3 days later,
miniature 3D EHTs were cast as previously described39,40. CMs were lifted
using 0.25% trypsin EDTA (ThermoFisher, Trypsin-EDTA (0.25%),
phenol red, Catalog#: 25200056), and cardiac fibroblasts (Lonza, NHCF-
V – Human Ventricular Cardiac Fibroblasts, Catalog #: CC-2904) were
thawed following the protocol outlined above. Following centrifugation,
CMs were resuspended at 8.3 × 106 CMs/mL of a proprietary media from
Celogics, B27+, 5 g/L aminocaproic acid, 100 mg/L normocin, and
ROCK inhibitor. Similarly, fibroblasts were resuspended in the same
media at 2.5 × 106 fibroblasts/mL. Each tissue was cast onto the Curi Bio
Mantarray Mini Kit posts and contains 500,000 CMs, 75,000 fibroblasts,
and fibrinogen and thrombin solutions. Cast tissues were incubated at
37 °C for 80min and then changed into fresh media supplemented with
ROCK inhibitor. Tissues were changed into fresh media without ROCK
inhibitor after 24 h and then changed every 2–3 days. A fluorescent
Movie of spontaneously contracting TTN-GFP atrial 3D EHT was
acquired using a Nikon microscope (Supplementary Movie 4, Nikon
ECLIPSE Ti Inverted Microscope) at 4× magnification with a frame rate
of 25 fps.

Spontaneous contractilemeasurements of the 3D EHTswere taken on
the Mantarray Instrument on days 7, 15, 22, 30, and 36 (Fig. 8). The label-
free recording of force usingmagnetic sensors enabled repeatedmeasures of
the same 3D EHTs over time. For drug responsiveness, additional con-
tractilemeasurementswere takenonday 42 and following 18-h treatment of
300 nM ivabradine (IVA). Data was extracted from the Mantarray as. h5
files which are analyzed by the CuriBio 3D Contractility Analysis software.
Further analysis was completed in a custom MATLAB code. Confocal
imaging completed at 10× on Leica SP8. Tissues that experienced sig-
nificantly abnormally low contractile force or quiescence at any time point
were removed from the data set as outliers. Graphing and statistical analysis
were completed in GraphPad, column graphs presented as mean and
standard deviation.
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Statistics and reproducibility
Data was analyzed and statistics were performed using commercially
available software (GraphPad Prism 10.0). Data are expressed as
mean ± standard deviation, statistical tests used for each data set are
included in figure legends along with P values, number of replicates
(sample size), and indication of significance. Paired t-tests were used to
compare a single set of matched measurements, such as in pre/post laser
ablation analysis (Fig. 1c), pre/post ISO treatments (Fig.6f, g). Unpaired
t-tests were used to compare the means of two independent or unrelated
groups such as in the following figures: Figs.1d, 2c, 3b–d and f–h, 6a, 8d,
and Supplementary Fig. 6b, d. Ordinary one way ANOVA analysis with
Tukey’s multiple comparison test was utilized for comparison of three or
more independent groups of data such as in: Fig.7e–g and Supplementary
Figs. 4b and 6a. Repeated measures of 3D EHT force parameters were
analyzed by one way ANOVA, Friedman test with Dunn’s Multiple
Comparison test (Fig.8c).

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability
Data, including AI training, electrophysiology, contractile function of 3D
EHTs,flow cytometry, gene expression, andprotein expression are available
upon request from the corresponding authors. Data, including movie files,

has also been deposited on Figshare with the following https://doi.org/10.
6084/m9.figshare.2877141541.

Code availability
No custom code was used to generate or process the data described in the
manuscript. Training data sets for CM-AI generation are available upon
request from the corresponding authors.
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