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Abstract

Environmental factors are the largest contributors to cardiovascular disease. Here, we show that 

cardiac organoids incorporating an oxygen-diffusion gradient and stimulated via the 

neurotransmitter norepinephrine can structurally model the human heart after myocardial 

infarction (mimicking the gradient of infarct, border, and remote zones), and recapitulate 

hallmarks of myocardial infarction (such as pathological metabolic shifts, fibrosis and calcium 

handling) at the transcriptomic, structural and functional levels. We also demonstrate that the 

organoids can model hypoxia-enhanced doxorubicin cardiotoxicity. Human organoids that model 

diseases with non-genetic pathological factors could aid drug screening and development.

Human induced pluripotent stem cells (iPSC) and adult stem cells (aSC) provide an ideal 

cell source to study human development, disease modeling and drug testing.1–3 To this end, 

significant efforts have been devoted to human organoid systems, as they provide a 

biomimetic microenvironment (e.g., 3D spatial organization, multiple cell types, organ-

specific function/structures) to recapitulate cell-cell and cell-matrix interactions of a variety 

of tissues.3–5 These human organotypic 3D microtissues have synergized with recent 

advances in genetic engineering to greatly accelerate our understanding of the contributions 

of genetic factors in major diseases, including cancer, neurological, liver, and intestinal 

disorders.3,4,6–11

Cardiovascular disease (CVD) is the leading cause of death worldwide, yet to date, there has 

been limited progress in the development of human cardiac organoids for CVD modeling.12 

Meanwhile, significant progress has been made in the use of stem cell-derived 

cardiomyocyte-based cardiac microtissues/organoids for studying maturation, improving cell 

therapy, and drug/toxicity studies.13–17 In addition, major efforts have advanced the 

understanding of congenital cardiomyopathies and genetic pre-dispositions to cardiotoxicity 

using iPSC-derived cardiomyocyte (hiPSC-CM) systems.18–23 However, the largest 

attributable factors of CVD are non-genetic, such as lifestyle and environment.12 This 

highlights the translational opportunities of human cardiac organoids to study CVD with 

non-genetic causes, like myocardial infarction (MI) (i.e., heart attack). Heart attacks make 

up ~8.5% of CVD and are a common cause of heart failure with a 40% five-year mortality 

after the first MI.12 While the re-establishment of blood flow and targeting of 

neurohormonal pathways has significantly improved post-MI survival24, there has been 

limited success in heart failure clinical trials during the past decades, which has been 

partially attributed to the disconnect between basic research findings using animal models of 

heart failure and human patients.25–27 Despite advancements in understanding the injured 

heart after MI in animals, research surrounding the human myocardium after MI has been 

limited to chronic end-stage ischemic cardiomyopathy (given the availability of donor 

tissue) and in vitro human models of related cellular mechanisms (e.g., adrenergic 

stimulation, cell death from reperfusion).13,16,28–30 Although engineered constructs have 
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been used to evaluate immediate (i.e., minutes, hours) effects of low oxygen 

environments16,31, there is a lack of human models that recapitulate the organotypic features 

(e.g., tissue remodeling) of the short-term (i.e., days) post-MI injured state of cardiac injury. 

This stage is critical in understanding the acute post-infarct heart tissue caused by either 

ischemia or ischemia/reperfusion (I/R) and is difficult to obtain and study in humans.13,32 In 

addition, cardiotoxicity is a major concern for pre- and post-approval in the development for 

all systemically-delivered drugs.33 Specifically, the ability to detect drug-induced 

exacerbation of cardiotoxicity is an unmet need for all drug development to address safety 

concerns for patients with pre-existing cardiovascular conditions, as CVD is a common 

comorbidity of major diseases.33–36

Here, we combined major non-genetic causal factors of MI with our previously established 

human cardiac organoids to create an in vitro 3D model of the post-MI myocardial tissue.
31,36–40 Whereas previous cardiac 2D/3D systems have contributed to the understanding of 

effects of individual MI-related factors (e.g., hypoxia, adrenergic stimulation, substrate 

mechanics) in homogenous (i.e., no gradient) environments13,31,36–40, we leveraged nutrient 

transport principles (namely, oxygen diffusion) in 3D microtissues along with chronic 

adrenergic stimulation to create a gradient of “apoptotic center-dysfunctional interior-

functional edge” in human cardiac organoids, which recapitulated the “infarct-border-remote 

zones” of infarct hearts.41–43 This allowed us to mimic organotypic myocardial response to 

infarction in cardiac organoids, where the behaviors of multiple cell types with varied 

structures/functions across 3D space are critical to model disease hallmarks of acute post-MI 

hearts (i.e., fibrosis and pathological calcium-handling). Meta-analysis of the transcriptomic 

changes in the human cardiac infarct organoids showed high similarities with transcriptomes 

of acute post-infarct tissue from animal models of MI and human ischemic cardiomyopathy, 

supporting the overall relevance of this model. Major post-MI hallmarks identified at the 

transcriptomic level were then validated through structural and functional analysis, including 

in-situ imaging of calcium dynamics inside 3D cardiac microtissues with a custom two-

photon scanned light sheet microscope. Moreover, the translational strength of this model 

was demonstrated by tissue-level heart failure drug testing and drug-induced exacerbation of 

cardiotoxicity studies.

Results

Development of human cardiac infarct organoids.

During a heart attack, a blocked artery limits the delivery of oxygenated blood to 

downstream myocardium causing massive cell death, leading to reduced ability to pump 

blood to the body that triggers compensatory efforts by the nervous system to restore cardiac 

output (i.e., adrenergic stimulation via norepinephrine).44 Given the inability of the damaged 

heart to fully compensate or regenerate, this positive feedback causes heart dysfunction and 

ultimately heart failure.44 With the understanding of major upstream causal factors in MI-

associated injury, we leveraged inherent oxygen diffusion gradients in 3D microtissues and 

chronic adrenergic stimulation to model the organotypic response of myocardium after 

infarction with human cardiac organoids (Fig. 1a).41,42 To gain insight into oxygen 

distribution in cardiac organoids and provide a guiding design principle for an “organoid 
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infarction” protocol, a mathematical diffusion model was constructed using a 150 μm radius 

cardiac microtissue.45 In contrast to normoxia (20% oxygen), the microtissue in hypoxia 

(10% oxygen) experiences a gradient of viable to non-viable oxygen levels from edge to 

center (Fig. 1b, 1c), mimicking the gradual change in nutrient availability (in this case, 

oxygen) in infarcted hearts.46 Applying this model as a guiding design principle of reduced 

oxygen environment toward the organoid center, cardiac organoids with a radius of ~150 μm 

cultured at 10% O2 with 1 μM norepinephrine (NE) (i.e., infarct organoids) for 10 days 

showed a higher intensity of hypoxia staining at the interior of live-imaged organoids 

compared to organoids cultured in control conditions (Fig. 1d–1f). In addition, infarct 

organoids showed apoptotic TUNEL+ staining in the center of organoid sections, attributed 

mainly to the non-viable oxygen levels at the center of the organoids (Fig. 1g). This was also 

supported by a further decrease in TUNEL index at the interior of organoids after 10 days of 

10% O2 only compared to 10 days of 1 μM NE only (Fig. S1a, S1b). Two-photon imaging of 

live organoids also showed decreased NADH autofluorescence at the interior of the control 

organoids and across infarct organoids, supporting the reduced oxygen environment in the 

center of organoids and in infarct organoids (Fig. 1h).47 The infarct organoids also showed a 

NE-induced increase in beat rate, which was reversed when cultured with 10 μM metoprolol 

beta-adrenergic blocker (Fig. S1c).

It is worth noting that our approach seeks to leverage a gradient of oxygen to create a 

functional gradient across organoids (i.e., apoptotic center-dysfunctional interior-functional 

edge) to mimic the “infarct-border-remote zones” of post-MI hearts. This is in great contrast 

to previous research that use anoxia/hypoxia (e.g., 0% or 1% O2) as a homogenous (i.e., no 

gradient) stimulus to evaluate its effect on cell function. For example, 10 days of 0.1% O2 

(with 1 μM NE) culture of cardiac organoids resulted in microtissues with a fibrotic shell 

(vimentin+) and apoptotic core (TUNEL+), as well as the complete loss of hiPSC-CMs (lack 

of αSA+ sarcomeric banding and no contractile function) (Fig. S1d). This demonstrates the 

advantage of using a gradient-generating level of oxygen (i.e., 10%) instead of using a 

homogeneous hypoxia treatment (e.g., 0.1% O2 in this study) to create a functional tissue-

level model of the post-infarct state.

Transcriptomic meta-analysis of cardiac infarct organoids.

To examine the global downstream effects of the cardiac organoid infarction protocol (i.e., 

10% O2 and 1 μM NE treatment) on gene expression, the transcriptomes from the control 

and infarct organoids were analyzed using RNA sequencing (RNA-seq) and resulting data 

was submitted to the NCBI Gene Expression Omnibus under accession number designation 

GSE113871. The cardiac organoid infarction protocol resulted in 5,675 differentially 

expressed (DE) genes (p < 0.05) compared to control organoids (Fig. 2a). The translational 

potential of the cardiac organoid infarction method for modeling human post-infarct cardiac 

tissue is dependent on its similarity to adult ventricular tissue after ischemic cardiac injury 

from clinical and preclinical studies. When compared to ischemic cardiac injury 

transcriptomic data from public human (i.e., human ischemic cardiomyopathy, ICM) and 

animal (i.e., 1 wk post-MI) studies, infarct organoid DE genes overlapped with >1,000 genes 

of human, mouse, and porcine DE genes, similar to the overlap between animal MI models 

and human ICM samples (Fig. 2b, S2a). The gene ontology of the overlapping regions was 
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indicative of ischemic cardiac injury, including terms such as “response to oxidative stress”, 

“heart contraction”, and “fibroblast proliferation” (Table S1).

Whole transcriptome comparison between the organoid, human, and mouse data was 

performed using principal component analysis (PCA). After PCA of the 4,765 shared genes 

from the organoid data and two public RNA-seq datasets of human ICM and mouse MI (2 

wks), the top PCs showed visible separations between samples (Fig. 2c, S2b, S2c). In efforts 

to gain a functionally meaningful interpretation of these visual patterns, gene set enrichment 

analysis (GSEA) was used with the gene list and PC gene loadings as ranks (Table S2). PC1 

visualized the global transcriptomic variation between species, where organoid samples 

grouped with human samples separate from mouse (Fig. 2c), which was supported by 

secondary analysis using control mouse heart RNA-seq data from a different sequencing 

platform (Fig. S2d). This separation of species and high proportion of variance (50.6%) of 

PC1 highlighted the potential translational insight of using a human in vitro organoid system 

to model aspects of human cardiac injury. PC2 separated heart tissue samples (positive) from 

cardiac organoid samples (negative), attributed to differences in tissue complexity, where 

immune system and developmental process terms were enriched in positive and negative 

PC2 gene loadings, respectively (Fig 2c, Table S2). Plotting PC3 versus PC4 visualized a 

clear grouping of injury samples relative to controls across the x-axis (PC3), while PC4 

showed separate grouping patterns of mouse and organoid control/injury samples in contrast 

to a lack of separation of human control and ICM samples across the y-axis (PC4) (Fig. 2d). 

Gene ontology analysis of loadings-ranked PC3 genes supported the ischemic cardiac 

injury-like phenotype (e.g., extracellular matrix, leukocyte migration, TGF-beta receptor 

binding) of injury samples (negative) and physiological phenotype (e.g., cellular respiration, 

regulation of conduction) of control samples (positive) (Table 1, Table S2). PC4 

characterization revealed that mouse and organoid injury samples shared positive PC4 

coordinate locations with associated functional terms indicative of acute post-infarct injury 

(e.g., regulation of inflammatory response, cell chemotaxis), while the human injury 

samples had dispersed coordinates along PC4 (Table 1, Table S2), attributed to their large 

biological variation (e.g., time after injury, disease severity, tissue isolation method, age). By 

incorporating human and mouse heart failure data, PCA delineated the dimensions where 

relevant pathological similarities exist (PC3, PC4), yet acknowledged inherent differences 

between species and tissue complexity (PC1, PC2). The transcriptomic meta-analysis of 

human control and infarct organoids as well as ischemic heart failure data from multiple 

species established a systems-level relevance of the cardiac infarct organoids in modeling 

injured myocardium, and more specifically acute post-infarct ventricular tissue that can be 

subsequently tested for functional validation.

Pathological metabolic shifts in cardiac infarct organoids.

Given the translational relevance of this work, we next investigated specific post-MI 

characteristics observed in the organoid infarction model. Pathway analysis of DE genes in 

infarct organoids showed top hits that included “carbon metabolism” (p = 5.24 x 10−6), 

“citrate cycle (TCA)” (p = 9.25 x 10−6), and “glycolysis/gluconeogenesis” (p = 1.67 x 10−3) 

(Fig. 3a, S3a). Notably, transcriptomic shifts of DE genes in “metabolic pathways” (KEGG 

pathway map01100), a large pathway term including several metabolic modules, in infarct 
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organoids were consistent with data from mouse 1 wk post-MI samples (Fig. 3b, Table S3). 

These changes supported a biomimetic shift towards anaerobic metabolism due to the 

organoid infarction protocol. Seahorse mitochondrial stress tests on individual organoids 

revealed a ~2-fold increase in the oxygen consumption rate (OCR) of control organoids after 

FCCP treatment (Fig. 3c), indicating their physiologically relevant metabolism.48 The 

infarct organoids showed a significantly reduced OCR response to FCCP treatment 

compared to control organoids (Fig. 3c, 3d), suggesting impaired mitochondrial function and 

oxidative phosphorylation. Oligomycin treatment led to a ~30% increase in the extracellular 

acidification rate (ECAR) of infarct organoids compared to control organoids (Fig. 3e, 3f). 

This was accompanied by a biomimetic accumulation of L-lactate in infarct organoid media 

(Fig. 3g), which was attributed to the enhanced lactic acid production, supported by the 

increased ratio of LDHA:LDHB and decreased ratio of SLC16A1:SLC16A3 in infarct 

organoids (Fig. 3h).46,49–53 This evidence strongly supports a shift towards glycolytic 

metabolism in infarct organoids. The transcriptomic data combined with functional analyses 

showed that infarcted organoids recapitulate key aspects of metabolism in human infarcted 

myocardium.

Cardiac infarct organoids display pathological fibrosis.

Fibrosis is one of the central hallmarks of injured cardiac tissue in human MI and animal MI 

models.54 Fibrotic gene and cellular phenotypic (myofibroblast-like) shifts have been 

observed in the acute temporal range after MI in a number of animal models.28,29,55 While 

evidence of acute fibrosis in primates (nonhuman and human) is often from hypertrophy 

models and clinical indicators of fibrotic activity (e.g., delayed-enhancement imaging), these 

temporal and pathological differences between species further supports the use of cardiac 

infarct organoids to explore human cardiac fibrosis in the context of infarction injury.56–59 

Comparing infarct to control organoids, gene ontology analysis of DE genes indicated top 

significant biological processes related to multicellular interactions and extracellular matrix 

(ECM) and top pathway hits of “ECM-receptor interaction” (p = 5.32 x 10−7) and “dilated 

cardiomyopathy” (p = 9.81 x 10−6) (Fig. 4a, S3a, S3b). An assembled fibrosis-related gene 

set, containing genes related to cell adhesion/migration (e.g., ITGB3), ECM (e.g., 

COL1A1), growth factors (e.g., TGFB1), and protease/inhibitor (e.g., MMP2) (Table S4), 

showed an overall increase in fibrosis-related gene expression in infarct organoid samples, 

consistent with data from mouse 1 wk post-MI samples (Fig. 4b–4d, Table S4). While 

fibrotic gene shifts may have partially resulted from the increased fibroblast to 

cardiomyocyte ratio due to death of cardiomyocytes, these changes are typical for the 

damaged regions of the heart in vivo as well and thus support tissue-level transcriptomic 

comparisons (i.e., organoids and mouse heart tissue).

The transcriptomic changes indicated a biomimetic fibrosis-like downstream response within 

infarct organoids. This data was further characterized by structural analysis of fibroblast 

cellular organization. Vimentin staining was used for general labeling of mesenchymal cell 

types (e.g., fibroblasts) and to characterize the fibroblast behavior in the organoids. Infarct 

organoids showed a significant shift in vimentin+ organization (i.e., fibroblasts) toward the 

edge of the organoid compared to control organoids, seen by confocal imaging and radial 

density profile plots of vimentin+ area in organoid frozen sections (Fig. 4e, 4f, Table S5). 
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The presence of myofibroblasts is commonly used to histologically identify fibrotic tissue in 

the infarcted heart.54 Alpha smooth muscle actin (αSMA) in combination with phalloidin 

staining of F-actin was used as a standard method to identify the presence of myofibroblast-

like cells, specifically marked by αSMA+/F-actin+ co-staining in a distinct fibrillar structure 

that is not seen in nonfailing/control tissue samples. Infarct organoids showed numerous 

myofibroblast-like structures, marked by elongated, αSMA+/F-actin+ phenotype in contrast 

to control organoids (Fig. 4g, S4). The presence of myofibroblast-like cells and associated 

fibrotic gene profile suggested a change in the organoid mechanical environment.60 A 

micropipette aspiration method was adapted for microtissues to measure the elastic modulus 

(i.e., stiffness) of the outer viable regions of the cardiac organoids.61 The stiffness was 

significantly increased in infarct organoids over control organoids (Fig. 4h, 4i). The 

observed stiffness changes are similar to mechanical changes seen in infarcted and fibrotic 

myocardial tissue.62 Notably, the changes in stiffness after formation of a mature scar can be 

much higher than the ones we observed here. In vivo studies have shown that mechanical 

changes in injured fibrotic hearts in acute MI reflect the total effect of fibroblast-associated 

changes (e.g., cell density, total ECM deposition/remodeling).39,62 Supporting this, 

mechanical testing of newly formed microtissue variants showed that fibroblast (FB) 

spheroids had higher stiffness than cardiomyocyte (CM) spheroids, and cardiac organoids 

with 10% more FBs (organoid+FB) were stiffer than cardiac organoids (Fig. S5).

With the timeline of our model (i.e., 10 days), the change in the tissue-level mechanical 

properties, fibrotic transcriptomic shifts parallel to mouse 1 week post-MI myocardium, and 

presence of αSMA+ myofibroblast-like cells corroborate an endogenous fibrosis response in 

infarct organoids that mimics characteristics seen in vivo. While previous studies have 

required fibroblast monoculture, the addition of TGF-β1, and/or direct changes to culture 

material properties (e.g., substrate stiffness) to investigate fibrotic/myofibroblast 

behavior31,37,38,63, of the cardiac organoid infarction method led to endogenous increases in 

myofibroblast-like cells and corresponding increase in tissue stiffness in cardiac organoids 

as a result of biomimetic upstream pathological stimuli (i.e., hypoxia gradient and 

norepinephrine), supporting the relevance of the organoid model for cardiac infarction.

Pathological calcium-handling in cardiac infarct organoids.

In addition to fibrosis, calcium handling changes associated with MI serve as a functional 

hallmark of post-infarct cardiac injury.64 Pathological calcium handling is linked to 

contractile dysfunction and contributes to the occurrence of arrhythmias after MI.65 At the 

transcriptomic level, “ion transport” (p = 2.10 x 10−7) was a top ten gene ontology term 

between control and infarct organoids, and top pathway hits included “calcium signaling 

pathway” (p = 8.85 x 10−7) and “arrhythmogenic right ventricular cardiomyopathy” (p = 

4.18 x 10−5), indicative of changes in calcium handling (Fig. 5a, S3a, S3b). The “calcium 

signaling pathway” KEGG term 4020 was used to assemble a calcium handling-related gene 

set (Table S6). After filtering for the calcium handling-related gene set, infarct organoids 

showed an overall consistency with calcium handling gene expression of 1 wk post-MI 

mouse heart samples, including significant decreases in well-studied calcium-handling 

components ATP2A2 (sarco-endoplasmic reticulum Ca2+-ATPase), RYR2 (ryanodine 

receptor), CACNA1C (L-type calcium channel), SLC8A1 (sodium-calcium exchanger), and 
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increase in ITPR3 (inositol 1,4,5-trisphosphate Receptor Type 3) (Fig. 5a–5c, Table S6). 

Although these changes cannot be solely attributed to cellular gene expression given 

decreases in other cardiac specific genes (Fig. S6), the similarity to post-MI mouse hearts 

(Table S6) suggested biomimetic pathological calcium handling within infarct organoids.

To functionally interpret the transcriptomic shifts in calcium handling, we developed a 

customized Two-Photon scanned Light-Sheet Microscope (2PLSM) that created a thin sheet 

of illumination by scanning a laser beam laterally and imaged the illuminated area with a 

high-speed camera.66 The deep penetration of two-photon excitation allowed the imaging 

plane to be positioned across the interior region of the organoid67, and the high-speed 

camera recorded calcium events in the illumination plane (~4 μm thickness section) with 

high temporal resolution (20 ms) (Fig. 5d, S7a, S7b). The 2PLSM allowed for the 

visualization of calcium handling in the interior regions of 3D cardiac microtissues to study 

calcium handling and arrhythmogenicity across the organoids. Calcium transient amplitudes 

(ΔF/F0) of the organoids fabricated with GCaMP6-labeled hiPSC-CMs were measured from 

“cell-sized” regions of interest (ROIs) (representing individual cardiomyocytes). 2PLSM 

imaging of control organoids displayed synchronized beating with an interconnected 

cardiomyocyte network (Fig. 5e - top, Video S1). In contrast, 2PLSM imaging of infarct 

organoids revealed notable unsynchronized beating profiles (i.e., arrhythmias) between 

separated cardiomyocyte populations at the interior and the edge of infarct organoids (Fig. 

5e - bottom, Video S2). These observations were also seen in bright-field videos (Video S3, 

Video S4). Interior cardiomyocytes in the infarct organoids showed significantly lower max 

calcium transient amplitude in contrast to the infarct and control edge cardiomyocytes (Fig. 

5f). The reduction in calcium transient amplitude is consistent with the significant changes 

in gene expression of calcium-handling related genes in infarct organoids that decreased in 

the same manner as mouse MI samples and supports cellular level pathological calcium-

handling. Contraction amplitude was also significantly reduced in infarct organoids 

compared to control organoids, further supporting the effect of reduced biomimetic calcium 

handling changes on contractile function (Fig. 5g). The difference in calcium 

synchronization between control and infarct organoids was supported by segregated αSA+ 

cardiomyocyte populations in infarct organoids in contrast to interconnected αSA+ 

cardiomyocytes in control organoids (Fig. 5h). We reasoned that fibrosis (i.e., vimentin+ 

cell-associated changes) separated interior cardiomyocytes in infarct organoids into an 

unsynchronized, smaller beating population that experiences hypoxia-induced aberrations in 

calcium handling, consistent with the in vivo fibrosis-related contributions to ventricular 

arrhythmia post-MI.65,68 This was supported by hiPSC-CM-only spheroids (i.e., without 

fibroblasts) cultured in the organoid infarction protocol that showed no indication of 

unsynchronized beating nor differences in edge-interior calcium transient amplitudes (Fig. 

5i, S8, Video S5).

Non-genetic basis of cardiac infarction injury.

Considering the large contribution of non-genetic factors to the downstream effects post-MI, 

we hypothesized that changing the genetic background of cardiac organoids would not 

significantly alter the major hallmarks we observed in cardiac infarct organoids. Analysis of 

cardiac organoids using hiPSC-CMs from a different donor (i.e., Donor B, GSE115031) 
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revealed significant genetic background differences between Donor A and B organoids in 

PC1 (Fig. S9), while showing similar transcriptomic shift due to the cardiac organoid 

infarction protocol in PC2 (Fig. S9, S10). Structural and functional analysis confirmed the 

hallmark post-MI downstream effects, including fibrosis-like tissue phenotypes and the 

presence of unsynchronized calcium transients in infarct organoids in contrast to control 

organoids, supporting the non-genetic basis of the organoid infarction injury (Fig. S11, S12, 

Video S6–S9).

Tissue-level heart failure drug testing.

For translational applications, the cardiac infarct organoids established here provides a 

tissue-level human MI model for drug screening. Application of an epigenetic heart failure 

drug candidate with recent anti-fibrotic indications, JQ1 bromodomain inhibitor69, to infarct 

organoid culture significantly reduced the vimentin+ density at the infarct organoid edge and 

resulted in a decrease in stiffness compared to infarct organoids (Fig. 6a–6c, Table S5), 

consistent with reduced fibrosis observed in a mouse model of MI.69 Given the change in 

vimentin staining toward the organoid edge, we hypothesized this would reduce the fibrosis-

induced separation of cardiomyocytes and increase synchronized beating in infarct 

organoids. This was evidenced by a reduction in the occurrence of unsynchronized beating 

in infarct organoids treated with JQ1 where synchronized infarct organoids treated with JQ1 

showed a lack of unsynchronized interior population of cardiomyocytes (Fig. 6d, 6e, Video 

S10). The effect of JQ1 on both the fibrotic response and cardiomyocyte beating behavior 

supports the translational strength of a 3D cardiac infarct organoid model beyond 2D cell 

systems for tissue-level insight into heart failure drug candidate testing that can be observed 

at structural, mechanical, and functional levels.

Tissue-level drug-induced exacerbation of cardiotoxicity.

The ability to detect drug-induced exacerbation of cardiotoxicity is an unmet need in drug 

development to address safety concerns for patients with pre-existing cardiovascular 

conditions, as CVD is a common comorbidity of major diseases.35 Cardiac infarct organoids 

provide a tissue-level model to evaluate drug-induced cardiotoxicity and/or exacerbation of 

heart failure and supports the efforts to study cardiac pathophysiology in the emerging field 

of cardio-oncology.70,71 Previous research has shown that hiPSC-CMs from breast cancer 

patients with chemotherapy-induced cardiotoxicity were more sensitive to doxorubicin 

(DOX), a known cardiotoxic anticancer medication, than breast cancer patients without 

chemotherapy-induced cardiotoxicity, suggesting a genetic basis for DOX-based 

cardiotoxicity.21 With a non-genetic basis for our disease model induction, we hypothesized 

that infarct organoids can be used as a tissue-level model to study a non-genetic basis for 

drug-induced exacerbation of cardiotoxicity in vitro that mimics the clinical observation of 

worsening heart failure of anthracycline-treated cancer patients with pre-existing 

cardiovascular risk.72

As a control, we performed 2D studies using hiPSC-CMs with DOX to evaluate the 

combined effects of an in vitro infarction protocol and DOX on hiPSC-CMs. Hypoxic 

culture (1%) with 1 μM NE in organoid media for 2 days prior to the 2 days DOX treatment 

caused an exacerbation of DOX-induced reduction in viability and reduction in contractile 
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structures/organization (Fig. S13a–S13c). Nearly ~100% cell death was found for hiPSC-

CMs after 4 days of the same hypoxic culture using hiPSC-CM media (with galactose, but 

no glucose, similar media to the one used in the previous 2D hiPSC-CM DOX studies21), 

which has been attributed to the lack of glucose in the hiPSC-CM media (Fig. S14a). In 

addition, extended culture of 2D hiPSC-CMs in organoid media (to mimic our prolonged 

organoid infarction protocol) led to a reduction of functional αSA+ cells (Fig. S14b). In 

contrast to the inherent difficulties of using 2D hiPSC-CM culture systems to model post-MI 

responses, human infarct organoids provide a robust, biomimetic 3D tissue-level context to 

evaluate the effects of DOX on the post-MI cardiac tissues. Application of DOX showed 

functional toxicity with a reduced IC50 of contraction amplitude in infarct organoids (~0.35 

μM) compared to control organoids (~0.41 μM) (Fig. 7a). This was further supported by 

cessation of beating in infarct and control organoids at 1 μM and 50 μM, respectively (Fig. 

7a). The observed detrimental effects of DOX on contractile function in both control and 

infarct organoids is consistent with the clinical data showing decreased contractile function 

(i.e., left ventricular ejection fraction) after anthracycline exposure.73 The reduction in 

organoid contraction was supported by the TUNEL analysis that showed significantly 

increased apoptosis for infarct organoids at 1 μM (Fig. 7b). Furthermore, infarct organoids 

displayed a more severe disarray of sarcomeric structures across 3D space (i.e., exterior to 

interior) compared to control organoids with increasing dose of DOX, where αSA staining 

significantly decreases relative to vehicle control most notably at the interior of infarct 

organoids at 0.1 μM in contrast to control organoids (Fig. 7c, 7d, S15, Table S5), consistent 

with the decreased contraction amplitude at low doses in infarct organoids.

In addition to hiPSC-CM-specific changes, DOX exposure induced an increase in vimentin+ 

density at a lower dose in infarct organoids (0.1 μM) than in control organoids (1.0 μM) 

(Fig. 7e, 7f, Table S7), indicating a similar phenotype to DOX-induced cardiac fibrosis.74 

This is supported by the histopathological evidence of fibrosis in myocardial biopsies from 

children and adults with anthracycline cardiotoxicity.75–77 Overall, the use of cardiac infarct 

organoids in cardiotoxicity screening demonstrated that pre-existing (hypoxic) cardiac injury 

exacerbates the cardiotoxicity of DOX, in line with worsening heart failure of anthracycline-

treated cancer patients with pre-existing cardiovascular risk.72 The worsened phenotype of 

infarct organoids in response to DOX was reasoned to be attributed to pre-existing oxidative 

stress in infarct organoids evidenced by the previously mentioned metabolic shifts, hypoxia 

staining, and increased DNA damage as marked by TUNEL in the middle of infarct 

organoids in combination with the reported differential effect of DOX on different 

metabolic/oxidative states.21 Our results demonstrated that human cardiac organoids allowed 

for the recapitulation of 3D tissue-level responses, including cardiac and fibrotic effects, to 

drug-induced/exacerbated cardiotoxicity.70,78

Discussion

By leveraging nutrient diffusion gradients in 3D microtissues, we developed a human 

cardiac organoid disease model that recapitulates major hallmarks of the acute post-MI 

cardiac state at a transcriptomic, structural and functional level. While human organoids 

have been widely used to study genetic factor-caused diseases, we demonstrated the use of 

tissue engineering principles (i.e., nutrient transport) to design an in vitro organotypic 
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disease model of CVD with non-genetic upstream pathological stimuli. It is our belief that 

the focus on upstream pathological stimuli allowed for the recapitulation of major 

downstream hallmarks of the human post-MI myocardium. While organoids have 

traditionally been prepared with embryoid bodies, this study demonstrated that the self-

assembly of tissue-specific cell types provides a powerful alternative to prepare organoids 

with tissue-mimetic transcriptome, structure and function.79 Through the integration of 

robust infarct organoid fabrication and imaging-based function analysis, we also established 

a method amenable for tissue-level heart failure drug testing and screening of drug-induced/

exacerbated cardiotoxicity. As demonstrated with JQ1 and doxorubicin, this provides a 

strategy to investigate primary and secondary effects (e.g., how cellular changes effect 

tissue-level function) of drug treatments in the context of a 3D, multicellular organotypic 

model.

One limitation of the model is that not every aspect of heart failure can be mimicked with 

the current infarct organoids (e.g., lack of inflammatory cells, use of immature hiPSC-CMs).
80 However, the transcriptome- to function-level changes provided a multi-dimensional 

validation that illustrates the extent to which infarct organoids model responses of human 

cardiac tissue after infarction, consistent with the demonstrated feasibility of using iPSC-

based systems to model diseases across many adult tissue types, including the heart.3,5,18,19 

Immune/inflammatory cell types are known to play a role in the early post-MI response and 

are thought to contribute to the activation of the subsequent fibrotic response.80 Notably, the 

immune system-related terms seen in PCA analysis of infarct organoids and the occurrence 

of fibrotic response without the inclusion of immune cell types in the organoids gave 

evidence for the future use of our system to investigate how immune/inflammatory 

components affect the “cardiac tissue half” (e.g., cell-adhesion molecules, chemokines) of 

the immune-stromal interactions and may help to distinguish the level of contribution of cell 

types to myocardial fibrosis, for example. With limited in situ access to human cardiac 

tissues32, human cardiac infarct organoids lay the groundwork for personalized models in 

precision cardiovascular medicine for future investigation into the genetic contributions to 

patients’ tissue-level response to myocardial infarction.20,81,82

Methods

Oxygen diffusion mathematical modeling.

A computational finite element model of nutrient (i.e., oxygen) diffusion and transport was 

developed to provide oxygen concentration profiles within cardiac spheroids 

(cardiomyocyte-only) based on Fick’s Second Law of Diffusion to serve as a general 

guiding design principle to support the organoid infarction protocol rationale. Given the 

developmental similarities between hiPSC-CMs and neonatal rat cardiomyocytes83, neonatal 

cardiomyocyte metabolic data was used according to the detailed oxygen consumption work 

of Brown and others.45 Specifically, the oxygen diffusivity value (DOx = 3.0 × 10−6 cm2/s) 

and cardiomyocyte specific consumption rate constants for oxygen (Vmax = 5.44 × 10−8 

nmol/cell/s and Km = 3.79 nmol/ml) were derived from Brown and others.45 Next, the 

concentration-dependent nutrient consumption rate of the cardiomyocytes was modeled by 

the Michaelis-Menten equation R = ρc
Vmax[C]
Km + [C] , where ρc represents spheroid cell density, 
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Vmax maximum rate at high substrate concentration, and Km Michaelis-Menten constant. 

Physiological (20%) and hypoxic (10%) culture conditions were accounted for in the 

boundary conditions of the model. In a spherical coordinate system, the internal oxygen 

concentration profile is governed by the equation D
r2

∂
∂r r2∂C

∂r − R = 0, where C represents 

nutrient concentration, r radial distance from spheroid center, D nutrient diffusivity, and R 

nutrient consumption rate. Upon compiling all of the relevant equations, the finite element 

model was numerically solved by the software COMSOL Multiphysics, from which the 

internal oxygen concentration profiles were determined in simulated cardiomyocyte 

spheroids. In evaluating the finite element model, the semi-circular concentration profiles 

obtained by solving the finite element model on COMSOL were reformatted into line graphs 

that showed the change in oxygen levels based on radial position from the spheroid center. 

These plots were then assessed for trends that indicated the effects of external oxygen 

concentration on the internal oxygen distributions within the cardiac spheroid.

Cell culture.

Human induced pluripotent stem cell-derived cardiomyocytes (hiPSC-CMs) (iCell 

Cardiomyocytes, Cellular Dynamics International-CDI, Madison, WI, USA) were cultured 

according to the manufacturer’s protocol. iCell Cardiomyocytes iPSC donor 01434 (i.e. 

Donor A) were used for all experiments and iCell Cardiomyocytes iPSC donor 11713 were 

used where notated as Donor B. Briefly, hiPSC-derived cardiomyocytes were plated on 0.1% 

gelatin coated 6-well plates in iCell Cardiomyocyte Plating Medium (CDI) at a density of 

about 3 × 105 to 4.0 × 105 cells/well and incubated at 37 °C in 5% CO2 for 4 days. Two days 

after plating, the plating medium was removed and replaced with 4 mL of iCell 

Cardiomyocytes Maintenance Medium (CDI). After 4 days of monolayer pre-culture, cells 

were detached using trypLE Express (Gibco Life Technologies, Grand Island, NY) and 

prepared for spheroid/organoid fabrication. For 2D hiPSC-CM doxorubicin experiments, 

cells were plated in 96 well plates (20 x 103 cells/well) and let culture for 2 days in iCell 

Cardiomyocytes Maintenance Medium (CDI) before starting treatment. Human cardiac 

ventricular fibroblasts (FBs) (CC-2904, Lot#: 0000401462, Lonza, Basel, Switzerland) were 

cultured in FGM-2 media (Lonza) were used at passage 3-5 for spheroid/organoid 

fabrication. Human umbilical vein endothelial cells (HUVECs) (C2519A, Lot#: 

0000471466, Lonza) were cultured in EGM-3 media (Lonza) and were used at passage 2-4 

for organoid fabrication. Human adipose-derived stem cells (hADSCs) (PT-5006, Lot#: 

0000410257, Lonza) were cultured in low glucose Dulbecco’s modified Eagle’s medium 

with 10% fetal bovine serum (FBS) and 1% penicillin-streptomycin, 1% glutamine and 1% 

antimycin (Gibco Life Technologies, Grand Island, NY). hADSCs were used at passage 5-7 

for organoid fabrication. For 2D hiPSC-CM doxorubicin experiments, CyQUANT XTT Cell 

Viability Assay (X12223, Thermo) was used to measure differences in cell viability between 

conditions.

Organoid and spheroid fabrication.

Organoid fabrication is described in our previous publication.43 Briefly, non-adhesive 

agarose hydrogel molds were used as microtissue fabrication molds made from commercial 

master micro-molds from Microtissues, Inc (Providence, RI), where each agarose mold 
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contains 35 micromold recesses. Organoid cell suspensions were comprised of 50% hiPSC-

CMs and 50% non-myocyte (at a 4:2:1 ratio of FBs, HUVECs, hADSCs, respectively) in 

media for a final concentration of ~2.0 x 106 cells/ml. Monocellular spheroids (hiPSC-CM 

only, cardiac FB only) were fabricated using a concentration of ~2.0 x 106 cells/ml. To make 

microtissues (organoid or spheroid) of ~150 μm radius, approximately 75 μl of the organoid 

or spheroid cell suspension (~150,000 cells) was pipetted into each agarose mold. After the 

cells settled into the micromold recesses of the mold (15 min), additional media was added 

to submerge the molds in a 12-well plate and exchanged every 2 days for the length of the 

experiment. Day 0 (D0) of the experiment was marked after 4 days of organoid self-

assembly, after which the control or organoid infarction protocol was initiated for 10 

additional days (D0 to D10). Culture media for cardiac organoids was comprised of a 

ratiometric combination of cell-specific media reflecting the starting cell ratio of the 

organoid. In organoid media, the CM-specific component was defined as glucose-containing 

F12/DMEM media with 10% FBS, 1% glutamine, and 1% non-essential amino acids 

(Gibco). In this paper, the “organoid” term only refers to microtissues made with >2 input 

cell types, whereas “spheroid” refers to monocellular microtissues.

Cardiac organoid infarction protocol.

For the cardiac organoid infarction protocol, microtissues (~150 μm radius on D0) were 

placed in a hypoxia chamber (ProOx Model 110, BioSpherix, Parish, NY) within the 

incubator at 10% O2 with 1 μM of norepinephrine (NE, A7257, Sigma) for 10 days. Media 

was changed (with NE) every 2 days for the length of the experiment. The L-Lactate Assay 

Kit (Colorimetric) (ab65331, Abcam, Cambridge, UK) was used to measure L-lactate levels 

in the media of D10 control and infarct organoids.

Contraction analysis of beating spheroids.

Videos of spontaneously beating spheroids from each group were recorded immediately out 

of the incubator (to reduce temperature induced changes in beating) for each condition using 

a Carl Zeiss Axiovert A1 Inverted Microscope and Zen 2011 software (Zeiss, Göttingen, 

Germany). Threshold edge-detecting in ImageJ software (NIH - US National Institutes of 

Health) was used on high contrast spheroid picture series and graphed to realize beating 

profiles of fractional area change, from which contraction amplitude was calculated. 

Contraction amplitudes were calculated as the percent change in fractional area change 

amplitude between contraction and relaxation. Beat rate was calculated as the number of 

beats per second.

RNA sequencing.

Total RNA was isolated one day after last media change (D11) according to the kit and 

protocol of an Omega bio-tek E.Z.N.A. Total RNA kit I (Omega bio-tek, Norcross, GA) with 

the addition of the Homogenizer Columns (Omega bio-tek) during the homogenization step 

for organoids. For each group, 30-35 organoids were used for RNA isolation. To prepare 

RNA-seq libraries, the TruSeq RNA Sample Prep Kit (Illumina, San Diego, CA, USA) was 

utilized; 100–200 ng of total input RNA was used in accordance with the manufacturer’s 

protocol. High throughput sequencing (HTS) was performed using an Illumina HiSeq2000 

with each mRNA library sequenced to a minimum depth of ~50 million reads. A single end 
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50 cycle sequencing strategy was employed. Data were subjected to Illumina quality control 

(QC) procedures (>80% of the data yielded a Phred score of 30). RNA-seq data has been 

submitted to the NCBI Gene Expression Omnibus under accession numbers GSE113871, 

GSE115031.

Secondary analyses was carried out on an OnRamp Bioinformatics Genomics Research 

Platform as previously described (OnRamp Bioinformatics, San Diego, CA, USA).84 

OnRamp’s Advanced Genomics Analysis Engine utilizes an automated RNA-seq workflow 

to process data, including (1) FastQC to perform data validation and quality control; (2) 

CutAdapt85 to trim and filter adapter sequences, primers, poly-A tails and other unwanted 

sequences; (3) TopHat286 to align mRNA-seq reads to hg19 genome using the ultra-high-

throughput splice aware short read aligner Bowtie287; (4) HTSeq88 to establish counts which 

represent the number of reads for each transcript; and (5) DESeq289 to perform DE analysis, 

which enabled the inference of differential signals with robust statistical power. Transcript 

count data from DESeq2 analysis of the samples were sorted according to their adjusted p-

value (or q-value), which is the smallest false discovery rate (FDR) at which a transcript is 

called significant. FDR is the expected fraction of false positive tests among significant tests 

and was calculated using the Benjamini-Hochberg multiple testing adjustment procedure. 

Advaita Bio’s iPathwayGuide was used to perform further characterization, including a 

summary of differential expressed (DE) genes, gene ontology, and pathway analysis for 

genes with at least 0.2 fold change in positive or negative direction and q-value of <0.4.90

Transcriptional comparative analysis.

Previously published transcriptomic datasets were obtained through the Gene Expression 

Omnibus (GEO). Microarray data from a large human heart failure study91 (GSE5406, n = 

16 “nonfailing” and 108 “ischemic” samples), a time-course mouse myocardial infarction 

study29 (GSE775, n = 3 “lv-control”, 3 “MI_ilv-below MI ligation site”, and 3 “MI_nilv-

above MI ligation site” samples), and a time-course porcine myocardial infarction study28 

(GSE34569, n = 3 “sham-operated”, 3 “infarct core”, and 3 “remote” samples) were 

analyzed using the interactive GEO web tool (limma-based), GEO2R, to obtain summary 

files of genes ordered by statistical significance.92–94 Differentially expressed (DE) genes 

(based on p < 0.05) for Venn diagrams were obtained from comparisons of control vs infarct 

(organoids), nonfailing vs ischemic failing (human, GSE5406, due to its larger sample size), 

control vs MI infarct zone at 1 wk (mouse), sham vs MI infarct at 1 wk (porcine), and 

nonfailing vs ischemic cardiomyopathy failing (human, GSE46224). For Venn diagram 

comparison across datasets, DE genes were directly compared using gene symbols for 

common genes between studies (excluding nonoverlapping genes from platform differences, 

such as RNA-seq vs microarray chip) using Venny and graphed using VennDis.95,96 Gene 

ontology (biological process) of the overlapping DE genes was characterized using the 

ToppFun component of the ToppGene suite.97 RNA-seq datasets were obtained from GEO 

from a public human heart failure study98 (GSE46224, n = 8 “ischemic cardiomyopathy 

(ICM)” and 8 “nonfailing” samples) and a mouse 2 wk myocardial infarction study99 

(GSE52313, n = 4 “sham” and 4 “MI” samples). Before merging gene lists for principal 

component analysis (PCA), organoid, human, and mouse RNA-seq data were normalized to 

the size of the library through the R package DESeq2 estimateSizeFactors function and 
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labeled with gene symbols. For human RNA-seq data, starting counts were calculated based 

on the supplied RPKM and read counts/mapping details for nonfailing and ICM samples 

from the associated publication.98 After merging normalized organoid, human, and mouse 

RNA-seq data, the resulting 4,765 shared genes were log2-transformed followed by quantile 

normalization using the normalize.quantiles function in the preprocessCore package. PCA 

was then performed using the prcomp function in R and plotted as scatter plots (using jitter) 

with basic plotting tools in R. Principal component gene loadings were used as rankings for 

genes in gene set enrichment analysis (GSEA) with the gene ontology 

c5.all.v6.1.symbols.gmt file, run with default settings.100 GSEA terms were considered 

significant with a normalized p-value (NOM p-value) less than 0.05 and a false discovery 

rate (FDR) less than 0.25. Supplemental PCA using normalized mouse heart sham samples 

from another study (GSE96561) was performed after merging data into heart failure data, 

resulting in 4,244 shared genes.69

The “metabolic pathways” gene set was based on KEGG pathway “map01100”, a large 

pathway term including several metabolic modules, and was constructed based on the DE 

genes found in the organoid RNAseq data for a total of 242 genes. Given the lack of cardiac 

fibrosis pathway term and subjective nature of fibrosis in the heart, the fibrosis-related gene 

set was constructed based on the “extracellular matrix organization” GO term in addition to 

a “greedy”-based selection that incorporated common factors in fibrosis and 

(myo)fibroblast-related genes for a total of 349 genes. The calcium signaling-related gene 

set was defined as the genes contained in the “calcium signaling pathway” KEGG term 4020 

for a total of 182 genes. Cardiac organoid RNA-seq and mouse 1 wk MI microarray 

(GSE775) were first intersected to isolate for common genes across platforms and then 

merged again with the filter gene sets, resulting in 208 fibrosis-related genes in organoids 

and mouse and 121 calcium-related genes in organoids and mouse. Heatmaps of fibrosis-

related gene sets in organoids and mouse data were constructed separately using the 

pheatmap package in R with hierarchical clustering of samples (columns) with category-

ordered genes (rows). Heatmaps of metabolic pathways and calcium handling-related gene 

sets in organoids and mouse data were constructed in like manner but with row order based 

on the organoid log-fold change. Assembled and filtered gene set lists can be found in Table 

S2, S3, and S4. Representative genes were expressed as Transcripts Per Million (TPM).

Fluorescent imaging and analysis.

Freshly collected organoids were flash frozen in Tissue-Tek OCT compound (Sakura, 

Torrance, CA). Embedded spheroids were cryosectioned into 7 μm thickness layers onto 

glass slides for immunofluorescence staining. The sections were fixed with pre-cooled 

acetone (−20 °C) for 10 min. After washing (2 times at 5 min) in PBS with 0.1% Triton 

X-100 (PBST) (Sigma), blocking buffer was made with 10% serum corresponding to host 

species of secondary antibody in PBST and added to sections for 1 hr at room temperature. 

Sections were incubated with primary antibody diluted in PBST (1:200) overnight at 4 °C or 

2 hrs at room temperature: mouse anti-alpha smooth muscle actin (catalog# A5228, clone 

1A4, lot# 056M4828V, Sigma), mouse anti-alpha sarcomeric actinin (catalog# ab9465, clone 

EA-53, lot# GR3174517-4, Abcam), rabbit anti-collagen type I (catalog# ab34710, 

polyclonal, lot# GR248854-2, Abcam), rabbit anti-vimentin (catalog# ab92547, clone 
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EPR3776, lot# GR3258719-6, Abcam), and rabbit anti-von Willebrand factor (catalog# 

ab6994, polyclonal, lot# GR3180938-1, Abcam). After washing in PBST (2 times at 5 min), 

sections were incubated with complement secondary antibodies or conjugated primary 

antibodies diluted in PBST for 1 hr at room temperature: Alexa Fluor 488 phalloidin 

(catalog# A12379, lot# 2026144, Thermo), goat anti-mouse Alexa Fluor 546 (catalog# 

A1103, polyclonal, lot# 2026144, Thermo), goat anti-rabbit Alexa Fluor 647 (catalog# 

111-605-144, polyclonal, lot# 113514, Jackson ImmunoResearch, West Grove, PA). After 

washing in PBST (2 times at 5 min), nuclei were counterstained with DAPI (Molecular 

Probes/Invitrogen, Eugene, OR) diluted in PBST for 15 min at room temperature. Following 

the final wash procedure (PBST, 2 times at 5 min), glass cover slips were added using 

Fluoro-Gel (Electron Microscopy Sciences, Hatfield, PA) and stored in 4 °C until imaging. 

TCS SP5 AOBS laser scanning confocal microscope (Leica Microsystems, Inc., Exton, PA) 

was used for imaging of microtissue sections where z-stacks of 3-4 μm thickness with 0.5-1 

μm step sizes were used. Stained 2D hiPSC-CMs in 96-well plates were imaged with a Carl 

Zeiss Axiovert A1 Inverted Microscope and Zen 2011 software (Zeiss). Vimentin radial 

density was calculated using the Radial Profile ImageJ plugin and normalized to radius 

equal to 1 to provide radial density profile plots of normalized integrated intensities. 

Normalized fibrillar alpha smooth muscle actin area was calculated by dividing the area 

covered by positively-stained fibrillar structures (as opposed to blotchy or diffuse staining) 

by the total area of alpha smooth muscle actin-positive staining followed by dividing by the 

total organoid cross-sectional area. These results were then normalized to the average of the 

control organoid results. Each analysis consisted of high resolution images at 400X total 

magnification of cross sections of different organoids.

The Roche In Situ Cell Death Detection Kit (Sigma) was used for to visualize apoptotic cells 

in frozen sections of cardiac organoids based on the Roche protocol. Briefly, cardiac 

organoid frozen sections were fixed with 4% paraformaldehyde in PBS for 20 min at room 

temperature. Following washing in PBS for 30 minutes, samples were incubated in a 

permeabilization solution (0.1% Triton X-100 and 0.1% sodium citrate in PBS) for 2 

minutes on ice. Then 50 μl of the TUNEL reaction mixture were added to samples and 

incubated at 37 °C for 1 hr. After washing in PBS (2 times at 5 min), nuclei were 

counterstained with DAPI (Molecular Probes/Invitrogen) diluted in PBS for 15 min at 

ambient temperature. Following the final wash procedure (PBS, 2 times at 5 min), glass 

cover slips were added to the slides using Fluoro-Gel (Electron Microscopy Sciences). TCS 

SP5 AOBS laser scanning confocal microscope (Leica Microsystems) was used for imaging 

of microtissue sections where z-stacks of 3-4 μm thickness with 0.5-1 μm step sizes were 

used.

Hypoxia imaging was performed using the Image-iT Green Hypoxia kit. A working 

concentration of 4 μm of the Image-iT Hypoxia Reagent was used in the media of control 

and infarct organoids for overnight culture in their respective conditions. After 24hrs, 

organoids were live-imaged using a TCS SP5 AOBS laser scanning confocal microscope 

(Leica Microsystems). Images were taken from ~30-40 μm under the surface of the 

organoid. The resulting hypoxia stain was quantified using radial density calculated using 

the Radial Profile ImageJ plugin to provide radial density profile plots of normalized 

integrated intensities.
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NADH autofluorescence imaging of live cardiac organoids was performed in media at 37 °C 

within 1 hour of removal from culture conditions using an Olympus FV1200 laser scanning 

two-photon excitation fluorescence microscope, which is equipped with a tunable ultrafast 

laser (Maitai, Newport) and two GaAsP PMTs. The excitation wavelength was tuned to 730 

nm for autofluorescence imaging and a filter separated fluorescence with a passing band of 

violet (420-460 nm), which has been primarily attributed to NAD(P)H fluorescence.101 For 

each group (i.e., control, infarct, and dead organoids), background mean grey values were 

first subtracted from the mean grey value of the sample area NADH autofluorescence (30-40 

μm below organoid surface) to give separate “NADH values” per sample. The NADH index 

was then calculated as each sample “NADH value” divided by the average of the dead 

organoid sample “NADH values.”

Seahorse mitochondrial stress test.

The bioenergetics of organoids was assessed using the Seahorse XF Cell Mitochondrial 

Stress Test (Agilent) designed for measuring 3D spheroids.102 Cell-Tak (22 μg/mL, pH 

6.5-8, Corning, Cat# 354241) was coated in wells of a Seahorse XFe96 spheroid microplate 

(Agilent, Cat# 102959-100) at 37°C for 20 minutes. Cell-Tak was neutralized with DI H2O 

and wells were rinsed twice with DI H2O, dried and stored at 4°C. Single organoids were 

transferred into wells containing organoid media and allowed to attach overnight at 37°C in 

their respective conditions. The following day, the media was replaced with low phosphate 

DMEM buffer and warmed in a 37 °C non-CO2 incubator. The day before the test, the 

sensor cartridge was placed in the calibration buffer provided by Seahorse Agilent. Oxygen 

consumption rates (OCR) and extracellular acidification rates (ECAR) were measured 

before and after administration of oligomycin (2 μM, Sigma), carbonyl cyanide-p-

trifluoromethoxyphenylhydrazone (FCCP) (1 μM, Sigma) and Rotenone/Antimycin A (2 

μM, Sigma). The injection ports of the sensor plate were filled with 25 μl of compounds or 

vehicle diluted in DMEM buffer. The sensor plate was placed into the XF-96e instrument for 

calibration. After calibration, the calibration fluid plate was removed, and the cell plate was 

loaded for analysis. The measurement protocol was set to 3 min mixes and 3 min 

measurements. There were 12 rate measurements post injections (basal levels, Oligomycin, 

FCCP, and Antimycin/Rotenone), and each injection had 6 measurement cycles, while 

Oligomycin had 9 measurement cycles. Images of organoids in microplates were taken using 

4X magnification and area of each organoid was analyzed using an IncuCyte live-cell 

analyzer (Sartorius).

Mechanical testing using micropipette aspiration.

A micropipette aspiration was performed in media similarly to previous studies using a 

custom-built fluid reservoir to generate a fixed pressure of 40 cmH20 (~3.9 kPa) in pulled 

micropipette to apply the suction force on test organoids.61,103 Validation and stability of 

pressure changes were confirmed using an in-line 5 kPa 2-port pressure transducer with ~1 

Pa sensitivity (Honeywell, Morristown, NJ). Micropipettes were pulled to a final inner 

diameter of approximately 70-80 μm. Prior to and during testing, organoids were soaked in a 

30 mM solution of 2,3-butanedione monoxime (BDM) (Sigma) in media for 5-10 min to 

eliminate contractions to reduce the effect of contractile status on tissue stiffness. Pressure 

was applied to the organoid surface and pictures were recorded until reaching equilibrium 
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deformation (~5 min). Under the homogeneous half-space model assumptions61, the change 

in length (L) from pre-deformation to equilibrium deformation was used to calculate the 

elastic modulus according the previously established relationship: E = 3aΔp
2πL Φ(η), where E is 

elastic modulus, a is the inner micropipette radius, Δp is the applied pressure, Φ() is the wall 

function, and η is the wall parameter, where Φ() and η are dependent on the geometry of the 

micropipette tip.103,104

Development of customized two-photon scanned light-sheet microscope for calcium 
transient imaging.

The customized two-photon scanned light-sheet microscope (2PLSM) scans the near-IR 

laser beam laterally to create a thin excitation light-sheet in a specimen and simultaneously 

collects two-photon excitation fluorescence images with a high speed camera. This 

microscope has taken advantage of the deep penetration depth brought by the two-photon 

excitation and the fast imaging speed enabled by the light-sheet imaging with the high-speed 

camera. As shown in Figure S6, the 2PLSM comprises two main optical paths: one for 

generating two-photon excitation light-sheet and the other for image collection; two 

responsible microscope objectives are used for illumination and imaging respectively and 

are aligned orthogonally to each other. For generating the light-sheet, the laser beam from 

the tunable (690-1080 nm) femtosecond laser (TSUNAMI, Newport, CA) is focused by the 

first achromatic lens (L1, AC254-75-B-ML, Thorlabs, NJ) and then collimated by the 

second achromatic lens (L2, AC508-75-B-ML, Thorlabs, NJ). A MEMS (Micro-electro-

mechanical system) scan mirror (gold coated integrated module, mirror diameter 1200 μm, 

Mirrorcle, CA) is placed near the focus of the first lens and scans the beam two-

dimensionally (Fig. S7). The surface of the MEMS mirror is imaged onto the back focal 

plane of the illumination objective (OBJ 1, CFI Plan Fluor 10X, Water dipping, NA 0.30, 

WD 3.5mm, Nikon Instruments, NY) so that the horizontal scan created the light-sheet 

extended in the XY-plane and the vertical scan positions the light-sheet in the Z-direction. 

The two-photon excitation fluorescence signal is collected by the imaging objective (OBJ 2, 

40X Nikon CFI APO NIR, water dipping, NA 0.80, WD 3.5 mm, Nikon Instruments, NY) 

and a camera lens (EF 28-135mm f/3.5-5.6 IS USM, Canon, Japan). Calcium events, as 

reflected by the fluorescence change of the calcium indicator GCaMP6, were recorded by a 

sCMOS camera (Zyla 4.2, Andor technology, UK) with a band-pass filter (FF03-525/50-25, 

500-550 nm, Semrock, NY). The maximum frame rate of the sCMOS was 100 frames/

second at the full frame size (2048 x 2048 pixels). The laser beam was scanned through the 

selected illumination plane at least twice during every exposure period to ensure the 

uniformity of the illumination. A piezo electric objective z-drive (P-725 PIFOC, Physik 

Instrumente, MA) was used to keep the illumination plane in the focus of the imaging 

objective. Both the MEMS scanning and the z-drive movement were controlled by 

customized software written in LabVIEW (National Instrument, TX).

To minimize fluorescence drift and avoid microtissue diffusion limitations of dye-based 

fluorescent tags (e.g., Fluo-4), hiPSC-CMs were infected overnight (~16 hrs) with GCaMP6 

adenovirus (gift from Dr. Martin Morad) the day before organoid fabrication. Imaging was 

performed at room temperature within 1 hour of removal from culture conditions on 

organoids in non-adhesive, clear agarose molds submersed in calcium buffer from Life 
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Technologies’s Fluo-4 Direct Calcium Assay Kit (Life Technologies, Carlsbad, CA). The 

two-photon excitation light-sheet imaging was performed using Micro-manager (NIH) to 

capture the calcium dynamics of the micro-tissue.105 With an image size of 512 × 512 pixels 

(202 x 202 μm), a 60-sec video (3000 frames) at 50 frames/sec was taken for the selected 

plane of each organoid at >50 μm below organoid surface. ImageJ (NIH) and home 

developed Matlab program were applied for image processing and data analysis. Each video 

was displayed in ImageJ and manually circled cell-sized ROIs to represent individual 

fluorescing cardiomyocytes and the mean value of the ROI was plotted over time 

representing the calcium transient. Calcium transient amplitude (ΔF/F0) was calculated as 

the difference of peak and baseline calcium fluorescence (ΔF) divided by the baseline 

fluorescence level (F0).

Drug testing.

For targeted heart failure drug testing, 10 nM of JQ1 (SML1524, Sigma) was added to the 

media on D0 every 2 days for infarct organoids for the length of the experiment (10 days). 

For 2D hiPSC-CM experiments, cells were plated for 2 days on gelatin-coated 96 well plates 

(20,000 cells per well) in iCell Cardiomyocytes Maintenance Medium (CDI), changed to 

organoid media for 2 days in control or “2D infarction” conditions (1% O2 with 1 μM NE), 

and then doxorubicin doses were added to culture for 2 more days. For detection of 

exacerbation of drug-induced cardiotoxicity in cardiac organoids, a range (0-50 μM) of 

doxorubicin (D1515, Sigma) was added to media on D10 and cultured for 2 days in control 

or infarct conditions.

Statistics analysis.

Differences between experimental groups were analyzed through Excel and GraphPad Prism 

7.0 statistical tools. Sample distribution was assumed normal with equal variance and 

Student’s t-test, one-way ANOVA with Bonferroni-corrected t-test post-hoc, and two-way 

ANOVA with Tukey post-hoc analysis with p<0.05 were considered as significantly 

different. Sample sizes of biologically independent samples per group are notated in the 

figure legends as n = X per group / Y independent experiments, where applicable.

Reporting summary.

Further information on research design is available in the Nature Research Reporting 

Summary linked to this article.

Data availability.

The main data supporting the results in this study are available within the paper and its 

Supplementary Information. The raw and analyzed datasets generated during the study are 

available from the corresponding authors on reasonable request. RNA-seq data are available 

from the NCBI Gene Expression Omnibus, under the accession numbers GSE113871 and 

GSE115031.
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Code availability.

The code that support the findings of this study (to control the custom built two-photon 

scanned light-sheet microscope written in LabVIEW) are available from the corresponding 

author upon reasonable request.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1 |. Development of human 3D post-myocardial infarction organoid model.
a, The 3D nature and diffusion limitations in post-myocardial infarction (MI) hearts can be 

spatially mimicked to create an in vitro post-MI model (infarct organoid). b, c, Finite 

element modeling and quantification of oxygen diffusion in simulated cardiac microtissues 

provide a guiding design principle for an in vitro infarction protocol, revealing the inherent 

oxygen diffusion limitation at 20% and 10% external oxygen. d, Control and cardiac 

organoid infarction protocol timeline using altered oxygen (O2) and norepinephrine (NE) in 

culture for 10 days (D10). e, Bright-field images of organoids on D10 and diameters (mean 

± standard deviation) on D0 and D10. n= 252, 215 (D0, D10) organoids in control group; 

152, 216 (D0, D10) infarct organoids in test group; 9, 5, 9, 7 wells per D0 control, D0 

infarct, D10 control, D10 infarct groups, respectively; 1 donor (Donor A). For box-plots, 
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center line - median; box limits - upper and lower quartiles; whiskers - total range. f, 
Confocal z-slice images (>30 μm below organoid surface) of hypoxia-activated Image-iT 

Green Hypoxia live-cell stain on D10 with radial density profile plots of normalized 

integrated intensities, indicating lower oxygen (brighter) toward interior of infarct organoids 

compared to control organoids. n= 13 organoids in control group; 15 infarct organoids in test 

group; 3 wells per group; 1 donor (Donor A). g, Z-stack confocal images (from 18 control 

and 11 infarct organoid images) of TUNEL apoptosis staining of D10 control and infarct 

organoid frozen sections showing apoptotic core in infarct organoids. h, NADH 

autofluorescence from live two-photon imaging (z-slice >30 μm below surface) of live 

control, infarct, and dead (frozen+thaw) cardiac organoids on D10 (left) and NADH index 

quantification (right) (mean ± standard deviation) showing lower NADH in center of 

organoids and overall lower levels in infarct organoids. *p<0.001 using one-way ANOVA 

with Bonferroni-corrected two-sided t-test post-hoc. n= 10 organoids in control group; 11 

infarct organoids in test group; 3 wells per group; 1 donor (Donor A).
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Fig. 2 |. Human in vitro 3D post-myocardial infarction (MI) organoids share global gene 
expression profile with adult human ischemic cardiomyopathy and animal acute post-MI 
samples.
a, Distribution of gene expression and fold change (FC) (black) with differentially expressed 

(DE) genes (red) of infarct organoids compared to control organoids after day 10. DE 

analysis can be found in Methods. b, Comparison of DE (p<0.05) genes from infarct 

organoids (vs. control organoids) RNA sequencing data compared to human ischemic 

cardiomyopathy (vs. nonfailing), mouse 1 week post-MI (vs. sham), and pig 1 week post-MI 

(vs. sham) microarray data. Sample sizes and DE analysis for transcriptomic data can be 

found in Methods. c, d, Principal component analysis of the 4,765 shared genes between the 

cardiac organoid samples and mouse 2 week post-MI and human ischemic cardiomyopathy 

RNA sequencing samples showing the systems-level relevance of cardiac infarct organoids 

in modeling injured myocardium. n = 3 biologically independent samples for human control 

and infarct organoids, n = 8 biologically independent human ischemic cardiomyopathy left 

ventricles and nonfailing left ventricle samples, n = 4 biological independent mouse 

myocardial infarction left ventricle and sham left ventricle samples.
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Fig. 3 |. Cardiac infarct organoids model pathological metabolic responses at the transcriptomic, 
functional, and tissue level.
a, Significant (p<0.05) gene ontology terms based on differentially expressed (DE) genes 

between control and infarct organoids on D10 compiled using Advaita Bio’s iPathwayGuide. 

Organoid samples, n= 3 biologically independent samples per group (each sample 

containing 1 well of 30-35 organoids), 1 donor (Donor A). DE analysis can be found in 

Methods. b, Heatmap of DE genes in the “metabolic pathway” (KEGG Pathway map01100) 

in organoid model showing similar trends in gene expression changes after injury compared 

to mouse 1 week post-myocardial infarction (MI) microarray data. Scale is row z-score. 

Organoid samples, n= 3 biologically independent samples per group (each sample 

containing 1 well of 30-35 organoids), 1 donor (Donor A); mouse, n= 3 biologically 

independent samples per group. c, e, Oxygen consumption rate (OCR) and extracellular 

acidification rate (ECAR) during Seahorse mitochondrial stress test of D10 control and 

infarct organoids with d, f, peak OCR after carbonyl cyanide-p-

trifluoromethoxyphenylhydrazone (FCCP) addition and peak ECAR after Oligomycine 

addition. n= 59 organoids in the control group; 59 infarct organoids in the test group; 3 wells 

per group; 1 donor (Donor A). Mean ± standard deviation. *p<0.001 using Student’s two-
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sided t-test. g, Normalized L-lactate levels (based on absorbance readings) relative to control 

media measured in D10 organoid media. n= 6 wells per group, 1 donor (Donor A). P-value 

from Student’s two-sided t-test. h, Differences of lactate-related gene expression (ratio of 

transcripts per million – TPM) from RNA sequencing data between control and infarct 

organoids on D10. Mean ± standard deviation. *p<0.001 using Student’s two-sided t-test.
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Fig. 4 |. Cardiac infarct organoids model pathological fibrosis response at the transcriptomic, 
cellular, and tissue level.
a, Top identified pathways from organoid RNA sequencing data. Organoid samples, n= 3 

biologically independent samples per group (each sample containing 1 well of 30-35 

organoids), 1 donor (Donor A). DE analysis can be found in Methods. b, Heatmap of 

fibrosis-related gene set in organoid model compared to mouse 1 week post-myocardial 

infarction (MI) microarray data. Scale is row z-score. Organoid samples, n= 3 biologically 

independent samples per group (each sample containing 1 well of 30-35 organoids), 1 donor 

(Donor A); mouse, n= 3 biologically independent samples per group. c, Representative 

fibrosis-related genes (transcripts per million – TPM) from organoid RNA sequencing 

indicate significant changes in infarct organoids (mean ± standard deviation). *p<0.001 
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using DESeq2 differential expression analysis of sequencing data. Organoid samples, n= 3 

biologically independent samples per group (each sample containing 1 well of 30-35 

organoids), 1 donor (Donor A). d, Venn diagram of fibrosis-related genes show similar 

trends in gene expression changes after injury in infarct organoid and mouse 1 week post-MI 

microarray data. n= 3 biologically independent samples per group. e, f, Confocal z-stack 

images of vimentin immunofluorescent staining of control and infarct organoid sections with 

vimentin radial density profile plots of normalized integrated intensities. n= 15 organoids in 

the control group; 15 infarct organoids in the test group; 3 wells per group; 1 donor (Donor 

A). Mean ± standard deviation. Student’s two-sided t-test was used for statistical 

significance (p-values can be found in Table S5). g, Confocal z-stack images (from 10 

images per group) of immunofluorescently stained myofibroblast-like cells in organoid 

sections indicated by fibrillar structures (white arrows) with alpha smooth muscle actin 

(αSMA)/F-actin (phalloidin) colocalization that are not seen in control organoids. h, Bright-

field images (from 19 control and 21 infarct organoid images) of micropipette aspiration 

tests. i, Stiffness (i.e., elastic modulus, kPa) calculated using equilibrium deformation 

displacement (mean ± standard deviation). n= 19 organoids in the control group; 21 infarct 

organoids in the test group; 3 wells per group; 1 donor (Donor A). P-value from Student’s 

two-sided t-test.
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Fig. 5 |. Tissue-level pathological calcium-handling in cardiac infarct organoids observed with in 
situ imaging of the interior of live cardiac organoids.
a, b, Calcium handling-related gene set in organoid model showing similar trends in gene 

expression changes after injury compared to mouse 1 week post-myocardial infarction (MI) 

microarray data. Scale is row z-score. Organoid samples, n= 3 biologically independent 

samples per group (each sample containing 1 well of 30-35 organoids), 1 donor (Donor A); 

mouse, n= 3 biologically independent samples per group. c, Representative calcium-

handling genes (transcripts per million – TPM) from organoid RNA sequencing indicating 

significant change to major calcium handling genes (mean ± standard deviation). *p<0.001 

using DESeq2 differential expression analysis of sequencing data. Organoid samples, n= 3 
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biologically independent samples per group (each sample containing 1 well of 30-35 

organoids), 1 donor (Donor A). d, Illustration of customized Two-Photon scanned Light-

Sheet Microscope (2PLSM) for in situ imaging of live cardiac organoids. e, 2PLSM imaging 

(from 10 control and 19 infarct organoid images) from selected imaging planes at >50 μm 

below organoid surface of D10 control and infarct organoids containing GCaMP6-labeled 

human induced pluripotent stem cell-derived-cardiomyocytes (hiPSC-CMs) with calcium 

transient profiles corresponding to the two edge and interior cardiomyocyte regions of 

interest (ROIs) showing unsynchronization in infarct organoids. f, Quantification of calcium 

transient amplitude (ΔF/F0) of separate ROIs representing individual cardiomyocytes from 

selected imaging planes at >50 μm below organoid surface. n= 32 ROIs across 10 control 

organoids, 47 edge ROIs and 35 interior ROIs across 19 infarct organoids; 3 wells per group; 

1 donor (Donor A). Mean ± standard deviation. *p<0.001 using one-way ANOVA with 

Bonferroni-corrected two-sided t-test post-hoc. g, Contraction amplitude (fractional area 

change) of organoids on D10 showing significant decrease in contractile function in infarct 

organoids. n= 30 organoids in the control group; 30 infarct organoids in the test group; 5 

wells per group; 1 donor (Donor A). Mean ± standard deviation. P-value from Student’s 

two-sided t-test. h, Confocal z-stack images (from 26 control and 27 infarct organoid 

images) of immunofluorescent staining of organoid sections on D10 showing interconnected 

alpha sarcomeric actinin (αSA)-positive (green) cardiomyocytes in control organoids and 

separation of edge and interior cardiomyocytes by vimentin-positive (red) cells in infarct 

organoids. i, 2PLSM imaging (from 3 control and 4 infarct organoid images) from selected 

imaging planes at >50 μm below surface of GCaMP6-labeled hiPSC-CM spheroids with 

calcium transient profiles corresponding to the two edge and interior cardiomyocyte ROIs 

showing synchronization in infarct hiPSC-CM spheroids.
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Fig. 6 |. Human cardiac infarct organoids for tissue-level heart failure drug testing.
a, b, Confocal z-stack images of vimentin immunofluorescent staining of D10 infarct 

organoid sections with or without “anti-fibrotic” (JQ1, 10 nM) culture conditions and 

associated vimentin radial density profile plots of normalized integrated intensities. n= 14 

organoids in control group; 13 infarct organoids in infarct test group; 12 infarct organoids in 

JQ1 test group; 3 wells per group; 1 donor (Donor A). Mean ± standard deviation. Student’s 

two-sided t-test was used for statistical significance (p-values can be found in Table S5). c, 

Change in elastic modulus relative to control on D10 for cardiac infarction protocol with 

added “anti-fibrotic” (JQ1, 10 nM) culture conditions. n= 20 infarct organoids in the infarct 

test group; 17 infarct organoids in the JQ1 test group; 3 wells per group; 1 donor (Donor A). 

For box-plots, center line - median; box limits - upper and lower quartiles; whiskers - total 

range. Differences between groups were not significant using Student’s t-test. d, Proportion 

of organoids (control, infarct, infarct with “anti-fibrotic” treatment (JQ1, 10 nM)) that 

exhibited synchronized or unsynchronized beating. n= 66 organoids in the control group; 66 

infarct organoids in the infarct test group; 72 infarct organoids in the JQ1 test group; 3 wells 

per group; 1 donor (Donor A). e, 2PLSM imaging (from 6 organoid images) of infarct 

organoids treated with JQ1 (10 nM) during infarction protocol from selected imaging planes 

at >50 μm below organoid surface showing synchronization of cardiomyocyte regions of 

interest.
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Fig. 7 |. Detection of tissue-level drug-induced exacerbation of cardiotoxicity using cardiac 
infarct organoids.
a, Normalized contraction amplitude (relative to vehicle control of each group) with IC50 of 

organoids in response to doxorubicin (DOX). n= 18, 19, 19, 18, 12, 12, 11 (at 0, 0.1, 0.5, 

1.0, 5.0, 10.0, 50.0 μM doses of DOX) organoids in control group; 18, 19, 18, 17, 11, 11, 11 

(at 0, 0.1, 0.5, 1.0, 5.0, 10.0, 50.0 μM doses of DOX) infarct organoids in test group; 3 wells 

per group; 1 donor (Donor A). For box-plots, center line - median; box limits - upper and 

lower quartiles; whiskers - total range. b, Normalized viability index (relative to vehicle 

control of each group) based on TUNEL-apoptotic staining of organoid sections after DOX 

exposure. n= 10, 10, 12, 10 (at 0, 0.1, 1.0, 10.0 μM doses of DOX) organoids in control 
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group; 11, 11, 14, 12 (at 0, 0.1, 1.0, 10.0 μM doses of DOX) infarct organoids in test group; 

3 wells per group; 1 donor (Donor A). *p<0.001 using two-way ANOVA with Tukey post-

hoc. Mean ± standard deviation. c, Sarcomeric changes caused by increased dose of DOX 

quantified by radial density profile plots of normalized integrated intensities of alpha 

sarcomeric (αSA) immunofluorescent staining in organoid sections. n= 9, 8, 10 (at 0, 0.1, 

1.0 μM doses of DOX) organoids in control group; 11, 10, 14 (at 0, 0.1, 1.0 μM doses of 

DOX) infarct organoids in test group; 3 wells per group; 1 donor (Donor A). -- represents 

p<0.05 for 0.1 μM versus 0 μM DOX; x represents p<0.05 for 1.0 μM versus 0 μM DOX 

using Student’s two-sided t-test (p-values can be found in Table S5). Mean ± standard 

deviation. d, Confocal z-stack images (from 17 control and 21 infarct organoid images) of 

αSA (green) visualizing the larger relative change in interior contractile structures from 0 

μM to 0.1 μM DOX in infarct organoids than in control organoids. e, DOX-induced changes 

in vimentin-covered area (relative to vehicle control of each group) in organoid sections. n= 

12, 12, 12, 11 (at 0, 0.1, 1.0, 10.0 μM doses of DOX) organoids in the control group; 12, 12, 

15, 7 (at 0, 0.1, 1.0, 10.0 μM doses of DOX) infarct organoids in the test group; 3 wells per 

group; 1 donor (Donor A). Two-way ANOVA with Tukey post-hoc was used for statistical 

significance (p-values can be found in Table S7). Mean ± standard deviation. f, Confocal z-

stack images (from 24 control and 27 infarct organoid images) of relative differences in 

vimentin-covered area in control and infarct organoids at 0.1 and 1 μM DOX. All DOX 

exposure was 48 hrs starting on D10.
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Table 1 |

Gene set enrichment of Gene ontology of principal component (PC) 3 and 4 using PC gene loadings.

Principal Component 3 – “ischemic cardiac injury”

Gene ontology (GO) term # of genes Normalized enrichment score NOM p-value FDR q-value

Positive (10)

mitochondrial protein complex 62 1.88 0 0.17

cellular respiration 59 1.83 0 0.11

regulation of cardiac conduction 23 1.83 0 0.09

Negative (430)

extracellular matrix 125 −2.09 0 0

cell chemotaxis 37 −2.04 0 0

cytokine activity 57 −1.93 0 0.02

angiogenesis 89 −1.91 0 0.02

neurotransmitter transport 44 −1.86 0 0.03

integrin binding 29 −1.86 0 0.03

transforming growth factor beta receptor binding 15 −1.85 0 0.03

leukocyte migration 75 −1.85 0 0.03

regulation of extrinsic apoptotic signaling pathway 48 −1.84 0 0.03

developmental cell growth 15 −1.83 0 0.03

Principal Component 4 – “acute post-infarct injury”

Gene ontology (GO) term # of genes Normalized enrichment score NOM p-value FDR q-value

Positive (443)

myeloid leukocyte migration 18 2.23 0 0

immune response 253 2.2 0 0

regulation of inflammatory response 81 2.14 0 0

leukocyte activation 115 2.14 0 0

cell chemotaxis 37 2.13 0 0

lymphocyte activation 95 2.12 0 0

regulation of immune response 207 2.1 0 0

regulation of response to wounding 110 2.09 0 0

innate immune response 122 2.06 0 0

extracellular matrix 125 2.05 0 0

Negative (33)

oxidative phosphorylation 40 −1.8 0 0.13

regulation of neurotransmitter secretion 15 −1.77 0 0.14

cellular respiration 59 −1.69 0 0.2

(#) - total number of terms with p<0.05, FDR<0.25.

*
Sample sizes and the details of statistical analyses were listed in the Fig. 2 legends.
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