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Abstract

Recent progress in human organoids has provided 3D tissue systems to model human 

development, diseases, as well as develop cell delivery systems for regenerative therapies. While 

direct differentiation of human embryoid bodies holds great promise for cardiac organoid 

production, intramyocardial cell organization during heart development provides biological 

foundation to fabricate human cardiac organoids with defined cell types. Inspired by the 

intramyocardial organization events in coronary vasculogenesis, where a diverse, yet defined, 

mixture of cardiac cell types self-organizes into functional myocardium in the absence of blood 

flow, we have developed a defined method to produce scaffold-free human cardiac organoids that 

structurally and functionally resembled the lumenized vascular network in the developing 

myocardium, supported hiPSC-CM development and possessed fundamental cardiac tissue-level 

functions. In particular, this development-driven strategy offers a robust, tunable system to 

examine the contributions of individual cell types, matrix materials and additional factors for 

developmental insight, biomimetic matrix composition to advance biomaterial design, tissue/

organ-level drug screening, and cell therapy for heart repair.
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INTRODUCTION

With the advancement of human induced pluripotent stem cell technologies, the emerging 

human organoids have provided a powerful platform to model human organ development 

and pathologies, as well as provide cell delivery systems for regenerative therapy (1, 2). 

Organoids are 3D structures based on the self-organization of stem cell-derived organ-

specific cell types to recapitulate major tissue/organ structures and functions. To this end, the 

development of a variety of functional human organoids (e.g., lung, liver, brain) has given 

novel insight into developmental and pathological processes (3–7). Despite the increasing 

progress in other organ systems, few studies have focused on the development of a human 

cardiac organoid (8, 9). Recapitulation of the 3D multicellular structure and function of the 

developing myocardium remains a challenge for the development and application of human 

cardiac organoids (10).

Significant advancements, however, have been made in the utilization of human induced 

pluripotent stem cell derived-cardiomyocytes (hiPSC-CMs) at the cellular and genetic level 

for the development of disease models and drug screening systems (11–13). In addition to 

2D culture systems, significant resources have been devoted to developing 3D myocardial 

constructs to support cardiomyocyte development and improve viable transplantation 

approaches (14). Strategies have been engineered to target specific physiologically relevant 

features (e.g., multicellular, capillary-like diffusion, electrical stimulation) in the 

myocardium to improve cardiomyocyte functions and development (15–22). To this end, 

early cardiac tissue engineering efforts, such as the work of Kelm and others, demonstrated 

that cardiac spheroids made from a mixed cell population derived from neonatal/fetal rodent 

hearts supported myocardial extracellular matrix profile and cardiomyocyte sarcomere 

development (23, 24). This has been supported further by several hiPSC-CM-based studies 

showing that supporting cell types provide extracellular matrix microenvironment, 

incorporate angiogenic signaling, enhance microtissue assembly, and improve maturation of 

cardiac microtissues (25–31). Furthermore, the addition of vascular cell types to cardiac 

microtissues can model aspects of coronary angiogenesis and provide a functional benefit in 

heart repair by connecting to the host vasculature after transplantation (19, 23, 31, 32). By 

targeting specific hiPSC-CM functions/properties, tissue-engineered cardiac systems have 

been advantageous for the development of more sensitive drug testing models and improved 

cell delivery strategies. However, by using “output” structures/functions as the input design 

principle, these platforms can exclude tissue/organ-level intricacies that are critical for 

modeling cardiac development and pathologies.

While cardiac differentiation of embryoid bodies holds great potential for cardiovascular 

organoid production (8, 9), the intramyocardial organization events in coronary 

vasculogenesis provides the biological inspiration for a method of controlled, scaffold-free 

human cardiac organoid fabrication using defined cell types. In development, after the 4-

chamber heart structure has formed, the formation of the epicardium involves a dynamic 

process of epithelial-mesenchymal transition of epicardium-derived cells that migrate into 

the myocardium and differentiate into vascular and cardiac interstitial cell types (33–35). 

Subsequently, the developing ventricular myocardium undergoes the intramyocardial 

organization events of coronary vasculogenesis where a diverse, yet defined, mixture of 
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cardiac cell types (e.g., cardiomyocytes, cardiac fibroblasts, vascular cell types) organize 

into functional myocardium before anastomosis to the aorta (Figure 1A, 1B) (36–39). At this 

point in development, the cardiomyocytes also retain a spontaneous beating property, in part, 

due to incomplete sub-type specification of the cardiomyocytes, similar to hiPSC-CMs (40, 

41). Inspired by these events and the developing/immature characterization of hiPSC-CMs, 

we have established a defined, scaffold-free fabrication strategy to assemble vascularized 

human cardiac organoids in vitro that recapitulate an array of structural, genetic, and 

functional cardiac tissue-level characteristics of the developing myocardium. Through 

incorporation of the events of coronary vasculogenesis as the major design principle in 

human cardiac organoids, the technology described here provides a powerful platform to 

incorporate and investigate the cellular, matrix/material and additional factors required to 

promote tissue/organ-level heart development. Furthermore, this platform lays down the 

foundation for the development of functional cardiac tissues for tissue-/organ-level drug 

screening and advanced cell therapy for heart repair.

RESULTS AND DISCUSSION

Developmental inspiration for cardiac organoid fabrication

The dynamic cellular organization events of coronary vasculogenesis during heart 

development (after the 4-chamber structure as formed) provided a developmental basis for 

the fabrication of cardiac organoids, represented in Figure 1A. To prepare human cardiac 

organoids, we utilized hiPSC-CMs, human ventricular cardiac fibroblasts (cFBs) and human 

umbilical vein endothelial cells (HUVECs) to represent the major cardiac cell types in the 

developing myocardium. Due to their immature characteristics, hiPSC-CMs served as an 

appropriate cell type to represent cardiomyocytes in the developing myocardium (40). While 

aligned cardiac microtissue research has significantly enhanced the understanding of stem 

cell-derived cardiomyocyte mechanical/electrical properties (e.g., contraction force, 

conduction velocity) (15, 22, 42–44), the cardiac organoid system does not incorporate an 

aligned cardiomyocyte design to resemble the developing heart at the stage of coronary 

vasculogenesis, in which significant anisotropic cardiomyocyte organization has not been 

established (Figure 1B). During the spheroid fabrication, the ratio between different cardiac 

cells was selected to approximate cell ratios in developing hearts (5:4:1, hiPSC-

CMs:cFBs:HUVECs) (45–47). As an alternate rationale, human cardiac organoids were also 

fabricated using the ratio of cells corresponding to adult hearts (3:6:1, hiPSC-

CMs:cFBs:HUVECs) (Figure 2A–C) (45–47). The experimental timeline can be seen in 

Figure S1.

By experimental Day 10 (D10), the developing stage ratio cardiac organoids showed 

significantly higher contraction amplitude (i.e., fractional area change) and regularity of 

beating than adult ratio organoids, which was attributed in part to the higher hiPSC-CM 

composition in the developing stage ratio organoids (Figure 2D, 2E). In addition, the 

difference in the contraction profiles was supported by enhanced sarcomere development 

(e.g., Z-line formation) in developing stage ratio organoids at D10 when compared to adult 

ratio organoids, which have minimal Z-line formation despite still having alpha sarcomeric 

actinin (α-SA)-positive regions (Figure S2). This suggested that the developing stage ratio 
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provided a favorable microenvironment for hiPSC-CM development and supported the 

developmental basis for cardiac organoid fabrication. This finding is consistent with 

previous engineered findings showing that cardiac constructs containing a majority of 

cardiomyocytes of the construct supports increased hiPSC-CM functions (15, 17, 22, 48). 

The developing stage cell ratio for cardiac organoids was used for the remainder of the 

experiments.

To examine the effects of media components on organoid formation and maturation, 

DMEM/F12 media with varying amounts of FBS was prepared and compared to a 

ratiometric combination of cardiomyocyte media (DMEM/F12, 10% FBS), fibroblast media 

(FGM-3, defined growth factors, 10% FBS), and endothelial cell media (EGM-2, defined 

growth factors, 2% FBS) corresponding to the cell ratio (Figure S3). After 4 days of 

organoid formation, the cardiac organoids with the ratiometric combination showed 

significantly better viability index (i.e., reduced TUNEL-positive apoptotic nuclei) and was 

used for the remainder of the experiments.

Phenotypic cellular behavior in human cardiac organoids

Immunofluorescent analysis using von Willebrand factor (vWF) and CD31 endothelial 

markers of the cardiac organoids revealed limited staining and spreading of HUVECs at D0 

through D10 (Figure 3A). Human adipose-derived stem cells (hADSCs) were added to the 

cardiac organoid system to promote endothelial function based on their pericyte-like 

function and pro-angiogenic properties (49–55). Cardiac organoids with hADSCs were 

fabricated with 50% hiPSC-CMs, 29% cFBs, 14% HUVECs, and 7% hADSCs. The relative 

amount of hADSCs reflects the limited amount of pericytes in the heart, supported by 

previous research in endothelial-ADSC co-culture systems (Figure 3B) (26, 49). The effects 

of hADSCs were noticeable from D0 by enhanced organization of vWF-positive cells (i.e., 

HUVECs) in a circular pattern surrounding the inner portion of the organoid (Figure 3A). 

By D10, the addition of hADSCs increased indications of enhanced endothelial function 

and/or viability, described by the increased covered area of vWF-positive structures, and 

promoted EC network formation in cardiac organoids compared to without hADSCs, as 

shown by vWF and CD31 staining (Figure 3A, 3C).

As in coronary vasculogenesis, where vascular cell types and cardiac interstitial cells form 

the endothelial plexus in the beating myocardium before connecting to the future coronary 

artery (36), lumen-like structures with vWF-positive cells were found within the cardiac 

organoids bordered by α-SA-positive hiPSC-CMs, although not every vWF-positive cell 

participated in the lumen formation (Figure 3D). Notably, cardiac organoids with hADSCs 

showed significantly more vWF-positive lumen structures than without hADSCs (Figure 

3E). 3D reconstruction of thick cardiac organoid sections revealed CD31-positive vessel 

structures supported by vimentin-positive cells (Figure 3F). Serial images of confocal 

imaging of vWF-stained whole organoids further confirmed the formation of multiple areas 

with lumen-like regions in X, Y, and Z perspectives connected by vWF-positive ECs (Figure 

S4). The increase in vWF- and CD31-positive structures and lumen formation demonstrated 

the structural functionality of the HUVECs and was largely attributed to the pro-angiogenic 

role of hADSCs. This is supported by a growing amount of research indicating a 
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perivascular origin and properties of mesenchymal stem cells (e.g., hADSCs), which is 

consistent with other studies showing the pro-angiogenic properties of hADSCs (49, 50, 52–

54). In addition, the organizational changes seen after the addition of hADSCs is consistent 

with other multicellular research that indicates a higher order level of self-organization 

beyond differential cell adhesion dynamics (9, 56). Furthermore, vascular endothelial growth 

factor (VEGF) signaling plays an important role during coronary vasculogenesis (57). Gene 

expression of vascular endothelial growth factor A (VEGFA) and the main VEGF-A 

receptor 2 (VEGFR2) in cardiac organoids and spheroids of each individual cell type 

indicated the potential role in angiogenic signaling within cardiac organoids between the 

major VEGF providers (hiPSC-CMs, cFB, hADSCs) and VEGF receiver (HUVECs) (Figure 

S5).

To evaluate the functionality of the putative vasculature, cardiac organoids were placed in an 

oxygen-reduced environment (10%) before (D0) and after (D10) putative vasculature had 

formed for 10 days. Cardiac organoids cultured at 10% O2 from D0 (before putative 

vasculature formation) showed a significant increase in TUNEL expression at the organoid 

center when compared to cardiac organoids cultured at 10% O2 from D10 (Figure 3G(i), 

S6). This strongly indicates the formation of putative vasculature reduces cell apoptosis in 

the organoids center, suggesting their function to improve nutrient transport within the 

organoids. In addition, we examined whether the putative vasculature in the cardiac 

organoids can allow for the fabrication of large viable cardiac tissue engineering constructs, 

as oxygen diffusion in the engineered cardiac tissue is limited to a 100–200 μm range (58, 

59). To this end, cardiac organoids were cultured for 10 days to form putative vasculature 

and then placed in groups of five to form organoid aggregates. Macrotissue assembly was 

observed until D20, where the aggregates had formed large macrotissues (>200 μm radius) 

with observable increased Z-dimension. TUNEL analysis showed no significant changes in 

viability by D20 and immunofluorescent staining revealed large regions of connected, vWF-

positive endothelial cells (i.e., networks) across the organoid macrotissues (Figure 3G(ii), 

S7). The observed enhanced viability in both cases strongly indicates a functional benefit of 

putative vasculature, which is consistent with previous studies incorporating vascular 

networks in rodent-cell based and scaffold-based engineered cardiac constructs for improved 

viability/integration after transplantation and evident from cardiovascular tissue engineering 

studies showing large necrotic core in large scaffold-free constructs without pre-established 

vasculature (8, 60–62). This improvement may be attributed to the enhanced passive 

transport of nutrients whereby the presence of lumens creates a porous construct that 

increases diffusivity to the center of the micro-/macrotissues (63). These data support the 

functional benefit of recapitulating the lumenized vascular network of the developing 

myocardium in the cardiac organoids.

To explore the effects of endothelial cell source on the vasculature formation in the 

organoids, we substituted HUVECs with human adipose-derived microvascular endothelial 

cells (HAMECs) to fabricate cardiac organoids due to their microvascular/capillary origin in 

vivo (64). HAMEC cardiac organoids showed some evidence of network formation but 

overall showed less vWF-positive cells than HUVEC cardiac organoids on D10, while the 

cardiomyocyte organization was similar in both cases (Figure S8). This is consistent with 

reduced in vivo vascular network density observed in transplanted human dermis-derived 
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microvascular endothelial cells compared to HUVECs (65). These results may reflect tissue-

specific and/or developmental age properties of the cell source that influence their 

angiogenic/vasculogenic and structural functionality (66–69). However, given their facile, 

readily expandable culture properties and consistent vasculogenic characteristics in cardiac 

organoids, HUVECs were used for the remainder of the experiments.

As for the hiPSC-CM, cFB, and hADSC organization, D0 cardiac organoids with or without 

hADSCs showed heterogeneous populations of vimentin-positive cells (i.e., cFBs and 

hADSCs) throughout the microtissue (Figure 4A). The majority of α-SA-positive hiPSC-

CMs with or without hADSCs organized in the outer regions of the cardiac organoids. In the 

native myocardium, adjacent fibroblast-cardiomyocyte interactions are critical for cardiac 

development (70). By D10, cardiac organoids with hADSCs displayed an increased density 

of vimentin-positive cells in the α-SA-positive (i.e., hiPSC-CMs) regions of the cardiac 

organoid (Figure 4A, 4B). Furthermore, the immunomodulatory potential of hADSCs was 

supported by a significant reduction in the pro-inflammatory interleukin IL6 gene expression 

in cardiac organoids, compared to organoids without hADSCs (Figure 4C) (71).

Extracellular matrix (ECM) protein production in human cardiac organoids

In addition to the phenotypic cellular distribution throughout the cardiac organoid, the 

extracellular matrix proteins in the cardiac organoids supported the development of an 

organotypic microenvironment. One limitation in hiPSC-CM spheroids (i.e., microtissues 

composed of 100% hiPSC-CMs) is the lack of collagen in the microtissue. While hiPSC-CM 

spheroids showed limited collagen I expression throughout the experiment with 

disconnected, dotted structures, the cardiac organoids expressed significantly more collagen 

I-positive, connected structures indicative of mature, stable collagen fibril formation (Figure 

5A). This difference was attributed to the presence of cardiac fibroblasts in the organoids, as 

collagen is maintained by the cardiac fibroblasts in the native myocardium (70). As shown in 

the Figure 5A, collagen I expression in the organoids increased from D0 to D10, consistent 

with results from developing hearts (72).

Notably, in cardiac organoids, fibronectin-positive spheroid area decreased significantly 

from D0 to D10, while hiPSC-CM spheroids showed overall low levels of fibronectin-

positive structures at D0 and D10 (Figure 5B). This may suggest the formation of non-

pathological, ventricular-like extracellular microenvironment to support development of 

hiPSC-CMs, as fibronectin has been shown to be more abundant in atrial than ventricular 

myocardium, and increased ventricular fibronectin is associated with pathological cardiac 

hypertrophy (73, 74). The changes in fibronectin in cardiac organoids (high to low from D0 

to D10) may also indicate the increased role of fibronectin during microtissue formation 

evidenced by the high levels at D0 and/or the observed role of fibronectin in myofibril 

organization in cardiac development (75–78). In addition, the basement membrane protein 

(laminin) is produced by hiPSC-CMs and showed strong immunofluorescent expression in 

both hiPSC-CM spheroids and cardiac organoids throughout the experimental timeline 

(Figure S9). Cardiac organoids provide a biomimetic matrix environment that supports 

cardiac function and can serve as a model for biomaterial/construct design in exploring the 

necessary material components for cardiac development.
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Enhanced cardiomyocyte development within cardiac organoids

Previous work using hiPSC-CM spheroids has indicated conditioning approaches and 

extended culture are required to enhance the contractile properties toward physiological 

relevance (14, 79). We next explored the effect of cellular and matrix microenvironment as a 

biomimetic stimulus in the organoids to promote the contractile properties of hiPSC-CM. 

During the process of self-assembly, hiPSC-CM spheroid spontaneous beating started after 

two days of spheroid assembly (D-2), while cardiac organoid spontaneous beating started 

after four days of spheroid assembly (D0). hiPSC-CM spheroids at D0 showed more 

phenotypic banding of α-SA-positive Z-lines than cardiac organoids, however, by D10 the 

cardiac organoids showed more enhanced organization (e.g., Z-line width) of sarcomeres 

than hiPSC-CM spheroids (Figure 6A). Particularly, the presence of Z-line widths greater 

than 10 μm was observed more frequently among different cardiac organoids (13 out of 19; 

n=5 experiments) than in hiPSC-CM spheroids (1 out of 10; n=3 experiments) seen in 

Figure S10A, supporting the reproducibility of human cardiac organoids.

To further evaluate contractile improvements in cardiac organoids, contractile maturation 

and cardiomyocyte subtype specification (i.e., ventricular) were examined. As an indicator 

of contractile maturation (80) and to evaluate hiPSC-CM-specific development, ratiometric 

gene expression of adult cardiac troponin I and immature troponin I (i.e., TNNI3/TNNI1) 

revealed a significant increase in TNNI3/TNNI1 in cardiac organoids and an insignificant 

increase in hiPSC-CM spheroids from D0 to D10 (Figure 6B). This was further supported by 

significantly higher density of cardiac troponin I (cTnI) expression in the cardiac organoids 

than hiPSC-CM spheroids, when normalized to the α-SA-positive area of stained spheroid 

sections (Figure 6C, S10B). To examine the cardiac organoids for working myocardium 

development, ventricular myosin light chain (protein:MLC2v, gene:MYL2) and atrial 

myosin light chain (protein:MLC2a, gene:MYL7) were used for ratiometric gene 

expression. At D10 both cardiac organoids and hiPSC-CM spheroids showed increased 

ventricular/atrial (i.e., MYL2/MYL7) expression, though cardiac organoids showed a 

significantly greater shift toward ventricular gene expression (Figure 6B). In addition, the 

immunofluorescent expression of MLC2v showed increased staining density per α-SA-

positive regions in cardiac organoids over hiPSC-CM spheroids (Figure 6D, S10C). 

Although both groups show spontaneous beating throughout the experiment, the observed 

enhanced sarcomere development, increased adult cardiac troponin I expression, and a 

greater ventricular shift in expression supports the development of hiPSC-CMs in cardiac 

organoids.

Interestingly, the contraction amplitude of cardiac organoids is significantly lower than 

hiPSC-CM spheroids (0.61 ± 0.25% vs. 1.98 ± 1.2%), despite having similar spontaneous 

beat rates (cardiac organoids: 36.9 ± 8.0 beats per minute (bpm) vs. hiPSC-CM spheroids: 

33.8 ± 3.4 bpm) (Figure S11). The low contraction amplitude of cardiac organoids is 

possibly due to the increased extracellular matrix components (e.g., collagen) and interstitial 

cell types, resulting in a denser/stiffer construct that creates an increased load for 

cardiomyocyte contraction. This was supported by the improved contractile structure and 

gene profile in cardiac organoids despite low contraction amplitude, highlighting the 

importance of the multicellular and matrix environment for hiPSC-CM maturation and 
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ventricular lineage specification seen by others (26, 81). It is worth noting that the observed 

relationship between cardiomyocyte function and changes in cellular/ECM components is 

equally important to cardiac development and maturation as it is to cardiac pathophysiology, 

such as in chronic cardiac fibrosis (82, 83). The previously mentioned data from Figure 2D 

and 2E (showing decreased contraction amplitude with increased fibroblast number) also 

supports these tissue-level dynamics and offers evidence of possible pathological 

applications within a tunable cardiac organoid system.

Human cardiac organoids display phenotypic responses to pharmacological compounds

For a functional cardiac organoid, the observed phenotypic structure, organization, and 

contractile development in D10 cardiac organoids must also be supported by demonstrated 

functions of fundamental characteristics of cardiac tissue. Given that calcium handling in 

cardiomyocytes is involved in electrical signal generation and propagation and is intimately 

involved in the contractile apparatus (40), the explored improvements in contractile 

characteristics of cardiac organoids suggested functioning calcium-handling properties. 

Membrane calcium channels (e.g., L-type calcium channel) contribute to the initiation of the 

calcium-induced calcium-release (CICR) phenomenon in cardiomyocytes. Verapamil is a 

multi-channel blocker that causes a decreased calcium transient peak due to a large calcium 

L-type channel blockade. However, it has served as a false-positive arrhythmogenic drug in 

hERG channel based arrhythmogenic drug screening (84). Administration of 500 μM of 

verapamil resulted in a significant decrease in peak fluorescence and no observed 

arrhythmogenic activity (Figure 7A). This response validates the phenotypic functionality of 

L-type calcium channels to support CICR dynamics for contraction. The initial inward flux 

of calcium then binds to ryanodine receptors on the sarcoplasmic reticulum that release the 

intracellular stores of calcium located in the sarcoplasmic reticulum to provide enough 

calcium for contraction. To examine the calcium release functionality of cardiac organoids, 

the ryanodine receptor was blocked using 50 μM ryanodine. Ryanodine receptor blockade 

resulted in a significant decrease in peak calcium transient (Figure 7B). Also, ryanodine 

administration significantly increased time to peak calcium, indicating proper function of the 

ryanodine receptor to regulate the intracellular flux of calcium required for contraction. 

These results demonstrated the cardiac organoids recapitulate important calcium handling 

properties of working human myocardium.

To counter the flux of calcium during contraction, potassium channels, such as the hERG 

potassium channel, play a large role in repolarization phase of the cardiac action potential 

(40). To examine the repolarization functionality of cardiac organoids, hERG potassium 

channels were blocked with 10 μM E-4031. By blocking a major potassium channel, 

repolarization is slowed, indicated by an extension in calcium transient decay time. 

Blockade of the hERG channel resulted in significantly decreased peak calcium and a 

significant phenotypic extension of the time to 50% calcium decay (Figure 7C). Together 

with calcium handling results, these data showed the cardiac organoids supported the proper 

development of tissue-level channel functions.
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Human cardiac organoids display phenotypic functionality under physiological and 
pathological stimuli

A series of physiologically relevant stimuli showed indications of a wider range of tissue-

level functionality of cardiac organoids beyond drug screening and electrical property 

development. Beta-adrenergic signaling is a physiological process of beat rate regulation by 

the autonomic nervous system by catecholamines (85). Using video analysis of the beating 

rate of cardiac organoids, a beta-adrenergic agonist, isoproterenol (1 μM), showed a 

significant increase in beat rate (Figure 7D). This validates the intact beta-adrenergic 

signaling pathways in hiPSC-CMs within the cardiac organoids for physiologically relevant 

stimulation.

Despite immature characteristics of cardiac organoids compared to adult ventricular tissue, 

the presence of fundamental physiological cardiac functions provided a basis for exploring 

critical pathways involved in cardiac pathologies, supported by recent progress using hiPSC-

CMs for cardiac pathophysiology insights (12, 86–89). Particularly, cardiac organoids have 

potential to serve as an in vitro cardiac model for ischemic heart failure, which makes up the 

majority of cardiovascular-related disorders (90). To evaluate the initial response to a 

pathological stimulus, cardiac organoids and hiPSC-CM spheroids were cultured for 6 hrs in 

ischemia. While the VEGFA expression in cardiac organoid is lower than the hiPSC-CM 

spheroids in a normoxia environment, ischemic stimulus led to a significant increase in 

VEGF-A gene expression in the cardiac organoids to similar levels to that of hiPSC-CM 

spheroids (Figure 7E). Spheroids of each cell type all showed increases in VEGFA 

expression under ischemic conditions (Figure S12A). hiPSC-CMs and cFBs showed the 

highest levels of ischemic VEGFA expression, suggesting their dominant role in VEGF 

signaling during ischemic stress. This trend is analogous to increases in VEGF expression in 

ischemic cardiac tissue and further supports the biomimetic regulation of VEGFA expression 

in cardiac organoids (91). Furthermore, the addition of non-cardiomyocytes into the cardiac 

organoids system incorporated an extended inflammatory response, namely, IL-6 gene 

expression, a prominent interleukin up-regulated in heart failure. After ischemic insult, IL6 

expression increased significantly in cardiac organoids and was absent in CM spheroids 

(Figure 7E). This was attributed the presence of cFB in the organoids as single cell spheroid 

evaluation showed cFBs with the highest levels of IL-6 gene expression in response to 

ischemic stimuli (Figure S12B). Drug-based and biomimetic stimulation of cardiac 

organoids can provide a fundamental and potentially clinically relevant platform to explore 

the critical pathways involved in cardiac pathophysiology.

CONCLUSION

With inspiration from major events in coronary vasculogenesis and a defined method of 

microtissue fabrication, we have developed a robust platform to fabricate vascularized 

human cardiac organoids that recapitulated the lumenized vascular network of the 

developing myocardium, supported hiPSC-CM development and demonstrated fundamental 

cardiac tissue-level functions. In contrast to the common organoid fabrication approach of 

directed differentiation of embryoid bodies (EBs), the dynamic cellular organization 

surrounding coronary vasculogenesis provided the developmental basis for the use of 

Richards et al. Page 9

Biomaterials. Author manuscript; available in PMC 2018 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



defined cell types to develop a tunable cardiac organoid system. This platform provides a 

consistent and efficient method of human cardiac organoid fabrication (e.g., 100% beating, 

consistent cellular organization, and minimal size variability) that supports high throughput 

applications (e.g., drug testing) in comparison to cardiovascular EB differentiation, where 

there is high variability in size and morphology with only ~2%–15% of EBs showing 

contractile beating (8). Furthermore, while hiPSC-CMs have been extensively used to model 

cardiac disorders, other cardiac cell types, such as cardiac fibroblasts and endothelial cells, 

are involved in many cardiac pathologies (92, 93). The use of a defined cardiac cell mixture 

for cardiac organoid formation is advantageous by providing an adaptable system to 

incorporate and investigate the contribution of each cardiac cell type, matrix materials, 

additional factors, and other physiological system relationships (e.g., immunological cell 

types) to cardiac developmental/pathological dynamics at a tissue/organ level.

In addition, similar to developing cardiomyocytes, the spontaneous beating property of 

hiPSC-CMs supports contractile development and provided the source of pacing in the 

cardiac organoids. To obtain adult stage ventricular maturation, in which cardiomyocytes do 

not beat spontaneously, exogenous pacing may be required. Interestingly, recent 

optimizations in stem cell-derived cardiomyocyte media suggest that mature contractile 

characteristics, such as positive force-frequency, can be achieved through the supply of 

defined growth factors (22). Looking toward future applications, cardiac organoids with 

lumenized vascular networks provide a tunable foundation to develop future pre-

vascularized, injectable vehicles for regenerative cell therapy to treat heart failure. In 

summary, the human cardiac organoid technology presented here provides a robust platform 

for the development of the next generation of hiPSC-based cardiac organoids in pursuit of 

developmental and pathological insight for regenerative medicine applications.

MATERIAL AND METHODS

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. Briefly, hiPSC-derived cardiomyocytes were 

plated on 0.1% gelatin coated 6-well plates in iCell Cardiomyocyte Plating Medium (CDI) 

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. 

Human cardiac ventricular fibroblasts (cFBs) (Lonza, Basel, Switzerland) were cultured in 

FGM-3 media (Lonza) were used at passage 3–4 for spheroid/organoid fabrication. Human 

umbilical vein endothelial cells (HUVECs) (Lonza) were cultured in EGM-2 media (Lonza) 

and were used at passage 2–3 for spheroid/organoid fabrication. Human adipose-derived 

microvascular endothelial cells (HAMECs) (kind gift from Dr. Michael Yost) and were 

cultured in EGM-2 media (Lonza) and were used at passage 5–6 for organoid fabrication. 

Human adipose-derived stem cells (hADSCs) (Lonza) were cultured in low glucose 

Dulbecco’s modified Eagle’s medium with 10% fetal bovine serum (FBS) and 1% 
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penicillin-streptomycin, 1% glutamine and 1% antimycin (Gibco Life Technologies, Grand 

Island, NY). hADSCs were used at passage 3–4 for spheroid/organoid fabrication. For cFBs, 

hADSCs, and HUVECs, media was changed every 2 days and were passaged using trypLE 

Express (Gibco) at >80% confluency. An array of media were evaluated to best support 

consistent organoid formation and culture, shown in Figure S1. The optimal culture media 

for viable cardiac organoids was comprised of a ratiometric combination of cell-specific 

media reflecting the cell ratio of the organoid. In organoid media, CDI hiPSC-CM 

Maintenance Media (supplied without glucose) was substituted with glucose-containing 

DMEM/F12 media with 10% FBS and 1% non-essential amino acids (Gibco).

Organoid and spheroid fabrication

As described in our previous publication (79), the agarose hydrogel molds were prepared 

using 2% agarose (Sigma Aldrich, St. Louis, MO) and master micro-molds from 

Microtissues, Inc (Providence, RI) as negative replicates to create non-adhesive agarose 

hydrogels molds containing 35 microwells with hemispheric bottoms (800 μm diameter, 800 

μm deep) to facilitate the formation of spherical microtissues. Molds were soaked in cell/

organoid specific media prior to microtissue fabrication. Working cell suspensions of each 

cell type were used at ~4.0 × 106 cells/mL to make organoid cell ratio mixtures and mixed 

with 1 volume media for a final concentration of ~2.0 × 106 cells/mL. Approximately 75 μl 

of the cell suspension was pipetted into each agarose mold. After the cells settled into the 

recesses of the mold (10 min), additional media was added to submerge the molds in an 8-

well plate and exchanged every 2 days for the length of the experiment (10 days). Day 0 

(D0) of the experiment was marked after 4 days of spheroid assembly. A scheme of the 

experimental timeline can be found in Figure S1. TUNEL staining for apoptotic nuclei 

revealed that D0 cardiac organoids maintained high viability throughout the microtissue 

(Figure S3).

Contraction analysis of beating spheroids

Videos of spontaneously beating spheroids from each group were recorded at ~37 °C for 

each conditi on using a Carl Zeiss Axiovert A1 Inverted Microscope and Zen 2011 software 

(Zeiss, Göttingen, Germany). Videos were converted to a series of TIFF format pictures by 

Adobe Premiere (Adobe, San Jose, CA). Threshold edge-detecting in ImageJ software 

(National Institutes of Health) was used on high contrast spheroid picture series and graphed 

to realize beating profiles of fractional area change (i.e., contraction amplitude), from which 

beats per minute and contraction amplitude was calculated. Contraction amplitudes were 

calculated as the percent change in fractional area change amplitude between contraction 

and relaxation.

Immunofluorescent analysis

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

Torrance, CA). Embedded spheroids were cryosectioned into 7 μm sections onto glass 

slides. The sections were fixed with 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 
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diluted in PBST (1:200) overnight at 4 °C or 2 hrs at room temperature: rabbit anti-laminin 

(Sigma), rabbit-anti collagen type I (Abcam), rabbit anti-fibronectin (Abcam), mouse anti-

alpha sarcomeric actinin (Abcam), rabbit anti-cardiac troponin I – cTnI (Abcam), rabbit 

anti-MYL2 (MLC-2v) (Abcam), rabbit anti-vimentin (Abcam), mouse anti-CD31 (BD 

Biosciences, San Jose, CA), rabbit anti-von Willebrand factor (vWF) (Abcam). After 

washing in PBST (2 times at 5 min), sections were incubated with complement secondary 

antibodies diluted in PBST for 1 hr at room temperature: goat anti-mouse Alexa Fluor 546 

(Thermo), goat anti-rabbit Alexa Fluor 647 (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 to the slides 

using Fluoro-Gel (Electron Microscopy Sciences, Hatfield, PA). TCS SP5 AOBS laser 

scanning confocal microscope (Leica Microsystems, Inc., Exton, PA) was used for imaging. 

Imaris software (Bitplane, Zurich, Switzerland) was used to reconstruct z-stacked confocal 

images for 3D visualization. Fluorescent protein expression was calculated as the antibody-

positive fluorescence area coverage: endothelial density was calculated as vWF-positive 

covered area divided by spheroid area, lumens per organoid a was calculated as the number 

of vWF-positive ring-shaped structures with adjacent DAPI-stained nuclei per organoid, 

vimentin density was the ratio of vimentin-positive area within the α-SA-positive area, ECM 

fraction area was calculated as the ECM-stain positive area divided by the spheroid area, and 

the relative contractile protein amount was calculated as the ratio of cTnI or MLC-2v area to 

total α-SA covered area. Each analysis consisted of high resolution images at 400× total 

magnification of 3–5 spheroids. Hematoxylin and eosin-stained embryonic mouse heart 

sections were a kind gift from the lab of Dr. Russell Norris.

TUNEL staining for apoptosis

Roche In Situ Cell Death Detection Kit (Sigma) was used to visualize the viability of 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. 

TUNEL-based viability index was calculated as [1 – (TUNEL-positive area/DAPI-positive 

area)].

Gene expression with qRT-PCR

Total RNA was isolated according to the kit and protocol of an RNeasy Micro Kit (Qiagen, 

Vinlo, Netherlands) with the addition of the Homogenizer Columns (Omega Biotek, 

Norcross, GA) during the homogenization step for spheroids. For each group, a minimum of 

10 spheroids were used for RNA isolation. At least 25 ng of total RNA for each group was 
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subjected to cDNA synthesis using the Bio-Rad (Hercules, USA) iScript cDNA synthesis 

kit. qRT-PCR step was performed using validated Life Technologies Taqman primers 

(Thermo Fisher Scientific) in 10 μl reactions for targeted genes: ACTB (Hs01060665_g1), 

GAPDH (Hs02758991_g1), IL6 (Hs00985639_m1), KDR (VEGFR2, Hs00911700_m1), 

MYL2 (Hs00166405_m1), MYL7 (Hs01085598_g1), TNNI1 (Hs00913333_m1), TNNI3 

(Hs00165957_m1), VEGFA (Hs00900055_m1). Data was normalized as the change in cycle 

threshold (Ct) to the geometric mean of GAPDH and ACTB (dCt) and analyzed using, 

mRNA expression = 2ˆ(-dCt). Data was then averaged across n=3 experiments.

Calcium transient imaging

Life Technologies’s Fluo-4 Direct Calcium Assay Kit (Life Technologies, Carlsbad, CA) 

was used to label calcium in the whole organoids based on the manufacturer protocol. 

Briefly, organoids stained with a working solution of 1:1 calcium dye solution to media and 

incubated at 37 °C, 5% CO2, 20% O2 for 30 min. Carl Zeiss Axiovert A1 Inverted 

Microscope completed with GFP fluorescence imaging capacity (Zeiss) was used to collect 

the videos of the calcium transient of whole spheroids with a capture rate of 20 frames per 

second. Finally, we used Zen 2011 software (Zeiss) to convert videos to a series of TIFF 

format pictures. Mean gray value of the whole organoid calcium transient (controlled for 

area for pre- and post-treatment) was measured using ImageJ software (National Institutes of 

Health) to construct calcium transient profiles. Normalized F/F0 was calculated as the peak 

calcium fluorescence (F) divided by the start fluorescence level (F0), then divided by the 

F/F0 of the baseline transient before treatment. Time to peak calcium (sec) was calculated as 

the difference in time between the peak calcium and the start of the calcium transient. Time 

to 50% calcium decay (sec) was calculated as the difference in time between the start of the 

calcium transient and the half-peak (F50) of the calcium decay.

Evaluation of putative vasculature

Oxygen reduction studies were performed at 10% O2 in a hypoxia chamber (C-Chamber, 

BioSpherix, Parish, NY) for a duration of 10 days. Media was exchanged every 2 days. 

Microtissues were embedded in OCT, cryosectioned, and Roche In Situ Cell Death 

Detection Kit (Sigma) was used to visualize the viability of cells in frozen sections of 

cardiac organoids based on the Roche protocol. Macrotissue assembly was performed in 

agarose-coated (non-adhesive) 96-well plates. Five cardiac organoids (developing stage cell 

ratio) were placed in each well and culture for 10 days until the macrotissues had an 

appreciable Z-dimension, observed by pipette agitation. Organoid aggregate macrotissues 

were embedded in OCT and cryosectioned for immunofluorescent analysis. Media was 

exchanged every day.

Pharmacological, physiological, and pathological stimulus

Pharmacological compounds were used to block channels of human cardiac organoids and 

were performed on single organoids in ultra low-adhesive GravityTRAP Plates (InSphero, 

Schlieren, Switzerland) at 37 °C. Freshly prepared stock solutions of verapamil (Sigma), 

ryanodine, and E-4031 were diluted in the calcium buffer provided in the calcium staining 

kit (Life Technologies). Verapamil (0.5 μM), ryanodine (50 μM), and E-4031 (10 μM) added 

to the organoids and calcium signal was video captured after 20 mins. Isoproterenol (1 μM) 
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was added for 10 mins before bright field videos were captured. For ischemic stimulus, 

microtissues were rinsed in low glucose DMEM (1 g/L) (Gibco) and placed in agarose 

molds in serum-free, low glucose (1 g/L) DMEM and 1% O2 (BioSpherix) for 6 hrs to 

examine the initial response. Controls were cultured at normoxia in cell/organoid-specific 

media.

Statistics Analysis

Differences between experimental groups were analyzed on JMP Pro 12 Statistical software 

(SAS, Cary, NC) using Student’s t-test, matched pairs comparison, one-way ANOVA, and 

two-way ANOVA with Tukey’s post-hoc test, and p<0.05 was considered significantly 

difference for all statistical tests.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Developmental inspiration for organoid fabrication. (A) In the developing heart after the 4-

chamber structure has formed, the epicardium and subsequent epithelial-to-mesenchymal 

transition give rise to a diverse mixture of cardiac cell types. This stage of intramyocardial 

organization marks the initial phase of coronary vasculogenesis. The self-assembly process 

surrounding this intramyocardial organization served as inspiration for analogous, self-

assembled cardiac organoids from a defined mixture of cardiac cells prior to blood flow. (B) 

Hematoxylin and eosin-stained mouse embryonic heart sections at embryonic day 13.5 

(E13.5) show the 4-chamber structure and the epicardium adjacent to the developing 

ventricular myocardium (inset). By E15.5 (right), evidence of preliminary coronary vessels 

(asterisk) can be seen in the developing ventricular myocardium.
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Figure 2. 
Examination of developmental inspiration for cardiac cell ratio for organoid fabrication. (A) 

The ratio of cardiac cell types (by number) changes throughout development, based on 

reported literature ref. 45–47. (B, C) A developing stage and adult stage cell ratios of cardiac 

cell types represent two organoid fabrication rationales to support cardiomyocyte 

development, seen in bright-field images at D0; n=human induced pluripotent stem cell-

derived cardiomyocytes (hiPSC-CM), human cardiac ventricular fibroblasts (cFB), human 

umbilical vein endothelial cells (HUVEC). (D) Representative contraction profiles for 

developing stage and adult stage ratio organoids were constructed from video analysis of 

spheroid fractional area change. (E) Analysis of average (±SEM) contraction amplitude (i.e., 

fractional area change) showed significant differences at D10; n=8–12 organoids. 

Developing stage ratio organoids showed 100% of organoids beating at D10, while adult 

stage ratio organoids had only ~50% beating. Asterisk represents significant difference, 

p<0.05.
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Figure 3. 
The addition of human adipose derived stem cells improves biomimetic formation of 

functional, lumenized vascular networks in cardiac organoids. (A) The addition of adipose-

derived stem cells (+ADSC) led to increased vWF- and CD31-positive endothelial network 

formation by D10. Without human adipose-derived stem cells (-hADSC), cardiac organoids 

showed limited endothelial staining; n=3 organoids/group per endothelial stain. (B, C) The 

addition of hADSCs to the developmentally inspired cardiac organoid fabrication 

significantly improved the vWF-positive area over spheroid area by D10; n=3 organoids. (D) 

Lumen-like structures (asterisk) were observed in D10 cardiac organoids with hADSCs with 

vWF-positive (red) endothelial cells within α-SA-positive (green) hiPSC-CMs areas; blue-

DAPI. (E) Significantly more vWF-positive lumen structures were observed per organoid in 

D10 organoids with hADSCs in comparison to without hADSCs; n=10 organoids per group. 

(F) 3D reconstruction of thick sections of D10 cardiac organoids with hADSCs show 3D 
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structure of a CD31-positive (green) vessel with open lumens (asterisk) supported by 

vimentin-positive (red) support cells; blue-DAPI. (G) Evaluation of putative vasculature 

showed (i) that culturing cardiac organoids from D0–D10 (before putative vasculature 

formation) in an oxygen-reduced environment (10% O2) for 10 days resulted in a significant 

decrease in viability in the center, indicated by TUNEL apoptosis assay, compared to cardiac 

organoids with formed lumenized vascular networks (D10–D20) and D10 and D20 controls 

(21% O2); n=4–7 organoids. (ii) Macrotissue assembly using five D10 cardiac organoids 

cultured 10 days (D10–D20) showed minimal TUNEL expression and displayed extensive 

vWF-positive endothelial networks across the whole macrotissue (n=3 macrotissues). 

Cardiac organoids were fabricated using a developing stage cell ratio. Asterisk represents 

significant difference, p<0.05.
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Figure 4. 
The addition of human adipose derived stem cells affects biomimetic cellular organization 

and introduces immunomodulatory effects. (A) α-SA-positive (green) hiPSC-CMs were 

mainly located in the outer region of spheroid cross-sections with or without hADSCs. The 

addition of hADSCs showed more homogeneous distribution of vimentin-positive (red) cells 

by D10; blue-DAPI. (B) The density of vimentin-positive staining area within α-SA regions 

significantly increased in cardiac organoids with hADSCs; n=3–4 organoids. (C) hADSCs 

demonstrated immunomodulatory role by significantly decreasing the expression of IL6 in 

cardiac organoids with hADSCs; n=3 experiments, 10–15 organoids/experiment. Cardiac 

organoids were fabricated using a developing stage cell ratio. Asterisk represents significant 

difference, p<0.05.
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Figure 5. 
Human cardiac organoids display organotypic extracellular matrix (ECM) components. (A) 

Spheroids comprised of 100% hiPSC-CMs (hiPSC-CM spheroids) showed limited, dotted 

collagen I immunofluorescent staining, while cardiac organoids showed significantly 

increased, connected collagen I structures by D10. (B) hiPSC-CM spheroids showed overall 

low levels of fibronectin expression, while cardiac organoids decreased significantly by D10. 

Quantification of ECM components was based on the ratio of ECM-positive covered area 

divided by total spheroid area. hiPSC-CM-human induced pluripotent stem cell-derived 

cardiomyocyte. Cardiac organoids were fabricated using a developing stage cell ratio; n=3–6 

microtissues. Asterisk represents significant difference, p<0.05.
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Figure 6. 
Human cardiac organoids support contractile development of hiPSC-CMs. (A) Cardiac 

organoids showed signs of improved sarcomere development (e.g., Z-line width) by D10 in 

comparison to hiPSC-CM spheroids. (B) Ratiometric gene expression of hiPSC-CM 

spheroids and cardiac organoids reveal improvements in hiPSC-CM development within 

microtissues. Gene expression of cardiac troponin I (TNNNI3) over slow, skeletal troponin I 

(TNNNI1) showed greater significant increases in cardiac organoids, indicating improved 

contractile maturation of hiPSC-CMs by D10. Ratiometric expression of myosin light chain 

ventricular isoform (MYL2) over atrial isoform (MYL7) showed more significant increases 

by D10 in cardiac organoids, indicating improved ventricular specification of hiPSC-CMs; 

n=3 experiments, 10–15 microtissues/experiment. (C,D) Shifts in gene ratios were supported 

by increased cardiac troponin I (cTnI)-positive and ventricular myosin light chain 

(MLC-2v)-positive fraction area over α-sarcomeric actinin (α-SA)-positive area (hiPSC-

CM-specific areas), represented by low and high magnification immunofluorescent images; 

n=3 microtissues. Cardiac organoids were fabricated using a developing stage cell ratio. 

hiPSC-CM-human induced pluripotent stem cell-derived cardiomyocyte. Asterisk represents 

significant difference, p<0.05.
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Figure 7. 
Human cardiac organoids display phenotypic channel functionality and organotypic 

responses to physiological/pathological stimuli. Cardiac organoids showed functional 

calcium handling. (A) Verapamil, which blocks the L-type calcium channel, displayed 

significant phenotypic reduction of calcium transient amplitude without inducing arrhythmia 

in cardiac organoids; n=4 organoids. (B) The use of ryanodine, known to block the 

ryanodine receptor of the sarcoplasmic reticulum and reduce endogenous calcium release, 

showed a significant decrease in calcium transient amplitude and a significant increase time 

to peak calcium; n=3 organoids. (C) Blockade of the hERG potassium channel using E-4031 

showed a significant drop in calcium transient peak and a significant increase in time to 50% 

calcium decay; n=3 organoids. (D) A significant increase in beat rate after application of 

isoproterenol indicated intact β-adrenergic signaling in cardiac organoids; n=5 organoids. 

(E) Cardiac organoids showed organotypic transcription responses to ischemic stimuli; n=3 

experiments; 10–15 microtissues/experiment. Cardiac organoids and hiPSC-CM spheroids 

showed increased VEGFA expression in response to ischemic stimulus. IL6 expression, a 

prominent interleukin in ischemic heart failure, increased in cardiac organoids in ischemia, 

while it was not detected in hiPSC-CM spheroids. hiPSC-CM-human induced pluripotent 

stem cell-derived cardiomyocytes. Cardiac organoids were fabricated using a developing 

stage cell ratio and were used at D10. Asterisk represents significant difference, p<0.05.
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