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ABSTRACT 

Pluripotent stem cell-derived organoids can recapitulate significant features of organ 

development in vitro. We hypothesized that organoids thus created can be made 

substantially more relevant by mimicking aspects of in utero gestation, leading to higher 

physiological and anatomical resemblance to their in vivo counterparts. This dissertation 

introduces developmentally inspired methodologies to differentiate early human heart 

organoids into patterned heart tube organoids in a reproducible and high-throughput 

fashion by self-organization. Our strategy is based on controlled and stepwise exposure 

to crucial metabolic and hormonal factors eliciting important molecular, cellular, 

morphological, and functional changes in heart organoids over a 10-day period consistent 

with human cardiac development. Single-cell transcriptomics revealed the emergence of 

all cell types present in the developing heart tube, and past this stage. Structurally, heart 

organoids developed distinct atrial and ventricular chambers, a polarized proepicardial 

organ and anterior-posterior patterning due to endogenous retinoic acid signaling, 

mimicking the developmental processes found in the primitive heart post heart tube 

formation. Moreover, we showed the importance of our system for disease modeling by 

exploring the effects of ondansetron, a drug administered to pregnant women and 

associated with congenital heart defects, on embryonic heart development. Taken 

together, our results constitute a significant technical advance in human synthetic 

development and provide a powerful tool for cardiac disease modeling and 

pharmacological studies.  
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CHAPTER 1: INTRODUCTION 

1.1. CARDIOVASCULAR DISEASE AND CONGENITAL HEART DISEASE 

Cardiovascular diseases (CVDs), including disorders of the heart and blood vessels, are 

the leading causes of death globally, contributing to over 18 million deaths annually1–3 

(Figure 1).  

 

Figure 1. Global causes of death in 2019. Data and figure obtained from 
ourworldindata.org.2 

In 2011, the American Heart Association predicted that by 2030, more than 40% of 

Americans would suffer from some form of CVD. In fact, this burden was reached only 

four years later in 2015. By the year 2035, it is estimated that nearly 50% of Americans 

will have CVD, and that CVDs will contribute to over 1 trillion US dollars in total costs, an 

incredible financial burden to economic systems.4 Additionally, congenital heart defects 

(CHDs) are the most common type of birth defect in the United States, with over 40,000 
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newborns being born with a heart defect each year. In fact, CHDs are the leading cause 

of death in the first year of infant life.5 A major hurdle towards human-relevant study of 

CVDs and CHDs lies in the ethical hurdles that surround the acquisition of both adult and 

fetal heart tissue.6 Heart disease can be multifaceted in origin, with both genetic and 

epigenetic contributions playing major and incompletely understood roles.7 Taken 

together, CVDs and CHDs remain major detriments to human health and require novel 

solutions to address this current heart health crisis. 

1.2. MODELING THE HEART IN VITRO AND IN VIVO 

Cardiovascular research can be broadly categorized into two main facets: in vitro 

(cellular) models and in vivo (animal) models. The utility of in vitro cardiovascular models 

itself is multifaceted. Both human and animal-derived cells are used, cells can be of 

cardiac or extracardiac origin, and the models themselves can be either two dimensional 

(2D) or three dimensional (3D). Human cells used for cardiovascular research typically 

consist of primary cardiomyocyte culture or hPSC-derived cardiomyocytes (Figure 2).  
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Figure 2. Pluripotent stem cell-derived cardiac cells and primary cardiac cells. Created 
with BioRender.com. 

Primary cardiomyocytes are derived from human donor hearts and are cultured for a 

limited time in vitro. hPSC-derived cardiomyocytes can either be derived from hESCs or 

hiPSCs and represent the origin of a nearly unlimited source of cardiac cells. PSCs are 

cells that have the potential to differentiate into a wide range of cell types from all three 

germ layers, the mesoderm, endoderm, and ectoderm. PSCs have an indefinite capacity 

for self-renewal, opening the door to a wide range of biotechnological advancements in 

regenerative medicine, disease modeling, and therapeutic applications. ESCs are derived 

from the inner cell mass of the blastocyst, an early stage of embryonic development. As 

such, ESCs have implicit ethical considerations. However, the field of PSCs was 

transformed in 2008 when Shinya Yamanaka and Kazutoshi Takahashi published their 
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work on PSC reprogramming.8 Here, they described a method for the encoding and 

expression of four transcription factors, Klf4, Oct4, Sox2, and c-MYC that control and 

override a cell’s somatic identity and create a pluripotent-like cell – birthing the term 

“induced pluripotent stem cells” (Figure 3). These iPSCs demonstrated the capacity to 

differentiate into cell derivatives from all three germ layers, including cardiac tissue. 

Patient-specific iPSCs can be created from any person, causing an explosion in in vitro 

precision medicine and disease modeling research.  

 

Figure 3. iPSC reprogramming for multi-lineage differentiation. Created with 
BioRender.com. 
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In vitro hESC and hiPSC cardiomyocyte derivation protocols typically consist of a 

temporal modulation of the Wnt or GSK3 pathways9 - a transcriptional regulation cascade 

that orchestrates cardiac development in utero - or by manipulating proteins in the 

transforming growth factor beta superfamily.10 Taking this one step further, PSC-derived 

cardiomyocyte protocols now exist for the generation of atrial11, ventricular12,13, nodal14, 

and even compacted cardiomyocytes15. Even further, derivation methods for epicardial 

cells16,17, cardiac fibroblasts18, cardiac stromal cells19, and endothelial cells20 are routinely 

used (Figure 2). Creating a vast repository and platform for specific cardiac cell type 

investigation in vitro has never been more accessible. These platforms have been used 

to investigate cardiovascular diseases like long QT syndrome21, arrhythmogenic right 

ventricular cardiomyopathy22, dilated or hypertrophic cardiomyopathy23–25, left ventricular 

non-compaction cardiomyopathy26, hypoplastic left heart syndrome27, Duchenne 

muscular dystrophy28, and many more with increasing precision. 

Cardiovascular phenotypes are not always studied with cardiac cells in vitro. For 

pharmaceutical studies, human embryonic kidney cells are used for their longevity, 

robustness, and ease of use. These cells are engineered to express cardiac ion channels 

on their membranes, such as the hERG channel, to study the potential off-target electrical 

effects of drugs. 

The approaches to in vitro cardiovascular research described above are all routinely 

performed in a 2D manner. However, in recent years, 3D in vitro cardiovascular research 

has reached new heights thanks to advances in tissue engineering, 3D printing, and 

microfabrication. A variety of approaches to 3D culture are taken, with the most popular 

being cardiac spheroids and scaffold-based engineered heart tissue (EHT) (Figure 4). 
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Cardiac spheroids are commonly employed as spherical aggregates of cells that are free-

floating in solution, with either only cardiomyocytes as the cell population29, or a multi-

cellular population consisting of cardiomyocytes, fibroblasts, or other cardiac cell 

types30,31. In a recent study, Richards et al. used human cardiac spheroids to model the 

effects of myocardial infarction in vitro by combining iPSC-derived cardiomyocytes with 

human primary ventricular fibroblasts, human umbilical vein endothelial cells, and human 

adipose-derived stem cells to form spherical aggregates and found that these structures 

could model cardiac infarcts by quantifying hypoxia response through confocal 

microscopy, RNA sequencing, metabolic assays, ECM protein distribution, tensile 

strength, and calcium handling. On the other hand, EHTs utilize scaffolds of biomaterials 

or other ECM proteins for cell attachment. Successful EHT systems include Heart-Dyno32, 

Biowire33, anisotropic nanofibrous ventricular constructs34, and other hydrogel-based 

platforms35. These systems employ sophisticated engineering approaches for their 

generation, culture, or measurement, such as elastomeric posts for mechanical force 

generation and measurement (Heart-Dyno), polydimethylsiloxane (PDMS) and type 1 

collagen channels with electrical stimulation (Biowire), and electrospinning (anisotropic 

nanofibrous ventricular constructs). Another 3D culture field of rising popularity is the field 

of organoids, in which ESCs are differentiated to mimic embryonic development. This field 

will be discussed in a subsequent section. 
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Figure 4. 2D cell culture compared to 3D cell culture approaches. Created with 
BioRender.com. 

In addition to human cells, animal-derived cardiomyocytes and ESCs are used for in vitro 

cardiovascular research. In recent studies, mouse ESCs were utilized to study mouse 

heart development in vitro, where the authors showed atrioventricular chamber 

specification36, and cardiac crescent formation37.  

Aside from studies performed in vitro, in vivo animal models are perhaps one of the most 

traditional methods for cardiovascular research, as they stand as pillars for systems 

biology and toxicology studies. Commonly, mice, rats, sheep, pigs, and zebrafish are 

used to study heart development and disease due to their developmental similarity to 

human hearts. For example, mice models have been used to model coronary artery 

disease38, myocardial infarction39, dilated cardiomyopathy40, and lipidemia41. Meanwhile, 

sheep studies have shown the sexual dimorphisms of heart development and disease42, 

and zebrafish experiments have shown the regenerative capacity of zebrafish hearts 
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following myocardial infarction and potential compounds or molecules to activate this 

regenerative capacity in humans43. For decades, proving the safety and efficacy of 

pharmaceuticals was a requirement by the FDA for clinical trials. However, this is no 

longer true due to the amendment of the FDA Modernization Act 2.0 which allows for 

greater utility of in vitro systems to be used for this process.  

Of note, an additional, emerging category of cardiovascular research is computational 

cardiology or in silico cardiology. Here, computational models simulate heart development 

and disease, predict the efficacy or toxicity of a potential drug candidate, and are routinely 

used in the clinic for MRI, CT and echocardiograms. 

1.3. ADVANTAGES AND LIMITATIONS OF CURRENT HEART MODELS 

CVD research has grown exponentially over recent years thanks to the advancement of 

myriad model systems and methods. For decades, in vitro research has been performed 

in 2D formats due to its ease of culture and maintenance, rapid and high-throughput 

analytical methods, and cost-effective materials used. These monolayer culture 

approaches have yielded significant findings and model systems for the identification of 

novel cardiac therapeutics and even drivers of cardiovascular disease. Nonetheless, 

these approaches are limited by their ability to fully reflect and model the total complexity 

of the human heart, including a lack of physiological morphology, simplistic or irrelevant 

ECM, lack of multiple relevant cardiac cell types, and the absence of cell-cell signaling – 

all of which contribute immensely to proper in vivo cardiac development and physiology, 

and are large contributors or indicators of CVDs. Primary cardiomyocytes can offer 

mature and authentic insights to adult physiology with established protocols for their 

isolation, but suffer from limited culture times, difficulty acquiring samples, and variability 
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between donors. On the other hand, PSC-derived cardiomyocytes and PSC-derived 

cardiac cells offer a near-unlimited sources of cells, but suffer from immature structural, 

metabolic, or functional phenotypes, and differentiation protocols remain in their infancy. 

The in vivo heart possesses much more complexity than monolayer systems can provide. 

Along the same lines, human embryonic kidney cells and other genetically engineered 

non-cardiac cells are extremely limited in their physiological relevance and are strictly 

used to screen the potential cardiotoxicity of early drug candidates due to their robustness 

and simplicity of culture and maintenance requirements. 

Attempts to answer this lack of complexity have arisen in spheroid and EHT technologies. 

Here, typically, multiple cardiac cell types are cultured together as a “coculture” system, 

which increases the physiological relevance of the tissue (Figure 5). Additionally, often, 

a relevant cardiac ECM protein, such as fibronectin or collagen IV, is used as a scaffold 

for cell attachment or molding. Further, EHTs can introduce alignment of cardiomyocytes 

to encourage proper, physiological anisotropic fiber formation and conduction velocity. 

While these steps certainly represent a step forward for proper cardiovascular modeling, 

they fall short in their lack of completely recapitulating the cellular make-up of the human 

heart, which consists of over 11 unique, major populations of cells, including atrial, nodal, 

and ventricular cardiomyocytes, epicardial and proepicardial-derived cells, cardiac 

fibroblasts, neuronal and conductance cells, endocardial cells, endothelial cells, immune 

cells and more. Multicellular spheroids and EHTs can certainly aid in studying the specific 

interactions and effects between two or three unique cell types, but ultimately lacks too 

many cell types, spatial organization, and anatomical features to accurately model the full 

picture of heart development or disease. Moreover, while the utility of cardiac-relevant 
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ECM proteins can increase the physiological relevance and behavior of EHTs, there are 

many cardiac ECM proteins that play unique functions in cardiac disease and 

development, such as fibronectin, collagen I, III, and IV, elastin, laminin and even other 

nonstructural ECM proteins like periostin and perlecan. In fact, a large part of the cardiac 

ECM is secreted by cardiac fibroblasts and other mesenchymal cells endogenously – a 

facet of human physiology that is often ignored in in vitro cardiac tissue engineering 

designs. 

 

Figure 5. 2D and 3D coculture of cardiac cells in vitro. Created with BioRender.com. 

Animal derived cells offer the advantages of mitigating ethical concerns related to the 

acquisition of hESCs and their ability to be compared with in vivo animal-based studies. 

Nonetheless, alternative in vitro approaches such as hiPSCs avoid the ethical dilemma 

surrounding hESCs while also providing human-relevant material. 
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While human-relevant in vitro research has expanded in novelty and physiological 

relevance, a large drawback to consider is the isolated and static nature of in vitro models 

compared to in vivo physiology encompassing the circulatory system, endocrine 

signaling, organ-organ crosstalk, drug metabolism, and responses to external stimuli. In 

these fashions, in vivo research can be thought superior to in vitro research. However, 

the subjects of in vivo research are animals, not humans. While animals do offer the 

aforementioned advantages over in vitro methods, it is important to consider the inherent 

and distinct differences of animal physiology to human physiology. For example, a 

mouse’s heart has a resting heart rate that is 10-fold higher than a human’s, and the 

mouse QT interval is only 13% that of the average human (~45 ms vs. 350-450 ms).44,45 

Further, while zebrafish offer invaluable insights towards cardiac regeneration, zebrafish 

only have a single atria and ventricle – a vastly different architecture compared to human 

physiology. 

Computational cardiology allows for a personalized approach to medicine and offers 

precise insights into cardiac physiology. Additionally, it offers the ability to test scenarios 

that may be difficult or unethical to study in vivo and facilitate screening of a nearly 

unlimited amount of drug candidates. However, the data available to create accurate 

models, paired with the mechanistic and physiological complexity of the human heart offer 

distinct challenges. 

1.4. MATURATION OF IN VITRO CARDIAC SYSTEMS 

Increasing physiological complexity and mimicry has been at the forefront of cardiac 

medicine for decades. Unfortunately, a major bottleneck to in vitro cardiac research is the 

immaturity of PSC-derived cells compared to their in vivo counterparts. Cardiomyocytes 
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in vivo possess distinct structure, metabolism, and functionality that orchestrate their 

physiological behavior (Figure 6). Structural features of mature cardiomyocytes include 

anisotropic, aligned fiber morphology, rod-shaped cell structures, aligned, long 

sarcomeres (~2.2 um between z-disks), and large mitochondria near or interspersed 

within sarcomeres. Metabolic features of in vivo cardiomyocytes include increases in 

PPARGC1A (master regulator of mitochondrial biogenesis) and CPT1B (gene encoding 

the principal transporter of fatty acids into mitochondria) expression and a distinct 

utilization of fatty acid oxidation for energy generation instead of glycolysis. Functional 

characteristics of mature cardiomyocytes include increases in contractile force, robust 

presence of t-tubules, and increased action potential duration and upstroke velocities. 

Cardiac in vitro systems commonly lack these features, hampering their utility for proper 

disease modeling, drug discovery, and translational relevance. These distinctions, 

including additional hallmarks of cardiomyocyte maturation, are described in Table 1. 
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Figure 6. Cardiomyocyte maturation for enhanced in vitro biological modeling. Created 
with BioRender.com. 

The encouragement of mature phenotypes in in vitro cardiac systems has been a rising 

field of ongoing research. A variety of approaches have been taken to simulate and 

stimulate cardiac maturation, with an emphasis on cardiomyocytes. Common approaches 

include providing metabolic and hormonal cues, such as modulating fatty acid content 
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(oleic acid, linoleic acid, palmitic acid) and glucose levels, introducing tension or force to 

cells or tissue, electrical stimulation, modification of membrane stiffness, and confining 

the geometry of growth.  

Metabolic and hormonal modulation for in vitro cardiomyocyte maturation attempts to 

recreate or encourage the shift that occurs from fatty acid oxidation to glycolysis during 

heart development and growth. Standard cell culture media contains significantly higher 

levels of glucose than that observed in the heart in vivo, and most cell culture mediums 

do not contain relevant levels of fatty acids. Lowering glucose levels to physiological 

concentrations and introducing relevant levels of fatty acids appears to trigger metabolic 

maturation in vitro. Feyen et al.46 show how the combination of physiological glucose 

levels (less than half the concentration of standard cell culture medium) and fatty acids 

(oleic acid, linoleic acid, and palmitic acid) influence an increase in sarcomere 

organization, force production, calcium handling, and aerobic respiration in iPSC-derived 

cardiomyocytes. Additionally, in two independent studies, Yang et al.47,48 showed that T3 

hormone and prenatal concentrations of fatty acids stimulate an increase in CM size, 

anisotropy, sarcomere length, contractile force, calcium kinetics, and mitochondrial 

respiratory capacity in iPSC-derived cardiomyocytes. 

More direct methods, such as the introduction of tension49, electrical stimulation50, 

membrane stiffness modification51, and geometric confinement52 also appear to 

orchestrate cardiac growth and maturity. Mihic et al.49 investigated the effects of cyclical 

and mechanical stretching on hESC-derived CMs and showed increases in CM 

elongation, sarcomere, ion channel, and gap junction gene expression, and enhanced 

calcium transient profiles. Chan et al.50 studied whether electrical stimulation of 
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cardiomyocytes would influence their therapeutic potential by enhancing differentiation 

and maturation of hESC-derived CMs. They stimulated CMs with an electric field potential 

at 6.6 V/cm and 1 Hz with 2ms pulses and found an increase in cardiac gene expression 

including HCN1, MYL2, SCN5A, and GATA4. Additionally, they found an increase in 

ventricular-like action potentials with a lengthening of action potential duration. Lastly, 

Ronaldson-Bouchard et al.52 investigated the role of geometric confinement with electrical 

stimulation on iPSC-derived CMs and found maturational benefits including increases in 

conduction and structural gene expression (KCNJ2, KCNH2, TNNT2, MYH7, and GJA5), 

oxidative phosphorylation and mitochondrial organization, and calcium handling. Methods 

for inducing cardiomyocyte maturation in vitro are described and summarized in Table 2. 
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Table 1. Characteristics and features of mature cardiomyocytes in vivo. 

Characteristic Features Genes 

Morphology 

Rod-shaped TNNT2, TNNI3  

Increased cell size 

Aligned Sarcomeres 

Electrophysiology 

Increased upstroke velocity SCN5A 

Decreased resting membrane potential KCNJ2 

Gap Junctions GJA1, GJA5 

Increased action potential duration CACNA1C 

Robust t-tubule network BIN1 

Contractility 

Increased contractile force MYL2 

Increased sarcomere length TNNI3 

Increased MYH6 to MYH7 ratio MYH6, MYH7 

Metabolism 
Increased utility of fatty acids CPT1B 

Increased mitochondrial presence PPARGC1A, TFAM 

Cell cycle Decreased proliferation & increased ploidy  
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Table 2. Methods for inducing cardiomyocyte maturation in vitro. 

Reference Method Result 

Feyen et al. 2020 Metabolic factors; High 
fatty acids, low glucose 

Increased sarcomere organization, 
force production, calcium handling, 
and aerobic respiration 

Yang et al. 2019 Postnatal concentrations 
of fatty acids  

CM growth, increases in force 
production, calcium transient 
kinetics, and mitochondrial function 

Yang et al. 2014 T3 hormone Increased CM size, anisotropy, 
sarcomere length, contractile force, 
calcium kinetics, and mitochondrial 
respiratory capacity 

Mihic et al. 2014 Mechanical stretch Cyclic mechanical stretch promotes 
hESC-derived CM maturation 

Young and Engler 
2011 

Hydrogel stiffness Transcriptional mimicry to adult CMs 
and improved contractile properties 

Chan et al. 2013 Electrical stimulation Improved sarcomere gene 
expression and CM elongation in 
hESC-derived CMs 

Ronaldson-
Bouchard et al. 
2018 

Confined geometry 
microtissues with 
electrical stimulation 

Improved calcium handling, gene 
expression, and mitochondrial 
density in iPSC-derived CMs 

 

1.5. RECAPITULATION OF HEART DEVELOPMENT IN A DISH 

Human development and embryogenesis are perhaps one of life’s greatest beauties. A 

living, sentient being is created, molded, and established from the elusive mechanisms 

of stem cell biology – all beginning from a single cell. Proper formation of the human body, 

including the heart, depends on sequential, stepwise events that orchestrate the 

differentiation, specification, and even migration of cells. Unraveling and understanding 

human embryonic development represents a playground of building blocks just waiting to 

be assembled. 

Elucidating physiologically-relevant cardiac platforms in vitro has always depended 

loosely upon the recapitulation of developmental paradigms, such as manipulating the 
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Wnt pathway to guide and direct cardiomyocyte differentiation through the use of small 

molecule inhibitors and activators.9,15,53 However, many protocols focus only on the 

isolation of cardiomyocytes, ignore contributions of non-myocyte cells, utilize synthetic 

ECM, and perform studies in 2D environments, all which hamper and limit the 

developmental and physiological relevance of the platforms to fully model in vivo cardiac 

phenotypes. A holistic approach to capture human heart development in a dish will 

consider, initiate, and embrace all stages of cardiac development. 

The heart develops from mesodermal cells that migrate from the primitive streak to a 

location under the headfold. Here, they form a structure known as the cardiac crescent, 

an epithelial structure that fuses at the midline to create the linear primitive heart tube.54 

A key feature of the primitive heart tube is its patterning along the anterior-posterior axis. 

This patterning creates distinct and localized poles that contain unique pools of progenitor 

cells, known as first heart field (FHF) and second heart field (SHF) progenitor cells54,55, 

along with endocardial and epicardial progenitor cells.56,57 FHF and SHF progenitor cells 

have distinct gene expression profiles and proliferate and contribute to distinct structures 

of the heart. FHF progenitors are ISL1-/NKX2-5+/TBX5+ while SHF progenitors are 

ISL1+/NKX2-5+.56 Progenitor cells at the anterior pole of the primitive heart tube 

differentiate prior to those found at the posterior pole and give rise to the ventricles. 

Posterior progenitor cells later differentiate to form the atria and sinus venosus. The 

development and formation of the ventricular and atrial chambers is a tightly regulated 

process, with genes such as Irx5, Irx4, Myl2, and ANF being shown to have specific roles 

and localizations in mouse and rat heart development, pioneered by Christoffels et al.54. 

In subsequent studies, atrial chambers have been shown to be identifiable by expression 
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of NR2F2, TBX5, NPPA, and NR2F158–65, while ventricular chamber myocardium can be 

identified by markers such as MYL3, HEY2, IRX4, and HAND166–71.  

Moreover, the epicardium is an essential structure involved in cardiac development, 

contributing to coronary vasculature and connective tissue while supplying the 

myocardium with growth factors and morphogens that induce and support the growth and 

maturation of the heart. The epicardium arises from a structure known as the 

proepicardium which is located on the outside of the developing heart tube near the 

septum transversum. These proepicardial cells migrate and spread across the surface of 

the heart tube, covering first the left ventricle and atrioventricular canal, then covering the 

atrium, right ventricle, and the outflow tract.72–74 Li et al.75 demonstrated the importance 

of epicardial-secreted IGF in activating the ERK proliferation pathway in the developing 

heart. Disruption of the Igf2 gene resulted in significant decreases in ventricular wall 

proliferation and in the growth of the ventricles. Gise et al.76 investigated the role of the 

epicardium and the transcription factor WT1 in endothelial to mesenchymal transition 

through the Wnt and retinoic acid signaling pathways. Further, Stuckmann et al.77 

investigated signals from the epicardium, erythropoietin and retinoic acid, that played 

essential roles in the proliferation of cardiomyocytes.  

While Israeli et al.78, Hofbauer et al.79, Drakhlis et al.80, and Andersen et al.81 have created 

complex in vitro heart models that seek to better understand human heart development 

(covered in the next section), they lack critical structures, maturation states, cellular 

organization, and endogenous morphogen gradients that play key roles in disease 

progression and cardiogenesis. In addition, there are many other contributions to heart 

development that do not arise from cardiac mesoderm. For example, neural crest cells 
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migrate to the heart to contribute to cardiac innervation and the development of the 

outflow tract82 and macrophages infiltrate the heart to become cardiac-resident 

macrophages which contribute to proper formation of cardiac lymphatic vessels83. 

Altogether, the proper formation of the human heart relies upon an intricate balance of 

communication, signaling, and maturation to yield diverse cell types and functional, 

physiological structures – a balance that remains incompletely explored in vitro. 

1.6. HEART ORGANOIDS FOR CARDIOVASCULAR RESEARCH 

While methods for in vitro cardiovascular maturation have proven fruitful in their 

recapitulation of myriad mature cardiomyocyte properties observed in vivo, in vitro models 

of the human heart remain unable to fully capture the mechanisms of human heart 

development and disease, such as the intricate cell-cell crosstalk between multiple 

cardiomyocyte subtypes (atrial, ventricular, and nodal cardiomyocytes), epicardial cells, 

cardiac fibroblasts, endothelial cells, and more. Other physiological elements that remain 

elusive in in vitro cardiac systems include the presence of specified heart chambers and 

other structures paramount to cardiac functionality like the outflow tract and valves, and 

perfusable vasculature.  

Remarkably, stepping stones towards this end have been laid in recent years, 

representing the field of organoids. Organoids are 3D constructs of differentiated PSCs 

that recapitulate the structure, organization, and function of their in vivo organ 

counterparts to a significant degree. In recent years, organoids have been derived for the 

brain84, lung85, kidney86, and gastrointestinal tract87 and have been used to study human-

relevant mechanisms and perturbations involved in neurodevelopmental disorders88–90, 

chronic kidney disease91, and even COVID-1992.  
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Nonetheless, the generation of cardiac organoids has remained elusive, likely due to the 

difficulty to properly differentiate cardiac cells in vitro, the sophistication of structures and 

function relating to the heart, or the mechanical forces both necessary for proper cardiac 

function and destructive for immature ECM scaffolding present in vitro. However, in recent 

years, four novel protocols for the generation of human heart organoids by self-assembly 

have been unveiled by Andersen et al.81, Israeli et al.78, Hofbauer et al.79, and Drakhlis et 

al.80 These methods utilize similar but varying means to derive 3D heart organoids 

resembling early embryonic hearts form hPSCs, containing multiple cardiac cell types and 

showcasing the ability to recapitulate significant features of human cardiac development.  

Andersen et al. report a method to generate precardiac organoids from both mESCs and 

hiPSCs to model the formation of the FHF and SHF. They differentiated mESCs using 

Activin A (ActA) and BMP4, and differentiated hiPSCs using BMP4 and CHIR99021 to 

activate the Wnt pathway. While the mESC-derived organoids contained cells from both 

the FHF and SHF, the precardiac organoids had vastly different gene expression profiles 

compared to their counterparts in vivo. Nonetheless, these organoids possessed 

cardiomyocytes, endothelial cells, smooth muscle cells, and fibroblasts, confirmed by 

immunofluorescence imaging for cTnT, Pecam-1, α-SMA, and Thy1, respectively. Further, 

this platform was able to identify the distinct roles of the FHF progenitors to differentiate 

preferentially into cardiomyocytes while SHF progenitors differentiated to non-myocyte 

lineages such as cardiac fibroblasts and endothelial cells. Moreover, they used both their 

mouse and human PSC-derived organoids to show that CXCR4 is a marker for SHF 

progenitors and can be used to identify cardiomyocyte and non-myocyte lineages in their 

in vitro systems. This study showcased the power of in vitro systems to investigate the 
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fates of cardiac progenitors involved in human and mouse heart development yet suffers 

in its relevance due to the lack of cardiac-relevant cell populations it is able to elicit. 

Israeli et al. show the generation of a unified cardiac organoid model for human heart 

development, capturing critical steps of heart development while elucidating multiple 

cardiac-specific cell types with structural complexity and organization through hPSC self-

assembly. In this study, the authors use hiPSCs and hESCs to show the reproducibility of 

their three-step Wnt modulation strategy with BMP4 and ActA to create heart-like 

structures with sophisticated internal chambers possessing well-organized FHF and SHF 

cardiomyocytes, cardiac fibroblasts, epicardial cells, endocardial cells, and a robust 

vascular network throughout the entire organoid. Moreover, these heart organoids 

demonstrate robust functional and electrical activity, as quantified through both 

multielectrode array (MEA) and calcium dye studies. The heart organoids were 

comparable to age-matched human fetal cardiac tissues and demonstrated enhanced 

features over traditional monolayer cardiac differentiation strategies at the cellular, 

transcriptomic, and structural levels. Remarkably, this model was used to investigate the 

role of pregestational diabetes in human cardiac development at the morphological, 

functional, metabolic, ultrastructural, sarcomeric, and organizational levels. This study 

also employed an innovative and novel approach to image the entirety of organoids 

longitudinally using optical coherence tomography (OCT) and showed dynamic internal 

chambers within the organoids. Altogether, this study set the stage for advanced studies 

involving human heart development, representing an essential model system as an 

alternative to conventional animal and monolayer-based studies.  
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Near the same time, Drakhlis et al. and Hofbauer et al. reported protocols for the 

derivation of human heart organoids generated from hESCs (Drakhlis et al. and Hofbauer 

et al.) and hiPSCs (Hofbauer et al.). Drakhlis et al. utilized a two-step Wnt modulation 

strategy with hESCs embedded in Matrigel to generate layered organoids containing both 

cardiac and non-cardiac cells. The organoid interior contained endodermal cells and was 

surrounded by endocardial cells, endothelial cells, and cardiomyocytes. Meanwhile, the 

surface of the organoid had liver cells with the marker HNF4α. By using NKX2.5 knockout 

hESCs, they show how NKX2.5 yields less structured and compacted heart organoids 

with disorganized sarcomeres and increased sizes of cardiomyocytes. NKX2.5 is a critical 

transcription factor involved in cardiac development in vivo, with perturbations resulting 

in embryonic lethality.93 While this protocol generated structures that were not exclusively 

cardiac, thus limiting their relevance to cardiac development and disease modeling, the 

organoid model was able to demonstrate its utility to capture basic phenotypes associated 

with cardiac developmental abnormalities. Hofbauer et al. describe a heart organoid 

protocol that elucidates complex morphological features such as chamber formation and 

vascularization via a two-step Wnt modulation strategy. In addition, the protocol features 

an intricate and complicated co-culture with separately differentiated epicardial 

aggregates to mimic the formation of the proepicardial organ in vivo. Heart organoid 

generated via this strategy yield larger chambers than that described by Israeli et al., and 

contain endothelial cells, fibroblasts, and endocardial cells. They further show the 

relevance and utility of this model by demonstrating the role of HAND1 in the self-

organization of their organoids and by investigating the roles of cardiac fibroblasts and 

apoptosis following myocardial injury.  
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The characteristics of self-assembling human heart organoid protocols are summarized 

and expanded upon in Table 3. 

Table 3. Characteristics of self-assembling human heart organoid platforms. 

Reference 
Cell 

Source 
Cell Types 

Developmental 
Stage 

Translational 
Relevance 

Andersen 
et al., 2018 

mESCs, 
hiPSCs 

Cardiac progenitor 
cells, FHF and SHF 

cells, CMs, endothelial 
and smooth muscle 
cells and fibroblasts 

Precardiac 
heart field 

specification 

CXCR4 is SHF 
marker in human 
heart organoids 

Israeli et 
al., 2021 

hiPSCs, 
hESCs 

FHF and SHF cells, 
CMs, endothelial, 

endocardial, epicardial 
cells and cardiac 

fibroblasts 

Early 
embryonic 

heart 

Human heart 
organoids serve 
as a model for 
pregestational 

diabetes. 

Drakhlis et 
al., 2021 

hESCs 

Cardiac progenitor 
cells, CMs, 

mesenchymal, 
endothelial, 

endocardial cells and 
liver anlagen 

Cardiac 
mesoderm and 

foregut 
endoderm 

specification 

NKX2.5 knockout 
captures features 

of congenital 
heart defects 

Hofbauer 
et al., 2021 

hiPSCs, 
hESCs 

Cardiac progenitor 
cells, FHF cells, atrial 
and ventricular CMs, 

endothelial, epicardial, 
endocardial cells, and 

fibroblasts 

FHF 
specification 
and chamber 

formation 

Cardiac injury 
model 

 

However, many organoid systems, including all cardiac organoid systems to date, suffer 

from immature and early embryological physiological states which limit their ability to 

model the full spectrum of human heart development or disease states. A unified model 

that incorporates human heart development with cardiac maturation, eliciting more 

complex physiological features and relevant, spatially organized cell types has yet to be 

created. 
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1.7. HEART ORGANOIDS FOR DEVELOPMENTAL TOXICITY STUDIES 

Organoids possess the unique capacity to better model and investigate human 

development, organogenesis, and disease modeling at an unprecedented scale and with 

greater precision compared to existing platforms. However, in the contexts of 

organogenesis and disease modeling, until now, human heart organoids have only been 

used to model developmental perturbations in diabetes-induced cardiomyopathy during 

pregnancy78, gene knockout studies80, developmental cryoinjuries79, and hypertrophic 

and fibrotic remodeling94. Therefore, while heart organoids show promise towards 

unraveling unanswered questions surrounding cardiogenesis and pathology, critical 

areas such as investigating developmental drug toxicity and broader morphological 

perturbations in cardiac pathologies remain ripe for discovery.  

Developmental toxicity is a potent issue. The embryo is incredibly susceptible to the 

maternal environment and environmental toxins. The first major indication of 

developmental toxicity was in the 1950s and 1960s when thalidomide was given to 

pregnant women in over 40 countries to treat nausea and vomiting. Soon later, the 

developmentally toxic effects of this drug were clearly apparent, as babies were being 

born with anatomical malformations, such as limb, urinary tract, brain, retinal, facial, and 

cardiac defects. It is estimated that over 10,000 children were born with deformities due 

to the utility of this drug, and even more were miscarried due to thalidomide.95  

The thalidomide crisis is regarded as the biggest man-made medical disaster in history. 

The toxicity of thalidomide was clear due to the external and anatomical defects it caused. 

However, the globe is currently experiencing a suite of other medical disasters, such as 

rising climate change, toxic pesticides used on global food supplies, and microplastic 
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pollution. While the cumulative and long-term effects of these phenomena are difficult to 

robustly analyze, recent research has revealed the developmentally toxic effects of many 

phenomena, such as the role of perfluoroalkyl acids, a material with anti-adhesive 

properties, inducing hepatotoxicity, neurotoxicity, and developmental toxicity96, metals 

such as iron, copper, mercury, and nickel resulting in DNA damage and lipid 

peroxidation,97 and pesticides affecting male fertility via damage to spermatozoa and 

Leydig cell functionality.98 

Cardiac developmental toxicity is an additional area of pressing concern. The heart is the 

first organ to form and function in human embryonic development99 and is responsible for 

the distribution of essential nutrients to the fetus, thus making the proper formation of the 

heart a paramount step in human development. In fact, the heart is highly susceptible to 

maternal and environmental factors in utero. Lehtoranta et al.100 showed that maternal 

hyperglycemia caused fetal cardiac hyperplasia, arrythmia, and atrioventricular valve 

regurgitation in rats. Zhang et al.101 show how the most environmentally abundant 

polycyclic aromatic hydrocarbon, phenanthrene, influences zebrafish cardiotoxicity 

through producing pericardial edema, abnormal heart looping, and a hypertrophic 

ventricle. Blanchette et al.102 characterized the effects of over 100 pharmaceuticals and 

environmental chemicals on iPSC-derived cardiomyocytes and found significant 

influences on cytotoxicity and QT prolongation, an extension of repolarization that is 

associated with arrhythmia. While these studies are invaluable to understanding and 

ensuring the safety of newborns and mothers alike, the models utilized are either too 

simplistic or not relevant to fully understand the full picture surrounding human heart 

development and may be missing critical elements involved in toxicity. In this way, our 
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developmentally mature heart organoids represent an artery to discovering and 

investigating novel developmental toxicities, mechanisms, and therapies. 

1.8. SIGNIFICANCE 

  1.8.1. Novelty of the patterned heart organoid model 

Here, we report an advanced set of developmentally inspired conditions to induce further 

developmentally relevant cellular, biochemical, and structural changes in human heart 

organoids in a high throughput setting by complete self-assembly, bringing heart 

organoids one step closer to 6-10-week-old gestational hearts. The methods introduced 

here take inspiration from developmental and maturation timeline paradigms which elicit 

distinct intra-organoid chamber morphologies, cellular compositions, transcriptomes, 

functionalities, and metabolic profiles generated in part through a retinoic acid morphogen 

gradient present only in our most advanced developmental maturation strategy. We show 

that this protocol is reproducible across multiple human pluripotent stem cell lines, 

including embryonic and induced pluripotent stem cells. 

  1.8.2. Novelty of the ondansetron and congenital heart disease model 

We also provide proof-of-concept of the model’s utility for disease modeling and 

pharmacological studies by investigating the transcriptional, cellular and 

electrophysiological effects of ondansetron on embryonic heart development. This study 

represents the first developmental investigation into the human-relevant cardiac safety of 

ondansetron use during pregnancy. Altogether, our methodology is highly automatable, 

scalable, and overall amenable to high-throughput screening approaches for the 

investigation of human heart development, cardiac diseases, toxicity testing and 

pharmacological discovery. 



28 
 

1.9. AIMS 

Aim 1: Generation of developmental maturation strategies for heart organoid 

development 

Aim 2: Molecular and structural characterization of developmentally maturated 

human heart organoids 

Aim 3: Utilizing human heart organoids to investigate ondansetron-induced 

congenital heart defects 
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CHAPTER 2: METHODS 

2.1. CELL AND ORGANOID CULTURE 

2.1.1. Stem cell culture 

PSC methodologies represent profound opportunities for novel scientific discoveries. 

However, proper care and culture of PSCs is a delicate process requiring meticulous 

handling and documentation to ensure reliable and reproducible results. The following 

human induced pluripotent stem cell (iPSC) and human embryonic stem cell (ESC) lines 

were used for this study: iPSC-L1 (iPSC, male), ATCC-BYS0111 (iPSC, male), H9 (ESC, 

female, WiCell, WA09). iPSC-L1 was developed in house by Sendai reprogramming and 

quality controlled for pluripotency and normal karyotype following standard 

approaches103, and has been described before by us an others78,104. Pluripotency, 

genomic stability, and Mycoplasma contamination were routinely tested for all hPSC lines 

used. hPSCs were cultured in Essential 8 Flex Medium with 1% penicillin streptomycin 

(Thermo) in 6-well plates on growth factor reduced Matrigel (Corning) inside an incubator 

at 37 oC and 5% CO2. hPSCs were passaged using ReLeSR passaging reagent 

(STEMCELL Technologies) upon reaching 60-80% confluency. 

2.1.2. Self-assembling human heart organoid differentiation. 

Like PSC handling, the generation of human heart organoids is even more of a delicate 

process. Growing the organoids seen in this dissertation can be thought of as a two-part 

process, involving firstly the differentiation of PSCs to early embryonic heart-like 

structures, then secondly, their maturation into patterned heart tube-like constructs. This 

section explains the differentiation of PSCs to early embryonic heart-like structures. 

hPSCs were grown to 60% confluency on 6-well plates and dissociated using Accutase 
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(Innovative Cell Technologies) to obtain a single-cell solution. hPSCs were collected and 

centrifuged at 300 x g for 5 minutes and resuspended in Essential 8 Flex medium 

containing 2μM ROCK inhibitor (Thiazovivin) (Millipore Sigma). hPSCs were counted 

using a Moxi cell counter (Orflo Technologies) and were seeded at a concentration of 

10,000 cells per well in round bottom 96 well ultra-low attachment plates (Costar) on day 

-2 in a volume of 100 μL. The plate was then centrifuged at 100 g for 3 minutes (Figure 

7) and subsequently placed inside a 37 oC and 5% CO2 incubator.  

 

Figure 7. Initial formation of heart organoids from hPSCs. Created with Biorender.com. 

After 24 hours (day -1), 50 μL was removed from each well and 200 μL of fresh Essential 

8 Flex Medium was added to each well to obtain a final volume of 250 μL per well. The 

plate was then placed inside a 37 oC and 5% CO2 incubator. After 24 hours (day 0), 166 

μL of medium was removed from each well. Then, 166 μL of RPMI with B27 supplement 

without insulin (Gibco) supplemented with 1% penicillin streptomycin (Gibco) (hereafter 

termed “RPMI/B27 minus insulin”) containing CHIR99021, BMP4, and Activin A was 
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added to each well to obtain final concentrations of 4 μM CHIR99021, 36 pM (1.25 ng/mL) 

BMP4, and 8 pM (1.00 ng/mL) Activin A. The plate was subsequently placed inside a 37 

oC and 5% CO2 incubator. After exactly 24 hours (day 1), 166 μL of medium was removed 

from each well and replaced with 166 μL of fresh RPMI/B27 minus insulin. On day 2, 166 

μL of medium was removed from each well and 166 μL of RPMI/B27 minus insulin with 

Wnt-C59 (Selleck) was added to obtain a final concentration of 2 μM Wnt-C59 inside each 

well. The plate was then incubated for 48 hours. On day 4, 166 μL was removed and 

replaced with fresh RPMI/B27 minus insulin and incubated for 48 hours. On day 6, 166 

μL was removed and replaced with 166 μL RPMI with B27 supplement (with insulin) and 

1% penicillin streptomycin (hereafter termed RPMI/B27). The plate was incubated for 24 

hours. On day 7, 166 μL of media was removed from each well and 166 μL of RPMI/B27 

containing CHIR99021 was added to obtain a final concentration of 2 μM CHIR99021 per 

well. The plate was incubated for 1 hour. After 1 hour, 166 μL of medium was removed 

from each well and 166 μL of fresh RPMI/B27 was added to each well. The plate was 

incubated for 48 hours. From days 9 to 19, every 48 hours, media changes were 

performed by removing 166 μL of media from each well and adding 166 μL of fresh 

RPMI/B27. This protocol is illustrated in Figure 8. 
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Figure 8. Heart organoid differentiation protocol. Created with Biorender.com. 

2.1.3. Developmental induction conditions  

Organoids were initially generated and differentiated according to the protocol outlined 

above, then were maturated according to the following developmental induction 

conditions, constituting an important sequential step in mimicking human embryonic 

cardiac development. Beginning on day 20, organoids were subjected to developmental 

induction conditions (Figure 9): 1) control strategy is a continuation of culture within 

RPMI/B27 from day 20 to day 30, performing standard media changes every 48 hours; 

2) maturation medium (MM) strategy is employed from day 20 to day 30, performing 

media changes every 48 hours using MM media, consisting of stock RPMI/B27 with 52.5 

μM palmitate-BSA, 40.5 μM oleate-BSA (Sigma), 22.5 μM lineolate-BSA (Sigma), 120 μM 

L-carnitine (Sigma) and 30 nM T3 hormone (Sigma); 3) enhanced maturation medium 1 

(EMM1) strategy is employed from day 20 to day 30, performing media changes every 48 

hours using EMM1 media, consisting of stock RPMI 1640 Medium, no glucose (Gibco) 
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supplemented with B27 (with insulin), 1% penicillin streptomycin (Gibco), 52.5 μM 

palmitate-BSA, 40.5 μM oleate-BSA (Sigma), 22.5 μM lineolate-BSA (Sigma), 120 μM L-

carnitine (Sigma), 30 nM T3 hormone (Sigma), 0.4 mM ascorbic acid (Thermo Fisher 

Scientific) and 4 mM glucose (Gibco); 4) enhanced maturation medium 2/1 (EMM2/1) 

strategy is employed from day 20 to day 30, performing media changes every 48 hours, 

utilizing a combination of two media. From day 20 to day 26, EMM2 media is utilized 

which consists of stock RPMI 1640 Medium, no glucose (Gibco) supplemented with B27 

(with insulin), 1% penicillin streptomycin (Gibco), 52.5 μM palmitate-BSA, 40.5 μM oleate-

BSA (Sigma), 22.5 μM lineolate-BSA (Sigma), 120 μM L-carnitine (Sigma), 30 nM T3 

hormone (Sigma), 0.4mM ascorbic acid (Thermo Fisher Scientific), 4 mM Glucose (Gibco) 

and 50 ng/mL LONG R3 IGF-1 (Repligen). Continuing the EMM2/1 strategy, from day 26 

to day 30, EMM1 media is utilized. Organoids are collected on day 30 for analysis. 

 

Figure 9. Developmental induction strategies and application. Created with 
Biorender.com. 
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2.1.4. Heart organoid dissociation 

To perform certain end-point assays, such as single-cell RNA sequencing (upcoming 

section), the organoids, which are large, bulky structures consisting of hundreds of 

thousands of cells, must be dissociated into single cells for proper handling and 

measurement. Organoids were collected on day 30 from each maturation strategy 

(control, MM, EMM1, EMM2/1). Organoids were individually placed into separate 1.5mL 

microcentrifuge tubes (Eppendorf), dissociated and pooled. Organoids were dissociated 

into a single-celled suspension using a modified protocol of the STEMdiff Cardiomyocyte 

Dissociation Kit (STEMCELL Technologies). Upon being transferred to a microcentrifuge 

tube, organoids were washed with PBS, submerged in 200 μL of warm dissociation media 

(37 °C), and placed on a thermal mixer at 37 °C and 300 RPM for 5 minutes. Then, the 

supernatant was collected and transferred to a 15 mL centrifuge tube (Corning) containing 

5mL of respective media (control, MM, EMM1, etc.) containing 2% BSA (Thermo Fisher 

Scientific). An additional 200 μL of warm dissociation media (37 °C) was then added back 

to the organoid on a thermal mixer (37 °C). The organoid dissociation media solution was 

then pipetted up and down gently 3-5 times. The organoid was allowed to sit on the 

thermal mixer for an additional 5 minutes. If the organoid remained visible, the process 

was repeated. Once the organoid was no longer visible, the microcentrifuge tube solution 

was pipetted up and down gently 3-5 times and its entire contents were transferred to the 

15 mL centrifuge tube containing the respective media + 2% BSA and cells. These tubes 

were then centrifuged at 300 x g for 5 minutes. The supernatant was aspirated, and the 

cell pellets were resuspended in respective media + 2% BSA. Using a hemocytometer, 

viability, cell counts, and aggregate percentage were acquired. Four organoids were 
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pooled per condition for single cell RNA sequencing (scRNA-seq). Cell viability was then 

assessed using trypan blue (Gibco) mixed with the cell solution at a 1:1 volume ratio and 

was incubated for 5 minutes at room temperature. A hemocytometer was then used to 

count the cells and to assess viability.  

2.1.5. Compound treatments 

Ondansetron hydrochloride (Sigma) was prepared at 200 μM in DMSO and was further 

diluted in DMEM/F12 before being sterile-filtered via a 0.22 μm PVDF filter (Sigma). 

Ondansetron was applied to heart organoids at final concentrations of 1μM, 10μM, and 

100μM in EMM2/1 medium, and was applied from Day 9 to Day 20 of culture. Organoids 

were collected on Day 30 for analysis. Doxorubicin Hydrochloride (Sigma) was diluted to 

1mM in DMEM/F12 and was applied to heart organoids at a final concentration of 10μM 

for 48 hours from either Day 13 to Day 15 or from Day 28 to Day 30 of culture. 4-

Diethylaminobenzaldehyde (DEAB) (Sigma) was prepared at 1M in DMSO, diluted further 

to 10mM using DMSO, then finally diluted to 1mM in DMEM/F12. Retinoic Acid (RA) 

(Sigma) was prepared at 1M in DMSO and diluted to 100μM in DMEM/F12. Diluted 

solutions of DEAB and RA were sterile filtered via 0.22 μm PVDF filters (Sigma).  DEAB 

was applied to heart organoids at a final concentration of 10μM. RA was applied to heart 

organoids at a final concentration of 1μM. DEAB, RA, and DEAB+RA were applied to 

heart organoids from Day 20 to Day 30 of culture using the EMM2/1 strategy. Organoids 

were collected on Day 30 for analysis. 
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2.1.6. Lentiviral Transduction 

Lentiviral transduction is a critical technique used to introduce specific, custom genetic 

elements into cells of interest and represents many important applications in medicine, 

molecular biology, and biotechnology. This process is multifaceted and comprises multiple 

sequential steps. The first step is bacterial transformation, in which plasmids containing 

genetic sequences of interest are introduced to bacteria for their production or 

amplification of the plasmids. Then, more specifically, lentiviral transfection is performed 

with HEK293T (Horizon Inspired Cell Solutions) cells with the Flip-GFP plasmid 

(VectorBuilder) and the packaging plasmids pMD2 and psPAX2 using lipofectamine with 

Plus reagent (Thermo) to create a lentivirus. Flip-GFP is a modified form of GFP that 

yields fluorescence only upon a conformational change induced by the cleavage of its 

backbone by caspase-3, a critical regulator of cellular apoptosis. The lentivirus was then 

added to iPSC-L1 cells with 8 μg/ml polybrene (Fisher Scientific) and incubated overnight. 

Puromycin selection was carried out for 3–5 days until all cells lacking lentivirus were 

absent from the well. Surviving clones were selected, collected, replated, and further 

expanded to give rise to the FlipGFP line. Figure 10 provides an illustration of this 

process. 
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Figure 10. Depiction of lentiviral transfection and transduction. 

2.2. IMAGING 

2.2.1. Immunofluorescence 

Visualizing the presence and location of proteins in cells and tissues represents a 

paramount element of quantification and hypothesis testing in science. A common method 

to achieve this is immunofluorescence, in which proteins or antigens are targeted via 

antibodies for specific visualization of their distribution and localization. These antibodies 

are fluorescently labeled with different fluorophores that are excited by varying 

wavelengths of light and emit in varying, longer wavelengths of light to allow for specific 

identification of proteins of interest. Human heart organoids were transferred from the 

round bottom ultra-low attachment 96 well plate to 1.5 mL microcentrifuge tubes 

(Eppendorf) using a cut 200 μL pipette tip (to increase tip bore diameter as to not disturb 

the organoid). Organoids were fixed in 4% paraformaldehyde (VWR) in PBS for 30 

minutes. Following this, organoids were washed using PBS-Glycine (1.5 g/L) three times 

for 5 minutes each. Organoids were then blocked and permeabilized using a solution 
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containing 10% Donkey Normal Serum (Sigma), 0.5% Triton X-100 (Sigma), and 0.5% 

BSA (Thermo Fisher Scientific) in PBS on a thermal mixer at 300 RPM at 4 °C overnight. 

Organoids were then washed 3 times using PBS and incubated with primary antibodies 

(Table A.1 and Table A.2 in Appendix) within a solution containing 1% Donkey Normal 

Serum, 0.5% Triton X-100, and 0.5% BSA in PBS (hereafter termed “Antibody Solution”) 

on a thermal mixer at 300rpm at 4 °C for 24 hours. Following, organoids were washed 3 

times for 5 minutes each using PBS. Organoids were then incubated with secondary 

antibodies (Table 1 in Appendix) in Antibody Solution on a thermal mixer at 300rpm at 4 

°C for 24 hours in the dark. Subsequently, organoids were washed 3 times for 5 minutes 

each using PBS and mounted on glass microscope slides (Fisher Scientific). 90-μm 

polybead microspheres (Polyscience, Inc.) were placed between the slide and a No. 1.5 

coverslip (VWR) to provide support pillars such that the organoids could retain three 

dimensionality. Organoids were covered with VECTASHIELD (Fisher Scientific) to 

segregate beads from organoids. Organoids were transferred to the glass microscope 

slides using a cut 200 µL pipette tip and mounted using a clearing solution described 

previously105.  T-tubule staining was performed using FITC-conjugated Wheat Germ 

Agglutinin (WGA) lectins (Sigma) (Table 2 in Appendix). Figure 11 provides an illustration 

of this procedure. 
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Figure 11. Mounting organoids following immunofluorescence preparation. a, Polybeads 
are placed on the slide. b, Beads are covered with VECTASHIELD. c, Organoids are 
transferred to the slide. d, Clearing solution is delivered to the slide atop the organoids. 
e, A coverslip is placed atop the organoids. Schematic was created using Biorender.com. 

2.2.2. Confocal Microscopy and Image Analysis 

The acquisition of images following immunofluorescence can be achieved by a variety of 

methods such as two photon microscopy, light sheet microscopy, and confocal 

microscopy. Confocal microscopy is a technique that allows for precise optical sectioning 

of specimens and rejects out-of-focus light through employing a laser scanning system. 

Immunofluorescence images were acquired using a confocal laser scanning microscope 

(Nikon Instruments A1 Confocal Laser Microscope). Images were analyzed using ImageJ. 

When comparing images across or between conditions, for each channel of an image 



40 
 

being measured, pixel intensity values of images were equalized to that of the control or 

EMM2/1 condition, where appropriate. To measure organoid diameter and area, the 

straight line and freehand tools were used, respectively. To measure mitochondrial 

(MitoTracker) area, Cav-3+ area, KCNJ2+ puncta, MYL2+ area, MYL7+ area, and 

PECAM1+ area, the auto threshold function was utilized, and the area was measured. To 

measure ALDH1A2+ TBX18+ area, the auto threshold function was utilized to for 

ALDH1A2+ expression, and the freehand selection tool was used to select TBX18+ 

organoid area; the ALDH1A2+ thresholded area was calculated within this TBX18+ 

space. To measure TNNT2+ and WT1+ chamber size, punta, and positive signal area the 

organoid was imaged at the middle plane (50% of thickness as measured by confocal 

microscopy; see end of section for more detail and rationale). Then, the oval selection 

tool was utilized, and the wall of the organoid was used as the boundary region of the 

respective area (TNNT2 or WT1) to be drawn. For area measurements that utilized the 

whole organoid (low magnification images), datapoints were normalized to organoid area. 

To measure FlipGFP fluorescence intensity, the mean gray value was calculated. To 

measure Pearson’s coefficient, the JaCOP colocalization plugin was used106. Thresholds 

were generated for the equalized image intensity values. A spatial resolution of 1.243 

micrometers per pixel was utilized. The percentage of chambered organoids were 

quantified by visual screening for the distinct separation of MYL3 and NR2F2 staining.  

2.2.3. Transmission Electron Microscopy 

Another imaging modality utilized to acquire sub-cellular, extremely high-resolution 

images of biological specimens is electron microscopy. Transmission electron microscopy 

enables the visualization of nanometer scale features like organelles and 



41 
 

macromolecules. Human heart organoids were fixed on Day 15 and Day 30 for each 

condition in 2.5% glutaraldehyde (Electron Microscopy Solutions) in PBS for 45 minutes, 

washed three times in PBS for 5 minutes each, then stored at 4 oC. Samples were then 

washed with 100mM phosphate buffer and postfixed with 1% osmium tetroxide in 100mM 

phosphate buffer, dehydrated in a gradient series of acetone and infiltrated and 

embedded in Spurr (Electron Microscopy Sciences). 70 nm thin sections were obtained 

with a Power Tome Ultramicrotome (RMC, Boeckeler Instruments. Tucson, AZ) and post 

stained with uranyl acetate and lead citrate. A JEOL 1400Flash Transmission Electron 

Microscope (Japan Electron Optics Laboratory, Japan) was used to acquire images at an 

accelerating voltage of 100k. Data was processed using Fiji. 16 total slices from 4 

organoids per condition were used in the assessment and quantification of sarcomere 

length and mitochondrial size. Sarcomere length was measured using the straight-line 

tool between Z disks. Mitochondrial area was measured using the freehand selection tool. 

2.2.4. Mitochondrial Imaging 

Mitochondria are paramount organelles involved in energy production and are essential 

for cellular function, metabolism, and cell survival. Intracellular mitochondrial presence 

within human heart organoids was visualized using Mitotracker Deep Red FM (Thermo 

Fisher Scientific) (Table 2 in Appendix). Mitotracker was prepared according to the 

manufacturer’s instructions. A 150 nM solution of Mitotracker was prepared in respective 

medium (control, MM, EMM1, etc.). Additionally, NucBlue (Thermo Fisher Scientific) was 

used to visualize cell nuclei (Table 2 in Appendix). NucBlue was prepared by adding 2 

drops per milliliter of 150 nM Mitotracker solution (described above). Organoids were 

washed twice using 166 μL of RPMI 1640 basal medium, then 166 μL of the 
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Mitotracker/NucBlue solution was added to achieve a final concentration of 100 nM. 

Organoids were incubated for 30 minutes at 37 oC and 5% CO2. Organoids were then 

washed twice using their respective medium (control, MM, EMM1, etc.) and transferred 

to a chambered coverglass slide (Cellvis) using a cut 200 μL pipette tip. Images were 

acquired using a Cellvivo microscope (Olympus). Samples were excited at 465 nm 

excitation and 630 nm emission was collected (for Mitotracker). Concurrently, samples 

were excited at 360 nm and emission was collected at 460 nm (for NucBlue). Data was 

processed using Fiji. An auto threshold was generated to measure mitochondrial area 

surrounding each nucleus. 

2.2.5. Raman Microscopy 

Analyzing the chemical composition and molecular structure of materials at a microscopic 

scale is possible through employing Raman microscopy. Raman microscopy allows the 

measurement of a Raman spectrum, representing molecular vibrational energy levels and 

providing a unique molecular fingerprint of the sample at specific locations. The Raman 

spectra of the organoids were acquired by using a Renishaw inVia Confocal Raman 

spectrometer connected to a Leica microscope (Leica DMLM, Leica Microsystems, 

Buffalo Grove, IL, USA). A 785 nm near-IR laser, Nikon Flour 60x NA= 1.00 water 

immersion objective lens, and 1,000 milli-second exposure time with the average number 

of 100 accumulations were used for the data acquisition of each scanning position of the 

organoids. To circumvent a strong background signal, a quartz slide 

(Chemglass Life Sciences, NJ, USA) was used as a substrate for the Raman spectra 

acquisition. Organoids were collected on Day 30 for analysis. A schematic of this setup is 

provided in Figure 12. 
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Figure 12. Schematic diagram for the Renishaw confocal Raman spectrometer for use 
with human heart organoids. Created with BioRender.com. 

2.2.6. Optical Coherence Tomography 

Non-invasive imaging techniques have enabled a new era of medical diagnostics and 

serve as a new pillar of clinical decision making. Additionally, these techniques can be 

employed in basic scientific research settings. One modality called Optical Coherence 

Tomography (OCT) allows for the obtainment of high-resolution cross-sectional images 

of biological tissues in a label-free, non-invasive manner. A Spectral-Domain Optical 

Coherence Tomography system similar to our previous work104,107 was used for label-free 

longitudinal imaging of the heart organoids. A superluminescent diode (EXALOS, 

EXC250023-00) was used as the light source with a center wavelength of ~1300 nm and 

a 3 dB spectrum range of ~180 nm. A spectrometer (Wasatch Photonics, Cobra 1300) 

based on a 2048-pixel InGaAs line-scan camera (Sensors Unlimited, GL2048) was used 

to provide a maximum A-scan rate of 147 kHz. A 5X objective lens was used and the 

transverse and axial resolutions were measured to be ~2.8 μm and ∼3.0 μm in tissue, 
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respectively. Longitudinal 3D OCT imaging was performed every other day from Day 20 

to Day 30 on iPSC-L1 organoids. Each 3D OCT scan comprised 600 A-scans per B scan 

and 600 B-scans. Each organoid required ~22 seconds for image acquisition using an 

exposure time of ~40 μs for each A-scan. Eight organoids from each group were imaged 

and used for analysis. The media level in each well was adjusted during imaging to reduce 

image artifacts and minimize light absorption. Re-scaling of acquired OCT images was 

performed using ImageJ (NIH) to obtain isotropic pixel size in all three dimensions. 

Registration of the same organoids on different days, cavity segmentation, and 3D 

rendering were performed using Amira software (Thermo Fisher Scientific).  The total 

volume and cavities inside the organoids were quantified from the segmentation data. A 

schematic of the OCT system is provided in Figure 13.  

 

Figure 13. Schematic of custom-built optical coherence tomography (OCT) system for 

heart organoid imaging. Created with BioRender.com. 
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2.3. TRANSCRIPTOMICS 

2.3.1. Single-cell RNA sequencing 

The identification of unique molecular and genetic features from individual cell types 

within a tissue of interest represents a very powerful technique to precisely dissect and 

investigate mechanisms of physiological disease and development. This technique is 

known as single-cell RNA sequencing (scRNA-seq), a distinct and much more robust 

method compared to bulk RNA sequencing, in which an entire tissue or cellular specimen 

is analyzed as a singular unit, yielding a dataset containing pooled information on RNA 

expression from the entire specimen analyzed. The intrinsic disadvantage to this method 

is the fact that, not only will RNA expression be different simply between cells of the same 

type, but even more, between differing types of cells. These expression differences are 

averaged in the final dataset in bulk RNA sequencing. This disadvantage is addressed in 

scRNA-seq. The preparation of samples with cellular barcodes, formation of droplets, and 

microfluidics are critical steps in scRNA-seq. Commonly, scRNAseq is performed by 

encapsulating individual cells into small oil droplets along with cellular barcodes which 

facilitates the identification of RNA on a cell-to-cell basis, resulting in the high-throughput 

analysis of gene expression of individual cells in heterogeneous cellular populations. 

Figure 14 describes the single cell RNA sequencing process. 

Libraries were prepared using the 10x Chromium Next GEM Single Cell 3' Kit, v3.1 and 

associated components. Completed libraries were QC’d and quantified using a 

combination of Qubit dsDNA HS, Agilent 4200 TapeStation HS DNA1000 and Invitrogen 

Collibri Library Quantification qPCR assays. The libraries were pooled in equimolar 

proportions and the pool quantified again using the Invitrogen Collibri qPCR assay. The 
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pool was loaded onto two lanes of an Illumina NovaSeq 6000 SP flow cell (v1.5) and 

sequencing was performed in a custom paired end format, 28 cycles for read 1, 2 10 cycle 

index reads and 90 cycles for read 2. A v1.5, 100 cycle NovaSeq reagent cartridge was 

used for sequencing. The 28bp read 1 includes the 10x cell barcodes and UMIs, read 2 

is the cDNA read. Output of Real Time Analysis (RTA) was demultiplexed and converted 

to FastQ format with Illumina Bcl2fastq v2.20.0. After demultiplexing, reads from each of 

the sample libraries were further processed using 10x Genomics cellranger count 

(v6.1.2). Counted data were processed using Seurat108 and integrated using Harmony109. 

UMAP dimensional reduction plots were generated using the standard Seurat default 

Louvain algorithm. Cell-cell communication analysis and visualization was performed 

using Liana110, SCpubr111 and CellTalker based on Ramilowski et al. 2015 ligand-

receptors database112. For stage determination, 10x and Visium single-cell sequencing 

data of embryonic human hearts were obtained from Asp et al. 2019113 and Cui et al. 

2019114 (GSE106118) and integrated as described above. Visium data was also 

processed without regard to spatial data. The UMAP datasets presented in grey are due 

to a lack of succinctly presented annotations from the publicly available datasets. For the 

stage determination analysis, we used the 4 most well integrated clusters among all 

datasets (organoid and embryological) (ACM, VCM, PEDC and EPC). At the next stage, 

single-cell data was converted to pseudobulk data using Seurat2Phantasus tool 

(https://github.com/ParkLaboratory/Seurat2Phantasus), batch effect was removed using 

Combat-seq115. Pseudobulk data analysis and PCA generation were performed using 

Phantasus116. After that, the top 1000 most highly expressed mRNAs were determined 

and mRNAs associated with ribosomes were removed, after which PCA was generated. 
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Enrichr117–119 was used to assess gene ontologies. Pathview Web was used to generate 

biological pathway graphs120,121.  

 

Figure 14. Overview of 10X Chromium single cell RNA sequencing workflow. 

2.3.2. Real time quantitative polymerase chain reaction 

Another widely popular transcriptomic method is quantitative polymerase chain reaction 

(RT-qPCR). RT-qPCR is a versatile technique used for amplifying specific DNA 

sequences to quantify gene expression in real-time using fluorescent dyes or probes. 

Using specific primers and a DNA polymerase along with a series of heating and cooling 

cycles, target DNA is amplified and fluorescence (levels of DNA) is quantified. Organoids 

were collected on day 20, 21, 23, 25, and 30 and stored in RNAprotect (Qiagen) at -20 

oC. RNA was extracted using the Qiagen RNEasy Mini Kit according largely to the 

manufacturer’s instructions. Organoids were lysed using the Bead Mill 4 Homogenizer 

(Fisher Scientific) at speed 2 for 30 seconds. RNA concentration was measured using a 

NanoDrop One (Thermo Fisher Scientific). A minimum threshold of 10 ng/μL was required 

to proceed with reverse transcription. cDNA was generated using the Quantitect Reverse 

Transcription Kit (Qiagen) and stored at -20 oC. Primers for real time qPCR were designed 

using the Primer Quest tool (Integrated DNA Technologies). SYBR Green (Thermo Fisher 
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Scientific) was used as the DNA intercalating dye and the amplifier for the reaction vessel. 

Real time qPCR was performed using the QuantStudio 5 Real-Time PCR system (Applied 

Biosystems) using a total reaction volume of 20 μL. Gene expression levels were 

normalized to HPRT1 expression in each independent sample. Log2 fold change values 

were obtained using the double delta cycle threshold method. At least 4 independent 

samples were run for each gene expression assay at each timepoint per condition. mRNA 

expression figures are displayed as log2-fold change relative to control. 

2.4. FUNCTIONAL ANALYSES 

2.4.1. Beating measurements 

The contractile activity of the heart is what drives blood flow throughout the body, 

delivering oxygen and nutrients to cells and tissues for proper functionality. To obtain a 

basic metric of the contractile activity of our organoids, the organoids were removed from 

a 37 oC, 5% CO2 incubator. Within 10 minutes of removal, organoids were assessed for 

beating metrics. Beat frequency was measured by counting the number of beats occurring 

in 30 seconds. This number was multiplied by 2 to obtain a “beats per minute” metric.  

2.4.2. Calcium Imaging 

The contraction of the heart is controlled by highly coordinated balances and traversal of 

ionic densities inside and outside the cell. One of the most critical ions involved in this 

process is calcium. Cardiomyocyte calcium uptake ultimately regulates the interaction of 

myosin and actin filaments to facilitate the contraction of the cell. Calcium transient activity 

within the human heart organoids was assessed using Fluo-4 AM (Thermo Fisher 

Scientific) (Table 2 in Appendix). Fluo-4 AM was solubilized in DMSO per the 

manufacturer’s instructions. A 1.5 μM solution of Fluo-4 was prepared in the 
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corresponding medium (control, MM, EMM1, EMM2/1). Organoids were washed twice 

using RPMI 1640 basal medium, then Fluo-4 AM was added at a final concentration of 1 

μM and incubated for 30 minutes at 37 oC and 5% CO2. Organoids were then washed 

twice using their respective medium (control, MM, EMM1, etc.) and transferred to a 

chambered coverglass slide (Cellvis) using a cut 200 μL pipette tip. Videos were acquired 

using a Cellvivo microscope (Olympus) at 100X magnification at 100 frames per second 

over 10 total seconds as an image stack. Samples were excited at 494 nm excitation and 

506 nm emission was collected. Data was processed using Fiji and Microsoft Excel. 

Individual cardiomyocytes from the acquired images were randomly selected using the 

freehand selection tool, and the mean gray value over time was quantified. Baseline F0 

of fluorescence intensity F was calculated using the average of the lowest 50 intensity 

values in the acquired dataset. Fluorescence change ∆F/F0 was calculated using the 

equation: 

∆𝐹

𝐹0
=  

(𝐹 − 𝐹0)

𝐹0
 

2.4.3. Voltage Imaging 

While calcium activity is a paramount element to cardiac contractility, other ions such as 

sodium and potassium play critical roles at regulating the proper functionality of 

cardiomyocytes. Voltage activity within human heart organoids was assessed using di-8-

ANEPPS (Thermo Fisher Scientific) (Table 2 in Appendix). Di-8-ANEPPS was solubilized 

in DMSO per the manufacturer’s instructions. A 15 μM solution of di-8-ANEPPS was 

prepared in respective medium (control, MM, EMM1, etc.). Organoids were washed twice 

using RPMI 1640 basal medium, then di-8-ANEPPS was added at a final concentration 
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of 10 μM and incubated for 30 minutes at 37 oC and 5% CO2. Organoids were then 

washed twice using their respective medium (control, MM, EMM1, etc.) and transferred 

to a chambered coverglass slide (Cellvis) using a cut 200 μL pipette tip. Videos were 

acquired using a Cellvivo microscope (Olympus) at 100 frames per second over 10 total 

seconds as an image stack at either 20X magnification (ondansetron) or 100X 

magnification (maturation electrophysiology). Samples were excited at 465 nm excitation 

and 630 nm emission was collected. Data was processed using Fiji and Microsoft Excel. 

At 20X, the whole organoid was captured, and at 100X, areas with dozens of 

cardiomyocytes were captured, which were then randomly selected and quantified in the 

analysis pipeline. Baseline F0 of fluorescence intensity F was calculated using the 

average of the lowest 50 intensity values in the acquired dataset. Fluorescence change 

∆F/F0 was calculated using the same method as with calcium imaging presented above. 

The area of interest was selected using the freehand selection tool, then the mean gray 

value over time was quantified. APD30 and APD90 were measured from the midpoint of 

the upstroke until 30% or 90% repolarization, respectively122. 

2.4.4. Seahorse metabolic analysis 

The heart is an incredibly energy-demanding organ and relies on various metabolic 

pathways for the efficient production of ATP. Under normal physiological conditions, the 

largest contributor to ATP generation is mitochondrial oxidative phosphorylation, 

occurring via the electron transport chain. Less of a contributor in adults, yet still critically 

important in both normal physiological conditions and early embryonic heart development, 

is glycolysis. The metabolic state and utilization of energy sources (glucose, fatty acids) 

are informative indicators of cardiac functionality, disease states, and maturity.  
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An Agilent Seahorse XFe96 (Agilent) was used to perform real-time extracellular flux 

assays. The day before the assay, 200μL of XF Calibrant was loaded into each well of the 

96-well utility plate included with the sensor cartridge and the sensors were submerged 

in a 37 oC non-CO2
 incubator overnight. The day before the assay, poly-lysine (Sigma) 

was used to coat XFe96 spheroid microplates. Poly-lysine was prepared at 100 μg/mL in 

water and 30 μL of this solution was added to each well of the microplate. After sitting for 

20 minutes, the poly-lysine solution was aspirated from the wells and washed two times 

with sterile water. Then, the plate was allowed to air dry for a minimum of 30 minutes. 

Then, the plate was warmed for 30 minutes in a 37 oC non-CO2
 incubator for 30 minutes. 

Finally, 100 μL of 37 oC DMEM/F12 was added to each well of the microplate and the 

microplate was returned to a 37 oC non-CO2
 incubator overnight. The following steps 

describe actions performed on the day of the assay, in order. XF RPMI was prepared 

(phenol red-free) (Agilent) was used as the base medium of the assay which was 

supplemented with 1mM pyruvate (Agilent), 2mM glutamine (Agilent), 11.1 mM glucose 

(Gibco), and 12.2μM L-carnitine (Sigma). Using this prepared XF RPMI, drug solutions 

from the Cell Mito Stress Test kit (Agilent) were resuspended, vortexed for 1 minute, and 

let rest at room temperature for 1 hour. In this time, the poly-lysine-coated XFe96 spheroid 

microplates were removed from the incubator and the DMEM/F12 was removed from the 

plate, washed 1x with 166 μL of prepared XF RPMI, and finally, 175 μL of prepared XF 

RPMI was added to each well. Then, day 30 organoids in each condition were washed 

with 166 μL of prepared XF RPMI two times and were transferred to the XFe96 spheroid 

microplate coated with poly-lysine. Organoids were transferred to the wells using a cut 

p200 pipette tip. It was ensured that organoids were centered in the well. Following this, 
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the plate was placed in a 37 oC non-CO2
 incubator for 1 hour. Drug solutions (oligomycin, 

FCCP, and Rot/AA) were loaded into ports A, B, and C, respectively. Port concentrations 

of oligomycin, FCCP, and Rot/AA were 25μM, 20μM, and 20μM, respectively, such that 

their final concentrations in solution were 2.5μM, 2μM, and 2μM, respectively. The assay 

was configured such that the baseline phase ran for 6 cycles, and the oligomycin, FCCP, 

and Rot/AA stages ran for 10 cycles each. Each cycle constituted a 3-minute mixing, a 0-

minute waiting, and a 3-minute measuring phase. Data was normalized to organoid area. 

2.5. STATISTICS AND DATA AVAILABILITY 

2.5.1. Statistics and reproducibility 

GraphPad Prism 9 and Excel were used for all analyses. All data presented were normally 

distributed. Statistical significance was evaluated using one-way ANOVA with Tukey, 

Dunnett, and Brown-Forsyth and Welch post-test corrections, or using unpaired t-tests, 

when appropriate (p < 0.05). All data presented as mean ± s.e.m. Specific number of 

independent organoids used and number of independent experiments (batches) for every 

experiment is indicated in figure legends. If not explicitly stated, images and data 

presented should be assumed to be from the iPSC L1 cell line. 

2.5.2. Data availability 

scRNA-Sequencing data sets have been deposited in the National Center for 

Biotechnology Information Gene Expression Omnibus repository under accession code 

GSE218582.  

 



53 
 

CHAPTER 3: AIM 1: GENERATION OF DEVELOPMENTAL MATURATION 

STRATEGIES FOR HEART ORGANOID DEVELOPMENT 

3.1. BACKGROUND AND RATIONALE 

3.1.1. Model systems of the human heart 

Laboratory models of the heart are used to better understand the etiology and 

mechanisms of CVDs in high detail. Several model systems to research CVDs are 

extensively used, including monolayer in vitro systems such as primary, embryonic stem 

cell (ESC)-derived and induced pluripotent stem cell (iPSC)-derived cardiomyocyte 

cultures, to genetically engineered non-myocyte cell lines possessing cardiac ion 

channels. ESC123 and iPSC8 technologies have enabled rapid advancements in disease 

modeling and drug discovery in recent years26,84,88,124,125 and represent novel and ripe 

avenues for pursuit. Other in vitro 3D-culture systems such as cardiac spheroids and 

engineered heart tissues12,30,34,126–128 are used to increase physiological mimicry, such as 

multiple cardiac cell types or mechanical forces. Additionally, non-human animal models 

possess distinct, non-human physiology, metabolism, electrophysiology and 

pharmacokinetic profiles which often do not align with humans, nor do they predict 

human-relevant responses accurately129,130. For example, the resting heart rate in mice 

is 10-fold higher than a human’s resting heart rate, and the mouse QT interval is 13% that 

of the average human.44,45 

Nevertheless, many of these systems fail to fully recapitulate the complex nature of the 

human heart due to a variety of reasons, including the absence of endogenous 

extracellular matrix (ECM) and non-cardiomyocyte cardiac cell types, as well as the lack 
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of physiological morphology and cellular organization8,9, limiting their basic and 

translational ceilings. 

3.1.2. Innovations and pitfalls in pluripotent stem cell and organoid 

technologies 

The introduction of human-relevant models is paramount to the discovery of effective, 

clinically translatable solutions to CVDs and CHDs. Over the last ten years, innovations 

in human induced pluripotent stem cell (hiPSC)124,131,132 and organoid125,133 technologies 

have advanced techniques and provided platforms to better model and study human 

systems with increasing precision. For example, protocols for the generation of iPSC- or 

organoid-based systems of the brain (cortical neurons88, cerebral organoids84), kidney 

(nephron progenitors134, renal organoids86), lung (alveolar epithelial cells135, pulmonary 

organoids85), and retina (retinal pigment epithelial cells136, retinal organoids137) are 

recent, novel expeditions into this uncharted realm of human-relevant systems. These 

systems have resulted in the identification of novel mechanisms for neurodevelopmental 

disorders88–90, chronic kidney disease91, and even COVID-1992. However, while cardiac-

based iPSC derivation protocols are potent11,19,53,138, until recently, protocols for the 

creation of heart organoids have remained elusive. 

Recently, we and others have described methodologies to create early embryonic human 

heart organoids from pluripotent stem cells (PSCs). These methods enable the study of 

human heart development and disease78–81,139 in a dish to a degree unseen before due 

to their cardiac-specific cellular complexity and high physiological relevance. Yet, these 

systems still fall short of recapitulating important aspects of human heart development 

and the late embryonic human heart, such as anterior-posterior patterning and coronary 
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vascularization, and lack important cell populations contributing to heart structure, such 

as neural crest cells. Thus, there is a pressing need to develop more sophisticated in vitro 

heart organoid model systems to better understand and properly investigate human heart 

development and disease pathology. 

3.1.3. A patterned human primitive heart organoid model with atrial 

and ventricular chambers driven by an endogenous retinoic 

acid gradient 

This chapter reports a methodology to generate sophisticated 3D heart systems in high-

throughput, possessing multiple relevant cardiac cell types such as atrial and ventricular 

cardiomyocytes, endothelial cells, epicardial cells, proepicardial-derived cells, 

conductance cells, stromal cells, and valvular cells. In the most advanced developmental 

induction condition, atrial and ventricular cardiomyocytes are organized into distinct atrial 

and ventricular chambers, metabolic rates and metabolic gene expression are elevated 

and maturated, and functionality is increased with higher levels of t-tubules and ion 

channels, all driven by an endogenous retinoic acid gradient. This chapter discusses the 

initial characterization of heart organoids having undergone various developmental 

induction strategies. 

 

 

 

 

 



56 
 

3.2. RESULTS 

3.2.1. Developmental induction methods for improving human heart 

organoid developmental modeling 

We recently detailed a protocol for the generation of self-organizing early embryonic 

human heart organoids which constitutes the starting step for the methodology described 

below. Heart organoids were differentiated from hiPSC embryoid bodies to the cardiac 

lineage between days 0 and 7 through a timewise 3-step Wnt pathway modulation 

strategy, and then cultured until day 20 in RPMI/B2778. To examine the effect of more 

advanced organoid culture strategies mimicking in utero conditions on heart organoid 

development, we took day 20 early embryonic-like heart organoids and employed four 

different developmental induction strategies from day 20 to day 30 (Figure 15).  

 

Figure 15. A schematic diagram depicting the differentiation protocol for creating human 
heart organoids and the media conditions for the four maturation strategies (control, MM, 
EMM1, and EMM2/1). 
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These strategies are partly based on previous human and animal developmental 

studies46–48,140,141 and represent gradual increasing steps in complexity relevant to in 

utero conditions (in order of less complex to more complex: control, maturation medium, 

enhanced maturation medium 1, enhanced maturation medium 2/1).  Our control strategy 

represents a continuation of organoid culture in the base medium used for organoid 

formation, RPMI/B27. The maturation medium (MM) strategy uses RPMI/B27 with added 

fatty acids (an embryonic relevant concentration of oleic acid, linoleic acid, and palmitic 

acid)48,141 and L-carnitine142 to facilitate a developmentally relevant transition from 

glucose utilization to fatty acid metabolism characteristic of the fetal human heart143–147. 

The MM strategy also uses T3 hormone, a potent activator of organ growth during 

embryonic development and metabolic maturation that has been shown to stimulate 

cardiovascular growth148,149.  The enhanced maturation medium 1 (EMM1) strategy uses 

the same basal composition as MM but decreases the concentration of glucose to cardiac 

physiological levels150–152 (from 11.1 mM to 4 mM to further encourage the transition to 

fatty acid oxidation) and adds ascorbic acid as a reactive oxygen species scavenger to 

counteract the increased oxidative stress153,154. Enhanced maturation medium 2/1 

(EMM2/1) strategy utilizes a combination of two different media formulations. During days 

20-26, EMM2 media is utilized which uses the same basal composition as EMM1 and 

contains IGF-1. IGF-1 plays important roles during embryonic and fetal development in 

tissue growth and maturation, especially in the heart, as proven in murine and human 

studies75,155,156. From day 26 onwards, EMM1 media is utilized in the EMM2/1 strategy. 

EMM2/1 constituted our most advanced condition and mimicked in utero heart 

development to the greatest extent. More detailed descriptions of all developmental 
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induction strategies along with concentrations of respective media formulations can be 

found in the Methods section. 

3.2.2. Primary characterization of developmentally maturated 

organoids 

Following our original protocol78, organoids experienced a period of rapid growth from day 

0 to day 10, increasing in diameter while retaining their spherical structure (Figure 16), 

and then began to condense and become more defined up to day 30 in all maturation 

conditions.  

 

Figure 16. Brightfield images of organoids throughout the 30-day culture period. Two 
representative organoids are shown for each condition (data representative of 23-24 
independent organoids per condition across five independent experiments). Scale bar = 
400 μm. 

Organoids developed distinct elliptical morphologies after day 20, elongating as observed 

by brightfield microscopy and growing to long diameters between 1000 and 1600 μm, with 

short diameters ranging from 600 to ~1000 μm on day 30 (Figure 16, Figure 17a). 
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Organoid area revealed similar trends for each condition, between 0.6 mm2 to ~0.9 mm2 

(Figure 17b). By day 30 of culture, nearly 100% of organoids in every condition were 

beating across five independent experiments (Figure 17c). Transmission electron 

microscopy (TEM) images indicated the presence of well-developed myofibrils and the 

formation of sarcomeres (Figure 18a) in all conditions, with sarcomeres in the EMM1 and 

EMM2/1 conditions displaying significantly increased lengths of 1.58 ± 0.323 μm and 1.41 

± 0.187 μm, respectively, compared to Day 15 organoids (Figure 18b). qRT-PCR 

revealed the expression of hallmark cardiomyocyte marker genes from day 20 to day 30 

as expected (MYL2, MYL7, MYH7, and MYH6) at various timepoints of differentiation 

(Figure 19).  

 

Figure 17. Quantification of organoid metrics. a, Quantification of long diameter and short 
diameter at day 30 of culture for each maturation strategy (n=7-8 independent organoids 
per condition). b, Quantification of organoid area at day 30 of organoid culture for each 
maturation strategy (n=7-8 independent organoids per condition across two independent 
experiments). Data presented as a violin plot with all points. c, Quantification of 
percentage of organoids visibly beating under brightfield microscopy in each condition 
from 5 different organoid batches (n=22-24 independent organoids in each condition 
across five independent experiments). 
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Figure 18. a, TEM images displaying sarcomeres, myofibrils (M) and I-bands (arrows) in 
day 15 organoids and in organoids from each maturation condition at day 30 (n=4 
independent organoids per condition). Scale bars = 1 μm. b, Quantification of sarcomere 
length within TEM images. Data presented as mean ±  s.e.m (n=4 independent organoids 
per condition). One-way ANOVA with Brown-Forsythe and Welch multiple comparisons 
tests. 

Figure 19. mRNA expression of key sarcomeric genes involved in cardiomyocyte 
maturation between days 20 and 30 of culture for each condition (n=7-14 independent 
organoids per day per condition per gene across three independent experiments). Data 
presented as log2 fold change normalized to Day 20. Values = mean ±  s.e.m. 

Additionally, using a transgenic Flip-GFP human pluripotent stem cell line (Flip-GFP 

fluoresces only upon apoptotic cascade activation)157, we found no significant levels of 

apoptosis in heart organoids from day 20 to day 30 (Figure 20a) and found no differences 
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in apoptosis between any of the tested conditions (Figure 20b), in agreement with 

previous observations78. A 48-hour doxorubicin treatment was used as a positive control 

and displayed high levels of fluorescence (Figure 20c). 

 

Figure 20. Longitudinal assessment of apoptosis across all maturation conditions. a, 
Representative fluorescence images of day 20 and day 30 organoids from each condition 
displaying FlipGFP fluorescence signal (n=12 independent organoids per condition per 
day across two independent experiments). b, Representative fluorescence images of day 
30 EMM2/1 organoids following a 48-hour exposure to doxorubicin displaying FlipGFP 
fluorescence signal (n=6 independent organoids per condition across two independent 
experiments). c, Quantification of fluorescence intensity from images presented in (a) 
(n=12 independent organoids per condition per day across two independent 
experiments). Data presented as fold change normalized to day 20. Values = mean ±  
s.e.m., matched two-way ANOVA with Tukey’s multiple comparisons test.  

3.3. DISCUSSION 

For decades, animal models and simplistic in vitro monolayer or 3D culture strategies 

have been employed to research cardiovascular diseases. However, these systems are 
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unsuitable to properly and fully investigate cardiac disease states in humans. Advancing 

in vitro cardiac model systems to incorporate and possess more elements of in vivo 

cardiac physiology and development is a paramount and essential step towards capturing 

the full portrait of human cardiac development and disease. While cardiac maturation 

protocols for other 2D and 3D systems have yielded promising results, the development 

of holistic cardiac maturation strategies for heart organoids remains completely 

unexplored.  

In this way, we designed and applied four different strategies for heart organoid 

maturation inspired on facets of human cardiac development and on previous reports of 

metabolic and hormonal maturation strategies performed on monoculture cardiomyocytes 

in vitro.46–48. These strategies incorporate the fatty acids palmitic acid, oleic acid, and 

linoleic acid to stimulate mitochondrial growth and supply substrates for fatty acid 

oxidation, the principal energy source for cardiac energetics. In a similar vein, we 

decreased the concentration of glucose in the maturation medium to yield similar 

concentrations as that observed in vivo, and to increase the reliance of cells on the fatty 

acids to further drive the organoids towards physiologically relevant metabolic profiles. 

Moreover, we introduced L-carnitine to facilitate efficient transfer of fatty acids to the 

mitochondria. To counteract increases in reactive oxygen species generation due to 

suspected large increases in fatty acid oxidation, we added ascorbic acid to serve as a 

reactive oxygen species scavenger. We also added triiodothyronine (T3), a main thyroid 

hormone involved in fetal development and the growth and maturation of the heart. T3 

has been shown to facilitate critical increases in  gene expression relating to proliferation, 

differentiation, and contraction essential to proper maturation of the heart. Lastly, we 
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added IGF-1 to our most advanced maturation strategy, EMM2/1. IGF-1 plays important 

roles during embryogenesis and cardiac development, driving cardiomyocyte 

differentiation and proliferation, as proven in murine and human studies75,155,156.  

After a 10-day application of these different strategies, the gross morphological features 

between organoids in all conditions, as observed by brightfield microscopy, did not show 

significant differences. However, significant differences at the cellular level (aligned and 

lengthened sarcomeres) and transcriptional level (enhanced cardiomyocyte gene 

expression) were present in the MM, EMM1, and EMM2/1 conditions, suggesting an 

intricate influence on heart organoid development through the use of developmental 

induction conditions. Additionally, apoptosis was not detected in any of the developmental 

induction conditions throughout their entire 10-day duration of application. This paper, and 

the experiments detailed in this section, explore the effects of a novel maturation method 

applied to self-assembling heart organoids to enhance its physiological mimicry 

surrounding cardiac development at early stages. 
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CHAPTER 4: AIM 2: MOLECULAR AND STRUCTURAL CHARACTERIZATION OF 

DEVELOPMENTALLY MATURATED HUMAN HEART ORGANOIDS 

4.1. BACKGROUND AND RATIONALE 

4.1.1. Elucidation of complex cardiac phenotypes in vitro 

Cardiac maturation studies for in vitro human heart systems have been explored 

extensively in the last decade. However, few have attempted or succeeded to elucidate 

a combination of complex structural features, cellular organization, morphogen gradients, 

and maturation profiles reminiscent to that of the developing or adult human heart.  

The human heart possesses layers of stratified, anisotropic muscle fibers that control the 

mechanics of force production, pumping efficacy, and resistance to mechanical tear, 

shear and stress.158 Additionally, the four-chambered structure of the human heart 

possesses dedicated inflow and outflow tracts to ultimately create an efficient biological 

machine. MacQueen et al.34 highlighted an electrospinning modality to create 

nanofibrous, anisotropic left ventricle-like structures with key anisotropic fiber orientation 

and cardiomyocyte organization. However, this method fails to incorporate other essential 

elements of the heart, such as epicardial cells, other myocyte cells of the heart, and other 

necessary structures such as the atria. Kupfer et al.159 showcase the development of a 

3D printed chambered heart construct using hiPSCs and an ECM scaffold composed of 

gelatin, collagen, laminin, and fibronectin. They differentiate hiPSCs within this 

chambered scaffold and observe robust cardiomyocyte development possessing t-

tubules, cell-cell junctions, and functional electrical activity responsive to pharmacological 

agents like verapamil and isoproterenol. Interestingly, they control the functionality with 

electrical pacing and measure the interior pressure dynamics of these constructs. 
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Unfortunately, the authors do not observe a distinction between atrial or ventricular 

cardiomyocytes, there is no spatial organization present within the constructs, and there 

exist no other non-myocytes aside from their base cardiomyocyte population. Additionally, 

the utility of gelatin and lack of other cardiac ECM proteins such as aggrecan and perlecan 

constitute a non-physiological microenvironment that may inhibit cell growth and 

differentiation. These efforts show promise in the development of an in vitro cardiac 

system possessing complex, chambered features, yet fall short in their true, translational 

and physiological relevance due to a lack of relevant cardiac cell types. 

The physiological and developmental process of heart development depends on myriad 

factors such as timely migration, proliferation, specification, and mechanical cues.  

Moreover, morphogen gradients represent powerful signaling systems involved in both 

heart development and disease. Morphogens like retinoic acid (RA), sonic hedgehog 

(Shh), fibroblast growth factor (FGF) and Wnts are essential and instrumental molecules 

that temporally and spatially orchestrate and inform the proper development of the 

heart.160 In fact, the mechanisms of these morphogens and their downstream effects on 

transcriptional regulation are leveraged in many cardiac differentiation protocols to 

generate populations of cardiac-specific cell types for in vitro research. However, here, 

proteins and synthetic small molecule inhibitors are added to the cells exogenously. While 

in many cases this is a necessary step to initiate lineage commitment in PSCs in vitro, 

the developmental mimicry is flawed and is limited. For example, in the developing heart 

in utero, retinoic acid is synthesized from retinol by the enzyme ALDH1A2 in epicardial 

cells and atrial progenitor cells in the posterior end of the heart tube.77,161–163 This 

localized production of retinoic acid establishes an anterior-posterior axis, providing 
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signaling cues for the formation of the ventricles, atria, and inflow and outflow tract, while 

also contributing to the specification of cardiogenic progenitors and other structures, such 

as heart valves.164,165 In fact, Niederreither et al. showed that the absence of retinoic acid 

leads to severe cardiac malformations and results in embryonic lethality166. Moreover, 

retinoic acid guides the migration and maturation of cardiac neural crest cells, cells that 

instruct formation of the outflow tract. A retinoic acid knockout study caused impairments 

in these processes and subsequent malformations in the outflow tract.166 The 

endogenous recapitulation of these morphogens in a spatially-restricted manner may play 

a key role in unlocking complex cardiac phenotypes in vitro, and there is a need to 

establish more unified and human-relevant systems to properly investigate human heart 

development and disease. 

Towards this end, Meier et al.94 reported the generation of epicardial organoids named 

“epicardioids”. Through using exogenous retinoic acid, their organoids obtain enhanced 

epicardial and myocardial transcriptomic and organizational phenotypes, with multiple 

epicardial and ventricular subtypes. They also show the relevance of epicardioids to 

model stress-induced myocardial hypertrophy through using endothelin-1, a 

vasoconstrictor known to induce hypertrophy in vivo and in vitro. However, their model 

fails to develop atrial cardiomyocytes or provide functional evidence for nodal 

cardiomyocytes. Moreover, a very limited endothelial population exists in their 

epicardioids with little transcriptomic evidence to support confocal imaging experiments. 

Overall, this model provides a unique perspective on the dynamics of epicardial cells in 

human heart development. 
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Additionally, Schmidt et al.167 recently published a report on the generation of multi-

chambered heart organoids. First, they separately differentiate PSCs towards varying 

cardiac lineages in 3D, such as right and left ventricles, atria, outflow tract, and 

atrioventricular canal, using RNAseq, scRNAseq, electrical functional assays, and low 

magnification staining of cryosections to confirm the unique, separate organoid identities. 

Then, they combined the atrium, left ventricle, and right ventricle organoid and allowed 

them to combine into one functional unit, showing their ability to form a single functional 

unit that facilitates electrical progression. They also show how their separate organoids 

can serve as models to investigate genetic defects in ISL1, TBX5, and FOXF1, and to 

investigate the influence of teratogens and other drugs, such as thalidomide. While this 

study provides a novel platform for dissecting the developmental biology in normal and 

pathological instances for individual cardiac regions, it lacks physiological relevance due 

to the absence of critical cardiac cell types such as epicardial and endothelial cells, and 

does not recapitulate self-assembly in the formation of the individual cardiac regions. 

Importantly, too, this method is very difficult and complicated compared to other 

streamlined methods and will fail to reach broader audiences. In total, while recent 

advances have been made to create more representative cardiac models in vitro, a model 

that achieves high physiological and developmental complexity with relevant 

transcriptomic and morphological maturation, patterning, and relevant cell types remains 

to be created. 
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4.2. RESULTS 

4.2.1. Transcriptomic characterization of developmentally maturated 

heart organoids by single-cell RNA sequencing reveals cell type 

complexity and differences in cellular composition 

To characterize the cellular and transcriptomic composition of heart organoids in each of 

our developmental induction conditions, we performed scRNA-seq on day 34 of organoid 

culture and plotted the integrated UMAP clustering for each condition (Figure 21).  

 

Figure 21. UMAP dimensional reduction plots of integrated single-cell RNA sequencing 
data for each condition in day 34 organoids. Cluster identities are in the legend below. 

Ventricular and atrial cardiomyocytes (VCMs and ACMs, respectively), valve cells (VCs), 

proepicardial derived cells (PEDCs), epicardial cells (ECs), stromal cells (SCs), cardiac 

progenitor cells (CPCs), conductance cells (CCs), and endothelial cells (ECs) were 

revealed in all conditions of heart organoids. The abundance of several significant cell 

groups varied according to the developmental medium conditions. Control organoids 
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were composed of 17% VCMs, 17% ACMs, 3% VCs, 17% PEDCs, 1% EPCs, 18% SCs, 

10% CPCs, 5% CCs, and 1% ECs (Figure 22).  

 

Figure 22. Quantification of total cell count percentages per cluster. Colors of regions 
correspond to those found in the legend in Figure 21. 

Relative to control, MM organoids displayed an increased percentage of both VCMs and 

ACMs (27% and 34%, respectively), increased VCs (10%), decreased PEDCs (12%), 1% 

EPCs, decreased SCs (9%), decreased CPCs (6%), and decreased CCs (1%). Relative 

to control, EMM1 organoids contained an increased percentage of VCMs (22%), 

increased ACMs (31%), increased VCs (10%), decreased PEDCs (16%), increased 

EPCs (4%), decreased SCs (9%), decreased CPCs (7%), and decreased CCs (1%). 

Relative to control, EMM2/1 organoids exhibited a decreased VCM percentage (13%), 
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increased ACMs (20%), increased VCs (18%), decreased PEDCs (15%), increased 

EPCs (3%), 18% SCs, 10% CPCs, and decreased CCs (2%). Differential gene expression 

analyses determined signature genes which were used to identify clusters (Figure 23). 

ACMs possessed high expression of MYH6 , MYL7, NPPA, and GJA512,113,114,168. VCMs 

displayed high expression of MYL3,  MYH7, TNNC1, and HSPB7113,114,169–172. PEDCs 

showed high expression of PDGFRB, SEMA3D, POSTN, and TCF21173–177. EPCs shared 

slight similarity with PEDCs, yet also presented higher differentially expressed genes 

including WT1, TBX18, ITLN1, and TNNT194,113,178–180. CCs displayed high expression of 

STMN2, CHGA, SCG2, and INSM1; genes that are involved in neuron growth, 

development and neuroendocrine signaling181–186 and shared similarity with neural crest 

and Schwann cells identified in human embryonic heart datasets113. ECs possessed high 

expression of PECAM1, ESAM, SOX18, and FLT113,187–190. SCs were identified by 

expression of SOX2, ANXA4, SOX9, CD24113,191–195. VCs were identified via the 

expression of DLK1, ID2, DKK2, and WNT7B114,196–200. Taken together, these results 

showed that heart organoids possessed similar cell types as those that are found in the 

1st trimester developing human heart, and suggested, in agreement with previous studies 

on cardiac development113,114, that developmental induction conditions can exert dramatic 

effects on the expansion and maturation of cardiac cell types to better reflect in vivo heart 

development. 
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Figure 23. a, Differential expression heatmap displaying the top 10 differentially 
expressed genes for all clusters. b, Feature plots displaying key marker genes for each 
cluster. Color intensity represents the relative value of gene expression per gene. 
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Marker genes corresponding to various other cardiac cell types and processes were 

identified in all conditions, such as cardiac fibroblasts, left-right asymmetry, proliferation, 

first heart field (FHF) and second heart field (SHF). Genes specific for cardiac fibroblasts 

were identified within the PEDC cluster, showing expression of DCN, LUM, OGN, and 

POSTN, and COL1A1113,201,202 (Figure 24). Organoids also recapitulated key genes 

involved in left-right asymmetry in all conditions such as PITX2, PRRX2, LEFTY1 and 

PRRX1203–206 (Figure 25). Additionally, organoids displayed high upregulation of 

proliferation markers such as MKI67, PCNA, AURKB, and CDK1 in all conditions, 

indicating that important growth and remodeling are still undergoing at day 34 of 

differentiation207–209 (Figure 26). Cells of the first heart field (FHF) and second heart field 

(SHF) contribute to linear heart tube expansion and subsequent chamber formation and 

are important for proper cardiac morphogenesis210. Various FHF and SHF markers were 

observed in organoids in all conditions (Figure 27, Figure 28). FHF  markers HAND1, 

TBX5, and HCN466,211–215 were all upregulated in the VCM and ACM clusters for all 

conditions, while HAND1 appeared to be more highly expressed by VCMs, TBX5 more 

highly expressed by ACMs, and HCN4 more restricted to ACMs in the EMM2/1 condition.  
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Figure 24. Feature plots of cardiac fibroblast-related genes within single cell RNA 
sequencing datasets in each condition. 

 



74 
 

 

Figure 25. Feature plots of left-right asymmetry-related genes within single cell RNA 
sequencing datasets in each condition. 
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Figure 26. Feature plots of proliferation-related genes within single cell RNA sequencing 
datasets in each condition. 
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Figure 27. Feature plots of first heart field-related genes within single cell RNA 
sequencing datasets in each condition. 
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Figure 28. Feature plots of second heart field-related genes within single cell RNA 
sequencing datasets in each condition. 

Interestingly, these patterns of gene expression appear to mimic cardiac developmental 

principles, with HAND1 playing a large role in overall cardiac morphogenesis, particularly 
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with ventricular development66,214, with TBX5 being expressed in the left ventricle and 

atria throughout embryonic development212, and with HCN4 acting as a marker of the first 

heart field and as a transient marker of conduction precursors215. Additionally, genes 

relating to the SHF such as GATA4, TBX1, MEF2C, OSR1, and WNT11216–220 were widely 

expressed in heart organoids. GATA4 was expressed by ACMs, VCMs, PEDCs and 

EPCs, TBX1 was expressed in all clusters, MEF2C was upregulated in the ACM, VCM, 

and PEDC clusters, and OSR1 and WNT11 were expressed in the ACM, VCM, EPC, and 

PEDC clusters for all conditions. These gene networks in our heart organoids appear to 

closely mimic those observed in human heart development, as GATA4 has been shown 

to be expressed in cardiac lineage cells and to be essential in the formation of the 

proepicardium and epicardium221, and with MEF2C being required for proper cardiac 

morphogenesis222, and with OSR1 being implicated in atrial septation223. In addition, 

genes related to outflow tract development such as RSPO3224 and WNT5A225,226, 

TBX2227, and TBX3228 were shown to be upregulated in various clusters for all conditions 

(Figure 29). Further, additional markers for valve development, such as FN1, THBS1, 

CXCL12, and CCND1197,200,229 are shown (Figure 30). Additional quantification of WT1, 

TNNT2, PECAM1, ALDH1A2, and TBX18 shows the individual distribution of gene 

expression across major clusters (Figure 31). 
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Figure 29. Feature plots of outflow tract-related genes within single cell RNA sequencing 
datasets in each condition. 
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Figure 30. Feature plots of valve development-related genes within single cell RNA 
sequencing datasets in each condition.  
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Figure 31. Violin plots for genes in the ACM, VCM, EPC, and EC clusters for all four 
conditions (control = blue, MM = red, EMM1 = orange, EMM2/1 = green. 
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Extending these analyses, we utilized publicly available data from the Human Cell Atlas 

Project113, using data from gestational day 45 (GD45) hearts and from 5 weeks to 13 

weeks of gestation114 to compare our human heart organoids to that of developing human 

hearts. Based on their time in culture, our human heart organoids should be closest to 

GD45 or 6-7 gestational week human fetal hearts (Figure 32).  

 

Figure 32 Schematic of timeline comparing human embryonic heart development and 
human heart organoid development. Created using BioRender.com. 

We integrated these scRNA-seq datasets and discovered high overlap between our cell 

type annotations and that presented from the Human Cell Atlas Project (Figure 33), with 

atrial and ventricular cardiomyocytes, proepicardial-derived cells (named fibroblast-like, 

smooth muscle cells, and epicardium-derived cells in the Human Cell Atlas Project 

dataset), endothelial cells, and epicardial cells displaying a high degree of clustering 

between datasets. ACMs, VCMs, and EPCs in the organoids showed similar percentages 

of total cellular makeup (13-32%, 15-26%, and 1-4%, respectively, per condition) 

compared to gestational human hearts113, with ACMs, VCMs, and EPCs in GD45 

gestational human hearts showing 32%, 14%, and 3.8% of total makeup, respectively. 

Interestingly, our valve cells mapped closely to capillary endothelial cells and our stromal 

cells mapped closely to immune cells, which may be due to shared gene programs 
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surrounding endothelial-to-mesenchymal transition processes230 (valve cells and capillary 

endothelial cells) or transcriptional pathways implicated in the interplay between stromal 

cells and immune cells during cardiac repair and regeneration231. Our conductance cell 

cluster was mapped to an unannotated cluster of cells from the embryological datasets, 

even though our conductance cell cluster displays similar gene expression profiles to the 

cardiac neural crest and Schwann progenitor cell cluster in the Human Cell Atlas Project 

dataset113, which may be due to a lack of extra-cardiac signaling pathways in the 

organoids, or may be due to unaccounted noise between the datasets.  

 

Figure 33. UMAP projections displaying human embryonic heart and human heart 
organoid scRNAseq datasets. Cluster naming for (Asp et al, Cell, 2019) is preserved from 
original text. Cluster identity and color for the human heart organoid dataset is preserved 
from that shown in Figure 21. 
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We then used these datasets to compare gene expression profiles at the single-cell level 

(Figure 34, Figure 35). Using the top 1000 differentially expressed genes in each dataset 

from the VCM, ACM, PEDC, and EPC-mapped clusters, we showed a high degree of 

similarity between organoids from each condition and that from embryonic hearts (Figure 

34), with control organoids and EMM2/1 organoids clustering closely to week 6 embryonic 

hearts, whereas MM and EMM1 organoids clustered closer to weeks 7-13 embryonic 

hearts, which may indicate that the MM and EMM1 strategies accelerate in vitro 

development at a rate higher than biological development. We also assessed individual 

gene expression levels and show a high degree of similarity between embryonic hearts 

and human heart organoids across all major clusters (Figure 35), including hallmark 

genes for atrial cardiomyocytes (MYL7, NPPA, and GJA5), ventricular cardiomyocytes 

(MYH7, MYL3, and IRX4), proepicardial-derived cells (PDGFRB, POSTN, and TCF21), 

epicardial cells (WT1, TBX18, and TNNT1), endothelial cells (PECAM1, ESAM, and 

SOX18), and valve cells (SOX9, UGDH, and FLRT2). Organoids were shown to be 

committed to the mesodermal fate with null commitment toward ectodermal or 

endodermal fates (Figure 36)78 (GSE153185). 
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Figure 34. PCA plot for scRNA-seq datasets presented in Figure 33. 
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Figure 35. Feature plots displaying key marker genes for each cluster in the Asp 2019, 
Cui 2019, and human heart organoid datasets. Clusters of interest include: Atrial 
Cardiomyocytes, Ventricular Cardiomyocytes, Proepicardial-derived Cells, Epicardial 
Cells, Endothelial Cells, and Valve Cells. Color intensity represents the relative value of 
gene expression per gene. 
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Figure 36. RNA sequencing data from days 0-5 organoid differentiation showing 
expression values for key mesodermal, endodermal, and ectodermal markers (n=8 
organoids per time point). CPM = counts per million. 
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Additionally, we show that genes in the conductance cell cluster and stromal cell cluster 

show resemblance to embryological datasets and show that metabolic genes across 

organoid and embryological datasets share similar expression profiles across cell types 

and clusters (Figure 37).  

 

Figure 37. Feature plots of stromal cell (a) conductance cell (b) and metabolic markers 
(c) across embryonic heart datasets and heart organoid datasets. 

To complement the above scRNA-seq analyses, dot plots describing the average and 

percent expression of key lineage-defining differentially expressed genes for individual 

clusters are depicted for each developmental induction condition illustrating the cellular 

complexity of our heart organoids at day 34 (Figure 38). As we and others have shown 

before78,80,125,133,232, the high cellular complexity of the organoids drives self-organization 

and cell-cell communication.  
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Figure 38. Dot plots of differentially expressed marker genes in each cluster for each 
condition. Color is indicative of the average expression level across all cells, and the size 
of the circle is indicative of the percentage of cells within a particular cluster that express 
the respective gene. 

We performed computational analysis of cell-cell communication networks for key genes 

found in the organoids. We identified various complex receptor-ligand communication 

pathways within our human heart organoids in each condition (Figure 39). Receptor-
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ligand networks include JAG1-NOTCH1, PDGFRs, IGF2-IGF2R, INSR, and VEGF, 

among others.  

 

Figure 39. Visualization of cell-cell ligand-receptor communication networks for each 
condition. The colors of clusters (exterior) match that of UMAP projections. Ligands are 
indicated as blue bands and receptors are indicated by red bands. Arrows within depict 
pairing from ligands to receptors. 

4.2.2. Quantification of metabolic maturation states in human heart 

organoids under developmental induction conditions 

The early developing human heart relies heavily on glycolysis for energy expenditure. As 

it continues to grow, it decreases its reliance on glycolysis and switches to fatty acid 

oxidation for the bulk of energy consumption145,147,233–235. Therefore, we sought to 
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determine the effect that our developmental induction conditions exerted on mitochondrial 

growth and metabolic transcriptional activity within heart organoids. Through the addition 

of MitoTracker, a mitochondrial-permeable fluorescent dye, we visualized live 

mitochondrial content within heart organoids at day 30 of culture (Figure 40). Control 

organoids displayed few and diffuse mitochondria, while EMM2/1 organoids possessed 

the most developed mitochondrial content of all conditions (abundance, morphology) 

(Figure 40a). An increasing trend of mitochondrial content in MM, EMM1, and EMM2/1 

organoids (fold change of 1.73 ± 0.10, 2.60 ± 0.11, and 3.10 ± 0.18, respectively) was 

quantified relative to control, suggesting that developmentally maturated organoids had 

an increasingly higher capacity for aerobic respiration and responded positively to 

maturation stimuli (Figure 40b).  

 

Figure 40. a, Mitochondrial labeling within day 30 human heart organoids in each 
condition (n=6 independent organoids per condition). White = Mitotracker, blue = 
NucBlue. Scale bars = 10 μm. Detailed images of mitochondria are shown below each 
main image. b, Quantification of mitochondrial area surrounding each individual nucleus 
(n=6 independent organoids per condition, n=50-70 measurements per condition). Values 
= mean ±  s.e.m., one-way ANOVA with Brown-Forsythe and Welch multiple comparisons 
tests. 
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TEM revealed high-magnification detail on mitochondrial presence within organoids at 

day 30 of culture (Figure 41a). Compared to day 15 mitochondrial size, control organoid 

mitochondrial size was similar (Figure 41b). However, mitochondrial size within MM, 

EMM1 and EMM2/1 organoids dramatically increased relative to that of control organoids. 

We employed qRT-PCR at different timepoints from day 20 to day 30 of organoid culture 

to explore the differential gene expression of two key OXPHOS genes in cardiac 

metabolic maturation: PPARGC1A, a master regulator of mitochondrial biogenesis236, and 

CPT1B, a critical rate-limiting fatty acid transporter element237,238 (Figure 42). 

PPARGC1A expression was up to 2.5-fold higher in EMM2/1 organoids from days 21 to 

25 relative to control and ended at a fold change of 1.5-fold higher by day 30. Expression 

for MM and EMM1 organoids also exhibited an increase from days 21 to 25 relative to 

control, albeit not as high as EMM2/1. By day 30, expression in EMM1 organoids 

remained similar to control while MM and EMM2/1 organoids displayed 1.2-fold and 1.7-

fold higher levels, respectively. CPT1B expression increased 1.5-fold at day 30 in the 

EMM2/1 condition relative to control, yet expression in MM remained similar or decreased 

for EMM1 organoids.  
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Figure 41. a, TEM images display mitochondria in day 15 organoids and in organoids 
from each maturation condition at day 30 (n=4 independent organoids per condition). 
Yellow arrows indicate mitochondria, LD = lipid droplets, Gg = glycogen granules. Scale 
bars = 1 μm. b, Quantification of mitochondrial area from TEM images. Values = mean ±  
s.e.m., one-way ANOVA with Brown-Forsythe and Welch multiple comparisons tests (n=4 
independent organoids per condition, n=40-144 mitochondria measured per condition). 

 

Figure 42. mRNA expression of metabolic genes PPARGC1A and CPT1B between days 
20 and 30 of culture for each condition (n=8 independent organoids per condition across 
three independent experiments). Data presented as log2 fold change normalized to Day 
20. Values = mean ±  s.e.m. 
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To investigate real-time metabolic parameters, we performed Seahorse Mito Stress Test 

assays with organoids in each condition at day 30 (Figure 43a). Organoids in the EMM2/1 

condition displayed marked increases in basal respiration (Figure 43b), maximal 

respiration (Figure 43c), and percent spare respiratory capacity (Figure 43d) compared 

to control; aligning closely with the metabolic enhancement present in EMM2/1 organoids 

displayed in previously shown mitochondrial and metabolic data.  

 

Figure 43. a, Oxygen consumption rate measurements from Agilent Seahorse XFe96 
metabolic stress test assay in all conditions (n=8 independent organoids per condition 
across two independent experiments). Values = mean ±  s.e.m.. (b-d,) Quantifications 
from oxygen consumption rate assay (n=8 independent organoids per condition) including 
b, Basal respiration, c, Maximal respiration, and d, Spare respiratory capacity. 

Supporting these findings using scRNA-seq data, key genes involved in cardiac 

metabolism were found to be upregulated in organoids from the MM, EMM1, and EMM2/1 

conditions in the ACM and VCM clusters (Figure 44), including: CKMT2, a gene that 

encodes a mitochondrial creatine kinase and is important for metabolic efficiency and 
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implicated in cardiac maturation15,239–241; NMRK2, a gene active in high energy states and 

involved in both cardiac maturation and lipid metabolism15,242; and KLF9, a gene related 

to adipogenesis and cardiac metabolic maturation15,243,244.  

 

Figure 44. Feature plots displaying key metabolic genes upregulated in the VCM and 
ACM clusters. Color intensity represents the relative value of gene expression per gene. 

We then used gene expression data from the ACM and VCM clusters in each condition 

to look for a wider set of metabolic markers as the organoids developed in the different 

conditions. We found that organoids in the EMM2/1 condition expressed much higher 

levels of key metabolic genes compared to control, including those involved in fatty acid 

metabolism, amino acid metabolism, TCA cycle, and mitochondrial dynamics (Figure 45). 

Overall, these results suggested that developmental induction strategies can elicit distinct 
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metabolic growth patterns and that EMM2/1 organoids exhibit the most marked 

recapitulation of significant aspects of cardiac metabolic growth in vitro. 

 

 

Figure 45. Expression heatmaps of key metabolic genes in the VCM and ACM clusters 
in each condition. Data displayed as log2 fold change and normalized to each column (for 
each gene). 

4.2.3. Developmental induction conditions promote progressive 

electrophysiological maturation in human heart organoids 

The emergence and presence of the cardiac conduction system, including specific ion 

channels and membrane receptors, such as those surrounding calcium, potassium, and 

sodium currents, represent critical elements of the cardiomyocyte action potential245–247 

and fetal heart development248,249. We sought to characterize the functionality of heart 

organoids under developmental induction conditions through electrophysiology and 

immunofluorescence for key markers. We assessed calcium transient activity of individual 

cardiomyocytes within human heart organoids at day 30 using the membrane-permeable 

dye Fluo-4. Organoids in all conditions exhibited distinct and regular calcium transient 

activities with varying peak amplitude and action potential frequencies (Figure 46a). 

Control and MM organoids presented smaller peak amplitudes when compared to EMM1 
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and EMM2/1 organoids, indicating less robust contractions (Figure 46b), and presented 

similar beat frequencies ~1.5 Hz. EMM1 organoids displayed abnormally high beating 

rates (~2.5 Hz) for the heart at this stage, while EMM2/1 organoids showed beat 

frequencies at ~1-1.5 Hz (Figure 46c).  

 

Figure 46. Representative calcium transient traces within day 30 human heart organoids 
from each condition (n=12 independent organoids per condition across three independent 
experiments). Traces represent data from an individual cardiomyocyte within human heart 
organoids.  b, Quantification of peak amplitude of calcium transient traces from each 
condition (n=12 independent organoids per condition across three independent 
experiments). A minimum of 2 regions and 16 peaks were quantified and averaged for 
each organoid. Values = mean ±  s.e.m. c, Quantification of calcium transient peak 
frequency for each condition (n=12 independent organoids per condition across three 
independent experiments). A minimum of 2 regions and 16 peaks were quantified and 
averaged for each organoid. Values = mean ±  s.e.m. 
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In general, and except for EMM1 organoids, developmentally induced organoids 

presented beating rates compatible with what has been described for early human 

embryos at GD45250,251 (60-80 beats per minute). Calcium traces from organoids in all 

conditions were shown to be reproducible (Figure 47).  

 

Figure 47. Representative calcium transient traces within day 30 human heart organoids 
from each condition (n=7, 6, 6, and 6 independent organoids for control, MM, EMM1, and 
EMM2/1, respectively). Traces represent data from an individual cardiomyocyte within 
human heart organoids.  

Cardiomyocyte action potential activity encompasses the complex orchestration of 

various ion currents, such as calcium, potassium, and sodium, and supporting channels 

such as ryanodine receptors252. We investigated the expression levels of various 

electrophysiologically-relevant genes in heart organoids and discovered a robust 

expression pattern in ACM and VCM clusters across all conditions (Figure 48), including 

RYR, ATP2A2, SCN5A, KCNJ2, and KCNH2. Expression levels for all genes appeared 

to increase slightly to moderately for the EMM2/1 condition relative to control. Notably, 

KCNJ2 expression increased dramatically for all maturation conditions relative to control, 
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particularly in the EMM2/1 condition. An additional ion channel of critical importance is 

the hERG channel253–255 encoded by the gene KCNH2. Mutations and perturbations in 

this channel can lead to shortening or prolongation of the QT interval254,256–258, and drug 

interactions with this channel can lead to cardiac arrythmia which represents a critical 

bottleneck surrounding drug discovery and development259,260. Interestingly, KCNH2 

displayed high expression levels within the ACM and VCM clusters in all conditions of our 

organoids.  

 

Figure 48. Feature plots displaying key electrophysiological genes differentially 
expressed in the VCM and ACM clusters in each condition. Color intensity represents the 
relative value of gene expression per gene. 
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Further, autonomic control of the cardiac conduction system through adrenergic signaling 

plays a significant role in heart physiology261–263, and underlies a range of CVDs from 

heart failure and hypertension to arrythmia264,265. We identified the presence of critical 

beta-adrenergic receptor genes, ADRB1 and ADRB2, encoding beta-adrenergic 

receptors 1 and 2 within our organoids in each condition (Figure 49). While ADRB2 was 

expressed in both the ACM and VCM clusters in each condition, ADRB1 showed 

expression within the ACM and VCM clusters in MM, EMM1 and EMM2/1 conditions, but 

was only expressed in the ACM cluster in the control condition. ADRB3 was sparsely 

expressed relative to ADRB1 and ADRB2, which stays true to cardiac physiology113,266–

268.To investigate the temporal dynamics of key ion channels through the application of 

our developmental maturation strategies, we utilized qRT-PCR from day 20 to day 30 of 

organoid culture to assess levels of calcium (ATP2A2), sodium (SCN5A), and potassium 

(KCNJ2) transporters (Figure 50). ATP2A2 expression increased in all conditions relative 

to control, with EMM2/1 exhibiting the most marked upregulation of 4-fold (relative to 

control) at day 25 and day 30. SCN5A expression was upregulated for all conditions from 

day 21 to day 30 relative to day 20. Notably, MM and EMM2/1 organoids displayed a 3-

fold increase at day 30 relative to day 20, while control organoids only displayed a 2-fold 

increase. KCNJ2 expression steadily decreased in the EMM1 condition relative to control, 

with MM organoids exhibiting upregulation at day 30. Meanwhile, EMM2/1 displayed 

upregulation compared to control throughout the culture period up until day 30. We 

investigated the voltage activity within control and EMM2/1 heart organoids via the 

potentiometric dye di-8-ANEPPS and identified unique actional potentials within individual 

cardiomyocytes indicative of the presence of specialized atrial- and nodal-like cells but, 
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interestingly, ventricular-like action potentials were only observed in EMM2/1 organoids 

(Figure 51).  

 

Figure 49. Feature plots of β-adrenoreceptor genes within single cell RNA sequencing 
datasets in each condition. 
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Figure 50. mRNA expression of key electrophysiological genes between days 20 and 30 
of culture for each condition (n=8 independent organoids per day per condition per gene 
across three independent experiments). Data presented as log2 fold change normalized 
to Day 20. Values = mean ±  s.e.m.  

 

Figure 51. Representative voltage tracings of organoids in the EMM2/1 and control 
conditions depicting atrial-, nodal-, and ventricular-like action potentials (n=9 individual 
cells from 3 independent organoids per action potential subtype per condition across 
three independent experiments). 

Proper excitation-contraction coupling, depolarization, and repolarization of 

cardiomyocytes depends on specialized invaginations of the sarcolemma (t-tubules), 

which are indicative of cardiomyocyte maturation269,270. We assessed t-tubule presence 
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in human heart organoids at day 30 via caveolin-3 immunofluorescence imaging (Figure 

52a) and discovered t-tubules among and surrounding sarcomeres (TNNT2+) within 

organoids in each condition, with increasing t-tubule density quantified in the EMM2/1 

condition (Figure 52b). We also utilized fluorescently labeled wheat germ agglutinin 

(WGA) to assess t-tubules in human heart organoids at day 30 (Figure 53a, Figure 54b) 

and discovered similar results indicating EMM2/1 organoids possessed marked increases 

in t-tubule density. We assessed the presence of KCNJ2 via confocal microscopy (Figure 

54a). KCNJ2+ puncta were observed in each condition, with a 2-fold increased presence 

in the EMM2/1 condition relative to control (Figure 54b), supporting previous data 

displaying increased amounts of KCNJ2 transcripts in EMM2/1 organoids. Together, this 

data shows that our developmentally maturated organoid platform, specifically the 

EMM2/1 strategy, produces organoids that recapitulate significant electrophysiological 

aspects of cardiac development, physiology, and disease. 

 

Figure 52. a, Representative immunofluorescence images of caveolin-3 puncta within 
TNNT2+ regions in organoids for each condition (n=15 independent organoids per 
condition across three independent experiments). Green = caveolin-3, red = TNNT2, blue 
= DAPI. Scale bar = 20 μm. b, Quantification of the caveolin-3 positive area per 400 
square μm for each condition from images presented in (a) (n=15 independent organoids 
per condition across three independent experiments). Data presented as fold change 
normalized to control. Values = mean ±  s.e.m., one-way ANOVA with Brown-Forsythe 
and Welch multiple comparisons tests. 
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Figure 53. a, Representative immunofluorescence images of KCNJ2+ puncta within 
TNNT2+ regions in organoids for each condition (n=14 independent organoids per 
condition across three independent experiments). KCNJ2 = green, TNNT2 = red, DAPI = 
blue. Scale bar = 20 μm. b, Quantification of the total number of KCNJ2+ puncta for each 
condition from images presented in (a) (n=14 independent organoids per condition across 
three independent experiments). Data presented as fold change normalized to control. 
Values = mean ±  s.e.m., one-way ANOVA with Dunnett’s multiple comparisons tests. 

 

Figure 54. a, Immunofluorescence images of WGA staining (t-tubules) within TNNT2+ 
regions in day 30 organoids for each condition (n=8 organoids per condition). Green = 
WGA, TNNT2 = red, DAPI = blue). Scale bar = 20 μm. b, Quantification of t-tubules 
surrounding individual nuclei for each condition (n=8 organoids per condition). Values = 
mean ±  s.e.m., one-way ANOVA with Dunnett’s multiple comparisons tests.  
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4.2.4. Developmental induction promotes the emergence of a 

proepicardial organ and formation of atrial and ventricular 

chambers by self-organization  

We have shown that developmentally induced heart organoids present improved cellular, 

biochemical, and functional properties when compared to their control counterparts and 

exhibited multiple features reminiscent of GD45 human fetal hearts. However, previous 

heart organoid attempts have lacked anatomically relevant cardiac structure and 

morphology to a great extent, including our previous work78–80. Given the significant 

changes observed through applying the EMM2/1 strategy, we decided to characterize 

morphological changes that took place under this improved condition. Organoids were 

harvested on day 30 of culture and stained for WT1 (proepicardium and epicardial cells) 

and TNNT2 (cardiomyocytes) (Figure 55a). Organoids in each developmental induction 

condition displayed TNNT2+ and WT1+ cells, consistent with our previous observations78, 

indicating the presence of epicardial and cardiomyocyte populations distributed 

throughout the organoids. Assessing both surface and interior planes of the organoids, 

organoids in all conditions possessed two distinct “chambers” marked via WT1+ and 

TNNT2+ cells. TNNT2+ cells were densely packed and formed a thick myocardial wall in 

the lower chamber, while also present in the upper region in a less dense arrangement 

directly underneath WT1+ cells (Figure 56). In EMM2/1, WT1+ cells were found densely 

covering the outer surface of the upper region. This clear organization pattern was not 

observed in the control, MM or EMM1 culture conditions. We quantified the area of WT1+ 

and TNNT2+ chambers across all maturation conditions (Figure 55b, Figure 55c). We 

found no difference in TNNT2+ chamber area in MM and EMM1 organoids relative to 
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control but found that EMM2/1 organoids display a 1.54-fold increased area relative to 

control. Additionally, we found no difference in WT1+ chamber area in MM organoids 

relative to control, whereas EMM1 and EMM2/1 organoids displayed increased areas 

(fold change) of 1.77 and 1.98, respectively. This data shows that organoids in all undergo 

significant morphological changes that lead to morphological organization, especially in 

the EMM2/1 condition, which included the emergence of an organoid with advanced 

myocardial dual-chamber morphology as well as a proepicardial pole.  

 

Figure 55. a, Representative surface and interior immunofluorescence images of 
individual day 30 organoids in all conditions displaying WT1 (green), TNNT2 (red), and 
DAPI (blue). Three organoids are displayed for each condition (n=12-15 independent 
organoids per condition across two independent experiments). Yellow arrows represent 
WT1+ cells on outer surface. White arrows represent TNNT2+ cells on lower chamber 
wall. Scale bars = 200 μm. b, Quantification of TNNT2+ chamber area and c, and WT1+ 
chamber area in each condition from images presented in (a) (n=12-15 independent 
organoids per condition across two independent experiments). Values are presented as 
fold change normalized to control. Values = mean ±  s.e.m., one-way ANOVA with 
Dunnett’s multiple comparisons test. 
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Figure 56. Representative immunofluorescence images of WT1+ and TNNT2+ cells at 
interior planes of organoids for the control and EMM2/1 conditions at Day 30 (n=12-15 
independent organoids per condition across two independent experiments). WT1 = 
green, TNNT2 = red, DAPI = blue. Scale bar = 50 μm. 

We could determine that ventricular (MYL2) and atrial (MYL7) myosins were spatially 

restricted, particularly in EMM2/1 organoids (Figure 57a). All organoids expressed MYL7 

throughout the bulk of the organoid, but expression was strongly localized to the upper 

chamber in EMM2/1, suggestive of an atrial-like chamber. In the control and MM 

conditions, organoids possessed MYL2 in a high variety of locations that were not 
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restricted to a polar end of the organoid or to either chamber, suggesting disorganization. 

On the other hand, organoids in the EMM1 and EMM2/1 conditions displayed an 

increased presence of MYL2+ staining and degree of organization, showcasing MYL2 

restricted to one polar end of the organoids and with EMM2/1 organoids displaying a 5.5-

fold increase in MYL2+ area (Figure 57b); suggesting the formation of a ventricular-like 

chamber. However, as these proteins are known to be inconsistently expressed at all 

stages of heart development, further investigation utilizing more specific proteins and 

genes for ventricular and atrial chamber identity are necessary to truly define these two 

cellular populations and their localization within the organoid. Overall, this organization is 

reminiscent of heart tube anterior-posterior patterning present in utero during 

development (see Figure 65 for a schematic). 

 

Figure 57. a, Representative surface and interior immunofluorescence images of 
individual day 30 organoids in all conditions displaying MYL2 (green), MYL7 (red), and 
DAPI (blue). Three organoids are displayed for each condition (n=13 independent 
organoids per condition across three independent experiments). Scale bars = 200 μm. b, 
Quantification of MYL2+ area in each organoid in each condition from images presented 
in (a) (n=9-13 independent organoids per condition across three independent 
experiments). Values are presented as fold change normalized to control. Values = mean 
±  s.e.m., one-way ANOVA with Dunnett’s multiple comparisons test. 
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To further investigate the identity of ventricular- and atrial-like chambers in the human 

heart organoids, we performed staining for additional atrial and ventricular chamber 

markers NR2F2 (atrial) and MYL3 (ventricular) (Figure 58a). EMM2/1 organoids 

displayed a distinct, increased degree of separation between the two chambers, while 

control organoids showed a larger overlap of these two proteins (Figure 58b); indicating 

that EMM2/1 organoids possess a greater degree of specification and maturity of 

chamber development (Figure 59).  

 

Figure 58. a, Representative immunofluorescence images of individual day 30 organoids 
in all conditions displaying atrial marker NR2F2 (green), ventricular marker MYL3 (red), 
and DAPI (blue). Three organoids are displayed for each condition (n=12 organoids per 
condition across two independent experiments). Scale bars = 200 μm. b, Quantification 
of colocalization (Pearson’s coefficient) between NR2F2 (green) and MYL3 (red) from 
images presented in (a). Values = mean ±  s.e.m., unpaired t-test. 
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Figure 59. Percentage of chambered organoids at day 30 in the EMM2/1 condition across 
multiple cell lines (n=12 organoids for L1 organoids; n=11 organoids per condition for 
BYS0111 organoids; n=12 organoids per condition for H9 organoids; all across two 
independent experiments).  

Remarkably, these results were highly reproducible in other PSC lines, including BYS0111 

(iPSC) and H9 (ESC) (Figure 60). While L1 control and EMM2/1 organoids were shown 

again for reproducibility and comparative purposes (Figure 60a, Figure 60b), control 

BYS0111 organoids displayed similar overlap of NR2F2 and MYL3, while EMM2/1 

BYS0111 organoids showed distinct separation of NR2F2 and MYL3 (Figure 60a, Figure 

60c), with MYL3+ cells highlighting thick myocardial walls in the EMM2/1 condition. 

Control H9 organoids displayed decreased expression of both NR2F2 and MYL3 

compared to EMM2/1 H9 organoids, with EMM2/1 H9 organoids exhibiting distinct 

separation of NR2F2+ and MYL3+ chambers (Figure 60a, Figure 60d).  
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Figure 60. a, Representative immunofluorescence images of individual day 30 organoids 
in both Control and EMM2/1 conditions from the cell lines L1, BYS0111, and H9 displaying 
NR2F2 (green), MYL3 (red), and DAPI (blue). Three organoids are displayed per 
condition per cell line (n=12 independent organoids per condition for L1 organoids; n=11 
organoids per condition for BYS0111 organoids; n=12 organoids per condition for H9 
organoids; all across two independent experiments). Scale bars = 200 μm. b-d, 
Quantification of colocalization (Pearson’s coefficient) between NR2F2 (green) and MYL3 
(red) from images presented in (a) for L1 (b), BYS0111 (c), and H9 (d) organoids. Values 
= mean ±  s.e.m., unpaired t-test.  
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To support these immunofluorescence results describing the potential identity of atrial and 

ventricular chambers in our heart organoids, we investigated gene expression patterns 

using scRNA-seq data in the ACM and VCM clusters (Figure 61a). ACMs displayed 

increased gene expression for hallmark atrial chamber identity markers such as NR2F2, 

TBX5, NPPA, and NR2F158–65 compared to VCMs (Figure 61b). Meanwhile, VCMs 

showcased increased gene expression for hallmark ventricular chamber identity markers 

such as MYL3, HEY2, IRX4, and HAND166–71 compared to ACMs (Figure 61c). These 

results highlight not only the recapitulation of post-heart tube and primitive heart 

morphology in our heart organoid platform, but also the reproducibility of our findings. 

 

Figure 61. a, Feature plot highlighting scRNA-seq VCM and ACM clusters. b, Feature 
plot displaying hallmark atrial chamber identity genes that are differentially expressed in 
the ACM cluster and c, ventricular chamber identity genes that are differentially expressed 
in the VCM cluster. Color intensity represents the relative value of gene expression per 
gene. 

Optical coherence tomography (OCT) was used to provide detailed characterization of 

the chambers in live organoids over time, and to measure the growth and monitor 

dynamics of chamber development under developmental induction conditions via a 
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custom-made OCT microscopy system amenable to high-content screening104,107 (Figure 

62). We found that chambers exhibited dynamic behavior initially and coalesced into 

larger structures over time. EMM2/1 conditions led to the largest internal chambers within 

our human heart organoids between day 20 and day 30 of culture, with typically two large 

internal chambers as previously observed by confocal microscopy (Figure 62a, Figure 

62b). While MM organoids displayed a single internal chamber, organoids grown in the 

control, EMM1 and EMM2/1 conditions possessed multiple, smaller, interconnected 

chambers. Control and EMM2/1 organoids possessed chambers throughout the bulk of 

the organoids while EMM1 organoids showed chambers predominantly towards one side 

of the organoid. These data confirmed the formation of well-established cardiac chambers 

and further supported our observations on the effects of developmental induction 

conditions. The process by which chambers seem to form might be a limitation of our 

model, as it does not follow the biological paradigm, but this is also to be expected as 

there is no vasculature or external circulation to support chamber development in a more 

physiological manner. 
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Figure 62. a, Longitudinal OCT cross-sectional scans of heart organoids from day 20 to 
day 30 in each condition. Scale bars = 500 μm. Images shown represent 6 organoids per 
condition across two independent experiments. b, 3D segmentation of OCT scans from 
images presented in (a) reveal the temporally dynamic volumetric visualization of 
chamber identity in each condition. 

We also assessed vasculature formation in developmental induction conditions. 

Endothelial cell (PECAM1+) vasculature formation was examined at day 30 of culture via 

immunofluorescence and confocal microscopy (Figure 63, Figure 64). Assessment of 

organoids on surface and interior planes revealed the presence of endothelial cells 

amongst the myocardial regions of all organoids (Figure 63). Organoids in the EMM1 and 
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EMM2/1 conditions presented less PECAM1+ cells than control and MM organoids. 

Control and MM organoids displayed robust, interconnected endothelial cell networks and 

throughout myocardial (TNNT2+) tissue (Figure 64a). We quantified total PECAM1+ area, 

and MM organoids showed no significant difference compared to control organoids, while 

EMM1 and EMM2/1 organoids possessed only 52% and 61% of PECAM1+ area 

compared to control, respectively (Figure 64b), consistent with scRNA-seq data that 

shows a decrease in endothelial gene expression in EMM1, and EMM2/1 organoids 

compared to control (Figure 38).  High magnification images of organoids further show 

the morphological transitory state of the endothelial cells within cardiomyocyte-rich 

regions (Figure 64c). Overall, this data suggests that vascularization of the organoids 

might be partially eclipsed by factors in EMM1 and EMM2/1 conditions, possibly due to 

timing or concentration of growth factors, and will require further investigation to fine tune 

medium conditions. 

 

Figure 63. Representative immunofluorescence images from the surface and interior of 
day 30 organoids with DAPI (blue), TNNT2 (red), and PECAM1 (green) in each condition 
(n=7-8 independent organoids per condition across two independent experiments).Scale 
bars = 200 μm. 



116 
 

 

Figure 64. a, Representative day 30 organoid immunofluorescence images with DAPI 
(blue), TNNT2 (red), and PECAM1 (green) (n=7, 8, 8, and 8 independent organoids for 
control, MM, EMM1, and EMM2/1, respectively). Images presented as maximum intensity 
projections. Scale bars = 200 μm. b, Quantification of PECAM1+ area presented in (b) 
(n=7, 8, 8, and 8 independent organoids for control, MM, EMM1, and EMM2/1, 
respectively). Data presented as log fold change normalized to control. Values = mean ±  
s.e.m., one-way ANOVA with Dunnett’s multiple comparisons test. c, Representative high 
magnification immunofluorescence images of organoids in each condition with DAPI 
(blue), TNNT2 (red), and PECAM1 (green(n=7, 8, 8, and 8 independent organoids for 
control, MM, EMM1, and EMM2/1, respectively). Scale bars = 50 μm. The images on top 
are representative low magnification organoids (Scale bar = 200 μm) for each condition 
with the yellow square representing area of high magnification. Images presented as 
maximum intensity projections. 
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4.2.5. An endogenous retinoic acid gradient is responsible for the 

spontaneous anterior-posterior heart tube patterning in 

EMM2/1 organoids 

The emergence of a retinoic acid gradient originating at the posterior pole of the heart 

tube (produced by the epicardium and primitive atrium) is a critical developmental step in 

mammalian cardiogenesis77,161–163. This gradient establishes the anterior-posterior axis 

that provides cues for the formation of the ventricles, atria and inflow and outflow tract, 

while also contributing to the specification of cardiogenic progenitors and other 

structures164,165 (Figure 65). To determine whether the post heart tube stage structure 

observed in EMM2/1 organoids (Figure 55, Figure 56, Figure 57, Figure 58, Figure 59, 

Figure 60, Figure 61) was induced by endogenous retinoic acid signaling, we performed 

Raman microscopy to detect its molecular signature using a microscope designed for this 

purpose (Figure 12). We identified the presence of myosin, troponin T, tropomyosin, 

collagen I and other related molecular signatures in organoids in all conditions as 

expected, but the presence of retinoic acid was specifically identified only in EMM2/1 

organoids (Figure 66a). Retinoic acid synthesis is carried out largely by retinaldehyde 

dehydrogenase 2 (ALDH1A2) during embryogenesis165,271,272. We utilized qRT-PCR at 

day 30 of organoid culture to assess levels of ALDH1A2 in all conditions (Figure 66b). 

ALDH1A2 expression was shown to increase by ~2.2-fold in the EMM2/1 condition 

relative to control, with no significant changes in expression displayed in the MM or EMM1 

conditions.  
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Figure 65. Schematic representation of in vivo cardiac heart tube formation, highlighting 
the localization and intensity of the retinoic acid gradient from the anterior (arterial pole) 
to the posterior (venous pole) of the primitive heart tube. 

To assess the cell-specific dynamics of retinoic acid production in our organoids, we used 

scRNA-seq data to show that ALDH1A2 is expressed in EPCs, PEDCs, and ACMs in our 

organoids (Figure 66c); consistent with expression patterns reported in vivo77,161–163.  

 

Figure 66. a, Raman spectroscopy intensity plots for organoids from all four 
developmental maturation conditions at day 30 of culture. Peaks of interest are marked. 
Data presented is representative of n=3 independent organoids per condition. b, mRNA 
expression of ALDH1A2 in all conditions at day 30 (n=7 independent organoids per 
condition across two independent experiments). Data presented as log2 fold change 
normalized to control. Values = mean ±  s.e.m., one-way ANOVA with Dunnett’s multiple 
comparisons test. c, Feature plot displaying expression of ALDH1A2. Color intensity 
represents the relative value of gene expression. 
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To complement this analysis and to further investigate the localization of retinoic acid 

production in our organoids, we performed immunostaining with antibodies for ALDH1A2 

and TBX18 (an epicardial transcription factor, to label the proepicardial/atrial 

pole)180,273,274 for organoids in all conditions at day 30 (Figure 67, Figure 68a). We found 

that only EMM2/1 organoids possess a localized, polarized expression of ALDH1A2 which 

colocalized with proepicardial organ TBX18+ cells, confirming that the retinoic acid 

gradient patterning the organoids was coming from the proepicardial/atrial pole (posterior 

pole of the heart tube in utero) (Figure 65, Figure 67, Figure 68a).  

 

Figure 67. Representative immunofluorescence images of individual day 30 organoids in 
all conditions displaying ALDH1A2 (green), epicardial marker TBX18 (red), and DAPI 
(blue). Three organoids are displayed for each condition (representative of n=22-24 
independent organoids per condition across three independent experiments). Scale bar 
= 200 μm. 
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Figure 68. a, High magnification images of EMM2/1 and control organoids shown in (c), 
displaying ALDH1A2 (green), TBX18 (red), and DAPI (blue). Yellow square in image at 
top (Scale bar = 200 μm) represents area of high magnification. Scale bar = 50 μm. b, 
Quantification of ALDH1A2+ TBX18+ area within organoids in each condition from images 
presented in (Figure 75) (n=22-24 independent organoids per condition across three 
independent experiments). Data presented as fold change normalized to control. Values 
= mean ±  s.e.m., one-way ANOVA with Dunnett’s multiple comparisons test. 

Control, MM and EMM1 organoids did not display ALDH1A2 expression. We quantified 

the area of colocalization between ALDH1A2 and TBX18 and show that EMM2/1 

organoids were significantly more responsive to the induction of retinoic acid synthesis 

(Figure 68b). Furthermore, these results were reproduced in the two additional PSC lines 

BYS0111 and H9 (Figure 69). While L1 control and EMM2/1 organoids were displayed 

once again for reproducibility and comparative purposes (Figure 69a, Figure 69b), 
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control and EMM2/1 BYS0111 organoids displayed similar patterns of ALDH1A2 and 

TBX18 expression as was shown for L1 organoids. EMM2/1 BYS0111 organoids also 

displayed markedly increased amounts of polarized ALDH1A2+TBX18+ cells compared to 

control BYS0111 organoids (Figure 69a, Figure 69c). H9 organoids displayed a similar 

degree of recapitulation, with EMM2/1 H9 organoids showcasing marked increases in 

ALDH1A2+TBX18+ cells compared to control H9 organoids (Figure 69a, Figure 69d).  

Control and EMM2/1 organoids from all three cell lines also displayed similarly robust and 

reproducible transcriptomic signatures (Figure 70) for ALDH1A2 and other important 

genes such as MYL2, MYL7, WT1, and PPARGC1A, as determined by qRT-PCR. We 

confirmed that the proepicardial pole is also the atrial pole by performing immunostaining 

for WT1 and MYL3 and show that the proepicardial pole is opposite to that of the 

ventricular pole (Figure 71). 
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Figure 69. a, Representative immunofluorescence images of individual day 30 organoids 
in both Control and EMM2/1 conditions from the cell lines L1, BYS0111, and H9 displaying 
ALDH1A2 (green), TBX18 (red), and DAPI (blue). Three organoids are displayed per 
condition per cell line (n=22 or 24 independent organoids for control or EMM2/1, 
respectively, for L1 organoids across three independent experiments; n=12 organoids per 
condition for BYS0111 organoids across two independent experiments; n=12 organoids 
per condition for H9 organoids across two independent experiments). Scale bars = 200 
μm. b-d, Quantification of ALDH1A2+ TBX18+ area within organoids in each condition 
from images presented in (a) for L1 (b), BYS0111 (c), and H9 (d) organoids. Data 
presented as fold change normalized to Control. Values = mean ±  s.e.m., unpaired t-test. 
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Figure 70. mRNA expression of select genes in the Control and EMM2/1 conditions from 
L1, BYS0111 and H9 organoids at day 30 (n=7-14 independent organoids per condition 
for L1 organoids across three independent experiments; n=8 organoids per condition for 
BYS0111 organoids across two independent experiments; n=8 organoids per condition 
for H9 organoids across two independent experiments). Genes presented are MYL2, 
MYL, MYH6, MYH7, ALDH1A2, PPARGC1A, and WT1. Data presented as log2 fold 
change normalized to Control for each cell line. Values = mean ±  s.e.m., unpaired t-test. 
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Figure 71. Representative immunofluorescence images of individual day 30 organoids in 
both Control and EMM2/1 conditions displaying WT1 (green), MYL3 (red), and DAPI 
(blue). Three organoids are displayed per condition (n=12 organoids per condition across 
two independent experiments). Scale bars = 200 μm. 

To further demonstrate the functional importance of the endogenous retinoic acid 

signaling observed in EMM2/1 organoids, we inhibited ALDH1A2 and retinoic acid 

production using the highly specific inhibitor DEAB, and through immunostaining for 

NR2F2 and MYL3, we showed that ALDH1A2 inhibition led to significantly impaired heart 
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organoid patterning in EMM2/1 conditions (Figure 72a, Figure 72b, Figure 72c). 

Organoids with inhibited ALDH1A2 displayed 0.35-fold and 0.42-fold reductions in MYL3+ 

and NR2F2+ areas relative to untreated organoids, respectively (Figure 72b, Figure 72c). 

Furthermore, we also showed that addition of exogenous retinoic acid to EMM2/1 

conditions did not lead to further differences in patterning, suggesting that EMM2/1 

organoids produce sufficient retinoic acid for normal patterning on their own (Figure 72). 

Together, these data show the ability of EMM2/1 organoids to endogenously synthesize 

retinoic acid in a spatially restricted manner colocalized with the epicardium (TBX18), a 

phenomenon that closely mimics the processes observed in in utero heart development 

and heart tube patterning. 

 

Figure 72. a, Representative immunofluorescence images of individual day 30 EMM2/1 
organoids following exposure to either deoxyaminobenzaldehyde (DEAB), retinoic acid 
(RA), or no treatment (untreated). Staining was performed for ventricular marker MYL3 
(pink), atrial marker NR2F2 (green), and DAPI (blue). Two organoids are displayed for 
each condition (n=9 independent organoids per condition across two independent 
experiments). Scale bar = 200 μm. b, Quantification of NR2F2+ area and c, MYL3+ area 
of organoids presented in (a) (n=9 independent organoids per condition across two 
independent experiments). Values = mean ±  s.e.m., one-way ANOVA with Dunnett’s 
multiple comparisons test. 
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4.3. DISCUSSION 

Laboratory models of the human heart have made considerable progress over the last 

several decades, beginning with animal models and primary cardiomyocyte culture and 

moving onwards to induced pluripotent stem cell-derived cardiac tissues (e.g., 

cardiomyocytes) and tissue engineering approaches (3D printing, biomaterials). The 

latest advances in human heart models are heart organoids generated from pluripotent 

stem cells36,78–80.  While these model systems have certainly yielded transformative 

research findings in the fields of cardiac disease, heart development, and cardiac toxicity 

testing25,26,30,78,275, these systems do not possess the true complexity of the in utero 

human heart, owing to a lack of maturity and faithfulness to human physiology, 

morphology, cellular organization, and functionality. These shortcomings severely limit the 

scope of relevance of traditional model systems. To circumvent these limitations, we 

designed and implemented simple and highly reproducible methods for developmental 

induction strategies inspired by in utero biological steps, producing human heart 

organoids with higher anatomical complexity and physiological relevance along first 

trimester fetal development.  

This chapter presents our findings that the EMM2/1 strategy most closely recapitulated 

heart development in vitro, and enabled organoids to acquire high levels of complexity 

and anatomical relevance by inducing progressive transcriptional maturation, 

mitochondrial and metabolic maturation, electrophysiological maturation, increased 

morphological and cellular complexity, and most importantly, by recapitulating anterior-

posterior heart tube patterning by endogenous retinoic acid signaling and self-
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organization. Importantly, results from using the EMM2/1 strategy over control were found 

to be reproducible across organoids derived from three pluripotent stem cell lines.  

Single-cell gene expression across multiple cardiac cell clusters revealed that EMM2/1 

organoids yielded high similarity to in vivo 6.5 post-conception week (GD45) developing 

human hearts113. Implementation of developmental induction strategies did not lead to 

the emergence of new cardiac lineages as the same cardiac cell types were observed in 

all conditions but did lead to expansion and reduction of certain populations, such as atrial 

and ventricular cardiomyocytes, and mesenchymal cell types (stromal cells) in what 

seems to be a process of fine tuning and remodeling. Interestingly, we could also observe 

the appearance of valvular and conductance cell types throughout all developmental 

induction conditions, a phenomenon not described before in heart organoids. 

Remarkably, nonetheless, organoids displayed a high degree of similarity to two 

independent embryonic human heart datasets across all major cardiac cell clusters.  

The metabolic transition from glycolysis to fatty acid oxidation is a paramount step in the 

late stages of cardiac development, preparing the heart for increased energy expenditure 

as well as inducing transcriptional regulation and stimulating physiological 

maturation145,147,233–235,276.  Efforts have been pursued to simulate these phenomena in 

vitro with cardiomyocytes and engineered heart tissues and have found beneficial effects 

from modified glucose concentrations and the addition of fatty acids32,46,48,128,140.  

However, these systems are simplistic models and do not possess the high physiological 

complexity as observed in human heart organoids. We showed that human heart 

organoids respond dramatically to developmental maturation stimuli and metabolically 

maturate and possess increased mitochondrial growth, density, gene expression profiles, 
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and oxygen consumption rates, particularly through the EMM2/1 strategy. These dramatic 

responses compared to traditional methods may be the result of synergy between multiple 

cardiac cell subtypes, such as epicardial cells and cardiac fibroblasts, which have been 

shown to stimulate cardiomyocyte growth and function277,278.  

Proper and gradual electrophysiological maturation throughout the cardiac syncytium, 

including the complex interplay between various ion channels and their subtypes as well 

as depolarization through t-tubules, comprises critical aspects of cardiac development 

and functionality245–248,269,270,279. Here, we show that organoids from the EMM2/1 strategy 

develop distinct calcium transients with increasing physiological mimicry due to their 

increased amplitude and decreased frequency. Additionally, organoids in the EMM2/1 

strategy develop higher levels of t-tubules, inward-rectifying potassium ion channels, and 

hERG channels compared to other maturation strategies. In fact, many efforts towards in 

vitro cardiomyocyte maturation have struggled or failed to elicit the presence of t-

tubules280,281 and inward-rectifying potassium ion channels remain critical to establishing 

low resting membrane potential282,283.  Moreover, cardiac hERG channels represent a 

paramount channel of importance for pharmacological screening due to its high 

arrhythmogenic potential if interfered with259,260. Nonetheless, the summation of multiple 

ion transients results in the cardiac action potential which is the ultimate driving force for 

human heart contraction and functionality. We show that cardiomyocytes within our 

EMM2/1 organoids possess ventricular-, atrial-, and nodal-like action potentials, opening 

the door for electrophysiological applications in drug screening.  

The embryonic heart begins as an unpatterned contracting tube and undergoes cellular 

and structural changes through morphogenetic signaling events to pattern along the 
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anterior-posterior axis, loop, and eventually form the 4-chambered primitive heart284,285. 

We investigated the morphological landscape of our organoids following the application 

of our maturation strategies and found that EMM2/1 organoids formed a two-chambered 

structure with cardiomyocytes forming one chamber with atrial identity and another with 

ventricular fate. Dense epicardial layering at the atrial chamber identified the proepicardial 

organ as the posterior pole of the heart tube286 and revealed that EMM2/1 organoids were 

spontaneously patterning along the aforementioned anterior-posterior axis, a 

phenomenon that was exclusively observed in EMM2/1 organoids. Further investigations 

found that self-organization and patterning in EMM2/1 was driven by an endogenous 

retinoic acid signaling gradient, identified by using a combination of Raman and confocal 

microscopy. ALDH1A2, an enzyme required for retinoic acid synthesis, was observed to 

be spatially restricted to the posterior end of EMM2/1 organoids, and co-localized with 

TBX18, an epicardial transcription factor confirming that the proepicardial organ was 

functional. Further, the patterning role that retinoic acid plays in EMM2/1 organoids was 

confirmed through inhibiting ALDH1A2, with inhibited organoids showcasing diminished 

patterning and expression of hallmark chamber identity proteins. Moreover, organoid 

patterning and gene expression profiles in EMM2/1 organoids were shown to be 

reproducible across three independent cell lines and across multiple independent 

experiments (L1 (iPSC), BYS0111 (iPSC), H9 (ESC)).  Taken together, these data support 

the hypothesis that our organoids recapitulate events that take place during in utero 

gestation where the proepicardial organ surrounds the posterior pole of the patterned 

heart tube where posterior atrial cardiomyocytes and proepicardial cells produce retinoic 
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acid to form a signaling gradient that further instructs the remainder of the heart tube with 

patterning and specification information113,165,180,273,286. 
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CHAPTER 5: AIM 3: UTILIZING HUMAN HEART ORGANOIDS TO INVESTIGATE 

ONDANSETRON-INDUCED CONGENITAL HEART DEFECTS 

5.1. BACKGROUND AND RATIONALE   

5.1.1. Ondansetron and congenital heart defects 

CHDs are a major cause of morbidity and mortality at both global and national levels.287 

The developing embryo and fetus are incredibly susceptible to genetic, maternal, and 

environmental factors.288 The heart is the first organ to fully form and function during 

human embryonic development99 and is responsible for the delivery of nutrients and 

oxygen to the fetus through the circulatory system, thus making the proper formation of 

the heart a paramount step in embryogenesis. In fact, the heart is highly susceptible to 

genetic and environmental factors in utero.289,290 Developmental toxicity is even possible 

with well-known pharmaceuticals, such as caffeine, ibuprofen, and ACE inhibitors.  

An additional pharmaceutical of interest is ondansetron, a 5-HT3 receptor antagonist and 

antiemetic used for treating nausea and vomiting during pregnancy291. Despite the lack 

of studies proving its safety for use during pregnancy, ondansetron is the most commonly 

prescribed drug for preventing morning sickness during pregnancy. In fact, up to 25% of 

pregnant women take ondansetron off-label during this period292. Ondansetron use during 

pregnancy has been linked to congenital heart defects and orofacial defects293–296 in 

epidemiological studies. Lemon et al.293 describe an increased risk for the development 

of ventricular septal defects while taking ondansetron, and Danielsson et al.295 found no 

statistically significant risk for a major malformation with the use of ondansetron during 

pregnancy, but did conclude that the risks for a cardiovascular defect and a cardiac 

septum defect were increased and statistically significant with the use of ondansetron. 
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Nonetheless, consensus in the field is divided297–299, with Parker et al.299 arguing that 

epidemiological data from two independent studies shows that ondansetron use during 

the first trimester was not associated with an increased risk for developing a congenital 

heart defect, but did yield modest increases in risk for the development of cleft palate and 

renal agenesis-dysgenesis. Additionally, the electrophysiological effects of ondansetron 

have been studied in vivo using animal models294,300,301 and on cardiomyocytes in vitro302–

305. Danielsson et al.294 investigated the effects of ondansetron on embryonic rat heart 

rhythm and found concentration dependent bradycardia, arrhythmia, and cardiac 

anatomical malformations. Additionally, Blinova et al.302 describe the proarrhythmic 

potential of ondansetron in an hiPSC-derived cardiomyocyte platform, showcasing 

elevated repolarization rates and being classified as an intermediate risk for developing 

arrythmia in two different computational models.  

However, epidemiological studies, in vivo animal studies, and current in vitro models are 

unable to capture the human-relevant risks pertaining to intricate embryonic and fetal 

developmental mechanisms and ignore miscarriage statistics altogether – a significant 

metric, as improper heart development often results in an early miscarriage. Altogether, 

the thorough and direct investigation of the safety of ondansetron use during pregnancy 

pertaining to human heart development is lacking and requires deeper attention. 

5.2. RESULTS 

5.2.1. Ondansetron treatment during heart organoid development 

captures congenital heart disease phenotypes associated with 

its use in the clinic 
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We sought to investigate the effects of ondansetron during human heart organoid 

development. We used clinical data on ondansetron dosing strategies to determine 

relevant concentrations for heart organoid studies293. We applied ondansetron at three 

different concentrations to heart organoids from day 9 until day 30 in the EMM2/1 strategy 

and noticed stark differences in beating behavior and gross morphology at day 30, with 

organoids in the 10 μM and 100 μM conditions exhibiting a marked decrease in beating 

frequency. Due to ondansetron’s chemistry as a 5-HT3 receptor antagonist, the 

electrophysiological effects in this respect were expected. We then assessed organoid 

morphology for atrial and ventricular cells, using MYL7 and MYL2 markers respectively 

(Figure 73a)306,307, at day 30. A clear dose-dependent reduction in MYL2+ ventricular cells 

was found when ondansetron was applied (Figure 73a). We quantified these results and 

showed that MYL2+ area decreased to 0.55-fold and 0.18-fold in organoids in the 10 μM 

and 100 μM conditions, respectively, relative to untreated organoids (Figure 73b), while 

MYL7+ area remained unchanged across all conditions (Figure 73c). Furthermore, 

organoids in the 100 μM condition also appeared to be structurally less organized with 

less defined chamber walls and loose chamber separation compared to untreated.  
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Figure 73. a, Representative immunofluorescence images of individual day 30 EMM2/1 
organoids following exposure to varying concentrations of ondansetron (1 μM, 10 μM, or 
100 μM) or no treatment (untreated) from day 9 to day 30 of culture. Staining was 
performed for ventricular marker MYL2 (green), atrial marker MYL7 (red), and DAPI 
(blue). Three organoids are displayed for each condition (n=12 independent organoids 
per condition across two independent experiments). Scale bar = 200 μm. b, Quantification 
of MYL2+ area and c, MYL7+ area for each condition (n=12 independent organoids per 
condition across two independent experiments). Data presented as fold change 
normalized to untreated. Values = mean ±  s.e.m., one-way ANOVA with Dunnett’s 
multiple comparisons test. 

To support these results, we performed qRT-PCR on organoids in all conditions and show 

that MYL2 expression decreased to 0.58-fold and 0.40-fold in the 10 and 100 μM 
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conditions, respectively, relative to untreated (Figure 74). Together, this data suggests 

that ondansetron perturbs critical steps of ventricular heart development in heart 

organoids reminiscent of most clinical phenotypes associated with its use, namely, 

ventricular septal defects. 

 

Figure 74. mRNA expression of ventricular marker MYL2 in all conditions at day 30 (n=6 
independent organoids per condition across two independent experiments). Data 
presented as log2 fold change normalized to control. Values = mean ±  s.e.m., one-way 
ANOVA with Dunnett’s multiple comparisons test. 

Ondansetron has also been implicated in inducing arrythmias and in prolonging the QT 

interval294,300,302,308,309. Thus, we investigated the electrophysiological effects of 

ondansetron on heart organoid development (Figure 75) via the potentiometric dye di-8-

ANEPPS. Action potentials for organoids in the 10 and 100 μM conditions were markedly 

different compared to untreated (Figure 75a, Figure 75b), displaying decreased 

frequencies (Figure 75c), amplitudes (Figure 75d), and increased APD30/90 (Figure 

75e, Figure 75f), which is consistent with the known effects of ondansetron on hERG 

potassium channel blockade309.  
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Figure 75. a,b, Representative voltage tracings of organoids showing three voltage traces 
from independent organoids in each condition (n=6 independent organoids per condition 
across two independent experiments). c,d,e,f, Quantification of voltage tracings from 
individual organoids in each condition from traces presented in a and b (n=6 independent 
organoids per condition across two independent experiments), displaying frequency (c), 
amplitude (d), APD30 (e), and APD90 (f). Values = mean ±  s.e.m., one-way ANOVA with 
Dunnett’s multiple comparisons test. 

We also found that ondansetron did not contribute to apoptosis in human heart organoids 

(Figure 76a, Figure 76b), but over time it did induce progressive loss of beating (Figure 

76c), suggesting that prolonged ondansetron use might have deleterious effects for 

electrophysiological maturation of the embryonic/fetal heart. Collectively, these data 

provide insight into the morphological and electrophysiological safety of ondansetron 

during human heart development and provide proof-of-concept for future investigations 

towards improving both the safety and efficacy of gestational medications and the 

pathology of congenital heart diseases. 
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Figure 76. a, Representative fluorescence images of day 30 EMM2/1 organoids from 
each condition displaying FlipGFP fluorescence signal following Ondansetron treatment 
from day 9 to day 30 and Doxorubicin treatment from day 28 to day 30 (across two 
independent experiments each: n=12 independent organoids per condition; n=6 
independent organoids for doxorubicin group). Scale bars = 200 μm.  b, Quantification of 
fluorescence intensity from images presented in (a) and from organoids at day 15 (across 
two independent experiments each: n=12 independent organoids per condition; n=6 
independent organoids for doxorubicin group). Data presented as fold change normalized 
to Untreated (Day 30). Values = mean ±  s.e.m., matched two-way ANOVA with multiple 
comparisons. c, Quantification of percentage of beating organoids throughout treatment 
period for each Ondansetron condition from day 0 to day 30 (n=24 independent organoids 
per condition across two independent experiments). 

5.3. DISCUSSION 

Cardiac organogenesis is a highly organized and carefully orchestrated process involving 

the interplay of millions of cells, and perturbations to this process can lead to congenital 

heart defects. Heart organoids represent a new avenue to explore heart development and 

congenital heart defects directly in humans and could be instrumental for disease 

modeling and pharmacological studies. For these reasons, we decided to investigate the 

effects of ondansetron (Zofran), a 5-HT3 receptor antagonist and antiemetic used for 
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treating nausea and vomiting291 and the most common prescription medication for 

preventing nausea and vomiting during pregnancy, with up to 25% of pregnant women 

taking it off-label during this period292. Ondansetron has been epidemiologically linked to 

congenital heart defects (particularly ventricular septal defects) and orofacial defects293–

296, although consensus in the field is divided297–299 and well-designed studies to 

thoroughly and directly investigate its safety are lacking. Moreover, ondansetron is not 

FDA approved for use during pregnancy and is prescribed off label for this use. The initial 

approval of ondansetron was for the indication of preventing nausea and vomiting during 

chemotherapy. Due to its widespread efficacy and general safety, it gained popularity and 

eventually made its way to aid expectant mothers.  

We investigated the effects of ondansetron treatment during heart organoid development 

and found that ondansetron exposure causes electrophysiological alterations as 

expected due to its chemistry as a serotonin inhibitor. More interestingly, however, 

ondansetron also directly and strongly inhibited ventricular cardiomyocyte differentiation 

or maturation, even at low doses, by an unknown mechanism. We visualized the quantity 

and localization of MYL2, a principle ventricular muscle protein, showing a dose-

dependent decrease in MYL2 expression with clinically relevant ondansetron treatments. 

This phenotype corresponds with epidemiological clinical findings which associate 

ondansetron use during pregnancy with ventricular septal defects293,295,296. This finding is 

important as it has significant implications in the clinic and suggests ondansetron should 

be administered with caution during pregnancy. Moreover, this study serves as validation 

that the patterned human heart organoid model can function as a relevant and sensitive 

model for investigating human heart disease and toxicological safety. Ultimately, here we 
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show that EMM2/1 organoids can be used as a model platform for investigating the role 

of ondansetron in congenital heart defects. 
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CHAPTER 6: CONCLUSION AND FUTURE DIRECTIONS 

6.1. CONCLUSION 

In summary, we describe here a developmental induction strategy inspired by hallmarks 

of in utero development for producing patterned human heart tube organoids that highly 

recapitulate human first trimester heart development. Our EMM2/1 developmental 

induction strategy yields several unique and crucial characteristics representative of an 

early fetal human heart, including the presence of anterior-posterior patterning with an 

endogenous retinoic acid gradient originating at the posterior end, polar separation of 

atrioventricular chambers, and a posterior, proepicardial pole; all shown in heart 

organoids from three independent cell lines. The EMM2/1 strategy also results in atrial 

and ventricular cardiomyocytes, valvular cells, conductance cells, epicardial cells, 

proepicardial cells and more, as well as large hollow chambers, functional 

electrophysiology, and increased mitochondrial density and metabolic transcriptional 

profiles. Moreover, EMM2/1 organoids display a high degree of similarity compared to 

embryonic human hearts at similar stages of development. To highlight the relevance and 

applicability of our model for disease modeling, we show that EMM2/1 organoids 

recapitulate and reveal potential mechanisms of ondansetron toxicity in the developing 

heart. To the extent of our knowledge, this is the first time the human heart tube has been 

reconstructed to this level of detail in vitro. Overall, our findings represent a significant 

advancement in human synthetic development and offer a valuable platform for cardiac 

disease modeling and pharmacological research. 
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6.2. LIMITATIONS 

While our maturated human heart organoid technology opens exciting avenues for 

modeling the human heart in vitro, important limitations remain. First, further investigation 

is necessary to clarify the role of other important cellular populations, such as 

conductance cells and endothelial/coronary vasculature. EMM2/1 conditions had 

seemingly negative effects on organoid vascularization, a topic that deserves more 

attention as conditions can be further refined. Second, the lack of circulation constitutes 

a significant drawback that needs to be addressed, possibly through using microfluidic 

devices. Third, further developmental steps need to be introduced to continue increasing 

the physiological relevance of the organoids. This includes correcting the lack of 

embryonic tissue-resident macrophage populations or the contributions of the neural 

crest. Finally, more anatomical events need to be modeled, such as outflow tract and 

atrioventricular canal formation, heart looping and chamber septation. 

6.3. FUTURE DIRECTIONS 

All these developmental features highlight the technological leap taken to model the 

developing human heart in vitro and prove the potential of our methodology for 

establishing heart models for the study of normal heart development, congenital heart 

defects, cardiac pharmacology, regeneration, and other cardiovascular disorders in the 

future. Through mimicking early stages of heart development, these organoids can be 

used to investigate teratogens and environmental factors, such as pollutants and the 

influence of diet. Additionally, the role of myriad genetic mutations can be probed and 

characterized with higher fidelity than ever before. Similarly, investigating the efficacy and 

safety of pharmaceutical drugs, a continually increasing approach to treat and manage 
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diseases and pain, with this platform is highly advantageous. Heart organoids represent 

an untapped platform for increased precision in pharmaceutical discovery, development, 

and safety testing. To this end, the utility of chemotherapeutics is a field that is directly 

related to heart health. Chemotherapeutics can be highly toxic to the heart310, and the 

mechanisms and solutions surrounding this cardiotoxicity remain elusive. Cardiac 

development is a highly intricate process and the perturbations of many factors 

influencing cardiac development described above remain incompletely explored in 

humans. 

Additionally, the utility of heart organoids to aid in the regenerative capacity of the human 

heart may prove a fruitful vein of research. The human heart possesses an extremely 

limited capacity to regenerate and repair itself following damage and is a principal 

contributor to the morbidity and mortality surrounding heart disease. While attempts have 

been made to utilize cell-based regenerative approaches311–313, a solution has yet to 

prove successful in clinical trials and human hearts remain non-regenerative. The 

increased cellular and structural maturity and physiological relevance of human heart 

organoids paired with their complex endogenous communication networks may prove 

efficacious in regeneration and repair. 

The ability to create heart organoids from patient-specific iPSCs represents an 

unprecedented opportunity to transform the landscape of clinical trials. With this 

technology, scientists can perform “clinical trials in a dish” by using patient-derived iPSCs 

to not only guide clinical decision making, but also to perform clinical trials spanning more 

robust and diverse racial backgrounds, gender, age, and other complicating factors. At 

the same time, this technology mitigates the risks involved during current clinical trials 
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and can safeguard the patient from added, unnecessary, and unexpected risks, like 

cardiac arrythmia. The outdated trial and error process of determining the right drug or 

formulation for patient use can be streamlined with iPSC-derived organoid technology, 

and more importantly, can save patient lives at the same time. 

Attempts at creating or fabricating ventricles and hearts in vitro via 3D printing and related 

strategies have captured headlines for decades.34,314 Nonetheless, these strategies suffer 

from a lack of cellular complexity and physiological and anatomical relevance and 

functionality. The cellular complexity of our heart organoids paired with their spatial 

organization of cardiac cell types through endogenous recapitulation of anterior posterior 

patterning, atrial and ventricular chamber formation, and retinoic acid signaling highlights 

the ability to holistically recreate cardiogenesis and represents a crucial step forward 

towards the generation of synthetic human hearts in a dish.  
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APPENDIX 

ANTIBODIES AND MOLECULAR PROBES USED THROUGH THE DISSERTATION 

Table A.1. Primary and secondary antibodies used for imaging purposes in this 
dissertation. 

 Antibody 
Name 

Host Species Dilution Catalogue 
Number 

Vendor 

P
ri

m
a

ry
 

TNNT2 Mouse 1:200 ab8295 Abcam 

TNNT2 Rabbit 1:200 ab45932 Abcam 

WT1 Rabbit 1:200 ab89901 Abcam 

PECAM1 Mouse 1:50 P2B1 DSHB 

MYL2 Rabbit 1:200 ab79935 Abcam 

MYL7 Mouse 1:200 311-011 Synaptic 
Systems 

TBX18 Mouse 1:200 ab201587 Abcam 

ALDH1A2 Rabbit 1:200 ABN420 Sigma 

KCNJ2 Rabbit 1:500 HPA029109 Sigma 

NR2F2 Rabbit 1:100 ab211777 Abcam 

MYL3 Mouse 1:50 Sc-47719 Santa Cruz 
Biotechnology 

Caveolin-3 Mouse 1:50 MAB6706-
SP 

R&D Systems 

S
e

c
o

n
d

a
ry

 

Alexa Fluor 488 Donkey anti-mouse 1:200 A-21202 Thermo Fisher 
Scientific 

Alexa Fluor 488 Donkey anti-rabbit 1:200 A-21206 Thermo Fisher 
Scientific 

Alexa Fluor 594 Donkey anti-mouse 1:200 A-21203 Thermo Fisher 
Scientific 

Alexa Fluor 594 Donkey anti-rabbit 1:200 A-21207 Thermo Fisher 
Scientific 

Alexa Fluor 647 Donkey anti-rabbit 1:200 A-31573 Thermo Fisher 
Scientific 
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Table A.2. Fluorescent molecules used for imaging purposes in this dissertation. 

Dye/Molecule Target Dilution Catalogue 
Number 

Vendor 

DAPI Nucleus (DNA) 1:1000 62248 Thermo Fisher 
Scientific 

Di-8-ANEPPS Cell Membrane 10 μM D3167 Thermo Fisher 
Scientific 

Fluo-4, AM Intracellular calcium 
ions 

1 μM F14201 Thermo Fisher 
Scientific 

MitoTracker Mitochondria 100 nM M22426 Thermo Fisher 
Scientific 

NucBlue Nucleus (DNA) 2 
drops/mL 

R37605 Thermo Fisher 
Scientific 

WGA/FITC T-tubules 1:200 L4895 Sigma 
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