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A B S T R A C T

Organoids, exhibiting the capability to undergo differentiation in specific in vitro growth environments, have 
garnered significant attention in recent years due to their capacity to recapitulate human organs with resemblant 
in vivo structures and physiological functions. This groundbreaking technology offers a unique opportunity to 
study human diseases and address the limitations of traditional animal models. Cardiovascular diseases (CVDs), a 
leading cause of mortality worldwide, have spurred an increasing number of researchers to explore the great 
potential of human cardiovascular organoids for cardiovascular research. This review initiates by elaborating on 
the development and manufacture of human cardiovascular organoids, including cardiac organoids and blood 
vessel organoids. Next, we provide a comprehensive overview of their applications in modeling various car-
diovascular disorders. Furthermore, we shed light on the prospects of cardiovascular organoids in CVDs therapy, 
and unfold an in-depth discussion of the current challenges of human cardiovascular organoids in the devel-
opment and application for understanding and treating CVDs.

1. Introduction

Cardiovascular diseases (CVDs) stand as the leading causes of mor-
tality and disability worldwide, representing a significant contributor to 
the global public health burden [1]. Despite ongoing efforts by scientists 
to fathom the intricate pathophysiological mechanisms of CVDs with the 
aim of developing innovative drugs, the incidence of CVDs continues to 
escalate annually. To date, the landscape of drug development pre-
dominantly relies on conventional animal models. Prior to embarking on 
the inaugural human clinical trials, the safety and efficacy of drugs 
undergo rigorous testing in animal subjects. However, substantial dis-
parities exist between animals and humans in terms of physiological and 
pathological environments, significantly compromising the outcomes 
and advancement of clinical trials of CVDs drugs.

With the increasing discrepancies in key findings between traditional 
animal models and human clinical applications, scientists are actively 
seeking innovative biological models to address this challenge [2]. 

Classic cell cultures and traditional animal models have been widely 
employed in drug development and preclinical research. These models 
are renowned for their robustness, rapid growth, and high reproduc-
ibility, rendering them cost-effective and easily managed in laboratory 
settings [3]. To date, the mouse model remains the most commonly used 
organism for studying human diseases, including CVDs [4]. The adop-
tion of the mouse model for studying human diseases gained traction in 
the early 20th century. Mice offer advantages such as faster breeding, 
reduced floor area requirements, and ease of housing and care, making 
them a practical choice for experimental studies [5]. However, animals 
are unable to precisely replicate human biological processes and phys-
iological conditions due to their significant differences in genetic 
background, physiology, and anatomy. For instance, the proportion of 
white matter in rodent brains is notably lower compared to that in the 
human brain. While human brains have approximately 60 % white 
matter, rodents have a proportion not exceeding 15 % [6]. The left 
atrium of the human heart receives blood from four distinct pulmonary 
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veins, while in mice, the pulmonary veins converge into the left atrium 
through a single opening [7]. In addition, the human heart is signifi-
cantly larger and more complex than the murine heart. Mice exhibit 
higher heart rates, and this disparity in cardiac function can influence 
disease pathogenesis, particularly in conditions such as arrhythmias and 
heart failure [7]. Recently, the fabrication of human organoids has 
gained widespread attention as a potential breakthrough in addressing 
these challenges, offering a pathway to the development of more 
effective and clinically relevant drugs for CVDs therapy [8,9].

Organoids refer to cells flourishing within in a controlled three- 
dimensional (3D) setting in vitro, leading to small groups of cells that 
autonomously organize and differentiate into functional organ-like 3D 
miniature, which can recapitulate the key structures and functions of 
native organ in vivo [10]. Organoids can be generated from human 
pluripotent stem cells (hPSCs) and adult stem cells (adSCs) through two 
prevalent methods including self-assembly and direct assembly [11,12], 
and both cell types are compatible with most standard techniques of 
organoid fabrication [13–15]. Cardiovascular organoids (CVOs), 
including cardiac organoids (COs) and blood vessel organoids (BVOs), 
have substantially advanced the development of in vitro 3D non-animal 
models of various CVDs such as myocardial infarction (MI), heart fail-
ure, diabetes-related vascular complications, cardiomyopathy and 
arrhythmia [16]. Moreover, human CVOs have shown great potential in 
CVDs drugs development, toxicity testing, personalized medicine, 
regenerative medicine, and transplantation therapy [8,17,18]. In this 
review, we outline the development of human cardiovascular organoid 
culture and provide an overview of the key techniques for creating 
CVOs. We highlight their applications and prospects in cardiovascular 

research. Additionally, we discuss the potential challenges and limita-
tions that must be addressed to further advance and expand the use of 
CVOs in CVD research.

2. Development and manufacture of human cardiovascular 
organoids

2.1. The development of cardiovascular organoids

Conventional cardiovascular cell models have predominantly relied 
on two-dimensional (2D) culture systems, which are inherently limited 
in their ability to accurately recapitulate native cardiovascular tissues 
development and disease. These limitations arise from the inability of 
2D cultures to replicate the morphogenetic and pathophysiological 
processes that depend on critical cell-cell and cell-extracellular matrix 
(ECM) interactions, which are essential for understanding CVDs [19,20]. 
To address the limitations of traditional 2D cultures, in vitro 3D culture 
models that more accurately mimic the complex structures and func-
tions of the native heart and blood vessels have been developed [21,22]. 
The concept of 3D cell culture, a precursor to organoid technology, 
emerged from the observation that cells behave differently when 
cultured in a 3D environment compared to traditional 2D monolayers. In 
the 1970s, researchers began exploring cell culture in 3D matrices, such 
as collagen and Matrigel, which offered a more in vivo-like microenvi-
ronment that supported cellular growth and differentiation (Fig. 1) [23]. 
Furthermore, the emergence of pluripotent stem cells (PSCs), with their 
remarkable capacity to differentiate into various types of cardiovascular 
cells such as endothelial cells (ECs), smooth muscle cells and 

Fig. 1. The developmental trajectory of human cardiovascular organoids. Cardiovascular organoids can be classified into blood vessel organoids (BVOs) and 
cardiac organoids (COs). In 2019, functional 3D vascular organoids were introduced, primarily used for vascularizing other tissue structures to simulate the 
microenvironment of human blood vessels. The development of 3D cardiac organoids can be traced back to 2015. The advent of 3D cardiac microchambers 
significantly promoted the development of functional 3D cardiac organoids, with self-organized cardiac organoids appearing in 2018. In 2021, cardiac organoids with 
chamber function emerged, more closely resembling the real human heart. hPSCs: human pluripotent stem cells, hiPSCs: human induced pluripotent stem cells, 
hESCs: human embryonic stem cells, HFOs: heart-forming organoids, TF: transcription factor.
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cardiomyocytes (CMs), has enabled researchers to generate in vivo-like 
CVOs, including blood vessel organoids and cardiac organoids, that 
more accurately recapitulate the structure and function of human car-
diovascular tissues [9,24].

2.1.1. Blood vessel organoids
Blood vessel organoids (BVOs), mimicking the structural and func-

tional characteristics of blood vessels, can be derived from hPSCs that 
can differentiate into various types of vascular cells, including ECs, 
pericytes, and smooth muscle cells [25]. In 2013, the self-assembly of 
hPSCs into vascular structures within a synthetic matrix was established 
to lay the groundwork for the development of 3D vascular organoids 
(Fig. 1) [26]. In 2019, Wimmer et al. successfully generated 
self-organizing 3D human BVOs from hPSCs through mesoderm induc-
tion of hPSC aggregates followed by differentiation into endothelial 
networks and pericytes within a 3D collagen I-Matrigel matrix, exhib-
iting morphological, functional, and molecular characteristics of human 
microvasculature (Fig. 1) [27,28]. Importantly, when transplanted into 
mice, these human BVOs can form a stable, perfused vascular tree, 
including arteries, arterioles and venules [27,28]. Next, in 2021, Dail-
amy et al. proposed a programmatic introduction of parenchymal cell 
types to create neuro- and myo-BVOs that maintain neural and vascular 
function for at least 45 days in culture through overexpression of 
lineage-specifying transcription factor (TF) (Fig. 1) [29]. In 2022, 
Schmidt et al. introduced a novel and cost-effective protocol to generate 
more sophisticated BVOs that can recapitulate human vasculogenesis, 
angiogenesis and vessel wall maturation by seeding human induced 
pluripotent stem cells (hiPSCs) in non-adhesive agarose-coated wells 
and inducing them towards a lateral plate mesoderm fate through 
activation of Wnt and bone morphogenetic protein 4 (BMP4) signaling, 
providing a platform to study all stages of blood vessel development and 
maturation (Fig. 1) [30]. Furthermore, a 3D printing-based platform 
integrated with a microfluidic chip was established to build neuro-
vascular organoids through a synchronized co-culture of hiPSC-derived 
pericytes and ECs (Fig. 1) [31].

2.1.2. Cardiac organoids
Cardiac organoids (COs), resembling human heart tissues, can be 

derived from hPSCs that can differentiate into various types of cardiac 
cells [9,24], and offer higher physiological relevance, organ-specific 
functions, and patient-specific features [9,24]. The development of 
early COs began in 2015 when Ma et al. reported that the establishment 
of a beating human 3D cardiac microchamber, confined by the pattern 
geometry, through the synergistic differentiation of patterned hiPSCs 
into CMs (Fig. 1) [32]. In 2017, Voges et al. and Mills et al. employed 
hiPSC-derived CMs in combination with collagen I and Matrigel to 
fabricate human cardiac organoids (hCOs), which displayed character-
istics of immature human myocardium and exhibited physiological 
inotropic responses to calcium (Fig. 1) [33,34]. To experimentally 
model early cardiac organogenesis in vitro, in 2018, researchers created 
3D spatially patterned early-developing COs with distinct organization 
and self-assembly by combining biomaterial-based cell patterning with 
stem cell organoid engineering (Fig. 1) [35]. Subsequently, in 2021, 
complex, highly structured and 3D self-assembling heart-formation 
organoids with a myocardial layer lined by endocardial-like cells 
distinct, anterior versus posterior foregut endoderm and vascular 
network was fabricated by embedding human pluripotent stem cell ag-
gregates in Matrigel and subsequently directing cardiac differentiation 
through biphasic Wnt pathway modulation (Fig. 1) [36]. In the same 
year, Lewis-Israeli et al. reported that self-organizing human COs with 
well-organized multi-lineage cardiac cell types, atrioventricular speci-
fication, and excellent functional activity were generated based on hPSC 
through a three-step Wnt signaling modulation strategy (Fig. 1) [8]. 
Furthermore, in 2022, Lee et al. developed more mature self-assembled 
heart organoids (HOs) using human iPSCs that exhibited validated 
mimicry of cardiac structures such as the chamber, 

epicardium/myocardium, atrium/ventricle-similar areas, vasculariza-
tion after in vivo transplantation, as well as mechanical/-
electrophysiological features, which can closely and readily recapitulate 
the morphological and functional aspects of the human heart (Fig. 1) 
[37]. In the same year, researchers successfully generated matured 
human chambered cardiac organoids (CCOs), which could be used to 
model clinical features of cardiac hypertrophy, exhibiting thickened 
chamber walls, reduced fractional shortening, and increased myofi-
brillar disarray upon treatment with endothelin-1, from hESCs (H7) 
through modulation of Wnt/β-catenin signaling and growth factors [38]. 
To study embryogenesis and the development of embryonic heart, 
multi-chamber cardioids that recapitulate the development of all major 
embryonic heart compartments, including right and left ventricles, atria, 
outflow tract, and atrioventricular canal, were developed by Schmidt 
et al., in 2023, using progenitors of the first heart field, the second heart 
field, and the posterior second heart field [39].

2.2. Manufacture of human cardiovascular organoids

In general, there are two prevalent methods employed for human 
CVOs production, including self-assembly (or self-organization) [8,36,
40–42] and direct assembly [43–45] (Table 1). In the approach of 
self-assembly, cells, typically derived from PSCs, are allowed to spon-
taneously aggregate and organize into organoid structures. Directed 
assembly techniques can promote the formation of aggregates, which 
typically refer to clusters of cells assembled under specific conditions to 
promote cell-cell interactions and self-organization. These clusters can 
be directed to develop into more complex, functional structures with 
features of specific organs, which we refer to as organoids. Direct as-
sembly involves a more controlled approach, where cells or tissue 
components are assembled in a predetermined manner, often with the 
help of bioengineering techniques such as 3D bioprinting or micro-
fabrication, allowing for greater control over the spatial organization 
and architecture of the generated organoids (Fig. 2). Currently, several 
techniques including suspension culture, hydrogel/matrix embedding, 
3D bioprinting, and microfluidics, are commonly employed for the 
production of human CVOs.

2.2.1. Suspension culture
In the suspension culture system, cells are grown in a floating state 

rather than being attached to a surface. The cells are typically placed in 
spinner flasks or bioreactors, where continuous stirring facilitates the 
growth of 3D organoids without the need for scaffolds. Suspension 
culture is a well-established method for generating COs. Lewis-Israeli 
et al. employed suspension culture to generate self-assembling human 
heart organoids by seeding 10,000 hPSCs (iPSC-L1, AICS-0037-172, 
iPSCORE_16_3, iPSC GCaMP6f, and human ESC line H9) in 96-well 
plates and sequentially exposing them to CHIR99021, B27, and Wnt- 
C59 to activate, inhibit, and then reactivate the Wnt pathway for dif-
ferentiation into hHOs (Fig. 2A) [8,46]. Recently, an efficient and 
reproducible cardiac differentiation protocol has been developed to 
produce COs by utilizing stirred suspension systems and cost-effective 
spinner flasks. In this culture system, WTC-11, a wild-type human 
male iPSC line, was allowed to be differentiated into cardiomyocytes 
(hiPSC-CMs) through a 2D monolayer culture treated with Y-27632, 
CHIR99021, and IWR-1-endo. After 8 days of differentiation, the culture 
was transferred to a magnetic stirring bottle, and bioreactor-derived COs 
were formed after 15 days of suspension culture (Fig. 2A) [47]. This 
approach eliminates direct substrate contact, facilitating the 
self-assembly of cardiac tissue, and represents the first cardiac organoids 
entirely formed in a bioreactor. Suspension culture is not widely 
employed for the production of BVOs. Nonetheless, self-organizing 3D 
human BVOs generated from hPSCs within a 3D collagen I-Matrigel 
matrix can be further cultured in scalable suspension culture [28]. 
Hence, suspension culture supports high-throughput production of 
organoids with fewer limitations from substrate interaction.
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Table 1 
Manufactures and applications of various cardiovascular organoids (CVOs).

Types of 
CVOs

Cell sources Manufacture 
methods of CVOs

Cell types in CVOs Application in CVDs modeling Reference

Cardiac 
organoids

hPSCs Self-assembly Cardiomyocyte, epicardial cells, fibroblasts, 
endocardial cells, and endothelium

Recreate complex metabolic disorders associated with 
congenital heart defects

[8]

hESCs 
and hiPSCs

Cardiomyocyte and endocardial cells Model resembles aspects of the decreased 
cardiomyocyte adhesion and hypertrophy resulting 
from NKX2.5 loss in native heart development

[36]

hPSCs Cardiomyocyte, epicardial cells, fibroblasts, 
endocardial cells, and endothelium

Study mechanisms of human cardiogenesis and heart 
disease

[40]

mESCs Cardiac progenitors Organoid model that mimics the early development of 
the heart

[42]

hiPSCs Cardiomyocytes, fibroblasts, and endothelial 
cells

Mimicking acute myocardial infarction and cardiac 
fibrosis using HOs

[136]

hPSCs Cardiomyocytes and epicardial cells Pregestational diabetes induced congenital heart 
defects

[67]

hiPSCs Cardiomyocytes, endothelial cell, sinoatrial 
node-related cells, epicardial cells, proepicardial 
cells, cardiac fibroblasts and mesenchymal 
cardiac progenitors

This model enables in vitro observation of the 
molecular mechanisms underlying diabetic embryonic 
heart disease.

[71]

hiPSCs Atrial cardiomyocytes, ventricular 
cardiomyocytes, proepicardial-derived cells, 
epicardial cells, endothelial cells, and valve cells

Exploring the effects of ondansetron that a drug 
administered to pregnant women and associated with 
congenital heart defects

[41]

hiPSCs Cardiomyocyte, endothelial cells and fibroblast/ 
adipose progenitors

Gain insight into the disease mechanism of DMD- 
associated hypertrophic/dilated cardiomyopathy,

[94]

hiPSCs Myocardial and endocardial Cardiac organoid was the myocarditis valid infection 
model in vitro

[70]

hiPSCs Cardiomyocytes Establish short QT syndrome model and assessing drug 
treatments

[68]

hiPSCs Cardiomyocytes, vascular endothelial cells, 
fibroblasts, and smooth Muscle Cells

Various drugs can be tested for their effects on 
electrical activity in arrhythmia modeling

[99]

hiPSCs Cardiomyocytes and smooth muscle-like stromal 
cells

As an in vitro platform for studying organoid 
structure-function relationships, developmental 
processes, and drug-induced cardiac developmental 
toxicity

[103]

hESCs Cardiac progenitor cells, mesenchymal stem 
cells and endothelial cells

By transplantation of COs into the peritoneal cavity of 
nude mice induced neovascularization in CO, resulted 
in more ultrastructural organization of myofibrils

[111]

hPSCs Cardiomyocytes and cardiovascular progenitor 
cells

MSC-derived extracellular vesicles may serve as a 
potential therapeutic approach for preventing or 
mitigating damage caused by ischemia- 
reperfusioninjury in cardiac tissues.

[137]

hiPSCs Cardiomyocytes, fibroblasts, and endothelial 
cells

The combination of hiPSC and organoid technology 
makes the production of human 3D cardiac organoid 
closer to physiology.

[138]

Cardiac 
aggregates

hiPSCs Directed 
assembly

Cardiomyocytes, myofibroblasts and smooth 
muscle cell

Drug cardiac developmental toxicity screening [32]

hPSCs Cardiomyocytes, human cardiac fibroblasts, 
endothelial cells, and stromal cells

Conductive silicon nanowires enhance the therapeutic 
efficacy of engineered human cardiac microtissues for 
heart repair

[114]

hiPSCs Cardiomyocyte and fibroblasts Cardiac maturation/adult disease modeling [45]
hPSCs Cardiomyocyte, epicardial cells, fibroblasts, 

pericyte, endothelial cells and myocardial cells
Developing drugs to prevent heart infections and 
damage

[44]

hiPSCs and hESCs Cardiomyocytes, myofibroblast/smooth muscle 
cell

Embryotoxicity screening/structural malformations at 
early stage of cardiac organogenesis

[35]

hiPSCs Fibroblast and cardiomyocyte Organoids as myocardial infarction model can model 
hypoxia-enhanced doxorubicin cardiotoxicity

[66]

hPSCs Cardiomyocyte and fibroblast In vitro simulation of heart failure, drug evaluation 
and development of heart repair patch

[69]

hiPSCs hiPSC- cardiomyocytes, human cardiac 
microvascular endothelial cells, and human 
cardiac fibroblasts

Organoids are capable of representing significant 
phenotypical features of the healthy and hypertrophic 
cardiomyopathic human heart in vitro

[93]

hiPSCs Fibroblasts. cardiac myocytes and endothelial 
cells

Drug screening [102]

hPSCs Cardiomyocytes, fibroblasts, endothelial cells 
and smooth muscle cell

hCO platforms can be used in drug discovery pipelines 
to identify the most efficacious activators of 
cardiomyocyte proliferation

[101]

Blood vessel 
organoids

hPSCs Self-assembly VE-Cadherin + endothelium, mesenchymal 
stem-like cells, haematopoietic cells and 
pericytes

Establish diabetic microvascular pathologies model 
and drug screening and evaluation

[27]

hESC (H9) and 
hiPSCs

Endothelial cells and pericyte Investigate diabetic vascular basement membrane 
thickening

[28]

iPSCs Endothelial cells and pericytes As a model to study the mechanisms of 
microangiopathy

[48]

hiPSCs, 
human fibroblasts 
and endothelial 
cells

Human umbilical vein endothelial cells, 
fibroblasts, endothelial cells and pericytes

Improved growth and functionality of 3D tissues via 
vascularization

[60]
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2.2.2. Hydrogel/matrix embedding
Cells are embedded in natural or synthetic hydrogels, such as 

collagen or Matrigel, which provide a supportive scaffold mimicking the 
extracellular matrix, allowing cells to form 3D structures within a bio-
logically relevant environment. Within a 3D collagen-Matrigel mixture 
matrix, self-organizing 3D human BVOs exhibiting morphological, 
functional, and molecular features of microvasculature and vascular 
networks were successfully generated within 2–3 weeks through meso-
derm induction of hPSC or hiPSCs (KOLF2 and SCVI273) aggregates, 
followed by differentiation into endothelial networks and pericytes 
(Fig. 2B) [28,48,49]. hCO with immature human myocardium can be 
constructed using differentiated cardiac cells embedded in collagen I for 
5 days in the mold [33]. Moreover, hPSC-derived cardiomyocytes can 
also serve as a cell source for generating hCOs through the hydro-
gel/matrix embedding technique [34]. Complex and highly structured 
3D heart-forming organoids is able to be generated by embedding hESC 
lines (HES3 NKX2.5–eGFP, HSC_ADCF_SeV-iPS2, HES3 MIXL1–GFP, and 
HES3 NKX2.5–eGFP/eGFP) as cell aggregates in Matrigel, followed by 
directed cardiac differentiation using biphasic WNT pathway modula-
tion with small molecules (Fig. 2B) [36]. Through the treatment with 
B-27, CHIR, and IWP2, the hPSC aggregates underwent progressive 
differentiation, resulting in organoids approximately 2 mm in diameter 
within 14 days [36].

2.2.3. 3D bioprinting
3D bioprinting uses bio-inks composed of living cells and bio-

materials to create complex, layered structures with high spatial preci-
sion, which enables the creation of geometrically defined 3D structures 
that significantly enhance their physiological relevance through archi-
tectural mimicry of native tissues and organs [50,51]. 3D tissue con-
structs containing vasculature, human neonatal dermal fibroblast cells, 
primary human umbilical vein endothelial cells (HUVECs), and extra-
cellular matrix have been produced through the precise co-printing of 
bioinks in 3D [52]. In 2019, by using cells and biological material from a 
human patient bioprinting, Israeli researchers successfully bioprinted 
the first synthetic 3D vascularized engineered heart, encompassing 
blood arteries, ventricles, and chambers [53]. To investigate the effects 

of microgravity on CVDs, Alonzo et al. fabricated a 3D bioprinted hCOs 
characterized by sustained longevity and function involved printing 
annular ring-like scaffolds composed of a hydrogel (gelatin-alginate) 
construct encapsulated with a mixture of human cardiac AC16 CMs, 
fibroblasts (FBs), and microvascular ECs [54]. A 3D printing-based 
platform integrated with a microfluidic chip can facilitate a sequential 
and developmentally synchronized co-culture of human pluripotent 
stem cell-derived pericytes and ECs, which enables the sprouting and 
self-assembly of these cells into organized vascular networks, promoting 
the formation of neurovascular organoids (Fig. 2C) [31]. A novel hybrid 
technique based on 3D bioprinting by utilizing composite bioink, 
hiPSC-CMs, ECs directly bioprinted within microfibrous hydrogel scaf-
folds has been developed to fabricate endothelialized COs and heart 
tissues exhibiting spontaneous and synchronous contraction (Fig. 2C) 
[55]. Furthermore, a 3D hCOs, featuring distinct geometries and blood 
vessel-like structures, was successfully generated using a multi-cellular 
3D bioprinting approach that incorporated heterogeneous, 
multi-cellular constructs composed of HUVECs and iPSC-CMs [56].

2.2.4. Microfluidics
Microfluidics refers to a system that controls fluid flow using micro- 

channels at the submillimetre scale to recreate the dynamic microen-
vironment [57], which can support vascularization and enable real-time 
observation of CVOs development and function [58]. This system allows 
to simulate the key physiological conditions of cardiovascular system, 
such as vascular network formation, electrical stimuli, shear stress, and 
mechanical stretch. A microfluidic chip seeded with mesenchymal stem 
cells, SMCs, or HUVECs was developed to simulate the hemodynamic 
microenvironment of blood vessels in vivo by simultaneous or individ-
ual fluid shear stress and cyclic stretch to vascular cells, which demon-
strated reliability in replicating the hemodynamic environment and 
structure and function of blood vessels [58]. A microfluidic system was 
developed to model blood vessel formation and angiogenesis by incor-
porating various stages of vascular development, including vasculo-
genesis, endothelial cell lining, sprouting angiogenesis, and anastomosis 
[59]. This system utilized human endothelial colony-forming cell-der-
ived endothelial cells and human lung fibroblasts to generate and 

Fig. 2. The manufacturing techniques of human cardiovascular organoids. Human CVOs are primarily produced through two methods: self-assembly (or self- 
organization) and direct assembly. Currently, there are four techniques for fabricating human cardiovascular organoids: (A). Suspension culture; (B). Hydrogel/ 
matrix embedding; (C). 3D bioprinting; (D). Microfluidics.
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maintain a 3D microvascular network, providing a physiological trans-
port model of interconnected, perfused vessels, from arteries to vascu-
larized tissue and veins [59]. Additionally, a microfluidic chip platform 
integrated with 3D bioprinting was developed to fabricate neuro-
vascular organoids by inducing the organization of human pluripotent 
stem cell-derived pericytes and ECs into vascular networks through 
sprouting and self-assembly [31]. Recently, a novel technique inte-
grating microfluidic chips and functional BVOs-on-chip was established 
to monitor the formation of endothelial networks surrounding mesen-
chymal and pancreatic islet spheroids, as well as BVOs derived from 
hiPSC line NC8, cultured on-chip for up to 30 days [60]. This micro-
fluidic platform is the first device to incorporate functional vasculature 
throughout microfluidic-trapped, embedded 3D blood vessel organoids 
(BVOs), enabling the generation of perfused hierarchical networks that 
include vessels ranging in size from arterioles to venules and capillaries 
(Fig. 2D) [60]. The microfluidic system can be also used to facilitate 
producing hCOs. A microfluidic patterning technique utilizing hyal-
uronic acid (HA) substrates as inductive templates was employed to 
fabricate 3D hCOs [61]. Upon seeding, CMs elongate and align along the 
patterned direction, attaching primarily to the glass substrate and the 
interface between the HA patterns and glass [61]. After three days in 
culture, the linearly aligned myocytes detached from the surface, 
forming contractile COs [61]. This method offers a simple, rapid, and 
cost-effective approach for creating in vitro hCOs. In addition, Marsano 
et al. constructed a novel microfluidic system to generate mature and 
highly functional micro-engineered hCOs that can highly recapitulate 
the physiologic mechanical environment in the native myocardium from 
both neonatal rat and hiPSC-CMs [62]. This system, featuring an array of 
hanging posts to constrain cell-laden gels and a pneumatic actuation 
system promoting homogeneous uniaxial cyclic strains to the 3D cell 
constructs, offers a standardized 3D cardiac model for predicting hy-
pertrophic changes in cardiac phenotype through mechanical and 
biochemical co-stimulation (Fig. 2D) [62]. For the fast-paced high--
content imaging and visualization of COs, a specialized microfluidic 
imaging system was developed by immobilizing COs in predetermined 
locations for viability staining and calcium-transients imaging without 
altering their morphology and function [63]. This system includes six 
parallel trapping areas, each equipped with a staging and immobiliza-
tion chamber, designed to receive organoids transferred from their 
native culture plates [63].

2.3. Functional evaluations of cardiovascular organoids

To ensure the successful generation of CVOs, it is essential to eval-
uate their key functional properties that mimic the native cardiovascular 
systems. For BVOs, assessments should include vascular tube and 
network formation, endothelial cell function, angiogenic potential, im-
mune responses, extracellular matrix remodeling, and vasoconstriction/ 
vasodilation [30,64,65]. For COs, it is crucial to examine key functional 
attributes that reflect their physiological relevance and maturity of 
heart, including contractile behavior, force generation, rhythm, wall 
thickness, and ejection fraction [8,17,38]. Evaluating the functions of 
blood vessel organoids and cardiac organoids requires a range of 
analytical methods, including microscopic imaging techniques, angio-
genesis and network formation assays, electrophysiology, contractility 
assay, calcium imaging assay and molecular analysis, to assess structural 
integrity, physiological function, molecular expression, and response to 
stimuli. Confocal and fluorescence microscopy can be used to visualize 
structural markers, cell types, and proteins within the cardiovascular 
organoids [66,67]. Confocal imaging allows for high-resolution, 
three-dimensional reconstructions, essential for examining the spatial 
organization of vascular networks and cardiac muscle layers [27]. 
Live-cell imaging enables real-time monitoring of cellular dynamics, 
such as contractile behavior in COs and the formation and remodeling of 
blood vessels in vascular organoids [27,32,39]. Electron microscopy 
offers ultrastructural insights into organoids, including sarcomere 

organization in COs and the integrity of endothelial junctions in blood 
vessel organoids [27]. Angiogenesis and network formation assays are 
essential to evaluate the formation of new vessels, including measure-
ments of branch points, vessel length, and network density [27]. 
Video-based contractility measurements or traction force microscopy 
assess the mechanical beating properties of cardiac organoids, providing 
information on force generation and rhythmicity, which can be used to 
study heart muscle function or drug effects on cardiac contractility 
[68–70]. qRT-PCR and RNA sequencing can be used to analyze the 
expression levels of key genes associated with vascular or cardiac 
function, such as genes involved in angiogenesis, cardiac contractility, 
ion channels, and immune response, which are essential for identifying 
molecular changes in response to drugs or genetic modifications [27,
69–71]. Immunostaining enables detection of nitric oxide (NO) pro-
duction, and cell-type-specific markers, such as CD31 for endothelial 
cells in vascular organoids and troponin for cardiomyocytes in COs, to 
confirm the presence and spatial distribution of desired cell types within 
the organoid structure [27,66,67,70]. Patch-clamp or multi-electrode 
array (MEA) techniques measure electrical activity in COs, providing 
data on action potentials, conduction velocity, and arrhythmic activity, 
which are critical for modeling cardiac arrhythmias or testing drug re-
sponses [68]. Calcium imaging with fluorescent calcium indicators (e.g., 
Fluo-4) is frequently used to monitor intracellular calcium transients in 
COs, which are indicators of electrical activity and 
excitation-contraction coupling [66,71]. The genetically encoded cal-
cium indicator for optical imaging (GCaMP), a widely used tool for 
measuring calcium dynamics in live cells, tissues, and organoids, en-
ables real-time visualization of calcium transients, a crucial marker of 
cellular activity, particularly in excitable cells like cardiomyocytes [66,
72]. GCaMP offer high-resolution, spatiotemporal data on calcium 
transients, which are key indicators of electrophysiological activity and 
contractility [73]. This technique allows visualization of calcium wave 
propagation, rhythm synchronization, and functional maturation across 
the organoid [73]. It is particularly well-suited for large-scale, high--
throughput applications due to its capacity to simultaneously monitor 
activity in multiple regions of an organoid without direct contact. In 
contrast, MEA provide a robust, non-invasive platform to measure 
extracellular electrical activity [74,75]. MEAs offer excellent temporal 
resolution and can record action potential propagation and electrical 
coupling across the organoid, making them ideal for assessing arrhyth-
mogenic potential and long-term electrical stability [68]. While their 
throughput is lower than calcium imaging, MEAs provide more direct 
insights into electrophysiological properties without requiring fluores-
cent reporters. In addition, patch clamping is the gold standard for 
measuring ionic currents and action potentials at the single-cell level 
[76]. This technique provides unparalleled accuracy in characterizing 
ion channel activity and cellular excitability but is labor-intensive, re-
quires specialized expertise, and has very low throughput compared to 
the other methods [77]. Nevertheless, each of these analytical methods 
provides unique insights into the functionality, structural integrity, and 
response of blood vessel and cardiac organoids, allowing researchers to 
comprehensively assess organoid performance and relevance as disease 
models. Nonetheless, combining these methods can improve the char-
acterization of organoids, making them more predictive and robust 
models for disease research and drug development.

2.4. Automation and artificial intelligence in cardiovascular organoids 
culture and analysis

The integration of automation and artificial intelligence (AI) in 
cardiovascular organoid culture and data analysis is revolutionizing 
cardiovascular research. Automation is being used to scale up the pro-
duction and maintenance of cardiac organoids, enabling high- 
throughput screening for drug discovery and toxicity testing [78,79]. 
A high-throughput automated method for the suspension culture and 
real-time analysis of individual gastrointestinal organoids within a 
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polymer-hydrogel substrate has been developed via stem-cell aggrega-
tion in microcavity arrays, which eliminates the need for a solid matrix 
and significantly reduces organoid heterogeneity [80]. This approach 
allows for the efficient handling of large numbers of organoids, ensuring 
consistency and reproducibility. Moreover, standardized and automated 
protocols for the generation and culture of cardiac organoids help in 
reducing variability and improving the reliability of experimental 

outcomes [81]. Dynamic changes in individual organoid morphology, 
number, and size can indicate important drug responses. Artificial in-
telligence (AI) platforms like OrganoID are being employed to track and 
analyze single-organoid dynamics. These platforms use deep learning to 
automatically recognize, label, and track organoids in microscopy im-
ages, providing detailed morphological and functional data [82]. AI is 
also used to create predictive models that can simulate disease 

Fig. 3. Human cardiovascular organoids in CVDs modeling. Human cardiovascular organoids have played a significant role in modeling CVDs. Co-culturing 
hPSCs with other human-derived cells, followed by the application of specific growth factors, generates corresponding human organoids for CVDs. Human car-
diac organoids can be subjected to various treatments to mimic myocardial infarction, heart failure, cardiomyopathy, and arrhythmia. Human blood vessel organoids 
can be utilized to model diabetes-related vascular complications.
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progression and drug responses in cardiac organoids. These models help 
in understanding complex biological processes and in identifying po-
tential therapeutic targets [83]. AI-driven analysis helps in identifying 
disease mechanisms and potential interventions [83]. The combination 
of automation and AI is significantly enhancing the precision, efficiency, 
and scalability of organoid-based cardiovascular research, which is 
essential for cardiovascular disease modeling, drug development, and 
personalized medicine.

3. Cardiovascular organoids in CVDs modeling

Cardiovascular organoids offer several advantages over traditional 
2D cell cultures and animal models, including enhanced physiological 
relevance, organ-specific functionality, and the ability to incorporate 
patient-specific characteristics [84], which allows for the identification 
of intricate communication interactions among ECs, smooth muscle cells 
(SMCs), pericytes, FBs and myocardial cells, providing a more insightful 
understanding of their cooperative roles within the cardiovascular sys-
tem [85]. Over the past few years, researchers began to utilize human 
CVOs derived from iPSCs or other sources to reproduce specific aspects 
of in vivo heart and blood vessels to model various CVDs, including 
myocardial infarction, heart failure, diabetes-related vascular compli-
cations, cardiomyopathy, and arrhythmia.

3.1. Myocardial infarction

Myocardial infarction (MI) occurs when cholesterol and other sub-
stances (plaque) accumulate on the arterial walls, narrowing or blocking 
the coronary arteries that supply oxygen and nutrients to the heart, 
resulting in myocardial damage or the death of heart tissue [86]. The 
fabrication of human COs has significantly advanced our understanding 
of MI-induced injury. The earliest documented CVD model using hCOs 
focused on replicating MI. In this model, hiPSC-CMs, human cardiac 
ventricular fibroblasts, HUVECs, and human adipose-derived stem cells 
were combined with specific growth factors to generate hCOs (Table 1) 
[66]. These organoids were subsequently subjected to a hypoxia 
chamber within an incubator, maintaining a gas concentration of 10 % 
O2 with 1 μM of norepinephrine for 10 days to establish an MI model 
(Fig. 3) [66]. To create an in vitro 3D model replicating post-MI 
myocardial tissue, Richards et al. developed a fusion of hCOs with 
non-inherited pathogenic MI factors, which involved leveraging the 
distinct zones within MI, namely the infarct-border-remote zones, to 
establish a gradient delineating an apoptotic center, dysfunctional 
interior, and functional edge within the cardiac organoids [66]. This 
dynamic gradient was achieved by capitalizing on nutrient transfer, 
particularly oxygen diffusion, within the intricate 3D microstructure of 
the organoids, further sustained by continuous stimulation (Fig. 3) [66]. 
The generation of hCOs involved a comprehensive strategy, incorpo-
rating hiPSC-CMs, human ventricular cardiac FBs, and HUVECs to 
faithfully represent major cardiac cell types (Table 1) [87]. Subsequent 
spheroid treatment with a 6-h nutrient and oxygen reduction protocol 
effectively simulated ischemia, devoid of reperfusion. Under these 
ischemic conditions, a notable regulation of interleukin 6 (IL6) and 
vascular endothelial growth factor A (VEGF-A) expressions ensued, both 
distinctive markers of ischemic heart events [87]. The elevated IL6 
secretion was attributed to the presence of human cardiac fibroblasts 
(HCFs), evidenced by the highest levels of IL6 gene expression observed 
in HCFs spheroids [87]. This finding highlights the importance of 
co-culture in attaining accurate modeling. In adult hearts, regenerative 
capacity following ischemia is limited, characterized by poor revascu-
larization and lack of myogenesis [87]. While cardiac regeneration has 
been observed in zebrafish and neonatal mice, the full regenerative 
potential of MI-induced heart injury remains uncertain. Advances in 
pluripotent stem cell differentiation and tissue engineering have facili-
tated the creation of hCOs that resemble fetal heart tissue, providing an 
essential model for repairing MI-induced heart injury. However, 

whether this regenerative potential extends to the MI model remains to 
be investigated in hCOs following exposure to MI-induced injury.

3.2. Heart failure

Heart failure is characterized as a syndrome wherein a multitude of 
factors contribute to compromised cardiac pumping function, ultimately 
leading to insufficient cardiac output to meet the fundamental metabolic 
needs of the entire body [88]. A research team has successfully estab-
lished an innovative method for engineering human myocardium 
(EHM), utilizing differentiated myocardial cells and FBs derived from 
hPSCs under serum-free conditions (Fig. 3) (Table 1) [69]. This 
approach has demonstrated the generation of hCOs with structural and 
functional properties closely resembling those of postnatal myocardium. 
In this study, human foreskin fibroblasts and hPSC-CMs were employed 
to generate hCOs with growth factors such as fibroblast growth factor 2 
(FGF2), transforming growth factor beta-1 (TGF-β1), VEGF165, 
insulin-like growth factor-1 (IGF-1), and B27. L-Norepinephrine hy-
drochloride and endothelin-1 were prepared in distilled water contain-
ing 200 μmol/L ascorbic acid to treat hCOs with the indicated 
concentrations for 7 days to establish a heart failure model [69]. The 
engineered EHM-hCOs exhibit fundamental structural and functional 
characteristics of the myocardium, including rod-shaped CMs, systolic 
twitching forces akin to those observed in actual postpartum myocar-
dium, a positive force-frequency-response, and advanced molecular 
maturation, as confirmed by transcriptomic analysis [69]. Moreover, 
EHM-hCOs demonstrated susceptibility to chronic catecholamine 
toxicity, which led to contractile dysfunction, cardiomyocyte hypertro-
phy, cell death, and the release of N-terminal fragments of proBNP, 
providing valuable insights into heart failure, particularly the effects of 
chronic catecholamine exposure on cardiac function and cellular dy-
namics [9,69].

3.3. Diabetes-related vascular and cardiac complications

Diabetes significantly increases the risk of cardiovascular complica-
tions, including both macrovascular and microvascular issues such as 
diabetic kidney disease, diabetic retinopathy, neuropathy, and congen-
ital heart defects [89]. Whereas, the inherent differences between con-
ventional animal models and humans hinder the therapeutical 
translation for the treatment of diabetes-related vascular complications. 
Wimmer et al. achieved a significant breakthrough by utilizing human 
iPSCs and relevant growth factors such as BMP4, VEGF-A, and FGF-2 to 
develop self-organizing 3D-BVOs that faithfully mimic diabetic vascul-
opathy (Fig. 3) [27]. These hBVOs comprised ECs and pericytes, 
autonomously forming capillary networks surrounded by a basement 
membrane. Upon transplantation into mice, they were able to form 
stable vascular trees including arteries, arterioles, and venules. 
Culturing hBVOs in vitro under conditions of hyperglycemia resulted in 
the thickening of the vascular basement membrane. In vivo, when 
subjected to a diabetic environment in mice, hBVOs replicated the 
microvascular alterations observed in individuals with diabetes 
(Table 1) [27]. Furthermore, key contributors to diabetic vasculopathy 
in human blood vessels, such as DLL4 and NOTCH3, were identified. 
Thus, hBVOs derived from human stem cells can effectively reproduce 
the structure and function of human blood vessels, providing flexible 
systems for modeling and identifying factors that influence 
hyperglycemia-related vascular diseases [27,90]. Nevertheless, the 
further application of hBVOs for diabetes-related vascular complications 
still warrants extensive investigation. The incidence of pregestational 
diabetes (PGD)-induced congenital heart defects (CHD) is rising along-
side the global diabetes epidemic, yet the underlying mechanism still 
remains unclear. In 2021, Lewis-Israeli et al. reported that 
self-organizing human COs with well-organized multi-lineage cardiac 
cell types, atrioventricular specification, and robust functional activity. 
These hCOs, based on hPSCs and developed using a three-step Wnt 
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signaling modulation strategy with chemical inhibitors and growth 
factors, circumvent many technical and ethical challenges, providing a 
valuable system for modeling PGD-induced CHD (Table 1) [8,67]. 
Furthermore, by employing this sophisticated hCO system to model 
embryonic heart development under conditions mimicking pregesta-
tional diabetes, Kostina et al. elucidated that endoplasmic reticulum 
stress and dyslipidemia contribute to diabetic embryonic cardiomyop-
athy (Table 1) [71].

3.4. Cardiomyopathy

Cardiomyopathy is a myocardial disease characterized by abnor-
malities in cardiac mechanical and electrical activity, leading to inap-
propriate hypertrophy or dilation of the ventricles [91]. Human 
cardiovascular organoids have emerged as valuable tools for studying 
cardiomyopathy modeling, and offer a more physiologically relevant 
model for investigating the structural and functional changes that occur 
in the heart during cardiomyopathy.

Hypertrophic cardiomyopathy (HCM) is a genetic heart disease 
characterized by structural abnormalities and impaired contractile 
function. In 2019, Prondzynskicreated et al. induced patient-derived 
hiPSC-CMs to form COs that faithfully replicated various characteris-
tics of HCM, including hypertrophy, disorganized myofibrils, height-
ened contractility, compromised relaxation, increased sensitivity to 
myofilament Ca2+, prolonged action potential duration, and augmented 
L-type Ca2+ current [92]. Buono et al. further demonstrated the gener-
ation of COs using a triculture method involving hiPSC-CMs derived 
from both healthy individuals and cardiomyopathy patients, human 
cardiac microvascular endothelial cells (HCMECs), and HCFs. During 
the organoid culture process, growth factors such as VitronectinXF, 
Y-27632, Wnt-C59, and CHIR99021 were added to promote the for-
mation of hCOs (Fig. 3) [93]. This approach aimed to evaluate the po-
tential of organoids as 3D models for accurately representing the 
phenotypic characteristics of both healthy and cardiomyopathic hearts. 
They observed distinct differences in the structural and beating behavior 
of the hCOs depending on whether the hiPSC-CMs were derived from 
healthy individuals or cardiomyopathy patients (Table 1) [93].

Duchenne muscular dystrophy (DMD) cardiomyopathy, a genetic 
disorder, refers to the dysfunction of the heart muscle in individuals with 
DMD. However, the underlying mechanisms of its development remain 
poorly understood, as current cellular and animal models fail to fully 
recapitulate the phenotypic features of human DMD cardiomyopathy. 
Interestingly, Marini et al. successfully developed hCOs using iPSCs 
derived from patients and isogenic-corrected controls. These DMD-COs, 
which display DMD-related cardiomyopathy features, allow researchers 
to explore the development and progression of DMD-related cardiomy-
opathy over extended culture periods (Table 1) [94]. Myocarditis is a 
frequent contributor to cardiomyopathy, particularly in individuals 
diagnosed with COVID-19 [95]. Recently, Wang et al. established 
human iPSCs-derived 3D hCOs with direct infection of SARS-CoV-2 and 
Omicron BA.5 strains to recapitulate COVID-19 myocarditis, which 
provided an alternative approach for investigating the pathophysiolog-
ical processes of SARS-CoV-2-induced myocarditis (Table 1) [70]. These 
findings highlight the potential of organoids as valuable tools for 
modeling various types of cardiomyopathies and for designing 
patient-specific treatments.

3.5. Arrhythmia

Arrhythmia, characterized by pathological irregularities in heart rate 
or rhythm, can significantly impair heart function and elevate the risk of 
clotting, heart failure, and even sudden cardiac death [96]. The use of 
hCOs has extended to modeling structural arrhythmic diseases, where 
these organoids produce both spontaneous and induced action poten-
tials, demonstrating elevated conduction velocities compared to 2D 
models [97]. Shinnawi et al. pioneered a study incorporating 

patient-specific hiPSC-CMs, CRISPR/Cas9 genome editing, and organo-
ids technology to investigate short QT syndrome (SQTS), an inherited 
arrhythmogenic disorder (Table 1) [68]. A patient-specific iPSC line was 
derived from an individual with a 270 ms QT interval on the electro-
cardiogram, and CRISPR/Cas9 was employed to correct a heterozygous 
missense mutation (N588K) in the S5-P loop region of the 
KCNH2-encoded hERG channel [68]. These findings demonstrated the 
potential of human iPSCs to model SQTS in vitro, providing novel 
mechanistic insights into pathological QT shortening. However, 
modeling complex electrophysiological phenomena such as re-entrant 
arrhythmias remained challenging at the cellular level. To overcome 
this, hiPSC-CMs were seeded into 3D macrostructures, creating 
large-scale (5-mm) cardiac cell sheets that formed a functional syncy-
tium with consistent action potential propagation [68]. Notably, these 
cell sheets (hCOs), generated from SQTS hiPSC-CMs, exhibited shorter 
tissue wavelengths under electrical stimulation and sustained re-entrant 
arrhythmias in the form of spiral waves.

Additionally, another study proposed an organoid structure to 
reproduce arrhythmic events as seen in arrhythmia patients due to the 
ability of iPSC to model SQTS at the cellular level [97,98]. Recently, 
Ghosheh et al. reported the generation of multi-chambered self-paced 
vascularized hCOs formed under anisotropic stress, demonstrating their 
applicability for inducing cardiac arrhythmia. In this approach, CMs are 
differentiated from hiPSC with Wnt-59C, CHIR99021, INS, B27, VEGF-A 
for 10 days, dissociated and mixed with rat primary HCMECs. The cell 
suspension was seeded into a microwell for geometric confinement, and 
COs were formed within 4 days, developing multiple chambers under 
anisotropic stress following 25 days in culture (Fig. 3) (Table 1) [99]. A 
microphysiological system, incorporating sensors into the hCOs, 
enabled the concurrent monitoring of oxygen uptake, extracellular field 
potentials, and cardiac contractions at a resolution greater than 10 Hz, 
revealing 1 Hz cardiac respiratory cycles that are coupled to the elec-
trical activity driven by mitochondrial calcium oscillations [99]. This 
study demonstrated that pharmaceutical agents (e.g., mitoxantrone) or 
genetic disruption of this coupling can effectively model arrhythmia by 
utilizing hCOs.

4. The prospects of cardiovascular organoids for CVDs therapy

In recent years, the development of cardiovascular organoids has 
greatly advanced our understanding of CVD pathogenesis by replicating 
key features of the human cardiovascular system. Additionally, cardio-
vascular organoids provide a valuable platform for studying CVD ther-
apies, including drug development, toxicity testing, personalized 
medicine, regenerative medicine, and organ transplantation.

4.1. Cardiovascular drugs development and toxicity testing

Approximately 90 % of newly developed pharmaceuticals encounter 
regulatory approval challenges during phase II and III clinical trials. This 
failure is primarily due to a lack of therapeutic efficacy rather than 
safety concerns, often stemming from inadequate validation of drug 
targets. Current target validation approaches rely heavily on animal 
models and in vitro assays, which frequently fail to accurately replicate 
human disease conditions due to significant species differences in 
functional and biological features [100]. Unlike conventional heart 
models, human cardiovascular organoids present a promising solution 
to this translational barrier by providing an unlimited source of hCVOs 
for drug development and toxicity testing.

Mills. et al. developed a high-throughput bioengineered human 
pluripotent stem cell-derived hCOs system that exhibited functional 
contractile tissue with biological characteristics closely resembling 
native cardiac tissue, including mature and cell-cycle-arrested CMs 
(Fig. 4) (Table 1) [101]. Using these hCOs, there were two small mol-
ecules identified to be able to induce cardiomyocyte proliferation 
without detrimental impacts. In addition, high-throughput proteomics 
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in hCOs uncovered the cooperative activation of both the mevalonate 
pathway and a cell-cycle network by pro-proliferative compounds 
[101]. Cell-cycle reentry in hCOs was contingent on the mevalonate 
pathway, as demonstrated by the attenuation of pro-proliferative effects 
with statin-mediated inhibition of this pathway [101]. This study 
highlights the effectiveness of hCOs in assisting in pro-regenerative drug 
development for cardiac diseases, providing insights into underlying 
biological mechanisms while mitigating potential adverse side effects. In 
another study using hiPSC-derived hCOs composed of FBs, hiPSC-CMs, 
and hiPSC-derived ECs, 2-Cl-C.OXT-A (COA-Cl), a novel synthetic 
adenosine analog, was found to increase the beating rate and fractional 
area change by inhibiting phosphodiesterase activity, independent of 
sphingosine-1-phosphate receptor 1 and adenosine A1 receptor activity 
(Table 1) [102], suggesting that COA-Cl could potentially serve as a 
future inotropic agent to enhance cardiac contraction. Patients infected 
with COVID-19 frequently exhibit cardiac dysfunction and damage, 
increasing their risk of mortality. In the hCOs infected with SARS-CoV-2, 
bromodomain-containing protein 4 was demonstrated to be activated 
and involved in viral response, and inhibitors targeting the bromodo-
main and extraterminal family effectively suppressed the gene expres-
sion of viral response genes, angiotensin-converting enzyme 2 (ACE2), 
and SARS-CoV-2 infection in CMs, offering potential therapeutic can-
didates to mitigate COVID-19-mediated cardiac damage [44]. In a 
groundbreaking study utilizing heart organoids generated through a 
self-organization-driven developmental induction strategy, Volmert 
et al. demonstrated that ondansetron, a 5-HT3 receptor antagonist and 
antiemetic commonly used for treating nausea and vomiting, signifi-
cantly disrupted critical stages of ventricular heart development, which 
were reminiscent of clinical phenotypes epidemiologically associated 
with ondansetron use, specifically ventricular septal defects [41]. A type 
of hCOs incorporating an oxygen-diffusion gradient and stimulated with 
the neurotransmitter noradrenaline can recapitulate the structural fea-
tures of the human heart post-MI, which can be used to model 
hypoxia-enhanced doxorubicin cardiotoxicity, thereby making them 
valuable tools for drug screening and development [66]. By micro-
patterning and differentiating hiPSCs, Hoang et al. have engineered 
spatially organized hCOs, featuring contracting cardiomyocytes cen-
trally surrounded by stromal cells arranged along the pattern perimeter 
(Table 1) [103]. These organoids have been successfully used to 
quantify the embryotoxic potential of nine pharmaceutical compounds, 
demonstrating significant potential as an in vitro platform for investi-
gating drug-induced cardiac developmental toxicity (Fig. 4) [103]. The 

synergistic interplay of biochemical and biophysical cues promotes 
self-organized lineage specification, in turn leading to the formation of a 
human cardiac microchamber confined by the pattern geometry 
(Table 1) [32]. These precisely defined human cardiac microchambers 
could serve as a valuable platform for investigating cardiac 
drug-induced developmental toxicity [32]. Additionally, studies using 
diabetic BVOs revealed that only the γ-secretase inhibitor DAPT effec-
tively reduced collagen type IV expansion, and administering DAPT to 
diabetic BVOs restored endothelial cell proliferation [27]. Moreover, the 
hBVOs from iPSCs, comprising pericytes and ECs, offer a versatile 
platform for conducting pharmacological screening and evaluating the 
vascular toxicity of small-molecule drugs [28].

4.2. Cardiovascular personalized medicine

Personalized medicine, with a focus on treating illnesses based on 
individual patient profiles, offers the potential to significantly improve 
patient outcomes and reduce healthcare costs [104]. Recently, re-
searchers integrated the technology of PSCs derived from patients with 
CVDs and organoid modeling to exemplify the forefront of personalized 
medicine, offering more effective and targeted treatments to improve 
patient outcomes (Fig. 4) [105]. To accurately replicate patient-specific 
disease conditions, an innovative technique involved the integration of 
HCMECs, HCFs, and CMs derived from the hiPSCs of individuals with 
cardiomyopathy were adopted to generate hCOs through a triculture 
approach [93]. These patient-derived hCOs facilitate personalized 
medical interventions by assessing the impact of medications on the 
human cardiovascular system and gene expression patterns using 
patient-specific iPSCs [17], which play a crucial role in advancing car-
diovascular precision medicine by enabling the unlimited generation of 
patient-specific somatic cells. The utilization of patient-specific iPSC--
derived cardiovascular cells presents an unprecedented opportunity to 
identify novel therapeutic targets and screen potential treatments for 
CVDs [106]. In addition, the creation of hBVOs from patient-derived 
iPSCs with hereditary vascular disorders offers promising models for 
studying rare genetic vascular diseases [28].

4.3. Cardiovascular regenerative medicine

The regenerative capacity of the adult human heart is notably 
limited, with a cardiomyocyte renewal rate of approximately 1 % per 
year [107]. As such, restoring damaged myocardium by promoting the 

Fig. 4. The prospects of human cardiovascular organoids in CVDs therapy and their developmental challenges. Human organoid technology offers promising 
applications in cardiovascular research, including drug screening, toxicity testing, personalized medicine, regenerative medicine, and transplantation therapy. 
However, it also faces several challenges, such as the gap between animal and human models, lack of human-like vascularization, inadequate immune responses, 
production technique challenges, lack of adult phenotype, poor reproducibility, and ethical uncertainties.
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proliferation of resident CMs in vivo or by directly introducing new CMs 
to replace necrotic tissue could be a potential strategy for cardiac 
regeneration (Fig. 4) [108–110]. The development of cardiovascular 
organoid culture technologies is leading to substantial progress in 
facilitating tissue regeneration. In a groundbreaking study, researchers 
employed a combination of human embryonic stem cell-derived cardiac 
progenitor cells, mesenchymal stem cells, and HUVECs on hydrogels to 
create 3D hCOs encapsulated in collagen I (Table 1) [111]. These hCOs 
were then transferred to a 3D-printed polylactic acid basket and directly 
sutured into the peritoneal cavity of a nude mouse. Remarkably, 
one-month post-transplantation, the CMs within the hCOs demonstrated 
increased maturity at both transcriptional and ultrastructural levels 
[111]. Additionally, the hCOs featured a primitive vascular system 
supporting energy, oxygen exchange, and waste material removal. The 
prevascularized hCOs also created a microenvironment rich in angio-
genic growth factors, facilitating the migration of host ECs into the 
organoids [111]. hBVOs, composed of ECs and pericytes, were derived 
from iPSCs. Following mesoderm induction, endothelial networks 
formed through vessel sprouting, maturing into stable blood vessels 
supported by pericytes and surrounded by a basement membrane, rep-
resenting a significant breakthrough for the regeneration of human or-
gans [28].

4.4. Cardiovascular organs transplantation

Organ transplantation has long been a cornerstone of medical 
treatment, but the ongoing shortage of available organs, coupled with 
the growing number of patients in need, highlights the urgent need for 
alternative solutions. The emergence of hPSCs has significantly 
advanced the development of human organoids, offering a promising 
avenue for transplantation in target organs [112–114]. Notably, orga-
noids generated from patients and donors seldom encounter graft 
rejection, representing a transformative application in addressing the 
organ shortage crisis (Fig. 4) [43]. The successful transplantation of 
heart and vascular organoids into live animals indicates the potential for 
future clinical applications, including transplantation of these organoids 
into humans (Table 1) [27,114]. In a clinical study, allogenic 
hiPSC-CMs patches without any genetic mutations in cancer-related 
genes were implanted into the left ventricle epicardium of a patient 
with ischemic cardiomyopathy via thoracotomy [115]. The clinical 
symptoms improved 6 months after surgery, without any major adverse 
events, suggesting that the patches were well-tolerated. Furthermore, 
changes in the wall motion in the transplanted site were recovered 
without any major adverse events [116]. Recently, Tan et al. demon-
strated that hCOs modified with electrically conductive silicon nano-
wires substantially increased the therapeutic effectiveness of hPSC-CMs 
in treating hearts with infarction (Table 1) [114]. These 
nanowire-incorporated hCOs were incorporated with hPSC-CMs, non-
myocyte supporting cells, and electrically conductive silicon nanowires. 
Following transplantation into rat hearts with 
ischemia/reperfusion-induced injury, the nanowired COs significantly 
enhanced the contractile maturation of engrafted hPSC-CMs, facilitated 
robust recovery in cardiac function, and mitigated maladaptive left 
ventricular remodeling [114]. These innovative approaches underscore 
the promising potential of stem cell-derived organoids in addressing 
transplantation challenges and advancing therapeutic strategies for 
CVDs.

5. Challenges in the development and application of human 
cardiovascular organoids

Human cardiovascular organoids have emerged as a promising 
model system that can complement conventional animal models, 
providing valuable tools for elucidating CVDs pathogenesis and drug 
development. However, numerous limitations and unanswered ques-
tions remain to be addressed.

5.1. The gap between single tissue environment and the entire human body 
environment

The progression of organoid technology is intricately intertwined 
with the concurrent utilization of conventional animal models and cell 
culture techniques. In recent years, cardiovascular organoid technology 
has been extensively employed to investigate human CVDs, significantly 
advancing our comprehension in cardiovascular pathology. In partic-
ular, COs have proven invaluable in modeling hereditary heart abnor-
malities and disorders, which involve the incorporation of hPSCs into 
Matrigel, inducing the formation of intricate hCOs through the Wnt 
pathway [36]. However, CVOs are generated in ex vivo and cannot 
completely and accurately replicate the entire human body environment 
and real pathophysiological conditions. Despite the inherent limitations 
of animal models stemming from interspecific variations in drug sensi-
tivity and cell structure, CVOs cannot entirely replace their role in basic 
and clinical research of CVDs (Fig. 4). hBVOs, for instance, have 
demonstrated the ability to penetrate human cerebral organoids, form-
ing a vessel-like system [117]. Nevertheless, for comprehensive drug 
evaluation, the entire biological environment must be consid-
ered—something that organoids alone cannot fully achieve [118].

5.2. The vascularization is non-human without adequate immune 
responses

Vascularization during the generation of CVOs is a key technique for 
replicating the human cardiovascular system and supporting the long- 
term culture of organoids, which is also vital for both fundamental 
research and clinical applications (Fig. 4) [16]. Whereas, achieving 
human-like vascularization remains a significant challenge. To ensure 
human-like vascularization, ECs derived from human iPSCs or human 
embryonic stem cells (hESCs) should be employed, as these cells form 
the lining of blood vessels. Additionally, human pericytes and smooth 
muscle cells can help support vascular stability and mimic human 
vasculature more closely. Furthermore, current COs primarily consist of 
CMs, ECs, and FBs, but the absence of immune cells compromises their 
ability to reproduce the immune environment of the cardiovascular 
system [28]. It is widely recognized that dysregulation of immunity and 
immune responses is strongly correlated with the pathogenesis of CVDs 
[119]. To overcome adequate immune responses in CVOs, one approach 
involves incorporating human immune cells, such as macrophages, 
dendritic cells, or T-cells, into CVOs, which helps to create a more 
physiologically relevant immune environment that closely replicates 
human inflammatory responses.

5.3. Lack of adult phenotype

Tissue maturity is critical for understanding organ development and 
replicating physiological conditions in CVDs research. Unfortunately, 
only a limited number of stem cell-derived hCOs and hBVOs are capable 
of developing in mature and complete organs with adult phenotype 
(Fig. 4). The majority of organoids only replicate the early stages of 
organogenesis. For instance, researchers have successfully generated 
brain organoids by seeding embryoid bodies from pluripotent stem cells, 
which persisted for over ninety days but only closely mimicked fetal 
brain development [120]. Similar limitations are also observed in CVOs, 
which only can capture the early stages of organogenesis. To get rid of 
these constraints, ongoing efforts are focused on refining differentiation 
protocols for various cell types to promote the fabrication of mature 
CVOs.

5.4. Challenges of production techniques

Presently, the production of well-organized CVOs faces several 
challenges, including heterogeneity, lack of functional and structural 
fidelity, immuration, and scalability. Encouragingly, as the emergences 
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and advances of 3D printing, microfluidics chip, organoids-on-chip, and 
4D printing, these challenges are doomed to be tackled. 3D printing 
allows for the precise placement of different cell types within the CVOs, 
facilitating the creation of customizable and well-organized cardiac and 
vascular structures and mimicking the spatial organization of the car-
diovascular system (Fig. 4). Human chambered organoids, replicating 
the intricate geometric structure of the heart with chambers, electro-
mechanical function, and large vessels, have been successfully produced 
using 3D bioprinting technology [121]. Microfluidic chip, is a tiny and 
integrated system that manipulates fluids on the scale of microliters or 
nanoliters, allowing for the creation of precise environments for cellular 
interactions and facilitating controlled experiments in tissue engineer-
ing and organoid development [122]. A 3D printing-based platform 
combined with a microfluidic chip has been developed through 
co-development efforts, facilitating a sequential and developmentally 
matched co-culture system. This system demonstrates that hPSC-derived 
pericytes and ECs sprout and self-assemble into organized vascular 
networks, leading to the formation of integrated neurovascular orga-
noids [31]. Organoids-on-chip, combines the advantages of organoid 
cultures with microfluidic systems to create dynamic, 3D models of 
human organs, which allows researchers to study organ development, 
function, and disease in a more physiologically relevant environment 
[123]. Recently, a novel microfluidic platform integrating functional-
ized vascularized organoids-on-chip has been successfully established to 
monitor the formation of endothelial networks surrounding mesen-
chymal and pancreatic islet spheroids, as well as blood vessel organoids 
derived from PSCs, which represents a promising organ-on-chip model 
for vascularizing diverse biological 3D tissues [60]. 4D bioprinting, a 
next-generation bioprinting technology, extends traditional 3D bio-
printing by incorporating the “time” dimension, which enables the 
creation of objects that can dynamically alter their shape in response to 
external stimuli [124]. With the goal of developing in vitro models that 
closely resemble native tissue structures, 4D bioprinting facilitates dy-
namic, structural, and cellular changes within a tissue over time, 
addressing the static limitations of 3D bioprinting [124]. Moreover, 
rapid advancements in 3D and 4D printing technology facilitate the 
design, fabrication, and translation of results from 3D cell culture 
models, which can also serve as innovative tools to promote the devel-
opment and propagation of organoids-on-chip systems. Hence, the 
future development and effective production of CVOs that closely 
resemble in vivo human organs will require the synergistic integration of 
multiple techniques.

5.5. Poor reproducibility

Reproducibility is also a crucial factor in their ongoing investigation 
and application of CVOs for modeling CVDs and drug testing (Fig. 4). 
The repeatability of organoids refers to the ability of PSCs to consistently 
generate organoids with identical cell composition, structure, and 
function under specified conditions [125]. Several key elements influ-
ence the reproducibility of data obtained from CVOs, including their 
architecture, cellular composition, and scalability of production. 
Currently, the reproducibility of CVOs produced for CVDs therapy is 
incompetent, necessitating further research and optimization to estab-
lish standardized protocols to improve reproducibility [126]. Factors 
such as assay type, complexity, and the source of initial cells—whether 
primary stem cells derived from fetal or adult tissues, or 
well-characterized cell lines—influence to the repeatability of CVOs 
[127]. Achieving consistent size, shape, architecture, cellular composi-
tion, and function is essential to ensure the reliability of organoid-based 
research and therapeutic applications for CVDs research [128]. To 
improve the reproducibility of CVOs, the group led by Aguirre and Zhou 
has successfully developed high-content platforms and optical coher-
ence tomography (OCT) systems for comprehensive organoid evaluation 
[41,73,129]. OCT is a rapid, non-destructive, and label-free imaging 
technique that utilizes naturally backscattered light to generate 

high-contrast images at the interfaces of different materials [130]. A 
customized spectral-domain optical coherence tomography (SD-OCT) 
system can be configured to monitor the developmental dynamics of 
chamber structures and beating patterns in hHOs through integrated 
OCT and calcium imaging [73,129]. A dual-modality imaging system 
combining the OCT and fluorescence microscopy has been developed, 
which allowed us to monitor in vitro beating of hHOs [129]. Also, the 
OCT microscopy system can be employed to provide detailed charac-
terization of chamber structures in live organoids over time and to 
measure the growth and monitor the dynamics of chamber development 
during developmental induction conditions for high-content screening 
applications [41]. Furthermore, as the emergence of 3D 
bioprinting-generated organoids utilizing a low-cost and customizable 
3D bioprinting system [121,131,132], 3D bioprinting system can 
contribute to enhancing the production and reproducibility of cardio-
vascular organoid production by providing consistent structural design, 
precise cell placement, scalability, automation, and a customizable 
microenvironment.

5.6. Ethical uncertainty

In organoid research, informed consent is one of the most frequently 
debated ethical issues, playing a critical role in the creation and use of 
organoids [133]. A number of researchers have voiced concerns about 
the use of organoids for basic and clinical studies of human diseases, 
including CVDs [134]. Bredenoord et al. have emphasized several 
ethical challenges, including the evaluation of donor agreements, 
long-term use, preservation, and the responsibility to communicate 
clinically significant findings to patients. Additionally, the use of orga-
noids for personalized drug testing, especially when bridging the gap 
between preclinical and clinical development and incorporating gene 
editing, may introduce additional ethical uncertainties (Fig. 4) [135]. To 
address these ethical uncertainties, researchers should ensure robust 
consent processes, transparency in the use and storage of biological 
materials, and international collaboration to standardize ethical guide-
lines. Concerning the informed consent, researchers should design clear 
and comprehensive consent forms that outline the purpose, procedures, 
potential risks, and uses of CVO research, and how participant data and 
samples will be managed. This should also include information on any 
potential commercial applications or partnerships. For long-term 
studies, it is advisable to obtain re-consent or provide updates to par-
ticipants, particularly if the research purposes, procedures, or potential 
risks change. Moreover, consent processes should respect the cultural 
and personal beliefs of participants, ensuring that the consent is 
informed, voluntary, and documented according to ethical standards. To 
maintain transparency regarding the use and storage of biological ma-
terials, researchers should inform participants about how their biolog-
ical materials are stored, accessed, and utilized over time. Providing 
access to a database where participants can track the usage of their 
samples may enhance transparency. Rigorous data privacy measures 
should be implemented to protect participant information, including 
anonymization or pseudonymization of samples and data. Participants 
should also be informed about any collaborations or data-sharing 
agreements with third-party researchers, institutions, or companies, 
especially for global research initiatives. With respect to international 
collaboration, establishing unified protocols with international research 
bodies for consent, data sharing, and storage practices that comply with 
various jurisdictions is essential for ensuring ethical consistency. Addi-
tionally, researchers should form partnerships with ethics committees 
and regulatory bodies worldwide to periodically review and update 
ethical guidelines. By implementing these strategies, researchers can 
navigate the ethical complexities associated with CVOs research more 
effectively, strengthening trust and compliance within the scientific 
community and among participants.
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6. Concluding remarks

Human cardiovascular organoids enable the in vitro generation of 
multicellular tissues that closely replicate the architecture and func-
tionality of human cardiovascular organs, offering significant advan-
tages for preclinical research and transplantation studies related to 
cardiovascular diseases (CVDs). In recent years, CVOs have been 
extensively studied to deepen our understanding of CVD pathogenesis 
and to facilitate the development and testing of CVD drugs. These 
organoids provide a more accurate prediction of drug effects in the 
human body, thereby reducing risks and costs associated with drug 
development. Despite the development and clinical application of CVOs 
currently facing several challenges, CVOs are doomed to be novel and 
promising tools for cardiovascular research and clinical translation. 
Continued optimization and validation are essential for unlocking their 
full potential.
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