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A B S T R A C T

The development of vascularized organoids as novel modelling tools of the human cardio-cerebrovascular system 
for preclinical research has become an essential platform for studying human vascularized tissues/organs for 
development of personalized therapeutics during recent decades. Organ-on-chip technology is promising for 
investigating physiological in vitro responses in drug screening development and advanced disease models. 
Vascularized tissue/organ-on-a-chip benefits every step of drug discovery pipeline as a screening tool with close 
human genome relevance to investigate human systems biology. Simultaneously, cardio-cerebrovascular-on- 
chip-integrated microfluidic system serves as an alternative to preclinical animal research for studying (patho- 
)physiological processes of human blood vessels during embryonic development and cardio-cerebrovascular 
disease. Integrated with next-generation techniques, such as three-dimensional bioprinting of both cells and 
matrix, may enable vascularized organoid-on-chip-based novel drug development as personalized therapeutics.

1. Introduction

Human circulatory system that comprises hierarchical dense and 
intricate vasculatures, which is optimized to efficiently transport gas, 
nutrients, and metabolites to and from cells, spanning from the 
centimeter-scale aorta to micrometer-scale capillaries or lymphatic 
vasculature [1–5], is essential for physiologic functions of organs within 
human body [6,7]. Angiogenesis, the growth and morphogenesis of new 
vascular networks from existing ones that triggered by the disruption of 
the local oxygen supply, encoded at the signaling level by multiple 
combinations of diverse biochemical stimuli and juxtacrine cell in
teractions, is a key physiological or pathological process leading to the 
growth of new blood vessels from existing ones [8,9]. Tissue and organ 
viability depends on the proper systemic distribution of cells, nutrients, 
and oxygen through blood vessel networks. These networks arise in part 
via angiogenic sprouting [10]. Initiated with an endothelial sprout and 
ending with vascular tube maturation and vessel quiescence, the for
mation of new blood vessels through angiogenesis is a combination of 
processes. Proper blood vessel networks are necessary for constructing 
and re-constructing tissues and organs via delivering metabolic 

necessities throughout the body [11,12]. On the other hand, an under
standing of vascular dysfunction has provided novel insight into mech
anisms of pathogenesis and progression of ischemic diseases [13–15].

Cardio-cerebrovascular diseases remain as significant burden on 
global healthcare system, and a leading cause of death worldwide 
[6,16–21]. Cardio-cerebrovascular diseases together incur substantial 
morbidity and mortality, affecting millions of lives annually, and 
consuming heavy healthcare expenditure, impacts which are increasing 
due to an ageing population [22–26]. Importantly, the prevalence of 
comorbid cardio-cerebrovascular diseases is increasing globally. Coro
nary artery disease is one of the main causes of death in most patients 
who have transient ischemic attacks or stroke [27–29].

Generally, vascular pathology stems from a combination of genetic 
risk, environmental factors, and the biologic changes associated with 
ageing [30–32]. Genetic risk, likely compounded by epigenetic modifi
cations, environmental factors, including diabetes and chronic kidney 
disease [33,34], and the plasticity of vascular smooth muscle cells to 
acquire an osteogenic phenotype are major determinants of age- 
associated vascular calcification [35,36]. Vascular endothelial cells 
form the inner layer of blood vessels where they have a key role in the 
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development and maintenance of functional circulatory system [37].
Recent studies have discovered chemokine CXCL9-induced inflam

matory clock of ageing, which was critically involved in cardiac ageing 
(mainly characterized by adverse cardiac remodelling and poor vascular 
function). Aged endothelial cells in human and mice exhibited loss of 
function, cellular senescence, and hallmark phenotypes of arterial 
stiffness. Interestingly, the aged cardiovascular phenotypes could be 
reversed by silencing CXCL9 [38]. Thus, to develop multilevel 
community-engaged interventions is required to improve cardio- 
cerebrovascular health [39,40].

The vasculature throughout all major organs is essential for ho
meostasis and function throughout the body. Endothelial cells (ECs) 
comprise the innermost lining of blood and lymphatic vessels. ECs play a 
critical role in tissue homeostasis by regulating blood flow, delivering 
plasma-borne macromolecules, assisting vessel formation, and contrib
uting to adhesion of circulating blood cells. ECs dysfunction would lead 
to various disease mechanisms, mainly including atherosclerosis [41], 
and peripheral artery disease [42,43], tumor vascularization [44], dia
betic complications [45,46], small vessel disease [47,48], and neuro
degenerative disease [49,50].

ECs from different tissues exhibited prominent transcriptomic het
erogeneity [51]. Arterial, venous, and lymphatic ECs shared more 
markers in more tissues than did heterogeneous capillary ECs. ECs from 
different vascular beds (arteries, capillaries, veins, lymphatics) exhibi
ted transcriptome similarity across tissues, but the tissue (rather than the 
vessel) type contributed to the ECs heterogeneity [52]. Tissue-specific 
differences in arterial, venous, and lymphatic specification of blood 
vessels and identification of transcriptomic and functional differences in 
larger vessels versus capillary ECs deserve further exploitation.

2. Blood vessel development and organogenesis

Blood vessel development is essential for normal embryogenesis. 
Vascularization of organs generally occurs by remodelling of the pre
existing vascular system during their differentiation and growth to 
enable them to perform their specific functions during development 
[53,54]. Organogenesis depends on orchestrated interactions between 
individual cells and morpho-genetically relevant cues at the tissue level. 
This is true for the heart, whose function critically relies on well-ordered 
communication between neighbouring cells, which is established and 
fine-tuned during embryonic development [55]. The development of 
stereotypical organs and body plans despite their incredible complexity, 
has captivated and confounded researchers. In 1942, Waddington pro
posed the concept of buffering to explain this remarkable characteristic 
of multicellular organisms, hypothesizing that there exists a buffering 
capacity based on an optimum and a threshold stimuli, beyond which 
the optimal response can no longer be achieved [56]. Cardiac develop
ment is achieved by the intricately coordinated actions of several key 
transcriptional factors and chromatin modifiers to guide timely activa
tion of specific genes, thereby generating a complex four-chamber 
structure from the cardiac crescent [57]. Recent breakthroughs re
ported existence of a heretofore unknown capacity of embryo to repair 
and regenerate pharyngeal arch arteries, rescuing their morphogenesis 
into aortic arch artery, its branches, and the ductus arteriosus [4].

Cell-ECM (extracellular matrix) interactions play essential roles in 
the morphogenesis of pharyngeal arch arteries and their derivatives, the 
aortic arch artery and its major branches [58–60], illustrating the 
complexity of signaling events between different cell types that 
orchestrate arch artery development and the importance of the stabili
zation step in overcoming earlier defects and determining phenotypic 
outcome [61]. Maintenance of microvascular homeostasis is orches
trated through a dynamic interplay between endothelial cells and peri
vascular cells with the extracellular matrix (ECM) [14,62,63].

Employing a microphysiological model of capillaries on a chip 
mimicking the characteristics of healthy or fibrotic collagen, peri
vascular cells have been demonstrated as key mediators responding to 

collagen architectural and mechanical changes associated with ECM 
alterations around the vasculature via a NOTCH3-mediated mechanism 
of juxtacrine communication [63]. As a key regulator of neo- 
angiogenesis and spatial control of endothelial sprouting, several 
computational models of Notch signaling have been developed to in
crease our understanding of Notch-regulated processes in various tissues 
[64,65]. Importantly, NOTCH signaling-mediated induction of AHE 
arterial-type hemogenic endothelium has been demonstrated as an 
important prerequisite for establishing the definitive hematopoietic 
program from human pluripotent stem cells [66].

3. Bioengineered microvasculature

Vascular trauma occurs when a blood vessel is injured such as a 
rupture of an artery in the extremities, which can lead to serious, life- 
threatening complications such as hemorrhage or blood clotting. 
When damage to an artery in the extremity occurs, urgent surgical repair 
is needed to restore normal blood flow. The current standard of care for 
patients with extremity vascular injuries can include procedures such as 
autologous vein grafting (surgical repair using the patient's own blood 
vessels) or implantation of a synthetic graft [67,68]. The vascular grafts 
presented herein are functional as arteriovenous conduits and as small- 
caliber arterial bypasses in the peripheral (carotid) and coronary cir
culations. However, conduits currently used in the clinic have suffered 
from substantial intimal hyperplasia, aneurysm, and calcification 
[69,70].

Recent years have seen the fusion of stem cell biology, physiology, 
and engineering to now allow for the creation of human tissues that can 
truly function in the setting of vascular repair and replacement for 
curing a broad spectrum of vascular diseases, mainly including cerebral 
dysfunction due to stroke, peripheral artery disease, diabetic foot, and 
aortic aneurysms [71–74].

To recapitulate and dissect major signaling pathways of vessel 
sprouting during physiological and pathological processes, functional 
engineered vasculature (such as 3D bioprinting, and angiogenesis-on-a- 
chip) for restoration of cardio-cerebrovascular system has been suc
cessfully established, elucidating three different spatial sprouting pat
terns [74–77] (Fig. 3). Such tissue-engineered vascular grafts may 
provide a readily available option for patients without suitable autolo
gous tissue or for those who are not candidates for synthetic grafts.

Notably, autologous human induced pluripotent stem cells-derived 
blood vessels in vivo have been demonstrated as a potential trans
lation in long-term vascularization for tissue engineering and treatment 
of vascular-associated diseases. Moreover, scientists have successfully 
generated endothelial cells and mesenchymal precursor cells from type 1 
diabetic patient-derived human induced pluripotent stem cells lines, and 
generated blood vessels in vivo, which is an important milestone for 
clinical translation [78]. Metabolic transcriptome reprogramming dur
ing pathological vessel sprouting has been uncovered [45]. Further
more, studies have proved that terminally differentiated vascular 
endothelial and smooth muscle cells closely resembled the in vivo 
counterparts as a faithfully modelling for studying human diseases of 
vasculopathies and microvascular integrity [79]. Thus, microvascular 
and tissue engineering are also making important strides, pointing to
wards a future that could enable revascularization of solid organs.

To date, tissue-engineered vascular grafts formed by seeding autol
ogous bone marrow cells onto a copolymer of L-lactide and ε-capro
lactone [80], or culturing autologous fibroblasts, and endothelial cells 
(ECs) without a scaffold [81], have shown promising functional results 
in early clinical trials. Encouragingly, SYMVESS, a universally 
implantable, bioengineered human vascular conduit for use in arterial 
replacement and repair at commercial scale, has been successfully 
approved as a new therapeutic product based on novel medical tech
nology representing important progress in addressing a significant 
unmet medical need.
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4. Defining spheroids and organoids

Compound attrition rates remain challenging for current biophar
maceutical industry [82]. Part of the attrition challenge is attributed to 
low animal-to-human translational success rates, so-called “trans
lational failure” [83]. To overcome these shortcomings, there is a huge 
demand for more human predictive translational platforms and tech
nologies, defined as New Approach Methodologies (NAMs). One prom
ising example of NAMs are Complex in vitro models (CIVMs), i.e. 
organoids and microphysiological systems (MPS), which are complex 
three-dimensional (3D) “mini-organ” like structures [82,84].

Three-dimensional (3D) models are changing the paradigm of pre
clinical animal research as they more closely resemble the complex 
tissue environment and architecture in vivo. Among 3D models, spher
oids and organoids represent the most versatile and promising models in 
that they can recapitulate the heterogeneity and pathophysiology of 
human organs de novo, and of filling the gap between conventional 2D 
in vitro testing and animal models as a revolutionized novel drug 
development pipeline (Fig. 1). Such 3D spheroids provide a more 
physiological model than traditional culture systems, which could be 
applied to various applications, including stem cell research and drug 
screening [85,86]. The use of single-cell and multi-cell spheroids has 
proven to be an efficient system to optimize and overcome limitations 
associated with ex vivo conventional systems [87].

The term “organoid” refers to mini-clusters of growing cells that are 
capable of self-assembled in vitro and differentiating into functional cell 
types, resembling an organ 3D structure, function, and cellular hetero
geneity [88]. Generally, the term “organoid” is mainly used to describe 
such structure derived from stem cells [87]. Organoids are derived from 
pluripotent stem cells or isolated organ progenitors that differentiate to 
form an organlike tissue exhibiting multiple cell types that self-organize 
to form a structure not unlike the organ in vivo, which exhibit properties 
that recapitulate human organ development and that cannot be 
observed in animal models [89].

5. Vascularized organoids

As the ultimate goal of tissue engineering and regenerative medicine 
is to restore specific functions to damaged cells or tissues, cell therapy 
and tissue engineering open up new opportunities for tissue revascu
larization of diseased and damaged tissue and for surgical vessel 
replacement and tissue revitalization [90–93]. Tissue engineering aims 
to fabricate functional and viable 3D tissues outside of the body that can 
be tailored in size, shape, and function according to the respective needs 
before implanting them into the body. First clinical experiences have 

been published using bioengineered vascular grafts [94,95], and the 
ongoing preliminary research towards ‘bioartificial beating heart’ with 
increasing interest [96–100].

Vascularized organoids are emerging as powerful research models 
for studying endothelial differentiation and development [101], which 
has emerged as a novel modelling tool for preclinical research and 
personalized therapy for studying human vascularized tissues/organs 
derived from every certain healthy donor or patient for development of 
personalized medicine with promising therapeutic potential [102,103]. 
Recent breakthroughs have discovered that transplantation of vascular 
organoids embedded with dynamic hydrogel is capable of re-assembly of 
arterioles and restoration of cardiac function in infarcted hearts, offering 
effective therapeutic efficacy and translational applications in regener
ative medicine [104].

5.1. Vascularized cardiac organoids

Cardiac organoids are comparable to age-matched human fetal car
diac tissues at the transcriptomic, structural, and cellular level. The 
creation of human induced pluripotent stem cells (hiPSCs) technology 
has provided an unprecedented opportunity to study tissue morpho
genesis and organ development through ‘organogenesis-in-a-dish’ via 
human/patient-derived personalized hiPSCs [105]. Studies have suc
cessfully established protocols for generation of specific hiPSC lines 
derived from patients with inherited diseases for forming 3D cardiac 
microchambers, for studying the disease mechanisms of cardiac mal
formations at an early stage of embryogenesis [106]. By micropatterning 
and differentiating hiPSCs, further studies have engineered spatially 
organized cardiac organoids with contracting cardiomyocytes that sur
rounded by stromal cells distributed along the pattern perimeter as an in 
vitro embryotoxicity assessment tool [107]. Further studies have 
developed sophisticated internal chambers with well-organized multi- 
lineage cardiac cell types, recapitulate heart field formation and atrio
ventricular specification, develop a complex vasculature, and exhibit 
robust functional activity [108] (Figs. 2 & 3).

5.2. Vascularized cerebral organoids

Human brain organoids are three-dimensional tissues that are 
generated in vitro from pluripotent stem cells and recapitulate the early 
development of the human brain. Brain organoids consist mainly of 
neural lineage cells, such as neural stem/precursor cells, neurons, as
trocytes, and oligodendrocytes [109,110]. Vascularization of human 
brain organoids is of great importance for potential clinical optimization 
following vascularization, circulation restoration and functional 

Fig. 1. Vascularized tissue/organ-on-a-chip benefits every step of drug discovery pipeline as a screening tool with close human genome relevance to reduce costs and 
time duration of animal models as a revolutionized drug discovery pipeline.
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integration of human brain organoids in vivo after transplantation 
[111–115].

In 2018, human cerebral organoids were transplanted into the ret
rosplenial cortex of NOD-SCID mice for the first time. Organoid grafts 
exhibited progressive neuronal differentiation and maturation, glio
genesis, integration of microglia, and growth of axons to multiple re
gions of the host brain, with potent therapeutic potential for restoration 
of the delivered oxygen and nutrients though functional circulation 
[112]. Moreover, the fusion of heterogeneous neuronal organoids has 
been well-documented [116–118]. Transplantation of fused brain- 
vascular organoids into immunodeficient mice, followed by the 
engraftment of human hematopoietic stem cells, will enable researchers 
to establish vascularized human brain organoids with a human vascular 
system. Prevascularization has been demonstrated to enhance blood 
vessel formation and attenuated apoptosis in transplanted organoids 
compared to counterparts that had not been prevascularized [119]. In 
rodents, increased neurogenesis occurs after brain ischemia, and newly 
differentiated neurons migrate along the vessels to the ischemic area 
[120]. Moreover, scientists have successfully applied genome-editing 
technology to establish vascularized human brain organoids [121].

Therefore, current trials to vascularize various organoids include the 
adjustment of cultivation protocols, the introduction of microfluidic 
devices, and therapeutic optimization of organoid transplantation in 
vivo.

6. Next generation drug discovery and personalized medicine

Vascularized organoid-on-chip technology is a novel tool of 
mimicking organ physiology that enabling therapeutic development of 
pharmaceutical applications, via preclinical high-content phenotypic 
screening for novel drug development, advanced disease models of 
diabetes, cardio-cerebrovascular disease, and ‘clinical trials in-a-dish’ 
[122–124] (Fig. 4).

A crucial aspect of success lies in effectively reintegrating these cells 
or tissues within the recipient organism [125], as well as multiorgan 
response, such as communications among heart, central and peripheral 

nervous systems, and the spleen [126] (Fig. 4). Central to this approach 
is to establish a fast connection with the host's vascular system. To this 
end, organ-on-chip platform has emerged as an essential platform to 
explore intricate relationships between vascular, and immune/neural/ 
epithelial cell interactions for studying organogenesis and (patho-) 
physiological process [127]. One of the research objectives is to opti
mize transplantation outcomes via regulation of pro-regenerative niche 
through tissue-specific matrix protein (extracellular matrix; ECM) and 
formation with the utilization of in vitro cutting-edged platforms (such 
as bioprinting with ECM-based bioink) to model cellular and cell- 
extracellular matrix interactions that approximate native tissue micro
environment [128,129], as well as animal models in vivo [130].

Organ-on-a-chip technology was originally developed by the Wyss 
Institute for biologically inspired engineering at Harvard University 
[131]. Bioengineered microfluidic chips that co-cultured between 
different organs are able to emulate potential crosstalk and molecular 
functions phenotypes of human tissues [132,133]. When organoid-chip 
technology integrates with each other with robotic microfluidic 
coupling as models of multi-organ human-body-on-chips, multiple 
benefit pipelines of drug discovery [134–136], since the chips could be 
applied as disease models with close human relevance since the system 
function as a valuable screening tool using human genome to validate 
drug targets, which could be used to study efficacy and repurposing of 
drugs, and predictive toxicology [137,138].

Recent breakthroughs have successfully established and monitored 
formation of endothelial networks around mesenchymal and pancreatic 
islet spheroids, as well as blood vessel organoids generated from 
pluripotent stem cells on-chip using advanced microfluidics [76]. 
Further scientific advancements suggest that integrating human 
pluripotent stem cell-derived endothelial cells via an open microfluidic 
vessel-on-chip platform enables the modelling of patient-specific human 
endothelial tissue via recreating human microenvironment as an alter
native to partial animal preclinical testing, and has the potential to 
become a general tool for animal-free vascular research towards the 3R 
principles of replacing, reducing, and refining [139,140].

Fig. 2. Microvasculature-on-chip (A) [179–182] and heart-on-chip (B) as novel research models of cardio-cerebrovascular system equipped with microfluidic device 
and artificial intelligence. LCSM: laser scanning confocal microscope
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7. Advances of vasculature- and heart-on-chip research models

During recent decades, microfluidic-based technology has developed 
microscale models recapitulating key physical and biological cues 
typical of the native microvasculature and myocardium [141–143]. 
Heart-on-a-chip (HOC) technology is an emerging field where 

cardiomyocytes among other cell types in the heart can be used to 
generate functional, beating cardiac microtissues that recapitulate many 
features of the human heart. HOC models are showing great promise as 
disease modelling platforms and are poised to serve as important tools in 
the drug development pipeline [144]. By leveraging advances in human 
pluripotent stem cell-derived cardiomyocyte biology and 

Fig. 3. (A) Brief overview of Device design of microfluidic chip, and schematic three-dimensional view of organoid and cell configurations. (B) Vascularization of 
Blood Vessel Organoids on-chip [76].
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microfabrication technology [145,146], diseased HOCs are highly 
tuneable and can be generated via different approaches such as: using 
cells with defined genetic backgrounds (patient-derived cells), adding 
small molecules, modifying the cells' environment, altering cell ratio/ 
composition of microtissues, among others [147,148] (Figs. 2 & 3).

Recent breakthroughs have achieved on cardiovascular on chip 
models. Studies have successfully established perfusable, and endothe
lialized microvasculature-on-a-chip modelling featuring an 
interpenetrating-polymer-network hydrogel that recapitulates the stiff
ness of blood vessel intima, basement membrane self-deposition and 
self-healing endothelial barrier function, thereby enabling real-time 
visualization, with high spatiotemporal resolution, of microvascular 
obstruction and endothelial permeability under physiological flow 
conditions [149]. In the meanwhile, a higher throughput “heart-on- 
chip” which utilizes a semi-automated fabrication technique has been 
well-established [150,151].

Induced pluripotent stem cells (iPSC) can differentiate into multiple 
cell types, including cardiomyocytes and have tremendous potential for 
drug discovery and regenerative therapies [152–154]. Despite the line- 
to-line variability of gene expression in the undifferentiated state of 
embryonic stem cells and iPSC, the variance narrows significantly in 
lineage-specific iPSC-derived cardiac progenitors, and these progenitor 
cells can be isolated and used for transplantation without generation of 
unwanted cell types [155]. Furthermore, combination of patient-derived 
and genetically engineered iPSCs with tissue engineering uncovered 
insights into mitochondrial roles in cardiac development and disease 
and elucidated the pathophysiology underlying the cardiomyopathy 
[151]. Simultaneously, well-characterized human pluripotent stem-cell- 
derived ventricular cardiomyocytes with key electrophysiological fea
tures of native human ventricle, have emerged as a revolutionary tool to 
assess preclinical drug-induced arrhythmogenicity [156]. In the mean
while, patient-specific iPSC–derived cardiomyocytes offer a unique 
avenue for studying primary cardiac abnormalities and uncovering 
pathogenic mechanisms that underlie sporadic congenital heart diseases 
[145]. To mimic the cardiac environment more accurately, further 
studies using the Biowire II platform, engineered cardiac tissues with an 
epicardial outer layer and inner myocardial structure have been suc
cessfully constructed [157]. Further studies have successfully and 
reproducibly applied implantation of conductive hydrogels via intra
myocardial injection with facilitated electrical pacing of iPSC- 
cardiomyocytes followed by gelation within the heart tissue, thereby 
preserving the structure of the myocardium with no signs of encapsu
lation, injury or implant-related complications in any of the animal as
says [158,159].

An integrated microfluidic system with high-precision fabrication 

has been successfully generalized to expand the accessible spectrum of 
organ-on-a-chip models towards structurally and biomechanically so
phisticated tissue systems [160]. Furthermore, integrated with a QRS 
complex wave detection architecture for signal preprocessing and a two- 
layer deep-learning network for post-processing, artificial intelligence 
(AI)-enabled chips have become remarkably attractive solutions for 
portable monitoring and classification systems [161–165]. Furthermore, 
AI-driven, real-time software is able to recognize and assign specific AF 
electrical patterns, specifically spatio-temporal electrogram dispersion 
[166,167]. Advanced tissue technologies of blood-brain barrier orga
noids, in combination with an artificial intelligence (AI) algorithm, have 
been successfully developed to increase the throughput and the reli
ability of histo-morphologic evaluations of apoptosis as high-throughput 
toxicity readouts in drug development [168]. AI-guided ablation of 
spatio-temporal dispersion areas in addition to PVI is superior to PVI 
alone in eliminating AF at 1-year follow-up in patients with persistent 
and long-standing persistent AF [169].

Also, a series of pioneering studies have successfully developed deep 
learning models for organoid analysis via predicting gene expression 
[170,171], visualized and quantitative analysis for high-throughput 
drug screening [172,173], predictable reliable real-time identification 
of cell fates of in situ organoids [174,175], or quantifying morphoge
netic organizations of organoids at multi-scales [176], which is prom
ising for novel therapeutic drugs and clinical applications 
[170,174,177,178]. Therefore, to combine microfluidic cardio- 
cerebrovascular system-on-chip with AI and deep learning systems 
will boost the transformation of personalized precision medicine and 
drug therapy of cardio-cerebrovascular diseases into the clinic.

8. Conclusions and outlook

Drug discovery and human disease modelling of cardio- 
cerebrovascular system face challenges in recapitulating cellular 
complexity and animal-to-human translation due to the limitations of 
conventional 2D cell culture and animal models. The tremendous 
development of tissue vessel-chip models constructed with human cells 
offers a new approach to bridge the gap between preclinical research 
and translation of angiogenic therapy as interesting alternatives to 
preclinical animal models. Along with innovative regenerative surgery, 
tissue engineering and regenerative medicine fuse together, and are 
promising to fuel the personalized medicine and clinical translation 
(Graphical abstract).

Critically, the future development of functional bioengineered vas
cularized tissues aided with biomaterials and smart AI platform that is 
compatible with cell-specific functions as well as manufacturing 

Fig. 4. Human specific induced pluripotent stem cells (hiPSCs)-derived multiorgan tissue chip as patient on-a-chip and potential ‘clinical trials in a dish’ model for 
drug testing (https://cn-bio.com/physiomimix/organ-on-a-chip).
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technology. Therefore, advanced research models with multisystem 
input of vascularization and neurogenesis may enable the development 
of transformative drug discovery as essential disease modelling tools of 
multiorgan system. Additionally, armed with cutting-edge-research 
platforms (e.g. high-throughput multi-omics analysis and 3D bio
printing) to test effects of drug actions from diverse perspectives, and 
mimicking key signaling governing cellular and cell-extracellular matrix 
interactions during cardio-cerebrovascular development, vascularized 
organoid-on-chip model of cardiovascular system paves a new avenue of 
integrated human biology to study and quantify changes in the vascular 
architecture and function during vascular and organ development, or 
upon drug treatment, thereby enabling translation of cardio- 
cerebrovascular disease conditions into the clinic via novel drug 
development.
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[109] S.P. Paşca, Assembling human brain organoids, Science 363 (6423) (2019) 
126–127.

[110] S.L. Giandomenico, M. Sutcliffe, M.A. Lancaster, Generation and long-term 
culture of advanced cerebral organoids for studying later stages of neural 
development, Nat. Protoc. 16 (2) (2021) 579–602.

[111] M.T. Pham, K.M. Pollock, M.D. Rose, W.A. Cary, H.R. Stewart, P. Zhou, et al., 
Generation of human vascularized brain organoids, Neuroreport 29 (7) (2018) 
588–593.

[112] A.A. Mansour, J.T. Gonçalves, C.W. Bloyd, H. Li, S. Fernandes, D. Quang, et al., 
An in vivo model of functional and vascularized human brain organoids, Nat. 
Biotechnol. 36 (5) (2018) 432–441.

[113] O. Ham, Y.B. Jin, J. Kim, M.-O. Lee, Blood vessel formation in cerebral organoids 
formed from human embryonic stem cells, Biochem. Biophys. Res. Commun. 521 
(1) (2020) 84–90.

[114] T.K. Matsui, Y. Tsuru, K. Hasegawa, K.-i. Kuwako, Vascularization of human brain 
organoids, Stem Cells 39 (8) (2021) 1017–1024.

[115] Y. Sato, T. Asahi, K. Kataoka, Integrative single-cell RNA-seq analysis of 
vascularized cerebral organoids, BMC Biol. 21 (1) (2023) 245.

[116] Y. Xiang, Y. Tanaka, B. Cakir, B. Patterson, K.-Y. Kim, P. Sun, et al., hESC-derived 
thalamic organoids form reciprocal projections when fused with cortical 
organoids, Cell Stem Cell 24 (3) (2019) 487–497.e7.

[117] F. Birey, J. Andersen, C.D. Makinson, S. Islam, W. Wei, N. Huber, et al., Assembly 
of functionally integrated human forebrain spheroids, Nature 545 (7652) (2017) 
54–59.

[118] J. Andersen, O. Revah, Y. Miura, N. Thom, N.D. Amin, K.W. Kelley, et al., 
Generation of functional human 3D cortico-motor assembloids, Cell 183 (7) 
(2020) 1913–1929.e26.

[119] M.G. Kook, S.E. Lee, N. Shin, D. Kong, D.H. Kim, M.S. Kim, et al., Generation of 
cortical brain organoid with vascularization by assembling with vascular 
spheroid, Int J Stem Cells. 15 (1) (2022) 85–94.

[120] T. Fujioka, N. Kaneko, K. Sawamoto, Blood vessels as a scaffold for neuronal 
migration, Neurochem. Int. 126 (2019) 69–73.

[121] B. Cakir, Y. Xiang, Y. Tanaka, M.H. Kural, M. Parent, Y.-J. Kang, et al., 
Engineering of human brain organoids with a functional vascular-like system, 
Nat. Methods 16 (11) (2019) 1169–1175.

[122] F.M. Drawnel, S. Boccardo, M. Prummer, F. Delobel, A. Graff, M. Weber, et al., 
Disease modeling and phenotypic drug screening for diabetic cardiomyopathy 
using human induced pluripotent stem cells, Cell Rep. 9 (3) (2014) 810–821.

[123] X. Wu, K. Swanson, Z. Yildirim, W. Liu, R. Liao, J.C. Wu, Clinical trials in-a-dish 
for cardiovascular medicine, Eur. Heart J. (2024) ehae519.

[124] S. Jatana, A. Abbadi, G.A. West, A.K. Ponti, M.B. Braga-Neto, J.L. Smith, et al., 
Hyperglycemic environments directly compromise intestinal epithelial barrier 
function in an organoid model and hyaluronan (approximately 35 kDa) protects 
via a layilin dependent mechanism, Matrix Biol. 133 (2024) 116–133.

[125] A. Migliorini, M.C. Nostro, Vascular and immune interactions in islets 
transplantation and 3D islet models, Curr. Opin. Genet. Dev. 88 (2024) 102237.

[126] S. Perrotta, L. Carnevale, M. Perrotta, F. Pallante, T.P. Mikolajczyk, V. Fardella, et 
al., A heart-brain-spleen axis controls cardiac remodeling to hypertensive stress, 
Immunity 58 (3) (2025) 648–665.e7.

[127] E. Carolina, Y. Kuse, A. Okumura, K. Aoshima, T. Tadokoro, S. Matsumoto, et al., 
Generation of human iPSC-derived 3D bile duct within liver organoid by 

incorporating human iPSC-derived blood vessel, Nat. Commun. 15 (1) (2024) 
7424.

[128] M. Warkala, D. Chen, A. Ramirez, A. Jubran, M. Schonning, X. Wang, et al., Cell- 
extracellular matrix interactions play multiple essential roles in aortic arch 
development, Circ. Res. 128 (3) (2021) e27–e44.

[129] E. Silberman, H. Oved, M. Namestnikov, A. Shapira, T. Dvir, Post-maturation 
reinforcement of 3D-printed vascularized cardiac tissues, Adv. Mater. 35 (31) 
(2023) e2302229.

[130] J. Huang, J. Li, S. Li, X. Yang, N. Huo, Q. Chen, et al., Netrin-1-engineered 
endothelial cell exosomes induce the formation of pre-regenerative niche to 
accelerate peripheral nerve repair, Sci. Adv. 10 (26) (2024) eadm8454.

[131] D. Huh, B.D. Matthews, A. Mammoto, M. Montoya-Zavala, H.Y. Hsin, D.E. Ingber, 
Reconstituting organ-level lung functions on a chip, Science 328 (5986) (2010) 
1662–1668.

[132] A.M. Kemas, R. Zandi Shafagh, N. Taebnia, M. Michel, L. Preiss, U. Hofmann, et 
al., Compound absorption in polymer devices impairs the translatability of 
preclinical safety assessments, Adv. Healthc. Mater. 13 (11) (2024) 2303561.

[133] R.Z. Shafagh, S. Youhanna, J. Keulen, J.X. Shen, N. Taebnia, L.C. Preiss, et al., 
Bioengineered pancreas–liver crosstalk in a microfluidic coculture chip identifies 
human metabolic response signatures in prediabetic hyperglycemia, Advanced 
Science 9 (34) (2022).

[134] S.N. Bhatia, D.E. Ingber, Microfluidic organs-on-chips, Nat. Biotechnol. 32 (8) 
(2014) 760–772.

[135] J.D. Caplin, N.G. Granados, M.R. James, R. Montazami, N. Hashemi, Microfluidic 
Organ-on-a-Chip technology for advancement of drug development and 
toxicology, Adv. Healthc. Mater. 4 (10) (2015) 1426–1450.

[136] R. Novak, M. Ingram, S. Marquez, D. Das, A. Delahanty, A. Herland, et al., Robotic 
fluidic coupling and interrogation of multiple vascularized organ chips, Nat. 
Biomed. Eng. 4 (4) (2020) 407–420.

[137] L. Ewart, A. Apostolou, S.A. Briggs, C.V. Carman, J.T. Chaff, A.R. Heng, et al., 
Performance assessment and economic analysis of a human Liver-Chip for 
predictive toxicology, Commun. Med. 2 (1) (2022) 154.

[138] D.J. Richards, Y. Li, C.M. Kerr, J. Yao, G.C. Beeson, R.C. Coyle, et al., Human 
cardiac organoids for the modelling of myocardial infarction and drug 
cardiotoxicity, Nat Biomed Eng. 4 (4) (2020) 446–462.

[139] J. Tannenbaum, B.T. Bennett, Russell and Burch’s 3Rs then and now: the need for 
clarity in definition and purpose, J. Am. Assoc. Lab. Anim. Sci. 54 (2) (2015) 
120–132.

[140] M. Marder, C. Remmert, J.A. Perschel, M. Otgonbayar, C. von Toerne, S. Hauck, et 
al., Stem cell-derived vessels-on-chip for cardiovascular disease modeling, Cell 
Rep. 43 (4) (2024).

[141] J.A. Whisler, M.B. Chen, R.D. Kamm, Control of perfusable microvascular 
network morphology using a multiculture microfluidic system, Tissue Eng. Part C 
Methods 20 (7) (2014) 543–552.

[142] M. Sato, N. Sasaki, M. Ato, S. Hirakawa, K. Sato, K. Sato, Microcirculation-on-a- 
Chip: a microfluidic platform for assaying blood- and lymphatic-vessel 
permeability, PLoS One 10 (9) (2015) e0137301.

[143] M.M. Mardanpour, A. Sudalaiyadum Perumal, Z. Mahmoodi, K. Baassiri, 
G. Montiel-Rubies, K.M. LeDez, et al., Investigation of air bubble behaviour after 
gas embolism events induced in a microfluidic network mimicking 
microvasculature, Lab Chip 24 (9) (2024) 2518–2536.

[144] O. Mourad, R. Yee, M. Li, S.S. Nunes, Modeling heart diseases on a chip: 
advantages and future opportunities, Circ. Res. 132 (4) (2023) 483–497.

[145] Lam YY, Keung W, Chan CH, Geng L, Wong N, Brenière-Letuffe D, et al. Single-cell 
transcriptomics of engineered cardiac tissues from patient-specific induced 
pluripotent stem cell–derived cardiomyocytes reveals abnormal developmental 
trajectory and intrinsic contractile defects in hypoplastic right heart syndrome. J. 
Am. Heart Assoc. 2020;9(20):e016528.

[146] K. Soon, O. Mourad, S.S. Nunes, Engineered human cardiac microtissues: the 
state-of-the-(he)art, Stem Cells 39 (8) (2021) 1008–1016.

[147] O. Mastikhina, B.-U. Moon, K. Williams, R. Hatkar, D. Gustafson, O. Mourad, et 
al., Human cardiac fibrosis-on-a-chip model recapitulates disease hallmarks and 
can serve as a platform for drug testing, Biomaterials 233 (2020) 119741.

[148] V. Paloschi, M. Sabater-Lleal, H. Middelkamp, A. Vivas, S. Johansson, A. van der 
Meer, et al., Organ-on-a-chip technology: a novel approach to investigate 
cardiovascular diseases, Cardiovasc. Res. 117 (14) (2021) 2742–2754.

[149] Y. Qiu, B. Ahn, Y. Sakurai, C.E. Hansen, R. Tran, P.N. Mimche, et al., 
Microvasculature-on-a-chip for the long-term study of endothelial barrier 
dysfunction and microvascular obstruction in disease, Nat Biomed Eng. 2 (2018) 
453–463.

[150] A. Agarwal, J.A. Goss, A. Cho, M.L. McCain, K.K. Parker, Microfluidic heart on a 
chip for higher throughput pharmacological studies, Lab Chip 13 (18) (2013) 
3599–3608.

[151] G. Wang, M.L. McCain, L. Yang, A. He, F.S. Pasqualini, A. Agarwal, et al., 
Modeling the mitochondrial cardiomyopathy of Barth syndrome with induced 
pluripotent stem cell and heart-on-chip technologies, Nat. Med. 20 (6) (2014) 
616–623.

[152] A.P. Hnatiuk, F. Briganti, D.W. Staudt, M. Mercola, Human iPSC modeling of 
heart disease for drug development, Cell Chem. Biol. 28 (3) (2021) 271–282.

[153] J. Calvo-Garrido, D. Winn, C. Maffezzini, A. Wedell, C. Freyer, A. Falk, et al., 
Protocol for the derivation, culturing, and differentiation of human iPS-cell- 
derived neuroepithelial stem cells to study neural differentiation in vitro, STAR 
Protocols. 2 (2) (2021) 100528.

[154] H. Tani, S. Tohyama, Human engineered heart tissue models for disease modeling 
and drug discovery, Front. Cell Dev. Biol. 10 (2022) 855763.

X. Chen et al.                                                                                                                                                                                                                                    American Heart Journal Plus: Cardiology Research and Practice 53 (2025) 100520 

9 

http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0485
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0485
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0490
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0490
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0490
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0490
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0495
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0495
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0495
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0500
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0500
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0500
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0505
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0505
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0505
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0510
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0510
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0515
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0515
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0515
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0515
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0520
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0520
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0520
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0520
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0525
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0525
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0525
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0530
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0530
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0530
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0535
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0535
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0535
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0540
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0540
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0545
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0545
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0545
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0550
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0550
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0550
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0555
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0555
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0555
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0560
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0560
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0560
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0565
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0565
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0570
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0570
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0575
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0575
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0575
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0580
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0580
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0580
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0585
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0585
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0585
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0590
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0590
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0590
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0595
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0595
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0600
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0600
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0600
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0605
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0605
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0605
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0610
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0610
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0615
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0615
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0615
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0615
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0620
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0620
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0625
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0625
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0625
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0630
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0630
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0630
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0630
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0635
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0635
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0635
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0640
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0640
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0640
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0645
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0645
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0645
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0650
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0650
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0650
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0655
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0655
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0655
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0660
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0660
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0660
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0660
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0665
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0665
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0670
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0670
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0670
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0675
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0675
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0675
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0680
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0680
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0680
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0685
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0685
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0685
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0690
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0690
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0690
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0695
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0695
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0695
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0700
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0700
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0700
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0705
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0705
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0705
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0710
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0710
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0710
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0710
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0715
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0715
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0720
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0720
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0725
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0725
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0725
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0730
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0730
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0730
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0735
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0735
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0735
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0735
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0740
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0740
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0740
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0745
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0745
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0745
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0745
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0750
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0750
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0755
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0755
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0755
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0755
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0760
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0760


[155] L.W. van Laake, L. Qian, P. Cheng, Y. Huang, E.C. Hsiao, B.R. Conklin, et al., 
Reporter-based isolation of induced pluripotent stem cell–and embryonic stem 
cell–derived cardiac progenitors reveals limited gene expression variance, Circ. 
Res. 107 (3) (2010) 340–347.

[156] A.M. Shum, H. Che, A.O. Wong, C. Zhang, H. Wu, C.W. Chan, et al., 
A micropatterned human pluripotent stem cell-based ventricular cardiac 
anisotropic sheet for visualizing drug-induced arrhythmogenicity, Adv. Mater. 29 
(1) (2017).

[157] Bannerman D, Pascual-Gil S, Wu Q, Fernandes I, Zhao Y, Wagner KT, et al. Heart- 
on-a-chip model of epicardial–myocardial interaction in ischemia reperfusion 
injury. Adv. Healthc. Mater. 2024:2302642.

[158] D. Hachim, O. Hernández-Cruz, J.E. Foote, R. Wang, M.W. Delahaye, D. 
J. Stuckey, et al., Self-doped and biodegradable glycosaminoglycan-PEDOT 
conductive hydrogels facilitate electrical pacing of iPSC-derived cardiomyocytes, 
Adv. Healthc. Mater. (2025) 2403995.

[159] G.N. Grover, R.L. Braden, K.L. Christman, Oxime cross-linked injectable hydrogels 
for catheter delivery, Advanced Materials (Deerfield Beach, Fla). 25 (21) (2013) 
2937.

[160] C. Michas, M.Ç. Karakan, P. Nautiyal, J.G. Seidman, C.E. Seidman, A. Agarwal, et 
al., Engineering a living cardiac pump on a chip using high-precision fabrication, 
Sci. Adv. 8 (16) (2022) eabm3791.

[161] M.J. Lamberti, M. Wilkinson, B.A. Donzanti, G.E. Wohlhieter, S. Parikh, R. 
G. Wilkins, et al., A study on the application and use of artificial intelligence to 
support drug development, Clin. Ther. 41 (8) (2019) 1414–1426.

[162] H. Farghali, N. Kutinova Canova, M. Arora, The potential applications of artificial 
intelligence in drug discovery and development, Physiol. Res. 70 (Suppl4) (2021) 
S715–S722.

[163] Y.-H. Chen, C.-T. Wang, S.-Y. Lin, C.-S. Lai, B. Sheu, Artificial intelligence chip 
design for high-speed cardiac arrhythmia classification, IEEE Nanotechnol. Mag. 
17 (6) (2023) 29–35.

[164] M.L. McCain, Heart-on-a-Chip at the final frontier, Proc. Natl. Acad. Sci. 121 (41) 
(2024) e2417412121.

[165] K.-K. Mak, Y.-H. Wong, M.R. Pichika, Artificial intelligence in drug discovery and 
development, in: Drug Discovery and Evaluation: Safety and Pharmacokinetic 
Assays., 2024, pp. 1461–1498.

[166] J. Seitz, T.M. Durdez, J.P. Albenque, A. Pisapia, E. Gitenay, C. Durand, et al., 
Artificial intelligence software standardizes electrogram-based ablation outcome 
for persistent atrial fibrillation, J. Cardiovasc. Electrophysiol. 33 (11) (2022) 
2250–2260.

[167] J. Seitz, T.M. Durdez, S. Lotteau, C. Bars, A. Pisapia, E. Gitenay, et al., Artificial 
intelligence–adjudicated spatiotemporal dispersion: a patient-unique fingerprint 
of persistent atrial fibrillation, Heart Rhythm. 21 (5) (2024) 540–552.

[168] L. Bell, C. Simonneau, C. Zanini, E. Kassianidou, C. Zundel, R. Neff, et al., 
Advanced tissue technologies of blood-brain barrier organoids as high throughput 
toxicity readouts in drug development, Heliyon 11 (1) (2025).

[169] I. Deisenhofer, J.-P. Albenque, S. Busch, E. Gitenay, S.E. Mountantonakis, 
A. Roux, et al., Artificial intelligence for individualized treatment of persistent 
atrial fibrillation: a randomized controlled trial, Nat. Med. (2025) 1–8.

[170] T. Asano, H. Suga, H. Niioka, H. Yukawa, M. Sakakibara, S. Taga, et al., A deep 
learning approach to predict differentiation outcomes in hypothalamic-pituitary 
organoids, Commun Biol. 7 (1) (2024) 1468.

[171] J.G. Camp, F. Badsha, M. Florio, S. Kanton, T. Gerber, M. Wilsch-Brauninger, et 
al., Human cerebral organoids recapitulate gene expression programs of fetal 
neocortex development, Proc. Natl. Acad. Sci. USA 112 (51) (2015) 
15672–15677.

[172] Y. Zhao, M. Sun, Z. Pan, W. Kong, Z. Hong, W. Zhang, et al., A novel quantitative 
angiogenesis assay based on visualized vascular organoid, Angiogenesis 28 (1) 
(2025) 10.

[173] D.T.T. Phan, X. Wang, B.M. Craver, A. Sobrino, D. Zhao, J.C. Chen, et al., 
A vascularized and perfused organ-on-a-chip platform for large-scale drug 
screening applications, Lab Chip 17 (3) (2017) 511–520.

[174] Y. Zhu, R. Huang, Z. Wu, S. Song, L. Cheng, R. Zhu, Deep learning-based 
predictive identification of neural stem cell differentiation, Nat. Commun. 12 (1) 
(2021) 2614.

[175] M. Tian, J. Wei, E. Lv, C. Li, G. Liu, Y. Sun, et al., Drug evaluation platform based 
on non-destructive and real-time in situ organoid fate state monitoring by 
graphene field-effect transistor, Chem. Eng. J. 498 (2024) 155355.

[176] A. Beghin, G. Grenci, G. Sahni, S. Guo, H. Rajendiran, T. Delaire, et al., Automated 
high-speed 3D imaging of organoid cultures with multi-scale phenotypic 
quantification, Nat. Methods 19 (7) (2022) 881–892.

[177] E.H. Nguyen, W.T. Daly, N.N.T. Le, M. Farnoodian, D.G. Belair, M.P. Schwartz, et 
al., Versatile synthetic alternatives to Matrigel for vascular toxicity screening and 
stem cell expansion. Nat, Biomed. Eng. (2017) 1.

[178] Y. Kim, E.C. Chica-Carrillo, H.J. Lee, Microfabricated sensors for non-invasive, 
real-time monitoring of organoids, Micro and Nano Systems Letters. 12 (1) (2024) 
1–10.

[179] T. Osaki, T. Kakegawa, T. Kageyama, J. Enomoto, T. Nittami, J. Fukuda, 
Acceleration of vascular sprouting from fabricated perfusable vascular-like 
structures, PLoS One 10 (4) (2015) e0123735.

[180] S. Han, Y. Shin, H.E. Jeong, J.S. Jeon, R.D. Kamm, D. Huh, et al., Constructive 
remodeling of a synthetic endothelial extracellular matrix, Sci. Rep. 5 (1) (2015) 
18290.

[181] J.S. Jeon, S. Bersini, M. Gilardi, G. Dubini, J.L. Charest, M. Moretti, et al., Human 
3D vascularized organotypic microfluidic assays to study breast cancer cell 
extravasation, Proc. Natl. Acad. Sci. 112 (1) (2015) 214–219.

[182] S. Kim, W. Kim, S. Lim, J.S. Jeon, Vasculature-on-a-chip for in vitro disease 
models, Bioengineering (Basel). 4 (1) (2017).

X. Chen et al.                                                                                                                                                                                                                                    American Heart Journal Plus: Cardiology Research and Practice 53 (2025) 100520 

10 

http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0765
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0765
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0765
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0765
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0770
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0770
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0770
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0770
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0775
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0775
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0775
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0775
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0780
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0780
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0780
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0785
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0785
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0785
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0790
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0790
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0790
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0795
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0795
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0795
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0800
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0800
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0800
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0805
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0805
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0810
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0810
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0810
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0815
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0815
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0815
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0815
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0820
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0820
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0820
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0825
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0825
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0825
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0830
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0830
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0830
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0835
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0835
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0835
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0840
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0840
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0840
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0840
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0845
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0845
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0845
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0850
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0850
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0850
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0855
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0855
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0855
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0860
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0860
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0860
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0865
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0865
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0865
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0870
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0870
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0870
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0875
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0875
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0875
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0880
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0880
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0880
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0885
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0885
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0885
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0890
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0890
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0890
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0895
http://refhub.elsevier.com/S2666-6022(25)00023-0/rf0895

	Towards advanced regenerative therapeutics to tackle cardio-cerebrovascular diseases
	1 Introduction
	2 Blood vessel development and organogenesis
	3 Bioengineered microvasculature
	4 Defining spheroids and organoids
	5 Vascularized organoids
	5.1 Vascularized cardiac organoids
	5.2 Vascularized cerebral organoids

	6 Next generation drug discovery and personalized medicine
	7 Advances of vasculature- and heart-on-chip research models
	8 Conclusions and outlook
	CRediT authorship contribution statement
	Ethical statement
	Funding
	Declaration of competing interest
	Acknowledgement
	References


