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Abstract 
Human organoids have emerged as transformative tools in biomedical research, bridging conventional cell lines and animal 
models through their ability to recapitulate human tissue architecture, function, and disease mechanisms. They enable the 
investigation of development, disease modeling, drug testing, infectious diseases, and regenerative medicine with enhanced 
physiological relevance. Recent advances in complementary technologies—including CRISPR-based genome editing, single-
cell omics, organ-on-chip systems, and artificial intelligence—have further expanded the capabilities of organoid platforms, 
while ethical and regulatory frameworks continue to evolve. Looking ahead, the integration of quantum biology with organoid 
research may provide new insights into the fundamental mechanisms governing cellular processes and open novel avenues 
for translating human biology into clinical applications. 
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Introduction 

The development of human organoids is considered 
one of the most important advances in modern 
biomedical research [1]. Treatments tested in rodent 
models usually result in different outcomes in 
humans, which wastes resources and does not 
translate into effective patient care [2]. While cell lines 
are easy to use and inexpensive, the simple two-
dimensional (2D) structure of cell lines cannot mimic 
the complex three-dimensional (3D) micro-
environments and dynamic cell-cell interactions that 
occur in real tissues [3]. These constraints can lead to 
the loss of key attributes of cellular behavior and 
heterogeneity, as well as other in vivo features. On the 
other hand, animal models, while more 
physiologically relevant, have significant limitations 
based on species differences, confounding factors, 
and pragmatic issues that limit their predictive 
capabilities for human health [4]. Historically, most 
models-such as mice, which are genetically identical-
do not allow for inter-individual variability, limiting 
their translational relevance [5]. Organoids, which are 
tiny 3D structures developed from pluripotent or 
adult stem cells, alleviate many of these constraints; 
organoids can self-organize and resemble the 
architecture and function of various human organs 
[1,6]. Organoids have been established as culture 
systems for several tissues, including brain, lung, 
heart, liver, and kidney organoids. Organoids were 
first developed to study how tissues and organs form, 
but they have quickly evolved into versatile models 

that better reflect human biology. They now offer 
powerful ways to study development, disease, and 
treatment responses in a setting closer to real human 
physiology [1,6-8]. 

Organoid Technology and Developmental 
Progression 

Organoid technology has developed in several major 
steps. In 1981, pluripotent stem cells were established 
from mouse embryos, giving us the first essential tool 
for modeling tissues in culture [9]. Early efforts to 
grow and differentiate stem cells from other species 
provided the initial foundation for studying 
development in culture. The generation of human-
induced pluripotent stem cells (iPSCs) in 2006 
opened the way for patient-specific models, which 
were a pivotal step in progressing biomedical research 
[10]. Organoid technology then progressed rapidly, 
starting with intestinal (2009), gastric (2010), brain 
and liver (2013), kidney and lung (2014), and 
mammary, fallopian tube, and hippocampal 
organoids (2015) [11,12]. More recently, skin (2020) 
and lacrimal gland (2021) organoids have been 
generated, advancing disease modeling, drug testing, 
fetal organoids, and genetically engineered organoids 
(2022-2025) [13,14]. Together, these advances 
demonstrate the ability of organoids to recapture 
human development, disease, and aging in 
physiologically relevant systems. 

Organoids as Functional Models of Human 
Development and Disease 
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Organoids mirror human development at structural 
and functional levels. Given the proper biochemical 
or mechanical cues, pluripotent or adult stem cells 
can differentiate, self-assemble, and make tissue-like 
structures that are analogous to early organogenesis 
[15,16]. Brain, gut, liver, kidney, and heart organoids 
are presented as living human development models, 
allowing researchers to study lineage commitment, 
morphogenesis, and tissue patterning in real time 
[17,18]. These models reproduce human-specific 
biological features that animal models cannot mimic. 
For example, brain organoids have provided insights 
into cortical development and neuron differentiation, 
while intestinal organoids have contributed to 
understanding epithelial turnover, stem cell 
maintenance, and regeneration [19,20]. Importantly, 
patient-derived or disease-specific organoids 
recapitulate disease processes accurately and represent 
platforms that can be used to study the molecular 
basis of disease [21,22]. Furthermore, assembloids, 
combinations of organoids from different organs, 
enable researchers to study how organs communicate 
and send signals to each other during development 
and disease [23]. 
In addition to developmental modeling, organoids 
play a pivotal role in studying human diseases. Cancer 
organoids preserve the genetic and epigenetic features 
of their corresponding tumors and serve as 
individualized models for testing drug efficacy and 
identifying targeted therapies [24]. Emerging systems, 
such as advanced co-cultures and organoid-on-chip 
(OoC) models, can now include stromal and immune 
components to partially recreate the tumor 
microenvironment (TME) and study immune cell 
responses [25]. Similarly, intestinal organoids from 
patients with cystic fibrosis (CF) have been used to test 
CFTR (Cystic Fibrosis Transmembrane Conductance 
Regulator) modulators, providing results that directly 
guide patient treatment [26]. In this manner, a 
feedback loop of inquiry is established whereby 
knowledge generated in the laboratory environment 
can inform care for the patient. 
Organoids can also be considered invaluable for 
infectious disease modeling. During the Zika virus 
outbreak, brain organoids illustrated the effect of viral 
infection of neural progenitors on proliferation 
leading to microcephaly [27]. More recently, lung and 
intestinal organoids have illuminated cellular entry, 
replication, and host response to infection with 
SARS-CoV-2 (Severe Acute Respiratory Syndrome 
Coronavirus 2) during COVID-19 [28,29]. In 

addition to modeling infections, lung organoids may 
provide insight into why some individuals experience 
a severe disease response while others are 
asymptomatic, thus suggesting potential mechanistic 
underpinnings of variation between individuals. 

Clinical Translation and Technological 
Integration of Organoids 

In the fields of translational and regenerative 
research, organoids have been integrated into 
preclinical drug discovery pipelines, as well as 
preclinical toxicity evaluation and pharmacogenomic 
profiling [30]. Organoid biobanks consisting of 
patient-derived samples, genetically diverse 
backgrounds, and disease states have allowed 
systematic drug screening and biomarker discovery 
while maintaining patient-specific characteristics [31]. 
In association with OoC technologies and 
microfluidic systems, organoids are able to recreate 
physiologically relevant microenvironments and 
interactions between organs [32]. Longitudinal 
biobanking of organoids sourced from a single patient 
allows normal organoids to act as internal controls for 
tracking pathological changes and also to track 
therapeutic responses [33]. 
Organoids also possess significant regenerative 
potential. There have been various studies 
demonstrating the successful transplantation of 
retinal, liver, intestinal, and pancreatic organoids in 
animal models that resulted in functional integration 
and some restoration of function in the tissue [34,35]. 
For example, in 2022 a group in Japan re-cultured 
intestinal organoids that had been developed from 
healthy mucosal stem cells from patients with 
ulcerative colitis for autologous transplantation [36]. 
Likewise, engineered bile duct organoids have 
appeared to have some application for recreation of 
the extrahepatic bile duct tree, including gallbladder 
wall and bile duct epithelium repair [37, 38]. Despite 
the aforementioned advances, challenges remain, 
including vascularization, immune compatibility, 
long-term compatibility, functionality, and regulatory 
compliance for use [39]. However, advances in tissue 
engineering, biomaterials, and transplantation 
immunology suggest that we are close to readying 
organoid-based regenerative therapies for clinical 
uses. 
The fast progress of organoid study has been 
accelerated through the application of 
complementary technologies. The use of single-cell 
omics (SCO), CRISPR (Clustered Regularly 
Interspaced Short Palindromic Repeats) genome 
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editing, spatial transcriptomics (ST), and artificial 
intelligence (AI) can impact the derivation, alteration, 
and analysis of organoids [40,41]. CRISPR allows for 
precise genome editing to replicate heritable diseases 
or to correct mutations in organoids derived from 
patients [42]. AI-driven imaging and analytics improve 
the resolution of analyses focused on morphogenesis, 
differentiation, and drug responses. Bioengineering 
approaches, including three-dimensional bioprinting 
and biomimetic scaffolding, improve structural 
fidelity, and multi-organ-on-chip (MOC) systems also 
enable modeling of systemic physiology [43,44]. 

Navigating Ethics and Translation in 
Organoid Research 

With organoids presenting ever-increasing 
complexity, ethical and regulatory issues are more 
pronounced. For example, brain organoids raise 
uncharted questions regarding consciousness and 
moral status, and human-animal chimeras further 
disrupt established lines of demarcation [45]. 
Regulators will need to determine whether organoids 
should be categorized as research tools, therapeutic 
modalities, or transitional structures. Commitment to 
fair access, transparency, and public engagement will 
be essential to reflect a moral obligation to yield the 
maximum benefits to our societies [46,47]. In short, 
organoids are a remarkable fusion of biological 
science and technology. They recapitulate 
development, model disease, and represent 
translational platforms that have the potential to 
transform health management. Although 
standardization, clinical integration, scalability, and 
ethical issues are daunting, they can ultimately be 
resolved. The transformative promise of organoids 
originates not just from their fidelity to biological 
material but from their conceptual integrity-each 
providing a framework that challenges conventional 
approaches to modeling human life. From scientific 
curiosity to clinical application, organoids are 
positioned at the intersection of biology, engineering, 
ethics, and medicine, providing an exciting 
framework for understanding, safeguarding, and 
improving human health. 

Future Perspectives: Quantum Biology in 
Organoid Research 

Going forward, the integration of quantum biology 
knowledge into organoid research may provide 
exciting new avenues to pursue. For the first time, 
organoids with improved physiological relevance and 
predictive outcomes could be used to study how 

quantum biological processes influence key cellular 
activities—energy transfer, signal transduction, and 
metabolism [48,49]. Combined with high-resolution, 
non-invasive monitoring, this approach may uncover 
mechanisms that connect organoid behavior to 
biological understanding and help translate that 
knowledge into practical applications. Adopting 
quantum-informed perspectives may offer innovative 
ways to investigate complex biological processes that 
remain obscure under traditional approaches. 
 

Conclusion 

Organoids have emerged as a powerful platform 
bridging traditional in vitro systems and in vivo 
models by recapitulating key aspects of human tissue 
structure, function, and disease. They enable more 
physiologically relevant studies across development, 
disease modeling, drug discovery, and precision 
medicine, particularly when combined with patient-
derived systems and biobanking strategies. Integration 
with technologies such as CRISPR, single-cell and 
spatial omics, artificial intelligence, and organ-on-chip 
systems has further enhanced their utility and 
translational potential. While challenges remain in 
vascularization, scalability, standardization, immune 
compatibility, and regulatory approval, ongoing 
advances in bioengineering and regenerative 
medicine continue to address these limitations. As 
organoid systems evolve, careful consideration of 
ethical and regulatory frameworks will be essential to 
guide responsible development and clinical 
translation, positioning organoids as a rapidly 
advancing platform with the potential to transform 
biomedical research and therapeutic innovation. 
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