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GRAPHICAL ABSTRACT
PUBLIC SUMMARY

- The landscape of organoids history: organoids mark a new and efficient model in tissue and organ level.

- Multiple applications of organoids in biomedicine and life healthcare.

- Organoids benefit to drug discovery, disease study, prevention, control, and therapy.

- Synthetic biology, artificial intelligence and automation integration broaden the role of organoids.
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In the last decade, organoid research has entered a golden era, signifying a
pivotal shift in the biomedical landscape. The year 2023 marked a milestone
with the publication of thousands of papers in this arena, reflecting exponen-
tial growth. However, amid this burgeoning expansion, a comprehensive and
accurate overview of the field has been conspicuously absent. Our review is
intended to bridge this gap, providing a panoramic view of the rapidly evolving
organoid landscape. We meticulously analyze the organoid field from eight
distinctive vantage points, harnessing our rich experience in academic
research, industrial application, and clinical practice.We present a deep explo-
ration of the advances in organoid technology, underpinnedbyour long-stand-
ing involvement in this arena. Our narrative traverses the historical genesis of
organoids and their transformative impact across various biomedical sectors,
including oncology, toxicology, and drug development. We delve into the syn-
ergy between organoids and avant-garde technologies such as synthetic
biology and single-cell omics and discuss their pivotal role in tailoring person-
alizedmedicine, enhancing high-throughput drug screening, and constructing
physiologically pertinent disease models. Our comprehensive analysis and
reflective discourse provide a deep dive into the existing landscape and
emerging trends in organoid technology. We spotlight technological innova-
tions,methodological evolution, and the broadening spectrumof applications,
emphasizing the revolutionary influence of organoids in personalized medi-
cine, oncology, drug discovery, and other fields. Looking ahead, we cautiously
anticipate future developments in the field of organoid research, especially its
potential implications for personalized patient care, new avenues of drug dis-
covery, and clinical research. We trust that our comprehensive review will be
an asset for researchers, clinicians, and patients with keen interest in person-
alized medical strategies. We offer a broad view of the present and prospec-
tive capabilities of organoid technology, encompassing a wide range of cur-
rent and future applications. In summary, in this review we attempt a
comprehensive exploration of the organoid field. We offer reflections, sum-
maries, and projections that might be useful for current researchers and clini-
cians, and we hope to contribute to shaping the evolving trajectory of this dy-
namic and rapidly advancing field.

INTRODUCTION
Organoid technology, the use of three-dimensional cultures derived from

stemcells that closelymimic the architecture and functionality of native organs,
represents a seminal advance in biomedical science, offering a revolutionary
perspective on human physiology and pathology.1 Organoid technology has
profoundly impacted various fields, notably oncology and regenerative medi-
cine, demonstrating unparalleled adaptability and precision.2 Organoids, essen-
tially miniature versions of organs, offer a highly physiologically relevant model
for understanding human biology. This relevance is particularly critical in drug
development, an area in which traditional models often fall short.3 Compared
to two-dimensional cell cultures or animalmodels, organoids provide amore ac-
curate representation of human tissues, enabling more reliable and efficient
drug screening and functional validation.4 This feature is particularly valuable
in the context of cancer research, where organoids canmimic the tumormicro-
ll
environment, providing insights into tumor-immune interactions and host-path-
ogen dynamics.5 The clinical fidelity of organoids is higher than that of conven-
tional models, as they can replicate the complex biological processes of human
organs in vitro. This attribute enables the rapid functional testing of drugs,
increasing the efficiency of the pathway from discovery to clinical application.6

Additionally, organoids present a novel platform for in vitro gene-editing thera-
pies. By leveraging CRISPR-Cas9 and other gene-editing tools, researchers
can use organoids to model genetic diseases and test therapeutic strategies,
significantly advancing the field of personalized medicine.7,8 Our research find-
ings emphasize the transformative potential of organoids in biomedical sci-
ences. In the future, we expect organoids to play a pivotal role in advancing
our understanding of human biology, evolving from cellular self-organization
to integration with technologies such as synthetic biology and artificial intelli-
gence (AI), offering substantial potential to revolutionize fields such as drug dis-
covery, disease modeling, and personalized medicine. Progress in organoid
technology continues to break barriers, offering insights once deemed unattain-
able. Accordingly, this review not only explores the current landscape of orga-
noid technology but also offers a forward-looking perspective on the profound
anticipated impact of organoids on future biomedical research.
ORGANOID HISTORY
Organoid research, originating in the early 20th century, explores the self-orga-

nizing properties of cells (Figure 1A). The initial studies involved cultivating me-
chanically dissociated sponge cells to create functional organisms in vitro. H.V.
Wilson’s observations in 1907 marked the inception of organoid research,
revealing the self-organization and regeneration of dissociated sponge cells.9–11

In subsequent decades, several groups performed dissociation-reaggregation
experiments to generate different types of organs from dissociated amphibian
pronephros and chick embryos,12–14 demonstrating the ability of cells to self-
organize and form organ-like structures in vitro.
In 1981, pluripotent stem cells (PSCs) were isolated from mouse embryos, a

milestone in stem cell research.15–18 In November 1998, human embryonic
stem cells (ESCs) were derived from blastocysts, a breakthrough demonstrating
human PSC derivation.19 The development of human induced pluripotent stem
cell (iPSC) technology further revolutionized the field.20,21 Themodern era of orga-
noid technology truly began in the 2000swith the development of iPSCsbyShinya
Yamanaka’s team at Kyoto University22–25: their pioneering work showed that
mouse fibroblasts could be reprogrammed into a pluripotent state by introducing
four transcription factors (Oct4, Sox2, Klf4, and c-Myc), generating the first
iPSCs.18,22

In 2009, Hans Clevers introduced the term “organoid,” emphasizing self-organi-
zation, particularly in cancer research.26 The term “organoid” draws inspiration
fromtheancientGreek lexicon,where “organon” is theoriginof “organ”and thesuf-
fix “-oid” denotes resemblance or likeness. Therefore, “organoid” refers to some-
thing that resembles an organ. Researchers such as Lancaster and Knoblich
expandedupon this seminalwork.27 They opined that the true essenceof organo-
ids lies not solely in their structural replication but in their ability to mirror the
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Figure 1. Unlocking organoids: A tale of historical discoveries and advanced taxonomies (A) The chronological history of the development of organoids. (B) Numerous novel
applications of organoids have surfaced in the realm of life science research in recent years. (C) Further refinement is required in classification as a result of the diversification of
organoid sources.
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cellular diversity, specific functionalities, and even intricate cellular arrangements
of the organs they represent.28 Subsequently, the field of organoid technology
advanced rapidly, ushering in a new era in scientific innovation.29,30 Hans Clevers’
intestinal organoids paved theway for new research on intestinal biology and dis-
2 The Innovation 5(3): 100620, May 6, 2024
ease mechanisms31 and continue to be a valuable resource for investigating the
molecular mechanisms underlying intestinal development and disease progres-
sion.26,32 Cerebral organoids, created by Lancaster et al. in 2013, mimic human
brain development and aid in understanding developmental brain disorders.33
www.cell.com/the-innovation
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In 2014, groundbreaking advances occurred in prostate organoid research,
providing a robust platform for studying prostate cancer dynamics and therapeu-
tic drug testing.34,35 In 2015, kidney organoids derived from iPSCs provided in-
sights into kidney development and disease modeling.36,37 Subsequent years
saw the burgeoning of organoid technology across various organ systems,
including the pancreas. The development of pancreatic cancer organoids has illu-
minated the pathophysiological mechanisms that underlie pancreatic ductal
adenocarcinoma, fostering advances inpersonalizedmedicine and targeted ther-
apeutic strategies.38,39 A surge inmethodological refinements in retinal organoid
cultivation have occurred since 2018. These organoids recapitulate the function-
ality of retinal cells, representing a significant leap forward from earlier models
that lackedstructural and functional fidelity.40,41Most recently, cardiac organoids
emerged, aiding in modeling heart diseases.42,43

Organoids have revolutionized biomedical research, enhancing drug assess-
ments and personalized medicine.44 In oncology, organoids have provided crit-
ical insights into the tumor immune microenvironment, propelling advance-
ments in immunotherapy.45 These three-dimensional cultures serve as pivotal
tools in deciphering the complexities of organ and embryonic development,
spotlighting essential elements of morphogenesis and the inception of life.46

Moreover, the establishment of extensive organoid biobanks has supported
personalized research approaches, offering a plethora of tissue-specific sam-
ples for in-depth study. In neuroimmune research, organoids have been instru-
mental in elucidating the intricate interplay between the nervous and immune
systems, leading to new insights into a myriad of associated disorders.47,48

The remarkable ability of organoids to replicate organ-level functions within
controlled environments is responsible for their indispensable role in precision
medicine, disease modeling, and regenerative medicine, enabling a transforma-
tive phase in modern medical research (Figure 1B).

The field of organoid development utilizes a variety of stem cell sources, each
with unique characteristics. Among these are the well-known ESCs and the rev-
olutionary iPSCs, both of which fall under the broader category of PSCs (Fig-
ure 1C). The versatile mesenchymal stem cells also play a crucial role in this
domain.49–55 Additionally, the world of clinical medicine offers a treasure trove
of sources in the form of tissue specimens, both from individuals battling dis-
eases and from healthy donors.56,57 This range includes surgical specimens
and other less obvious sources such as nasopharyngeal swabs, which have
recently gained prominence.58

In conclusion, organoid research has introduced a new era in biomedical sci-
ences, enhancing our understanding of life, disease, and therapies.
ORGANOIDS OUTSHINE CONVENTIONAL BIOMEDICAL MODELS
Biomedical researchers, in relentlesspursuit of understanding life’s complexity,

have long sought models to mirror human physiology and pathology (Figure 2).
Animalmodels, once pivotal in research,59 present challenges due to interspecies
differences and translational limitations.60–62 As the limitations of animalmodels
grewmore apparent, the use of cell lines became prevalent.63 However, cell lines,
though scalable, have the disadvantages of genetic homogeneity and two-
dimensional constraints.64–66 In this complex scenario, the scientific community
witnessed the emergence of organoids, three-dimensional structures derived
from stem cells. These scaled-down models of organs are designed to bridge
the gap between the simplicity of cell lines and the complexity of in vivo organ-
isms, providing a clearer perspective on human biology.57,67

Patient-derived organoids, which resemble the original tissues, hold promise
in biomedical research. These models are established from patient samples,
retain their genetic complexity, and offer a rapid and cost-effective way to study
diseases.68 Patient-derived organoidsmaintain interpatient heterogeneity, mak-
ing them valuable for personalizedmedicine, especially in cancer research; how-
ever, their applications extend beyond oncology. For example, endometrial orga-
noids have been successfully established from both normal and diseased
human endometrium, including tissue samples representing conditions such
as endometriosis, endometrial hyperplasia, and endometrial cancer.69 These or-
ganoids maintain tissue characteristics and genetic stability, which can facili-
tate the understanding of disease heterogeneity. For instance, organoids from
patients with Mayer-Rokitansky-K€uster-Hauser syndrome have revealed unique
gene-expression patterns, highlighting their potential for personalized medi-
cine.70 This emphasizes the potential of endometrial organoids tomodel individ-
ual patient pathologies and contribute to personalizedmedicine. Endometrial or-
ll
ganoids have shown promise in high-throughput drug screening: they can be
used to test the efficacy and toxicity of new therapeutic agents in a controlled
environment that closely mimics in vivo conditions.69 By testing drugs on pa-
tient-specific organoids, researchers can identify the most effective treatments
for individual patients.69 This personalized strategy has the potential to trans-
form endometrial disease treatment by customizing therapies to each patient’s
specific needs, thereby advancing precision medicine.71,72

In contrast, although patient-derived primary cell cultures closely resemble the
original tumor,73 they have a finite lifespan and limited replicative capacity. Their
establishment can be challenging due to low success rates and slow growth, re-
stricting the duration of drug-response testing.74 Patient-derived xenograft
models, which can take several months to establish and are costly to maintain,
also exhibit genetic heterogeneity.75 Moreover, the success rate of establishing
thesemodels can varywidely, making them less predictable than patient-derived
organoids.76 Genetically manipulated animal models are another alternative but
present their own set of challenges.77 These models take months or even years
to develop, impose high maintenance costs, and exhibit genetic and cellular het-
erogeneity depending on the specific geneticmodificationsmade.78–80 The rigid-
ity and complexity of thesemodelsmake them less adaptable than themore ver-
satile and representative patient-derived organoids.
Organoid technology has advanced beyond other in vitro techniques to

become a leading approach within the field of personalized medicine.81 Central
to this advancement are iPSC-derived patient-specific organoids. These models
have revolutionized our approach to understanding complex diseases by closely
mirroring the genetic, cellular, and functional characteristics of a patient’s tis-
sue.82–85 iPSC-derived organoids offer unique advantages in disease modeling,
particularly due to their patient-specificnature.84 They allowpersonalized disease
modeling, which is crucial in understanding complex diseases such as cancers,
neurological disorders, and rare genetic diseases.Moreover, iPSCs are amenable
to genetic editing using CRISPR-Cas9, enabling the study of disease mecha-
nisms and the development of targeted therapies.82,83 iPSC-derived organoids
have filled a gap in research opportunities by providing a more accurate, hu-
man-specific model, thereby revolutionizing the scope and methods of disease
research. In Alzheimer’s disease research, organoids replicate key disease fea-
tures such as b-amyloid accumulation and tau protein buildup,86,87 offering in-
sights into molecular mechanisms and genetic factors such as APOE4.83 Simi-
larly, Parkinson’s disease research benefits from the use of midbrain-specific
organoids in exploring interactions involving dopamine-producing neurons.88–91

The pathology of amyotrophic lateral sclerosis has been successfully mimicked
in cerebral organoids using patient-derived protein extracts, illustrating TDP-43
aggregation and disease progression.92 This model has also demonstrated the
time-dependent spread of pathogenic TDP-43, inducing astrogliosis, cellular
apoptosis, and DNA double-strand breaks in the recipient cerebral organoids.
Accordingly, thismodel enables the in-depth exploration of genetic mechanisms
and the development of targeted gene therapies for amyotrophic lateral
sclerosis.93–95

The pharmaceutical industry, ever in search of therapeutic innovations, has
embraced organoids as a powerful tool.96–98 Patient-specific organoids, with
their personalized genetic tapestries, have proven to be robust platforms for
drug testing, providing a path for individualized therapeutic blueprints. Their
high accuracy, consistency, reproducibility, and fidelity in drug-screening para-
digms support their potential as vanguards of drug discovery.99,100

Furthermore, the convenience of subculturing and the potential for extended
storage render organoids a favored option for extensive biobanking, accommo-
dating a wide range of patient specimens.101 Because of their differences
from and synergies with other models, organoids illuminate a path toward
personalized medicine, drug discovery, and a more profound understanding
of life itself.
ORGANOIDS SOLVE CLINICAL DIFFICULTIES IN ONCOLOGY
Organoid technology introduces a new generation of detailed and accurate

simulations, capturing the genetic traits and heterogeneity inherent in complex
diseases such as cancer.102–104 The ability of organoids to mimic diverse pa-
tient-specific responses is instrumental in dissecting the multifaceted nature
of tumors, paving the way for targeted therapeutic interventions (Figure 3A).
The detailed insights offered by these models are fostering new developments
in biomedical research and pharmaceuticals, providing a novel approach to
The Innovation 5(3): 100620, May 6, 2024 3



Figure 2. Organoids represent significant improvements over existing biomedical models Organoids, the miniaturized facsimiles of organs, have redefined the landscape of
biomedical models, presenting amore physiologically relevant alternative. Compared to othermodels, organoids not only boast a shorter construction cycle and a higher success rate
but also excel in preserving individualized tissue characteristics of patients.
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address complex clinical challenges, such as pancreatic cancer,102,105 tumor
drug resistance, recurrence, and metastasis.103,106,107

Pancreatic cancer presents a significant challenge in oncology, as it is charac-
terized by late diagnosis and limited treatment options, an aggressive nature, a
dense stroma, high heterogeneity, and a lack of effective screening techniques.
4 The Innovation 5(3): 100620, May 6, 2024
These factors contribute to its poor prognosis as a clinically incurable dis-
ease.108–110 The development of organoids, which are three-dimensional cell
cultures replicating organ structure and function, introduces new possibilities
in addressing this challenging cancer.102 Patient-derived organoids have
been successfully derived from pancreatic ductal adenocarcinoma patients,
www.cell.com/the-innovation
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Figure 3. Organoid solves clinical difficulties in oncology: Pioneering models, therapies, and global trials (A) Utilizing organoids for genetic replication in a groundbreakingmanner.
Organoids are an innovative method that successfully generates genetically homogeneous models for cancers, specifically those that demonstrate resistance to medicine or
repeated spread to other parts of the body. (B) Therapeutic innovations through organoid models. Utilizing the organoid-based genetic models, the scientific community is embarking
on a journey of exploring and validating novel therapeutic regimens for tumors previously deemed untreatable. (C) Organoids at the forefront of global clinical endeavors. The global
initiation of clinical trials that harness the capabilities of organoids testifies to their transformative potential.

REVIEW
demonstrating the ability to test the efficacy of various chemotherapy drugs.111

In some cases, organoid drug responses have correlatedwith patient clinical re-
sponses.102 Promising results have been observed in drug-screening experi-
ments, where kinase inhibitors, which are drugs that block certain enzymes
called kinases, havebeenshown todecrease the viability of patient-derivedorga-
ll
noids, with CHK1 inhibitors exhibiting exceptional growth inhibition.104 Organo-
ids also show potential for treating drug-resistant tumors by maintaining key
characteristics of primary tumors even after long-term passaging.103,112 They
facilitate the exploration of resistancemechanisms related to cancer stem cells
and can be used to study drug-resistance mechanisms, personalized medicine,
The Innovation 5(3): 100620, May 6, 2024 5
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 and high-throughput drug-screening methodologies. Organoids have been suc-

cessfully established frommultiple human tumor types, such as breast, pancre-
atic, gastrointestinal, lung, prostate,ovarian,andbladder cancers.106Theycanbe
used to target key genesand cancer stemcells to reversedrug resistance in can-
cer and have been shown to accurately predict patient responses to targeted
therapies and chemotherapies (Figure 3B).113

Organoid models have emerged as a crucial asset in the field of immuno-
therapy, an innovative type of cancer therapy that leverages the body’s immune
system to identify and eradicate cancer cells.114–116 Organoidmodels have been
instrumental in the generation and proliferation of tumor-reactive T cells derived
frompatient peripheral blood lymphocytes. Notably, these T cells exhibit a unique
ability to target and annihilate autologous tumor organoids, emphasizing the
promising role of organoids in the advancement of tailored immunotherapies.117

Moreover, organoids have proven crucial in forecasting individualized responses
to immunotherapeutic interventions. Because they preserve the genetic integrity
of the original tumor samples, organoids offer a highly representative model for
assessing the effectiveness of various immunotherapeutic agents and their syn-
ergistic combinations.117,118 Research utilizing cancer organoids has shown that
combination therapies markedly outperform monotherapy in terms of drug-
response rates. This finding highlights the importance of organoids in refining
treatment protocols and exploring novel therapeutic combinations.117 Further-
more, the cocultivation of organoids with immune cells, including tumor-infil-
trating lymphocytesandperipheral bloodmononuclear cells, has yielded valuable
insights into the tumor microenvironment and its intricate interactions with the
immune system. This methodology is vital for the evaluation of immunother-
apies and for elucidating the dynamics of tumor-immune interplay.118 Advanced
methodologies such as organoid-on-a-chip and three-dimensional bioprinting
techniques have also been developed, enabling the creation of more elaborate
cancer models.119 These sophisticated models enable precise manipulation of
the tumor microenvironment and effectively simulate multiorgan metastases
in cancer, providing a more accurate testing ground for immunotherapeutic
agents.117 In summary, organoid models stand in the vanguard of cancer
research and immunotherapy evaluation. This evolving technology is poised
to become an essential instrument in the global battle against cancer, paving
the way for more efficacious and personalized treatment for patients
worldwide.120–122

Organoid-based clinical trials are gaining momentum internationally, with sig-
nificant contributions from countries including China and the United States (Fig-
ure 3C).1 Clinical trials, prospective observations, and randomized controlled tri-
als using organoids cover a wide range of diseases, including cystic fibrosis and
various types of cancers such as breast cancer, colorectal cancer, lung cancer,
esophageal cancer, and liver cancer. These trials are at the forefront of trans-
lating laboratory findings into clinical therapies to address some of the most
daunting challenges in modernmedicine.123 Numerous applications of organoid
technology are currently undergoing rigorous clinical evaluations and hold prom-
ise for a new era of personalized and effective treatment strategies.124 These tri-
als highlight the potential of organoids to provide tangible solutions to some of
the most perplexing medical challenges of our time.125 The integration of orga-
noid technology into mainstream healthcare could revolutionize treatment mo-
dalities and present unprecedented opportunities to improve patient outcomes.
As these clinical trials progress, they pave theway for the next generation ofmed-
ical breakthroughs, powered by the sophisticated simulations that only organoid
technology can provide.
THE INTERSECTION OF SYNTHETIC BIOLOGY AND ORGANOID
TECHNOLOGY

The path to realizing the full potential of organoid technology is fraught with
complexities and inconsistencies. These challenges, along with technical diffi-
culties in creation and analysis, have somewhat impeded widespread adoption.
Synthetic biology, however, is a field poised to surmount these hurdles. Syn-
thetic biology is introducing a new era by connecting innovative methodologies
to the multifaceted world of organoids.126 This nexus between synthetic
biology and organoid research is a rapidly growing field that is expected to
overhaul our comprehension of biological systems and inaugurate unique ther-
apeutic strategies.127

Genetically encoded fluorescent biosensors are revolutionizing real-time
monitoring in organoid development,128 enabling the measurement of pro-
6 The Innovation 5(3): 100620, May 6, 2024
tein kinase activity, pH levels, and lactate levels.129 From studying cancer
formation and progression by monitoring specific biochemical markers to
investigating neurological disorders through precise measurements, these
tools offer powerful insights into disease at a molecular level.128,130 In
gastrointestinal organoid culture, bioengineered sensors or biosensors
have been integrated to enable measurements specific to gastrointestinal
organoids.131

Advances in synthetic biology include the creation of tunable synthetic
matrices using materials such as polyethylene glycol and hyaluronic acid
to enhance organoid growth and functionality.132 Bioengineered hydrogels,
such as those that emulate the esophageal microenvironment or support
ovarian follicle culture, play crucial roles in promoting cell differentiation
and organoid-like structure formation (Figure 4A). Synthetic biology, driven
by advances in biomaterials such as hydrogels, is crucial for the develop-
ment of organoid technology.133 Cruz-Acuña et al. developed a bio-
engineered hydrogel system that mimics the esophageal microenviron-
ment, promoting the differentiation of PSCs into esophageal epithelial
cells.134 Nason-Tomaszewski et al. created fibrous hydrogels to support
organoid-like structure formation and oocyte survival in ovarian follicle cul-
ture.135 Nguyen et al. utilized tryptophan zipper peptides to craft bioactive
hydrogels with antimicrobial properties, promoting mammalian cell growth
and inducing polarity changes in human intestinal organoids.136 The
concept of “assembloids” represents a further advance in bottom-up con-
struction.137 These organoids, derived from spatially organized multiple
cell types, mimic the complexity of actual organs. By combining different
cellular components, assembloid technology provides a high-throughput
platform for generating functional human organoids. For example, re-
searchers have created multilayer bladder assembloids that mimic the in-
teractions between epithelium and stroma found in mature adult blad-
ders.138 These assembloids not only exhibit functional characteristics
but also enable the modeling of specific conditions, such as urinary tract
infections and urothelial carcinoma (Figure 4B).

Organoids also present a unique advantage in the field of synthetic biology,
namely, the production of a myriad of biological products.139 The unique milieu
of these miniature organ structures mimics physiological conditions within the
human body, facilitating the ex vivo production of complex molecules with
high biocompatibility.140 For example, organoid technology shows great promise
in antibody production by mimicking immune system components to produce
specific antibodies against pathogens in vitro. This accelerates therapeutic devel-
opment and enables research into immune response.141 In another area of syn-
thetic biology, organoid technology has revolutionized toxin production for med-
ical research. The cultivation of organoids capable of producing snake venom is
an important advance that offers potential for antivenom development, pharma-
cological research, and therapeutic applications. Organoids derived from snake
venom gland cells provide an in vivo-like model for venom production.142 This
study represents a significant stride in venom research, as these new organoids
can serve as a viable platform that not only fosters a deeper understanding of
venom biology but also propels the development of antivenoms and other ther-
apeutic agents.143 In summary, organoid technology is carving a newniche in the
production of synthetic biology products and is expected to propel the develop-
ment of innovative drugs and therapeutic strategies in the future (Figure 4C).
Recently, Kim et al. reported another significant advance in the field of synthetic
biology and organoid technology.144,145 Researchers created human enamel or-
ganoids from iPSCs to mimic tooth development. These organoids, which
resemble ameloblasts, formed enamel in response to the presence of calcium
and interacted with dental mesenchyme to enable mineralization. They also
displayed differentiation potential and regenerative abilities. This advance in
synthetic biology introduces new possibilities for dental treatments and
research.144,145

Synthetic biology, an evolving field, shows promise for the generation of
diverse biochemical compounds, which is crucial for therapeutic develop-
ment. The main challenge is efficiently identifying compounds with high bio-
logical activity and therapeutic value, and an emerging solution is using or-
ganoids in high-throughput screening systems. Organoids, which mimic the
functions of real organs in three-dimensional structures, provide a platform
for more accurately evaluating synthetic compounds. For instance, a study
by Yang et al. emphasizes that organoids provide a three-dimensional
www.cell.com/the-innovation
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Figure 4. The intersection of synthetic biology and organoid (A) Synthetic biology aids in creating various auxiliary matrices and scaffolds. These structures provide an optimized
environment, enhancing the growth and development of organoids. (B) By combining different cellular components, assembloids mimic the complexity of actual organs. (C) The
utilization of organoid technology is establishing a distinct and specialized role within the realm of synthetic biology product manufacture. (D) Organoids, which are three-dimensional
multicellular constructs that replicate the activity of actual organs, offer a distinct prospect for enhanced and streamlined screening procedures of synthetic drugs.

REVIEW
platform suitable for high-throughput drug screening, potentially bridging
the gap between basic research and clinical practice.146 The integration of
compound production by synthetic biology and the screening capabilities
of organoids could revolutionize therapeutic development. The synergy be-
ll
tween generating diverse biological compounds and efficiently screening
them for the most promising candidates could significantly expedite drug
discovery, bringing effective treatments to patients more quickly and reliably
(Figure 4D).
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 In conclusion, the fusion of synthetic biology and organoid research represents

amonumental advance in biomedicine, presenting newavenues for studying and
manipulating organoids. This intersection is poised to reshapeour understanding
of human biology and disease, paving the way for transformative clinical applica-
tions and developments in biomedical research.
ORGANOIDS: REVOLUTIONIZING THE LANDSCAPE OF TOXICOLOGY
RESEARCH

Toxicology research, which is instrumental in evaluating the safety of pharma-
ceutical drugs, industrial chemicals, cosmetics, and food additives, has tradition-
ally relied on animalmodels and two-dimensional cell cultures. The application of
organoids in toxicology allows the exploration of tissue-specific responses to tox-
icants, which was hitherto impossiblewith the above traditionalmethods.147 The
primary use of organoid models in toxicology lies in drug development and
toxicity testing.148 Conventional in vitro and animal models frequently fail to pre-
cisely forecast toxicity in humans, causing late-stage drug failures and unfore-
seen adverse effects after market release. However, the ability to generate orga-
noids that mimic the complexity and functionality of human organs presents
new opportunities for understanding toxicity mechanisms at a cellular and mo-
lecular level. The significant contributions of organoids to toxicology include their
use in drug-toxicity testing, where liver organoids have aided in predicting drug-
induced liver injuries—a major cause of drug withdrawal from the market.149

Liver organoids have proven to be a valuable in vitro tool for drug testing,
including toxicity assessment.150 Another study discusses the potential of using
human PSC-derived organoids for high-fidelity drug-induced liver injury
screening.151 Moreover, organoids derived from pluripotent or tissue-resident
adult stem cells can self-organize into three-dimensional structures, closely mir-
roring the in vivo architecture and functionality of various organs.152 This ability
allows organoids to mimic the effects of toxin damage on specific tissues,
providing platforms for the specialized study of toxicity pathways. For instance,
brain organoids comprising various neuronal and glial subtypes facilitate the
analysis of the neurodevelopmental and neurodegenerative effects of drug
toxicity.153 Likewise, intestinal organoids have been utilized to study gastrointes-
tinal toxicity, such as the mucosal damage induced by compounds like non-ste-
roidal anti-inflammatory drugs.154 In addition, the creation of patient-specific or-
ganoids exhibits tremendous potential in personalized medicine.148 These
organoids can help define individual susceptibility to various toxins, which could
transform toxicity testing by facilitating personalized risk assessment and inter-
vention strategies (Figure 5A).

The potential application of organoid models extends further to the field of
environmental toxicology. Organoids facilitate research on how environmental
toxins affect human health.148 For instance, lung organoids have been
used to study the impact of air-pollution particles on lung tissues, providing
a realistic representation of human lung exposure to environmental hazards
(Figure 5B).155

Technological advances, including microfluidics and high-throughput
screening systems, promise a bright future for organoids in toxicology. Microflui-
dic platforms can provide increased control over the organoid microenviron-
ment,156 fostering the examination of dynamic processes and cell interactions
(Figure 5C). High-throughput screening systems can expedite the testing of
numerous compounds, enabling efficient and cost-effective toxicological assess-
ments. The incorporation of multiorganoid systems also shows great promise.
By amalgamating different types of organoids, researchers can construct
more intricate and interconnected models to simulate the interaction among or-
gans in the human body.157,158 The systemwas able to demonstrate drugmeta-
bolism, interorgan crosstalk, and adverse drug reactions, offering a comprehen-
sive assessment beyondwhat single-organmodels can provide.159 This strategy
can enrich our understanding of systemic toxicity and the effects of toxins on
multiple organs. Moreover, organoid engineering can help overcome some of
the limitations of current organoidmodels. By incorporating additional cell types,
such as immune or vascular cells, researchers can increase the physiological
relevance of organoids and simulate the responses of human tissue to toxi-
cants.147 However, organoid models pose substantial challenges due to their
complexity and variability. The differentiation of organoids intomultiple cell types
can fluctuate, leading to inconsistent study results.160,161 Additionally, the lack of
vascularization in organoids can impede toxin delivery, skewing the interpretation
of toxicological results.147
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In conclusion, organoid models in toxicology present immense potential. Ad-
dressing the challenges of standardization, scalability, physiological relevance,
and ethical considerations will be pivotal to fully exploiting organoids in toxi-
cology research. With continued technological advancement and interdisci-
plinary collaborations, organoid models present an opportunity to revolutionize
toxicology, leading to more accurate and efficient testing of harmful substances
and thereby significantly increasing human health and safety.
THE ORGANOID EPOCH: A PARADIGM SHIFT IN DRUG DEVELOPMENT
Organoid technology has played a pivotal role in the advancement and evalu-

ation of new pharmaceuticals. While organoids are not directly involved in the
creation of novel drugs, they are essential for facilitating the discovery of prom-
ising drug candidates via drug screening and testing.162,163 Specifically, organo-
ids derived from colorectal cancer patients have been instrumental in assessing
responses to inhibitors of tankyrases, enzymes that are crucial in Wnt signaling
and are frequently disrupted in colorectal cancer. This testing has led to the iden-
tification of new drug candidates targeting the Wnt pathway.68 Moreover, orga-
noids from breast and lung cancer patients with certain mutations have been
valuable in predicting sensitivity to PARP inhibitors, drugs that focus on DNA-
repair mechanisms,68,164,165 contributing significantly to the development of in-
dividualized treatment plans involving PARP inhibitors. An additional study
revealed that organoids possessing ARID1A missense mutations exhibited
particular sensitivity to ATR inhibitors, which affect the DNA-damage response.
This discovery holds significant promise for the development of new ATR-target-
ing drugs for cancers with ARID1A mutations.166 Furthermore, organoids from
endometrial and metastatic tumors responded to STAT3 inhibitors, hinting at
the potential for novel drugs that target STAT3 signaling in endometrial adeno-
carcinoma.167 Organoid lines from mesothelioma patients retained biomarkers
and histological features of the patients’ tumors.168 In drug testing with cisplatin
and pemetrexed, the organoids mirrored the patients’ responses, demonstrating
the potential of organoids in predicting treatment outcomes for mesothelioma.
Finally, organoids from appendiceal carcinoma were used in immunotherapy tri-
als, paving the way for the creation of new immunotherapeutic agents tailored to
the unique characteristics of appendiceal tumors.167 In every facet of pharma-
ceutical development, organoids manifest indispensable significance, providing
robust support and verification from foundational research to clinical trials and
all the way to the guidance of personalized medication, facilitating all-encom-
passing success in drug innovation.
The emergence of organoids in high-throughput drug screening has trans-

formed drug discovery by enabling the targeted identification of effective mole-
cules from large compound libraries.162,163 Recent advances in automation
and systematic platforms have made organoids a gold standard in drug
screening with the potential to streamline drug-discovery pipelines.169–171 Their
ability to efficiently identify the most effective molecules from large compound
libraries is transformative, and organoids are poised to become an integral
part of drug-discovery pipelines. A large-scaleorganoid-basedscreening platform
was used to test 1,172 Food and Drug Administration-approved compounds on
pancreatic cancer organoids, and 22 drugs with anticancer effects were identi-
fied. This effort underscored the importance of three-dimensional culture-based
platforms for drug screening, as some drugs that were effective in organoids did
not show the same effects in two-dimensional cultures.166 One of the most crit-
ical aspects of drug development is the early identification of toxicological pro-
files. Traditional animal models often fail to capture the full spectrum of hu-
man-specific toxicities, leading to costly failures in late-stage clinical trials.
Organoids, because of their human-derived cells and tissue-specific architec-
tures, constitute amore accuratemodel for assessing drug toxicity.172,173 Kidney
organoids,174,175 for instance, have beenused to evaluate nephrotoxicity, which is
a significant concern in human pharmacology. Organoids are crucial and power-
ful tools not only for testing compound efficacy and toxicity but also for under-
standing disease mechanisms and validating therapeutic targets.176 In cancer
research, patient-derived tumor organoids play an important role in validating on-
cogenes and tumor-suppressor genes, thereby offering insights into drug mech-
anisms. In a study by Hirt et al.177 reported byMainardi and Bernards,166 a newly
derived pancreatic organoid biobank comprising 31 three-dimensional cell lines
derived from tumors and nine from healthy tissue was used to investigate novel
drug-gene interactions with potential translational value. The evaluation of drug
responses in a context that mimics human physiology is crucial for the success
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Figure 5. Organoids: Transforming the field of toxicology research (A) Organoids represent a significant advancement in accurately predicting human reactions to common items,
surpassing the reliability of conventional models. Stem cell-derived organoids provide a more precise reproduction of human tissue structure and physiological reactions, making
them suitable for assessing the safety of common consumer goods. (B) The environmental sentinel: organoids detecting global toxic threats. Organoids serve as powerful tools for
detecting environmental toxins, including those affecting the brain. (C) Toward a comprehensive human model: multiorgan chips for effective toxicology. Microfluidic platforms and
multiorganoid systems are at the forefront of simulating complex human physiology.

REVIEW
of any therapeutic intervention. The advantages of organoids in drug responses
can even be applied to clinical trials of new drugs.81,178 Clinical trials are the
bottleneck of drug development, with significant time and resource investments
followed by high failure rates. Organoids have the potential to increase the suc-
ll
cess rate of clinical trials by providing amore accurate representation of patients’
diseased tissue and predicting their responses to specific therapies.179 Organo-
ids derived from patients enrolled in a trial could be used in parallel to evaluate
drug responses, helping to adapt or modify the trial’s course in real time. This
The Innovation 5(3): 100620, May 6, 2024 9



Figure 6. The organoid epoch: A paradigm shift in drug development (A) Organoid technology: advancing drug development across all stages. Organoids are crucial in influencing
the drug-development sector, providing extensive assistance throughout the entire process. (B) The various applications of organoid models in biological research. Organoids play a
pivotal role in the drug-development industry, offering a wide range of applications that streamline and enhance the process. (C) Comparing the cost and time efficiency of drug
development: traditional methods with organoid-based approaches. Organoids represent a fundamental change in medication development, providing notable benefits compared to
conventional approaches.
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personalized approach to clinical trials holds great promise for improving patient
outcomes and reducing the time and cost associated with drug development.180

The aim of personalized medicine is to tailor treatments to individual patients
based on their genetic and physiological characteristics. In oncology, patient-
derived tumor organoids can be used to screen for effective chemotherapy
agents, thereby personalizing treatment plans.180–183 The ability to evaluate
drug responses in patient-specific organoids holds great promise for improving
treatment outcomes and reducing adverse effects. Immunotherapies have revo-
lutionized cancer treatment, but their efficacy varies among patients. Organoids
constitute a powerful platform for studying the immune microenvironment and
developing novel immunotherapies.184,185 Researchers can assess the efficacy
of immunotherapeutic treatments by coculturing organoids with immune cells,
such as tumor-infiltrating lymphocytes.184 The study of tumor-infiltrating lym-
phocyteswithin organoids has also introduced newavenues for personalized im-
munotherapies tailored to the specific immunological landscape of each pa-
tient’s tumor.186,187 The ability to model complex diseases ex vivo has been
significantly advanced by the advent of organoid technology and gene-editing
techniques. For instance, CRISPR-Cas9 has been instrumental in creating lung
cancer models by introducing specific mutations into lung organoids.188 Such
10 The Innovation 5(3): 100620, May 6, 2024
models offer a multifaceted approach to understanding complex diseases and
have therefore been particularly useful in studying developmental and genetic
diseases (Figures 6A and 6B).
Ex vivomodeling of complex diseases in organoids, aided by advanced gene-

editing techniques, represents a cost-effective and ethical alternative to tradi-
tional drug-development methods. Organoids accurately replicate human
physiology, thereby reducing the time and costs associated with drug discovery
(Figure 6C).189 Their utility in academic research and clinical application is signif-
icant, offering the potential to revolutionize the field and pave the way for more
efficient therapeutic advancements.

ORGANOIDS ADVANCE BIOMEDICAL FIELDS ACROSS THE BOARD
The field of biomedical research has achieved a significant leap forward with

theadvent oforganoid technology. Their versatility andadaptabilitymake thema
valuable tool for a wide range of research applications, with the potential to
reshape therapeutic approaches to a range of clinical challenges (Figure 7A).
The promise of organoids is particularly palpable in the realm of diabetes treat-
ment. Researchers are abuzz regarding the creation of islet-like organoids that
respond to glucose, which herald a potential paradigm shift in diabetes
www.cell.com/the-innovation

http://www.thennovation.org
http://www.thennovation.org


Figure 7. The multifaceted impact of organoid technology in biomedical science (A) The domain of biomedical research has experienced a substantial advancement with the
introduction of organoid technology. The valuable attributes of versatility and adaptability possessed by these tools render them highly useful in a diverse array of research appli-
cations. Consequently, they hold great potential for revolutionizing therapeutic strategies aimed at addressing a wide range of clinical difficulties. (B) The application of organoids has
greatly expanded the scope of disease inquiry. Technological advancements havemade it possible to explore scientific realms that were previously inaccessible, especially when with
regard to situations that are unique to humans.

REVIEW
management.190 These organoids house a diverse array of cells: insulin-produc-
ing b cells, glucagon-producing a cells, somatostatin-producing d cells, and
pancreatic polypeptide-producing g cells.191 Their efficacy was tested by trans-
plantation into diabeticmice,192where these organoidsmimickednative pancre-
atic b cells, releasing insulin in response to blood glucose fluctuations and stabi-
lizing glucose levels. Despite the promise of this approach, challenges remain,
ll
such as scaling up organoid production and maintaining their long-term
functionality.
Regenerative medicine, which is synonymous with restoration and healing,

has found in organoids a robust and versatile ally.125 These structures are pio-
neeringadvances in tissue repair,50,53,193,194 transplantation, andoverall regener-
ative strategies.53 In inflammatory bowel disease research, organoids are
The Innovation 5(3): 100620, May 6, 2024 11
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 providing insights into tissue-regeneration mechanisms, paving the way

for innovative treatments.125 Organoid transplantation is also presenting new
possibilities. A prime example is the transplantation of human intestinal organo-
ids into mice,195 which resulted not only in the successful integration of the
organoids but also in physiological improvements in the recipient mice.
Similarly, research into human kidney organoids transplanted into rats has
shown promising results,196,197 including enhanced vascularization and func-
tion. Such studies hint at a future in which organ transplant waiting lists could
be significantly reduced, with organoids serving as a viable alternative. In
biobanking, organoidsare revolutionizing thecollection, preservation, andutiliza-
tion of normal and pathological specimens, improving disease modeling and
drug screening.198 Organoids also enable the preservation and study of viruses
or microorganisms that are difficult to culture in traditional cell lines, providing
more accurate models for research on tropism and immunity induction.199–201

The intersection of organoids and infectious disease research is also
particularly compelling. Organoids offer a dynamic platform for studying host-
pathogen interactions, paving the way for deeper insights and innovative treat-
ments.202–204 For instance, organoids have been pivotal in the study of respira-
tory viruses.205 Their application in research related to influenza and respiratory
syncytial virus is just the tip of the iceberg.204However, research onSARS-CoV-2
iswhere the potential of organoids is truly showcased.206–209 Researchers have
used lung and intestinal organoids to gain a nuanced understanding of how the
virus invades human cells.210–213 These studies are revealing vital data about
viral entry, replication, and spread. Furthermore, organoids provide a platform
for testing potential drugs against the virus, accelerating the drug-discovery pro-
cess.214,215 Beyond viral infection, organoids have a role to play in bacterial and
parasitic infection research.202,216 Their three-dimensional structure, mirroring
that of human tissue, offers a unique environment to study the dynamics of bac-
terial infectionsatacellular level. Additionally, inparasitic research, organoidsare
illuminating host-helminth interactions,217 unveiling the intricate relationships
between parasites and their human hosts.

Moreover, organoidmodels are a powerful tool for studying female fertility and
reproductive biology. These organoids, derived from tissues in the female repro-
ductive tract, enable researchonnormal reproductiveprocessesandpathologies
such as endometriosis, endometrial cancer, and ovarian cancer.156,218–220

Ovarian organoids facilitate the investigation of oocyte growth and maturation
along with hormonal stimulation responses.220 Fallopian tube, endometrial,
and cervical organoids are utilized to study various aspects of female reproduc-
tive health, including the development and function of the fallopian tubes, the
menstrual cycle, endometriosis, endometrial hyperplasia, cervical clear cell carci-
noma, and the impact of infections such as Chlamydia trachomatis and human
papillomavirus. Additionally, organoids derived from pathological tissues have
aided in understanding reproductive disorders and have been valuable for drug
screening.156,218,220 Organoids also model early developmental events, such as
implantation, and can be used to investigate interactions between different cell
types such as trophoblast cells and the maternal decidua. Recent studies have
also involved the development and characterization of trophoblast organoids
and decidual organoids from human placental samples, which serve as models
to study the maternal-fetal interface.221 These organoids have been used to
investigate innate immune signaling and the differential antiviral defenses pre-
sent at the maternal-fetal interface. Moreover, organoids have been employed
to study the effects of environmental toxicants on female fertility and reproduc-
tive health.219 They offer a physiologically relevant and controlled system for the
examination of intricate cellular processeswithin a contextually appropriate envi-
ronment, offering the potential to revolutionize the field of reproductivemedicine.

Duchennemuscular dystrophy, a debilitating genetic disorder, is also the sub-
ject of promising advances due to organoids. Using gene-editing technologies,
researchers have been able to correct geneticmutations in iPSC-derivedmuscle
cells, which constitutes a monumental advance in the development of effective
treatments for Duchenne muscular dystrophy (Figure 7B).82,83 Organoid-based
research has also enabled the development of innovative therapeutic strategies
for retinal diseases, which have historically been challenging to treat.84,85

Leveraging organoids, scientists have been able to explore the potential of
gene augmentation therapy using systems such as CRISPR-Cas9. One notable
success has been the promise shown in treating Leber congenital amaurosis, a
severe form of inherited blindness: targeted gene therapies have demonstrated
potential in restoring vision.83
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In summary, the versatile applications of organoids are undeniably setting the
stage for groundbreaking advancement in biomedical research. As we continue
to harness their potential, the bridge between laboratory-based discoveries and
real-world clinical applications is becoming more robust. The future promises
a new era of personalized medicine with organoids at its core, offering hope
for myriad clinical challenges.
TECH-INFUSED ORGANOIDS: THE NEW VANGUARD OF BIOMEDICINE
Recent technological advances are further empowering organoid systems and

enabling the derivation of new biological insights. New tools in single-cell omics,
imaging, genetics, and AI are being integrated with organoid platforms. Single-
cell RNA sequencing (scRNA-seq) and other omics tools enable the high-resolu-
tion dissection of organoid composition and function (Figure 8).222 Advanced im-
aging techniques allow the dynamic visualization of organoid morphogenesis
and cell-cell interactions.223 AI and machine learning provide computational po-
wer to extract complex patterns and build predictive models from multidimen-
sional organoid data.224 The integration of organoids with these emerging tech-
nologies has created a new generation of “organs-on-chips” that recapitulate
tissue- and organ-level physiology in unprecedented detail.225,226

Genetic engineering in organoids is a rapidly advancing field that combines or-
gan-like complexity with molecular precision. Methods such as viral (retroviral,
lentiviral, adenoviral) and nonviral (electroporation, lipofection) delivery systems
enable gene manipulation in organoids,227 and CRISPR-Cas9 is revolutionizing
precise gene editing.228 RNA interference is also used to modulate gene
expression.227

Organoids are vital in high-throughput screening for assessing cell viability and
metabolic activity. Enzyme-linked immunosorbent assays quantify biomarkers,
while image-based profiling techniques such as epifluorescence and confocal
microscopy are used to analyze organoid morphology and functional changes
after treatment.163,229 High-content analysis dissects developmental processes
and disease progression at the cellular level, integrating omics data and multidi-
mensional imaging for a comprehensive view of organoid responses to drug
treatments. z-stack imaging provides a complete cross-sectional view of three-
dimensional organoids, increasing the accuracy of drug efficacy and toxicity
assessments.229 Computationalmethodsmodel cellular interactions and biome-
chanical properties in organoids, facilitating the optimization of culture condi-
tions and the prediction of drug-treatment outcomes.230 Human liver organoids
derived from PSCs have been successfully used to model drug-induced liver
injury, aiding in antifibrosis drug screening and the identification of compounds
with significant antifibrotic effects, such as SD208 and imatinib.230

The integration of single-cell omics and organoid technologies has signifi-
cantly advanced our understanding of organ development, diseasemechanisms,
and potential therapeutic approaches. This synergy has been especially effective
in the field of neurobiology and brain organoid research. Fleck et al. investigated
the gene-regulatory network underlying human cerebral organoid development
and used multiomics single-cell data to develop an algorithm called Pando to
infer the gene-regulatory network, thereby revealing the involvement of different
transcription factors at various stages of cerebral organoid development. Their
research emphasizes the conservation of developmental programs across spe-
cies and the predictive capability of multiregion human cerebral organoids as
model systems.231 Vento-Tormo emphasized the revolutionary upgrade that or-
ganoid technology,232 combined with single-cell profiling, has brought to the field
of human development. This combination allows a deeper understanding of cell-
cell communication and cellular heterogeneity, as evidenced by the work of
Camp et al. in studying human liver organoids using scRNA-seq.232 Yin et al.
further elaborated on the strengths of combining scRNA-seq and organoid tech-
nologies, highlighting applications such as the discovery of novel cell types and
gene markers, the recapitulation of cellular heterogeneity, the delineation of cell-
differentiation pathways, and themodeling of diseases.233 Single-cell omics tech-
nologies also enable the high-resolution dissection of cellular heterogeneity
within organoid systems. scRNA-seq has been transformative in decoding orga-
noid composition and identifying novel cell states. For example, scRNA-seq was
used to map the cell lineages and transitional states in intestinal organoids, re-
constructing the differentiation trajectories from stem cells to all intestinal
epithelial cell types.222 In patient-derived organoids, a recent study adopted an
integrative approach combining scRNA-seq, epigenomic single-nucleotide poly-
morphism (SNP)-to-gene mapping, and genome-wide association study
www.cell.com/the-innovation
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Figure 8. Tech-infused organoids: The cutting-edge
advancement in biomedicine Organoids are now be-
ing enhanced with cutting-edge technical advance-
ments. The integration of several disciplines in joint
efforts has led to the development of organoids
that are equipped with cutting-edge technology. This
advancement holds the potential to bring about a
significant transformation in the field of biomedicine.

REVIEW
summary statistics to deduce the cellular subtypes and molecular pathways by
which genetic variants affect disease phenotypes.234 In summary, the integration
of single-cell omics with organoid technologies provides a robust platform for
modeling organ development and diseases. This combination has proven effec-
tive in revealing the cellular and molecular intricacies of organogenesis and dis-
ease pathogenesis.235 These advancements not only deepen our understanding
of human biology but also pave theway for the development of novel therapeutic
strategies.

The field of single-cell omics faces challenges in data interpretation due to the
complexity ofmerging high-dimensional single-cell data with spatial information.
The integration of AI and deep-learning algorithms can help streamline this pro-
cess, enabling the identification of intricate patterns and interactions that are not
easily discernible through traditional methods. Combining organoids with AI and
deep learning enables innovative approaches to analyzing complex biological da-
tasets and constructing predictivemodels. Organoids produce extensivemultidi-
mensional data, including cellular imaging, omics profiles, phenotypic readouts,
and time series, andAI offers the computational power to extractmeaningful pat-
terns from this data overload.236

Onemajor application is automated image analysis using convolutional neural
networks, which can segment and classify cells in organoid imaging data orders
of magnitude faster than human annotation.237 AI also enables phenotypic
profiling from images. A deep-learning model was trained to predict the emer-
gence of retinal tissue morphology and cell types in optic cup organoids over
time.238 In the absence of reliable markers for assessing organoid vitality, re-
searchers recently devised an innovative approach using AI algorithms to
analyze a spectrumof phenotypic parameters. Remarkably, theAI-drivenmethod
can ascertain organoid aging solely through bright-field imaging. This approach
eliminates the cumbersome steps of preparing single-cell suspensions and per-
forming senescence-associated b-galactosidase staining, thereby streamlining
quality control processes and making biobank operations more efficient.224
ll Th
Beyondmerely visualizing images, AI can concur-
rently reconstructmultiple parameters frommul-
tiomics data in organoids. These data are then in-
tegrated with complementary datasets, such as
functionalmetrics and patient records, all derived
from the same experimental conditions. The re-
sulting repository is a largemultimodal database.
AI algorithms sift through this complex data to
identify patterns and correlations, elucidating
connectionswithin diversemultiparametric infor-
mation that may be challenging for human ana-
lysts to interpret. Overall, the integration of orga-
noids with AI and deep learning constitutes an
exciting new frontier.
The integration of organoidswithmicrofluidics

and sensors has enabled the development of “or-
gans-on-chips” that recapitulate key aspects of
human tissue physiology in vitro. These biomi-
metic systems incorporate organoids intomicro-
engineered devices with tissue-tissue interfaces,
fluid flow, and real-time monitoring to model or-
gan function and disease.225 One example is
the gut-on-a-chip, which combines intestinal or-
ganoids with a microfluidic device lined by endo-
thelial and immune cells to model the intestinal
epithelium. This system faithfully reproduces
the microenvironment of the living intestine,
including peristalsis-like motions and cyclic strain from breathing. Using this
model, researchers showed that cyclic strain promotes intestinal stem cell differ-
entiation and epithelial permeability. Thus, the gut-on-a-chip provides a powerful
platform to study intestinal absorption, inflammation, gut-microbe interactions,
and more.239–241 Another study by Campisi et al. presents a three-dimensional
self-organized microvascular model of the blood-brain barrier using human
iPSC-derived endothelial cells, brain pericytes, and astrocytes in a fibrin gel.
This microfluidic system replicates in vivo neurovascular organization, exhibiting
lower permeability than conventional in vitro models, and thus provides a phys-
iologically relevant and robust platform for drug discovery and the prediction of
neurotherapeutic transport efficacy.242 Hajal et al. developed a human blood-
brain barrier model within microfluidic devices by incorporating endothelial cells,
brain pericytes, and astrocytes in a three-dimensional gel matrix. This model
forms three-dimensional vessel architectures that resemble the natural blood-
brain barrier, with gene-expression profiles and permeability values comparable
to those observed in vivo.243 Accordingly, this blood-brain barriermodel facilitates
the quantitative assessment ofmolecular permeabilities and is suitable for use in
both academic and industrial research to predict transport across the blood-brain
barrier. These studies exemplify significant advances in organ-on-a-chip technol-
ogy, specifically in modeling the blood-brain barrier.244 This progress under-
scores the potential of organ-on-a-chip technology to revolutionize biomedical
research and therapeutic development.
Another exciting emerging application of organoids is the modeling of neural

networks for biocomputation. Like their in vivo counterparts, the organized
neuronal networks generated within brain organoids can perform specialized in-
formation processing.245 Researchers now plan to develop brain organoids that
can serve as “biocomputers” for tasks such as pattern recognition and classifica-
tion.246 In one pioneering study, a proof of concept of using brain organoids for
biosensing and biocomputation was demonstrated. A recent publication in the
journal Neuron revealed groundbreaking research conducted by Brett Kagan
e Innovation 5(3): 100620, May 6, 2024 13
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 and his team at Cortical Labs, demonstrating that organoid neural networks

cultured in vitro can learn to play the classic arcade game Pong.247 These so-
called mini-brains, composed of interconnected neural cells, exhibit the ability
to perceive and interact with their surrounding environment. Utilizing a computer
interface, the neural networks were trained to detect the position of the game’s
digital sphere and manipulate a virtual paddle accordingly. Remarkably, the
assemblage of brain cells acquired this skill within 5 min. Biocomputing with
brain organoids could potentially be faster, more efficient, and more powerful
than silicon-based computing and AI, requiring only a fraction of the energy.248

This technology could enable brain-inspired AI and powerful models for studying
neural information processing.

Looking forward, the integration of organoids with new technologies has
immense potential to transform biomedicine and human health. Such advances
could power a new generation of preclinical disease models for drug screening,
enable regenerative therapies using laboratory-grown tissues, and provide plat-
forms for precision medicine. Realizing this potential will require collaborative
multidisciplinary efforts at the intersection of stem cell biology, bioengineering,
and data science. An exciting future lies ahead as organoids and emerging tech-
nologies combine to elucidate human biology in unprecedented detail.

CONCLUSION AND OUTLOOK
The advent of organoid technologymarks awatershed in biomedical research,

transcending previous boundaries of scientific inquiry. This innovation has revo-
lutionized our understanding of human biology and introduced unprecedented
avenues in disease management, addressing obstacles once considered insur-
mountable. At the cusp of this burgeoning field, the possibilities seem limitless,
with organoid technology poised to reshape healthcare, researchmethodologies,
and ethical considerations concerning human life.

Throughout this review, we have highlighted the multifaceted impact of orga-
noids, emphasizing their utility in personalizedmedicine, drug discovery, and dis-
ease modeling. The bespoke nature of organoid systems, particularly patient-
derived organoids, has introduced a new era of precision in biomedical research.
By closely mimicking the intricate architecture and functionality of human or-
gans, organoids offer amore representativemodel for human physiology and pa-
thology, surpassing traditional in vitro and animal models. The capacity of orga-
noids to replicate complex biological processes, such as the tumor immune
microenvironment and host-pathogen interactions, positions them as a
vanguard in further elucidating diseasemechanisms and therapeutic responses.

Looking to the future, the integration of organoids with cutting-edge technolo-
gies such as synthetic biology, AI, and gene editing heralds a transformative
phase in biomedical innovation. This synergy holds promise for unlocking new
therapeutic pathways, advancing drug development, and providing profound
new insights into complex diseases. The potential of organoids to serve as plat-
forms for rapid drug testing and functional experimentation, coupled with their
compatibility with gene-editing techniques, signifies a quantum leap in medical
research.

In summary, organoid technology stands at the forefront of a revolution in the
biomedical field. Its impact on human society will be profound, and its future ap-
plications appear boundless. As researchers and clinicians continue to harness
the power of this technology, we anticipate a future replete with groundbreaking
discoveries and innovative treatments that will ultimately reshape our approach
to understanding and curing human diseases.
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