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Abstract

Stem cell- or tissue-derived three-dimensional organ-like formations, known as organoids, are emerging as effective tools in
biomedicine. Since they may be useful in developing customized therapeutic solutions and efficient drug screening proto-
cols, organoids can deepen our understanding of novel disease mechanisms. In doing so, they can facilitate advancements in
drug discovery platforms, pharmacological safety, and clinical trials. This review explores various biomedical applications of
organoids, including drug development and disease modeling, and highlights specific tools and analytical techniques that can
be employed to investigate organoids and their microenvironments. Finally, we review recent clinical trials and patents re-
lated to organoids that show great promise for future clinical translation.
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1 Introduction

In biomedical research, traditional two-dimensional (2D)
cell culture and animal model systems have been widely
used to explore biological processes and develop new
drugs [1, 2]. In general, model systems can help us under-
stand signaling processes within cells, identify key mol-
ecules or genes that can be used as therapeutic targets,
guide the design and optimization of candidate drugs, and
further investigate the molecular evolution of cancers. How-
ever, 2D cell cultures also have important limitations. For
example, as culture time in a 2D environment increases, cul-
tured cells gradually lose their three-dimensional (3D)
shape, causing them to flatten and divide abnormally under
adherent conditions. This affects the phenotype of differenti-
ated cells, the interactions between cells, and the interac-
tions between cells and the extracellular matrix (ECM).
Two-dimensional cultures can also lead to a gradual loss of
cell heterogeneity, making it challenging to reflect the ac-
tual state of cells in vivo [3-5]. In addition, animal models
face challenges in clinical translational research, especially
regarding differences in immune systems among species.
Understanding the causal relationship between human
genetic variation and disease processes is essential for
developing personalized therapeutic strategies. However,
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the development of such strategies depends on using experi-
mental systems that more closely approximate human physi-
ological and pathological states. Since the late 20th century,
organoid research has focused on exploring the self-
organizing abilities of stem cells and their potential for gen-
erating complex tissue structures (Fig. 1a). In 1907, Wilson
cultivated mechanically separated sponge cells to construct
functioning organisms in vitro, marking the beginning of or-
ganoid research [6]. As induced pluripotent stem cell
(iPSC) technology has advanced, it has become a versatile
research tool that has profoundly impacted studies of stem
cells and organoids. In 1975, the first long-term cell culture
experiment was performed; in this study, primary human
keratinocytes were co-cultured with 3T3 fibroblasts to suc-
cessfully generate a multilayered squamous epithelial
colony that showed characteristics similar to those of the hu-
man epidermis [7]. This advancement ushered in other new
breakthroughs. For example, in 1981, scientists cultured plu-
ripotent stem cells (PSCs) from mouse embryos [8], and by
1998, culturing of established human embryonic stem cells
(ESCs) was possible [9]. In 2006, Takahashi and Yamanaka
successfully reprogrammed fibroblasts into a pluripotent
state by transfecting the key transcription factors Oct4,
Sox2, Klf4, and c-Myc, thereby marking a major turning
point in organoid development that completely changed the
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direction of research within this field [10]. Moreover, the
continuous advancement of iPSC technology has since pro-
vided a versatile tool, which has had a profound impact on
stem cell-based organoid research.

In 2009, Clevers’ group first reported the use of intestinal
stem cells overexpressing leucine-rich repeat-containing G-
protein-coupled receptor 5 (Lgr5) to construct the first intes-
tinal organs in vitro that showed a highly reduced tissue
structure [11]. In a similar study, Clevers and Bender
coined the term “organoid” to describe these in vitro cul-
ture models, promoting organoid technology’s rapid devel-
opment [12]. The unique value of organoids involves both
their ability to reproduce the 3D structures of organs and
their ability to approximate the cellular ecosystem, specific
organ functions, and complex cell arrangements of real or-
gans [11, 12]. More recently, in vitro cultures of organoids
from different tissues and organs have been reported, in-
cluding brain, retina, lung, stomach, liver, bile duct, pan-
creas, kidney, and tumor organoids (Fig. 1b) [13, 14].

Finally, recent advances in organoid technology have
made it possible to construct models that closely resemble
both physiological and pathophysiological states. This
breakthrough has provided new possibilities for studying
disease mechanisms, screening drug candidates, and devel-
oping personalized treatment strategies [15-18]. This re-
view summarizes primary organoid cell sources and techni-
cal differences in contemporary organoid construction, ex-
amines potential clinical applications related to organoid
construction, and discusses future research prospects and
limitations of biomedical studies involving organoids.

2 Cellular origins of organoids

Numerous organoids have been established in vitro using
multiple types of stem cells, including ESCs, iPSCs, adult
stem cells (ASCs), and tumor stem cells (TSCs) (Fig. 1b).

2.1 Pluripotent stem cell-based organoids

PSCs mainly include iPSCs and ESCs [19, 20]. iPSCs are
obtained by reprogramming differentiated cells by integrat-
ing transcription factors, whereas ESCs can be isolated and
cultured from blastocysts [21]. PSCs can differentiate into
various cell types by manipulating their microenvironment
to provide specific conditions required during different
stages of cellular differentiation [22-24]. In one ground-
breaking study, Sasai et al. explored whether in vitro organ-
oid models based on PSCs could simulate real developmen-
tal processes within the body. To do so they developed
methods for culturing brain, retinal, and pituitary structures
in a “petri dish” [25-27]. Furthermore, Gong et al. derived
human ESC-derived spheroids in vitro, which they intended

to use to induce neural lineage differentiation and recon-
struct neural tube structures [28]. Subsequently, Sasai et al.
reported brain organoid-like spheres derived from PSCs. To
date, researchers have cultivated a wide range of organoid
types from PSCs, building upon the pioneering work of
Yoshiki Sasai and others [29-32].

Progress in producing PSC-derived organoids has estab-
lished the feasibility of in vitro experiments for genetic dis-
ease and developmental studies. However, the inevitable
differentiation of cells during culture and the requirement
for repeated passaging remain the primary limitations of
this system. Furthermore, ESCs are derived from the inner
cell mass of the blastocyst stage. This means that they can
differentiate into any cell type, which poses new ethical
questions regarding stem cell sources and the extent of
in vitro cultures.

2.2 Adult tissue cell-based organoids

ASCs are another primary source of developing organoids.
ASCs exist in nearly all types of tissue and are crucial for
tissue maintenance and regeneration following damage.
ASCs can only be isolated from regenerated tissues and
show better potential than ESCs and iPSCs for the recon-
struction of mature tissues and functional structures [33].

By supplementing culture medium with specific stem cell
niche factors that precisely modulated cell developmental
signaling, Clevers et al. were the first to successfully pro-
duce in vitro cultures of Lgr5" stem cells derived from mes-
enchymal stem cells without a mesenchymal niche. Using
this method, they were thus able to construct crypt-villus
structures [11,34]. ASCs have subsequently been reported
as expanding in vivo by supporting stem cell niche
factors [35, 36]. Overall, the Wnt pathway has emerged as a
major driver of epithelial stem cells. Lgr5, a secreted Wnt-
enhanced R-spondins receptor that is encoded by a Wnt tar-
get gene, marks active stem cells present in many epithelia.
Wnt activators (e.g., Wnt3A, R-spondins, and the small
molecule GSK3 inhibitor CHIR) are therefore key compo-
nents of most ASC organoid protocols [37, 38]. Although
ASC-based organoids can repair and regenerate tissue, they
are mainly composed of epithelial cells and lack other cell
types, which limits the integrity of their physiological func-
tions [36, 39, 40]. In addition, researchers have devised
novel methodologies to generate various PSC- and ASC-
derived structures and tissues in vitro. However, understand-
ing which tissue culture media are required to culture spe-
cific ASC-derived organoids remains a limiting factor.
Thus, differences in the culture medium required by ASCs
sourced from different tissues limit the widespread applica-
tion of organoids.

Three-dimensional structures produced by cells taken
from healthy tissues are known as normal tissue-derived
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organoids. Such organoids can effectively simulate the
physiological characteristics and functions of specific or-
gans. Moreover, because they are structurally and function-
ally closer to real organs, 3D cultures can provide more in-
depth insight into pathways related to organ development,
homeostasis, and pathogenesis. For example, d’Aldebert
et al. constructed organoids from normal and inflammatory
bowel disease colon tissues to compare mechanisms related
to drug absorption caused by differences in disease-
associated gut microbes [41]. In another study, Lee et al.
constructed a multicellular liver organoid model that com-
prised hepatocytes, Kupffer-like cells, and hepatic stellate
cells [42]. This in vitro model was shown to have reason-
able tissue specificity, and was therefore capable of helping
scientists to better understand drug metabolism, toxic ef-
fects, and possible side effects on the liver. Moreover, the
development of pancreatic organoids derived from endo-
crine or exocrine cells can accurately mimic the pancreatic
microenvironment and deepen our mechanistic understand-
ing of interactions between insulin secretion and pancreatic
cells [43]. In addition to being used to study both physi-
ological and pathological respiratory diseases, lung organ-
oid models have been effectively used to study the mecha-
nisms involved in respiratory virus (including SARS-CoV-2,
the virus responsible for COVID-19) infection and related
drug screenings [44, 45]. In addition, thymus organoids
have been established from both adult humans and from
thymus tissue extracted from fetuses or newborns to simu-
late key thymus functions [46—49].

2.3 Tumor cell-based organoids

Inspired by studies in which ASCs were used to construct
organoids, tumor-derived cells and tumor-associated stem
cells have been used to generate ordered 3D struc-
tures in vitro under special culture conditions. The resulting
tissue structures are called tumoral organoids or “tumor-
oids.” Since Hwang et al. first reported a pancreatic tumor
organoid model in 2015 [50], new tumoroids have been de-
veloped for many common and rare tumors, including those
associated with esophageal cancer [51], lung cancer [52],
breast cancer [53], osteosarcoma [54], and thymoma [55].
Furthermore, gene sequencing studies have shown that the
observed target gene mutations in tumors and their original
tissues are highly similar [56, 57]. Moreover, compared to
traditional 2D cell cultures, tumoroids are relatively inex-
pensive to construct and can preserve patients’ histology,
genetics, and other characteristics, thus fully recreating tu-
mor heterogeneity. For example, a patient-derived xeno-
graft (PDX) model only generates malignant tumor cells
in vivo, while tumoroids can grow in vitro with different de-
grees of malignant cells [16]. Moreover, it is much easier to
edit genes in vitro than in vivo for PDX or patient-derived
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tumor cell (PDC) models, and researchers can use clustered
regularly interspaced short palindromic repeat (CRISPR)
and other gene-editing tools to perform experimental stud-
ies on tumoroids using a simple one-step protocol.

In immuno-oncology, it can be difficult to evaluate the ef-
fect of various immunotherapy treatments on PDX or PDC
in immunodeficient mice. However, recent studies have
shown that tumors can be co-cultured with T cells in vitro,
thus providing novel possibilities for experimental tumor
therapies based on immune monoclonal antibodies and im-
mune cells [58-60].

3 Organoid-based basic research platforms
3.1 Organoid-based in vitro disease models

Organoids can mirror the key features of organs in vitro, in-
cluding their tissue structure and metabolic characteristics.
Organoids can also be used as induced disease or direct dis-
ease models, thereby providing an in vitro experimental
platform for studying mechanisms of disease.

3.1.1 Genetic disease models

The first human disease modeled using organoid tissue was
cystic fibrosis (CF), a common recessive genetic disease
that was successfully recapitulated in a 3D intestinal organ-
oid tissue [61]. Moreover, CF is a multisystem disease
caused by mutations in the cystic fibrosis transmembrane
conductance regulator (CFTR) gene. The CFTR protein is
found on the membranes of various epithelial cells and is
mainly responsible for transporting chloride ions [62, 63].
Dekkers et al. cultivated organoids from the colon tissue of
a CF patient in the Netherlands and ultimately obtained a
cure. Thus, research has confirmed that organoids can be
used as a tool for personalized medicine [61]. Moreover,
using organoid models, rapid detection methods for CFTR
function have been developed. This is significant because it
helps achieve diagnostic and drug screening of CF, thereby
helping to develop personalized medicine and related func-
tional research. Moreover, organoid technologies have been
applied to functional studies related to Fabry disease and
retinal genetic disease [64, 65]. Furthermore, the most com-
mon congenital disease in humans, i.e., left heart hypoplasia
syndrome, has been modeled using organoids [66]. In an-
other study, a heart organoid model was developed to study
congenital heart defect diseases by knocking out the expres-
sion of the NK2 Homeobox 5 and heart and neural crest de-
rivatives expressed 1 genes [67]. Brain organoids have been
used to assess the genetic properties of the brain and have
provided a framework to study novel approaches for
treating neurodevelopmental genetic disorders, including
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Down syndrome and microcephaly [13, 68]. Other brain or-
ganoids have been used to model neurological disorders such
as Alzheimer’s disease [69] and Parkinson’s disease [70].

3.1.2 Individualized tumor models

Organoid technology now provides a platform that is more
precise than traditional 2D cell cultivation or animal models
for modeling tumor characteristics, including their 3D struc-
ture, the DNA mutations involved, and the interactions be-
tween cells. This is because organoids are able to realisti-
cally mirror the heterogeneity of the tumor microenviron-
ment. Consequently, organoids have emerged as an ideal
model for investigating tumor generation, development, me-
tastasis, and subsequent responses to drug treatments. In
2011, Clevers’ group established the first tumor organoids,
thus pioneering the novel use of organoids in oncology [36].
The research team initially cultivated micro-intestinal organ-
oids using ASCs derived from mouse intestines. However,
the team subsequently expanded their research to include
the cultivation of organoids derived from colonic adeno-
mas, adenocarcinomas, and Barrett’s esophagus. In 2015,
Boj et al. from the same laboratory successfully established
the first human pancreatic cancer organoid model using pan-
creatic cancer cells from Kirsten ratsarcoma viral oncogene
homolog (Kras) mutant mice [71]. This step constituted a
unique and highly valuable foundation for studying the
mechanisms responsible for pancreatic cancer and facilitat-
ing the development of novel therapeutic strategies. Subse-
quently, in 2017, Pauli et al. established 56 patient-derived
organoid cultures for 769 patients that were subsequently
employed in high-throughput drug screening. This was the
first trial of lung cancer organoids and laid the foundation
for personalized therapies for lung cancer [72]. Later, Sachs
et al. established a living biobank of over 100 primary and
metastatic breast cancer-like organoid lineages to be used
for future molecular analysis [53]. Analysis of these lin-
eages has shown that these organoids generally mirror the
heterogeneity observed in breast cancer patients and may be
employed to assess the efficacy of disparate treatment mo-
dalities [73]. The development of organoid models is also
driven by the fact that there is a significant contrast between
the tumor microenvironment (TME) in existing tumor mod-
els and the TME in cancer patients in vivo [74]. Neal et al.
developed a novel air—liquid interface (ALI) approach that
enabled a more comprehensive recapitulation of patient tu-
mor immune microenvironments when culturing tumor-
derived organoids [75]. This method maintained the com-
plex tissue structure within the TME while simulating im-
mune cells within the tumor, thereby revealing interactions
between immune and tumor cells. The use of organoid tech-
nology enables researchers to reproduce the genetic signa-
tures of patient-specific tumors more accurately.

3.1.3 Infectious disease models

Organoid technology also has broad application potential
for the study of infectious diseases, especially for providing
a robust in vitro platform for studying interactions between
viruses, bacteria, protozoan parasites, and their hosts. For
example, an in vitro culture model using gastric organoids
infected by Helicobacter pylori has provided novel data
regarding the molecular mechanisms of specific pathogenic
factors [76]. In another study, the rapid construction of
173 alveolar, airway, and bronchial organoids designed to
mimic SARS-CoV-2 infection of lung tissue considerably
accelerated our understanding of the pathophysiology and
pathology of SARS-CoV-2 in vivo [77-80]. Moreover, mi-
croinjection of Cryptosporidium parvum into human intes-
tinal and lung organoids allowed the parasite to reproduce
and undergo its complex life cycle entirely within the or-
ganoid, a life cycle that is not feasible in conventional 2D
culture systems [81].

Furthermore, viral infections have a high probability of
manifesting in central nervous system disease, resulting in
pathologies such as encephalitis, meningitis, myelitis, and
seizures. In 2016, researchers employed brain organoids to
investigate the Zika virus (ZIKV) and discovered that ZIKV
infection reduced the volume of the neural precursor cell
(NPC) and neuronal layers of brain organoid tissue. This
was caused by the inhibition of NPC proliferation and a
concomitant increase in cell death in both infected NPCs
and uninfected neurons [82]. Taken together, these findings
represent a significant advance in our understanding of the
impact of ZIKV infection on fetal brain development. The
recent pandemic of 2019 coronavirus disease (COVID-19)
was caused by severe acute respiratory syndrome coronavi-
rus 2 (SARS-CoV-2), a virus that is associated with both
neurological symptoms and potentially fatal respiratory
symptoms. However, the exact mechanism by which these
neurological complications emerge remains unclear. In
2020, Pellegrini et al. used human pluripotent stem cell-
derived brain-like organoids to investigate the neurophilic-
ity of SARS-CoV-2. They found that SARS-CoV-2 infec-
tion results in damage to the choroid plexus epithelium,
leading to disruption of its barrier function [83]. In healthy
subjects, this barrier prevents pathogens, immune cells, and
cytokines from entering the cerebrospinal fluid and brain,
and its disruption may be a significant contributing factor to
the development of neurological symptoms. In addition,
congenital infection with human cytomegalovirus (HCMV)
represents a significant etiological factor in neurodevelop-
mental defects. However, the precise neuropathogenic
mechanisms involved remain incompletely understood. In
one study, Sun et al. used human iPSC-derived brain-like
organoids to reproduce microcephaly associated with HCMV
infection. They discovered that neutralizing antibodies
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specific to the HCMV pentameric complex could prevent
HCMV-induced impairment of brain-like organ develop-
ment [84]. This research demonstrates that HCMV can sig-
nificantly impair the development and function of the hu-
man brain and also reveals the potential value of neutraliz-
ing antibodies for alleviating brain defects caused by
HCMV infection. More generally, these results demonstrate
how brain organoids can play an essential role in exploring
the mechanistic basis of neuroleptic viral infection, while at
the same time providing a valuable tool for testing antiviral
drugs in physiologically relevant 3D models.

3.2 Organoids bridge disease modeling and
drug discovery research

Organoid survival and functional maturity are key aspects
that have been significantly improved in the recent past,
with a diverse library of models now covering cancer, ge-
netic diseases, and infectious diseases. Overall, organoid
disease models not only lay the foundation for studying etio-
logical mechanisms, but are also highly useful during drug
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screening. Using organoid model systems, researchers can
analyze disease mechanisms, identify those related to im-
mune escape within the tumor microenvironment, and ap-
ply these findings to improve precision medicine [85-87].
In addition, the combination of organoids and biomaterials
provides new innovative opportunities for regenerative
medicine and promotes new avenues for drug development
(Fig. 2).

3.3 Organoid-based drug research platforms
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ganoids. This not only provides an individualized experi-
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for drug discovery. For example, virus-infected brain organ-
oids have been used to screen for validated antiviral candi-
dates including puromycin, ivermectin, and azithromy-
cin [88, 89]. Similarly, brequinar and homoharringtonine
have been confirmed as effective antihepatitis E virus
(HEV) drugs using liver organoids [90]. Furthermore, an ex-
tracellular signal-regulated kinase inhibitor discovered by
Broutier et al. has been shown to possess putative therapeu-
tic effects using a human primary cancer organoid model
system [91]. Organoids have excelled as models for high-
throughput drug screening, as they permit efficient identifi-
cation of the most potent molecules present in extensive
compound libraries. For example, to find potentially func-
tional drugs, Kozuka et al. cultured tiny colon organoids on
96-well plates and screened more than 2000 chemical sub-
stances [92]. In a similar study, Mao et al. constructed
colorectal cancer organoids to screen 335 drugs, identifying
34 that possessed significant anti-cancer activity [86].

3.3.2 Toxicity assessment

The failure of many drugs during clinical trials is partly due
to inadequate assessments of drug toxicity during the pre-
clinical phase [93-96]. Overall, the leading causes of drug
clinical trial failure are hepatotoxicity, cardiotoxicity, and
nephrotoxicity. Therefore, at present there is an urgent need
for reliable toxicity screening models that accurately repre-
sent the physiological characteristics of real body sys-
tems [97, 98]. Organoids are ideally suited for this purpose,
since they retain the original genetic information and matrix
environment of focal tissues and are therefore more likely
to mimic environmental factors related to drug sensitivity
and resistance. Screenings involving organoids are therefore
highly likely to efficiently determine optimal and most ef-
fective doses of novel drugs; in cancer systems this would
mean eradicating tumor cells while causing minimal harm
to healthy tissue. For example, Mekky et al. employed hu-
man liver organoids to evaluate the toxicity of valproic acid
and aspartate-coated magnesium oxide nanoparticles [99].
Their findings showed that the nanoparticle drugs reduced
the viability of hepatocytes, since the drug caused increased
reactive oxygen species levels in hepatocytes while their ad-
enosine triphosphate (ATP) levels were reduced. Similarly,
cardiac organoids have been used to show that the cardio-
toxicity of doxorubicin may be exacerbated by hypoxic car-
diac injury [100, 101]. In other studies, iPSC-derived kid-
ney organoids were used to screen for nephrotoxicity [102],
while cardiac embryoid bodies established from mouse car-
diac stem cell organoids or human iPSC organoids have
been used for a variety of toxicity assessments [103]. In an-
other study, Skardal et al. established a comprehensive or-
ganoid system comprising heart, lung, and liver organoid
units within a unified perfusion cycle by making use of a

shared medium [104]. Overall, we anticipate that organoid
technology will increasingly be employed in toxicity
research.

3.4 Organoid-based organ transplants

The function of human organs gradually declines with age,
and over time organs show structural and functional
changes. The aging process can lead to a variety of dis-
eases, including cardiovascular disease, diabetes, and neuro-
degenerative disorders [105, 106]. Despite considerable
progress made in organ transplantation, in which damaged
or non-functional tissues are replaced with alternatives from
healthy donors, limitations persist due to an insufficient
number of viable donor organs, coupled with inherent risks
associated with tissue rejection. These limitations under-
score the necessity of finding alternative sources of
tissue [107, 108]. However, organoids implanted in animals
have been shown to restore function in damaged organs.
For example, in one study immunodeficient mice with tyro-
sinemia type I and liver failure achieved phenotypic restora-
tion of liver function following transplantation of 3D-printed
engineered liver organoids [109]. Post-transplantation, these
organoids successfully formed a functional vascular system,
thereby facilitating liver function recovery. In another
study, pancreatic islet organoids formed from islet cells sup-
ported by biological scaffolds were able to restore insulin
secretion and reduce blood glucose levels following trans-
plantation into type 1 diabetic mice [110]. In addition, Sam-
paziotis et al. provided a new protocol for bile duct repair
using 3D organoids cultured with human bile duct epithelial
cells; in doing so they were able to effectively replace dam-
aged bile duct tissue [111].

4 Organoid-based clinical application
platforms

The use of organoids in clinical research has increased sig-
nificantly each year since 2017 (Fig. 3). A comprehensive
search of ClinicalTrials.gov (https://clinicaltrials.gov/; ac-
cessed in October 2024), a repository of clinical trial infor-
mation, identified many clinical trials using PDOs that have
shown significant promise. The initial search generated a
list of 202 registered clinical trials, and after screening, the
most studied disease was cancer, with colorectal cancer,
breast cancer, and pancreatic cancer being the top three
most-studied diseases. Currently, organoid clinical trials are
focused on the following research areas: 1) To identify the
molecular characteristics of tissue-derived tissues in vitro
for the further investigation of pathogenic mechanisms;
2) Integration of in vitro drug assays with clinical data and
the development of companion diagnostic biomarkers; 3) To
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(a) Clinical trial organoid timeline
Year I 2017-2020 2021 2022 2023 2024-2025
NCT02756130 NCT05177432 NCT05381038 NCT03454035 [117]  NCT06405230 NCT05737706 [117]
NCT03778814 NCT05078866 NCT02883452 [121]  NCT06349590 NCT05379985
Phase | NCT02052908 [114] NCT02756130 NCT05012618 [96]
NCT02609776 [116] NCT06841861 NCT05195918
NCT02685046 NCT02535507 NCT06482086 NCT05378048 NCT05669586 NCT06615830 NCT05411107
NCT03146962 NCT03416244 [118] NCT04820179 NCT05024734 NCT05464082 NCT06102824 NCT04389177 [119]
NCT02756130 NCT03764553 NCT04968990 NCT05725200 NCT05518110 NCT06405230 NCT03010722
Phase Il NCT04072445 NCT04469556 NCT04951115 NCT05381038 NCT05412706 NCT06227065 NCT06468527
NCT03764555 NCT02609776 NCT02052908 NCT05078866 NCT03668431 NCT06590454
NCT04045730 NCT03061331 NCT03061331 NCT03251612 [122]  NCT06349590
NCT01799278 [123] NCT02535507 [115] NCT02695459 [125] NCT05024734 [124]  NCT06620380
NCT02695459 NCT04931381 NCT06332716 NCT06268652
NCT01707290 NCT04931394 NCT06077591
Phase lll  NCT00824785 NCT04281355
NCT03068312 NCT05429684
NCT03068312
(b) o (c) Cancer distribution
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Fig. 3 Scope of organoids currently in clinical trials. (a) Clinical trials involving organoids are primarily in phases I-III, with a notable concen-
tration in phase II. (b) Proportion of organoid clinical trials in different world regions. Trials are predominantly sponsored by institutions or
individuals from China and the United States. (c) Proportion of cancer types associated with tumor organoids used in clinical trials. Most trials
target colon cancer, breast cancer, pancreatic cancer, ovarian cancer, and/or gastric cancer

construct an organoid biobank based on a specific disease
model. Overall, clinical translational applications such as
generating individualized treatments using functional organ-
oids are a major goal of this research.

4.1 Organoids in clinical trials

Ideal personalized treatments involve the selection of tar-
geted treatment programs via in-depth consideration of dis-
ease pharmacogenomics and molecular characteristics [112].
Moreover, in vitro organoid cultures based on tumor cell
biopsies can provide key information for patient treatment
decisions with advanced but unresectable and/or unknown
primary tumors. Given this significant potential applica-
tion value, organoids have become a key research topic
for clinical trials related to tumor treatments [113-117].
Listed clinical trials include those involving thyroid tumor-
oids (NCT06482086), lung tumoroids (NCT03979170,
NCT02535507 [115], and NCT02609776 [116]), esophageal
tumoroids (NCT03416244 [118] and NCT04389177 [119]),
gastric tumoroids (NCT06196554), breast tumoroids
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(NCT06102824), colorectal tumoroids (NCT05832398,
NCT02052908 [114], NCT03668431 [120], NCT02883452 [121],
and NCTO03251612 [122]), osteosarcoma tumoroids
(NCT06064682), prostate tumoroids (NCT01799278 [123]),
bladder tumoroids (NCT05024734 [124]), neuroendocrine
tumoroids (NCT02695459 [125]), and other solid tumor-
oids (NCT05737706, NCT05379985, NCT05012618 [96],
and NCT03454035 [117]).

In one study, Yao et al. constructed an organoid platform
for patients with locally advanced rectal cancer and found
that testing on organoids could accurately predict patient re-
sponses to neoadjuvant chemoradiotherapy [126]. In addi-
tion, Ganesh et al. confirmed the existence of a close corre-
lation between tumor responses to treatment and those of lo-
cally advanced rectal cancer PDOs [127]. Furthermore, in a
phase II study of 47 patients with locally advanced resect-
able esophageal squamous cell carcinoma (ESCC) [119],
Shang and colleagues combined an in vitro organoid model
and an external cancer dataset to find that a combination of
pembrolizumab and chemotherapy was both well-tolerated
and demonstrated favorable efficacy and safety profiles in
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patients with resectable phase III ESCC. Increases in T cell
receptor gamma constant 24 natural killer T cells have also
been proposed as potential biomarkers for forecasting thera-
peutic efficacy, facilitating the development of novel clini-
cal treatments. In another study, Liu et al. conducted a mul-
ticenter, double-blind, randomized, placebo-controlled clini-
cal trial of patients with cirrhosis to assess the clinical, ex-
perimental, and pathophysiological impact of a device
called Yagq-001 [128]. A study of 28 patients demonstrated
that Yaq-001 significantly reduced organoid intestinal per-
meability and positively affected the composition and me-
tabolism of the microbiome. As a regulated medical device,
Yaq-001 successfully met its primary safety and tolerability
endpoints in clinical trials, with the underlying organoid
model system having provided a robust safety assessment
platform for the potential clinical translation of Yaq-001 in
cirthosis patients (NCT03202498). Concurrently, Hedayat
et al. emulated patient microenvironments by using circulat-
ing microRNAs in ex vivo co-cultures coupled with single-
cell RNA sequencing of organoid PDOs established before
and after treatment [129]. This study identified MIR652-3p
as a key biomarker and driver of responses to regorafenib
resistance mechanisms in chemotherapy-refractory meta-
static colorectal cancer patients (NCT03010722). Taken

together, this study and others like it report the identifica-
tion of crucial biomarkers that can help unravel mecha-
nisms of drug resistance across diverse cancers and can in-
form the optimization of therapeutic strategies.

4.2 Organoid-based clinical applications

Successful in vitro culturing of organoids provides a new
system for characterizing real-time disease states before and
after treatment. At present, frozen surgical tissue samples
are the main samples retained by specimen banks, but the
establishment of a spatiotemporal personalized organoid
specimen bank can provide a new research model for re-
searching disease etiology and informing precise treatment
(Fig. 4a). Organoid technology can also enhance drug effi-
cacy evaluation by more accurately simulating the tumor
microenvironment [130-132]. In addition, researchers can
rapidly prepare 3D organoids of tumor cells using 3D print-
ing. This ease of preparation can help to generate a suffi-
cient number of models required for the simultaneous evalu-
ation of different chemotherapy and targeted drugs [133].
Thus, organoids combined with next-generation omics tech-
nologies and/or gene editing can provide new information
for making treatment decisions. This information can

Organoid-based clinical application platforms

(a) Establishing spatiotemporal personalized organoids for patients
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Fig. 4 Organoid-based clinical application platforms. (a) Platform for developing spatiotemporal personalized organoids for patients. (b) Clinical
application platforms for organoids. Shown are: organoid-based molecular medicine, organoid-based drug screening, organoid-based real-time
monitoring, and organoid-based gene-editing treatment. NGS: next-generation sequencing
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involve detailed exploration of dose-response relationships,
real-time monitoring of treatment responses, or novel thera-
peutic targets (Fig. 4b).

The natural healing ability of tumor cells can make treat-
ment challenging, especially when chemotherapy and radio-
therapy are the primary treatments used [73, 134]. In one re-
cent study, Park et al. evaluated the activity, metabolism,
and toxicity of docetaxel using stem cell-derived mouse
small intestine and liver organoids [135]. They demon-
strated that modification of gene expression and drug me-
tabolism assessment can be performed using organoids in
lieu of tissue analysis. Studies like this provide new perspec-
tives regarding specific mechanisms of drug action and
show the potential of organoid models for enhancing re-
search into drug discovery and safety assessment. In an-
other study, Li et al. developed a novel and quantitative
high-throughput imaging analysis protocol that exploits the
scalability of organoid cultures [136]. This method is de-
signed to capture specific changes that occur during organ-
oid growth, and involves measuring multiple whole-porous
organoids. As a result, the authors were able to identify dif-
ferent reactions that occurred when the organoids were
treated with drugs. This technology demonstrated the feasi-
bility of high-throughput drug screening on an organoid
platform and provided evidence for its potential in personal-
ized tumor therapy. In a different study, Martin et al. estab-
lished an organoid biobank from 65 patients with primary,
metastatic, or recurrent rectal cancer (RC) [137]. After im-
plantation of human rectal cancer organoids into the rectal
mucosa of mice, invasive RCs were successfully generated
in mice, and these further metastasized to the lungs and
liver. Notably, tumors transplanted into the mice showed
heterogeneous sensitivity to chemotherapy, which resembles
related clinical observations. Thus, organoid-based ex vivo
platforms can be used in conjunction with animal-based in
vivo intraluminal propagation to efficiently study the biol-
ogy and drug sensitivity of clinical RC isolates.

Drug sensitivity testing using organoids was also per-
formed by Lee et al., who evaluated drug sensitivity testing
using a cancer organoid diagnostic response prediction in-
dex developed using high-throughput screening of PDOs
sourced from eight patients [138]. Their findings may facili-
tate improved predictive analysis of the efficacy of anti-
cancer drugs in lung cancer patients, constituting a novel
precision medical platform. Furthermore, sequencing-based
molecular diagnostics of epidermal growth factor receptor
(EGFR) mutations have been commonly used for selecting
anti-lung cancer drugs. In another approach, Zhang et al.
proposed a method that combined EGFR mutation detection
with organoid-based drug response testing to guide person-
alized lung cancer drug therapy in individual patients [139].
Their proposed approach constitutes a significant ad-
vancement in the field of personalized medicine, thereby
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facilitating the development of increasingly precise and ef-
fective treatment plans for specific patients.

5 Challenges in organoid applications

Organoid technology shows great potential for disease
modeling and for designing regenerative medicine treat-
ments [140-142]. However, its translation into clinical ap-
plications faces several significant challenges [143-145].
Below we discuss several issues in turn.

5.1 Technical challenges

Achieving reproducibility is crucial because variability in
cell sources can lead to differences in organoid growth rates
and differentiation, both of which complicate research and
practical applications. Environmental factors such as the
composition of culture media, oxygen and carbon dioxide
levels, and ambient temperature, can all significantly influ-
ence organoid development, with minor fluctuations poten-
tially causing large variations in outcome. Furthermore, or-
ganoid preparation and culturing processes involve multiple
steps that all require high precision. For example, prolonged
culturing can introduce genetic mutations and lead to aging,
incomplete differentiation, and cell type imbalances, all of
which ultimately affect organoid stability and reproducibil-
ity. The complexity of organoids necessitates rigorous ex-
perimental standardization, thereby posing additional chal-
lenges for researchers.

Achieving stability and reproducibility in organoids is vi-
tal for clinical application purposes, since organoids used
for patient treatments and/or research purposes must be con-
sistent and behave similarly. However, the complex nature
of organoids makes them vulnerable to multiple environ-
mental factors, including those related to manual prepara-
tion of culture conditions, as mentioned above. The influ-
ence of environmental factors presents a challenge regard-
ing ensuring the homogeneity among batches of organoids.
To address these challenges, researchers have applied tech-
niques such as microfluidics and 3D printing to enhance the
efficiency of organoid production [146]. The use of micro-
fluidic technologies has been shown to provide a dynamic
environment that is conducive to the production of organ-
oids for both biological (i.e., nutrition) and mechanical (i.e.,
shear stress) reasons. Accordingly, these methods may pro-
vide more uniform production conditions with respect to
critical environmental factors [147]. Microfluidics-based
protocols enable precise fluid manipulation through micro-
channels, thereby facilitating the precise manufacturing of
organoids. In one study, Jiang et al. proposed a novel auto-
mated organoid platform that combines microfluidic and
3D printing techniques to achieve a manufacturing speed of
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up to 1000 organoid precursors within a 10-min timeframe.
This approach achieves a significant reduction in manufac-
turing time, and has the potential to reduce the current
4-6 week organoid growth period to a more efficient
5-7 day period [148]. Moreover, combining novel tech-
niques indicates the potential of new approaches for sub-
stantial enhancement of organoid technologies, including the
development of efficient, standardized manufacturing pro-
cedures and protocols [149]. Although a detailed discus-
sion regarding the future development of organoid produc-
tion is required, advanced organoid protocols hold consid-
erable promise for the design of new clinical applications.

5.2 Costissues

Organoid cultivation and maintenance require specialized
media and equipment, and can therefore lead to relatively
high production costs that can restrict their widespread ap-
plication. In addition, the development and optimization of
organoids demand significant time and human resources,
further increasing the associated expense. The importance
of minimizing organoid-associated costs also emphasizes
the importance of developing a standardized manufactur-
ing protocol regarding culture media and experimental pro-
cedures. Once a suitable protocol has been established, in-
tegrating automated high-throughput devices into the
manufacturing process can be undertaken, which in turn
may stimulate interest among industrial-scale organoid
production.

5.3 Ethical and regulatory considerations

Ethical discussions are inevitable since tumor organoids are
constructed using patient tissues [150—152]. For example,
one significant goal of organoid ethics, commercialization,
and clinical applications is to provide a suitable informed
consent model for tissue donors in organoid research [153].
Some researchers believe that “dynamic consent” protocols
for different stages of organoid use should be considered,
while others prefer a “governance consent” model that do-
nors can use to track organoid use. In either case, by includ-
ing patients in the ongoing governance process, organoid-
specific consent models enable patients to influence organ-
oid development and participate as stakeholders rather than
passive tissue donors.

As organoid technology continues to advance, transpar-
ency and public participation both become particularly im-
portant. To ensure compliance with ethical standards, re-
search teams should actively and regularly communicate
with patients and their families to provide up-to-date infor-
mation on research progress and potential applications [150].
Open communication not only helps build trust but can also
promote the active participation of patients in research,

thereby improving ethical standing and social acceptance of
organoid research.

Finally, the informed consent of patients during the col-
lection of tissue samples for organoid construction can be
considered during the research planning discussions of hos-
pitals or research organizations. For example, these organi-
zations should consider the informed consent of patients to
complete organoid collection at the time of surgery. How-
ever, this approach requires cooperation from a suitable
specimen bank or research institution.

5.4 Diversity and complexity

Variations among tissue types and disease states, as well as
among patients, can impact organoid performance, posing
challenges for the broad applicability of organoid studies. In
addition, differences between organoid microenvironments
and in vivo conditions necessitate further research to accu-
rately recreate complex cell-to-cell interactions that occur
within the body in related model systems.

6 Future opportunities

By solving the key problems described here, we anticipate
that advances in organoid technology can facilitate signifi-
cant progress in disease modeling and in the development
of efficient and precise regenerative medicinal treatments.
These consequences will not only help improve patient out-
comes but can also promote the progress of medical re-
search as a whole. Key strategies include standardizing or-
ganoid preparation and culture techniques to enhance repro-
ducibility and stability, exploring cost reduction strategies
to streamline production processes, and establishing clear
ethical guidelines and regulatory standards to ensure com-
pliance and promote responsible research. In addition, in-
creased investment in clinical trials is vital to further vali-
date the use of organoids in real-world applications, while
further studies designed to focus on the organoid microenvi-
ronment and on cell interactions may contribute to techno-
logical advancements and novel applications in the future.

7 Conclusions

Organoids represent a groundbreaking advance that contin-
ues to transform the landscape of biomedical research and
related disciplines. By integrating insights from develop-
mental biology, bioengineering, materials science, and com-
putational modeling, the study of organoids provides a
novel and versatile platform for studying human diseases in
more physiologically relevant contexts. Furthermore, navi-
gating the complexities of new automation technologies,
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ethical considerations, and architectural challenges will
benefit from collaboration among diverse fields. Such a col-
laborative approach will not only enhance the functionality
and scalability of organoid systems but also address critical
ethical concerns related to organoid research.

Moreover, leveraging recent advances in high-throughput
screening and artificial intelligence may allow researchers
to enhance the predictive power of organoid-based experi-
ments related to drug discovery and personalized medicine.
In this way, further integration of different technological
fields can enable efficient identification of therapeutic tar-
gets and the development of treatment strategies tailored to
the needs of individual patients.

Ultimately, improvements in organoid technology can fa-
cilitate future advances in our understanding of specific dis-
ease mechanisms and in the improvement of clinical out-
comes. By embracing an interdisciplinary framework, we
can ensure that organoids are effectively used in future medi-
cal research, thus paving the way for innovative solutions to
some of the most pressing health challenges of our time.
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