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Abstract

Organoids are “mini-organs” that self-organize and differentiate from stem cells under in vitro 3D culture
conditions, mimicking the spatial structure and function of tissues in vivo. Extracellular vesicles (EVs) are nanoscale
phospholipid bilayer vesicles secreted by living cells, rich in bioactive molecules, with excellent biocompatibility
and low immunogenicity. Compared to EVs, organoid-derived EVs (OEVs) exhibit higher yield and enhanced
biological functions. Organoids possess stem cell characteristics, and OEVs are capable of delivering active
substances, making both highly promising for medical applications. In this review, we provide an overview of

the fundamental biological principles of organoids and OEVs, and discuss their current applications in disease
treatment. We then focus on the differences between OEVs and traditional EVs. Subsequently, we present methods
for the engineering modification of OEVs. Finally, we critically summarize the advantages and challenges of
organoids and OEVs. In conclusion, we believe that a deeper understanding of organoids and OEVs will provide
innovative solutions to complex diseases.
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Introduction
In the past few decades, classical cell lines have been the
primary method for studying cells and have led to many
medical breakthroughs. However, they have certain limi-
tations that make them inadequate for many contempo-
rary medical research needs. In particular, classical cell
lines are challenging to use for certain exploratory and
investigative experiments, such as pharmacological testing
of various drugs for the treatment of complex diseases and
the exploration of the origin and development of human
organs. This is because classical cell lines lack the poten-
tial for differentiation, and their single lineage makes them
unsuitable for research in modern biomedical studies [1].
Therefore, finding a new research model has become a sig-
nificant challenge in the biomedical field. In recent years,
the continuous development of stem cell technology has
witnessed the increasing maturity of organoids technol-
ogy, providing hope to the research community.
Organoids are 3D cell clusters cultivated from stem
cells through in vitro 3D culture techniques. Organoids
are capable of self-renewal and self-organization, and

belong to a class of microphysiological systems, exhibiting
similar spatial structures and physiological functions to
source tissues. The process of cultivating organoids using
stem cells from healthy/diseased tissues can recapitulate
the characteristics of the source tissue, providing a pos-
sibility for studying the growth mechanisms of the source
tissue/tumor [2, 3]. Organoids bridge the gap between
2D classical cell lines and traditional animal models by
providing a more accurate and manipulative system than
2D cells. 2D cell cultures are direct contact between cells
and the medium, while organoids realize frequent contact
between cells, which has obvious advantages in simulating
source tissues [4]. Organoid models address the limitation
of 2D cell cultures in describing the entire physiological
behavior of tissues, providing a novel approach for drug
screening, testing, development, and disease research [5].

EVs, are nanosized vesicles secreted by living cells,
serving as crucial mediators for intercellular informa-
tion exchange [6-8]. Current research often focuses
on extracting EVs from culture dishes. However, as 3D
cell clusters, organoids exhibit a more complex level
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Fig. 1 Schematic diagram of the applications of organoids and OEVs. Organoids and OEVs can be treated by oral administration, transplantation, injec-
tion and delivery of bioactive substances. The figure was created with https://app.biorender.com/

of communication among cells compared to 2D clas-
sical cell lines. Consequently, the complexity of OEVs
extracted from organoids far surpasses that of EVs
sourced from 2D cultures. Inheriting the minute nano
size and excellent biocompatibility of EVs, and enhancing
the complexity of their own active substances, OEVs hold
vast prospects for medical applications.

In this review, we will explore the roles of organoids
and OEVs in disease treatment research and discuss the
potential utility of organoids and OEVs in the future,
aiming to enhance our understanding of the significance
of these two innovative technologies. The applications of
organoids and OEVs in the treatment of intricate disease
is of vital significance, as illustrated in Fig. 1.

Overview of organoids

Organoids are 3D cell clusters that self-assemble and dif-
ferentiate in an in vitro 3D environment, recapitulating
the spatial structure and function of in vivo organs [9—
11]. Organoids can be derived from embryonic stem cells

(ESCs), induced pluripotent stem cells (iPSCs), and adult
stem cells (ASCs) [12, 13]. The self-assembly process of
organoid formation is constrained by spatially restricted
lineage commitment and cell sorting. Proper culture con-
ditions and specific cytokines are critical mediators for
organoid construction [14].

ASCs primarily originate from adult tissues, such
as adult cells found in the skin or blood [15, 16]. ASCs
have a relatively limited differentiation potential, there-
fore capable only of cultivating cell types associated with
the source tissue, resulting in organoids with a singular
physiological function [17, 18]. However, ASCs have the
advantage of being widely sourced and easily obtainable.

In contrast, iPSCs and ESCs possess extensive differen-
tiation potential, capable of differentiating into multiple
diverse cell types, thereby mimicking various cell types
found within the body [19, 20]. This capability enables
organoids cultivated from iPSCs to exhibit more complex
spatial structures and diverse physiological functions,
enhancing their diversity [21, 22]. Therefore, organoids
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cultivated from iPSCs and ESCs are more suitable for
applications in fundamental research and drug screening
[23, 24].

Currently, organoids research is still in its infancy. The
functions of the currently constructed organoids are rela-
tively homogeneous, which was not the original purpose
of organoids technology development. For example, if
a fracture patient were to have a bone organoids trans-
plant, the therapeutic effect of a single physiologically
functioning bone organoids would be minimal. The ulti-
mate goal of the development of organoids technology
is to construct an organoids with multiple physiologi-
cal functions (such as bone formation, bone resorption,
hematopoiesis, and good mechanical properties) for bet-
ter therapeutic outcomes [25].

Organoids for disease treatment

Organoids for bone defects

Wang et al. designed a novel bioink using Gelatin Meth-
acryloyl (GelMA), Alginate Methacrylate (AlgMA),
and Hydroxyapatite (HAP) to simulate the structure of
bone tissue through bioprinting technology. According
to Scanning Electron Microscopy (SEM) and cryo-SEM
results, the bioprinted GelMA/AlgMA/HAP hydrogel
exhibits a porous structure and uniform porosity suitable
for osteoblast mineralization. During in vitro culture, it
effectively promotes osteoblast mineralization, evidenced
by significant mineral deposition. Upon implantation
in vivo, GelMA/AIgMA/HAP undergoes self-mineral-
ization and forms trabecular bone-like structures. This
process accelerates osteoblast mineralization by stimu-
lating signaling pathways related to mesenchymal stem
cell osteogenic differentiation, including PI3K-Akt, Ras,
Rapl, and MAPK. Consequently, there is a substantial
increase in the expression of osteogenic markers such as
ALP, OCN, OPN, and Run x2 (Fig. 2A) [26].

To address the issue of incomplete bone healing and
long healing times, Professor Ouyang’s team at Zhejiang
University developed Osteo-callus organoids to mimic
callus formation for effective bone regeneration [27-30].
The primary mechanism for most bone tissue regenera-
tion is endochondral ossification, in which mesenchymal
stem cells are recruited at the site of injury and differenti-
ate into callus [31]. Using digital light processing (DLP)
technology, the team constructed osteo-callus organoids
similar to those in bone development by agglutinating,
culturing, and inducing differentiation of bone marrow
mesenchymal stem cells (BMSCs) in microspheres [32,
33]. This organoid possesses a similar cellular composi-
tion to the endochondral ossification process and is capa-
ble of rapid in situ bone regeneration in just four weeks
(Fig. 2B).
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Organoids for IBD

As an autoimmune disease, inflammatory bowel disease
(IBD) has no effective treatment, and only medication
or surgical removal can be used to halt the progression
of the disease [38, 39]. Shiro Yui et al. successfully con-
structed colon organoids using intestinal crypt Lgr 5
stem cells. By dissociating the colon organoids and trans-
planting them into the diseased regions of IBD mice via
enema, they observed that the transplanted organoids
successfully integrated into the affected areas and allevi-
ated the severity of IBD to a certain extent. Examination
of the expression of Ki67, Alcian blue, ChgA, CA2, and
COX1 confirmed that the transplantation of colon organ-
oids effectively improved cell proliferation, mucus secre-
tion, and intestinal metabolism in the diseased regions of
IBD mice (Fig. 2C) [35].

On July 7, 2022, Tokyo Medical and Dental University
completed the world’s first clinical application of intes-
tinal organoids to treat IBD. Throughout the procedure,
no additional pharmacological treatments were used,
relying solely on intestinal organoids derived from the
patient’s own healthy stem cells. The patient showed pos-
itive recovery after the surgery, but the final treatment
outcomes are pending further follow-up data [40]. Fur-
thermore, based on the Japan Clinical Trial Registry (ID:
jRCT b032190207), Tokyo Medical and Dental University
is planning a clinical trial aimed at assessing the safety of
transplanting autologous intestinal epithelial stem cells,
cultured ex vivo, into patients with refractory ulcerative
colitis. This trial will recruit 8 IBD patients over the age
of 20. As part of the protocol, autologous intestinal epi-
thelial organoids will be cultured for approximately
five weeks, and following confirmation of their viabil-
ity through specific testing, the organoids will be trans-
planted to the ulcerated regions of the patients using
endoscopic techniques.

Organoids for nerve repair

After traumatic brain injury, long-term neurological
impairments occur [41-43]. In the adult mammalian
brain, neurogenesis and axon regeneration are region-
ally restricted and possess limited regenerative abilities
[44, 45]. Previous research has identified cell transplanta-
tion as an effective method for restoring brain function.
Transplanting fetal rodent cortex into the cortex of adult
rodents can stimulate the growth of neuronal processes
in adult rodents, and the transplant can integrate locally
with the brain [46—49]. This demonstrates the potential
of cell transplantation to reconstruct neuronal networks
in the cerebral cortex.

Building upon this concept, combining brain organ-
oids largely replicates the diversity of brain cell types
and structure. Additionally, the development of fore-
brain organoids mirrors the timeline of normal
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Fig. 3 The biogenesis, structure, composition, and internalization of OEVs. The cytoplasmic membrane engulfs substances in the extracellular environ-
ment through endocytosis to form early endosomes. Early endosomes gradually mature into late endosomes through cargo exchange with the Golgi
apparatus. Within the membranes of late endosomes, multivesicular bodies are formed, which contain luminal vesicles. With the help of related proteins,
late endosomes either fuse with lysosomes for degradation or fuse with the plasma membrane to release the luminal vesicles that are called exosomes.
OEVs can be taken up by recipient cells through membrane fusion, endocytosis, and receptor-mediated signaling pathways. OEVs are phospholipid bilay-
ers with specific proteins and membrane receptors, and the membranes are rich in RNA, DNA, proteins, and some cellular metabolites. The figure was

created with https://app.biorender.com/

neurodevelopment (generating radial glial cells, a fun-
damental laminar structure containing separated upper
and lower cortical neuron layers, and detecting astro-
cytes and oligodendrocytes in the later stages of forebrain
organoid development). Jgamadze et al. transplanted
forebrain organoids into the injured visual cortex of adult
rats. The post-transplant experimental results demon-
strated remarkable systemic integration of the transplant
with the host cortex and exhibited robust spontaneous
neural activity (Fig. 2D) [36].

Organoids for cholangiopathy

Sampaziotis et al. isolated cells from three regions of
the biliary tree—intrahepatic bile ducts (IHD), com-
mon bile duct (CBD), and gallbladder (GB)—and per-
forming single-cell RNA sequencing, Uniform Manifold
Approximation and Projection (UMAP) analysis revealed
that cells from these sources share a common core tran-
scriptional profile, while cholangiocytes from different
regions exhibit unique gene expression characteristics.
This indicates that cholangiocytes in different areas of the
biliary tree possess distinct functions, adapting to vary-
ing microenvironments. Subsequently, cells from IHD,
CBD, and GB were cultured under specific conditions to
form organoids, and scRNAseq analysis was conducted
on these cholangiocyte organoids [50, 51]. According
to UMAP and Principal Component Analysis (PCA)
analysis, transcriptional differences between cells van-
ished, showing overlapping transcriptional profiles, sug-
gesting that cholangiocytes from different regions now
share similar transcriptional characteristics. Moreover,
when constructing organoids with cells from IHD, CBD,
and GB, and intervening with gallbladder bile, scRNA-
seq analysis post-bile treatment revealed a new overlap-
ping gene expression profile in the treated cholangiocyte
organoids. This demonstrates that cholangiocyte organ-
oids can acquire identities from different regions of the
biliary tree when exposed to the appropriate microenvi-
ronmental changes, indicating a high plasticity of cholan-
giocyte organoids.

When cholangiocyte organoids were transplanted into
the lesion sites of mice with cholangiopathy, mice that
did not receive transplantation died within three weeks,
while those receiving the transplanted cells survived up
to three months, with the transplanted cholangiocytes
occupying 25-55% of the regenerated biliary epithelium.
Furthermore, MR imaging of the transplant areas showed

no abnormal growth or tumor formation, suggesting that
the transplantation of cholangiocyte organoids provided
healthy cells for repairing the liver and biliary damage
(Fig. 3E) [37].

In summary, Organoids, as emerging therapeutic tools,
offer profound potential in both biomedical research
and clinical applications, going beyond mere specula-
tion. As complex 3D cell cultures that recapitulate key
characteristics of organs, organoids provide a dynamic
platform for modeling disease, testing therapeutics, and
even potentially regenerating damaged tissues. Although
still in relatively early stages of development, they are
already demonstrating transformative capabilities in vari-
ous fields of research. For instance, the Takebe team suc-
cessfully created a fatty liver disease model by treating
liver organoids with oleic acid, significantly advancing
the study of non-alcoholic steatohepatitis and facilitating
the development of targeted therapies [52]. This achieve-
ment underscores the utility of organoids in recreating
complex disease environments, opening avenues for drug
testing and personalized medicine approaches in meta-
bolic and liver-related disorders. Similarly, Lancaster’s
team developed a protocol for generating brain organoids
that contain neural tissues and mature brain structures,
marking a significant step forward in using organoids to
study human tissue and organ development [53]. These
advances underscore the vast potential of organoid tech-
nology in biomedical research and clinical applications.
We also look forward to the continued development and
maturation of organoid technology, hoping it will eventu-
ally be applied in clinical treatments to address complex
diseases that modern medicine struggles to resolve.

The field of organoids research holds immense prom-
ise for expanding our understanding of human biology
and advancing the treatment of complex diseases. As
protocols become more standardized and reproducible,
organoids could potentially bridge the gap between pre-
clinical studies and human clinical trials. The ultimate
goal is to refine organoid technology to a point where it
can be utilized in clinical settings, offering solutions for
organ transplantation, tissue regeneration, and the treat-
ment of chronic conditions such as diabetes, cardiovas-
cular diseases, and neurodegenerative disorders. As these
systems evolve, they hold the potential to transform
therapeutic approaches for a broad range of diseases that
remain unresolved by conventional medicine, providing
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new hope for patients and driving forward the frontiers
of personalized and regenerative medicine.

Overview of OEVs

OEVs are secreted by organoids. Like EVs secreted by
traditional 2D cells, OEVs is responsible for information
exchange and material transport between organoid cells,
and is an important connecting medium for communi-
cation between organoid cells. OEVs contain abundant
bioactive substances, such as proteins, RNA, DNA, etc.,
which can regulate gene expression and function of tar-
get cells [54-56].

Based on their origin, both OEVs and EVs are classified
as mammalian extracellular vesicles (MEVs). As a result,
they share many similarities in terms of biogenesis, inter-
nalization mechanisms, and composition. However, due
to the unique three-dimensional structure of organoids
and the complex diversity of cell types within them, there
are significant differences between OEVs and traditional
EVs. OEVs more closely resemble EVs isolated from
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human body fluids, as they better simulate the intricate
cellular interactions and environmental conditions found
in vivo.

Biogenesis, structures, composition, and internalization of
OEVs

OEVs comprise three isoforms: microvesicles (100—
1000 nm), exosomes (30—150 nm), and apoptotic bod-
ies (50-5000 nm) [57, 58]. Among them, exosomes are
a well-studied subtype because of their good biological
function and application potential. In this review, OEVs
also refer to exosomes unless otherwise specified.

OEVs are nanoscale vesicles secreted by cells into the
extracellular compartment through the double invagi-
nation of the plasma membrane [59]. The biogenesis of
OEVs occurs in three main stages (Fig. 4): (1) Cells form
early endosomes by endocytosing surface and soluble
proteins, which may merge with other early endosomes
or internalize OEVs from other cells; (2) Early endo-
somes mature into multivesicular bodies (MVBs) as they

Dead cells and impurity

Resuspension
e —

~OEVs

Fig. 4 Workflow for the extraction of OEVs. Organoid-conditioned media were collected and centrifuged at 10,000 g for 20 min at 4 °C to remove dead
cells and debris. The supernatant was filtered using a 0.22 um filter and a 100 kDa ultrafiltration membrane. Subsequently, the filtrate was ultracentrifuged
at 150,000 g for 90 min at 4 °C to obtain OEVs. The ultracentrifugation step was repeated to purify the OEVs. The figure was created with https://app.

biorender.com/
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accumulate intraluminal vesicles (ILVs) through interac-
tions with the Golgi apparatus and endoplasmic reticu-
lum, aided by the Endosomal-sorting complexrequired
for transpor (ESCRT) complex; (3) MVBs either fuse
with lysosomes for degradation or with the cytoplasmic
membrane, releasing the ILVs as OEVs [60-63].

OEVs transport bioactive substances to other cells, pro-
moting communication through either membrane fusion
or endocytosis (Fig. 3) [64, 65]. When fusion occurs,
phospholipid bilayers of OEVs and target cells create a
semi-fused stalk, which expands into a hemifusion dia-
phragm, eventually allowing complete fusion [66, 67].
Endocytosis, particularly clathrin-mediated and caveo-
lin-dependent pathways, is another major mechanism for
OEV internalization [68-71].

Isolation of OEVs
Compared to traditional cell lines, organoids require
more complex culture conditions, typically involving
three-dimensional scaffolds such as Matrigel. This com-
plexity introduces additional challenges in the isolation
of OEVs, as proteins or other components within the
culture matrix can interfere with the separation pro-
cess. Moreover, the use of enzymes to digest the matrix
during the removal process may negatively impact the
integrity of the OEVs. As a result, the isolation of OEVs
requires more precise and delicate handling than that of
traditional EVs to ensure the purity and functionality of
the vesicles are preserved without contamination or deg-
radation.The commonly used separation methods are
Differential centrifugation, Density gradient centrifuga-
tion, Ultracentrifugation, Ultrafiltration, Immunoaffinity
capture and Size exclusion chromatography [72, 73]. As
shown in Table 1, different OEVs isolation methods have
their own advantages and disadvantage.

Our team has developed a method for isolating BEVs
that is applicable to most bacteria, including both

Table 1 Common methods of OEVs isolation and their
advantages and disadvantages

Methods Advantages Disadvantages Reference
Differential Simple opera-  Low purity, long [81]
centrifugation tion, economy  time
Density gradient  High purity, High cost, long time, [82]
centrifugation high yield high requirements
for instruments
Ultracentrifugation High yield, Sim-  Low purity, long [83]
ple operation  time
Ultrafiltration Simple opera-  Membrane blockage [84]
tion, efficient,
high yield
Immunoaffinity High purity, High cost, lack of [85]
capture high specificity ~markers,
Size exclusion High pu- Long time, high cost  [86]
chromatography  rity, Simple
operation
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Gram-negative and Gram-positive species [74]. This
method has also proven effective for the isolation of
MEVs [75, 76]. Building on this approach, we have estab-
lished a new protocol for the extraction of OEVs. Here,
we emphasize that in order to achieve optimal OEV iso-
lation, organoid culture medium should be free of EVs,
specifically using EV-depleted serum to prevent contami-
nation by external EVs [77-79].

The OEV extraction protocol is as follows: The organ-
oid culture medium is replaced with fresh conditioned
medium 24—48 h before collection to avoid interference
from components in the culture matrix. The organoid-
conditioned medium is then collected, and OEVs are
extracted and isolated within 24 h. First, the medium is
subjected to low-speed centrifugation to remove resid-
ual cells and impurities. The supernatant is then filtered
using a 0.22 um sterile filter, followed by ultrafiltration
using a 100 kDa filter to eliminate extraneous proteins.
Subsequently, two rounds of ultracentrifugation are
performed to isolate and extract the OEVs, as shown in
Fig. 4.

Characterization of the isolated OEVs differs from
that of traditional EVs. Although Transmission-Electron
-Microscope (TEM) and Nanoparticle Tracking Analy-
sis (NTA) are routinely employed for evaluating OEV
morphology, size, and concentration, the presence of
multiple cell types in organoids leads to a more complex
and diverse range of OEVs in terms of both types and
functions. Thus, deeper consideration is required when
performing specific analyses such as Western blotting
(WB) or fluorescent capture of surface marker proteins,
depending on the cell type origin of the OEVs [80]. This
diversity necessitates further optimization and refine-
ment of detection methods to ensure the accuracy and
scientific validity of the findings, marking a key distinc-
tion from traditional EVs isolation.

The difference between OEVs and EVs

The primary difference between organoids and conven-
tional cell cultures is that the former have a 3D structure,
while the latter are 2D. Cells in a 3D environment exhibit
much more complex communication than those in a 2D
environment, and this increased complexity promotes
the complexity of EVs.

Existing studies support this conclusion. For instance,
when human Mesenchymalstem cells (hMSCs) are cul-
tured in a 3D-focused state, the secreted 3D-hMSC-EVs
have a higher yield and increased CD63 expression [87].
Additionally, another report found that EVs secreted
from 3D MSCs have an average concentration 28 times
higher, with significantly increased expression of CD81
and CD9. These 3D-MSC-EVs can induce greater neu-
rite outgrowth and branching, thereby better promot-
ing nerve regeneration. This suggests that 3D-MSC-EVs
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possess more potent biological functions [88]. A study
demonstrated that exosomes secreted by mesenchy-
mal stem cells (MSCs) cultured in a 3D environment
could be used in the treatment of Alzheimer’s disease.
The researchers also observed significant differences in
miRNA and protein levels between exosomes derived
from 3D cultures (3D-EVs) and those from traditional
two-dimensional cultures (2D-EVs) [89]. Anotherr study
found that cells isolated from two gastric cancer (GC)
cell lines were cultured in 2D and 3D conditions, and
EVs released from cells in 2D and 3D conditions were
collected. It was observed that GC cells in 3D secreted a
higher number of smaller EVs and had a downregulation
of ADP-ribosylation factor 6 and an overall upregulation
of microRNA compared to cells in 2D conditions [90].
In studies utilizing 3D-MSC-EVs for cardiac repair, it
was found that 3D-MSC-EVs applied to the border zone
of myocardial infarction exhibited significantly stronger
cardioprotective effects compared to 2D-MSC-EVs. This
finding further indicates that 3D culture significantly
enhances the activity of EVs [91]. Another study indicated
that the secretome of bone marrow-derived MSCs facili-
tated corneal wound healing, implying that the 3D cul-
ture system could enhance the secretome and optimize
the cell culture environment. Consequently, MSCs cul-
tured on 3D fibers may create a favorable microenviron-
ment, leading to the production of high-quality EVs with
potent therapeutic effects on acute myocardial infarction
(AMI) [92]. In addition, mice were injected with MSC
derivatives isolated from 2D and 3D cultures, respec-
tively, to observe the recovery of TBI disease in mice after
injection. It was found that mice injected with MSCs
derived from 3D organoids cultures had better recovery
in all aspects of angiogenesis and neurological recovery
than mice injected with MSCs in 2D [88, 93]. This change
in the number and cargo properties of EVs is likely since
cells in 3D culture conditions have a more natural physi-
ological structure and secreted EVs are more like living
bodies than those secreted in 2D [94].

However, it is important to acknowledge that the afore-
mentioned findings are based on EVs derived from 3D
cell cultures, which still differ from OEVs. 3D cell cul-
tures involve a single cell type and have a simple struc-
ture. In contrast, the OEVs we describe are not simply
EVs secreted from cells in a 3D environment; they are
secreted by organoids that self-assemble and differ-
entiate into complex spatial structures with multiple
cell subtypes. We have reason to believe that OEVs will
have higher yields and better biological functions than
3D-EVs. This idea is not unfounded. Compared to 2D
cell cultures, 3D cell cultures increase the contact area
between cells and enhance intercellular communica-
tion, which gives 3D-EVs their various advantages over
2D-EVs. Organoids, compared to regular 3D cell cultures,
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not only expand the intercellular contact area but also
enrich the diversity of cell subtypes, greatly increasing
the complexity of intercellular communication. Conse-
quently, the complexity of OEVs is expected to surpass
that of 3D-EVs.

Applications of OEVs

EVs is a cell-free system that delivers active substances
to participate in intercellular communication, which is
an excellent therapeutic agent in itself and a good deliv-
ery carrier [95-97]. OEVs can be used for the treatment
of various diseases and for the delivery of target genes.
Additionally, OEVs accurately reflect the growth condi-
tions of organoids. When combined with organoid tech-
nology, OEVs facilitate drug screening, disease research,
and cancer research. Furthermore, OEVs can overcome
natural physiological barriers in the human body, making
them excellent drug delivery carriers.

Intestinal OEVs forimmunomodulatory

The results of many studies show that EVs of multiple
origins have immunomodulatory abilities [98, 99]. For
example, EVs from the intestinal epithelium can regu-
late Treg cells [100, 101]. Meanwhile, the secreted OEVs
from both mouse intestinal stem cells and/or intestinal
organoids grown from human intestinal crypt stem cells
have significant immunomodulatory ability and can sig-
nificantly reduce the production of various inflammatory
factors induced by LPS. Moreover, when morphine was
used to intervene in the organoids, OEVs ceased to have
immunomodulatory capacity (Fig. 5A). After analyzing
and comparing OEVs before and after morphine treat-
ment, it was found that multiple microRNAs, especially
Let 7, are key components of the immunomodulatory
ability of OEVs [102, 103]. In particular, Let 7 is a key
molecular regulator of inflammation control [104].

Salivary glands OEVs for epithelial repair

Ferreira et al. designed a magnetic 3D Bioassembly
(M3DB) platform that enables the safe and non-invasive
3D culture of hDPSCs labeled with magnetic nanopar-
ticles and the construction of functional Salivary glands
organoids (SGo) [79]. The constructed SGo exhibited
extensive expression of SG-specific markers (AQPI1,
MUC7, KRT5, KRT14, CHRM3, TUBB3), demonstrat-
ing the success of the M3DB platform in SGo construc-
tion. Next, EVs secreted by 3D-hDPSC and SGo were
extracted, resulting in 3D-hDPSC-EVs and SGo-OEVs,
which were tested for their reparative abilities in an epi-
thelial injury model. The evaluation criteria included
epithelial cell growth and neuronal repair effects. The
therapeutic efficacy of 3D-hDPSC-EVs was 15%, direct
SGo transplantation was 25%, whereas the use of SGo-
OEVs achieved up to 60% therapeutic efficacy. Proteomic
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analysis revealed the abnormal expression of 99 specific
proteins in SGo-OEVs, many of which are closely related
to biological regulation, adhesion, biogenesis, develop-
ment, and cell growth. This is an exciting result, clearly
demonstrating the differences between 3D-EVs and
OEVs, with the biological functions of OEVs being far
superior to those of 3D-EVs. Interestingly, the therapeu-
tic effect of OEVs surpassed that of direct SGo transplan-
tation (Fig. 5B). Currently, it is unclear whether this is a
special phenomenon or a general occurrence. We will
closely monitor further research on the roles of OEVs
and organoids in disease treatment.

Retinal organoids OEVs for retinal degeneration repair

Currently, experiments are demonstrating the therapeu-
tic benefits of OEVs. In one experiment, retinal organoids
were generated in vitro using hESC for the treatment of
retinal degenerative diseases, and Miiller glial cells (a
type of retinal cell with stem cell properties related to ret-
inal homeostasis) expressing CD29 (P1 integrin receptor

and fibronectin ligand) were used to selectively enrich
Miiller glial cells by adhering cells isolated from retinal
organoids to fibronectin-coated culture plates [105-
108]. Intravitreal injection of Miiller glial cells isolated
from retinal-like organs into Retinal Ganglion Cell mice
showed a partially significant recovery of visual function
4 weeks after transplantation [109]. Miiller glial cells may
be neuroprotective on the one hand by releasing neuro-
trophic factors. However, these neuroprotective factors
may be transient, and to a greater extent, OEVs released
by Miiller glial cells are likely potentially neuroprotective
by controlling neuronal apoptosis and survival (Fig. 5C).
The Xu research team constructed retinal organoids
(hERO) using ESCs and treated retinal degeneration (RD)
by transplanting hERO-derived retinal progenitor cells
(RPC) [110]. Stem cell transplantation has been one of
the best treatment options for many diseases, but it still
faces challenges such as low survival rates and immune
rejection. EVs-mediated cell-free therapy is gradually
showing its unique charm [111, 112]. To this end, they
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extracted hESC-EVs and hERO-RPC-EVs. The results
showed significant differences in the proteomic pro-
files of the two types of EVs. Most secreted and luminal
proteins were specifically enriched in hERO-RPC-EVs.
Furthermore, the enrichment levels of EVs markers also
differed between the two types of EVs. For example,
CD9, ACTB, GAPDH, HSPAS, and TUBA1C were highly
expressed in hESC-EVs but low in hERO-RPC-EVs, while
TSG101, FN1, and collagen family members exhibited
the opposite pattern. hERO-RPC-EVs were rich in fatty
acid-specific transport proteins and enzymes related to
fatty acid metabolism, showing stronger lipid precipita-
tion processing capabilities than hESC-EVs. In contrast,
hESC-EVs were enriched with many proteins related to
cell division and proliferation. hESC-EVs could promote
angiogenesis but carried the risk of abnormal prolifera-
tion and tumor formation, whereas hERO-RPC-EVs did
not contain similar risk proteins (Fig. 7D). Their unique
proteins could improve lipid metabolism, potentially
offering a novel approach to treating RD by regulating
lipid metabolism [77].

Singh Mandip’s study showed that OEVs secreted by
retinal-like organs have superior quantitative advantages
and rich nanomechanical properties (OEVs are softer
and more rounded than EVs) compared to EVs secreted
by human umbilical cord mesenchymal stem cells (hUC-
MSC). Late stage organoids (Day>120, fully differenti-
ated) secrete more OEVs than early stage organoids (Day
50-Day 90, rich in retinal stem cells) [113]. In addition,
the remaining studies found that OEVs secreted by ret-
inal-like organs were associated with the regulation of
retinal [114, 115]. OEVs have the potential to transport
miRNAs from their membranes to retinal progenitor
cells (hRPCs) [116]. Thus, retinal organoids OEVs may be
a key mediator in the treatment of retinal degenerative
diseases [117].

Epidermal organoids OEVs for epithelial injury repair

The Lee team successfully utilized iPSCs to create epider-
mal organoids (iEpiO) and cultured them as a monolayer
of epidermal cells on 2D cell culture plates, losing their
organoid characteristics (Fig. 5D). Subsequently, EVs
secreted by iEpiO under both 3D and 2D culture condi-
tions were extracted. NTA results showed that the num-
ber of EVs obtained under 3D conditions was twice that
of 2D, with a similar average particle size. CD9 expression
increased, while Alix and Tsgl01 expression decreased.
Additionally, EVs from the 3D culture contained a large
amount of vascular endothelial growth factor (VEGEF).
PCR and tube formation assays confirmed that EVs from
the 3D culture significantly stimulated VEGF mRNA
expression in Human-Wmbilical Vein Endothelial Cells
(HUVEGCs) and promoted angiogenesis. sRNA-seq
results indicated that 16 miRNAs were upregulated in
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3D-EVs. These upregulated miRNAs primarily targeted
genes involved in cell proliferation, migration, develop-
ment, epithelial differentiation, and angiogenesis. This
was further confirmed by a mouse skin wound heal-
ing experiment. On days 3, 5, and 7, mice treated with
3D-EVs injections showed an average enhancement of
1.6 times in skin healing rate. Immunohistochemistry
(IHC) staining also demonstrated that 3D-EVs promoted
high expression of VEGF at the treatment site [118].This
is a fascinating phenomenon: when organoids are trans-
ferred from a 3D to a 2D state, many organoid character-
istics disappear, most notably the spatial structure of the
organoid. There are significant differences in the expres-
sion of many markers between the two, and the biological
functions exhibited by the obtained EVs also show nota-
ble differences.

In conclusion, OEVs hold significant potential for
medical applications, effectively addressing the limita-
tions of traditional EVs, such as low extraction efficiency
and insufficient functionality. In fact, OEVs exhibit even
stronger physiological effects in certain aspects com-
pared to the organoids themselves. As the field of organ-
oid technology continues to evolve, it is expected to drive
further advancements in OEV research. The develop-
ment of more sophisticated organoid models, such as
vascularized and innervated organoids, is likely to result
in OEVs with even more specialized functionalities, tai-
lored for specific medical applications. For example, vas-
cularized organoid-derived EVs could be used to enhance
angiogenesis in ischemic tissues, while innervated organ-
oid-derived EVs might hold promise for treating neuro-
degenerative conditions by promoting neuronal repair
and regeneration.

The future of OEV-based research is likely to benefit
from the integration of other cutting-edge technologies,
such as CRISPR/Cas9-mediated gene editing and 3D bio-
printing. By genetically engineering organoids to produce
OEVs with specific therapeutic properties, research-
ers can create highly targeted treatment modalities for
a variety of diseases. Additionally, 3D bioprinting may
allow for the creation of more physiologically relevant
organoids, further enhancing the functionality and ther-
apeutic potential of the OEVs they produce. OEVs hold
significant potential for advancing biomedical science,
offering a versatile and powerful tool for disease model-
ing, therapeutic development, and precision medicine.
Their ability to overcome the limitations of traditional
EVs, combined with their unique functional properties,
positions OEVs as a promising platform for future medi-
cal applications. As organoid technology continues to
advance, it will undoubtedly drive further breakthroughs
in OEV research, paving the way for new treatments and
interventions for some of the most challenging diseases
faced by modern medicine.
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As organoid technology continues to evolve and
improve, it will undoubtedly drive further advancements
in OEV-related research. These small vesicles may have a
profound impact on the future of biomedical science.

Engineering approaches for modifying OEVs

OEVs hold great potential as novel therapeutic agents
and innovative nano drug delivery systems, but they still
have limitations, such as a lack of targeting ability [119,
120]. Numerous articles have reported that engineering
modifications can endow EVs with new functions [121,
122]. Due to the similarity between OEVs and EVs, engi-
neering strategies are also applicable to OEVs, thereby
granting them new functionalities to achieve specific
goals, mentioned in Fig. 6. Here, we summarize the engi-
neering modification approaches for OEVs, including

modifications to organoids to indirectly obtain engi-
neered OEVs and direct engineering of isolated OEVs. In
Table 2, we summarize the methods and specific descrip-
tions of engineering OEVs.

Engineering parental organoids

Parental modification has been one of the effective meth-
ods for obtaining engineered EVs. For example, Liu et al.
constructed ECN-pClyA-BMP-2-CXCR4 using synthetic
biology techniques, fusing BMP-2 and CXCR4 to the
ECN membrane via ClyA. Consequently, the produced
BEVs’ membranes similarly featured BMP-2 and CXCR4
linked through ClyA. Lin et al. engineered HUVECs to
overexpress Programmed death ligand 1 (PD-L1), and
the EVs extracted from these cultured, genetically modi-
fied HUVECs inherited the overexpression of PD-L1
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Table 2 Engineering transformation method of OEVs and its
specific description

Method Specific description Reference
Engineering Organoids are engineered using [124]
parental genetic modification so that the OEVs
they release acquire new functions
Chemical Conjugating antibodies, peptides, or ~ [125, 126]
Engineering small molecule drugs to the OEVs sur-
face to enhance targeting to specific
cells or tissues
Membrane Fusion  Using membrane fusion techniques to  [127]
integrate the contents of liposomes or
other nano-carriers containing drugs
or genes into OEVs
Fusion Protein By fusing proteins, OEVs can be fused  [128]
Program with other active substances to give
OEVs new functions
Electroporation Using electroporation to create tem-  [129, 130]

Technology porary pores in the OEVs membrane,
allowing large molecules or nucleic

acids to enter the OEVs

[130]. Modifying organoids is also likely to be an effective
means of obtaining engineered OEVs.

In the context of using iPSCs to construct organ-
oids, intercellular communication plays a crucial role in
determining differentiation and morphogenesis. Tools
designed for custom cell-to-cell communication are
powerful assets in engineering organoids [131]. Cur-
rently, there are custom synthetic receptors engineered
using synthetic biology, linking extracellular recognition
to intracellular signaling, enabling targeted communi-
cation between cells. For instance, the synthetic Notch-
based system (synNotch) facilitates cellular interactions
[10, 132]. In this system, recipient cells expressing syn-
Notch specifically recognize user-defined antigens.
Upon synNotch receptors identifying the target antigen,
engineered transcription factor regulation is triggered,
enabling the engineered customization of organoids.

The field of artificially engineering and redesigning
organoids is in its early stages. Presently, the creation of
synthetic biological macromolecules such as proteins
or nucleic acids is a relatively mature field. Supported
by this mature technology, synthetic biology can design
more complex biological tissues and achieve more intri-
cate physiological functions [133]. However, concerning
the design of engineered organoids, this is merely one cog
in the entire system. Only when each cog is meticulously
designed and the interplay between these components is
achieved can we create engineered organoids with higher
complexity and stronger physiological capabilities .

We can obtain OEVs that overexpress a certain pro-
tein after genetic modification of the organoids. By
means of synthetic biology and other means, engineer-
ing organoids are constructed to influence the structural
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complexity and functional complexity of organoids, and
OEVs with higher complexity functions are obtained.

Engineering BEVs after isolation

For isolated OEVs, the main engineering transformation
targets revolve around membrane transformation and
content transformation.

Chemical engineering

The membrane surface of OEVs was modified by cova-
lent and non-covalent reactions [134, 135]. For example,
DSPE-PEG-Mal-Cys-SDSSD (a class of bone-targeting
peptides) was inserted into the phospholipid bilayer of
OEVs by direct incubation with OEVs through hydropho-
bic forces, allowing OEVs to acquire bone-targeting abil-
ity [136]. On the other hand, covalent means such as click
chemistry, aldehyde amine condensation and bioconjuga-
tion are effective solutions for membrane modification of
OEVs [137].

Taking advantage of the characteristics of the amine
fusion on the OEVs membrane being modified by the
alkyne group, click chemistry can be well used for mem-
brane modification of exosomes. When the alkyne group
labels the amine group on the OEVs membrane, the
azide-alkyl cyclization reaction enables the orthogonal-
ization of OEVs proteins with azide compounds, thus
imparting new properties to the OEVs membrane [124].

Membrane fusion

Benefiting from the characteristics of the phospholipid
bilayer of OEVs, OEVs can spontaneously fuse with other
membrane structures, thereby giving OEVs new func-
tions [138, 139]. For example, OEVs are co-incubated
with liposomes to fuse for new functions. Traeste et al.
used strong cationic charge to induce OEVs to fuse with
liposomes, thereby enhancing the binding ability of OEVs
to recipient cells [140].

Fusion protein program

To load certain exogenous substances into EVs, the use
of fusion proteins is a simple method. For example, Liu’s
team used CD9-HuR fusion protein to co-incubate miR-
26a-5p with EC-Exos (endothelial cell-derived EVs),
achieving the introduction of miR-26a-5p into EC-Exos
and enhancing its ability to contribute to bone differen-
tiation [127, 141, 142].

Electroporation technology

By applying a high-intensity electric field force to achieve
instantaneous increase in the permeability of the phos-
pholipid bilayer and absorption of surrounding exoge-
nous substances [129]. It can realize the transfer of DNA,
RNA, and protein into OEVs [143]. Most critically, the
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electroporation technique does not change the physical
properties of the siRNA transferred into OEVs [128].

Advantages and challenges of organoids and OEVs
Advantages and challenges of organoids

Understanding the development of basic tissues, bio-
logical organs, and many diseases has long been a chal-
lenge in biomedical research, with traditional cell lines
and animal models offering limited assistance. However,
advancements in organoid technology have opened new
avenues for these complex studies. Organoids are 3D
cell models that mimic the structure and function of the
source tissue. Organoids derived from ASCs are con-
structed by directly dissociating the tissue of interest and
culturing it for extended periods in the presence of tis-
sue-specific growth factors. This allows them to simulate
various diseases and has already been applied to cancer
modeling. On the other hand, organoids derived from
PSCs closely replicate the growth and developmental
processes of tissues and organs, offering immense prom-
ise for studying human development without the limita-
tions of tissue accessibility [144, 145].

Organoid technology also offers new opportunities for
clinical development, serving as a bridge between ani-
mal models and human trials. By generating organoids
from patient cells, personalized drug screening plat-
forms can be created to identify the most effective treat-
ment options for individual patients [146]. Moreover,
organoids can be cultured at high density in microplates,
facilitating high-throughput drug screening and rapidly
generating data on various drug combinations [147-149].
The long-term viability of organoids in vitro provides
an ideal model for studying chronic drug responses,
helping researchers understand drug toxicity and resis-
tance mechanisms. Organoid transplantation is the ulti-
mate goal of this technology. Organoids derived from
a patient’s own cells can significantly reduce immune
rejection, and due to their stem cell-derived nature, they
possess strong proliferative and differentiation potential,
offering the prospect of tissue regeneration. As organoid
technology continues to evolve, direct organoid trans-
plantation may enable the regeneration of failing organ
functions, the defeat of cancer, and rapid wound healing,
representing a transformative new medium for clinical
treatment.

However, despite the promising clinical applications
and scientific research opportunities offered by organoid
technology, it faces numerous problems and challenges.
One key challenge is the lack of standardized criteria for
organoids cultivation, which has resulted in relatively
limited functional diversity in current organoids models.
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For example, bone organoids developed to date are only
able to perform a single bone function, such as bone
formation, bone absorption, or hematopoiesis [25, 150,
151]. Constructing multifunctional bone organoids that
integrate these diverse functions poses a major challenge
due to the complexities in directing stem cell differentia-
tion [28]. Furthermore, the current bone organoids lack a
rich vascular network necessary for proper physiological
function, rendering them susceptible to necrosis owing to
inadequate oxygen supply and waste accumulation [152].
Another limitation of current organoids technology is the
lack of immune and nervous system integration, which is
necessary for constructing more realistic and functional
models of source tissues [153, 154]. Overcoming these
challenges will require continued efforts to improve the
methods for culturing, differentiating, and integrating
different cell types into organoids, as well as the devel-
opment of new technologies for controlling their growth
and function (Fig. 7).

Advantages and challenges of OEVs

OEVs are nanoscale phospholipid vesicles secreted by
organoids, presenting significant potential in biomedi-
cal research. OEVs inherit many advantages of tradi-
tional EVs, such as being rich in bioactive molecules
that regulate gene expression in target cells, while
also offering low immunogenicity, a cell-free system,
and efficient delivery capabilities. Furthermore, OEVs
exhibit higher yields and enhanced physiological effi-
cacy compared to conventional EVs. Their suitability
for engineering modifications further expands their
application potential.

However, several challenges persist. Although OEVs
show improved vyield relative to traditional EVs, their
absolute production remains a considerable obstacle.
The yield of OEVs is largely dependent on the number
of organoids, and their quality is tightly linked to that of
the organoids themselves. The limitations encountered in
advancing organoid technology also restrict the develop-
ment of OEVs. Moreover, natural OEVs exhibit certain
limitations, including suboptimal efficacy and lack of
targeting specificity, necessitating further engineering to
enhance their therapeutic potential. The precise mecha-
nisms by which OEVs exert their biological effects also
remain poorly understood. While proteins and RNA
are critical to OEV function, the exact molecular path-
ways involved are yet to be fully elucidated. Importantly,
both organoid and OEV technologies are still in their
infancy, with the lack of standardized protocols posing a
significant barrier to the broader application of OEVs in
research and clinical settings (Fig. 7).



Zhou et al. Journal of Nanobiotechnology (2024) 22:679

Advantage
%

Drug screening

Abundant species

£ 9
Deciphering viruses N
Medical prospects Organoid .
‘ o
A:J J".’ Y
Strong physiological s “
function o

O

No
immunogenicity

Cell-free system

X/
g=

Good delivery
ability

%
7) y \)O
¢

More production

N

Need engineering

Page 16 of 21

Challenge

\_,b
=
o (e]
Scarcity of -
production High cost

S

Single function

4

\ L. Lack of criteria

-'j'l'éolate

OEVs
£

d

L
L

| >

Mechanism unknown

o
P

Lack of organoids

Lack of criteria

I ]

NPDDN S

L

Insufficient source

Fig. 7 Advantages and challenges of organoids and OEVs. Organoids have unique advantages for tissue structure reduction, drug screening, medical
applications, and virus decipherment, but also face a number of challenges such as low yields, single functions, high culture costs, and lack of standard-
ized preparation guidelines; OEVs has its own advantages in relative quantity, physiological efficacy, immunogenicity, cell-free system, and drug delivery
ability. At the same time, the major challenges of OEVs are the unclear mechanism of physiological effects, the insufficient number of organoids, the need
for engineering transformation, the lack of abundant sources and the lack of standardized criteria. The figure was created with https://app.biorender.com/

Conclusions and perspective

With the development of technologies, the need to find
new treatment options to address serious diseases is
also increasing. So far, the transplantation of intestinal
organoids, salivary gland organoids and lacrimal gland
organoids has achieved satisfactory results in clinical
application. In addition, organoids, as excellent 3D mod-
els, have unique advantages in drug screening, and many
drugs have been successfully marketed after drug screen-
ing through organoids. Meanwhile, the Tokyo Medical
and Dental University in Japan has utilized human intes-
tinal crypt stem cells to construct intestinal quasi-organs,
which have been employed in clinical treatments for IBD.
This has lasssid the foundation for the clinical transla-
tion of organoids and OEVs. Our research team has also
proposed the prospective applications of organoids and
OEVs in the treatment of various diseases, anticipat-
ing the transformative impact this novel therapeutic
approach will bring to clinical treatment [155].

This paper reviews the main features and construction
of organoids, as well as the potential of organoids in the
treatment of diseases, especially in liver and gallblad-
der diseases, bone injury and IBD. In addition, we are
pleased to introduce OEVs [155], a novel EV that differs
from bacterial-derived EVs [156—158], plant-derived EVs
[159-161], and mammal-derived EVs. In this review, the
biogenetic mechanism, composition, structure, internal-
ization and separation methods of OEVs were reviewed,
and the differences between OEVs and traditional EVs
were highlighted. Further, we propose several engineer-
ing transformation methods based on OEVs structural
characteristics to enhance the application effect of OEVs.
The primary concept is to modify the membrane surface
or contents to enhance the targeting of OEVs and/or to
confer additional physiological functions. Most impor-
tantly, we highlight the high yield and strong physiologi-
cal effects of OEVs, and describe the excellent effects of
OEVs in the regulation of inflammation, the treatment of
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epithelial damage, and the treatment of degenerative reti-
nal diseases [162].

In conclusion, we emphasize that both organoids and
OEVs represent not only advanced models for biomedi-
cal research but also hold immense therapeutic potential,
offering novel strategies and insights for the treatment
of various diseases. However, before these technolo-
gies can be commercially viable, further optimization of
their production processes is required. Future research
should focus on improving organoid culture techniques,
enhancing functional diversity, and employing innovative
approaches to construct functionally integrated organ-
oids capable of meeting the demands of clinical trans-
plantation and treatment. At the same time, the methods
for constructing organoids should be diversified, with a
deeper exploration into their growth and developmental
mechanisms. This will not only advance our understand-
ing of human tissue and organ development but also
provide ideal models for drug screening and personal-
ized medicine. By expanding the applications of organ-
oid technology, we can accelerate drug discovery and
improve therapeutic outcomes. The ongoing advance-
ments in organoid technology will directly contribute to
the progress of OEVs, improving their yield and quality,
and enhancing their physiological functionality, thereby
further expanding their potential applications in biomed-
ical fields. We hope this review highlights the immense
potential of these cutting-edge technologies and inspires
further research and exploration in this evolving field.

Abbreviations

EVs Extracellular vesicles

OEVs Organoids extracellular vesicles

ESCs Embryonic stem cells

iPSCs Induced pluripotent stem cells

ASCs Adult stem cells

GelMA Gelatin Methacryloy!

AlgMA Alginate Methacrylate

HAP Hydroxyapatite

SEM Scanning Electron Microscopy

DLP Digital light processing

BMSCs Bone marrow mesenchymal stem cells
IBD Inflammatory bowel disease

IHD Intrahepatic bile ducts

CBD Common bile duct

GB Gallbladder

UMAP Uniform Manifold Approximation and Projection
PCA Principal Component Analysis

MEVs Mammalian EVs

MVB Multivesicular bodies

ILVs Intraluminal vesicles

MEVs Mammalian extracellular vesicles
ESCRT Endosomal sorting complex required for transpor
TEM Transmission Electron Microscope
NTA Nanoparticle Tracking Analysis

WB Western boltting

hMSCs Human Mesenchymal stem cells
MSCs Mesenchymal stem cells

GC Gastric cancer

AMI Acute myocardial infarction

M3DB Magnetic 3D Bioassembly

SGo Salivary glands organoids
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hERO Human retinal organoids

RD Retinal degeneration

RPC Retinal progenitor cells

hUCMSC Human umbilical cord mesenchymal stem cells
IEpiO Epidermal organoids

VEGF Vascular endothelial growth factor

HUVECs Human Umbilical Vein Endothelial Cells

IHC Immunohistochemistry
SnyNotch  Synthetic Notch-based system
PD-L1 Programmed death ligand 1
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