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A B S T R A C T   

Spheroids are spherical aggregates of cells. Normally, most of adherent cells cannot survive in suspension; 
however, if they adhere to each other and grow to a certain size, they can survive without attaching to the dish 
surface. Studies have shown that spheroid formation induces dedifferentiation and improves plasticity, prolif-
erative capability, and differentiation capability. In particular, spontaneous spheroids represent a selective and 
efficient cultivation technique for somatic stem cells. Organoids are considered mini-organs composed of mul-
tiple types of cells with extracellular matrices that are maintained in three-dimensional culture. Although their 
culture environment is similar to that of spheroids, organoids consist of differentiated cells with fundamental 
tissue/organ structures similar to those of native organs. Organoids have been used for drug development, 
disease models, and basic biological studies. Spheroid culture has been reported for various cell types in the oral 
and craniofacial regions, including salivary gland epithelial cells, periodontal ligament cells, dental pulp stem 
cells, and oral mucosa-derived cells. For broader clinical application, it is crucial to identify treatment targets 
that can leverage the superior stemness of spheroids. Organoids have been developed from various organs, 
including taste buds, oral mucosa, teeth, and salivary glands, for basic biological studies and also with the goal to 
replace damaged or defective organs. The development of novel immune-tolerant cell sources is the key to the 
widespread clinical application of organoids in regenerative medicine. Further efforts to understand the un-
derlying basic mechanisms of spheroids and organoids will lead to the development of safe and efficient next- 
generation regenerative therapies.   

1. Introduction 

In recent years, there has been growing interest in spheroids and 
organoids, leading to a rapid increase in related research. Spheroids are 
the aggregation of cells into three-dimensional (3D) structures.1 

Spheroid culture is a unique method in which adherent cells are sus-
pended to form cell clusters, as opposed to the conventional flat (two--
dimensional, 2D) culture on dishes.2 Despite the difficulties of adherent 
cell survival in suspension, spheroid culture has proven to be feasible by 
allowing cells to adhere to each other and form clumps. Since the early 
application of this method, which resulted in the successful culture of 
neural stem cells,3–5 spheroid culture has gained significant attention as 
an efficient culture method for somatic stem cells. Organoids are small 
organ-like tissues that have also received significant attention in recent 
years.6 Organoids have the potential to regenerate complex organ 

structures and recapitulate disease phenotypes to some extent, and have 
already been applied in drug screening and clinical trial safety 
evaluations.7 

In oral and craniofacial research, spheroid cultures have been 
explored for salivary gland epithelial cells,8 dental pulp-derived stem 
cells,9,10 periodontal ligament-derived stem cells,11–13 and oral 
mucosa-derived spheroids.14,15 Various organoid studies, such as those 
of the salivary glands, taste bud, and teeth, are underway within the oral 
and craniofacial regions.16–25 Despite these advancements, 2D cell cul-
ture remains the primary clinical approach, and spheroids and organoids 
are yet to become the principal players in regenerative medicine. 

In this review, we present an overview of the current knowledge 
regarding spheroids and organoids, and address unresolved issues for 
future investigations. Additionally, we explore how these culture 
methods can be harnessed for regenerative medicine in the oral and 
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craniofacial regions by leveraging their unique characteristics. By 
shedding light on the potentials and challenges, this review will 
contribute to advancing the use of spheroids and organoids in oral and 
craniofacial tissue/organ regeneration. 

2. History of spheroid research 

What are spheroids in the first place? How was spheroid culture 
discovered? There are two different culture methods for cells, i.e., 
“adherent cell culture” and “floating cell culture (suspension cell cul-
ture).” Cells such as lymphocytes circulate in the blood. Since these cells 
normally float under physiological conditions, they do not adhere to the 
culture vessel or to each other and can survive and proliferate under 
floating conditions.26,27 This is called “floating cell culture.” Adherent 
cell culture is a method for culturing all cell types with adhesive prop-
erties, and the cells are grown while adhering to a culture vessel. 
Because the majority of cells in the body are adherent, this can be 
referred to as a conventional cell culture method. Most adherent cells 
cannot survive in suspension and undergo apoptosis. However, certain 
cell types with stem cell characteristics can survive and proliferate to 
form spheroids in serum-free environments.3 Otherwise, by aggregation, 
adherent cells can be cultured as floating spherical cell clusters without 
cell death.28 These are spheroid cultures, and the resulting spherical cell 
clusters are called “spheroids”.1 

An early and remarkable applications of this method was its success 
in culturing neural stem cells, which was previously considered 
impractical.3–5 When neuron-derived cells were cultured in a serum-free 
environment with epidermal growth factor (EGF), most of the cells died 
after 2 days, but the remaining cells underwent cell division.3 These cells 
continued to grow and detach from the plate, forming floating sphe-
roidal cell clusters (neurospheres).29,30 Since its discovery, spheroid 
culture has gained significant attention as an excellent culture method 
for somatic stem cells, leading to numerous reports on skin-derived 
cells,31,32 mesenchymal stem cells,33,34 and salivary gland epithelial 
cells.8 However, except for mesenchymal stem cells, these spheroids 
must be formed from cells dissociated from tissues and not from cultured 
cells. Thus, culture efficiency is relatively low, and the number of studies 
in the medical and dental fields is limited. 

Various spheroid-forming protocols have been continuously devel-
oped, primarily in the field of engineering. In addition to well- 
established floating culture methods, such as droplet culture, in which 
cells are aggregated by gravity by inverting a cell suspension on the 
backside of the lid of the container,35 a method of forming spheroids 
using a spinner/rotation chamber36 and the neurosphere protocol, 
various methods have been developed, including a method utilizing a 
non-adherent dish with U- or V-shaped microwells,37 a method using a 
non-adhesive coating area on the dish bottom,38 an agarose microwell 
generated by 3D stamps,39 and a micro well dish with hydrogel.40 

Currently, spheroid formation is possible using various methods, and 
the target cell types are diverse. Although there are some exceptions, 
most studies agree that spheroid-forming cells exhibit superior stemness 
with excellent multipotency and differentiation, proliferation, migra-
tion, and homing abilities.2,3,8,13,31 

3. What is known and not known about spheroids 

Although the characteristics of some types of spheroid-forming cells 
have been studied in detail,3,41,42 it remains largely unknown whether 
there is a common and fundamental mechanism for spheroid formation 
in various cell types using various methods. To simplify the discussion, 
we have limited the definition of spheroids addressed in this review, 
although this does not necessarily mean that cell clusters outside this 
definition are not spheroids. First, spheroids are thought to be floating 
spherical cell aggregates that are viable in a suspended state.28 It might 
also be necessary to consider differences due to spheroid size. Based on 
the literature and our own experience, we considered the ideal spheroid 

size to be 50–250 μm in diameter.15,43,44 The originally proposed neu-
rosphere appeared to refer only to single cell–derived cell clusters. 
However, accumulating evidence suggests that spheroids formed from 
multiple cells also exhibit stem cell characteristics, and it may not be 
appropriate to exclude them.2,8 Accordingly, in this review, we simply 
refer spheroids as “spherical cell clusters with a diameter of about 
50–250 μm that can be maintained in a suspended state.” 

Stem cells are selectively cultured during spheroid formation.3,8,31 

However, the results from our study also showed that the transition from 
2D to 3D spheroids quickly changed the cellular phenotype and resulted 
in a sharp increase in the expression of stem cell markers, suggesting the 
dedifferentiation of cells into more potent stem cells.2 What are the 
fundamental mechanisms that induce these phenotypic changes? One 
possible explanation for this is the hypoxic environment inside the 
spheroids. Because there is no blood supply inside the spheroids, oxygen 
and nutrients to the cells are mediated only by diffusion. Previous 
studies have shown that the center of spheroids becomes hypoxic,45 

inducing various cellular responses to hypoxia. The role of 
hypoxia-inducible factors (HIFs) has also been investigated.46,47 

Compared to 2D cell cultures, spheroid-forming cells quickly express 
higher levels of HIF-2α.46 Moreover, blocking the HIF signaling pathway 
suppresses spheroid formation.47 Hypoxia may activate HIFs, which in 
turn activates downstream genes involved in stem cell maintenance, cell 
proliferation, cell migration, and angiogenesis.48 Although transcrip-
tional response to hypoxic stress is mediated by HIFs, the HIFα subunits 
are also responsive to other factors including factor inhibiting HIF-1α, 
sirtuins, and metabolites.49 Accordingly, HIF may be regulated by 
mechanisms other than oxygen tension. The HIF signaling pathway may 
not be the only mechanism regulating spheroid formation and related 
phenotypic changes. To further enhance the use of spheroids, increased 
research is needed on the mechanisms that regulate spheroid cell 
characteristics. 

4. Mechanical spheroids and spontaneous spheroids 

One of the biggest problems in discussing spheroid properties is the 
various methods of spheroid formation. It is unclear whether spheroids 
formed under these different conditions are equivalent. 

Accordingly, we propose dividing them into two broad categories, i. 
e., “mechanical spheroids” and “spontaneous spheroids.” Cells naturally 
adhere when in physical contact with each other.50 “Mechanical 
spheroids” refer to spheroids that form cell clusters by this mechanism. 
For example, in the hanging drop method, all the cells in a water drop 
aggregate and contact each other owing to gravity, forming spheroids.51 

Ideally, this would be a nonselective culture. The basic principle is the 
same for the stirring method and the method using a U-bottom plate.52 

In contrast, when forming spheroids such as neurospheres, a cell sus-
pension is prepared from tissues (originally non-cultured primary cells), 
and the only cells that can survive and multiply in a serum-free envi-
ronment with EGF form spheroids.3 Because non-stem cells cannot 
survive under these conditions, this method can be considered as a se-
lective culture of neural stem cells. Since this type of spheroid formation 
does not require external force and the spheroids are formed sponta-
neously, we categorized them as “spontaneous spheroids".2 

To increase the availability of spontaneous spheroids, we developed 
an easy and efficient method for generating spontaneous spher-
oids.2,15,46 When the cells are cultured on a hydrophobic plate with a 
water contact angle of approximately 90◦, stem cells migrate, prolifer-
ate, coalesce, and spontaneously form spheroids. Even cells after five 
passages in a 2D environment can form spheroids; thus, the 
spheroid-forming efficiency has improved dramatically (Fig. 1).2 Several 
essential factors are required for spontaneous spheroid formation, such 
as bFGF, EGF, and B27.3,31 In our method, these factors also improve the 
efficiency but are not essential for forming spheroids,15 helping to 
reduce costs. This method enables spontaneous spheroid formation from 
various cell sources including cell lines (3T3 cells), cortical bone-derived 
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mesenchymal stromal cells, skin-derived cells, and oral mucosa-derived 
cells.2,15,46 The obtained spheroids expressed embryonic stem cell 
markers, such as SSEA-1, SOX2, OCT4, and Nanog, which suggests su-
perior stemness (Fig. 2). Superior plasticity was also confirmed by 
osteogenic and neural differentiation compared with that of the con-
ventional 2D cultured counterpart (Fig. 3).15,46,53 

5. Potential application of spheroids for oral and craniofacial 
tissue regeneration 

Lombaert et al. succeeded in forming spheroids from salivary gland 
epithelial cells (salispheres).8 Their results showed that spheroids were 
derived from the ductal compartment of the salivary gland, which 
contains stem cells, and were capable of ameliorating radiation damage 
when transplanted.8,42 Moritani et al. focused on stem cells in the 
periodontal ligament and investigated the effects of spheroid culture.13 

Spheroids formed using microwell chips expressed MSC cell markers, 
with higher expression levels compared to the cells cultured in a 
monolayer. Furthermore, periodontal ligament-derived cells cultured as 
spheroids exhibited enhanced osteogenic differentiation compared to 
the cells cultured in a monolayer, and upon transplantation, demon-
strated superior bone regeneration ability in vivo. We have previously 
reported that spheroids from cortical bone-derived cells (CBDCs) possess 
superior osteogenic differentiation capabilities compared to those from 
2D-cultured cells.46 Interestingly, cryopreserved spontaneous spheroids 
from CBDCs showed remarkable new bone formation in vivo, identical 
to that of non-cryopreserved spheroids, even without osteogenic in-
duction.53 A more recent study investigated the bone regeneration 
capability of jawbone periosteum-derived cells and assembled spheroids 
using a nonadherent microwells.54 Compared to monolayer culture, 
periosteum-derived cell spheroids showed a significant upregulation of 
chondrogenic markers such as SOX9 and significantly accelerated bone 
healing when transplanted to a critical size jaw bone defect of mice. 

Research on these spheroids targeting salivary glands, periodontal 
ligaments, and cortical bone-derived cells harnesses the characteristic 
features of spheroid culture, which enhances stemness compared to 
monolayer culture and enables efficient selective cultivation of stem cell 
fractions. However, this approach is not limited to oral and craniofacial 
tissues. Concurrently, attempts have been made to apply spheroid cul-
ture as a means of selectively cultivating neural crest-derived cells from 
oral and craniofacial tissues. Neural crest-derived cells, originating from 
the embryonic neural crest, are known to exist in various tissues even in 

adults.55 Given their remarkable self-renewal and regenerative capac-
ities, neural crest-derived cells present a highly promising cell source for 
regenerative medicine. Interestingly, tissues of the oral and craniofacial 
region, including gingiva and oral mucosa, have been reported to harbor 
neural crest-derived stem cells.56–58 Research utilizing spheroid culture 
to efficiently cultivate and expand neural crest-derived cells from oral 
and craniofacial tissues can be considered as a unique and promising 
research leveraging the tissue characteristics of the oral and craniofacial 
region. Therefore, examples of such studies are also presented herein. 

The oral mucosa has also been studied as a target for spheroid cul-
ture. Abe et al. reported the formation of spheroids from human oral 
mucosal cells using a culture method similar to neurospheres.14 Spher-
oids obtained from oral mucosa using this method indeed expressed 
markers of neural crest-derived cells such as nestin, CD44, slug, snail, 
and MSX1.14 These cells demonstrated the ability to differentiate into 
neural, adipogenic, chondrogenic, and osteogenic lineages, suggesting 
their enrichment with cells maintaining properties of neural 
crest-derived cells. We also reported that oral mucosal cell-derived 
spheroids contain highly potent stem cells that can differentiate into 
neural cells expressing neurogenic markers, such as nestin, βIII tubulin, 
MAP2, NeuN, Sox2, and S100β.15 Higher expression of a dopaminergic 
neuron marker suggests the advantage of using these cells for the 
treatment of neurodegenerative disorders, such as Parkinson’s disease.15 

Since the collection of oral mucosae is relatively easy and minimally 
invasive, the use of oral mucosal cell-derived spheroids is expected to be 
applied not only for the regeneration of oral and craniofacial tissue but 
also in other areas such as neurodegenerative diseases in the future. 

6. Spheroids and organoids: distinctive properties of 3D cellular 
aggregates 

Spheroids and organoids share similar characteristics with 3D cell 
cultures. However, they exhibit fundamental differences in their nature. 
Spheroids are simple clusters of a broad range of cell types,59 primarily 
refer to selective stem cell cultures and tend to induce cellular dedif-
ferentiation.2 In most cases, spheroids are composed of a single cell type 
and are scaffold-free but occasionally scaffold-dependent.1 As 
mentioned earlier, spheroids can be generated by various methods but 
we designated it into two major categories as “Mechanical spheroids” 
(methods depend on physical force such as hanging drop method via 
gravity and rotation culture method using forced cell-to-cell attachment 
via agitation) and “spontaneous spheroids” (methods based on 

Fig. 1. An alternative spontaneous spheroid formation method using a culture dish possessing an almost 90-degree water contact angle. 2D: two dimensional. 
Modified from Li et al., 2018.2 
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spontaneous cell growth and aggregation).2,15 The resultant spheroids 
serve as valuable materials for tissue regeneration, as the cells within 
them maintain their original differentiation tendencies and can further 
differentiate into the desired cell types depending on the transplanted 
environment.8,13,53 Other than that, spheroids have been used as 
multicellular models to test chemical and mechanical interactions and 
drug response.59 

Organoids, also known as mini-organs, are three-dimensional cell 
structures that mimic the functions of tissues and organs of living or-
ganisms in vitro. Organoids can be generated from a single type of tis-
sue/organ stem cells but multiple cell types including embryonic stem 
cells, induced pluripotent stem cells, adult stem cells and endothelial 
cells are often employed, and sometimes the presence of extracellular 
matrices is essential.60,61 The generation of organoid can be achieved by 
self-organization from a tissue/organ stem cells in a matrix, recapitu-
lation of epithelial-mesenchymal interaction in matrices, or an aggre-
gation of multiple cell types such as endoderm, endothelial, and 
mesenchymal progenitor populations to form organ-like structure.61 The 
organoids mimic complex key structure, function, and biology of organs 

or tissues from which they are derived.59 Organoids are intended to use 
for disease modelling, drug screening and eventually organ replacement 
(regeneration). Upon transplantation, they are expected to engraft and 
function as mini-organs, supported by immediate vascular anastomosis 
and initiation of blood supply from the surrounding tissues.60 The 
comparison of spheroids and organoids was summarized in Table 1. 

7. Organoids: a 3D cellular self-organization for organ mimicry 

Organoids are self-organized 3D cell aggregates that recapitulate the 
morphology and functions of their in vivo counterparts.6 Compared with 
2D cell culture, organoids can effectively simulate gene and protein 
expression patterns, cell-matrix interactions, and metabolic functions, 
and have been used for drug screening, as a model for organogenesis and 
developmental disorders, and tissue/organ regeneration.6,62 

The discovery of intestinal stem cells is a major research topic in this 
field. Leucine-rich repeat-containing G-protein-coupled receptor 5-posi-
tive (Lgr5+) cells reside at the crypt base.63 They can generate all in-
testinal epithelial lineages and are thus considered stem cells of the 

Fig. 2. Immunofluorescence staining of spontaneously formed spheroids with compact bone-derived cells (CBDCs). Scale bars = 50 μm. Adapted from Chen 
et al., 2019.15 
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small intestine and colon, lead to the establishment of intestinal orga-
noids. Another major topic was the establishment of a common organoid 
production platform for vascularized organoids. Tatebe et al. demon-
strated the formation of liver-like structures via mesenchymal 
cell-driven condensation using induced pluripotent stem (iPS) cells, 

mesenchymal stem cells, and vascular endothelial cells.60 and eventu-
ally entirely from iPS-derived cells.64 This method includes not only 
epithelial cells but also mesenchymal cells, that can compensate for the 
shortcomings of previous methods. In addition, the organized vascula-
ture enables early blood supply after transplantation. The adaptability of 
this principle to various organs has triggered an explosive surge in 
organoid research across various fields.65,66 Notably, pluripotent iPS 
cells have demonstrated promising potential for organ regeneration, 
addressing the most desired clinical needs of regenerative 
medicine.64,67,68 

8. Applications of organoid technology for oral and craniofacial 
tissue regeneration 

Several intriguing studies have reported the regeneration of oral and 
craniofacial tissues through the application of organoid technology. 
Organoid production from a single type of tissue/organ stem cell within 
the tissue have been demonstrated feasible in some organs. For instance, 
Lgr5+ cells present in the crypt base are capable of differentiating into 
all cell types constituting the small intestine, suggesting their role as 
tissue/organ stem cells.63 Aihara et al. reported the regeneration of 
multilayered epithelium, precursor cells, and taste bud cells from Lgr5+
cells within the circumvallate papilla by embedding them in Matrigel, 
thus demonstrating the regeneration of multilayered epithelium and 
taste buds similar to the original tissue structure.17 

Additionally, studies on organ regeneration using organoids 
composed of multiple cell types are exemplified by research on tooth 
regeneration. Dental organs are originally formed through interactions 
between embryonic oral epithelial and mesenchymal cells.69 While it 
was initially thought that cell-cell interactions between developing 
dental organ cells were necessary, it was known that dental organs could 
form through similar interactions even when using cultured mesen-
chymal stem cell tissues.70,71 Reproduction of such interactions within 
collagen gels has been reported as a method to produce dental organo-
ids.72 Similarly, research aiming at organ regeneration by mimicking 
embryonic development is being conducted targeting salivary glands. 
Tanaka et al. successfully regenerated salivary gland tissues through 

Fig. 3. Osteogenic capability of spheroids. Modified from Chen et al., 2019.15  

Table 1 
Comparison of spheroids and organoids.   

Spheroids Organoids 

Definition Simple clusters of a broad range 
of cell types 

A self-organized 3D cell 
structures that mimic the 
functions of tissues and 
organs in vitro 

Cellular 
composition 

Mostly single cell type, 
occasionally multiple cell types 

A single type of tissue/organ 
stem cells or a mixture of 
multiple cell types including 
embryonic stem cells, induced 
pluripotent stem cells, adult 
stem cells and endothelial 
cells 

Scaffold Mostly scaffold-free, 
occasionally scaffold- 
dependent 

Various natural and synthetic 
scaffolds are used and 
sometimes the presence of 
extracellular matrices is 
essential 

Method for 3D 
organization 

“Mechanical spheroids” 
(methods depend on physical 
force such as hanging drop 
method via gravity and rotation 
culture method using forced 
cell-to-cell attachment via 
agitation) and “spontaneous 
spheroids” (methods based on 
spontaneous cell growth and 
aggregation). 

Self-organization from a 
tissue/organ stem cells in a 
matrix, recapitulation of 
epithelial-mesenchymal 
interaction in matrices, or an 
aggregation of multiple cell 
types such as endoderm, 
endothelial, and 
mesenchymal progenitor 
populations to form organ- 
like structure 

Structure Simple aggregation of cells but 
primarily refer to selective stem 
cell cultures and tend to induce 
cellular dedifferentiation 

Mimic complex key structure, 
function, and biology of 
organs or tissues from which 
they are derived  
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organoid cultivation from mouse ES cells by combining two transcrip-
tion factors, Sox9 and Foxc1.73 Moreover, they demonstrated the feasi-
bility of regenerating morphologically and functionally normal salivary 
gland tissues by transplanting regenerated salivary gland organoids into 
salivary gland tissues.73 Subsequently, the production of salivary gland 
organoids using human iPS cells and the regeneration of salivary gland 
tissues through the transplantation of these organoids have been 
reported.74 

However, tissue stem cells capable of regenerating entire organs like 
Lgr5+ cells in the intestine and taste buds have not been found in tooth 
germ or salivary glands. Nevertheless, the regeneration of salivary gland 
tissues from salivary gland organoids produced from ES cells or iPS cells 
is considered a significant breakthrough towards the clinical application 
of organoid-based organ regeneration, which are not capable with the 
simple spheroid cultures. The current limitations of organoids for oral 
and craniofacial tissues lie in the cell source. For dental organs, devel-
oping dental organ-derived cells are necessary in some form, the supply 
of which is challenging. While cultivation of dental epithelial and dental 
mesenchymal cells derived from ES cells or iPS cells has been reported,75 

the formation of dental organoids has not yet been achieved. On the 
other hand, transplantation of iPS cells or ES cells presents issues of 
immune rejection. It is expected that as these issues are addressed, 
organoid technology will become more practical. 

9. How organoids contribute to oral and craniofacial tissue/ 
organ regeneration: prospects and challenges 

In recent years, organoid research has garnered significant attention, 
even in the oral and craniofacial regions. The regeneration of taste buds, 
oral mucosa, teeth, and salivary glands has been investigated.17,19–25 

Development of transplantable organs is a highly desirable goal in 
regenerative medicine. However, conventional tissue engineering and 
hybrid approaches using artificial materials have not yet succeeded in 
creating transplantable organs that can maintain long-term functionality 
comparable to that of transplanted organs. To achieve these goals 
through organoid research, the following issues need to be solved: the 
procurement of cell sources that are safe and not subject to immune 
rejection, the generation of transplantable organoids with therapeuti-
cally effective sizes, and the scale-up of organoid production. In 
particular, the procurement of cell sources suitable for transplantation 
without needing immunosuppression is of paramount importance. 
Organoids generated using autologous somatic stem cells, autologous 
iPS cells, and iPS cells capable of achieving immune tolerance are 
promising candidates. Advances in research in this area hold promise for 
the development of transplantable salivary glands and dental buds, and 
offer new therapeutic opportunities for previously intractable diseases. 

10. Conclusion 

Spheroid culture is an excellent method for culturing stem cells. In 
particular, spontaneous spheroids represent a selective and efficient 
cultivation technique for somatic stem cells and should be widely 
adopted in regenerative medicine as an alternative to conventional 2D 
culture. Organoid research is rapidly advancing in the oral and cranio-
facial regions. However, there are still many challenges to be addressed. 
Organ stem cells that can be harvested from adult tissues and can 
regenerate all cell types in the original organ have not been found. While 
organ regeneration has been attempted using ES cells and iPS cells, it has 
not been successful except for a few organs such as salivary glands. 
Moreover, these cells still pose issues of immune rejection. Securing safe, 
immune-rejection-free, and stably suppliable stem cells is likely the 
primary challenge. There are still no organoids that can be transplanted 
into humans in oral and craniofacial regions. Achieving early revascu-
larization post-transplantation that can ensure long-term engraftment 
and scaling up organoids to practical volume are considered the next 
important challenge. Despite such difficulties, spheroid and organoid 

technologies are expected to lead to efficient regeneration therapies for 
severe tissue and organ defects that are difficult to treat using conven-
tional therapies. 
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