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An organoid is a cell-based structure that shows organ-specific properties and shares a similar spatial
organization as the corresponding organ. Organoids possess powerful capability to reproduce the key
functions of the associated organ structures, and their similarity to the organs makes them physiologi-
cally relevant systems. The primary challenge associated with the development of skin organoids is the
complexity of the human skin architecture, which encompasses the epidermis and the dermis as well as
accessory structures, including hair follicles, sweat glands, and sebaceous glands, that perform various
functions such as thermoregulation. The ultimate objectives of developing skin organoids are to
regenerate the complete skin structure in vitro and reconstruct the skin in vivo. Consequently, safety,
reliability, and the fidelity of the tissue interfaces are key considerations in this process. For this purpose,
the present article reviews the most recent advances in this field, focusing on the cell sources, culture
methods, culture conditions, and biomarkers for identifying the structure and function of skin organoids
developed in vitro or in vivo. The subsequent sections summarize the recent applications of skin orga-
noids in related disease diagnosis and treatments, and discuss the future prospects of these organoids in
terms of clinical applications. This review of skin organoids can provide an important foundation for
studies on human skin development, disease modeling, and reconstructive surgery, with broad utility for
promising future opportunities in both biomedical research and clinical practice.

© 2025 The Author(s). Published by Elsevier BV on behalf of The Japanese Society for Regenerative
Medicine. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).
Contents

1. Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 342
2. Construction of skin organoids . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 344
3. Identification methods of skin organoids in vitro . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 346

3.1. Histological observation of skin organoids . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 346
3.2. Histological examination . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 346
3.3. Biological characteristics of skin organoids . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 346
3.4. Functional measurements of skin organoids . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 346
3.5. Other technologies . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 346
3.6. Functions and applications of skin organoids . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 346
3.7. Applications of skin organoids in injury healing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 346
littlelovehouse@126.com (M. Shen).
Society for Regenerative Medicine.
ork.

r BV on behalf of The Japanese Society for Regenerative Medicine. This is an open access article under the CC BY-NC-ND
d/4.0/).

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:2246881196@qq.com
mailto:littlelovehouse@126.com
http://crossmark.crossref.org/dialog/?doi=10.1016/j.reth.2025.01.001&domain=pdf
www.sciencedirect.com/science/journal/23523204
http://www.elsevier.com/locate/reth
https://doi.org/10.1016/j.reth.2025.01.001
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.reth.2025.01.001
https://doi.org/10.1016/j.reth.2025.01.001


Y. Huang, Q. Ye, J. Wang et al. Regenerative Therapy 29 (2025) 341e351
3.8. Applications of skin organoids in skin cancer research . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 347
3.9. Applications of skin organoids in the treatment of inflammatory diseases . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 348
3.10. Applications of skin organoids in studies of cutaneous nerve endings . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 348
3.11. Applications of skin organoids in drug detection . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 348
3.12. Challenges . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 348

4. Conclusions and future perspectives . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 349
Authorship contribution statement . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 349
Funding . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 349
Declaration of competing interest . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 349
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 349
1. Introduction

Organoids are multicellular structures created by three-
dimensional (3D) culture of isolated adult stem cells (ASCs) or
pluripotent stem cells (PSCs) under appropriate conditions [1].
They can maintain the physiological structure and functional traits
of their source tissue or organ, and are capable of self-renewal and
self-organization. Every organ has its own distinct specialized ASCs,
which are frequently found in “niches,” offering a particular milieu
for stem cell upkeep and operation [2]. Embryonic stem cells (ESCs)
and induced PSCs (iPSCs) are examples of PSCs and are also the
main cells used to create organoids [3e6]. Due to their scarcity and
ethical concerns, ESCs are utilized less frequently [7].

Induced pluripotent stem cells can be produced from any type of
somatic cell and are broadly accessible since terminally differenti-
ated somatic cells can be reprogrammed by adding specific tran-
scription factors. Theoretically, iPSCs possess the developmental
potential of early ESCs and can differentiate into any adult cell type
in vitro when grown under settings that mimic in vivo develop-
ment. Due to their almost endless capacity for proliferation and
Fig. 1. Cultivation and application of organoids in major research areas. Organoid cultures
tissue-derived and PSC-derived liver organoids. (B) An overview of the retinal organoid d
human iPSCs. Sample bright-field images of arcuate organoids at 15, 40, and 70 days in vitro
research development.

342
differentiation, which can result in an infinite number of cells,
including somatic cells, stromal cells, and endothelial cells, iPSCs
offer significant potential for tissue regeneration. The ground-
breaking success of experiments using iPSCs has opened up a new
realm for organoids, and iPSCs have developed into a significant
source of cells for generating organoids, as illustrated in Fig. 1.

The “mini liver,” which was created by Dr. Takanori Takebe's
team in 2013, was the first organoid created from iPSCs. On June
2020, researchers at the University of Pittsburgh School of Medicine
created a completely functional micro-liver utilizing human skin
cells that had been converted to iPSCs (Fig. 1A) [8]. In 2021, human
PSCs were successfully used by a research team from the Austrian
Academy of Sciences to create the first in vitro self-organizing heart
organoid model in the history of science [9]. In the same year, a
team of scientists from the National Eye Institute (NEI) in the
United States used patient iPSCs to create a retinal organoid model
of dominant CRX-Leber congenital amaurosis (LCA) (Fig. 1B) [10],
and Professor Guo-Li Ming and his colleagues from the University
of Pennsylvania in the United States developed a technique to
produce organoids that resembled the hypothalamus and pituitary
have been used for various tissues. (A) Generation scheme and characteristics of adult
ifferentiation protocol. (C) Generation and characterization of arcuate organoids from
(DIV). (D) Schematic representation of optic-cup self-formation. (E) History of organoid
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using human iPSCs (hiPSCs; Fig. 1C) [11]. Additionally, scientists
from the University of Dusseldorf in Germany and other organiza-
tions reported that iPSCs could be utilized to create brain organoid
models that included an optic cup (Fig. 1D) [12].

With the growing scope for the use of organoids in areas like
regenerative medicine, precision medicine, drug toxicity and effi-
cacy testing, cell therapy, and organ transplantation as well as the
strong potential shown in various research areas, organoid research
has garnered significant attention from academics, greatly
advancing the field (Fig. 1E).

The skin is the largest organ of the human body, and it serves as
a barrier to the outside world, protecting the body from harmful
stimuli or substances such as excess heat and chemicals [13]. In
addition to forming the physical boundary of the body, the skin also
performs various biochemical and sensory functions [14]. More-
over, it helps regulate the body's fluid content and temperature.
Additionally, the sensory nerve endings in the skin regulate infor-
mation related to touch, pain, heat, and cold [15,16]. Skin diseases
are common, with 5.4 million cases of skin cancer and around
500,000 patients receiving treatment for burns or other skin in-
juries each year [17e22]. Moreover, from an ethical standpoint,
refinement of skin-related organ technology holds promise for
reducing or replacing the widespread use of animals in biomedical
research and can be used to simulate genetic diseases [23e25].

Skin organoids can be used to (1) simulate treatment by infec-
tive agents (such as human papillomavirus or Ebola virus), in-
flammatory agents (such as cytokines or chemokines), or various
types of drugs acting on skin-related organs [26]; (2) test the
toxicity and efficacy of cosmetics [27]; and (3) test the efficacy of
transdermal drug absorption [28]. In summary, large-scale gener-
ation of human skin with these accessories is expected to be
beneficial, but it is challenging. The skin epidermis originates from
the ectoderm, while the dermis has different embryonic origins.
However, regardless of the dermis origin, all types of skin require
interactions between epithelial (epidermal) and mesenchymal
(dermal) cells to develop and form appendages [29e32].

In the 1980s, skin equivalents came into prominence on the
basis of the pioneering co-culture of fibroblasts and keratinocytes
at the air-liquid interface (ALI) proposed by Rheinwald and Green
[33]. After 5e6weeks of cultivation, these skin equivalents could be
used for basic research and toxicity testing, thus replacing animal
experiments. Although in vitro human skin-cultivation systems for
epidermal cells and dermal cells have been used for studies and
clinical applications for more than 40 years, cultivation of func-
tional skin appendages in these systems has remained a challenge.

Recent studies have demonstrated that the epidermis and its
appendages can be developed from a monolayer of pluripotent
ESCs. Embryonic stem cells receive signals from the environment
that instruct them to undergo specific differentiation programs and
produce stratified epidermis, hair follicles, or sebaceous glands. Lei
et al. demonstrated the formation of hair-bearing skin from free
Table 1
Advantages and limitations of various skin cell models.

2D skin cell model 3D skin cell mode

Advantages Simple and easy to operate; short experimental
cycle; high reproducibility; low cost; easy to
control growth conditions

Multiple cell co-cu
communication; t
high stability; hig

Limitations Single culture type; uneven physiological
environment; complex cell environment; large
difference from in vivo physiological
conditions; not adequately representative at
present

Strict culture cond
requirement for o
differences from t
interlayer interact
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cells in in vitro skin organoids [1]. In June 2020, a research team
from the United States used hiPSCs to cultivate skin organoids that
formed not only the characteristic multilayered tissue of the skin
but also hair follicles, sebaceous glands, and neural circuits over a
period of 4e5 months, thereby approaching the structure of com-
plete real skin. Lee et al. described the discovery of hair-bearing
skin organoids produced from human PSCs (hPSCs). These find-
ings open up fascinating new possibilities for the modeling of skin
diseases, regenerative medicine, and developmental research.

The complete skin mainly consists of the following cell sub-
populations: keratinocytes, fibroblasts, vascular and lymphatic
endothelial cells, pericytes and vascular smooth muscle cells,
myeloid cells, lymphocytes, melanocytes, and various types of
nerve-related cells [28]. Over the past few decades, a substantial
amount of research has been devoted to the development of in vitro
skin-equivalent models composed of primary human skin cells and
extracellular matrix (ECM) components [17,29e32]. Although
tissue-engineered skin substitutes (ESS) are now available clinically
to replace missing skin, they do not possess the complete func-
tionality of skin due to the lack of hair follicles, other skin ap-
pendages [29e32], and skin-related cells such as dermal adipocytes
and sensory neurons [34,35]. These limitations have amajor impact
on the long-term quality of life of the patients [36]. These major
limitations have accelerated the demand for improving the existing
in vitro human skin-generation models. Additionally, the need for
effective treatments for skin injuries has indirectly stimulated the
rapid development of skin organ engineering in recent years,
yielding significant progress.

Existing in vitro skin research models mainly consist of two-
dimensional (2D) skin cell cultures and 3D skin cell models, both
of which show substantial gaps in interlayer interaction and real
physiological status. The use of 3D skin organoids differentiated
from umbilical cord stem cells and PSCs for in vitro environmental
simulation can improve the limitations of existing 2D and 3D
models, such as cultivation of a single cell type, lack of interaction
between the cells and the ECM, and the inability to self-organize
and differentiate in vitro, thereby reducing the differences in
comparison with multicellular tissue and their physiological func-
tions in vivo (Table 1) [37e39].

The advent of 3D culture systems (or organoids) in culture
dishes has radically changed the approach used for investigating
human biology [40]. The use of stem/progenitor cell-derived 3D
organoid cultures has become a common technique in biomedical
research and regenerative medicine [40e43]. Organoid-based ap-
proaches can also be combined with other cutting-edge technolo-
gies like gene editing, organ-on-a-chip, and single-cell RNA
sequencing (scRNA-seq) to overcome the limitations of conven-
tional models. The information obtained from such approaches can
be useful for disease modeling, drug discovery, and precision
medicine at the organ level. Organoids can also be cryopreserved as
living biobanks for high-throughput screening.
l 3D skin organoids

lture; mimics in vivo cell
hree-dimensional growth;
h drug sensitivity

In vitro self-organizing differentiation;
presence of cell response and cell homeostasis;
intercellular signal transmission; close to
in vivo physiological conditions; stronger stress
response; can intuitively simulate drug effects

itions, tedious; high
perational skills; large
he real physiological state in
ions

Inconsistent detection standards; varying
growth cycles; poor consistency in finished
products; differences between different batches
of matrix gel
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Therefore, in this review, we aim to summarize the current
culture methods and the progress in in vitro characterization of
mature skin organoids, as well as the latest technologies being used
in this field. In addition, we discuss the origins of skin organoid
culture systems and provide feasible suggestions for the future
development of ideal skin organoids. Despite their great promise,
the current models still have limitations. In this review, we also aim
to provide a fair perspective on the opportunities and challenges
associated with the use of skin organoids. This will help readers
better understand the current models, thereby promoting the
development of skin organoids and improving the existing under-
standing of human skin biology and skin-related diseases.

2. Construction of skin organoids

The epidermal layer of the skin produces hair and glands, with
keratinocytes being the main cell type that contributes to tem-
perature regulation and barrier formation. The dermal layer of the
skin encompasses other structures such as blood vessels and
nerves, with fibroblasts being the main cell type that produces ECM
and helps initiate and cycle hair follicles. Therefore, on the basis of
the physiological structure of the skin, directing the culture of cells
from varied sources or inducing their differentiation can facilitate
the construction of in vitro skin tissue systems and skin appendage
organoid models. Such systems can yield insights into the complex
interactions among different cell types and molecular signaling
pathways during development and homeostasis.

Stem cells are the basis of all mammalian life and are the pri-
mary cell source for constructing organoids. Stem cells can be pri-
marily categorized into ASCs and hPSCs. The former are specialized
for individual organs due to their potential for self-renewal, high
proliferation, and multi-directional differentiation. The latter
include human ESCs (hESCs) and human iPSCs (hiPSCs). Kim et al.
[44,45] recently showed that cord blood mononuclear cells
(CBMCs) could also serve as an alternative source of stem cells.
Fig. 2. Culturing methods for skin organoids. (A) Phase transition from isolated skin progen
into skin organoids. (C) Induced differentiation of human ESCs into skin organoids. Surface ec
hiPSC-derived skin organoids with activation of the Wnt signaling pathway. Schematic overv
0 refers to the time point when hiPSC colonies are detached to form EBs.
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As a type of PSCs, iPSCs have the characteristics of unlimited
self-renewal and proliferation, and can differentiate into mature
cell types of all three germ layers: ectoderm, mesoderm, and
endoderm [46]. The pluripotency of iPSCs, as well as their genetic
characteristics specific to certain patients, allow them to potentially
treat a variety of diseases [47]. However, some challenges in
differentiating iPSCs into specific cell types remain unresolved.
Currently, the most researched approach involves inducing hPSCs
to differentiate into any cell or tissue type in the human body under
specific induction conditions and generating organoids in vitro.

To better understand the basic requirements for skin cell
regeneration and the development of functional skin, the key
environmental factors that enable hair formation in adult mouse
cells and ultimately achieve this in human cells need to be identi-
fied. Basic research studies have shown that a mixture of isolated
newborn mouse epidermal and dermal cells can be reconstituted
in vivo to form new hair follicles (Fig. 2A) [48e51]. These grafts
form reconstructed, organized skin with oriented hair follicles that
respond to injury and regenerate through cycles [51]. This culture
method uses a combination of epidermal and dermal cells (in a 1:9
ratio), and this cell mixture is inserted onto a cell culture medium
to form an ALI in a 3D culture system using Transwell. The self-
organizing process in this system is characterized by six consecu-
tive stages: 1. Cell isolation; 2. Aggregation: aggregates of different
sizes form on the first day. 3. Vesicle formation: polarized aggre-
gates of approximately 350 cells, surrounded by 2e3 dermal cells,
form a spherical layer of the dermis on the second day. The polar-
ized aggregates become vesicular on the third day and are filled
with keratin. 4. Merging of vesicles: on approximately the fourth to
fifth day, epidermal cells bridge the vesicles and fuse to form an
epidermal plane. 5. Planar skin formation: from the 5.5th day to 7th
day, smaller epidermal planes further merge to form a large plane.
The large plane forms a bilaterally symmetrical bilayer epidermal
structure. 6. Hair follicle induction: hair follicle-like structures are
induced on the tenth and eleventh days.
itor cells to flat hairy skin morphology. (B) Pattern of induced differentiation of hPSCs
todermal and mesenchymal cells were co-induced from human PSCs. (D) Generation of
iew and timeline of the culture protocol for generating skin organoids from hiPSCs. Day
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When the explant is transplanted to the back of a nude mouse,
the regenerated hair follicles are derived from the donor cells and
have a normal structure. Epidermal cells become relatively quies-
cent again from the 9th to 10th days. The study also observed
dermal cell behavior by observing PdgfraEGFP mouse cells [52]. Six
major stages, equivalent to the epidermal cell stages, were
observed, and the entire process can be summarized as the pro-
gression from dissociated cells to aggregates, polarized cysts,
merged cysts, and finally, flat, hairy skin.

Interestingly, although skin cells from newborn and adult mice
have the same genome, adult cells lose this regenerative capacity.
Skin reconstructed from mature cells can indeed form hair, but it
is not as robust as skin reconstructed from newborn mouse cells.
Cells from neonatal mice exhibit greater self-organization and
tissue-regeneration capabilities than those from aged mice, and
this self-organizing ability of cells is essential for future tissue
regeneration.

Another basic study demonstrated that epidermal and dermal
clusters from the back skin of young mice have the ability to self-
organize and induce hair follicle formation in 3D culture. This
ability is lost in mature skin but can be restored by adding matrix
metalloproteinases and other cytokines to the culture. In that study,
the researchers also uniquely investigated which dermal cell pop-
ulations could promote the formation of flat skin, and in the K14-
GFP/Lef1RFP mouse reconstruction experiment, Lef1RFP þ cells
belonging to the dermal papilla were observed near the epidermal
plane. These dermal cells can form alkaline phosphatase-positive
dermal condensate-like structures. The authors believe that this
may be one of the main reasons why cells lose their hair-
regeneration and terminal-differentiation capabilities.

Ebner-Peking et al. reported the 3D self-assembly of adult and
iPSC-derived fibroblasts, keratin-forming cells, and endothelial
progenitor cells into novel floating spherical skin organoids (FSOs).
The generated keratin-forming cells and fibroblasts resembled the
parent cell line in terms of their traits [7]. The precise induction of
self-organized differentiation into ectodermal structures possess-
ing epidermis and dermis by major signaling pathways (trans-
forming growth factor [TGF], bone morphogenetic protein 4
[BMP4], and basal fibroblast growth factor [bFGF]) on the basement
membrane leads to the co-development of a skin-like organ, which
forms an organized skin-like structure resembling fetal skin, con-
sisting of primitive skin cells and hair follicles. This is accomplished
using cell suspension transplantation combined with human
platelet factor administration. The drawback of this strategy is that
it can deprive the cell layers of the connections they need to form
some of the accessory structures.

Jie Ma et al. utilized hiPSCs to generate epithelial and mesen-
chymal (EM) organoids in a 3D culture model. After aggregating
hiPSCs in a U-bottom 96-well plate, the aggregates were cultured in
Matrigel supplementedwith BMP4, TGF-b inhibitor, and bFGF. After
3 days of differentiation, the organoids were treated with LDN-
193189 and FGF on a shaker [53]. Another study used hiPSCs
cultured in mouse embryonic fibroblast (MEF) medium and hESC
medium (containing 80 % Dulbecco's modified Eagle medium
[DMEM]/F12 medium (1:1), 20 % serum substitute, 100 mM
nonessential amino acids, 2 mM L-glutamine, 0.1 mM b-mercap-
toethanol, 100 mg/mL penicillin, 100 mg/mL streptomycin, and
10e15 ng/mL bFGF) to induce differentiation. The study demon-
strated that BMP4-induced hiPSC-derived multipotent keratino-
cytes could allow the reconstruction of normal skin and its
appendages in a mouse model. The hiPSCs were dissociated into
single cells and formed embryoid bodies (EBs) in low-adherent U-
bottom 96-well culture dishes. Surface ectoderm differentiation
was promoted using SMAD inhibitors (SB431542), FGF2, and BMP4.
On the sixth day of differentiation, the organoids were treated with
345
CHIR to activate the Wnt signaling pathway, resulting in significant
enlargement of the organoids. CHIR treatment inhibited the
development of transparent cartilage in skin organoids [54]. This
finding provides a solution for eliminating or reducing unwanted
cell types in skin organoids, and is an important step toward
culturing and maturing skin tissue similar to human skin.

Gonzalez Malagon et al. found that a GSK3b inhibitor
(CHIR99021) could activate the Wnt signaling pathway to promote
organoid growth and inhibit the migration of cranial neural crest
cells (CNCCs) to prevent cartilage formation [55].

Lee et al.'s latest study used hESCs from the WA25 cell line
(Fig. 2C), which were dissociated into single cells and plated on U-
bottom 96-well plates to generate uniform cell aggregates. The
aggregates were then transferred to a new plate containing a dif-
ferentiation medium that promoted epidermal induction by key
factors (BMP4 and TGF-b inhibitor). The TGF-b inhibitor promoted
the induction of PSCs into the ectoderm, while BMP4 promoted
induction into the neuroectoderm [56e59]. This differentiation
protocol ultimately produced uniform epithelial cysts with a
diameter of approximately 500e1000 mm, which could be repro-
duced using the DSP-GFP hiPSC line [60].

Combined treatment with the alkaline FGF and the BMP inhib-
itor LDN-193189 has been shown to promote induction of CNC-like
cells, thereby producing mesenchymal cells. By the 16th day, the
LDN-193189- and FGF-treated organoids exhibited an inner layer of
TFAP2AþECADþ epithelial cells surrounded by migrating outer
TFAP2Aþ CNC-like cells, and by the 18th day, the WA25 and DSP-
GFP organoids gradually became bipolar, with one end being the
epithelial cysts and the other end being an opaque cell mass. After
approximately 50 days of culture, the epithelial cells stratified into
a keratin (KRT)5þ KRT15þ basal layer, a KRT5 basal layer, and a
KRT15þ suprabasal layer, and the skin morphology became more
mature.

At the 70th day, the skin organoids reached the hair growth
stage, and at the 120th day, the researchers observed the produc-
tion of hair follicles. The organoid hair follicles appeared periodi-
cally in the epidermis, indicating that the appendage-patterning
mechanism is preserved in the organoids (Fig. 2B) [61]. After
approximately 150 days of culture, the researchers observed
accumulation of squamous cells and abnormal hair follicle
morphology at the core of the skin organoids, suggesting that this
time point may represent the upper limit of the skin organoid
culture [50].

The two-dimensional culture method for the skin organoids
uses an ALI culture method [62], which employs a Transwell
permeable support. The basal surface of the cells is in contact with
the liquid culture medium, while the apical surface is exposed to
the air to increase oxygenation. At around 85 days, the Loricrinþ
and Filaggrinþ mature epidermis begins to differentiate. This cul-
ture is performed on a collagen-coated Transwell permeable sup-
port, with the dermis facing downward and placed on an insert
coated with cell collagen, exposing the epidermis to the air. This
form of culture not only reduces differences between individual
organs but also promotes the maturation of the epidermis and the
growth of hair follicles.

The skin organoids are cultured at 37 �C and 5 % CO2 under dry
conditions, which promotes the maturation of the cornified cells of
the skin organoids. Skin organoids cultured by the ALI method can
be cultured for 6 days under dry conditions to differentiate into
mature cornified cells, similar to adult skin, and develop hair fol-
licles. The ALI culture method represents an improvement on the
conventional skin organoid model. In this method, closed circular
aggregates are transformed into flat and open skin organoid
models, with skin organoids growing on top of the Transwell cul-
ture insert and exposing the epidermis to the air (Fig. 2D) [63].
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3. Identification methods of skin organoids in vitro

3.1. Histological observation of skin organoids

Transplanted mature collagen fibers produced by hiPSC-FBs
showed morphology consistent with the human epidermis and
dermis. Under polarized light microscopy, the cell aggregates
stopped growing and transformation when the outer epidermal
cells were crescent-shaped. At this time, the epidermal cyst was
surrounded by two or three layers of dermal cells, presenting dy-
namic and random movements [64]. Inverted microscopic analysis
of differentiated and mature skin organoids allowed observation of
pigmented hair follicles and revealed the development of hair
bulbs, germinal buds, and spikes [20]. Confocal microscopy can be
used to observe biomarkers of epithelial cells, stromal cells, blood
vessels, sweat glands, and fibrotic features after immunofluores-
cence imaging.

3.2. Histological examination

Histological examination usually assesses the dermal quality of
the grafted tissue on the basis of the density of fibroblasts, matrix
production, vascularity, hemorrhage, and collagen fiber production.
Williams et al. observed the epithelial structure of skin organoids
cultured by the ALI method and found that they formed a mature
stratified epithelial layer with a basket-weave pattern character-
istic of the keratinized layer on the surface during development
[65]. In basic research studies, when the skin organoids were
transplanted to the back of mice and evaluated with histological
analysis and Ki67 staining, the morphology of the tissue sur-
rounding the mice graft was found to be consistent with that of
human epidermis and dermis. New keratinizing cells forming hair
follicles and a multilayered epidermis are similar to those of
humans; at the end of the culture, the skin basal keratinocytes in
the organoid differentiate and stratify into all skin layers: spinous,
granular, and cornified. The entire skin produced villi similar to
those of human mid-pregnancy fetuses [13]. Histological quantifi-
cation showed embedded specific histone 14, pan-histone, CD31,
and the waveform protein wave in FSO sections and indicated that
the skin organoids had a dense dermal core structure and were
covered by closely spaced epidermal layers, suggesting that the
grafts exhibited clear signs of epidermal thickening and hyper-
keratinization [7].

3.3. Biological characteristics of skin organoids

Many studies have examined the biological characteristics of
skin organoids by diverse methods, including staining, immuno-
staining analysis, scRNA-seq, flow cytometry, fluorescent nano-
tracking and DNA molecular hybridization techniques.

3.4. Functional measurements of skin organoids

In one study, researchers established mature skin organoids in
culture for 140 days and analyzed their proteomics profile. The
proteins identified in these organs were mainly enriched in
epidermal cells, nerve cells, matrix cells, fibroblasts, muscle cells,
and vascular-related cells. Biological process analysis showed that
the identified proteins were mainly enriched in skin development
processes, including epidermal development, nervous system
development, and stem cell division. The study also found that
typical and atypical Wnt, epidermal growth factor receptor, fibro-
blast growth factor, TGF-b, and TGF-g, which are closely related to
skin development, were enriched in the skin organoids. In partic-
ular, proteins related to the establishment of the skin barrier and
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epidermal development (e.g., keratin [KRT]1 and KRT16) and
epithelial cell differentiation (e.g., KRT14 and KRT4) were identi-
fied. In addition, the skin organoids showed an abundance of pro-
cesses related to bone tissue, including ECM and cytoskeletal
organization and adhesion, as well as lipid and energy metabolism-
related processes. A total of 111 ECM proteins, including 15 collagen
proteins, 31 glycoproteins, and 10 proteoglycans, as well as 16 ECM
regulatory proteins, 18 ECM-related proteins, and 21 secreted fac-
tors, were identified. These results are related to the various
structural and cellular functions of skin organoids and indicate that
they are similar to human skin tissue physiology [66]. Quantitative
real-time polymerase chain reaction (PCR) can detect the expres-
sion of sebocyte markers, including KRT 7, peroxisome proliferator-
activated receptor alpha (PPAR-a or PPARA), and lipoprotein lipase
(LPL), in sebocyte-like cells in comparison with mature human
sebocytes.

3.5. Other technologies

Flow cytometry can be employed to verify the origin and purity
of cells, while clonality assessment can be used to determine their
stem/progenitor cell potential. This technique can be utilized to
confirm the presence of pluripotent markers in skin-derived
organoids. In a study utilizing floating spheroids composed of fi-
broblasts, keratinocytes, and endothelial progenitor cellsdinduced
by human platelet-derived growth factor under specific culture
conditionsdthe researchers employed nanoparticle cell labeling to
monitor tissue-formation processes [7]. Video imaging techniques
were used to visualize the continuous assembly of FSOs, followed
by the alignment of endothelial colony-forming cells (ECFCs) and
the anchoring of keratinocytes (KCs) to the surface [7].

3.6. Functions and applications of skin organoids

With the widespread research and application of synthetic or-
gans, the application of skin organoids has expanded from building
laboratory research models to post-injury healing, skin cancer and
inflammatory disease treatment, skin nerve ending research, and
drug testing.

3.7. Applications of skin organoids in injury healing

Over the past decade, the role of stem cells in skin wound
healing and tissue regeneration has emerged as a significant
research focus [67]. Artificial skin, which is most widely used in
skin grafting, can be derived from non-cellular materials as well as
autologous, allogeneic, xenogeneic, or artificially synthesized
sources [68]. Despite the development of various commercial
artificial skin products for treatment, limitations persist, including
reduced vascularization, poor mechanical integrity, inability to
integrate, scarring, and immune rejection. The construction of skin
organoids offers potential solutions to these challenges, particularly
the inability of most artificial skin products to produce deep dermis.

Toyoshima et al. tested whether skin organoids could be inte-
grated into endogenous skin in a mouse model. On the 140th day, a
WA25 skin organoid with hair was implanted into a small incision
in the back skin of a nude mouse after removing the cartilage tail
with a tungsten needle (Fig. 3A) [50]. The authors observed that
55 % of the xenografts grew 2e5 mm of hair, with no ulceration or
uncontrolled tumor-like growth in any of the grafts. Histological
examination of the xenografts showing hair growth confirmed
fusion of the organ epidermis with the host epidermis and
perpendicular orientation of the hair shafts to the skin surface,
resembling authentic human skin tissue. These results demon-
strated that cystic skin organoids could unfold and integrate into



Fig. 3. Application of skin organoids. A) High-density intracutaneous transplantation of bioengineered follicle germs. A total of 28 independent bioengineered hair follicle germs
were transplanted into the cervical skin of nude mice, and the mice showed high-density hair growth at 21 days after transplantation. Scale bars, 5 mm. B) Starcheiodine sweat tests
on the paw skin of thermal-injured mice showed that only the paws of iSwGO-treated mice showed indigo-black dots at day 21 after transplantation. C) Schematic overview of the
study protocol for derivation and characterization of iPSCs from patients with RDEB. Fibroblasts and keratinocytes were derived and cultured from a skin biopsy, and iPSCs were
established from both cell types. The iPSCs then underwent correction of the COL7A1 loci by adeno-associated virus (AAV) or conventional targeting and were differentiated in vitro
into keratinocytes (c-iPS-KC), or were left uncorrected and directly differentiated into keratinocytes (o-iPS-KC). In vitro-derived keratinocytes (from corrected and noncorrected
iPSCs) were used for organotypic cultures and for in vivo skin reconstitution assays in immunocompromised mice. The red cells are the uncorrected cells, while the green cells are
genetically corrected cells.
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flat skin at the wound site. SCD1þ sebaceous glands were detected
in all xenografted hair follicles [60]. The hair follicles of the skin
organoids achieved a maturity level approximately equivalent to
that of mid-fetal hair and possessed the cellular components
necessary for further maturation.

Takagi et al. [69] transplanted 3D human skin organoids with
hair follicles and sebaceous glands into nude mice, and the skin
organoids functioned normally and correctly connected with host
tissues such as the epidermis, arrector pili muscle, and nerve fi-
bers without tumor formation. Although combining biomaterials
can enhance the stability and functionality of skin transplantation,
the high manufacturing costs and lack of skin appendages (such as
glands and hair) limit the therapeutic application of these prod-
ucts [70].

Research by Ruifeng Yang et al. established a method for
obtaining scalable human epithelial stem cells (hEpSCs) with key
hEpSC features, opening new avenues for studying regenerative
therapies for hair loss, wound healing, and skin aging. Ebner-Peking
et al. reported similar findings, demonstrating that co-
transplantation of human endothelial cells with fibroblasts and
keratinocytes in vitro or in vivo resulted in the self-assembly of a
complex mixture of platelet-derived growth factors in human
platelet lysate (HPL) in a dose-dependent manner, promoting
angiogenesis [71]. This process effectively mimics wound repair,
and the addition of HPL to transplanted cell suspensions may
enhance wound repair with fewer local cells [72].
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In current clinical practice, vacuum sealing drainage (VSD)
plays an unprecedented role in repairing soft tissue defects of the
skin. The three-stage VSD treatment involves autologous skin
grafting, which is widely used in the treatment of large-area burns
and skin defects. Restoration of glandular function is a crucial
consideration in skin repair. Programmed sweat gland organoids
have been shown to promote the repair of damaged sweat glands
in mice and have demonstrated better healing than the sweat
gland medium injection group (mSwG-M) and the sweat gland-
like cell transplantation group (iSwGs) along with a shorter
healing time (Fig. 3B) [6].

In the future, when autologous skin cannot meet trans-
plantation demands for large-area skinwounds, the combination of
autologous PSC-induced skin organoids and VSD technology may
mitigate rejection reactions, accelerate wound healing, and facili-
tate the treatment of large-area skin injuries. This represents a
significant step toward developing cell-based therapies for hair loss
and other skin disorders.

3.8. Applications of skin organoids in skin cancer research

Organoids serve as powerful models for studying skin cancer,
including basal cell carcinoma, squamous cell carcinoma, and
melanoma [73e78]. Skin organoids contain precursor cells of basal
keratinocytes, squamous cells, and melanocytes [79], providing a
foundation for researchers to investigate cancer initiation
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mechanisms [80]. These organoids can be readily generated from
patient-derived cells and can also be used to simulate genetic dis-
eases, such as epidermolysis bullosa [5,81e83].

3.9. Applications of skin organoids in the treatment of
inflammatory diseases

Skin organoids, which can be simulated using primary cells,
effectively demonstrate the multilayered structure and gene
expression patterns of human skin, enabling the use of relevant
primary cells to study targeted molecular mechanisms in complex
disease models. Elias et al. [84] established a skin organoid model
using fibroblasts from healthy individuals and siRNA-mediated
gene knockdown. They found that filaggrin deficiency may trigger
atopic dermatitis. Sriram et al. [85] induced an atopic dermatitis-
like skin model using a fibrous protein dermal matrix and serum-
free culture conditions under the influence of cytokines such as
interleukin (IL)-4. Wang et al. [86] embedded sorted ITGA6-high
basal cells in Matrigel® matrix gel and covered them with culture
medium to culture and expand the cells. They ultimately obtained a
human primary hair follicle-like organ that could simulate a skin
fungal infection model caused by Trichophyton rubrum. Kitisin et al.
[87] established an in vitro infection model using dermatophytes
and high-throughput screening to identify drugs targeting various
antifungal-resistant pathogens, potentially contributing to future
targeted therapies. Keratinocytes derived from iPSCs have shown
great potential in regenerative medicine as an infinite cell source
for rapid tissue replacement therapy in skin diseases. Human ker-
atinocytes can trigger or exacerbate immune responses against
scabies infection by secreting IL-1b, tumor necrosis factor (TNF)-a,
and matrix metalloproteinases. The discovery of iPSCs and genome
editing has yielded the possibility of providing definitive genetic
therapy through corrected autologous tissues (Fig. 3C) [81]. Ishi-
bashi et al. [88] showed that during Propionibacterium acnes
infection, increased IL-5 production by human keratinocytes plays
a crucial role in skin inflammation and allergic reactions. Thus, the
development of corresponding skin organoid models may facilitate
better research and treatment of inflammatory diseases.

3.10. Applications of skin organoids in studies of cutaneous nerve
endings

Skin organoids can also serve as models of skin nerve endings.
Lee et al. described a basic mechanical sensory complex-like
structure formed at the hair follicle bulgeenerve interface and
observed the formation of nerve endings [89]. Sensory neurons in
skin organoids form ganglia and fascicular axons, mimicking the
structure of the dorsal root or trigeminal ganglia/nerves. These
nerves can be incorporated into existing skin-equivalent cultures,
but the extent to which these models replicate the neural inner-
vation patterns and nerve endings of natural skin is uncertain due
to the limited descriptions of nerve endings in skin organoids [90].
Skin organoidmodels provide an excellent method for studying the
mechanisms of skin nerve innervation. This model can be used to
better understand how sensory neuron diversity emerges during
development. Future research can use skin organoids to further
investigate skin nerve innervation as well as brainstem or spinal
nerve innervation [91], or the effects of diseases/drugs on periph-
eral neurons [92].

3.11. Applications of skin organoids in drug detection

Drug development and screening in preclinical trials and dis-
ease treatment require high-throughput, large-scale, rapid, and
low-cost drug-screening models. Traditional skin disease research
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mainly relies on 2D and 3D skin cell models, which lack wound
microenvironments and heterogeneity and cannot accurately
reflect the mechanisms underlying disease occurrence, develop-
ment, and drug response. Multicellular drug resistance can occur
when cells form 3D cell clusters or spheres [93]. Organoid models
can maximize the reproduction of in vivo physiological character-
istics and reduce heterogeneity, making them suitable for efficient
and low-cost screening of a large number of candidate drugs in the
early stages of drug development before animal experiments [94].
Floating skin organoids are characterized by simplicity, repeat-
ability, and scalability. In related model systems, 3D skin organoids
composed of fibroblasts and HaCaT keratinocytes have been suc-
cessfully used to study the invasion of melanoma cell lines and for
drug-response tests [79]. Ebner-Peking et al. used healthy adult
hiPSC-derived progenitor cells that self-organized under non-
malignant conditions to form FSOs for high-content drug testing
and regenerative therapy. Xiaoyan Sun et al. cultured induced
sweat gland cells (iSwGCs) in a special 3D culturing system to
obtain sweat gland organoids (iSwGOs) that exhibited structural
and biological features characteristic of native sweat glands. These
iSwGOs were successfully transplanted into a mouse skin damage
model and developed into fully functioning sweat glands in vivo
[66]. As a model and method, skin organoids can be used to
establish accurate drug-screening systems for targeted treatment
of individual symptoms while also identifying inappropriate drugs
at an earlier stage. Thus, they offer broad application prospects in
skin disease research and treatment fields in both laboratory and
preclinical studies.

3.12. Challenges

With advancements in cell culture techniques, in vitro skin or-
gan culture technology has become increasingly mature. Typical
skin organoid models are cultured from ASCs and hiPSCs, and their
ability to form in vivo and in vitro has been confirmed. However,
in vitro culture methods have limitations, and culture conditions
require further refinement. The main limitation of skin organoid
models derived from hiPSCs is their structure. Skin organoids form
a spherical cyst under 3D printing, with hair shafts growing inward
and being filled with fluid in the core, and hair follicles protruding
outward from the surface of the cyst [24,95]. In normal human skin,
the outermost layer of the stratum corneum serves as a physical
barrier and is shed as cells age and die. However, in skin organoids,
the cystic structure limits shedding, and the stratum corneum tis-
sue accumulates in the core [96].

In addition, the differentiation process of skin organoids is
influenced by various regulatory factors, and the mechanisms un-
derlying their interactions are extremely complex. Thus, additional
research is required to evaluate the impact of these factors on
in vitro cultures. Another limitation is the absence of key normal
human skin cell populations in skin organoid models [35]. For
example, current models of organoids lack sweat glands, blood
vessels, arrector pili muscles (rarely observed), and immune cells,
which may prevent their complete maturation and limit the use of
these cells and tissues to specific applications. Therefore, further
optimization is needed to produce fully mature skin organoids,
including all the components of the entire niche. In addition, the
hair follicles produced in skin organoids do not contain themedulla
layer. The medulla is the innermost layer of hair and is a unique
feature of adult terminal hair that is influenced by hormones.
Another major challenge of iPSC therapy is safety and the potential
for formation of teratomas. Tissue-specific stem cells retain their
regenerative potential even after maturation. One of the important
functions of regeneration is to repair injured tissue and maintain
tissue integrity and function. However, the regenerative capacity of
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humans after birth is limited to prevent excessive regeneration that
can lead to tumor formation. Considering the possibility of tumor
formation due to the powerful regenerative ability of stem cells,
gene editing technology (such as CRISPR/Cas9) can be used to
prevent specific mutations and knock out target genes known to be
involved in tumor formation or skin-related cancer induction fac-
tors [97,98]. Scar formation and loss of skin appendages in adult
skin can cause irreversible tissue damage. Recent studies have
shown that reduction of scar formation and regeneration of hair
follicles can be achieved through interactions between stem cells
and their surrounding niche. Although complete regeneration of
fully functional skin under current conditions still presents chal-
lenges, a deeper understanding of ASCs and their niche environ-
ment will provide better directions for future skin regeneration.

Currently, in the preparation of in vitro models that simulate
tumors in vivo, the methods used for generating skin organoids
include 2D cell culture systems, 3D sphere cultures, and adult stem
cell transplantation methods, but all of these methods have certain
limitations, such as lacking heterogeneity, unstable genetic fea-
tures, simple structure, and no immune response, indicating
changes in the biology of organoids during cultivation. Preserving
early passages and primary tissue biobanks for organoid recovery
can help standardize experimental conditions and increase sample
sizes. The method of establishing organoids from the same tissue
differs due to differences in cell-dissociation techniques and the use
of growth factors, whichmay result in differences in thematurity of
cultured cells. The most ideal and standardized conditions for
organoid culture still need to be discovered [99].

4. Conclusions and future perspectives

The cultivation of skin organoids remains an active area of
research requiring further refinement. Future investigations could
leverage skin organoids to explore cutaneous nerve innervation,
brainstem or spinal nerve connections (utilizing assembly tech-
niques), and the impact of various pathologies or pharmacological
agents on peripheral neurons. A critical avenue for research is
elucidating the mechanisms by which skin organ cells transition
from sac-like structures to planar conformations at sites of injury,
and determining the involvement of organoid structures in estab-
lished wound-healing processes during in vitro injurymodels. Such
studies may yield valuable insights into the crucial developmental
stages, cellular populations, and signaling cascades integral to skin
regeneration.

Skin organoids have demonstrated potential for reconstructing
damaged integument with appendages in clinical applications,
although precise control over off-target cell lineages remains a
challenge. The limitations associated with 3D-cultured skin organ
spheroids, particularly abnormal metabolic shedding, may be
mitigated through the application of microfluidic technologies or
ALI platforms to facilitate planar growth of skin organs [13].

Current obstacles include the heterogeneous populations of
chondrocytes and myoblasts derived from the neural crest lineage
in skin organoids. Minimizing the generation of undesired cell
types will require further optimization of early signal-induction
protocols. Moreover, the skin organoid culture system requires
continued refinement, with future advancements anticipated
through the integration of gene therapy approaches.

Standardization of organoid culture conditions remains a sig-
nificant challenge that has impeded consistent production.
Furthermore, the existing organoid models cannot fully recapitu-
late in vivo physiological conditions, such as lipid metabolism and
circulatory processes. To meet the requirements for practical ap-
plications, future research should focus on developing scalable and
reproducible technologies for organoid production. Investigators
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should also consider factors such as inter-individual variability and
the impact of passage number, since the declining organoid growth
rates over time documented in previous studies are indicative of
biological alterations during extended culture periods [100].

The ultimate objective is to regenerate a comprehensive skin
substitute that incorporates all functional components, including
hair follicles, sweat glands, and nerves. Rapid advancements in the
fields of skin development, wound repair, stem cell biology, and
tissue bioengineering offer promising avenues for realizing this
goal. Future research should also focus on reconstructing missing
skin features such as sweat glands, blood vessels [98e102], and
immune cells [43], while minimizing off-target cells to enhance the
complexity and accuracy of these models. The ideal skin organoid
model should exhibit safety, clinical efficacy, ease of production,
and straightforward management [103,104].
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