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Abstract

Sebaceous glands (SGs), as holocrine-secreting appendages, lubricate the skin and play a central
role in the skin barrier. Large full-thickness skin defects cause overall architecture disruption and SG
loss. However, an effective strategy for SG regeneration is lacking. Organoids are 3D multicellular
structures that replicate key anatomical and functional characteristics of in vivo tissues and
exhibit great potential in regenerative medicine. Recently, considerable progress has been made
in developing reliable procedures for SG organoids and existing SG organoids recapitulate the
main morphological, structural and functional features of their in vivo counterparts. Engineering
approaches empower researchers to manipulate cell behaviors, the surrounding environment
and cell-environment crosstalk within the culture system as needed. These techniques can be
applied to the SG organoid culture system to generate functionally more competent SG organoids.
This review aims to provide an overview of recent advancements in SG organoid engineering. It
highlights some potential strategies for SG organoid functionalization that are promising to forge a
platform for engineering vascularized, innervated, immune-interactive and lipogenic SG organoids.
We anticipate that this review will not only contribute to improving our understanding of SG biology
and regeneration but also facilitate the transition of the SG organoid from laboratory research to a
feasible clinical application.

Key words: Sebaceous glands, Stem cells, Organoid engineering, Organoid maturation, Skin appendage regeneration, Regenerative
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Highlights

* Lrigl+ stem cells in SGs may offer the nearest hope for an ideal source of SG organoid engineering.

* Precise regulation of Wnt signaling spatially and temporally appear to be the key point to trigger SG organoid self-assembly
appropriately.

* Synthetic polymer hydrogels are the most common source of matrix for the ease with which their biological and physical
properties can be manipulated.

¢ Induced pluripotent stem cells and skin-specific endothelial progenitor cells are the ideal sources for SG organoid
vascularization.
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* Human SG organoids provide a near-authentic platform to study pathophysiology and discover potential drug targets of acne

vulgaris.

Background

The sebaceous gland (SG), an important epidermal appendage,
produces a lipid-rich mixture, which is crucial for main-
taining the physiological structure and function of the
skin [1]. Numerous pieces of evidence have suggested that
SG dysregulation and sebum composition disturbances
contribute to certain skin disorders, including skin aging,
acne vulgaris, rosacea, androgenic and scarring alopecia,
and sebaceous tumors. Among these disorders, acne vulgaris
is an exceedingly common skin disease, and sebaceous
gland carcinomas are aggressive, malignant tumors prone
to metastasis, resulting in high mortality [2,3]. Particularly,
large full-thickness skin defects resulting from severe injuries
and following scar formation usually disrupt overall skin
architecture and cause loss of appendages. Loss of SGs
makes skin prone to dermatologic diseases, with xerosis cutis
becoming the most common diagnosis, frequently accompa-
nied by itching, redness and desquamation [4]. Although
not life-threatening, these symptoms cause both physical
and psychological distress and seriously affect patients’ life
quality. Consequently, SG regeneration, accompanied by
repairing large full-thickness skin defects, is important for
patients’ health and well-being.

Current strategies to repair large skin areas play a major
role in rapidly covering wound beds, accelerating epidermis
healing rate and preventing infections without SG regenera-
tion, suggesting that new approaches are required to address
the unmet clinical need. Recent advances in organoid tech-
nologies have provided powerful tools for tissue repair and
organ regeneration. The organoids, as mini organ-like 3D
spheres derived from definite stem cells, resemble in vivo
organs both structurally and functionally [5]. As the smallest
functional unit of an organ, the organoid is resilient to
environmental variations and apt to survive in vitro. There-
fore, organoid technologies combined with existing strategies
are anticipated to solve the technical problem that SGs fail
to regenerate after severe skin injuries using the present
methodology. Engineering approaches empower researchers
to manipulate cell behaviors, the surrounding environment
and cell-environment crosstalk within the organoid culture
system as needed. These approaches have been applied to
diverse organoid culture systems to generate organoids with
more complex structures, longer lifespans and refined func-
tions. These methodologies can be utilized to produce SG
organoids closely resembling in vivo tissue and more suitable
for regenerative medicine.

This review aims to provide an overview of SG organoid
engineering, functionalization and their potential application.
First, we summarize key aspects of SG biology, including
SG physiology and cellular and molecular mechanisms of
SG morphogenesis. Second, we discuss the key factors of
engineering SG organoids, focusing on SG stem cell clusters

and environmental modeling. Afterward, we explore possible
strategies to achieve fully-functional SG organoids, includ-
ing vascularization, innervation, immune communication and
establishment of lipid profiles. Finally, we discuss the appli-
cations of SG organoids for both basic science research and
translational medicine.

Review

SG biology

Except for the palms of the hands and soles of the feet,
SGs are distributed throughout the body, with the majority
being associated with hair follicles (HFs). However, some
specialized SGs develop independently from the HE, like the
meibomian glands of the eyelids [6]. One or two SGs are
connected to the isthmus of the HF, termed the junctional
zone (JZ), via a short, keratinized excretory duct, namely the
sebaceous duct, and open into a pilary canal (Figure 1a). The
SGs and HFs form the pilosebaceous unit (PSU), surrounded
by a connective tissue sheath composed of mesenchymal
fibroblasts and collagen [7] (Figure 1a).

SG structure

While the elementary structure of SGs remains consistent,
their size and lobular quantity differ. The SG is composed
of two parts: the acinus gland and the excretory duct, which
extends to the lateral wall of the pilary canal and the epi-
dermis. The SG accordingly comprises two cell types: lipid-
producing cells in the acinus gland (sebocytes) and squamous
epithelial cells in the excretory duct (duct cells) [8].

Sebocytes have three distinct stages of differentiation and
are located in three different zones, including the peripheral
zone (PZ), maturation zone (MZ) and necrosis zone (NZ)
(Figure 1a). The PZ is a basal layer attached to the basement
membrane and is composed of outermost sebocytes, which
are undifferentiated and proliferative (Figure 1a, b). These
cells differentiate into lipid-secreting cells through symmetric
and asymmetric division [9]. The MZ, adjacent to the PZ,
has multiple layers housing lipid-secreting cells undergoing
differentiation (Figure 1a, b). The size of sebocytes within the
MZ.is considerably increased due to the accumulation of lipid
droplets. The NZ is where sebocytes aggregate and release
lipid-containing sebum into the secretory duct (Figure 1a, b).
Sebocytes in the NZ exhibit pyknotic nuclei and undergo
holocrine secretion, a process resembling autophagic cell
death [10]. The transition cycle from undifferentiated sebo-
cytes to terminally differentiated sebocytes within human and
rodent SGs lasts ~2 two weeks [8].

The excretory duct of the SG exhibits some features of
squamous epithelium, although it lacks the stratum gran-
ulosum and the stratum corneum. Notably, lipid droplets
can also be observed within the cells of the excretory duct,
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Figure 1. Schematic representation of PSU and SG stem cell clusters. (a) The SG is anatomically linked to the isthmus of the HF, known as the JZ, through the
sebaceous duct. The SG and HF collectively constitute the PSU, which is encompassed by vascular networks, fibroblasts, immune cells and other associated
components. (b) The pool of stem cells in the SG consists of multi-cell clusters. Specifically, Blimp1-positive cells are situated at the base of the SG, Lrg6-positive
cells are found at the isthmus of the HF, Lrig1-positive stem cells are located at the JZ of the HF, CK15-positive cells reside in the bulge of the HF and Gata6-positive
cells are present in the duct of the SG. PSU pilosebaceous unit, SG sebaceous gland, HF hair follicle, JZ junctional zone, Blimp1 B-lymphocyte-induced nuclear
maturation protein 1, Lrg6 leucine-rich repeat-containing G protein-coupled receptor 6, Lrig1 leucine-rich repeats and immunoglobulin-like domains protein 1,

CK15 cytokeratin 15, Gata6 GATA binding protein 6

although they are smaller than those in the sebocytes. The
basal cells attached to the basement membrane contribute to
maintaining excretory duct homeostasis. In addition, excre-
tory duct cells generate a thin horny layer composed of fragile
and loose corneocytes that shed directly into the lumen, are
subsequently secreted along with lipid droplets and eventually
reach the skin surface [8].

SG function

Studies have revealed a pivotal role of SGs in the mammalian
skin barrier. The sebum secreted continuously through the
excretory duct of SGs deposited on the hair shaft and the
skin surface contributes to lubricating and waterproofing the
hair and skin. Certain evidence has indicated that sebum
loss correlates with scarring alopecia and increased risks of
UVB-induced epidermal apoptosis and severe ocular surface
pathology, resembling meibomian gland dysfunction in mice
[11,12]. Alterations in sebum content or composition disrupt
the structural and functional integrity of the skin barrier
by affecting lipid film structure and composition, elevating
skin pH, decreasing water content, etc. SGs, combined with
apocrine glands, also play an important thermoregulatory
role and prevent liquid loss from the body [13]. In addition,
SGs execute immunoregulatory functions, producing peptides
and lipids with antimicrobial activity [14,15].

Distinct variations exist in sebum lipid contents among
different species [16]. Human sebum is mainly a non-polar
lipid mixture, including triglycerides, free fatty acids, wax
esters, squalene, cholesterol esters and free cholesterol [13].
Triglycerides and fatty acids constitute the majority, account-
ing for 57.5% of the lipids, followed by wax esters (26%)

and squalene (12%). Cholesterol is the rarest, representing
4.5% of the lipids with its esters [13]. Some lipid composition
in human skin surface sebum, including free fatty acids,
differs from that found in isolated human SG sebum [17].
Additional free fatty acids are believed to originate from the
breakdown of triglycerides by commensal microorganisms,
including Propionibacterium acnes and yeasts of the genus
Malassezia [18]. Squalene and A6 monounsaturated fatty
acids, like cis-6-hexadecenoic acid, are exclusively produced
by the human SGs [19]. Interestingly, the lipid composition of
sebum is tissue-specific and varies with age in humans [20].

During the final trimester of fetal development, fetal SGs
produce vernix caseosa, a waxy white substance that shields
the skin from amniotic fluid [21]. Postnatally, SG activity
decreases almost entirely from ages 2-6 years, then increases
to peak levels during puberty in response to elevated hor-
monal levels [22].

Stem cells involved in SG organogenesis

The evolutionary origins of SGs remain unclear. Human SGs
develop around the 13th to 14th week of gestation [23]. The
first sebocytes in mice emerge around embryonic day 18,
covering the majority of the back skin by postnatal day 3—
4 [24]. SG development is coupled to the PSU morphogene-
sis, initiated by interactions between the non-neuroectoderm
and mesoderm during embryogenesis. HF development is
classified into eight distinct stages based on fundamental
morphological criteria [25]. The details of the classification
of the morphogenesis stage and the related characterization
of stages 1-8 have been described previously [25]. As a critical
event during stage 3, the first sebocytes emerge at the distal
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part of the HF epithelium and later form glandular structures
[26]. Post-morphogenesis, SGs undergo constant renewal to
maintain tissue homeostasis [27].

Recent research has attempted to characterize SG stem
cells by the expression of specific genes and proteins. During
embryonic and early postnatal life, SRY-box transcription fac-
tor 9 (Sox9) expression was first observed in a few suprabasal
cells of the developing hair germ [28]. As PSU morphogenesis
preceded, leucine-rich repeats and immunoglobulin-like
domains protein 1 (Lrigl) and Sox9 were co-expressed in
progenitors during the hair peg stage [26]. Subsequently,
two distinct stem cell pools comprising Sox9+ and Lrigl+
cells were generated from the Lrigl + Sox9+ progenitor
cells. The Sox9+ cells were confined to the presumed HF
bulge, while Lrigl+ cells were localized to the distal area of
the follicle where mature sebocytes were about to emerge.
Dynamic analysis suggested that Lrigl+ cells produced
SGs through asymmetric cell division [26]. Following SG
development, Lrigl+ stem cells migrated to the JZ and sus-
tained long-term homeostasis of both SG and infundibulum
(Figure 1a, b).

In embryonic hair placodes, leucine-rich repeat-containing
G protein-coupled receptor 6 (Lgré) is another HF placode
marker emerging around embryonic day 14.5 [29]. Lgr6+
stem cells, identified as a distinct stem cell cluster separate
from other HF bulge stem cells, can generate HFs, SGs and
interfollicular epidermis (IFE) prenatally. Adjacent to the ]JZ,
Lgr6+ stem cells located in the HF isthmus persistently renew
SGs and IFE [30] (Figure 1a, b).

GATA binding protein 6 (Gataé6)+ cells may originate
from Sox9+ cell clusters in stage 5 during HF morphogenesis,
eventually developing into SG ducts and upper SGs [31].
Gata6+ stem cell localization is restricted to the sebaceous
ducts, and they also maintain the homoeostasis of the upper
SGs [32,33] (Figure 1a, b).

B-lymphocyte-induced nuclear maturation protein 1
(Blimp1) +cells found at the SG base are identified as
unipotent stem cells controlling cellular contributions within
the SG; however, their specific origin within the SG remains
unknown [34]. Interestingly, a recent study regarding
cellular dynamics during SG morphogenesis suggested that
~11 equipotent and lineage-segregated progenitors equally
contributed to SG development [35] (Figure 1a, b).

HF bulge is believed to harbor bipotent stem cells, which
can generate both HFs and SGs. Among them are CK15+
multipotent stem cells of a higher hierarchy that transited
several stem cell clusters, including Lgr6+ and Lrigl+ cells,
before differentiating into sebocytes during PSU homeosta-
sis [36] (Figure 1a, b). Genetic lineage-tracing experiments
showed that the Gata6+ cell cluster is one of the progenies of
Lgr6+ stem cells and Gataé co-expressed Lrigl in neonatal
and adult mice. This suggests that Lgr6+ and Lrigl+ stem
cells maintain the entire SG’s homeostasis, while Gata6+
stem cells, as the progeny of the two aforementioned stem
cells, exclusively contribute to the cellular turnover of seba-
ceous ducts and upper SGs [31]. Furthermore, the enriched
expression of Blimp1 in purified Lrigl+ stem cells implies

that unipotent Blimp1+ stem cells may derive from Lrigl+
stem cell clusters [37].

Molecular mechanism regulating SG organogenesis

In recent decades, extensive research has focused on
understanding the underlying molecular signals governing
SG development and homeostasis. Although the mecha-
nisms remain incompletely understood, it has been well-
documented that numerous factors are involved, including
signaling pathways, hormones, transcription factors and
growth factors [38]. In this review, we highlight crucial
factors involved in SG development and their potential for
SG organoid engineering (Figure 2).

Signaling pathways As mentioned above, SG development is
coupled with HF morphogenesis. Numerous reviews exist on
signaling involving HF development, and we will not reiterate
those in this review. Among the related signaling pathways,
wingless/integrated (Wnt) signaling is significantly crucial for
PSU induction, organogenesis and cytodifferentiation [39].
B-Catenin serves as a transcriptional co-activator interact-
ing with the transcription factor (TCF)/lymphoid enhancer
binding factor (LEF) complex, which is central to Wnt sig-
naling activation [40]. ANLef1 without B-catenin-interacting
domain blocked HF lineage specification and induced SG
lineage differentiation in mice [41] (Figure 2). Conversely,
without Wnt signals, TCF3 reactivation repressed both HF
and SG fate specification to maintain skin stem cells in an
undifferentiated state [42] (Figure 2). Even postnatally, TCF3
induction blocked SG terminal differentiation by repressing
peroxisome proliferator-activated receptor gamma (PPARy)
[42]. Petersson et al. [36] further confirmed that Lef1 inacti-
vation induced sebocyte differentiation instead of HF lineage
specification. They also demonstrated cell fate determination
between HF and SG controlled by TCF/Lefl activity regu-
lation in HF bulge stem cells [36] (Figure 2). These studies
illustrated that skin progenitors regulate the lineage switch
from HF to SG destiny during PSU development by precisely
regulating Wnt signaling activity.

The second important pathway regarding the proliferation
and differentiation of SG lineage is hedgehog (Hh) signal-
ing. Hh signaling as a ligand-dependent signaling pathway
is activated by three ligands, including sonic, desert and
Indian Hh (IHH) protein, and the GLI zinc finger fam-
ily is the downstream transcription factor of the pathway
[43]. Immunohistochemical staining of human skin samples
showed that IHH is expressed in differentiated sebocytes and
GLI1 in SG progenitors [44] (Figure 2). The IHH notably
stimulates sebocyte precursor proliferation [44] (Figure 2).
Gain- and loss-of-function experiments in transgenic mouse
models suggested that inhibiting Hh signaling activity in
epidermal keratinocytes selectively blocks sebocyte formation
while stimulating Hh pathway promotes sebocyte develop-
ment [45]. Ectopic SGs emerged from the footpad epider-
mis in epidermal Hh signaling constitutively activating KS-
M2SMO mice, suggesting that Hh signaling activation can
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Figure 2. Major signaling pathways and factors regulating SG identity and homeostasis. The ALef1 mutation leads to the inhibition of Wnt signaling, causing a
transition from HFSCs to SG progenitors. Reactivation of TCF3 converts both SG and ORS lineages into HFSCs. Gli1 accumulates in the nuclei of SG progenitors
which can be achieved through the forced expression of PPARy or SMO in IFE stem cells. Activation of c-Myc, IHH, FGFR2b or EGFR promotes the proliferation of
SG progenitors. Notch signaling plays a dual role in SG differentiation, promoting sebocyte differentiation within the SG stem cell niche and inhibiting sebocyte
proliferation outside of the niche. The orange stripes in the nuclei of SG progenitors indicate Gli1 accumulation. Arrows represent stimulatory effects and bar
represents an inhibitory effect. SG sebaceous gland, Lef7 lymphoid enhancer binding factor 1, Wnt wingless/integrated, TCF3 transcription factor 3, ORS outer
root sheath, HFSCs hair follicle stem cells, Gli1 GLI family zinc finger 1, PPARy peroxisome proliferator-activated receptor gamma, SMO smoothened, frizzled
class receptor, IFE interfollicular epidermis, c-Myc c-MYC proto-oncogene, BHLH transcription factor, IHH Indian hedgehog, FGFR2b fibroblast growth factor

receptor 2b, EGFR epidermal growth factor receptor

induce lineage conversion from epidermal keratinocytes to
sebocyte lineage [45] (Figure 2). Besides, mice constitutively
expressing GLI2 generate prominent SG ducts, indicating that
the Hh pathway significantly influences the fate decisions of
the SG duct [46].

The Notch signaling pathway, a key mediator of epithelial
differentiation, is also essential for SG morphogenesis. y-
Secretase-mediated proteolytic cleavage of the Notch recep-
tor transmembrane domain is required for Notch signal-
ing activation. Before the onset of PSU morphogenesis, y-
secretase deletion in mice resulted in SG loss [47]. JunB-K14-
deficient mice demonstrated de novo SG regeneration during
wound healing, linked to Notch signaling hyperactivation.
This was further confirmed by de novo SG loss in the wound
after inhibiting Notch signaling [48]. Veniaminova et al. [49]
revealed a dual role of Notch signaling in SG differentiation,
promoting sebocyte differentiation within the SG stem cell
niche and inhibiting sebocyte proliferation outside the niche
(Figure 2).

Hormones, transcription factors and growth factor receptors
SG homeostasis is tightly regulated by steroid hormone levels,
with androgens prominently influencing SG biology. Andro-
gens exert direct effects on androgen receptors expressed
in early differentiated sebocytes within human and rat SGs
[50]. Androgens are well-defined regulators with pronounced
effects on SG physiology. Previous data have demonstrated
that androgen treatment promoted the proliferation and ter-
minal differentiation of sebocytes and the synthesis of specific
sebaceous lipids [51].

Several key transcription factors are also required for SG
homeostasis. The transcription factor c-Myc is a key regu-
lator affecting SG formation. It has been suggested that the

expansion of SGs and ectopic sebocytes found in the HF and
IFE are due to c-Myc activation in the cutaneous epithelium
[52] (Figure 2). Other relevant transcription factors, including
PPARs, also regulate sebocyte development and differentia-
tion by governing the expression of lipogenic genes [53]. All
known PPAR isoforms have been identified in human sebo-
cytes, whereas PPARy is mainly expressed in differentiating
sebocytes. A previous study demonstrated that PPARy-null
mice showed a complete loss of SG, suggesting that PPARy
may exert a crucial role in SG patterning [54]. Besides, our
recent research has shown that PPARy overexpression in
human epidermal keratinocytes plays an important role in SG
fate conversion [55] (Figure 2).

Additionally, during morphogenesis, SG-associated growth
factors regulate SG number and size by binding with the
corresponding receptors. In this way, these growth factor
receptors serve as important mediators in SG development.
Among these are fibroblast growth factor receptor 2b
(FGFR2Db) [56] and epidermal growth factor receptor (EGFR)
[571], both of which are expressed in SGs. Epidermis-specific
deletion mice lacking FGFR2b could generate SGs; however,
the SGs subsequently underwent atrophy [56], suggesting
that FGFR2b is required for SG homeostasis (Figure 2).
Manipulating EGFR expression in the epidermis showed
EGFR-dependent SG enlargement and increased sebum
production in mice, suggesting the role of EGFR in SG biology
[58] (Figure 2).

SG organoid engineering

SG organoid engineering integrates classic developmental
biology, stem cell technology and engineering principles.
While SG stem cells function as ‘seeds’ in the organoid
system, the microenvironment serves as ‘soil’ controlling
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Figure 3. Workflow of SG organoid culture. (a) The surrounding in vivo environment of the SG. The SG is situated within the dermis, where it coexists with
various types of cells, including fibroblasts and immune cells. The SG is highly vascularized, which potentially facilitates its communication with the neighboring
environment. (b) The isolation of Blimp1+ stem cells. Briefly, epidermal cells were obtained from Blimp1-YFP reporter mice and subsequently subjected to flow
sorting to collect @6 + Sca1-Blimp1-YFP+ cells. Afterwards, Blimp1-positive stem cells were screened out owing to their self-renewal ability. (c) The SG organoid
culture system. Blimp1-positive stem cells were embedded in a 3D scaffold Matrigel and cultured in a modified medium supplemented with R-spondin1, Noggin,
EGF and FGF2. Following a designated period of culture, the formation of sphere structures was observed. SG sebaceous gland, Blimp1 B-lymphocyte-induced
nuclear maturation protein 1, EGF epidermal growth factor, FGF2 fibroblast growth factor 2, YFP yellow fluorescent protein

the SG stem cell behavior. The structure and physiological
function of SG organoids are tightly regulated by the cell-
microenvironment interactions. Suitable stem cell resources
for the SG organoid and an appropriate microenvironment
akin to the SG stem cell niche are the two key elements of SG
organoid engineering.

Stem cell clusters for SG organoids SG organoids can be
derived from two types of stem cells, i.e. primary SG adult
stem cells (ASCs) and pluripotent stem cells (PSCs), due to
their ability to self-organize into structures that mimic the
fundamental properties of iz vivo SGs [59].

ASC-derived SG organoids
from mouse SG Blimp1+ stem cells, consistent with a previ-

Recent SG organoids were derived

ous study in that Blimp1 defined a progenitor population gov-
erning cellular input to the SG [34,60]. Before being used for
organoid generation, these cells were sorted by flow cytom-
etry and purified by in vitro expansion (Figure 3a, b). Subse-
quently, the proliferative cells were embedded in Matrigel, the
most widely used matrix in organoid culture, to achieve 3D
growth. Particularly, the 3D cultures were placed in a specific
medium containing SG morphogenesis-associated molecules,
including fibroblast growth factor (FGF), EGF, R-spondin 1
and Noggin (Figure 3b, c). After 7-12 days of culture, SG-like
structures were generated. The SG organoids were composed
of an outer single layer of proliferating cells and an inner mass
of cells in varying degrees of differentiation. Interestingly,
the outer layer cells underwent asymmetric divisions, moving
toward the center of the SG organoids. These features are
in accordance with SG cellular kinetics. Moreover, the SG

organoids were able to generate SG-specific lipids, exhibiting
functions akin to their i1 vivo counterparts.

Based on the success of Blimp1+ cell-derived organoids,
other SG stem cell clusters hold great promise for establishing
SG organoids using fluorescent labeling and sorting technolo-
gies. Given that Gataé controls the sebaceous duct lineage
identity, the lack of ductal structures in Blimp1+ cell-derived
organoids aligns with expectations. This problem could be
addressed by co-culturing Gata6 SG stem cells with Blimp1+
cells. Other stem cell clusters, including Lrigl+ stem cells,
Lgr6+ stem cells and CK15+ bulge stem cells, possess the
potential to differentiate into both gland and duct cells of SG,
and these can be utilized to generate SG organoids containing
both glandular and ductal structures.

PSC-derived SG organoids
and HFs were derived from the WA25 human embryonic

Human skin organoids bearing SGs

stem cell line [61,62]. Before induction, the cells were first
separated into individual cells and cultured on U-bottom 96-
well plates to generate uniform cell aggregates. Subsequently,
the cell aggregates were transferred into the differentiation
medium containing Matrigel, bone morphogenetic protein
4 (BMP4) and SB431542 (a transforming growth factor
beta inhibitor) to induce ectoderm epithelium [61]. After-
ward, the epithelium was further differentiated into the sur-
face ectoderm in another differentiation medium containing
BMP inhibitor and FGF. Meanwhile, the surface ectoderm
was enveloped by cranial neural crest-like cells through co-
treatment with basic FGF (fibroblast growth factor 2, FGF2)
and LDN-193189 (a BMP inhibitor). After 120 days, HFs
associated with SGs were observed in the skin organoids.
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Table 1. Comparisons between ASC- and PSC-derived SG organoids

ASC-derived SG organoids

PSC-derived SG organoids

Advantages

surface ectoderm and CNC cells).

Epigenetic alterations and transcriptomic features of ASC

can be retained by organoids to some extent.

Sources of ASCs are limited.
Origins of ASCs are heterogeneous.

Disadvantages

ASCs are difficult to isolate, culture and manipulate.
Standardizing culture protocols for large-scale use is also

difficult.

Duration of in vitro maintenance of organoids is

relatively short (several weeks).
Structure limitation Size of organoids is much smaller.

(vs. in vivo SGs)

structure.
The sebaceous duct structure is lacking.
Function limitation

(vs. in vivo SGs) unknown.

The organoids are, at most, functionally equal to the fetal

in vivo SGs.

Culture duration (1-2 weeks) is relatively short.
Culture protocol is relatively simple (no co-induction of

The organoids merely share a similar structure with their
fetal in vivo counterparts, but they lack an identical

Whether the organoids produce antimicrobial peptides is

Sources of PSCs are extensive.

Protocols of PSC induction have been standardized.
Culture methods are easy to reproduce, convenient to
handle and amenable to large-scale use.

Duration of in vitro maintenance of organoids is
relatively long (several months).

Time needed to acquire organoid-containing SGs
(>100 days) is too long.

There are too many steps (co-induction of surface
ectoderm and CNC cells) involved in the protocols.

Size of organoids is smaller.

The organoids merely share a similar structure with their
fetal in vivo counterparts, but they lack an identical
structure.

The lipid files of the organoids are unknown.

Whether the organoids produce anti-microbial peptides is
unknown.

The organoids are, at most, functionally equal to the fetal
in vivo SGs.

ASC adult stem cell, PSC pluripotent stem cell, SG sebaceous gland, CNC cranial neural crest

Adding defined soluble factors—appropriate and precise
doses of proteins at the right time—is crucial for achieving 3D
structures and the intended lineages [63]. For example, EGF
timing in the sequential differentiation protocol was crucial
to generating epithelial stem cells [64]. Theoretically, the
surface ectoderm-derived human PSCs can differentiate into
sebocyte lineage in a defined induction medium. Optimizing
the cultivation system with PSC-derived epithelial stem cells
shows promise in establishing SG-like organoids that mirror
key features of SGs. Human PSCs are an ideal cell resource
for modeling SG organoids possessing glandular and tubular
structures resembling normal SGs.

ASC-derived SG organoids vs PSC-derived SG organoids ~ Although
SG organoids could be obtained from both ASCs and PSCs,
as demonstrated above, some differences could, however, be
observed. To facilitate comparisons between ASC-derived SG
organoids and PSC-derived SG organoids, the details of the
differentiation between the two and their current structural
and functional limitations compared to in vivo SGs are shown
in Table 1.

SG organoids The
microenvironment of SG organoids mainly includes matrix

Microenvironmental modelling for
and signaling molecules. Matrix engineering and the
orchestration of soluble factors are required to mimic the
native SG environment physically, chemically and eventually
functionally.

Matrix engineering for SG organoid establishment The extra-
cellular matrix (ECM) provides structural support to

surrounding stem cells and modulates their behaviors, includ-
ing proliferation, mobilization and differentiation. Similarly,
the most common way to develop organoids involves using
materials that mimic the scaffolding support provided by
the in situ ECM of the tissue. Three main factors must be
considered when choosing a material for organoid culture:
component origin, mechanical properties and geometry
[65]. Based on component origin, the current matrices can
be categorized as: decellularized tissue matrices, mixture-
component natural polymer matrices, single-component
natural polymer matrices, synthetic polymer hydrogels,
engineered hydrogels and a combination of the above.
Decellularized ECM shares a similar structure and com-
position with the native tissue matrix and retains the unique
advantages of organ-transplanted scaffolds due to its intact
vascular networks ready for vascular endothelial cell repopu-
lation [66]. Hydrogels derived from decellularized ECM have
been used to develop human gastric organoids and more [67].
Acellular adipose-derived mesenchymal stromal cell matrix
has been utilized to cover scaffold surfaces for engineered
meibomian glands, suggesting that acellular adipose tissue
matrix-derived hydrogels may be a candidate resource of
materials for SG organoid culture [68].
extracted from Engelbreth-Holm—Swarm
tumors, is a widely utilized mixture-component natural

Matrigel,

polymer matrix in organoid development [69]. SG organoids
are examples of successfully developed organoids using
Matrigel that mimics basement membranes [60]. Though
Matrigel contains diverse ECM components and bioactive
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factors, harboring abundant cell attachment sites, it is
degradable and remodelable during organoid development.
However, Matrigel is unsuitable for clinical use due to its
murine tumor origin, batch-batch differences and limited
adjustability.

Compared to Matrigel, the single-component natural
biopolymer matrices like collagen I, laminin, gelatin, fibrin
and hyaluronic acid are derived from the normal ECM
and offer high reproducibility [66]. Among these, collagen
I hydrogel has been applied to multiple types of organoid
systems, including human and murine intestinal organoids
[70]. Notably, collagen I is the most abundant matrix protein
within the dermis where SGs reside. In addition, the stiffness
in normal skin is ~4 kPa Young’s modulus, which is in the
range of stiffness of collagen I hydrogel. Considering this,
collagen I hydrogel can be used as an alternative matrix for
SG organoid construction.

Synthetic hydrogels have been increasingly utilized in
organoid culture for their biofouling resistance, high cost-
effectiveness, customizable topology and molecular weight,
and easy crosslinking with desired biological ligands or
signaling molecules for precise control over physical and
biochemical properties [66]. Among the synthetic hydrogels,
polyethylene glycol (PEG) hydrogels are widely employed.
For instance, 4-arm PEG-maleimide hydrogel is suitable for
embedding cells and serves as an injection vehicle for in vivo
organoid delivery, providing valuable insights that may be
applied to SG organoid transplantation [71].

Bioengineered matrices can be alternative options for SG
organoid engineering due to their modifiability, well-defined
chemical structures, ease of synthesis and minimal batch vari-
ation. To modulate crucial SG stem cell niche cues, other fac-
tors also require consideration, including oxygen distribution,
pH levels and nutrient transportation. Given this, techniques
like 3D cell aggregates in suspension and air-liquid interface
methods have been employed for the optic cup and kidney
organoids, respectively [72,73]. Likewise, the air-liquid inter-
face method can be used to develop SG organoids with a
multi-layered duct structure resembling 7 vivo microarchi-
tecture. Additionally, sensors and 3D microfluidic devices
can be incorporated into the system to achieve precise con-
trol over culture conditions, including oxygen and nutrient
delivery.

Signaling pathway manipulation for building SG organoids As
mentioned above, SG organogenesis is orchestrated by
sequential activation or inhibition of critical signaling
pathways, including Wnt, Hh and Notch signaling pathways,
among others. Wnt signaling activation was demonstrated
to stimulate self-renewal and long-term expansion in various
gland organoids like mammary and salivary gland organoids
[74,75]. Accordingly, for ASC-derived SG organoids, R-
spondinl—a potent Wnt signaling pathway activator—was
included in the culture medium. While Wnt signaling finely
regulates SG and HF fates by assigning low-level preference
to SG lineage and high-level guidance to HF specification,

R-spondinl in the SG organoid system may be mainly
involved in SG stem cell self-renewal. Considering this, R-
spondinl and Wnt signaling agonists (e.g. Chir99021) can be
applied to SG organoids derived from other stem cell clusters
like Lrig1+ stem cells.

Besides R-spondinl, ASC-derived SG organoids have
been developed using exogenous signals to stimulate the
self-organization response [60] (Figure 3b). An exogenous
small molecule, the Rho associated coiled-coil containing
protein kinase (ROCK) inhibitor Y27632, which can prevent
anoikis induced by cell-cell detachment, is crucial to promote
BLIMP1+ stem cells to generate organoid structures; further
exogenous stimulation with Noggin, EGF and FGF2 is then
required to guide cells in developing large spheroid structures.
Noggin, the BMP signaling inhibitor, was administered
because inhibiting the BMP signaling pathway has been
reported to facilitate sebocyte differentiation. Specifically,
FGF2 was used for its mitogenic activity on sebocytes.
Additionally, EGF was administered, as activating the EGF
signaling pathway has been demonstrated to promote
sebocyte proliferation and lipid production.

The Hippo pathway is one of the important growth-
and proliferation-regulating signaling pathways. A small
molecule, GA-017, promotes cell proliferation and enhances
intestinal organoid growth by inhibiting large tumor
suppressor kinase 1/2 (LATS1/2), subsequently activating
yesl associated transcriptional regulator (YAP)/tafazzin
(TAZ), which are both key effectors of the Hippo pathway
[76]. Considering this, GA-017 may be used to accelerate SG
organoid expansion in the culture system. Notch signaling,
identified as a feedforward circuit governing progeny cell
differentiation [77], was reported to be involved in SG
morphogenesis, suggesting that Notch signaling activation
may be applied in SG organoid culture. In addition, the
Hh pathway is crucial in SG development and fate decision;
hence, it is theoretically possible to include proteins like IHH
or small molecules to optimize the SG organoid system.

Our understanding of the relevant development mech-
anisms of SGs in vivo, guides the identification of factors
and the timing of their addition. Subsequently, as the
underlying molecular mechanisms involving SG development
and homeostasis are elucidated, the additional signaling
components added to the SG organoid system can be
optimized, which further enhances our understanding of SG
organogenesis.

SG organoid functionalization

The lack of cell maturation is a major shortcoming of current
SG organoid methodologies. SG organoids exhibit certain
characteristics resembling their fetal counterparts and lack
mature structural and functional properties [78], which may
be due to the absence of multiple cell types (e.g. blood
vessels, proper innervation and immune cells) that promote
organoid maturation in the culture system [79]. Similarly, the
paradigm of normal organogenesis can be applied to develop
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Figure 4. Schematic diagram of functionalization and applications of SG organoids. (a) Utilizing engineering approaches holds promise for enhancing the
complexity and maturation of SG organoids, including vascularization, innervation, immune-epithelial crosstalk and lipid profile characterization. (b) Utilization
of transcriptomics, single-cell sequencing and biobank in the field of SG organoids is expected to greatly enhance their application in basic research, disease

modeling, drug discovery and regenerative medicine. SG sebaceous gland

SG organoids with structure and function closely resembling
native SGs (Figure 4a).

Vascularized SG organoids Vascularization, beyond oxygen,
nutrients and circulating factors, also delivers hematopoietic
cells like macrophages, which contribute to organ develop-
ment and maturation [80]. In vivo, SGs are surrounded by a
complex vascular network [81] (Figure 4a), as blood supply
in SGs is essential for maintaining normal structure and func-
tion. Despite significant advancements in organoid culture,
the lack of vascularization in most organoids, including SG
organoids, remains a major limitation in achieving organoids
with in vivo-like matured structural organization and tis-
sue size. Therefore, there is a requirement for vascularized
organoids, which will lead to larger and more functional
SG organoids. Generally, organoid vascularization needs a
combination of three main factors: endothelial progenitor
cells (EPCs), engineering technologies and matrices.

Blood vessel generation requires EPCs, and induced PSCs
are the ideal source of EPCs, thereby providing a potentially
abundant supply of EPCs from the same donor [80]. Besides,
numerous protocols have been developed to generate EPCs
from induced PSCs. Considering the varied vascularization
among different organs, skin-specific EPCs could be a viable
alternative due to their ample availability and proximity to
SG EPCs. As an understanding of mechanical and chemical
cues improves the mimicking of in vivo SG conditions (e.g.
providing physical support for EPCs to form tubule-like
structures or introducing specific soluble factors), the self-
organization and appropriate differentiation of EPCs will be
further enabled, thereby enhancing the feasibility of develop-
ing vascularized SG organoids in the future.

Emerging bioengineering approaches have played an
important role in organoid vascularization. For example,
microfluidic systems, such as sacrificial molds and laser
ablation, have been used to develop vascularized tissue-like
structures [82,83]. Microvasculature can be created in

vitro by embedding endothelial cells within a hydrogel
culturing scaffold introduced into a microfluidic device. This
configuration facilitates the self-organization of endothelial
cells into perfusable vascular networks [84]. 3D bioprinting
is an alternative strategy to create vascular-like structures
to fabricate perfusable channels comprising endothelial
cells [85]. Regardless of the approaches used to develop
vascularized systems, the primary technical challenge exists
in maintaining the stability and function of microvascular
networks within organoids.

The ECM is another critical factor of vascularization [80].
Along with the development of organoid technologies and
engineering methods, researchers have established multiple
approaches to achieve functional vasculature in vitro with
diverse kinds of hydrogels, ranging from natural materials
like Matrigel, collagen and fibrin to synthetic biomaterials,
including PEG and its derivatives. Microvascular networks
are influenced by hydrogel properties, including density,
degradability, viscoelasticity and integrin binding sites [80].
Natural ECM enables stable vascular network formation but
exhibits batch-to-batch variability. Synthetic biodegradable
polymers offer modifiable biophysical and biochemical prop-
erties but possess limited paracrine morphogen permeability.
Besides, fabricating and maintaining stable vessel networks
using synthetic biodegradable polymers is challenging.
Decellularized ECM of skin may be a promising option with
the increasing optimization of acellular methods.

Innervated SG organoids Innervation is critical in regulating
organ development and determining organ functional control
and modulation [86]. Despite extensive research, it remains
unclear whether SGs, as a part of PSUs, are directly innervated
by cutaneous nerves [87]. One hypothesis suggests that SG
innervation is established through cutaneous nerve fibers that
control the cellular input of SGs [87]. The HF bulge, as a
putative location of SG stem cells, is intensively innervated,
which is considered the basis of innervating and regulating
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SGs. However, previous studies demonstrated that specialized
SGs, which are independent of HFs, including meibomian and
preputial glands, are intensively innervated by a fine nerve-
fiber network [88]. Therefore, innervation should be metic-
ulously considered throughout the process of SG organoid
functionalizion independent of HFs (Figure 4a).

Limited studies on organoid innervation have been
reported to date. Recent attempts have been made to
co-culture human PSC-derived neural crest cells with
various organoids to generate innervated organoids. These
studies might shed light on SG organoid innervation [86].
For example, the co-culture method has been applied to
intestinal organoids [89,90]. Alternatively, advancements
in 3D bioprinting have allowed researchers to develop a
3D bio-fabrication system to generate innervated epithelial
organoids like salivary gland organoids from neural crest-
derived mesenchymal stem cells [91]. These studies stress the
importance of selectively considering specific neural crest cell
populations to achieve proper innervation in SG organoids.

Immune-interactive SG organoids Immune cells and skin
epithelium constitute a sophisticated barrier system in
symbiotic relationships with microbes [92]. SGs regulate the
skin barrier by modulating lipid composition and amount
of sebum, a complex formation of lipids produced by
SGs, thereby affecting the growth of diverse bacteria [93].
Moreover, sebum composition has been demonstrated to
be crucial in regulating immune responses against microbes
by regulating macrophage polarization. Additionally, skin-
resident innate lymphoid cells have been shown to regulate
the skin microbiota by controlling SG function [92]. This
interaction between SGs and immune cells is essential
for the homeostasis of skin immunological and structural
functions (Figure 4a). Therefore, signals from the immune
system are pivotal factors for SG organoid functional
maturation.

Various protocols exist for co-culturing organoids with
different immune cells, including innate lymphoid cells,
macrophages and neutrophils, among others [94]. Autolo-
gous immune cells are suitable for translational application,
while their in vitro expansion post-isolation from patients
requires a lengthy duration. This can be resolved by pre-
cryopreserving peripheral blood lymphocytes, followed by
isolating and expanding specific cell lineages as needed.
Apart from 3D co-culture, other methods like monolayer
culture (facilitated by an air-liquid interface) have been
established [95,96]. Monolayer culture generates a luminal,
basal side, which can directly contact with immune cells,
thereby facilitating the study of host reactions to microbes
and immune-epithelial crosstalk in the skin barrier. A similar
approach is likely suitable for SG organoids.

However, the requirements for growth factors supple-
mented to culture media vary across cell types. Co-culture of
organoids with immune cells necessitates solutions to sustain
the survival and functionality of distinct cell types within
the same culture compartment. Addressing this challenge

may benefit from insights and knowledge gained from other
disciplines.

Lipogenic SG organoids SG differentiation, maturation and
lipid production are closely interrelated (Figure 4a). SG func-
tional maturation is often accompanied by lipid synthesis,
which is regulated by several signaling pathways. Notably, the
PPAR pathway is among the most important lipogenic sig-
naling pathways [97]. The PPAR family members, including
PPARw, PPARB and PPARYy, form heterodimers with retinoid
X receptors (RXRs) to regulate lipogenic gene transcription
and can be activated by unsaturated fatty acids like linoleic
acid and eicosanoids [98]. Treatment with PPAR agonists
increased sebum secretion in both SGs and sebocytes. Accord-
ingly, the PPARy activator rosiglitazone and PPAR activator
linoleic acid stimulated SG organoid lipogenesis [60].

The liver X receptors (LXRs) belong to the nuclear recep-
tor family and contribute to cellular cholesterol homeostasis
and lipid metabolism [99]. Activation of LXRs by their
ligands resulted in increased expression of critical fatty acid
synthase and sterol regulatory element-binding protein-1 and
the accumulation of lipid droplets [100].

Retinoids are also involved in regulating SG proliferation
and lipogenesis [101]. Human sebocytes express both retinoic
acid receptors and RXRs, and their ligands, including all-
trans retinoic acid (atRA) and 9-cis-retinoic acid (9cRA), have
been demonstrated to inhibit sebocyte proliferation and lipid
synthesis [101]. Treatment with atRA (Tretinoin), formulated
atRA (Ret-Avit) and 13-cis RA (Isotretinoin) led to signifi-
cantly smaller SG organoids compared to the control group,
which is consistent with their clinical effectiveness.

Low-glycemic diets result in a decrease in acne severity,
suggesting the involvement of insulin/insulin-like growth fac-
tor (IGF)1 signaling in acne pathogenesis [102]. Both insulin
and IGF promote lipid production via phosphatidylinositol-
3-kinase/protein kinase B signaling [103]. Additionally,
insulin administration stimulates lipid accumulation in
adipocytes, suggesting a potential enhancement of lipogenesis
in SG organoids upon insulin treatment.

Applications of SG organoids

As previously described, the organoid systems, including the
classical organoid culture methods and novel engineering
strategies, have achieved significant progress in replicating
some of the critical structural and functional features of in
vivo organs. This makes SG organoids promising tools for
basic research, therapeutic innovations and clinical applica-
tions (Figure 4b).

SG organoids for skin appendage organogenesis SGs and
HFs are usually considered together as the PSUs. Defin-
ing sebaceous-autonomous mechanisms is difficult due to
the potentially confounding signals from nearby HFs. Con-
sequently, knowledge about SG development, homeostasis
and regeneration has been mostly derived from studies that
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primarily focused on HFs. SG organoids hold the potential for
modeling SG development and homeostasis because of their
ability to recapitulate major processes of self-organization
during SG morphogenesis. Moreover, SG organoids can exist
as a simplified minimal system, contributing to determining
the respective roles of distinct components in the system.
Therefore, SG organoids could be used to reveal mechanisms
of SG-autonomous self-organization during morphogenesis.

ASC-derived SG organoids exhibited the same molecular
profiles and homeostatic kinetics as in vivo SGs [60].
Moreover, experiments on SG organoids have provided
insights into the pathways regulating SG homeostasis.
Previous studies showed that transcription factor c-Myc is an
essential regulator of sebocyte differentiation [104]. Treating
SG organoids with c-Myc inhibitory drugs showed a decrease
in organoid size. Further study demonstrated that c-Myc
regulates SG organoid homeostasis, which further confirmed
the role of c-Myc in SG homeostasis.

Compared to mammalian animal models, organoids are
more accessible and offer more insights into homeostasis
and organ biology. Besides, considering the potential lim-
itations of animal models in accurately simulating human
SG organogenesis, human stem cell-derived SG organoids
provide a more faithful reflection. Current SG organoids are
equivalent to iz vivo SGs in early developmental stages. The
key mechanisms regulating SG development and maturation
might be revealed by comprehensive and comparative tran-
scriptome analyses to compare the transcriptomes between
SG organoids on different days and their in vivo counterparts
at multiple developmental stages. Understanding these mech-
anisms can optimize the SG organoid systems, and subsequent
developments in the research will enhance our understanding
of skin appendage organogenesis.

SG organoids for disease modeling, drug discovery and per-
sonalized medicine Some SG disorders are associated with
dysregulated SG homeostasis. Acne vulgaris, which is among
the most common skin disorders, affects millions globally
[105]. Multiple factors contribute to acne vulgaris, including
SG dysregulation and the host-P. acnes interaction. Addition-
ally, SG dysregulation can cause SG carcinomas with high
metastatic rates and mortality [106]. Organoid cultures can
mimic pathologies at a 3D organ-like level, which is a clear
advantage over traditional 2D cell cultures. Furthermore,
organoids developed from human ASCs or iPSCs can mimic
specific human features that animal models like acne vulgaris
may not fully replicate. Therefore, the organoid is an ideal
platform for disease modeling, drug discovery and personal-
ized medicine.

ASC-derived SG organoids have been used as a platform
to simulate the initial stage of acne vulgaris pathophysiolog-
ical processes [60]. The platform was generated by PPAR
signaling pathway activation in SG organoids through its
combination with dihydrotestosterone, a potent androgen
demonstrated to synergistically promote sebocyte prolifera-
tion and lipogenesis [97]. After treatment, the SG organoid

exhibited enlarged size, increased lipid accumulation and
active proliferation, which, to some extent, reflected certain
characteristics of acne vulgaris. Considering this, the model
was administered atRA, the current first-line therapy for acne
vulgaris, to study its response to the drugs. The results demon-
strated that the proliferative activity, differentiation process
and organoid volume of SG organoid cells were all affected
by the drugs, which was consistent with the clinical findings.
Additionally, the model suggested that c-Myc may be a key
regulatory factor associated with acne vulgaris pathology.
These data indicated that SG organoids can potentially serve
as a drug discovery platform.

Organoid biobanks with different pathologies are an
emerging application of organoid research [79]. These
biobanks provide a powerful platform for genetic variance
screening of patient-derived tumors. Therefore, targeted
drugs designed based on the screening results can be used for
personalized treatment. For precision medicine, establishing
ex vivo model systems to predict patient-specific responses
is essential [63]. Cancer stem cells, which can self-renew,
can self-assemble organoids like patient-derived organoids
(PDOs) [63]. Recently, a PDO biobank has been established
from metastatic gastrointestinal cancer patients enrolled in
phase 1 or 2 clinical trials [107]. This has enabled researchers
to compare the responses of patients and those of PDOs
when treated with the same drugs. Interestingly, the drug
response of cancer organoids has been shown to be similar to
that observed in clinics, enhancing the potential of PDOs as
a drug screening platform [108]. However, studies focusing
on SG carcinoma organoids are lacking, and PDOs from
SG carcinoma may provide new therapeutic target cues for
individualized precision treatment.

In particular, it is crucial to note that certain structural
and functional differences still exist between SG organoids
and their i vivo counterparts, as described in Table 1. These
disparities render them inadequate as near-physiological sub-
stitutes for actual SGs in disease modeling. The reliable
production of high-quality SG organoids requires further
improvement of the culture system to address prevailing

gaps.

SG organoids for functional skin regeneration SG organoids,
beyond their role as preclinical drug test models, also hold
promise as graft sources for functional skin regeneration.
Compared to conventional skin graft or cell therapy,
autologous organoids offer numerous advantages. First,
SG organoids generated from patient-derived iPSCs and
ASCs circumvent ethical concerns associated with allografts.
Second, SG organoids, as the smallest element of SGs, possess
superior survival ability compared to individual cells. Given
the uncertainty of stem cell differentiation, SG organoids
of directed differentiation are relatively safer. Besides, site-
directed delivery of SG organoids via microneedles can
achieve SG regeneration and ameliorate fibrosis even in
the scarring skin. In a previous study, an organoid culture
system that generated complex skin from human PSCs was
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developed [61]. When grafted onto nude mice, the skin
organoids formed hair-bearing skin, providing a basis for
future research into human reconstructive surgery and skin
regeneration.

Recent methods combining organoid technology with cell-
fate reprogramming hold promise for skin regeneration. A
previous study showed that induced sweat gland organoids
(SwGs) reprogrammed from human epidermal keratinocytes
(HEKs) successfully developed into competently functional
SwGs in a murine skin damage model after transplanta-
tion. This highlighted the great translational potential for
personalized SwG regeneration in patients with large skin
defects [109]. SG loss occurs in skin injury, especially full-
thickness wounds in adult mammals, resulting in scar forma-
tion, skin appendage damage and impaired barrier function.
SG organoids derived from ASCs of specific SGs, such as
Lrigl+ or Lgr6+ stem cells, with bipotent characteristics,
hold promise in facilitating wound healing and SG regener-
ation. In addition, cellular reprogramming technologies may
represent an alternative platform for generating SG stem cells
via direct conversion from other cell types, such as HEKs [55].

Identifying the therapeutic time window for regeneration
is critical. As previously mentioned, the cultivation period
for SG organoids is notably lengthy. Developing ASC-derived
SG organoids takes 1-2 weeks, encompassing cell isolation,
culture, flow sorting and expansion. Conversely, PSC-derived
skin organoids containing SGs demand >100 days. New
optimized protocols with a shorter period of cultivation of SG
organoids are urgently needed to expand the potential clinical
applications.

Conclusions

In this review, we summarized the main aspects of SG
biology and SG organoid engineering, as well as the potential
applications of SG organoids. Although considerable progress
has been made in recent years in developing organoid culture
systems for various organs, including the intestine, brain, liver
and others, the organoid development of certain tissues, like
SG organoid generation, is comparatively slow, which limits
its translational application. Considering the essential role
of SGs in the skin barrier, as ‘the brain of skin’, this area
of study should receive greater attention. However, there are
many reasons to believe that the prospect of SG organoids is a
tangible reality. The application of transcriptomics and single-
cell sequencing offers the potential to deeply comprehend
SG morphogenesis and stem cell niches, which can be
applied to SG organoid development. Engineering approaches
like microwell arrays, droplet-based microfluidics and 3D
bioprinting, as emerging domains in translational medicine,
enable greater control over the initial size, composition
and spatial organization of SG organoids. Therefore, the
complexity and maturation of SG organoids will be enhanced,
which will expand the application of SG organoids in disease
models, drug discovery and individualized treatment. We
believe that as SG organoid research advances, it holds a

promising future for the transition from laboratory research
to clinical applications.
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