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(1) A three-dimensional skin organoid construction system based on human induced pluripotent
stem cells was established. Through stage-specific and finely tuned modulation of key
developmental signaling pathways, self-organization and development of human skin tissue
were successfully achieved in vitro, resulting in the reconstruction of a complex skin tissue
model with hair follicle-like structures. The induction and differentiation process of this system
closely recapitulates the in vivo developmental programs of human skin and hair follicles in
both temporal sequence and tissue hierarchy.

(2) The constructed skin organoids could be stably cultured for over 130 days and sequentially
formed multiple key skin components, including stratified epidermis and dermis, hair
follicle-like structures, and sebaceous gland-like structures, thereby providing a reliable in vitro

model for studying human skin morphogenesis and its applications in regenerative medicine.
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[ Abstract ] Objective To establish a three-dimensional skin organoid construction
system based on human induced pluripotent stem cells (hiPSCs). Methods The study was a basic
experimental study. human primary skin fibroblasts (Fbs) were obtained from discarded hair follicle
tissue of a 45-year-old male patient undergoing hair transplant surgery at Tongji Medical College of
Huazhong University of Science and Technology. According to referenced methods, primary skin Fbs
were reprogrammed into hiPSCs, which were then cultured to form three-dimensional aggregates.
The differentiation process was performed as follows. On differentiation day 0 (the day of
differentiation initiation), three-dimensional aggregates were transferred to low-adhesion culture
plates and cultured in E6 medium supplemented with Matrigel, the inhibitor SB431542, basic
fibroblast growth factor (bFGF), and bone morphogenetic protein-4 (BMP-4) to induce non-neural
ectoderm formation. On differentiation day 3, one-quarter volume of E6 medium containing the
inhibitor LDN193189 and bFGF was added to the original medium, and culture was continued to
induce cranial neural crest cell formation. On differentiation day 6, approximately one-third volume
of plain E6 medium was added to the original medium, and culture was continued. Half-medium
changes were performed on differentiation days 8 and 10, followed by continued culture. On
differentiation day 12, cell clumps were seeded into low-adhesion culture plates, and epidermal
self-assembly was induced using organoid maturation medium containing Matrigel. On
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differentiation day 15, a half-medium change was performed, and culture was continued. On
differentiation day 18, the original medium was replaced with organoid maturation medium
containing o -melanocyte-stimulating hormone («-MSH), and culture was continued. Starting from
differentiation day 21, half-medium changes were performed every 3 days, and culture was
continued. After differentiation initiation, the stage-specific morphological characteristics of hiPSC
differentiation into skin organoids were observed daily. Immunofluorescence was performed on
differentiation days 12, 20, 35, 55, 75, and 90 to identify respectively the presence of mesenchymal
cells, epidermal terminal differentiation, mesenchymal and epithelial structure formation, hair
follicle stem cell and basal layer keratinocyte-related characteristics, dermal papilla formation and
hair germ-like structure formation, and organoid proliferative activity. Histochemical staining was
performed on differentiation day 110 to identify hair follicle formation, as well as lipid deposition
and sebaceous gland-like structure formation. Results Microscopic observation revealed that on
differentiation day 0, hiPSCs formed three-dimensional aggregates with clear boundaries and
uniform size. On differentiation day 3, surface ectoderm-like structures appeared, accompanied by
outward migration of non-epithelial cells. On differentiation days 6 - 8, mesenchymal cells and
neuroglial-like cells gradually increased. On differentiation days 12 - 18, organoids with spatial
heterogeneity formed, exhibiting preliminary epidermal-dermal
differentiation day 60, hair germ-like structures were observed. On differentiation days 80 - 130,

bilayer structures. On

more mature hair germ-like structures and hair follicle-like structures gradually emerged.
Immunofluorescence detection showed that on differentiation day 12, early mesenchymal cells were
observed around the organoids. On differentiation day 20, keratinocytes appeared in the outer layer
of the organoids. On differentiation day 35, dermal-like cells emerged and formed distinct spatial
compartments with epithelial structures, accompanied by the presence of basal layer-like cell
populations. On differentiation day 55, dermal papilla-like cell populations were detected and were
spatially adjacent to epidermal regions. On differentiation day 75, locally ingrowing thickened
epithelial structures were observed, along with cell aggregation forming hair germ-like structures;
dermal papilla-like cell populations were detected in regions adjacent to the hair germ and were
spatially adjacent to epithelial structures. On differentiation day 90, proliferating cell enrichment
was observed in the hair germ region. Histochemical staining showed that by differentiation day
110, more mature hair follicle-like structures, hair shaft-like protrusions, lipid deposition, and
sebaceous gland-like structures were observed in the organoids. Conclusions A
three-dimensional skin organoid system based on hiPSCs was successfully established. Through
stage-specific regulation of key signaling pathways, a complex skin tissue model with hair
follicle-like structures was reconstructed in vitro. The induction and differentiation processes of this
system closely recapitulate the in vivo developmental programs of human skin and hair follicles,
thereby providing a reliable in vitro model for studying human skin morphogenesis and its
applications in regenerative medicine.
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Figure 1 Stage-specific morphological characteristics of human induced pluripotent stem cells-derived skin organoids
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Figure 2 Identification of human induced pluripotent stem cells-derived epidermal-dermal papilla-like tissue structures
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Figure 3 Identification of human induced pluripotent stem cells-derived hair germ, hair follicle, and lipid deposition
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