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Abstract
Solar ultraviolet (sUV) exposure is known to cause skin damage. However, the pathological mechanisms of sUV on hair 
follicles have not been extensively explored. Here, we established a model of sUV-exposed skin and its appendages using 
human induced pluripotent stem cell-derived skin organoids with planar morphology containing hair follicles. Our model 
closely recapitulated several symptoms of photodamage, including skin barrier disruption, extracellular matrix degradation, 
and inflammatory response. Specifically, sUV induced structural damage and catagenic transition in hair follicles. As a 
potential therapeutic agent for hair follicles, we applied exosomes isolated from human umbilical cord blood-derived 
mesenchymal stem cells to sUV-exposed organoids. As a result, exosomes effectively alleviated inflammatory responses 
by inhibiting NF-κB activation, thereby suppressing structural damage and promoting hair follicle regeneration. Ultimately, 
our model provided a valuable platform to mimic skin diseases, particularly those involving hair follicles, and to evaluate the 
efficacy and underlying mechanisms of potential therapeutics.
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Introduction

The skin, which is the outermost layer of the body, per-
forms crucial roles in protecting the body from potential 
harm in the external environment. However, excessive and 
prolonged exposure to solar ultraviolet (sUV) radiation 
has detrimental effects on skin functions. The cutaneous 
reactions after sUV radiation primarily accompany symp-
toms like rashes, wrinkling, skin sagging, and it can fur-
ther progress to photoaging, actinic keratosis, or skin 
cancer.1 Moreover, sUV radiation can also affect hair fol-
licles as well as hair shafts, leading to hair loss, aging, and 
hyperpigmentation.2,3 Due to the increasing incidence of 
UV-induced skin diseases, they have been a significant 
global health concern.4 Therefore, numerous therapeutic 
interventions besides medications have been developed to 
alleviate photodamage by using in vitro skin models.5,6 So 
far, research and development of therapeutics for skin dis-
eases have been mainly conducted by using animal mod-
els.7 However, there are discrepancies in anatomical 
compositions and physiology between human and animal 
skin, animal studies may not accurately predict results 
seen in humans.8 Since the European Union banned the use 
of animals in cosmetic testing in 2013, the need to develop 
physiologically similar skin models and three-dimensional 
human skin models has rapidly increased.8 In this regard, 
numerous attempts have been made to fabricate the skin 
substitutes or skin models in vitro, such as stacking 2D 
cultured cells, including primary cells or skin cells differ-
entiated from iPSCs, utilizing 3D bioprinting technology 
and skin-on-a-chip.9–11 However, these technologies have 
been regarded as having limitations in terms of the struc-
tural complexity and cellular diversity required for the 
sophisticated reproduction of skin tissues. Notably, creat-
ing hair follicles in the skin graft has been a particularly 
challenging aspect of this endeavor.12 Hair-bearing skin 
organoid (SkO) that is generated by self-organization of 
human induced pluripotent stem cells (iPSCs) has recently 
emerged as an excellent tool for closely mimicking multi-
ple layered structures of human skin as well as a variety of 
skin appendages.13 Recently, our group achieved signifi-
cant progress in generating pure SkOs without off-target 
cartilages as well as planar sheet-like skin morphology.14 
These SkOs contain completely intact structures of the hair 
follicles consisting of outer wall structures such as dermal 
sheath (DS), outer root sheath (ORS) and inner root sheath 
(IRS), cellular components like melanocytes in the hair 
bulbs and dermal papilla cells (DP), and even hair shafts. 
Thus, they are advantageous for investigating the changes 
in the hair follicles in a 3D manner. In addition, this 
approach also enables analysis of spatial expression as 
well as interactions among diverse cell populations in the 
organoids.

Exosomes, referring to small extracellular vesicles 
released by various cell types, enable the intercellular 

communication by carrying bioactive molecules, such as 
proteins, nucleic acids, and lipids.15 The exosomes hold 
significant promise as an alternative to cell-based therapy 
due to their ability to effectively stimulate target cells via 
direct fusion while possessing the characteristics and ther-
apeutic effects of the parent cells.16 However, the efficacy 
of exosomes can vary depending on the cell sources.17 
Given that exosomes derived from mesenchymal stem 
cells (MSCs) are able to regulate inflammation and pro-
mote extracellular matrix (ECM) synthesis, they have been 
utilized for treating various skin diseases, such as atopic 
dermatitis,18,19 wound healing,20,21 and skin aging.22,23

Here, we attempted to recapitulate an in vitro model of 
photodamage caused by sUV consisting of UVA (320–
400 nm) and UVB (290–320 nm) radiation, especially on 
hair follicles by using iPSC-derived SkOs. Then, we 
assessed the effectiveness of the exosomes isolated from 
human umbilical cord blood-derived MSCs (UCB-MSCs), 
referred to as UCB-Exos, in mitigating hair follicle dam-
age in the SkOs. Then, the mechanisms by which exosomes 
alleviated hair follicle damage were also investigated. We 
found that IκBα and NF-κB signaling was primarily linked 
to sUV-induced damage of hair follicles, which could be 
suppressed by treatment of UCB-Exos. Therefore, our 
SkOs containing hair follicles can be a valuable tool for 
studying the disease pathology as well as therapeutic 
mechanisms of drug candidates.

Methods

Human iPSC culture

This study was carried out in accordance with the approved 
guidelines of the Seoul National University Institutional 
Review Board (IRB No. 2211/003-013). The human iPSC 
line CMC003 was obtained from the National Stem Cell 
Bank of Korea (KSCB) for the generation of skin orga-
noids. These iPSCs were maintained in Essential 8 media 
(Gibco, USA) on the dishes pre-coated with vitronectin 
(Gibco). The cells were passaged every 3–4 days using 
ReLeSRTM reagent (STEMCELL Technologies, Canada). 
Human iPSCs were cultured for up to 50–70 passages.

Generation of iPSC-derived human SkOs

SkOs were generated and cultured following the protocol 
as previously described.14 Briefly, on day 0, 1200 iPSCs/ 
well were seeded in Essential 8 medium with 20 μM 
ROCK inhibitor Y-27632 (Tocris, UK) in ultra-low attach-
ment 96-well plate (Corning, USA) to generate uniform 
embryoid bodies (EBs). When the size of the EBs became 
250 μm, the EBs were transferred into individual new 
ultra-low attachment 96-well plates in Essential 6-based 
differentiation medium containing 2% Matrigel (Corning), 
10 μM SB431542 (Tocris), 4 ng/ml bFGF (Sigma-Aldrich, 
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USA), and 15 ng/ml BMP4 (Peprotech, USA) to initiate 
non-neural ectoderm induction. After 4 days of culture in 
non-neural ectoderm induction medium, 200 ng/ml LDN 
(Tocris), 50 ng/ml bFGF were added at 25 μl per well to 
induce cranial neural crest cell formation, and 15 μM 
CHIR99021 (Toscris), a Wnt signaling agonist, was co-
treated to prevent off-target chondrogenic differentiation 
and increase the organoid diameter. On day 6 of differen-
tiation, 75 μl of fresh E6 medium was added. Half of the 
medium was changed on days 8 and 10. On day 12, to 
induce self-assembly of the epidermis, all organoids were 
transferred into ultra-low-attachment 6-well plates and 
placed on an orbital shaker (SPL Life Science, Republic of 
Korea) in 3 mL of SkO maturation medium containing a 
1:1 mixture of advanced DMEM-F12 and Neurobasal 
medium (Gibco) supplemented with 1× N-2 supplement 
(Gibco), 0.5× B-27 without vitamin A supplement 
(Gibco), 2-mercaptoethanol (Sigma-Aldrich), 1× 
GlutaMAX (Gibco). At approximately 85 days, each cyst-
like SkO was cut into eight evenly sized portions, placed 
on polymerized collagen I (Corning) - coated transwell 
culture inserts, and maintained for 3–4 weeks in a humidi-
fied incubator (SPL Life Science). The maturation medium 
was changed every 2–3 days. To further induce epidermal 
maturation, the SkOs were transferred to a dry-conditioned 
incubator at 37 °C for an additional 6 days, and the medium 
was replaced daily.

Human skin sample preparation

Human skin samples were obtained from a healthy female 
(63 years old) through BIOHEAD (Seoul, Republic of 
Korea, BHF0303210). The samples were fixed with 4% 
paraformaldehyde in PBS and embedded in gelatin/sucrose 
solution for histologic and immunohistochemical analysis.

Histological analysis

SkOs were fixed in 4% paraformaldehyde in PBS over-
night at 4°C. After washing with PBS more than three 
times, the organoids were pooled with 30 % sucrose solu-
tion overnight, embedded in a mixture of 10% gelatin and 
30% sucrose solution, and then frozen at −80°C. After the 
organoids were cryosectioned into 10-μm thick, the sec-
tions were washed in PBS at 37 °C for 10 min. For hema-
toxylin and eosin (H&E) staining, sections were incubated 
in hematoxylin solution for 5 min and washed with 0.5% 
HCl in ethanol, followed by counterstaining with eosin for 
1 min. For Masson’s trichrome staining, the sections were 
re-fixed in Bouin’s solution overnight at room temperature 
(RT). Then, the sections were incubated in Weigert’s hema-
toxylin for 10 min, Biebrich scarlet-acid fuchsin for 5 min, 
and a mixture of phosphotungstic acid, phosphomolybdic 
acid and distilled water (1:1:2) for 10 min. Thereafter, slides 
were directly transferred to 2% aniline blue, incubated for 
5 min, and washed with 1% acetic acid. After incubating 

with an increasing sequential ethanol series, the samples 
were mounted with Canada Balsam in xylene. Samples 
were visualized with an Olympus microscope and ProgRes 
CapturePro software (Olympus, Japan).

Immunohistochemistry analysis

The cryosectioned organoids were washed with PBS and 
permeabilized with sodium citrate (pH 6.0) at 95 °C for 
5 min. After permeabilization, the samples were washed 
three times with PBS and blocked with 5% normal goat 
serum containing 0.1% Triton X-100 at RT for 1 h. The 
sections were incubated overnight with the primary anti-
bodies diluted in 5% normal goat serum containing 0.2% 
Triton X-100 at 4°C (Additional file 2: Supplemental 
Table 1). After three washes with PBS, the sections were 
incubated with the following fluorescent secondary anti-
bodies for an hour at RT: Alexa Fluor 488-labeled (A11008, 
A11001, Invitrogen, USA), 594-labeled (A11012, A11005, 
Invitrogen). Then, the nuclei were stained with DAPI 
(Invitrogen) for 15 min at RT. Finally, the sections were 
washed in PBS and mounted with a mounting solution 
(Dako, Denmark). Confocal images were captured by a 
confocal microscope (Eclipse TE200, Nikon, Japan) with 
the EZ-C1 3.8 program. To quantify the expression level 
of protein, mean fluorescence intensity (MFI) was meas-
ured in the segmented regions of the organoids using 
ImageJ (National Institutes of Health, USA). The number 
of cells in specific areas was manually counted by using 
ImageJ.

Modeling of sUV-induced photodamage

The sUV source was obtained from Q-Lab Corporation 
(Cleveland, OH, USA). The UVA-340 lamp is able to 
closely mimic a natural sUV.24 The UVA-340 lamps emit 
radiation in the critical short wavelength region from 
365 nm down to the solar cutoff of 295 nm, with a peak 
emission at 340 nm. A filter was employed to block UVC 
wavelengths below 290 nm. The proportion of UV-A (320–
400 nm) and UV-B (280–320 nm) radiation produced by the 
UVA-340 lamp was measured with a UV meter: UV-A 
made up 94.5% of the total radiation, with 5.5% of UV-B. 
The sUV light dose was determined as 50 kJ/ m2, according 
to the previous report24 as well as our experimental results. 
Before sUV irradiation, SkOs were washed twice with PBS 
and subsequently exposed to sUV for 20 min, twice with a 
2-h interval between exposures, resulting in a total of 50 kJ/
m2 of sUV. These exposures were conducted at 2-day inter-
vals for a total of three exposures.

RNA extraction and quantitative real-time 
polymerase chain reaction (qRT-PCR)

One piece of SkOs from each group was washed with PBS 
and lyzed in Nucleozol (Macherey-Nagel, Germany) for 
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total RNA extraction. Complementary DNA synthesis was 
conducted using a Superscript III First-Strand synthesis 
system kit (Invitrogen) according to the manufacturer’s 
instructions. qRT-PCR analysis was performed with SYBR 
Green PCR Mix (Applied Biosystems, USA) on a 7500 
Real-Time PCR system (Applied Biosystems). The rela-
tive mRNA expression of each target gene was quantified 
by the 2(ΔΔ threshold cycle) (2−ΔΔCT) method and normalized to 
the housekeeping gene, glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH; Supplemental Table 2).

Isolation of UCB-Exos

Human UCB-Exos were collected and purified from the 
culture medium. UCB-MSCs, obtained from a master cell 
bank, were cultured in a serum-free medium to boost exo-
some secretion. A conditioned medium containing 
secreted exosomes was collected and subjected to isola-
tion of the exosomes through a three-step separation and 
purification process (adjacent flow filtration - ultracen-
trifugation - size exclusion chromatography). Initially, 
substances smaller than exosomes in the cultured medium 
were removed using Tangential Flow Filtration (TFF). 
Following this, centrifugation was employed to remove 
heavier debris through a process at 3000g, while a high-
speed centrifugation process at 100,000g was utilized to 
eliminate lighter substances. Lastly, Size Exclusion 
Chromatography (SEC) was performed to selectively 
recover exosomes within a specific size range, thus yield-
ing highly purified exosomes.

Transmission electron microscopy (TEM)

For morphological characterization, UCB-Exos were 
loaded on a glow-discharge carbon-coated copper grid. 
Then, the samples were stained with 2% uranyl acetate 
solution. After drying, the grid was subjected to TEM 
imaging (JEM1010, JEOL, Japan).

Nanoparticle tracking analysis (NTA)

The size of exosomes was measured by using a Nanosight 
NS300 (Malvern Panalytical Ltd, UK) instrument. To 
ensure that less than 100 exosomes were analyzed per 
flame, exosome samples were diluted with PBS and meas-
ured in triplicate between camera gain levels12–15 (elec-
tronic image amplification).

SkO penetration assay

UCB-Exos were fluorescently labeled with ExoGlow-
protein EV Labeling Kit (System Biosciences, USA) 
according to the manufacturer’s protocol. Labeled 
exosomes were applied to the skin organoids and incu-
bated for up to 24 h. To assess the internalization of 

exosomes, the skin organoids were fixed with 4% para-
formaldehyde at indicated time points 9, and 24 h.

Western blot analysis

Protein samples were prepared using protein lysis buffer 
Pro-prep (Intron Biotechnology, Republic of Korea). The 
nuclear and cytosolic fraction was respectively isolated 
using NE-PER Nuclear and Cytoplasmic Extraction 
Reagents (Thermofisher Scientific). The 20 µg of proteins 
were separated by sodium dodecyl sulfate-polyacrylamide 
gel electrophoresis (SDS-PAGE) and transferred to polyvi-
nylidene difluoride (PVDF) membranes. The membranes 
were blocked with a 3% bovine serum albumin solution at 
RT for an hour and then incubated on an agitator with the 
primary antibodies at 4°C overnight (Supplemental Table 
1). Membranes were washed and incubated with secondary 
antibodies (G21040, G21234, Invitrogen) at RT for 1 h. 
Each band was detected with an enhanced chemilumines-
cence (ECL) detection kit (Cytiva, USA).

Enzyme linked immunosorbent assay (ELISA)

The secretion of IL-1β, IL-6, and TNF-α from the SkOs 
was quantified using human IL-1β Quantikine ELISA, 
IL-6 Quantikine ELISA and TNF-α Quantikine ELISA 
(DLB50, D6050, DTA00D, R&D Systems, USA). The 
culture supernatant was collected and centrifuged at 
2000 rpm for 5 min to eliminate cell debris. The concentra-
tion of each cytokine was determined in accordance with 
the manufacturer’s instructions.

Inhibition of NF-κB pathway

For suppression of NF-κB signaling, the SkOs were pre-
conditioned with 15 μM of BAY11-7082 for 48 h (HY-
13453, MedChem Express, USA). Then, the SkOs were 
stimulated with sUVs, followed by additional treatment of 
BAY11-7082 for 24 h. Then, each SkO was subjected to 
further analysis (e.g. Western blot, ELISA, and immuno-
histochemistry analysis).

Statistical analysis

Sample size (n) represents the number of biologically inde-
pendent replicates. At least three independent experiments 
were conducted. All values in the graphs are presented as 
mean ± standard deviation (SD). All graphs were generated 
using GraphPad Prism version 10.0. Statistical analysis 
was performed by unpaired two-tailed t-test, two-way 
ANOVA with post-hoc Bonferroni’s test, and one-way 
ANOVA with Tukey’s post-hoc test for multiple compari-
sons, as indicated in each figure legend. Statistical signifi-
cance was indicated as follows: *p < 0.05; ** p < 0.01; *** 
p < 0.001. An exact p-value for each data was given in each 
figure legend.
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Results

Characterization of iPSC-derived hair-bearing 
SkOs

The human SkOs generated were from iPSCs as previ-
ously reported14 (Figure 1(a)). After iPSC-derived EBs 
were differentiated into the surface ectoderm, the cyst-like 
organoids were transferred to a maturation medium on day 
14. After 8 weeks of maturation, epidermis-dermis layers 
were organized in the SkOs. After 10 weeks of maturation, 
hair follicles began to form within the SkOs. When the 
confluency of the hair follicles reached 70~80%, ALI cul-
ture was performed to create a more physiological envi-
ronment for SkOs. After 28 days of ALI culture, fully 
mature SkOs containing elongated hair follicles, hair 
shafts, and adipocytes were obtained (Figure 1(b)). In 
addition, the SkOs exhibited histologically similar struc-
tures to human skin tissue, characterized by multiple skin 
layers, including a stratified epidermis and fat-rich dermis 
with hair follicles. (Figure 1(c)). Specifically, the expres-
sion of mature epidermal markers, such as Loricrin, 
Filaggrin, and KRT10, as well as dermal markers like col-
lagen type 3 and Vimentin was confirmed in the corre-
sponding layers of the SkOs, which closely resembled 
those of adult skin tissues (Figure 1(d)). Among dermal 
layers in SkOs, hair follicle structures were further investi-
gated (Figure 1(e) and (f)). At the outermost layer of the 
hair follicles, the DS expressing α-SMA was observed. 
The ORS expressing KRT17 and KRT5, the IRS express-
ing KRT71, and the innermost cortex expressing AE13 
were also identified (Figure 1(g)). In addition to wall 
structures, the presence of essential components for hair 
formation was confirmed. For instance, NFATc1+ hair 
follicle stem cells resided in a specialized area known as 
the bulge. Hair matrix cells expressing Ki67 and p63 and 
dermal papilla cells (DP) expressing SOX2 were also iden-
tified in the hair follicles (Figure 1(h)). Taken together, 
these results indicated that we successfully established 
hair follicle-bearing SkOs which were highly similar to 
human skin.

Modeling of sUV-induced skin damage in SkOs

There are two different types of sUV reaching the skin, 
UV-A and UV-B. It has been known that UV-A penetrates 
from the epidermal layer of the skin to the deepest layer of 
the dermis, while UV-B can only penetrate the epidermis 
and the top of the dermis. Exposure to sUV can lead to 
sunburn and other signs of aging, such as pigmentation, by 
destroying ECM components and the major proteins of the 
skin.25 To mimic sUV-induced skin damage in vitro, SkOs 
were irradiated by a combination of UV-A and B, at 2-day 
intervals for a total of three exposures (Figure 2(a)). First, 
the effects of different doses of sUV on SkOs were inves-
tigated. As a result, a high dose, 75 kJ/m², of sUV caused 

exfoliation of the whole epidermal layer in SkOs, indicat-
ing that the structural integrity of the skin was significantly 
compromised (Supplemental Figure S1A). immunofluo-
rescence staining results revealed that the degree of dermal 
impairment induced by 50 kJ/m² of sUV was comparable 
to the damage caused by 75 kJ/m² of sUV, while 25 kJ/m² 
of sUV did not cause significant damage to the SkOs 
(Supplemental Figure S1B and C). Therefore, 50 kJ/m² of 
sUV was determined to be an optimal dose for inducing 
photodamage in SkOs. After sUV exposure, there was a 
significant increase in epidermal thickness and the number 
of sunburn cells that were characterized by fragmentation 
or condensation of the cell nucleus in both epidermal and 
dermal layers of the SkOs (Figure 2(b) and (c) and 
Supplemental Figure S1D and E). In addition, the number 
of melanocytes in the epidermis and hair follicles was also 
increased compared to control SkOs, suggesting the pig-
mentation of the skin (Supplemental Figure S1F and G). 
Notably, we found that sUV also affected the outermost 
layer of the epidermis in SkOs, which served as the skin’s 
protective barrier. The mRNA expression of the genes 
related to the skin barrier, Filaggrin and Loricrin, was sig-
nificantly decreased in the sUV-exposed SkOs, suggesting 
the dysfunction of skin barriers after irradiation (Figure 
2(d)). Consistently, the proteins forming the epidermal 
barrier, such as Filaggrin, Loricrin and CK10, were 
remarkably downregulated in the epidermis of sUV-
exposed SkOs compared to that of control SkOs (Figure 
2(e) and (f)). Furthermore, the influence of sUV also 
extends into the deeper dermal layer of SkOs. The density 
of collagen fibers was markedly reduced in the dermal 
layer of sUV-exposed SkOs (Figure 2(g) and (h)). 
Quantitative PCR analysis also demonstrated a significant 
decrease in COL1A1 expression and an increase in matrix 
metalloproteinase-1 (MMP-1), an enzyme responsible for 
direct degradation of the ECM fibers,26 in sUV-exposed 
SkOs compared to control SkOs (Figure 2(i)). In particu-
lar, a notable decrease in type I collagen expression and an 
increase in MMP-1 expression were particularly observed 
in the dermal layer of sUV-exposed SkOs (Figure 2(j) and 
(k)). Based on these results, the sUV reaching the epider-
mal and dermal layers provoked total skin damage in 
SkOs. Therefore, we successfully established in vitro con-
ditions to recapitulate sUV-induced photodamage in SkOs.

SUV induces structural damage and pro-
inflammatory responses in the hair follicles of 
SkOs

Next, the effects of sUV exposure on skin appendages in 
the dermis of the SkOs were investigated. The results 
showed a decrease in the marker expression of keratino-
cytes that constitute the outer layer of hair follicles in the 
SkOs (Figure 3(a) and (b)). Furthermore, there was a  
significant increase in apoptotic cells in the SkOs, 
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Figure 1. Generation of human SkOs with hair follicles: (a) schematic diagram of the protocols for generating human SkOs, (b) 
Bright-field images of generated SkOs on days 14, 65, 80, and 95, and the SkOs subjected to ALI culture on days 0 and 28. Note 
fully mature SkOs with elongated hair follicles (red asterisk) and adipocytes (arrowhead). Scale bar, 1 mm, (c) H&E staining of SkOs 
and human adult skin showing the multi-layered structures of the skin. Scale bar, 100 μm, (d) Representative confocal images of 
the SkOs and human adult skin in each group stained with the epidermal markers (Filaggrin, KRT10: green, KRT5, LOR: red) and 
dermal markers (Collagen 3, Vimentin: green). Nuclei were stained with DAPI (blue). Scale bar, 100 μm, (e) Illustration of follicular 
structures, (f) H&E staining of hair follicles in the SkOs. Scale bar, 50 μm, (g) Representative confocal images of the SkOs stained 
with each structural component of hair follicles; Dermal sheath (α-SMA: green; allow), outer root sheath (KRT17: green, KRT5: 
red; arrow), inner root sheath (KRT71: green; arrow) and cortex (AE13: red; asterisk). Scale bar, 50 μm, and (h) Representative 
confocal images of the SkOs stained with markers of each cell type; Hair follicle stem cell (NFATc1: green, KRT5: red), hair matrix 
cell (Ki67: green, p63: red) and dermal papilla cell (SOX2: green). Scale bar, 50 μm.
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Figure 2. Simulating sUV-induced skin damage in the SkOs: (a) schematic diagram of the induction of sUV damaged skin model in 
SkOs, (b) H&E staining of control SkOs and sUV-exposed SkOs. Scale bar, 50 μm, (c) quantification of the thickness of epidermis 
normalized to the thickness of the entire skin (n = 5), (d) qRT-PCR of skin barrier related genes Filaggrin and Loricrin in control 
and sUV-exposed SkOs (n = 5), (e) representative confocal images of the control and sUV-exposed SkOs stained with Filaggrin 
(green, top), and KRT10 (green, bottom) and Loricrin (red, bottom). Nuclei were stained with DAPI. Scale bar; 100 μm, (f) mean 
fluorescence intensity (MFI) of Filaggrin and Loricrin in the randomized fields of stained sections in each group (n = 5), (g), (h) 
Masson’s trichrome staining (g) of the SkOs in each group and quantification (h) of collagen fiber density (blue) in the dermis. 
Scale bar, 100 μm (n = 5), (i) qRT-PCR analysis of COL1A1 and MMP1 in control and sUV-exposed SkOs (n = 5), (j) Representative 
confocal images of the control and sUVexposed SkOs. Top panel: COL1 (green), KRT5 (red), and DAPI (blue), bottom panel: MMP-
1 (green) and DAPI (blue). Scale bar, 100 μm. Quantitative data were presented as a mean ± SD. Statistical differences between the 
groups were determined by unpaired student’s t-test (***p < 0.001).
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Figure 3. Modeling of sUV-induced photodamage on the hair follicles in the SkOs: (a) representative confocal images of control 
and sUV-exposed SkOs for apoptosis stained with Cleaved-Caspase 3 (green) and KRT5 (red). Scale bar, 100 μm, (b) MFI of KRT5 
in hair follicles of control and sUV-exposed SkOs (n = 5), (c) quantification of Cleaved Caspase-3 positive cells depending on their 
location in the SkOs, (d) bright-field images of hair follicles in control SkOs and sUV-exposed SkOs. Hair shafts (asterisk), ORS 
(black arrow), and DP (yellow arrow). Scale bar, 100 μm, (e) quantification of the thickness of the hair shafts in each group (n = 5), 
(f) qRT-PCR analysis of genes related to follicular structures including DS, ORS, HFSC, and DP in the hair follicles isolated from 
SkOs (n = 5), (g) qRT-PCR analysis of COX-2, TNF-α, and IL-1β in hair follicles of control and sUV-exposed SkOs (n = 5), (h) 
representative confocal images and magnified images of the control and sUV-exposed SkOs for pro-inflammatory cytokines, COX-
2, TNF-α, and IL-1β. Scale bar, 100 μm, (i) MFI of COX-2, TNF-α, and IL-1β in hair follicles of control and sUV-exposed SkOs 
(n = 5). Quantitative data were presented as a mean ± SD. Statistical differences between the groups were determined by unpaired, 
two-tailed student’s t-test (b, e, g) and two-way ANOVA with post-hoc Bonferroni’s test (f) (***p < 0.001).
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particularly co-localized with cells expressing KRT5 in the 
hair follicle (Figure 3(a) and (c)). The bright field images 
also showed that the DS and ORS of the hair follicle were 
markedly destroyed, and the hair shaft became relatively 
thinner in the sUV group compared to the control group, 
indicating the transition from the anagen phase to catagen 
phase of hair follicles following sUV exposure (Figure 
3(d) and (e)). Therefore, to thoroughly compare the degree 
of hair follicle damage, hair follicles were isolated from 
each skin organoid and subjected to qRT-PCR analysis. 
The gene expression of DS marker (a-SMA), ORS markers 
(KRT5, KRT15), hair follicle stem cells markers (KRT15, 
LHX2), and DP marker (SOX2) was significantly reduced 
in the sUV group, indicating that sUV radiation penetrat-
ing the dermal layer could cause deteriorating effects to 
hair follicles (Figure 3(f)). sUV irradiation is known to 
stimulate the release of pro-inflammatory cytokines in the 
skin tissues, leading to skin inflammation and consequent 
skin damage.27 Accordingly, we investigated whether sUV 
exposure could also affect the hair follicles and induce 
inflammatory responses in the dermis of SkOs. First, the 
gene expression of pro-inflammatory cytokines, such as 
COX-2, TNF-α, and IL-1β was significantly upregulated 
in the hair follicles of sUV-exposed SkOs (Figure 3(g)). 
Then, immunofluorescence analysis was conducted to 
identify localized inflammatory responses in the SkOs. 
The results showed that the increased production of pro-
inflammatory cytokines was evident within the hair folli-
cles of sUV-irradiated SkOs despite being expressed 
throughout the skin layers (Figure 3(h) and (i)). These 
results suggested that sUV radiation caused structural 
damage and inflammatory responses in the hair follicles of 
the SkOs. Collectively, our findings demonstrated that 
exposure to sUV could sensitize and destroy not only the 
skin tissues but also the hair follicles responsible for hair 
growth.

Characterization of human UCB-Exos 
penetrating into the SkOs

Furthermore, we explored the utility of sUV-damaged 
SkOs as a model for studying mechanisms of action of 
potential drugs for photodamage. Currently, the exosomes 
derived from hUCB-MSCs have been considered a thera-
peutic drug candidate for various skin problems due to 
their ability to promote skin regeneration and reduce skin 
inflammation.22,28 In this context, we investigated the 
effects of the UCB-Exos on photodamage by using the 
sUV-exposed SkOs. The exosomes isolated from human 
UCB-MSCs were round-shaped with an average diameter 
of 121 ± 39.4 nm, which was evidenced by TEM and NTA 
analyses (Figure 4(a) and (b)). The purity of the UCB-
Exos, calculated by the ratio of particle counts to protein 
concentration, was determined to be more than 2.6 × 109 
particles/μg (Figure 4(c)). Western blot analysis con-
firmed the expression of exosomal markers CD9, CD63, 

and TSG101 in the UCB-Exos (Figure 4(d)). Furthermore, 
flow cytometry results showed the positive expression of 
exosomal markers, such as CD9 (80.76%), CD63 
(65.65%), and CD81 (93.46%), in the UCB-Exos, while 
non-exosomal markers, GM130 (0.22%), Cytochrome C 
(5.04%), and Calnexin (0.65%) were negatively expressed 
(Figure 4(e)–(g)). To visualize the penetrating UCB-Exos 
into the SkOs, UCB-Exos labeled with green fluorescent 
Exogreen was applied. After 9 h, UCB-Exos were primar-
ily localized in the epidermis of SkOs. However, 24 h 
after UCB-Exos treatment, they penetrated into the der-
mal layer of SkOs, indicating that the UCB-Exos could be 
internalized by the dermis through the epidermis (Figure 
4(f) and (g)).

UCB-Exos ameliorated the sUV-induced hair 
follicle damage in SkOs

To determine the optimal concentration of UCB-Exos for 
alleviating sUV-induced damage to SkOs, SkOs were 
treated with different concentrations of UCB-Exos after 
2 h of sUV exposure, and this cycle was repeated three 
times (Figure 5(a)). The results demonstrated that UCB-
Exos treatment effectively reduced SkO damage in a dose-
dependent manner.

Specifically, treatment of more than 1 × 108 particles of 
UCB-Exos effectively mitigated cell apoptosis within the 
dermal layer, including hair follicles, in the SkOs induced 
by sUV exposure (Supplemental Figure S2A and B). 
However, a more significant effect on alleviating the 
inflammatory response was observed at a concentration of 
1 × 109 particles of UCB-Exos (Supplemental Figure 
S2C). Based on these results, we determined that at least 
1 × 109 particles of UCB-Exos are required to fully exert 
their beneficial effects in inhibiting cell apoptosis, restor-
ing skin barrier functions, and regulating the secretion of 
inflammatory cytokines. Furthermore, UCB-Exos 
(1 × 109) treatment effectively reduced epidermal thick-
ness (Supplemental Figure S3A and B) and alleviated the 
disruption of the barrier proteins (Filaggrin and Loricrin), 
indicating the amelioration of sUV exposure-induced epi-
dermal damage in the SkOs (Supplemental Figure S3C-E). 
In addition, the density of collagen fibers, which had 
decreased after sUV exposure, was restored (Supplemental 
Figure S3F and G). Consistently, not only reduced MMP-1 
expression but augmented COL1A1 expression was identi-
fied in the UCB-Exos-treated SkOs compared to the 
Vehicle control group (Supplemental Figure S3H). 
Immunofluorescence analysis also revealed that the der-
mis of UCB-Exos-treated SkOs retained higher levels of 
collagen fibers and reduced expression of MMP-1, sug-
gesting that UCB-Exos suppressed collagen breakdown in 
sUV-damaged SkOs (Supplemental Figure S3I and J). 
More importantly, we then focused on the effects of UCB-
Exos on the hair follicles within the SkOs. The apoptotic 
levels (Cleaved Caspase-3⁺) were reduced, while the 
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Figure 4. Characterization of exosomes-derived UCB-MSCs: (a) TEM analysis of UCB-Exos for morphological characterization. 
Scale bar, 100 nm. (b) Particle diameter distribution detected by NTA. The mean particle diameter was 121 ± 39.4 nm, (c) exosome 
purities (exosome particles/μg of protein) from UCB, (d) Western blotting of exosomal markers, CD9, CD63, and TSG101, in the 
UCB-Exos, (e) flow cytometry analysis of exosome-positive markers, CD9, CD63, and CD81 in the UCB-Exos, (f) flow cytometry 
results of exosomenegative markers GM130, Cytochrome C, and Calnexin in the UCB-Exos, (g) quantification of flow cytometry 
results for exosome-positive and negative marker (n = 3), (h) representative confocal images of fluorescent Exogreen-labeled 
UCB-Exos penetrated into SkOs after 9 and 24 h. Scale bar, 100 μm, and (i) quantification of Exogreen detected in epidermis and 
dermis, respectively, normalized to total green MFI (n = 3). Quantitative data were presented as a mean ± SD. Statistical differences 
between the groups were determined by unpaired, two-tailed student’s t-test (**p < 0.01).
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Figure 5. UCB-Exos attenuated the damage of hair follicles upon sUV exposure: (a) schematic diagram of UCBExos treatment in 
the sUV-exposed SkOs, (b) immunostaining of apoptosis marker, Cleaved Caspase-3 (green) and proliferation marker, Ki67 (red) 
in Vehicle- or UCB-Exos-treated SkOs. DAPI (blue) was used for nuclei staining. Scale bar, 100 μm, (c) quantification of Cleaved 
Caspase-3-positive cells and Ki67-positive cells in hair follicles of SkOs (n = 5), (d) qRT-PCR of SASP-related genes in the hair 
follicles isolated from Vehicle and UCB-Exos treated SkOs upon sUV exposure (n = 5), (e) bright-field images of hair follicles and 
hair shafts in Vehicle- or UCB-Exos treated SkOs. Note the hair shafts exhibiting a transition to catagen phase (yellow asterisk) 
and disrupted ORS (yellow arrowhead) in the Vehicle group, in contrast to restored hair shafts (white asterisk) and ORS (black 
arrowhead) in the UCB-Exos group. Scale bar, 100 μm, (f) quantification of the thickness of hair shafts in the Vehicle group and 
UCB-Exos treated group (n = 5), (g) qRT-PCR of hair follicle structure (DS, ORS, HFSC, and DP) related genes on isolated only hair 
follicles from sUV exposed and UCB-Exos treated SkOs (n = 5), (h) qRT-PCR analysis of genes associated with hair growth and loss 
in the only hair follicles respectively isolated from Vehicle- or UCB-Exos treated SkOs (n = 5), (i), (j) representative confocal images 
(i) and MFI quantification (j) of melanocytes stained with Melan A (red) in Vehicle-treated SkOs and UCB-Exos-treated SkOs. Scale 
bar, 100 μm. (n = 5), (k) qRT-PCR analysis of genes linked to melanin formation, KIT and MITF, in the hair follicles isolated from 
Vehicle- or UCB-Exos-treated SkOs (n = 5). Quantitative data were presented as a mean ± SD. Statistical differences between the 
groups were determined by unpaired, two-tailed student’s t-test ((c), (f), (j), (k)) and two-way ANOVA with posthoc Bonferroni’s 
test ((d), (h)) (*p < 0.05. **p < 0.01. ***p < 0.001, ns; not statistically significant).
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number of regenerating cells (Ki67⁺) increased in the hair 
follicles of the UCB-Exos group (Figure 5(b) and (c)). 
Moreover, UV-induced senescent keratinocytes and fibro-
blasts, which primarily compose the hair follicles, have 
been reported to secrete MMPs and inflammatory 
cytokines, known as the senescence-associated secretory 
phenotype (SASP).29,30 We confirmed that the genes asso-
ciated with SASP were significantly downregulated in the 
hair follicles in the UCB-Exos group, indicating a less 
aged and healthier state (Figure 5(d)). Thus, these com-
bined results suggested that UCB-Exos effectively miti-
gated sUV-induced cell death and senescence in the hair 
follicles while promoting hair follicle regeneration. The 
sUV-induced damages of hair follicles, such as shrunk hair 
bulbs and destruction of outer walls like DS and ORS, 
were distinctly recovered in the UCB-Exos-treated group 
(Figure 5(e) and (f)). Moreover, abnormal catagen entry of 
hair shafts, as evidenced by the detachment of the hair 
shaft from the DP to be regressed, in the Vehicle group was 
restored after UCB-Exos treatment (Figure 5(e)). 
Consistently, the expression of genes related to the struc-
tural components of hair follicles was upregulated in the 
UCB-Exos group (Figure 5(g)). Furthermore, hair growth-
associated genes, such as β-catenin and LEF1, were upreg-
ulated, whereas the hair loss-associated gene, DKK1, was 
downregulated in the UCB-Exos group, suggesting that 
UCB-Exos rescued the hair-forming ability of SkOs 
(Figure 5(h)). Meanwhile, melanocytes were also affected 
by UCB-Exos treatment. We observed that not only the 
number of melanocytes decreased in both the epidermis 
and hair follicles (Figure 5(i) and (j)), but also the expres-
sion of genes related to melanocyte development and pig-
mentation, KIT and MITF, was reduced in the sUV-exposed 
SkOs after UCB-Exos treatment (Figure 5(k)). Taken 
together, we proved the therapeutic potential of UCB-Exos 
in ameliorating skin damage and enhancing hair follicle 
regeneration in sUV-exposed SkOs.

UCB-Exos attenuated IκB/NF-κB-mediated 
inflammatory responses in sUV-exposed hair 
follicles

Numerous studies have argued that exposure to sUV radia-
tion induces cell death through activating inflammatory 
cascades in the skin.31,32 Above all, NF-κB has been known 
to play a pivotal role in regulating the expression of 
immune mediators. In its inactive state, NF-κB is bound to 
an inhibitory protein known as IκBα in the cytoplasm, 
forming the NF-κB-IκB complex. When activated by 
external stimuli like inflammatory cytokines or cellular 
stress, the IκB family proteins are phosphorylated and sub-
sequently degraded, triggering the release of NF-κB from 
the NF-κB-IκB complex. The liberated NF-κB is translo-
cated to the cell nucleus, where it promotes the transcrip-
tion of genes involved in the inflammation and drives 
cytokine production.33 Considering this, we investigated 

whether IκB-dependent NF-κB activation mediated 
inflammatory responses in the hair follicles.

We found that sUV markedly induced phosphorylation 
of IκBα and subsequent degradation of IκBα in the cytosol 
fraction of the SkOs. This led to disruption of the NF-κB-
IκB complex, and thereby causing NF-κB to be activated 
and translocated to the nucleus, as evidenced by increased 
NF-κB expression in the nuclear fraction of the sUV-
exposed SkOs. After treatment of UCB-Exos in sUV-
exposed SkOs, reduction of not only IκBα phosphorylation 
but IκBα degradation was observed while the nuclear 
translocation of NF-κB was also suppressed (Figure 6(a) 
and (b)). Immunofluorescence staining also revealed local-
ized expression of IkBα and the active form of NF-κB, 
phospho-NF-κB (p-NF-κB), in the cells that compose hair 
follicle structures. Generally, the hair follicle is composed 
of keratinocytes and fibroblasts, both of which play crucial 
roles in skin inflammatory response.34,35 Remarkably, we 
observed a drastic suppression of IkBα, which is normally 
expressed throughout the entire hair follicle, particularly in 
the ORS keratinocytes in the vehicle group (Figure 6(c) and 
(d)). Accordingly, sUV exposure induced a marked increase 
in p-NF-κB expression the ORS and matrix of hair follicles 
(Figure 6(c) and (d)). The nuclear translocation of p-NF-κB 
was also increased in those structures in sUV-induced SkOs 
compared to those in the control SkOs, indicating the acti-
vation of NF-κB following sUV exposure. Of note, the 
NF-κB-mediated inflammatory responses mainly occurred 
in the hair follicles rather than in dermal fibroblasts 
(Supplemental Figure S3A-B). Meanwhile, the epidermis 
of SkOs, which is the topmost layer exposed to sUV, was 
also inflamed, likely extending to the dermal layers and 
indirectly damaging hair follicles.36,37 (Supplemental 
Figure S3C and D). These expression patterns of IκBα and 
NF-κB were effectively reversed by UCB-Exos treatment 
(Figure 6(c) and (d)). Furthermore, the mRNA expression 
of pro-inflammatory genes, TNF-α and IL-6, was signifi-
cantly reduced in the isolated hair follicles following UCB-
Exos treatment (Figure 6(e)). The protein levels of TNF-α 
and IL-6, which were high throughout the hair bulbs of the 
Vehicle group, notably decreased in the matrix region upon 
treatment of UCB-Exos (Figure 6(f) and (g)) This was con-
sistently reflected in the secretomes of TNF-α and IL-6 in 
the SkOs as confirmed by ELISA (Figure 6(h)). Overall, 
these results suggested that UCB-Exos mitigated pro-
inflammatory responses, particularly in fibroblasts and 
keratinocytes residing in the hair follicles, by inhibiting 
IκB degradation and NF-κB activation, which was induced 
by sUV exposure.

Suppression of NF-κB signaling mediated the 
therapeutic efficacy of exosomes on hair follicle 
photodamage

To assess the direct effects of UCB-Exos in alleviating 
sUV-induced damage through NF-κB activation, we 
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Figure 6. Suppression of pro-inflammatory responses in sUV-exposed hair follicles by UCB-Exos: (a) Western blot analysis of 
the SkOs without sUV exposure (CTL), treated with vehicle after sUV exposure (Vehicle), and treated with UCB-Exos after sUV 
exposure (UCB-Exos). After obtaining each nuclear and cytosol fraction, NF-κB expression in nucleus as well as p-IκBα and total 
IκBα expression in cytoplasm was shown. The loading control of nuclear fraction was Lamin A/C and that of cytosol fraction was 
GAPDH, (b) quantification of NF-κB levels normalized to nuclear Lamin A/C expression, p-IκBα levels normalized to total IκBα 
levels, and IκBα was normalized to cytosol GAPDH expression (n = 3), (c) representative confocal images of hair follicles stained 
with IκBα (red, top), p-NF-κB (green, bottom), and KRT17 (red, bottom) in the CTL, Vehicle and UCB-Exos group. Nuclei were 
stained with DAPI. Scale bar; 50 μm, (d) MFI quantification of IκBα (top) and p-NF-κB (bottom) normalized to cell numbers in each 
group (n = 3), (e) qRT-PCR analysis of TNF-α and IL-6 in the hair follicles isolated from Vehicle group and UCB-Exos group (n = 3), 
(f), (g) representative confocal images (f) and MFI quantification (g) of the hair follicles stained with TNF-α (green, top) and IL-6 
(red, bottom). Scale bar, 50 μm (n = 3), (h) secretion of proinflammatory cytokines, TNF-α and IL-6, from vehicle- or UCB-Exos-
treated SkOs was quantified by ELISA (n = 3). Quantitative data were presented as a mean ± SD. Statistical differences between 
the groups were determined by unpaired student’s t-test and ordinary one-way ANOVA with post-hoc Tukey test (*p < 0.05. 
**p < 0.01. ***p < 0.001, ns; not statistically significant).
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treated sUV-damaged organoids with the NF-κB inhibitor 
BAY11-7082. It is known for inhibiting the degradation 
of IκBα units, thereby suppressing the translocation of 
NF-κB into the nucleus, preventing further activation  
of NF-κB signaling.38 Following BAY11-7082 treatment, 
sUV-damaged SkOs exhibited a reduction in phosphoryl-
ated IκBα, resulting in the inhibition of IκBα degradation 
and subsequent downregulation of nuclear translocation 
of NF-κB (Figure 7(a) and (b)). Similarly, sUV-exposed 
SkOs supplemented with UCB-Exos also displayed a sig-
nificant reduction in IκBα phosphorylation, followed by 
decreased IkBα degradation and NF-κB activation, com-
parable to the effects of BAY11-7082. Notably, co-treat-
ment with BAY11-7082 and UCB-Exos synergistically 
reduced both NF-κB and phospho-IκBα levels. As 
expected, the expression of IL-6 was positively correlated 
with the NF-κB expression level (Figure 7(a) and (b)). 
Furthermore, we evaluated the secretion of pro-inflamma-
tory cytokines, IL-6, TNF-α, and IL-1β, which were 
increased by sUV exposure (Figure 7(c)). While there was 
no significant difference in the secretion of IL-6 and 
TNF-α between the SkOs treated with BAY11-7082 and 
those treated with UCB-Exos, a significant decrease in 
TNF-α and IL-1β levels was observed in the co-treated 
group, indicating the synergistic effects of BAY11-7082 
and UCB-Exos (Figure 7(c)). In the context of inflamma-
tory response, NF-κB signaling has been also known to be 
a key regulator of pro-inflammatory SASP components 
that contributed to delayed tissue regeneration by accu-
mulating the senescent cells, dysregulating matrix remod-
eling, and chronic inflammation.39–41 Therefore, we 
explored whether treatment with UCB-Exos, which sup-
presses NF-κB activation, could modulate SASP, particu-
larly within the hair follicles. The results revealed that the 
mRNA expression of several inflammatory cytokines and 
ECM components associated with SASP were dramati-
cally reduced after treatment with either UCB-Exos or 
BAY11-7082 (Figure 7(d)). These results suggested that 
the inhibition of NF-κB activation by UCB-Exos had the 
potential to mitigate the detrimental effects of SASP, 
thereby promoting a more favorable environment for tis-
sue regeneration. Immunofluorescence staining demon-
strated a prominent decrease in both NF-κB that was 
translocated into the nucleus and cytoplasmic IL-6 within 
the hair follicles after BAY11-7082 or UCB-Exos treat-
ment (Figure 7(e)–(g)). Consequently, these hair follicles 
displayed reduced levels of apoptosis following BAY11-
7082 or UCB-Exos treatment, with the lowest apoptotic 
rate observed after co-treatment (Figure 7(h) and (i)). 
Ultimately, NF-κB inhibition rescued the structural integ-
rity of the hair follicles, including the DS, ORS, and hair 
bulbs, and protected the hair follicles against the transi-
tion to the degenerative catagen phase (Figure 7(j)). Taken 
together, our findings suggested that UCB-Exos effec-
tively restored the hair follicles damaged by sUV through 
NF-κB inhibition.

Discussion

The skin serves as the body’s primary defense against 
external threats, including chemical damage, physical 
injury, and microbial infection. This integumentary system 
comprises the epidermis, dermis, and skin appendages, 
and their interactions play a crucial role in maintaining 
skin homeostasis and promoting self-renewal during 
injury.42 Advancing beyond the limitations of 2D-cultured 
cells, tissue-engineered skin grafts have been created as 
viable alternatives to natural skin.43 These skin grafts have 
been fabricated by using 3D printing a range of biomateri-
als44 or simply stacking keratinocytes and fibroblasts in a 
transwell to recapitulate layered dermal structures.45 
However, the engineered skin tissues have faced limita-
tions due to their lack of skin appendages (hair follicles, 
sebaceous glands, neurons, and Merkel cells). This has led 
to the need for the development of sophisticated organoids 
with intricate tissue architecture.

Recently, Lee et al. first developed a three-dimensional 
hair-bearing SkOs derived from human iPSCs.13 Unlike 
other technologies, based on skin developmental pro-
cesses, iPSCs were self-organized into structures resem-
bling the multi-layered skin tissue architectures, such as 
the epidermis, dermis, and various skin appendages includ-
ing hair follicles. So far, several progresses have been 
made to optimize the culture conditions for iPSC-derived 
SkOs since SkOs were generated in the form of inside-out 
cysts with hyaline cartilages which might be physiologi-
cally irrelevant.46,47 According to our previous work,14 
Wnt signaling activation enabled us to obtain large and 
pure SkOs without off-target cartilages. Moreover, to 
reflect the characteristics of the outermost layer of skin in 
direct contact with air, an air-liquid interface culture was 
employed after cutting the SkOs into sheet-like pieces, 
effectively inducing keratinization of skin surfaces as well 
as epidermal differentiation.14,48 This system allowed us to 
obtain planar skin organoids with high structural maturity 
in which the epidermis, dermis, and hair follicles are strati-
fied, akin to real skin. These SkOs can be usefully 
employed for studying the pathophysiology of skin dis-
eases and drug efficacy testing.

It has been well established that exposure to UV radia-
tion leads to significant structural damage in skin tis-
sues.49–51 The underlying pathological changes induced by 
UV radiation have been known to cause ECM breakdown, 
structural damage to keratin, DNA damage, and inflamma-
tion, which are dictated by various molecular pathways 
such as IκB-NF-κB signaling, generation of reactive oxy-
gen species and cell cycle arrest.52–54 In this study, we suc-
cessfully developed an in vitro model of sUV-induced 
photodamage using SkOs, allowing us to closely replicate 
sUV-induced damage, such as skin barrier disruption, 
photo-burn, collagen fiber degradation, and pigmentation 
shown as an increase of melanocytes. Although the effects 
of UV radiation on skin have been extensively examined 
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Figure 7. NF-κB inhibition effectively restored the hair follicles damaged by sUV exposur: (a) Western blot analysis of SkOs 
without sUV exposure and sUV-exposed SkOs that were treated with NF-κB inhibitor BAY11-7082 or UCB-Exos or both. 
The expression of NF-κB in the nuclear fraction and the expression of p- IκBα, total IκBα, and IL-6 in cytosol fraction in each 
group were analyzed, (b) quantification of nuclear NF-κB normalized to Lamin A/C, cytosol p-IκBα normalized to total IκBα, 
and cytosol IL-6 normalized to GAPDH (n = 3), (c) quantification of released proinflammatory cytokines, IL-6, TNF-α, and 
IL-1β from each group (n = 3), (d) qRT-PCR analysis of genes related to SASP in the hair follicles from each group (n = 3), (e) 
representative confocal images of each group stained with NF-κB (green), IL-6 (red), and DAPI (blue). Scale bar; 50 μm, (f), (g) 
quantification of the ratio of cells with NF-κB nuclear translocation (f) and MFI of IL-6 (g) in the stained sections of each group 
(n = 3). (h), (i) representative confocal images (h) and MFI quantification (i) of hair follicles stained with Cleaved Caspase-3 (green) 
and DAPI (blue) in each group. Scale bar, 50 μm (n = 3), (j) bright-field images of hair follicles in each group; healthy hair shaft 
(white asterisk), hair shaft in catagen phase (yellow asterisk) and ORS (black arrowhead). Note that NF-κB inhibition rescued 
the follicular structures and hair shafts in the sUV-damaged SkOs. Scale bar, 100 μm. Quantitative data were presented as a 
mean ± SD. Statistical differences between the groups were determined by ordinary one-way ANOVA with post-hoc Tukey 
test (b, c, f, g and i) and two-way ANOVA with post-hoc Bonferroni’s test (d) (***p < 0.001 versus CTL, #p < 0.05, ##p < 0.01, 
###p < 0.001 versus sUV-exposed SkO, ns; not statistically significant).
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in both animal models and human epidermal and dermal 
models,55–59 the impact on skin appendages, particularly 
hair follicles, has received relatively limited attention. 
Although some researchers previously investigated the 
responses of primary hair follicles isolated from human 
skin tissues after direct sUV irradiation,60 this approach 
might not be appropriate because sUV naturally penetrates 
through the epidermis, dermis, and eventually reaches the 
hair follicles. In this light, we used the SkOs anchoring the 
hair follicles in dermal layers to explore the effects of sUV 
exposure on the hair follicles.37 The results revealed that 
sUV exposure led to a marked elevation in apoptosis and 
structural disruption, particularly in KRT5+ keratinocytes 
and fibroblasts in the dermal papilla cells of hair follicles. 
As a transition into the catagen phase of the anagen hair 
follicles was promoted by sUV exposure, the hair shaft 
became defective shown as kinking and thinning, indicat-
ing the deleterious effects of sUV on hair follicles. Indeed, 
it is noteworthy that increased hair loss has been reported 
in patients with repeated sUV exposure to the scalp skin.61 
Furthermore, we demonstrated a significant upregulation 
of pro-inflammatory cytokines within the hair follicles 
upon sUV irradiation, indicating inflammatory response 
closely linked to hair follicle damage.62,63 These sUV-
induced photodamaged hair follicles were further used to 
evaluate the efficacy of potential therapeutics.

Exosomes, composed of a rich array of biomolecules, 
proteins, nucleic acids, and metabolites, play a pivotal role 
in facilitating intercellular communication and influencing 
cellular immunity.64 Due to their low immunogenicity and 
remarkable stability in body fluids, numerous studies have 
highlighted the therapeutic potential of cell-derived 
exosomes in the context of skin aging and hair follicle 
regeneration.65,66 Of particular note are exosomes derived 
from MSCs, known for immunomodulatory and regenera-
tive properties.67 Hence, exosomes derived from MSCs 
show immense promise for a wide range of therapeutic 
applications.16 In this context, sUV-exposed hair follicles 
in SkOs were treated with UCB-Exos as a therapeutic can-
didate. UCB-Exos effectively suppressed apoptosis, SASP, 
and pigmentation, while promoting the regeneration of 
hair follicles and repairing the follicular structures, sug-
gesting the therapeutic efficacy of UCB-Exos in amelio-
rating UV-induced damage of hair follicles.

NF-κB signaling is known to play a central role in skin 
inflammation. It has even been shown that the mice with 
deleted genes activating the NF-κB pathway do not exhibit 
inflammatory changes, such as pro-inflammatory cytokine 
accumulation and edema, in skin tissues upon sUV expo-
sure.68 Considering that the UCB-derived exosomes have 
been known to mitigate inflammatory responses by inhib-
iting NF-κB activation,69 we sought to elucidate the mech-
anism of actions of UCB-Exos, focusing on NF-κB 
mediated inflammatory responses. In our model, UV 
exposure increased the phosphorylation of IkBα 

and subsequent nuclear translocation of NF-κB in the hair 
follicles, leading to an increased secretion of pro-inflam-
matory cytokines. UCB-Exos effectively attenuated 
NF-κB activation and consequent inflammatory responses 
in the hair follicles. To further validate our findings, we 
compared UCB-Exos with BAY11-7082, a known NF-κB 
inhibitor. The effects of exosomes on repairing the hair fol-
licular structures by inhibiting phosphorylated IkBα, 
NF-κB activation, and pro-inflammatory cytokine secre-
tion were comparable to those of BAY11-7082. While the 
high-throughput transcriptomic analysis was not per-
formed to identify the specific bioactive molecules con-
tained in UCB-Exos that influences the NF-κB pathway, 
various assays provided the evidence that UCB-Exos 
implemented their therapeutic effects which structurally 
supported the hair follicle and protected the growing hair 
shaft through the NF-κB pathway in the sUV-exposed hair 
follicles. In particular, to analyze which of the cells com-
posing the hair follicles are mainly affected, local expres-
sion of NF-κB and inflammatory cytokines was analyzed 
in the SkOs. Although various cells in the entire skin lay-
ers, including epidermal keratinocytes and dermal fibro-
blasts, are likely to be involved in skin inflammatory 
responses, we found that the interactions among hair-folli-
cle residing cells, particularly keratinocytes in the ORS 
and matrix, were mainly responsible for NF-κB-mediated 
inflammatory response in sUV-exposed hair follicles. 
Additionally, NF-κB is generally recognized as an impor-
tant factor in regulating cellular senescence and SASP 
through its role in inflammatory cascades.70,71 We observed 
that both NF-κB inhibitor and UCB-Exos inhibited the 
SASP in the injured hair follicles of SkO, suggesting that 
UCB-Exos could manifest anti-aging functions beyond 
damage repair and anti-inflammation through the inactiva-
tion of NF-κB.

Meanwhile, there are some limitations to overcome in our 
study. First, there are possibilities that other inflammatory 
responses may be involved in sUV-induced hair follicle dam-
age. For instance, it is known that when stimulated by UV 
irradiation, apoptosis, and ECM degradation may occur 
through the MAPK, TGF-β1, and NRF2 pathways, besides 
the NF-κB pathway.66,67 Therefore, it needs to be further 
explored whether pathological changes of hair follicles in the 
SkOs and therapeutic mechanisms of UCB-Exos could be 
mediated by other pathways. In addition, inflammatory 
responses are mediated by both immune cells and non-
immune cells, as the increased inflammatory cytokines due to 
sUV exposure may, in turn, stimulate immune cells. However, 
the lack of immune cells in SkOs remains a challenge. Thus, 
for a more accurate reflection of the pathophysiological 
responses occurring in the body, further investigation is 
needed to co-culture SkOs with various immune cells differ-
entiated from iPSCs or modify the maturation protocols to 
induce the emergence of immune cells within the SkOs. Also, 
as the SkOs were exposed to sUV in a relatively mild and 
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short-term manner, further validation is required for severe or 
chronic exposure of sUV to hair follicles and the long-term 
effects of UCB-Exos on them. Moreover, the prolonged time-
lines required for SkO generation are particularly noted to 
pose significant challenges in achieving rapid outcomes in 
drug screening, especially in the fast-paced fields of pharma-
ceutical development and regenerative medicine. While SkOs 
require a complex and prolonged cultivation process to mimic 
the structures and functions of actual human skin, significant 
improvements to curtail SkO generation process are urgently 
needed to expand the clinical feasibility of SkOs. For instance, 
cryopreservation techniques for the immediate use of mature 
SkOs without compromising their integrity need to be 
explored to improve their utility.72,73 However, the challenge 
still remains in creating personalized screening platforms 
with SkOs from patient-derived iPSCs in a timely manner. 
Hence, it is imperative to explore fundamental approaches to 
reducing the culture period of SkOs for efficient drug screen-
ing. One promising approach involves identifying and modu-
lating key factors, such as Wnt/β-catenin, Sonic hedgehog, 
and BMP pathways, known to regulate the development of 
skin dermal layers as well as integral structures like hair fol-
licles.74–76 These interventions have the potential to consider-
ably shorten the production timeline of SkOs, enhancing their 
utility as valuable drug screening platforms.

Despite these challenges, our photodamage model using 
SkOs is valuable for understanding the effects of UV expo-
sure, particularly on the hair follicles, and elucidating the 
therapeutic mechanisms of UCB-Exos. The significant 
advantages of SkOs include their high structural complexity 
through self-assembly and the presence of skin appendages, 
enabling the reproduction of various skin lesions such as 
pathogen infection, dermatitis, alopecia, hyperpigmentation, 
and skin cancer. Thus, SkOs can serve as a useful platform for 
discovering therapeutic targets or drug screening for a variety 
of skin diseases. Moreover, this approach has the potential to 
be expanded into a platform for personalized medicine when 
using SkOs generated with patient-derived iPSCs.

Conclusions

In conclusion, SkOs derived from human iPSCs, repre-
senting the intricate structures of human skin, provide an 
innovative platform to study the effects of sUV exposure 
on the skin and, in particular, on hair follicles. Our SkOs 
subjected to sUV-induced damage exhibited the effects on 
follicular components, including disrupted structures and 
altered gene expression associated with hair growth. And 
this model allowed us to evaluate the therapeutic potential 
of UCB-Exos in sUV-induced hair follicle damage. 
Treatment of UCB-Exos effectively mitigated sUV-
induced damage by suppressing inflammatory response 
through NF-κB inhibition and reducing SASP. Thus, this 
study established the utility of SkOs along with skin 
appendages as skin alternatives for studying skin biology 

and diseases. This approach also holds great promise as a 
valuable tool for high-throughput analysis and personal-
ized drug screening.
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