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Introduction: Research has unveiled the remarkable properties of extracellular vesicles derived from mesenchymal stromal cells
(MSCs), particularly in promoting wound healing, aiding re-epithelialization, revitalizing aging skin, and inhibiting hyperpigmenta-
tion. However, investigations into the potential of small extracellular vesicles from umbilical cord-derived MSCs (UC-MSC-sEVs) in
reducing scarring and preventing hyperpigmentation remain limited. Therefore, this study aims to evaluate the impact of UC-MSC-
sEVs on the synthesis of the skin’s extracellular matrix (ECM) and pigmentation using in vitro models.

Methods: The study investigated the impact of characterized UC-MSC-sEVs on various aspects including the proliferation,
migration, antioxidant activity, and ECM gene expression of human dermal fibroblasts (HDF). Additionally, the effects of UC-MSC-
sEVs on the proliferation, melanin content, and tyrosinase (TYR) activity of human melanoma cells (MNT-1) were examined.
Furthermore, ex vivo models were employed to evaluate the skin permeation of PKH26-labelled UC-MSC-sEVs.

Results: The findings indicated that a high concentration of UC-MSC-sEVs positively influenced the proliferation of HDF. However,
no changes in cell migration rate were observed. While the expressions of collagen type 1 and type 3 remained unaffected by UC-MSC
-sEVs treatment, there were dose-dependent increases in the gene expressions of fibronectin, matrix metallopeptidase (MMP) 1, and
MMP 3. Furthermore, UC-MSC-sEVs treatment did not impact the antioxidative superoxide dismutase (SOD) expression in HDF.
Although UC-MSC-sEVs did not alter the proliferation of MNT-1 cells, it did result in a dose-dependent reduction in melanin
synthesis without affecting TYR activity. However, when it was applied topically, UC-MSC-sEVs failed to penetrate the skin barrier
and remained localized within the stratum corneum layer even after 18 hours.

Conclusion: These results highlight the potential of UC-MSC-sEVs in stimulating HDF proliferation, regulating ECM synthesis, and
reducing melanin production. This demonstrates the promising application of UC-MSC-sEVs in medical aesthetics for benefits such as
scar reduction, skin rejuvenation, and skin lightening.
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Introduction

The quest to enhance or refine the human physique and rectify aesthetic imperfections has propelled the ascent of
medical aesthetics. Within the domain of medical aesthetics, key priorities include advancing wound healing, anti-aging
remedies, inhibiting hyperpigmentation, and combatting hair loss. In recent years, this discipline has garnered significant

interest for its fusion with regenerative medicine to elevate one’s outward appearance. It encompasses a spectrum of
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interventions aimed at repairing, replacing, or regenerating human cells and tissues, employing cutting-edge techniques
from regenerative medicine such as cellular therapies, natural or synthetic scaffold materials, and growth factors.

Among these strategies, extracellular vesicles (EVs) have emerged as promising therapeutic agents owing to their
diverse biological functions and potential applications. EVs, composed of lipid bilayers, are released from nearly all cell
types to regulate various biological processes.' ™ In the medical realm, they have been investigated as disease biomarkers
and therapeutic carriers.”® These vesicles transport functional cargo such as proteins, lipids, and nucleic acids across
cells, making them potential facilitators of tissue repair. '

EVs encompass a diverse family with distinct subclasses characterized by their subcellular origin, size, and
composition.” They are broadly classified into two main categories based on size: small extracellular vesicles (sEVs),
typically under 200 nm, and large EVs (IEVs), typically exceeding 200 nm.** sEVs, in particular, have gained
prominence due to their compatibility with biological systems, presence protective lipid structure, small size, and
capability to traverse barriers like the skin and blood-brain barrier.? Notably, research has demonstrated the therapeutic
potential of SEVs derived from various sources in skin conditions, including wound healing and regeneration.”'° These
findings suggest that sEVs hold promise in the realm of medical aesthetics.

Stem cell-derived EVs offer a multitude of beneficial effects in dermatology, including scar reduction, skin regenera-
tion, and whitening effects.”'''® Of particular interest are sEVs derived from umbilical cord mesenchymal stromal cells
(UC-MSCs), which offer distinct advantages over other MSC sources. The umbilical cord, housing a rich reserve of stem
cells and supportive stromal tissue, provides a non-invasive and ethically uncontroversial MSC source. Furthermore, UC-
MSCs demonstrate unique immunomodulatory properties and a higher proliferative capacity compared to their adult
tissue counterparts, rendering them highly appealing for regenerative medicine.'® !

Previous findings showed that EVs from various stem cell sources effectively reduced scar formation by attenuating
fibrosis through decreasing the excessive deposition of ECM components.”> >* Additionally, EVs obtained from human
adipose tissue-derived stem cells and amniotic stem cells have been found to diminish intracellular melanin levels and
regulate skin hyperpigmentation by inhibiting melanogenesis and facilitating melanosome degradation.'®* However,
research remains scarce on the distinctive therapeutic potential of small extracellular vesicles derived from umbilical cord
mesenchymal stromal cells (UC-MSC-sEVs) in modulating scar formation and skin pigmentation. Hence, this study
sought to assess the effectiveness of UC-MSC-sEVs in regulating the synthesis of extracellular matrix (ECM) and
pigmentation of the skin using in vitro models.

Materials and Methods
Isolation, Culture and Characterization of Umbilical Cord Derived Mesenchymal
Stromal Cells (UC-MSCs)

The umbilical cord samples were collected from mothers aged 18—44 who underwent natural or caesarean delivery at full
term without pregnancy complications, infectious diseases, or a history of cancer at Hospital Canselor Tuanku Muhriz
HCTM), Kuala Lumpur with informed consent forms and ethic approval (UKM PPI/111/8/JEP-2019-618). The isolation
of UC-MSCs was done following a previously established protocol.”® In brief, the arteries and veins were removed from
umbilical cord using sterile forceps, and the remaining tissue was minced. Subsequently, the minced tissue underwent
enzymatic digestion using 0.6% collagenase type I (Worthington, USA) for 1 hour at 37°C in a shaking incubator. The
isolated cells were then cultured in low glucose-Dulbecco’s Modified Eagle Medium (LG-DMEM; Sigma-Aldrich)
supplemented with 1% GlutaMAX™ (Gibco, USA), 1% antibiotic-antimycotic (AA; Capricorn Scientific, Germany),
and 10% fetal bovine serum (FBS; Capricorn Scientific). Once the cells attached, the FBS in the culture medium was
replaced with 10% in-house prepared human platelet lysate (hPL) and 4 TU/mL of heparin (Heparinol®). hPL was
prepared as described previously.”” Media changes were conducted every three days, and the cells were cryopreserved at
passage two. After collecting three distinct biological samples (UC-MSCs), they were thawed from cryo-storage and
pooled at passage four. The pooled UC-MSCs were characterized at passage five, and their conditioned medium was
collected for the isolation of sEVs.
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The pooled UC-MSCs underwent characterization following the guidelines recommended by the International
Society for Cell and Gene Therapy (ISCT).?® Positive and negative markers for MSCs were identified using the Human
MSC Analysis Kit (BD Biosciences, USA) as per the manufacturer’s instructions. In brief, 1x10° cells were
resuspended in 100 pL of washing buffer and incubated with the antibody cocktails. The antibody cocktails included
antibodies for positive surface markers (CD73, CD90, CD105) and negative surface markers (CD11b, CD19, CD34,
CD45, Human leukocyte antigen-DR (HLA-DR)), and the cells were incubated in the dark at room temperature for
30 minutes. Subsequently, the cells were washed with washing buffer and analyzed using a flow cytometer (BD
FACSVerse™),

The differentiation potential of UC-MSCs was evaluated using the StemPro® Adipogenesis Differentiation Kit and
StemPro® Osteogenesis Differentiation Kit (Thermo Fisher Scientific, USA) following the manufacturer’s instructions. In
brief, UC-MSCs were seeded in 12-well plates and cultured in adipogenesis and osteogenesis differentiation media for 10
days, respectively. The differentiation media were refreshed every two to three days. After ten days of continuous
induction, the cells were fixed with 4% paraformaldehyde (Sigma-Aldrich) and stained with Oil Red O (Sigma-Aldrich)
to visualize lipid droplets in adipogenic differentiated cells, and Alizarin Red (Sigma-Aldrich) to detect calcium
deposition in osteogenic differentiated cells.

Collection of Conditioned Media for Small Extracellular Vesicles Isolation

When the UC-MSCs reached 70-80% confluence, the culture medium was aspirated, and the cells were rinsed three
times with phosphate-buffered saline (PBS; Gibco). Subsequently, phenol red-free LG-DMEM basal medium (Sigma-
Aldrich) was added. After incubating for 24 hours, the conditioned media (CM) was collected and centrifuged at 2,000 x
g for 15 minutes at 4°C, followed by second centrifugation at 7,000 x g for 45 minutes at 4°C to remove dead cells and
debris. Finally, the CM was filtered through a 0.22 pm filter to remove any particles larger than 220 nm.

sEVs Preparation Using Centricon® Plus-70 Filter Unit

Centricon™ Plus-70 (100 kDa NMWL) (Merck Millipore, Germany) was used for isolating sEVs, following the method
described in a previous study.”’ In brief, the filter unit underwent pre-rinsing and was filled with filtered CM, then
subjected to centrifugation at 3500 x g at 4°C. The duration of centrifugation was adjusted to avoid desiccation of the
remaining solution. Subsequently, the filtrate collection cup was emptied, and the sample filter cup with the concentrate
collection cup underwent reverse centrifugation at 1,000 x g for 2 minutes at 4°C to isolate the sEVs. Filtered PBS
(Gibco) was added to the collected sEVs, followed by centrifugation at 3500 x g for 20 minutes at 4°C. After discarding
the solution from the filtrate collection cup, the sample filter cup with the concentrate collection cup was subjected to
reverse centrifugation at 1,000 x g for 2 minutes at 4°C to collect the isolated SEVs. These samples were then stored at
—80°C for subsequent experiments. The sEVs samples obtained through this process were labeled as sEVs-C and utilized
for experiments involving human dermal fibroblasts (HDF) and ex vivo skin samples.

sEVs Preparation Using Tangential Flow Filtration

sEVs isolation was also conducted via tangential flow filtration (TFF) using a 100-kDa MWCQO ultrafiltration membrane
filter capsule (Pall Corporation, USA). Initially, the filter capsule underwent washing with MiliQ water. Then, the
normalized water permeability (NWP) was determined by applying three different pressures: 2.5 psi, 5 psi, and 10 psi to
assess membrane performance. Buffer conditioning was performed using PBS (Gibco) to eliminate air bubbles from the
Minimate™ TFF Capsule and system. Filtered CM was then added into the feed tank, with a magnetic stirrer
continuously agitating to prevent gel formation. Simultaneously, diafiltration was carried out by passing two times the
volume of PBS (Gibco) as the original conditioned media through the diafiltration tube immersed in the buffer solution.
Once sEVs were concentrated to around 7 mL, the final volume was recirculated for 10 minutes at 60 rpm and collected
from the reservoir. Subsequently, another 8 mL of PBS (Gibco) was introduced into the reservoir, recirculated through
the filter for 10 minutes at 60 rpm, and collected. The obtained samples were stored at —80 °C for subsequent analysis.
The collected EVs sample was designated as sEVs-TFF and was utilized for studies involving melanocytes.
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Characterization of UC-MSC-sEVs

Particle Quantification and Size Distribution

To assess the size distribution and concentration of sEVs, nanoparticle tracking analysis (NTA) was conducted using the
Nanosight NS300 (Malvern Panalytical, UK). UC-MSC-sEVs were diluted in filtered PBS (Gibco) before being
introduced into the NTA chamber using disposable 1 mL syringes. The measurement settings were adjusted as follows:
the camera level was set to level 14, the detection threshold was optimized to include as many particles as possible while
restricting the count to 10-100 red crosses, and the number of blue crosses was maintained at five.

Protein Quantification

To quantify the protein content of sEVs, sEVs lysates were generated by incubating them with RIPA lysis buffer (Thermo
Fisher Scientific) containing 1% Halt™ protease and phosphatase inhibitor cocktail (Thermo Fisher Scientific) for
30 minutes at 4°C, followed by centrifugation at 14,000 x g for 15 minutes at 4°C. The protein concentration of sSEVs
was subsequently quantified using the Pierce™ BCA Protein Assay kit (Thermo Fisher Scientific) according to the
manufacturer’s protocol. Briefly, the samples and prepared bovine serum albumin standards were added to a 96-well
plate. Then, the working solution was added to each well and incubated for 30 minutes at 37°C. The optical density was
measured at 562 nm.

sEVs Marker Expression

Total protein from cell lysate and SEVs were separated by sodium dodecyl sulfate- polyacrylamide gel electrophoresis
(SDS-PAGE) and transferred onto Immobilon®-P Polyvinylidene difluoride (PVDF) Membranes (0.45 pum pore size;
Merck Millipore, Ireland). The membranes were blocked with 3% bovine serum albumin (BSA; Sigma-Aldrich) for
1 hour and incubated with primary antibodies: mouse anti-CD63 monoclonal antibody (Novus Biologicals, USA) (1:
1,000); mouse anti-TSG101 monoclonal antibody (Novus Biologicals) (1:1,000); mouse anti-HSP70 monoclonal anti-
body (R&D System, USA) (1:4,000); mouse anti-GP96 monoclonal antibody (R&D System) (1:6,000) overnight at 4°C,
followed by incubation with Mouse IgG Horseradish Peroxidase (HRP)-conjugated Antibody (1:10,000) (R&D Systems,
USA) for 1 hour at room temperature. Finally, the membranes were treated with Amersham ECL Prime Western blotting
detection reagent (Cytiva, USA) and visualized using a gel imager (Amersham Imager 600).

Human Dermal Fibroblast Study

Isolation and Culture of HDF

Human dermal fibroblasts (HDF) were sourced from redundant tissue obtained with written informed consent from
healthy patients aged 18—60 who underwent abdominoplasty at Hospital Canselor Tuanku Muhriz, Kuala Lumpur,
without any infection, infectious diseases, chronic skin conditions, damaged skin in the abdominal area, or history of
cancer. Skin samples measuring 3 cm? were meticulously cleaned and finely minced into small pieces. These tissue
fragments underwent enzymatic digestion using 0.6% collagenase type I (Worthington) for 2—4 hours, followed by 0.05%
trypsin-ethylenediamine tetraacetic acid (trypsin-EDTA; Gibco) for 10 minutes at 37°C in a shaking incubator.
Subsequently, the cell suspension was centrifuged, and the pellet was resuspended in HDF culture medium (Nutrient
Mixture F-12 and Dulbecco’s Modified Eagle Medium (FD medium; Sigma-Aldrich) supplemented with 10% FBS
(Gibco) and 1% AA (Capricorn Scientific)) for in vitro expansion. The medium was refreshed every three days. Upon
reaching 70-80% confluency, HDF were harvested using 0.05% trypsin-EDTA (Gibco) and utilized for subsequent
experiments.

Cellular Uptake Assay

sEVs-C was labeled with PKH26 (Sigma Aldrich) following the manufacturer’s instructions. In brief, sEVs-C were
incubated with 4 uM PKH26 Dye Solution in Diluent C with gentle mixing for 5 minutes. Excess labelling dye was
eliminated using Amicon® Ultra-15 Centrifugal Filter Unit (100 kDa, Merck Milipore). HDF were seeded at a density of
5,000 cells/well in a 96-well plate for 24 hours. Then, the cells were incubated with PKH26-labeled sEVs at 37°C and
5% CO, for 6 hours. After incubation, the cells were washed with PBS (Gibco), fixed with 4% paraformaldehyde

1564 https: International Journal of Nanomedicine 2025:20



Kee et al

(Sigma-Aldrich), and counterstained with Hoechst dye (Sigma-Aldrich) for 30 minutes at room temperature to visualize
the nuclei. The cells were then observed using a fluorescence microscope (Nikon), and images were captured.

Cell Proliferation Assay

HDF were seeded at a density of 1,500 cells/well in a 96-well plate and treated with 0, 10, 25, and 50 pg/mL of SEVs-C
in HDF culture medium for 24, 48, and 72 hours. Cell proliferation was assessed using a CCK8 kit (Elabscience, China)
following the manufacturer’s protocol. Briefly, 10 pL CCK-8 buffer was added into each well and incubated at 37°C, 5%
CO, for 3 hours. Absorbance was measured at 450 nm using a microplate reader (BioTek, USA).

Wound Scratch Assay

HDF were seeded into 12-well plates at a density of 1.5x10° cells per well and incubated at 37°C and 5% CO, to reach
confluence. The cells were scratched using a sterilized 10 pL pipette tip. After washing with Dulbecco’s Phosphate
Buffered Saline (DPBS; Sigma-Aldrich), different concentrations of sEVs-C (0, 10, 25, and 50 pg/mL) were added.
Images of the scratched areas were captured at specific time points (0, 12, 24, 36 and 48 hours) using an inverted
microscope (Nikon). At least three-microscope fields were determined for each condition. The wound area was measured
using Imagel software (version 1.53k). The wound closure rate (%) was calculated using the formula below:

w(0) —w(?)
w(0)

where w(0) is wound area at 0 hour and w(t) is wound area at specific time.

Wound closure rate (%) = x 100%

Ribonucleic Acid (RNA) Extraction and Reverse Transcription-Quantitative Polymerase Chain Reaction
(RT-gPCR)

HDF with seeding density of 3,000 cells per cm® were exposed to varying concentrations of sEVs-C (0, 10, 25, and
50 pg/mL) until reaching 80-90% confluency. Then, the cells were washed thoroughly with PBS to remove any residual
sEVs, and RNA was extracted directly from the cells using the NucleoSpin RNA kit (Macherey-Nagel, Germany). The
LunaScript® RT SuperMix Kit (New England Biolabs, USA) was utilized for reverse transcription of total RNA to
complementary DNA (cDNA) following the manufacturer’s instructions. Subsequently, polymerase chain reaction (PCR)
was conducted using the generated cDNA as a template with the LunaScript® SYBR Green PCR Master Mix (New
England Biolabs). The standard PCR cycle conditions comprised an initial denaturation at 95°C for 1 minute, followed
by 40 cycles of denaturation at 95°C for 15 seconds and annealing-extension at 60°C for 30 seconds. Relative mRNA
expression levels were analyzed using the 2(—AACt) method, normalized to glyceraldehyde 3-phosphate dehydrogenase
(GAPDH). Specific primer sequences employed in this study are detailed in Table 1.

Immunocytochemistry Analysis

HDF were plated at a density of 2x10* cells per well in a 48-well plate and maintained at 37°C in a 5% CO, atmosphere.
Upon reaching 80-90% confluence, the media was replaced with HDF culture media containing varying concentrations of
sEVs-C (0, 10, 25, and 50 pg/mL) and incubated for 24 hours. Subsequently, the cells were rinsed with DPBS (Sigma-
Aldrich) and fixed with 4% paraformaldehyde (Sigma-Aldrich) for 10 minutes at room temperature, followed by
permeabilization with 0.5% Triton X-100 (Sigma-Aldrich) for 20 minutes. After blocking with 10% goat serum (Merck
Millipore) for 1 hour at 37°C, the cells were incubated overnight at 4°C with primary antibodies, ie, rabbit anti-human
collagen I antibody (COLI; Abcam, USA), and mouse anti-human alpha-smooth muscle actin antibody (¢SMA; Abcam).
Subsequently, the cells were treated with secondary antibodies, ie, goat anti-mouse IgG (Alexa Fluor®™ 488) (Abcam) and
goat anti-rabbit IgG (Alexa Fluor™ 594) (Abcam), for 2 hours at 37°C, and counterstained with Hoechst dye (Sigma-Alrich)
for 30 minutes at room temperature. Images were acquired using a fluorescence microscope (Nikon). All primary and
secondary antibodies were diluted at a ratio of 1:1,000. The fluorescent intensity of COLI and aSMA, as well as the number
of nuclei, were quantified using ImageJ software (version 1.53k) to assess the relative protein expression levels.

Fluorescent intensity of COLI ora SMA
Number of nuclei

Fluorescent intensity =
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Table | Primers’ Sequence Targeting the ECM and ECM Modulation Genes

Gene Accession number | Primer sequence (5’-3’)

GAPDH | MI7851.1 5 to 3" GAG TCA ACG GAT TTG GTC GT
3'to 5 TTG ATT TTG GAG GGATCT CG

coLl NM_000088.4 5 to 3": GCT ACT ACC GGG CTG ATG AT
3" to 5": ACC AGT CTC CAT GTT GCA GA

codll NM_000090.4 5" to 3": CCA GGA GCT AAC GGT CTC AG
3" to 5: CAG GGT TTC CAT CTC TTC CA

FN NM_212482.4 5 to 3": AAA ATG GCC AGATGATGA GC
3" to 5: TGG CAC CGA GAT ATT CCT TC

MMPI NM_001145938.2 5 to 3": GGT CTC TGA GGG TCA AGC AG
3" to 5": AGT TCATGA GCT GCA ACA CG

MMP3 NM_002422.5 5 to 3": GCA GTT TGC TCA GCC TAT CC
3 to 5: GAG TGT CGG AGT CCA GCT TC

Abbreviations: GADPH, Glyceraldehyde-3-phosphate dehydrogenase; COLI, Collagen type I;
COLII, Collagen type 3; FN, Fibronectin; MMP1, Matrix metalloproteinase; MMP3, Matrix metallo-
proteinase type 3.

Superoxide Dismutase (SOD) Assay

HDF were plated in 6-well plates at a density of 5x10 cells per well and incubated at 37°C with 5% CO,. Upon reaching
80-90% confluence, the medium was substituted with HDF culture medium containing various concentrations of sEVs-C
(0, 10, 25, and 50 pg/mL) and incubated for 24 hours. Subsequently, HDF were lysed using radioimmunoprecipitation
assay (RIPA) buffer (Thermo Fisher Scientific) and centrifuged at 14,000 x g for 15 minutes at 4°C to collect the
supernatant. Superoxide dismutase (SOD) activity in HDF was determined using the Superoxide Dismutase Activity
Assay Kit (Sigma-Aldrich) following the manufacturer’s protocol. Briefly, 20 pL of sample, standard, and prepared
dilution buffer were added to a 96-well plate. Then, 160 puL of WST working solution was added to each well, followed
by the addition of 20 uL of xanthine oxidase working solution to initiate the SOD inhibition reaction. The plate was then
incubated at room temperature for 30 minutes. Absorbance was measured at 450 nm using a microplate reader (BioTek),
and SOD activity (units/mL) in each sample was calculated using the SOD standard curve.

Melanoma Cell (MNT-1) Study

MNT-1 Culture

MNT-1 cells were obtained from American Type Culture Collection (ATCC) (CRL-3450) and cultured in MNT-1
medium comprising DMEM-LG supplemented with 20% FBS, 10% AIM-V medium (Gibco), 1% sodium pyruvate
(Sigma-Aldrich), 1% non-essential amino acids (NEAA; Sigma-Aldrich), and 1% AA at 37°C in a 5% CO, incubator.
Upon reaching 80-90% confluence, MNT-1 cells were detached using CTS™ TrypLE™ Select Enzyme (Gibco) and
passage into cell culture plates for subsequent experiments.

Cellular Uptake of sEVs

SsEVs-TFF was labeled with PKH26 (Sigma-Aldrich) following the manufacturer’s protocol. MNT-1 cells were seeded at
a density of 7,500 cells/well in a 96-well plate for 48 hours. Then, the cells were incubated with PKH26-labeled sEVs for
6 hours. After incubation, the cells were washed with PBS, fixed with 4% paraformaldehyde (Sigma-Aldrich), and
stained with Hoechst dye (Sigma-Aldrich). Imaging was conducted using a fluorescence microscope (Nikon).

Cell Proliferation Assay
MNT-1 cells were seeded at a density of 7500 cells/well in a 96-well plate and incubated for 48 hours at 37°C in a 5%
CO, incubator. Next, the cells were co-cultured with varying concentrations of sEVs-TFF (0, 10, 25, and 50 pg/mL) in
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MNT-1 medium for 24, 48, and 72 hours. Cell proliferation was assessed using a CCKS kit (Elabscience) following the
manufacturer’s instructions. Briefly, 10 pL CCK-8 Buffer was added into each well and incubate for 1 h at 37°C in a 5%
CO; incubator. Absorbance was measured at 450 nm using a microplate reader (BioTek) to measure cell proliferation
rate.

Melanin Content and Tyrosinase Activity Assay

The melanin content and tyrosinase activity assays were conducted with adjustments based on the protocols described
previously (Netcharoensirisuk et al 2021).>* MNT-1 cells were seeded at a density of 5x10° cells per well in a 6-well
plate and cultured for 48 hours at 37°C in a 5% CO, incubator. Upon reaching 80—90% confluence, the cells were treated
with various concentrations of sEVs-TFF (0, 10, 25, and 50 pug/mL) in MNT-1 culture medium for 24 hours.
Subsequently, the treated cells were harvested using CTS™ TrypLE™ Select Enzyme (Gibco). After centrifugation at
3000 rpm for 5 minutes at 37°C, the cells were resuspended in DPBS (Sigma-Aldrich) and divided into two portions for
further analysis.

For tyrosinase activity assay, cell pellets were lysed with RIPA lysis buffer containing 1% Halt™ protease and
phosphatase inhibitor cocktail (Thermo Fisher Scientific) for 45 minutes at 4°C. The lysed cells were then centrifuged at
12,000 rpm for 15 minutes at 4°C, and the protein concentration of the cell lysate from each treatment group was
determined using the Pierce™ BCA Protein Assay Kit (Thermo Fisher Scientific). Next, 50 pg of protein from the
supernatant was transferred into a 96-well plate and mixed with 50 pL of 15 mm levodopa (L-DOPA) (Sigma-Aldrich).
The final volume was adjusted to 100 pL using PBS (Gibco) with pH 6.8. After incubation for 30 minutes at 37°C,
dopachrome formation was measured by assessing the absorbance at 475 nm using a microplate reader (BioTek). The
tyrosinase activity (%) was calculated using the formula below:

_ OD475 (sample)

= 1
0OD475 (control) x 100 %

Tyrosinase activity (%)

For the melanin content assay, cell pellets were dissolved in 250 puL of 1 N NaOH (EMSURE®, Germany) and
incubated at 80°C for 2 hours. After centrifugation at 12,000 rpm for 10 minutes, supernatants were collected and added
to a 96-well plate. The absorbance was measured at 405 nm using a microplate reader (BioTek). The melanin
concentration was determined using a standard curve of synthetic melanin solutions with known concentrations.
Subsequently, the melanin concentration was normalized to the total protein concentration determined using the
Pierce™ BCA Protein Assay Kit (Thermo Fisher Scientific).

Ribonucleic Acid (RNA) Extraction and Reverse Transcription-Quantitative Polymerase Chain Reaction
(RT-gPCR)

MNT-1 cells were seeded at a density of 2x10° cells per well in a 12-well plate and cultured for 48 hours at 37°C in a 5%
CO, incubator. Following this, the cells were treated with varying concentrations of SEVs-TFF (0, 10, 25, and 50 pg/mL)
in MNT-1 culture medium for 24 hours. The cells were then thoroughly washed with PBS to remove any residual sEVs,
and RNA was directly extracted from the cells using the Direct-zol RNA Miniprep Kits (Zymo Research, USA),
following the manufacturer’s instructions. The total RNA was reverse transcribed into cDNA using the BlitzAmp
cDNA synthesis kit (MiRXES, Singapore) according to the manufacturer’s protocol. PCR was conducted using the
resulting cDNA as a template with the LunaScript® SYBR Green PCR Master Mix (New England Biolabs, USA). The
standard PCR cycle conditions were 95°C for 1 minute, followed by 40 cycles of denaturation at 95°C for 15 seconds and
annealing-extension at 60°C for 30 seconds. Melt curves were examined to confirm the specificity of the amplified
product. Relative mRNA expression levels were analyzed using the 2(—AACt) method, with normalization to GAPDH.
Specific primer sequences used in this study are detailed in Table 2.

Skin Permeation Analysis

sEVs-C was labeled with PKH26 (Sigma-Aldrich) following the manufacturer’s guidelines. Human skin samples,
obtained with informed consent from patients and processed to remove the hypodermis, were preserved with intact
dermis and epidermis and stored at —80°C until use. Upon thawing, the skin was rinsed with DPBS (Sigma-Aldrich)
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Table 2 Primers’ Sequences Targeting the Melanin Synthesis Gene

Gene Accession number | Primer sequence

GAPDH | MI17851.1 5" to 3" GAGTCAACGGATTTGGTCGT
3 to 5 TTGATTTTGGAGGGATCTCG

TYRPI NM_000550.3 5 to 3" CCG AAA CAC AGT GGA AGG TT
3'to 5 TCT GTG AAG GTG TGC AGG AG

TYRP2 NM_001922.5 5" to 3" GGT TCC TTT CTT CCC TCC AG
3’ to 5 AAC CAA AGC CAC CAG TGT TC

MITF NM_198159.3 5 to 3" AAC TCATGC GTG AGC AGA TG
3'to 5" TAC TTG GTG GGG TTT TCG AG

Abbreviations: GADPH, Glyceraldehyde-3-phosphate dehydrogenase; TYRPI, Tyrosinase-related
protein |; TYRP2, Tyrosinase-related protein 2; MITF, Microphthalmia-associated transcription
factor.

containing 1% AA (Capricorn Scientific), then cut into desired sizes. The labeled EVs was then applied to the skin
surface. After an 18-hour incubation period, the skin strips were gently washed with PBS (Gibco) and dried. The skin
strips were then embedded in Optimal cutting temperature (OCT) quick-freeze medium compound (Sakura Finetek,
USA), snap-frozen in liquid nitrogen, and sectioned using a cryostat (HM525 NX Thermo Scientific, USA). Sections of
6 pum thickness were mounted on adhesion microscope slides (Citotest, China) and stained with 4',6-diamidino-
2-phenylindole (DAPI; Elabscience) for subsequent fluorescence imaging.

Statistical Analysis

Data analysis was performed using GraphPad Prism version 9.4.1 (GraphPad Software, Inc., USA), with results
presented as the mean + standard error of the mean. Statistical comparisons between the control and treatment groups
were conducted using one-way and two-way analysis of variance (ANOVA). A p-value less than 0.05 was considered
statistically significant.

Results
Human Dermal Fibroblast Study Characterization of UC-MSCs and UC-MSC-sEVs

UC-MSCs were isolated from umbilical cords and characterized based on their morphology, immunophenotype, and
ability to differentiate into multiple lineages. At passage five, the pooled UC-MSCs exhibited a typical fibroblastic
morphology, with elongated spindle-shaped cells adhering to plastic surfaces. Flow cytometry analysis revealed that over
99% of these cells expressed the surface markers CD73, CD90, and CD105, while the expression of negative markers
such as HLA-DR, CD34, CD45, CD11b, and CD19 was less than 2%. Upon adipogenic induction, the cells transitioned
to a polygonal shape with observable oil droplets stained by Oil Red O, indicative of adipogenesis. Similarly, osteogenic
induction resulted in the deposition of calcium, confirmed by Alizarin Red staining, demonstrating their capacity for
multilineage differentiation (Figure 1A-D).

UC-MSC-derived sEVs were isolated from conditioned medium using Centricon® Plus-70 (100 kDa NMWL) and
TFF system (Figure 1E and F) and characterized following the guidelines outlined in MISEV 2018 to confirm their
identity. The total protein concentrations of SEVs-C and SEVs-TFF were 741.9 + 138.3 pg/mL and 775.4 = 344.5 ug/mL,
respectively, using the bicinchoninic acid assay. NanoSight analysis showed that the particle size of both sEVs-C and
SsEVs-TFF fell within the range of 50 nm to 200 nm, with mean sizes of 93.875 £+ 5.866 nm and 127.250 + 23.228 nm,
respectively (Figure 1G and H). Concentration measurements indicated that each cell secreted approximately 3.226x10°
+ 1.093x10° particles for sSEVs-C and 2.446x10° + 7.630x107 particles for sEVs-TFF. Immunoblotting analysis showed
the expression of CD63, TSG101, and HSP70 in both sEVs-C and sEVs-TFF, while the negative marker (GP96) was
absence in both sEVs (Figure 11 and J). These findings demonstrate the successful isolation of sEVs from UC-MSCs,
meeting the accepted criteria for sEVs characterization.
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Figure | Characterization of UC-MSCs and UC-MSC-sEVs. (A) Morphology of pooled UC-MSCs at passage five, observed under 40x magnification. (B) Adipogenic-induced UC-MSCs stained with Oil Red O, viewed under 200%
magnification. (C) Osteogenic-induced UC-MSCs stained with Alizarin Red, observed under 40x magnification. (D) Immunophenotyping analysis of pooled UC-MSC at passage five. Characterization of UC-MSCs data represents a single
technical replicate from pooled UC-MSCs derived from three independent donors. sEVs harvested from conditioned medium of pooled UC-MSCs using (E) Centricon and (F) TFF. Nanoparticle tracking analysis of (G) sEVs-C and (H)
sEVs-TFF. Immunoblotting analysis of (I) sEVs-C and (J) sEVs-TFF using the positive markers CD63, HSP70, and TSGI0I as well as the negative marker GP96. (Scale bar represents 100 pm). Characterization of sEVs-C represents four
technical replicates, while sEVs-TFF represent two technical replicates.

|e 30 99|



Kee et al

UC-MSC-sEVs are Internalized by HDF, Promote HDF Proliferation but Do Not

Affect HDF Migration and SOD Expression
To explore the uptake of sEVs by HDF, PKH26 dye was employed to label the sEVs. After a 6-hour incubation of HDF
with UC-MSC-sEVs, the sEVs were observed in the perinuclear region of the HDF (Figure 2A).

To examine the impact of sEVs on HDF proliferation and migration, HDF were exposed to sEVs at varying
concentrations (0, 10, 25, and 50 pg/mL) and assessed at different time intervals. As shown in Figure 2B, there were
no significant differences in proliferation rates among all groups at 24 and 48 hours. However, by the 72-hour mark,
sEVs notably boosted the cell proliferation at the concentrations of 25 and 50 pg/mL. Regarding cell migration,
Figure 2C illustrates that HDF in all groups displayed migration over time, with no notable differences observed between
the groups at any of the examined time points.

The level of SOD, an essential antioxidant enzyme for reducing oxidative stress, was measured in HDF treated with
UC-MSC-sEVs. As shown in Figure 2D, the activity of SOD in HDF remained unchanged upon treatment with sEVs.

UC-MSC-sEVs Modulate HDF's ECM Expression and Reduce the aSMA Expression
ECM plays a crucial role in maintaining tissue integrity, facilitating wound healing, and regulating tissue remodeling. As shown
in Figure 3A, sEVs did not affect the gene expression of COLI and COLIII, while they dose-dependently upregulated the
expressions of FN, MMP1, and MMP3. To confirm the gene expression of COLI, immunocytochemistry was performed, and the
protein expression levels of the sEVs-treated groups were compared to the control group. As depicted in Figure 3B and C, the
expressions of COLI and aSMA were not significantly altered by sEVs treatment. Specifically, the protein levels of COLI
remained unchanged in the 10, 25, and 50 pg/mL groups. In contrast, the protein levels of aSMA showed a dose-dependent
decrease.
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Figure 2 (A) Cellular uptake of sEVs by HDF, viewed under 400% magnification. Five random fields of view were analyzed from a single biological replicate. Scale bar
represents |0 pm. (B) Proliferation rate of HDF treated with sEVs. (C) Wound closure rate of HDF treated with sEVs. (D) SOD activity of HDF treated with sEVs. Four
different biological samples were used, each with three technical replicates. (*p<0.05; **p<0.01).
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Figure 3 (A) Expression levels of ECM genes in HDF treated with different concentrations of sEVs. The gene expression levels of the treatment groups are shown as fold
changes compared to the control group (0 pg/mL). Three biological samples, each with two technical replicates, were used. (B) Protein expression levels of COLI and a-SMA
in HDF treated with different concentrations of sEVs. (C) Immunofluorescent image of HDF treated with different concentrations of sEVs. The cells were viewed under
200% magnification and each scale bar represent 100 pm. Representative image from five random fields of view per sample across three biological replicates.

Internalization of UC-MSC-sEVs Do Not Affect MNT-1 Proliferation, but Significantly

Reduce Melanin Content by Modulating Melanogenesis-Related Gene Expression
PKH26-labeled sEVs were incubated with MNT-1 cells to observe their cellular internalization. After a 4-hour incuba-
tion, the sEVs were detected in the perinuclear region of the MNT-1 cells (Figure 4A).

Across the evaluated time points, MNT-1 cells in all groups exhibited proliferation, with no significant differences
observed among the groups (Figure 4B). This suggests that SEVs-TFF did not exert any significant impact on MNT-1
proliferation.

UC-MSC-sEVs induced a concentration-dependent reduction in intracellular melanin content in MNT-1 cells
(Figure 4C). A notable decrease in melanin content was observed when the cells were treated with 50 pg/mL of UC-
MSC-sEVs. Additionally, slight reductions in tyrosinase activity were observed in MNT-1 cells exposed to UC-MSC-
sEVs, although these changes were not statistically significant (Figure 4D). To gain further insight into the underlying
mechanisms of melanin synthesis regulation, gene expression analysis was conducted. As depicted in Figure 4E, the
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Figure 4 (A) Cellular uptake of sEVs by MNT-1. The cells were viewed under 400% magnification and the scale bars represent 10 pm. Five random fields of view were
analyzed from a single biological replicate. (B) Proliferation rate of MNT-1 treated with sEVs. (C) Melanin synthesis of MNT-1 treated with sEVs. (D) Tyrosinase activity of
MNT-1 treated with sEVs. Three biological samples, each with three technical replicates, were used (E) Expression levels of genes related to melanin synthesis in MNT-1. The
gene expression levels of the treatment groups are presented as fold changes relative to the control group (0 pg/mL). Three biological samples, each with two technical
replicates, were used. (¥, p<0.05).

results indicated that UC-MSC-sEVs did not affect the expression of TYRPI but showed a reducing trend in the
expression of MITF and TYRP2.

Penetration of UC-MSC-sEVs Is Limited to Stratum Corneum

To evaluate the skin permeation of UC-MSC-sEVs, PKH26 labeled sEVs were topically applied onto the surface of intact
human skin. After an 18-hour incubation period, fluorescence was predominantly observed in the outer layer of the skin
(stratum corneum), with no fluorescence detected in the deeper nucleated layer (stratum granulosum) (Figure 5).

Figure 5 Skin permeation analysis of sEVs-C labelled with PKH26 after |18h. The tissue sections were viewed under 200x magnification and each scale bar represented
100 um. Five random fields of view were analyzed from a single biological replicate.
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Discussion
Previous research has demonstrated the promising benefits of EVs, including their role in combating scarring, promoting
skin renewal and rejuvenation, and inhibiting hyperpigmentation. However, there is a notable gap in research focused on
the distinct therapeutic potentials of SEVs obtained from UC-MSCs concerning scar reduction and skin pigmentation
regulation, especially in comparison to EVs sourced from different types of stem cells. Therefore, this study aims to
explore the effectiveness of UC-MSC-sEVs in influencing skin ECM production and pigmentation using in vitro models.
Before commencing in vitro analyses, we conducted an initial characterization of the proteome of MSC-sEVs (refer to
Supplementary Method), aiming to gain preliminary insights into their protein composition. This step was crucial as

proteins play pivotal roles in essential biological processes, including cell-to-cell communication.>' Through proteomic
analysis, 148 proteins were identified in UC-MSC-sEVs after eliminating contaminated proteins (see Supplementary
Result, Supplementary Figure S1 and Supplementary Table S1). Functional analysis (also depicted in Supplementary

Result and Supplementary Figure S1) utilizing gene ontology indicated that MSC-sEVs protein predominantly found

within extracellular exosomes and regions. They exhibit potential roles in facilitating skin healing and regeneration
through multifaceted molecular and biological functions, as well as pathways. Furthermore, the results from STRING
analysis highlighted a focus on downstream events and ECM degradation rather than upstream processes such as
collagen formation and TGF-beta signaling, suggesting a potential mechanism of action for MSC-sEVs (refer to
Supplementary Result, Supplementary Figure S2, Supplementary Table S2 and Table S3). Moreover, the absence of

proteins associated with melanogenesis implies that the proteome of MSC-sEVs might not directly regulate melanin
synthesis.

Apart from proteome profiling, we also performed an initial characterization of microRNA (miRNA) profiling in
MSC-sEVs (see Supplementary Method), acknowledging the diverse cargo of EVs implicated in cellular processes.
Small RNA-sequencing unveiled the existence of 245 known miRNAs and 34 novel miRNAs within MSC-sEVs, among
which 26 miRNAs were exclusive to MSC-sEVs (depicted in Supplementary Result, Supplementary Figure S3 and

Supplementary Table S4). Functional analysis indicated the participation of these miRNAs in modulating gene expres-

sion, cellular processes, and molecular functions (see Supplementary Result and Supplementary Figure S3).

Furthermore, an extensive literature review was conducted to explore the roles of miRNAs in skin biology, with
specific emphasis on their participation in anti-scarring and hyperpigmentation processes. Numerous pathways have been
identified to contribute to the wound healing process, with the TGF-B/SMAD signaling pathway being notably
significant, particularly in the later stages of wound repair.*> Several miRNAs have been identified to target genes
within the TGF-B and SMAD families associated with this pathway (Supplementary Table S5). These targeted genes,
such as TGF-BR1, TGF-R2, SMAD2, TGF-B1, SMAD3, SMAD4, SMURF2, IL-17RA, and EZH2, negatively regulate
TGF signaling, thereby inhibiting myofibroblast differentiation and reducing collagen synthesis expression. Conversely,
other targeted genes, including SIP1 and SMAD?7, contribute to the elevation of COL1, COL3, and a-SMA levels.

Conversely, prior studies showed that certain miRNAs, such as miR-130a, miR-155, miR-181a, and miR-21, have
been identified to target genes like CYLD, SHIP1, PTEN, and SPRY 1, which activate the PI3K/AKT signaling pathway.
These miRNAs exert positive effects on fibroblast functions such as proliferation and migration, while also enhancing a-

SMA expression and increasing the expression of COL1A1 and COL3A1. Furthermore, a range of miRNAs, including
miR-127-3p, miR-132, miR-145, miR-146b-5p, miR-21, miR-23b, and miR-99, target various pathways involved in
regulating different aspects of the wound healing process. These pathways encompass proliferation, migration, angiogen-
esis, apoptosis, inflammation, ECM remodeling, and fibrosis in both fibroblasts and myofibroblasts (see Supplementary
Table S5).

Melanogenesis is a complex process influenced by various external and internal factors, including UV rays,
hormones, growth factors, and cytokines, which modulate cellular signaling pathways.>* Previous research has identified
several miRNAs as key regulators of pigmentation. For instance, miR-125b-5p, miR-181a-5p, miR-25, miR-183, miR-
218, and miR-340 have been shown to regulate MITF,'®**3% Jeading to decreased expression of downstream genes such
as TYR, TYRPI1, and TYRP2/DCT, which ultimately affects melanin production. Other miRNAs target genes such as
Myo5a, Wnt3a, IGFIR, SOX6, and receptor-interacting serine/threonine kinase 1 (riPK1),**-**
contribute to melanogenesis inhibition. Specific occurrences, like miR-199a targeting mTOR for melanosome

were also found to
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degradation'® and miR-21 suppressing melanin synthesis through the EGFR/Akt pathway,* further illustrate the complex
regulatory network involved in melanogenesis (Supplementary Table S6).

To evaluate the potential of sEVs in anti-scarring interventions, we investigated various aspects of dermal fibroblast
activities, including proliferation, migration, mRNA expression of ECM constituents, and protein expression of COL1
and aSMA, as well as antioxidant enzyme expression across different SEVs concentrations (0, 10, 25, and 50 pg/mL).
HDF proliferation increased with higher sEVs concentrations, consistent with previous findings, indicating enhanced
HDF proliferation with EVs treatment.***® However, sEVs did not affect HDF migration in our study, which contrary to
some prior studies.*’ >° This discrepancy suggests that HDF migration involves complex interactions influenced by
multiple factors.

Considering the pivotal role of ECM remodeling in scarless wound healing, we examined the mRNA levels of ECM
proteins (COLI, COLIII, FN, MMP1, and MMP?3) to assess whether sEVs could influence ECM gene expression. Our
results showed no significant impact of sEVs on the gene expression of COLI and COLIII, but we observed a dose-
dependent increase in FN, MMP1, and MMP3 gene expressions. These findings were further supported by the protein
expression of COLI, indicating that sEVs did not affect collagen production. Consistently, a previous study also reported
minimal effects of exosomes on the gene expressions of COLI and COLIIL>" The unchanged collagen expression may be
attributed to the diverse pathways identified in both Reactome and KEGG pathway analyses for MSC-sEVs proteome,
which encompass processes related to ECM organization, degradation, collagen formation, and MMP activation,
collectively regulating collagen synthesis, turnover, and maintenance. Furthermore, our comprehensive literature review
on miRNA functions in skin biology unveiled various miRNAs capable of influencing collagen synthesis by targeting
genes involved in the regulation of both the TGF-B/SMAD pathway and the PI3K/AKT pathway.

The presence of aSMA expression characterizes myofibroblasts, which transition from fibroblasts in response to skin
injury. Myofibroblasts play crucial roles in matrix remodeling by promoting collagen synthesis to facilitate wound
healing. However, prolonged persistence of myofibroblasts in the later stages of wound healing can result in scar
formation.’>>® Our data indicate that sSEVs reduced the protein expression levels of aSMA in a dose-dependent manner,
suggesting that sEVs inhibited the phenotype transition of fibroblasts and prevented excessive collagen synthesis, thereby
inhibiting the formation of granulation tissue. This finding aligns with the unchanged expression of collagen genes and
proteins detected via RT-PCR and immunocytochemical staining, respectively.

The upregulation of FN, MMP1, and MMP3 by sEVs might be a part of the cellular response aimed at facilitating
ECM remodeling. FN plays a crucial role in cell attachment and migration®* and contributes to tissue architecture and
regulation of cellular processes,”> potentially improving skin texture and firmness. A slightly increase in FN expression
in HDF following EVs treatment was also noted in a study by Kim et al.>® However, this slight increase in FN expression
did not promote HDF migration, despite the importance of FN in cell attachment and migration. This could be attributed
to insufficient levels of fibronectin necessary to initiate migration and the involvement of multiple factors in the complex
process of cell migration. Additionally, MMPs typically inhibit collagen deposition during ECM remodeling and
contribute to scar resolution. The observed increase in MMPs aligns with findings from STRING analysis, indicating
MMP activation. Previous studies'***® have also reported increased expression of MMP1 and MMP3, suggesting
a potential role in preventing scar formation and promoting scarless wound healing. However, the biological activity of
MMPs can be counteracted by TIMPs,?” and the ratio of MMPs to TIMPs has been proposed to contribute to scarless
restoration.”® Therefore, further investigation into the MMPs-to-TIMPs ratio is warranted to confirm the potential of
sEVs in promoting scarless wound healing.

sEVs did not affect the SOD activity of HDF, suggesting that they did not induce oxidative stress, which would
prompt cells to increase SOD activity as a defense mechanism against oxidative damage. Similar findings were reported
in previous studies involving EVs treatment.’®°" In the study by Lerner et al, it was observed that only EVs derived from
oxidative-stressed cells induced an increase in CAT and SOD activity in recipient cells, indicating that EVs from stressed
cells convey protective signals to recipient cells.”® Similarly, Yan et al found that UC-MSC-Exo did not induce SOD
activity but did enhance the activity of another antioxidant enzyme, GPX.%° These results suggest that EVs cargo may
have different affinities for activating or enhancing the activity of specific antioxidant enzymes.
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Regulation of melanin synthesis is important in handling abnormal skin pigmentation. Thus, the impact of UC-MSC-
sEVs on MNT-1 activity was evaluated, specifically proliferation, melanin synthesis, tyrosinase activity, and expression
levels of melanogenesis-related genes, to ascertain their potential in inhibiting hyperpigmentation. Notably, SEVs did not
influence MNT-1 proliferation rate, consistent with findings that EVs from human adipose tissue-derived stem cells
(ADSCs) had no effect on BI6F10 cell viability.>> As expected, sEVs exhibited a dose-dependent reduction in melanin
synthesis, aligning with prior studies showing EVs from various sources (ADSCs, Korean seaweeds (Sargassum
fusiforme and Codium fragile), and leaves and stems of Dendropanax morbifera) decreased intracellular melanin
levels.'>?>! TYR catalyzes the initial step of melanogenesis, converting L-tyrosine into L-DOPA.%> However, sEVs
did not affect TYR activity although reducing melanin synthesis, suggesting EVs may modulate melanin production
through mechanisms beyond direct tyrosinase inhibition.

Furthermore, key regulators of melanogenesis—TYRP1, MITF, and TYRP2—were analyzed to understand the
underlying mechanism. The results showed that sEVs modulated melanogenesis-related gene expression by down-
regulating MITF and TYRP2. MITF is a major transcriptional regulator for melanogenesis-related enzymes and is
crucial for melanocyte pigmentation, proliferation, and survival.>®* TYRP2 plays a vital role in melanin
synthesis.®> The observed downregulation of MITF and TYRP2 is expected to reduce melanin synthesis.
However, the unexpected no changes in TYRPI1 levels might counterbalance this effect by enhancing tyrosinase
activation and stability, given TYRP1’s role in these processes.’? Therefore, the decrease in melanin content,
alongside the downregulation of MITF and TYRP2, suggests a potential inhibitory role of sEVs-derived miRNAs
in melanogenesis. Nonetheless, further research is needed to fully elucidate the effects of SEVs on melanogenesis
mechanisms.

In addition, skin permeation analysis was conducted to assess the penetrability of MSC-sEVs into human skin. The
results indicated that topically administered MSC-sEVs were limited to the stratum corneum, consistent with earlier
findings,®® which showed that sEVs were restricted from further penetration into deeper epidermal layers. Importantly,
despite limited penetration into deeper skin layers, the functionality of EVs remained intact, as they were still able to
inhibit complement activation in the stratum corneum and subsequently suppress IL-17 secretion, reducing psoriasis-like
inflammation in a mouse model of psoriasis.®

Limitation and Future Perspective

Throughout the study, there were a number of limitations. Although the proteomic and miRNA profiling results provide
valuable insights into the composition and potential functions of UC-MSC-sEVs, it is important to note that our analyses
were based on a single replicate of pooled samples. This small sample size limits the statistical power and general-
izability of our findings. Therefore, caution interpretation of results should be considered, and further studies with larger
sample sizes are warranted to validate our observations. Besides, due to limitations in sample availability, this study
relied solely on frozen skin samples. Live skin samples are suggested to be used because they provide more accurate
representation of the dynamic processes that occur within the skin and could confirm whether EVs can be uptake by other
mechanisms. Besides, ex vivo models like MelanoDerm™ could provide additional validation of the effectiveness of
EVs in inhibiting skin hyperpigmentation before proceeding to in vivo testing because this skin model mimics the in vivo
conditions and can be used to predict the in vivo results.

Conclusion

In summary, sEVs displayed the ability to enhance proliferation and regulate ECM expression in HDF, while migration
rate and antioxidant activity remained unchanged. On the other hand, UC-MSC-sEVs did not stimulate human melanoma
cell growth but reduced pigmentation by decreasing melanin synthesis. These in vitro findings highlight the dose-
dependent beneficial effects of UC-MSC-sEVs on skin cells, particularly fibroblasts and melanocytes, through different
cellular mechanisms. This underscores the importance of considering SEV dose or charge in future studies and suggests
a promising approach for addressing hypertrophic scars and hyperpigmentation, offering insights into the field of
dermatology.
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