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ABSTRACT
Background: Small extracellular vesicles from adipose- derived stem cells (ASC- sEVs) are gaining attentions rapidly for inher-
ent therapeutic values in skin care and cosmetics. However, the optimal combinations of ASC- sEVs and certain natural com-
pounds for synergistic anti- aging effects have not been systematically studied.
Methods: Human ASC- sEVs were purified from culture supernatant of ASCs and multi- omics datasets of miRNAs, proteins 
and lipids of ASC- sEVs were analyzed for pathways regulating skin homeostasis. ASC- sEVs were then loaded with nicotina-
mide riboside (NR), resveratrol (RES), vitamin C (VITC), retinol (RET) and arbutin (ARB) at different concentrations by the 
sonication- incubation method. Their anti- oxidant, anti- wrinkle and anti- melanogenic effects were tested in  vitro using the 
human keratinocyte HaCaT cells exposed to UVB radiation and human melanocyte B16F10 cells.
Results: Multi- omics data analysis of ASC- sEVs identified key bioactive molecules regulating collagen formation, pigmentation, 
oxidative stress and inflammation. In the in  vitro screenings for anti- aging effects, the compound- loaded ASC- sEVs outper-
formed the sEV-  and compound- only treatments. Specifically in UVB- exposed HaCaT cells, 2 μg/mL sEVs loaded with 20 μg/
mL NR, 2 μg/mL RES, 5 μg/mL VITC reduced reactive oxygen species level by 22.0%; while combination of sEVs and 2 μg/mL 
RES, 2.8 μg/mL RET significantly reduced MMP3 and upregulated PLOD1 expressions. B16F10 cells incubated with 2 μg/mL 
sEVs loaded with 2 μg/mL RES, 0.5 mM ARB had intracellular and extracellular melanin content lowered by 21.4% and 22.4% 
respectively. All the combinations caused no cytotoxicity.
Conclusion: Our study demonstrated the superiority of ASC- sEVs to deliver both endogenous biocargos and exogenous com-
pounds to achieve synergistic skin anti- aging effects.

1   |   Introduction

As the body's largest organ, the skin acts as a protective barrier 
against pathogens and injuries and is essential for maintaining 
homeostasis [1]. The natural process of skin aging involves a 
gradual decline in skin elasticity and firmness, along with the 
development of wrinkles and age spots [2]. This process can be 

hastened by factors such as sun exposure, pollution, smoking, 
and inadequate skincare practices. These elements contribute to 
oxidative stress, inflammation, and the degradation of collagen 
and elastin fibers in the skin [3].

Small extracellular vesicles (sEVs), a heterogeneous group of 
lipid- bound nanoparticles secreted by cells with a diameter 
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smaller than 200 nm, has drawn much attention in skin ther-
apeutics and aesthetics [4]. Depending on cell sources, isolated 
sEVs display distinctive properties as they are filled with vari-
ous proteins, lipids, and nucleic acids such as miRNAs derived 
from their parent cells. A large body of studies has demonstrated 
that sEVs derived from human adipose mesenchymal stem cells 
(ASC- sEVs) contain a wide range of biological molecules that 
regulate essential cellular processes in skin health, skin photoa-
ging and dermatological diseases [5]. However, considering the 
fact that the endogenous cargo of ASC- sEVs is a complex biolog-
ical mixture, in- depth characterization of its composition and 
specific skin- related functions is still necessary.

Unlike sEVs, natural compounds have been utilized for centu-
ries for skin care purposes as they are safe, widely accessible, 
and present a variety of biological effects including anti- oxidant, 
anti- inflammatory, or anti- pigmentation activities. Their effec-
tiveness, however, hinges on their formulation, as many com-
pounds have difficulty in penetrating the stratum corneum due 
to the lack of chemical stability and an appropriate solubility 
coefficient. These include nicotinamide riboside (NR), resvera-
trol (RES), vitamin C (VITC), retinol (RET) and arbutin (ARB) 
[6–8]. To address skin penetration challenges, ASC- sEVs may 
serve as a superior nanocarrier, as they can penetrate deeper 
into the skin and efficiently deliver both their endogenous bioac-
tive cargos as well as exogenously- loaded compounds. We previ-
ously reported a combination of human ASC- sEVs loaded with 
NR and RES that provided synergistic effects in both photoaging 
protection and skin rejuvenation [9].

In this study, we performed bioinformatics analysis of multi- 
omic datasets of human ASC- sEVs to identify key molecules 
regulating skin aging and homeostasis. We then conducted a 
systematic in vitro screening to identify the optimal combina-
tions of sEVs and natural compounds to deliver the synergistic 
skin anti- aging effects.

2   |   Methods

2.1   |   Human ASC Culture and sEV Production

Human adipose- derived stem cells (ASCs) (Thermo Fisher, USA) 
were cultured in MesenPRO RS Medium (Thermo Fisher, USA) at 
37°C with 5% CO2 as described previously [9]. From passage 5, the 
cells were switched to an optimized expansion medium consisting 
of DMEM with 10% FBS and StemMACS MSC Expansion Medium 
(Miltenyi Biotec, Germany) at the volume ratio of 75%:25%. For 
sEV collection, the ASCs were seeded at 30% confluency, washed 
with PBS to remove FBS and then cultured in a harvesting me-
dium consisting of serum- free DMEM and StemMACS MSC me-
dium at the volume ratio of 50%:50% for 72 h.

2.2   |   sEV Isolation

The sEV isolation and purification protocol was established and 
described previously [9, 10]. Briefly, the conditioned medium was 
centrifuged at 300× g for 5 min, then at 3000× g for 30 min at 4°C 
and filtered through a 0.22- μm PES membrane (Merck, Germany). 
The medium was next concentrated using tangential flow filtration 

(TFF), followed by two rounds of diafiltration with PBS and then 
ultracentrifugation using 30% sucrose cushion (Sigma- Aldrich, 
Germany) at 120 000× g overnight at 4°C. The bottom sucrose frac-
tion was collected and diluted with PBS and further concentrated 
by ultracentrifugation at 120 000× g for 3 h at 4°C using a fixed- 
angle rotor (Beckman Coulter, USA). The resulting sEV pellets 
were resuspended in PBS, aliquoted, and stored at −80°C.

2.3   |   sEV Multi- Omics Data Analysis

Datasets of miRNA sequencing, proteomics and lipidomics of 
human ASC- sEVs were generated in our previous study [9]. 
Target genes for each miRNA were predicted using the miRTar-
getLink 2.0 [11]. Pathway enrichment analysis for all miRNA- 
targeted genes as well as all proteins in the proteomics data was 
performed using the Reactome database [12] with a significant 
false discovery rate set below 0.05. Skin- related pathways were 
selected and visualized based on their involvement in the skin 
structural stabilization, moisture retention, collagen formation, 
pigmentation and anti- inflammatory responses. For lipidomics 
data, all lipid species were categorized into five major classes: 
sphingolipids (SP), fatty acids (FA), glycerophospholipids (GP), 
glycerolipids (GL), and sterol lipids (ST). Their respective abun-
dance was calculated and skin- related biological effects were 
manually curated from literature.

2.4   |   sEV Loading and Characterization

For each compound, the range of concentrations tested was cu-
rated from the literature for skin anti- aging effects; and the maxi-
mal concentration was determined safe by the cell viability assay as 
described below. Purified sEVs (108–109 particles) were then mixed 
with compound(s) in 100 μL DMEM, sonicated for 1 h at 35 kHz, 
35°C–45°C using the Elmasonic Select 60 (Elma, Switzerland), 
and then incubated for 4 h at 25°C with continuous shaking at 
600 rpm. The loaded sEVs were washed twice with PBS using 
the 30 kDa MWCO Pierce protein concentrators (ThermoFisher, 
USA). Compounds used in the study included nicotinamide ribo-
side (NR), resveratrol (RES), vitamin C (VITC), retinol (RET) and 
arbutin (ARB) (Sigma- Aldrich, Germany). Loading efficiencies of 
RES and ARB were quantified by their fluorescence intensity as 
measured by the Varioskan Lux (Thermo Scientific, USA) [9].

sEVs before and after loading were fixed with 4% parafor-
maldehyde; scanning electron micrographs (SEM) were then 
obtained using the FESEM SU8010 microscope (Hitachi High- 
Technologies, Japan). Immunocapture of CD81- , CD9-  and 
CD63- positive sEVs was performed using the Leprechaun 
Human Tetraspanin Kit (Unchained Labs, UK) following the 
manufacturer's protocol. Fluorescence intensity and size of each 
particle were analyzed using the Leprechaun Analysis 1.2. soft-
ware as previously described [9, 10].

2.5   |   UVB Irradiation With HaCaT Cells

Human keratinocyte HaCaT cells were seeded in a 96- well plate 
at a density of 7 × 103 cells/well for 24 h in DMEM- 10% FBS at 
37°C and 5% CO2. The cells were then incubated with different 
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sEV preparations or compounds for 48 h. For ROS measure-
ment, cells were first stained with 25 μM DCFDA (ab113851, 
Abcam) for 45 min in the dark [9], then washed with PBS and 
exposed under UVB Narrowband lamps (PL- S 9 W, Philips) at 
30 mJ/cm2. ROS production was measured by the Varioskan 
LUX multimode microplate reader at 485/535 wavelength. For 
mRNA measurement, cells were exposed to UVB as above and 
rested for 24 h. Total RNA was extracted using the Quick- RNA 
Microprep Kit (Zymo Research, USA), followed by cDNA syn-
thesis using the High- Capacity cDNA Reverse Transcription 
Kit (Applied Biosystems, USA). Real- time PCR was performed 
by SYBR Green detection method using validated primer se-
quences (Table S1). HaCaT cell viability was determined using 
CCK8 colorimetric assay (ab228554, Abcam) [9].

2.6   |   Melanin Measurement With B16F10 Cells

Human melanocyte B16F10 cells were seeded in a 24- well plate 
at a density of 1.5 × 104 cells/well for 24 h in DMEM- 10% FBS 
at 37°C and 5% CO2. The cells were then incubated with differ-
ent sEV preparations or compounds for 72 h. First, conditioned 
medium was collected to measure extracellular melanin at OD 
405 nm. Cells were then lysed with 1 N NaOH solution and 10% 
DMSO at 80°C for 90 min, cell lysate was then collected to mea-
sure intracellular melanin at OD 405 nm. B16F10 cell viabil-
ity was determined using CCK8 colorimetric assay (ab228554, 
Abcam) [9].

2.7   |   Statistical Analysis

For ROS measurement, the untreated HaCaT cells exposed to 
UVB served as the control group, their ROS level was set at 
100%, and the ROS levels of all other groups were normalized to 
that group. For qPCR assay, the untreated HaCaT cells exposed 
to UVB served as the control group, their gene expression level 
was set at 1, and the expression fold changes of all other groups 
were calculated by the 2−∆∆Ct method. For melanin measure-
ment, the untreated B16F10 cells served as the control group, 
their melanin level was set at 100%, and the melanin levels of all 
other groups were normalized to that group. Unpaired student's 
t- test was used to compare between two groups: the experimen-
tal group and the control untreated group. All statistical tests 
were performed using GraphPad Prism. Bar graphs indicated 
mean ± SEM; p < 0.05 was considered significant.

3   |   Results

3.1   |   Skin Anti- Aging Effects of Human ASC- sEVs 
and Natural Compounds

We previously developed a workflow to produce and purify ASC- 
sEVs as well as generated datasets from miRNA- sequencing, 
proteome and lipidome profiling of our ASC- sEVs [9]. The 
ASC- sEVs were found to contain more than 100 miRNAs, 600 
proteins, and 200 lipids, which were analyzed for their biolog-
ical functions related to skin health in this study (Figure 1A). 
For miRNAs, analysis of genes targeted by the sEV- miRNAs 
showed a significant enrichment in skin structure, oxidative 

stress, and inflammation pathways (Figure  1B and Table  S2). 
The top significant genes had potential functions in different as-
pects of skin homeostasis, such as several MMP genes targeted 
by multiple sEV- miRNAs could affect skin firmness and mois-
turization. For proteins, ASC- sEVs were enriched with proteins 
involved in skin structure, inflammation and collagen forma-
tion (Figure 1C and Table S3). Particularly, different types of col-
lagen (COCA1, CO6A) and fibronectin (FINC) were abundant 
and could help improve skin elasticity (Figure  1C). For lipids, 
ASC- sEVs were rich with diverse lipid species, particularly the 
fatty acids (FA) and sterol lipids (ST) (> 20 nmol/mg). Each of 
the lipid classes in sEVs could contribute to skin homeostasis 
including inflammation, skin structure, moisturization and pig-
mentation (Figure 1D).

Natural compounds used in cosmetic products target similar 
skin- related pathways but by different mechanisms that are 
potentially complementary and synergistic with ASC- sEVs 
(Figure  1E). For example, while sEV- miRNAs could regulate 
genes involved in Wnt signaling, which in turn stablizes the 
master transcription factor MITF of tyrosinase TYR in mela-
nocytes, α- arbutin directly inhibits tyrosinase, the enzyme that 
converts L- tyrosine to dopaquinone, the precursor of melanin. 
Furthermore, the 5 compounds NR, RES, VITC, RET and ARB 
were selected as they are not chemically stable or have poor cu-
taneous penetration. We hypothesize that encapsulating them 
with ASC- sEVs could improve their skin aborption, owing to the 
biocompatible nature of sEVs, and synergize the biological effects 
of both sEVs and compound payloads (Figure 1F). Upon load-
ing, hydrophobic compounds like RES and RET (Figure  S1A) 
showed high loading efficiency at ~25.2% (Figure  S1B), while 
hydrophilic compounds like ARB, NR, and VITC (Figure S1B) 
had a much lower loading efficiency at ~3.7% (Figure S1D). We 
also examined the characteristics of ASC- sEVs before and after 
loading with compounds. The SEM micrograph revealed that 
the morphology of ASC- sEV particles remained spherical and 
well- preserved post- loading (Figure 1G). The loaded ASC- sEVs 
displayed positive surface markers CD63, CD81, and CD9, as 
demonstrated in the CD81 capture spots (Figure 1H). The aver-
age size of ASC- sEVs increased to 42.2 ± 0.3 nm after compound 
loading, compared to 39.2 ± 0.1 nm prior to loading (Figure 1I).

3.2   |   Synergistic Anti- Oxidant Activity 
of ASC- sEVs Loaded With Natural Compounds

We next screened for the best combination of ASC- sEVs and 
natural compounds: NR, RES and VITC for synergistic anti- 
oxidant effect using the model of HaCaT cells exposed to UVB 
(Figure 2A). HaCaT cells were treated with either ASC- sEVs 
alone, the compounds alone, or compound- loaded ASC- sEVs 
for 48 h, followed by UVB irradiation and immediate ROS 
measurement. The toxicity of each treatment was evaluated 
by HaCaT cell viability assay. Our results showed that UVB 
exposure led to a significant increase in ROS, and cells pre- 
incubated with 2 μg/mL of sEVs showed ROS production at 
an average level of 88.8% compared to that of the untreated 
cells (Figure  2B). However, cells pre- incubated with very 
high concentrations of sEVs at 10 and 30 μg/mL reversely 
increased ROS generation significantly more than untreated 
cells (Figure 2B). Therefore, we chose 2 μg/mL as the optimal 
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concentration of sEVs for further screening. For cells pre- 
treated with individual compounds, none of the treatment with 
NR, RES, and VitC at tested concentrations could lower ROS 
generation (Figure  2C). RES even induced a concentration- 
dependent reduction in HaCat cell viability (Figure  S2A). 

Combination of sEVs and natural compounds significantly de-
creased ROS generation in UVB- exposed HaCat cells. The best 
trio- combination was 2 μg/mL sEVs loaded with [20 μg/mL 
NR, 2 μg/mL RES, 5 μg/mL VITC] for 78.0% ROS production, 
followed by the duo- combinations of [20 μg/mL NR, 2 μg/mL 

FIGURE 1    |    Skin anti- aging effects of human ASC- sEVs and natural compounds. (A) Compositions of human adipose stem cells- derived small 
extracellular vesicles (ASC- sEVs) included miRNAs, proteins and lipids that were analyzed for their functions in skin- releated pathways. (B) miR-
NAs profiling and their target genes involved in skin homeostasis. (C) Proteome of human ASC- sEVs and their functional enrichment in skin- related 
pathways. (D) Lipidome and their roles in skin- related pathways. (E) The synergistic effects of selected natural compounds and human ASC- sEVs 
on molecular pathways related to skin aging. (F) Encapsulation of selected natural compounds with ASC- sEVs could improve skin absorption and 
penetration. (G) Representative scanning electron micrograph (SEM) of ASC- sEVs before and after loading with natural compounds. (H) Expression 
of surface markers CD63, CD81 and CD9 of ASC- sEVs before and after compound loading. Left and right images are the same images but at differ-
ent magnifications. (I) Size distribution of ASC- sEVs before and after compound loading. MMPs, matrix metalloproteinases; ROS, reactive oxygen 
species; TYR, tyrosinase.
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RES] and [20 μg/mL NR, 5 μg/mL VITC] for 82.7% and 81.1% 
ROS generation respectively (Figure 2D). Additionally, these 
combinations had little effects on cell viability (Figure S2B), 
indicating an on- target effect on ROS reduction instead of cell 
viability reduction.

3.3   |   Synergistic Anti- Wrinkle Activity 
of ASC- sEVs Loaded With Natural Compounds

To evaluate the synergistic anti- wrinkle effect of ASC- sEVs 
and natural compounds: RES, VITC and RET, we treated 
HaCaT cels with ASC- sEVs alone, the compounds alone, 
or compound- loaded ASC- sEVs for 48 h, followed by UVB 
irradiation and gene expression measurement by qPCR 
(Figure 3A). Upon UVB exposure and 24- h resting, the mor-
phology of HaCaT cells was normal with no obvious cell death 
(Figure 3B). We found that UVB irradiation significantly in-
creased MMP1 and MMP3 while reduced PLOD1 expression 
(Figure  3C). Cells pre- incubated with sEVs or RES, VITC 
and RET individually did not have significant changes in 
MMP1, MMP3, and PLOD1 gene expression compared to the 
untreated group (Figure 3C,D). When sEVs were loaded with 
natural compounds, the best combination of 2 μg/mL sEVs 
loaded with [2 μg/mL RES, 2.8 μg/mL RET] significantly re-
duced MMP3 expression and upregulated PLOD1 expression 
compared to the control (Figure 3E). This combination did not 
affect HaCat cell viability (Figure S2B).

3.4   |   Synergistic Anti- Melanogenic Activity 
of ASC- sEVs Loaded With Natural Compounds

To investigate the anti- melananogenic activity of ASC- sEVs and 
natural compounds: RES, VITC, RET, and ARB, we measured 
the extracellular and intracellular melanin of the melanocytes 
B16F10 cells that were treated with ASC- sEVs alone, the com-
pounds alone, or different combinations of compound- loaded 
ASC- sEVs (Figure  4A). At the concentration of 2 μg/mL, sEVs 
treatment significantly reduced extracellular melanin release by 
4.5% (Figure 4B), hence we chose this concentration for compound 
loading. Across all treatment conditions tested, several compounds 
and combinations significantly reduced intracellular or extracel-
lular melanin content or both (Figure 4C). The best combination 
was 2 μg/mL sEVs loaded with [2 μg/mL RES, 0.5 mM ARB] that 
lowered intracellular and extracellular melanin content by 21.4% 
and 22.4% respectively (Figure 4C). This combination also did not 
affect B16F10 cell viability (Figure S3).

4   |   Discussion

sEVs are considered natural nanoparticles of life and gaining at-
tentions rapidly for inherent therapeutic values in skin care and 
cosmetics. The biological effects of sEVs, deriving from their 
endogenous cargos full of heterogenous bioactive molecules, 
could be variable and unpredictable depending on cell sources 

FIGURE 2    |    Screening for the highest combined anti- oxidant activity. (A) Experimental design of the screen for cytotoxicity and anti- oxidant 
effect using human keratinocyte HaCaT cells. ROS measurement was performed in HaCaT cells irradiated with UVB and treated with different con-
centrations of (B) human ASC- sEVs, (C) selected natural compounds, and (D) human ASC- sEVs loaded with compounds. *p < 0.05, student's t- test. 
NR, nicotinamide riboside; RES, resveratrol; ROS, reactive oxygen species; UVB, ultraviolet B; VITC, vitamin C.
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and production workflow. We previously established a stan-
dardized protocol to produce and purify ASC- sEVs with high 
batch- to- batch consistency and thoroughly profiled the compo-
sitions of sEV biocargos [9]. In this study, we performed pathway 
enrichment analysis of the endogenous miRNAs, proteins and 
lipids in the ASC- sEVs, with the focus on signaling pathways 
regulating skin homeostasis. First, our results showed that there 
were no molecules directly associated with acute toxicity or skin 
irritation. The major sEV- miRNAs could downregulate various 

matrix metalloproteinases and cytokines, which might in turn 
help the skin resist harmful UVB- induced oxidative stress, in-
flammation and degradation of collagen matrix as previously 
reported [13]. The proteome of ASC- sEVs was found rich in 
collagen and fibronecin, explaining the promising regenerative 
properties of ASC- sEVs as already established [13, 14]. The most 
abundant lipid classes in ASC- sEVs were fatty acids, sterol lip-
ids, and ceramides, which could all be critical to maintain skin 
structure, elasticity and moisturization in aged skin [15, 16].

FIGURE 3    |    Screening for the highest combined anti- wrinkle activity. (A) Experimental design of the screen for cytotoxicity and anti- wrinkle ef-
fect using human keratinocyte HaCaT cells. (B) The morphology of HaCaT cells with or without UVB irradiation. Gene expressions of MMP1, MMP3, 
and PLOD1 were measured in HaCaT cells irradiated with UVB and treated with different concentrations of (C) human ASC- sEVs, (D) selected nat-
ural compounds, and (E) human ASC- sEVs loaded with compounds. *p < 0.05, student's t- test. MMP, matrix metalloproteinase; PLOD1, procollagen- 
lysine 2- oxoglutarate 5- dioxygenase 1; RES, resveratrol; RET, retinol; UVB, ultraviolet B; VITC, vitamin C.
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We then selected certain natural compounds that have poor sol-
ubility and stability to be encapsulated in the ASC- sEVs to lever-
age the combined biological effects as well as to improve their 
skin absorption. While hydrophobic compounds can be loaded 
passively into sEVs by incubation, several studies have shown 
that stronger active stimulation such as sonication or electro-
poration was required to encapsulate hydrophilic compounds 
[17]. Our loading method of choise for all the compounds was 
sonication- incubation as previously optimized [18]. We achieved 
an average loading efficiency for hydrophobic compounds of 
~25%, which was in a high range compared to other studies 
[18–20]. As expected, hydrophilic compounds such as VITC 
and ARB were much more difficult to load on lipid membrane- 
bound sEVs and further optimization is certainly required to 
improve the efficiency and cost- effectiveness of this process. 
In addition, the loading efficiency for compounds that are not 

fluorescent in our study was extrapolated based on fluorescent 
compounds with similar hydrophobic/hydrophilic property; 
and better methods for precise quantification must be devel-
oped in the future. After exogenous compound loading, the size 
of sEVs slightly increased, indicating successful encapsulation 
or surface adsorption of the compounds, which was consistent 
with prior reports [21, 22].

For the in vitro screenings to identify the optimal combinations 
for anti- oxidant, anti- wrinkle and anti- melanogenic effects, our 
results evidently showed that although sEVs or compounds alone 
both showed biological effects, the compound- loaded ASC- sEVs 
significantly outperformed the individual treatments. This 
suggests that sEVs might help improve the bioavailability and 
stability of these compounds, allowing them to exert stronger bi-
ological activities. Such effect has been reported in our previous 

FIGURE 4    |    Screening for the highest combined anti- melanogenic activity. (A) Experimental design of the screen for cytotoxicity and anti- 
melanogenic effect using human melanocyte B16F10 cells. Intracellular and extracellular melanin levels were measured from B16F10 cell culture 
treated with different concentrations of (B) human ASC- sEVs, (C) selected natural compounds, and (D) human ASC- sEVs loaded with compounds. 
*p < 0.05, student's t- test. ARB, arbutin; NR, nicotinamide riboside; RES, resveratrol; RET, retinol; UVB, ultraviolet B; VITC, vitamin C.
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study and also in Zhu et al. where they demonstrated enhanced 
anti- aging effects of sEVs encapsulating collagen oligopeptides 
in skin fibroblasts [9, 23]. Moreover, it should be noted that the 
effective dose of the natural compounds used in our study was 
lower than other studies examining these compounds alone. 
For instance, the ROS- neutralizing effect of RES was shown 
at 2.5–5.0 μg/mL [24] compared to 2.0 μg/mL in our study; and 
VITC was used at the concentration of 100 μM, equivalent to 
17.6 μg/mL, for anti- oxidant effect in UVB- exposed HaCaT cells 
[25], compared to 5.0 μg/mL in our study. Therefore, combin-
ing natural compounds with advanced nanosystems like sEVs 
could be safer and more cost- effective as lower concentrations 
are needed in the final formulation.

One important observation we had was the dramatic increase in 
ROS production when cells were treated with very high concen-
trations of sEVs (≥ 10 μg/mL ASC- sEVs for 7 × 103 HaCaT cells) 
and then exposed to UVB. Despite multiple reports for anti- 
oxidant effect of ASC- sEVs, none has reported the potential pro- 
oxidant and harmful effects of sEVs when used at high doses 
under certain conditions. Moreover, we also found that RES 
reduced cell viability in a concentration- dependent manner, 
aligning with one study in which RES enhanced UVB- induced 
apoptosis and autophagy [26]. These findings strongly advocate 
for careful dose titration and optimization to maximize thera-
peutic benefits without inducing cytotoxicity.

In summary, our study clearly demonstrated the advantage to 
use sEVs to deliver both endogenous bioactive molecules and a 
combination of natural compounds for synergistic anti- oxidant, 
anti- wrinkle, or anti- melanogenic effects. This approach leads 
to more effective and safer skincare products that achieve the 
desired therapeutic outcomes with minimal adverse effects. 
On a larger scale, it could also apply to regenerative medicine 
such as wound healing, where substantial scientific data cor-
roborated that exogenously- loaded sEVs showed improved skin 
regeneration and immunomodulation [3, 27]. Therefore, future 
studies could leverage sEVs for both their natural cargos as well 
as their superior capability as nanocarriers to enhance therapeu-
tic effects.

Author Contributions

N.V. and D.M.V. performed experiments, analyzed data and wrote the 
manuscript draft. N.H.B.T., D.D.N.N., P.M.P. performed data analysis 
and visualization. H.- N.N. provided research resources and supervised 
the study. L.N.T. conceived the idea, designed the study, analyzed data 
and edited the manuscript. All authors have read and approved the final 
manuscript.

Acknowledgments

We thank Dr. Hoa Phan for assisting in manuscript preparation.

Conflicts of Interest

LNT is a stockholder of NexCalibur Therapeutics, Corp. Other authors 
declare no conflicts of interest.

Data Availability Statement

Data sharing is not applicable to this article as no new data were created 
or analyzed in this study.

References

1. F. Qu, R. Geng, Y. Liu, and J. Zhu, “Advanced Nanocarrier-  and 
Microneedle- Based Transdermal Drug Delivery Strategies for Skin Dis-
eases Treatment,” Theranostics 12, no. 7 (2022): 3372–3406.

2. C. Zhang, X. Gao, M. Li, et al., “The Role of Mitochondrial Quality 
Surveillance in Skin Aging: Focus on Mitochondrial Dynamics, Biogen-
esis and Mitophagy,” Ageing Research Reviews 87 (2023): 101917.

3. A. Fernandes, P. M. Rodrigues, M. Pintado, and F. K. Tavaria, “A Sys-
tematic Review of Natural Products for Skin Applications: Targeting 
Inflammation, Wound Healing, and Photo- Aging,” Phytomedicine 115 
(2023): 154824.

4. M. Xiong, Q. Zhang, W. Hu, et al., “The Novel Mechanisms and Ap-
plications of Exosomes in Dermatology and Cutaneous Medical Aes-
thetics,” Pharmacological Research 166 (2021): 105490.

5. A. Thakur, D. Shah, D. Rai, et al., “Therapeutic Values of Exosomes in 
Cosmetics, Skin Care, Tissue Regeneration, and Dermatological Diseases,” 
Cosmetics 10, no. 2 (2023): 65, https:// doi. org/ 10. 3390/ cosme tics1 0020065.

6. N. Pannu and A. Bhatnagar, “Resveratrol: From Enhanced Biosyn-
thesis and Bioavailability to Multitargeting Chronic Diseases,” Biomed-
icine & Pharmacotherapy 109 (2019): 2237–2251.

7. W. H. Tolleson, S. H. Cherng, Q. Xia, et al., “Photodecomposition and 
Phototoxicity of Natural Retinoids,” International Journal of Environ-
mental Research and Public Health 2, no. 1 (2005): 147–155.

8. Y. C. Boo, “Arbutin as a Skin Depigmenting Agent With Antimelano-
genic and Antioxidant Properties,” Antioxidants (Basel) 10, no. 7 (2021): 
1129.

9. D. D. N. Nguyen, D. M. Vu, N. Vo, et al., “Skin Rejuvenation and Photo-
aging Protection Using Adipose- Derived Stem Cell Extracellular Vesicles 
Loaded With Exogenous Cargos,” Skin Research and Technology 30, no. 2 
(2024): e13599.

10. N. Vo, C. Tran, N. H. B. Tran, et al., “A Novel Multi- Stage Enrichment 
Workflow and Comprehensive Characterization for HEK293F- Derived 
Extracellular Vesicles,” Journal of Extracellular Vesicles 13, no. 5 (2024): 
e12454.

11. L. Chang, G. Zhou, O. Soufan, and J. Xia, “miRNet 2.0: Network- 
Based Visual Analytics for miRNA Functional Analysis and Systems 
Biology,” Nucleic Acids Research 48, no. W1 (2020): W244–W251.

12. M. Milacic, D. Beavers, P. Conley, et  al., “The Reactome Path-
way Knowledgebase 2024,” Nucleic Acids Research 52, no. D1 (2024): 
D672–D678.

13. J. S. Choi, W. Lee Cho, Y. J. Choi, et  al., “Functional Recovery in 
Photo- Damaged Human Dermal Fibroblasts by Human Adipose- 
Derived Stem Cell Extracellular Vesicles,” Journal of Extracellular Vesi-
cles 8, no. 1 (2019): 1565885.

14. C. S. Cai, G. J. He, and F. W. Xu, “Advances in the Applications of Ex-
tracellular Vesicle for the Treatment of Skin Photoaging: A Comprehensive 
Review,” International Journal of Nanomedicine 18 (2023): 6411–6423.

15. S. Knox and N. M. O'Boyle, “Skin Lipids in Health and Disease: A 
Review,” Chemistry and Physics of Lipids 236 (2021): 105055.

16. A. Pappas, “Epidermal Surface Lipids,” Dermato- Endocrinology 1, 
no. 2 (2009): 72–76.

17. S. Fu, Y. Wang, X. Xia, and J. C. Zheng, “Exosome Engineering: Cur-
rent Progress in Cargo Loading and Targeted Delivery,” NanoImpact 20 
(2020): 100261.

18. N. H. Tran, D. D. N. Nguyen, N. M. Nguyen, et al., “Dual- Targeting 
Exosomes for Improved Drug Delivery in Breast Cancer,” Nanomedi-
cine (London, England) 18, no. 7 (2023): 599–611.

19. H. Gomari, M. Forouzandeh Moghadam, and M. Soleimani, “Tar-
geted Cancer Therapy Using Engineered Exosome as a Natural Drug 
Delivery Vehicle,” Oncotargets and Therapy 11 (2018): 5753–5762.

 14732165, 2025, 2, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/jocd.70021 by R

eadcube (L
abtiva Inc.), W

iley O
nline L

ibrary on [13/02/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.3390/cosmetics10020065


9 of 9

20. H. Wei, J. Chen, S. Wang, et al., “A Nanodrug Consisting of Doxoru-
bicin and Exosome Derived From Mesenchymal Stem Cells for Osteo-
sarcoma Treatment In Vitro,” International Journal of Nanomedicine 14 
(2019): 8603–8610.

21. D. N. Kumar, A. Chaudhuri, D. Dehari, et al., “Combination Ther-
apy Comprising Paclitaxel and 5- Fluorouracil by Using Folic Acid 
Functionalized Bovine Milk Exosomes Improves the Therapeutic Effi-
cacy Against Breast Cancer,” Life (Basel) 12, no. 8 (2022): 1143.

22. D. N. Kumar, A. Chaudhuri, D. Kumar, S. Singh, and A. K. Agrawal, 
“Impact of the Drug Loading Method on the Drug Distribution and Bi-
ological Efficacy of Exosomes,” AAPS PharmSciTech 24, no. 6 (2023): 
166.

23. H. Zhu, X. Guo, Y. Zhang, et  al., “The Combined Anti- Aging Ef-
fect of Hydrolyzed Collagen Oligopeptides and Exosomes Derived From 
Human Umbilical Cord Mesenchymal Stem Cells on Human Skin Fi-
broblasts,” Molecules 29, no. 7 (2024): 1468.

24. Y. Liu, F. Chan, H. Sun, et al., “Resveratrol Protects Human Kerat-
inocytes HaCaT Cells From UVA- Induced Oxidative Stress Damage by 
Downregulating Keap1 Expression,” European Journal of Pharmacol-
ogy 650, no. 1 (2011): 130–137.

25. A. Gęgotek, E. Ambrożewicz, A. Jastrząb, I. Jarocka- Karpowicz, 
and E. Skrzydlewska, “Rutin and Ascorbic Acid Cooperation in Anti-
oxidant and Antiapoptotic Effect on Human Skin Keratinocytes and 
Fibroblasts Exposed to UVA and UVB Radiation,” Archives of Dermato-
logical Research 311, no. 3 (2019): 203–219.

26. N. Vitale, A. Kisslinger, S. Paladino, et  al., “Resveratrol Couples 
Apoptosis With Autophagy in UVB- Irradiated HaCaT Cells,” PLoS One 
8, no. 11 (2013): e80728.

27. S. P. Camões, O. Bulut, V. Yazar, et al., “3D- MSCs A151 ODN- Loaded 
Exosomes Are Immunomodulatory and Reveal a Proteomic Cargo That 
Sustains Wound Resolution,” Journal of Advanced Research 41 (2022): 
113–128.

Supporting Information

Additional supporting information can be found online in the 
Supporting Information section.

 14732165, 2025, 2, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/jocd.70021 by R

eadcube (L
abtiva Inc.), W

iley O
nline L

ibrary on [13/02/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense


	Synergistic Anti-Aging Effects of Adipose-Derived Stem Cell Extracellular Vesicles Loaded With Natural Compounds
	ABSTRACT
	1   |   Introduction
	2   |   Methods
	2.1   |   Human ASC Culture and sEV Production
	2.2   |   sEV Isolation
	2.3   |   sEV Multi-Omics Data Analysis
	2.4   |   sEV Loading and Characterization
	2.5   |   UVB Irradiation With HaCaT Cells
	2.6   |   Melanin Measurement With B16F10 Cells
	2.7   |   Statistical Analysis

	3   |   Results
	3.1   |   Skin Anti-Aging Effects of Human ASC-sEVs and Natural Compounds
	3.2   |   Synergistic Anti-Oxidant Activity of ASC-sEVs Loaded With Natural Compounds
	3.3   |   Synergistic Anti-Wrinkle Activity of ASC-sEVs Loaded With Natural Compounds
	3.4   |   Synergistic Anti-Melanogenic Activity of ASC-sEVs Loaded With Natural Compounds

	4   |   Discussion
	Author Contributions
	Acknowledgments
	Conflicts of Interest
	Data Availability Statement
	References


