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Abstract

The persistent desire for beauty has fueled the rapid development of medical aesthetics. Multiple approaches, including cosmetics, drugs, and
cell therapies, have been developed to improve skin conditions. However, none of these methods achieves the intended outcomes and may
produce adverse repercussions. Consequently, it is crucial to develop effective and safe therapies to promote skin repair and regeneration.
Extracellular vesicles (EVs) are cell-derived, lipid bilayerencapsulated nanoparticles containing multiple active components. There is now strong
evidence that EV therapies can improve skin barrier function, reduce scarring, inhibit aging and pigmentation, and suppress hair loss, highlighting
the potential for cosmeceutical development based on EVs. This review summarizes the latest applications of natural EVs, preconditioned
and engineered EVs, and EV mimetics in medical aesthetics. Additionally, the article discusses advanced delivery strategies for EVs and the
commercial prospects of EVs and provides insights into present security concerns, regulations, and the field’s future directions.
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Highlights
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¢ This article reviews the application of EVs and their mimetics in regenerative dermatology.
¢ EVs using adjunctive procedures (microneedles, needleless syringes, and hydrogels) could improve the therapeutic effect.
* Some companies are selling EV products for topical skin applications, but issues still exist regarding their purity, dosage, and penetration level.

Background

Beauty is an ever-lasting pursuit of humanity. Medical aes-
thetics refers to the use of medical means, including drugs,
instruments, and surgery, to change the external shape and
color, and hence, augment the body’s external beauty [1, 2].
Improving skin barrier function, reducing scars, combating
aging, preventing pigmentation, and inhibiting hair loss are
the main goals of medical aesthetics. Currently, vitamin C [3],
hyaluronic acid [4, 5], and botulinum toxin [6] are often used
in medical aesthetics to diminish pigmentation and eliminate
wrinkles, thereby promoting facial rejuvenation. However,
controlling the injection dosage is difficult, and inappropriate
injections can lead to serious complications. Additionally,
although fat grafting has become common in medical aes-
thetics, it can result in localized contour shape abnormalities
and increased foreign body sensation [7]. Driven by growing
demand, recent research has concentrated on the production
of novel ingredients exhibiting superior functions that com-
bine beauty and medicinal attributes.

Nanoparticles (NPs) have been used as carriers of active
ingredients to enhance their bioavailability and efficacy owing
to their good skin penetration and adjustable release proper-
ties. The predominant nanocarriers used in the cosmeceutical
domain include liposomes, nanocapsules, micelles, and metal
NPs [8]. However, the immunogenicity and potential toxicity
of these NPs are the major limitations to their development. In
contrast to the aforementioned NPs, cell-derived NPs, known
as extracellular vesicles (EVs), have low immunogenicity and
high biocompatibility and have garnered significant interest
in the cosmeceutical domain. EVs can be classified into sev-
eral subtypes, which researchers previously typically classi-
fied as exosomes (30-150 nm) and microvesicles (MVs, 50—
1000 nm) based on biogenesis [9] (Figure 1). However, the use
of terms associated with difficult-to-identify biogenesis path-
ways is no longer recommended in the MISEV2023 guidelines
of the International Society for Extracellular Vesicles (ISEV)
[10]. Consequently, in this article, the term EVs predominantly
denotes all NPs, except when a particular designation is
applied according to the study’s context.

EVs can be released by almost all cells and can be
isolated from cell supernatants, a wide range of tissues,
body fluids, biofluids (such as milk), and plants. Compared
with cell therapy, EVs offer enhanced safety owing to
their ability to pass through filters, lack of prolifera-
tion or differentiation capabilities, and the presence of
clear and stable biological cargo. EVs play crucial roles
in tissue repair and immune regulation by transport-
ing proteins, nucleic acids, lipids, and metabolites [11].
The immunomodulatory effects of EVs further enhance
their potential as biomarkers for inflammatory skin dis-
eases, allowing for noninvasive prediction of the onset
of these conditions [12, 13]. In addition, the expres-
sion of surface proteins, such as CD47, can reduce the
clearance of EVs by the mononuclear phagocytic system
[14]. Increasing evidence indicates that EVs of differ-
ent origins possess similar therapeutic significance for

improving skin conditions [15-18]. For instance, Zhang
et al. [19] discovered that EVs derived from adipose
and umbilical cord mesenchymal stem cells (MSCs) can
effectively alleviate skin aging by reducing UVB-induced
Notch activation through the key protein component
TIMP1 in their cargo. In a clinical study, the local appli-
cation of adipose-derived MSCs (ADSCs)-EVs formula-
tions showed skin-brightening effects in volunteers with
hyperpigmentation [20]. In another clinical study, ADSC-
EVs were applied to atrophic acne scars treated with
a fractional carbon dioxide laser (FCL) to reduce the
adverse effects of FCL by accelerating tissue regeneration
and wound healing [21]. A growing number of clinical
trials on EVs from different sources aimed at improving
skin barrier function (NCT05969717), delaying skin aging
(NCT05813379), inhibiting hair loss (NCT06539273,
NCT05658094, NCT06571799, NCT06239207,
NCT06482541, NCT06697080), and treating melasma
(NCT06221787, NCT06677931) have also significantly
enhanced the commercial potential of EVs in medical aesthet-
ics. In addition to natural EVs, there is considerable research
potential to enhance the therapeutic effects of EVs by altering
the culture environment of parent cells through methods such
as hypoxic culture and the addition of cytokines [22, 23] or
by using EVs as drug carriers to improve cellular targeting
and uptake. To achieve low cost and large-scale production,
EV mimetics have emerged as promising alternatives to EVs.
Compared with human induced pluripotent stem cell (iPSC)-
derived EVs, EV mimetics derived from human iPSCs have
significantly increased production and demonstrated thera-
peutic potential in alleviating replicative senescence of human
dermal fibroblasts (HDFs) [24]. EVs delivered with adjuvant
therapies (e.g. microneedling) offer the potential to further
augment transdermal administration and regulate their release
kinetics to improve clinical outcomes [15]. These advantages
render EVs attractive candidates for use in cosmeceuticals.

In this review, we summarize recent findings on natural EVs,
preconditioned and engineered EVs, and EV mimics in med-
ical aesthetics. We also discuss advanced delivery strategies
for EVs, the clinical trial enrollment of EVs related to skin
improvement, and the commercial outlook for EVs. Finally,
we provide insights into the future directions required to
develop reproducible and clinically effective EV therapeutics.

Review

Application of native EVs in medical aesthetics
Repairing the skin barrier, reducing scarring, combating aging,
preventing pigmentation, and inhibiting hair loss remain the
most common sought-after effects of medical aesthetics. EVs
have garnered significant attention owing to their nano-size,
low immunogenicity, intercellular communication capabili-
ties, and the fact that they carry well-defined and stabilized
biological cargoes that are crucial in aesthetics. The emerging
role of EVs in medical aesthetics highlights their potential for
the development of cosmetics based on EVs (Figure 2).
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Figure 1. Classification, biogenesis, and composition of EVs (by Figdraw). Migrasomes are membranous vesicles generated by migrating cells at the near
ends. Apoptotic bodies are generated through the blebbing of the plasma membrane after cell apoptosis. Microvesicles originate from the direct
budding of the plasma membrane, whereas exosomes are generated through the endosomal pathway. These EVs have a lipid bilayer, encapsulating
many components. In addition, exomeres and supermeres are newly discovered non-vesicular extracellular nanoparticles, and their roles need further
investigation. MHC: major histocompatibility complex; mRNA: messenger RNA; miRNA: microRNA; HSP70: heat shock protein 70; HSP90: heat shock
protein 90; TSG101: tumor susceptibility 101; Alix: ALG-2 interacting protein-X; tRNA: transfer RNA; pre-miRNA: precursor microRNA; IncRNA: long
non-coding RNA; circRNA: circular RNA; mtRNA: mitochondrial RNA; dsDNA: double-stranded DNA; ssDNA: single-stranded DNA; mtDNA:

mitochondrial DNA

Mammalian cell-derived EVs

Mesenchymal stem cell-derived EVs. MSCs have been
extracted from adipose tissue [25, 26], umbilical cord
[27], bone marrow [28], placenta [29], and hair follicles
[30, 31] and have demonstrated significant promise as
therapies for scarring, hair loss, skin barrier [32-34], aging,
and pigmentation [35] through paracrine mechanisms (e.g.
secretion of EV). Since the liposuction procedure is considered
secure and free of ethical issues and a large number of
ADSCs can be obtained, ADSC-EVs show credible and
reliable clinical applications. ADSC-EVs have been proven
to enhance hair regrowth through modulating the Wnt/8-
catenin signaling pathway, TNF-o signaling pathway, and
growth regulators [36-38]. In skin photoaging model, ADSC-
EVs resisted skin aging by reducing reactive oxygen species
(ROS) production and inflammatory responses [18]. In
addition, ADSC-EVs regulated the Smad signaling pathway
in scar formation by targeting IL-17RA through miR-192-
5p, thereby reducing hypertrophic scar fibrosis [39]. Several
studies have highlighted the regulatory and temporal effects

of ADSC-EVs on collagen synthesis during wound repair,
which may be important in attenuating fibrotic proliferation
and scar formation [40-42]. The umbilical cord is another
important source of MSCs, and EVs derived from human
umbilical cord MSCs (hucMSCs) may also regulate the
activity of hair follicle keratinocytes and induce hair follicle
regeneration by secreting growth factors such as FGF-7, BMP-
4, and versican [43]. Although EVs originate from different
sources, they have shown similar therapeutic effects in terms
of medical aesthetics (Table 1).

Mature somatic cell-derived EVs. Fibroblasts are more closely
associated with the skin than stem cells. They are widely
distributed, easy to obtain, more easily survive in vitro, and
proliferate rapidly. Therefore, some studies have investigated
the application of fibroblast-derived EVs in skin aesthetics.
Oh et al. [44] found that fibroblast-derived EVs promoted
gene expression related to scar-free wound healing in fibrob-
lasts and accelerated wound healing in mice. In addition,
fibroblast-derived EVs rich in Wnt3a may activate the
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Figure 2. The functions of EVs from different sources in medical aesthetics (by Figdraw). EVs from different sources have similar effects in medical
aesthetics, including repairing skin barrier, anti-scarring, anti-aging, anti-pigmentation, and anti-hair loss. HAS2: hyaluronan synthase 2; MMP-1: matrix

metalloproteinases 1; ROS: reactive oxygen species; 1: increase; |: decrease

Wnt/B-catenin signaling pathway to accelerate hair regrowth
[45]. In pigmented mice, fibroblast-derived EVs inhibited
melanin production through various mechanisms, including
the downregulation of melanin generation-related gene
expression and melanosome transport-related protein expres-
sion to affect melanin transport [46]. Although fibroblast-
derived EVs have advantages in medical aesthetics, numerous
critical concerns warrant careful consideration, especially the
similarity and uniqueness of fibroblasts from different organs
(such as the skin, lungs, heart, and skeletal muscle).

EVs derived from other mature somatic cells, such as
macrophages and endothelial cells, have also been used as
therapeutic strategies for hair growth and wound healing.
For example, Wnt proteins in EVs from macrophages
activated the Wnt/B-catenin signaling pathway, which induced

dermal papilla cell activation in vitro and increased the
number of hair follicles and dermis thickness iz vivo [47].
In addition, plasma endothelial cell-derived EVs (ED-EVs)
have demonstrated the ability to impede the premature aging
of skin fibroblasts and promote wound healing in diabetic
mice by activating the PI3K/Akt/mTOR pathway and YAP
nuclear translocation, making ED-EVs a new therapeutic tool
for wound healing in diabetes [48] (Table 1).

Plant cell-derived EVs

Although EVs have been obtained from carrot cells as early
as 1967, plant-derived EVs have not been as well studied
as mammalian cell-derived EVs. Plant-derived EVs exhibit
numerous similarities to mammalian cell-derived EVs and
present significant prospects in the cosmeceutical domain.
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For example, apple-derived EVs could play an anti-aging
role by increasing collagen synthesis and downregulating
metalloproteinase production via inhibiting the NF-«B
pathway [49]. Aloe has anti-inflammatory, anti-aging, and
antibacterial properties and is one of the most widely used
sources of antioxidants in the cosmetic and medical fields.
Recent research has indicated that Aloe-derived EVs decrease
proinflammatory gene expression, increase antioxidant gene
expression, and promote cell proliferation and migration,
revealing that they can promote skin rejuvenation and
regeneration by activating antioxidant defense mechanisms
and promoting wound healing [50, 51]. Similarly, Savci et al.
[52] found that grapefruit-derived EVs reduced intracellular
ROS production and facilitated angiogenesis. Plant-derived
EVs can also modulate melanogenesis. EVs extracted from
Dendropanax morbifera reduce melanin content and can
be used as anti-melanin components in cosmeceutical
preparations [53]. EVs from Sargassum fusiforme have
been shown to possess anti-melanogenic properties by
suppressing melanogenesis in the basal layer of the epidermis
[54]. These results indicated that plant-derived EVs possess
cytocompatibility, anti-aging, whitening, and pro-healing
properties that are suitable for cosmeceutical applications.
Nonetheless, there are geographical and seasonal differences
among plants, and the stability and consistency of plant-
derived EVs obtained from different regions and seasons
must be systematically evaluated. Furthermore, many plant-
derived EVs are currently obtained from fresh juice, and
the preservation of the extracted plant-derived EVs is a
limiting factor in determining their suitability for large-scale
processing (Table 1).

Bacteria-derived EVs

The rapid reproduction of bacteria facilitates the acquisition
and cultivation of substantial quantities of supernatants for
the large-scale production of EVs, garnering the interest of
researchers. The advantages of probiotic-derived EVs in cuta-
neous medical aesthetics have been reported several times.
Lactobacillus plantarum—derived EVs induce monocyte-to-
macrophage transition and macrophage polarization to the
M2b state, thus improving hyperinflammatory skin condi-
tions [55]. L. plantarum—derived EVs obtained from the skin
of young women can improve skin aging [56]. In addition,
Lactobacillus delbrueckii—derived EVs have been reported to
promote wound healing and inhibit hypertrophic scar fibro-
sis via multiple pathways [57]. Based on the many health-
promoting effects of probiotics, EVs carrying bacterial bioac-
tive components are expected to be a new and safe therapeutic
strategy for clinical applications. In addition to probiotics, Yin
et al. [58] found that a particular bacterium, Synechococcus
elongatus PCC7942, stimulates neovascularization, promotes
burn healing, and reduces scar formation in mice, primarily
by delivering functional EVs that promote IL-6 expression,
rather than through its photosynthetic activity. Bacteria can
also use EVs as a biological shuttle system to deliver virulence
factors to host cells, thereby increasing bacterial pathogenicity.
For example, a-hemolysin secreted by Staphylococcus aureus
could be efficiently delivered by EVs to initiate the necrotic
pathway to induce skin barrier impairment and atopic der-
matitis (AD)-like skin inflammation [59]. In addition, skin
fungus Malassezia sympodialis-derived EVs have also been
reported to spread allergens, leading to skin barrier degra-
dation or immune regulation, and play an important role

in the pathogenesis of AD [60, 61]. Because of their unique
properties, EVs not only play a role in accelerating disease
progression but, more importantly, also have the characteristic
of inducing protection against both bacterial and fungal infec-
tions [62] and have significant potential in clinical diagnosis,
treatment, and prevention. Although bacteria-derived EVs
have not been extensively studied, these early studies have pro-
vided a valuable foundation for the development of safe and
effective drugs and therapies (Table 1). Currently, research
on EVs of fungal origin is still in its infancy, particularly in
medical aesthetics. In addition to the relationship between
EVs derived from Malassezia and skin diseases such as AD,
researchers have recently discovered that EVs from a typical
medicinal fungus, Phellinus linteus, can inhibit UV-induced
skin photoaging by suppressing the expression of Mical2 in
the skin through cross-species regulation, which confirms the
research value of EVs of fungal origin in medical aesthetics

[63].

Milk-derived EVs

Compared with EVs from cell lines or other biological fluids,
milk-derived EVs have the advantages of superior safety and
high yield, suggesting their potential utility as drug delivery
vehicles and their development as a novel class of prebiotics
[64, 65]. Bae et al. [66] found that miR-2478 derived from
milk-derived EVs inhibits melanogenesis and melanogenesis-
related gene expression by directly targeting Rapla. In addi-
tion, a human clinical trial demonstrated the safety of milk-
derived EVs for dermal applications and their role in retaining
moisture and reducing wrinkles in humans [67]. Colostrum
contains higher concentrations of immunological and bioac-
tive components than mature milk, and its therapeutic efficacy
has been substantiated in multiple clinical trials [68]. There-
fore, some researchers have focused on the use of colostrum
EVs in the skin, discovering their roles in repairing UV-
exposed skin aging and damage [69], promoting hair regrowth
[70], and facilitating wound healing [71]. More importantly,
colostrum EVs showed significant resistance to freeze-drying,
preserving their inherent characteristics and effectiveness in
wound repair after freeze-drying [71]. The results regarding
the exceptional stability and superior activity of milk-derived
EVs suggest their significant potential for development and
clinical translation (Table 1).

Preconditioning and engineering strategies for
improving the efficacy of EVs in medical aesthetics
EVs’ biological content and therapeutic effectiveness are
strongly correlated with their extracellular environment and
cellular state. Three-dimensional culture, cytokine precon-
ditioning, and several other cell preconditioning methods
improve the biological activity of EVs while preserving or
increasing their yields. In addition, engineering strategies such
as the encapsulation of bioactive molecules and membrane
modification, which may modify or improve the biological
function and targeting of EVs, have also received extensive
attention from researchers. In the following section, we focus
on the advantages and limitations of utilizing these two
strategies (preconditioning and engineering) to enhance the
clinical application of EVs in medical aesthetics (Figure 3).

Extracellular environment preconditioning
3D culture environment. Traditionally, cells are produced
using static adherent culture (2D culture) in the presence
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Figure 3. Schematic diagram of the main strategies for obtaining preconditioned and engineered EVs and EV mimetics (by Figdraw). The preconditioning
strategies for EVs mainly include 3D culture, physical and chemical treatment, and cytokine treatment. The engineering strategies for EVs mainly include
modifications to the membranes, surfaces, and cargoes. The methods for obtaining EV mimetics mainly include top-down, bottom-up, and biohybrid
methods. EVs: extracellular vesicles; 3D: three-dimensional; UVB: ultraviolet B; IFN-y: interferon-y; TNF-«: tumor necrosis factora; ILl-18: interleukin-18

of fetal bovine serum (FBS). However, cells cultured in
2D media may gradually lose their original characteristics,
morphology, structure, and function, thereby affecting the
yield and therapeutic properties of EVs and failing to meet
the expected demands of future cell-free therapies. Compared
with traditional 2D culture, 3D culture more realistically
reproduces the interactions between cells and between
cells and the extracellular matrix (ECM), more accurately
simulates the actual microenvironment of cells in tissues,
and the characteristics of cellular behaviors are closer to the
state of existence in organisms [72-74]. Currently, 3D cell
culture technologies fall into two main types: scaffold-free and
scaffold-based. Scaffold-free 3D cell culture (mainly forced
floating, hanging drop, magnetic levitation, and stirring
spinner flask culture) refers to the self-assembly of cells
to form nonadherent cell aggregates called spheroids [75].
Spheroids mimic solid tissues by secreting their own ECM and
displaying different nutrient availabilities. Scaffold-based 3D
cell culture (including natural, synthetic, and hybrid scaffolds)
refers to the use of scaffolds to mimic ECM components,
in which cells are grown in the presence of a support [76].
3D culture enables large-scale production of stem cells and
enhances their ability to secrete EVs [77-79]. For example,
Yan et al. [80] found that a hollow fiber bioreactor-based
3D culture system resulted in a ~7.5-fold increase in the
total yield of MSC-EVs compared with 2D culture. 3D
culture also enhances the biological activity of EVs, and
EVs from 3D culture sources demonstrate superior effects
in delivering siRNA, promoting wound healing, and anti-
inflammation, than EVs from 2D culture sources [77, 79,

81]. In addition, 3D cultures can alter the content of EVs
and have demonstrated efficacy in enriching certain proteins
and miRNAs in the secretome [82]. For example, 3D-cultured
dermal papilla cells (DPCs)-derived EVs enriched in miR-218-
5-p could promote hair follicle development by modulating
the B-catenin signaling pathway [83]. However, the hanging-
drop method and low-adhesion technology, which are widely
used in 3D cell culture, continue to exhibit difficulties in
clinical applications [84, 85]. Therefore, Wang et al. [86]
developed novel 3D-DPC spheroids (tdDPCs) as a simple
and innovative optimization strategy and demonstrated that
tdDPC-EVs significantly promote angiogenesis and accelerate
the speed and efficiency of wound healing by upregulating
KLF4/VEGFA. Interestingly, in another study, the authors
combined physical preconditioning with 3D culture and
found that miR-22-5p was markedly upregulated and targeted
the inhibition of GDF11 expression in EVs from UVB-
irradiated HDFs. Targeted suppression of miR-22-5p in 3D-
cultured HDF-EVs efficiently modulated HDFs to promote
skin repair and improve skin photoaging [87]. Although 3D
cell culture technology has demonstrated excellent perfor-
mance in medical aesthetics research, its clinical translational
application remains distant, given its high requirements,
slow growth rate, high resource and maintenance costs,
comparative difficulties in standardization, and lack of
applicable detection technologies (Table 2).

Physical and chemical preconditioning. Cells are sensitive to
the external environment, and physical signals, such as light,
temperature, and oxygen partial pressure, as well as various
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Table 2. The effects of preconditioned and engineered EVs in medical aesthetics

Strategies Methods Origins Models Functions Ref.
3D culture environment Three-dimensional DPCs Hair-depilated mice Promote hair regeneration [83]
culture
3D culture environment Three-dimensional DPCs Full-thickness skin wound Enhance wound-healing [86]
culture models efficiency and speed
3D culture environment Three-dimensional HDFs UVB-induced skin Reduce inflammatory response  [87]
culture photoaging mice and ECM degradation, promote
collagen synthesis
Physical preconditioning Hypoxia ADSCs UVB-induced skin damage =~ Reduce ROS, inflammatory [94]
mice cytokine expression, and
excessive collagen degradation
Chemical preconditioning Staurosporine HUVECs Full-thickness skin wound Promote wound healing [95]
models
Chemical preconditioning Cycloheximide DFs DNCB stimulated HaCaT Restore skin barrier function [96]
cells
Cytokine IFN-y iMSCs DNCB-induced AD mice Suppress inflammation, [104]
preconditioning facilitate skin barrier restoration
Endogenous cargo loading  Plasmids Keratinocytes ~ Melanocytes Inhibit melanin production [108]
Endogenous cargo loading  Viral vectors HucMSCs Full-thickness dorsal skin Promote wound healing of [109]
wound models diabetes
Endogenous cargo loading  Viral vectors ADSCs UVB-induced skin Inhibit photoaging [110]
photoaging mice
Endogenous cargo loading ~ Plasmids BMSCs Excisional wound models Promote angiogenesis and [111]
wound healing
Endogenous cargo loading  Viral vectors hADSCs UVA-irradiated HDFs Ameliorate skin photoaging [112]
Endogenous cargo loading  Viral vectors ADSCs Subcutaneous wounds of Promote fibroblast proliferation [113]
diabetic nude mice and migration, increase the
production of ECM components
and various growth factors
Endogenous cargo loading  Plasmids HDFs Excisional wound mice Induce faster wound closure [114]
Endogenous cargo loading ~ Co-incubation ADSCs Full-thickness excisional skin Promote wound healing [116]
wound models
Exogenous cargo loading Co-incubation ESCs Full-thickness skin wound Promote angiogenesis and [118]
models accelerate wound healing
Exogenous cargo loading Co-extrusion Milk Full-thickness skin wound Promote angiogenesis and [119]

models inhibit inflammation

3D: three-dimensional; DPCs: dermal papilla cells; HDFs: human dermal fibroblasts; UVB: ultraviolet B; ECM: extracellular matrix; ADSCs: adipose-derived
mesenchymal stem cells; ROS: reactive oxygen species; HUVECs: human umbilical vein endothelial cells; DFs: dermal fibroblasts; DNCB: 1-chloro-2,4-
dinitrobenzene; IFN-y: interferon-y; iMSCs: induced pluripotent stem cell-derived mesenchymal stem cells; AD: atopic dermatitis; hucMSCs: human umbilical
cord mesenchymal stem cells; BMSCs: bone marrow-derived mesenchymal stem cells; hADSCs: human adipose-derived stem cells; UVA: ultraviolet A; ESCs:

epidermal stem cells

chemical signal stimuli, may significantly alter their phe-
notype, thus affecting the amount and content of secreted
EVs, which have wide applications in tissue regeneration
and immune modulation [88]. Moreover, these methods are
inexpensive and do not require special instrumentation, mak-
ing them suitable for clinical translation. Consistent with
previous findings, UVB preconditioning affected the miRNA
content of EVs and significantly regulated melanocyte pig-
mentation [89, 90]. Another study found that blue light
irradiation increased the pro-angiogenic capacity of MSC-
EVs in vitro and in vivo, effectively increasing the therapeutic
potential of EVs [91]. Hypoxic preconditioning refers to the
brief, non-lethal, hypoxic acclimatization of cells that makes
them tolerant to the subsequent hypoxic environment [92].
Hypoxic preconditioning enhances the proliferative capac-
ity and paracrine effects of MSCs, which might contribute
to enhancing the therapeutic potential of MSC-EVs [93].
For example, EVs from hypoxic-pretreated ADSCs can alle-
viate UV-induced skin damage by delivering GLRXS and
inhibiting ferroptosis [94]. Pretreatment with other chemicals
may significantly enhance the biological functions of EVs.
Apoptotic EVs (ApoEVs), isolated after inducing apoptosis in
human umbilical vein endothelial cells (HUVECs) using stau-
rosporine (STS), promote wound healing by enhancing cell

proliferation, migration, and angiogenesis [95]. Similarly, EVs
harvested from the conditioned medium of cycloheximide-
treated fibroblasts showed increased levels of skin epidermal
barrier proteins, indicating their potential to restore skin bar-
rier function [96]. These results indicate that diverse physical
and chemical stimuli may affect the quantity and content of
EV secretion, enhancing their therapeutic potential. However,
the optimal dosage and duration of pretreatment require
further investigation because the specific mechanism has not
been fully elucidated and there is heterogeneity of cells from
different sources (Table 2).

Cytokine preconditioning. In addition to 3D culture, physical
and chemical stimuli, cytokines including TNF-« [97, 98], IL-
18 [99, 100], and IFN-y [101] are frequently used in pre-
conditioning strategies. Cytokine stimulation has been shown
to modulate the production of different potential therapeutic
factors in MSC and improve their paracrine efficiency [102].
EVs from proinflammatory cytokine-preconditioned MSCs
induced an anti-inflammatory phenotype in macrophages;
however, MSC-EVs under standard culture conditions had
no positive effects, confirming that cytokine pretreatment
enhanced the biological function of MSCs, thereby increasing
their therapeutic applicability [103]. Similarly, Kim et al.
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[104] stimulated iPSC-derived MSC (iMSC) by IFN-y and
found that iMSC-EVs were enriched with a protein set asso-
ciated with the regulation of interferon response and inflam-
matory pathways, effectively suppressed inflammation, and
promoted skin barrier repair, thereby contributing to the
amelioration of AD. In addition, cytokine stimulation could
upregulate the expression of miRNAs associated with the
inhibition of inflammation in EVs, thereby enhancing the
anti-inflammatory effects of EVs [98, 105]. The biological
functions and properties of preconditioned EVs have been
studied and validated in medical aesthetics with favorable
results. Further investigation of the unique processes and
functional conditions of pretreatment is required to formulate
an adaptive strategy that enhances the yield and biological
functions of EVs (Table 2).

Engineering EVs for improving therapeutic potential

Various engineering strategies for EVs, including cargo load-
ing and membrane modification, have been explored to com-
pensate for their inherent limitations of natural EVs and
enhance their therapeutic potential [106]. In medical aes-
thetics, we will focus on and present strategies for cargo
loading. Cargo-loading strategies are widely used to load
endogenous or exogenous molecules into the lumen of EVs
and enhance their therapeutic capabilities. There are two types
of cargo-loading strategies for EVs. Endogenous cargo loading
is achieved using biological tools, such as plasmids and viral
vectors, to genetically manipulate cells or by directly co-
incubating cargo with donor cells to promote the expression
of endogenous molecules, thereby encapsulating these endoge-
nous molecules in EVs using the cell’s biological molecular
synthesis mechanism [107]. Gene transfection is a common
strategy used for endogenous cargo loading. Specific cargo-
loaded EVs can be obtained from the transfected cells via rapid
isolation and purification. Increasing evidence has indicated
that EVs mediate the therapeutic effects of parental cells
in various disease models via miRNA delivery. Liu et al.
[108] transfected miR-330-5p mimetics into keratinocytes
using plasmids and successfully isolated EVs overexpressing
miR-330-5p, which inhibited TYR expression in melanocytes
and suppressed pigmentation. Furthermore, Wei et al. [109]
obtained EVs overexpressing miR-17-5p by lentiviral trans-
fection and demonstrated that they could restore the cellular
functions of diabetic wound skin repair cells by inhibiting
senescence and promoting angiogenesis. Similarly, Gao et al.
[110] found that EVs overexpressing miR-1246 could effec-
tively reverse ROS production, collagen degradation, wrinkle
formation, and epidermal thickening in mice by regulating the
MAPK/AP-1, NF-« 8, and TGF-8/Smad pathways. In addition
to miRNAs, the loading of long-stranded non-coding RNAs
[111], circRNAs [112], and endogenous proteins [113, 114]
has increased the prospects of EVs in medical aesthetics.
Although gene transfection is simple and feasible and does not
compromise the membrane integrity of EVs, it has limitations
such as low loading efficiency, possible induction of apoptosis
in donor cells, and impairment of biological responses [115].
Further studies are required to determine the ideal donor
cells and improve loading efficiency. Co-incubation is another
common strategy for endogenous cargo loading [116] and
is applicable to the loading of compounds, especially small-
molecule drugs, which can be introduced into EVs by co-
incubation with donor cells under different conditions. Cur-
rently, most relevant studies have been conducted to load
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anticancer drugs, such as adriamycin, into EVs. Similarly,
although this method is simple and does not significantly
affect the structure and content of EVs, it has poor specificity,
may be cytotoxic, and its loading efficiency is influenced
by details such as drug properties and incubation protocols
[117]. Although endogenous cargo loading strategies ensure
the integrity of EVs, their low load efficiency cannot be
ignored. In comparison, exogenous cargo-loading strategies
are a more direct approach for certain nucleotides (miRNA
and siRNA). Exogenous cargo loading is the direct loading
of cargo into EVs via co-incubation, electroporation, sonica-
tion, extrusion, freezing/thawing cycles, and low-permeability
dialysis. Wang et al. [118] co-incubated EVs with VH298
to successfully introduce exogenous VH298 into EVs (VH-
EVs). VH-EVs could promote wound healing of diabetes
through HIF-1a mediated enhanced angiogenesis. Similarly,
Fan et al. [119] prepared milk-derived EVs containing poly-
dopamine by co-extrusion, which showed remarkable bio-
compatibility and pro-angiogenic and antioxidant capacities.
Co-incubation is the simplest and most cost-effective method;
however, hydrophobic EV membranes make co-incubation
more commonly used for hydrophobic drugs, and the loading
efficiency depends on the hydrophobicity of the drug and the
chemical lipid composition of the EVs [120]. Electroporation
is stable and efficient; however, high-voltage pulses result in
large amounts of EV cleavage, only partial membrane repair
is possible, and recovery is inefficient. Therefore, excessive
amounts of EVs need to be invested. Ultrasonication and
extrusion have higher loading efficiencies than co-incubation
and electroporation but result in the aggregation of EVs, com-
promised membrane integrity, and changes in size [121, 122].
Therefore, different loading methods may be used for different
molecules or the same type of molecule, and the most suitable
loading method must be selected based on the requirements.
The appropriate modification of EV membranes enhances
targeted delivery. Chemical modification, genetic engineering,
and membrane fusion are the three most widely used meth-
ods of EV membrane modification. Chemical modifications
display a variety of natural and synthetic ligands or receptors
on the membrane surface through covalent or non-covalent
modifications but may alter the activity of membrane proteins
[123]. Genetic engineering fuses the gene sequence of a guide
protein or peptide with the gene sequence of a selected EV
membrane protein, so that it can be efficiently displayed on
the EV surface [106]. Membrane fusion involves extrusion
to fuse EVs with other membrane structures [124, 125]. Its
production process is controlled but has low homogeneity.
Although current engineering strategies still have their own
shortcomings and need to be improved further, the extensive
exploration of engineered EVs with unique advantages will
make them a potential next-generation nanomedicine thera-
peutic platform (Table 2).

Application of EV mimetics in medical aesthetics

Although engineering modifications of natural EVs can
enhance their targeted delivery ability and therapeutic
potential, the lack of standardized separation and purification
protocols is insufficient to ensure adequate production. EV
mimics are potential alternatives to EVs because of their high
yield and similarity to EVs in terms of physical features,
protein and lipid composition, and in vitro and in vivo
behaviors [126]. Synthesis methods for EV mimics can be
divided into three categories (Figure 3). (i) The top-down
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Table 3. The effects of EV mimetics in medical aesthetics
Strategies Methods Origins Comparison to natural EVs  Functions Ref.
Top-down strategies  Filtration-based method ~ hucMSCs Similar to EVs in terms of Promote cell proliferation, [128]
physical characteristics, migration, and angiogenesis
protein and lipid
composition
Top-down strategies  Extrusion-based ADSCs Favorable biomimetic Promote hair regeneration [130]
approaches properties similar to EVs
Top-down strategies  Extrusion-based Fibroblasts Similar morphology, size Induce hair growth [131]
approaches distribution and protein
markers
Top-down strategies ~ Extrusion-based Neural progenitor Similar morphology and size  Enhance hair follicle cells [132]
approaches cells distribution proliferation and promote
telogen-to-anagen transition
of hair follicles
Top-down strategies  Extrusion-based HaCaT cells Improve productivity Inhibit inflammation [133]
approaches
Top-down strategies  Extrusion-based HEK293 cells Easy to separate and high Suppress local [134]
approaches yield inflammation, mast cell
infiltration, and fibrosis
Bottom-up strategies  NPs embedded with Liposomes coated Similar size and specific Drug delivery [136]

specific protein chitosan

protein marker

hucMSCs: human umbilical cord mesenchymal stem cells; EVs: extracellular vesicles; ADSCs: adipose-derived mesenchymal stem cells; NPs: nanoparticles

strategy generates EV mimics by inducing cell disruption
using methods such as extrusion [127], filtration [128], and
microfluidic devices [129] to enable cells to act as precursors
for plasma membrane fragments. Among them, the extrusion
method has been used for hair regrowth [130-132] and
skin barrier improvement [133, 134]. For example, Park
et al. [133] successfully prepared EV mimics (AEVp.uMEL)
by continuously extruding PEGylated mannosylerythritol
lipids (P-MEL) and keratinocytes. They found that AEVp gL
treatment significantly restored immune homeostasis in
skin affected by PM-induced inflammation and enhanced
intrinsic skin barrier function. (ii) The bottom-up strategy
involves using individual molecules (lipids, proteins, and
cargo) as building blocks and progressively assembling them
into EV mimics with pure and well-defined compositions
[135, 136]. (iii) The biohybrid strategy is another technique
for developing EV mimics by merging synthetic NPs and
natural vesicles. The preparation methods include extrusion
[137], freeze—thaw [138], and warm incubation [139]. For
example, Lin ez al. [139] briefly incubated EVs with liposomes
expressing CRISPR/Cas9 for 12 hours at 37°C to create
EV and liposome hybrid NPs containing expression vectors
encapsulating the CRISPR/Cas9 system. EV mimics developed
using nanobiotechnology hold great promise for advanced
drug delivery, because they combine the advantages of natural
and synthetic NPs (Table 3).

Advanced delivery strategy for EVs

The modes of EV administration include smear, oral, sub-
cutaneous, intraperitoneal, and tail vein injections. Differ-
ent modes of administration not only influence the distri-
bution of EVs in the body but also directly correlate with
their therapeutic efficacy and safety. Because EVs injected
intraperitoneally are mainly enriched in the gastrointestinal
tract and lymph nodes [140], smear, oral, subcutaneous, and
intravenous injections are relatively more common modes of
administration in medical aesthetics. Smear administration is
simple, convenient, and suitable for various applications in
medical aesthetics. However, research indicates that, although

topically administered EVs can be absorbed by the skin, the
vast majority of EVs are confined to the stratum corneum only,
exhibiting no detectable migration in the granular layer over
24 h [141, 142]. Although oral administration is the preferred
route of administration, oral EVs may be ineffective for skin
improvement owing to the strongly acidic conditions in the
stomach and degradation conditions in the gut. Subcutaneous
injections can penetrate the epidermis to deliver EVs and are
indicated for skin rejuvenation and scar-free wound healing.
However, the uneven delivery of EVs can lead to their accu-
mulation in specific areas of the dermis and subcutaneous
tissues [143]. In addition, the local injection of EVs around
the wound can disrupt the wound and inevitably disrupt the
wound healing process. More importantly, the rapid clearance
of EVs induced by local injections requires repeated adminis-
tration, which increases patient suffering. Conversely, it has
been shown the intravenous administration of EVs has a rel-
atively long half-life and results in faster wound closure than
subcutaneous injections [144]. However, the higher dose and
lower targeting efficacy of the intravenous injection of EVs
may lead to unnecessary waste and potential organ toxicity.
Therefore, exploring emerging dermal delivery strategies such
as microneedles (MNs), hydrogels, and scaffolds is essential
for reducing patient pain and maximizing the efficacy of
locally applied EVs. Currently, MNs are primarily used for
skin rejuvenation and hair regrowth, whereas hydrogels are
primarily used to promote scar-free wound healing. Below, we
highlight the applications of these advanced delivery strategies
in medical aesthetics (Figure 4).

Physical penetration

MNs, an innovative drug delivery system comprising a series
of microscale needles, have been extensively utilized to breach
the stratum corneum barrier of the skin such that drugs can
reach the dermis directly because of their safety, painless-
ness, localized controlled drug delivery, and diverse cargo-
loading capabilities. In addition, although MNs were orig-
inally designed for transdermal drug administration, other
novel applications have recently been developed, such as
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Figure 4. The administration strategies of EVs (by Figdraw). The traditional administration methods of EVs include smear, oral, subcutaneous,
intraperitoneal, and tail vein injection. At present, the advanced delivery strategies of EVs have been explored, including microneedles, hydrogels,

microspheres, etc. EVs: extracellular vesicles

promoting hair regrowth [145, 146], wound healing [147],
and anti-skin aging [15, 143]. For example, Shi et al. [145]
prepared a detachable MN patch composed of chitosan lac-
tate (CL) and EVs, which not only activates the Wnt signaling
pathway for hair regrowth by sustained release of EVs but
also avoids potential infections due to the inherent antimi-
crobial properties of CL. Similarly, You et al. [143] delivered
EVs encapsulating collagen mRNA via hyaluronic acid MN
patches so that EVs could be more efficiently distributed in
the dermis, resulting in long-lasting collagen implantation and
improved treatment of wrinkles in photoaging skin. In another
study, the authors prepared a novel MN, marine sponge
Haliclona sp. spicules (SHSs), which significantly increased
the absorption of EVs into the skin, reduced micro-wrinkles,
and increased collagen gene expression [148]. Intriguingly,
Hu et al. [82] used a needleless jet injector that utilizes a
high-pressure jet of fluid medication to move EVs through
the epidermis and deeper into the dermis, which not only
reduces pain and provides greater penetration and absorption
but also reduces wrinkles and increases collagen synthesis in
EV-treated skin. These results suggest that EVs can be useful
for medical aesthetics via various delivery modes. However, in
terms of medical aesthetics, we suggest transdermal adminis-
tration. In contrast to direct application, transdermal delivery
enables EVs to penetrate the epidermis and reach the dermis,
thereby augmenting their therapeutic efficacy. Compared with
injected EVs, MN, SHSs, and needleless jet injectors are more
convenient, have fewer side effects, are safer, and have signif-
icant promise for future use in medical aesthetics (Table 4).

Hydrogel/biomaterials-based dressings

In addition to penetration efficiency, sustained delivery of EVs
is essential for optimizing their therapeutic efficacy in the
skin. Hydrogels, which are formed when hydrophilic polymer
chains undergo cross-linking in water, are highly porous,
biocompatible, and biodegradable, making them suitable for

drug delivery. Hydrogels, including chitosan (CS) [149], fibrin,
gelatin [150], and alginate (Alg) [151], have been explored
to facilitate the sustained release of EVs. Zhao et al. [152]
found that a CS hydrogel not only prolonged EV release
and significantly increased body retention but also showed
rejuvenation of aged skin tissue after treatment with sub-
cutaneous injections. Fibrin gel (FG) is also an ideal carrier
for EVs. A previous study showed that FG enhances the
retention of EVs at the wound site and might facilitate scarless
wound healing by accelerating the rate of wound closure and
promoting collagen formation and maturation [44]. Similarly,
gelatin methacryloyl (GelMA) hydrogels are widely used for
wound protection because of their structural similarity to the
ECM and customizable physical properties [153]. Alongside
skin aging and scar-free wound healing, hair regeneration
has been a topic that has garnered the interest of scholars.
Researchers integrated EVs with a partially oxidized sodium
alginate (OSA) hydrogel to create an injectable microgel.
OSA hydrogel enhanced the retention and stability of the
EVs, greatly promoting the proliferation of hair matrix cells
[154]. Furthermore, HydroMatrix, a peptide nanofiber 3D
scaffold that self-assembles into 3D hydrogels in response to
variations in temperature and ionic strength, has been used
as a vehicle for preserving EVs at their designated locations
[155]. Duan et al. [156] found that HydroMatrix loaded
with epidermal stem cell-derived EVs (EPSC-EVs) accelerated
wound healing and reduced scar formation. The combination
of EVs with hydrogels or biomaterial-based scaffolds pro-
motes scar-free wound healing, anti-aging effects, and hair
regeneration, demonstrating their great potential in medi-
cal aesthetics. However, single-layer hydrogel pads cannot
achieve the multistep release of EVs for scar-free wound
healing. Therefore, Shen et al. [17] developed a hydrogel pad
with a heterogeneous structure in which the upper and lower
layers were loaded with two types of EVs, which contributed
to the sequential release of EVs, promoted wound healing,
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Table 4. Advanced delivery strategy for EVs
Strategies Materials Origins Administration Functions Ref.
MN patch Chitosan lactate, hyaluronic ADSCs Topical application Prevent infection and promote [145]
acid, and polyvinyl alcohol hair regeneration
MN patch Keratin, UK5099-loaded BMSCs Topical application Promote pigmentation and hair [146]
PLGA nanoparticles, and HA regrowth
MN patch HA HDFs Topical application Reduce skin wrinkles caused by [143]
photoaging
MN roller Undefined ADSCs Topical application Promote collagen expression [15]
and reduce wrinkle formation
SHSs Explants of marine sponge HucMSCs Topical application Promote skin absorption of EVs  [148]
Haliclona sp. and reduce micro wrinkles and
epidermal thickness
Needle-free injector Undefined HDFs Needle-free injection Promote the expression of [82]
collagen protein
CS-glycerol based CS, acetic acid, and glycerol hEnSCs Topical application Promote wound healing [149]
hydrogel
CS hydrogel CS, acetic acid, and g-GP hP-MSCs Subcutaneous Skin rejuvenation [152]
injection
FG Undefined Fibroblasts ~ Topical application Promote scarless wound healing ~ [44]
GelMA hydrogel Gelatin and methacrylic HUVECs Topical application Wound repair and regeneration [150]
anhydride
GelMA hydrogel Porcine skin-derived gelatin UCMSCs Topical application Promote wound healing of [153]
and MA diabetes
Alg hydrogel Sodium-Alg and CaCL, ADSCs Topical application Promote wound healing [151]
OSA hydrogel Sodium alginate and sodium DPCs Subcutaneous Promote hair regeneration [154]
periodate injection
HydroMatrix Undefined PVCs Local injection Promote wound healing [155]
HydroMatrix Undefined EPSCs Local injection Promote scarless wound healing ~ [156]

MN: microneedle; ADSCs: adipose-derived mesenchymal stem cells; HA: hyaluronic acid; BMSCs: bone marrow-derived mesenchymal stem cells; HDFs:
human dermal fibroblasts; SHSs: marine sponge Haliclona sp. Spicules; hueMSCs: human umbilical cord mesenchymal stem cells; EVs: extracellular vesicles;
CS: chitosan; hEnSCs: human endometrial stem cells; 8-GP: B-glycerophosphate; hP-MSCs: human placental mesenchymal stem cells; FG: fibrin gel; GelMA:
gelatin methacryloyl; HUVECs: human umbilical vein endothelial cells; MA: methacrylic anhydride; UCMSCs: umbilical cord mesenchymal stem cells; Alg:
alginate; OSA: oxidized sodium alginate; DPCs: dermal papilla cells; PVCs: perivascular cells; EPSCs: epidermal stem cells

and inhibited scar formation. More clinical studies are needed
to demonstrate the safety and efficacy of this combination in
dermatological aesthetic applications to achieve perfect skin
repair (Table 4).

Current therapeutic and commercial landscape of
EVs

Despite the growing quantity of registered clinical trials
evaluating the role of EVs in tissue repair and regeneration.
However, to date, there are only a limited number of studies
based on the registration of clinical trials related to EVs
in skin improvement (ClinicalTrials.gov: NCT05969717,
NCT02565264,NCT05078385,NCT04134676,NCT05243
368, NCT05475418, NCT05813379, NCT06221787,NCTO0
6677931, NCT06539273, and NCT06482541) (Table 5). An
ongoing clinical trial is evaluating the safety, tolerability, and
preliminary efficacy of iPSC-derived EVs in the treatment
of AD by applying varying doses of iPSC-derived EVs to
a 2-4 cm? area of the affected skin in patients with AD
twice a day for 14 consecutive days and using saline as a
control. Other clinical trials have included the application
of EVs or a broader range of stem cell-conditioned media
for the treatment of ulcerated wounds, burn wounds, skin
rejuvenation, melasma, and hair loss. The recruitment of
NCT02565264 for these trials remains unknown. This trial
applied autologous plasma-derived EVs to subjects’ ulcers
for 28 days and assessed the effect of autologous plasma-
derived EVs on wound healing in patients with recalcitrant
skin ulcers based on wound length, width, and depth. The

disadvantage is that the separation of EVs by filters and
the lack of a purification step for the EVs result in EVs
that may be highly heterogeneous, rendering any positive
results observed in this experiment inconclusively claimed
to be EV-mediated. In addition, in a clinical registration
trial related to skin aging, which started in February 2022
and was expected to be completed in August 2023, MSC-
EVs were injected at each standardized injection point in
a superficial manner. The injection points were along the
inferior border of the cheek, mid-cheek, and temple, followed
by 10-15 minutes of icing. However, the trial is still recruiting
and may be related to its failure to provide information about
the dose administered or the purity of the EV formulation,
as well as the current skepticism about the safety of EVs.
Of these clinical registry trials, only three evaluated the
safety of EVs, including safety in the treatment of AD, burn
wounds, and melasma. Therefore, there has been insufficient
validation of the safety and potential side effects of EVs
in clinical applications. Owing to the highly heterogeneous
nature of EVs, parental cell source and status, different
isolation techniques, and even different parameters can lead
to huge differences in the characteristics and contents of
EVs, complicating reproducibility and comparative studies
between different batches of EVs and causing great difficulties
in validating their safety. Tumor cell-derived EVs can promote
tumor development, invasion, and metastasis by loading
tumor-associated signaling molecules. Therefore, there is a
need to ensure the safety of EV sources in clinical applications.
Second, although previous studies have shown that some EV
sources (e.g. MSCs) are hypoimmunogenic and, therefore,
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EVs derived from them are not expected to be immunogenic,
recent studies have shown that EVs secreted by virally infected
cells or immune cells can deliver cell-specific molecules over
long distances to trigger an immune response [157]. In
particular, EVs of xenogeneic or allogeneic may pose a risk
of immune rejection. It is important to consider the dose-
related toxicity of EVs. There is no standardized dosage for
the administration of EVs, and the dosage of EVs is not
always better at higher concentrations. When saturation is
reached, increasing the concentration will not lead to further
positive effects and may even cause toxic side effects. Some
clinical registration trials do not provide information on the
dosage and purity of the administered EV preparations, which
is undesirable. In addition, nonspecific uptake of EVs by
off-target cells may have uncertain and potentially negative
consequences, even though EVs cannot differentiate or form
tumors per se. Although MSC-EVs are currently the most
widely used type of EVs, their procoagulant activity and
risk of thrombosis, as well as the lack of assessment of
the safety of long-term multiple uses in humans, may limit
their clinical safety. The potential side effects of EVs include
aberrant activation of the immune system, off-target effects
in targeted delivery, and risk of thrombosis, making a mul-
tidimensional risk assessment framework necessary for the
clinical translation of EVs. The safety, efficacy, and dosage of
EVs must be determined in sufficiently robust human clinical
trials.

The results of in vitro and preclinical investigations have
highlighted the huge commercial potential of EVs as thera-
peutics. Currently, more than 30 international companies have
EV products in the research and development phases. These
EV products belong to three main categories: cell-derived
EVs, engineered EVs (in which the therapeutic molecule of
interest is loaded into the parental cell using an endogenous
loading strategy), and EV mimics (natural EVs combined with
synthetic lipid NPs) [158]. For example, ExoCoBio (Korea)
produces lyophilized human ADSC-EVs under serum-free
conditions and claims that they can positively affect the
epidermal barrier by reducing local inflammatory cytokine
levels and inducing the de novo production of ceramides
following injection in an AD model [159]. However, the effects
of lyophilization on the long-term integrity and efficacy of EV
formulations require further investigation. Another example
is ExoWound (Exogenous Therapeutics), which accelerates
wound closure in diabetic mice by combining hydrogels with
EV from human umbilical cord blood monocytes [160, 161].
In addition, Infusio (Germany) developed anti-aging therapies
based on the discovery in mouse models that the infusion of
EVs from the plasma of young mice into older mice extends
their lifespan [162]. However, no injectable EV therapies
have been approved by the Food and Drug Administration
(FDA) at this time. The use of EVs in dermatology is limited
to topical administration (sometimes with microneedling to
increase penetration), following the current FDA regulations.
Therefore, the safety of EV therapies needs to be further
evaluated, and caution should be exercised when using EVs
as an adjunctive therapy. Moisturizing creams and serums-
containing stem cell-derived EVs are a growing trend in beauty
products. However, these products often lack the isolation and
characterization of the EVs used. EVs have great potential in
medical aesthetics, but their extensive and homogenous use in
clinical practice requires that their limitations be considered

and addressed.
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The medical aesthetics field is experiencing a transition
from traditional fine chemicals and plant extracts to the devel-
opment of biotechnology and regenerative medicine, espe-
cially with emerging ingredients such as EVs, which bring
huge market potential to the medical aesthetics field while
simultaneously posing a challenge to the regulation of the
global cosmetics industry because of the different regulatory
frameworks in different national markets. The regulatory
pathways for different medicines (or therapies) usually depend
on their regulatory classification; however, the wide range of
sources and types of EVs makes their regulatory classification
in different countries ambiguous and difficult to categorize
and study uniformly. The diversity of production technologies
and the difficulty in ensuring the purity and consistency
of EVs make their standardization challenging, leading to
a fragmented regulatory landscape. Different countries have
different standards for evaluating the safety and validating
the efficacy of EVs, adding to the complexity of regulations. In
addition, different countries have different ethical reviews and
legal frameworks for EVs, which affect their market access
and commercialization. The regulatory standards for EVs vary
from region to region. In the United States and Europe, it
is based on whether the EV content can affect physiological
functions. Japan, South Korea, and Taiwan differ in how EVs
are obtained [163]. The United States encourages scientific
and technological development and attaches importance to
the cosmetics market. According to the FDA regulations, the
management of cosmetics in the United States differs from
that of drugs and medical devices. Cosmetics do not require
FDA pre-approval, and manufacturers are responsible for
ensuring the safety of their products and the authenticity
of labeling information. Novel cosmetic ingredients such as
EVs of various origins must be filed with the International
Cosmetic Ingredient Dictionary (INCI) manual of the Personal
Care Products Council. In INCPDs official database, the newly
registered EV sources were mainly plants and MSCs. The
United States is currently the country with the largest number
of EV cosmetic products on the market, with a variety of
product types, including frozen liquids, freeze-dried powders,
and essence, and there are already stem cell EV companies in
the market. The European Union has strict ethical regulations
on cosmetic ingredients, with an emphasis on risk assessment.
The European Union regulations explicitly prohibit the use
of human tissue- and animal-derived ingredients in cosmetics,
prohibit animal testing of cosmetics, and require all cosmetics
to undergo a safety assessment prior to marketing, as well
as ingredient information must be made public. In Japan,
cosmetics do not have drug-like therapeutic or preventive
effects; however, Japanese regulations recognize cosmeceutical
products. Cell derivatives can be used in cosmetics, but the
use of such ingredients is subject to strict safety, labeling
regulations, and ethical standards, and may be subject to
additional scrutiny similar to that of pharmaceuticals. Korea
encourages the development of the cosmetic and medical
aesthetic industries, and human cells and tissue cultures that
meet safety standards within the regulations can be used as
cosmetic ingredients. According to Taiwan’s latest guidelines,
EVs from human cells, tissues, or products of human origin
can be used in cosmetics in compliance with regulations
and under compliant routes. China encourages and supports
innovative research on new cosmetic ingredients but attaches
importance to the quality and safety of cosmetics. Considering
that the safety of EVs has not been sufficiently verified, they
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Table 5. Registration of clinical trials related to skin improvement based on EVs
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Identifier

Condition

Participants

Inclusion criteria

Intervention/
treatment

Status

Location

NCT05969717

NCT02565264

NCT05078385

NCT04134676

NCT05243368

NCT05475418

NCT05813379

NCT06221787

NCT06677931

NCT06539273

NCT06482541

Atopic dermatitis

Intractable
cutaneous wound
ulcer

Second degree
burn wounds

Chronic ulcer
wounds

Cutaneous ulcers
in diabetics

Wounds and
injuries

Anti-aging

Melasma

Melasma

AGA

AGA

20

10

38

30

20

80

60

30

100

18-70 years, mixed sex, BMI
between 18 and 35 kg/m?,
atopic dermatitis, IGA score
of 2 to 3, a history of
subacute or chronic atopic
dermatitis symptoms for at
least 6 months, BSA of atopic
dermatitis involvement of
<5% at screening and
baseline

No age criteria, mixed sex,
intractable cutaneous ulcers

>18 years, mixed sex, deep
second degree thermal burn
wounds, index burn injury
within the prior 72 hours,
maximum index wound size
limited to single or multiple
wounds cumulatively

<600 cm?, minimum wound
size: 30 cm?

18-80 years, mixed sex,
chronic skin ulcers

(<10 x 15 cm) unresponsive
to therapy after 1 month
50-80 years, mixed sex,
diagnosis of diabetes mellitus
for more than 1 year,
HbAlc < 9%, category 5 in
the Rutherford-Becker
classification

18-60 years, mixed sex, the
time between operation and
amputation must be more
than 30 days, the wound size
after debridement was >1
and <20 cm?, ankle-brachial
index >0.7, subjects
completed 2 weeks of
initiation and wound
reduction was 30%

35-635 years, females,
patients of all undergoing
facial rejuvenation

Adult, mixed sex, patients
diagnosed with chloasma
who meet the clinical
diagnostic standards and
efficacy standards (revised
version) of chloasma and
have skin lesions on the face
18-60 years, mixed sex,
diagnosed with melasma
according to clinical
diagnostic criteria and
efficacy standards (revised
edition), with facial skin
lesions

2265 years, males, with hair
type III-VI according to the
Norwood-Hamilton scale
Adult, mixed sex, participant
is experiencing hair loss and
is diagnosed with AGA

iPSC-derived EVs

Autologous
plasma-derived
EVs
BMSC-derived
EVs

Stem
cell-conditioned
medium

MSC-derived EVs

Adipose tissue
derived EVs

MSC-derived EVs

HucMSC-
derived EVs

UCMSC- derived

EVs

MSC-derived EVs

MSC-derived EVs

Early phase 1

Early phase 1

Phase 1

Phase 1

Not applicable

Not applicable

Phase 1
Phase 2

Not applicable

Not applicable

Phase 3

Phase 1

China

Japan

United States

Indonesia

Spain

China

Iran, Islamic
Republic of

China

China

Turkey

United States

BMI: body mass index; IGA: investigator overall assessment; BSA: body surface area; iPSC: induced pluripotent stem cell; EVs: extracellular vesicles; BMSC:
bone marrow-derived mesenchymal stem cell; MSC: mesenchymal stem cell; hueMSC: human umbilical cord mesenchymal stem cell; UCMSCs: umbilical

cord mesenchymal stem cells; AGA: androgenetic alopecia
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cannot be added to cosmetics as ingredients. When using EV's
as new ingredients in cosmetics, it is important to ensure that
informed consent is obtained from the donor, that his or her
privacy is protected, and that the donor’s health is adequately
exposed. Because obtaining ingredients from the human body
can raise fairness and traceability issues, traceability infor-
mation systems are required. Products containing human-
derived components have stringent regulatory requirements.
The novelty and wide range of uses of EVs mean that clear
regulatory categorization and jurisdictional boundaries are
necessary. There is an urgent need to strengthen international
cooperation to promote the development of harmonized reg-
ulatory standards for the industry.

Perspectives and challenges

In recent years, numerous preclinical studies have applied EVs
for skin barrier improvement, wound healing, scar removal,
anti-aging, anti-pigmentation, and anti-hair loss, with promis-
ing therapeutic results, and clinical trials related to EVs for
skin improvement are increasing. However, EVs still face
significant challenges for large-scale applications. First, the
yield of EVsis very low. Conventional 2D culture is inefficient,
and cultured cells secrete very low amounts of EVs. There-
fore, researchers are exploring the use of techniques such as
3D culture, physical and chemical stimulation, and genetic
manipulation (overexpression of core proteins that regulate
EV biogenesis) [164] to scale up the production of EVs. In
addition, EV mimics have emerged as promising alternatives
to EVs, owing to their high yield, low production time, low
cost, and similar biological properties to EVs.

Second, different methods of separation, purification, and
preservation have significant effects on the yield, purity, and
active ingredients of EVs. Some existing methods for sepa-
rating EVs, including ultracentrifugation, ultrafiltration, and
precipitation, may lead to the co-separation of lipoproteins or
other contaminants with physicochemical properties similar
to those of EVs. In addition, these methods may damage
the structural and biological integrity of EVs due to exter-
nal forces. To improve separation efficiency and purity, new
EV enrichment techniques such as microfluidics, non-contact
sorting, and immunoaffinity enrichment have emerged. In the
future, it may be better to select an appropriate separation
method or apply a combination of different separation meth-
ods according to the requirements. Moreover, the storage of
EVs limits their large-scale application in clinical settings.
EVs were more stable at —80°C. However, this increases
the storage and transport risks. Lyophilization enhances the
stability of EVs for storage at room temperature or 4°C, but
its effect on EV membranes and efficacy may require further
confirmation.

Third, EVs are highly heterogeneous and standardized pro-
cedures for their utilization are lacking. The function of EVs
is greatly affected by variations in parental cell sources and
culture conditions. Therefore, it is imperative to establish
quality control standards to identify the parental cell sta-
tus of EVs. In addition, there is a need to investigate the
pharmacokinetics, pharmacodynamics, and biodistribution of
various sources of EVs in vivo, as well as to determine
the appropriate dosage and administration method for each
disease and target tissue. Different adaptive concentrations
of EVs exist at the cellular, organ, and in vivo levels. The
dosage of EVs is not always better at higher concentrations,
which may be related to the fact that there are only a limited
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number of receptors on effector cells and that once satura-
tion occurs, increasing the concentration yields no additional
benefits. As previously summarized, EVs are available in a
variety of delivery modes; however, in medical aesthetics, we
recommend transdermal delivery. MNs enhance the efficiency
of transdermal drug delivery. However, microneedling is a
minimally invasive procedure that cannot be used frequently.
Therefore, further development of transdermal drug delivery
methods with minimal skin damage (e.g. needle-free injectors)
is required. A comprehensive understanding of EV differences
and the establishment of standardized procedures would facil-
itate the selection of the most appropriate type of EVs, dose,
and mode of administration in different clinical situations.

Finally, there is insufficient validation and regulation of
safety in the application of EVs. Although studies have shown
that EVs can be safely applied topically and do not cause
inflammation or skin sensitization, there is a lack of monitor-
ing of the adverse effects of long-term application of EVs. In
addition, contamination and residues from FBS in mammalian
cell-derived EVs are unavoidable, and the development of
alternative serum-free media is necessary. As previously sum-
marized, EVs have potential side effects, including aberrant
activation of the immune system, off-target effects in targeted
delivery, and the risk of thrombosis, which may also be
the main reason for the low acceptance of EVs by patients,
making it difficult to recruit subjects for various clinical trials.
Therefore, a thorough study of the bioactive components of
EVs is required to rule out potential safety risks prior to their
clinical application. In addition, it is important to emphasize
that although countries differ in their regulations of EVs, they
are all conservative regarding EVs of human origin. Plant-
derived EVs have several distinct advantages owing to their
natural origin and longstanding dietary habits. First, EVs from
most edible plants have been shown to have no detectable
toxicity or immunogenicity and are more readily accepted
by patients. Second, plants are free of human disease-causing
pathogens and may be safer. Finally, plant-derived EVs are
less expensive and do not have ethical concerns associated
with human-derived components. Plant-derived EVs may have
greater commercial prospects in medical aesthetics.

Conclusions

EVs can be used to improve skin barrier function, promote
scar-free wound healing, anti-aging, anti-hyperpigmentation,
and anti-hair loss. However, current research focuses on small
EVs released from stem cells. Therefore, further exploration
of other sources (plants and microorganisms), as well as
large EVs (MVs and apoptotic bodies) may be one of the
future directions. In addition, the development of various
emerging isolation and purification techniques, characteriza-
tion techniques, and engineering modification strategies to
improve the yield, purity, and efficacy of EVs is an important
research topic. Meanwhile, the combination of large-scale
preparation technology and long-term effective preservation
technology is also a worthy research direction. Many studies
have highlighted the effectiveness of adjunctive procedures
(MNs, needle-free injectors, and hydrogels) to enhance EV
penetration or modulate their release kinetics. However, stud-
ies on the in vivo effects of topical and injected EV have
been limited to mouse models. The human skin is relatively
thick, which may negatively affect EV penetration and ther-
apeutic efficacy in clinical trials, further increasing the need
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to combine topical EV delivery with adjuvant treatments that
enhance skin absorption. In summary, EVs are an emerging
powerhouse in dermatological aesthetics with great prospects
for development. In the future, if the shortcomings of high het-
erogeneity, low yield, and biosafety of EVs can be overcome,
they can be converted into cosmeceuticals to promote their
use in the facial aesthetic industry.
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