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Abstract

Owing to its constant exposure to the external environment and various stimuli, skin ranks among the organs most vulnerable to
manifestations of aging. Preventing and delaying skin aging has become one of the prominent research subjects in recent years.
Mesenchymal stem cells (MSCs) are multipotent stem cells derived from mesoderm with high self-renewal ability and multilineage
differentiation potential. MSC-derived extracellular vesicles (MSC-EVs) are nanoscale biological vesicles that facilitate intercellular
communication and regulate biological behavior. Recent studies have shown that MSC-EVs have potential applications in anti-aging
therapy due to their anti-inflammatory, anti-oxidative stress, and wound healing promoting abilities. This review presents the latest
progress of MSC-EVs in delaying skin aging. It mainly includes the MSC-EVs promoting the proliferation and migration of keratinocytes
and fibroblasts, reducing the expression of matrix metalloproteinases, resisting oxidative stress, and regulating inflammation. We then
briefly discuss the recently discovered treatment methods of MSC-EVs in the field of skin anti-aging. Moreover, the advantages and
limitations of EV-based treatments are also presented.
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Introduction

As the largest organ of the human body, the skin not only serves
the purpose of external beauty but also plays multiple crucial
physiological and biological roles. It acts as the first line of de-
fense for our body, playing a key role in preventing the invasion of
harmful substances and microorganisms from the external envi-
ronment [1]. Due to continuous exposure to environmental fac-
tors, skin aging begins from birth. It is a multifactorial process as-
sociated with tissue and organ degeneration, increasing the risk
of mortality [2]. Skin aging is a complex and multifaceted phe-
nomenon that has been extensively studied in the fields of der-
matology, biology, and cosmetic science. This natural process is in-
fluenced by both internal and external factors, which collectively
contribute to the appearance of visible signs of aging in the skin
[3]. Understanding the mechanisms that lead to skin aging is cru-
cial for developing effective preventive measures and treatment
methods.

Many components have been proven to potentially help de-
lay skin aging. For example, antioxidants such as vitamin C, vi-
tamin E, and coenzyme Q (CoQ10) can protect the skin from dam-
age caused by free radicals, exhibiting antioxidative and anti-
inflammatory effects [4-6]. Collagen peptides contribute to im-
proving skin elasticity [7]. Hyaluronic acid (HA) helps reduce skin
moisture loss [8]. Green tea extract, rich in antioxidants, possesses
anti-aging properties [9]. Despite the increasing number of re-
searchers involved in studying the delay of skin aging, current

treatment methods have not yet achieved ideal results, necessi-
tating the exploration of more effective treatment strategies.
Mesenchymal stem cells (MSCs) are a type of multipotent stro-
mal cell with self-renewal and multi-lineage differentiation capa-
bilities. They originate from the mesodermal tissue and are widely
distributed in the connective tissues and stromal compartments
of various organs throughout the body [10]. Under specific in vivo
or in vitro induction conditions, MSCs have the potential to differ-
entiate into various tissue cells, including adipocytes, osteocytes,
chondrocytes, myocytes, tenocytes, ligamentocytes, neurons, hep-
atocytes, cardiomyocytes, and endothelial cells [11]. This multi-
directional differentiation potential makes MSCs highly promis-
ing in the fields of tissue engineering, regenerative medicine, and
clinical therapy, as they can be used to repair or replace damaged
tissues, offering new hope for the treatment of many diseases. In
addition to their multi-lineage differentiation potential, MSCs can
also secrete soluble factors, including cytokines, chemokines, and
growth factors [10]. Over the past few decades, MSCs have gained
widespread attention and research as an effective cellular ther-
apy in various medical fields. However, some people believe that
stem cell therapy has certain drawbacks and limitations, includ-
inglimited differentiation potential, risk of immune rejection, eth-
ical and moral concerns, and lack of sufficient clinical evidence to
support its application. Recent studies have found that extracel-
lular vesicles (EVs) produced by MSCs may play a crucial role in
the therapeutic effects of MSC treatment. This discovery provides
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the possibility for the development of a new cell-free treatment
approach [12].

EVs are nanosized vesicles with phospholipid bilayer mem-
branes [13]. Based on their diameter, EVs can be categorized into
six subpopulations: exomeres (<50 nm), exosomes (30-150 nm),
ectosomes or shedding microvesicles (100-1000 nm), apoptotic
bodies (1000-5000 nm), migrasomes (500-3000 nm), and large on-
cosomes (1000-10000 nm). Exosomes are currently a highly re-
searched subtype in the field of EVs due to their small size and
various functions within the organism. Early studies in the 1980s
initially characterized exosomes as endosomal vesicles secreted
by reticulocytes. For a substantial period, exosomes were regarded
as cellular repositories for “debris” or “garbage bags”. Neverthe-
less, over the past decade, there has been a renewed surge in in-
terest in EVs due to their remarkable role in intercellular com-
munication and immune response. EVs, enveloped by lipid bilay-
ers, harbor a multitude of molecular components, including nu-
cleic acids, proteins, and lipids. These molecules, such as RNAs
and proteins, are selectively packaged into cargo and delivered to
target cells through receptor-mediated mechanisms [14]. Leverag-
ing this mechanism, researchers have employed bioengineering
techniques to engineer EVs, facilitating the loading of synthetic
drug molecules, thereby enhancing drug delivery efficiency and
target specificity [15]. Therefore, EVs may be a potentially innova-
tive therapeutic strategy that promises to play a key role in the
field of skin anti-aging. In this comprehensive review, we provide
an overview of the molecular mechanisms underlying skin aging
and discuss the applications and therapeutic avenues as well as
the advantages and limitations of MSC-EVs in delaying skin aging.

Mechanisms of skin aging

The skin serves as a protective barrier, separating our internal or-
gans from the external environment. It plays a crucial role in de-
fending against pathogenic invasions and safeguarding us from
physical and chemical harm [16]. Epidermis, dermis, and subcu-
taneous tissue (hypodermis), are the three layers of the skin, each
with different cell types. The epidermis, which forms the outer-
most layer of the skin and covers an average area of 2 m?, is pri-
marily composed of keratinocytes. It also contains Langerhans
cells (LCs), melanocytes, and Merkel cells. These cells form a phys-
ical barrier through tight junctions and desmosomes to prevent
water loss and microbial invasion. Beneath the epidermis lies the
dermal layer, which includes a multitude of fibroblasts, immune
cells, blood vessels, sweat glands, hair follicles, and nerve fibers.
Effective communication between these various cell types and
the extracellular matrix (ECM) is crucial for maintaining tissue
integrity. The subcutaneous tissue, the deepest layer of the skin,
consists of adipose tissue, typically originating from loose connec-
tive tissue. Adipose tissue plays a significant role in mechanical
protection, insulation, and energy storage [17, 18].

The skin is capable of maintaining internal balance and
responding to external challenges through effective intercel-
lular communication. Various signaling mechanisms, such as
paracrine and autocrine signaling, enable cells to convey infor-
mation about changes in the microenvironment, regulating phys-
iological processes like inflammation, wound healing, cell prolif-
eration, and immune responses. When the skin is exposed to var-
ious external stimuli, including ultraviolet (UV) radiation, pollu-
tants, and pathogens, these stimuli can generate reactive oxygen
species (ROS) and trigger inflammatory responses. ROS are nec-
essary for cellular signaling but can be damaging in excess. Skin
cells employ complex signaling pathways to balance the accu-

mulation of ROS, including antioxidants and repair mechanisms.
Similarly, the inflammatory response is coordinated through a se-
ries of events involving various cell types, including dendritic cells,
macrophages, and neutrophils. This complex network, composed
of different cell types and signaling pathways, ensures that the
skin can rapidly adapt to changes in the environment [19-21].

The process of skin aging is complex, inevitable, and multi-
faceted [22]. Skin aging is primarily divided into intrinsic aging
and extrinsic aging, with the former occurring with the passage of
time and the latter being caused by external factors such as UV ra-
diation and environmental pollutants [23]. Below, we will further
discuss the pathological and physiological mechanisms underly-
ing these two types of aging.

Pathophysiological mechanisms in intrinsic and
extrinsic aging

Intrinsic aging represents a physiological process primarily linked
to genetic, hormonal, and metabolic factors [24]. Clinical manifes-
tations include skin thinning, dryness, reduced elasticity, the ap-
pearance of fine lines, and impaired skin repair [25]. As individuals
age, certain genes within senescent cells undergo alterations, in-
cluding genes responsible for encoding interleukins and matrix
metalloproteinases (MMPs). These genes, known as senescence
genes, can impact cell function, repair mechanisms, and overall
physiological processes, thereby playing a role in the aging pro-
cess [26, 27]. Intrinsic aging also involves alterations in skin struc-
ture and reduced sensitivity of fibroblasts to mechanical stimu-
lation, leading to decreased dermal collagen synthesis and an in-
crease in collagen bundle thickness, which, in turn, delays the skin
wound healing process [28]. Additionally, epidermal thinning re-
sults in compromised skin barrier function, characterized by in-
creased moisture loss from the epidermis due to keratinocyte at-
rophy [29]. Furthermore, intrinsic skin aging has been associated
with endocrine dysregulation, such as decreased estrogen levels
post-menopause [30, 31].

Extrinsic aging is primarily instigated by lifestyle choices and
exposure to external environmental factors such as UV radiation,
air pollution, and temperature fluctuations [32]. Photoaging refers
to the skin alterations induced by exposure to UV radiation, ac-
counting for ~80% of facial aging. Its primary characteristics in-
clude a reduction in skin epidermal thickness, pigmentation de-
position, the development of wrinkles, skin laxity, erythema, and
an increased risk of malignancy [33]. UV radiation is categorized
into three subtypes based on wavelength ranges: UVA (320-400
nm), UVB (280-320 nm), and UVC (200-280 nm) [22]. UVA radiation
comprises the predominant portion of the sun’s UV rays, possess-
ing significant penetrating capability. It can penetrate deep into
the dermal layer, extending beyond the epidermis, where it causes
damage to dermal fibroblasts and reduces collagen production, ul-
timately disrupting the skin’s normal structure [34]. UVB radiation
indeed possesses greater energy than UVA, and only a fraction of
UVB rays can penetrate the ozone layer to reach the Earth’s sur-
face [35]. UVB radiation primarily affects the keratinocytes of the
epidermis. The high energy levels associated with UVB radiation
can directly damage DNA by inducing double-strand breaks and
causing the formation of thymine-thymine cyclobutane pyrim-
idine dimers. These DNA alterations have the potential to con-
tribute to the development of certain skin cancers and premature
skin aging [36]. As for UVC radiation, it is the most potent type of
UV radiation. However, it is completely absorbed and filtered by
the ozone layer, preventing it from reaching the Earth’s surface
(Fig. 1) [37].
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Figure 1. Mechanisms of skin photoaging caused by UV radiation. The skin can be divided into three layers: the epidermis, the dermis, and the
hypodermis. UVA has the longest wavelength and can penetrate into the dermis layer of the skin. UVB has a shorter wavelength than UVA and can
penetrate into the epidermis layer of the skin, but a significant portion of UVB is absorbed by the ozone layer. UVC has the shortest wavelength and is
entirely absorbed by the ozone layer. UV radiation causes an increase in the production of ROS and MMPs in the skin as well as an inflammatory

response.

Molecular mechanisms in skin aging
Oxidative stress

Oxidative stress constitutes a shared factor associated with both
intrinsic and extrinsic aging processes. Elevated levels of ROS con-
tribute to oxidative stress, characterized by an imbalance favoring
prooxidants over antioxidants [38]. Excessive oxidative stress has
been linked to skin cancers, including malignant melanoma [39].
ROS exert regulatory control over the activation of MMPs, which
are crucial in the remodeling of the ECM and are believed to play
a pivotal role in the pathogenesis of skin aging. Notable members
of the MMP family involved in this process include MMP-1, MMP-
2, MMP-3, and MMP-9 [40]. ROS function as second messengers
by activating transcription factors, such as nuclear factor-kappa
B (NF-«B) and activating protein-1 (AP-1). NF-«B, in addition to
up-regulating MMP-1, MMP-3, and MMP-9, leading to the degra-
dation of various collagen fibers, also promotes the expression
of pro-inflammatory cytokines, such as tumor necrosis factor-«
(TNF-a) and interleukin-6 (IL-6). AP-1, comprising c-Fos and c-
Jun subunits, operates downstream of the activation of mitogen-
activated protein kinases (MAPKs) [41]. The three principal mem-
bers within the MAPK family encompass the extracellular signal-
regulated kinase (ERK), the C-Jun N-terminal kinases (JNKs), and
the p38 MAPKs. Upon ROS-induced activation of MAPK signaling
cascades, phosphorylation of ERK and JNK stimulates c-Fos and
c-Jun, culminating in the increased expression of the MMP fam-
ily. Additionally, AP-1 modulates the TGF-beta/Smad pathway by
inhibiting the expression of the Smad2/3 complex, leading to a
reduction in type I procollagen synthesis (Fig. 2) [42-44].

Telomere shortening

Telomeres are specialized nucleoprotein structures located at
the terminal ends of eukaryotic chromosomes. They consist of
tandem double-stranded hexanucleotide repeats (TTAGGG) that
serve as protective caps, shielding chromosome ends from degra-
dation, end-to-end fusion, and homologous recombination. Due
to the inability of DNA polymerases to fully replicate chromosome
ends, telomeres naturally shorten by ~50-200 bp with each cell di-
vision. When telomeres reach a critical length, DNA ends become
exposed, triggering the DNA damage response and ultimately
leading to cellular senescence [45]. Telomerase, a ribonucleopro-
tein complex, is comprised of telomerase reverse transcriptase
and RNA-dependent DNA polymerase. Telomerase can utilize its
RNA component as a template to elongate the telomere sequence,
thus preserving telomere integrity and stability [46]. Several stud-
ies have proposed a potential link between telomeres, telomerase,
and skin aging. Victorelli et al. [47] reported that senescent epi-
dermal melanocytes exhibit dysfunctional telomeres, inducing
telomeric damage in peripheral keratinocytes through paracrine
signaling, thereby contributing to skin aging. Jia et al. [48] observed
significant telomere shortening in human skin fibroblasts follow-
ing exposure to UVA radiation. Marion et al. [49] found that telom-
eres in dermal skin fibroblasts from young mice (22 weeks old)
were longer than those from aged mice (121 weeks old). Addition-
ally, Flores et al. [50] reported that telomerase-deficient mice dis-
played a propensity for premature skin aging. However, the direct
causal relationship between telomeres, telomerase, and skin ag-
ing remains to be definitively established. Consequently, further
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Figure 2. Mechanisms of skin photoaging mediated by UV via ROS.

comprehensive investigations are warranted to delve deeper into
the functions of telomeres and telomerase in the context of cel-
lular senescence and skin aging.

Mitochondria and melatonin

Within eukaryotic cells, mitochondria play a pivotal role in energy
production [51]. The skin, a highly organized organ constantly re-
newing itself throughout life, relies on the proliferation, differen-
tiation, and self-renewal of stem cells for regeneration and repair
[52]. These stem cells meet their energy requirements through ox-
idative phosphorylation, a process in which mitochondria gener-
ate ATP. However, a consequence of mitochondrial respiration is
the continuous production of ROS. Mitochondrial DNA (mtDNA)
is particularly vulnerable to oxidative stress-induced damage due
to its close proximity to ROS production sites. Prolonged UV radi-
ation causes a rise in ROS in skin cells as well as mtDNA damage,
which may disrupt normal mitochondrial function and intracel-
lular energy production [53-55]. Berneburg et al. [56] reported that
2 weeks of UVA radiation increased human skin mtDNA deletions.
Schroeder et al. [57] found that human skin fibroblasts with par-
tial depletion of mtDNA exhibited a photoaging-like phenotype as
evidenced by decreased mitochondrial function, increased MMP-1
expression, and decreased matrix alphal type-I collagen (COL1A1)
expression. Furthermore, there is an important antioxidant and
ROS scavenger, coenzyme Q (CoQ10), present in the mitochondria,
which is believed to possess anti-aging activity [58]. The synthe-
sis of CoQ10 was observed to decrease with aging [59]. Marcheg-
giani et al. [60] reported that the reduction of CoQ10 affects the

respiratory efficiency of mitochondria, leading to oxidative dam-
age and mitochondrial dysfunction, ultimately inducing prema-
ture aging of human dermal fibroblasts (HDFs).

Melatonin, a natural antioxidant primarily synthesized by the
pineal gland and released into the bloodstream to regulate circa-
dian rhythms, is also produced by the skin and the gastrointesti-
nal tract [61]. Dermal fibroblasts express melatonin receptor MT-1.
Dong et al. [62] have provided evidence that the MT-1 receptor may
play a role in protecting skin cells from UV-induced DNA dam-
age. They observed that MT-1 receptor expression in fibroblasts
decreased with age. The use of small interfering RNA technology
to knock down the MT-1 receptor resulted in fibroblasts that were
more susceptible to UV irradiation, exhibiting a significant in-
crease in oxidative stress and DNA damage. Moreover, a dynamic
melatonin-mitochondria axis exists within the skin. On one hand,
melatonin maintains mitochondrial homeostasis to preserve cel-
lular redox balance. Kleszczynski et al. [63] found that melatonin
prevents dissipation of mitochondrial transmembrane potential
after UV radiation, thereby reducing apoptosis. Mansouri et al.
[64] reported that melatonin attenuated ethanol-induced dele-
tion of mtDNA. Diaz-Casado et al. [65] found that melatonin re-
stored ATP production and the respiratory capacity of dysfunc-
tional mitochondria and reduced oxidative stress. On the other
hand, mitochondria contain high levels of melatonin and serve
as the site of melatonin synthesis and metabolism in skin cells
[66-68]. Two melatonin metabolic pathways, the mitochondrial
cytochrome P450-dependent pathway and the kynuric pathway,
are found in mitochondria. Melatonin synthesis and metabolism
are closely related to mitochondrial function [69]. The interactions
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between melatonin and mitochondria have garnered increasing
attention from researchers.

The role of microRNAs

MicroRNAs (miRNAs) are short noncoding RNA molecules, typi-
cally consisting of 19 to 25 nucleotides, which regulate gene ex-
pression post-transcriptionally by interacting with target messen-
ger RNAs (mRNAs) [70]. Several miRNAs have emerged as key reg-
ulatory molecules implicated in skin aging processes. Ahmed et
al. [71] identified an increase in miR-21 expression in both mouse
and human aged skin. miRNA-21 (miR-21) plays a role in altering
the expression of age-related genes (Krt1, Krt10, and Krt17) by tar-
geting the down-regulation of the chromatin remodeler SATB1 in
keratinocytes. This alteration promotes skin aging and heightens
susceptibility to age-related pathological conditions. Srivastava et
al. [72] reported significant changes in miRNA expression in pho-
toaged skin. Solar exposure leads to the upregulation of miR-34a,
miR-134, miR-145, and miR-383, alongside the downregulation of
miR-663b, miR-3648, and miR-6879. Among these, miR-34a, miR-
134, and miR-383 may play roles in both intrinsic and extrinsic ag-
ing. Furthermore, Rock et al. [73] discovered increased expression
of miR-23a-3p and reduced secretion of HA in senescent dermal
fibroblasts. MiR-23a-3p acts as a regulator by binding to the 3’ un-
translated region of hyaluronan synthase 2, resulting in decreased
HA synthesis, promoting cellular senescence and contributing to
skin aging. While numerous studies have highlighted the impor-
tance of miRNAs in the processes of chronological aging and pho-
toaging of the skin, the specific underlying mechanisms and path-
ways remain to be fully elucidated. Further research is needed to
explore and investigate these mechanisms comprehensively.

Inflammaging and immunosenescence

Inflammation is a hallmark feature of photoaging, where repeated
exposure to UV radiation triggers heightened oxidative stress and
localized skin inflammation. This oxidative stress and inflamma-
tion lead to cellular senescence, and the buildup of senescent
cells acts as a catalyst for increased production of inflamma-
tory cytokines. This shift in the balance of pro-inflammatory and
anti-inflammatory factors results in a state of chronic low-grade
inflammation known as “inflammaging”. Inflammaging does not
just affect the skin, it can also contribute to systemic diseases
such as Parkinson’s disease, cardiovascular disease, type 2 dia-
betes, and cancer. Chronic low-grade inflammation can increase
susceptibility to infections and trigger age-related immune de-
ficiencies, collectively referred to as immunosenescence. Recent
evidence suggests that both inflammaging and immunosenes-
cence play significant roles in skin aging [74-76]. LCs, special-
ized antigen-presenting cells in the epidermis, are affected by
aging. Pilkington et al. [77] reported that the number of LCs in
older skin is significantly reduced, by ~20%, compared to younger
skin. Furthermore, the migration ability of these cells is im-
paired, which increases the susceptibility of elderly individuals
to skin infections. Macrophages, innate immune cells, are cru-
cial players in inflammation. Macrophages can adopt two main
phenotypes: “pro-inflammatory” M1 and “anti-inflammatory” M2
[78]. Gather et al. [79] found that the inflammaging microenvi-
ronment in aging skin promotes the differentiation of mono-
cytes into macrophages with “pro-inflammatory” M1-like charac-
teristics, resulting in an increased number of M1 macrophages.
Conversely, senescent monocytes exhibit reduced intrinsic dif-
ferentiation into M1 macrophages. This shift toward more M1
macrophages in the skin contributes to ECM remodeling and de-
creases the overall stability of skin tissue. While studies have un-

derscored the pivotal roles of inflammation and immunity in the
accumulation of physiological and pathological damage during
aging, the precise molecular mechanisms involved remain poorly
understood. Further investigations are warranted in the future to
shed more light on these mechanisms and their impact on skin

aging.

Autophagy

Autophagy is a crucial lysosome-dependent degradation pathway
in eukaryotic cells that plays a pivotal role in maintaining in-
tracellular homeostasis [80]. Dysregulated autophagy has been
implicated in various diseases, including skin aging, atheroscle-
rosis, and cancer [81]. In the context of UV-induced skin pho-
todamage, autophagy regulation is vital for cellular protection.
Umar et al. [82] demonstrated that intervening in autophagy sig-
nificantly attenuated UVB radiation-induced nuclear damage and
apoptosis in HDFs. However, UVB exposure led to an impaired au-
tophagic response in HDFs. Treatment with the autophagy activa-
tor rapamycin improved autophagy levels by reducing oxidative
stress and promoting DNA repair, ultimately reducing the num-
ber of apoptotic cells. Several studies have reported that mod-
ulating autophagy with certain compounds can slow down the
skin aging process. For instance, metformin, an oral hypoglycemic
drug commonly used to treat type II diabetes, has been found
to mitigate skin photoaging. Chen et al. [83] reported that met-
formin exerts its anti-photoaging effects by inhibiting mitochon-
drial autophagy, reducing oxidative stress, and decreasing the ac-
tivation of the PI3K/AKT/mTOR signaling pathway in senescent
cells. In vivo experiments confirmed that metformin treatment
significantly reduced collagen breakdown and epidermal thin-
ning in UVA-induced skin damage in mice, thereby improving
photoaged skin conditions. Caffeine, a potential neuroprotective
agent with antioxidant effects [84], has also been shown to ac-
tivate autophagy and reduce UV-induced skin damage in mice.
Li et al. [85] found that low doses of caffeine activate autophagy
through the A2AR/SIRT3/AMPK pathway, reducing the effects of
oxidative stress on epidermal keratinocytes. Notably, the use of
autophagy inhibitors diminished the protective effect of caffeine.
While both the activation and inhibition of autophagy have been
linked to skin aging, the precise molecular mechanisms remain
incompletely understood. Further research is needed to solidify
the evidence and gain a deeper understanding of these mecha-
nisms in the context of skin aging.

Applications of MSC-derived EVs against
skin aging

MSCs are multipotent stem cells capable of self-renewal and dif-
ferentiation into various cell types, both mesenchymal and non-
mesenchymal [86]. They can be derived from diverse sources, in-
cluding bone marrow (BMSCs), adipose tissue (ADSCs), umbilical
cords (UMSCs), dental tissue (dental pulp stem cells), and periph-
eral blood [87]. MSCs typically express common surface markers
like CD73, CD90, and CD105, while lacking hematopoietic mark-
ers like CD14, CD19, CD34, CD45, CD11b, CD79alpha, and HLA-DR
(88].

Nearly all cells including eukaryotes and prokaryotes have
been demonstrated to release membrane-enclosed vesicles called
EVs. Exosomes are a subclass of EVs, with a diameter of 40-160
nm [89]. Trams et al. [90] in 1981 first proposed the term “exo-
some” as 5'-nucleotidase activity microvesicles released by dif-
ferent cultured cells. Over an extended period of time, exosomes
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were considered as cellular “garbage dumpsters”. However, exten-
sive research has since illuminated their crucial role in intercel-
lular communication and signal transduction. Exosomes are ca-
pable of carrying various cargoes, including proteins, lipids, and
nucleic acids, making them instrumental in cell-to-cell communi-
cation [91]. Fusion of multivesicular bodies with the plasma mem-
brane secretes exosomes into the extracellular environment [92].
Once released by parent cells, exosomes can be taken up by recipi-
ent cells through various mechanisms such as endocytosis, mem-
brane fusion, or receptor-ligand interactions. Importantly, exo-
somes released by different types or functional states of cells ex-
hibit heterogeneity. The efficiency of exosome internalization may
depend on the nature of the cargo contained within these vesicles
and the metabolic state of the recipient cells. Due to their excel-
lent biocompatibility and low biotoxicity, as well as their pivotal
role in cellular communication, exosomes are emerging as ideal
candidates for gene and drug delivery [89, 93, 94]. For instance,
miR-21, an oncogenic miRNA, is found to be overexpressed in var-
ious malignancies like lung cancer, breast cancer, and colon can-
cer. Downregulating miR-21 has been shown to inhibit the prolifer-
ation of tumor cells, promote apoptosis, and enhance tumor sen-
sitivity to chemotherapy. Liang et al. [95] significantly improved the
efficacy of 5-FU-resistant colon cancer treatment by encapsulat-
ing chemotherapy drugs like 5-FU and miR-21 inhibitor oligonu-
cleotides within engineered exosomes. This innovative approach
holds great potential in targeted drug delivery. As a result, there
is a growing interest in leveraging the advantages of exosomes as
novel nano-drug delivery vehicles, leading to extensive research
into the specific mechanisms of targeted drug delivery. This area
of study has the potential to revolutionize drug delivery methods,
making them more precise and efficient.

MSCs have emerged as prolific producers of therapeutic ex-
tracellular vesicles, making them a valuable resource in various
medical applications [96]. Compared with other therapeutic pro-
grams, the advantages of MSC-EVs in the treatment of skin aging
are focused on the following aspects. The first is security: as EVs
are vesicles, they avoid risks associated with the administration of
living cells [97, 98], such as microvascular obstruction [99], infu-
sion toxicity, and ectopic tissue formation [100]. This is in contrast
to nano-cosmeceuticals, in which active ingredients are packaged
within a nanocarrier so that they are easily absorbed into the
skin and subsequently exert enhanced cosmetic and therapeu-
tic effects to improve skin aging [101]. The most commonly used
nanocarriers in the cosmeceutical field include liposomes, vesi-
cles, solid lipid nanoparticles (NPs), niosomes, nanocapsules, mi-
celles, dendrimers, and metal NPs [102, 103]. However, some of
these NPs may produce toxicity or unwanted side effects such
as activation of the innate immune system, inflammation, and
skin irritation due to their composition, particle size, and electri-
cal charge [104]. MSC-EVs completely avoid the adverse effects
of nano-cosmeceuticals and their composition is closer to na-
ture. The second is high efficiency: as MSC-EVs are derived from
MSCs and are one of the main ways of intercellular communica-
tion [105]. The nucleic acid and other contents loaded by MSC-EVs
regulate the biological time or the change of cell fate, which is an
extremely efficient mode of action [106, 107]. It induces a more ef-
ficient and comprehensive change than cosmetics, supplemental
HA or collagen. The third is targeting and tissue regeneration: EVs
can specifically target cells through their surface proteins, pro-
moting skin regeneration and repair. This targeted delivery pro-
vides potential advantages over traditional treatment methods,
allowing for more accurate action on damaged skin tissue [108,
109]. The final is feasibility: with the deepening of research, the

storage problem of EVs has also been solved to a certain extent
[110, 111], which provides a high possibility of future commercial
applications.

In summary, MSC-EVs offer exciting prospects for addressing
skin aging and promoting skin rejuvenation. A deeper under-
standing of the specific mechanisms underlying EV-mediated ef-
fects in skin aging is anticipated to provide valuable insights into
these processes and guide further advancements in the field of
skin rejuvenation and tissue regeneration.

MSC-EVs on epidermal cells and fibroblasts

The epidermis comprises four distinct layers: the outermost stra-
tum corneum, followed by the stratum granulosum, stratum
spinosum, and stratum basale. Sustained proliferation and dif-
ferentiation of keratinocytes, originating from the basal layer at
the dermal-epidermal junction, contribute to the formation of
the stratum corneum, a vital component in maintaining the dy-
namic homeostasis of the epidermis [112]. Located beneath the
epidermis, the dermis serves as its foundational support and is
connected to the epidermis through the dermal-epidermal junc-
tion. The dermis primarily consists of fibroblasts and their ECM,
encompassing collagen, elastin, and various proteins responsible
for the skin’s mechanical strength and elasticity [113]. With ad-
vancing age, both the epidermis and dermis gradually thin, ac-
companied by a decline in the self-renewal capacity of skin stem
cells, ultimately leading to compromised skin barrier function.
Single-cell transcriptome profiles of human eyelid skin across dif-
ferent age groups have indicated a decline in the overall popu-
lation of keratinocytes and fibroblasts among the elderly com-
pared to their younger counterparts. In fibroblasts, the inactiva-
tion of HES1 (growth-controlling transcription factors) and in ker-
atinocytes, the inactivation of KLF6 (a crucial regulatory factor in
the transcription process of epidermal basal cells) leads to cell
aging. The data suggests that, for keratinocytes, the downregula-
tion of KLF6 not only results in decreased proliferative potential
but also leads to heightened expression of pro-inflammatory cy-
tokines, including IL-6. Concerning fibroblasts, exposure to UV ra-
diation triggers the downregulation of the Notch-targeting gene
HES1. Conversely, the overexpression of the HES1 gene has shown
promise in mitigating age-related phenotypes. These findings of-
fer novel insights into potential therapeutic targets for addressing
skin aging and related conditions [114]. Several studies have un-
derscored the role of MSCs in promoting the healing of damaged
skin tissue through paracrine mechanisms. Changet al. [115] have
demonstrated that the overexpression of the longnon-coding RNA
FOXD2-AS1 in exosomes derived from ADSCs (ADSC-Exos) accel-
erates the migration and proliferation of HaCaT cells by influ-
encing the miR-185-5p/ROCK2 axis, thereby facilitating wound
healing. Furthermore, Zhao et al. [116] have observed that hu-
man uMSC-derived exosomes (HuMSC-Exos) effectively inhibit
H,0,-induced apoptosis in HaCaT cells and promote tissue re-
generation in skin wounds. This was established using a HaCaT
cell-based skin injury model treated with H,O,. Results indicated
that HUMSC-Exos significantly curtailed the nuclear transloca-
tion of apoptosis-inducing factor (AIF) and the excessive activa-
tion of poly ADP ribose polymerase 1 (PARP-1), thus mitigating
HaCaT apoptosis attributed to decreased mitochondrial mem-
brane permeability. Additionally, in vivo administration of HuMSC-
Exos upregulated endothelial cell markers CD31 and cytoker-
atin 10 while downregulating the expression of alpha-smooth
muscle actin (alpha-SMA). Zhang et al. [117] have reported that
ADSC-Exos expedite the healing of full-thickness skin wounds by
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stimulating HDF proliferation and migration, as well as fostering
the synthesis of type I and type III collagen through the PI3K/Akt
signaling pathway. The TGF-betal/Smad signaling pathway, which
plays a pivotal role in the formation of collagen and elastin fibers
during wound healing, has also been implicated. Jiang et al. [118]
have highlighted that human BMSC-derived exosomes (BMSC-
Exos) expedite the wound healing process by inhibiting the TGF-
beta/Smad signaling pathway. In vitro, exosomes have been shown
to enhance the proliferation of HaCaT and HDF. In vivo studies
have demonstrated that exosomes downregulate the expression
of TGF-betal, Smad?, Smad3, and Smad4, while upregulating the
expression of TGF-beta3 and Smad?7, thereby promoting scar-free
wound healing. Notably, exosomes exhibit more significant thera-
peutic effects compared to BMSCs in this context. These findings
hold promise for advancing the application of cell-free therapy in
the future.

Removal of MMPs

MMPs are zinc-dependent neutral endopeptidases intricately in-
volved in the remodeling of the ECM. The protein hydrolytic ac-
tivities of MMPs undergo regulation through transcription, pro-
enzyme activation, and interactions with tissue inhibitors of met-
alloproteinase (TIMPs). The role of TIMPs lies in their control of
ECM degradation by binding to activated MMPs. An MMP/TIMP
ratio imbalance has been linked to various diseases, including
atherosclerosis, osteoarthritis, and cancer [119]. In the context
of skin, prolonged exposure to UV radiation induces an upsurge
in MMPs production within fibroblasts and keratinocytes, result-
ing in the degradation of normal collagen and elastin fibers, ulti-
mately leading to skin damage and the potential development of
skin cancer [120]. Notably, senescent fibroblasts can induce colla-
gen degradation through the secretion of senescence-associated
secretory phenotype (SASP), mediating MMP-1 expression in nor-
mal fibroblasts. SASP also induces dysfunction and premature
senescence in adjacent cells, propagating senescence [121]. Pre-
vious investigations have demonstrated that UV irradiation acti-
vates the MAPK and NF-«B signaling pathways, leading to an up-
regulation in the production of MMP-1, MMP-2, MMP-3, and MMP-
9 [40, 122]. Currently, numerous studies have posited that MSC-
derived exosomes (MSC-Exos) play a pivotal role in suppressing
MMP expression. Choi et al. [23] have demonstrated that EVs de-
rived from ADSCs (ADSC-EVs) restore the migration and prolifer-
ation of UVB-damaged HDFs. This restorative effect is attributed
to the ability of ADSC-EVs to stimulate dermal matrix synthe-
sis by promoting the expression of TIMP-1 and TGF-betal, in-
hibiting the overexpression of MMP-1, -2, -3, and -9, and enhanc-
ing the expression of collagen types I, II, III, and V and elastin.
Deng et al. [123] reported that HuMSC-derived extracellular vesi-
cles (HuMSC-EVs) shield HDFs from UVB-induced cell death and
growth arrest, simultaneously reducing the percentage of senes-
cent cells and MMP-1 expression while promoting Col-1 expres-
sion. Notably, miR-1246 was found to be downregulated during
the photoaging process of HDFs. Gao et al. [124] conducted ex-
periments wherein ADSCs were infected with lentivirus to ob-
tain miR-1246-overexpressing exosomes, exploring their effects
on HDFs after UVB irradiation. In vitro, miR-1246-overexpressing
exosomes attenuate MMP-1 expression and enhance the secre-
tion of type I procollagen by inhibiting the MAPK/AP-1 signal-
ing pathway and activating the TGF-beta/Smad pathway, respec-
tively. In vivo, miR-1246-overexpressing exosomes mitigate epi-
dermal thickness, wrinkles, and collagen loss in UVB-induced
mice.

Protection against oxidative stress

UV radiation can induce the mitochondria-dependent generation
of ROS, which can inflict oxidative damage upon DNA bases [125].
ROS, including superoxide anions, hydroxyl radicals, and H,0»,
serve as essential players in cell signaling and the maintenance of
cellular homeostasis. At low concentrations, ROS function as sig-
naling molecules, governing processes such as cell proliferation,
differentiation, growth, and survival. However, when present in
high concentrations, ROS trigger oxidative stress damage, culmi-
natingin cell necrosis and apoptosis [126]. The cellular ROS level is
intricately tied to the regulation of collagen metabolism; elevated
ROS levels activate MMP-1, MMP-3, and MMP-9, initiating colla-
gen degradation and, consequently, affecting the assembly and
turnover of the ECM [127]. Under normal physiological conditions,
the antioxidant defense system, composed of glutathione perox-
idase (GPx), superoxide dismutase (SOD), peroxidase (POD), and
catalase (CAT), is activated to control ROS accumulation, thereby
averting excessive ROS production, which could otherwise lead to
extensive lipid peroxidation damaging cell membranes and caus-
ing cell death. Nevertheless, during oxidative stress, these antiox-
idant systems may prove insufficient to scavenge excess ROS [128,
129]. Emerging evidence suggests that MSC-Exos can bolster cel-
lular antioxidant capabilities and modulate ROS levels to miti-
gate oxidative damage. Wang et al. [130] reported that MSC-Exos
can repair skin damage induced by oxidative stress, involving the
NRF2 signaling pathway. In vitro results revealed that MSC-Exos
reversed abnormal calcium oscillations and mitochondrial alter-
ations in H,O,-exposed keratinocytes, concurrently elevating lev-
els of ferric reducing antioxidant power (FRAP), f{GPx, and SOD to
curtail ROS production. In vivo, MSC-Exos counteracted the in-
creased number of mitochondrial cristae and swelling observed
in UV-irradiated mouse skin, while also reducing the expression
of CAT, SOD2, GLUT1, and pro-inflammatory cytokines like TNFal-
pha, IL-1beta, and IL-6, and enhancing COL1 and COL3 deposition.
MSC-Exos exert their antioxidative prowess both in vitro and in
vivo by adaptively regulating the NRF2 defense system. Shiekh et
al. [131] produced an elastic antioxidant polyurethane biomaterial
(OxOBand) combined with ADSC-Exos. They found that OxOBand
was able to reduce oxidative stress and increase collagen remodel-
ing to promote diabetic wound healing. Liet al. [132] found that the
overexpression of Nrf2 in ADSC-Exos accelerates diabetic wound
healing by reducing ROS levels and inhibiting the expression of
inflammatory factors. Wu et al. [133] reported that HuMSC-Exos-
delivered 14-3-3¢ protein promoted the expression of SIRT1in Ha-
CaTs, which significantly reduced the elevation of ROS caused by
UV radiation.

Regulation of inflammation

Inflammation constitutes a pivotal factor in the process of cel-
lular senescence and ranks among the primary characteristics
of skin photoaging. As individuals age, the features of inflam-
mation closely parallel changes in immune cell function, a phe-
nomenon termed immunosenescence [134,135]. With age, the in-
nate immune system experiences a decline in the ability of den-
dritic cells to activate CD4* T cells. Concurrently, the adaptive
immune system undergoes thymic degeneration, leading to re-
duced output of total naive T cells and an increased proportion
of memory T cells [136, 137]. This age-associated immunosenes-
cence, both innate and adaptive, coincides with chronic, low-
grade systemic inflammation, aptly termed inflammaging [138].
Continuous exposure of the skin to UV radiation induces local-
ized inflammation and a counterproductive immunosuppressive
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milieu. Hasegawa et al. [139] have demonstrated that UVB
radiation-induced DNA damage activates the NLRP3 inflamma-
some, resulting in the release of inflammatory mediators such as
IL-1beta, PGE2, TNF-alpha, IL-1alpha, and IL-6. CCAAT/enhancer-
binding protein beta (C/EBPbeta), a transcription factor regulat-
ing the expression of the IL-1beta gene, plays a pivotal role in
this process. Xiao et al. [140] exposed keratinocytes to 50 mJ/cm?
UVB radiation to create an in vitro model of acute injury. UVB
radiation induced the secretion of various pro-inflammatory cy-
tokines, including IL-1beta, TNF-alpha, and FGF-2, while upregu-
lating the expression of C/EBPbeta and promoting nuclear translo-
cation. Fortunately, MSCs possess potent anti-inflammatory and
immunomodulatory properties, as evidenced in various models
of inflammatory diseases, including arthritis, psoriasis, and sys-
temic lupus erythematosus [141]. Psoriasis, a chronic inflamma-
tory skin disorder with genetic and environmental factors at its
core, exemplifies this. Zhang et al. [142] reported that the top-
ical application of MSC-Exos reduced the release of psoriasis-
specific inflammatory cytokines IL-17 and IL-23, along with the
membrane attack complex C5b-9, in a mouse model of psoriasis.
Cho et al. [143] demonstrated that ADSCs-Exos ameliorated symp-
toms of atopic dermatitis by reducing the number of CD86" and
CD206™ cells, eosinophils, and mast cells, while inhibiting the ex-
pression of inflammatory factors TNF-alpha, IL-23, IL-31, and IL-
4 in an atopic dermatitis mouse model. In terms of skin regen-
eration, many wounds stall in the healing process due to per-
sistent inflammation, ultimately developing into chronic, non-
healing wounds. These recalcitrant wounds, if infected and left
unaddressed, can lead to severe complications, including ampu-
tation and even mortality. Patel et al. [144] reported that long non-
coding RNA GASS in ADSCs-Exos reduces levels of IFNalpha, IL-
1beta, and TNF-alpha by suppressing toll-like receptor 7 expres-
sion in HDFs, thereby expediting wound healing in a chronically
inflamed environment. Liu et al. [145] observed that melatonin-
stimulated exosomes from human BMSCs significantly enhanced
the healing of diabetic wounds. These exosomes shifted pro-
inflammatory M1 macrophages towards an anti-inflammatory M2
phenotype through regulation of the PI3K/AKT signaling pathway,
thereby ameliorating the inflammatory status of the wound and
facilitating healing. Heo [146] explored the impact of pretreating
BMSCs with selenium and collecting their exosomes on wound
healing. Their results demonstrated that selenium-primed BMSCs
exhibited heightened anti-inflammatory capabilities. Selenium-
boosted exosomes inhibited TNF-alpha, IL-6, and IL-8 while pro-
moting the expression of TGF-betal and IL-10 in monocytes. Addi-
tionally, selenium-boosted exosomes facilitated angiogenesis and
regulated the inflammatory microenvironment by promoting M1-
to-M2 macrophage polarization. Overall, selenium-boosted exo-
somes promoted wound healing by dampening inflammation and
modulating angiogenesis (Fig. 3, Table 1).

Clinical study of MSC-EVs in the treatment of
aging skin

To date, few clinical studies have explored the potential of MSC-
EVs for therapeutic effects on skin aging, although encouraging
findings have been reported in many in vitro and preclinical stud-
ies. We checked clinicaltrials.gov and have not found any of the
above studies ongoing. Two clinical trials of high relevance to
the field of skin therapy are underway. One of the clinical tri-
als (No. PTD2021P001) is exploring the safety of topical MSC-
derived exosome ointment. Another clinical trial (No. AGLE-102-
102) is to explore the safety and efficacy of allogeneic MSC-EVs in

deep second-degree burn wounds. However, as of this writing, no
follow-up reports have been seen on these two clinical trials.

In a recently reported 12-week clinical study, researchers eval-
uated the use of microneedles (MN) combined with ADSC-Exos to
treat skin aging, using a prospective, randomized, splitface, com-
parative study. A total of 28 individuals received three treatments,
with an interval of 3 weeks, and were followed up for 6 weeks after
the last treatment. The results showed that compared with the
control group of MN combined with saline, the overall aesthetic
improvement scale score of the experimental group was signifi-
cantly higher than that of the control group [147].

Administration routes and engineering of
MSC-EVs

Despite the notable effect of MSC-EVs in the treatment of pho-
toaging, how to administer the drug in the case of the skin, which
is the natural barrier of the organism, has also become a topic
of concern for scholars. In addition, as research has progressed,
many modifications have been employed to optimize the target-
ing and efficiency of EV treatments to more fully realize the po-
tential of MSC-EVs. Here, we summarize the common methods of
drug delivery, as well as the modification of EVs by engineering
methods, and the treatment of photoaging in combination with
other therapeutic approaches.

Local injection

Appropriate administration methods can effectively improve the
uptake rate of EVs, so as to achieve the desired therapeutic ef-
fect. Compared with systemic administration, topical administra-
tion has a unique attraction, such as direct delivery of high con-
centrations of EVs to the injured site, improving the ability of re-
cipient cells to absorb EVs and reducing the probability of side
effects. In general, systemic administration generally requires a
higher total dose per patient than local administration [148]. EVs
are rapidly cleared following systemic administration [149]. In the
process of clinical application of drugs, efficiency, simplicity, and
cost are important factors that must be considered when choos-
ing the route of administration. Since skin photoaging problems
are usually concentrated in exposed skin sites, such as faces and
hands, localized administration is an effective approach to ad-
dress this issue. Compared with direct application, the injection
method can directly deliver the drug to the target site, thereby by-
passing the skin barrier. Therefore, local injection has become the
mode of administration in most studies.

Hydrogels

Hydrogels are 3D nanofiber materials composed of physically or
chemically cross-linked hydrophilic polymer networks. They pos-
sess unique properties, such as the ability to absorb and retain a
significant amount of water while maintaining their structural in-
tegrity and dimensions [150]. Hydrogels are ideal therapeutic plat-
forms due to their biocompatibility and modifiability, as appropri-
ate functional groups can be added as needed.

The use of hydrogels has been widely explored in many
biomedical fields, including cell therapy, drug delivery, biosensing,
and tissue engineering [151-153]. Encapsulating EVs in a hydrogel
can maintain their activity while exerting a sustained release ef-
fect. Mol et al. have developed a hydrogel known as UPy-hydrogel,
which is based on ureido-pyrimidinone (UPy) units coupled to
poly (ethylene glycol) chains [154]. This hydrogel has been inves-
tigated as a potential delivery platform for EVs. The UPy-hydrogel
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Figure 3. Mechanisms and therapeutic methods of MSC-EVs for delaying skin aging. MSCs are a type of multipotent stem cell with self-renewal
capabilities and can be isolated from bone marrow, adipose tissue, amnion umbilical cord, dental pulp, and peripheral blood. CD73, CD90, CD105, etc.
are surface markers of MSCs. MSC-EVs delay skin aging by activating keratinocytes and fibroblasts, promoting their proliferation and migration,
removing MMPs, reducing the generation of ROS, and regulating the inflammatory response. The administration routes of MSC-EVs include local
injection, hydrogels, microneedle, and needle-free injection. In addition, engineered EVs can carry specific cargoes for targeted drug delivery.

undergoes a solution-to-gel transition when the pH changes from
high to neutral, resulting in immediate gelation when intro-
duced into physiological systems. Following the topical in vivo ad-
ministration of fluorescently labeled EVs incorporated into UPy-
hydrogel, the presence of EVs was still observed within the UPy-
hydrogel after a period of 3 days. In the absence of the hydrogel,
EV was internalized by adipose and skin tissues near the injection
site.

Chitosan hydrogel (CS), with its thermosensitive, loose and
porous structural properties, has been used as a carrier for the
slow release of drugs in several studies [155, 156]. A study by Zhao
et al. [157] suggests that CS hydrogel-encapsulated EVs can im-
prove skin aging by enhancing the function of aged dermal fibrob-
lasts. According to their findings, CS hydrogel-incorporated EVs
(CS-EVs) target the dermal fibroblasts with replicative senescence,
promote cell proliferation, and enhance ECM protein synthesis in
aged cells and the upregulation of MMPs in vitro. Following the
subcutaneous injection of CS-EVs, the aging skin tissues exhib-
ited a state of rejuvenation, characterized by a notable increase in
collagen expression, a decrease in the expression of SASP-related
factors, and the restoration of tissue structures.

Lipodystrophy may manifest as a reduction in subcutaneous
fat, particularly in areas such as the face, arms, and legs. This
can lead to thinner and looser-looking skin, potentially affect-
ing the overall appearance. Injections of hydrogel for volume fill-

ing can go some way to making a person look younger. HA hy-
drogels (HA-Gels) are often used as soft tissue fillers in the face,
lips, and buttocks to increase their size and make them more
aesthetically pleasing. According to You et al. [158], stem cell-
derived EV-containing HA gels (EV-HA-Gels) could be used as der-
mal fillers. EV-HA-Gels induced the overexpression of CD301b
on macrophages. The authors provided evidence of the ability
of EV-HA-Gels to induce the upregulation of CD301b expression
on macrophages. Certain miRNAs, specifically let-7b-5p and miR-
243p, were found to play a role in the impact of EV-HA-Gels on en-
hancing fibroblast proliferation in the dermis region. In vivo exper-
iments demonstrated a significant upregulation of collagen syn-
thesis in the treated dermis when compared to dermis treated
with HA-Gel alone, with a 2.4-fold increase. Furthermore, these el-
evated collagen levels were sustained for a minimum of 24 weeks
in the dermis.

Microneedles (MN)

MN are miniature-sized structures capable of delivering drugs to
deeper layers of the skin without compromising the skin barrier.
Micro-scale size endows them with many advantages over hy-
podermic needles, including painlessness, minimal invasiveness,
and convenient operation [159]. In addition, previous reports have
shown that MN treatment alone aids collagen neovasculariza-
tion. Hong et al. [160] reported that wrinkles and skin roughness
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Table 1. Functions and therapeutic mechanisms of MSC-EVs against skin aging.

Source Nomenclature Model Function Therapeutic mechanism References
Human ADSCs Exosomes HaCaTs Improving wound Highly-expressed IncRNA FOXD2-AS1 in [115]
healing ADSC-Exos promote HaCaTs migration and
proliferation via miR-185-5p/ROCK?2 axis
Human uMSCs Exosomes H,0,-HaCaTs Improving wound Suppress the nuclear translocation of AIF and the [116]
and mouse healing excessive activation of PARP-1, up-regulate CD31,
cytokeratin 10 and down-regulate alpha-SMA
Human ADSCs Exosomes HDFs and mouse Improving wound Promote HDFs proliferation and migration and [117]
healing synthesize collagen I/III via the PI3K/Akt signaling
pathway
Human BMSCs Exosomes HaCaTs,HDFs, Improving wound Promote HaCaTs and HDFs proliferation, [118]
and mouse healing down-regulate the expression of TGF-betal,
Smad?2, Smad3, and Smad4, and up-regulate the
expression of TGF-beta3 and Smad7
Human ADSCs EVs UVB-induced Against photoaging Increase TIMP-1, TGF-betal, and collagen types I, [23]
HDFs 11, I1I, and V, and elastin, reduce MMP-1, -2, -3, and
-9
Human uMSCs EVs UVB-induced Against photoaging Reduce MMP-1 and the percentage of senescent [123]
HDFs cells, increase collagen I
Human ADSCs Exosomes UVB-induced Against photoaging Reduce MMP-1 and increase type [ procollagen via [124]
HDFs and mouse MAPK/AP-1 signaling pathway and
TGF-beta/Smad pathway
Human uMSCs Exosomes H,0,- Against oxidative stress Up-regulate FRAP, GPx and SOD concentrations to [130]
Keratinocytes reduce ROS production via NRF2 signaling
and mouse pathway
Human ADSCs Exosomes HaCaTs Against oxidative stress Reduce ROS and increase collagen remodeling [131]
Human ADSCs Exosomes EPCs Against oxidative stress Overexpression of Nrf2 in ADSC-Exos reduces ROS [132]
level
Human uMSCs Exosomes UV-induced Against oxidative stress HuMSC-Exos-delivered 14-3-3¢ protein promotes [133]
HaCaTs SIRT1 expression to reduce ROS
Human ESCs Exosomes Psoriasis mouse  Anti-inflammatory Reduce IL-17, IL-23, and C5b-9 [142]
Human ADSCs Exosomes Atopic dermatitis Anti-inflammatory Reduce CD86", CD206%, eosinophils, and mast [143]
mouse cells, inhibit TNF-alpha, IL-23, IL-31, and IL-4
expression
Human ADSCs Exosomes HDFs Anti-inflammatory IncRNA GAS5 in ADSC-Exos reduces I[FNalpha, [144]
IL1beta, and TNF« levels by suppressing toll-like
receptor 7 expression
Human BMSCs Exosomes Macrophages and Anti-inflammatory Transform M1 macrophages to M2 macrophages [145]
mouse through PI3K/AKT signaling pathway, promote
angiogenesis and IL-10, suppress IL-1beta and
TNF-«a
Selenium-pretreated Exosomes HDFs, Anti-inflammatory Reduce p16, p21, and ROS, inhibit TNF-«, IL-6, and [146]
human BMSCs macrophages and IL-8, promote TGF-betal, IL-10, and M1 to M2
mouse polarization of macrophages, promote

angiogenesis, migration, and wound closure

ESCs, Embryonic stem cells; EPCs, endothelial progenitor cells.

values were reduced in photoaged mice after MN treatment, and
histological examination showed a slight increase in collagen and
elastin fibers.

Cao et al. [161] investigated the effect of MN combined with
ADSCs-EVs on skin aging. They found reduced epidermal thick-
ness and enhanced skin barrier function at sites treated with MN
alone or MN + EVs compared to the untreated sites. However, the
MN + EVs group showed the fewest wrinkles, the highest collagen
density, and the most organized collagen fibers among the three
groups. Three days after treatment, CD11b* cell infiltration was
lower in the MN + EVs group than in the MN group. These results
suggest that MN treatment alone can improve epidermal struc-
ture and function in photoaged skin. In addition, the combination
with ADSCs-EVs accelerates the recovery of inflammation caused
by MN and increases collagen content. You et al. [162] designed
a MN patch system loaded with COL1A1-EV and HA by a micro-

molding method, and named this system COL1A1-EV MN. For de-
livery into tissue, COL1A1-EV MN patches were pressed into the
dorsal skin of mice, and the MN base was removed after 15 min.
During this period, the MN dissolved completely, with no visible
skin irritation or marking at the site of administration. They found
that EVs administered using MN patches were significantly more
homogeneous and durable compared to insulin syringes.

The marine sponge Haliclona sp. spicules (SHS), composed of
silicious oxeas, has the ability to penetrate the skin through sim-
ple massage, resulting in the creation of over 1000 microchannels
(with a depth of 42.2 & 14.9 wm) per mm?. According to recent re-
ports, this distinctive characteristic of SHS renders it a potentially
advantageous MN system for augmenting the skin’s absorption
of hydrophilic macromolecules. Significantly, SHS exhibits the ca-
pability to be employed at any desired location on the skin, un-
like previous MN patches that were restricted to limited and flat
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areas [163]. Considering the many advantages of SHS, Zhang et al.
[164] explored whether the use of SHS could enhance the cuta-
neous delivery of HuMSC-Exos. In vitro experiments revealed that
HuMSC-Exos exhibited limited ability to permeate pig skin. Never-
theless, the utilization of SHS resulted in a 5.87-fold enhancement
in exosome uptake through the creation of microchannels. Subse-
quent in vivo experiments conducted on photoaged mice demon-
strated that the concurrent administration of HuMSC-Exos and
SHS yielded noteworthy anti-photoaging outcomes, encompass-
ing the reduction of micro-wrinkles, mitigation of histopatholog-
ical alterations, and stimulation of ECM component expression.
Conversely, the sole application of HuMSC-Exos exhibited consid-
erably weaker effects. The skin irritation test demonstrated that
the co-administration of HUMSC-Exos and SHS resulted in a mi-
nor degree of irritation, which promptly resolved.

Targeting strategy and EVs

Targeted strategies for drug delivery are a wonderful aspiration
for precision medicine, which not only avoids drug waste but also
drastically reduces drug side effects. Previous studies have shown
that EVs have a strong targeting ability, mainly due to plasma
membrane targeting, higher-order oligomerization, and protein
modification (e.g. myristoylation, prenylation, and palmitoylation)
[165-167].

Liposomes, tiny lipid vesicles surrounded by a membrane bi-
layer composed primarily of phospholipids and cholesterol, can
serve as an important drug delivery system because of their
amphiphilic nature, but their non-targeting, low potency, and
short half-life hinder their translational applications [168, 169].
These deficiencies can be significantly mitigated by appropri-
ate functionalization of these drug carriers with biological enti-
ties possessing the targeting characteristics and biological con-
structs of EVs. For example, the use of specific cell membrane-
encapsulated nanovesicles may offer promising delivery strate-
gies for clinical applications. Hu et al. [170] have devised a top-
down methodology for the concealment of poly (lactic-co-glycolic
acid) (PLGA) NPs using natural erythrocyte membranes. The resul-
tant NPs, camouflaged with membranes, have demonstrated re-
markable blood residence capabilities. The incorporation of mem-
brane lipids and associated membrane proteins has effectively
hindered macrophage-mediated particle clearance. Moreover, the
researchers employed a technique to conceal PLGA NPs using
plasma membranes derived from human platelets, thereby con-
ferring upon these NPs the immunomodulatory and adhesive
antigens typically found on platelets. Subsequently, these NPs
were utilized for the purpose of restoring impaired blood ves-
sels and addressing systemic infections induced by opportunistic
pathogens within a living organism [171]. Boada et al. [172] effec-
tively integrated proteins obtained from leukocyte plasma mem-
brane into lipid NPs, thereby creating biomimetic vesicles with the
purpose of specifically targeting inflamed vasculature. Evers et al.
[173] introduced novel types of hybrid NPs that combine EVs and
liposomes. The authors provided evidence in their study to sup-
port the notion that these hybrid NPs, which incorporate target
genes and EV-surface markers, facilitate the precise delivery of
genes to particular cells. Zhou et al. [174] isolated tumor-derived
extracellular vesicles from hepatocellular carcinoma cells and re-
placed their contents to achieve targeting of tumor cells.

In addition to utilizing the characteristics of EVs to enhance
liposome targeting, studies have also been conducted to facil-
itate EV targeting to specific receptor cells through exogenous
peptides, proteins, or lipid-modified designed EVs [175]. Among

the specific preparation strategies, there are broadly two types
of schemes: genetic modification of parental cells and chemical
modification of preformed EVs [176]. The former can be accom-
plished by cloning protein sequences and connecting protein se-
quences with targeting potential to specific protein sequences, so
as to “anchor” specific proteins to the surface of vesicle mem-
branes. As an illustration, the C1C2 domain is situated at the C-
terminus of the fusion sequence. Upon expression in host cells,
the signal facilitates the transportation of the complete protein
into the secreted EV, thereby orienting the N-terminal region to-
wards the outer surface of the EV. This method has been used to
develop tumor vaccines and enhance the targeting of drug deliv-
ery systems [177-179]. Given the ability of rabies viral glycopro-
tein to specifically bind acetylcholine receptor (3], Alvarez-Erviti
et al. [180] engineered dendritic cells to express exosome mem-
brane protein Lamp?2b (a protein found abundantly in exosomal
membranes) fused with neuron-specific rabies viral glycoprotein
peptide, thereby achieving the targeting of vesicles to the nervous
system. As for the second method, Antes et al. [181] describe a
protocol to increase EV targeting, in their study, by means of an
EV membrane-anchoring platform called “cloaking” (consisting of
three components, including a DMPE phospholipid membrane an-
chor, a polyethylene glycol spacer and a conjugated streptavidin
platform molecule, to which any biotinylated molecule can be
coupled for EV decoration) to enhance vesicle uptake in cells of
interest by embedding tissue-specific antibodies or homing pep-
tides directly in vitro on the surface of the EV. membrane. Cao et
al. [182] used RGD-modified EV as a carrier to achieve the target-
ing of photothermal effectors to tumor cells. Qi et al. [183] devel-
oped a bifunctional superparamagnetic NP cluster based on ex-
osomes as a targeted drug delivery carrier for cancer treatment.
This exosome-based drug delivery carrier is superparamagnetic
at room temperature and responds more strongly to an external
magnetic field than a single superparamagnetic NP. These charac-
teristics enable exosomes to be isolated from the blood and target
diseased cells.

To date, no additional EV-targeting enhancements have been
reported for the treatment of skin aging. We believe that this may
be a future direction for research to enhance drug efficacy and
avoid side effects, e.g. targeting specific types of reparative cells
and providing a program that is specific to these types of cells.

Enrichment of specific inclusions in EV cargoes

Due to the increasing research on the mechanism of aging, itis ex-
pected that the characteristic of targeted transport of EVs will be
utilized to transport specific fragments of nucleic acids or proteins
into the target cytoplasm [184, 185]. Enrichment of EV inclusions
is also an important modification option for EVs.

Zhang et al. [125] found that circ_0011129, a non-coding circu-
lar RNA, functions as a miR-6732-5p adsorption sponge, thereby
impeding the degradation of type I collagen and the aggrega-
tion of elastin in a UVA-induced photoaging model of human
dermal fibroblast cells. To improve the in vivo stability and de-
livery efficiency of circRNAs, the authors prepared extracellular
vesicles loaded with circ_0011129 (3D-circc-sEV) by overexpress-
ing circ_0011129 in ADSCs and culturing them in a 3D bioreac-
tor. Finally, they demonstrated that 3D-circ-sEVs possess the abil-
ity to impede the cellular photoaging process and safeguard cells
against UVA radiation-induced harm as well as in a model of ox-
idative stress induced by H,O,. Gao et al. [124] utilized lentivirus
infection to obtain ADSCs and exosomes (OE-EX) that exhib-
ited high expression of miR-1246. They subsequently investigated
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the potential anti-photoaging effect of OE-EX on human skin
fibroblasts (HSFs) and Kunming mice. The findings demonstrated
that OE-EX displayed a more pronounced anti-photoaging effect,
which was attributed to its ability to significantly reduce MMP-1
levels through the inhibition of the MAPK/AP-1 signaling pathway.
Additionally, OE-EX effectively enhanced the secretion of type I
collagen by activating the TGF-beta/Smad pathway, thereby pre-
venting UV-induced IkB-«a degradation and NF-«B overexpression,
ultimately exerting an anti-inflammatory effect.

Due to size constraints, studies of EVs cargoes usually focus
on nucleic acids with small fragments (10-20 nt range), such as
miRNAs and small interfering RNAs. Larger nucleic acids such as
mRNA are more difficult to load into EVs [186]. Yang et al. [187]
conducted a study wherein they transfected different source cells
with plasmid DNAs and subsequently stimulated the cells using
a localized and temporary electrical stimulus. This stimulus fa-
cilitated the release of exosomes containing transcribed mRNAs
and targeting peptides. In comparison to bulk electroporation and
alternative methods for exosome production, cellular nanopora-
tion resulted in a significantly higher yield of exosomes, up to a
50-fold increase, and a substantial increase of >103-fold in ex-
osomal mRNA transcripts. This effect was observed even in cells
with initially low levels of exosome secretion. Using this approach,
called cellular nanoporation, You et al. [162] enriched mRNA en-
coding extracellular-matrix COL1A1 into EVs, which induced the
formation of collagen grafts and reduced the formation of wrin-
kles in collagen-depleted dermal tissues of mice with photoaged
skin.

Other administration routes

The needle-free injector has gained significant popularity in the
administration of local anesthesia and vaccines in humans, pri-
marily owing to its high levels of safety and effectiveness, par-
ticularly among individuals with a fear of needles [188]. The ef-
ficacy of needleless syringes in delivering exosomal treatments
was assessed by Hu et al. [188]. This method involves the pneu-
matic acceleration of exosomal solutions into the dermis of the
skin, resulting in reduced damage and pain, enhanced penetra-
tion and absorption, and improved suitability for cosmetic appli-
cations compared to conventional syringes. To investigate the im-
pact of these injection methods on the distribution of extracel-
lular vesicles in the dermis, the researchers employed a DID la-
beling technique. The findings indicate that the administration of
exosomes via syringe injection induces the aggregation of concen-
trated substances and inflammatory cells. Conversely, needleless
syringes do not exhibit these limitations. Furthermore, the minor
dermal injuries caused by needleless syringes are conducive to
the synthesis of collagen in the skin (Fig. 3) [189].

Conclusion and prospects

Skin aging can be divided into intrinsic aging and extrinsic aging,
which involves oxidative stress, telomere shortening, mitochon-
drial, melatonin, and miRNA changes, inflammaging, immunose-
nescence, and autophagy. There are several positive aspects of
MSC-EVs in delaying skin aging. Firstly, MSC-EVs accelerate the
proliferation and migration of HDFs and keratinocytes and inhibit
apoptosis, thus promoting skin tissue regeneration. Secondly, UV
radiation activates MAPK and NF-kB signaling pathways, leading
to an increase in MMPs. MSC-EVs inhibit the activation of these
signaling pathways to reverse the level of MMPs, thus promoting
ECM synthesis. Furthermore, MSC-EVs protects cells from oxida-

tive damage caused by excessive oxidative stress through acti-
vating the antioxidant defense system. In addition, MSC-EVs pos-
sess anti-inflammatory and immunomodulatory properties and
inhibit the release of inflammatory mediators. As for therapeu-
tic methods, local injection is the most common administration
method of MSC-EVs, and hydrogel preparation, MN, and needle-
free injection combination therapy has its own advantages. Engi-
neered EVs can carry specific cargoes for drug delivery according
to their targeting capabilities.

Compared to traditional stem cell therapy, MSC-EVs offer sev-
eral distinct advantages. Firstly, conventional stem cell therapy
often entails the direct transplantation of exogenous cells into
the patient’s body, a procedure that carries the risk of immune
rejection reactions. In contrast, EVs exhibit a lower propensity
for immune reactions due to their diminished immunogenicity,
which renders them more readily accepted by the patient’s im-
mune system, thereby reducing the likelihood of rejection [190,
191]. Secondly, the preparation of EVs is relatively straightfor-
ward, achievable through in vitro culture, and conducive to cry-
opreservation and long-term storage. These attributes greatly fa-
cilitate their clinical application and enhance treatment feasibil-
ity [192, 193]. Additionally, EVs convey a diverse array of bioac-
tive molecules encompassing proteins, nucleic acids, lipids, and
cytokines. These molecular constituents play pivotal roles in mod-
ulating immune responses, facilitating tissue repair, and exerting
anti-inflammatory effects, among other functions. Consequently,
EVs hold substantial promise in the treatment of diverse diseases
[185,194]. Moreover, EV-based therapy affords expanded prospects
for personalized medicine, allowing for customization accord-
ing to individual patient conditions and needs, thereby achieving
more precise therapeutic outcomes. In summary, MSC-EVs rep-
resent promising candidate drugs for addressing skin aging and
related conditions.

Nonetheless, despite the remarkable strides made in this field,
numerous pivotal issues remain that require attention. Firstly, the
composition and effectiveness of EV therapy may be influenced
by various factors, including donor variability, culture conditions,
isolation and purification methods, and more. This variability in-
troduces uncertainty to the therapeutic outcomes and poses a sig-
nificant challenge to standardizing the quality of EVs. The prepa-
ration, storage, and application of EV therapy requires specialized
laboratory conditions and technology. Large-scale production can
significantly increase costs, especially in healthcare systems with
limited resources. Proper storage conditions are crucial for main-
taining the activity and quality of EVs, often necessitating the use
of specialized freezing equipment and storage facilities. During
the application phase, introducing EV therapy to patients requires
adherence to high standards of laboratory procedures and tech-
nology to ensure the safety and effectiveness of the treatment
[193, 195].

Secondly, determining the optimal dosage and most suitable
administration methods for EV therapy remains a complex task.
Insufficient dosage may fail to produce therapeutic effects, while
excessive dosage may pose unnecessary risks. Further research is
needed to clarify the optimal dosage of EVs and the most effec-
tive methods for their delivery into the patient’s body. Regarding
human skin, the delivery of EVs may face some obstacles. The bar-
rier function of the skin’s surface stratum corneum may limit the
penetration of EVs. The immune system present in the skin may
lead to immune rejection reactions against EVs [189, 196]. Fac-
tors such as hair follicles, skin pH, humidity, and other physic-
ochemical properties can also affect the penetration efficiency
of EVs.
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Moreover, although MSC-EVs are generally considered
relatively safe, safety considerations are crucial in clinical
applications [89]. This becomes particularly prominent in the
context of long-term treatments, requiring enhanced review and
monitoring of potential adverse reactions. During the clinical
application process, careful monitoring of patients is necessary to
ensure that the treatment does not trigger unexpected immune
responses or other adverse events. Meanwhile, more in-depth
research is needed regarding the sustainability and long-term
stability of the therapeutic effects of EVs. For instance, it is
crucial to investigate whether EVs, after being delivered into the
skin, can remain stably present and exert continuous effects.
The clearance and metabolism mechanisms of EVs by the skin
may impact the sustainability of the treatment. A recent study
indicates that encapsulating COL1A1-mRNA into EVs can reduce
the formation of wrinkles in photoaged mice. After low-dose
injection, COL1A1 was significantly increased in local skin tissue
at 12 h, peaked on the fourth day, and returned to baseline levels
by day 30. However, EVs delivered via HA MNs exhibited better
dispersion in the dermal layer, leading to a substantial reduction
in wrinkles for up to 70 days with the initial dosage [162].

While the therapeutic potential of EVs in combating skin ag-
ing is substantial, further in-depth studies are imperative to elu-
cidate the underlying mechanisms comprehensively. Formal clin-
ical adoption of MSC-EVs for the treatment of skin aging requires
continued research efforts.
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