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Facial aesthetics involve the application of non-invasive or minimally invasive techniques to improve facial appearance.
Extracellular vesicles (EVs) are attracting much interest as nanocarriers in facial aesthetics due to their lipid bilayer
membrane, nanosized dimensions, biological origin, intercellular communication ability, and capability to modulate the
molecular activities of recipient cells that play important roles in skin rejuvenation. Therefore, EVs have been suggested to
have therapeutic potential in improving skin conditions, and these highlighted the potential to develop EV-based cosmetic
products.
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| 1. Introduction

Cosmetics have been used for thousands of years and have become a part of human lifestyles. They are applied to
different parts of the human body to promote or modify the appearance to make it look more attractive. Among them,
facial aesthetics is a form of cosmetic therapy that involves the application of non-invasive or minimally invasive
techniques to improve facial appearance. Nowadays, consumers have a growing awareness about enhancing their facial
appearance. They are paying more attention to the functionality and effectiveness over the price of the cosmetics 2. Many
efforts have been made to improve existing technologies and develop new technologies . At the same time,
cosmeceuticals, which are defined as cosmetic products that perform medical benefits for skin enhancement, are
introduced &1,

Currently, nanotechnology is a rapidly growing field in cosmeceutical formulation design and development. This is
because nanoparticles (NPs) can achieve otherwise unattainable goals using conventional technologies. NPs can
improve the formulation by serving as a carrier for active ingredients. NPs have excellent skin penetration and tuneable
release profile, thus enhancing the bioavailability and efficacy of the active ingredients, providing longer-lasting effects,
and reducing the risk of adverse effects 2. A combination of nanotechnology with cosmeceuticals that integrates active
ingredients with skin improvement effects is known as nano-cosmeceuticals [4. This approach allowed ready absorbance
of active ingredients onto skin as they are packaged within the nanocarriers, subsequently exerting enhanced cosmetic
and therapeutic effects to improve the skin appearance. The most commonly used nanocarriers in the cosmeceutical field
include liposomes, niosomes, solid lipid nanoparticles, nanocapsules, micelles, dendrimers, and metal nanoparticles &,
However, some of these NPs may produce toxicity or undesired side effects, such as the activation of the innate immune
system, inflammation, and skin irritation, due to their composition, particle size, and charge €.

In response to these issues, extracellular vesicles (EVs) are attracting much interest in the cosmeceutical field due to their
suitable biological characteristics. EVs are lipid bilayer NPs released from almost all cell types into the extracellular space.
Generally, EVs are classified into three types based on their size and biogenesis: exosomes (50-150 nm in diameter),
microvesicles (MVs) (100-1000 nm in diameter), and apoptotic bodies (500-5000 nm in diameter) A&, Exosomes are
generated via the endosomal pathway, which involves inward budding of plasma membrane resulting in the formation of
multivesicular bodies (MVBSs). Then, a fusion of MVBs with the plasma membrane releases the intraluminal vesicles (ILVs)
in MVBs into the extracellular space, giving rise to exosomes [&. MVs are formed by local deformation and direct blebbing
of the plasma membrane, while apoptotic bodies are formed due to cellular disassembly during programmed cell death 1%

[,
| 2. Applications of Extracellular Vesicles in Facial Aesthetics
2.1. Anti-Scarring

2.1.1. Scar Formation



Scars are associated with poor aesthetic appearance. Thus, mitigating scar formation is one of the main targets of
cosmeceuticals. Scar formation is the outcome of three distinct but overlapping wound healing phases: the inflammatory,
proliferation, and remodeling phases 2. It involves interaction between multiple cell types, including keratinocytes,
endothelial cells, fibroblasts, platelets and macrophages, and various biochemical factors produced by these cells 31,
Keratinocytes and fibroblasts are the most critical cell types that participate in wound healing by modulating the tissue
regeneration processes, including extracellular matrix (ECM) deposition and remodeling (4],

Upon injury, the complement and coagulation cascades are activated to form a platelet plug to stop the bleeding. At the
same time, the immune system is activated to initiate the inflammation, a hallmark of the inflammatory phase that lasts for
two to three days. Then, the proliferative phase, which may last for three to six weeks, will occur. The proliferative phase is
characterized by the development of granulation tissue and re-epithelialization. The proliferation of keratinocytes and
migration of adjacent cells to the damaged tissues happen continuously until the wound is healed, concurrently with the
formation of new blood vessels 13, The new vessel formation is crucial, as it delivers oxygen and nutrition to meet the
metabolic demand of the actively proliferating cells 121, In the late proliferative phase, a portion of fibroblasts is activated
and differentiated into myofibroblasts, producing abundant ECM. When the wound is closed, it enters the remodeling
stage. At this point, excessive type Il collagen (Col I1) will be degraded and replaced with matured type | collagen (Col I).
The remodeling phase will last from 2 weeks to more than 1 year 23l The extent of scar formation is influenced by the

intensity and duration of inflammation, the amount of collagen produced, and the deficiency in excessive collagen removal
[16]

Fibronectin, decorin, and elastin are also involved in ECM remodeling. Fibronectin is essential in all stages of wound
healing because it is involved in restoring tissue architecture and cellular processes such as adhesion, spreading,
proliferation, migration, angiogenesis, and apoptosis. Moreover, fibronectin can create stable collagen I/111 fibrillar network
via an integrin-dependent mechanism, which is critical in restoring normal skin architecture 14, The synthesis of elastin is
critical during wound healing to ensure the reformation of elastic fiber network in the scar tissue to maintain the elasticity
of the regenerated skin 8. Decorin is a proteoglycan component that is involved in ECM construction and promotes
cutaneous wound repair 19,

The inflammatory reaction is closely associated with scar formation. Macrophages are essential players in the transition
from the inflammatory to the proliferative phases of wound healing. They modulate the wound healing process to control
the extent of scar formation. They can stimulate ECM protein synthesis for tissue regeneration and healing and are
closely associated with fibrosis 29, In addition, several inflammatory chemokines and cytokines have been associated
with fibrosis. Monocyte chemoattractant protein-1 (MCP-1) enhances wound healing by regulating the migration and
infiltration of macrophages and monocytes 21 as well as stimulating collagen synthesis by fibroblasts 22 and the
migration of endothelial cells 3. Tumor necrosis factor-alpha (TNF-a), interleukin-1 beta (IL-1B), and interleukin-6 (IL-6)
are pro-inflammatory cytokines produced by M1 macrophages that are linked to scar formation 2423, Tumor necrosis
factor (TNF)-stimulated gene-6 (TSG-6) is released due to tissue damage and inflammation. It functions to suppress
pathological scarring via inhibiting inflammation and reducing collagen deposition [28],

ECM is composed of many components, such as collagen, fibronectin, proteoglycans, laminin, elastin, hyaluronan, and
glycoproteins. Collagen is the most abundant ECM of skin. Therefore, collagen synthesis and breakdown are the critical
factors in scar formation. Transforming growth factor-beta (TGF-f), myofibroblasts, matrix metalloproteinases (MMPSs),
and tissue inhibitors of MMPs (TIMPs) are the primary regulators of collagen remodeling. Myofibroblasts are trans-
differentiated from fibroblasts in response to skin injury and are characterized by the high expression of alpha-smooth
muscle actin (a-SMA). Myofibroblasts play a crucial role in cutaneous wound healing by stimulating collagen synthesis,
notably Col I and Col Ill for ECM remodeling 2. The persistent presence of myofibroblasts during the later phases of
wound healing is known to cause scar formation 2829 Myofibroblasts are mainly regulated by the TGF-B isoforms,
particularly TGF-3 and TGF-B1. TGF-B3 acts as a scar prevention and reduction factor due to its ability to inhibit
myofibroblast differentiation, whereas TGF-B1 promotes myofibroblast differentiation and granulation tissue formation that
lead to scar formation (22,

TGF-B is also known to regulate the expression of MMPs. MMPs are a group of zinc-dependent extracellular proteinases
which remodel the ECM. In scar tissue, lower expression of MMPs results in collagen deposition, which leads to scar
formation B, There are three predominant groups of MMPs: collagenases, gelatinases, and stromelysins, responsible for
degrading basement membrane collagen and denatured structural collagens 2. MMP-1 and MMP-3 can be used as scar
formation indicators. MMP-1 facilitates keratinocyte migration on collagen, which is vital in initiating the re-epithelialization
process 28l In addition, MMP-1 also breaks down the excessive collagen matrix to mediate collagen remodeling during
wound healing and wound bed maturation 4. MMP-3, also known as stromelysin-1, involves the degradation of



basement membrane collagen and activation of MMP-1. In addition, MMP-3 exerts a unique function in the early healing
phase by initiating wound contraction, which involves interaction between wound fibroblasts and the surrounding ECM £,
Generally, MMPs inhibit collagen deposition during ECM remodeling and contribute to scarring resolution B4, However,
the biological activity of MMPs can be countered by TIMPs, especially TIMP-1 and TIMP-2 B8l The ratio of MMPs and
TIMPs has been suggested to promote scarless restoration E71.

2.1.2. Extracellular Vesicles in Reducing Scar Formation: Evidence and Clues

Several options, including surgery, laser therapy, chemical peels, dermabrasion, injection with steroid or collagen, and
ointment, are available to minimize or remove scarring. EVs have gained interest as a biologic to reduce and remove
scarring, regulate inflammation, and stimulate cell migration, proliferation, and matrix reconstruction. Many studies have
been performed to investigate the role of EVs in scar reduction. Overall, most studies revealed that EVs could accelerate
wound healing and promote scarless healing with well-reorganized collagen fibers with less cross-linking and a more
flattened epidermis surface. The studies also showed that EVs could promote skin cells’ proliferation, migration, and
angiogenesis.

Li et al. demonstrated that adipose tissue-derived mesenchymal stem cell (ADSC)-derived EVs inhibited the migration and
proliferation of hypertrophic scar tissue-derived fibroblasts (HSFs) in vitro and reduced the collagen deposition in a mouse
full-thickness wound model to attenuate fibrosis 2. These results contradict studies that found that MSC-derived EVs
could increase collagen deposition and stimulate fibroblast proliferation and migration during wound healing 28, indicating
that EVs exerted different influences on cells in normal and pathological conditions.

As stated before, the regulation of collagen synthesis is the determining point in scar formation. However, the collagen
expression patterns varied between the studies. While some studies found that EV treatment could help to increase Col |
and Col Il synthesis B4 others have shown increased Col Il and decreased Col | production BY. On the other hand,
some studies revealed that EV treatment decreased Col | synthesis 214243l and some found that both Col | and Col Il
synthesis were reduced with EV therapy [28127]144l45]  Several factors might influence the discrepant results. Firstly,
collagen synthesis depends on the stages of wound healing. In the early stage of healing, collagen synthesis is necessary
to form granulation tissue that supports skin regeneration. While in the remodeling phase, collagen deposition is reduced
to avoid excessive scar tissue formation. Moreover, the ratio of Col I: Col Ill is also an important criterion during ECM
remodeling to restore normal skin architecture B8] |n the initial stage of healing, the ratio of Col Ill to Col | expression
increases, and the ratio will decrease during scar maturation 2. Secondly, variations in EV source, preparation and
dosage used in every study also contributed to the discrepant findings.

Collagen synthesis is chiefly modulated by myofibroblasts, TGF-3, TGF-f1, MMPs and TIMPs. Many studies showed
that a-SMA expression was reduced after EV treatment, indicating the reduced myofibroblast differentiation. Besides, EV
treatment decreased the TGF-B1 level L4I261304147] 5 increased the TGF-B3 level 39148l Fyrthermore, some studies
showed that EV treatment increased the expression of MMP-1 [2AE1H5] gng MMP-3 349 A study found that MMP-2 and
MMP-14 were downregulated and MMP-13 increased with EV treatment during fibroblast—-myofibroblast transition =9,
MMP-2 and MMP-14 involve in collagen remodeling, whereby they degrade the collagen and elastin fibers 2. MMP-13 is
an interstitial collagenase that coordinates cellular activities such as the motility and contractility force important in the
growth and maturation of granulation tissue 5. TIMP, as the regulator of MMPs, also has been investigated. Zhao et al.
found that the expression of TIMPs was slightly increased, while Zhang et al. and Wang et al. reported a reduction in
TIMPs with EV treatment. Nonetheless, the ratio of MMP to TIMP was found to increase in these studies. These results
are consistent with other studies that showed that a higher MMP: TIMP ratio could promote scarless repair BUEZ, gy
treatment also leads to an increase in the expression of elastin 4942l as well as the expression of fibronectin 4259 and
decorin 2 in fibroblasts.

Intense inflammation has been linked with excessive scar tissue formation B2, Jiang et al. reported that exosomes
derived from TSG-6 modified MSCs suppressed scar formation during wound healing by subsiding the inflammation, as
indicated by the reduced levels of MCP-1, TNF-a, IL-1b, and IL-6 in the scar tissues (281, However, Tutuianu et al. showed
that exosomes derived from bone marrow-derived MSCs (BM-MSC-Exos) insignificantly reduce the inflammatory cytokine
expression, i.e., TNF-q, of the activated macrophages. Therefore, further investigation is needed to investigate the role of
EVs in cutaneous wound inflammation.

2.2. Anti-Aging

2.2.1. Skin Aging



Skin aging is a natural process reflected through changes in appearance such as wrinkles, sagging, fragility, and
impairment in skin tone and texture. There are two types of skin aging, which are intrinsic aging (age-dependent aging)
and extrinsic aging (environmental factor-mediated aging) B3, Both aging types showed weakened dermal structure with
poor mechanical integrity. This is because dermal fibroblasts gradually lose their regenerative capacity and ability to
synthesize structural components such as collagen, elastin, and fibronectin B4, Moreover, aging skin has poorer
epidermal renewal capacity, which results in epidermal thinning. Ultraviolet (UV)-induced DNA damage in keratinocytes
resulted in aberrant cell proliferation 251381, |n addition, the photoaged skin also showed the characteristics of uneven
epidermal thickness and pigmentation, capillary regression and disorganization, decreased collagen matrix, accumulation
of reticular fibers, elastic fibers denaturation, and sebaceous gland hyperplasia (28],

The balance between collagen synthesis and breakdown is critical to maintaining skin renewal and youthfulness. Col | and
Col Ill account for 80-85% and 10-15%, respectively, of the total collagen in the skin B4, with age, the proportion of Col |
declines whilst the amount of Col Il increases, especially in ultraviolet B-rays (UVB)-exposed areas 28], Besides, the
MMPs level will increase, and the TIMPs level will decrease in extrinsic and intrinsic aging 8. MMPs are activated by the
reactive oxygen species (ROS) to fragment and degrade the ECM proteins B2, TIMPs involves in skin aging indirectly by
regulating the MMPs. In addition, TIMPs also have been shown to suppress apoptosis and enhance the proliferation of
fibroblasts BYE1, The changes in MMPs and TIMPs levels with age lead to impaired collagen homeostasis. Besides, the
expression of TGF-f3 that is involved in cell proliferation, differentiation, migration, and matrix synthesis is reduced in the
photoaging skin due to the interference in the TGF- signaling pathway 2. All these changes lead to collagen and elastic
fibers disorganization. Eventually, the skin becomes slack and collapses, resulting in wrinkle formation.

Besides that, inflammatory and pro-apoptotic factors are also involved in skin aging. They are elevated in senescence
fibroblasts, resulting in the production of MMPs that drive ECM destruction (63](641[65] ' Fyrthermore, the inflammation and
ROS act synergistically to promote MMP activation, exacerbating the ECM damage B3. Apart from the degradation of
ECM protein, ROS also causes oxidative denaturation of macromolecular substances, such as nucleic acids and proteins,
leading to DNA damage, cell cycle arrest, and cell apoptosis €8],

2.2.2. EVs in Anti-Aging: Evidence and Clues

In the past, several anti-aging strategies, i.e., cosmetics, chemical peel, phototherapy, and micro-needling, have been
introduced to improve the appearance of aging skin 4. However, the improvement observed does not last for long. As a
result, EVs have been investigated as a potential candidate that might provide better results, as they play a substantial
role in influencing many processes involved in skin aging.

EVs have been reported to promote the migration and proliferation of fibroblasts in many studies 55888169 peng et al.
and Xu et al. found that EV therapies rescued the fibroblasts from cell cycle arrest and decreased the expression of cell
cycle arrest-related proteins P53 and P21 5879 Oh et al. showed that human iPSC-derived exosomes (iPSC-Exo)
abrogated the production of senescence-associated B-galactosidase (SA-B-Gal), which is a biomarker of senescent
fibroblasts [€8l. Similarly, Deng et al. observed that EV therapy protected the fibroblasts from UVB-induced senescence
[79, These findings showed that EV therapy could prevent fibroblast senescence and restore the regenerative capability of
aging fibroblasts. Adipose-derived stem cell extracellular vesicles (ADSC-EVs) promote epidermal cell proliferation,
decrease the epidermal thickness and increase dermal thickness B2, On top of that, Liang et al. demonstrated that ADSC-
EVs also corrected the abnormal thickening of the epidermis and aberrant proliferation of stratum basale cells 58!,

Various studies also showed the elevation of Col | expression and the reduction of MMPs expressions with EV treatment
[B5]56I68I6970I7A]  However, contradictory findings have been reported for Col 1l expression, whereby Choi et al. and Go
et al. reported an increment in the expression of this protein whilst Liang et al. saw a reduction. This discrepancy might be
due to the variation in the models used (in vitro model vs. in vivo model). Therefore, further research using the in vivo
model is required to confirm changes in Col Ill expression. Choi et al. extended that EV treatment can intervene in the
UVB-mediated decrease in Col Il and V B2, In addition, the decreased elastin and fibronectin B4 as well as TGF-Bs
and TIMPs 89 induced by UV irradiation, were also restored by EV treatment.

Besides, EV treatment reduces ROS generation that mediated UV-induced skin aging B3IE8I7AI72] Wy et al. found that
treatment with umbilical cord-derived MSC exosome (UC-MSC-Exo) healed the UV-radiation induced skin photodamage
in vivo by speeding up the ROS clearance, promoting autophagy activation, improving DNA repairability, and reducing cell
apoptosis €8, The rearchers attributed the improvement to the 14-3-3Z protein delivered by the UC-MSC-Exo, which
enhanced the expression of keratinocytes’ Sirtuin 1 (SIRT1) under oxidative stress conditions. In another study, Deng et
al. discovered that EV treatment elevated the expression of glutathione peroxidase 1 (GPX-1) to reduce oxidative stress
and UVB-induced cell aging Z9. On the other hand, Xu et al. discovered that ADSC-EV treatment reduced ROS



generation by boosting the expression of the antioxidant enzymes, i.e., superoxide dismutase type 1 (SOD-1) and
catalase (CAT) B2, |n addition, ADSC-EV treatment also attenuated macrophage infiltration stimulated by UVB and
suppressed MO to M1 macrophage polarization in response to activation by proinflammatory stimuli. Besides, ADSC-EVs
also suppressed the activation of the Nuclear factor kappa B (NF-kB) 1 signaling pathway that regulates inflammatory cell
proliferation, activation, and cytokine production. These results showed that EV treatment could upregulate the expression
of antioxidant enzymes to reduce the oxidative stress induced by UVB irradiation.

2.3. Anti-Pigmentation
2.3.1. Skin Pigmentation

Hyperpigmentation is a common skin problem that affects people of all skin types. Generally, skin pigmentation happens
through the synthesis and distribution of melanin particles between melanocytes and keratinocytes in the epidermal layer
78 Melanin is synthesized to defend the human skin from damaging UV radiation, toxic chemicals, and other
environmental variables and in response to intracellular factors such as keratinocytes-derived cytokines 4. However,
excessive melanin production causes hyperpigmentation and cutaneous issues such as freckles, age spots, and
melasma. There are three essential processes involved in skin pigmentation: melanin synthesis, melanosome
transportation to adjacent keratinocytes, and melanosome degradation 31,

Melanin production is controlled by numerous intracellular signaling systems, with cyclic adenosine monophosphate
(cAMP)-dependent signaling pathways serving as the primary driver of melanogenesis. When keratinocytes are exposed
to UV, they will release alpha-melanocyte-stimulating hormone (a-MSH), which will bind to the melanocortin 1 receptor
(MC1R) on the melanocyte surface, resulting in activation of cAMP cascades. Activation of cAMP will then induce the
expression of microphthalmia-associated transcription factor (MITF). MITF is a master regulator for melanogenesis-
related proteins, including tyrosinase (TYR), tyrosinase-related protein 1 (TYRP1), and tyrosinase-related protein 2
(TYRP2), which are critical in melanin synthesis 22, TYR is a multifunctional copper-dependent enzyme that catalyzes the
conversion of L-tyrosine to Levodopa (L-DOPA), which is the rate-limiting step in melanin production &, TYRP1 activates
and stabilizes TYR for melanin synthesis 4, whereas TYRP2 is involved in the early phases of melanin synthesis and
melanocyte development, survival, and function [z8], They are found in the membrane of melanosomes and interact with
one another to regulate melanin formation 2. Keratinocyte is the final destination of melanosomes. Thus, the total
number of melanosomes in keratinocytes significantly impacts skin pigmentation. Autophagy is an essential regulator of
skin pigmentation by regulating the melanosome degradation in keratinocytes and melanocytes €9,

2.3.2. Extracellular Vesicles in Regulation of Skin Pigmentation: Evidence and Clues

Recently, evidence has demonstrated that EV treatment can slow down UVB-stimulated melanin production and promote
melanosome degradation. This showed that EVs contain factors that can avoid skin hyperpigmentation. Keratinocyte- and
amniotic stem cell-derived EVs have been found to reduce cellular melanin content by lowering the critical
melanogenesis-related proteins (TYR, TYRP1, and TYRP2) and MITF that regulates these proteins 23] |n addition,
Wang et al. also discovered that EVs promote melanosome degradation by activating autophagy in the Murine melanoma
cell line from a C57BL/6J mouse (B16F10 melanoma cells) (2l The rearchers attributed the anti-pigmentation effects of
EVs to the miR-330-5p, miR-181a-5p, and miR-199a content. Besides, UV exposure induced EV production by
melanocytes 4. The melanocyte-derived EVs induced the anti-apoptotic signaling and enhanced the proliferation and
migration of keratinocytes /4. These results revealed that EVs could reduce skin pigmentation under normal conditions
and act as paracrine factors to lessen the damage brought by UV exposure.

| 3. Advanced Delivery Strategy for EVs

Although EVs are absorbed by human skin when applied topically, their penetration is limited to the stratum corneum,
whereby less than 1% of the EVs were found to penetrate the stratum corneum and localized in the stratum granulosum
[l |mproving skin penetration is critical to maximizing the function of EVs applied topically. Therefore, various physical
and chemical penetration enhancing technologies were explored to increase the absorption of EVs into the skin, including
microneedles, and incorporated with hydrogel and scaffold.

3.1. Physical Penetration

Microneedles (MN) or micro-needling device consists of multiple micron-sized needles has been used for transdermal
delivery of drugs with the advantages of being safe, painless, convenient, and non-invasive. It allows drugs to directly
reach the dermal tissue by creating plenty of microholes to bypass the stratum corneum barrier 82, Cao et al. found that a
combination of microneedle and ADSC-EVs exhibited promising anti-aging effects in photoaging skin in vivo, as indicated



by the least wrinkles, the maximum collagen density, and the most organized collagen fibers compared to the other
groups 83l There is also a decrease in epidermal thickness and improved skin barrier function with higher stratum
corneum hydration values and lower trans-epidermal water loss (TEWL).

In another study, marine sponge Haliclona sp. spicules (SHSs), a novel kind of microneedles in nature, were used to
enhance skin delivery of hydrophilic biomacromolecules. Using SHSs, over 1000 microchannels could be created per
mm? of skin through simple massage 4. These microchannels allow UC-MSC-Exo to penetrate into the skin in vivo to
repair the photoaging skin by decreasing epidermal hyperplasia and restoring the wavy dermal-epidermal junction [£3l, |n
addition, combined treatment with SHSs and UC-MSC-Exo reduced the micro wrinkles and gene expression of MMP-1,
and increased the gene expression of Col |, elastin, and fibronectin. The rearchers attributed the improvements to SHSs,
which considerably increase skin absorption of exosomes, whereby most of the exosomes were found in the deeper skin
layer.

Alternatively, a needle-free jet injector also can be used to deliver drugs across the skin, through the epidermis and deep
into the dermal layer using a high-pressure jet of fluid medication B8, This new injection method is superior to the
conventional syringe-based technique, whereby it can reduce pain and harm and provide greater penetration and
absorption. The needle-free jet injector successfully increased the entry of exosomes into the dermis in a manner that is
more effective than topical application B4, In vivo, the UVB-induced skin photoaging began to show visible results three
weeks after receiving a single EV injection. The EV-treated skin has the most superficial and thinner wrinkles, plentiful
collagen fibers, compact stratum corneum, and thinnest epidermal layer.

These findings suggested that MN, SHSs, and needle-free injectors create pores that allow EVs to penetrate through the
epidermis and reach the dermis to enhance the therapeutic efficacy of EVs in reversing photoaging.

3.2. Hydrogel/Biomaterials-Based Dressings

Apart from limited skin penetration, EVs have a relatively short half-life in skin because of their rapid clearance by body
fluids such as sweat and exposure to external stimuli. As a result, establishing a sustained delivery mechanism for EVs is
critical to optimizing the therapeutic effect of EVs in the skin. Hydrogels have been frequently used for the sustained
release of pharmaceuticals. They are hydrophilic polymers that can swell in water and hold a high amount of water while
keeping their structure. Hydrogels are highly porous, can hold a high concentration of pharmaceutical agents, and can be
used to facilitate controlled release by fine-tuning their physicochemical properties BZ. Recent research has investigated
the potential of using natural and synthetic hydrogels such as alginate (Alg), chitosan (CS), fibrin, gelatin, poloxamer 407,
and polyethylene glycol (PEG) to deliver EVs to the skin. Generally, better skin improvement was seen when hydrogels
were used as EV carriers.

Alg is a polysaccharide polymer found in marine brown algae and has been widely used for the controlled release of
drugs. Its advantages include having excellent biocompatibility, being easy to prepare, low cost, and pharmacologically
inert (biocompatible and not influencing the pharmacological effect of drugs), and being able to be administered via
minimally invasive techniques to achieve the continuous release of encapsulated drugs 8. Due to these advantages, a
few recent studies used Alg-based hydrogels for the cutaneous delivery of EVs. Shafei et al. used Alg hydrogels to
preserve the exosomes at the wound site in a full-thickness excisional wound model in rats. The hydrogel permitted
sustained release of ADSC-Exo for up to 172 h. Consequently, significant improvements in wound closure, collagen
synthesis, and vessel formation were recorded in wounds treated with Alg-Exo hydrogel B9, In other studies, Alg hydrogel
was combined with synthetic polymers to enhance its physicochemical properties to prevent sudden burst release that
causes drug leakage and overdose 29, Shen et al. prepared bilayered thiolated Alg/PEG diacrylate (BSSPD) hydrogel.
They used it to sequentially deliver BMSC-EVs (normal BMSC-EVs at the upper layer and miR-29b-3p-enriched EVs at
the lower layer) to promote full-thickness wound healing in rats and rabbit ears 48], The result showed that the EV-loaded
BSSPD hydrogel was compatible and could promote wound healing. The healed wounds showed more systematic
collagen organization (higher thickness with reduced Col I/lll ratio) and vasculature with less fibrosis (lower protrusion
height and scar elevation index).

CS hydrogels are also used to achieve the sustained release of active ingredients. CS is a natural poly-cationic
biopolymer that is biocompatible and biodegradable 1. In addition, it also possesses features such as thermal sensors,
loose porous microstructure antimicrobial, mucous adhesive, and non-toxic that render it suitable for topical drug delivery
92 The rearchers found that the delivery of exosomes derived from human endometrial stem cells (hEnSCs-Exo)
incorporated in CS-glycerol hydrogels significantly reduced the healing time and enhanced re-epithelialization, improved
formation of skin appendages, reduced immature granulation tissue, and promoted vascularization and angiogenesis [231,
Another study also revealed that CS hydrogels could extend the release of EVs and significantly improved EV retention in



vivo B3l After CS-EV treatment, the aging skin demonstrated signs of rejuvenation, whereby the rearchers observed
higher collagen expression and tissue structure restoration. In addition, CS-EVs exerted an anti-aging effect by promoting
ECM remodeling whereby the expressions of Col I, Col Ill, TIMP-1, and TIMP-2 increased, and the expressions of SA-§3-
gal, MMP-1, MMP-2, MMP-3, and MMP-9 decreased. Carboxymethyl CS (CMCS) is a CS derivative that shares similar
properties as its parent compound but with water solubility in a wider pH range. In the study of Li et al., UC-MSC-Exo was
loaded in CMCS/poloxamer 407 hydrogels crosslinked with genipin 24, The hydrogels showed sustained release of UC-
MSC-Exo. In vivo wound healing study showed that the EV-loaded CMCS/poloxamer 407 hydrogels accelerated wound
healing, promoted regeneration of dermal appendages, stimulated collagen deposition and organization, and subsided
inflammation by attenuating TNF-a and IL-13 expressions.

Gelatin methacryloyl (GelMA) hydrogel is a gelatin derivative widely used in various biomedical applications due to its
ability to mimic the ECM properties and customizable physical characteristics 22, Zhao et al. combined GelMA hydrogel
with human umbilical vein endothelial cells-derived exosome (HUVEC-Exo) and applied it to the full-thickness cutaneous
wounds. They found that the hydrogel could encapsulate and promote the sustained release of HUVEC-Exo. The treated
wounds had faster re-epithelialization, improvement in collagen maturity, and better angiogenesis 281,

Fibrin gel (FG) is a biodegradable biomaterial prepared from fibrinogen and thrombin and is often used to stop bleeding
and promote wound healing. FG can be locally injected, permit controlled release of active ingredients, and enhance
wound healing. Thus, it is an ideal drug carrier. Oh et al. incorporated L929 murine fibroblast cell line-derived EVs (L929-
EVs) in FG to facilitate retention of L929-EVs at the wound site. The results showed that L929-EVs loaded FG supported
scarless wound healing in a full-thickness wound model via the acceleration of the wound closure rate, the promotion of
collagen formation and maturation, and the simulation of angiogenesis &I,

HydroMatrix is a synthetic peptide nanofiber scaffold developed for cell culture and tissue engineering. It can self-
assemble into a three-dimensional hydrogel in response to changes in temperature and ionic strength. HydroMatrix can
sustain the proliferation of many cells and has been used as a carrier to retain EVs on the target site 28, According to
Duan et al., HydroMatrix loaded with epidermal stem cells-derived exosome (EPSC-Exo) hastened wound healing and
reduced scar formation in a full-thickness wound model 22, Besides, EPSC-Exo also promoted the regeneration of skin
appendages, nerves, and vessels, stimulated the normal distribution of collagen, and reduced myofiber formation by
inhibiting the TGF-B1 expression. In a separate study, HydroMatrix carrying three-dimensional (3D) cultured perivascular
cell-derived EVs (PVC-EVs) significantly improved wound contraction, activation of myofibroblasts, and collagen
deposition of full-thickness skin defect model in rats compared to HydroMatrix with two-dimensional (2D) cultured PVC-
EVs 199 | addition, PVC-EVs also enhanced the expression of vascular endothelial growth factor (VEGF) and
angiogenesis.

| 4. Plant EVs in Skin Improvement

Plant EVs were discovered in the 1960s, but little is known about them. A recent review suggested that plant EVs are
involved in plant immune system modulation, plant defense response, plant-microbe symbiosis, and mediate intercellular
communication and cross-kingdom communication by shuttling RNAs, proteins, and bioactive compounds 1041102 p|gnt
EVs share many properties with mammalian and bacterial EVs, and they have huge therapeutic potential, including anti-
inflammatory, anti-tumor, mammalian microbiota modulation, and drug delivery 293, Studies explored the application of
plant EVs in skin diseases and found that they promoted skin regeneration just like mammalian EVs (124, These findings
aroused increasing interest in plant EVs in the cosmeceutical field, highlighting them as an ‘animal-free ingredient’ (1921,

Ingredients from marine sources have been discovered to have various biological activities, including the regulation of
skin pigmentation. EVs from Codium fragile and Sargassum fusiforme have been shown to reduce a-MSH-mediated spots
and downregulate melanogenesis-related proteins, namely TYR, TYRP-1, and MITF in human melanoma cell line (MNT-
1) 193] Both EVs were found to exert anti-melanogenic effects by inhibiting melanogenesis in the epidermal basal layer in
a 3D epidermal model. A clinical study conducted on 21 healthy female subjects found that applying a prototype cream
with 5 pg/mL of C. fragile once a day for 4 weeks improved skin whitening by 0.94% and 1.31% at two weeks and four
weeks, respectively.

In a different study, researchers investigated the anti-melanogenic effects of EVs derived from the leaves (LEVs) and
stems (SEVs) of Dendropanax morbifera and found that both EVs exhibited no cytotoxicity and exerted a whitening effect
in the Mouse cell line derived from melanoma (B16BL6 melanoma cell) by reducing the melanin levels 2. However,
LEVs demonstrated better anti-melanogenic effects compared to SEVs. LEVs regulated genes and proteins related to
melanogenesis and significantly inhibited the melanin synthesis in a human epidermis model.



Aloe vera is one of the most extensively used antioxidant sources in the cosmetology and medical field due to its anti-
inflammatory, anti-aging, antibacterial, antitumor, and pro-healing effect [1281. A recent study identified that the peel of Aloe
vera exhibited more antioxidant activity than other sections 29, Thus, EVs from Aloe vera peels (A-EVs) were isolated
and investigated 192, A-EV's showed good cytocompatibility on human skin cells, reduced the level of intracellular reactive
oxygen species (ROS), and significantly upregulated the antioxidant defense signals, i.e., nuclear factor erythroid 2-
related factor 2 (Nrf2), heme oxygenase-1 (HO-1), CAT, and SOD, of keratinocytes. Moreover, A-EVs enhanced the
migration of keratinocytes and fibroblasts. These findings reveal that A-EVs could promote skin rejuvenation and
regeneration by activating the antioxidant defense mechanisms and promoting wound healing.

Panax ginseng is a traditional herbal medication used primarily in East Asian countries. Their identified benefits included
antimicrobial, anti-inflammatory, anti-cardiovascular disease, anticancer and neuroprotective, and others because of its
ginsenoside content 198! The most well-studied components of P. ginseng are ginsenosides; however, it also contains
other constituents that were thought to have pharmacological effects 129, n a study, EVs from ginseng roots (GrEVs) and
the culture supernatants of ginseng cells (GCcEVs) derived from P. ginseng were isolated and tested on human skin cells
(1101 Both EVs demonstrated anti-senescence and anti-pigmentation effects and had no cytotoxicity on UVB radiated
human skin cells by downregulating SA-B-Gal activity, senescence associated markers, and melanogenesis-related

proteins.

| 5. Summary

EVs can be applied to promote anti-aging, anti-pigmentation, and scarless wound healing. They can be administered in
combination with other techniques such as micro-needling and hydrogel to achieve a better result. Apart from mammalian
EVs, plant EVs also demonstrated good biological activities that are suitable for cosmeceutical applications. Nonetheless,
obstacles such as low yield, inconvenient storage, short shelf-life, insufficient clinical data, and the lack of understanding
of the appropriate dosage, the exact EV cargoes, and their mechanism of action are hindering translation and
commercialization of EV-based cosmeceuticals. As a result, improved and standardized guidelines and more research are
needed to better understand the effect of EVs on skin and successfully promote the use of EVs in the facial aesthetics
industry.
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