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Abstract: Exosomes, owing to their potent capabilities for intercellular communication, have great potential in modern medicine. The
pathogenesis of skin diseases is predominantly characterized by immune imbalance and impaired regenerative processes. Exosomes
are rich in microRNAs, lipids, and proteins, which play a crucial role in immune regulation and regenerative medicine. Recent studies
have highlighted the involvement of exosomes in the therapeutic management of dermatological disorders. This review provides
a comprehensive overview of the potential therapeutic applications of exosomes in autoimmune skin conditions, such as systemic
lupus erythematosus, systemic sclerosis, psoriasis, and vitiligo, as well as their roles in skin wound healing, skin aging, scar formation,
skin flap regeneration, hair regeneration, and other skin regenerative disorders. The paper examines various exosome delivery methods
and evaluates current clinical trials, identifying challenges related to exosome isolation, preservation, active components, mechanistic
understanding, and clinical translation. Furthermore, it delineates future research directions and proposes innovative strategies for
advancing exosome-based therapies in dermatology.
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Introduction

The skin, recognized as the largest organ in vertebrates, consists of diverse layers, including the epidermis, dermis, and
subcutaneous tissue, along with their associated appendages, all supported by a complex neurovascular network'=
(Figure 1). The stratum corneum (SC), the outermost layer of the skin, measures approximately 10-20 pum in thickness.
Within the intercellular spaces of the SC, a highly organized lipid layer is present. These lipids are essential for the
permeation of compounds through the SC, thereby facilitating its barrier function on the skin surface.'*® Therefore,
examining the lipid composition of the SC is essential for elucidating both normal skin function and conditions involving
a compromised skin barrier. Located beneath the epidermis, the dermis serves as the primary structural component of the
skin, composed of collagen, elastin, and glycosaminoglycans (GAGs). Fibroblasts, which are the most abundant cell type
in the dermis, can synthesize remodeling enzymes like proteases and collagenases. These enzymes play a vital role in the
wound repair process. The deepest layer of the skin is the subcutaneous tissue, primarily made up of highly vascularized
adipose tissue and a layer of loose connective tissue. This composition plays a vital role in regulating skin temperature
and mechanical properties. Collectively, these three layers are essential for protecting the body against mechanical
injury.? Skin appendages, such as hair follicles, sweat glands, and sebaceous glands, are fundamental components of the
integumentary system. During embryogenesis, these structures originate from epidermal buds that extend into the dermis,
forming the respective appendages. Sweat glands are characterized by a coiled secretory portion and an elongated duct

that traverses the dermis to reach the epidermis. These glands are crucial for sweat secretion, maintaining electrolyte
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balance, regulating body temperature, and enhancing skin defense by inhibiting bacterial growth through lactate
production.*> Sebaceous glands are situated within the middle layer of the dermis, with an outer layer of proliferating
cells and an inner layer comprising sebocytes. Sebaceous glands secrete sebum into the ducts at the junction of the hair
follicle. This secretion plays a crucial role in minimizing water loss from the epithelium located between hair follicles
and contributes to the regulation of body temperature.” Hair follicles are embedded within the dermis and subcutaneous
tissue and consist of the hair papilla and dermal fibers. These follicles are dynamic structures characterized by their
cyclical regenerative capabilities.® They are integral to temperature regulation, the distribution of sebum and sweat, and
the provision of physical protection.” Collectively, these tissues function to protect the body from harmful microorgan-
isms and other external environmental threats.

Cells possess the capacity to release extracellular vesicles enveloped by a phospholipid bilayer. Among these vesicles,
those with diameters ranging from 30 to 150 nm are classified as exosomes. Intracellular lipids, RNA, and proteins are
selectively incorporated into the intraluminal vesicles (ILVs) within multivesicular bodies (MVBs). Cells release
exosomes via exocytosis, following the fusion of the plasma membrane with MVBs”* (Figure 2).

Exosomes originate from a wide range of sources, including human body fluids, cells, and tumors; animal-derived
substances such as bovine milk and cells; plant materials like ginger, ginseng, and grapefruit; and microorganisms,
including bacteria and fungi.” The methods employed for the extraction and isolation of exosomes differ based on their
source, as well as the desired extraction efficiency and purity. Techniques utilized for exosome extraction encompass
ultracentrifugation, ultrafiltration, size-exclusion chromatography, field-flow fractionation, immunoaffinity approaches,
ion exchange chromatography, and microfluidic-based technologies.'® Of these, differential ultracentrifugation is the
most commonly employed method. Researchers frequently utilize differential ultracentrifugation to isolate exosomes
from cells and plant sources, subsequently employing sucrose gradient centrifugation to enhance the purity of the
exosomes obtained'! (Figure 2).

Exosomes fulfill diverse roles, encompassing diagnostics, therapy, and drug delivery, and are integral to human medicine,
particularly in the treatment of cancer,'? cardiovascular diseases,” immune disorders,"> degenerative diseases,'* diabetes, >

19,20

cardiac protection,'® liver injury,'” peripheral nerve regeneration,'® inflammation, and aging®' (Figure 2).
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Dermatological conditions, also known as dermatoses, encompass all diseases affecting the skin, hair, nails, and their
associated structures. As a global public health concern, skin diseases exert complex impacts across physiological,
psychological, and social dimensions. Conventional therapies are often protracted, susceptible to recurrence, and may
induce systemic side effects due to improper administration methods, leading to suboptimal treatment outcomes.*
Exosomes, as nanoscale therapeutic agents, exhibit enhanced targeting capabilities, functioning as carriers to deliver
therapeutic molecules to affected sites. Due to their unique regenerative properties, exosomes hold significant therapeutic
potential in the treatment of skin disorders.

This review provides a comprehensive summary of exosome delivery methods within the field of dermatology. It
elucidates their therapeutic potential as therapeutic agents, carriers, and biomarkers in the context of autoimmune skin
diseases, skin regenerative disorders, and cutaneous malignancies. Additionally, it addresses the limitations associated
with exosomes development, particularly in terms of extraction, characterization, preservation, compositional and
mechanistic research, and clinical trials. By building upon existing research foundations and acknowledging current
constraints, the review delineates future developmental directions and explores the therapeutic potential of exosomes in
dermatological conditions.

Administration Methods of Exosomes in the Treatment of Skin Diseases

In disease management, exosomes can be administered through diverse routes including systemic delivery, topical
application, and targeted delivery. For dermatological conditions, topical application and subcutaneous/intradermal
injection are the primary approaches. Herein, we summarise and compare the administration methods of exosomes for
treating skin diseases, alongside their respective advantages and disadvantages (Table 1).

https:
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Table | Administration Methods of Exosomes in the Treatment of Skin Diseases

Administration Method

Advantages

Disadvantages

Skin Disease and References

Local topical application (hydrogel,
cream, liquid dressing)

Subcutaneous injection (s.c).

Intradermal injection (i.d).

Non-invasive, high patient
compliance
Forms a subcutaneous depot
for sustained release

Precise localization to dermal

Short residence time, need
frequent dosing
Requires repeated needling; risk
of pain/infection

Demands high technical skill

Common wounds, diabetic
wounds®
Atopic dermatitis, diabetic ulcers,
hypertrophic scars**

Psoriasis, melanoma, acute

lesions wounds, scars®®

Intradermal injection (i.d). Precise localization to dermal Demands high technical skill Melanoma®®

lesions

Intraperitoneal injection (i.p). Simple operation, rapid Not applicable clinically, only for Melanoma®’

absorption mechanism studies

Oral Non-invasive, good patient High risk of gastric acid/ Melanoma?’

acceptance enzymatic degradation

The Therapeutic Role of Exosomes in Autoimmune Skin Diseases
Autoimmune skin diseases are characterized by heterogeneity and complex pathogenesis, where genetic, infectious,
environmental, and psychological factors interact to trigger innate and adaptive immune responses.”® Cutaneous
manifestations of autoimmune diseases encompass conditions such as systemic lupus erythematosus (SLE), systemic
sclerosis (SSc), psoriasis, and vitiligo, among others. Exosomes contribute to the pathogenesis of autoimmune diseases
through intercellular communication and modulation of immune cell responses.”” (Figure 3).

SLE

SLE is characterized as a multisystem autoimmune disease. This disruption in immune tolerance results in the aberrant
activation of various immune cells, notably autoreactive T and B cells, leading to clinical manifestations such as butterfly

or discoid rash, mucosal ulcers, and alopecia.*® The predominant causes of mortality in patients with SLE are renal
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Figure 3 The therapeutic role of exosomes in autoimmune skin diseases (“+:activate, “-”: inhibit).
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disease, cardiovascular complications, and infections.®' Existing pharmacological treatments for SLE are associated with
numerous side effects and exhibit limited efficacy in certain patient subgroups. Recent studies have demonstrated that
exosomes have the capacity to modulate immune responses, either stimulating or inhibiting them based on the environ-
mental context, thereby highlighting their therapeutic potential in the management of SLE.*

Mesenchymal stem cells (MSCs), derived from diverse tissues and organs throughout the human body, are multi-
potent stromal cells capable of differentiating into various cell types, such as osteoblasts, adipocytes, and chondrocytes.*”
MSCs demonstrate advantageous immunomodulatory properties that can be leveraged for the treatment of SLE.*
Exosomes derived from MSCs (MSC-Exos) also exhibit extensive immunomodulatory and regenerative functions.'
Research suggests that exosomes from bone marrow MSCs (BMMSC-Exos) ameliorate SLE by promoting the upregula-
tion of cytokines such as CD206 and B7H4, inducing macrophage polarization, and recruiting IL-17+ regulatory
T cells.*® Similarly, exosomes derived from human umbilical cord MSCs (h(UCMSC-Exos) can enhance the polarization
of CD206-induced M2 macrophages and T regulatory (Treg) cells, as well as facilitate the expansion of regulatory
T cells, thereby improving SLE.*® Stem cells from human exfoliated deciduous teeth (SHED) exhibit MSC-like
characteristics.”” SHED-Exos enhance the functionality of recipient BMMSCs in SLE by restoring Tert mRNA-
associated telomerase activity, facilitating hematopoietic niche formation, and modulating immune responses, thereby
playing a pivotal role in the disease process.’®

The expression of microRNAs (miRNAs) is stringently regulated during the development, differentiation, and effector
functions of immune cells, including those involved in the immunological disorders associated with SLE.** miRNAs derived
from exosomes in the plasma of SLE patients specifically target TLR7 and TLRS8 signaling pathways, thereby inhibiting
autoimmune-mediated inflammation in SLE.*® Exosomes are found in all biological fluids and their unique contents are
regarded as indicators of autoimmune diseases. In patients with SLE, the miRNA profile within exosomes markedly deviates
from that of healthy individuals, underscoring their potential as key biomarkers for renal damage.*' For example, miR-21,
miR-29a, miR-29b, miR-146a, miR-26a, miR-150, and miR-146a-5p are typically found to be abnormally elevated in patients
with SLE, thereby facilitating early diagnosis and treatment of the disease.***’

Beyond the role of miRNAs as biomarkers for SLE, additional substances have been identified that may aid in
diagnosing the condition. Yan et al found the metabolic fingerprint of urinary exosomes that could serve as a potential
biomarker for SLE.*® Renal damage represents one of the most severe complications associated with SLE. In plasma
exosomes, four long non-coding RNAs and two miRNAs (miR-16-5p and miR-101-3p) linked to renal damage target the
TGF-B, WNT/B-catenin, and fibroblast growth factors (FGFs), which may emerge as potential diagnostic and therapeutic
targets for SLE.*’ Bactericidal/Permeability-Increasing Protein (BPI), originating from SLE T cells and T cell-derived
exosomes, functions as a negative regulator of regulatory T cell differentiation. The overexpression of BPI in T cell-
derived exosomes has the potential to serve as both a biomarker and a pathogenic factor for human SLE.*® Identifying
these biomarkers could enhance the early diagnosis and treatment of SLE in clinical settings.

SSc

SSc, commonly referred to as scleroderma, is an immune-mediated rheumatic disease characterized by fibrosis and
vascular alterations in the skin and internal organs. Complications associated with SSc include inflammatory skin
conditions, digital swelling, musculoskeletal inflammation, pulmonary fibrosis, and pulmonary arterial hypertension.*’
The pathogenesis of SSC involves vascular lesions, immune system dysfunction, and ultimately cutaneous fibrosis.’® Due
to the characteristics of exosomes, potentially establishing a communication network among endothelial cells (ECs),
immune cells, and specific target organs, thereby acting as mediators of vascular damage and parenchymal fibrosis.>’
Exosomes are implicated in various pathological and physiological aspects of SSc, playing a crucial role in its diagnosis
and treatment.

MSCs exhibit significant immunomodulatory properties; however, MSC-Exos may offer distinct advantages over the
use of MSCs alone in the treatment of autoimmune diseases.’> Human myofibroblasts induced by TGFf1 contribute to
the pathogenesis of SSc. Research has shown that exosomes derived from adipose MSCs (AMSC-Exos) more effectively
ameliorate the myofibroblast phenotype than their parental cells, suggesting that extracellular vesicles exert more potent
anti-fibrotic effects in vitro models of SSc compared to adipose mesenchymal stromal cells.>* Furthermore, as a cell-free
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therapeutic approach, MSC-Exos present a reduced risk of immune rejection and tumorigenesis compared to MSCs. This
study further underscores the importance of investigating MSC-Exos in SSc. MSC-Exos, which are abundant in various
bioactive factors, have the potential to ameliorate SSc through multiple mechanisms, potentially including the promotion
of angiogenesis and the modulation of inflammation and fibrosis.>®

The miRNAs and proteins encapsulated within exosomes are crucial components of signal transduction and play
a significant role in the diagnosis and treatment of SSc (Table 2). A distinctive feature of SSc is the extension of fibrotic
changes to previously unaffected tissues. This phenomenon may be mediated by exosomes derived from SSc-affected
cells, which can induce the activation of profibrotic phenotypes in normal or unaffected cells.”* Skin ulcers are among the
common complications experienced by SSc patients.”> The vascular abnormalities observed in SSc may be attributed to
a disruption in the transfer of exosomes from skin tissue to the bloodstream, resulting in decreased serum exosome levels.
This disruption may lead to delayed wound healing due to the downregulation of collagen, thereby increasing suscept-
ibility to atrophic scars and/or ulcers.’® These findings suggest that modulating exosome activity in SSc patients could
potentially arrest the progression of the disease.

Psoriasis
Psoriasis is a prevalent chronic papulosquamous dermatosis characterized by clinical manifestations such as chronic
plaques, erythroderma, and pustular psoriasis. The etiology of psoriasis is primarily attributed to genetic predispositions,
environmental influences, and immune-related factors.®* Key elements in its pathogenesis include tumor necrosis factor
alpha (TNF-a), dendritic cells, and T cells.®> In psoriasis, there is excessive proliferation of keratinocytes (KCs),
accompanied by parakeratosis, which ultimately results in acanthosis. Exosomes serve as long-distance molecular signals
in immune responses, positioning them as crucial contributors to the pathogenesis of psoriasis.®®

The immunomodulatory properties of MSCs have shown significant therapeutic efficacy in psoriasis, advancing into
clinical research.®” Numerous studies have confirmed that MSC-Exos can mitigate the onset and progression of psoriasis
by modulating inflammatory factors and immune responses.®® ’° Moreover, MSC-Exos have been shown to mitigate the
proliferation of psoriasis by inducing TGF-B1/2.”""% Similarly, UCMSC-Exos have demonstrated significant efficacy in
repairing tissue damage in psoriasis mouse models by modulating the local immune microenvironment.”® Researchers
have innovatively combined exosomes derived from grapefruit with those from gingiva-derived mesenchymal stem cells
(GMSCs) to create multifunctional fusion vesicles for the treatment of autoimmune skin diseases. These vesicles
effectively reduce the secretion of inflammatory factors, inhibit the activation of Th17 cells, and promote the infiltration
of Treg cells. Furthermore, they reestablish the disrupted immune microenvironment and have shown remarkable

Table 2 Components and Mechanisms of Effect of Exosomes in the Treatment of SSC

Exosome Source Active Mechanism Reference
Ingredient
dcSSc neutrophil-Exos hsa-miR-1268, miRNAs as biomarkers targeting Wnt/IL-23 signalling pathway and AMPK/NOTCH [57]
hsa-miR-299-3p signalling pathway
BMSC- Exos miRNA Targeting TGF-$ and WNT signalling pathways for anti-fibrotic and anti- [58]
inflammatory treatment of SSc
BMSC- Exos miR-214 Inhibition of the IL-33/ST2 axis by miR-214 exerts anti-inflammatory effects to [59]
attenuate skin fibrosis in SSc patients
AMSC- Exos miR-29a-3p Inhibition of miR-29a-3p target genes Dnmt3a, Pdgfrbb, Bcl2, Bcl-xI regulates skin [60]
fibrosis
MSC- Exos miR-196b-5p miR-196b-5p inhibits the expression of type | collagen a2 (COLI ¢2) [61]
Plasma-Exos miR-126-3p miR-126-3p protects against SSc vascular injury by regulating the SLC7A5/mTOR [62]
signalling pathway in human umbilical vein endothelial cells (HUVECs)
SSc neutrophil-Exos SI00A8/A9 Inhibition of proliferation and migration of human dermal microvascular endothelial [63]
cells (HDMECs)
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therapeutic effects in psoriasis disease models.”* These multifunctional fusion vesicles offer advantages such as enhanced
targeting and reduced side effects in the treatment of immune-related diseases.

In the pathogenesis of psoriasis, the interaction among inflammation, Thl7-mediated immune activation, and
keratinocyte hyperproliferation plays a pivotal role.”” Engineered keratinocyte-derived extracellular vesicles have
demonstrated therapeutic potential in psoriasis by inhibiting LAT1-mTOR-mediated keratinocyte overproliferation and
Th17 cell expansion, as well as suppressing IL-1/NF-kB-mediated inflammatory responses.’® Similarly, small extra-
cellular vesicles derived from umbilical cord blood mononuclear cells (UCB-EVs) and neutrophil-derived exosomes have
shown efficacy in treating psoriasis through the modulation of inflammation, immune responses, and keratinocyte
proliferation.””"’®

Beyond immune dysregulation, dysbiosis of the skin microbiome also contributes to the etiology of psoriasis.”’ In
patients with psoriasis, there is an increased expression of Bacillales, Staphylococcus, and Sphingomonas, along with
a higher abundance of Propionibacterium acnes in plasma exosomes. Conversely, there is a decreased abundance of
Lactobacillales, Brucellaceae, Streptococcus, Kingella, and Aquabacterium.*® Exosomes derived from Cutibacterium
acnes have been shown to ameliorate psoriasis symptoms by modulating the differentiation of innate lymphoid cell (ILC)
subsets and re-establishing the long-term homeostasis of the skin microbiome.®! Similarly, exosomes from
Staphylococcus epidermidis have demonstrated efficacy in mitigating imiquimod-induced psoriasis by reducing acantho-
sis, cellular infiltration, and the expression of vascular endothelial growth factor (VEGF).®

Psoriasis is linked to abnormalities in epidermal Langerhans cells (LC),* with CD1a, a molecule that is highly and
constitutively expressed by LC, playing a crucial role in the disease’s pathogenesis.** Exosomes released from mast cells,
upon induction by IFN-q, transfer cytosolic phospholipase A2 (PLA2) activity to adjacent CDla-expressing cells,
resulting in the formation of novel lipid antigens. These antigens are subsequently recognized by lipid-specific CDla-
reactive T cells, which in turn produce IL-22 and IL-17A, thereby exacerbating the inflammatory response characteristic
of psoriasis.®> In a similar vein, the interaction between keratinocytes and macrophages through extracellular vesicles
enriched with leucine-rich alpha-2-glycoprotein 1 (LRG1) has been shown to exacerbate psoriasis-like dermatitis.*® This
finding suggests that inhibiting specific exosome-mediated communications could potentially serve as a therapeutic
strategy for psoriasis.

miRNAs, which act as essential mediators of cellular communication within exosomes, play a significant role in the
diagnosis of psoriasis. Studies have demonstrated that various miRNAs exhibit abnormal expression levels, either
increased or decreased, in the plasma and skin keratinocyte exosomes of patients with psoriasis, with mechanisms
primarily involving anti-inflammatory and immunomodulatory effects (Table 3). Psoriatic arthritis (PsA), a prevalent
complication of psoriasis, affects approximately 30% of individuals with the condition.?” Exosome miRNAs not only

Table 3 Biomarkers in Psoriasis

Disease miRNA Trends Mechanism Reference

Name

PsA let-7b-5p Down | Targeting inflammatory factors in the inflammatory response eg IL-6, [90-92]

TNF-a, HMGA 1/2
PsA miR-30e-5p Down Direct inhibition of BMI | and thus NF-kB [90,93]
PsA hsa-miR-219a-1-3p hsa-miR Up - [90]
-9-3p

PsA hsa-miR-218-5p Down Regulation of inflammatory cytokines eg IL-1B, IL-6, TNF-a [94,95]

PsA hsa-miR-335-3p Down - [95]

PsA hsa-miR-330-5p Down Targeting FOXE| to regulate WNT5A is involved in psoriasis [95-97]
development

Psoriasis miR-625-3p Up Targeting IGF-1/Akt signalling disruption induces keratinocyte [98]
proliferation

Psoriasis miR-381-3p Up Induction of ThI/Th17 polarization [99]

(Continued)
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Table 3 (Continued).

Disease miRNA Trends Mechanism Reference
Name

Psoriasis miR-369-3p Up May target TNF, WNT5A [100]
Psoriasis miR-1266 Up Targeting IL-17A [1ol]
Psoriasis miR-199a-3p Up Targeting the mTOR pathway [102]
Psoriasis miR-501-3p Down May target the STAT3/NF-kB pathway [102,103]
Psoriasis hsa-miR-335-5p Down Inhibits SOX6 and induces keratinocyte differentiation [88,104]
Psoriasis hsa-miR-99b-5p Down Regulation of the IGF-IR pathway in keratinocytes [88,105]
PsA miR-6785-5p Up Targeting the MNK2/p-elF4 axis [106]

serve as biomarkers for the onset and progression of psoriasis but also facilitate the differentiation between PsA and
Psoriasis vulgaris (PsV). For example, in patients with PsA, serum extracellular vesicles exhibit a marked decrease in
hsa-miR-671-3p levels, while hsa-miR-33-5p levels tend to increase.®® Furthermore, lipids, which are critical constituents
of exosomes, exhibit significant alterations in the plasma exosomes of patients with psoriasis. Notably, there is an
observed increase in the levels of phosphatidylcholine (PC), phosphatidylethanolamine (PE), phosphatidylglycerol, and
PC.* These findings suggest that exosomal miRNAs and lipids have potential as biomarkers for the early detection and

monitoring of the onset and progression of psoriasis.

Vitiligo

Vitiligo is an idiopathic acquired pigmentation disorder characterized by the formation of white patches resulting from
the loss of functional melanocytes in the skin, hair, or both. The pathogenesis of vitiligo is linked to autoimmune
mechanisms, inflammation, and oxidative stress.'’” Exosomes exhibit extensive immunomodulatory properties, partici-
pating in antigen presentation, synapse formation, and acting as mediators of intercellular communication to exert
immunomodulatory effects.””-'*%:1%

In patients with vitiligo, autoreactive cytotoxic CD8" T cells interact with melanocytes through the local production
of IFN-y, thereby promoting disease progression.''® hUMSCs-Exos effectively ameliorate vitiligo by delivering miR-
132-3p and miR-125b-5p, which concurrently reduce CD8" T cell infiltration, enhance Treg cell-mediated immune
suppression, and inhibit oxidative stress-induced melanocyte damage.''" Circulating exosomal miRNAs have emerged as
promising indicators for a range of diseases. In vitiligo patients, circulating exosomal miR-493-3p is significantly
elevated, which is associated with its capacity to induce reactive oxygen species in keratinocytes and promote
melanocyte apoptosis.''> miR-200c activates p-catenin and upregulates genes associated with melanogenesis through
the suppression of SOX1. Consequently, it is significantly downregulated in exosomes derived from keratinocytes in
vitiligo lesions.''® These exosomes are internalized by NK cells, thereby enhancing their proliferative activity and
capacity for IFN-y secretion, which contributes to the elevated levels of miR-1469 in the circulating exosomes of non-
segmental vitiligo (NSV) patients. CD122, a potential target of miR-1469, can partially mitigate the effects of miR-1469
on NK cells."™* In conclusion, considering the pathogenesis of vitiligo and the role of exosomes in immune modulation,
exosomes may offer significant potential for the diagnosis and treatment of vitiligo.

The Therapeutic Role of Exosomes in Skin Rejuvenation

Skin injury and regeneration are tightly coupled through intricate interactions among skin cells. Exosomes, acting as
endogenous mediators of tissue repair, exert potent regenerative effects.''® In the context of skin regeneration, exosomes
commonly utilized are derived from sources such as stem cells, neutrophils, body fluids, macrophages, plasma, and plants.
These exosomes have demonstrated beneficial diagnostic and therapeutic effects on a range of skin regenerative disorders,

including skin wound,""® skin aging,'"” hypertrophic scarring,''® flap regeneration,''® and hair regeneration'*® (Figure 4).
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Figure 4 The therapeutic role of exosomes in skin rejuvenation.

Wound Healing of the Skin

The skin is frequently exposed to chronic and acute wounds resulting from conditions like diabetic foot ulcers or
extensive burns. The wound healing process is intricate, comprising four distinct phases: hemostasis, inflammation,
proliferation, and tissue remodeling or regression.'*' Initially, a clot forms at the site of tissue injury to provide
a temporary seal over the wound gap. Following the initial response, innate immune cells, including neutrophils and
macrophages, are recruited to the wound site. These cells orchestrate the development of granulation tissue, which
functions to replace the lost connective tissue and drive processes such as angiogenesis, fibroblast migration, and
collagen matrix deposition. As granulation tissue accumulates, epidermal cells migrate and proliferate, aiding in the
restoration of the skin surface and barrier function. Wound healing is ultimately achieved when the wound edges
approximate.'**'** Exosomes are involved in a range of biological processes, such as cell differentiation and prolifera-
tion, angiogenesis, stress response, and immune signaling.'** As a cell-free therapeutic approach, Exosomes have shown
notable efficacy in promoting wound healing.

General Wounds

Stem cells, defined by their undifferentiated status and capacity for self-renewal, self-replication, and multidirectional
differentiation, are pivotal in tissue repair. They help minimize scar formation, reduce wound contraction, and enhance
collagen synthesis.''® Exosomes derived from stem cells (SC-Exos) have been the subject of extensive research due to
their significant therapeutic potential in wound healing, attributed to their exceptional biocompatibility and targeted
delivery capabilities. Exosomes derived from multiple types of stem cells, such as adipose-derived mesenchymal stem
cells, human umbilical cord mesenchymal stem cells, human amniotic stem cells, and mesenchymal stem cells from
induced pluripotent stem cells, have demonstrated the ability to promote fibroblast and vascular endothelial cell
proliferation, as well as collagen synthesis at the wound site. These actions collectively accelerate the wound healing
process (Table 4).

Effective wound healing following skin injury relies on dynamic cellular processes that are orchestrated through
bidirectional communication between cells. In particular, autophagy is essential for coordinating the interactions between
keratinocytes and fibroblasts during the skin repair process.'*> To prevent wound infection, neutrophils are recruited to
recognize inflammatory signals, while macrophages phagocytose apoptotic neutrophils to mitigate wound
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Table 4 Effects and Mechanisms of Stem Cell Exosomes in Promoting Wound Healing

thickness skin wound
models

neonatal serum cultures
of MSCs

healing.

Model in vivo and Exosome Source Mechanisms Related Cytokines | Reference
in vitro and Pathways
BALB/c mouse model of AMSC-Exos Releasing vascular growth factor; Exerting anti- TGF-B, PDGF, FGF, [125]
total skin defects inflammatory effects and remodelling the HGF, VEGEF, IL-6,
immune microenvironment. TNF-a
C57/BL6J mice punch hUCMSC-Exos Induction keratinocyte migration. MMPI13, MMP9, [126]
biopsy wound model HASI; PIEZOI-
calcium-HIF | o-VEGF-
MMP13 pathway
Whole skin defect model AMSC-Exos Promotes wound fibroblast activity, epithelial - [127]
in nude mice regeneration and angiogenesis.
Rat total skin excision Human Amniotic Promotes proliferation of keratinocytes, KGF, EFG, VEGF [128]
model Membrane Stem Cells— activates fibroblasts to produce extracellular FGFI, TGF-B
derived exosomes matrix (ECM), regulates angiogenesis and scar
(hAMSC-Exos) tissue formation.
Dorsal excision wound Umbilical cord blood Inhibits excessive formation of myofibroblasts TGF-B [129]
model in SD rats mesenchymal stem cells and type | collagen to accelerate wound
derived exosomes closure; reduces scar formation; improves
(UCBMSC-Exos) regeneration of skin attachments, nerves and
blood vessels; and regulates the natural
distribution of collagen fibres during the wound
healing process.
Macaques full-thickness Non-inbred autologous Increases cell viability of epidermal, endothelial - [130]
excisional wound models and allogeneic induced and fibroblast cells damaged in vitro and
pluripotent stem cells promotes wound healing.
(iPSCs) - Exos
C57BL/6) mice full- Exosomes Derived from Activates the function of fibroblasts and miR-130b-5p/ [131]
thickness skin wound E2FI7- Adipose-Derived vascular ECs to promote collagen formation TGFBR3, TGF-B
models Stem Cells and angiogenesis to accelerate wound healing.
Human keratinocytes iPSC - Exos Promoting proliferation and collagen secretion ERK 1/2 [132]
(HaCaT) and human of HaCaT and HDFs.
dermal fibroblasts (HDFs)
Wound Scratch
C57BL/6J mice full- hUCMSC-Exos Transcriptome heterogeneity of neutrophils RETNLG, SLC2A3, [133]
thickness skin wound and macrophages in intervening skin wounds. BCL2AIB
models
C57BL/6) mice full- Exosomes released from | Promote angiogenesis to accelerate skin wound AKT/eNOS [134]

inflammation.'*® SHED-Exos transport miR-1246 to regulate the AKT/ERK 1/2/STAT3 signaling pathway, which in turn
enhances autophagy and facilitates wound healing.'*® Engineered keratinocyte-derived exosomes can be selectively

phagocytosed by wound macrophages within granulation tissue, leading to elevated levels of pro-inflammatory cytokines

and epithelial junction proteins, and preserving barrier function in murine models. This highlights the interplay between

keratinocytes and macrophages during the wound healing process.'*’” Bovine milk exosomes (BM-Exos) encompass

a variety of anti-inflammatory agents that facilitate the shift from the inflammatory phase to the proliferative phase.'*®

Additionally, they contain factors essential for tissue remodeling and angiogenesis, thereby promoting epithelial

regeneration, activating angiogenesis, and enhancing extracellular matrix (ECM) maturation to support wound

healing.'*® Exosomes derived from activated neutrophils, which are enriched with antimicrobial proteins, contribute to

the healing of infected wounds by reducing inflammatory cytokines and enhancing collagen deposition.'*

0
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As significant paracrine mediators, exosomes can facilitate regenerative processes through the delivery of bioactive
molecules. Exosomes sourced from human umbilical cord plasma (hUCP-Exos) expedite wound re-epithelialization,
diminish scar width, and promote angiogenesis by delivering miR-21-3p. This miRNA inhibits key regulators of
fibroblast and endothelial cell functions, specifically phosphatase and tensin homolog (PTEN) and sprouty homolog 1
(SPRY1)."*! Exosomes derived from saliva are enriched with ubiquitin-conjugating enzyme E20 (UBE20), which
diminishes the levels of SMAD family member 6 (SMAD6), subsequently activating bone morphogenetic protein 2
(BMP2) and inducing angiogenesis.'** Additionally, exosomes mediate the transfer of miR-125b from young to
senescent fibroblasts, where it inhibits sirtuin 7, thereby facilitating fibroblast migration and transition, ultimately
promoting wound healing.'*® Exosomes originating from primary skin fibroblasts that encapsulate Gstm2 mRNA
mitigate oxidative stress damage in senescent dermal fibroblasts by modulating mitochondrial oxidative phosphorylation.
They also promote the regulation of epidermal cell function by dermal fibroblasts through the paracrine secretion of the
nascent peptide-associated complex alpha subunit (NACA), thereby facilitating the repair of aged wounds.'**

The skin microbiota is vital to the skin diseases, and skin injuries can disrupt this balance.'*> Furthermore, bacteria
have been reported to secrete exosomes, which contribute to wound healing. Exosomes secreted by Synechococcus
elongatus PCC7942 have been shown to exert anti-inflammatory effects by inhibiting the expression of IL-6, thereby
promoting angiogenesis and facilitating wound healing.'* Similarly, extracellular vesicles derived from Lactobacillus
rhamnosus GG contribute to wound healing by mediating re-epithelialization and angiogenesis through miR-21-5p.'*’

In recent years, exosomes derived from naturally green plants have demonstrated significant therapeutic potential in
regenerative medicine, attributed to their excellent tissue compatibility and low toxicity.'** Exosomes isolated from
ginseng have been shown to enhance the secretion of MMP-1, fibronectin-1, elastin-1, and COL1A1, and to regulate the
ERK/AKT/mTOR signaling pathway, thereby enhancing cell proliferation, facilitating skin wound healing, and reducing
inflammation.'* Furthermore, exosomes derived from Aloe vera exhibit characteristics of inflammatory modulators,
reducing the differentiation and contraction of myofibroblasts, and are essential in the initial phases of burn wound

healing.">°

Wheat-derived exosomes have been shown to enhance the proliferation and migration of endothelial,
epithelial, and dermal fibroblast cells, as well as to facilitate the formation of tubular structures in endothelial cells,
indicating their potential therapeutic application in wound healing.'*" Similarly, exosomes derived from Dendrobium
have demonstrated efficacy in suppressing IL-1p expression and expediting the repair of skin wound tissues.'>
Collectively, these findings suggest that plant-derived exosomes could represent an effective and environmentally
friendly therapeutic strategy for wound healing.

Currently, the primary routes of exosome administration include oral gavage, direct injection, and topical application
to wounds. However, free exosomes may rapidly disperse within the body or at wound sites, potentially diminishing their
therapeutic efficacy. To preserve the biological activity of exosomes and regulate their effective concentration during
treatment, researchers have developed modified exosomes and engineered delivery systems.'> Such delivery systems
have been extensively utilized in exosome-facilitated wound healing (Table 5). Hydrogels, which consist of a three-
dimensional polymer network that mimics the extracellular matrix, offer high water content, excellent biocompatibility,
and plasticity. By modifying the network structure and cross-linking density of hydrogels, as well as their degradability,
the release rate and duration of exosomes can be precisely controlled. This modulation facilitates improved adaptation to
complex wound environments, thereby enhancing the biological activity and therapeutic efficacy of exosomes.'>*
Delayed wound healing is primarily attributed to bacterial infection, immune response, and inflammatory response.
Exosomes have the capacity to transport immunomodulatory factors, anti-inflammatory agents, and antimicrobial
compounds, enabling them to modulate systemic immune responses or specifically target damaged tissues, thereby

. c. . [ 155.1
augmenting their tissue regeneration capabilities.'>>'>

Diabetic Wounds

Diabetic wounds represent a category of chronic wound diseases. Chronic wounds often become arrested in the
inflammatory phase, leading to compromised angiogenesis and postponed re-epithelialization.'*® The pathogenesis of
diabetic wounds is associated with chronic bacterial infection, oxidative stress, inflammation, and angiogenic
impairment.'®*'7" Consequently, diabetic wounds necessitate more effective and diversified therapeutic strategies.
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Table 5 The Role of Engineered Exosomes in Wound Healing

Engineered Exosome Preparation Mode of Mechanisms Advantages after Loading Reference
Materials Source Method Delivery
Bilayer thiolated BMSC- Crosslinking of Apply to Exosome-secreted miR-29b-3p inhibits Sequential release of exosomes shows a more [23]
sodium alginate/ Exos exosomes mixed wounds proliferation and migration of ECs and homogeneous distribution of vascular structures,
polyethylene glycol with hydrogels fibroblasts in fibroblasts by inhibiting PI3K/ | a more regular collagen arrangement and a lower
diacrylate (BSSPD) Akt, Erkl/2 and Smad3/TGF-B1 signalling volume of hyperplastic scar tissue at the wound
hydrogel pathways. tissues.
Pluronic F127 hydrogel PD-LI or IFN-y In-situ crosslinking Apply to Exosomal PD-LI leads to reduced T-cell Sustained release of exosomes from hydrogel with [157]
stimulated cell- by temperature wounds proliferation, accelerated skin cell migration increased therapeutic effect.
derived exosomes control in vitro and wound healing in vivo. Modulates
immune and inflammatory responses.
Hydrolytically M2 macrophage Crosslinking of Apply to Promotes macrophage M| to M2 conversion, Prolonged release of exosomes in the body. [158]
degradable exosomes exosomes mixed wounds facilitates the resolution of acute
polyethylene glycol with hydrogels inflammation and enhances tissue repair.
(PEG) hydrogels
Injectable surgical Platelet-derived Fibrin glue - Exosomal release of TGF-f§ promotes Continuous delivery of exosomes to wounds that [159]
fibrin sealant exosomes preparation kit epithelial and vascular cell activity and maintain TGF-B bioactivity.
enhances angiogenesis to restore blood flow
and mature skin functions.
Exogenous MSC-Exos Con- Wound Stimulates mitogenic and pro-motility of Systemic immunosuppression to aid wound [155]
immunosuppressi-ve trolled margin keratinocytes and fibroblasts in vitro. In vivo, healing in the late stages of wound healing.
oligodeoxynucleot- dehydration- subcutaneous reduces granulation tissue area and
ides rehydration injection promotes complete epithelial regeneration
method of wounds.
Fe;O4 BMSC-Exos FN fused to Intraven-ous Enhanced endothelial cell proliferation, Magnetically guided increase in the amount of Exo [160]
nanoparticles(FN) exosomes loaded injection migration, and angiogenic tubule formation; that accumulates at the site of injury, shortening
using Prussian blue reduced scar formation and increased CK19, the time to wound healing.
iron staining kit PCNA, and collagen expression in vivo.
The agarose hydrogel, hUCMSC-Exos Combining Exos Wound Promote cell proliferation, angiogenesis, Facilitating personalised on-demand drug delivery. [161]
two-dimensional after hydrogel margin collagen deposition, reduce the level of
Ti3C; hydrogel cross-linking subcutaneous wound inflammation and other effects.
injection
Berberine-loaded MSC-Exos Combined Exos Wound Inhibiting bacterial growth, modulating the The Exos hydrogel group had better wound [162]
natural glucan after hydrogel margin inflammatory response and promoting new | healing and more mature epithelial cells and blood
hydrogels cross-linking subcutaneous blood vessel formation in infected skin vessel formation.
injection wounds.
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Fibrinogen and
thrombin encapsulated
fibrin gels of neomycin
sodium salt

Inhibin A pretreated
exosome/collagen
sponge bioscaffolds
Recombinant human
type | collagen/
carboxymethyl
chitosan hydrogel

DA liquid crystals,

a novel lipid material
with reactive oxygen
species scavenging
effect (DALC)
Pluronic F-

127 hydrogel

Thermosensitive F-127
Hydrogel

Rose-derived

exosomes

BMSC- Exos

hUCMSC-Exos

AMSC-Exos

AMSC-Ex-os

TNF-RI Cellular

exosomes

In situ crosslinking
of hydrogels with

exosomes

In situ crosslinking
of hydrogels with
exosomes
In situ crosslinking
of hydrogels with

exosomes

DALC was
obtained by
ultrasound and co-
incubated with
Exos

Crosslink in situ

Crosslink in situ
through
temperature

control

Skin spray

Apply to

wounds
Apply to

wounds

Apply to

wounds

Apply to

wounds

Apply to
wounds

Promote the growth of granulation tissue at
the site of skin injury, increase the thickness
of collagen, and play an antibacterial role to
promote wound healing.
Promotes macrophage polarisation and
angiogenesis and collagen formation.

Increases fibroblast proliferation and
angiogenesis and reduces inflammation, thus
helping to promote skin wound healing and

regeneration.
Induces cell proliferation and migration,
reduce inflammation, and accelerate
angiogenesis to promote wound healing.

Promotes skin wound healing, facilitates
epithelial regeneration, promotes collagen
synthesis, upregulates the expression of skin
barrier proteins and reduces inflammation.
Mediates pro-inflammatory signalling of

TNF-o to promote wound repair

Better haemostatic, antibacterial and wound

healing effects.

Better wound healing through slow-release Exos.

Sustained release of exosomes demonstrates
superior wound healing efficiency

Enhanced antioxidant and anti-inflammatory

capacity.

Administer ADSCs-Exos at a lower dose
frequency while maintaining the same therapeutic
effect.

Sustained release of exosomes for better wound

healing

[156]

[163]

[164]

[165]

[166]

[167]
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Analogous to the treatment of common wounds, stem cell-derived exosomes(SC-Exos) play a crucial role in
addressing diabetic wounds. A significant challenge in treating diabetic wounds is angiogenic impairment. BMSC-
Exos promote the proliferation, migration, and tubule formation of vascular ECs and simultaneously upregulate the
expression of VEGF.'”"'7? The PI3K/AKT signaling pathway plays a vital role in modulating cell proliferation and
migration. In diabetic wounds, BMSC-Exos activate this pathway, which in turn enhances angiogenesis and facilitates
wound healing.'”*"'”* Human urine stem cell-derived exosomes (USC-Exos) promote endothelial cell angiogenesis by
highly expressing deleted in malignant brain tumors 1.'”> Vascular ECs are highly heterogeneous, with CD31"EMCN™
ECs promoting angiogenesis''® MSC-Exos induce the formation of CD31™EMCN™ vessels in skin regeneration and
promote diabetic wound healing.!”” In patients with diabetic ulcers, cellular Ca*" homeostasis is disrupted, and TRPC6
can mediate Ca”" influx. MSC-Exos facilitate the restoration of TRPC6 and mitochondrial function by delivering the
transcription factor SP2 and the deubiquitinase USP9, thereby contributing to the healing of diabetic wounds.'”®
Autophagy plays a critical role in the removal of damaged mitochondria through various pathways, mitigating skin
cell dysfunction induced by high-glucose conditions.'” ADSC-Exos improve skin wound healing in diabetic mice
through the promotion of epidermal autophagy and acceleration of re-epithelialization.'® Furthermore, iPSC-Exos
demonstrate reduced donor variability and exhibit significant therapeutic potential in diabetic wounds by modulating
immune cell infiltration and exerting anti-inflammatory and pro-angiogenic effects.'®!

In addition to SC-Exos, exosomes from various other cellular sources or body fluids have also demonstrated
significant therapeutic potential in diabetic wound healing. Sphingosine-1-phosphate, a key regulator of vascular home-
ostasis and angiogenesis, is enriched in platelet-rich plasma-derived exosomes (PRP-Exos). These exosomes enhance
angiogenesis in diabetic wounds by modulating the SIPRI/AKT/FNI signaling pathway.'®* Hyperglycemia causes
vascular dysfunction in diabetic wounds by increasing inflammatory factors and reactive oxygen species.'®
Macrophages help reduce inflammation through chemotaxis and phagocytosis.'®* Macrophage-derived exosomes loaded
with curcumin mitigates oxidative stress and inflammation induced by high glucose, thereby facilitating the proliferation,
migration, and angiogenesis of HUVECs.'® Exosomes from adipose tissue macrophages adjust miR-222-3p levels,
influencing macrophage polarization and speeding up diabetic wound healing.'® Interestingly, plant-derived exosomes
promote macrophage polarization and enhance diabetic ulcer wound healing, showing promise for glycolytic reprogram-
ming in these ulcers.'®”'%®

Analogous to the use of exosomes in the treatment of common wounds, engineered materials combined with
exosomes have been extensively employed in addressing diabetic wounds, including multifunctional hydrogels, smart
microneedles, protein patches, and multifunctional bio-hybrid nanorobotic platforms (Table 6). These engineered
exosomes exhibit enhanced therapeutic efficacy at diabetic wound sites, offering more advantageous strategies for the

application of exosomes in diabetic wound treatment.

Scars

Following skin injury, the wound healing process often culminates in scar formation, which can be classified into four
types: mature scars, immature scars, hypertrophic scars, and keloids.*°® Scar formation is linked to metabolic dysfunction
of connective tissue during the wound healing process, as well as the overproduction of activated fibroblasts and various
components of the ECM.>*” Exosomes are instrumental in scar management through mediating cell-to-cell
communication.

Hypertrophic scars represent a category of fibroproliferative disorders that arise from surgical wounds or burns. In the
course of wound healing, the prolonged persistence of myofibroblasts leads to excessive collagen accumulation, which
ultimately results in the development of hypertrophic scars.’’® ADSC-Exos ameliorate hypertrophic scarring by inhibit-
ing collagen deposition and the transdifferentiation of fibroblasts into myofibroblasts, specifically delivering miR-125b-
5p and miR-192-5p to suppress Smad signaling.”’®**® MSC-Exos mitigate hypertrophic scarring by suppressing
fibroblast proliferation through the TNFSF-13/HSPG2 signaling pathway.”'’ Additionally, exosomes derived from
Lactobacillus delbrueckii can inhibit the expression of collagen I/III and a-SMA in fibroblasts, thereby suppressing
the formation of hypertrophic scars in scleroderma mouse models.?'' Additionally, engineered exosomes have been
employed in the treatment of hypertrophic scars. Exosomes functionalized with miR-141-3p and incorporated into
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Table 6 The Role of Engineered Exosomes in Diabetic Wounds

Engineered Materials

Exosome Source

Preparation Method

Animal model and
mode of
administration

Mechanisms

Advantages after Loading

Reference

miR 1463, Silk Protein Patch
(SPP)

Adjustable poly vinyl
alcohol (PVA) hydrogel tip

Carboxymethyl chitosan
hydrogels loaded with
bioactive glass (BG) and
TiO,

Integration of
functionalized gold
nanorod (AuNR) hydrogels

circCDKI3

Novel core-shell hyaluronic
acid (HA) microneedle
(MN) patches; iron-
polydopamine
nanoparticles (PDA NPs)

Afterbirth- MSC-

Exos

MSC-Exos

MSC-Exos

M2 macrophage

exosomes

Human placental
chorionic plate-
derived MSCs (CP-
MSCs)

BMSC-Exos

From transduction of
MSC-Exos with SPP and
miR146a proteins
Exosomes mixed with
PVA subjected to
repeated freeze-thaw

cycles

Carboxymethyl chitosan
hydrogel loaded with BG
and TiO, after in situ
crosslinking with MSC-

Exos

Combined Exo after
crosslinking of hydrogels

Culture preparation of
exosomes from
circCDK 3 lentivirus
transfected CP-MSCs

Stober method to
synthesise PDA NP;
extrusion method to

obtain Fe-MSC-NV; HA
and Fe-MSC-NV co-filled
in MN

db/db mouse whole
skin wound model;
wound application
Whole-layer wound
model in diabetic rats;
direct wound

incorporation

C57BL/6Jmice scald
wound model,
db/db diabetic mouse
model of total skin
defects; wounds coated
with
Whole-layer diabetic
wound model in
C57BL/6J diabetic mice;
wound application
Wounds in db/db
diabetic mice and
wounds in
streptozotocin-induced
type | male diabetic
rats; periwound
subcutaneous injection
A streptozotocin-
induced model of type
| diabetes mellitus SD
with large multilayer
skin defects; direct

wound incorporation

Inhibition of IL-6 inflammatory factor,
inhibition of NF-«kB signalling pathway
and promotion of angiogenesis.
Effectively activates fibroblasts,
vascular endothelial cells and
macrophages to promote tissue
regeneration and diabetic wound
healing.

Stimulates endothelial cell adhesion
and proliferation with anti-
inflammatory, angiogenic and
antimicrobial activities while

increasing collagen deposition.

Scavenges reactive oxygen species
levels, inhibits inflammation,
promotes angiogenesis.

Stimulates proliferation and migration
of human dermal fibroblasts and
human epidermal keratinocytes,

enhances CD 44 and ¢-MYC
expression, and accelerates wound
healing and regeneration of skin
appendages
Inhibition of diabetic wound healing
by inhibiting reactive oxygen
species(ROS)-induced inflammatory
responses significantly increased
migration, proliferation and tube
formation of HUVEC while promoting

M2 macrophage polarisation.

Higher miR146a loading efficiency,
better anti-inflammatory effect,
better wound healing ability.
Consistent skin penetration

capability.

Regulates wound micro-ecology,
promotes rapid wound recovery,
and treats three different types of
skin injuries: deep skin lesions,
diabetic wounds and burns.

Synergistic effect of AuNRs and
NIR photothermal effect
eradicates bacterial infection in
the wound area
Enhanced wound healing capacity

Accelerate angiogenesis.

[168]

[189]

[190]

[191]

[192]

[193]

(Continued)
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Table 6 (Continued).

Engineered Materials

Exosome Source

Preparation Method

Animal model and
mode of

administration

Mechanisms

Advantages after Loading

Reference

ECM hydrogel

Gelatin-alginate hydrogel
(GelAlg) loaded reduced
graphene oxide (rGO)

Hydrogel loaded with
resveratrol nanoparticles

ECM hydrogels

Polyvinylpyrro-lidone and
Silicotungstic Acid Dual
Physical Crosslinking
Hydrogel (PSiW)

Antisolvent-induced co-
assembly of filipin protein
e-polylysine nanoparticles
(nSF-EPL);
polydeoxyribonucleotides
(PDRN)

ADSC-Exos

Exos of human

platelet origin

Platelet-derived

exosomes(PExos)

Polymorphonuclear
neutrophil-derived
exosomes
(PMNExos)

Human foreskin
mesenchymal stem
cell (FSMSC)-
derived exosomes
(FM-Exos)
hUCMSC-Exos

In situ crosslinking

Incorporation of Exos
after crosslinking of

hydrogels

UV irradiation

PMNExos mixed with
hydrogels

Hydrogel crosslinked by
merging with Exos

nSF-EPL mixed with
PDRN loaded with

exosomes

Streptozotocin-induced
whole skin wound
model in ICR diabetic

mice; wound application

Streptozotocin-induced
diabetic Wistar large
dorsal dermal wound

model; wound
application
Whole skin wound
model in diabetic db/db
mice; applied directly to
the wound
Streptozotocin-induced
whole skin wound
model of diabetes
mellitus in SD rats;
injection at the wound
site
Streptozotocin-induced
whole skin wound
model in diabetic BALB/
¢ mice; wound
injection.

Streptozotocin-induced

diabetic Balb/C mice
whole skin wound
model; wound

application

Reduces inflammation and promotes
angiogenesis, collagen deposition, cell
proliferation and migration, thereby
accelerating the diabetic wound
healing process.
Anti-inflammatory, antioxidant,
immune-modulating, promoting
angiogenesis, and enhancing diabetic
wound healing.

Anti-inflammatory, promotes
angiogenesis.

Antibacterial, promotes macrophage
polarisation, stimulates angiogenesis,
and effectively promotes wound
healing in vivo.

Significantly promotes the repair of
diabetic wounds by modulating
macrophage polarisation, promoting
neovascularisation and improving the
microenvironment.
Antibacterial, anti-inflammatory,
promotes macrophage polarisation,
and s promote angiogenesis. And
promoted granulation tissue
formation, collagen deposition,

epithelialisation of wound tissue.

ADSC-exos are released
continuously from the ECM
hydrogel, thus maintaining a high
local concentration at the wound
site.

Hydrogel with photothermal
properties, excellent mechanical
stability and biocompatibility,
better closing and healing ability.

Low cytotoxicity and good
biocompatibility, slow release of
PExos from the hydrogel into the

wound.

The active peptides in ECM
modulate the immune
microenvironment of the wound.
Hydrogel increased retention of
exosomes in the wound.

Self-healing, adhesive and
antimicrobial properties;
sustained release of Exos from the
hydrogel for better adaptation to
diabetic wound healing.
Sustained-release and controlled-
release effects, along with
synergistic antibacterial and anti-

inflammatory actions.

[194]

[195]

[196]

[169]

[197]
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Injectable, self-healing and
antimicrobial peptide-based
FHE hydrogel (FI127/OHA-
EPL)

Chitosan/silk hydrogel

sponge

Pluronic F-127 (PF-127)
hydrogel

Oxygen-releasing
antioxidant wound dressing
consisting (OxOBand)of
polyurethane-based oxygen
releasing antioxidant
scaffolds (PUAO-CPO)

Complex formation of
protocatechuic aldehyde
(PA) with Fe** (Fe**@PA);
Acellular Dermal Matrix,
ADM,; light-curing gelatin
(GelMA)
Gelatin-methacryloyl
(GelMA) hydrogel

AMSC-Exos)

PRP-Exos

hUCMSC-Exos)

ADSC-Exos

HUVEC-Exos

Epidermal stem cell-

exosomesESC-Exos

Hydrogel crosslinked by
merging with Exo

Mixed and freeze-dried

Hydrogel crosslinked by

merging with Exo

PUAO-CPO crosslinked
and combined with Exos

Fe3*@PA, ADM, GelMA
three crosslinked and

combined Exo

Chemical cross-linking of

ESC- Exos with hydrogels

by UV radiation to form
Gel-VH- Exos

Streptozotocin-induced
diabetic ICR mice
whole skin wound
model; wound site

application

Streptozotocin-induced
whole skin wound

model in diabetic SD
rats; direct coverage of

wounds

Streptozotocin-induced
whole skin wound
model in diabetic SD
rats; wound injection
Streptozotocin-induced
whole skin wound
model in diabetic
Wistar rats; wounds
were coated and

covered with

Streptozotocin-induced
whole skin wound
model in mice with type
| diabetes mellitus;
wounds were coated
and covered with
db/db diabetic mouse
whole skin wound

model; wound injection

Increased wound closure, rapid
angiogenesis, epithelial regeneration
and collagen deposition within the

wound site.

Upregulation of collagen synthesis and
deposition and angiogenesis at wound

sites.

Increased expression of CD31 and
Ki6é7, enhanced granulation tissue
regeneration, and upregulation of
VEGF and TGFp | expression.
Enhanced collagen deposition,
accelerated re-epithelialisation,
increased neovascularisation, and
promoted the development of mature
epithelial structures, with hair follicles
and epidermal morphology
resembling those of healthy skin.
Antibacterial and antioxidant and
promoting collagen deposition and

angiogenesis.

Activation of the HIF-1a signalling
pathway promotes HUVEC function
in vitro and wound healing and

angiogenesis in vivo.

Highly effective antimicrobial
activity while prolonging the
retention time of the medication

at the wound site.

Ensures that exosomes
accumulate in high concentration
in the wound for a long period of
time, resulting in a better wound

healing effect without any side
effects.

PF-127 hydrogel efficiently
delivers hUCMSC-exos with
significantly faster wound closure
rate.
Exosome-loaded OxOBand
prevents infections and ulcers,
improves wound healing faster,
and increases collagen deposition
and epithelial regeneration.

ADM composite hydrogel system
with antioxidant, antimicrobial
and cellular facilitation for more

complex wound healing.

Gel-VH- Exos effectively promote
wound healing by locally
enhancing blood supply and
angiogenesis through slow release
of VH- Exos.

[198]

[199]

[200]

[170]

[201]

[202]
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Table 6 (Continued).

Engineered Materials

Exosome Source

Preparation Method

Animal model and
mode of
administration

Mechanisms

Advantages after Loading

Reference

Gelatin methacrylate
(GelMA) microneedle
(MNis) patches

EXPLOR System Genetic
Engineering and
Optogenetic Technologies

Gallic acid-loaded hydrogel

HUVEC-Exos

UCMSC-Exos

BMSC-Exos

MNs were prepared using
GelMA and PEGDA as
carriers, exos were
complexed in MNs and
grafted with f-CD-AOI2
loaded tazarotene
Loading large amounts of
eNOS into UCMSC-Exos
using the EXPLOR system
under blue light exposure

Multifunctional hydrogel
crosslinked with Exos

mixing

Streptozotocin-induced
C57BL mice diabetic
whole skin wound

model; wound injection

db/db mice whole skin
wound model;
subcutaneous injection

at wound site

High fat feeding and
streptozocin injection
using old male Swiss
mice whole skin wound
model; hydrogel
coverage of wounds

Accelerates cell proliferation,
migration and angiogenesis in vitro

and in vivo.

Anti-inflammatory, antioxidant, anti-
apoptotic. Improved wound closure
rate and enhanced vascular
neovascularisation and matrix
remodelling in diabetic mice.
Inhibiting SREBP2 activity in
macrophages modulates macrophage
polarisation to promote diabetic
wound healing.

Maintaining exosome activity
in vitro for the slow release of

drugs in vivo.

UCMSC- Exos /eNOS exerts
good anti-inflammatory effects
and promotes faster diabetic
wound healing.

Multifunctional hydrogel with low
haemolysis, strong antimicrobial
capacity, strong antioxidant
capacity and excellent
biocompatibility. Slow release of

BMSC-Exos at the wound site.

[203]

[204]

[205]
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soluble microneedle arrays can modulate Smad expression, thereby enhancing the distribution of fibroblasts and the
alignment of collagen fibers within hypertrophic scar tissue.''® These exosomes, particularly MSC-Exos, offer
a promising therapeutic strategy for hypertrophic scars.

Skin Aging
Skin aging is affected by a combination of intrinsic, time-related factors and extrinsic, environmental factors. As skin ages,
it undergoes structural, cellular, and molecular changes, including the buildup of senescent cells.*'? Intrinsic aging leads to
skin thinning due to reduced cell proliferation and changes in dermal components, with a decrease in ECM components like
collagen and elastin causing fine lines. Additionally, the skin’s ability to repair itself diminishes, making it more susceptible
to oxidative stress.>'? 2! Extrinsic aging, primarily caused by UV radiation, smoking, and pollution, results in impaired
keratinocyte differentiation, reduced collagen, loss of melanocytes.>'> Exosomes, especially those from stem cells, have
shown anti-aging benefits by restoring skin functions and repairing damage through mechanisms like reducing oxidative
stress, lowering MMPs, boosting collagen and elastin production, and enhancing cellular communication.''’'¢
Photoaging represents a major contributor to extrinsic skin aging, and several studies have reported the efficacy of
exosomes in addressing skin photoaging. For instance, needle-free administration of exosomes sourced from human
dermal fibroblast spheroids has been demonstrated to ameliorate UVB-induced photoaging by augmenting type
I procollagen expression and dermal collagen deposition while concurrently reducing MMP-1 levels.?'” Furthermore,
exosome-like nanovesicles derived from Phellinus linteus, containing miR-CM1, have been shown to inhibit the
expression of Mical2 in HaCaT cells through cross-species regulation, thereby reducing ROS levels and attenuating UV-
induced skin aging.”'® Nanovesicles from dermal papilla MSCs combat photoaging by reducing cell cycle arrest, cellular
senescence, and macrophage infiltration, while enhancing cell proliferation, ECM production, and antioxidant enzyme
activity.?'” Cow’s milk exosomes (MK-Exos) aid fibroblast migration and restore collagen expression after UV
exposure.”?? Plant-derived exosomes offer antioxidant and anti-inflammatory benefits against skin photoaging. Exosome-
like nanovesicles from olive leaf in a hydrogel deliver miR168a-5p to inhibit the NF-«B pathway, reducing inflammation
and promoting skin repair after UV damage.?”' Exosome-like nanoparticles from ginseng roots protect skin from UV and
oxidative stress by inhibiting AP-1 signaling and reducing senescence and inflammation markers.”?*> Apple-derived
exosomes boost type I collagen and lower MMPs by downregulating the NF-«kB pathway, aiding in skin aging.***
Similarly, Engineered nanovesicles from human iPSCs improve aging signs in dermal fibroblasts by reducing SA-f-
Gal activity and inhibiting p53 and p21.7** In addition, Combining exosomes with bioactive substances enhances their
anti-aging effects. Co-administering hydrolyzed collagen oligopeptides and SC-Exos boosts cell migration and prolifera-
tion, reduces ROS production, and inhibits senescence-related genes, enhancing skin’s anti-aging abilities.**

Flap Regeneration

A flap, consisting of skin and subcutaneous fat with its own blood supply, is used in wound repair, organ reconstruction, or
cosmetic procedures. Flap regeneration, the process of restoring blood flow and function post-transplantation, can be hindered
by insufficient blood supply causing necrosis.**® SC-Exos improve flap regeneration due to their regenerative properties, with
studies showing BMSC-Exos enhance flap survival after ischemia by reducing oxidative stress, inflammation, and
apoptosis.”>”**® Similarly, ADSC-Exos enhance neovascularization and reduce inflammation and apoptosis in skin grafts
after ischemia-reperfusion injury.**> Moreover, Curcumin-loaded ADSC-Exos boost antioxidant and anti-inflammatory
effects in flap regeneration.”*° Exosomes from human dental pulp stem cells (hnDPSC-Exos) enhance HUVEC proliferation,
migration, and lumen formation via the PI3K/AKT pathway, improving flap survival.*' miRNAs in exosomes are crucial for
flap regeneration, with hypoxia-treated BMSC-Exos carrying miR-421-3p targeting the mTOR/ULK1/FUNDCI axis to
activate autophagy and support flap survival after ischemia-reperfusion injury.''® ADSC-Exos treated with FGF1 deliver
miR-183-5p, targeting GPR137 via the PI3K/Akt/mTOR pathway to reduce oxidative stress and endothelial cell apoptosis,
enhancing ischemic flap survival.”** Beyond stem cells, M2 macrophages exhibit angiogenic potential during tissue repair.
M2-derived exosomes facilitate angiogenesis and improve flap survival via the HIF-1AN/HIF-1a/VEGFA axis.”*
Consequently, exosomes represent a significant therapeutic approach for flap regeneration.
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Hair Regeneration

Alopecia, both scarring and non-scarring, affects the hair growth cycle, often shortening the anagen phase and extending
the telogen phase due to various factors.****> Exosomes from different cell types have shown potential in promoting
hair growth. These cell types include stem cells,”*® keratinocytes,”’ dermal papilla cells,”*® and macrophages.**’

Dermal papilla cells (DPCs) function as the signaling hub within hair follicles, orchestrating hair formation and
cycling through paracrine mechanisms.** Exosomes derived from DPCs (DPC-Exos) enhance intercellular communica-
tion and serve as a crucial factor in the treatment of alopecia. DPC-Exos can activate LEF1, thereby regulating the
proliferation of hair follicle stem cells.**' Moreover, miR-218-5p and miR-181a-5p, which are conveyed by DPC-Exos,
target the Wnt/B-catenin signaling pathway,'****? while miR-140-5p targets the BMP/TGF-B signaling pathway, thus
promoting hair follicle development.?** Engineered DPC-Exo hydrogels have been explored as a therapeutic strategy for
alopecia, aiming to achieve more sustained and comprehensive therapeutic outcome.?*° Additionally, reNcell-derived
nanovesicles (ReN-NV) and MK-Exos, which exhibit stem cell-like properties, can activate the Wnt/B-catenin pathway
to enhance DPC proliferation and expedite the transition of the hair follicle cycle.>****> Exosomes derived from
fibroblasts increase the expression of PCNA, pAKT, pERK, and VEGF receptor-2 (VEGFR2) in DPCs, thereby
promoting their proliferation.**

Androgenetic alopecia (AGA) is a non-cicatricial hair loss disorder attributed to elevated levels of androgens. Recent
advancements have seen the application of various SC-Exos in the therapeutic management of AGA. iPSC-Exos have
been shown to ameliorate AGA by modulating growth factors and cytokines, as well as activating the androgen receptor
(AR)-associated Wnt/p-catenin signaling pathway.”*” ADSC-Exos, which carry miR-122-5p, target the TGF-p/SMAD3
axis to facilitate hair follicle regeneration in AGA.*** Additionally, \tUCMSC-Exos enhance the stemness of hair follicle
stem cells via the RAS/ERK pathway, thereby promoting hair proliferation in AGA mouse models.>** Moreover, the
combination of SC-Exos with various hair loss treatment agents can yield a multifaceted synergistic effect in the
management of AGA. %% 1n contrast, alopecia areata, an autoimmune-mediated condition, results from immune
attacks on hair follicles.”>* In this context, hMSC-Exos have demonstrated efficacy in promoting hair regeneration and
hair shaft elongation in hair follicles of imiquimod-induced alopecia areata mice.*>* Collectively, these exosomes offer

a comprehensive therapeutic strategy for addressing hair loss.

Therapeutic Role of Exosomes in Skin Cancer
Malignant melanoma (MM) is a skin cancer. Upon exposure to external radiation, such as UV light, the skin initiates
a DNA damage response, leading to the secretion of melanocyte-stimulating hormone (MSH) by keratinocytes. MSH
subsequently binds to the melanocortin 1 receptor (MC1IR) on melanocytes, stimulating melanin production. The
metastasis of melanoma is primarily driven by genetic mutations and modifications within the tumor microenvironment,
which are characterized by increased immunogenicity and the infiltration of immune cells into the tumor.?>**>>
Exosomes, which mediate intercellular communication, have emerged as important players in the diagnosis and treatment
of skin cancer. Specifically, miRNAs present in exosomes derived from MM cells, contribute to tumor immune evasion
and represent potential therapeutic targets.”> Furthermore, exosomes isolated from the lymphatic drainage of melanoma
patients post-lymph node dissection contain proteins that are enriched and analogous to those associated with melanoma
progression. Evaluating surrogate markers indicative of tumor progression within circulating extracellular vesicles could
provide a robust non-invasive approach.”>’ Conversely, exosomes originating from MM cells have been implicated in the
modulation of MM treatment. Research indicates that WNTS5A stimulates the release of MM cell-derived exosomes,
which contain immunomodulatory and pro-angiogenic proteins.*® Furthermore, exosomes carrying PD-L1, secreted by
MM cells, facilitate the polarization of M2 macrophages, thereby enhancing resistance to therapies targeting programmed
cell death 1 (PD-1)/programmed death ligand 1 (PD-L1).¥

In addition to cancer cell-derived exosomes, those derived from normal cells and plants also contribute to MM
treatment. Exosomes derived from NK cells have demonstrated the ability to suppress the proliferation of MM cells.*°

Similarly, adipose stem cell-derived exosomes inhibit the progression of skin cancer through the miR-199a-5p/SOX4
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pathway.?®' Moreover, grapefruit-derived microvesicles and nanovesicles demonstrate a distinct metabolomic profile and
exhibit anti-MM activity in the A375 human melanoma cell line.?**

In addition to their diagnostic and therapeutic roles, exosomes have the potential to function as carriers for cancer
therapeutic agents, specifically targeting MM cells. This facilitates the development of targeted drug delivery systems
that offer synergistic enhancement and reduced toxicity. Nanovesicles derived from aloe vera, when loaded with
indocyanine green (ICG), demonstrate efficient uptake by MM cells over prolonged periods, resulting in more effective
inhibition of melanoma growth compared to free ICG.?*> Furthermore, hUCMSC-Exos complexed with the cyclic
peptide arginine-glycine-aspartic acid (cCRGD) and encapsulating triptolide (TP) exhibit tumor-targeting capabilities.
This formulation not only extends the half-life of TP but also significantly inhibits MM growth and prolongs the survival
of mice bearing MM.***

Clinical Trials of Exosomes in Dermatological Conditions

Numerous case studies on exosome therapy for dermatological conditions have progressed to the stage of clinical
research. These studies primarily focus on MSC-EXOs, plasma-derived exosomes, and include one clinical investigation
involving plant-derived exosomes. Among these, MSC-EXOs are the most extensively utilized, aligning with founda-
tional research findings. They have been employed in the treatment of conditions such as hair loss, psoriasis, skin aging,
diabetic foot ulcers, melanoma, melasma, and dry eye syndrome, as outlined in the accompanying (Table 7). These
clinical trials not only explore the application of exosomes as therapeutic agents for skin conditions but also investigate

Table 7 Clinical Trials of Exosomes in Skin Diseases

Condition/disease NCT Durg Phases | Country
number
Patients with fleae or seborrheic NCT06279039 Exosome liquid dressing NA China
keratosis after Q-switched laser
treatment
Hairloss NCT06932393 Exosomes Early | China
Hairloss NCT05658094 Placental MSC derived exosomes NA Iran
Male Androgenetic Alopecia NCTO07112586 Plasma derived exosomes 172 Egypt
Psoriasis NCT0552301 | MSC-EXO ointment | Singapore
Self-perceived Thinning Hair NCTO06571799 | BENEV Exosome Regenerative Complex+® Post SylﬁrmX® NA United
RF Microneedling States
Androgenetic Alopecia NCT06539273 Foreskin-derived MSC derived exosomes 3 Turkey
Skin Graft Donor Site Wound NCTO04664738 PEP, comprised of platelet derived extracellular vesicles | United
enriched in anti-inflammatory and angiogenic growth factors. States
Androgenetic Alope NCTO06482541 Wharton’s Jelly MSC-derived exosome microneedling | United
States
Skin aging NCT0581337 MSC-EXOs injection 172 Iran
Alopecia Androgenica NCT06930326 Exosomes with Ecklonia cava and Thuja orientalis extracts NA Malaysia
Diabetic Foot Ulcers NCT06319287 PEP-TISSEEL 2 United
(Platelet-derived exosomes) States
Diabetic Foot Ulcers NCT06812637 Wharton’s Jelly-Derived MSC-Exosomes | Egypt
Dry Eye Syndrome NCT06543667 Limbal Stem Cell Derived ExosomeEye Drop | Iran
Alopecia Androgenica NCT06239207 Exosomes GFC CELL EXO SCALP KIT (Leuco Exo 97%) 2 Pakistan
Melanoma NCT05744076 Circulating Exosomes in Melanoma Patients - France
Melasma NCT06677931 hUCMSC- Exos NA China
Melasma NCT0622178 microneedles combined with hUCMSC-Exos NA China
Hairloss NCT06999408 TargetCool+ Benev Exosomes NA United
States
(Continued)

International Journal of Nanomedicine 2025:20

https:

12647



Li et al

Table 7 (Continued).

Condition/disease NCT Durg Phases | Country
number

Biomarkers for Lupus Nephritis Using NCT04894695 Urine exosomes from patients with lupus nephritis - China

Urine Exosomes

Exosomes Proteomic for Sjogren’s NCT06771427 | Plasma Exosomes from patients with Sjogren’s Syndrome and - China

Syndrome and Dry Eye Syndrome Dry Eye Syndrome

Androgenetic Alopecia NCT06697080 hUCMSC-Exos NA China

Atopic Dermatitis NCT05969717 Induced Pluripotent Stem Cell Derived Exosomes Early | China

Dystrophic Epidermolysis Bullosa NCT04173650 MCS-EXOs 172 United
States

Note: Data obtained from ClinicalTrials.gov using “exosome”, “skin” as keywords, as of 2025-08-31.

their potential as biomarkers. This dual functionality—as therapeutic agents and biomarkers—has been validated at the
clinical trial level. Unfortunately, as of now, no exosome-based treatments for skin diseases have received approval for
market release as medicinal products.

Limitations and Future Prospects of Exosomes in Skin Therapy

Despite significant advancements in fundamental research on exosomes within the field of dermatology in recent years,
numerous challenges remain concerning their clinical application as therapeutic agents. Firstly, exosomes originate from
a wide array of sources, resulting in compositional variations between those derived from different cell types. Even
among exosomes from the same cell type, variations in composition are observed at different stages of cellular growth.''®
The nucleic acids, proteins, and lipids within exosomes constitute a highly complex mixture. Although exosomes exhibit
promising therapeutic potential across various diseases, the specific therapeutic components have yet to be clearly
identified. Research has predominantly focused on microRNAs, with limited studies exploring the detailed composition
and mechanisms of action of proteins and lipids. Therefore, future research should prioritize elucidating the therapeutic
constituents of exosomes and their specific mechanisms of action. 2) Researchers have devised a range of methodologies
for exosome isolation, grounded in principles such as density, size, and immunoreactivity. Nevertheless, each method is
accompanied by distinct limitations. For example, differential ultracentrifugation, the most frequently utilized technique,
requires expensive equipment and skilled personnel. Size-exclusion chromatography is prone to equipment blockage,
whereas immunocapture methods are restricted to isolating specific subsets of exosomes. Furthermore, the exosome
isolation and purification process is complex and time-consuming, with operator variability potentially resulting in
inconsistencies in the composition of isolated exosomes.'®?®> These inconsistencies hinder the precise identification of
exosomes and subsequent experimental analyses. Therefore, the development of cost-effective, scalable, and reliable
methods for exosome isolation is crucial for advancing their application in the medical field. 3) The harvested exosomes
necessitate long-term storage at —80°C, as their biological activity is only preserved for approximately one week when
stored at 4°C. Nevertheless, storage at —80°C is not without its drawbacks, as it adversely affects the stability of
exosomes, with degradation observed even after extended storage periods of up to two years. This presents considerable
challenges for the storage and transportation of exosomes. Although exosome lyophilization techniques have been
developed to facilitate stable preservation at room temperature, there is a lack of sufficient experimental evidence to
ascertain whether lyophilization affects their biological activity.”*® Consequently, there is an urgent need for more
convenient, durable, and stable preservation methods in exosome research. 4) Due to the ambiguous composition of
exosomes, particularly the immunogenicity associated with cell-derived exosomes, may result in significant heterogene-
ity between different donors and recipients. While studies suggest that plant-derived exosomes exhibit lower immuno-
genicity and enhanced safety profiles, their application in the treatment of skin diseases remains relatively unexplored.
Additionally, the identification of plant exosomes continues to pose a significant challenge. The therapeutic application of
exosomes in disease management faces several challenges.”®’ Establishing standardized protocols for the identification of
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plant-derived exosomes, in conjunction with fundamental research and clinical applications in dermatology, is of
paramount importance for future investigations. 5) Currently, there are over a hundred instances of exosomes being
evaluated in clinical trials across various disciplines, including orthopaedics (NCT05060107), neurosurgery
(NCT03384433), plastic surgery (NCT02565264), and ophthalmology (NCT05413148), with the majority still in the
preclinical research phase.?®® Despite extensive foundational research on exosome therapies for dermatological condi-
tions, only a limited number of studies have advanced to clinical trials. Future research efforts should focus on translating
basic scientific findings into clinical applications and developing safe and effective exosome formulations specifically
designed for dermatological therapies. Although there are inherent challenges in the medical application of exosomes,
particularly in the treatment of skin diseases, we propose that interdisciplinary advancements in medicine, bioengineer-
ing, nanotechnology, and related fields will facilitate significant progress in dermatological therapeutics. This advance-
ment is expected to result in the development of safer, more effective, and varied therapeutic modalities for a wide
spectrum of human diseases.

Conclusion

In recent years, exosomes have been extensively utilized across various domains of medical treatment, including
cardiovascular diseases, immune disorders, degenerative diseases, inflammation, aging, and regenerative medicine.
This is attributed to their diverse origins, favorable biocompatibility, and capacity to transport nucleic acids, proteins,
lipids, and other components involved in intercellular communication. Notably, the phospholipid bilayer structure of
exosomes confers exceptional biocompatibility with the skin, enhancing their absorption. This review consolidates recent
studies on the utilization of exosomes as biomarkers, therapeutic agents, and drug delivery systems in dermatological
disorders. It offers a comprehensive analysis of the therapeutic potential of exosomes in autoimmune skin disorders, such
as SLE, SC, psoriasis, and vitiligo, as well as in skin regenerative conditions, including wound healing, skin aging,
hypertrophic scarring, flap regeneration, and hair regeneration. Furthermore, exosomes demonstrate promising therapeu-
tic roles in the treatment of skin cancers. These results offer compelling therapeutic approaches for managing skin
disecases and establish a strong basis for the advancement of exosome-based therapies in dermatology.
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