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Skin diseases are a broad category of diseases and each has complex conditions,
which makes it challenging for dermatologists to provide targeted treatment.
Exosomes are natural vesicles secreted by cells and play a key role in cell
communication. Due to their unique characteristics, including inherent
stability, minimal immunogenicity, high biocompatibility, and exceptional
ability to penetrate cells, exosomes are being explored as potential delivery
vehicles for therapeutics across various diseases including skin problems.
Utilizing exosomes for drug delivery in skin diseases can improve treatment
outcomes and reduce the side effects of traditional drug delivery methods.
Indeed, exosomes can be engineered or utilized as an innovative approach to
deliver therapeutic agents such as small molecule drugs, genes, or proteins
specifically to affected skin cells. In addition to targeting specific skin cells or
tissues, these engineered exosome-based nanocarriers can reduce off-target
effects and improve drug efficacy. Hence, this article highlights the transformative
potential of this technology in revolutionizing drug delivery in dermatology and
improving patient outcomes.
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1 Introduction

Skin diseases can manifest in various ways such as ulcers, inflammatory diseases, and
cancer. Skin ulcers are open wounds that are usually caused by pressure, poor circulation, or
injury. Inflammatory skin diseases, like atopic dermatitis (AD), psoriasis, vitiligo, etc., cause
swelling, irritation, and redness of the skin. Melanoma refers to the abnormal growth of
melanocytes that can lead to the development of malignant tumors (Anand et al., 2022). The
treatment of skin problems often deals with symptom management and can be challenging
due to the different nature of these conditions. A common obstacle in addressing skin issues
involves the limited efficacy, the resistance to treatment and the potential side effects of
drugs (Kim et al., 2021b; Yu et al., 2024). This can make it difficult to develop effective
treatments without causing side effects or further damage to the skin. In this regard, drug
delivery technologies have been developed to improve treatment outcomes in ways,
including increasing therapeutic efficacy, decreasing toxicity, enhancing patient
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compliance, and enabling completely new medical treatments (Gao
et al., 2023). Nowadays, a multitude of drug delivery systems have
emerged, employing various technologies to facilitate more efficient,
regulated, and precise delivery. The unique features of each system
govern its specific release kinetics and mechanisms, which are
influenced by the distinct physical, chemical, and structural
properties that, in turn, impact their interactions with different
pharmacological agents (Mattos et al., 2017). Recently, extensive
research has been conducted on organic and inorganic
nanomaterials to create specialized nanocarriers for drug
transport (Watkins et al., 2015). Organic nanomaterials include
natural or synthetic polymers and lipids. Among organic
nanomaterials, polymeric nanocarriers are ideal for sustained
therapeutic delivery with biocompatibility and biodegradability
properties. A variety of synthetic polymers, such as polyethylene
glycol (PEG), poly-L-lactic acid, polyvinyl alcohol, and poly (lactic-
co-glycolic acid), along with natural polymers like chitosan and
alginate, are extensively used in the construction of nanocarriers
(Obeid et al., 2017). Likewise, dense lipid nanocarriers and
phospholipids, including micelles and liposomes, are
advantageous for drug delivery and targeting. Inorganic
nanomaterials are made of carbon, silica, iron oxide, gold, and
silver materials. These nanomaterials are mainly used for diagnosis

and imaging, although it has been found that they have the potential
for drug delivery. They offered benefits such as high drug-loading
capacity, low toxicity, cost-effective laboratory production improved
biocompatibility, and the ability to modify their surfaces (Baeza
et al., 2017; Khafaji et al., 2019). Despite their potential, these carriers
face clinical challenges due to their short half-life, limited ability to
cross biological barriers, the possibility of interaction with
biomolecules and accumulations in cells, and concerns about
immunogenicity and toxicity (Min et al., 2015; Sukhanova et al.,
2018). Exosome-based carriers, naturally derived from cells, offer
promising solutions. Due to high stability, excellent
biocompatibility, minimal immunogenicity, and the ability to be
selectively loaded with therapeutic cargo, exosomes are ideal for
drug delivery (Sharma and Mukhopadhyay, 2024). Notably,
exosomes can cross biological barriers, reduce drug clearance,
and exhibit lower toxicity compared to organic and inorganic
nanoparticles. The lipid bilayer membrane of exosomes also
protects against cargo degradation, making them an attractive
option for drug delivery (Zeng et al., 2023; Yadav et al., 2024).
Therefore, in this review, firstly exosomes are introduced as a natural
carrier for loading different therapeutic agents. Then, various
foreign cargoes delivered by exosomes will be discussed for
treating skin diseases.

GRAPHICAL ABSTRACT
Summary of the application of exosomes for delivery of genetic agents, small molecule drugs, proteins in skin diseases.
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1.1 Exosome, delivery, and uptake

Exosomes are tiny vesicles surrounded by a lipid layer, typically
ranging from 30 to 150 nm that release from different cells including
mesenchymal stem cells (MSCs), immune cells, and cancer cells.
They carry important molecules like proteins, nucleic acids, and
lipids and play a crucial role in cell-to-cell communication (Keshtkar
et al., 2018; Keshtkar et al., 2022b). Exosomes facilitate intracellular
communication through several mechanisms: a) interaction
between exosome membrane proteins and receptors on target
cells, b) interaction between soluble fragments derived from
exosome membrane proteins and cell surface receptors, and c)
internalization of exosome contents by target cells (Keshtkar
et al., 2022a; Keshtkar et al., 2022b). Recipient cells can
internalize exosomes through various mechanisms, such as lipid
raft-, caveolae-, and clathrin-dependent endocytosis,
macropinocytosis, and phagocytosis, and some receptor binding
such as integrins, scavenger receptors, complement receptors, and
T-cell immunoglobulin- andmucin-domain-containing molecule-4.
These processes allow exosomes to deliver cargo to recipient cells,
enabling them to perform biological functions (Morelli et al., 2004;
Miyanishi et al., 2007; Tian et al., 2010; Escrevente et al., 2011;
Mittelbrunn and Sánchez-Madrid, 2012; Svensson et al., 2013; Prada
and Meldolesi, 2016).

There are several isolation methods for exosomes, such as
ultracentrifugation, density gradient centrifugation, ultrafiltration,
size exclusion chromatography (SEC), immunoaffinity, and
polymer precipitation (Kar et al., 2023). Ultracentrifugation has
been introduced as a gold standard method. Although this method
is cost-effective and ideal for large-scale samples, it is time-
consuming, can damage exosomes, and results in low yield and
modest purity. Density gradient centrifugation avoids exosomal
damage and achieves high purity but is time-consuming, takes over
16 h, requires labor-intensive preliminary preparation, and results
in minimal yield. Ultrafiltration is a simple and quick method that
does not need special equipment, produces high-purity
components with moderate yield, but can result in the loss of
small-diameter exosomes due to membrane clogging. SEC
provides highly specific exosome subtype isolation in just 0.3 h
with high yield and purity, but special columns and packing are
needed to address lipoprotein contamination. Immunoaffinity
capture-based isolation allows for the specific targeting of
exosome subtypes but requires more complex procedures and
specific antibodies. Polymer precipitation is a straightforward
method suitable for large-volume samples, yielding high
amounts in 0.3–12 h. However, it may result in low purity due
to contaminants from protein aggregates or residual polymers.
Totally, the choice of method depends on factors such as sample
volume, desired purity, and downstream application goals (Zhou
et al., 2020; Kar et al., 2023).

1.2 Exosome manipulation and drug loading

Various methods have been devised to incorporate
therapeutic or diagnostic payloads such as chemical drugs,
nucleic acids, proteins, peptides, and nanomaterials into
exosomes. These techniques can be classified into pre-loading

and post-loading methods (Figure 1) (Wang et al., 2021). In the
pre-loading technique, cargos are loaded into donor cells before
exosome isolation. This approach allows for the encapsulation
of drugs within exosomes during their natural biogenesis. The
process involves modifying donor cells by co-incubating them
with the desired cargo or transfecting the target gene to release
specific exosomes (Pascucci et al., 2014; Zhang H. et al., 2018).
Notably, the pre-loading method ensures continuous
production of cargo-loaded exosomes without compromising
membrane integrity. However, it has limitations, including
imprecise control over the amount of cargo loaded, low
loading efficiency, potential gene expression changes in
donor cells, and the risk of toxicity due to transfection
agents (Liu et al., 2019; Xi et al., 2021; Kimiz-Gebologlu and
Oncel, 2022).

The post-loading method involves loading drugs onto isolated
natural exosomes. This approach has two distinct strategies: passive
and active loading (Kimiz-Gebologlu and Oncel, 2022). Passive
loading relies on the physical properties of the drug to passively
diffuse into exosomes through co-incubation. Active loading
employs various techniques to encapsulate the drug into
exosomes including electroporation, sonication, fusion, freeze-
thaw cycles, membrane permeabilizers, and extrusion (Xu et al.,
2020; Xi et al., 2021). Electroporation uses a high-intensity electric
field to create temporary holes in the exosome membrane, enabling
drug entry. This method is effective for loading large molecules like
microRNA (miRNA) and small interfering RNA (siRNA) but has a
poor loading capacity due to RNA aggregation and stability issues
(Sato et al., 2016; Akuma et al., 2019). Sonication disrupts the
exosome membrane using ultrasonic waves, allowing
hydrophobic drugs to pass through. This method maintains the
integrity of exosome membranes and does not reduce membrane-
bound protein or lipid content, but it can alter exosome viscosity
(Kim et al., 2016; Huang et al., 2020). The fusion method combines
exosomes and nanocomposites within a membrane structure,
enhancing drug absorption, efficacy, and exocrine functions.
This technique successfully enriches exosomes with hydrophilic
components without compromising their function, significantly
improving the cellular transport efficiency of chemotherapeutic
agents (Akuma et al., 2019). Freeze-thaw cycles involve repeatedly
freezing and thawing exosomes with drugs to improve
encapsulation. This method has a lower drug loading capacity
compared to sonication or extrusion and can cause exosome
aggregation (Gurung et al., 2021; Kim et al., 2021a). Membrane
permeabilizers like saponin interact with cholesterol to create
pores in the membrane, improving the loading efficiency of
enzymes like catalase into exosomes (Kim et al., 2016). The
membrane extrusion method involves mixing exosomes with
drug molecules and passing them through a nanofiltration
membrane filter. This process creates fissures in the exosome
membrane, allowing for drug loading. Researchers dissolve
drugs in an appropriate solvent and slowly add them to
exosomes. Devices like manual extruders or microgrinders are
used to encapsulate drugs within exosomes (Liang et al., 2020).
Generally, these techniques disrupt exosome membranes,
enhancing drug encapsulation efficiency by up to 11 times.
However, these methods can affect the exosome’s targeting
properties and native structure (Akuma et al., 2019).

Frontiers in Pharmacology frontiersin.org03

Keshtkar et al. 10.3389/fphar.2025.1485769

https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2025.1485769


1.3 Routes of exosome administration

Exosome administration is a critical factor in therapeutic
applications, with various routes offering distinct biodistribution
and effects. Intravenous injection is common, enhancing treatments
for heart, brain, and cancer conditions, despite rapid clearance by
organs like the liver and lungs; modifications like PEGylation can
extend circulation time (Kooijmans et al., 2016; Sun et al., 2018).
Subcutaneous injections show promise in skin healing and
malignancies, influencing immune cell behavior for faster
recovery (Kim et al., 2019). Another method for administering
exosomes into the body is through intradermal injection. This
involves injecting exosomes into the dermis, which enhances
wound closure rates, improves vascularity, and exhibits antitumor
effects (Wang et al., 2019; Qiu et al., 2020). Intranasal delivery is
effective for brain-targeted therapies, with studies showing
protection against neurodegeneration and brain injuries (Zhuang
et al., 2011; Liao et al., 2020). Intraperitoneal injections have yielded
positive results in cancer and autoimmune disease models by
modulating immune responses (Sun et al., 2010; Bellavia et al.,
2017; Nojehdehi et al., 2018). Lastly, oral administration provides a
non-invasive option, successfully delivering compounds like
curcumin and inducing immune tolerance in autoimmune
diseases (Figure 2) (Arntz et al., 2015; Aqil et al., 2017). This
variability complicates the standardization of exosome delivery
methods, making it difficult to achieve consistent therapeutic

outcomes (Kang et al., 2021). Overall, the field needs further
research to optimize dosing and evaluate the efficacy and safety
of exosome-based treatments.

The potential of exosomes for drug delivery has garnered
significant attention from the scientific community, highlighting
their promise as a therapeutic strategy for various diseases, including
cancer and neurodegenerative disorders (Gilligan and Dwyer, 2017;
Das et al., 2018). In the following, the investigation of various
cargoes loaded in exosomes for the treatment of skin diseases
will be discussed and summarized in Figure 3.

2 Exosomes for delivering genetic
agents in skin diseases

Gene therapy is a therapeutic approach based on various genetic
materials, including messenger RNA (mRNA), miRNA, and DNA,
for the treatment of various diseases including skin disorders. The
delivery of genetic materials is challenging because the cell
membrane prevents them from directly penetrating the cells in
the body. In addition, genetic materials are very fragile and it is
important to protect them from degradation by RNase in the
extracellular fluid (Sarkar et al., 2020; Duan et al., 2021). Various
RNA molecules can be loaded into exosomes and then delivered to
specific cells or tissues using a range of biochemical or physical
methods (Kim, 2020). Over the past years, notable advancements

FIGURE 1
Drug-loading methods in exosome.
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have been made in utilizing exosome-mediated gene therapy for the
prevention and treatment of various diseases, including immune
disorders, cancers, and infectious diseases. In continuation, the
genetic agents loaded in exosomes and applied for skin diseases
will be discussed (Table 1). AD is an inflammatory skin disease
described by type 2 skin inflammation and a defective barrier (Shao
et al., 2020). miRNA-147a, an anti-inflammatory micro-RNA in
keratinocytes and endotheliocytes regulating inflammatory
infiltration under pathological conditions, is a potential
therapeutic agent for AD. According to the potential therapeutic
effect of exosomes for AD and their carrier potential for gene
delivery, Shi et al. innovatively developed a novel approach to
alleviate AD by overexpressing miR-147a in adipose-derived stem
cells (ADSCs). In this regard, they isolated exosomes to deliver miR-
147a specifically to AD lesioned skin mice model. As a result,
exosomes derived from miR-147a-overexpressing ADSCs
extenuated pathological angiogenesis and inflammatory response
during AD progression by targeting the VEGFA and MEF2A-TSLP
axis (Shi et al., 2023).

Psoriasis is a chronic inflammatory skin disease described by
abnormal differentiation and reduction of keratinocytes (Shao et al.,
2020). MiR-124-3p can inhibit psoriasis-like skin inflammation by

targeting STAT3 mRNA in keratinocytes. In the study of Liu et al.,
exosomes were isolated from human keratinocytes and miR-124-3p
was transfected by electroporation to obtain Exo-miR-124-3p. Then,
the injection was intradermally performed on the back skin of
psoriasis mice. The results showed that miR-124-3p alleviated
skin inflammation and reduced skin thickness, as well as
decreased epidermal thickness, proliferating cells, and the
oxidative stress marker malondialdehyde (Longevity and
Longevity, 2023).

MiR-146a acts as a critical molecular brake on aberrant
inflammation targets mRNA encoding caspase recruitment
domain protein 10 (CARD10) and regulates angiogenesis. MiR-
146a also targets mRNA encoding CARD10 and regulates
angiogenesis. Chen et al. transfected miR-146a to human ADSCs
by liposomes. They extracted exosomes from miR-146a-modified
ADSCs. Exosomes were injected into rats at four sites around skin
defects. They showed that miR-146a promoted the
neovascularization of full-thickness wounds in rats (Chen M.
et al., 2023).

MiR-126-3p directly encodes phosphoinositide-3-kinase (PI3K)
regulatory subunit 2 mRNA in skin fibroblasts and vascular
endotheliocytes. Ma et al. transfected miR-126-3p inhibitor to

FIGURE 2
Exosome administration routes.
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human ADSCs cells by liposomes. Then, Exo-miR-126-3p inhibitors
were isolated from the culture supernatant after 24 h and injected
into the four sides of the full-thickness wound in rats. They found
that topical treatment of wounds increased collagen deposition and
angiogenesis simultaneously in skin defects (Ma et al., 2022).

MiR-135a targets mRNA encoding large tumor suppressor
factor 2 (LATS2) in fibroblasts, promoting local fibroblast
migration into wounds. Gao et al. transfected a miR-135a
plasmid into human amnion MSCs(hAMSCs) by liposomes.
Then, Exo-miR-135a was isolated from the culture supernatant
after 48 h. After that, the Exo-miR-135a was mixed with
collagen-I, and injected directly into the full-thickness wound
margin of rats. After 5 days of treatment, rats receiving Exo-
miR-135a showed the fastest wound healing. They found that

miR-135a promotes wound healing and epithelialization by
promoting fibroblast migration (Gao et al., 2020).

MiR-181c in the exosomes demonstrated a pivotal role in
regulating inflammation. Li et al. transfected miR-181c into
human umbilical cord MSCs (hUCMSCs) by liposomes, and
Exo-miR-181c was obtained from the culture supernatant and
applied for the treatment of the full-thickness burn injury rat
model. They found that burn injury significantly increased the
inflammatory reaction of rats. These results indicated that miR-
181c can reduce burn-induced inflammation by downregulating
mRNA encoding TLR4 in macrophages (Li et al., 2016).

The expression level of miR-29a in human burn scars and
hypertrophic scar fibroblasts is significantly reduced compared to
normal tissue and fibroblasts. Yuan et al. transfected miR-29a into

FIGURE 3
Application of exosomes for delivery of active biomolecules in the skin diseases. Exosomes released from different source of cells. Different kind of
cargo loaded in isolated exosomes and injected to different type of skin diseases in animal models.
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TABLE 1 Application of exosomes as a delivery vehicle for genetic agents in skin diseases.

Exosome
source

Cargo Loading
method

In-vitro/In-
vivo model

Administration
route

Result Ref.

ADSCs MiR-147a Lipofectamine
3000

In vivo: Mice model
of AD

— Extenuated pathological angiogenesis and
inflammatory response during AD
progression

Shi et al.
(2023)

Human
keratinocytes

MiR-124-3p Electroporation In vivo: Mice model
of psoriasis

Intradermally Reduced skin thickness, as well as
decreased epidermal thickness,
proliferating cells, and the oxidative stress
marker malondialdehyde

Longevity and
Longevity
(2023)

ADSCs MiR-146a Liposome In-vivo: Full-
thickness wounds
of rat model

Injected into four sites of the
wound

Promoted the neovascularization of full-
thickness skin defects

Chen et al.
(2023b)

ADSCs MiR-126-3p Liposome In-vivo
Full-thickness
wounds of rat
model

injected into the four sides of
the wound

Increased collagen deposition and
angiogenesis simultaneously in skin
defects

Ma et al.
(2022)

AMSCs MiR-135a Lipofectamine
2000

In-vivo: Full-
thickness wound of
rat model

Injected directly into the full-
thickness wound margin

Promoted wound healing and
epithelialization by promoting fibroblast
migration

Gao et al.
(2020)

UCMSCs MiR-181c Lipofectamine
2000

In-vivo: full-
thickness burn
injury rat model

Vein tail injection Reduced burn-induced inflammation by
downregulating targeting mRNA
encoding TLR4 in macrophages

Li et al. (2016)

ADSCs MiR-29a Lipofectamine
2000

In-vivo:
transdermal mice
model
For scar formation

Subcutaneous Decreased scar formation by blocking the
TGF-β/Smad3 pathway in fibroblasts

Yuan et al.
(2021)

SMSCs MiR-126 Lentivirus In-vivo: Diabetic
Wound of rat
model

— Improved angiogenesis and enhanced
collagen maturation in ischemic diseases

Tao et al.
(2017)

ADSCs MiR-132 Lentivirus In-vivo: the
diabetic wound of
mice model

Subcutaneous Reduced local inflammation, promoting
angiogenesis, and stimulating M2-
macrophage polarization

Ge et al. (2023)

MSCs MiR-
155inhibitor

— In vivo: diabetic
wound mice model

— Increased significantly collagen
deposition, re-epithelization, and
angiogenesis

Gondaliya
et al. (2022)

ADSCs MiR-21-5p Electroporation In-vitro:
HaCaT cells
In vivo: Diabetic
wound of rat model

Applied evenly to the
wound bed

Increased angiogenesis, vessel maturation,
collagen remodeling, and re-
epithelization in diabetic wounds.
promoted proliferation and migration of
keratinocytes through Wnt/β-catenin
signaling invitro

Lv et al. (2020)

BMMSCs lncRNA H19 Lipofectamine
2000

In-vivo: DFU mice
model

Injected into the skin around
the wound

Prevented the apoptosis and
inflammation of fibroblasts by impairing
PTEN inhibition, leading to the
stimulated wound-healing process
in DFU

Li et al.
(2020a)

ADSCs Nrf2 — In vivo: DFU rat
model

— Improved wound healing by increasing
the expression level of and VEGFR2 and
decreasing the level of inflammatory
cytokine IL-1b, Il-6, and TNF-a and
oxidative stress proteins NOX1, NOX4,
and ROS

Li et al. (2018)

mDC siBRAF electroporation In vitro:
B16F10 cells
In vivo: melanoma
mice model

subcutaneous enhanced anti-malignant melanoma
activity and a high level of safety in vivo
Inhibited melanoma growth by
promoting T cell proliferation in vitro

Lin et al.
(2023)

Abbreviation: ADSCs, Adipose-derived stem cells; MSCs, Mesenchymal stem cells; AMSCs, amnion mesenchymal stem cells; UCMSCs, Umbilical Cord Mesenchymal Stem Cell; SMSCs,

Synovium Mesenchymal Stem Cells; mDC, mature dendritic cell; HaCaT, human keratinocyte cell line; AD, Atopic dermatitis; siBRAF, BRAF, siRNA.
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hADSCs by liposomes. Exosomes derived from miR-29a-modified
hADSCs were extracted and injected subcutaneously into a
transdermal mice model to evaluate scar formation. They found
that transforming growth factor beta (TGF-β) was the target of miR-
29a and inhibited scar hyperplasia by the TGF-β/Smad3 pathway in
fibroblasts (Yuan et al., 2021).

Tao et al. investigated the therapeutic effect of overexpressing
miR-126 in exosomes derived from synovial MSCs (SMSCs) on
diabetic wounds in rats. In this study, SMSCs were transfected with
miR-126 by lentivirus, then exosomes were extracted from SMSC-
126 and injected into a diabetic rat model. They showed that
exosomes derived from SMSC-126 improved angiogenesis in
human dermal fibroblasts and human dermal microvascular
endothelial cells (HDMEC-1) and enhanced collagen maturation
in ischemic diseases through PI3K/AKT and MAPK/ERK (Tao
et al., 2017).

MiR-132 targets the TGF-β, PI3K/AKT, and Hippo pathways,
thereby promoting proliferation and migration. Ge et al. loaded
lentivirus carrying miR-132 into ADSCs. Exosomes derived from
miR-132-overexpressing ADSCs (miR-132-exo) were harvested
from the supernatant and injected subcutaneously in four points
around the wound in diabetic mice. The results showed miR-132-
exo accelerates diabetic wound healing, by reducing local
inflammation, promoting angiogenesis, and stimulating M2-
macrophage polarization mediated by the NF-κB signaling
pathway (Ge et al., 2023). In another study, Gondeliya et al.
investigated the effect of directly loaded miR-155 inhibitor into
MSC-Exosomes on a diabetic mice model. They showed that the
treatment of wounds by miR-155 inhibitor-exosomes increased
significantly collagen deposition, re-epithelization, and
angiogenesis (Gondaliya et al., 2022).

Lv et al. loaded miR-21-5p into human ADSCs by
electroporation. Then they extracted the exosomes containing
miR-21-5p from ADSCs and applied them evenly to a wound
bed in a diabetic rat model. The modified exosome increased
angiogenesis, vessel maturation, collagen remodeling, and re-
epithelization in diabetic wounds. In vitro study on a human
keratinocyte cell line (HaCaT) loaded with miR-21-5p-exosomes
showed that the engineered exosome promoted the proliferation and
migration of keratinocytes through Wnt/β-catenin signaling (Lv
et al., 2020).

lncRNA H19 targets phosphatase and PTEN and binds to
microRNA-152-3p. Li et al. loaded lncRNA H19 in mice bone
marrow MSCs (BMMSCs). Exosomes containing lncRNA
H19 were extracted from BMMSCs and injected into the
surrounding tissues of the wound, in a mouse model of diabetic
foot ulcer (DFU). They found that MSC-derived exosomal lncRNA
H19 prevented the apoptosis and inflammation of the fibroblasts by
impairing miR-152-3p-mediated PTEN inhibition, leading to the
stimulated wound-healing process in DFU (Li B. et al., 2020).

Nrf2 is involved in cell migration, proliferation, apoptosis, and
differentiation. Li et al. transfected Nrf2 into human ADSCs.
Exosomes derived from Nrf2 overexpressing ADSCs were isolated
and used to treat the DFU rat model. They found that increasing the
expression level of VEGFR2 and decreasing the level of
inflammatory cytokine interleukin (IL)-1b, Il-6, and TNF-α and
oxidative stress proteins NOX1, NOX4, and ROS resulted in
improved wound healing in DFU rat model (Li et al., 2018).

In melanoma, a kind of skin cancer, BRAF siRNA (siBRAF) can
effectively inhibit the invasion and metastasis of malignant cells. Lin
et al. used mature dendritic cell (mDC) exosomes (mDexos) as
vectors to carry siBRAF by electroporation. A melanoma mice
model was established and treated by siBRAF-mDexos via
subcutaneous injection. They showed significantly enhanced anti-
malignant melanoma activity and a high level of safety in vivo.
Moreover, siBRAF-mDexos were examined on B16-F10 cells in vitro
and found to significantly inhibit melanoma growth by promoting
T cell proliferation (Lin et al., 2023).

3 Exosomes for small molecule drug
delivery in skin diseases

Despite the excellent therapeutic benefits of small molecule
drugs in skin diseases, their low solubility, in vivo instability,
short half-life, and poor oral bioavailability have limited their
potential as a clinical therapeutic (Yadav et al., 2024). Exosomes
hold great promise as an effective drug delivery vehicle in the
treatment of skin diseases (Sharma and Mukhopadhyay, 2024).
They can deliver desired therapeutic payloads with enhanced
bioavailability, improved drug stability, reduced drug dose, be
specific-targeted, and pass across many physical barriers through
surface modification (Ortega et al., 2021; Joorabloo and Liu, 2023).
These features render exosomes highly suitable for the treatment of
various skin diseases. Exosomes have been demonstrated to promote
angiogenesis and upregulate anti-inflammatory factors; thus,
exosome-based drug delivery systems have been extensively
studied in skin inflammation, psoriasis, wound healing, and
melanoma (Table 2) (Hou et al., 2022; Zhao et al., 2023; Jonoush
et al., 2024; Shi et al., 2024).

Tofacitinib (TFC), as an immunosuppressive drug, is an oral
inhibitor of JAK1 and JAK3 leads to a multi-tiered intervention in
psoriasis, with a direct impact on dysregulated keratinocytes,
declines the expression of the proinflammatory cytokine, and
normalizes the IL-23/Th17 axis (Tian et al., 2019). Dehghani
et al. successfully designed TFC-loaded A341-derived exosomes
to reduce inflammation of psoriasis in the imiquimod-induced
psoriasis mice model. Moreover, a significant reduction in the
cytotoxicity of TFC-loaded exosomes compared to free TFC was
observed probably due to the slow release of TFC. After 24 h, topical
TFC-loaded exosomes augmented the expression of the
inflammatory cytokine gene involved in psoriasis and exhibited
the best therapeutic effect in the imiquimod-induced psoriasis mice
model (Dehghani et al., 2024).

In another study, Yerneni et al. introduced a skin-targeted delivery
system based on curcumin-albumin-exosomes (CA-exosomes) using
dissolvable microneedle arrays (dMNAs) to explore the synergistic
impact of these drugs to suppress imiquimod-induced psoriasis-
model and LPS-triggered inflammation in vivo. Compared with
curcumin and curcumin-exosomes, dMNAs-delivered CA-
exosomes showed the highest storage stability in vitro, suggesting
the role of exosomes and dMNAs protection. Approximately 5 days
after the skin inflammation in rat and mouse models, the dMNA
application of CA-exosomes decreased the thickness of the skin,
blocked inflammation, and downregulated inflammatory protein
(Yerneni et al., 2022).
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TABLE 2 Application of exosomes for small molecule drug delivery in skin diseases.

Source of
exosomes

Loaded
cargo

Loading
method

In vitro/in vivo
models

Administration routs Results Ref

A-431 TFC Incubation, freeze-
thaw, probe
sonication, and
ultrasonic bath

In vivo: imiquimod-induced
psoriasis mice model

Topical Less cytotoxicity in vitro,
higher suppression of the
expression of TNFα, IL-
23, IL-6, and IL-15 genes,
and better therapeutic
effect in vivo compared to
free drug

Dehghani
et al. (2024)

Mice J774A.1 Albumin and
curcumin

Mild probe sonication In vivo: imiquimod-induced
psoriasis-like and LPS-
triggered inflammation in
rat and mice model

Applied manually and held in
place for 10 min using a finger

Improvement of stability
in vitro, reduction of
inflammation protein
compared to free drug

Yerneni
et al. (2022)

RAW264.7 Curcumin — In vitro: HUVEC
In vivo: diabetic wound rat
model

Subcutaneous Promotion of
proliferation, migration,
and angiogenesis of
HUVECs and
acceleration of wound
healing in vivo

Li et al.
(2023)

BMMSCs ATV-pre
treated

— In vitro: HUVEC
In vivo: STZ-induced
diabetic rats

Subcutaneous Improvement of
proliferation, migration,
and VEGF expression of
HUVEC and acceleration
of wound regeneration in
vivo

Yu et al.
(2020)

BMMSCs PGZ-
pretreated

— In vitro: HUVEC
In vivo: STZ-induced
diabetic rats

Subcutaneous Enhancement of the
migration, tube formation,
and VEGF expression in
HUVEC and enhancement
of the therapeutic efficacy
of MSCs-derived exosomes
and acceleration of diabetic
wound healing in vivo

Hu et al.
(2021)

Bovine milk Hesperidin Probe sonication In vitro: B16F10
In vivo: B16F10-induced
melanoma in Swiss mice

Oral and intraperitoneal Enhancement of the half-
life and therapeutic
efficacy of hesperidin
-loaded exosomes in both
in vitro and in vivo

Kumar et al.
(2024)

- Adriamycin Incubation In vitro: A375 or WM266-4
cells
In vivo: mice model of
melanoma

Intravenous Exhibition of good
biocompatibility in vitro,
accumulation in the
tumor more than free
exosomes, and showed
the lowest tumor weight
in vivo

Chen et al.
(2023a)

UCMSCs TP Incubation In vitro: A375 and
HaCaT cells
In vivo: mice model of
melanoma

Intravenous Inhibition of
proliferation, invasion,
and apoptosis promotion
in vitro, excellent
melanoma-targeting
ability, and prolonged
half-life of TP in vivo

Gu et al.
(2022)

B16.F10 Dox Incubation In vitro: B16.F10
In vivo: the
B16.F10 melanoma-bearing
mice

Intravenous Exhibition of higher
inhibitory effects on the
proliferation in vitro and a
stronger antitumor
efficacy in vivo

Patras et al.
(2022)

B16.F10 Dox Incubation In vitro: B16F10
In vivo: the
B16.F10 melanoma-bearing
mice

Intravenous Exhibition of strong
antiproliferative effect on
tumor cells co-cultured
with TAMs by
administration of IL-13-
LCL-SIM and PEG-
EV-Dox

Negrea et al.
(2022)

(Continued on following page)
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Curcumin is a natural polyphenol compound with an antiseptic,
antioxidant, and anti-inflammatory activity that has the potential to
treat various inflammatory diseases (Cozmin et al., 2024). In this
regard, Li et al. loaded curcumin into exosomes derived from
macrophages and injected subcutaneously around the wound in a
diabetic wound rat model. The loaded exosomes facilitated the
proliferation, migration, and angiogenesis of human umbilical
vein endothelial cells (HUVECs), inhibited inflammation, and
reduced reactive oxygen species production. In vivo investigations
revealed that curcumin-loaded exosomes increased re-
epithelialization and collagen deposition, produced mature
granulation tissue, and upregulated the expression of wound
healing-related molecules compared with the control group (Li
et al., 2023).

Moreover, exosome pre-treatment with various drugs like
pioglitazone (PGZ) and atorvastatin (ATV) promoted chronic
wound healing (Liu et al., 2020; Yu et al., 2020; Hu et al., 2021).
ATV, a commonly used lipophilic statin for oral lipid-lowering, has
been reported to have numerous effects, including promoting
angiogenesis, increasing VEGF secretion, and facilitating wound
healing (El-Okaily et al., 2023). Yu et al. asserted that exosomes
derived from ATV-treated BMMSCs (ATV-Exosome) provide
better support for the proliferation, migration, and VEGF
expression of HUVEC via AKT/iNOS signaling pathway
compared to the use of non-pretreated BMMSCs. Injection of
ATV-Exosome subcutaneously accelerated wound regeneration in
streptozotocin (STZ)-induced diabetic rats by enhanced blood vessel
formation compared to the controls (Yu et al., 2020). Recently, the
findings showcased the potential protective role of PGZ, as an anti-
diabetic medication, in inflammation and oxidative stress to
facilitate tissue renovation processes. They reported the superior
effects of PGZ-pretreated MSCs-derived exosomes (PGZ-Exosome)
on the biological functions of HUVECs, such as tube formation,
migration, VEGF expression, and wound regeneration in vitro by
targeting the PI3K/AKT/eNOS pathway. Their findings indicated
that subcutaneous injection of PGZ-Exosome in STZ-diabetic rats
leads to regenerative events including VEGF and CD31 expression,
ECM remodeling, and collagen deposition, suggesting angiogenesis
in diabetic wound healing (Hu et al., 2021).

Hesperidin, a flavonoid found in citrus fruits, reveals various
pharmacological activities, including anti-microbial, anti-cancer,
anti-inflammation via apoptosis pathways, and modulation of
numerous anti-inflammatory factors (Talebi et al., 2024). To this
aim, Kumar et al. isolated exosomes from bovinemilk and developed
hesperidin-loaded exosomes in the B16F10-induced melanoma
mice model. In vitro investigations on B16F10 cell lines verified
higher cytotoxicity of hesperidin-loaded exosomes than free
hesperidin, as supported by enhanced cellular uptake. Oral
pharmacokinetics investigations showed a significant
(approximately 2.5-fold) increase in half-life and oral
bioavailability of hesperidin upon loading into exosomes.
Hesperidin-loaded exosome intraperitoneally showed excellent
anti-cancer activity compared to free hesperidin after oral
administration in vivo. Notably, no histological, hematological, or
biochemical toxicities were detected in hesperidin-loaded exosome-
treated tumor-bearing mice (Kumar et al., 2024).

In addition, modification of exosomes with a variety of targeting
ligands, stimuli-responsive, and immune evasion elements have
been addressed to improve their drug delivery capability (Zhu
et al., 2021; Fan et al., 2022). As a traditional chemotherapy drug
for treating many cancers, adriamycin (also known as Dox) is
limited in treating melanoma cancer stem cells (CSCs) due to
adverse effects and poor solubility (Abdel-Megeed et al., 2024).
To target CD20+ melanoma CSCs, Chen et al. developed anti-CD20
aptamer-modified exosomes (ACEXO) loaded with adriamycin.
They incorporated cyclic RGD (cRGD) peptide on the exosome
membrane by post-insertion method and conjugated CD20 aptamer
to exosome. The modified exosome differed in cytotoxicity assay,
with ACEXO killing only CD20+ melanoma cells while showing
proper biocompatibility with 3T3 and 293T cells. By utilizing anti-
CD20 aptamer, they effectively reduced the number of tumor
spheres of WM266-4 or A375 cells compared to untreated
controls or ACEXO-treated groups. Interestingly, in vivo
investigations on a mice tumor model indicated tumor-targeting
capabilities of the intravenously administered exosome and the
lowest tumor weight, implying the substantial potential of this
exosome in the selective suppression of human CD20+ melanoma
stem cells (Chen H. et al., 2023).

TABLE 2 (Continued) Application of exosomes for small molecule drug delivery in skin diseases.

Source of
exosomes

Loaded
cargo

Loading
method

In vitro/in vivo
models

Administration routs Results Ref

B16.F10 Dox Sonication and
Incubation

In vitro: B16F10
In vivo: the
B16.F10 melanoma-bearing
mice

Intravenous Enhancement of the
therapeutic activity of
Dox in vitro and
suppression of tumor
development with low
systematic toxicity in vivo

Kang et al.
(2020)

RAW264.7 TP Mild ultrasonic In vitro: A375
In vivo: the
B16.F10 melanoma-bearing
mice

Intravenous Enhancement of the
targetability of exosomes
and induced tumor cell
apoptosis by specifically
binding to DR5 in
melanoma mice models

Jiang et al.
(2021)

Abbreviations: TFC, tofacitinib; TNFα, Tumor Necrosis Factor-Alpha; IL-23, Interleukin 23; IL-6, Interleukin 6; IL-15, Interleukin 15; LPS, lipopolysaccharides; HUVEC, human umbilical vein

endothelial cells; BMMSCs, BoneMarrowMesenchymal Stromal Cells; VEGF, vascular endothelial growth factor; MSCs,Mesenchymal StemCells; ATV, atorvastatin; STZ, streptozotocin; PGZ,

pioglitazone; hUCMSCs, Human Umbilical Cord Mesenchymal Stem Cells; TP, triptolide; Dox, Doxorubicin; TAMs, Tumor-Associated Macrophages; IL-13-LCL-SIM, Simvastatin

incorporated in Interleukin-13-functionalized Long-Circulating Liposomes; PEG-EV, PEG-coated Extracellular Vesicles; DR5, Death Receptor 5.
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Triptolide (TP) has been established to suppress multiple
tumors, such as melanoma by regulating autophagy, apoptosis,
and angiogenesis (Feng et al., 2024). Gu et al. designed exosomes
with conjugated cRGD motif, as the αvβ3 integrin receptor
overexpressed on the tumor cells and explored their potential to
promote targeted delivery of TP in melanoma-bearing mice
intravenously. The synthesized cRGD-Exosome/TP remarkably
suppressed invasion, proliferation, and apoptosis promotion
in vitro. Moreover, the in vivo pharmacokinetics investigations
showed that cRGD-Exosome/TP possessed a superior melanoma-
targeting capability and sustained the half-life of TP. Finally, in vivo
antitumor results revealed that cRGD-Exosome/TP significantly
suppressed tumor development and extended the survival time of
tumor-bearing mice (Gu et al., 2022).

Recent studies have reported the utility of functionalized
exosomes based on PEG modification in the targeted delivery of
Dox in B16.F10 murine melanoma. Importantly, PEGylation of
exosomes offers numerous benefits such as improving systemic
circulation time, solubility, stability, and permeability, however
reducing immunogenicity (Gao et al., 2024). In this context,
Patras et al. reported much higher inhibitory effects of Dox-
loaded PEGylated exosomes (PEG-EXO-DOX) intravenously
injection on the proliferation of B16F10- induced mice
melanoma model. Moreover, the functionalized exosomes
enhanced antitumor activity of PEG-EXO-DOX in
B16.F10 murine melanoma models as well as increased BAX
expression and reduced NF-κB activation compared to liposomal
Dox, suggesting better prognosis of exosome-based therapy than
liposomal based treatment (Patras et al., 2022). In another study,
Negera et al. explored the combinational therapy with simvastatin
incorporated in IL-13-functionalized long-circulating liposomes
(IL-13-LCL-SIM) based on PEG-EXO-Dox can selectively target
both tumor-associated macrophages and melanoma cells. Findings
showed that sequential intravenous administration of IL-13-LCL-
SIM and PEG-EXO-Dox had the most powerful antiproliferative
outcome on melanoma cells (Negrea et al., 2022).

Kang et al. engineered a more complex platform focusing on
functionalized exosome using active targeting modality consist of
membrane anchor (BODIPY)-spacer (PEG)-targeting ligand
(RGD), named ASL conjugate, in B16F10 melanoma tumors. The
Dox-loaded ASL exosomes (dAExosome) significantly inhibited
B16F10 melanoma growth. In the mice model of cancer,
intravenous injection of dAExosome attained tumor-targeted
imaging and effectively inhibited the tumor development with
low systematic toxicity as evidenced by body weight and tumor
volume (Kang et al., 2020).

Furthermore, the integration of tumor necrosis factor-related
apoptosis-inducing ligand (TRAIL) into exosomes can prompt
cancer cell apoptosis by binding to death receptor5 (DR5)
overexpressed in cancer cells. Jiang et al. employed a targeted
delivery system based on TRAIL-engineered exosomes (TRAIL-
exosome) to load TP to treat malignant melanoma. TP loading
into the TRAIL-exosome system improved tumor targetability and
cellular uptake while inhibiting proliferation, invasion, and
migration, and inducing apoptosis of A375 cells via activating the
intrinsic mitochondrial and the extrinsic TRAIL pathways in vitro.
Furthermore, in vivo investigations on a melanoma nude mice
model indicated that injection of TRAIL-exosome-TP

intravenously suppresses tumor progression capabilities, implying
the promising potential of this delivery system in the treatment of
malignant melanoma (Jiang et al., 2021).

4 Exosomes for delivery of proteins and
growth factors in skin diseases

Deficiency of certain proteins or growth factors is an important
cause of many clinical problems. Exosomes are potential natural
candidates for delivering bioactive molecules such as proteins,
growth factors, and peptides. There are limited investigations on
applying loaded exosomes with the mentioned substances in skin
diseases (Table 3). The controlled release of bioactive molecules
from exosomes has been introduced as a promising strategy in
wound healing. Shi et al. developed a TGF-β loaded clinical-grade
platelets exosome product incorporated in an injectable surgical
fibrin sealant. They found that topical treatment of ischemic wounds
of rabbits with this construct leads to regenerative events including
matrix remodeling, cell proliferation, and re-acquisition of accessory
structures of the skin (Shi et al., 2021).

The lack of angiogenesis has been recognized as the main cause
of diabetic wound healing complications. A recent study
demonstrated that delivering VH298 into endothelial cells by
exosomes derived from epidermal stem cells improves the
function of the human HUVEC in vitro (Wang et al., 2022).
VH298 is a small molecule designed by Frost et al. for stabilizing
hypoxia-inducible factor-1α (HIF-1α) (Frost et al., 2016). Applying a
mixture of gelatin methacrylate (GelMA) and VH298 loaded in
exosomes on diabetic wounds showed appropriate mechanical and
biological characteristics. This study suggested this construct is a
beneficial wound dressing (Wang et al., 2022).

Moreover, exosome pre-treatment with small molecules like
melatonin and 3,3′-Diindolylmethane could effectively ameliorate
chronic and acute wound healing (Shi et al., 2017; Liu et al.,
2020). In this regard, multisite subcutaneous injection of
melatonin-pretreated MSC-derived exosomes represented beneficial
effects on diabetic wound healing. Investigation of the underlying
mechanism revealed the role of the PTEN/AKT signaling pathway in
the elevated ratio of M2 to M1 macrophage polarization and
subsequently extinguished the inflammatory response (Liu et al.,
2020). Additionally, the subcutaneous administration of 3,3′-
Diindolylmethane-pretreated hUCMSCs exosomes in a deep
second-degree burn injury rat model improved the healing
capacity of cells. This study indicated that these exosomes
upregulated Wnt11, leading to β-catenin activation and triggering
therapeutic effects in vivo (Shi et al., 2017). These reports showed that
the prime ofMSCs with these bioactivemolecules results in the release
of exosomes with elevated wound healing ability.

In melanoma, the RAW 264.7-derived exosomes were loaded by
the transforming growth factor-β receptor I (TGFβRI) kinase
inhibitor SD-208 and a toll-like receptor (TLR)-7/8 agonist
resiquimod (R848). Findings showed that the exosomes loaded
with SD-208 decreased the migration of B16F10 cells isolated
from the skin tissue of a mouse with melanoma. Moreover, the
exosomes loaded with R848 stimulated the release of
proinflammatory cytokines from macrophages and dendritic cells.
The in vivo study revealed that the combination of dual-loaded
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exosomes through the tail-vein injection resulted in the reduction of
tumor growth and promotion of survival rate in the B16F10 tumor
xenograft model (Lee et al., 2022). In addition, immunostimulatory
CpG-DNA loaded in exosomes seems to be an effective strategy in
the immunotherapy of melanoma. Researchers constructed a CpG-
DNA anchored tumor cell-derived exosomes in this regard. They
found that this structure effectively activated dendritic cells in vitro
and increased immune responses when injected intradermally into
the mice (Matsumoto et al., 2019). Furthermore, intradermally

murine melanoma B16BL6-derived exosomes along with CpG-
DNA could efficiently activate DC2.4 cells and promote tumor
antigen presentation capacity. The in vivo administration of this
engineered construct in B16BL6 tumor-bearing mice exhibited
antitumor effects (Morishita et al., 2016).

In utilizing exosomes in cancer therapy, the engineered cellular
nanovesicles presenting programmed cell death protein 1 (PD-1)
receptors were applied. In this regard, B16F10 cells were transfected
with EGFP-PD-L1 plasmid and then incubated with PD-1

TABLE 3 Application of exosomes for delivery of proteins and growth factors in skin diseases.

Source of
exosomes

Loaded cargo Loading
method

In vitro/in vivo
model

Administration
route

Result Ref.

Platelets TGF-β Incubation In vivo: Ischemic full-
thickness wounds of
rabbits

Topical Regenerative events
including matrix
remodeling, cell
proliferation, and
reacquisition of accessory
structures of the skin

Shi et al.
(2021)

Epidermal stem
cells

VH298 Incubation In vivo: Diabetic wound
of mice

Wound dressing Appropriate mechanical
and biological
characteristics

Wang et al.
(2022)

Pretreatment of
BMMSCs

Melatonin — In vivo: Diabetic wound
of mice

Multisite subcutaneous
injection

Elevated ratio of M2 to
M1 macrophage
polarization and
extinguished the
inflammatory response

Liu et al.
(2020)

Pretreatment of
UCMSCs

3,3′-Diindolylmethane — In vivo: a deep second-
degree burn injury rat
model

Subcutaneous Upregulation of
Wnt11 which led to β-
catenin activation and
triggered therapeutic
effects in vivo

Shi et al.
(2017)

RAW 264.7 TGFβRI kinase inhibitor
SD-208 and a TLR-7/
8 agonist resiquimod
(R848)

Sonication and
electroporation

In vitro: B16F10 cells
isolated from the skin
tissue of mice
In vivo: the
B16F10 tumor xenograft
model

Tail-vein injection Reduction of the
migration of B16F10 cells
and stimulation of the
release of
proinflammatory
cytokines from
macrophages and
dendritic cells
Reduction of tumor
growth and promotion of
survival rate

Lee et al.
(2022)

Tumor cell CpG-DNA Incubation In vivo: mice model of
melanoma

Intradermally Activation of dendritic
cells
Increase in immune
responses

Matsumoto
et al. (2019)

B16BL6 CpG-DNA Incubation In vivo: mice model of
melanoma

Intradermally Activation of DC2.4 cells,
promotion of tumor
antigen presentation
capacity, and antitumor
effects

Morishita
et al. (2016)

HEK 293T cells PD-1 receptors/1-methyl-
tryptophan

Incubation Invitro: B16F10 cells
In vivo: Mice model of
melanoma

Tail-vein injection Enhancement of the
antitumor responses
against the melanoma
tumor and ability to
disrupt the immune
tolerance

Zhang et al.
(2018b)

Pretreatment of
BMMSCs

TRAIL Incubation In vitro: B16F0 cell lines
In vivo: Mice model of
melanoma

Injection into the left
flank

Massive necrosis in the
cancer cells, inhibition of
tumor progression

Shamili et al.
(2018)

Abbreviations: TGF-β, transforming growth factor beta; VH298, (Von Hippel-Lindau, the E3 ligase); BMMSCs, Bone Marrow Mesenchymal Stem Cells; UCMSCs, Umbilical Cord-Derived

Mesenchymal Stem Cells; Wnt11, Wnt Family Member 11; TGFβRI, Transforming growth factor-β receptor I; TLR, Toll-Like Receptor; DC: dendritic cells; PD-1, Programmed Cell Death 1;

TRAIL, Tumor Necrosis Factor-Related Apoptosis-Inducing Ligand.
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nanovesicles. The administration of the produced nanovesicles
through the tail-vein of mice model of melanoma indicated that
this strategy enhanced antitumor responses against the melanoma
tumor by disrupting the PD-1/PD-L1 inhibitory axis. On the other
hand, by loading 1-methyl-tryptophan, an inhibitor of indoleamine
2,3-dioxygenase, into these engineered cellular nanovesicles their
ability was enhanced to disrupt the immune tolerance pathway
(Zhang X. et al., 2018). In cancer therapy, researchers also examined
the effect of the exosomes derived fromTRAIL--engineeredMSCs in
tumor activity in a melanoma model. They found that injection of
these exosomes into the left flank of the mice leads to massive
necrosis in the cancer cells which can inhibit tumor progression
(Shamili et al., 2018).

5 Challenges, future ahead, and
conclusion

Skin diseases include a wide range of diseases from self-limited
and benign to malignant and divesting conditions. Due to the
complex conditions of each disease, dermatologists face different
challenges for targeted treatment (Shao et al., 2020; Kim et al.,
2021b; Yu et al., 2024). Exosomes have unique properties like
stability, minimal immune response, and strong biocompatibility,
making them excellent vehicles for drug delivery. These attributes
allow exosomes to efficiently penetrate target cells, evading detection
and clearance by the immune system, and thus facilitating the delivery
of foreign small molecules, protein, and nucleic acid medications to
specific cells (Zeng et al., 2023). Exosomes can enhance drug efficacy
by enhancing drug solubility and facilitating the simultaneous delivery
of multiple drugs, thanks to their lipid bilayer structure with both
lipophilic and hydrophilic properties (Zeng et al., 2023). The studies
reviewed in this manuscript demonstrated that the exogenous cargoes
loaded and transferred through exosomes can help in the treatment of
many skin problems such as AD, psoriasis, skin wounds, and
melanoma. A wide range of drugs from microRNAs to small
molecules drugs such as curcumin, tofacitinib, triptolide, etc. to
proteins such as TGF-β and melatonin were loaded into exosomes
and used to treat skin problems (Figure 3). The loading methods used
for genes often included electroporation and transfection with
lipofectamine, while for small molecules and proteins, incubation
methods were often used. Furthermore, to load genetic factors, the
mother cell preloading method was frequently employed, and then
exosomes containing the loaded cargo from modified cells were
extracted and applied. While post-loading methods were used to
load small molecule drugs, proteins, and growth factors. In addition,
different methods of administering cargo-loaded exosomes were
utilized in the studies on skin diseases, which complicates the
standardization of exosome delivery approaches, making it difficult
to achieve consistent therapeutic outcomes. Moreover, the reviewed
studies alongside varying administration methods, lack consistent
mention of the quantity of drug and exosomes used, and the extreme
heterogeneity in experimental methodologies, including differences in
dosage, tracking techniques, and exosome isolation methods, make it
challenging to compare findings across studies. Nonetheless, the
majority of studies indicate that delivering cargo via exosomes
yielded superior results compared to administering the free drug
alone for skin problems.

Although the delivery of varied bioactive molecules seems very
promising for dermatological applications, there are multiple
challenging issues in this field such as adequate efficiency, targeting
specificity, and systemic circulation time. New research is trying to solve
these problems, including specific targeting and therapeutic efficacy
because the poor organ-targeting ability of exosomes led to decreased
treatment efficacy and will limit their therapeutic applications. Recently,
loading the exosomes by targeting magnetic nanoparticles captured the
interest of the researchers. Studies showed that iron oxide
nanoparticles-labeled exosomes enhance wound healing (Li X. et al.,
2020; Wu et al., 2020). Indeed iron oxide increased the exosome
accumulation at the wound site, and improved endothelial cell
proliferation, migration, and tube formation while reducing scar
formation and enhancing collagen deposition (Li X. et al., 2020).
Therefore, exosomes modified with magnetic targeting nanoparticles
may serve as a potential tool for therapeutic purposes. In addition,
modification of exosomes with a variety of targeting ligands, stimuli-
responsive, and immune evasion elements have been addressed to
improve their drug delivery capability (Zhu et al., 2021; Fan et al., 2022).
Recently, the method of surface functionalization with aptamer has
been used to increase the targeting power of exosomes containing Dox
in the treatment of melanoma mouse models (Chen H. et al., 2023).
Furthermore, the use of PEG modification of functionalized exosomes
in the targeted delivery of Dox in melanoma mouse models has been
reported (Patras et al., 2022; Gao et al., 2024). Indeed, PEGylation of
exosomes offers numerous benefits such as regulation of their
pharmacokinetics and biodistribution, and improving circulation of
blood half-time (Ferreira et al., 2022).

As a result, exosomes show significant potential as a successful
method for delivering drugs to treat skin conditions. Although the
practical application of exosomes as a drug delivery vehicle in skin
diseases is still in its infancy, there is optimism regarding the
potential clinical applications of exosomes in dermatology.
Nevertheless, further research is required to elucidate the
therapeutic effects of loaded exosomes on skin diseases.
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Glossary
AD Atopic dermatitis

ADSCs Adipose-derived stem cells

AKT Protein kinase B

ATV Atorvastatin

ACEXO Anti-CD20 aptamer-modified exosomes

BAX Bcl-2-associated X protein

BMMSCs Bone marrow MSCs

CARD10 Caspase recruitment domain protein 10

CA-exosomes Curcumin-albumin-exosomes

CD31 Cluster of differentiation 31

CSCs Cancer stem cells

cRGD cyclic RGD peptide

DNA Deoxyribonucleic acid

DFU Diabetic foot ulcer

dMNAs Dissolvable microneedle arrays

Dox Adriamycin/Doxorubicin

dAExosome Dox-loaded ASL exosomes

DR5 Death receptor5

ECM Extracellular matrix

GelMA Gelatin methacrylate

hAMSCs Human amnion MSCs

hUCMSCs Human umbilical cord MSCs

HUVECs Human umbilical vein endothelial cells

HIF-1α Hypoxia-inducible factor-1α

HaCaT Human keratinocyte cell line

iNOS Inducible nitric oxide synthase

JAK Janus kinase

LPS Lipopolysaccharide

LATS2 Large tumor suppressor factor 2

IL Interleukin

lncRNA H19 Long noncoding RNA H19

IL-13-LCL-SIM Simvastatin incorporated in IL-13-functionalized long-
circulating liposomes

MSCs Mesenchymal stem cells

miRNA: MicroRNA

MEF2A Myocyte enhancer factor 2A

mRNA Messenger RNA

mDC Mature dendritic cell

mDexos mature dendritic cell exosomes

NOX NADPH Oxidase

NF-κB Nuclear factor kappa B

Nrf2 Nuclear factor erythroid 2–related factor 2

PEG Polyethylene glycol

PGZ Pioglitazone

PI3K Phosphoinositide-3-kinase

PEG-
EXO-DOX

Dox-loaded PEGylated exosomes

PD-1 receptors Programmed cell death protein one receptors

PTEN Phosphatase and tensin homolog

ROS Reactive oxygen species

SEC Size exclusion chromatography

siRNA Small interfering RNA

SMSCs Synovial MSCs

STAT3 Signal transducer and activator of transcription 3

siBRAF BRAF siRNA

STZ Streptozotocin

TSLP Thymic stromal lymphopoietin

TLR4 Toll-like receptor 4

TGF-β Transforming growth factor beta

TNF-α Tumor necrosis factor alpha

TFC Tofacitinib

Th17 T helper 17

Tp Triptolide

TRAIL TNF-related apoptosis-inducing ligand

TGFβRI Transforming growth factor-β receptor I

VEGFR2 Vascular endothelial growth factor receptor 2

VEGF Vascular endothelial growth factor

VEGFA Vascular Endothelial Growth Factor A

VH298: Von Hippel-Lindau, the E3 ligase.

Frontiers in Pharmacology frontiersin.org17

Keshtkar et al. 10.3389/fphar.2025.1485769

https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2025.1485769

	Exosomes as natural vectors for therapeutic delivery of bioactive compounds in skin diseases
	1 Introduction
	1.1 Exosome, delivery, and uptake
	1.2 Exosome manipulation and drug loading
	1.3 Routes of exosome administration

	2 Exosomes for delivering genetic agents in skin diseases
	3 Exosomes for small molecule drug delivery in skin diseases
	4 Exosomes for delivery of proteins and growth factors in skin diseases
	5 Challenges, future ahead, and conclusion
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	References
	Glossary


