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Abstract: Exosomes are small vesicles containing proteins, nucleic acids, and biological lipids, which
are responsible for intercellular communication. Studies have shown that exosomes can be utilized
as effective drug delivery vehicles to accurately deliver therapeutic substances to target tissues,
enhancing therapeutic effects and reducing side effects. Mesenchymal stem cells (MSCs) are a class
of stem cells widely used for tissue engineering, regenerative medicine, and immunotherapy. Ex-
osomes derived from MSCs have special immunomodulatory functions, low immunogenicity, the
ability to penetrate tumor tissues, and high yield, which are expected to be engineered into efficient
drug delivery systems. Despite the promising promise of MSC-derived exosomes, exploring their
optimal preparation methods, drug-loading modalities, and therapeutic potential remains challeng-
ing. Therefore, this article reviews the related characteristics, preparation methods, application,
and potential risks of MSC-derived exosomes as drug delivery systems in order to find potential
therapeutic breakthroughs.
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1. Introduction

Exosomes are a class of extracellular vesicles (EVs) secreted by cells between 40 and
100 nm in diameter [1,2]. For a long time, exosomes were considered as a way for cells
to discard unwanted proteins, biomolecules, and other waste products, so they were also
called “garbage bags” [3]. Johnstone first defined these EVs as “exosomes” in 1987 [4]. With
the continuous deepening of research, exosomes were found to be capable of intracellular
communication by transferring mRNA and microRNA (miRNA) in 2007 [5], which attracted
wide attention from scientists. Soon after that, regulating the transport of vesicles inside
cells won the 2013 Nobel Prize in Physiology or Medicine [6], which represented a whole
new level of exosome research.

Exosomes are rich in sources and can be extracted from normal cells, cancer cells,
immune cells [7], etc. Among them, MSCs are one of the most widely used cells because of
their ability to self-renew and multidirectional differentiation [8]. The source of MSCs is
abundant, which can be isolated from various tissues such as bone marrow and fat, and
has good proliferation ability in vitro [9]. Although MSCs were widely used for clinical
testing because of their potential regenerative power, several studies have shown that
implanted MSCs rarely differentiate and proliferate into appropriate cell types [10-12].
In 1996, Haynesworth et al. [13] reported that MSCs can synthesize and secrete growth
factors, chemokines, and cytokines that have significant effects on their surrounding cells.
This was the first report on the paracrine effect of MSCs. Many subsequent studies have
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provided strong evidence for the paracrine hypothesis of MSCs [14-17] and proved that
the primary regeneration mode, which involves the proliferation of preexisting cells of
MSC transplantation is a paracrine effect rather than the differentiation effect [18,19]. MSCs
can secrete a variety of EVs, including exosomes, microvesicles, and apoptotic bodies [20].
Among them, exosomes are the best characterized and have more definitive biophysical
and biochemical parameters [21]. Lai et al. [22] first discovered MSC-derived exosomes
when separating an MSC culture medium.

There are many ways to extract the exosomes derived from MSCs. Currently, the
commonly used methods include ultracentrifugation, ultrafiltration, size exclusion chro-
matography, precipitation with hydrophilic polymers, equidensity gradient centrifugation,
immunoaffinity capture, etc. [23-25]. MSC-derived exosomes have special immunomodula-
tory functions, high production, and low cost, and have been demonstrated to have similar
biological functions to MSCs [26]. In the meantime, they have the function of penetrating
tumor tissues, which is very beneficial for the delivery of therapeutic agents [26]. For all
these reasons, MSC-derived exosomes are easily constructed into cell lines with a stable
expression, thus becoming an ideal tool for specific cell-targeted drug delivery [27,28]. In
fact, many studies have focused on using exosomes derived from MSCs for drug delivery
to treat or detect diseases. For example, Chen et al. [29] found that in a rat model of
acute ischemic stroke, mini pig adipose-derived MSCs and their derived exosomes could
reduce the cerebral infarction area in rats. In the study of Liang et al. [30], LncRNA KLF3-
ASI in exosomes secreted from human-MSCs (hMSCs) by acting as a ceRNA to sponge
miR-138-5p can regulate Sirtl so as to inhibit cell pyroptosis and attenuate myocardial
infarction (MI) progression.

In this review, we will focus on the related characteristics, preparation methods,
research status, and potential risks of MSC-derived exosomes as drug delivery carriers
and elaborate on the application of MSC-derived exosomes as drug delivery vehicles in
disease monitoring and treatment (Figure 1), while hoping to provide enlightenment for
the development of disease treatment strategies in the future.
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Figure 1. MSC-derived exosomes as drug delivery vehicles in disease.
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2. MSC-Derived Exosomes
2.1. Biogenesis of EV’s

EV generation is a complex cell biological process involving several vital steps such
as synthesis, modification, endosome formation, transport, and release. Typically, MSC-
derived exosomes are the result of multiple endocytosis and membrane fusion [31]. When
the signaling molecules in the cell are triggered to the cell, the plasma membrane will puff
inward to form an endocytic vesicle. At the same time, activation of relevant signaling
pathways induces the endoplasmic reticulum and Golgi apparatus to synthesize proteins,
nucleic acids, signaling molecules, and other goods carried by these vesicles. The vesicles
formed by endocytosis of the plasma membrane merge with each other and enter the related
organelles for modification to form intraluminal vesicles (ILVs). ILVs form a multivesicular
body (MVB) after completing cargo sorting in the endoplasmic reticulum [32], containing
various proteins, nucleic acids, etc. Two fates await MVBs: either it fuses with the lysosome
to degrade the cargo or fuses with the plasma membrane to successfully secrete it outside
the cell as an exosome [33].

Cargo sorting is an essential step in the formation of MVBs, which is regulated by
many pathways and molecules. The endosomal sorting complexes required for transport
(ESCRT) is an important group of proteins involved in this process, relying mainly on five
core complexes: ESCRT-0, ESCRT-I, ESCRT-II, ESCRT-III, and Vps4-Vtal complexes [34].
MVB formation can be divided into ESCRT-dependent and ESCRT-independent pathways
according to ESCRT [35]. In addition to differences in pathways, the sorting mechanism
is also related to the type of cargo. For example, the classical signal of the protein joining
the endosome pathway is monoubiquitination [33]. This means that once the protein is
labeled with ubiquitin, a special domain called ubiquitin-binding domain (UBD) contained
in the subunits of the ESCRT complex will recognize and bind the ubiquitin-labeled protein,
sorting it into the appropriate MVB. However, not all proteins are sorted through the ESCRT-
dependent pathway, and some proteins can also be directed to lysosomes for degradation
through lipids or direct interactions with other proteins [36].

The generation of MSC-derived exosomes is complex and involves a variety of biomolecules
regulated by different pathways [31]. We enumerated a subset of the biomolecules that regulate
their generation (Table 1). A deeper understanding of the molecular mechanisms of this EV
biogenesis will help to understand the role of exosomes more fully in physiological and
pathological processes, providing possible options for intervention therapy.

Table 1. Molecules involved in EV formation and their effects.

Molecules Type Effects Ref.
ESCRT-0 (HRS, HGS, Binding and sequestering ubiquitinated cargo through
STAMI, VPS28) complex ubiquitin-binding motifs (37,381
ESCRT-I (TSG101, Sort}n.g ul?lqultmated cargo 1nFo ILVS of MVEs;
complex participating membrane budding into the lumen of [38,39]
VPS37A)
the MVBs
3 Sorting and sequestering ubiquitinated cargo proteins;
ESCRT I\I/(ESNB»};E);, VPS25, complex participating membrane budding with ESCRT-I; [39,40]
modulating the assembly of ESCRT-III helices
Driving membrane neck constriction on MVBs during ILV
ESCRT-II (CHMPs) complex formation with joint effect of Vps4 (411
Rab5 GTPase Participating in endosome fusion to form ESEs [42]
Rab7 GTPase Mediating trafficking LSEs [42]
Rab9 GTPase Par.t1c1pat1ng‘ in assembly of cargo coats and [43]
vesicle budding
Rab11 GTPase Docking/tethering of MVBs and promoting [44]

Ca?*-dependent homotypic fusion process
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Table 1. Cont.
Molecules Type Effects Ref.
Rab27a GTPase Regulating the size of MVBs [45]
Functioning in docking and fusion with PM against
Rab27b GTPase redistributing MVBs to perinuclear region (431
. Driving ILV formation by binding with flotillin proteins to
Rab31 GTPase make EGFR enter MVEs; suppressing MVE degradation 461
Rab35 GTPase Regulating PIP, levels of PM; docking /tethering MVBs [47]
Rab39 GTPase Inter.actlng with effector UACA, recruiting Lyspersin to 48]
mediate basolateral exosome release
RAL(RAL-1, RalA, RalB) GTPase Driving the fusion between MVBs and PM [49]
TBC1D10A-C GTPase-activating protein ~ Acting on Rab35 to regulate exosome secretion [50]
Ca* ions Acting in homotypic fusion [44]
SNAREs (syntaxin-4, soluble N-ethylmaleimide-
syntaxin-5, SNAP-23, and  sensitive factor attachment Driving the fusion between MVBs and PM [49,51]
VAMP-7) protein receptors
Interacting with ESCRT-I (subunit TSG101) and ESCRT-III
ALIX scaffold proteins (subunit CHMP4) and participating in cargo sorting and [52]
ILV formation
Regulating the syndecan-syntenin-ALIX pathway through
cleaving heparan sulfate chains on syndecans, thus
Heparanase / facilitating endosomal membrane budding and 531
exosome formation
. membrane scaffold Interacting with ALIX and contributing to intraluminal
Syntenin . . [54]
proteins budding of endosomal membranes
membran fold Recruiting syntenin-ALIX and facilitating membrane
Syndecan ¢ ri) tzilsncsa © budding to form ILVs and exosomes through the [54]
P syndecan-syntenin-ALIX pathway
ARF6 and PLD2 / Controlling the budding of ILVs into MVBs through 55]
ALIX-syntenin
DGKo and PKD1/2 / Regulating MVB maturation and polarized traffic [56]
CD81, CD63, CDY tetraspanins; exosome Facilitating the tI:afflell’lg and oligomerization of other 57]
cargo proteins membrane proteins
PE, PS, PA, and .. . . .
lysophospholipid phospholipids Promoting exosome biogenesis [58]
KIBRA scaffolding protein Preven’gmg Rab27a from b.emg ubiquitinated and 159]
regulating exosome secretion
. Neutrgl . . Producing ceramide to achieve ESCRT-independent
sphingomyelinase 2 sphingomyelinase . . [60]
budding machinery
(nSMase2)
Improving membrane curvature and regulating the
* Ceramide / abundance of other lipids, playing a key role in [60]
ESCRT-independent budding machinery
* LAMP2A membrane protein Loading proteins (such as HIF1A) into exosomes [61]

The abbreviations above are explained as follows: PM: plasma membrane; ESEs: early sorting endosomes; LSEs:
late sorting endosomes; MVBs: multivesicular bodies; ILVs: intraluminal vesicles; ESCRT: endosomal sorting com-
plex required for transport; ALIX: apoptosis-linked gene 2-interacting protein X; PE: phosphatidylethanolamine
PS: phosphatidylserine; PA: phosphatidic acid; EGFR: epidermal growth factor receptor; SNAREs: soluble N-
ethylmaleimide-sensitive factor attachment protein receptors; ARF6: small GTPase ADP ribosylation factor 6;
PLD2: phospholipase D2; DGKo: diacylglycerol kinase «; PKD: protein kinase D. * annotate the molecular
involving ESCRT-independent mechanism.



Int. J. Mol. Sci. 2024, 25,7715

50f 26

2.2. Structure of MSC-Derived Exosomes

MSC-derived exosomes are one class with distinct characteristics among the EVs
secreted by MSCs. These EVs exhibit complex and elaborate structures that contribute to
their stability, cargo protection, and cell targeting. MSC-derived exosomes typically have a
diameter between 40 and 100 nm and are able to concentrate at sucrose levels between 1.1
and 1.18 g/ml [62]. The outer layer is covered by a lipid bilayer, which contains exosomal
marker proteins such as MHC II, Tsg101, and CD29, and tetraspanins such as CD9 and
CD81 [63]. In addition to exosomal marker proteins, MSC-derived exosomes also have
CD29, CD73, CD90, CD44, and CD105, which are characteristic markers of MSCs [64].

A considerable number of studies have reported the proteomic characteristics of MSC-
EVs. Lai et al. [65] confirmed through correlation analysis that MSC-derived exosomes
were rich in Gil ganglioside (an endogenous receptor of the cholera toxin B chain), so
MSC-derived exosomes could be distinguished from the three types of EVs. Meanwhile,
functional analysis showed that MSC-derived exosomes contained 857 proteins related to
biological processes such as communication, movement, and inflammation [66]. Otero-
Ortega et al. [67] investigated the use of MSC-EVs in a subcortical ischemic stroke model.
Through proteomic analysis, it was determined to contain 2416 proteins related to brain
function repair. Eirin et al. [68] used proteomics to characterize the cargo of a pork-derived
MSC-EV and found that it contained 4.,937 different proteins. In a subsequent differential
expression analysis, they found that MSC-EVs selectively enriched 128 proteins compared
to MSCs. These proteins have specific biological characteristics and are closely related
to their mediated tissue regeneration functions, such as angiogenesis, coagulation, and
apoptosis. By comparing MSC-EVs with some proteins in the immune process in detail,
Mardpour et al. [69] found that MSC-EVs secrete some chemokine receptors such as IL10,
HGE, LIF, etc., which promotes the migration of MSC-EVs to the site of inflammation and
inhibits the occurrence of inflammation and autoimmune diseases. In addition to protein
cargo, some reports have also confirmed that MSC-derived exosomes contain a genetic
cargo of miRNA and mRNA to achieve control of targeted transcription factor activity and
regulate the activity of proteins with tissue repair functions [70,71]. These characteristics
provide the scientific basis for MSC-derived exosomes to be used as a drug delivery vehicle
in disease monitoring and treatment.

2.3. Uniqueness of MSC-Derived Exosomes

MSCs have long been known in the field of regenerative medicine for their therapeutic
potential of regenerative potency, low immunogenicity, and long half-life. A large number
of subsequent studies have confirmed that the regenerative effectiveness of MSCs is due to
their paracrine effects. Therefore, MSC-EVs have an advantage as a medical product over
complete cells in theory. Exosomes, as the only endosomal origin EV among the three [72],
have the most cell-free therapeutic potential due to their biological activity and ability to
mediate intercellular communication [73,74].

MSC-derived exosomes are loaded with proteins, nucleic acids, lipids, etc., from MSCs
and have similar therapeutic effects to MSCs [75]. Compared with exosomes derived
from other donor cells, they have higher stability, lower immunogenicity, and can be engi-
neered to enhance therapeutic effect. They have significant potential and wide application
prospects in regenerative medicine and the treatment of many diseases [76]. In addition,
MSC-derived exosomes have low immunogenicity and the safety of not directly forming
tumors compared to traditional whole cell-based therapies [77]. Most notably, MSC-derived
exosomes have great potential as a drug delivery vehicle. As a natural transporter, exo-
somes can cross the blood-brain barrier [78], which means they can deliver drugs to the
brain to treat related diseases. Moreover, the double lipid membrane outside the structure
makes it possible for exosomes to support both hydrophilic and hydrophobic drugs [79].
The smaller molecular weight also makes MSC-derived exosomes easy to produce, store,
and transport [80]. What is exciting is that MSC-derived exosomes as a drug delivery
vehicle in the cardiovascular system [81,82], nervous system [83], kidney [84], skin [85],
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bone [86], and other aspects of the treatment effect have been proven. The excellent di-
agnostic potential of MSC-derived exosomes seems to have made them one of the most
promising weapons to solve the problems of modern medicine.

3. Preparation Method of MSC-Derived Exosomes

To advance exosome-related research for potential medical applications, an easy;, fast,
high-purity separation and preparation method is essential [87]. Based on the size, density,
surface proteins, and immunological features of exosomes, researchers proposed a variety
of classical techniques (Figure 2), such as differential ultracentrifugation, density gradient
centrifugation, polymer-based precipitation, and size-exclusion chromatography [88].

: /\‘@ 100,000%g
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Figure 2. Schematic of preparation for MSC-derived exosomes. Classical separation methods include
ultracentrifugation, density gradient centrifugation, polymer-based precipitation, and size-exclusion
chromatography. Concurrently, technologies for isolation, exemplified by microfluidics, immunology,
and covalent chemistry, are in development.
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The most commonly and frequently utilized method is ultracentrifugation [89], which
can be classified into differential ultracentrifugation and density gradient ultracentrifu-
gation. Accepted as the “gold standard”, differential ultracentrifugation is performed
with centrifugal force for multiple cycles of centrifugation to remove cells, cell debris,
and apoptotic bodies sequentially, while density gradient ultracentrifugation concentrates
on differences between the density of the particles and that of inert media. A certain
relative centrifugal force can keep different particles in their particular positions in the
gradient medium.

Polymer precipitation is a high-yield, relatively cost-effective, and commercially viable
method for isolating exosomes [90]. Based on the ability of polymers to capture water
molecules surrounding exosomes and create a hydrophobic microenvironment, exosomes
can be separated from the solution [91].

In the size exclusion chromatography-based exosome preparation method, a solvent is
used as the mobile phase, and a porous packing material (e.g., porous silica gel or porous
resin) is flowed through as the stationary phase. Different particles are eluted sequentially
according to size [91,92].

Additionally, with new technologies emerging in recent years, the development of
comprehensive and integrated strategies combining the advantages of respective tech-
niques remains promising for the future [93]. At present, the novel strategies for exosome
preparation are in terms of microfluidics, immunology, and covalent chemistry in three
directions (Figure 2).

For instance, according to the literature, Liang et al. [94] developed a double-filtration
microfluidic device aimed at isolating exosomes from urine. Based on the label-free isolation
method, the device integrates high-throughput features while having advantages in terms
of cost, repeatability, and reducing potential contamination, thereby facilitating downstream
analysis and applications [94,95]. Microfluidic technology is a field that involves the
manipulation and control of extremely small amounts of fluids [96], typically in the range
of microliters (107° L) to picoliters (10712 L), within microscale channels or chambers. This
technology enables precise fluid handling at the microscale level, providing benefits such
as efficiency, automation, and integration.

Immunological methods for capturing exosomes involve high-affinity antibody—antigen
reactions. The discovery of all exosomes sharing similar surface proteins and the develop-
ment of magnetic nanomaterials opens up more possibilities for this approach. Yufei Yan
et al. [82] proposed a magnetic nanoparticle-associated strategy through specific glycan
recognition by lectins, achieving target exosome manipulation and isolation. Commercial
immunoaffinity reagents (such as the Exosome-Human EpCAM Isolation Reagent) are now
available for isolating specific exosome subpopulations.

For the convenience and simplicity of melanoma circulating tumor cells capture
(melanoma CTCs, MelCTCs), and hence for the improvement of subsequent targeting
accuracy, Ke Kang et al. [97] present an extracellular vesicle camouflage strategy to generate
functionalized magnetic vesicles (Fe304@lip/ev) with anti-fouling and active tumor cell
targeting properties. In combination with bioorthogonal click chemistry, dibenzocyclooctyl
magnetic capsules can be broadly used for the targeting and isolation of CTCs from all
metabolic markers of various phenotypes, organ sources, and even biological species.
Similarly, to achieve rapid capture of exosomes, the Click Beads concept was proposed by
Sun et al. [98]. The labeling of exosomes was performed by inserting the lipid substrate
of DSPE-PEG10o-TCO into the exosomes’ membrane. The TCO-labeled exosomes were
captured on Click Beads by bioorthogonal click chemistry between TCO and Tz motifs.
Exosomes isolated on Click Beads were collected in a cuvette by centrifugation.

4. Methods for Loading Drugs into Exosomes

Given their high biocompatibility, bilayer, and compartment structures, exosomes
have the ability to load various pharmaceutical ingredients, including nuclear acids [99],
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proteins [100], and small molecules [101]. In general terms, the common exosome drug
loading methods are divided into endogenous and exogenous.

The endogenous loading method is primarily through changing the biogenesis process
of exosomes, pre-loading drugs into intraluminal space or onto the membrane so that donor
cells can produce drug-loaded exosomes directly [102]. For example, Masaki Morishita
et al. [103] incubated streptavidin and cadherin exosomes (1 mg of protein) with 100 pmol
of biotinylated CpG DNA for 10 min at room temperature to present an exosome-based
tumor antigens-adjuvant co-delivery system. Lin et al. [104,105] introduced safer and
simpler CRISPR /Cas9 non-viral pharmaceutical ingredient deliveries based on exosomes,
aiming to attenuate side effects such as immunogenicity and carcinogenicity caused by
viral systems in cancer therapy. Ma et al. [88] developed an endogenous loading strategy by
pre-transfecting plasmids containing target genes into human adipose-derived MSCs (hAd-
MSCs) to produce therapeutic exosomes for enhanced angiogenic-osteogenic regeneration.
Vascular endothelial growth factor A (VEGF-A) and bone morphogenetic protein 2 (BMP-2)
mRNAs could be transcribed from the above plasmid DNAs and then loaded in ILVs inside
MVBs. In addition, the secretion of these therapeutic MSC-derived exosomes could be
enhanced via mTORC1-autophagic activities activating by track-etched membrane-based
nanoelectroporation, and further separation and purification de-pended on tangential flow
filtration (TFF) and size exclusion chromatography (SEC).

In comparison, exogenous loading methods are more widely utilized due to their sim-
plicity of operation, and common strategies include electroporation, sonication, transfection,
extrusion microwave-assisted method, saponin-assisted loading, etc. [106].

Electroporation is based on the principle that stimulation by an electric field forms
holes in the exosome membrane, which enhances permeability and allows the entry of
drugs by diffusion [107]. This method is suitable for loading large nucleotides. In this
way, Liang et al. [108] successfully loaded an miR-21 inhibitor and chemotherapy drugs
into exosomes. At a voltage of 1000 V and a time constant of 10 ms, the loading rate of
miR-21 inhibitors and 5-FU in exosomes reached approximately 0.5% and 3.1%, respectively.
Mukhopadhya et al. [109] mixed 125 ug MSC-EVs and 250 pug Doxorubicin (with a mass
ratio of 1:2), and 100 uL of the mixture was absorbed into the electroporation transfection
system Neon™ and proceeded electroporation with 1500 V. Detecting with HPLC and
comparing with non-lysed samples, 90.1 £ 12 pug Doxorubicin proved to be successfully
loaded into MSC-EVs.

Sonication is a technique that uses probe sonication to create temporary pores in the
exosome membrane. This process allows small hydrophilic molecules to diffuse into the
exosomes. The exosome membrane can typically be restored by incubating it at 37 °C
for 1 h [110]. Gao et al. [111] utilized the sonication strategy to design M2-type primary
peritoneal macrophage exosomes as a drug carrier for berberine. Exosomes measuring
125 4+ 12 nm were loaded by ultrasound, achieving a drug loading of 17.13 £ 1.64%. The
release experiments demonstrated that loaded drugs had a slow release effect, with a
cumulative release of 71.44 £ 2.86% within 48 h.

Transfection is a method using transfection reagents to encapsulate drugs [30]. By
transfecting adipose MSCs, Liu et al. [112] generated exosomes containing miR-320d mimics.

The extrusion method involves loading a mixture of exosomes and drugs into a lipid
extruder with a porous membrane (aperture: 100400 nm) to load the drug. The method has
a high drug-loading efficiency and produces uniform exosome sizes. Extruded exosomes
were isolated from human umbilical cord MSCs (hUC MSCs), and exosomes were identified
following ultracentrifugation. Zhang et al. [113] conducted a proteomic analysis, with the
results showing that 2315 proteins were identified.

Microwave radiation (MR) is a non-ionizing electromagnetic field with frequencies
between 300 MHz and 300 GHz. It can increase cell permeability by both thermal and non-
thermal effects. Luisa Fernanda Briones-M’arquez et al. [114] employed high-performance
liquid chromatography (HPLC), X-ray diffraction (XRD), and flow cytometry to investigate
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the impact of exposure time, loading method, and type of nutraceutical on loading efficiency,
indicating that MR is a potentially promising method.

Cao et al. [115] demonstrated that saponin, as a potent membrane-penetrating agent,
allows the formation of complexes with membrane cholesterol, thereby creating pores
as a means of increasing the permeability of cell membranes. Using saponin infiltra-
tion, Oshchepkova et al. [116] successfully loaded synthetic single-stranded oligonu-
cleotides into natural exosomes and two artificial mimics derived from primary human
endometrial MSCs.

Currently, the clinical application of exosomes as drug carriers still faces many chal-
lenges, and there are advantages and disadvantages between different approaches. Elec-
troporation is less safe in industrial production and not suitable for large-scale applica-
tions [107]. Transfection requires extra components leading to relatively high toxicity, thus
limited for safety considerations [117]. Transfection agents may have an effect on gene
expression in exosomes produced by donor cells, potentially impacting the nucleic acid
drugs transported by exosomes [118]. Continuing to optimize the drug-loading technology
to maximize the stable encapsulation of bioactive substances and improve the drug delivery
capacity through endogenous and exogenous methods will be the future research direction.

5. Application of MSC-Derived Exosomes as Drug Delivery Systems

A drug delivery system refers to the device or technology that can deliver drugs to
the target area in time or space as expected, helping to control the release and distribution
of drugs in the body, reducing the cost of drug delivery and the harm of drugs to the
human body. MSC-derived exosomes have similar therapeutic functions to MSCs, and
there are some specific markers of MSC-derived exosomes, such as CD29, CD90, CD73,
CD44, etc. This makes MSC-derived exosomes a very superior drug delivery vehicle
for disease therapy (Figure 3). However, despite the potential of therapies derived from
MSC exosomes in the treatment of diseases, their application in clinical settings remains
challenging due to issues such as immune compatibility, unstable action of contents, and
the spread of exosomes to other tissues [119].

5.1. Inflammatory Disease

Inflammatory diseases include infectious diseases and non-infectious inflammatory
diseases. Infectious diseases are caused by bacterial, viral, fungal, or parasitic infections,
such as pneumonia and influenza. Non-infectious inflammatory diseases are caused by
immune responses or other causes, such as rheumatoid arthritis, inflammatory bowel
disease, etc. With the in-depth study of MSC-derived exosomes, it is gradually found that
MSC-derived exosome-miRNAs play a key role in promoting wound healing. They have
been stated to regulate inflammatory responses, promote epidermal cell proliferation and
migration, stimulate fibroblast proliferation and collagen synthesis, and regulate extracellu-
lar matrix formation [120]. Due to these functions, MSC-derived exosome-miRNAs have
great potential in promoting the healing of inflammatory diseases.

Xian et al. [121] studied the anti-inflammatory effect of MSC-derived exosomes in
the treatment of stroke, epilepsy, traumatic brain injury, and other neurological diseases
through experiments. Experimental results have stated that MSC-derived exosomes can
bind to hippocampal astrocytes both in vitro and in vivo and can reduce reactive astrocyte
hyperplasia and inflammation. In addition, researchers also found that MSC-derived
exosomes improved lipopolysaccharide-induced mitochondrial dysfunction and calcium
signaling abnormalities, as well as status epilepticus-induced memory and learning barriers
in mice.

In the study by Zhao et al. [122], they found that MSC-derived exosomes could
attenuate mitochondrial damage and inflammation by stabilizing mitochondrial DNA
(Figure 4). These studies reveal that MSC-derived exosomes, as drug delivery in disease
therapy, have great potential in treating inflammatory responses triggered by astrocyte
hyperplasia and mitochondrial lesions. This also suggests that MSC-derived exosomes
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have great potential as a nanotherapeutic agent for the treatment of neuropathic diseases
in which hippocampal astrocytes are altered.

Cho et al. [123] have found that tonsillar-MSC-derived exosomes can effectively reduce
the inflammatory response of mast cells. On this basis, by analyzing mast cell transcription
using DNA microarrays, the researchers concluded that tonsillar-MSC-derived exosomes
could regulate the normal physiological-related genes of human mast cells, thereby affecting
mast cell inflammation.

Through genetic engineering and photogenetic techniques, Zhao et al. [124] made
endothelial NO synthase (eNOS) spontaneously loaded into human umbilical cord MSC-
derived exosomes under blue light to obtain UCMSC-exo/eNOS to target the treatment
of wounds. The experiment revealed that UCMSC-exo/eNOS significantly improves
the wound healing rate of diabetic mice, enhances angiogenesis and matrix remodeling,
improves the inflammatory characteristics of the wound site, and regulates the associ-
ated immune microenvironment, thus significantly promoting tissue repair, providing
a new treatment strategy for promoting the angiogenesis and tissue repair of chronic

diabetic wounds.
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Figure 4. MSC-EVs attenuated renal mitochondrial and mtDNA damage after acute kidney injury
(AKT) [122]. (A) MSC-derived exosomes attenuate mitochondrial damage and inflammation by stabilizing
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mitochondrial DNA. (B) TFAM, PGC-1a, NDUFS8, and ATP5a1 mRNA levels in the mouse kidneys on
day 3 after AKI (n = 6; * p < 0.05 vs. Ctrl group; # p < 0.05 vs. I/R group; & p < 0.05 vs. NC EV group).
(C) ATP production in the mouse kidneys (n = 6; * p < 0.05 vs. Ctrl group; # p < 0.05 vs. I/R group).
(D) Representative TEM images (scale bar = 2 um) and micrographs of TOM20 and TFAM IHC stain-
ing in kidneys of mice (scale bar = 50 um). (E) Mitochondrial areas and mitochondrial length /width
ratio in TEM images (* p < 0.05 vs. Ctrl group; # p < 0.05 vs. I/R group; & p < 0.05 vs. NC EV
group). (F) Quantification of TOM20 and TFAM protein expression in the kidneys detected using
IHC staining (n = 6; * p < 0.05 vs. Ctrl group; #p < 0.05 vs. I/R group; & p < 0.05 vs. NC EV group).
(G) Representative micrographs of TFAM and dsDNA costaining in mouse renal tubules on day 3 after
surgery. The mice with I/R injury received intravenous EV injections (~6.96 x 1019 particles/mouse)
(scale bar = 20 um). Renal tubular lumen (TL), normal mtDNA nucleoid (white arrowheads), and
leaked mtDNA (dsDNA that was not colocalized with TFAM, pink arrowheads) were labeled.
(H) The average size of mtDNA nucleoids in the renal tubules detected using IF staining (n = 10;
*p <0.05 vs. Ctrl group; # p < 0.05 vs. I/R group; & p < 0.05 vs. NC EV group). (I) Quantification
of the leaked mtDNA intensity (n = 10; * p < 0.05 vs. Ctrl group; & p < 0.05 vs. NC EV group).
(J) mtDNA copy number in kidneys of mice (* p < 0.05 vs. Ctrl group; # p < 0.05 vs. I/R group;
& p < 0.05 vs. NC EV group).

On the tissue regeneration potential of MSC-derived exosomes, Byun et al. [125]
studied the role of adipose-MSC-derived exosomes (AD-MSC-derived exosomes) from
adipose tissue on a mouse model of muscle deficiency. The mouse model was created
by the researchers using biopsy perforations in the quadriceps muscle of the hind limb.
Experiments have shown that the shape and size of muscle bundles in mice treated with
AD-MSC-derived exosomes are relatively intact. Immunohistochemical staining showed a
higher expression of myogenin and myoblast determination protein 1 in AD-MSC-derived-
exosome-treated mice. These results suggest that AD-MSC-derived exosomes have thera-
peutic potential for skeletal muscle regeneration.

5.2. Cancer

Neoplastic diseases, also known as malignant tumors or cancers, are diseases caused
by abnormal cell proliferation and out of control, such as breast cancer, lung cancer, etc.
Although modern medicine has made considerable advances in oncology, cancer remains
one of the deadliest diseases worldwide. The resistance mechanisms acquired by cancer
cells and inefficient drug delivery limit the therapeutic effectiveness of existing chemother-
apy drugs. However, recent studies have revealed that nano-drug carriers (NDCs) can
break through these limitations [126]. In this sense, exosomes are potential candidates for
NDCs. The MSC-derived exosome, as a carrier of information transfer between cells, plays
an important role in the formation of the initial structure and site metastasis of tumors.
Moreover, due to its therapeutic activity, the body has a low immune rejection reaction
to it. Therefore, MSC-derived exosomes have become very superior NDCs for tumor
therapy [127].

Huang et al. [128] investigated the effect and molecular mechanism of Platelet-Derived
Growth Factor D (PDGFD) carried by MSC-derived exosomes on the growth and metas-
tasis of lung tumors in vitro and in vivo. By comparing PDGFD-carrying MSC-derived
exosomes with those treated with anti-PDGFD antibodies, the researchers concluded that
MSC-derived exosomes promote lung tumor migration through PDGFD. After Western
blot analysis, the researchers found that epithelial-mesenchymal transition (EMT) and PI3K
signals were significantly weakened in the anti-PDGFD group.

Jeong et al. [129] studied the anti-tumor effect of canine MSC-derived exosomes in
canine mammary tumor cells REM134 and revealed through controlled experiments that
the expression levels of MMP-3, IL-1§3, IL-6, and TNF-x were down-regulated in the
MSC-derived exosome group in REM134.



Int. J. Mol. Sci. 2024, 25,7715

13 of 26

By studying the effect of Doxorubicin (Dox) on MSC-derived exosomes in breast
cancer cells (bc), Luo et al. [130] found that the exosome secreted by Dox-treated MSCs
(Dt-MSC-derived exosomes) silenced the expression of miR-21-5p, enhanced the drug
resistance gene S100A6 in bc, and induced a higher degree of Dox resistance. These results
revealed the role of MSC-derived exosomes in drug resistance in tumor therapy.

Zhao et al. [131] loaded S100A4 siRNA (siS100A4) onto cationic bovine serum albumin
(CBSA) and coated it with a breast cancer cell-derived exosome membrane to produce
pharmaceutical nanoparticles (CBSA /siS100A4@Exosome) that targeted the lungs and
silenced the S100A4 expression to avoid metastasis of triple-negative breast cancer (TNBC)
to the lungs and inhibit tumorigenesis (Figure 5).

Rezaeian et al. [132] utilized MSC-derived exosomes to treat four different cancer
cell lines: ACHN, 5637, LNCaP, and PC3. They represent kidney cancer, bladder cancer,
hormone-sensitive prostate cancer, and hormone-refractory prostate cancer, respectively.
Researchers used the real-time PCR method and showed that the expression of TP53 was
increased in the 5637, LNCaP, and PC3 cell lines, and the expression of BCL2 was decreased.
In the PC3 cell line, OPNb and OPNc were higher than P53. VEGF-c was increased in the
LNCap cell line. In addition, in the 5637 cell line, the expression of two genes, VEGFa and
B.A X, was also reduced. These changes in the expression of the target genes in ACHN
suggest that the MSC-derived exosome has antitumor effects, which are more pronounced
in bladder cancer, moderate in prostate cancer, and mild in kidney cancer.

Jahangiri et al. [133] treated colorectal cancer (CRC) cells with MSC-derived exosomes
and found that MSC-derived exosomes enriched miRNA-100 (miR-100). Later, CRC cells
were treated with MSC-derived exosomes combined with anti-miR-100 and compared
with the experimental results of previous MSC-derived exosomes treated alone. It was
concluded that MSC-derived exosomes reduce the expression of m-TOR, Cyclin D1, K-RAS,
and HK?2, and increase the expression of p27 and miR-43, which was achieved through
miR-100. It provides a new idea for the treatment of cancer.

Ning et al. [134] found that when the concentration of miR-99b-5p is increased, the
proliferation and migration of CRC cells are inhibited, while when it is decreased, the effect
is reversed, and human bone marrow-MSC-derived exosomes (BMSC-derived exosomes)
carrying miR-99b-5p inhibit the development of CRC cells both in vitro and in vivo. This
suggests that MSC-derived exosomes may transfer miR-99b-5p into CRC cells, providing a
new target for the treatment of CRC.

MSC-derived exosomes exhibit unique properties in cancer therapy, which makes
them ideal tools for delivering therapeutic agents to tumor cells. Tumor is one of the
biggest diseases threatening human health, and the exploration of tumor treatment has
never stopped. MSC-derived exosomes have therapeutic advantages and are more suitable
as targeted carriers for tumor treatment.

5.3. Immune Disease

Immune diseases refer to disorders caused by abnormal functioning of the immune
system, such as autoimmune diseases (like systemic lupus erythematosus and rheumatoid
arthritis), allergic reactions, etc. At present, many researchers have investigated the role
of MSCs in the prevention and treatment of allergic asthma. In recent years, the effect
of MSC-derived exosomes in many diseases has proven to be a promising alternative to
relying on MSCs for treatment.

Ren et al. [135] studied the immunomodulatory effect of MSC-derived exosomes in the
mouse model of asthma, built the mouse model of asthma, and then used flow cytometry
to track and analyze pulmonary interstitial macrophages (IMs) and alveolar macrophages
(AMs). Experimental results have exposed that intranasal administration of MSC-derived
exosomes significantly increases IL-10-producing IMs in the lung (possibly originating in
the spleen), thereby helping to prevent allergic asthma in mice.
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Figure 5. Schematic representation of postoperative lung metastasis model and drug therapy and
S100A4 expression in the lung post-treatment [131]. (A) Schematic illustration of exosome-mediated
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siRNA delivery to suppress postoperative breast cancer metastasis.  (B) Expression of
S5100A4 in the lung determined by Western blot analysis after treatment with saline,
free siS100A4, CBSA/siS100A4, CBSA/siS100A4@Liposome, CBSA/siS100A4@Exosome, and
CBSA /siNC@Exosome. (C) S100A4/GAPDH values in the lung tissues of each group; the data
represent the mean £ SE (n =4, * p < 0.05, * p < 0.01). (D) Immunostaining with anti-S5100A4
antibody and Cy3-conjugated secondary antibody (red) showing immunofluorescence images of
S100A4 expression in lung tissues from each group. Nuclei were stained with DAPI (blue) and
samples were imaged by laser scanning confocal microscopy. Scale bar = 75 um. (E) Quantitative
assessment of S100A4 in treated lung tissue. The data represent the mean + SE (n =4, ** p < 0.01,
***p <0.001).

It is important to study the mechanism and regulatory factors of the M1-type polar-
ization of the macrophage for the treatment of systemic lupus erythematosus (SLE). Dou
et al. [136] believe that the study of MSC-derived exosomes has a certain influence on
Mi-type polarization of macrophages, and it is confirmed that MSC-derived exosomes
may inhibit M1-type polarization of macrophages by transferring tsRNA-21109. Therefore,
tsRNA-21109 may become a new therapeutic target for SLE, providing a new direction for
the treatment of immune diseases.

Zhou et al. [137], in their studies on pancreatic ductal adenocarcinoma (PDAC), ex-
plored a drug delivery system, constructed from MSC-derived exosomes, electroporation-
loaded galectin-9-siRNA, and surf-modified oxaliplatin (OXA), forming an exosome-based
dual delivery biological system. A synergistic immune response was achieved in in situ
PDAC mice by inducing immunogenic cell death (ICD) to stimulate and interfere with
immunosuppression. MSC-derived exosomes, due to their significant homing effect, signif-
icantly improve the tumor targeting efficacy, resulting in drug accumulation at the tumor
site, and alleviating side effects on normal tissues of the body.

5.4. Ischemic Disease

Ischemic diseases are diseases caused by insufficient blood supply to tissues or organs,
such as ischemic heart disease and stroke. In recent years, the therapeutic effect of MSC-
derived exosomes on ischemic stroke has received extensive attention.

Liu et al. [138] established a mouse model of ischemic brain injury caused by middle
cerebral artery occlusion by the thread peg method in vivo and conducted a controlled ex-
periment by simulating ischemic conditions in vitro. The results suggest that MSC-derived
exosomes may reduce ischemic brain injury by regulating the IL-33/ST2 signaling pathway.
Therefore, MSC-derived exosomes may be a potential treatment for ischemic stroke.

Zheng et al. [139] studied the therapeutic effect of hemin-MSC-derived exosome
pretreatment with hemin on myocardial infarction and explored its potential mechanism.
The researchers compared the MCS-derived exosome group with the hemin-MSC-derived
exosomes group, and the results showed that MSC-derived exosomes and hemin-MSC-
derived exosomes improved cardiomyocyte aging and mitochondrial division in vitro and
in vivo, with hemin-MSC-derived exosomes having a better protective effect.

Cao et al. [140] found that MSC-derived exosomes could ameliorate ischemic AKI and
promote renal tubular repair by targeting the mis-125b-5p /p53 pathway (Figure 6). This
study confirms that MSC-derived exosomes could be a promising treatment for AKI.

Ma et al. [141] loaded miR-132, which regulates endothelial cell function during
angiogenesis, into MSC-derived exosomes by electroporation. MSC-derived exosomes, as
excellent vehicles, effectively solve the difficult problem of miR-132 delivery in vivo. The
findings reveal that miR-132 via MSC-derived exosomes targets gene RASA1, reducing its
expression and thus promoting angiogenesis, which has potential in ischemic diseases.
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Figure 6. The miR-125b-5p is enriched in MSC-derived exosomes and delivers to TECs [140]. (A) In
ischemic AKI, the injuries of TECs could lead to cell cycle arrest in the G2/M phase and apoptosis.
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MSC-derived exosomes targeted the injured kidney especially the proximal tubules due to VLA-4
and LFA-1 mediated adhesive interactions. Moreover, miR-125b-5p was enriched in MSC-derived
exosomes and exerted the tubular repair effect via suppressing the expression of p53, which not
only up-regulated CDK1 and Cyclin B1 to rescue tubular G2/M arrest but modulated Bcl-2 and
Bax to inhibit TEC apoptosis. (B) Heat map of the top ten most abundant miRNAs in MSC-exos by
miRNA-seq. (C) The relative percentage of miRNAs in total miRNA reads. (D) RT-PCR analysis of
the top five most abundant miRNAs in MSC-derived exosomes (n = 5). (E) RT-PCR analysis of the
top five miRNAs in MSC-derived-exosome-treated mice renal tissues (n = 5-6). (F) FISH analysis of
miR-125b-5p in kidney tissues. Scale bars, 50 um. (G) Representative images of Cy3-miR-125b-5p
mimic-MSC-derived exosomes internalized by HK-2 cells. Scale bars, 50 pum. (H) RT-PCR analysis of
miR-125b-5p in HK-2 cells (n = 4-5). Data are presented as mean £ SD, * p < 0.05, ** p < 0.01 vs. sham
group or control group, # p < 0.05, ## p < 0.01 vs. I/R or H/R group, one-way ANOVA.

5.5. Fibrotic Disease

Fibrotic disease is usually manifested as the proliferation and deposition of fibrous
tissues in tissues or organs, such as liver cirrhosis and pulmonary fibrosis. Since it was
revealed that MSC-derived exosomes can be used as an advantageous drug delivery carrier,
many researchers have linked it with fibrotic disease to explore the mechanism.

Zhang et al. [142] explored the protective mechanism of MSC-derived exosomes on
experimental pulmonary hypertension (PH). The in vivo and in vitro experimental results
uncovered that MSC-derived exosomes could significantly reduce right ventricular systolic
blood pressure (RVSP) and right ventricular hypertrophy index in vivo by regulating
the Wnt5a/BMP signaling pathway and alleviating pulmonary vascular remodeling and
pulmonary fibrosis.

By constructing a mouse model of pulmonary hypertension, Ge et al. [143] also
demonstrated that MSC-derived exosomes can significantly reduce right ventricular systolic
blood pressure (RVSP) and RVHI and inhibit pulmonary vascular remodeling and the
endothelium-mesenchymal transformation (EndMT) process, providing a reliable basis for
exploring new methods to treat PH.

Liu et al. [144] investigated the mechanism by which MSC-derived exosomes inhibit
neointimal hyperplasia in a rat model of carotid balloon injury. Researchers found that
endothelial cells could absorb MSC-derived exosomes, and the expression levels of CD31
and vWF in mice injected with MSC-derived exosomes increased, while the expression
level of x-sma decreased.

6. Potential Risks of MSC-Derived Exosomes as Drug Delivery Vehicles

As a drug delivery vehicle with great potential, MSC-derived exosomes are attract-
ing widespread attention. These tiny vesicles, which contain bioactive molecules such as
miRNA, proteins, and growth factors, are an important way for cells to complete commu-
nication. Therefore, they are considered to be drug delivery vehicles and have the ability
to treat and diagnose a variety of diseases. However, while the potential is enormous, we
still need to recognize the potential risks and challenges of MSC-derived exosomes as drug
delivery vehicles.

Suchorska and Lach’s study [145] found that the number of exosomes in cancer
patients was much higher than that in healthy controls and confirmed that exosomes
perform cell communication functions that make them play a key role in the development
and angiogenesis of various types of cancer. As one of the main cargos carried by exosomes,
miRNA has become a core participant in shaping tumor micro-environment (TME) in
the tumor microenvironment by being able to regulate their expression levels in different
cells [146]. Therefore, miRNAs have attracted much attention in cancer research, as they
can be used as inhibitors or enhancers of key regulatory proteins and can also directly
participate in the transcription and translation of some important genes. It has been widely
reported over the past decade that MSC-derived exosomes will exhibit different effects
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on cancer progression depending on the miRNA species they contain. Therefore, when
MSC-derived exosomes are used as drug delivery vehicles, they may lead to the worsening
of the patient’s condition. Vallabhaneni et al. [147] pointed out that MSCs under stress
will secrete exosomes loaded with tumor-supportive miRNAs, promoting the proliferation
and metastasis of breast cancer cells through the paracrine and endocrine mechanisms.
The miRNAs involved in cell survival and proliferation, such as miR-21 and miR-34a, are
enriched in these exosomes. In the study of Zhou et al. [148], MSC-derived exosomes can
also induce and promote epithelial-mesenchymal transformation of cells through the ERK
pathway, thus greatly improving the invasion and migration potential of breast cancer cells
and promoting the development and metastasis of malignant tumors.

Apart from promoting tumor invasion and metastasis, the miRNA cargo carried
by MSC-derived exosomes can also inhibit the occurrence and development of tumors.
For example, MSC-derived exosomes, which carry miR-144-3p, can block and inhibit the
development of cervical cancer and promote cancer cell apoptosis by targeting CEP55 [149].
In the study of Xu et al. [150], exosomes secreted by bone marrow-derived MSCs (BM-
MSCs) contain an overexpression of miR-16-5p, which can target the down-regulation of
ITGA2 and thus stimulate colon cancer cells to apoptosis. There is also a more significant
example. In the study of Roccaro et al. [151], the miRNA content of multiple myeloma
(MM) BM-MSC-derived exosomes was different from that of normal cell-derived exosomes,
mainly due to the lower content of the tumor suppressor gene miR-15a loaded in the former.
In addition, there was a large difference in protein composition between the two, with MM
BM-MSC-derived exosomes exhibiting higher levels of cancer-causing proteins. It has also
been demonstrated that multiple myeloma BM-MSC-derived exosomes promote multiple
myeloma, while normal cell-derived exosomes inhibit the development of the disease.
These inconsistent results indicate that both the culture conditions of MSCs and the cell
origin of exosomes may affect the overall characteristics of these tiny vesicles. When MSCs
are subjected to external stressors, such as hypoxia, exposure to inflammatory cytokines,
or mechanical stress, the composition and functionality of the EVs they secrete may be
affected. Under these stress conditions, MSCs may release exosomes enriched with specific
proteins, RNA molecules, or metabolites that could potentially promote tumor growth
or metastasis [152]. For instance, growth factors or cytokines within the MSC-derived
exosomes might be harnessed by cancer cells to enhance their proliferation, invasion, or
evasion of immune surveillance [153]. So, the production and application of exosomes
are facing the challenge of standardization [154]. Further research and development of
standardized conditions for an MSC culture will help ensure consistency and high quality
of their exosome products.

In addition to the necessity of exploring the culture conditions of MSCs, the produc-
tion of exosome separation, storage, encapsulation process for carrying cargo, selection of
delivery targets, and delivery mode is indispensable for the development of MSC-derived
exosomes as a disease therapy nanocarrier. Firstly, the targeting of MSC-derived exosomes
is highly dependent on the targeted modification, so the degree of understanding of the
development of the disease will affect the therapeutic effect [155]. For some diseases with
unclear pathogenesis, such as Parkinson’s disease and Alzheimer’s disease, in order to
improve the targeting of drug delivery, researchers may need to spend a lot of energy
exploring its pathogenesis and finding more accurate and optimized targets or delivery
methods. Secondly, low yield and inefficiency are some of the main reasons that prevent
exosome-based cell-free therapies from entering clinical practice [156]. It is worth cele-
brating that bioreactors capable of a 3D culture of MSCs have been developed, such as
multi-layer cell culture bottles, hollow fiber bioreactors, stirred tank bioreactors, and spher-
ical aggregates of MSCs [157]. Among them, closed hollow fiber bioreactors [158], porous
scaffolds with high surface area to volume ratio, and packed bed plasma immersion ion
implantation (PBP13) technology [159] both maintain the original cellular origin characteris-
tics of exosomes with promising results. Thirdly, the diversity of exosomes in size, content,
and surface markers makes isolation challenging. Commonly used exosome separation and
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purification techniques are generally based on their size, surface charge, or immunoaffinity
differences, such as ultracentrifugation, size exclusion chromatography, chromatography,
etc. However, each approach has its own advantages and disadvantages, and there is no
one-size-fits-all approach to choose from. Last but not least, although numerous studies in
laboratory and animal models have shown that MSC-derived exosomes have unlimited
potential for disease diagnosis and treatment, the exact function of exosomes is not yet
clear, so its efficacy and safety in clinical practice still need to be further verified. The lack
of clinical data suggests that MSC-derived exosome therapy still has a long way to go.
Although MSC-derived exosomes have great prospects as drug delivery vehicles, there are
still many potential risks if they are truly realized as a medical means.

The existing clinical cases include the randomized, single-blind, placebo-controlled
phase I clinical study on the safety and effectiveness of human umbilical cord MSC-derived
exosome nebulizing inhalation in the treatment of pulmonary fibrosis by Chang et al. [160],
Tsinghua University, in 2023. However, the number of clinical cases of MSC-derived exo-
some therapy is small, and the clinical effect is unstable, which still needs further research.

7. Conclusions and Future Perspectives

In this review, the structure, characteristics, preparation methods, and application of
MSC-derived exosomes as drug delivery systems in the treatment of diseases are summa-
rized. MSC-derived exosomes have shown great potential and broad prospects as drug
delivery vehicles in the field of disease treatment. More and more researchers have devoted
themselves to this field, confirming the potential advantages of MSC-derived exosomes
as a targeted drug delivery system and elucidating the diversity of their mechanisms. Its
special immunomodulatory effects, tissue localization, repair promotion, biocompatibil-
ity, and other excellent characteristics make it an ideal candidate for the construction of
drug delivery systems. In the treatment of a variety of diseases, such as cardiovascular
diseases, nervous system diseases, and cancer, MSC-derived exosomes have shown various
application values. However, while MSC-derived exosome therapies hold promise in
disease diagnosis and treatment, their application in clinical settings remains challenging
due to issues such as immune compatibility and cell stability. Further clinical studies
and technical improvements are needed to ensure the safety and efficacy of MSC-derived
exosomes. However, further clinical studies and technical improvements are needed to
ensure the safety and efficacy of MSC-derived exosomes. At present, the challenges of
MSC-derived exosomes as drug delivery vehicles include the optimization of production
and purification technology, artificially modifying methods to improve stability, and the
improvement of storage and delivery technology. With the deepening of scientific research
and the continuous progress of technology, it is believed that MSC-derived exosomes will
bring more surprises to the treatment of diseases in the future and become an indispensable
and important tool in clinical practice.
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