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Abstract

Solid tumors cause 90% of cancers and remain the primary cause of mortality. However, treating solid
tumors presents significant challenges due to the complex tumor microenvironment and drug resistance,
leading to inadequate treatment targeting and severe side effects. Surgery, radiotherapy, and
chemotherapy Although it is an effective method for the treatment of solid tumors, it can lead to organ
dysfunction and affect patient prognosis. Therefore, it is imperative to improve treatment precision and
organ repair capabilities to manage solid tumors. Mesenchymal stem cell extracellular vesicles (MSC-EVs)
have wide application prospects as a new agent for solid tumor therapy. Firstly, MSC-EVs is a derivative
of MSC:s. It has the function of promoting tissue regeneration by inducing dedifferentiation in surviving
cells after injury. Additionally, MSC-EVs offer unique advantages in terms of safety, stability and
penetrability, making them a promising extracellular therapeutic modality for solid tumor treatment.
Finally, MSC-EVs are able to enhance therapeutic efficacy through engineering strategies. To sum up, this
review takes MSC-EVs as its object. And then we discuss recent advancements and engineering strategies
in the use of MSC-EVs for soid tumor suppression. This review aims to inspire researchers to devise a
new method for effectively treat solid tumors.

Keywords: solid tumors, mesenchymal stem cell extracellular vesicles, engineering strategies, tissue regeneration, tumor
treatment

1. Introduction

Cancer remains the preeminent cause of top-four cause in an additional [2,3]. This prominence
mortality globally, posing a formidable challenge to  highlights the relative success in reducing mortality
life expectancy enhancements [1]. The World Health  from stroke and coronary heart disease, in stark
Organization’s 2019 data underscore cancer as a  contrast to the persistent threat of cancer [1]. The 2021
top-two killer before age 70 in 112 nations and a  Global Cancer statistics reveal a disparity: while solid
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tumors constitute about 90% of all cases, they
represent only 40% of clinical trials, predominantly in
early phases [4]. The efficacious and safe management
of solid tumors is hindered by two principal obstacles.
Firstly, these tumors are shielded by a fibrous matrix
and immunosuppressive cells, which impede immune
cell attacks [5]. Secondly, the low pH and oxygen
levels within the dense core of these tumors impede
drug penetration [4]. Surgery, a prevalent treatment,
can curb tumor progression and metastasis [6,7], yet it
is not without its limitations. Post-surgical challenges
include the wuncertainty of complete cancer
eradication, leading to recurrence, and the difficulty
of regenerating healthy tissue amidst chronic
inflammation and extensive tissue damage [8,9].
Post-resection treatment periods thus present the dual
challenge of preventing local recurrence and fostering
healthy tissue regeneration.

Extracellular vesicles (EVs), enveloped by a lipid
bilayer and sized between 40 to 160 nm, have been
identified as pivotal in intercellular communication
[10,11]. They facilitate the transfer of functional
biomolecules, enabling cells to exchange signals and
information. Mesenchymal stem cells (MSCs) are
notable for their secretion of bioactive substances with
antiapoptotic, immunomodulatory, and proangio-
genic capabilities, which are instrumental in tissue
and organ regeneration. MSC-derived EVs (MSC-EVs)
mirror these therapeutic properties, offering a similar
regenerative potential. Notably, MSC-EVs can be
preserved for extended periods while retaining their
biological activity and are nonimmunogenic, making
them an attractive therapeutic option for post-surgical
tissue repair following solid tumor removal. Despite
their promise, native MSC-EVs may not sufficiently
prevent local tumor recurrence post-resection. Thus,
the engineering of MSC-EVs is crucial for enhancing
their therapeutic efficacy in solid tumor treatment.
Engineered EVs can be designed to deliver specific
therapeutic agents to targeted sites with spatial
precision, allowing for a sustained release of
therapeutic molecules and an extended duration of
action. However, the literature on the advancement of
engineered MSC-EVs in postoperative solid tumor
management remains limited, with only a handful of
reviews addressing this topic.

In this review, we intend to delineate the
therapeutic potential of MSC-EVs in solid tumor
treatment, encompassing both organ regeneration and
tumor suppression. We will juxtapose the merits and
limitations of MSC-EVs, scrutinizing the nexus
between their intrinsic biological attributes and the
engineering strategies that could refine their
application in oncology. Additionally, we will explore
the impediments to the deployment of MSC-EVs,

project their prospective applications, and propose
innovative tactics and design paradigms to augment
their potency in tumor containment and tissue
restoration.

2. Introduction to MSC-EVs
2.1 Biogenesis of MSC-EVs

We clarify the classification of extracellular
vesicles (EVs) based on size, identifying three distinct
subtypes. The initial category encompasses large
vesicles, termed ectosomes or microvesicles, which
emerge through the budding and release from the
plasma membrane, exhibiting sizes from 100 to 1000
nm. They directly extrude into the extracellular
matrix. The second category consists of exosomes, 30
to 150 nm in diameter, arising from the endosomal
membrane's invagination, culminating in the creation
of intraluminal vesicles (ILVs) within multivesicular
bodies (MVBs) [12]. The final category is apoptotic
bodies (ApoBDs), secreted into the extracellular space
through the blebbing of apoptotic cells, with
diameters varying widely from 50 nm to 5000 nm, a
discrepancy noted in the literature. The delineation of
EV subtypes is often obscured by size overlaps and
nomenclature inconsistencies. Accurate identification
of EV subtypes without specific markers remains a
challenge. Until a more definitive set of criteria is
established, EVs will continue to be employed as an
umbrella term for these diverse subtypes (Figure 1).

2.2 Analysis of the content of MSC-EVs
2.2.1 Nucleic acid

Extracellular vesicles (EVs) are minute sacs
capable of transporting microRNAs (miRNAs), which
are pivotal in the regulation of gene expression. These
noncoding RNAs act as key mediators in RNA
silencing and the modulation of posttranscriptional
gene expression pathways [13]. The RNA-laden EVs
are instrumental in cellular communication, with a
variety of miRNAs, including let-7, miR-1, miR-15,
miR-16, miR-181, and miR-375, identified within
them, underscoring their role in miRNA regulation
[14]. Through sequencing technologies, researchers
have discerned a multitude of RNA subtypes,
indicating the presence of diverse extracellular
complexes, such as RNA and RNA-binding proteins
(RBPs), within EVs [15-19]. The heterogeneous sorting
of RNA cargo within EVs suggests a degree of
specificity, highlighting the potential regulatory
mechanisms of miRNAs in various biological
contexts.

2.2.2 Protein

Extracellular vesicles (EVs) are composed of a
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diverse array of proteins, encompassing those
involved in membrane transport and fusion, as well
as heat shock proteins (HSPs) such as HSP60, HSP70,
and HSP90. They also contain tetraspanins—
transmembrane proteins from the four superfamily,
including CD9, CD63, CD81, CD82, CD106, and
Tspan8—alongside intercellular adhesion molecule
(ICAM-1) and proteins linked to multivesicular
bodies (MVBs) like ALIX and TSG101. Additional
proteins such as integrins, actin, and myosin are also
found within EVs [20]. Proteomic analysis of
mesenchymal stem cell-derived EVs (MSC-EVs) from
bone marrow has identified over 700 distinct protein
types [21]. The protein cargo of EVs is influenced by
stress signals, the local microenvironment, and the
tissue from which they originate.

2.2.3 Lipids

EVs are distinguished by their unique lipid
membrane, which sets them apart from other cellular
entities. This membrane is predominantly composed
of cholesterol, sphingolipids, and a spectrum of fatty
acids, including saturated, monounsaturated, and
polyunsaturated varieties [22]. It forms the
fundamental structure of EVs and is integral to their
assembly and the encapsulation of their cargo [23].
Unlike the protein and nucleic acid constituents of
EVs, the lipid profile does not reveal their tissue of
origin. Nonetheless, the lipid composition of EVs is
subject to variation, reflecting their diverse contents,
biological processes, and functional roles [22].

3. Engineering Strategies for MSC-EVs
EVs are secreted by a variety of cell types, and

their functionality is contingent upon the cell type
from which they originate. For example, EVs from
cancer cells may carry miRNAs that foster tumori-
genesis, whereas those from antigen-presenting cells
(APCs) display major histocompatibility complex
(MHC) class Il proteins on their surface [24-27].
Conversely, stem cell-derived EVs are enriched with
therapeutic cargo, offering potential treatments for
conditions such as osteoarthritis, acute lung injury,
and neurodegenerative diseases [28,29]. However, the
inherent composition of natural EVs is inherently
linked to their parent cell type [25], which presents
certain limitations. To transcend these constraints,
EVs can be engineered beyond their initial biogenic
cargo to include desired components [30]. This
augmentation of EV cargo is termed "abundant
supplementation," broadening the scope of EV
applications. There are three principal strategies for
EV modification: genetic engineering, surface
modification, and internal loading (Figure 2). Genetic
engineering involves altering the EV membrane to
express specific proteins. Surface modification
involves the targeted attachment of molecules to the
EV surface for precise delivery. Internal loading refers
to the encapsulation of exogenous substances within
the EVs. These strategies aim to enhance the
therapeutic potency of the cargo, improve in vivo
tracking, and increase the targeting precision of EVs
[31]. The subsequent sections will delve into these EV
engineering methods, their therapeutic applications,
and a thorough examination of their benefits and
limitations.

Exosomes(30-150 nm)

Apoptotic bodies(50-5000 nm)

Larger vesicles(100-1000 nm)

Figure 1. Biogenesis of MSC-EVs. Created using BioRender.com.
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3.1 Genetic engineering

Recombinant DNA technology facilitates the
biological modification of EVs. It has been
demonstrated that host cells can be genetically
programmed to produce EVs with specific cargo on
their surface or within their lumen [32]. Both nonviral
and viral vectors are utilized to modify host cells prior
to EV secretion. The vector system must ensure the
stable integration of genetic material into host cells
without disrupting their native functions or triggering
unwanted immune responses in recipient cells.
Viruses are advantageous for this purpose, as they
naturally exploit and manipulate host mechanisms
[33]. Commonly employed viruses for host cell
modification include adenoviruses, lentiviruses,
retroviruses, adeno-associated viruses (AAVs), and
herpes simplex viruses (HSVs), with retroviral and
adenoviral systems being the most prevalent [34].
This biological approach to genetic engineering of EVs
is efficient and devoid of unnecessary side effects,
maintaining the structural integrity of the EV
membrane and broadening their utility across various
applications, including fluorescence imaging, drug
delivery, and targeting. However, there are
limitations to this method. Firstly, it is restricted to
proteins and peptides that can be expressed by the
genetic material encapsulated within the engineered
EVs [25]. Secondly, if the protein of interest is
cytotoxic, its overexpression may impair the viability
of the host cells or induce apoptosis. Thirdly, the
process of designing EVs through genetic engineering
is  labor-intensive = and requires substantial
infrastructure. Despite these challenges, cell
bioengineering for the production of engineered EVs
has garnered considerable interest, with the
development of EVs characterized by high stability,
drug solubility, and bioavailability representing the
cutting-edge direction of this field [35-39].

3.2 Surface modification

Extracellular vesicles (EVs) can be engineered to
enhance their targeting efficiency to cancer cells
through two primary methods: transgenic expression
and chemical attachment. Transgenic expression is
achieved by integrating the coding sequence of a
ligand with that of a signal peptide and a specific
membrane protein, enabling EVs to present both
targeted homing peptides and ligands on their
surface. For example, EVs engineered to display the
RVG peptide can effectively deliver opioid receptor
siRNA to the brain [40]. This approach exemplifies the
potential of modifying EVs for precise therapeutic
delivery.

The chemical approach to EV modification
entails the direct attachment of molecules to the EV

surface via covalent bonds. Copper-catalyzed
azide-alkyne cycloaddition (CuAAC) stands out as an
efficient technique for affixing both small molecules
and large biologics to the EV surface [41]. Noncova-
lent methods can also be employed to modify the EV
surface. For instance, Kazunari Akiyoshi's group
demonstrated that the use of electrostatic interactions,
such as combining cationic lipids with the EV surface,
can confer a positive surface charge to EVs, thereby
enhancing their uptake [42]. Despite the progress in
targeting EVs through surface modification,
challenges for clinical translation persist, including
cytotoxicity, liver clearance, and tumor targeting
efficiency, which must be addressed to ensure the
efficacy of these methods in clinical practice.

3.3 Internal payload

The transportation of drugs or therapeutic
molecules via extracellular vesicles (EVs) can be
achieved through various loading methods, including
incubation, electroporation, ultrasonication,
extrusion, freeze-thaw cycles, and saponin-assisted
loading [25,43-46]. The choice of loading method is
influenced by the drug's nature, with hydrophobic
compounds being more readily incorporated into EVs
through co-incubation, while hydrophilic molecules
exhibit reduced diffusion efficiency across the lipid
bilayer of EVs. Consequently, there is a need for novel
physical loading techniques. A study by Haney et al.
demonstrated the comparative loading efficiencies of
catalase into EVs using different methods, with the
ranking being: incubation < freeze-thaw cycles <
ultrasonication < extrusion < electroporation [47].
While electroporation and ultrasonication can
enhance drug loading efficiency, they also carry the
risk of damaging the EV membrane and causing RNA
aggregation. Extrusion, in particular, can induce
cellular toxicity, potentially due to alterations in the
EV membrane structure. For instance, Fuhrmann et al.
reported changes in the zeta potential of EVs after
loading them with porphyrins through extrusion [48].
Beyond the aforementioned methods, cellular
nanoporation has emerged as a technique for
generating a substantial quantity of EVs laden with
therapeutic mRNAs and targeting peptides. Cellular
nanoporation can increase the production of EVs,
even from cells with low basal secretion rates, by up
to 50 times, with a more than 1000-fold increase in EV
mRNA transcripts. In conclusion, while traditional
loading methods are established, there is a continued
need for improvement in terms of loading efficiency
and adaptability to different drug types. This quest
for enhancement represents a frontier for future
technological innovation in the field of EV-based
therapeutics.
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Figure 2. Strategies for the engineering EVs. The data were created using BioRender com.

4. The potential of MSC-EVs in organ
regeneration

Surgical resection for solid tumors, while
common, faces inherent limitations. The chronic
inflammatory state at the tumor site and the extensive
damage to healthy tissue from surgery hinder the
regeneration of healthy tissue. Thus, reconstructing
healthy tissue post-tumoral excision presents a
significant challenge. Extracellular vesicles (EVs) from
mesenchymal stem cells (MSCs) significantly
influence immune regulation by modulating signaling
pathways across various tissues. These MSC-EVs
have the capacity to mitigate or postpone tissue
damage, enhance matrix remodeling, and promote
tissue regeneration [29,49-52]. The therapeutic impact
of MSC-EV therapy is largely contingent upon the
specific cargo they carry, which can stimulate or
suppress various biomedical protein factors [53]. In
the following section, we will explore the therapeutic
applications of MSC-EVs for tissue repair in a range of
conditions affecting the heart, bones, cartilage,
kidneys, liver, and skin [54]. We will emphasize the
common functional components of these EVs to
provide a theoretical foundation for the
reconstruction of healthy tissue following the
resection of solid tumors.

4.1 Heart

The process of cardiac regeneration post-injury is
inherently slow, relying on the limited self-replication
of existing myocardial cells and the recruitment and
differentiation of resident cardiac stem cells [55]. To
augment this intrinsic healing capacity, MSC-EVs
have been employed in cell-free therapeutic strategies.
Specifically, human embryonic-derived MSC-EVs
have demonstrated the ability to diminish infarct size
in a mouse model of myocardial ischemia/

reperfusion injury. This beneficial effect is mediated
through the activation of the PI3K/Akt signaling
pathway, which enhances myocardial viability and
curbs adverse remodeling (Figure 3A-B) [56]. To
enhance this reparative function, strategies for EV
engineering have been devised. Human umbilical
cord-derived MSCs were transfected with the Akt
gene, resulting in EVs that were highly enriched with
this protein. These Akt-enriched EVs, when compared
to their unmodified counterparts, significantly
boosted in vitro endothelial cell proliferation,
migration, and tube formation, as well as in vivo
angiogenesis [57].

Studies have shown that the treatment methods
of EVs can significantly influence their therapeutic
impact. For example, hypoxic preconditioning of
human bone mesenchymal stem cells (BMMSCs)
enhances their in vitro bioactivity and improves the
therapeutic efficacy of cynomolgus monkey BMMSCs
for myocardial infarction (MI) in vivo [58,59]. The
hypoxic condition also augments the therapeutic
potential of secreted EVs. Human BMMSC-EVs
subjected to hypoxia induced more robust cardiac
regeneration in a rat MI model compared to those
isolated under normoxic conditions, attributed to
enhanced angiogenesis at the infarct border zone [60].
Moreover, hypoxia-modulated BMMSC-EVs from
mice and rats, enriched with miR-125b-5p-EVs and
miR-210-EVs, mitigated cardiomyocyte apoptosis by
inhibiting pro-apoptotic genes p53 and BAK1, and by
increasing the recruitment of cardiac progenitor cells
to the infarcted area [61,62]. Thus, EVs are pivotal in
cardiac repair. Additionally, combining EVs with
materials like hydrogels can further amplify their
therapeutic effects. For example, encapsulating
MSC-EVs within functional peptide hydrogels for
delivery to cardiac defects allows for a sustained
release and promotes superior cardiac regeneration.

https://lwww.thno.org



Theranostics 2024, Vol. 14, Issue 16

6207

These EV/hydrogel combinations reduce
inflammation, fibrosis, and apoptosis while fostering
neovascularization around the infarct area in a rat MI
model [53,63]. Consequently, the regenerative
capacity of EVs post-cardiac injury offers innovative
solutions for addressing heart damage in the
postoperative care of solid tumors.

4.2 Bone

The utilization of extracellular vesicles (EVs)
from mesenchymal stem cells (MSCs) is an emerging
strategy for bone regeneration. Researchers are
exploring the potential of MSCs sourced from various
origins to facilitate bone repair post-injury. Evidence
suggests that EVs derived from human bone marrow
MSCs (BMMSCs) and human induced pluripotent
stem cells (hiPSCs) can foster bone formation and
vascularization in rats with critical-sized femoral
defects, and also promote the osteogenic
differentiation of BMMSCs in vitro [64,65]. Human
BMMSC-EVs have been successfully modified with
dimethyl malonate glycine to augment angiogenesis
via the Akt/mTOR pathway. Additionally, the
therapeutic potency of EVs has been enhanced by
preconditioning human adipose-derived MSCs
(ADMSCs) with the cytokine TNF-a, leading to
increased proliferation of osteoblastic cells and
osteogenic differentiation in vitro [66].

To enhance the therapeutic impact of EVs, they
have been integrated into tissue engineering scaffolds.
Human adipose-derived MSC-EVs (ADMSC-EVs)
were immobilized on poly(lactic-co-glycolic acid)
scaffolds enriched with biotin, thereby enhancing
scaffold efficacy and promoting bone healing. In vitro
studies demonstrated superior osteoconductivity for
both bone marrow MSCs (BMMSCs) and osteoblasts
when cultured on EV-functionalized scaffolds
compared to unmodified ones. Corresponding in vivo
studies utilizing a mouse bone defect model revealed
significantly increased bone tissue and mature
collagen formation [67,68]. Additionally, human
BMMSC-EVs loaded onto tricalcium phosphate
scaffolds were found to promote healing in
calcium-deficient bone by activating the PI3K/Akt
signaling  pathway, while rat BMMSC-EVs
encapsulated within a decellularized bone matrix
scaffold stimulated bone regeneration by enhancing
graft vascularization (Figure 3A-B) [69]. In summary,
EVs exhibit robust tissue repair capabilities following
bone injury, offering a novel therapeutic avenue for
bone healing in the postoperative management of
solid tumors.

4.3 Cartilage

Extracellular vesicles (EVs) from mesenchymal

stem cells (MSCs) offer a promising cell-free
therapeutic approach for cartilage injuries and
osteoarthritis (OA) [36]. Human bone marrow
MSC-derived EVs have demonstrated the capacity to
stimulate cartilage regeneration, evidenced by the
increased production of type II collagen and
proteoglycans in chondrocytes from OA patients.
These components are integral to the extracellular
matrix (ECM) and are essential for effective cartilage
repair [70]. Osteoarthritis is commonly linked to
cartilage degradation, a process primarily driven by
Wnt5A, which activates matrix metalloproteinases
and diminishes ECM formation [71]. Notably, human
bone marrow MSC-EVs enriched with miR-92a-3p
have been shown to counteract cartilage degradation
and enhance repair both in vitro and in an OA mouse
model by specifically targeting Wnt5A [72,73]. In a
separate study, preconditioning rat MSCs with
transforming growth factor-beta (TGFP) led to an
increase in miR-135b within the EVs, which in turn
stimulated chondrocyte proliferation and regulated
cartilage repair via the specific protein 1 (Spl) in an
OA rat model [74]. Furthermore, the application of
human embryonic MSC-EVs in rat and mouse models
of osteochondral defects has revealed coordinated
mechanisms that facilitate osteochondral regene-
ration, including enhanced chondrocyte proliferation,
reduced apoptosis, immune modulation, balanced
ECM synthesis and degradation, and the restoration
of matrix homeostasis [75-78].

Beyond loading EVs with specific miRNAs,
alternative approaches have amplified the potency of
MSC-EVs in cartilage restoration. Specifically, the
three-dimensional culture of umbilical cord MSCs
(UCMSCs) has yielded a higher output of EVs and
more pronounced therapeutic outcomes in a rabbit
model of cartilage defects, outperforming the
conventional two-dimensional MSC-EVs cultivation
method (Figure 3C-D) [79]. Human iPSC-EVs, when
integrated with in situ hydrogels, have been shown to
effectively retain MSC-EVs at cartilage injury sites
[80]. This cell-free tissue patch, when combined with
the native cartilage matrix, facilitates cellular
deposition at the defect site, thereby enhancing
functional cartilage repair.

3D printing technology has been harnessed to
fabricate intricate structures with exceptional
precision [81]. Bone marrow MSC-derived EVs have
been incorporated into cartilage ECM/gelatin
methacrylate hydrogels, serving as bioinks for
bioprinting applications. The 3D-printed constructs
not only ensure the precise delivery of EVs but also
avert mitochondrial dysfunction in degenerate
cartilage cells in vitro and foster cartilage regeneration
in a rabbit osteochondral defect model in vivo [82].
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Collectively, these findings underscore the robust
tissue repair capabilities of EVs post-bone injury,
heralding a novel therapeutic avenue for bone injury
management following solid tumor surgery.

4.4 Kidney

The application of MSC-EVs for acute kidney
injury (AKI) and chronic kidney disease (CKD) is
emerging as a promising strategy for renal
regeneration [83]. Evidence suggests that MSC-EVs
expedite the healing of injured tubular cells by
enhancing cell proliferation, inhibiting apoptosis, and
aiding in functional recuperation in glycerol-induced
AKI. Mechanistic insights indicate that MSC-EVs
transfer RNA molecules, including mRNAs and
miRNAs, to impaired renal cells, thereby exerting
anti-inflammatory, antiapoptotic, antifibrotic, and
proangiogenic properties [84,85]. (Figure 4A). A
recent study has highlighted the influence of
extracellular vesicles (EVs) on human tubular
epithelial cells exposed to cisplatin. It has been
observed that EVs upregulate the expression of
antiapoptotic genes, such as B-cell lymphoma 2 and
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cancer.
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4.5 Liver

Several studies indicate that MSC-EVs may offer
therapeutic benefits for liver disease treatment. For
example, in a mouse model of liver injury induced by
carbon tetrachloride (CCl4), human embryonic
MSC-EVs have been shown to foster liver
regeneration by enhancing hepatocyte proliferation
and mitigating their apoptosis (Figure 4B) [88]. In a
rat model of liver ischemia-reperfusion injury,
iPSC-EVs have been demonstrated to promote liver
regeneration by inhibiting hepatocyte apoptosis,
dampening the inflammatory response, and
alleviating oxidative stress [89]. Furthermore,
research has indicated that human iPSC-EVs possess
the capacity to stimulate liver cell proliferation both in
vitro and in vivo by activating the sphingosine kinase
and sphingosine-1-phosphate signaling pathways
[90].

Similarly, UCMSC-EVs have been demonstrated
to ameliorate liver function by mitigating oxidative
stress and curtailing neutrophil infiltration, thus
averting liver apoptosis [91]. To augment the
therapeutic efficacy of EVs, human embryonic
MSC-EVs have been embedded within PEG hydrogels
for a sustained release to the liver. In a rat model of
chronic liver fibrosis, this strategy proved superior to
conventional EV injections, exhibiting potent
antiapoptotic, antifibrotic, and regenerative effects
[92]. Collectively, the burgeoning research on
MSC-EVs for liver regeneration signals a highly
promising approach. Consequently, the application of
MSC-EVs for postoperative liver repair following
cancer surgery is anticipated to be a promising
strategy.

4.6 Skin

Wound healing is a multifaceted process
encompassing a spectrum of cellular and molecular
activities, such as cell migration, proliferation,
angiogenesis, extracellular matrix (ECM) deposition,
and tissue remodeling. Effective wound healing
necessitates a sequential transition through phases of
homeostasis, inflammation, proliferation, and
remodeling. Improper healing can lead to excessive
scarring [93]. Studies have indicated that extracellular
vesicles (EVs) from MSCs are instrumental in
facilitating the healing of chronic wounds. A notable
study disclosed that bone marrow MSC-derived EVs
(BMMSC-EVs)  markedly  boosted  fibroblast
proliferation and migration in both healthy
individuals and those with chronic wounds, as well as
fostered endothelial cell angiogenesis (Figure 4C) [94].
Another study demonstrated that human iPSC-EVs
accelerated skin wound healing by enhancing
collagen synthesis and vascularization [95].

Analogously, human ADMSC-EVs efficiently
stimulated the production of collagen and elastin in
light-damaged human dermal fibroblasts in vitro and
expedited wound healing in a mouse skin incision
model in vivo [96]. In a comparative study on rat skin
wounds, ADMSC-EVs outperformed BMMSC-EVs in
healing efficacy [97]. Additionally, in vivo studies
have illustrated that human UCMSC-EVs advance the
healing of secondary burn wounds by activating the
Wnt/B-catenin signaling pathway, leading to
increased dermal fibroblast proliferation,
angiogenesis, and diminished apoptosis of skin cells
[98, 99] (Figure 4D). The therapeutic advantages of
EVs are attributed to the function of specific miRNAs,
including miR-21, miR-23a, miR-125b, and miR-145
[100]. In conclusion, MSC-EVs are pivotal in immune
modulation and skin tissue regeneration. These
exosomes mirror the role of stem cells, exerting robust
effects by modulating immune pathways, enhancing
the migration and proliferation of skin cells, and
curtailing cell apoptosis. Consequently, the
application of MSC-EVs for postoperative skin repair
is a viable strategy.

5. The potential of MSC-EVs in solid
tumor therapy

5.1 Regulatory effect of MSC-EVs itself on
tumor signalling pathways

The therapeutic potential of EVs extends beyond
their critical role in sustaining normal physiological
functions; they can also modulate tumor progression
indirectly through various signaling pathways [101].
For instance, MSC-EVs are enriched with
microRNA-100, which can impede angiogenesis and
curb the advancement of breast cancer by targeting
the mTOR/HIF1A/VEGF signaling axis (Figure 5A)
[102,103]. Moreover, research indicates that
miRNA-146b derived from MSC EVs can inhibit glial
cell growth post-transplantation in rats, although the
precise mechanisms remain to be elucidated [104].
Likewise, BMMSC-EVs can impede the invasiveness,
migration, and proliferation of pancreatic cancer cells
by sequestering miR-338-5p and engaging the
Wifl/Wnt8/pB-catenin axis [105]. Owverall, the
miRNAs delivered by MSC-EVs have the capacity to
regulate tumor progression, heralding a novel
paradigm for solid tumor therapies in the future.

5.2 Drug delivery of MSC-EVs
5.2.1 Advantages of MSC-EVs as drug carriers

EVs derived from cells are superior to artificial
nanocarriers for drug delivery due to their excellent
biocompatibility, low immunogenicity, and high
specificity for targets [106,107]. Firstly, EVs are
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[98,99]. The data were created using BioRender.com.

natural vesicles secreted by cells, and their structural
and compositional similarities with cell membranes
allow them to be easily tolerated by the body and
evade phagocytosis by immune system cells [49,108].
For instance, Tian et al. demonstrated that EVs loaded
with doxorubicin showed low toxicity and were
effective at targeting tumor tissues [109]. Secondly,
EVs have advantages such as deep tissue penetration
and a prolonged circulation half-life [110]. Thirdly,
the presence of phospholipids, signalling
transduction factors, and adhesion factors on EV
membranes contributes to their fusogenic capability
with target cells, enabling them to traverse biological
barriers, such as the blood—brain barrier [111]. The use
of MSC-EVs as a drug carrier is attributed to the fact
that MSC-EVs has unique advantages over other cell
types. For example, first of all, MSCs have a greater
capacity to secrete EVs. In the meantime, their low
immunogenicity enables them to evade immune
activation and clearance by the human immune
system. Secondly, MSCs have the ability to target
tumors, so MSC-derived EVs exhibit strong
tumor-targeting ability (Figure 5B) [112-115].
Furthermore, their small size enhances tumor
permeability and retention, allowing them to
selectively accumulate at the disease site [116,117].

The solid lipid bilayer structure of MSC-derived EVs
protects their cargo from the harsh TME and prevents
the cell engulfment-lysosomal pathway [118]. These
advantages make MSC-derived EVs an ideal drug
carrier for the treatment of solid tumors [115]. In the
next section, we will discuss the specific applications
of MSC-derived EVs as a drug delivery system.

5.2.2 Applications of MSC-EVs as drug carriers

MSC-EVs exhibit significant potential in the
delivery of therapeutic drugs for cancer treatment
(Figure 5C) [119]. They enhance the inhibitory impact
on tumor growth and the precision of drug delivery to
tumor sites, surpassing traditional chemotherapy
methods.  Studies have demonstrated that
MSC-derived EVs loaded with DOX can effectively
suppress the proliferation of osteosarcoma cells in
vitro with higher efficacy and lower cytotoxicity
compared to free DOX [120]. Likewise, these
DOX-loaded MSC-EVs have efficiently targeted
MUCT1-positive colorectal cancer cells in vitro [121]. In
vivo studies have shown that DOX delivered by
MSC-EVs accumulates highly at the tumor site,
significantly inhibiting tumor growth while reducing
systemic toxicity and liver clearance. Research
indicates that mouse BMSCs can be loaded with PTX
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through in vitro exposure to high doses of PTX [122].
These PTX-loaded BMSCs can then secrete EVs rich in
PTX, exerting potent antiproliferative effects on
pancreatic cancer cells. MSC-EVs loaded with PTX
have been shown to inhibit tumor growth and
metastasis more effectively than free PTX, at a
1000-fold reduced dose [123]. Recent studies have
highlighted that BMSC-derived EVs loaded with PTX
and gemcitabine (GEMP) display exceptional homing
and penetration capabilities for pancreatic cancer
treatment, both in vitro and in vivo, with significantly
enhanced antitumor efficacy (Figure 5D) [124].

Honokiol, a versatile compound with novel
antineoplastic properties, has been effectively
encapsulated into MSC-EVs wusing ultrasound

methods [125], demonstrating superior antitumor
effects through efficient cellular uptake compared to
free honokiol. Norcantharidin, a demethylated
derivative of cantharidin with potent anticancer
activity and minimal side effects, has been shown to
exert significant anticancer effects when delivered via
BMSC-derived EVs, promoting homing to the tumor
site without systemic toxicity in hepatocellular
carcinoma treatment [126]. Moreover, norcantharidin-
loaded BMSC-EVs have been observed to repair
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damaged liver tissue by promoting cell proliferation
and reducing hepatocellular oxidative stress [127]. In
summary, MSC-derived EVs, with their robust
tumor-homing capabilities, emerge as promising
platforms for targeted antitumor drug delivery.
However, the clinical application of MSC-EVs in
cancer therapy requires further research to expedite
its therapeutic potential.

5.2.3 Sensitizing effects of MSC-EVs on tumor drugs

Recent studies suggest that MSC-EVs, beyond
their role as drug carriers, have the potential to
augment cancer therapy. Specifically, EVs from
miR-199-modified ADMSCs have increased the
sensitivity to DOX in hepatocellular carcinoma by
inhibiting the mTOR signaling pathway both in vitro
and in vivo [128]. In glioblastoma, miR-199a has been
shown to curb the proliferation, invasion, and
migration of cells in both in vitro and in vivo settings
[129]. MSC-EVs overexpressing miR-199a have
demonstrated the ability to impede glioblastoma
progression by suppressing AGAP2 expression and
increasing sensitivity to temozolomide (TMZ).
Moreover, EVs from MSCs transfected with
anti-miR-9-Cy5 have mitigated TMZ resistance in
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Figure 5. (A). EVs regulate tumor progression by affecting signalling pathway [102,103]. (B). Examples of MSC-EVs with tumor-targeting ability that aid in drug delivery [115].
(C). Drug delivery system of MSCs-EVs for tumor therapy. (D). BMSC-EVs loaded with PTX and GEMP for pancreatic cancer treatment [124].
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glioblastoma cells by enhancing caspase activity and
inducing cell death in response to TMZ. The delivery
of small interfering RNA (siRNA) via MSC-derived
EVs represents another promising therapeutic
approach for boosting drug sensitivity across various
cancers (Figure 6A-B) [130]. In hepatocellular
carcinoma, BMSC-derived EVs modified with
GRP7-siRNA have sensitized cells to sorafenib, which,
when combined with si-GRP78-modified
BMSC-derived EVs, has shown to inhibit the growth
and invasion of hepatocellular carcinoma cells in vitro
(Figure 6C-D) [131]. Thus, the drug-sensitizing effect
of MSC-EVs is set to amplify their tumoricidal impact,
offering substantial promise for postoperative
management of solid tumors.

6. Conclusion

In this review, we aim to provide an overview of
solid tumor treatment via MSC-EVs, which include
organ regeneration and tumor suppression. We
compared the benefits and drawbacks of MSC-EVs
and examined the correlation between their biological
features and engineering to provide guidance on their

use in solid tumor therapy. Furthermore, we
discussed the challenges associated with the
utilization of MSC-EVs, future applications, and
potential strategies and design principles that could
enhance their effectiveness in tumor suppression and
tissue regeneration (Figure 7).

There is an inherent relationship and tension
between oncological treatment and tissue repair. The
objective of tumor therapy is to eradicate or manage
cancer cells, curbing tumor growth and metastasis,
thereby addressing the malignancy. Conversely,
tissue repair denotes the restitution and
reconstruction of the function and architecture of
compromised tissues or organs through a spectrum of
physiological and biological mechanisms post-injury.
Common modalities in oncology, such as surgery,
radiotherapy, chemotherapy, and targeted therapies,
may inadvertently harm healthy tissues and cells.
Specifically, radiotherapy and chemotherapy can
exert toxic side effects on the body's normal tissues
and organs, precipitating tissue damage and impaired
function. This dynamic underscores the dichotomy
between cancer treatment and tissue restoration: in
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combating tumors, a certain level of injury to healthy
tissues is often inevitable, potentially compromising
their capacity for healing and regeneration. Moreover,
tissue repair and regeneration encompass intricate
biological processes hinged on the orchestrated
activities of cell proliferation, differentiation, and
migration. Disruptions to these processes during
cancer treatment could impede the natural restoration
and reconstitution of damaged tissues, risking the loss
or deterioration of tissue functionality. Hence, a
balanced approach is imperative in oncological
practice, weighing the therapeutic benefits against the
collateral damage to healthy tissues to safeguard the
innate reparative and regenerative capabilities of the
tissue. In essence, the interplay and conflict between
tumor treatment and tissue repair must be judiciously
navigated. It is essential to holistically assess the
therapeutic efficacy and its repercussions on tissue
repair, selecting apt treatment strategies to optimize
the preservation of tissue repair and regeneration,
thereby ensuring optimal patient outcomes.
Numerous studies have posited the beneficial
role of MSC-EVs in connective tissue regeneration and
oncology. Nonetheless, caution 1is warranted
regarding the potential risks associated with their
therapeutic ~use. Unaltered MSC-EVs could
potentially foster tumor progression, underscoring

the need for careful design and optimization to ensure
safety and effectiveness. In conclusion, while
MSC-EVs show considerable potential in both
applications, ongoing research is essential to
overcome the challenges posed by their integrated
use. The clinical deployment of MSC-EV treatments
faces notable challenges: 1. Technical Limitations:
Achieving high-purity and high-yield MSC-EVs is
challenging,  necessitating  advancements in
purification and production technologies to fulfill
clinical demands. 2. Substance-Effect Correlation: The
therapeutic impact of specific components within
MSC-EVs, such as lipids, proteins, and nucleic acids,
remains unclear. Further research is required to
understand the efficacy, safety, and optimal dosage of
these endogenous substances when utilized
therapeutically. 3. Targeting Specificity: The
nonspecific targeting of MSC-EVs could lead to
unintended side effects. Given their ability to engage
multiple cell types, the mechanism of receptor
selection in complex in vivo settings is not well
understood, underscoring the need to enhance the
specificity of MSC-EV targeting. 4. Drug Delivery
Efficiency: As drug carriers, the efficiency of drug
loading into MSC-EVs while preserving their
structural and functional integrity presents another
challenge. Future studies must focus on developing
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methods to effectively encapsulate therapeutic agents.
MSC-EV research is a burgeoning field, with ongoing
technological and scientific advancements expected to
shed light on the heterogeneity, functionality, and
clinical potential of these EVs. Further development of
related technologies and studies is essential to unlock
the full therapeutic potential of MSC-EVs.
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