m bioengineering

Review

Emerging Strategies for Revascularization: Use of Cell-Derived
Extracellular Vesicles and Artificial Nanovesicles in Critical

Limb Ischemia

Vijay Murali Ravi Mythili 1*(9, Ramya Lakshmi Rajendran %34 %), Raksa Arun !,
Vasanth Kanth Thasma Loganathbabu 1, Danyal Reyaz (7, ArulJothi Kandasamy Nagarajan !,

Byeong-Cheol Ahn 2/3/4/5*

check for
updates

Academic Editor: Jinku Kim

Received: 27 November 2024
Revised: 9 January 2025
Accepted: 15 January 2025
Published: 20 January 2025

Citation: Ravi Mythili, V.M.;
Rajendran, R.L.; Arun, R.; Thasma
Loganathbabu, VK.; Reyaz, D.;
Nagarajan, A K.; Ahn, B.-C.;
Gangadaran, P. Emerging Strategies
for Revascularization: Use of
Cell-Derived Extracellular Vesicles
and Artificial Nanovesicles in Critical
Limb Ischemia. Bioengineering 2025,12,
92. https:/ /doi.org/10.3390/
bioengineering12010092

Copyright: © 2025 by the authors.
Licensee MDP], Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license

(https:/ /creativecommons.org/
licenses /by /4.0/).

and Prakash Gangadaran 2-3:4-*

Integrative Genetics and Molecular Oncology Group, Department of Genetic Engineering, College of
Engineering and Technology, SRM Institute of Science and Technology,

Chengalpattu 603203, Tamil Nadu, India; rmvijaymurali02@gmail.com (V.M.R.M.);
raksaarun06@gmail.com (R.A.); vasanthkanthofficial@gmail.com (V.K.T.L.); reyazjunior@gmail.com (D.R.);
aruljotn@srmist.edu.in (A.K.N.)

Department of Nuclear Medicine, School of Medicine, Kyungpook National University,

Daegu 41944, Republic of Korea; ramyag@knu.ac.kr

BK21 FOUR KNU Convergence Educational Program of Biomedical Sciences for Creative Future Talents,
Department of Biomedical Sciences, School of Medicine, Kyungpook National University,

Daegu 41944, Republic of Korea

Cardiovascular Research Institute, Kyungpook National University, Daegu 41944, Republic of Korea
Department of Nuclear Medicine, Kyungpook National University Hospital, Daegu 41944, Republic of Korea
Correspondence: abc2000@knu.ac.kr (B.-C.A.); prakashg@knu.ac kr (P.G.)

These authors contributed equally to this work.

[N

*

Abstract: Critical limb ischemia (CLI) poses a substantial and intricate challenge in vascular
medicine, necessitating the development of innovative therapeutic strategies to address
its multifaceted pathophysiology. Conventional revascularization approaches often fail to
adequately address the complexity of CLI, necessitating the identification of alternative
methodologies. This review explores uncharted territory beyond traditional therapies,
focusing on the potential of two distinct yet interrelated entities: cell-derived extracel-
lular vesicles (EVs) and artificial nanovesicles. Cell-derived EVs are small membranous
structures naturally released by cells, and artificial nanovesicles are artificially engineered
nanosized vesicles. Both these vesicles represent promising avenues for therapeutic in-
tervention. They act as carriers of bioactive cargo, including proteins, nucleic acids, and
lipids, that can modulate intricate cellular responses associated with ischemic tissue repair
and angiogenesis. This review also assesses the evolving landscape of CLI revasculariza-
tion through the unique perspective of cell-derived EVs and artificial nanovesicles. The
review spans the spectrum from early preclinical investigations to the latest translational
advancements, providing a comprehensive overview of the current state of research in
this emerging field. These groundbreaking vesicle therapies hold immense potential for
revolutionizing CLI treatment paradigms.

Keywords: critical limb ischemia; extracellular vesicles; nanovesicles; revascularization;
regenerative medicine

1. Introduction

Peripheral arterial disease (PAD) is a chronic disease of the vascular system charac-
terized by lower levels of circulation to the lower extremities of the body. Critical limb
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ischemia (CLI) is by far considered the most severe form of PAD. It is characterized by the
presence of ischemic rest pain, ulcer, or gangrene that is attributed to arterial occlusive dis-
ease [1]. Moreover, it is the final stage of lower extremity arterial disease (LEAD), which is
estimated to affect millions of people worldwide. LEAD is the endpoint in the equilibrium
between the metabolic supply in the system and the demand of the lower extremities. The
most common causes of PAD are atherosclerosis and other potential risk factors, such as
smoking, hypertension, hypercholesterolemia, diabetes mellitus, and obesity. The severity
of the condition is exacerbated by various other conditions, such as myocardial infarction,
stroke, and loss of limbs. In some cases, it is also reported to cause death [2,3]. Globally,
nearly 200 million people are affected by CLI, with most patients experiencing a sixfold
increase in the rate of cardiovascular events. In addition to atherosclerosis, thromboem-
bolism, vasculitis, trauma, and adventitial cystic disease are reported to be associated
with the onset of CLI, thereby broadening the range of pathophysiological features [4,5].
Treatment options, such as wound healing and limb amputation, prevent the progression of
cardiovascular events in patients. Revascularization, the most popular technique, has been
shown to provide adequate amounts of oxygen to the affected areas in at least half of the
patients with CLI. The mode of revascularization could be either surgical or endovascular,
depending on the severity of the condition [6]. CLI can be diagnosed by the presence of
low ankle or toe pressure or reduced levels of transcutaneous oxygen (TcO;), which are
used to predict foot perfusion and, consequently, wound healing. In patients with CLI,
ankle pressures range from less than 40 mmHg to 70 mmHg, while toe pressures range
from 30 mmHg to 50 mmHg. Moreover, TcCO; levels range from less than 20 mmHg to
40 mmHg. The simplest method for diagnosis is the ankle-brachial index (ABI), which is
the ratio of the highest ankle pressure in a particular limb to the highest brachial pressure.
An ABI value of less than 0.9 is an indicator of PAD, while an ABI value of 0.4 is indicative
of CLI [7,8]. Various imaging techniques, such as computed tomography angiography
and magnetic resonance angiography, have been used to visualize the lower extremity
regions before providing a definite treatment plan for patients [9]. Various classification
systems, including Fontaine, Rutherford, and Wagner classifications, are summarized in
Table 1. These classification systems serve as frameworks for classifying the severity of
CLI according to various clinical characteristics, including ischemic symptoms, ulceration,
and the presence or amount of gangrene. They help medical professionals standardize
patient diagnosis and treatment planning, enabling them to evaluate the disease course and
successfully customize therapeutic approaches. They also provide a comparative overview
of the different clinical manifestations of CLI, further facilitating clinical judgment and
research to treat this crippling illness.

Table 1. List of classification systems for CLI depending on severity.

Classification

Description of Ischemia Year Ischemic Rest Pain Ulcer Gangrene

Fontaine [10]

Grading of ischemic symptoms. 1954 Yes, category 4/6 Class IV Class IV

AP <40 mmHg and TP < 80 mmHg for

Rutherford [11]

rest pain. AP < 60 mmHg and 1986 Yes, category III/IV Category V Category VI
TP <40 mmHg for tissue loss.

Wagner [12] Nil 1976 Nil Grade 0: Pre— or Grouping of ulcer
post-ulcerative lesion and gangrene
UT[13] ABI<0.8 as the c'r1ter1on' for 1sc}}em1a. No 1982 Nil Yes, Grades 0-3 Nil
grade for ischemic severity.
Grade 1: No PAD symptoms, ABI > 0.9,
and TBI > 0.6 mmHg.
Grade 2: PAD symptoms,
PEDIS [14] ABI<0.9, AP > 50 mmHg, TP > 30 mmHg, 2004 Nil Yes, Grades 1-3 Nil

and TcPO; 30-60 mmHg.

Grade 3: AP <50 mmHg, TP < 30 mmHg,

and TcPO; <30 mmHg.
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Revascularization is the most preferred first-line treatment for CLI. It can be performed
either through the bypass method or through the endovascular method. The main ob-
jective of this technique is to prevent tissue loss by establishing circulation back to the
foot. In the case of aortoiliac occlusive disease, anatomic and extra-anatomic bypasses
can be used by implementing prosthetic grafts. The chances of performing revascular-
ization on any patient depend on various factors, such as the patient’s age, severity of
CLI, vascular anatomy, and availability of vein grafts specific to the particular patient [4].
The aortobifemoral bypass technique is more commonly used than iliofemoral and tho-
racofemoral techniques for aortoiliac revascularization [15]. A randomized control trial
by Bradbury et al. [15], known as the Bypass versus Angioplasty in Severe Ischemia of
the Leg (BASIL) trial, included 452 patients and focused on the outcomes of patients who
underwent bypass surgery versus those who underwent angioplasty for CLI due to infrain-
guinal disease. The results revealed no significant differences in the primary endpoint of
amputation-free survival between both groups. A limitation of this trial was the sole use of
angioplasty, considering the endpoint of amputation-free survival. Another limitation was
the inefficiency in studying the anatomical pattern of the disease because of the effect of
revascularization [15,16]. The revascularization process can also be inefficient in certain
patients with severe atherosclerosis because of the extreme pattern of arterial disease along
with long calcified blockages and below-the-knee arterial diseases [17]. Considering the
failure and inefficiency of pre-existing revascularization techniques, a novel extra-anatomic
femoropopliteal bypass technique was developed for amputation in patients with CLI and
a history of conventional revascularization failure. However, the outcome of this procedure
was quite unfavorable because of its higher hemorrhagic risk than conventional procedures.
In particular, one patient died of cardiogenic shock, while one patient experienced an acute
coronary syndrome associated with iliopsoas bleeding [18]. Yannoutsos et al. studied the
outcomes of 315 patients who underwent revascularization surgery. In their study, 3.8%
of the patients died after a month of revascularization. The mortality rate increased to
approximately 25.4% after a year [19]. In addition to limb loss, the increase in mortality
rates among patients with CLI has become a global concern. In another study, Agarwal
et al. identified that major amputations were a leading cause of in-hospital mortality among
patients owing to the major risks involved in the amputation process [20]. Cardiovascular
events play an important role in the management of CLL Patients with CLI are more prone
to cardiovascular events, such as myocardial infarction (MI), stroke, and complications
leading to death. Patients with CLI who experience cardiovascular events require appropri-
ate medical care and treatments that can determine their treatment outcome. Therefore, it is
necessary to handle cardiovascular events and to simultaneously maximize patient output
and minimize mortality rates. This can be accomplished by minimizing risk factors, such
as hypertension, hyperlipidemia, and diabetes [1,5]. Through the synchronization of care
and the incorporation of treatment strategies, healthcare teams can ensure that patients
promptly receive therapies for both cardiovascular events and CLI [7].

2. Role of Extracellular Vesicles in CLI Revascularization
2.1. Rationale for Use of EV's and Nanovesicles in Revascularization

EVs are membrane-bound organelles produced by cells in the extracellular region.
They play a role in intercellular communication and transport [21,22]. The therapeutic
effect of EVs on CLI has also been studied. In particular, stem cell-derived EVs have
shown potential for enhancing neovascularization, thereby aiding in tissue regeneration
and recovery [23-25]. Xing et al. employed a dual-pathway activation strategy involving
EVs loaded with vascular endothelial growth factor (VEGF) and transcription factor EB
(TFEB) in combination with a thermoresponsive hydrogel for delivery. In their study,
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modified EVs were prepared by genetically modifying parent cells to express VEGF and
TFEB in order to improve their bioactivity and therapeutic potential. VEGF and TFEB were
chosen because they enhance the bioactivity of EVs; angiogenesis is crucially dependent
on VEGE, while autophagy is regulated by TFEB. This combination of EVs with hydrogel
significantly improved neovascularization, reduced muscle injury, and restored limb func-
tion in animal models. Moreover, mechanistic experiments revealed that the therapeutic
impacts were mediated through the activation of the VEGF/VEGFR pathway and the
autophagy-lysosomal pathway. The use of a thermoresponsive hydrogel for the delivery
of EVs has been proven to be effective in prolonging EV retention in vivo and releasing
EVs in response to the severity of CLI, thus providing a non-invasive treatment strategy for
patients with CLI [26-28]. In another study, Mendhe et al. assessed the use of lyophilized
EVs from adipose stem cells in a mouse hindlimb ischemia model to reduce tissue dam-
age associated with ischemia-reperfusion injury. The results revealed that EVs increased
reperfusion and the expression of the anti-inflammatory factor annexin Al in the skeletal
muscles. However, the increase in reperfusion significantly decreased the levels of muscle
structural proteins, such as dystrophin, plectin, and obscurin. Furthermore, an increase in
inflammatory cytokines, such as TNF-« and IL-6, was observed upon EV treatment, with
the serum TNF-« level positively correlating with reperfusion levels [29-31].

2.2. Biogenesis and Classification of EV's

EVs are divided into medium/large EVs (>200 nm) and small EVs (sEVs) (<200 nm)
based on their physical properties [32]. They can be classified based on their size, biogenesis,
and cargo content. Based on their size, EVs are further categorized into subtypes, such
as apoptotic bodies, exosomes, and microvesicles. Exosomes are small in size and range
from 30 to 150 nm in diameter. They originate from the endosomal system, primarily
from multivesicular bodies (MVBs) in the form of intraluminal vesicles (ILVs) that are
released into the extracellular space in the form of exosomes. Exosome biogenesis occurs
in two steps. The first step involves the reorganization of the endosomal membrane to
increase the specificity to tetraspanins [33]. Figure 1 provides a detailed representation of
the biogenesis and secretion of EVs, depicting the intricate biological processes involved.
It demonstrates how MVBs produce ILVs, which then fuse with the plasma membrane to
release exosomes into the extracellular space. The figure also reveals the direct outward
budding of microvesicles from the plasma membrane, which is determined by complex
molecular interactions encompassing pathways involved in cell signaling and cytoskeletal
structures. The key tetraspanins involved in this process are CD9 and CD63, which are
thought to play an important role in exosome formation. In the second step, the endosomal
sorting complexes required for transport (ESCRTs) are recruited to the ILV formation
site where the exosomes are formed. Four ESCRTs, namely ESCRTs 0, I, II, and III, are
involved in this process. ESCRT 0 recognizes the proteins ubiquitinated on the endosomal
membrane, while ESCRTs I and II are recruited to the cytosolic fraction of early endosomes
through various stimuli. Intraluminal membrane budding is initiated and driven by the
action of ESCRTs I and II, while ESCRT III terminates the process in association with
other proteins, such as ALIX and TSG101 [34]. On the other hand, microvesicles are
comparatively larger in size and range from 100 to 1000 nm in diameter. The formation of
microvesicles occurs via outward budding and fission of the plasma membrane, because of
which the vesicles disperse into the extracellular environment. This process begins when
ADP-ribosylation factor 6 (ARF6) initiates a cascade for the release of microvesicles by
activating phospholipase D (PLD) and recruiting extracellular signal-regulated kinase (ERK)
to the plasma membrane, and further phosphorylates and activates the myosin light chain
kinase (MLCK). Subsequently, microvesicles are released through the contraction of actin—-
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myosin machinery [35]. This size- and biogenesis-based classification of EVs highlights the
distinguishing features of exosomes and microvesicles, thereby providing insights into the
mechanism underlying their biogenesis and origin at the cellular level, and their roles in
various processes, such as intercellular signaling and disease progression [36]. Stem cells
can differentiate into cells of any kind, thereby aiding in the body’s repair mechanism [37].
The two main types of stem cells are embryonic stem cells (ESCs) and adult stem cells, such
as mesenchymal stem cells (MSCs). ESCs are pluripotent and can differentiate into any
cell type. ESC-derived EVs are involved in the migration of trophoblasts, implantation of
blastocysts, and maintenance of stem cell characteristics through various molecules, such
as fibronectin and heat shock protein (HSP)90 [38]. MSC-derived EVs (MSC-EVs) carry
specific markers, such as CD105, CD90, and CD73, which can influence the behavior of
other cells by promoting cell proliferation, preventing the apoptosis of hematopoietic stem
cells, and modulating immune responses [39].

Early
Endosome

Secondary
Invagination / \

Primary
Invagination

Mecembrane
Endosome Protein

MVE/MVB —
MYE/MVB

\‘2

——p EVs €¢—— Exosomes

Figure 1. Processes involved in the production of extracellular vesicles (exosomes and microvesicles).
As the process continues, early endosomes develop into late endosomes or multivesicular bodies
(MVBs). During maturation, the membrane of MVBs undergoes invagination, resulting in the
formation of intraluminal vesicles (ILVs) within MVBs. Ultimately, some of the MVBs were recylted
by lysosome (refer to 1) and others MVBs merge with the plasma membrane (refer to 2), liberating
ILVs as exosomes into the surrounding extracellular space. This merging process is mediated by the
coordinated action of the cytoskeleton, Rab family GTPases (such as Rab27a and Rab27b), SNARE
proteins, and tethering complexes, which facilitate the docking and fusion of MVBs with the plasma
membrane. On the other hand, microvesicles are created through direct outward budding and
shedding of the plasma membrane, resulting in their release in the extracellular environment [40].
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2.3. Cellular Sources of Therapeutic EV's

The sources of therapeutic EVs include a wide range of live cells that release nanovesi-
cles in the extracellular space. The study included four main steps: tissue/cellular RNA-seq
data processing, construction and optimization of signature matrices, model selection
and evaluation, and exploration of the atlas of EV origins from healthy or diseased sam-
ples. Two signature matrices were developed—one for blood cells and another for tissue
types—using specific genes identified through a tissue-specific scoring strategy. Six decon-
volution algorithms were tested, with the support vector regression (SVR) method, selected
as the core algorithm for EV origin because of its robustness and accuracy. Performance
evaluation of the models revealed that the SVR method exhibited higher concordance and
lower differences between known and estimated tissue/cell type proportions than the other
methods. The EV origin approach successfully depicted the contribution of tissue/cellular
sources of circulating EVs in healthy individuals and patients with diseases, particularly
highlighting the significance of the liver fraction in diagnosing hepatic disorders, such as
hepatocellular carcinoma.

2.4. Biophysical Experimental Approaches for Elucidating Exosome Release and Drug
Loading Mechanisms

Biophysical methods are indispensable for understanding the mechanisms involved
in exosome release and drug loading and unraveling their structural and functional dy-
namics. Dynamic light scattering (DLS) and nanoparticle tracking analysis (NTA) are often
used to monitor changes in exosome size and concentration upon drug loading. Cryo-EM
enables high-resolution imaging of exosomal membranes, thereby unraveling structural
alterations post loading. Fluorescence spectroscopy using fluorescence resonance energy
transfer (FRET) facilitates the real-time monitoring of the incorporation and release of
drugs, while surface plasmon resonance helps measure drug molecule interactions with
exosomal membranes. Atomic force microscopy provides topographical and mechanical
information regarding exosomal membrane stability and permeability by determining
changes after drug incorporation. In addition, mass spectrometry (MS) assesses the molec-
ular composition of exosomes, providing insights into proteomic and lipidomic alterations
upon drug loading or inflammatory exposure. Isothermal titration calorimetry (ITC) further
supports this by unraveling the thermodynamics underlying drug binding to exosomal
membranes [41,42].

2.5. Mechanisms of EV-Mediated Revascularization

EVs play an important role in mediating revascularization through various processes
by transferring biomolecules, such as microRNAs (miRNAs), into endothelial cells and
inducing angiogenesis [43—46]. EVs are involved in the delivery of proangiogenic miRNAs
to endothelial cells, which can stimulate vascular growth and maturation and thereby
promote neovascularization post myocardial infarction. A study conducted by Berger
et al. revealed that EVs released after remote ischemic conditioning can be transferred
across species and confer protection against hypoxia, highlighting their role in mediating
cardioprotection. These EVs accumulate in the injured myocardium, thereby reducing
infarct size and facilitating revascularization processes [47,48]. Vicencio et al. reported the
cardioprotective capability of EVs in conferring protection against ischemia-reperfusion
injury. They identified EVs as crucial mediators of the cardioprotective signal induced
by remote ischemic conditioning. Specific proteins carried by EVs, including the classic
cardioprotective HSP70, were also identified as mediating substances [49]. HSP70 plays a
protective role in cellular stress responses and can promote cell survival during ischemic
events. The presence of HSP70 in EVs suggests that these vesicles transfer not only miRNAs
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but also essential proteins that contribute to cardioprotective effects. This finding under-
scores the multifaceted nature of EV-mediated cardioprotection, wherein both miRNAs and
proteins (such as HSP70) work synergistically to promote cell survival and tissue protection
during ischemia-reperfusion injury [49].

2.6. Preclinical Evidence Supporting EV Therapy in CLI

The use of EVs for the treatment of CLI is promising because it enhances the therapeutic
outcomes. Shen et al. assessed the use of sEVs derived from hypoxic human umbilical
vein endothelial cells (HUVECS) to enhance the therapeutic potential of adipose-derived
MSCs (AD-MSCs) in CLI [50-53]. Hypoxic sEVs (hsEVs) have a different composition
from normal sEVs. This increases the level of miR-486-5p, which downregulates PTEN
via direct targeting, thereby activating the AKT/mTOR/HIF-1x pathway in AD-MSCs.
This activation increases the survival and proangiogenic ability of AD-MSCs, resulting in
enhanced cell engraftment, angiogenesis, and tissue repair, as noted in a hindlimb ischemia
model in a previous study. In that study, hsEVs were found to improve the resistance
of AD-MSCs to reactive oxygen species (ROS) and enhance their proangiogenic capacity
through miR-486-5p-mediated PTEN repression, ultimately enhancing the therapeutic
efficacy of AD-MSCs in CLI [54].

3. Artificial Nanovesicles: Design and Function
3.1. Engineering Strategies for Nanovesicle Production

Various strategies have been employed to increase the efficiency of nanovesicles. The
genetic manipulation of exosome biogenesis pathways and pre-treatment of parent cells are
potential techniques used to enhance yield. Techniques like genetic engineering involve the
introduction of foreign genes into the recipient cells via an in vitro recombination process
that can enhance exosome biogenesis and release pathways [55]. Pre-treatment of parent
cells by subjecting them to hypoxic conditions, cytokines, thrombin, and adiponectin can
increase the yield of exosomes. These conditions increase exosome production, thereby
causing an exponential increase in exosome release [56]. Changes in the outer structure
of exosomes can enhance nanovesicle production. This can be achieved via alterations in
the conditions in which they are produced. In the presence of nitric oxide (NO)-releasing
polymers, exosomes from MSCs were found to increase the angiogenic properties of
vesicles [57,58]. Shi et al. proposed a different strategy involving the use of polyethylene
glycol (PEG)-modified exosomes. In their study, copper-64-radiolabeled PEG exosomes
were monitored using positron emission tomography. They found that the exosomes with
PEG exhibited higher drug delivery quality than those without PEG [59].

3.2. Cargo Loading and Modification of Nanovesicles

Cargo loading of EVs, particularly of exosomes, is a crucial aspect of drug delivery.
Various methods have been explored to efficiently load cargo into these nanovesicles. Differ-
ent strategies, such as rapid squeezing through nanofluidic channels, have been developed
to load exogenous cargo into EVs by temporarily generating nanopores on the membrane.
Islam et al. developed a systemic algorithm to predict drug loading during EV squeezing
using coarse-grain (CG) molecular dynamic simulations coupled with fluid dynamics. They
analyzed the effects of various parameters, such as EV size, flow velocity, and channel
dimensions, on pore formation and drug loading efficiency, providing a phase diagram
for nanochannel design [60]. Other cargo-loading approaches, such as electroporation,
sonication, and incubation, have been adopted to increase the cargo loading of EVs. The
electroporation process involves the application of an electric field from an external source
right after the exosomal membrane. In the presence of a high voltage supplied for a short
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duration, the lipid layer ruptures and causes a temporary state of membrane permeability,
allowing other small molecules to pass through the membrane. Zhu et al. successfully
loaded doxorubicin into exosomes derived from lens epithelial cells via electroporation;
this led to an enhanced uptake of the exosomes by the lens epithelial cells [61,62]. The
sonication method of cargo loading follows the same procedure by disrupting the mem-
brane of exosomes, thereby facilitating drug loading into the exosomes. Sonication employs
mechanical shear forces through ultrasound waves, temporarily disrupting the lipid bilayer
of exosomes. This disruption creates transient pores or destabilizes the membrane structure,
allowing the drug molecules in the surrounding solution to diffuse into the exosomal lumen.
Once sonication ceases, the membrane reseals, encapsulating the drug molecules within
the exosomes. Yerneni et al. successfully performed sequential loading of albumin and
curcumin into exosomes through the sonication process, which resulted in the formation
of carrier exosomes that possessed greater stability and anti-inflammatory properties [63].
The loading of small molecules into exosomes via the incubation method is one of the
most common ways to increase the cargo-loading capacity of exosomes. The incubation
method relies on the passive diffusion of small molecules across the lipid bilayer of the
exosomal membrane. This process is primarily driven by the concentration gradient of
small molecules in the surrounding medium. The efficiency of loading depends on the
physicochemical properties of the molecules, such as their polarity, hydrophobicity, and
molecular size. Non-polar or hydrophobic molecules generally diffuse more readily into the
lipid-rich environment of the exosomal membrane and lumen, whereas polar or hydrophilic
molecules may face greater resistance. The incubation conditions, including temperature,
duration, and pH, also play a key role in optimizing the loading efficiency. Wang et al. mod-
ified exosomes with RGD peptide and incubated them with doxorubicin, which resulted in
drug loading into the exosomes. The exosomes labeled with '3'1 efficiently targeted tumor
cells because of the presence of RGD peptide, which serves as a targeting molecule [64]. EV
modifications play a pivotal role in increasing drug delivery [65]. Various strategies, such
as the use of cell membrane nanovesicles, cell-derived nanovesicles, and lipid nanovesicle
structures (e.g., liposomes), have been developed for efficient drug delivery mechanisms.

3.3. Targeting and Delivery Mechanisms

Nanovesicles exhibit targeted drug delivery mechanisms and possess inherent hom-
ing abilities because of the presence of enriched membranes with specific receptors or
ligands that interact with target cells. Various modifications, such as surface alterations
and source cell changes, can enhance their targeting specificity [66]. For instance, apoptotic
body-mimetic nanovesicles that are derived from apoptotic fibroblasts and conjugated
with dextran and ischemic cardiac homing peptides can actively target the ischemic my-
ocardium and polarize macrophages to exhibit anti-inflammatory effects [67]. Additionally,
artificial nanovesicles encapsulating therapeutic agents can protect cargo from degradation,
enabling prolonged efficacy against pathogens, such as Botrytis cinerea. These findings
highlight the potential therapeutic applications of nanovesicles in precision medicine for
targeted and efficient drug delivery [68]. Targeting by nanovesicles consists of two types:
passive and active. Passive targeting relies on the enhanced permeability and retention
effect, wherein nanovesicles accumulate in tumor tissues because of their leaky vasculature
and impaired lymphatic drainage. On the other hand, active targeting involves the mod-
ification of nanovesicles with ligands or antibodies that specifically bind to receptors on
target cells, enhancing their uptake and efficacy [66]. Advancements in nanoengineering
techniques have enabled the modification of EVs, such as the alteration of the source cell or
surface of EVs, to improve specific targeting. Overall, the understanding and optimization
of these targeting mechanisms are crucial for enhancing the precision and effectiveness
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of nanovesicle drug delivery systems in various diseases [69]. The internalization and
delivery of nanovesicles predominantly occur via receptor-mediated endocytosis, resulting
in the accumulation of nanovesicles inside the lysosomes [70]. These nanovesicles play a
crucial role in drug delivery systems, enhancing bioavailability and therapeutic efficacy by
solubilizing, encapsulating, and stabilizing active ingredients for oral administration [71].
Ou et al. assessed the cellular uptake mechanisms and immunogenicity profile of novel bio-
hybrid nanovesicles (nCVTs), developed by fusing the membranes of U937 monocytes with
synthetic lipids. They found that the nCVTs exhibited approximately 40-fold higher cellular
internalization than liposomes within the first hour, primarily through receptor-mediated
processes, such as clathrin- and caveolae-mediated endocytosis. Furthermore, the nCVTs
exhibited low immunostimulatory potential both in vitro and in vivo, as indicated by the
levels of IL-1x, IL-6, and TNF-« cytokines [72]. Figure 2 presents the processes associated
with the cellular uptake of EVs, including intracellular mechanisms. EVs engage their re-
cipient cells to transfer inducted loads, which may comprise proteins, lipids, cytokines, and
nucleic acids, to the cytoplasm. The signaling pathways have essential intercellular controls
for most biological processes, including angiogenesis, immunoregulation, and tissue repair.
The figure provides a comprehensive view of how EV-mediated communication modifies
cellular responses to improve treatment outcomes in ischemic circumstances, such as CLIL

\\/"
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Activation of Modulation of

Exocytosis Signaling Immune
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Endocytosis Enhanced
Tissue
— Regeneratlon
'}ZEI"&&S\, ( - S - ,:v
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Figure 2. The series of intracellular events that occur when recipient cells take up extracellular
vesicles (EVs) through endocytosis. When EVs merge with the recipient cell membrane, their
contents are released into the cytoplasm, resulting in the activation of different signaling pathways.
This process alters immune responses by transporting bioactive molecules, such as cytokines and
microRNAs, which can either enhance or suppress immune cell activity. Moreover, the release of
growth factors and other regenerative molecules from EVs improves tissue repair and regeneration.
The figure provides a visual representation of the intricate relationship between EVs and target cells,
emphasizing the intricate molecular processes involved in signal transduction, immune modulation,
and tissue regeneration, Created with BioRender.com.
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4. Comparative Analysis: EVs Versus Artificial Nanovesicles
4.1. Efficacy and Safety Profiles

The surface charge, shape, size, and composition of artificial nanovesicles can influence
their toxicity by affecting cellular uptake and biological responses. Preclinical studies play a
crucial role in evaluating the safety, efficacy, and pharmacokinetics of artificial nanovesicles
before advancing to clinical trials [73]. Preclinical studies have indicated that artificial
nanovesicles can effectively target and deliver therapeutic cargo to specific targets. Further
optimization strategies can enhance the safety profile of artificial nanovesicles, including
enhancement of the formulation, optimization of therapeutic cargo loading methods, and
surface modifications [74].

4.2. Mechanistic Differences

The mechanistic aspects of EVs and artificial nanovesicles include lipid composition,
protein content, uptake mechanisms, and functional receptor transfer [75]. The lipid
composition of EVs can vary based on the cell type and differentiation stage. EVs have
specific lipid compositions, such as sphingomyelin and gangliosides content. Changes in
the lipid composition during cellular differentiation can influence the function of EVs [76].
The proteins carried by EVs are important for their functions, mediating interactions with
target cells and initiating intracellular cascades [77]. Cell signaling, immune responses, and
tissue regeneration processes are influenced by the biological effects of EVs on recipient
cells, which can be determined by the protein cargo of EVs. EV uptake by recipient cells can
occur through different mechanisms, including phagocytosis and micropinocytosis (a form
of endocytosis) [78]. These are influenced by the characteristics of both EVs and recipient
cells. The uptake process can also be impacted by the fluidity of cellular membranes and
the presence of specific receptors on EVs and target cells [79]. EVs can transfer functional
receptors to target cells, causing changes in the phenotype and behavior of the cells. The
cellular responses and signaling pathways can be modulated by the transfer of receptors.
This affects various physiological and pathological processes [80]. Artificial nanovesicles
are designed in a way that enables them to actively target disease sites, respond to signals,
and provide treatment feedback [81]. To achieve enhanced targeting, these nanovesicles are
engineered by modifying their surface with ligands or antibodies that have a high binding
affinity with the receptors or antigens present on the target cells. Surface modifications
are engineered based on the target cells or tissues to enable precise drug delivery [68].
Artificial nanovesicles can react to both internal and external signals, thereby providing a
stimulus-responsive drug release system that can be activated by various triggers, such
as ultrasound or light, to improve control over drug delivery. By integrating feedback
modules, nanovesicles can monitor the treatment response of the host, enabling real-time
assessment of drug efficacy and disease progression [82]. This feedback allows artificial
nanovesicles to adapt their therapeutic cargo release or targeting strategies based on the
host’s response, thereby optimizing the outcome [83].

4.3. Potential Synergies in Combination Therapies

EVs exhibit intrinsic tissue-homing capabilities because of their surface proteins and
lipids, which allow them to effectively deliver therapeutic cargo to specific cells or tissues.
This can enhance overall treatment efficacy [84]. Small molecules often exert their therapeu-
tic effects through distinct mechanisms. By combining small molecules with EV-based drug
delivery, complementary actions can be achieved. This serves as a more comprehensive
treatment approach that can target multiple pathways involving the disease [85]. This
combinatorial approach maximizes the therapeutic potential of each component, resulting
in increased efficacy. A combination of MSC-EVs and other regenerative therapeutic agents,



Bioengineering 2025, 12, 92

11 of 31

such as scaffolds or growth factors, can amplify tissue repair and regeneration, thereby
providing a synergistic strategy for tissue healing [86]. Artificial nanovesicles provide a
platform for combination therapies because of their unique properties and specificity [87].
They can be integrated with different therapeutic agents, such as miRNAs, which enables a
combination of treatments with a single delivery system [88].

5. Preclinical Models and Studies
5.1. Animal Models of CLI for EV and Nanovesicle Research

Hindlimb ischemia induced by the surgical ligation of the femoral artery in female
BALB/c mice replicates the pathophysiological conditions observed in human CLI [89,90].
This method creates a model that closely mimics the arterial blockages observed in human
CLI, characterized by considerable blood flow reduction, tissue ischemia, and necrosis. The
use of this model allows researchers to study the effects of ischemia on limb perfusion,
tissue damage, and therapeutic interventions systematically [91]. The relevance of this
model to human CLI is significant; this similarity ensures that findings from the mouse
model, particularly those regarding the progression of tissue damage and the potential of
therapeutic intervention, can be extrapolated to human conditions [92]. Researchers can also
explore innovative treatments, such as the promotion of revascularization and enhancement
of limb salvage, in a preclinical setting using NO-boosted EVs. The use of female BALB/c
mice provides standardization and uniformity, which are important for the consistent
evaluation of therapeutic interventions and outcomes. The modification of MSC-derived
EVs with NO nanocages enables nanovesicle regeneration for revascularization in CLI.
This strategy can enhance the therapeutic potential of EVs by integrating NO nanocages
to boost endothelial cell function and pericyte recruitment for vascular regeneration. This
represents an effective and targeted approach for enhancing vascular regeneration and
reducing amputations in patients with CLI [93]. The mouse model of hindlimb ischemia
mimics the conditions of human CLI and can be used to assess the therapeutic effects of
innovative treatments. Bioengineered stem cell membrane-coated nanocarriers (BSMNCs)
loaded with VEGF have also been designed to leverage the angiogenic potential of VEGF
and the regenerative properties of stem cells [94]. In prior research conducted to evaluate
the therapeutic effects of artificial nanovesicles, systemic retro-orbital injections of BSMNCs
loaded with VEGF were administered to mice with hindlimb ischemia [28]. Notable
improvements were observed in key functions, such as muscle repair, limb salvage, and
blood reperfusion, indicating that the BSMNCs were crucial for promoting the healing
process. Laser Doppler imaging, a non-invasive method for the serial measurement of
neovascularization and vascular outcomes in treated hindlimbs, was used for physiological
assessments [95]. The BSMNC-treated mice exhibited significantly higher perfusion ratios,
indicating successful neovascularization and improved blood flow in their ischemic limbs.
This finding underscores the potential of BSMNCs as a promising therapeutic agent for
CLI, highlighting their ability to enhance vascular repair and improve functional outcomes
in ischemic conditions [96].

5.2. Functional and Molecular Outcomes in Preclinical Studies

In preclinical studies, MSC-EVs have shown significant potential for treating CLI by
promoting angiogenesis and improving blood flow in ischemic limbs [97]. The functional
outcomes of MSC-EVs include pro-regenerative effects, such as the enhancement of tissue
regeneration and reduction in tissue damage, because of their ability to modulate inflam-
matory responses, enhance tissue repair processes, and promote cell survival, thereby
improving outcomes in CLI models [98]. Proangiogenic abilities can be observed in EVs
derived from serum (serum EVs). These EVs have been found to prevent muscle damage in
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acute hindlimb ischemia models and improve vascular remodeling [99]. sEVs (e-sEVs) have
enhanced vascular remodeling, protected against muscle damage, and increased blood
perfusion in ischemic hindlimbs, as evidenced by laser Doppler blood flow analysis and
foot damage score evaluations [99,100]. Moreover, e-sEVs have significantly reduced the
number of inflammatory cells in ischemic hindlimbs, as indicated by a reduction in inflam-
matory infiltrates compared to the control group in a prior study [101]. The molecular
outcomes of MSC-derived EVs include the regulation of the expression of genes related
to immune responses, tissue repair pathways, and inflammation, which can contribute
to their therapeutic impact [99]. Artificial nanovesicles, such as mesosomes, have been
engineered to mimic the functionality of MSCs. These nanovesicles aid in immunoregula-
tion and tissue repair, which are important for regulating vascular regeneration [102]. In
particular, mesosomes have significantly improved angiogenesis, mitigated inflammation,
and reduced fibrosis in models of hindlimb ischemia [103]. Novel nanovesicles, such
as a surface-coated copper-containing protein for NO release, have been developed for
targeted delivery under ischemic conditions [104]. These nanovesicles have shown high
revascularization effects in hindlimb ischemia models, underscoring their potential for
enhancing vascular regeneration in CLI. Nanocarriers functionalized with engineered MSC
membranes overexpressing CXCR4 have been found to enhance tropism toward ischemic
tissues [105]. Upon integration with VEGF, these nanocarriers can significantly improve
blood reperfusion, limb salvage, and tissue repair in CLI models. Targeted delivery of
therapeutic cargo can ensure effective delivery of the cargo directly to the target areas [106].

5.3. Translation from Bench to Bedside

EVs serve as cell-free therapeutic agents. They provide a novel approach for treating
CLI without the need for intact cells, potentially simplifying the therapeutic process [107].
Exosomes derived from various stem cells have exhibited significant potential for inducing
angiogenesis in PAD models, unraveling a viable therapeutic option for addressing CLIL
Preclinical studies have highlighted the angiogenic potential of exosomes, such as those
derived from induced pluripotent stem cell (iPSC)-derived MSCs, which can enhance
blood vessel formation in ischemic limbs [108,109]. The enrichment of EVs with angiogenic
proteins (such as VEGF) and miRNAs (such as miRNA-210-3p) upregulates the expression
of angiogenic genes in endothelial cells, thereby boosting tissue regeneration and blood
vessel formation. Exosomes from specific stem cells, such as endometrium-derived MSCs,
have exhibited efficacy in increasing microvessel density, indicating potential for signifi-
cant vascular improvement in CLI. The translation of EV-based therapies from bench to
bedside can provide opportunities for advancing treatment options for CLI [110]. This has
been significantly observed in the treatment of CLI using BSMNCs. These nanovesicles
are engineered to enhance ischemic tissue targeting and retention by inducing stem cell
membranes, such as those derived from human adipose-derived stem cells [111-113]. This
functionality significantly improves penetration across endothelial cell barriers and reduces
uptake by immune cells, thereby potentially reducing the immune response and enhancing
therapeutic efficacy. The customizability of these nanovesicles enables the creation of
engineered biomimetic nanoparticles with hybrid functionalities. This translation from
bench research to clinical application highlights the potential of artificial nanovesicles for
revolutionizing CLI treatment and improving patient outcomes [100].

6. Clinical Trials and Emerging Therapies
6.1. Ongoing and Completed Clinical Trials

Several clinical trials have been conducted or are ongoing to evaluate the efficacy of
EVs in CLI based on results from preclinical models. These trials consider key aspects,
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such as the characterization of the EV source, safety monitoring, and long-term adverse
effects. Stem cell therapy, which mediates various processes within ischemic tissues, is
crucial, emphasizing the importance of translational studies to evaluate emerging tech-
nologies for the development of cell therapies for CLI [114]. Ongoing clinical trials (e.g.,
NCT03968198, NCT04466007, and NCT04661644) and completed ones have investigated
the efficacy of EVs in autologous peripheral blood mononuclear cell therapy for CLI and
severe diabetic foot ulcers, aiming to restore limb perfusion and prevent major amputations
in patients who are not eligible for revascularization procedures [115]. Key findings [Ethical
Committee of IRCCS MultiMedica (protocol number 332.2018)] include a high frequency
of sEVs in patients with a high level of TcPO, after treatment, along with improvements
in TcPO; levels, ulcer healing, and walking capability after autologous peripheral blood
mononuclear cell therapy. These findings collectively highlight the potential of EVs as a
therapeutic target for improving tissue perfusion, promoting ulcer healing, and enhancing
the quality of life of patients with CLI [116]. Ongoing clinical trials (e.g., NCT04173650
and completed ones (e.g., NCT02565264, NCT05191381, and NCT04493242) have also
assessed the use of artificial nanovesicles for treating CLI. These trials aim to assess the
efficacy and safety of nanovesicles in promoting tissue repair and angiogenesis in patients
with CLI. Artificial nanovesicles designed to deliver specific therapeutic cargo, such as
growth factors or therapeutic miRNAs, have resulted in enhanced angiogenesis and tissue
regeneration in preclinical models [117]. Completed clinical trials (Trial registration: IRCT,
IRCT20210221050446N1. Registered 9 May 2021) typically assess the safety, efficacy, and
therapeutic potential of nanovesicles in promoting angiogenesis, muscle regeneration, and
overall limb salvage in patients with CLI [118]. The key aspects evaluated include the opti-
mal composition of proangiogenic and promyogenic factors in nanovesicles, their ability to
recruit endothelial and skeletal muscle cells, and their efficacy in improving cell survival
and function under ischemic and hyperglycemic conditions. The outcomes of these trials
could significantly impact the development and clinical translation of nanovesicle-based
therapies for CLI [50].

6.2. Challenges and Lessons Learned

Challenges in using EVs for treating CLI include standardizing the production tech-
niques, ensuring consistent quality, and accurately quantifying and characterizing EVs.
The critical concerns are understanding the pharmacokinetics of EVs, targeting them effec-
tively to the ischemic limb, and ensuring their safety profiles [119]. Further clarification
regarding optimal sources, administration routes, dosages, and treatment frequencies is
required to achieve enhanced therapeutic effects [120]. Meta-analyses have indicated that
EVs can improve outcomes in patients with diabetes-related CLI. MSC-EVs show potential
by preventing muscle damage via neuregulin 1 (NRG1)-mediated signals, protecting mus-
cle tissues and promoting angiogenesis. EVs can enhance myofiber regeneration, reduce
inflammation in affected muscle tissues, and inhibit atrophy [121]. The main challenge
in using artificial nanovesicles is the impact of inflammatory stimuli on their therapeutic
efficacy. As CLlis characterized by severe inflammation, it can destabilize nanovesicles and
alter their release profiles, thereby inhibiting their effectiveness [122]. Inflammatory stimuli,
such as elevated levels of cytokines, ROS, and enzymes in inflamed tissues, can directly
destabilize the lipid bilayer of nanovesicles, leading to premature drug release. Addition-
ally, these stimuli can alter the pharmacokinetics and targeting efficiency of nanovesicles
by increasing their uptake by immune cells or causing aggregation. Such disruptions
not only reduce therapeutic efficacy, but also trigger off-target effects, emphasizing the
need for designing nanovesicles with enhanced stability and inflammation-responsive
properties [123]. Another challenge includes the selection of optimal therapeutic cargo,
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such as miRNAs, which are potent regulators of gene expression. The efficiency of miRNAs
is context-dependent; they can effectively target specific molecular pathways associated
with CLI. Standardizing the dosing and production of nanovesicles is also crucial [124].
The production of nanovesicles must be particularly standardized to ensure consistency in
composition, size, and cargo loading. Variations in these parameters can lead to inconsistent
therapeutic outcomes [125]. Determination of the appropriate dosing plan, including the
dosage, frequency of administration, and delivery of nanovesicles, is challenging. Lessons
learned from the use of artificial nanovesicles for CLI include the improvement in stability
in inflammatory environments through various strategies, such as modifications of surface
properties of nanovesicles, to resist degradation and enhance efficiency [126].

6.3. Future Directions for Clinical Applications

EVs are significant therapeutic armors that can treat CLI by transferring bioactive
molecules and modulating cellular processes to enhance angiogenesis and tissue regenera-
tion. Future studies should prioritize the identification of effective EVs, such MSC-EVs, to
improve therapeutic outcomes and ensure patient safety [127]. Establishing standardized
protocols for the isolation, characterization, and storage of EVs is essential to ensure consis-
tency and reproducibility in their successful clinical applications. Long-term clinical trials
are necessary to assess the safety and efficacy of EV therapy in CLI. These trials should
focus on outcomes, such as limb preservation, wound healing, and pain management [128].
Such trials are crucial for monitoring the safety profile of EV therapy over extended periods,
to ensure that no adverse effects or complications arise with prolonged treatment. They can
evaluate limb preservation by tracking limb salvage rates, wound healing by measuring
tissue regeneration, pain management by monitoring changes in pain levels, and quality
of life by assessing physical function, emotional well-being, and overall satisfaction with
treatment [129]. Long-term trials can provide insights into the sustained effects and durabil-
ity of EV therapies by capturing trends, complications, and late-emerging outcomes [130].
Artificial nanovesicles show significant potential for treating CLI by enhancing therapeutic
efficacy and biodistribution. Exosome-encapsulating gel constructs used for treating limb
ischemia can be utilized to improve stability and retention in patients with CLI [131]. For
example, the intramuscular injection of chitosan hydrogel-loaded exosomes into a limb
ischemia model was found to enhance retention, reduce cell apoptosis, suppress fibrosis,
and promote angiogenesis. Nanovesicles encapsulated in silk fibroin hydrogel exhibit
sustained release, reducing vascular dysfunction in limb ischemia models. Addressing
disturbances in calcium homeostasis in CLI is also crucial, as ischemia impairs ion pumps
and reperfusion causes calcium influx, leading to cellular damage. Future studies should
focus on optimizing nanovesicle stability, transport mechanisms, and biodistribution to
enhance therapeutic outcomes in CLI [132-134].

7. Safety and Regulatory Considerations
7.1. Immunogenicity and Adverse Effects

Though the advancement and utilization of cell-derived EVs and artificial nanovesicles
seem promising as treatment armors for CLI, the possible immunogenic effects need to be
addressed. EVs are known to have low immunogenicity because of their endogenous origin.
However, they may still elicit an immunogenic response in the host based on their source,
the modifications performed, and the method of delivery [135]. These adverse effects
may sometimes worsen the pre-existing condition via inflammation, unwanted immune
activation, and systemic responses. To overcome these challenges, considerable in vitro
and in vivo studies need to be conducted before proceeding to human trials. The treatment
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must align with the Food and Drug Administration (FDA) guidelines for immunogenicity
testing [136].

7.2. Regulatory Landscape for EVs and Nanovesicles in CLI Therapy

The regulatory landscape around the therapeutic use of EVs and nanovesicles, specifi-
cally in the context of CLI, is continuously growing and dynamic [137]. Regulatory bodies,
such as the U.S. FDA and the European Medicines Agency (EMA), play a crucial and
defining role in ensuring the safety and efficacy of new medications. They have established
rules and regulations for drug development agencies. These guidelines keep on changing
because of the rapidly growing nature of the said field. EVs and nanovesicles undergo
rigorous reviews before obtaining clinical approval, given their recent development as ther-
apeutic agents [138]. The regulatory framework for these medicines often involves multiple
phases, starting with preclinical assessment, during which their safety, effectiveness, and
potential toxicities are thoroughly examined in animal models. Preclinical studies, such
as those examining the therapeutic benefits of EVs derived from hypoxic HUVECs, have
shown promise and safety in improving healing processes in CLI [139]. Such preclinical
studies serve as a necessary step before proceeding to human trials. To obtain permission,
regulatory agencies require the submission of extensive data on pharmacodynamics, phar-
macokinetics, immunogenicity, and long-term adverse effects noted during clinical studies.
Failure to do so usually leads to the rejection of the drug/treatment method [140]. More-
over, the regulatory rules require explicit documentation and uniformity in procedures,
encompassing the techniques used for EV and nanovesicle separation, characterization,
and purification. The repeatability of the said procedure is paramount without any incon-
sistency in the data. The data thus submitted are then extensively analyzed further. This is
carried out to guarantee replication and maintain consistency across several batches. Ensur-
ing the standardization of these components is crucial for minimizing any deviations that
could potentially affect the safety and effectiveness of the therapy. Another major hurdle
is the ever-evolving nature of the field of EVs, thus creating a knowledge gap between
academia and industry worldwide. To adapt to the rapid technological advancements in
EV and nanovesicle therapies for CLI, researchers, doctors, and regulatory authorities must
engage in ongoing communication and modify regulatory frameworks that are stringent
and effective [141].

8. Mechanistic Insights and Future Directions
8.1. Elucidating Mechanisms of EVs and Nanovesicles in CLI Therapy

Cells release EVs and nanovesicles to regulate cell signaling and tissue restoration, par-
ticularly in conditions like CLI. These vesicles are employed to transport various bioactive
molecules, such as proteins, lipids, and nucleic acids, in order to deliver messages to target
cells, trigger specific cellular activities, and aid in repair mechanisms [142]. In the context of
CLI, the therapeutic potential of EVs has been significantly enhanced by engineering them
to express VEGF and TFEB [143]. The significance of EVs in CLI treatment is demonstrated
in Figure 3, which extensively explains their importance. It provides a comprehensive
overview of their therapeutic potential by highlighting their roles in facilitating tissue
regeneration, regulating immunological responses, and transporting bioactive chemicals,
and the implications for upcoming advancements in EV-based therapies. VEGF is crucial
for angiogenesis, the process of forming new blood vessels, which is vital for restoring
blood supply to ischemic tissues [144]. On the other hand, TFEB regulates autophagy, a
process that clears damaged cells and promotes cell survival and tissue regeneration under
ischemic conditions [28,145]. Nevertheless, considerable research is warranted to precisely
determine the whole process of EV cargo sorting, release, and uptake [146]. This includes
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Figure 3. Mechanisms of extracellular vesicles in the treatment of CLI and implications for further
advancements, Created with BioRender.com.

8.2. Harnessing Advanced Technologies for Therapeutic Optimization of EV's

With the help of novel biotechnological resources, the application of EVs and nanovesi-
cles has dramatically increased in the field of therapy. This has been made possible by
new techniques, such as CRISPR/Cas9 for gene editing, RNA interference (RNAi) for gene
silencing, and advanced proteomics for detailed molecular protein analysis of EVs [147]. In
other words, CRISPR/Cas9 can enable the modifications of genes in the cells that create
EVs and guarantee that these vesicles contain proteins, RNA, or other molecules specific
to particular diseases. Such precision engineering can enhance the specificity and efficacy
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of EV-based therapies. Hydrogels, as carriers of EVs, have been a major development for
ensuring targeted and specific drug release. These hydrogels are responsive to stimuli. In
other words, they will only release EVs at the right time based on environmental influences,
such as pH level or temperature, to improve the therapeutic efficacy of the EVs [128].
From a methodological point of view, the incorporation of omics approaches, such as
genomics, transcriptomics, proteomics, metabolomics, and lipidomics, into EV projects
provides a broader perspective on how these structures function in paracrine signaling
and pathophysiological processes. These numerous high-throughput omics technologies
enable the precise identification of various components within EVs, including proteins,
lipids, and RNA molecules, which bear evidence of the physiological and pathological
climates of the cells from which they were secreted [148]. This multi-omics strategy can
help choose potential biomarkers and drug targets, thereby improving the accuracy of
EV-based medicine. For example, analyzing the proteomic and lipidomic profiles in CLI
can help identify pathways and molecular cross-talks important for tissue repair and re-
generation, which can be useful in designing targeted therapies. Such integrative analyses
not only help to elucidate EV functions, but also open up opportunities for their use in
personalized medicine when the targeted therapy is adjusted to the biological context of
the patient [149,150]. Considering the current situation, wherein EV-based therapies for
CLI are new and emerging, these latest technologies must be aligned to fit clinical practice.
However, key challenges need to be addressed to act as a roadmap for establishing EV
production strategies and protocols; these include several large-scale objectives, such as
creating reliable processes for the large-scale production of EVs, developing a protocol on
how to isolate and characterize EVs, and massive testing of therapies focusing on the safety
and efficacy of EVs at both preclinical and clinical stages [151]. Significant efforts must also
be directed toward other existing challenges, such as the stability of EVs, their delivery to
the target, and the regulation of immune responses.

8.3. Personalized Approaches in Regenerative Medicine

Personalized regenerative therapy aims to customize treatments based on the charac-
teristics of each patient, including their genetic makeup, disease status, and specific health
conditions. This approach can significantly enhance the effectiveness of treatments by
aligning them with each patient’s unique biological context [152]. Personalized therapeutic
approaches for CLI could involve the use of patient-derived cells to produce autologous
EVs. This strategy can minimize the risk of immune rejection and maximize the compatibil-
ity and effectiveness of the treatment. The characteristics of a patient’s genetic signature
represent the molecular and cellular contexts within which therapies are delivered; thera-
pies can therefore pinpoint and address the specific pathologies that underlie ischemia more
accurately [153]. Nevertheless, to translate personalized regenerative medicine into clinical
practice, there is a need to set up enhanced methods for the manufacture of personalized
EVs and other regenerative treatments. This involves extending the current frontiers of
stem cell research, improving bioengineering technology for patients, and developing better
methods for personalized treatment planning [154]. Artificial nanovesicles and EVs are
the most advanced therapeutic drugs that exhibit tremendous potential for treating com-
plicated conditions, including CLI. Recent studies have revealed that both MSC-EVs and
AD-MSC-EVs have proangiogenic activity, causing remarkable increases in tissue repair,
vascular regeneration, and necrosis decrease. These vesicles carry bioactive molecules (such
as VEGF) and specific microRNAs (such as miR-210-3p and miR-125b-5p). They can stimu-
late angiogenesis and endothelial cell proliferation by activating various pathways, such as
the AKT/mTOR/HIF-1x and VEGF/VEGER pathways. Improved delivery methods, such
as the encapsulation of EVs in hydrogels, can enhance their stability and persistence at
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ischemic sites, thereby providing sustained therapeutic effects. In addition, through surface
modification and adjunct therapies, bioengineered nanovesicles can improve targeting effi-
ciency and treatment outcomes. Preclinical models have demonstrated the clinical potential
of these vesicles for treating CLI by uniformly revealing improved limb function, vascular
density, and blood flow. These findings are detailed in Table 2. Moreover, comprehensive
genomic and proteomic profiling of patients with CLI can provide invaluable insights into
the specific molecular targets for therapy, enabling clinicians to design more precise and
effective treatment strategies. However, numerous barriers need to be overcome in order to
translate these highly customized regenerative therapies from the laboratory to the clinic,
including scalability issues, process standardization, approval from relevant authorities,
and affordability for the patients. Overcoming these obstacles will necessitate an extensive
collaboration between multidisciplinary teams, contemporary research activities, and the
most crucial and challenging attempt to close the gap between innovation and practice.
This concept shows great potential for the treatment of CLI because it involves targeting
personalized solutions based on each patient’s specific characteristics. As evident from
patient data, personalized therapeutic strategies are likely to yield better outcomes and
may open the door to new trends in the niche of precision medicine [155].

Table 2. Summary of key studies on the therapeutic potential of extracellular vesicles (EVs) and
artificial nanovesicles in critical limb ischemia (CLI).

Serial No. Title Key Findings References
MSC-EVs activate VEGF receptors, enhancing
E . angiogenesis in ischemic limbs. MSC-EVs contain VEGF
xtracellular vesicles from . . - . .
hvmal stem cells activate and miR-210-3p, which are crucial for angiogenesis.
1 rr\llegér;c y MSC-EVs increase blood reperfusion and new blood [144]
receptors and accelerate R
recovery of hindlimb ischemia . vessel formation in limbs.
MSC-EVs stimulate downstream pathways, such as
SRC, AKT, and ERK.
ADSC-Exos reduce limb necrosis and stimulate
angiogenesis in mice.
Exosomes from adipose-derived ADSC-Exos enhance vascular regeneration and limb
5 stem cells promote angiogenesis function recovery. [50]
and reduce necrotic grade in ADSC-Exos improve SpO, levels and muscle structure
hindlimb ischemia mouse models in treated mice.
Exosomes accelerate blood circulation and reduce limb
necrosis grade in mice.
Serum-derived extracellular sEVs improve vascular remodeling and prevent muscle
3 vesicles (EVs) impact vascular damage in ischemia. [99]
remodeling and prevent muscle e-sEVs enhance hindlimb perfusion and capillary
damage in acute hindlimb ischemia density post surgery.
Lyophilized EVs enhance reperfusion but degrade
muscle structural proteins.
Lyophilized extracellular vesicles EVs increase the expression of the anti-inflammatory
from adipose-derived stem cells factor annexin A1l in skeletal muscle.
4 increase muscle reperfusion but EV treatment increases the levels of the inflammatory [31]

degrade muscle structural proteins
in a mouse model of hindlimb
ischemia—-reperfusion injury

cytokines TNF-« and IL-6.

The serum TNEF-« level positively correlates with the
reperfusion level after EV treatment.
Alternative approaches, such as the targeting of
mitochondrial permeability, may be more effective.
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Serial No. Title Key Findings References
ASC-EVs enhance muscle regeneration and protect
muscle cells from damage.
Extracellular vesicles from adipose ASC.:_EVS Rromote myol?last pro hferat.1 on and
stem cells prevent muscle damage differentiation under ischemic conditions.
5 . L NRGI in ASC-EVs contributes to muscle [30]
and inflammation in a mouse . . .
model of hindlimb ischemia protection and angiogenesis.
ASC-EVs carry proangiogenic mRNAs and proteins for
vascular growth.
ASC-EVs exhibit anti-apoptotic effects in muscle cells.
Extracellular vesicles secreted USC-EVs significantly improve ischemic limb
by human perfusion and function.
6 urine-derived stem cells promote USC-EVs promote angiogenesis and [24]
ischemia repair in a mouse model muscle regeneration.
of hindlimb ischemia USC-EVs facilitate cell proliferation in vitro.
Chitosan hydrogel enhances exosome stability and
retention, thereby exhibiting therapeutic effects.
Enhanced therapeutic effects of Exosomes in hydrog.el shqw er.lc.l(?the.hur.n-protectlve
. and proangiogenic abilities in vitro.
mesenchymal stem cell-derived . . .
. . Hydrogel-incorporated exosomes improve therapeutic
7 exosomes with an injectable e . . . [27]
hvdrogel for hindlimb effects in hindlimb ischemia.
yeroge: 1o Exosomes labeled with Gluc-lactadherin fusion proteins
ischemia treatment . .
enhance retention post transplantation.
Chitosan hydrogel acts as a barrier, protecting exosomes
from immune clearance.
Mttt T BUTD st e Ly improvin
TFEB-engineered endothelial ' pppy o) e synthesized using PEI-F127-PEI and ODEX
8 progenitor cell-derived extracellular . . . [143]
vesicles/hvdrogel system for via a Schiff base reaction.
. yaroge: sy* . The EVsFPD system responds to the severity of CLI
rescuing critical limb ischemia -
through thermal and pH signals.
Exosomes derived from induced . . s .
. iVPC-Exos promote angiogenesis in vitro, ex vivo,
vascular progenitor cells promote 2.
. > . ) and in vivo.
9 angiogenesis in vitro and in an . . . . [46]
o s Exosomes contain proangiogenic proteins and
in vivo rat hindlimb . .
. . microRNAs that induce vascular growth.
ischemia model
Exosomes derived from
adipose-derived stem cells G-ADSC-Exos enhance angiogenesis and protect
10 overexpressing glyoxalase-1 protect endothelial cells. [112]
endothelial cells and enhance G-ADSC-Exos improve limb ischemia treatment
angiogenesis in type 2 diabetic mice efficiency in diabetic mice.
with limb ischemia
PDGF-EVs enriched in anti-inflammatory factors protect
PDGF enhances the protective effect muscle from acute ischemia.
1 of adipose stem cell-derived PDGF enhances ASC-EVs with TGF-b1 and IL-10 [113]
extracellular vesicles in a model of immunomodulatory proteins.
acute hindlimb ischemia PDGEF-EVs reduce PBMC adhesion and promote Treg
cell formation.
. Enhanged pericyte-endothelial n-BANKSs induce pericyte-endothelial interactions for
interactions through NO-boosted complete revascularization in CLI
12 extracellular vesicles drive P ) [93]

revascularization in a mouse model
of ischemic injury

Enhanced NO production recruits pericytes, stabilizing
vascular structures for revascularization.
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Table 2. Cont.
Serial No. Title Key Findings References
EVs induce endothelial cell proliferation and enhance
Extracellular vesicles of neovascularization in hindlimb ischemia.
ETV2-transfected fibroblasts ETV2-transfected fibroblast-derived EVs show potential
- . for blood vessel regeneration.
13 i:lT(l)lxlzzti:éljaztclfl{al?ilz(;e’éfna&da EVs derived from ETV2-transduced fibroblasts improve (671
muri};e model of hindlimb ischemia neovascularization in murine models.
Fibroblasts transduced with ETV-2 gene regulator
stimulate endothelial cell proliferation.
Smau extracellglar vesicles of Hypoxic sEVs enhance ADSC resistance to ROS and
hypoxic endothelial cells regulate . . o
the therapeutic improve angiogenic ability.
14 otential of adipose-derived Hypoxic sEVs downregulate PTEN via miR-486-5p, [54]
fnesemh o sI:em e activating the AKT/MTOR/HIF-1« pathway.
miR-48 6—%7 JPTEN in a limb hsEV-primed ADSCs exhibit superior engraftment,
ischlg mia model angiogenesis, and tissue repair.
. Engineered EV /hydrogel improves neovascularization
vgé?ﬁ?gg; Zigiinlvelltr}el d and muscle recovery after CLI. Engineered EVs with
15 extracellular vesicles for rescuing hydrogel activate VEGF/VEGER and [28]
critical limb ischemia by a autophagy-lysosomal pathways.
dual-pathway activation strate Hydrogel enhances engineered EV stability and controls
P y 8y release at different temperatures.
Eneineered extracellular vesicles SILY-EVs enhance adhesion to collagen, improve
vgith a hieh collagen-bindin retention, and promote tissue regeneration.
.. g1 colagenbinding SILY-EVs suppress inflammation and augment muscle
16 affinity present superior in situ regeneration in vivo [55]
retention antcil sg:gige:itsc efficacy in SILY-EVs exhibit the potential to enhance EV-mediated
p treatment efficacy in various diseases.
miR-675 is downregulated in aging muscles
. . and ischemic legs.
D ARGy e 7 s ging by gt e
SR TGF-b1p21 pathway.
17 aglﬁqz-lil;ggZzglv};};filoieé}gsrfezsgin Silk fibroin enhances the therapeutic effects of the [133]
. o miR-675 exosome.
in mouse hindlimb Exosomes encapsulated in silk fibroin promote
blood perfusion.
EPC-derived MVs enhance neovascularization and
recovery in a hindlimb ischemia model.
MVs contain miR-126 and miR-296, promoting
Endothelial progenitor cell-derived angiogenesis in mice.
18 microvesicles improve RNase-inactivated MVs reduce the proangiogenic effect [156]
neovascularization in a murine of EPC-derived MVs.
model of hindlimb ischemia MVs improve limb perfusion and capillary density in
the ischemic hindlimb.
EPC-derived MVs can be used to treat peripheral
arterial disease.
CD34-Exos promote tissue repair by delivering
Angiogenic mechanisms of human angiomiR-126 to endothelial cells.
19 CD34+ stem cell exosomes in the CD34-Exos induce the proliferation of endothelial cells [157]

repair of ischemic hindlimb

in post-ischemic hindlimb tissue.
CD34-Exos have greater angiogenic and therapeutic
efficacy than MNC-Exos.
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ECM hydrogels increase tissue perfusion through
Extracellular matrix hvdrogel arteriogenesis in rodent models.
. yarog: Skeletal muscle ECM hydrogel closely matches healthy
promotes tissue remodeling, .
20 ) . .9 tissue morphology. [134]
arteriogenesis, and perfusion in a P
1 . ECM hydrogel shifts inflammatory response and
rat hindlimb ischemia model . . .
increases development, as evident in
transcriptomic analysis.
EVs from young MSCs rejuvenate EPCs, mimicking
Rejuvenation of senescent MSC transplantation effects.
endothelial progenitor cells by EVs Aged MSCs can be modified to produce EVs with
21 . . . [58]
derived from mesenchymal enhanced rejuvenation.
stromal cells EVs offer a promising acellular therapeutic approach for
cardiovascular diseases.
Adipose-derived stem cell-secreted ADSC-Exos induce M2 macrophage polarization via
exosomes enhance angiogenesis by JAK/STAT6, enhancing angiogenesis.
promoting macrophage M2 ADSC-Exos promote macrophage viability, migration,
22 .. . .. . . o . A [51]
polarization in type 2 diabetic mice adhesion, and angiogenesis in diabetic mice.
with limb ischemia via the ADSC-Exos activate the JAK/STAT6 pathway,
JAK/STAT6 pathway enhancing blood perfusion in diabetic limbs.
Exosomes and oxygen nanoparticles synergistically
Co-delivery of bicengineered stimulate angiogenesis and mus.cle r.egeneratlon.
. Exosomes and oxygen nanoparticles improve cell
exosomes and oxygen for treating . Lo .
23 e . survival, migration, and morphogenesis under [48]
critical limb ischemia in . . . ..
. L hyperglycemic and ischemic conditions.
diabetic mice .
Exosomes and oxygen nanoparticles promote
angiogenesis and muscle regeneration in limbs.
ADSC-Exos enhance C2C12 cell proliferation
Exosomal miR-125b-5p derived and migration.
from adipose-derived mesenchymal ADSC-Exos promote angiogenesis in HUVECs.
24 stem cells enhances diabetic MiR-125b-5p from ADSC-Exos targets ACER?2 for [52]
hindlimb ischemia repair via muscle repair.
targeting alkaline ceramidase 2 ADSC-Exos protect ischemic skeletal muscle and
accelerate vascular regeneration.
BK-c-kit+ exosomes enrich miR-3059-5p to promote
angiogenesis in mice.
miR-3059-5p suppresses TNFSF15, enhancing
Bradykinin-pretreated human angiogenesis through the Akt/Erk1/2/
cardiac-specific c-kit+ cells enhance Smad2/3 pathway.
25 exosomal miR-3059-5p and promote Exosomes from BK-c-kit cells promote tube [44]
angiogenesis against hindlimb formation in HUVECs.
ischemia in mice miR-3059-5p downregulates TNFSF15, facilitating
angiogenesis in mice with hindlimb ischemia.
BK-Exos upregulate miR-3059-5p, enhancing angiogenic
function in c-kit cells.
Prophylactic exercise-derived
circulating exosomal miR-125a-5p Prophylactic exercise enhances revascularization after
2% promotes endogenous hindlimb ischemia through miR-125a-5p. [158]
revascularization after hindlimb Exercise promotes arteriogenesis and angiogenesis
ischemia by targeting mediated by circulating exosomes.
endothelin-converting enzyme 1
Macrophage M2 polarization
induced by Exosomes from ASCs induce M1 to M2
o7 exosomes from adipose-derived macrophage transition. (53]

stem cells contributes to the
exosomal proangiogenic effect on
mouse ischemic hindlimb

M2 macrophages and ASC exosomes promote
angiogenesis in ischemic hindlimbs.
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rI:crllSi(sO:tte?ri kc)sltﬁ ;ic?xser:lgliﬁiﬂlr?e B2M knockout enhances stem cell therapy
28 rejection and enhances ischemic for Lmmne rejection. . . [90]
hindlimb repair via Exosome-based thera.p1es s.h.ow potential for treating
exosome/miR-24/Bim pathway tissue Injury.
Exosomes secreted by iMSCs-Exos attenuate limb ischemia by promoting
B . angiogenesis in mice.
human 1pduced pluripotent stem iMSCs-Exos enhance microvessel density and blood
29 cell-derived mesenchymal stem erfusion in ischemic limbs [159]
cells attenuate limb ischemia by . P . . . ’
romotine angiosenesis in mice iMSCs-Exos activate angiogenesis-related gene
p & anglog expression and protein secretion in HUVECs.
miR-709 upregulates FGF2 by downregulating GSK3B in
endothelial cells.
miR-709 exerts an angiogenic effect miR-709 is a promising angiogenic microRNA in
30 through an FGF2 upregulation hindlimb ischemia. [45]
induced by a GSK3B Aortic ring assay revealed 14 miRNAs with
downregulation angiogenic potential.
EVs containing miR-709 can increase FGF2 mRNA
expression in thigh tissues.
Extracellular vesicles derived from Hyp-EVs improvle bloolc.l ﬂl(;w T:d c.apillary density in
. .. ower limb ischemia.
31 m};};fgxli_lzzngEdiEgln :toelrt)locrﬁls miR-34c promotes M2 macrophage polarization and [39]
ameliorate lower li};nb ischemia b anti-inflammatory cytokine production. i
delivering miR-34c Y PTEN silencing facilitates M2 macrophage polarization
& in lower limb ischemia.
Tracking radiolabeled endothelial LEVs are homed to ischemic limbs and correlate with
microvesicles predicts their reperfusion intensity, improving motility.
30 therapeutic efficacy: a Radiolabeled LEVs were tracked in vivo and quantified [160]
proof-of-concept study in to assess whole-body distribution.
eripheral ischemia mouse models LEVs show early and specific homing to
perip y p g
using SPECT/CT imaging ischemic hindlimbs.
Platelet extracellular vesicles Platelet EVs enhance the proangiogenic potential of
33 enhance the proangiogenic adipose-derived stem cells. [31]
otential of adipose-derived stem Microparticles act as “cargo”, facilitating the migration -
p p p g g g
cells in vivo and in vitro of implanted cells.
UMSC-Exo treatment improves muscle function by
Stem cell-derived exosomes prevent . rfelgasmg CerHIPK3'.
. .. . UMSC-Exos inhibit pyroptosis and inflammasome
pyroptosis and repair ischemic activation in ischemic muscle
34 muscle injury through a novel . . _ . [25]
exosome,/circHIPK3,/ circHIPK3 downregulates miR-421, thereby increasing
FOXO3a pathwa FOXQO3a expression.
P y Exosomes prevent pyroptosis and enhance muscle
recovery in ischemic injury.
XBP1 deficiency in SMCs reduces angiogenesis in
XBP1 splicing triggers miR-150 ischemic tissues.
35 transfer from smooth muscle cells SMC-derived EVs control EC migration through 28]

to endothelial cells via extracellular
vesicles

miR-150 transfer.
PDGF-induced SMCs secrete miR-150-containing EVs
via XBP1 splicing.

9. Toward Clinical Translation and Practice
9.1. The Potential of EVs and Nanovesicles for CLI Revascularization

EVs and artificial nanovesicles have emerged as promising therapeutic modalities

for the revascularization of CLI. Studies have revealed that EVs derived from stem cells,

particularly MSC-EVs, possess potent proangiogenic properties. MSC-EVs may promote
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endothelial cell proliferation, migration, and tubular network formation, which are impor-
tant stages in new vessel formation [156,157,161]. Moreover, EVs can specifically alter the
immune response to reduce inflammation and increase tissue repair, thereby facilitating
revascularization in patients with CLI [162]. Artificial nanovesicles can also be developed
synthetically to mimic the characteristics of EVs. These vesicles can be engineered to hold
a specific type of payload, such as growth factors, miRNAs, or small interfering RNAs,
for delivery to the target tissue. Moreover, their surface characteristics can be altered to
improve specific accumulation, systemic circulation time, and overall stability [163]. Such
innovations in nanovesicle engineering have enormous potential for overcoming the con-
straints of conventional therapies and providing more effective and personalized treatment
options for patients with CLI.

9.2. Challenges and Opportunities for Translation

Although EVs and nanovesicles have potential applications in many aspects of
medicine, several challenges need to be addressed to improve their practical applications.
A major challenge is the standardized production and characterization of EVs. Variability
in EV isolation methods, sources, and characterization techniques can lead to inconsis-
tencies in the quality and effectiveness of EV-based therapies [164]. Thus, the rigorous
and careful selection of methods for EV isolation and characterization is indispensable,
not only for generating interpretable preclinical or clinical data, but also for facilitating
ongoing research. Another key challenge is related to the elucidation of the mode of action
of EVs and nanovesicles. Despite the available data on their therapeutic effectiveness, their
actual molecular mechanisms remain unclear [165]. Unraveling these mechanisms will
help further develop and improve EV-based therapy and other vesicle-based treatments.
Safety and immunogenicity are also significant concerns. Although EVs are considered
biocompatible and non-immunogenic compared to synthetic nanoparticles, the risk of
immune response persists, especially when they are derived from allogeneic sources [166].
Artificial nanovesicles can also pose new safety concerns because they are synthetic and
may behave unpredictably in certain biological systems. Given the novel nature of these
therapies, extensive preclinical studies must be coupled with strict surveillance in phase
I and II trials to determine the safety standards of the therapies. Possible avenues for
improving EV and nanovesicle therapies in CLI include the application of advances in
bioengineering and nanotechnology. Some ideas include high-throughput methods for EV
production, high-precision methods for cargo loading, and surface optimization of these
vesicles to improve their function as therapeutic entities in targeting disease cells [167].
Moreover, the use of EVs and nanovesicles in combination with traditional therapeutic
approaches, including pharmacological products or surgical procedures, may increase
therapeutic efficacy.

9.3. Implications for Future Clinical Practice

This review indicates that the incorporation of EVs and artificial nanovesicles has
renewed the possibility of improving the therapeutic options for CLL It may potentially
offer safer solutions to existing therapies, which require intricate operations and often cause
severe side effects. By enhancing angiogenesis, modifying immune system reactions, and
stimulating tissue regeneration, EVs and artificial (engineered) nanovesicles can increase
limb preservation, alleviate pain, and ultimately improve the overall quality of life in
patients with CLI [146,168]. Furthermore, the use of EV and nanovesicle therapies as indi-
vidualized medicine supports the increasingly popular trend of precision or personalized
medicine in modern medical practice. In this context, it is essential to discuss how the
vesicle cargo and surface properties can be modulated to achieve the desired therapeutic
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effect, which may differ among patients. Compared to general approaches, such a specific
treatment plan could potentially enhance therapeutic processes, increase effectiveness, and
reduce possible adverse effects [169]. The successful translation of EV and nanovesicle ther-
apies to clinical practice will require close collaboration among researchers, clinicians, and
regulatory bodies. Establishing clear regulatory guidelines and ensuring thorough clinical
evaluation are essential for the use of these innovative therapies for treating patients. Addi-
tionally, educating healthcare providers about the potential benefits and applications of EV-
and nanovesicle-based treatments will be crucial for their adoption in clinical settings.

10. Conclusions

EVs and artificial nanovesicles represent a promising frontier for the treatment of
CLI. Although challenges persist, ongoing research and technological advancements are
paving the way for their clinical translation. These novel therapies have the potential to
revolutionize the management of CLI, offering new hope for patients experiencing this
debilitating condition.
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