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Abstract: Unlike traditional small-molecule agents, biopharmaceuticals, like synthetic
RNAs, enzymes, and monoclonal antibodies, are highly vulnerable to environmental con-
ditions. Preservation of their functional integrity necessitates advanced delivery methods.
Being biocompatible, extracellular vesicles (EVs) gained attention as a promising system
for delivering biopharmaceuticals, addressing challenges related to the stability and effi-
cacy of sensitive therapeutic molecules. Indeed, EVs can cross biological barriers like the
blood-brain barrier, delivering therapeutic cargo to tissues that are traditionally difficult
to reach. Recent innovations in surface modification technologies, including ligand and
antibody attachment, have further enhanced EVs’ targeting capabilities, making them
particularly effective in personalized medicine. Here, we review the versatile suitability of
EVs for being next-generation delivery vehicles of biopharmaceuticals, including current
standings, practical challenges, and possible future directions of the technology.

Keywords: biopharmaceuticals; extracellular vesicles; gene therapy; RNA therapeutics

1. Introduction

Personalized and precision medicine is fundamentally reshaping clinical practice
by leveraging genetic information and molecular profiling to tailor complex health treat-
ments [1-3]. This paradigm shift is particularly evident in the development and application
of biopharmaceuticals, which are characterized by their larger and more intricate molecular
structures compared to conventional, small-molecule drugs [4]. While traditional therapeu-
tic agents weigh between 150 and 600 Da, biopharmaceuticals (e.g., monoclonal antibodies,
proteins, and nucleic acid-based agents) exhibit a higher molecular weight and complexity,
contributing to their unique mechanisms and therapeutic efficacy [5,6].

Unlike conventional small-molecule drugs that usually are taken orally, due to their
stable nature in the acidic stomach, and allowed absorption through the intestinal epithe-
lium, most biopharmaceuticals have to be administered through routes that bypass the
gastrointestinal tract [7]. Indeed, high acidity and proteolytic enzymes in the gastroin-
testinal system, combined with their first-pass metabolism within the liver, compromise
integrity and limit traditional oral delivery of these novel therapeutic agents [8,9]. Addi-
tionally, temperature sensitivity and the denaturation risk of biopharmaceuticals make
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them require careful formulation with excipients that preserve their structure and activity
during storage and delivery [10,11].

These characteristics fuel the need for new delivery modalities that ensure the stability
and efficacy of the biopharmaceuticals, providing protection from enzymatic degradation
even in challenging environments, like the ocular surface, where enzymes like Cathepsin
D, MMP-2, and MMP-9 can degrade biopharmaceuticals easily and rapidly [12-15]. The
quest for novel drug delivery systems sheds light on lipid-based vesicular systems like
the extracellular vesicles (EVs) [16]. Their capacity to encapsulate both hydrophilic and
hydrophobic compounds and tunable release kinetics make them versatile carriers for
various biopharmaceutical [17]. Moreover, by increasing drug permeation across biological
barriers, EVs not only can enhance bioavailability but have unique potential in drug
targeting to deliver biopharmaceuticals to specific cells or tissues [18].

2. Extracellular Vesicles

Extracellular vesicles are phospholipid bilayer-enclosed structures that are secreted
from all cell types into the extracellular space, including biological fluids like plasma,
breast milk, or saliva [19-21]. While several classes of extracellular vesicles exist, they
are ultimately categorized based on their biogenesis, with exosomes and microvesicles
being the two most prominent subtypes [22]. Exosomes are formed when newly endo-
cytosed bodies (endosomes) are met with several intraluminal vesicles (ILVs) to form
multivesicular bodies (MVBs), which then fuse with the plasma membrane for the exocyto-
sis of the ILVs (Figure 1) [23,24]. The endosomal sorting complex required for transport
(ESCRT) machinery plays a critical role in this process by sorting ubiquitinated proteins into
ILVs [25-27]. Consequently, exosomes are considered “intracellular vesicles” while residing
within MVBs, leading to the interchangeable use of the terms ILVs and exosomes. Exosomes
are marked by CD9, CD63, and CD81, and carry selected miRNAs, siRNA, and heat shock
proteins (HSPs) [28-31]. Conversely, microvesicles (MVs), which are also referred to as
ectosomes, are formed through the direct outward budding of the plasma membrane, a pro-
cess regulated by intracellular calcium levels and cytoskeletal remodeling (Figure 1) [32,33].
Their biogenesis also results in a molecular composition of their membrane that mirrors
the plasma membrane composition of the cell of their origin [34]. In accordance, unlike
exosomes, MV membranes are rich in integrins, proteases, and phosphatidylserine [34-36].

Both classes of EVs can carry a wide range of cargo molecules, either encapsu-
lated or built in their lipid bilayer. These are nucleic acids, lipids, and proteins, includ-
ing those involved in vesicle trafficking and membrane fusion, like ALIX and TSG101
(Figure 1) [30,32,37]. Deployed EVs can fuse with the cell membrane of the target cells
or be internalized via endocytosis and deliver their cargo directly into recipient cells’ cy-
toplasm [38]. Accordingly, EVs loaded with mRNA can produce functional proteins in
the recipient cell, indicating that cargo molecules, including labile mature messenger- or
miRNAs, remain functional after delivery [39]. Moreover, the RNA cargo has been shown
to be in a functional state even upon delivery via circulation to delicate distant target tissues
like neurons in the central nervous system, demonstrating EVs’ capacity to protect labile
cargo upon systemic administration [40,41].
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Figure 1. Comparative overview of exosome and microvesicle biogenesis and composition. Explored
on the left in the figure, exosomes originate from the inward budding of endosomal membranes
forming intraluminal vesicles (ILVs) within multi-vesicle bodies (MVBs). MVBs are destined for
either lysosomal degradation or exocytosis via plasma membrane fusion. Exosomes are characterized
by CD9, CD63, and CD81. In contrast, microvesicles (MVs, right side of the figure), are formed
directly via the outward budding and fission of the plasma membrane. MVs are enriched in proteins
like integrins and proteases, and lipids like phosphatidylserine. Shared components between the
two types of EVs include nucleic acids (mRNAs, miRNAs, non-coding RNAs) and proteins involved
in vesicle trafficking and fusion (e.g., ALIX, TSG101). EGFR: Epidermal Growth Factor Receptor;
SOD-1: Superoxide Dismutase; HSP70: Heat Shock Protein-70; ALIX: ALG-2-interacting protein-X;
RAB: Ras-associated binding protein; TSG101: Tumor susceptibility gene-101; ICAM-1: Intracellular
adhesion molecule-1; MDRP: Multidrug Resistant Protein. Created with BioRender.

Thus, EVs have emerged as a promising platform for precise drug delivery, of-
fering several advantages over conventional, synthetic nanoparticles, like their safety
profiles, unique biodistribution capabilities, and the ability to avoid recognition by the
body’s defense systems, allowing them to remain in systemic circulation for extended
periods [42—-44].



Pharmaceutics 2025, 17, 641

4 of 26

3. Preparation of EVs for Therapeutic Purposes
3.1. Resourcing EVs

In order to obtain EVs for therapeutic purposes, including their use as drug delivery
vehicles, both cellular and non-cellular sources can be used. Stem cell species like mes-
enchymal (MSC) or neural (NSC) ones are well known for their generous production of EVs
naturally [45,46]. Because of their established clinical presence, low immunogenicity due
to a lack of costimulatory marker-expression such as CD80 and CD86, and high EV-yields,
MSCs are a leading source for EV-based drug delivery [47-50]. MSC-EVs also display
stellar transfection efficacy, with one study showing that, following transfection with the
tumor suppressive miR-146b in the GBM model, miR-146b levels increased roughly 7-fold
in both MSCs and their exosomes compared to controls [51]. Their innate affinity for tumor
and inflammatory tissues is facilitated by certain adhesion molecules expressed on their
surfaces, such as CD44, that facilitate their preferential accumulation in injured/inflamed
sites [52]. Indeed, human MSC-exosomes, when injected into mice with acute kidney
injury, accumulated predominantly in the affected kidneys [53]. However, this preferential
accumulation in areas of inflammation, such as the reticuloendothelial system, might not
always be the desired outcome [54]. NSCs are also appealing for neuro-pharmaceutical
applications because they generate EVs (NSC-EV) that exhibit innate CNS and blood-brain
barrier (BBB) affinity via internalization by the BBB-endothelial cells through a heparan
sulfate proteoglycan-mediated and dynamin-dependent endocytic pathway [55-58].

Besides the primary cell cultures, established cell lines like 293T are also suitable for
the engineering and production of EVs [59,60]. In addition to being easily transfected,
HEK293T-EVs display a comprehensive tissue distribution that stems from the diverse
proteome they contain [61]. This vast distribution makes them useful in targeting and poten-
tially fusing with various tissue membrane proteins, including those of B-cell lymphoma,
lymph, eye, lung, bone marrow, and hepatocytes [61]. As a human embryonic kidney
cell line, HEK293T cells naturally express MHC class I molecules such as HLA-A [62].
In antigen-specific applications, where engineered HLA-I molecules present peptides to
activate CD8™ T cells, EVs derived from HEK293T can be beneficial [63]. However, in non-
targeted EV therapies, allogeneic recipients may perceive mismatched HLA-I as foreign,
which could result in immune clearance of EVs, CD8" T-cell activation, and decreased
therapeutic efficacy.

In addition, EVs can also be harvested from cell-free systems with unique properties
that can be exploited in drug delivery. Indeed, milk-derived EVs, for instance, express
typical exosome markers such as CD63 and CD81, and are absorbed via the neonatal Fc
receptor, which stays active throughout life [64]. Cow milk-derived EVs have been shown
to efficiently deliver engineered human miRNAs to human cells, suggesting their potential
use for therapeutic purposes [63]. As naturally occurring components in milk, these EVs are
generally regarded as safe, reducing concerns over immunogenicity or toxicity. However,
the composition and function of milk-derived EVs are influenced by several factors like
cow breed, diet, health, and lactation stage [65-67]. For instance, EVs produced from
heat-stressed Brown Swiss cow milk improved cytoprotective responses by upregulating
antioxidant and stress-response genes like HMOX1, SOD1, CAT, and HSPA1A that may
affect the desired biological response of target cells [67].

Interestingly, EVs suitable to carry therapeutic cargo can be harnessed from plant-
based systems as well. Plant-derived EVs are beneficial for pharmaceutical applications
because they can be obtained from renewable resources like fruits, vegetables, and agricul-
tural waste (like juice pulp or peel waste). Moreover, they are proving to be a promising
candidate in overcoming multidrug drug resistance. Indeed, through caveolin-mediated en-
docytosis, macropinocytosis, and clathrin-mediated endocytosis, heparin-modified lemon-
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derived EVs loaded with doxorubicin showed an increased uptake in doxorubicin-resistant
cancer cells [68]. However, compared to mammalian EVs, their surface markers and
mechanisms of action are less defined due to lack of research.

3.2. EV Yield Optimization

Exosome secretion can be altered via genetic engineering techniques that target the
genes associated with EV biogenesis and release, such as TSG101, ALIX, CD63, CD9, Rab
family, etc. [69]. Indeed, researchers designed an exosome-to-cell device to produce a
high yield of EVs from cells. More specifically, they found that co-expression of ‘synthetic
EV-production boosters” such as STEAP3, syndecan-4, and L-aspartate oxidase fragment
resulted in a 40-fold increase in EV production without affecting exosome size [70]. Another
way to alter EV yield is via placing the cells of choice under hypoxic conditions. In a study
of the myocardial infarct model, hypoxia-treated MSC-Exo led to a better amelioration of
myocardial infarction compared to the untreated group, and these changes were character-
ized by increased vascular density, decreased myocardial apoptosis, and reduced cardiac
fibrosis [71]. Hypoxia inducible factor (HIF) is a family of transcription factors that are
synthesized in normoxia but swiftly degraded by VHL-E3 ligase protein [72]. RAB27a and
RAB27b are key proteins involved in exosome release, as they translocate MVBs to the
cell membrane, leading to their fusion [73]. It has been illustrated that HIF1-a expression
is also linked with peak expression of exosome proteins such as Rab27a, Rab27b, ALIX,
and TSG101. This suggests that hypoxia-induced expression of HIF1-« is associated with
exosome biogenesis [74]. RAB7 is a protein involved in exosome transport to lysosomes,
resulting in their degradation. Interestingly, hypoxia has also been shown to activate STAT3,
a protein that downregulates RAB7 while upregulating RAB27a, resulting in exosomes
avoiding lysosomal degradation and favoring membrane fusion followed by extracellular
release [75]. Pretreatment with cytokines is also an avenue that is being employed to
further increase EV yield and alter exosome cargoes. Indeed, IL-3 pretreatment was shown
to upregulate miR-146a expression in BMSC-Exo [76]. These cytokine-treated exosomes
exhibited anti-inflammatory effects in osteoarthritis SW982 cells, an effect mediated by
miR147b, along with the inhibition of the NF-kB pathway [77]. Another study also found
that pretreatment of gingival MSC-Exos with TNF-« led to increased CD73 expression, a
common MSC marker. Interestingly, this effect was MSC-specific, as the levels of CD73
mRNA were unchanged in endothelial cells and astrocytes, suggesting that cytokine pre-
treatment has the capability of not only targeting exosome production but also cell-specific
yields [78].

Several methods exist to isolate EVs from either cell culture media or other fluids
(Table 1). Of the various methods used in modern EV research, the four most common are
Ultracentrifugation (UC), Extrusion, Ultrafiltration (UF), and Size Exclusion Chromatogra-
phy (SEC). Ultracentrifugation is the most commonly used method for EV purification. To
efficiently remove cell debris and other foreign materials and produce EVs, this traditional
approach employs successive high-speed centrifugations [79]. However, UC is limited by
EV aggregation and severe shear forces that may reduce the yield [80,81]. Extrusion is a
method that uses nanoporous membranes to extrude cells, yielding nanovesicles [82]. This
technique uses lipid bilayer shuffling and friction forces to create cell-derived nanovesicles
in a matter of seconds [83]. Ultrafiltration separates substances based on their molecular
weight, making it ideal for high-throughput isolation methods from large volume samples.
However, particles similar to EVs in size can also penetrate membranes and “clog” the
membrane, leading to lower EV recovery rates. Thus, UC and UF are typically combined to
isolate EVs with a higher purity yield [84]. Lastly, size exclusion chromatography separates
EVs according to their size [85]. Limitations of SEC include dilution of the EV sample,



Pharmaceutics 2025, 17, 641

6 of 26

although it is outweighed by its comparatively quick processing durations and ability to
preserve vesicle properties after elution [86,87].

3.3. EV Characterization Techniques

For exosomes to be safe and suitable for mass production, their characterization is a
crucial step that is required before clinical translation (Table 1). Exosome characterization
can broadly be classified into two categories: qualitative and quantitative. Quantitative
analysis assesses measurable parameters such as particle size, concentration, and cargo
abundance, while qualitative analysis gauges exosome morphology, surface marker identity,
structural organization and chemical composition. One of the most important measures in
this process is particle number and size determination, commonly performed by nanopar-
ticle tracking analysis (NTA). NTA assesses vesicle concentration and size distribution
by Brownian motion and provides a reasonable estimate of the yield and formulation
uniformity [88]. This is complemented by protein and lipid profiling to describe the
cargo composition.

For molecular characterizations, mass spectrometry provides label-free, high-resolution
profiling of protein and lipid content, whereas ELISA is a specific counter for the detection
of single surface or cargo proteins, particularly when antibodies are of good quality [89,90].
These two methods together yield information on the purity and identity of EV popula-
tions [91]. In addition to lipids and proteins, exosomes also carry functional RNA and
DNA species. To identify these, next-generation sequencing (NGS) offers high-throughput
transcriptome analysis in thousands of RNA species, whereas polymerase chain reaction
(PCR) remains the gold standard for the identification of known sequences with high
specificity and sensitivity [92,93]. Apart from molecular characterization, it is likewise
significant that the chemical composition and biophysical features of exosomes are identi-
fied. Raman spectroscopy, as a non-destructive, label-free technique, supports chemical
fingerprinting through vibrational bond analysis that discriminates EVs from non-vesicular
contaminants [94].

To establish the exosomal surface architecture and spatial organization of the com-
ponent surface, atomic force microscopy (AFM) offers 3D high-resolution mapping in
conjunction with information on mechanical properties such as stiffness and adhesion [95].
At the same time, scanning electron microscopy (SEM) can provide high-resolution sur-
face imaging, albeit with the requirement of sophisticated sample preparation that is
potentially disruptive of native morphology [96]. For exact size measurement, electron mi-
croscopy remains unrivaled in single-vesicle-size resolution with high precision, although
low throughput [97]. Flow cytometry, further increasingly optimized for nanoparticle de-
tection, enables fast multiparametric analysis of surface markers to aid phenotypic profiling
of heterogeneous EV populations (Figure 2) [98].

Table 1. Summary of the most commonly used EV research tools and platforms, including isolation
and characterization methods. Each entry details the method of use, its key advantages, and potential
disadvantages in EV-based biopharmaceutical delivery.

EV Processing Stage Method Advantages Disadvantages Reference
) ) L] Widely used and accepted in ] Shear forces can damage EVs
Ultracentrifugation EV research ] Aggregation may reduce purity .
. [79-81]
(Uc) ] Capable of separating EVs from Time-consuming and
EV Isolation large sample volumes equipment-intensive
) L] Rapid vesicle production L] May disrupt vesicle integrity
Extrusion L] Mimics natural vesicle size via ~ m Less selective than [82,83]

mechanical extrusion other methods
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Table 1. Cont.
EV Processing Stage Method Advantages Disadvantages Reference
High throughput Membrane clogging
Ultrafiltration (UF) }Jseful fi)r processing rCedgcels :fecovefry Gl [84]
arge volumes o-isolation of similarly
. Size-based separation sized particles
EV Isolation
; ; Preserves EV structure S
C%léerf;g;f;;?ly Fast processing time Sample (;111ut1on . [85-87]
(SEC) Useful for downstream Lower yield than UC in
— some cases
applications
Provides both particle count
EV Characterization by Nanoparticle and size distribution Affectledhby .
Total Number Tracking Analysis Widely used in EV research samp’e eteroggnelty [99,100]
of Exosomes (NTA) Direct visualization of leﬁed r.eslolutlon for very
vesicle motion small vesicies
High-resolution, label-free Requires complex sample
Mass protein identification preparation and [101]
o Spectrometry Enables broad instrumentation
Eg/ tharacterLzatlon Ey proteomic profiling Not suitable for live tracking
urface Markers an
Protein Numb.
rotein Numbers Highly specific N
ELISA Widely accessible Limited to pre-selected markers [90]
Useful for known Dependent on antibody quality
target proteins
EV Characterization by Raman Labe'l—free Low throughput and sensitivity [102]
Lipid Content Spectroscopy Prgv1des g}olecular bond-level Requires expensive equipment
lipid profiling
Next Generation Comprehensive profiling Costly
Sequencing (NGS) Egticts novel sequences Requlrist' R [93]
computational analysis
EV Characterization by 181 accuracy P Y
DNA/RNA Content Highly sensitive and specific Requi .
Polymerase Chain for known targets equires prior [93]
Reaction (PCR) Gold standard sequence information -
e Prone to contamination
for quantification
) Provides high-resolution
Atomic Force 3D imaging Slow scan speed [95]
Microscopy (AFM) Measurgs _ Limited to small sample areas
EV Characterization mechanical properties
by Structure
Scanning Electron Excellent surface detail Esgli,i;iijilydraﬁon [103]
Mi EM i ;
icroscopy (SEM) Large depth of field May distort native structure
High throughput Size overestimation due
Flow Cytometry Can analyze surface to swarming [104]
EV Characterizati markers simultaneously Lower sensitivity for small EVs
aracterization
by Size Low th b
El Mi Most accurate size ow throughput 105
ectron Microscopy L . . Requires complex [105]
determination of single vesicles .
sample preparation
EV Characterization by Raman Label-free and non-destructive Low sensitivity [02]
Chemical Composition Spectroscopy Reveals molecular . Limited throughput
bond-level composition
- : . . . Requires surface
EV Characterization Atomic Force - q =
z High-resolution 3D mapping immobilization [95]
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Figure 2. Extracellular vesicle sources, yield optimization, isolation, and characterization strategies.
Extracellular vesicles can be derived from mesenchymal stem cells (MSCs), neural stem cells (NSCs),
macrophages, tumor cells, HEK293T cells, milk cells, and plant-derived cells (e.g., lemon EVs). These
EVs can be obtained from body fluids such as saliva, urine, blood, cerebrospinal fluid (CSF), and
lymph, or directly from milk and plants. To enhance EV yield prior to isolation, donor cells can
undergo yield optimization strategies such as hypoxic preconditioning, cytokine stimulation (e.g.,
TNF-«, IL-1B3), or genetic engineering targeting key EV biogenesis regulators (e.g., Rab27a/b, TSG101,
ALIX, CD63). To isolate EVs, most implemented techniques include ultracentrifugation (high-speed
spinning to separate EVs based on density), extrusion (forcing fluids through nanoporous membranes
for size-based separation), ultrafiltration (filtering EVs through membranes of specific pore sizes),
and size-exclusion chromatography (separating EVs from contaminants based on molecular size
differences). Once isolated, EVs are characterized using methods such as nanoparticle tracking
analysis (NTA) for size/concentration, mass spectrometry for cargo profiling, PCR for nucleic acid
quantification, atomic force microscopy (AFM) and electron microscopy (EM) for morphology, and
flow cytometry for surface marker profiling. The result is a purified EV population ready for use.
Created with BioRender.

3.4. EV Cargo Loading Strategies

Using EVs as delivery vehicles for therapeutically active compounds, resourced,
isolated, and characterized EVs need to be loaded with the desired cargo. There are two
major approaches for cargo loading, depending on the timing of cargo accumulation and
EV genesis (Figure 3). Pre-loading refers to the EV loading process that relies on the cellular
uptake of the cargo molecules by the donor cells preceding the formation of EVs loaded
with therapeutic agents [106]. This approach leverages natural processes but often requires
optimization to enhance cargo encapsulation efficiency [107-109].
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Figure 3. Cargo loading strategies for extracellular vesicle-mediated biopharmaceutical delivery. Pre-
loading includes the natural integration of cargo into EVs during biogenesis, as well as the engineering
of donor cells by transduction and transfection. Co-incubation, electroporation, sonication, extrusion,
freeze-thaw, and microfluidics are post-loading techniques that include introducing cargo directly
into isolated EVs. These techniques enable the loading of a variety of therapeutic molecules, such
as membrane proteins (Lamp2b, Glypican-3 (GPC3) fusion protein, E7-Lamp2b fusion), siRNAs
(HGF-specific siRNA, BACE1 siRNA, and Zika virus genome-specific siRNA), mRNAs (LDLR mRNA),
CRISPR/Cas9 constructs, and enzymes/proteins (Neprilysin/CD10, Catalase, and monoclonal
antibodies like Trastuzumab). Neurodegenerative diseases, lung cancer, hepatocellular carcinoma,
cystic fibrosis, kidney cancer, gastrointestinal cancers, and inflammatory diseases like osteoarthritis
may all benefit from the use of these EV-based treatments, which can be delivered intradermally,
intranasally, intramuscularly, or subcutaneously. Created with BioRender.

For complex biopharmaceuticals, like miRNAs and siRNAs, transfection of the donor
cells has been demonstrated as a reliable technique for cargo loading of therapeutic EV
genesis. Both transient and stable transfections have been reported to be used successfully
to enrich the desired RNA cargo in EVs. Cargo loading can be facilitated using ultrasound
combined with microbubbles technology that enhances drug loading by stimulating vesicle
release, although the technique risks degradation of sensitive cargo in endosomal path-
ways [110,111]. Via transient transfection, miRNAs or their sponge constructs, like miR-1
and miR-21-5p, that are altered in pathologies such as glioblastoma, were enriched in EVs
for therapeutic purposes [112,113]. Using a sponge construct of miR-21 in HEK293T cells,
stable expression resulted in miR-21-sponge-loaded EVs that were successfully used for
suppressing miR-21 activity in a glioblastoma rat model [114]. If they need to be derived
from donor cells, like stem cells, that are naturally challenging to transfect, lentiviral-
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mediated overexpression of RNA species, like miRNAs and siRNAs, has been shown as an
efficient method to encapsulate regulatory RNA molecules in EVs [115,116]. Combination
of simple incubation-based drug uptake with lentivirus-mediated transduction has also
been shown as a feasible method to load EVs with chemically different cargos. Indeed,
lentiviral-transduced MSCs expressing human TRAIL incubated in the presence of cabazi-
taxel resulted in the production of MSC-derived exosomes loaded with both cabazitaxel and
TRAIL that demonstrated potent therapeutic activity in an oral squamous cell carcinoma
model [117].

In contrast to pre-loading, post-loading strategies refer to the direct loading of EVs
with various therapeutic substances. Incubation of isolated EVs with various drugs un-
der controlled conditions shows comparable cellular uptake and therapeutic activity to
that of their pre-loaded counterparts while allowing for more precise control over drug
incorporation into isolated EVs [118]. These techniques can be of particular use in terms
of customizing EVs with antibody conjugation or peptide incorporation for specific thera-
peutic applications but may impact vesicle integrity [119,120]. Although for conventional
therapeutic compounds, co-incubation of purified EVs is the most commonly used method
for post-loading; complex biopharmaceuticals require more active manipulations of EVs
upon post-loading [121]. One of these is electroporation that uses electric pulses to in-
troduce cargo into EVs and that enables the automated high-throughput workflow of
encapsulation, simplifying drug loading of purified EVs [122]. This method is suitable for
loading nucleic acid cargo due to its hydrophilic nature and typically generates a great
amount of drug-loaded EVs [123]. Sonication of isolated EVs is another technique that
allows for cargo post-loading via sound waves that disrupt vesicle membranes. This
method yields a high loading efficiency and has been demonstrated to be suitable for larger
hydrophilic cargo like siRNAs and proteins alike [124-126]. Extrusion is a physical loading
technique for isolated EVs, in which cargo is mixed and encapsulated by forcing EVs and
cargo via nanoscale holes. Despite concerns, it has been demonstrated that the technique
preserves the loaded cargo’s biological activity without causing appreciable damage [127].

Another post-loading method is the freeze-thaw approach that entails incubating
EVs with cargo before repeatedly freezing and thawing them to break and re-form their
membranes; but low reported loading efficiency and the potential damage of sensitive
biopharmaceuticals seem to limit the use of this strategy for post-loading of complex
therapeutic agents [125]. A potential bypass of these limitations is the combination of
EV extraction techniques, as seen in a glioblastoma multiforme model, where the freeze—
thaw method was used in combination with sonication and co-incubation to create dual
receptor-specific exosomes loaded with temozolomide and benzylguanine [128]. The
general disadvantages of post-loading strategies, however, is that they may compromise
vesicle integrity and flexibility. This can be avoided using microfluidics and acoustofluidics
systems that combine ultrasound, microchannel, and acoustic waves to increase loading
efficiency while maintaining EV integrity [129,130].

3.5. EV Surface Modifications

The lipid bilayer of EVs is not only suitable for encapsulating and protecting the
cargo from the harsh surrounding environment but may ensure biocompatibility with
biological interfaces. Despite being biocompatible and having natural homing properties,
however, EVs may have limited endogenous targeting specificity and, thus, can accumulate
in non-target organs like the liver and spleen [131]. Surface modifications can enhance their
therapeutic potential by improving delivery efficiency via enhanced targeting and, thus,
reduced circulation time [132]. These can either be endogenous (cellular-level engineering)
or exogenous (post-isolation changes).
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Endogenous surface modifications use genetic or biochemical techniques to produce
EVs with desired surface markers directly from donor cells. Indeed, lentiviral transduced
cells have been successfully used to produce C-X-C motif chemokine receptor 4-coated
exosomes that, with the desired miRNA cargo, showed enhanced anti-inflammatory effects
via macrophage targeting [133]. Copper-free click chemistry is another aspect of cellular
level engineering that enables precise EV modifications without interfering with its function.
By connecting azide groups with strained cyclooctyne derivatives, such as DBCO, strain-
promoted azide-alkyne cycloaddition (SPAAC) allows for targeted surface modification
without the need for copper catalysts [134]. This prevents copper-induced oxidative stress
and membrane damage, maintains EV integrity, and facilitates the effective attachment of
therapeutic or targeting molecules to the membrane of EVs [134]. Azide-labeled exosomes,
for instance, are successfully fluorescently tagged for real-time tracking [135].

In contrast, exogenous modifications directly alter isolated EV membranes, allow-
ing the integration of functional molecules. Techniques that temporarily disrupt lipid
membranes of EVs, like sonication, extrusion, or freeze—thaw, allow insertion of targeting
molecules into the lipid bilayer of the vesicles [136]. Covalent bonds or hydrophobic in-
teractions are being used to attach functional groups to the surfaces of EVs. Using this
approach, lipid tail-modified targeting peptides or fluorescent labels have been successfully
anchored to EV membranes [99,137].

4. EVs as Delivery Vehicles for Biopharmaceuticals

Biopharmaceutical innovations like synthetic nucleic acids or proteins with de-
signed functions have opened treatment options for previously untreatable clinical condi-
tions [138-141]. These new medications, however, pose challenges in terms of their delivery
to target tissues, as non-specific distribution or immune recognition significantly limit their
therapeutic effect [142-144]. To bypass these issues, EVs have been proposed as delivery
vehicles for biopharmaceuticals due to their biocompatibility, negligible immunogenicity,
and wide range of potential cargo (Table 2).

Indeed, genetically altered MSCs expressing a fusion protein of the exosome membrane
protein Lamp2b and a single-chain variable fragment (scFv) specific to the hepatocellular
carcinoma (HCC) marker Glypican-3 (GPC3) were successfully used to specifically deliver
the biopharmaceutical cargo miR-26a to GPC3-positive cancer cells both in vitro and in vivo,
which resulted in cell cycle arrest via downregulation of cyclin D2 and E2, respectively,
and, consequently, inhibited tumor cell proliferation [145]. The similar strategy was used
upon the siRNA-mediated knockdown of the beta-site APP cleaving enzyme [3-secretase 1
(BACET1), a therapeutic target in Alzheimer’s disease. Using dendritic cell-derived EVs
tagged with Lamp2b fused to the neuron-targeting peptide rabies virus glycoprotein (RVG),
engineered EVs not only crossed the blood—-brain barrier but delivered BACE1-specific
siRNA cargo specifically to neurons, microglia, and oligodendrocytes without losing the
functionality of the payload [40]. RGV tagging of EVs seems to be a universally useful
approach for biopharmaceutical delivery in neurodegenerative disorders, since these EVs,
when loaded with an anti-a-synuclein shRNA construct, were also successfully used to
repress x-synuclein expression in Parkinson’s models [146]. Given their utility in neurode-
generative disease, RVG-engineered EVs have also been tested for infectious conditions
affecting the CNS [147]. Carrying Zika virus genome-specific siRNA, RVG-engineered
EVs successfully crossed both the placental and blood-brain barriers after systemic admin-
istration in AG6 mice, an immunocompromised model highly susceptible to Zika virus
infection. In the fetal brain, the siRNA cargo suppressed Zika virus replication, reduced
neuroinflammation, and prevented virus-induced neurological damage of the developing
fetus [147].
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Besides small interfering RNA species, it has also been demonstrated that EVs are
able to deliver functional mRNAs to force protein synthesis in target cells. Indeed, in a
familial hypercholesterolemia model, it has been shown that EV-mediated delivery of the
low-density lipoprotein receptor (LDLR)-encoding mRNA was able to restore expression
of functional LDLR in hepatocytes of mice lacking LDLR, bringing classical gene therapy
closer to clinical practice [148]. EVs have also been tested to deliver functional mRNAs as
antimicrobial biopharmaceuticals, as it has been reported in the context of HIV-1 infections.
Engineered exosomes loaded with an mRNA construct encoding a zinc finger protein fused
to DNA methyltransferase 3A have been explored to generate a fusion protein that targets
and methylates the HIV-1 promoter, epigenetically repressing viral gene expression. In hu-
manized mouse models, systemic administration of these exosomes resulted in significant
and sustained repression of HIV-1 replication, demonstrating that the concept of the use of
EVs as delivery vehicles of new generation antimicrobial biopharmaceuticals is viable [149].

Delivering even more complex nuclei acids, like expression vectors, also seems to be
possible via EVs. Indeed, EVs carrying CRISPR/Cas9-encoding plasmids targeting the poly
(ADP-ribose) polymerase-1 (PARP-1) gene were shown to block PARP-1 in ovarian cancer
cells, demonstrating preserved transcriptional activity of the recombinant DNA cargo
during delivery [150]. The flexibility of EV-based delivery systems is well demonstrated
by data that EVs loaded with more bulky cargo can also deliver the therapeutic payload
successfully. Using RVG-engineered exosomes targeting the «7-nicotinic acetyl-choline
receptor (x7NAChR) on the surface of the  amyloid peptide-producing N2a neurons
loaded with CD10, a variant of neprilysin that degrades amyloid-beta (Af3) peptides and,
thus, is believed to be involved in AD pathology, significant reduction of the secreted A {340
levels was achieved in vitro [151]. Moreover, in vivo, the same EV construct accumulated
in the hippocampus, accompanied by the repression of proinflammatory genes IL1A, TNFA,
and NFKB1, and induction of the anti-inflammatory gene IL10, demonstrating the feasibility
of the concept of using EVs to deliver complex biopharmaceuticals directly to cells involved
in the pathogenesis of human disorders [151].

The successful delivery of large cargo apparently depends on neither the cell type
of origin of EVs nor the mode of administration. Using macrophage-derived EVs, for
instance, complete functional enzymes, like the antioxidant catalase, have been shown to
be transported into the brain tissue in Parkinson’s disease models, even upon intranasal
administration [127]. There, EV-mediated delivery of catalase preserved dopaminergic
neurons in the substantia nigra of treated mice, at least in part, via the accompanying
reduction of neuroinflammation and oxidative stress. Administration of native catalase, in
contrast, had no effect since the unwrapped enzyme was not able to cross the blood-brain
barrier and, thus, was rapidly cleared from the circulation [127]. Moreover, autologous
dendritic cell (DC)-derived exosomes have also been reported to efficiently transport
proteinaceous cargo, like tumor antigens, to cancer tissues, showing that the concept of
EV-mediated biopharmaceuticals delivery might fit a wide range of disease scenarios [152].

In accordance, engineered EVs can also be applied in degenerative disorders of com-
plex tissues like bone and muscle. EVs displaying the fusion variant of the MSC-binding
peptide E7 and Lamp2b on their surface were shown to selectively target MSCs in exotic en-
vironments like the cartilage [153]. This EV-mediated targeted delivery of the chondrocyte
differentiation inducer Kartogenin (KGN) allowed for homogenous cytosolic dissemina-
tion of the payload, resulting in increased chondrogenesis both in vitro and in vivo [153].
Intra-articular co-administration of synovial fluid MSCs with E7-KGN EVs markedly
increased the mRNA and protein levels of chondrogenic markers SOX9, COL2A1, and
ACAN in a rat model of osteoarthritis [153]. These experimental data fueled several clini-
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cal trials to explore the use of EVs as delivery systems of biopharmaceuticals in various

human disorders.

Table 2. Summary of EV therapeutics across various disease models, detailing EV sources, cargo

types, surface modifications, and observed therapeutic effects.

EV Source Cargo A;%llsiiszon N}S()c,iisﬁl::;ftai‘gis Therapeutic Effect Reference
Lamp2b fused with
Mesenchymal singl s-%ﬁ-a?npg a3ri able Dowr}regulation of Cyclin D2 and
Stem Ce_ll miR-26a He atqcellular fragment (scFv) for ) (;yclln E2 expression, 'leachpg to [145]
(MSC)-derived arcinoma tarseted delivery to inhibited tumor cell proliferation and
exosomes PC3-p ositiv}é suppressed tumor growth in vivo
HCC cells
.None; utilized Suppression of PARP-1 expression,
Cancer-derived CRISPR/Cas9 inherent tumor leading to apoptosis in ovarian cancer
EXOSOMES plasmid targeting Ovarian Cancer tropism of cells and enhanced sensitivity & [150]
PARP-1 cancer-derived . . yto
exosome cisplatin chemotherapy
Lamp2b fused with Achieved 60% mRNA and 62%
" rabies virus protein knockdown of BACE1 in the
]?le:gd;iltlcd siRNA targeting Alzheimer’s glycoprotein (RVG) mouse brain, demonstrating effective [40]
ngosgmvei BACE1 Disease peptide for gene silencing in neurons, microglia,
neuron-specific and oligodendrocytes following
targeting systemic administration
Display of RVG Enhanced degradation of
Geneticall peptide for targeting amyloid-beta (AB) peptides,
. 21] Neprilvsin variant Alzheimer’s o7 nicotinic reduction of pro-inflammatory [151]
e;(%goegees prily Disease acetylcholine cytokines (IL-1&, TNF-a, NF-«B), and
receptors increased anti-inflammatory cytokine
(a7-nAChR) (IL-10) expression in the hippocampus
Intranasal administration of
None: utilized catalase-loaded exosomes (exoCAT) in
Macrophage Parkinson’s nat(l)lrl}:i léxt)lszt)ine a Parkinson’s disease mouse model
- i Catalase enzyme ) . led to significant neuroprotective [127]
derived exosomes Disease fpll:?ipehr‘tlle: effects, including reduced oxidative
or delivery stress and inflammation, and
improved neuronal survival
Lamp2b fused with Sionifi ducti £ o lei
. > gnificant reduction of x-synuclein
Plasmid DNA RVG peptide for i i
HEK293T-derived  encoding shRNA Parkinson’s tar etinp rFeurons via mRNA and protein levels in t-h .
8 getng enteric nervous system and spinal [146]
exosomes targeting Disease nicotinic af l}ll : p
a-synuclein acetylcholine . cord fofowing
receptors intravenous administration
Induced stable epigenetic repression
. e of HIV-1 by promoting DNA
mRNA encoding Human None; utilized . .
MSC-derived ZFP362-DNMT3A  Immunodeficiency natural tropism of lmgt.hylatlon of .the dv1ral promoter,f 149
exosomes fusion protein Virus Type 1 MSC-derived leading to sustained suppression o [149]
(ZPAMLY) Infection eXOSOmes viral replication in humanized mouse
models and increased CD4*
T-cell counts
Surface dis.play of Selective delivery of siRNA to fetal
Small EVs £ Antiviral siRNA Zika Virus RVG peptide for  prain, resulting in inhibition of ZIKV
I—IEEaI(Z 5 3,? Crecﬁr;‘ targeting Zika Infection and targetlgﬁ:gggfgns via infection and mitigation of [147]
virus (ZIKV) Microcephaly acetylcholine ZIKV-induced microcephaly in a
receptors mouse model
func t?g;faaliczeation Restoration of LDLR expression in
mRNA encoding Famili ith hepatocytes, leading to enhanced
- amilial Hyperc- with an toe !
HEK293T low-density hol Tomi ApoB100-derived clearance of low-density lipoprotein 148
ll-derived EV: li toin olesterolemia PO ] S [148]
cell-derive S ipopro (FH) peptide for targeted cholesterol (LDL-C) and amelioration
receptor (LDLR) delivery of hypercholesterolemia in FH
to hepatocytes mouse models
Fnei d Fusion of Enhanced chondrogenic
g(%lél(?;r:s Degenerative MSC-targeting E7 differentiation of synovial
displaying E7 Kartogenin (KGN) I oi%t Disease peptide with fluid-derived mesenchymal stem cells [153]
peptide exosomal membrane (SE-MSCs) and improved cartilage
protein Lamp2b regeneration in vivo
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5. Clinical Trials of EVs as Delivery Vehicles of Biopharmaceuticals

The first clinical trial utilizing EVs as delivery vehicles of biopharmaceuticals was
conducted in 2005, with a focus on treating metastatic melanoma [154]. This pioneering
phase I study aimed to evaluate the safety and feasibility of using autologous dendritic cell-
derived exosomes loaded with tumor antigens to stimulate an immune response against
melanoma cells, highlighting the potential of EVs as immune-modulating drug delivery
systems [154]. Since then, oncology represents a key area for EV-based clinical trials, where
these vesicles are being leveraged for both immune modulation and direct tumor targeting.
For the former one, EVs are being harnessed as a platform to enhance immunotherapy by
delivering tumor-associated antigens to the immune system. This has been tested in the
phase 2 trial NCT01159288, in which dendritic cell-derived exosomes loaded with mul-
tiple tumor-associated antigens (MAGE-3, MAGE-1, NY-ESO-1, MART-1) were expected
to provoke a cytotoxic T-cell response against unresectable non-small cell lung cancer
(NSCLC) [155,156]. It was demonstrated that in patients with NSCLC, DC-derived EVs
enhanced the NK cell functions while avoiding any detectable induction of antigen-specific
T-cell responses [157].

Further expanding this concept, researchers are advancing EV-based immunother-
apy by developing chimeric exosomes capable of personalized tumor targeting. In the
clinical trial NCT04592484, an indirect immune oncology strategy has been evaluated
using HEK-293 cell-derived EVs carrying the stimulator of interferon genes (STING) ag-
onist CDK-002 [158]. STING mediates a key pathway in innate immune sensing, and its
activation via EV-based delivery of CDK-002 is expected to boost anti-tumor immunity.

In addition to supporting immune oncology, EVs are also being tested for targeting
oncogenesis directly. NCT03608631 is a trial using mesenchymal stromal cell-derived EVs
loaded with KrasG12D-specific siRNA in metastatic pancreatic ductal adenocarcinoma
patients. The KrasG12D mutation is a major oncogenic driver in pancreatic cancer, and
the EVs used in this study are expected to inhibit tumor proliferation and improve patient
outcomes via the downregulation of KrasG12D expression in target cells [159].

For directly targeting key components of the oncogenesis, strategies have been tested
against other solid cancers like glioblastoma in the NCT(01550523 trial, where autolo-
gous tumor cell-derived EVs carrying antisense oligodeoxynucleotides targeting IGF-1R,
overexpressed in most glioblastomas, were evaluated, expecting significant repression
of IGF-1R translation and consequent tumor growth arrest [160,161]. The therapy was
not only well tolerated, but it also demonstrated a nearly three-fold increase in the me-
dian progression-free survival in patients with glioblastoma multiforme compared to the
standard of care [162].

Besides their delivery vehicle role to transport therapeutic agents designed against
the target pathology, EVs are being examined for their potential role in mitigating the
side effects of canonical treatments like radiotherapy. Testing this concept, NCT01668849
evaluated the protective potential of grape-derived exosomes against chemoradiation-
induced oral mucositis in cancer patients of the dental and maxillofacial field. By delivering
bioactive molecules such as catechin, which reduce oxidative stress and inflammation by
inhibiting TNFa-induced NF-«B signaling, these exosomes may be a non-invasive strategy
to mitigate mucosal damage caused by canonical cancer treatments [163-165].

Beyond oncology, EVs are being explored for their role in modulating the immune
response in inflammatory diseases. NCT04902183 is a phase 2 trial that looked at
HEK-293-derived EVs overexpressing CD24 in moderate-to-severe COVID-19 patients.
CD24 is known to play a role in immune regulation and inflammation, and the trial
demonstrated that CD24 overexpressing EVs were well tolerated, with no treatment-related
adverse events; reduced key inflammatory markers by 50% in the majority of patients; and
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improved the respiratory rate as well as oxygen saturation in COVID-19 patients [166]. A
similar concept has been studied in another phase 1 trial, NCT01294072, in which plant-
derived exosomes are explored for delivery of the anti-inflammatory curcumin to the
intestinal epithelium. As curcumin has poor bioavailability, exosome carriers are expected
to improve its stability, absorption, and anti-inflammatory effects in colorectal disorders,
exploiting the improved bioavailability of the EV-encapsuled cargo [167].

In addition to their role in immune modulation, EVs are also being explored as delivery
tools for tissue repair. NCT05078385 was a phase 1/2a trial of allogeneic MSC-derived EVs
containing type VII collagen-encoding mRNA for the use as a topical therapy (AGLE-102) in
severe second degree-burned patients. These regenerative EVs were expected to speed up
wound healing by stimulating fibroblast activation, angiogenesis, and extracellular matrix
remodeling [168]. Within 48 h of a burn injury, a single topical application of AGLE-102
resulted in a significant improvement in scar appearance over a 12-week period, decreased
swelling, accelerated wound healing, and no indications of additional tissue damage while
no safety issues were noted [169].

A similar regenerative approach was applied to chronic wound healing, where im-
paired vascularization leads to prolonged tissue damage. NCT04134676 investigated
Wharton's Jelly mesenchymal stem cell-derived EVs, which are naturally enriched with
proangiogenic and wound-healing factors (TGF-3, VEGEF, IGF-1, IL-6, IL-8), for chronic ul-
cer wounds. By stimulating angiogenesis and epithelialization, these EVs were anticipated
to enhance tissue repair and accelerate wound closure in patients with chronic non-healing
ulcers. It was demonstrated that topical administration of 10% secretome from human um-
bilical cord mesenchymal stem cells (SC-hUCMSCs) effectively supported wound healing,
particularly in chronic ulcers resulting from leprosy and diabetes. Following treatment,
there were noticeable decreases in the length, width, and overall area of the wound [170].

Another intriguing area of application is the field of inherited metabolic disorders,
where EVs can act as delivery vehicles for genetic material. One such application of
EV-based gene therapy is the treatment of homozygous familial hypercholesterolemia
(HFH), a severe genetic disorder where the low-density lipoprotein receptor (LDLR) gene
is either deleted or showing a loss-of-function mutation. The consequently compromised
cellular uptake of LDL cholesterol results in high LDL levels in the blood and, thus,
premature cardiovascular disease. NCT05043181, a phase 1 trial using bone marrow
mesenchymal stromal cell-derived EVs loaded with LDLR mRNA, evaluates if LDL receptor
expression can be restored in hepatocytes [145]. Table 3 presents a summary of the clinical
trials that have or currently are investigating the role of EVs as biopharmaceutical delivery
vehicles. These studies highlight the potential of EVs to encapsulate and protect therapeutic
agents, enhancing their stability and targeted delivery in vivo.

Table 3. Summary of completed * and ongoing clinical trials investigating extracellular vesicle-based
delivery of biopharmaceuticals.

Body System ClinicalP};IZ:l ID and EV Source EV Cargo Purpose Reference
Cardiovascular . .
1 Bone Marrow Low-density Safety and effectiveness
(Homozygous Familial NCT050431_81—Phase 1 Mesenchymal lipoprotein of exosome-mRNA [171]
Hypercholesterolemia— (n =30) Stromal Cell-EVs (LDL) mRNA therapy in HoFH
HoFH) Py
Central Nervous NCT01550523 * Antisense Stimulate immune
System (Recurrent Phase 1 (11 = 13)_ Autologous tumor cells  oligodeoxynucleotides response [160,172]
Glioblastoma) - (IGF-1R AS ODN) in glioblastoma
Cardiovascular . .
1 Bone Marrow Low-density Safety and effectiveness
(lomoygous Familal - NCTORIL e gt ofbewonemRA (171
YP Stromal Cell-EVs (LDL) mRNA therapy in HoFH

HoFH)
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Table 3. Cont.
Body System ClinicalP}"g:i ID and EV Source EV Cargo Purpose Reference
Central Nervous . Antisense Stimulate immune
System (Recurrent I}T,%;Fgel?(?fga?))_ Autologous tumor cells  oligodeoxynucleotides response [160,172]
Glioblastoma) B (IGF-1R AS ODN) in glioblastoma
. . . Plant exosomes for
Gast(%)gféis)tmal NCT012(9n 497?%5 Phase 1 Pl:)r:é—sti;n:sed Curcumin curcumin delivery to [167]
- colon tissue
(MC;‘as;fr(t)'in})eStinal ; NCT03608631— Mesenchvmal MSC exosomes for Kras
etastauc rancreatic : _ Y KrasG12D siRNA mutation in [159]
Ductal Interventional (n = 15) stromal cells :
Adenocarcinoma) pancreatic cancer
- Tumor antigens
Immunological g
(Unresectable NCT01159288 *— Dendritic M Afg]?lcig II\D/III)A?é’E 3 Assess exosome [173]
Non-Small Cell Lung Phase 2 (n = 41) cell-derived exosomes AZ_NY—I:ZSO—l - vaccines in NSCLC N
Cancer) MART-1 A2)
antegumentary (Skin; NCT05078385 *— rillogeneic | AGLE-102 MSC exosomes for (1741
Bums) 8 Phase 1/2a (n = 1) Stom Cles (COL7A1 mRNA) severe burns
Oral/Dental Effects of plant
(Prevention of - - exosomes on
Chemoradiation- I\IID%T01668849 — Edible plant-derived Grape exosomes chemoradiation- [163]
) ase 1 (n = 60) exosomes -
associated Oral associated
Mucositis) oral mucositis
Respiratory NCT04902183—Phase 2 Human Embryonic CD24 overexpressed C%ﬁ%ﬁﬁﬁ;ﬁg;for [166]
(COVID-19) (n=90) Kidney (HEK)-293 cells exosomes in COVID-19
Proangiogenic and
. . " wound healing Conditioned medium
Slkcl;* (V(\:/lt’;fgg;) I}L}ngf%?’(ig%s)_ Wharton's Jelly MSCs promoting factors for chronip [175]
(TGF-B, VEGE, IGF-1, wound healing
IL-6, IL-8)
Various C
Advanced /Metastatic, NCT04592484 *— HEK-293 cell h1tratufn&(])jrla<1 ggze ction Intratumoral injection [158]
Recurrent, Injectable Phase 1/2 (n =27) cells (S"?ING ag-onis 9 for solid tumors .

Solid Tumors

6. Challenges and Future Perspectives

Translating EVs into the clinicals aspects of medicine requires solving several chal-
lenges. One of the biggest hurdles in their clinical translation is the lack of standardized,
scalable production methods that meet regulatory requirements. Current isolation methods
like ultracentrifugation supply low yields and can damage EVs or introduce contami-
nants [79]. Variability in laboratory protocols makes it hard to maintain consistent EV
properties. For scaling purposes, bioreactor-based cell cultures offer promise, but opti-
mizing culture conditions remains a challenge [176]. Features like cell density, nutrient
depletion, hypoxia, and stress induction can increase EV yield but may also compromise
bioactivity and homogeneity [177]. Novel, more efficient and scalable methods like tangen-
tial flow filtration may present a solution providing higher yields and reduced processing
time compared to ultracentrifugation [178]. Besides the ongoing innovation to improve EV
yields upon their biogenesis, quantification of EVs is another key aspect when it comes to
determining therapeutic doses, and better analytical methods are needed to measure EVs
accurately and reproducibly.

Functionalizing EVs for targeted delivery is one of the biggest advantages of their
use for precision medicine, although it also raises issues of off-target delivery and reduced
efficacy [179]. Recent research investigating the use of hydrogels and other sustained-
release platforms to boost the effectiveness of EV-based therapies, providing prolonged
and controlled release of their payload, may address reduced efficacy issues. Indeed, EVs
in hydrogel matrices deliver more cargo, and their release is sustained longer than bolus
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doses, an appealing characteristic for chronic disease management and tissue regeneration
applications [180,181].

Maintaining EV stability during storage and transport also poses a challenge. Conven-
tional methods, e.g., freezing, are expensive and impact physical and biological character-
istics of EVs. Innovations such as adding alginate to prevent cryoinjury are progressing
with advancements in research, but simpler and more cost-effective storage solutions are
required to make EVs more clinically relevant for the future [182].

Although there is much promise with clinical therapeutic work involving EVs, they ul-
timately are not “safe” per se. Tumor-derived EVs, for example, pose a risk of tumorigenesis,
metastasis, and angiogenesis [183]. Immunogenicity, immunotoxicity, and carcinogenicity
must be understood and mitigated before EVs can be used in the clinic [183,184]. These
limitations of natural EVs gave birth to the need for developing certain transformative
strategies, like hybrid vehicles, biomimetic, and nanoparticle integration approaches. All
techniques effectively combined the biological advantages offered by EVs with the flexi-
bility and scalability of synthetic platforms, leading to new strategic approaches for drug
delivery. Hybrid vesicles, for instance, combine EVs with liposomes/nanoparticles that
enhance stability, flexibility, and targeting. Indeed, EV-liposome hybrids loaded with
chemotherapeutics presented enhanced therapeutic efficacy and improved drug release
profiles [185]. In contrast, biomimetic vesicles are engineered vehicles that retain EV-like
structures while allowing for the integration of advanced targeting mechanisms, scal-
able production, and precise design [186]. Engineered leukocyte-mimicking nanovesicles,
“leukosomes”, for instance, can deliver doxorubicin for breast cancer and melanoma tumor
treatment like that of their EV counterparts [187].

7. Conclusions

Biopharmaceuticals have been currently transforming modern medicine. They have
given us specific, patient-focused treatments for complex diseases. From monoclonal
antibodies and mRNA vaccines to oligonucleotides and protein-based treatments, these
innovations are now addressing the gaps in precision medicine. Courtesy of the continuous
innovation and collaboration across various scientific disciplines, EVs as drug delivery vehi-
cles for biopharmaceuticals are on course to revolutionize the management of multifaceted
medical challenges into highly personalized and efficient healthcare solutions.
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