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Exosomes or so-called natural nanoparticles have recently shown enormous potential for targeted drug
delivery systems. Several studies have reported that exosomes as advanced drug delivery platforms offer
efficient targeting of chemotherapeutics compared to individual polymeric nanoparticles or liposomes.
Taking structural constituents of exosomes, viz., proteins, nucleic acids, and lipids, into consideration,
exosomes are the most promising carriers as genetic messengers and for treating genetic deficiencies or
tumor progression. Unfortunately, very little attention has been paid to the factors like source, scalability,
stability, and validation that contribute to the quality attributes of exosome-based drug products. Some
studies suggested that exosomes were stable at around —80 °C, which is impractical for storing
pharmaceutical products. Currently, no reports on the shelf-life and in vivo stability of exosome
formulations are available. Exosomes are quickly cleared from blood circulation, and their in vivo
distribution depends on the source. Considering these challenges, further studies are necessary to
address major limitations such as poor drug loading, reduced in vivo stability, a need for robust,
economical, and scalable production methods, etc., which may unlock the potential of exosomes in
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1. Introduction

Exosomes are extracellular membrane bound bio-vesicles
produced by most cell types. They are generated through an
endocytic pathway that produces multivesicular body (MVB)/
late endosomes and are subsequently released by fusion with
the cell membrane. Exosomes are a subset of the large pop-
ulation of extracellular vesicles (EVs) with a size normally
ranging from 30 to 120 nm in diameter.' Their unique origin
and properties like the ability to cross cytoplasmic membranes
and the blood-brain barrier (BBB) make them suitable drug
delivery systems. A variety of nanomaterials have been used for
drug delivery. These include liposomes,® polymers,” meso-
porous silica,® graphene oxide,” and iron oxide.'* Exosomes
possess unique characteristics of nanocarriers in addition to
low immunogenicity, biocompatibility due to the cellular
origin, and enhanced barrier permeability.'>*> The advantages
of exosomes over other nanomaterial drug delivery systems are
highlighted in Table 1. Identifying the incidence of RNA in
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exosomes was the breakthrough that later demonstrated the
function of exosomes in cell-cell interactions. Exosomes can
attach to target cells and deliver payloads due to the occurrence
of extensive surface adhesion proteins.***** Depending on the
cell origin, exosomes have preferential homing targets. For
example, exosomes from melanoma explicitly target sentinel
lymph nodes to promote tumor metastasis.'® Therefore, cancer
cell-secreted exosomes could be potentially used to target
cancer. Exosomes were also reported to be good carriers of
genes, proteins, and other biological materials with low
toxicity.*'”*®* Due to their cellular origin, all exosomes carry
diverse groups of proteins including membrane transport
proteins and fusion proteins (GTPase, annexins, and flotillin),
tetraspanins (CD9, CD63, and CD81), proteins involved in MVB
biogenesis (TSG101 and Alix), heat shock proteins (Hsp70 and
Hsp90), integrins, cell surface proteins, lipid-related proteins
and phospholipases.’**' Though limited data on the lipid
composition of exosomes are available so far, some show that
cholesterol, sphingomyelin, phosphatidyl serine, and phos-
phatidylcholine primarily constitute up to 80% of lipid content.
Exosomes typically contain saturated or monounsaturated fatty
acids® along with ceramide, phosphatidylethanolamine, diac-
ylglycerol, and hexosylceramides, which are present in small
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Table 1 A comparison between exosomes and other nanomaterial drug delivery systems

Particulars Nanomaterial drug delivery systems

Exosomes

Properties Size: 10-200 nm

Composition: can be engineered (e.g., polymers and lipids)

Surface properties: can be functionalized
Chemical synthesis

Physical methods (e.g., nanoprecipitation)
Biological methods (e.g., self-assembly)
High control over composition and size
Can be engineered for specific functions
Scalability and reproducibility

Potential for toxicity and immunogenicity
Limited natural targeting capabilities
Scalability issues for some methods

Synthesis methods

Advantages

Limitations

99
Radditits

L0000,
L/
Sosses®

Nanomicelle

Liposomes Graphene oxide

Mesoporous
nanoparticles

Polymeric
nanoparticle

quantities.»**> Exosomes have also been described to harbor
sizeable quantities of miRNA, mRNA, and other non-coding
RNAs suggesting their potential as outstanding gene
carriers.»'7?%21:232> Exosomes have also been demonstrated to
protect payloads like catalase and curcumin from degradation
when stored at 37 °C.>**® In 2019, Wang et al. designed exo-
somes as a delivery vehicle for curcumin to prevent neuronal
death and alleviate Alzheimer's disease (AD) symptoms. The
exosomes substantially enhanced curcumin's solubility,
bioavailability and drug permeation across the BBB and
inhibited Tau phosphorylation, thereby acting as a potential
source of drug carriers for targeted AD therapy.*® Various
cannabinoids such as A9-tetrahydrocannabinol, cannabidiol,
cannabigerol, A9-tetrahydrocannabivarin, and cannabichro-
mene have also been loaded into EVs that showed superior
anticancer effects.*® The autologous exosomes collected from
the host could be beneficial, as these can evade clearance by the
reticuloendothelial system (RES), thereby allowing them to have
more circulation time to hit the target tissues.” Site-specific
delivery, nano-size, and acceptance by the body make exo-
somes unique carriers that are supposed to be involved in
biological, pathological, and diagnostic
applications.**~*

Recently, a concept of engineered and/or modified exosomes
has emerged, allowing for the customization of their surface
structure after isolation from the primary source to achieve
specific characteristics like enhanced physiological barrier
permeability, enhanced cell-specific targeting, in vivo tracking,
improved stability, and higher efficacy.**** The surface

several

5804 | Nanoscale Adv., 2024, 6, 5803-5826

Size: 30-150 nm

Composition: natural (lipids, proteins, and nucleic acids)
Surface properties: derived from donor cells

Biological isolation (e.g., ultracentrifugation)

Cell-based methods (e.g., cell culture)

Biocompatible and naturally derived

Can encapsulate a variety of molecules (proteins and RNAs)
Targeting based on the cell source

Production and isolation challenges

Stability and storage issues

Rapid clearance from circulation

Limited control over drug loading

s

functionalization of exosomes can be achieved by endogenous
or exogenous strategies. The endogenous method involves the
genetic modification of the exosome-secreting cell source.'”*® In
this context, Alvarez-Erviti et al. engineered dendritic cells with
a fusion gene to produce designer exosomes that carry neuron-
specific rabies viral glycoprotein (RVG) and lysosome-associated
membrane protein 2B (Lamp2B), an exosomal membrane
protein. These proteins impart targeting abilities to the exo-
somes derived from the engineered dendritic cells, which
specifically transport siRNA to the mouse brain by crossing the
BBB." Although highly promising, endogenous exosome engi-
neering can lead to inadvertent cell changes and may not be
appropriate to produce unnatural molecules on the exosomal
surface. In contrast, the exogenous strategy for exosome func-
tionalization involves the chemical conjugation of secreted
exosomes with molecules of interest to produce hybrid exo-
somes that can be used as a targeted delivery system. Recently,
Wrobel et al. conducted a study exploring the interaction
between two varieties of amphiphilic carbosilane dendritic
structures, namely DDN-1 and DDN-2, with specific neutral and
negatively charged lipid model membranes. Amphiphilic den-
drons exhibited a high affinity to model lipid bilayers, making
them a promising platform for decorating exosomes.*” The
targeting ability of exosomes can be further augmented by
functionalization with specific ligands, such as antibodies or
aptamers.®>*

Exosome preparations may be synthetic, natural (derived
from human or plant cells) or semi-synthetic wherein natural
exosomes are modified before or after isolation for a specific
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purpose. However, low yield and modifications on a large scale
are the limiting concerns for the clinical application of semi-
synthetic exosomes. This led to the design of fully synthetic or
so-called mimetic vesicles, holding huge therapeutic potential.
Fully synthetic/artificial exosomes can be manufactured either
by top-down or bottom-up approaches. The top-down method
generates nano-sized vesicles by breaking larger and more
complex units like cultured cells into nano-sized membrane
fragments through extrusion or microfluidic devices. The
bottom-up method uses specific lipids and/or proteins resem-
bling plasma membranes, which further self-assemble into
a bilayer structure and can be functionalized with selected
proteins to mimic the desired exosomal functions. Microfluidic
platforms offer high-precision processing and microscale liquid
handling. Wang et al. (2021) reviewed microfluidic strategies to
isolate exosomes depending on various characteristics of exo-
somes, including size, immunoaffinity, hydrodynamic and
dielectrophoretic properties. The research concentrated on the
label-free isolation of exosomes, aiming to maintain their active
biological properties and intact morphological structures. It
also introduced microfluidic techniques for the sensitive and
specific detection of exosomal proteins and RNAs.*®* The
knowledge about exosomes has been systematically cataloged
in various exosome databases, including Vesiclepedia (http://
www.microvesicles.org/), ExoCarta (www.exocarta.org/),
Exosomes.gene-quantification.info (https://www.gene-
quantification.de/exosomes.html), GOA (https://
www.ebi.ac.uk/GOA/EXOSOME), ExRNA (http://exrna-atlas.org/
), and ExoRBase (www.exrobase.org).*® While exosome-based
delivery systems have been extensively investigated in the past
decade, drug-loaded exosomes are still facing ample
challenges in scale-up due to a lack of scalable isolation and
purification techniques, a lack of reproducible protocols for
producing well-characterized and homogeneous exosomes
and limited data on exosome stability. This paper is an
overview of current knowledge on engineered exosomes and
the critical contributing factors/challenges that must be
evaluated for the successful development of exosome-based
drug products.

2. Exosome source, extraction
methods, and scalability
2.1 Exosome sources

It is of utmost importance to pay attention while selecting
a source for exosomal drug products. Factors like drug loading
capacity, homing potential, membrane penetration immuno-
modulatory properties, etc., are directly dependent on the
source of the exosomes and hence should be carefully consid-
ered.”*** Although most cell types produce exosomes, the yield
with each cell type is highly variable.™***

Though MSCs were reported to be a great source of
exosomes,'**'* one of the major drawbacks is the finite
expansion with the necessity of constantly deriving new batches
of cells and the subsequent expensive and time-consuming
processes of validation.** Chen et al. used the transfection
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strategy to address the problem of MSC derivation using
a lentivirus vector carrying the MYC gene and showed that this
method could ensure the supply of exosomes in the milligram
range.” Pan et al. (2023) discussed exosome engineering tech-
niques such as altering the culture conditions, cellular expan-
sion through three-dimensional dynamic culture, etc., that
subsequently modulated the biogenesis and secretion process
of exosomes.*

Exosomes from various other sources like milk, plant
extracts, saliva, etc. have also been reported (Fig. 1).0#47-%¢
However, only a few sources are suitable for producing exo-
somes in high quantities with homogeneity. Saliva, urine, or
human blood seems to be only appropriate for isolating exo-
somes for diagnostic purposes.”****3*%” On the other hand,
exosomes from bovine milk and colostrum have been investi-
gated for their potential in delivering cancer therapeutics.*
Their plentiful availability, cost-effectiveness, scalability,
capacity for high drug loading, ability to be functionalized for
targeted delivery, and lack of toxicity make them promising
candidates. Bovine milk exosomes (M-Exo) have been shown to
maintain their physiochemical characteristics under harsh and
denaturing environments of the gastrointestinal (GI) tract and
recurring freeze-thaw cycles.>® Agrawal et al. designed a novel
nano-oral delivery system of paclitaxel (PTX) using bovine M-
Exos (ExoPac) and reported narrow particle size (~108 nm)
and size distribution (~0.190) with improved stability in
simulated GI fluids. ExoPac showed significant tumor growth
inhibition (60%; p < 0.001) compared to intraperitoneal PTX
(31%) against human lung tumor xenografts.® Our recent
studies revealed that M-Exos had relatively large sizes in a range
of 100-200 nm (Fig. 2).
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Fig. 1 The relative quantity of exosomes secreted from different cell
lines. Five different cells or cell lines were evaluated using culture
media conditioned for three days by each of these cell lines. The cells
or cell lines used were cmyc-transformed hESC-MSC (MSC),
a mESC-derived insulin-producing cell line (ERoSHK6), the human
acute monocytic leukemia cell line (THP-1), the human embryonic
kidney cell line (HEK), a primary human small airway epithelial cell
abbreviated as SAEC (Lonza, Cologne, Germany) and primary human
myoblasts and myotubes differentiated from them (Lonza Cologne,
Germany) (the figure has been adapted from ref. 41 with permission
from Elsevier, Copyright 2013).
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Fig. 2 TEM image of exosomes derived from bovine raw milk.

Plant-derived EVs (PEVs) have been identified as promising
bioactive nutraceutical molecules.®*®* Nanovesicles from
grapefruits were extracted by Wang et al. and used as carriers for
methotrexate (MTX) to treat dextran sulfate sodium (DSS)-
induced colitis. These nanovesicles were shown to lower the
toxicity of MTX and enhance its effects in colitis-induced mice.*
The significance of EVs from fruit sources has surged tremen-
dously as human interaction with fruit juices is inevitable.
Recently, Kilasoniya et al. (2023) evaluated the functional
properties of PEVs sourced from grapefruit and tomato juices as
antioxidants and delivery vehicles. Despite tomato PEVs being
larger, grapefruit PEVs had a higher yield. The antioxidant
activity of PEVs was comparatively lower than their juice sour-
ces, suggesting the restrictive role of PEVs in the juice's anti-
oxidant properties. The grapefruit PEVs were more efficient in
loading and delivery of cargo (Hsp70) than tomato PEVs. These
results suggest that grapefruit PEVs hold greater promise as
functional ingredients in juice and can deliver functional
molecules to human cells.** Exosomes/EVs derived from animal
milk or plants, despite their wide range of applications, also
have disadvantages. It should be noted that these exosomes
could potentiate immunological reactions, especially upon
intravenous (IV) administration. Long-term toxicity assessment
is crucial for fully understanding and harnessing their thera-
peutic potential.**

2.2 Exosome extraction techniques and scalability

Exosome extraction and purification involve several different
isolation methods, including differential ultracentrifugation
(UC), solvent precipitation, size-exclusion chromatography
(SEC), immunoaffinity techniques, density gradient separation,
and microfluidic techniques, as shown in Fig. 3."% Unfor-
tunately, there is limited understanding of the relative efficiency
of the isolation methods and the physicochemical properties of
the isolated exosomes, such as size, size distribution, zeta
potential, and dispersibility, even though those parameters
have a profound impact on the characteristics and therapeutic
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Fig. 3 Schematic diagram illustrating different techniques for isolating
exosomes.

potential of exosomes as drug carriers.® The lack of scalability
and poor validation of extraction methods are still major factors
hindering the clinical translation of exosomes, which is
extremely important in large-scale production. Differential UC
remains the prevailing method for isolating exosomes from
fluids. This technique involves a series of centrifugation cycles
of variable centrifugal force and time, aimed at isolating exo-
somes based on their density and size.” This method is cost-
effective, has a low risk of contamination from separation
reagents, and allows the collection of a large number of exo-
somes.>**”* However, exosomes isolated by this method
commonly have lots of impurities and the yield is also relatively
low.”>7* Yamashita et al. compared the properties of exosomes
extracted from murine melanoma B16-BL6 by three UC-based
methods: simple UC, UC with an iodixanol cushion, and UC
on an iodixanol density gradient. The results showed that the
type of extraction method had little effect on yield. However, the
exosomes isolated by the density gradient method were highly
dispersed over simple and cushioned UC.* Another report by Jo
et al. described the manufacturing of nanovesicles containing
intracellular RNAs, intracellular proteins, and plasma
membrane proteins using centrifugal force and a micron-sized
filter. The nanovesicle isolation yield was found to be 250 times
higher than that of exosome isolation (952 pg vs. 3.7 pg) from
the same number of cells (1 x 10%). Additionally, the size of
nanovesicles was <100 nm with two times higher RNA and
protein content compared to exosomes, which had a diameter
>200 nm, and concluded that this method seems to be prom-
ising at a large-scale level.” The SEC method can isolate exo-
somes with low contamination but usually results in a diluted
sample and may require an additional concentration step. This
method involves the use of a porous column packed with

© 2024 The Author(s). Published by the Royal Society of Chemistry
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polymeric beads containing numerous pores through which
macromolecules are sorted based on their size or diameter. A
long run time and lower concentration are disadvantages of this
method.” However, the chromatography isolation method is
widely accepted over centrifugation methods, since isolated
exosomes are not impacted by shearing forces that can alter the
vesicle structure.” Immunoaffinity seems to be a better method
for the extraction of exosomes when compared to differential
UC in terms of reproducibility and efficiency.”” However, the
utilization of immunoaffinity techniques is not a practical
approach for generating large quantities of exosomes. More-
over, exosomes generated by this method are not cost-effective
for clinical applications and there could be alterations or even
destruction of the immunotherapeutic properties when exo-
somes are eluted from the beads.” This method is also limited
to the isolation of total exosomes,”® and it seems to be more
favorable for diagnostic applications. Kalra et al. compared the
quality of exosomes extracted from normal human plasma
using 3 methods: differential centrifugation coupled with UC,
immunoaffinity pull-down using epithelial cell adhesion
molecules, and OptiPrep™ density gradient separation. Of the
three, the OptiPrep™ density gradient method emerged as the
best for isolating pure exosomes, free of plasma proteins.” The
microfluidic-based exosome isolation technique is still in the
nascent phase of development. Although it holds great promise,
low yield is the main limitation and further efforts are necessary
to improve it." Considering large-scale production, Heinemann
et al. developed a technique that is high-speed, automatable,
scalable, and specific in isolating exosomes from complex bio-
logical systems. It was a 3-step filtration process that involved
membranes with different pore sizes to specifically remove cell
debris, proteins, and large vesicles from the body fluids or cell
culture supernatant.”” Sunkara et al (2023) have recently
introduced a new method called ExoPRISM for precipitating
EVs by altering the ionic strength. This method is a simple, cost-
effective, and user-oriented approach for separating high yields
of EVs without tampering with their functional characteristics.
This method entails introducing an electrolyte solution into
blood plasma, leading to the successive precipitation of
proteins and EVs. Further on, a fractional separation of EVs is
achieved through low-speed centrifugation. The co-precipitated
electrolytes can be removed, and the entire process takes less
than an hour. It has proven successful in separating EVs from
various bio-sources, including culture medium, urine, plasma,
and serum.® In 2023, Williams et al. conducted a study to
determine the impact of different isolation methods on EV
purity and yield. The study isolated EVs through various
methods such as SEC, UC, polyethylene glycol (PEG) precipita-
tion, Total Exosome Isolation Reagent and an aqueous two-
phase system with and without repeat washes. The study
found that all isolation methods extracted EV-like particles, but
the purity and the comparative expression of surface protein
markers (Alix, CD9, CD63, CD81 and Annexin A2) varied. The
choice of the characterization method significantly impacted
the assessment of sample purity, as total particle counts and
particle-to-protein (PtP) ratios frequently diverged from the
quantitative analysis of surface markers evaluated using high-
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resolution nano-flow cytometry. The study revealed a prefer-
ence for SEC and UC due to their overall efficiency. However,
concerns arose about the scalability of these methods which
could impede its application in therapeutics.®* Despite efforts,
large-scale exosome production continues to be the major
hurdle in the clinical application of exosome-based drug
delivery systems.

2.3 Exosomes for drug delivery

In the past two decades, exosomes from various sources have
been loaded with drugs of interest to make them suitable
carriers for various targeted therapies. Drug loaded M-Exos have
been widely studied in cancer therapeutics as they enhance the
human intestinal permeability of drugs like curcumin in vitro.**
Munagala et al. isolated exosomes from bovine raw milk and
studied for the delivery of chemopreventive agents (curcumin,
withaferin A, and bilberry-derived anthocyanidins) and
chemotherapeutic drugs (PTX and docetaxel (DOX)) in tumor
xenografts.*® Agrawal and group have stated that oral delivery of
ExoPac showed remarkably lower systemic and immunogenic
toxicity in C57BL/6 female mice compared to IV administra-
tion.” Further, these exosomes should be conjugated with
suitable ligands to target desired sites in vivo.

Tumor-derived exosomes are being recognized as a potential
biomarker for cancer diagnosis and therapy. Exosomes isolated
from the A549 cell line could target tumors and deliver DTX, an
anti-cancer drug. The exosomes facilitated the cellular uptake of
the drug and displayed improved targeting and cytotoxicity to
cancer cells compared to free DTX in mice.** Anti-tumor drugs
such as triptolide (TP), bleomycin (BLM), etc. have shown great
potential against cancer cells. However, their clinical use is
limited due to adverse side effects. A targeted approach with
exosomes has opened up promising avenues for the delivery of
these efficient drugs to specific cell types with minimal side
effects. In vitro and in vivo studies have shown assuring results
where the exosomes loaded with TP/BLM manifested tremen-
dous anti-tumor activity with reduced toxicity compared to the
free drugs.***® For treating melanoma, Gu et al. (2022) devel-
oped a bionic-targeted drug delivery system using exosomes
derived from human umbilical cord MSCs (hUCMSCs). This
system encapsulates TP using the cyclic peptide arginine-
glycine-aspartate (cRGD) and achieves synergism and toxicity
reduction.®® Fisher et al (2022) studied EVs (enriched with
CD63) derived from the prostate (PC3) and melanoma (M21)
cancer cell lines. The two cell lines produced vesicles of variable
size profiles, with a constant fraction of exosomes to EV content.
The EVs had a non-spherical morphology and showed
enhanced solubility for PTX in aqueous solution.?” Apart from
the delivery of typical cancer drugs, EVs can also be loaded with
potential immune therapy agents such as immune checkpoint
inhibitors (ICIs), which instigate the immune system to target
and attack cancer cells. ICIs have been explored for the treat-
ment of melanoma skin cancer and lung cancer. These are
antibodies raised against programmed cell death-1 (PD-1),
programmed death-ligand 1 (PD-L1), and cytotoxic T-
lymphocyte-associated protein 4 (CTLA-4). Studies have shown
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that conjugating EVs with ICIs can improve efficacy and reduce
side effects when administered systemically.?® Cui et al. (2022)
considered the potential of co-delivering cisplatin (CDDP),
a first-generation platinum-based drug and CD47 antibodies
with MDA-MB-231 cell-derived exosome (CaCE) to treat lung
cancer. Interestingly, the CDDP treated tumor xenograft model
showed enhanced expression of CD47. The co-delivery of CD-47
antibodies led to the blockage of CD-47, which in turn magni-
fied the macrophages’ phagocytic activity on CDDP treated
tumor cells. The administration of CDDP and anti-CD-47 within
CaCE in a lung carcinoma model exhibited a powerful anti-
cancer effect in terms of tumor weight and the survival rate of
the animal model, which was not observed in the co-delivery of
CDDP and anti-CD-47. The concentrations of IL-12p and IFN-y
cytokines increased, while that of TGF-B decreased, indicating
an enhanced antitumor effect of CDDP. The study demon-
strated the impact of exosomes, not just as a delivery vehicle but
also for its therapeutic potential that can dramatically change
the outcome of cancer treatment.*® Several other studies have
also reported the therapeutic effect of exosomes. For example,
Wei et al. (2022) developed a nanodrug called Exo-DOX from
exosomes and doxorubicin. Exo-DOX was more effective against
osteosarcoma cells than free DOX. The drug was targeted
specifically at cancer cells and caused less toxicity in the heart
tissue. The targeting capability of Exo-DOX stemmed from the
chemotaxis of MSC-derived exosomes to osteosarcoma cells via
the SDF1-CXCR4 axis.”

Natural exosomes, while possessing several advantages as
delivery systems, also suffer from limitations like immunoge-
nicity, toxicity and rapid clearance by the reticuloendothelial
system, thereby reducing their circulation time. These problems
can be addressed by engineering the surface of exosomes, which
is described in the following section.

3. Modified exosomes

Customizing exosomes by surface modifications, attaching
additional ligands, or loading essential proteins can greatly
alter the functions of native exosomes and result in target-
specific engineered exosomes with desired characteristics like
surface charge and enhanced circulation at the therapeutic
site.”’® As described earlier, two strategies can be employed to
engineer exosomes, namely endogenous and exogenous
methods. Early studies on exosome engineering involved the
endogenous method. For instance, Ohno et al transfected
HEK?293 cells with the pDisplay vector that encodes GE11 or the
epidermal growth factor (EGF). The exosomes produced
subsequently had membrane-bound GE11 or EGF that can
specifically target the EGF receptor (EGFR) expressing breast
tumor cells and deliver therapeutic microRNA (miRNA) via an
EGFR mediated endocytic mechanism.” In an attempt to
deliver DOX to av integrin-positive breast cancer cells, Tian et al.
produced exosomes with a membrane protein (Lamp2B) fused
to an av integrin-specific iRGD peptide by engineering mouse
immature dendritic cells. The targeted DOX-loaded exosomes
showed specific accumulation in tumor tissues and dramati-
cally inhibited tumor growth after systemic injection into breast
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tumor-bearing mice.”* Consequently, Xin et al. (2021) loaded
methioninase (rMETase) into iRGD-Exos by electroporation to
create iRGD-Exos-rMETase, which was found to be an effective
anticancer therapy that delivered rMETase to gastric tumor
tissue. iRGD-Exos-TMETase had a strong tumor suppressive
effect and significantly reduced tumor growth.”” Pullan et al.
(2022) have developed a new treatment for triple-negative breast
cancer called iDHRX. It involves bovine milk exosomes that can
penetrate tumors and respond to hypoxia. The exosomes have
been modified with an iRGD peptide and a hypoxia-responsive
lipid to increase their effectiveness. In lab tests, iDHRX was
able to target and kill triple-negative breast cancer cells in both
monolayer and 3D spheroid models. These modified exosomes
could be a promising new treatment for triple-negative breast
cancer, as they effectively reduce the survival of cancer cells.*® In
addition to chemotherapeutics, iRGD-Exos could also deliver
siRNA that specifically silences Carnitine palmitoyltransferase
1A (CPT1A), a key enzyme of fatty acid oxidation that is involved
in conferring resistance to colon cancer cells against oxaliplatin
therapy.” With the view to target the central nervous system
(CNS), Lamp2B-expressing exosomes were fused to the CNS-
specific rabies virus glycoprotein (RVG) peptide. This system
was designed to carry siRNA/mRNA for precisely targeting
different regions of the brain such as neurons and microglia by
crossing the BBB®**® following IV injection. Later, Yang et al.
presented a similar approach for delivering miR-124 to the
brain, promoting cortical neurogenesis by using RVG exosomes
as the carriers.”® Iyaswamy et al. (2023) engineered exosomes
derived from hippocampal neurons to overexpress Fe65,
a protein that interacts with the amyloid-B precursor protein
(APP) intracellular domain (AICD). The APP is normally over-
expressed in the AD and therefore the engineered exosomes
loaded with corynoxine-B (Cory-B) were directed toward
neuronal cells in the brains of AD mice. This enabled APP-
targeted delivery of Cory-B that subsequently blocked the
usual interaction between Fe65 and APP. This led to the
enrichment of cognitive decline and pathogenesis in AD mice.
The study demonstrated the potential of an exosome-based
targeted drug delivery system as a potential treatment for
AD." Hou et al. have recently discovered that oxygen glucose
deprivation (OGD)-pretreated astrocyte-derived exosomes
(ADEVSs) can alleviate the disruption of the BBB caused by
intracerebral hemorrhage (ICH). This is achieved through the
regulation of the miR-27a-3p/ARHGAP25/Wnt/B-catenin axis.
OGD-activated astrocytes release EVs, which reduce hemin-
induced endothelial hyper-permeability. OGD-activated
astrocyte-derived EVs (ADEVs) have been shown to alleviate
BBB dysfunction following ICH, both in vivo and in vitro.
MicroRNA microarray analysis has revealed that miR-27a-3p is
a major component that is highly expressed in OGD-pretreated
ADEVs. The transfer of miR-27a-3p from OGD-ADEVs into
bEnd.3 cells regulates the ARHGAP25/Wnt/B-catenin pathway,
mitigating BBB injury and improving neurological deficits
following ICH. The findings suggest that OGD-ADEVs may be
a promising strategy for the treatment of ICH.**

In recent times, endogenous methods are less preferred as
they display various disadvantages like complexity of genetic

© 2024 The Author(s). Published by the Royal Society of Chemistry
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engineering, off-target effects, scalability issues and heteroge-
neity of engineered exosomes. On the other hand, the exoge-
nous method of exosome engineering offers several benefits
including versatility in cargo loading, reduced off-target effects,
minimized immunogenicity and opportunities to scale. From
this perspective, Jang et al. developed a simple post-insertion
technique that integrated folate (FA) into the exosomal
membrane via hydrophobic interaction. Due to the elastic
nature of the exosomes, a lipidic anchor such as phosphati-
dylethanolamine (PE) was used as a linker molecule for FA. The
resulting hybrid exosomes were loaded with DOX and were
selectively taken up by FA receptor overexpressed tumor cells via
endocytosis.*® Pishavar et al., in 2023, conjugated aptamers with
exosomes from mesenchymal stem cells (MSCs) derived from
adipocyte tissue (ADSCs) to deliver SN38. Aptamers specific to
Mucin-1 (MUC-1) were conjugated to SN-38 loaded exosomes by
covalent interaction using 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide = hydrochloride = (EDC) and  N-hydrox-
ysulfosuccinimide (NHS) chemistry to produce SN38/Exo-Apt.
SN38/Exo-Apt was effectively taken up by colon tumor cells
overexpressing MUC-1 and demonstrated significant cytotox-
icity, while exhibiting minimal toxicity towards normal cells
(CHO cells).**

Limited loading efficiency is still one of the main obstacles to
using nanomedicine for protein therapy. Exosome engineering
was used to efficiently load and intracellularly deliver proteins
of interest by integrating a reversible protein-protein interac-
tion module modulated by blue light."® By labeling Cre
recombinase (a tyrosine recombinase enzyme) with WW
domains of Nedd4 family ubiquitin ligase, Sterzenbach et al.
demonstrated that WW-Cre proteins were recognized by the late
domain (L-domain)-containing protein Ndfip1l, showing effi-
cient loading into exosomes. Interestingly, the engineered exo-
somes effectively transported the loaded proteins to recipient
neurons in different brain regions after intranasal administra-
tion.' Kojima et al. developed an exosomal device for RNA
packaging that consists of archaeal ribosomal protein L7Ae
conjugated to the C-terminus of the CD-63 biomarker and
assessed the ability to deliver mRNA into the brain for Parkin-
son’'s disease.”® The authors implanted an RNA packaging
device (CD63-L7Ae) into living mice. The device steadily deliv-
ered mRNA of interest to the brain, attenuating neurotoxicity
and neuroinflammation in an in vivo model of Parkinson's
disease.”® Manipulating the behavior of nanocarriers, the
formation of protein corona (PC) can be challenged. Multi-
functional exosome-mimetics (EM) have been developed and
functionalized with angiopep-2 (Ang) to improve drug delivery
for glioblastoma (GBM) by controlling the PC. DTX-loaded EM
with Ang modification (DTX@Ang-EM) exhibited lower serum
protein absorption and decreased macrophage phagocytosis. In
addition, Ang-EM was able to penetrate the BBB effectively and
target the GBM, eventually leading to the delivery of high doses
of DTX to the tumor site with reduced systemic side effects.'*

Numerous autologous proteins have shown tremendous
potential in alleviating disorders. Yet their instability in the
native form has restricted their use in therapeutics. Exosomes,
when naturally packaged with such kinds of molecules, will

© 2024 The Author(s). Published by the Royal Society of Chemistry
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effectively preserve the protein of interest and deliver it to the
specific target. In this context, bone morphogenetic proteins-7
(BMP-7), a potential but unstable protein involved in cartilage
homeostasis and repair, were over-expressed in synovial
mesenchymal stem cells. The exosomes (SMSCs-exo) derived
thereafter were investigated for their therapeutic potential
against osteoarthritis (OA). The BMP-7-exo treatment promoted
macrophage and chondrocyte proliferation, reduced inflam-
mation, and increased polarization toward M2. BMP-7-exo also
attenuated inflammation and cartilage injury, suggesting that it
is a promising therapeutic option for OA.***

Exosomes are becoming the rising star in the area of the
targeted delivery system. However, to address the unmet clinical
needs, challenges and limitations like isolation source, poor
loading, purification methods, immunogenicity, and scalability
associated with natural or synthetic exosomes, hybrid tech-
nology can be the key to achieving desired functions and clin-
ical efficacy. In this context, artificial exosome mimetic vesicles
would be of great interest, whereby the fusion of synthetic
lipidic carriers like nanoliposomes is performed with exosomes
to form hybridosomes.'*'*® During this fusion, cell membrane
proteins from various cell sources interact with the phospho-
lipid bilayer to design hybrid exosomes. This hybrid system will
have the combined advantages of individual exosome and
liposome systems and can overcome their respective short-
comings, such as modification flexibility, yield, and endoge-
nous functionality, respectively.'” Sato et al designed
membrane-engineered exosomes by modifying the exosomal
interface through direct membrane fusion between liposomes
and exosomes using the freeze-thaw method and stated that
such hybrid exosomes would have lower immunogenicity
effects, higher colloidal stability, and improved biological half-
life.”*® The authors isolated exosomes from supernatants of
mouse fibroblast sarcoma-derived Raw 264.7 cell cultures and
fused them with fluorescently labeled liposomes by the freeze—
thaw method. The lipid dilution ratio was evaluated as a func-
tion of fusion efficiency and was found to be 1.6-fold higher for
the exosome-liposome system compared to the liposome-
liposome system due to the interaction of liposomal lipids with
membrane proteins on the exosomal interface. Exosomes iso-
lated from CMS?7 cells overexpressing the HER, receptor were
also fused with liposomes, which showed a higher fusion effi-
ciency compared to the Raw 264.7 exosome-liposome system.
The comparative cellular uptake efficiency of fluorescently
labeled plain exosomes and hybrid exosomes in HeLa cells
displayed a significantly increased uptake of hybrid exosomes,
almost two-fold, compared to untreated exosomes (750 counts
vs. 350 counts). The authors concluded that modifying the
exogenous lipids could significantly impact the interaction
between the exosomes and their target cells." In yet another
study, Rayamajhi et al. designed DOX-loaded hybrid exosomes
through membrane fusion between mouse macrophage
(J774A.1) derived exosomes and synthetic liposomes (Fig. 4a)
and exploited their potential for breast tumor-targeted
delivery.'” In addition to the freeze-thaw method, hybrid exo-
somes can be designed by a membrane extrusion method that
produces a slightly larger vesicle (177 nm) compared to
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Fig. 4 DOX loaded hybrid exosomes. (a) Schematic representation depicting the fabrication of hybrid exosomes by membrane fusion between
mouse macrophage (J774A.1) derived exosomes and synthetic liposomes, (b) TEM images of liposomes, exosomes, and hybrid exosomes, and (c)
confocal image showing cellular internalization in mouse breast cancer cells 4T1 with Rhodamine-B labeled liposomes and hybrid exosomes
after 3 h of incubation, and untreated cells were used as a control. The highest internalization was observed with hybrid exosomes compared to
liposomes (this figure has been reproduced from ref. 109 with permission from Elsevier, copyright 2019).

exosomes (139 nm) and liposomes (131 nm), since exosomes
were inserted into a lipidic bilayer (Fig. 4b). Protein analysis
confirmed the presence of major protein markers like CD81,
CD63, and CD9 and tumor susceptibility gene 101 protein in
hybrid exosomes. DOX loading efficiency was found to be 99%.
Cellular internalization in mouse breast cancer cells (4T1) using
Rhodamine-B labeled liposomes and hybrid exosomes revealed
higher internalization with hybrid exosomes after 3 h of incu-
bation and suggested higher selectivity for the hybrid system
compared to plain carriers towards tumor cells (Fig. 4¢).**®

Following cancer drug delivery, modified exosomes were also
applied to liver diseases. Phillygenin (PHI) is a substance that
protects the liver and can impede the progress of fibrosis by
inhibiting the activation of hepatic stellate cells (HSCs).
Unfortunately, its low aqueous solubility has created challenges
for its application within a clinical environment. Gong and
colleagues (2023) have developed a drug delivery system called
PHI-HA-mEXO that uses milk-derived exosomes (mEXO) as
nanocarriers. PHI is encapsulated in mEXO and then conju-
gated with hyaluronic acid (HA) that confers specificity to HPH-
A-mEXO. This system can bind to CD44 (over-expressed on the
HSC surface with the progression of liver fibrosis), which
facilitates the delivery of PHI to activated HSCs (aHSCs) through
endocytosis. Effective delivery of PHI results in the induction of
aHSC death without affecting quiescent HSCs and hepatocytes.
The PHI-HA-mEXO system shows encouraging results in alle-
viating liver fibrosis through an aHSC-targeted mechanism.'!
Several other hybrid exosome-based investigations are listed in
Table 2 along with their outcomes.

Although exosomes from cancer cells have proved to be
efficient in drug delivery, there is always a risk that their cargo
(DNA, RNA, and protein) may produce specific outcomes on

5810 | Nanoscale Adv., 2024, 6, 5803-5826

cancer progression involving angiogenesis, invasion and
metastasis."*® In fact, recently, a patient-oriented therapy study
conducted by Hyung et al. investigated the effects of exosomes
on gastric cancer (GC) invasiveness and angiogenesis in an ex
vivo 3D autologous tumor spheroid microfluidic system. The
study used exosomes derived from malignant ascites (MET
oncogene-amplified and non-amplified) to validate the role of
exosomes in GC progression. The microfluidic system was
intended to mimic the fluid interfaces observed in patients
suffering from peritoneal disease. For individuals with MET
amplification, there is a consistent and deliberate packaging of
MET into the exosomes, which aligns with the findings of
primary tumor genomics. The study demonstrated the uptake
of exosomal MET by the tumor cells, leading to increased
invasion and angiogenesis, while the MET depleted exosomes
impaired the invasion and angiogenesis of MET-amplified GC.
Thus, the study evidently showed that manipulating exosomal
content, similar to MET depletion, may significantly impact the
target cancer cells to be more sensitive towards MET-directed
therapies, as shown in Fig. 5 and this strategy can be of thera-
peutic value in impeding cancer progression.'*®

A new approach for mitigating the risks of tumorigenic
exosomes is the use of reassembly-exosomes (R-EXO). These
modified cancer cell-derived exosomes are prepared by a brief
sonication process with intermittent breaks, followed by reas-
sembly in an aqueous environment. The so-formed R-EXOs are
devoid of internal contents and yet retain the cell membrane
and other characteristic proteins that impart natural homolo-
gous targeting ability. In a recent study, R-EXOs were derived
from homologous glioma cells and were loaded with temozo-
lomide (TMZ) and dihydrotanshinone (DHT), a chemo-immune
combination therapy that may alleviate the TMZ drug resistance

© 2024 The Author(s). Published by the Royal Society of Chemistry
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exhibited by glioma cells. R-EXO-T/D nanoparticles have several
advantages, including their small size, which allows them to
penetrate the BBB more easily, their ability to accumulate in
tumors and their improved anti-tumor activity. These advan-
tages can help overcome resistance to TMZ and stimulate the
immune system to fight cancer.**

4. Drug loading and release from
exosomes

Efficient loading of active materials into exosomes without
compromising the integrity and stability of a loaded drug is
a colossal challenge. Sufficient drug loading is critical when
developing exosomal drug products as it involves numerous
factors such as the source of exosomes,* the nature of the drug,
drug loading methods, etc. Methods of loading active cargo into
exosomes can be categorized into three methods, viz., exoge-
nous loading (post-loading), endogenous loading (pre-loading),
and a fusion method.”” The exogenous and fusion loading
methods are more popular compared to endogenous methods
in terms of loading efficiency and stability of exosomes. Exog-
enous loading can be achieved through several methods like

5814 | Nanoscale Adv, 2024, 6, 5803-5826

freeze-thaw cycles, incubation, electroporation, sonication,
extrusion, and saponin-mediated loading. A comparison of the
loading efficiency (%) of catalase enzymes into RAW264.7
macrophage-derived exosomes is illustrated in Table 3.

The incubation method is the easiest method involving the
mixing of isolated vesicles with the cargo. In this method, the
drug permeates across the exosomal membrane by passive
diffusion during incubation.***”'**7?¢ Although simple, incu-
bation is not often adopted due to the low loading effi-
ciency.””**® On the other hand, permeation enhancers could be
used to increase the drug loading efficiency into

Table 3 Catalase loading into 264.7 macrophage-derived exosomes
by different methods?”

Loading method Loading efficiency (%)

Incubation at room 4.9 £ 0.5%
temperature

Incubation with saponin 18.5 + 1.3%
Freeze-thaw cycle 14.7 £ 1.1%
Sonication 26.1 £ 1.2%
Extrusion 22.2 + 3.1%

© 2024 The Author(s). Published by the Royal Society of Chemistry
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exosomes.>”*®65%124 Ag shown in Fig. 6, the presence of saponin
significantly improved the loading efficiency of catalase and
porphyrin into exosomes and EVs without affecting their
sizes.*”*** Organic solvents like ethanol, dimethyl sulfoxide
(DMSO), or acetonitrile with concentrations up to 10% (w/v)
may be used to enhance the exosomal membrane perme-
ability, thereby enhancing the drug loading efficiency without
significantly affecting their physicochemical properties.**>%>
pH-gradients can also be used to increase the loading of drugs
such as piceatannol into extracellular vesicles, which showed
promising results.'” One should notice that all the studies
using the incubation method have been performed at room
temperature, which could adversely affect the stability and
therapeutic effects of exosomes. Incubation at lower tempera-
tures and increasing the time of incubation may be a suitable
alternative to overcome these issues with stability.
Electroporation is an approach commonly employed for
loading siRNA into exosomes.'”>'***3* The technique uses an
electric field to generate small pores in the phospholipid
bilayer, thereby allowing passage of the cargo into the vesicles.
However, a potential problem associated with electroporation is
the membrane damage, fusion, and aggregation of exosomes."**
This was also confirmed by Kooijmans et al, where the
disruption of the exosome integrity with electroporation was
demonstrated.”®* The study also highlighted other problems
such as the formation of insoluble siRNA when loaded into EVs,
which lead to the overassessment of the loaded siRNA and the
potential by-products that may influence the delivery.**>*** The

naive exosomes

incubation at RT

View Article Online
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authors proposed strategies like using ethylene diamine tetra-
acetic acid (EDTA), cuvettes with conductive polymer electrodes,
and acidic citrate electroporation buffer to reduce the aggre-
gation. Nevertheless, siRNA encapsulated within the EVs was
extremely low."®> The drug nanocarrier development in exo-
somes has faced challenges due to limited drug encapsulation
efficiencies and complicated drug-loading procedures. A new
acoustofluidic device has been reported that can perform drug
loading and exosome encapsulation simultaneously. Using
acoustic radiation force, microstreaming, and shear stresses in
a rotating droplet, the device produces drug-loaded silica
nanocarriers enclosed in an exosomal membrane. This acous-
tofluidic drug loading system is a facile drug loading method
that enhances drug loading efficiency, with almost 30% of free
drug molecules (such as DOX) being loaded into the nano-
carriers.” Active loading methods using energy were reported
to enhance the transport of cargo into exosomes. Nevertheless,
the applied energy could potentially damage the exosome
structure and cause the aggregation of components like
proteins. Mild sonication did not affect the proteins of exo-
somes and significantly enhanced the loading efficiency of
drugs, yet it may lead to a significant increase in exosome
size.?”2%13%136¢ Gholami Farashah et al. (2023) investigated the
effects of two different methods of loading estradiol onto bone
marrow mesenchymal stem cell (BMMSC)-derived exosomes,
namely incubation and sonication methods, on the survival of
BMMSCs. The researchers identified that the spherical
morphology of the exosomes was preserved irrespective of the

incubation with saponin

Fig. 6 AFM morphology of catalase-loaded exosomes prepared by different methods (this figure has been reproduced from ref. 27 with

permission from Elsevier, copyright 2015).
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condition. On the other hand, the particle size was increased
significantly when loaded by the sonication method.”” In
another study, PTX was packaged into macrophage-derived
exosomes using sonication, incubation, and electroporation
methods and Kim et al. reported higher loading efficiency of
PTX into exosomes with sonication over incubation and elec-
troporation methods (28.29% vs. 1.44% vs. 5.3%). It should be
noted that sonication did not alter the contents of the exosomes
(protein and lipid) but the size of PTX-loaded exosomes was
significantly higher (287.7 nm) compared to incubation (132.2
nm) and electroporation (145.3 nm) methods."* This result was
in line with the outcome reported by Haney et al., who also
claimed the highest loading efficiency for catalase into
RAW264.7 macrophage-derived exosomes with the sonication
method (Table 3) over other post-loading approaches. Although
not the highest, the loading efficiency of catalase through the
extrusion method was comparable to that of sonication.>” The
extrusion method involves the passing of the drug and vesicle
mixture through a syringe-based lipid extruder containing
different pore-size polycarbonate membranes ranging from 100
to 400 nm. Transient change and/or disruption in the vesicle
membrane enabled the loading of drugs into the vesicles.**®
Porphyrin was loaded into different cell-derived exosomes by
the extrusion method using a hand-held mini-extruder and
polycarbonate membranes of 400 nm pore size.'** A comparison
of other loading methods like electroporation and saponin-
mediated incubation concluded that the extrusion method
showed variation in zeta potential over the other two methods,
which could be attributed to the modulation of the vesicle
membrane components since the vesicles were extruded 31
times. As a result, even porphyrin loading was lowest with the
extrusion method and exosomes showed cytotoxicity, while the
cytotoxicity level with the other two methods was significantly
lower."”* Chemical transfection using cationic lipids is an
alternative for loading siRNA into exosomes, although it is
challenging to separate siRNA exosomes from the micelles used
in the chemical transfection protocol.*****® The freeze-thaw
cycle, extrusion, and hypotonic dialysis are some uncommon
methods used for loading drugs into exosomes. However, all of
these methods were reported to cause an increase in exosome
size.””"* Like all other pharmaceutical processes, the drug
loading methods must be scalable and have their validation
established. To our current understanding, there are no reports
on the use of exosomes as carriers for hydrophilic drugs,
presumably due to the lack of a method for efficiently trans-
porting hydrophilic drugs across the lipid membrane of exo-
somes without disrupting it. Our recent data showed that the
loading efficiency of sulforhodamine B into M-Exos using
passive incubation was extremely low. However, with a minimal
amount of organic solvent, the entrapment could be improved
without any damage to the exosome membrane.

The source of the exosome and release conditions have
a huge impact on the release of active cargo from the exosome.
PTX-loaded macrophage-derived exosomes showed a burst
release within the first three hours in PBS pH 7.4, followed by
a sustained release profile. However, the maximum release of
PTX from exosomes was 70% in 150 h.' In contrast, M-Exos

5816 | Nanoscale Adv,, 2024, 6, 5803-5826
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Fig. 7 In vitro release profile of DOX-loaded exosomes in pH 5.0
acetate buffer and pH 7.4 phosphate buffer (this figure has been
reproduced from ref. 126, with permission from American Chemical
Society, Copyright 2016).

showed complete release of PTX within 24 h in PBS pH 7.4
containing tween 80."® The above differences in PTX release
could be due to the differences in the source of exosomes and
the release conditions. The pH could significantly impact the
release rate of drugs from exosomes. For instance, a study was
conducted to investigate the release of DOX from exosomes
under two conditions: pH 7.4 and pH 5.0 representing the
physiological environment and late endosomes. Burst release
was observed under both pH conditions. The release of DOX at
pH 7.4 was not complete and reached only 50% after 48 hours,
with about 40% release in the first 5 hours. The results may be
accounted for by the fact that DOX was not entirely entrapped
into exosomes but was just bound to the surface. On the other
hand, at pH 5.0 DOX was released slowly after 10 h and showed
complete release in 48 h (Fig. 7)."** Similarly, Wang et al. also
showed that the release of DOX from exosomes was higher
under acidic conditions (pH 5.5) than at pH 7.4.**° Since exo-
somes are of endosomal origin, the mildly acidic conditions
might not affect their structures, and therefore, the rapid
release of DOX is probably the result of high DOX proton-
ation.”*'* The release of unionized drugs like PTX was shown
to be slightly impacted by the pH of the release medium.
Agrawal et al. made a comparative study of the release of PTX
from M-Exos in fed-state simulated gastric fluid (pH 5.0),
intestinal fluid (pH 5.8) and PBS (pH 6.8). Interestingly, similar
initial release kinetics were observed in all the simulated fluids
suggesting the minimal effects of pH and enzymes on the PTX-
loaded exosomes. More than 90% of PTX was released in PBS
pH 6.8 in 48 hours.*

5. Exosome stability and storage
condition

While exosomes, as drug delivery vehicles, have created signif-
icant interest, novel approaches for improving their stability

have to be developed for realizing their translation into phar-
maceutical products. Physicochemical properties and protein

© 2024 The Author(s). Published by the Royal Society of Chemistry
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content are two main parameters commonly evaluated while
studying exosome stability. Unfortunately, most of the studies
only determine the effects of temperature on the exosome
stability and the reported data are also controversial.****** Lee
et al. reported the effect of storage conditions on the stability of
exosomes extracted from HEK 293 cell cultures. The exosomes
exposed to temperatures at and beyond RT were mostly
degraded in 30 min. Under long-term storage conditions, more
than 70% loss in CD63 was observed with incubation at 4 °C
and RT, compared to —70 °C storage. At RT for 10 days, the
exosome groups became well distributed compared to those
stored at —70 °C and freshly isolated. The results collectively
suggest that storing exosomes below —70 °C is a favorable
condition for maintaining their cargo/packaging. However,
studies beyond 10 days of storage would give us better insights
into their long-term stability.* In a related study, Agrawal et al.
reported that M-Exos had excellent shelf stability at —80 °C."**
The storage conditions not only affect the cargo but also their
size and integrity. Sokolova et al. observed the stability of
human cell-derived exosomes at different temperatures (—20°,
4°, and 37 °C) and revealed that the sizes of exosomes stored at
4 °C and 37 °C reduced." In a contrasting study, exosomes
collected from bronchoalveolar lavage fluid (BALF) stored at
4 °C and —80 °C showed an increase in diameter by 10% and
25%, respectively, in comparison to freshly isolated exo-
somes.'* Importantly, the authors also indicated that storage at
—80 °C even had stronger adverse effects on the surface
proteins, morphology, size, and zeta potential of those exo-
somes when compared to 4 °C. The stability of exosomes/EVs
also relies on the source including cell culture medium or
biological fluids. Various studies have shown that EVs isolated
from milk, serum, plasma urine, etc. have retained the protein
markers fairly well for 1 month of storage at —80 °C, provided
that the freeze-thaw cycle was restricted to 1 or 2 cycles."*>'*
Ruzycka-Ayoush and colleagues conducted a study to determine
the optimal storage buffer for exosomes derived from lung
cancer cells. The research revealed that PBS containing 25 mM
trehalose emerged as the most effective cryoprotectant for
maintaining the integrity of exosomes at —80 °C. Exosomes
stored under these conditions exhibited consistent concentra-
tion, size distribution, zeta potential and total protein cargo
level over time.'*® Several studies have also suggested that the
use of protease inhibitors like phenylmethylsulfonyl fluoride
(PMSF) or the all-purpose protease inhibitor cocktail can
preserve the exosomal proteins during storage.'*”*** In addition
to exosomes, it is also vital to assess the short-term and long-
term stability and functionality of drug-loaded EVs/exosomes.
DOX-loaded vesicles were stable when stored at 4 °C for one
week and the authors reported that drug-loaded vesicles had
similar pharmacological efficacy to kill H22-hepatocarcinoma
tumor cells even after one week.*** Lérincz et al. showed that
4 °C and —20 °C conditions significantly affected the size and
antibacterial effects of neutrophilic granulocyte-derived EVs.'*
Our group has investigated the stability of bovine M-Exos at 4 °C
and RT for 10 days. The M-Exos were found to be stable in PBS
and purified water in terms of particle size and size distribution
(data not published). We have also evaluated the impact of

© 2024 The Author(s). Published by the Royal Society of Chemistry
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temperature on the stability of SN-38 loaded exosomes and SN-
38 solution for up to five days. The SN-38 content in exosomes
was stable at RT and 4 °C, while its solution showed an almost
1.5-fold decline in the content after 5 days under both storage
conditions, concluding that exosomes could be a promising
carrier to protect and deliver antineoplastic drugs like SN-38.
The studies on the stability of exosomes in physiological
fluids are extremely critical since the design of exosomal drug
formulations is significantly affected by these fluids. Unfortu-
nately, not enough attention has been paid to this area and the
reported data were also minimal. Agrawal et al. reported that the
size of M-Exos had outstanding stability when exposed to
simulated gastrointestinal fluid.>® A study by Wang et al
exhibited that nanovesicles from grapefruits were relatively
stable in mouse gastrointestinal fluid in terms of surface
charges and particle sizes.®” One can notice that exosomes used
in stability tests were all in aqueous dispersion, so making
lyophilized products of exosomes might be a good approach for
overcoming the stability problems. Additionally, data on the
stability of drug-loaded exosomes are very limited. It remains to
be determined whether loaded drugs are retained in exosomes
or drugs are gradually released from exosomes during storage.
Our research group has been working on the stability of exo-
somes, which has been poorly defined so far. Limited stability
studies on milk-based exosomes revealed that the loaded drug
(coumarin-6) continuously released from the exosomes when
stored in a liquid state even at 4 °C, as fluorescence intensity
gradually decreased from day zero till the fourth day. In
contrast, lyophilization improved the stability with constant
fluorescence intensity for coumarin-6 from freeze-dried exo-
somes (0.5% w/v glycine) for up to four days, indicating the
absence of leakage (data not published). Although several
studies have indicated that the storage of exosomes at —80 °C is
optimal, it may not be practical for general use. Appropriate
storage conditions such as temperature, avoiding frequent
freeze-thaw cycles, and using an appropriate cryoprotectant
and a storage buffer would help to ensure the reliability and the
usefulness of exosomes in a clinical setting.

6. Exosome formulation and route of
administration

The formulations of exosomes commonly tested in in vivo
studies are simple aqueous dispersions without other excipi-
ents,'7:?62748125150 Early studies in our laboratory indicated that
lyophilization improved the stability and prevented the leakage
of the drug, and a significant change in the size of lyophilized
exosomes was observed 1 day after storage at 4 °C in the absence
of cryoprotectants. However, the inclusion of cryoprotectants
remarkably improved the exosome stability during lyophiliza-
tion (Fig. 8). Further research on optimizing the optimal
concentration of cryoprotectants and understanding the
mechanism of the cryoprotectants is underway. In addition, our
group is currently investigating the impacts of other
manufacturing processes like filtration and sterilization on the
stability and drug release of exosomal formulations.
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Fig. 8 Effect of cryoprotectants on the recovery of lyophilized bovine
milk-derived exosomes. While original exosomes are stable before
lyophilization, the size of lyophilized exosomes without cryoprotec-
tants tripled within 1 day. Using cryoprotectants enhanced the stability
of exosomes during lyophilization. Mannitol and glycine 0.5% (w/v)
have shown the best effects (cryoprotectant concentration was 0.5%
w/v and reconstituted samples were stored at 4 °C).

The administration route plays a pivotal role in defining the
design of drug formulations. Whilst numerous studies have
concentrated on drug delivery and targeting by IV and intra-
peritoneal routes, subcutaneous injection was also re-
ported.'7?%*#13° Wassmer et al. investigated an intravitreal
administration of exosome-associated adeno-associated virus
(ex0-AAV) for gene delivery into the murine retina. The authors
encapsulated an AAV genome containing a green fluorescent
protein (GFP) into an exo-AAV2 vector and injected it into adult
mice intravitreally. After four weeks post-injection, exo-AAV2
demonstrated enhanced penetration into the retina, effec-
tively reaching the inner nuclear and outer plexiform layers.
This suggests that Exo-AAV2 can serve as a reliable gene delivery
tool for the retina."* No topical ocular formulations based on
exosomes have been reported yet. However, topical application
of exosomes has attracted significant attention in recent years
for cosmetics™? and for treating skin-related disorders such as
psoriasis.’* Tofacitinib (TFC) loaded keratinocyte exosomes
were used for the treatment of psoriasis. The drug-loaded exo-
somes were mixed with a cold cream base and the anti-
inflammatory properties were assessed on in vitro and in vivo
disease models. The topical formulation of the TFC loaded
exosomes targeted the immune cells that induce psoriasis
inflammation and showed a higher therapeutic effect on animal
models compared to free TFC.™ Intranasal administration
provides a very convenient and rapid route for transporting
drugs to the central nervous system (CNS). It was shown that
drugs administered intranasally could traverse the single
epithelial cell layer directly to the systemic bloodstream or
along the olfactory nerve cells, eluding the BBB."**'** Moreover,
this approach is appealing, as it offers the potential for non-
invasive, repetitive treatments with high levels of patient
adherence. Interestingly, intranasal routes have been used in

5818 | Nanoscale Adv., 2024, 6, 5803-5826
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some studies to deliver exosome formulation to the brain.
Curcumin exosomes were applied intranasally to treat brain
inflammatory diseases.'” In a related study, Haney et al. used
a Parkinson's disease mouse model and demonstrated a higher
accumulation of catalase-loaded exosomes in the brain with
intranasal administration in comparison to IV injection.””
When engineered exosomes were used to deliver Cre-
recombinase proteins via the intranasal route in mice, exo-
somes were found predominantly distributed in recipient
neurons in different brain regions like the olfactory bulb,
cortex, striatum, hippocampus, and cerebellum, suggesting
their capability to deliver protein molecules across the BBB.***
The potential of exosomal formulations for oral delivery has not
been highly explored, except in a few studies, presumably due to
their vulnerability to an acidic environment and the presence of
proteolytic enzymes in the GI tract. Wang et al. isolated nano-
vesicles from grapefruits and used them as carriers for metho-
trexate (MTX) delivery to treat colitis mice.®> MTX-loaded
nanovesicles showed significantly lower toxicity and enhanced
therapeutic effects compared to free MTX, suggesting the
potential of these nanovesicles in oral drug administration.
Agrawal et al. used M-Exos for oral delivery of PTX and reported
a significant reduction in tumor growth in a murine lung tumor
xenograft model.* Although the surface charge and particle size
in simulated gastrointestinal fluids were used as the parameters
to indicate exosome stability, it is not clear if the loaded drug
was retained in the exosomes, as the impact on drug encapsu-
lation and/or loading was not evaluated.>*** Detailed stability
studies on nanovesicles/exosomes in the gastrointestinal tract
are warranted because the lipid and protein components of the
vesicle are extremely vulnerable, thereby increasing the leakage
of loaded drugs, resulting in stability problems.

7. Pre-clinical studies on exosomes

To develop exosomes as delivery vehicles, it is crucial to
comprehend the mechanism and locations of exogenously
administered exosome absorption, distribution, and elimina-
tion in vivo. The cellular uptake of bovine M-Exos was reported
to be mediated by endocytosis via exosome surface glycopro-
teins.” Although pharmacokinetic data are sparse, some
suggest that exosomes undergo rapid clearance from the
bloodstream and are dispersed to specific tissues depending on
their source. For example, an in vivo mouse model showed that
both intravenously and intraperitoneally administered exo-
somes rapidly cleared from the blood circulation and accumu-
lated mainly in organs like the liver, spleen, and kidneys.>**® In
a related study, B16-BL6 murine melanoma cell-derived exo-
somes largely accumulated in the liver and lungs and to a lesser
extent in the kidneys.*****” Wiklander et al. analyzed the in vivo
distribution of exosomes from different cell sources: B16F10
murine melanoma cells, C2C12 murine myoblast cells, bone
marrow-derived DCs, and HEK293T human embryonic kidney
cells. Size distribution analysis revealed that exosomes from
different cell sources were within 100-150 nm. Although all
exosomes were predominantly found in the liver, spleen, lungs,
and GI tract after IV administration, distinct differences were

© 2024 The Author(s). Published by the Royal Society of Chemistry
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also observed. C2C12 murine myoblast cell-derived exosomes
displayed more substantial liver accumulation, B16F10 murine
melanoma cell-EVs were more readily found in the GI tract, and
bone marrow-derived DC-EVs showed increased accumulation
in the spleen.'”® The differences in the biodistribution of exo-
somes from different sources might account for the heteroge-
neity in exosomal surface biomarkers.** Also, it is observed that
the macrophages may have a vital role in the systemic clearance
of B16-BL6 cell-derived exosomes.'*

A systematic in vivo study on the use of exosomes as a therapy
to treat spinal cord injury was performed by Guo et al. Success
in treating spinal cord injury is limited, leading to compro-
mised cognitive and behavioral functions as well as permeant
neurological deficits, which underscores the necessity to target
the diminished neuronal and axonal regions, particularly
phosphatase and tensin homolog (PTEN) levels. An MSC-
derived exosome loaded with PTEN-siRNA (ExoPTEN) for
intranasal delivery was designed to improve the expression of
PTEN and to treat spinal cord injured rats. The study involved
the administration of PTEN-siRNA and ExoPTEN via intrale-
sional and intranasal routes into rats with complete spinal
injury. The BBB locomotor score for each study group was
observed up to 8 weeks. Intranasal ExoPTEN-treated rats led to
significant locomotor recovery (p < 0.001) compared to other
groups and 28.6% of this group rats showed a BBB locomotor
score >14, illustrating steady plantar stepping, toe clearance,
and stable forelimb-hindlimb coordination. In vivo MRI images
(Fig. 9) confirmed the integrity of the spinal cord after intra-
nasal EXoPTEN treatment. The results observed are very prom-
ising and can have huge therapeutic applications in
neurological disorders.'**

Recently, an in vivo study was conducted to assess the
potential and the toxicity of IV administered hybrid exosomes.
Parts of the exosomes that confer targeting ability (exosomal
membrane) were coated over polymeric nanoparticles to
improve their circulation time by evading the immune system.
Exosomal membrane modified poly(lactic-co-glycolic acid)
(PLGA) nanoparticles with AS1411 aptamers (AS-EP) were
developed for better tumor targeting. AS-EP was assembled
within 10 minutes using microfluidic sonication and
cholesterol-modified aptamer functionalization. These AS-EPs
exhibited enhanced in vivo circulation and high tumor-
targeting efficiency through specific binding to nucleolin on
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tumor cell membranes. The IV administration of AS-EP to mice
was safe and did not trigger any pathological anomalies. This
study provided new insights for creating and functionalizing
biomembrane-coated nanoparticles for targeted drug
delivery.’® In a related study, chemotherapeutics were loaded
into aptamer modified hybrid exosomes and their bio-
distribution was investigated post IV administration in a mouse
colon adenocarcinoma model. DOX loaded MSC exosomes were
developed for this purpose and were decorated with the MUC1
aptamer (DOX@exosome-apt), providing selective drug delivery.
DOX@exosome-apt efficiently transported DOX to MUCI-
positive cancer cells, significantly suppressing tumor growth
in vivo compared to free DOX. Ex vivo fluorescent imaging
verified DOX@exosome-apt's desirable biodistribution.’® In
addition to intranasal and IV, in vivo studies were also per-
formed on oral administration of hybrid exosomes. For
instance, Han et al. investigated the effectiveness of treating
colitis in mice using M-Exos and exosomes from HEK293T (H-
Exos) loaded with TNF-o. siRNA (M-Exo/siR) and labelled with
Cy5.5. The organ distribution and pharmacokinetics of the Exos
from both sources were observed in mice post oral adminis-
tration. The distribution results showed intense fluorescent
signals only within the GI tract of M-Exos fed mice (Fig. 10A).
The presence of M-Exos in the GI tract is believed to be due to
the unique composition of lipids in M-Exos. Further evaluation
of the physicochemical properties of these Exos from a lip-
idomic standpoint (Fig. 10B) unveiled the presence of TAG
(three fatty acids esterified to a glycerol backbone) constituting
over half of the lipids in M-Exos.***

From a therapeutic perspective of engineered/hybrid exo-
somes, Zhang et al. developed biomimetic artificial chimeric
exosomes (ACEs) using RBC and MCF-7 cell membrane proteins
in the form of artificial exosomes (ARE and AME) and fused
them with liposomes. These hybrid exosomes were shown to
have individual cell specific protein markers of RBC (CD47) and
MCF-7 (EpCAM, galectin 3, and cadherin) and were loaded with
DOX.'** The encapsulation of DOX in ACE (90%) was compa-
rable with that of liposomes, ARE and AME (91-93%), which
denotes that the inclusion of membrane proteins did not
significantly alter the loading efficiency. An in vivo imaging
study using indocyanine green fluorescent dye in MCF-7 tumor-
bearing mice exhibited no fluorescence signals with liposomes
up to 24 h and very little fluorescence with AME and ARE in the

Healthy

In vivo MRl imaging showing sagittal images with 4 mm caudal and rostral to the T10 epicenter in healthy rats or the injury epicenter in

untreated (transection), exosome-treated, or ExoPTEN-treated rats. A large cyst (white arrow) is seen around the epicenter in the untreated
spinal cord injured control rats. Exosome and ExoPTEN treated groups showing neural tissue regeneration and organization (scale bar: 2 mm)
(this figure has been adapted from ref. 161, with permission from American Chemical Society, Copyright 2019).
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Fig. 10 Stability and lipid composition analysis of M-Exos and H-Exos. (A) Bio-distribution of Cy5.5-labeled M-Exos. After oral administration of
saline, cyanine 5.5, cyanine 5.5-labeled H-Exos, and cyanine 5.5-labeled M-Exos to 8 week-old female BALB/c. (B) Tissue images of Cy3-labeled
siRNA absorbed into the stomach, small intestine, and colon. Green (cyanine 3-labeled TNF-a siRNA). (C) Lipidomics analysis of M-Exos
compared to H-Exos [data are represented as mean + SD (n = 4)]. (D) Lipid composition ratio constituting H-Exos and M-Exos (this figure has
been adapted from ref. 164, with permission from Elsevier, Copyright 2024).

tumor region after 8 h, while the ACE treated group showed the
highest fluorescence signals with enhanced tumor accumula-
tion (Fig. 11a). Imaging data were in line with in vivo bio-
distribution, whereby the tumor showed the highest DOX
concentration 24 h post-injection. Compared to liposomes, ACE
showed more than three-fold higher DOX accumulation in
tumors, while the liver and kidneys showed approximately 40%

reduction in DOX accumulation, suggesting enhanced

5820 | Nanoscale Adv., 2024, 6, 5803-5826

circulation and physiological stability of the developed hybrid
ACE in cancer therapy (Fig. 11b).**® The authors also evaluated
the antitumor efficacy in MCF-7 tumor xenograft models with
an initial tumor volume of 80 mm® and on the 18th day the
tumor volume was ~1260, ~965, ~721, and ~307 mm?® after
treatment with liposomes, ARE, AME and ACE, respectively,
which showed the enhanced potential antitumor efficacy of ACE
(Fig. 11c and d).**

© 2024 The Author(s). Published by the Royal Society of Chemistry
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In vivo biodistribution, pharmacokinetics and antitumor efficacy of liposomes, AME, ARE and ACE after intravenous injection; (a) time-

lapse fluorescence imaging in MCF-7 breast tumor-bearing nude mice showing the highest fluorescence signal with ACE after 8 h, (b) bio-
distribution of DOX at 24 h after intravenous administration at a dose of 6 mg kg™ (means + SD, n = 3) revealing the highest accumulation of
DOXin tumor with ACE, (c) tumor growth curves of different groups after treatments up to 18 days (means 4+ SD, n = 5; t-test, *p < 0.05, and **p <
0.01) showing very slow increase in tumor growth with the lowest tumor volume after ACE treatment and (d) representative tumor photos
indicating tumor volume from MCF-7 tumor-bearing mice after treatment with (1) PBS, (2) liposomes, (3) ARE, (4) AME and (5) ACE (this figure has
been reproduced from ref. 165, with permission from Royal Society of Chemistry, Copyright 2010).

8. Quality control and translation of
exosomes

The standardization of the quality control parameters of exo-
somes for pharmaceutical applications is very crucial. Factors like
size, size polydispersity, protein content, lipid content, and batch-
to-batch variation should be taken into consideration.'*® Like
other types of nanoformulations, exosome size and polydispersity
could potentially affect biodistribution, clearance, permeability
across physiological barriers, and cellular uptake.'” In some
cases, the surface protein content of exosomes significantly
contributes to the targeting and the fusion-with-target cells.'**'*
Several investigations have revealed that exosomes are relatively
safe for application in humans,"”**”* but immunogenicity could
be a potential side effect due to the high protein content in exo-
somes. Additionally, RNA in exosomes could be a source of
chronic adverse effects. Therefore, the toxicity standard should
also be considered when developing drug products based on
exosomes. With the ever-growing exosome database and the
constant changes that are made with discoveries, it is challenging
to develop standard protocols or manufacturing practices. Whilst

© 2024 The Author(s). Published by the Royal Society of Chemistry

several pharmaceutical companies are on the verge of advance-
ment in exosome based medical interventions, the establishment
of good manufacturing practice facilities for the preparation of
exosomes remains crucial. With lyophilization being a useful
technique to preserve the exosomes and transport them for over
36 months at 4 °C, the translation of therapeutic exosomes from
bench to industry is within reach.

Exosome application has been explored in several phase I
clinical studies, mainly focusing on the immunotherapy of
cancer. A phase I study using exosomes purified from autologous
monocyte-derived dendritic cell cultures was accomplished in
patients with melanoma stage IIIB-IV and tumor MAGE3 antigen
positive. Patients were reported to tolerate the treatment well with
no grade II toxicity, suggesting the safety of exosome adminis-
tration."”” A similar strategy was presented in another phase I
study among patients with progressed (stage IIIB-IV) non-small
cell lung cancer and tumor expression of MAGE-A3 or A4. Leu-
kapheresis was performed to generate dendritic cells that
produced exosomes and was further loaded with several MAGE
peptides. Patients well tolerated the exosomes and interestingly,
some patients encountered enduring disease stability and
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activation of immune responses.*”® Importantly, these two studies
also suggest the viability of adhering to good manufacturing
practices (GMPs) to produce dendritic cell-derived exosome
vaccine."”*® A phase I study of autologous ascites-derived exo-
somes in combination with granulocyte-macrophage colony-
stimulating factor (GM-CSF) for colorectal cancer was also per-
formed."” It was found that ascites-derived exosomes, as a stand-
alone treatment and in combination, were safe and well tolerated.
However, the combination of ascites-derived exosomes with GM-
CSF demonstrated immunological antitumor responses that
were lacking in exosome-alone therapy.”” Currently, there are over
90 active trials on native/engineered exosomes for multiple organ
failure, tumors, respiratory disease syndrome, diabetic retinop-
athy, etc. Since exosomes represent a new frontier in therapeutics,
no specific guidelines exist for their manufacturing and quality
assessment. Setting up suitable cell culture and exosome purifi-
cation methodologies requires conscious decisions as the quality
and functionality of exosomes are markedly affected by the cell
source and the purification conditions. Developers need to
collaborate closely with regulatory authorities to preemptively
resolve any unforeseen issues. Comprehensive discussions with
the industry should establish regulatory guidelines to prevent
inappropriate use.'”

9. Conclusion and future
perspectives

The exploration of exosomes as next-generation drug delivery
systems represents a promising frontier in pharmaceutical
research, particularly in the context of targeted therapies for
genetic disorders and cancer. Compared to traditional nano-
particulate systems like liposomes, exosomes are positioned as
superior candidates due to their intrinsic properties derived
from structural components such as proteins, nucleic acids,
and lipids. The potential advantages of exosomes in achieving
targeted delivery and reducing off-target effects underscore
their significance in advancing therapeutic strategies. However,
despite these promising attributes, several critical challenges
must be addressed to transform exosomes into viable drug
delivery systems for clinical practice.

One major area of focus is enhanced production and scal-
ability. Developing standardized protocols for the isolation,
purification, and characterization of exosomes is crucial for
ensuring reproducibility and quality control across different
production batches. Additionally, investing in scalable produc-
tion technologies, such as bioreactor systems and high-
throughput isolation methods, may facilitate large-scale
manufacturing, making exosome-based therapies more feasible
for clinical use. Drug loading and release mechanisms must also
be optimized. Innovations in drug loading techniques are
needed to increase the payload capacity of exosomes without
compromising their stability and functionality. Additionally,
designing exosomes for controlled release of their therapeutic
cargo in response to specific physiological conditions could
improve efficacy and reduce side effects. Research into formu-
lations that enhance the stability of exosomes under practical
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storage conditions is also essential. Potential strategies may
include the use of stabilizing agents or advanced lyophilization
techniques. Moreover, comprehensive studies to determine the
shelf-life and long-term stability of exosome formulations under
various conditions will be critical for their practical application.

In vivo performance also requires attention, particularly the
need for an extended circulation time of exosomes in the
bloodstream. Developing methods such as surface modifications
or encapsulation technologies could improve their therapeutic
efficacy. Furthermore, research on targeting mechanisms is
necessary to optimize exosome delivery to specific tissues or
cells, based on their origin and the disease being targeted,
thereby enhancing therapeutic precision. The exploration of
hybrid systems offers another avenue for advancement.
Continued investigation into hybrid exosome systems that
combine natural exosomes with synthetic elements or other
nanoparticles may address current limitations such as stability
and drug loading. However, rigorous testing and validation of
these hybrid systems are essential to ensure their safety, efficacy,
and compatibility with biological systems. In addition, regulatory
and ethical considerations play a vital role in the approval of
exosome-based therapies. Developing clear regulatory guidelines
and frameworks for approval and commercialization will be
important for widespread adoption. Additionally, addressing
ethical concerns related to the source of exosomes, particularly
those derived from human tissues, is necessary for responsible
research and application. Finally, the success of exosome-based
therapies hinges on well-designed preclinical and clinical trials
to assess efficacy, safety, and potential side effects.

In conclusion, while exosomes hold great promise as
advanced drug delivery vehicles, substantial research and
development are required to address their current limitations.
To advance exosomes as drug delivery systems, several key areas
including production, stability, storage, in vivo performance,
drug loading and release, and regulatory and ethical consider-
ations need attention. Addressing these areas will be crucial for
ensuring the translation of exosomes from experimental plat-
forms to practical, reliable therapeutic solutions.
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