Expanding the Role of Exosomes in Drug, Biomolecule, and Nanoparticle Delivery
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Exosomes are nanoscale extracellular vesicles released by diverse cell types, serving
essential functions in intercellular communication and physiological processes. These vesicles
have garnered considerable interest in recent years for their potential as drug delivery systems,
attributed to their natural origin, minimal immunogenicity, high biocompatibility, and capacity to
traverse biological barriers, including the blood-brain barrier. Exosomes can be obtained from
diverse biological fluids, rendering them accessible and versatile vehicles for therapeutic
medicines. This study emphasizes the burgeoning significance of exosomes in drug
administration, concentrating on their benefits, including improved stability, target selectivity,
and the capacity to encapsulate various biomolecules, such as proteins, nucleic acids, and
small molecules. Notwithstanding their potential applications, other problems remain, including
as effective drug loading, industrial scalability, and the standardization of isolation
methodologies. Overcoming these hurdles via new research is essential for fully harnessing
the promise of exosomes in therapeutic applications, especially in the treatment of intricate

diseases like cancer and neurological disorders.
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1. Introduction

Exosomes were initially discovered in sheep reticulocytes in 1987, highlighting their
significance as small vesicles released from multi-vesicular structures during reticulocyte
development [1,2]. Initially, exosomes were considered as cellular mechanisms responsible for
eliminating unnecessary cellular components, portraying them as structures of limited
significance that solely focus on removing garbage [3]. As studies progressed, it became
evident that exosomes were not merely biological byproducts but played significant roles in
intercellular communication. Subsequently, exosomes have been found to encompass a
diverse array of biomolecules, including proteins, lipids, and nucleic acids, suggesting their
potential as effective carriers for genetic information and signaling molecules. In fact, recent
research has revealed the comprehensive treatment possibilities of exosomes in many
diseases such as autoimmune, cardiovascular, ocular and neurological diseases [4,5]. They
are present not just in sheep reticulocytes but also in several cell types and biological fluids,
including blood, urine, saliva, breast milk, tumor effusions, bronchoalveolar fluid, seminal fluid,
amniotic fluid, and cerebrospinal fluid [6]. Their content, derived from bioactive chemicals,
serves various essential functions in cellular communication and disease progression [7].
Target cells can absorb these chemicals, which subsequently affect biological processes such
as cell differentiation, proliferation, and survival [8]. Furthermore, exosomes have the essential
capability to traverse biological barriers, such as the blood-brain barrier, rendering them highly
advantageous as natural drug carriers for delivering therapeutic agents to the central nervous
system [9,10]. Moreover, exosomes have shown promise as biomarkers for disease diagnosis
and prognosis, highlighting their importance in clinical oncology [11]. In conclusion, the ability
of exosomes to convey molecular cargo between cells underscores their biological importance

in both physiological and pathological states.

Exosomes have been recognized as optimal vehicles for the delivery of therapeutic drugs
because of their low immunogenicity, good biocompatibility, stability, and advantageous
mechanical properties, as evidenced by numerous research studies [12—-14]. In the realm of
brain cancer treatment, exosomes are regarded as promising "Trojan horse" nanocarriers
owing to their biocompatibility, stability, and substantial loading capacity, effectively tackling
difficulties such as medication resistance and the permeability of the blood-brain barrier [15].
Furthermore, exosomes have enhanced biological activity and therapeutic efficacy relative to
non-exosomal cargo, highlighting its potential in cancer treatment [16]. Notwithstanding
problems such as drug loading constraints, exosomes continue to be a significant asset in the
progression of cancer therapy, particularly for gastrointestinal malignancies, where they
function as efficient drug delivery mechanisms [17]. Thus far, it has been examined as a

possible vehicle for therapeutic agents, including several RNA molecules and



immunomodulators, particularly anticancer pharmaceuticals, and its efficacy in diagnostic
methodologies has been substantiated [18]. Studies indicate that exosomes, particularly those
secreted by tumors, can be identified and analyzed in the plasma of cancer patients, providing
information regarding disease status and progression [19]. The clinical significance of
exosomes in delivering established tumor markers and their increased expression in tumor
patients relative to normal controls underscores their role in improving clinical treatment and
patient outcomes [20]. Moreover, despite the respectable characteristics of exosomes, their
application as drug delivery vehicles faces with several obstacles [21]. These include
difficulties associated with extraction and separation, encapsulation and loading,
immunogenicity and clearance, heterogeneity and characterization, storage and stability, along

with regulatory and technological issues [22—24].

This review offers a thorough examination of exosomes, elucidating their biological importance
in intercellular communication and therapeutic potential. The manuscript commences with an
examination of the physiological functions and origins of exosomes, which is subsequently
followed by an examination of their isolation from a variety of biological fluids. Key sections
address recent developments in the field of biomolecule and drug delivery applications, with a
particular emphasis on the strategic integration of active compounds into exosomes, such as
nucleic acids, proteins, and small molecules. Furthermore, this review discusses targeted
delivery strategies, including exosome engineering and surface modifications, to improve
selectivity and improve therapeutic efficacy. In order to illustrate the current status and potential
for transference into clinical practice, clinical trials that demonstrate exosome-based therapies
are also examined. In conclusion, the review emphasizes the potential of exosomes as
versatile instruments for both diagnostics and therapy by highlighting their role in the delivery
of imaging agents. By addressing these multifaceted aspects, this article aims to provide a
comprehensive comprehension of the most recent developments and obstacles in the field of
exosome research, as well as to contribute valuable knowledge for future therapeutic

innovations.

2. Applications of Exosomes as Delivery Systems

Research on exosomes has rapidly expanded over recent years, revealing their significant
potential in diagnostics, therapeutics, and drug delivery systems. Exosomes have emerged as
a promising platform for drug delivery systems due to their unique ability to facilitate targeted
and efficient transport of therapeutic agents. Biocompatibility, targeting ability, stability and
cargo loading are the main properties of exosomes as drug delivery systems [25]. Compared

to synthetic nanoparticles, exosomes are naturally biocompatible and have Ilow



immunogenicity, as they are secreted from cells. Because exosomes have surface proteins on
their surface, they can be further modified to improve delivery to particular tissues or cells [26].
They are stable in the bloodstream and can protect their cargo from degradation. Their
biocompatibility and the presence of surface proteins that enable specific cell targeting make
exosomes ideal for delivering therapeutics directly to target cells while minimizing off-target
effects and toxicity. Furthermore, exosomes can cross biological barriers, such as the blood-
brain barrier [27].

2.1. Biomolecule Delivery

These nanovesicles can be engineered to encapsulate a variety of biomolecules, including
small molecules, proteins, and nucleic acids. They encapsulate different types of nucleic acids,
such as DNA and RNA, including messenger RNA (mRNA), microRNA (miRNA), long non-
coding RNA (IncRNA), and small interfering RNA (siRNA), all of which play pivotal roles in gene
regulation and cellular communication [28]. In addition, exosomes are rich in proteins,
encompassing membrane proteins like tetraspanins and integrins, cytosolic proteins involved
in signaling and structural functions, heat shock proteins (HSPs) that aid in stress responses,
and growth factors and cytokines that modulate immune responses and cell growth.
Structurally, exosomes contain a lipid bilayer made up of phospholipids, sphingolipids, and
cholesterol, which not only provide membrane integrity but also influence their stability and
interaction with target cells [29]. Moreover, exosomes carry metabolites and small molecules,
including metabolic enzymes and signaling molecules like ATP and prostaglandins, reflecting
the metabolic state of their parent cells. They can also transport other bioactive compounds
such as peptides, vitamins, and co-factors that support cellular processes and biochemical
functions [30]. This broad spectrum of cargo allows exosomes to facilitate intercellular
communication and holds significant potential for diagnostic and therapeutic applications in
various medical fields. Table 1 provides recent literature examples for biomolecule delivery of

exosomes.
2.2. Drug Delivery

The basic principles underlying the use of exosomes in drug delivery systems revolve around
their biocompatibility, targeting capabilities, natural cargo-loading mechanisms, stability, ability
to cross biological barriers, and engineering potential [31]. More importantly, they exhibit a
remarkable dual capability as carriers for both hydrophobic and hydrophilic drugs, owing to
their natural lipid bilayer structure [32]. Hydrophobic drugs such as paclitaxel and curcumin
can be encapsulated within exosomes, facilitating their dispersion in aqueous environments,
although this does not guarantee an increase in their intrinsic solubility in water. Conversely,

hydrophilic drugs like doxorubicin and methotrexate can be loaded into the aqueous interior of



exosomes, protected from enzymatic degradation and clearance mechanisms [33]. This
versatile property of exosomes makes them promising candidates for targeted drug delivery of
various therapeutic agents such as chemotherapeutic agents, anti-inflammatory drugs,
antibiotics, antimicrobials and various drug loaded nanoparticles due to improved
bioavailability, reduced systemic toxicity, and enhanced therapeutic efficacy [34]. Table 2
provides recent literature examples of exosomes for drug delivery while Table 3 provides
clinical trials of them. As research and technology advance, the application of exosomes in
drug delivery continues to show great promise, offering innovative solutions for treating

complex diseases and improving patient outcomes.



Table 1. Applications of exosomes for biomolecule delivery.

Types of Source of Exosome Delivered Loading Target Outcome Reference
Biomolecules Biomolecules Mechanism
umbilical N-acetylgalactosamine- incubation Morquio A a potential treatment [35]
Enzyme mesenchymal stem 6-sulfate sulfatase fibroblasts option for Morquio A
cell-derived (GALNS) enzyme syndrome
extracellular vesicles
Hormone bone marrow incubation, [36]
mesenchymal stem 17B-estradiol sonication BMMSCs a potential treatment for
cells (BMMSCs)- osteoporosis
derived exosomes
Antibody tumor antigen-
stimulated dendritic anti-CD3 and anti- incubation human an efficient endogenous [37]
cell-derived EGFR dendritic cells T cells activation for
exosomes solid tumor theraphy
(tDC-Exo)
Antibody FreeStyle 293F cells crystallizable (Fc) endogeneous Huh-7 cells a targeted cancer [38]
fragment portion of human IgG loading therapy using tumour-

specific therapeutic
antibodies to guide the
EVs to tumour cells and
to deliver antitumoural

drugs




Growth factor mesenchymal stem | human fibroblast growth | endogeneous mouse and a foundation for [39]
cells derived factor 1 (FGF1) loading human developing novel
exosomes fibroblasts wound-healing
therapies
mRNA bovine milk-derived | SARS-CoV-2 receptor- incubation 293T cells a development of new [40]
exosomes binding domain (RBD) mRNA-based oral
mMRNA vaccine delivery system
SARS-COV-2
siRNA THP-1 monocytes angiopep-2 (An2)- incubation U87MG cells | a promising strategy for [41]
derived M1 functionalized signal treatment of one of the
macrophage derived transducers and aggressive brain
exosomes activators of disease, glioblastoma
transcription 3 (STAT3)
siRNA
miRNA A549 cells derived miR-449a incubation A549 cells, a targeted cancer [42]
exosomes Hela cells and therapy by using
HepG2 cells miRNA based genetic
drugs
DNA plasmid placental tissue piggyBac plasmid DNA | electroporation, | not applicable | a foundation of potential [43]

derived exosomes

incubation

of placental exosomes
as DNA delivery

vehicles




Protein HEK293FT cell- CRISPR/Cas9 chimeric human MSCs a development of [44]
derived exosomes exosomes promising CRISPR-
Cas9 delivery system
for in vivo gene
manipulation
A549 non-small lung PD-L1 antibody + incubation A549 and a development of [45]
biomolecule cancer cells derived SiRNA H460 cells targeted exosomes
combination exosomes carrying siRNA for gene
therapy
biomolecule Human embryonic GFP-encoding mRNA | electroporation heart, liver, a foundation of an [46]
combination kidney (HEK) 293T | and RFP protein labeled kidney,spleen, inhalation-based

cells and human
lung cells (HLCS

nanoparticles

cecum and
brain tissue of
CD1 mice

system delivering
MRNA and protein
drugs with enhanced
pulmonary
bioavailability and

therapeutic efficacy




biomolecule

combination

HEK293FT cells

derived exosomes

plasmid DNA and cell-
penetrating peptides
(CPPs)

incubation
and

transfection

HEK293FT
and A549

cells

a development of a
technique providing
high transfection
efficacy and
bioavailability of the
encapsulated nucleic

acid delivery

[47]




Table 2. Applications of exosomes for drug delivery.

autoimmune

diseases, allergies

receptor agonist,
suppresses

inflammation

epithelial cells
(RPEs) derived

exosomes

proliferative

vitreoretinopathy

Properties | Loaded Drug Area of Use Mechanism of Carrier Exosome Intendent Use Reference
of Drug Action
Doxorubicin Various cancers Inhibits DNA mature dendritic cell targeted to breast [48]
(e.g., breast, replication by (mDCs) derived cancer cells and
bladder, intercalating into DNA exosomes breast cancer stem
lymphomas) cells
Methotrexate Cancer, Inhibits dihydrofolate human primary selective target [49]
autoimmune reductase, affecting glioma cell line U87 binding as well as
diseases, ectopic DNA synthesis derived exosomes therapeutic effects for
pregnancy brain tumor treatment
o Cisplatin Various cancers Forms DNA cross- Umbilical Cord targeted treatment for [50]
% (e.g., testicular, links, inducing Blood-Derived M1 ovarian cancers
_g ovarian, bladder, apoptosis Macrophage
=3 lung) Exosomes
Carboplatin Various cancers Forms DNA cross- Y79 primary eye Targeted drug delivery [51]
(e.g., ovarian, links, inducing tumor cells derived system for the
lung, head and apoptosis exosomes treatment
neck, testicular) of retinoblastoma
Dexamethasone | Anti-inflammatory, Glucocorticoid retinal pigment treatment of [52]




Vancomycin

Bacterial infections

Inhibits bacterial cell RAW264.7 treatment of [53]
wall synthesis macrophage cells intracellular
derived methicillin-resistant
mannosylated Staphylococcus
exosomes aureus
Ciproflaxacin Bacterial infections | Inhibits bacterial DNA | human B-lymphoid delivery of antibiotic [54]
(e.g., UTls, gyrase and cells derived for the treatment of
respiratory topoisomerase IV exosomes and non- antibiotic resistant
infections) pathogenic enteropathogenic
myxobacteria Shigella
SBSr073 derived
exosomes
Amphotericin B | Fungal infections | Binds to ergosterol in Leishmania major delivery of antifungal [55]
fungal cell derived exosomes agents for the
membranes, causing treatment cutaneous
leakage leishmaniasis
Donepezil Alzheimer's Acetylcholinesterase human plasma brain-targeted [56]

disease (AD)

inhibitor, increases
acetylcholine levels,
improving cognitive

function

derived exosomes

delivery for the

treatment of AD




Hydrophobic

Paclitaxel Ovarian, breast, Stabilizes murine 4T1 breast drug delivery for [57]
lung, pancreatic microtubules, cancer cells derived | future targeted cancer
cancers preventing cell exosomes therapy
division
Coenzyme Q10 | Neurodegenerative Involved in adipose-derived increasing the [58]
diseases, mitochondrial stem cells derived delivery of CoQ10 in
cardiovascular electron transport exosomes the treatment of
diseases chain, antioxidant Alzheimer's
Curcumin Inflammatory Inhibits multiple human adipose effective therapeutic [59]
conditions, cancer | signaling pathways derived strategy for
prevention related to mesenchymal stem rheumatoid arthritis
inflammation and cells derived
cancer exosomes
Docetaxel Breast, lung, Promotes human umbilical cord | enhanced inhibition of [60]
prostate, gastric microtubule blood-mesenchymal proliferative and

cancers

polymerization,
inhibiting

depolymerization

stem cell derived

exosomes

migratory
aggressiveness of the
murine triple-negative
breast cancer TNBC
4T1 cells




Lapatinib Breast cancer, Inhibits EGFR and non-cancerous reducement of cellular [61]
other solid tumors HER2/neu tyrosine | epithelial breast cells | proliferation of HER2-
kinases, reducing cell MCF10 A positive breast cancer
proliferation cell line SKBR 3 cells
Rifampicin Tuberculosis, Inhibits bacterial RNA | bone marrow derived high targeting [62]
bacterial infections polymerase mesenchymal stem | capacity of the drug in
cells derived the treatment of
exosomes central nervous
system tuberculosis
Tofacitinib Autoimmune A Janus kinase (JAK) A-431 human targeted drug delivery [63]
diseases (e.g., inhibitor that epidermoid for treatment of
rheumatoid modulates the carcinoma psoriasis
arthritis) immune response, keratinocyte type cell

reducing
inflammation and
immune system

activity

line derived

exosomes




Table 3. Clinical trials of exosomes used as drug delivery systems [64].

Clinical Trial Date Disease Drug Exosome Source | Phase Status Sponsor

NCT01294072 S:2011.01 Colon Cancer Curcumin Plant (Grape) I Recruiting University of Louisville

NCT04879810 | S:2018.03.01 Irritaple Bowel Curcumin Plant (Ginger) NA Completed University of Louisville
C: 2022.08.02 Disease

NCT03384433 | S:2019.04.17 Acute Ischemic miRNA-124 MSCs /11 Recruiting Isfahan University of
C: 2021.12.17 Stroke Medical Sciences

NCTO04747574 | S:2020.09.25 SARS-CoV-2 EXO-CD24 | T-REx™-293 cells Completed Tel-Aviv Sourasky
C: 2021.03.25 Pneumonia Medical Center

NCT04356300 | S:2020.09.01 Multiple Organ Exosome of MSCs /1l Not yet Fujian Medical University
C: 2030.09.01 Failure MSC recruiting

NCT03608631 | S:2021.01.27 Pancreatic KRAS G12D MSCs Recruiting M.D. Anderson Cancer
EC:2025.04.30 Adenocarcinoma siRNA Center

NCT05043181 S:2021.12 Familial Ldir mRNA MSCs Not Xet Tang-Du Ho§pital

EC: 2026.12 Hypergrrlnoilaesterol Exosomes recruiting Co”&tﬁﬁ;?;o& eAclj:CI;(I)rce

University, China

S: Date of start

C: Date of completion

EC: Estimated completion

MSCs: Mesenchymal Stem Cells

Ldir mRNA: Low Density Lipoprotein Receptor mRNA




2.2.1. Approaches of Incorporating Active Compounds into Exosomes

Exosomes have arisen as attractive nanocarriers for therapeutic applications owing to their
natural origin, little immunogenicity, and inherent capacity to target specific cells and tissues
[65]. In contrast to synthetic nanoparticles, exosomes have biological characteristics that
confer biocompatibility and stability in circulation, hence diminishing the possibility of rapid
clearance or adverse immunological reactions [66]. To fully utilize their potential as delivery
vehicles, safe and reliable strategies for loading active substances into exosomes are crucial.
These techniques facilitate the accurate encapsulation and regulated release of therapeutic
substances, rendering exosomes appropriate for various applications, including as targeted

delivery of drugs, biomolecule transport, and imaging [67].

Incorporating active compounds into exosomes requires an individually tailored strategy, as
the loading efficiency markedly differs based on the drug type and the selected method.
Current methods—such as incubation, electroporation, sonication, extrusion, and chimeric
exosome formation—are persistently refined to enhance loading efficiency while preserving

the structural integrity and functionality of exosomes (Figure 1) [68].
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Figure 1. Approaches for active compound incorporation into the exosomes.



The incubation method, as its name suggests, relies on the co-incubation of exosomes with
small molecules over a certain period. Although this method offers advantages such as ease
of application and no harm to exosome integrity, its applicability is primarily limited to certain
types of active substances. This method is particularly advantageous for hydrophobic active
substances that interact with the lipid surfaces of exosomes. The loading efficiency with this
method depends on the polarity of the small molecule. Low to medium molecular weight
lipophilic small molecules are more readily loaded into exosomes by incubation. Consequently,
the loading capacity is contingent on both the hydrophobic properties of the active substance
and the incubation time [69,70].

The process of electroporation involves the loading of small-molecule drugs into exosomes
through the application of an external electric field just beyond the exosome membrane. This
is achieved by using short high-voltage pulses to overcome the barrier of the membrane. Under
appropriate conditions, the lipid layer instantaneously ruptures, creating a transient state of
membrane permeability, which allows small-molecule drugs to diffuse through the exosome

membrane [71,72].

The application of the sonication method, which utilises sound energy, results in the
redistribution of the membranes of exosomes. This restructuring leads to the formation of a
membrane microviscosity that retains them within the membranes. Consequently, the
membrane integrity is compatible, allowing the diffusion of hydrophilic or hydrophobic
molecules or bioactive chemicals across lipid bilayers. Consequently, in many cases, the
sonication method provides a high efficiency, which is superior to that of incubation and

electroporation [73,74].

In the extrusion-based technique, in brief, the active substance and isolated exosomes are
passed together through the extruder at a specific temperature and pore size (100-400 nm).
Extrusion is a crucial technique in the field of exosome research that offers high loading
efficiency, size control and scalability, and this process disrupts the exosome membrane,

allowing efficient loading of the active ingredient [75,76].

The chimeric exosome approach is based on the principle of creating a hybrid system with
carrier systems such as liposomes, with the aim of overcoming the low encapsulation ability of
exosomes. Hybridisation is performed with liposome formulations due to their loading capacity
and allowing surface modification. Furthermore, the relatively high cytotoxic properties of
liposome formulations can also be tolerated with this preparation method. Exosome-liposome
hybrids are being created to increase the loading capacity of exosomes and significantly

increase their half-life in plasma [69,77].



Freeze and thaw cycle is a simple and effective strategy to load active substances directly into
exosomes. In essence, it involves repeatedly freezing exosomes at low temperatures and then
thawing them at room temperature. This process results in multiple ruptures and repairs of the
exosomal plasma membrane. During this continuous rupture and repair process, the active
substance is loaded into the exosome. The freeze-thaw cycle is a gentle procedure that does
not damage the membrane structure of the exosomes and makes it a suitable option for mass
production since exosomes remain stable at low temperatures [78]. Although an agitation
process is applied, the preservation of the biological activity of exosomes during the process

increases the interest in this method [79,80].

Transfection is the process by which different molecules, such as active substances, proteins
or oligonucleotides, can be loaded into exosomes using chemical or biological reagents. Exo-
fect, a commercialised exosome transfection kit, is highly effective in transferring small
molecules and nucleic acids directly into exosomes [81]. Therapeutic molecules can be loaded
into the exosomal lumen under controlled transfection processes, and the therapy stability of
this method is higher than other installation methods. However, the efficiency is not constant.
On occasion, instances of underloading have been documented. Transfection agents can
indicate gene expression in exosomes produced from donors. This may result in the extent of
biological functions of charged molecular acid agents. Consequently, some of the reported

potencies of transfection agents have promising prospects for safe transfection methods [82].

Endogenous loading is an engineered method for drug loading that utilises exosome donor
cells. This method is simple and convenient but only suitable for drugs with low cytotoxicity. In
this approach, small-molecule drugs are co-incubated with donor cells or treated with other
loading strategies such that they can be absorbed by the cells through the lipid bilayer and

encapsulated in exosomes [83,84].

The selection of the aforementioned approaches may include certain limitations and risks,
including the exertion of physical force, variations in pH levels, and the potential for surfactants
to harm the membrane. Choosing the optimal strategy for chemical integration is essential for
enhancing therapeutic efficacy. The incubation approach is beneficial for hydrophobic tiny
compounds, whereas electroporation is typically favored for nucleic acids and bigger
macromolecules. Each approach poses distinct issues, especially with scalability, load
capacity, and the maintenance of exosome activity. Through the advancement and
enhancement of these methodologies, researchers seek to harness the complete therapeutic
potential of exosomes in intricate ailments, like cancer and neurodegenerative disorders,

where conventional drug delivery strategies encounter considerable constraints.



2.2.2. Targeted Delivery Strategies

Exosomes have an inherent ability to target specific cells or tissues, a property derived from
their parent cells. They carry surface molecules that facilitate recognition and binding to
specific cell types, allowing for more precise delivery of their cargo. This natural targeting ability
should be further enhanced through engineering, where exosomes can be modified to express
surface ligands or antibodies that improve their affinity for target cells, thus increasing the
efficacy and precision of drug delivery [85]. Exosomes must first bind to the recipient cell, in
other words, the generated exosomes must bind to particular target cell types depending on
the intended indication to exert a therapeutic effect [86]. Therefore, modification techniques
have to be developed to decorate the exosomal surface with targeting moieties to direct their
transport to particular cell types and organs, thereby overcoming this condition [87]. These
natural and engineered modifications significantly enhance the ability of exosomes to interact
with target cells (Figure 2). In subsequent sections of the article, this section will be addressed

under the headings "Exosome Surface Modification" and "Exosome Ligand Modification."
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Figure 2. Exosome surface modifications and cellular targeting: Engineered ligands,
antibodies, or peptides added to the exosome surface enhance targeted binding to specific cell

types, leading to more effective drug delivery.



Exosomes' targeting behavior is largely determined by their protein composition [88]. Exosome
formulations that exhibit integrin a6 in association with 31 and 4 subunits, for instance, have
been demonstrated to specifically target surfactant protein C-positive epithelial cells in the
lungs and S100-A4-positive fibroblasts. Kupffer cells in the liver and CD31-positive endothelial
cells in the brain are the preferred targets of exosome formulations expressing the 5 and 34
subunits, respectively [89]. Additionally, numerous investigations have indicated that the
targeting behavior of exosomes is influenced by their lipid makeup [90]. It has been
demonstrated that exosomes may target macrophages with great effectiveness when they
have phosphatidylserine on their surface [91]. Moreover, it has been reported that exosome
uptake is inhibited when macrophage uptake is competitively mediated by various carrier
systems including phosphatidylserine. Different negatively charged lipid compounds have
produced similar outcomes [92]. On the other hand, exosome targeting is also actively
influenced by glycan profiles [93]. It has been demonstrated that targeting of glioblastoma cells
is dependent on the different glycan derivatives carried by exosomes. The targeting of regions

rich in lectin receptors can occur because of sialic acid derivatization [94].

2.2.1. Surface Modification of Exosomes

Exosomes hold significant potential for therapeutic development due to their intrinsic regulatory
properties and natural capacity for delivering bioactive molecules. Enhancing the surface of
exosomes through modification can further improve their targeting specificity, thus increasing
their efficiency in vivo and minimizing adverse effects [95]. Exosome surface alterations are
generally accomplished using diverse membrane modification techniques, such as genetic,
chemical, metabolic, and enzymatic ligation [96]. These strategies are depicted in Figure 3.

These approaches aim to optimize therapeutic performance and reduce off-target impacts.
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Figure 3. Approaches for exosome surface modification: Various techniques such as genetic
engineering, chemical conjugation, metabolic labeling, and enzymatic modification are

employed to enhance exosome targeting and functionality.

In the genetic approach, exosomes typically exhibit membrane proteins like as CD63, CD81,
CD9, and Lamp2b, to which peptides or proteins can be conjugated at their extracellular
domains, facilitating the presentation of these molecules on the exosome surface [97]. A variety
of membrane proteins, including Lamp2b, tetraspanins, the transmembrane domain of
PDGFR, syntenin-1, PTGFRN, and CXCR4, have been used to display targeting ligands on
exosomes [98]. Surface modification of exosomes can also be achieved by targeting
membrane lipids. In this strategy, targeting moieties are genetically fused to proteins or
peptides that specifically bind to lipid components of the exosome membrane [99]. The
transfected cells then release modified exosomes through these protein-lipid interactions. In a
recent study, GAG-based fusion proteins were labeled and their effects on cell uptake
mechanisms were evaluated in detail [100]. The results of this study indicated that surface
proteins are effective in the pharmacokinetics of exosomes. Additionally, different studies have
shown that surface proteins of exosomes prevent their uptake by macrophages [101,102]. In
a study, metabolic engineering was used to covalently replace exosome surface azide groups
with diphenylcyclooctin-dithiophosphate to improve macrophage identification in ischemic
mice [103]. In chemical approach, click chemistry or physical interaction with lipids, which
allows for the organization of exosomes at the surface. These modifications facilitate the
purification process and promote receptor-mediated endocytosis, which in turn facilitates
specific cellular uptake and enhances the in vivo targeting ability of exosomes [104]. Surface
protein components of exosomes play a role in determining their circulation kinetics and
biodistribution profiles. One of the most employed methods for increasing the circulation time
of nanocarriers is the modification of these particles with polyethylene glycol (PEG) [105]. This
approach involved coating exosome formulations with PEG that had been functionalized with
anti-EGFR nanobodies. The PEGylation method resulted in longer plasma half-lives and less
nonspecific interactions for exosomes. Furthermore, the inclusion of nanobodies was found to
improve binding selectively to cells expressing EGFR, hence increasing targeted delivery
efficiency [106]. The enzymatic approach leverages protein ligases, enzymes capable of
ligating proteins or peptides with specific amino acid sequences. Surface modification of
exosomes is achieved through enzymatic ligation between exosome membrane proteins and
targeting peptides or proteins, creating permanent covalent bonds without the need for genetic
or chemical modification [107]. Pham et al. modified exosomes via attaching Sortase A and

OaAEP1 protein ligases, with the number of modified molecules per vesicle varying based on



the type of exosome and the presence of enzyme-recognition motifs on the membrane surface
[108].

2.2.2. Ligand Modification of Exosomes

These interactions are based on the principle of increasing the interaction with natural
receptors on the surface of the target area by binding ligands to exosomes. In order to ensure
targeting, studies have been conducted which bind transferrin to exosomes produced from
blood reticulocytes, and avidin-biotin to exosomes produced from the umbilical cord [109].
Exosomes have also been functionalized with targeting peptides postproduction. A peptide
(ApoA1) containing an ApoA-I mimetic sequence that associates with phospholipids was
employed to target glioma cells. A peptide specific to the neuropilin-1 receptor (RGERPPR),
expressed on glioma and tumour vascular endothelial cells, was also employed to enhance
targeting. The results of the targeting studies indicated that the CP05 peptide was capable of
binding to the exosome surface. The CP05 peptide has been employed to attach N1ND, a
functional domain of the high mobility group nucleosome-binding protein 1 (HMGN1) which
enhances dendritic cells' capacity to stimulate T cells and is beneficial for immunotherapy-
based cancer treatment. M12 (muscle targeting peptide) and RVG peptides were also fused
with CP05-modified exosomes for their enhanced delivery to peripheral muscles and the brain,

respectively [4,16].

2.3. Delivery of Imaging Agents

Accurate and effective imaging is fundamental to the early detection of diseases, precise
diagnosis, and the management of therapeutic interventions. Although conventional contrast
agents are indispensable for enhancing visual clarity in medical imaging, they come with
inherent limitations, such as toxicity and the potential for adverse allergic reactions [110].
These limitations underscore the need for alternative imaging agents that can achieve high-
quality imaging with minimized side effects. Exosomes, with their unique biological
properties—namely, natural biocompatibility, low toxicity, and the intrinsic ability to cross
biological barriers—represent a promising new class of imaging agents that address these
limitations [111]. Furthermore, exosomes can be engineered to carry multiple types of imaging
agents simultaneously, enabling comprehensive visualization of complex biological processes,

which is valuable for both diagnostic and therapeutic purposes [112].



In recent years, the incorporation of specific imaging agents into exosomes has enabled the
advancement of high-resolution imaging across various medical fields. Exosome-based
contrast agents have shown great potential in disciplines such as oncology, neurology,
cardiovascular imaging, infectious disease detection, and the monitoring of inflammatory
conditions [113]. These exosome-based agents have been successfully integrated into various
imaging modalities, including magnetic resonance imaging (MRI), computed tomography (CT),
fluorescence imaging, ultrasound, as well as nuclear imaging techniques like single photon

emission computed tomography (SPECT) and positron emission tomography (PET) [114].

For instance, exosomes modified to carry magnetic nanoparticles, such as superparamagnetic
iron oxide (SPIO), can significantly enhance contrast in MRI scans while improving specificity
through targeted accumulation in diseased tissues and organs. This targeted approach not
only increases the sensitivity of MRI but also minimizes the likelihood of false positives, thereby
enhancing diagnostic accuracy [115]. Similarly, in CT imaging, exosomes containing iodine or
gold nanoparticles can significantly enhance contrast, especially in tumors and vascular
structures, hence improving the assessment of vascular disorders and tumor features [116]. In
fluorescence imaging, fluorescent dye- or quantum dot-labeled exosomes provide real-time
monitoring of exosome biodistribution, which is crucial for investigating cellular absorption
mechanisms and assessing treatment responses at the cellular level. This fluorescence-based
imaging facilitates dynamic, in vivo observations of biological processes, offering significant
benefits for research and therapeutic applications [117,118]. Nuclear imaging, a noninvasive
approach, enhances the utility of exosomes as imaging agents [119]. Exosomes can be
accurately tracked by radiolabeling them with widely utilized radionuclides, such iodine-131,
indium-111, and technetium-99m, enabling the acquisition of extremely precise images at

cellular and tissue levels with gamma cameras or PET/CT equipment [120,121].

Despite the potential benefits of exosome-based contrast agents, numerous hurdles must be
resolved prior to their widespread implementation in clinical practice. Maintaining the uniform
quality and efficacy of exosome preparations via standardized production methods is essential,
as is pursuing additional study on their long-term metabolism, biodistribution, and possible
impacts on human health [122]. Moreover, regulatory frameworks must be established to
ensure the safe and effective application of exosome-based imaging agents in clinical
environments [123]. In a nutshell exosomes constitute an exciting area in medical imaging,
providing a versatile, biocompatible, and powerful platform capable of considerably boosting

diagnostic and therapeutic imaging applications.



3. Discussion: Challenges and Future Directions in Exosome-Based Delivery Systems

Exosomes have emerged as a transformative platform in drug delivery due to their unique
biological properties and versatility. However, despite the significant potential, translating
exosome-based therapies from bench to bedside presents several formidable challenges.
These obstacles must be systematically addressed to fully harness the therapeutic capabilities

of exosomes and integrate them into clinical practice effectively.

One of the primary challenges in exosome-based drug delivery is the scalable production of
therapeutic-grade exosomes [124]. Current production methods often struggle to generate
enough for clinical applications, primarily due to the complexity of isolating exosomes from cell
cultures and biological fluids. Traditional methods, such as ultracentrifugation, are labor-
intensive and have limited scalability. To overcome this, there is a pressing need to develop
robust bioreactor systems that can support large-scale exosome production while maintaining
high purity and functionality. Furthermore, the use of defined cell sources is critical to ensure
consistency and reproducibility across batches. Quality control measures, including stringent
characterization protocols, are essential to verify the biological activity and safety of produced

exosomes, thereby meeting regulatory standards and ensuring patient safety [125].

Effective drug loading is pivotal for the success of exosome-based delivery systems [126].
Current techniques for encapsulating therapeutic agents within exosomes, such as
electroporation, sonication, and co-incubation, often face limitations in loading efficiency and
may impact the integrity of the exosomal membrane. Achieving high loading efficiency while
preserving the exosome's structure and function is crucial. Innovative approaches, such as
genetic modification of parent cells or advanced nanotechnology methods, could enhance the
incorporation of drugs into exosomes. Additionally, ensuring the stability of these loaded
exosomes throughout storage and delivery is imperative to maintain their therapeutic efficacy
[127]. Addressing these technical challenges will significantly enhance the performance of

exosomes as drug carriers and broaden their application in various therapeutic domains.

Understanding how exosomes interact with and traverse biological barriers is critical to their
success as drug delivery vehicles. Exosomes possess an inherent ability to cross barriers such
as the blood-brain barrier, but the precise mechanisms by which they navigate these and other
complex environments are not fully understood [128]. Further research is needed to elucidate
how exosomes recognize and bind to target cells, and how they are internalized and trafficked
within these cells. By leveraging their natural targeting capabilities, exosomes can be
engineered to enhance their delivery to specific tissues or disease sites, thereby improving the

precision and efficacy of therapies. Exploring the roles of surface molecules and engineering



exosomes with specific ligands or antibodies can significantly advance targeted drug delivery,

making treatments more effective and reducing off-target effects.

Consistency and reliability in the isolation and characterization of exosomes are paramount to
their clinical application [129]. Variability in isolation methods, including ultracentrifugation,
size-exclusion chromatography, precipitation-based approaches, and microfluidic techniques,
can lead to differences in the purity, yield, and composition of exosomal preparations, which
can affect their therapeutic potential [130]. Ultracentrifugation, although extensively utilized,
frequently co-isolates protein clumps and non-exosomal vesicles, which may impact
subsequent uses. Size-exclusion chromatography provides enhanced purity, while potentially
yielding smaller quantities. Precipitation-based kits, while expeditious and user-friendly, may
introduce polymer impurities that disrupt functional studies. Microfluidic technologies, as
nascent platforms, have potential for high-purity exosome isolation with little sample
processing [131]. Standardized protocols for exosome isolation, that balance efficiency, purity,
and scalability must be established to ensure reproducibility. Characterization methods,
including particle sizing, protein profiling, and RNA analysis, should be standardized to
accurately assess the quality and functionality of exosomes. The development of these
standardized practices will facilitate regulatory approval processes and enable the widespread

clinical adoption of exosome-based therapies.

Before exosomes can be widely used in clinical settings, comprehensive biosafety evaluations
are necessary to address potential risks [132]. These include assessing the potential for
immune reactions, the risk of transferring oncogenic or pathogenic materials, and the long-
term safety of exosome-based treatments. Given that exosomes can carry biomolecules
reflective of their parent cells, there is a concern about the inadvertent transfer of harmful
components. Rigorous preclinical studies and risk assessments are required to evaluate the
safety profile of exosomes and mitigate any adverse effects. Establishing regulatory
frameworks and guidelines for the safe use of exosomes in therapy is essential to ensure

patient safety and build confidence in these innovative treatment modalities.

In conclusion, addressing the challenges of scalable production, efficient drug loading,
biological targeting, standardization, and biosafety is crucial to unlocking the full potential of
exosomes in drug delivery. By advancing research and developing innovative solutions to
these issues, exosome-based therapies can become a cornerstone in treating a wide range of

diseases, offering new hope and improved outcomes for patients.

4. Conclusion



Exosomes are gaining recognition as effective delivery vehicles in biomedicine owing to their
natural origin, biocompatibility, and multifunctional capabilities. These tiny vesicles effectively
transport various therapeutic agents, such as proteins, nucleic acids, and small molecules,
rendering them suitable for targeted medication administration. Their capacity to adeptly
traverse biological barriers and selectively target specific cells improves the accuracy and
efficacy of treatments. The biocompatibility of exosomes reduces immune rejection and
adverse responses, benefiting long-term therapies. Notwithstanding these advantages,
numerous problems must be resolved to completely utilize exosomes as delivery vehicles.
Scalable manufacturing and reproducible isolation techniques are essential to fulfill clinical
requirements. Enhancing methods for the efficient loading of therapeutic compounds into
exosomes and maintaining their stability during delivery is crucial. Moreover, comprehending
the interaction of exosomes with biological barriers would enhance their targeting efficacy.
Standardization of isolation and characterization techniques is essential for ensuring uniform
quality and functionality, while thorough biosafety assessments are crucial for mitigating
potential dangers. Confronting these issues via focused research will realize the complete
potential of exosomes in clinical applications. Exosome-based delivery systems are poised to
transform treatments by offering precise, efficient, and biocompatible solutions for many

diseases, addressing intricate medical requirements through new methodologies.
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