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Exosomes in cancer nanomedicine: et

biotechnological advancements
and innovations

Jacky J. J. Liu', Duanrui Liu'?, Sally K. Y. To"*" and Alice S.T. Wong "

Abstract

Exosomes, as natural intercellular messengers, are gaining prominence as delivery vehicles in nanomedicine, offer-
ing a superior alternative to conventional synthetic nanoparticles for cancer therapeutics. Unlike lipid, polymer,

or metallic nanoparticles, which often face challenges related to immunogenicity, targeting precision, and off-tumor
toxicity, exosomes can effectively encapsulate a diverse range of therapeutic agents while exhibiting low toxicity,
favorable pharmacokinetics, and organotropic properties. This review examines recent advancements in exosome
bioengineering over the past decade. Innovations such as microfluidics-based platforms, nanoporation, fusogenic
hybrids, and genetic engineering have significantly improved loading efficiencies, production scalability, and phar-
macokinetics of exosomes. These advancements facilitate tumor-specific cargo delivery, resulting in substantial
improvements in retention and efficacy essential for clinical success. Moreover, enhanced biodistribution, targeting,
and bioavailability—through strategies such as cell selection, surface modifications, membrane composition altera-
tions, and biomaterial integration—suggests a promising future for exosomes as an ideal nanomedicine delivery
platform. We also highlight the translational impact of these strategies through emerging clinical trials. Additionally,
we outline a framework for clinical translation that focuses on: cargo selection, organotropic cell sourcing, precision
loading methodologies, and route-specific delivery optimization. In summary, this review emphasizes the potential
of exosomes to overcome the pharmacokinetic and safety challenges that have long impeded oncology drug devel-
opment, thus enabling safer and more effective cancer treatments.
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Background

Cancer nanomedicine utilizes nanotechnology to
deliver therapeutics, such as nucleic acids, proteins,
and small molecule drugs, to tumor tissues. Following
the success of mRNA vaccines in nanoparticles by com-
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Fig. 1 Nanoparticle Classification Overview. Diagram depicting the various nanoparticle classes that are used to deliver cancer nanomedicine

contribute to suboptimal therapeutic outcomes, includ-
ing drug resistance, increased toxicity, and reduced effi-
cacy. Given these challenges, there is growing attention
on extracellular vesicles (EVs), particularly exosomes,
as next-generation drug delivery platforms in oncology.
EVs are secreted by cells to eliminate unwanted cellular
material and serve as messengers for intercellular com-
munication over both short and long distances. EVs
contain various subtypes. The EV subtypes, ranked by
decreasing diameter, include exopher (3.5-4 um), large
oncosomes (1-10 pum), migrasomes (500-3,000 nm),
apoptotic bodies (100-5,000 nm), microvesicles (200—
1,000 nm), exosomes (50-200 nm), exomeres (<50 nm),
and supermeres (<35 nm) [3-6]. Many subtypes, such
as microvesicles and exosomes, play crucial roles in
vital physiological processes, including blood coagula-
tion and cell-cell communication [7-9]. Amongst the
EVs, exosomes are the most well-characterized, with
robust research into its roles in various physiologi-
cal and cancer pathophysiological processes as well as

research into engineering them into the ideal nano-
medicine delivery vehicle [10, 11].

While previous literature reviews on cancer exo-
some nanomedicine have primarily focused on targets,
molecular pathways, and the tumor microenvironment,
this review emphasizes the technological and trans-
lational aspects of exosomes, providing a unique per-
spective that complements existing research [12, 13].
We explore recent advances in exosome engineering
and the clinical translation of exosome-based therapies.
A general comparison of exosomes with conventional
nanoparticles will first be given, highlighting the dis-
tinct features that make exosomes particularly promis-
ing drug delivery vehicles for cancer treatment. Next,
we will delve into the latest strategies for drug loading,
targeted delivery, and exosome functionalization, as
well as an overview of current clinical trials, followed
by a conclusion on key challenges and future directions
for clinical application.
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Comparative advantages of exosomes as advanced
nanoparticle drug delivery systems

Exosomes are increasingly recognized as the supe-
rior alternative to conventional nanoparticles for can-
cer treatment. This advantage stems from their unique
properties that address the limitations prevalent among
traditional nanoparticles such as liposomes, lipid nano-
particles (LNPs), micelles, polymeric nanoparticles,
metallic nanoparticles, silica nanoparticles, and carbon
nanotubes (CNTs) [14]. These nanoparticles are typi-
cally classified as either organic or inorganic. Organic
nanoparticles generally exhibit lower toxicity and fewer
adverse reactions; however, they often suffer from poor
stability and suboptimal biodistribution, requiring many
modifications to achieve effective cargo delivery [2]. Inor-
ganic nanoparticles tend to be more toxic and are associ-
ated with more adverse reactions, but they offer greater
stability and possess other intrinsic properties that allow
for better control over cargo release [14]. Both types typi-
cally lack key properties that define an ideal nanoparticle
delivery vehicle. While these nanoparticles are typically
synthesized in Good Manufacturing Practice (GMP)
settings, significant issues related to toxicity, biodistri-
bution, and targeting persist [14, 15]. This section will
explore various advantages of exosomes, which position
them as preferred delivery vehicles for cancer therapeu-
tics compared to traditional nanoparticles (Table 1).

Immunogenicity, toxicity & adverse reactions

Nanoparticle drug delivery is based on the principle that
delivering drugs via nanoparticles is generally safer than
administering unbound free drugs, as it can mitigate off-
target toxicity and reduce organ damage, including car-
diac toxicity [16]. An ideal nanomedicine delivery vehicle
should be biodegradable, biocompatible, and safe. Among
nanoparticles, exosomes most closely meet these criteria.
Organic nanoparticles such as liposomes, LNPs, micelles
and polymeric nanoparticles are generally biodegradable
and biocompatible, however, they can be recognized by
the innate system as foreign to cause inflammation and
be opsonized [2, 14, 17]. In some cases, these nanoparti-
cles can trigger adverse reactions such as hypersensitiv-
ity reactions and anaphylaxis [2, 14, 18]. For liposomes
and LNPs, their lipid compositions require a fine balance
of surface charges to allow for better stability while not
causing cationic toxicity and triggering immune reac-
tions. This is because lipids used for liposomes and LNPs
can help with the stability of the nanoparticle during cir-
culation. However, in the acidic tumor environment, sur-
face charges of the nanoparticles can be changed to cause
harmful effects [17]. While the safety risks associated
with these nanoparticles are generally low, the repeated
administrations often necessary for cancer therapy
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can lead to cumulative toxicity and an increased risk of
adverse reactions [2]. The immunogenicity of certain
organic nanoparticles can also cause the nanoparticles
to be rapidly cleared out of the body via the reticuloen-
dothelial system (RES) [14]. Inorganic nanoparticles,
such as metallic nanoparticles, silica nanoparticles, and
CNTs, often pose greater problems for safety due to their
poor biodegradability, potentials for organ damage, risks
of long-term exposure with repeated administrations,
and dose-dependent toxicities [19-22]. Most metallic
and silica nanoparticles exhibit limited biodegradability
or are non-biodegradable, and those biodegradable vari-
ants may still induce oxidative stress and cellular damage
as a result of metal ion accumulation. [19, 20]. For other
inorganic nanoparticles like CN'Ts that are generally inert
and biocompatible, research has also found them to be
toxic following interaction with the immune cells, lead-
ing to cytotoxicity, granuloma development, and chronic
inflammation [23-25]. Another safety concern with inor-
ganic nanoparticles, such as silica nanoparticles, is that
variations in patient populations and differences in parti-
cle formulations could lead to significant harmful effects.
For instance, some formulations of the silica nanoparticle
have been recently reported to cause liver damage and
metabolic dysregulation, which can aggravate patients
with or in risk of fatty liver diseases [26]. Another recent
report showed that some formulations of silica nanopar-
ticles with a diameter of 50 nm could cause severe lung
damage while those with a diameter of 3 pm did not [22].

As for exosomes, they are completely biodegradable
and biocompatible as they are a vital part of normal phys-
iology [27]. They also present minimal safety concerns
due to their low immunogenicity and lack of toxicity and
adverse reactions [28]. The choice of source for exosomes
can further reduce immunogenicity and safety issues,
particularly when derived from less differentiated cells
or from allogeneic or autologous sources [29-31]. This
unique feature distinguishes exosomes, as no other nan-
oparticles allow for sourcing from safer options without
significantly compromising their functional or structural
integrity.

Targeting & modification

Traditional nanoparticles accumulate at tumor sites via
the enhanced permeability and retention (EPR) effect,
which is a key mechanism for passive tumor targeting.
However, recent research indicates that relying solely on
the EPR effect for endogenous targeting is insufficient and
highly inefficient, with some formulations demonstrating
that less than 1% of administered nanoparticles actually
reach tumor tissues [32, 33]. For both organic and inor-
ganic nanoparticles, the most significant limitation is
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their lack of endogenous targeting capabilities, resulting
in low efficacy and off-target toxicities. While modifica-
tions can enable site-directed active targeting of tumor
tissues, these alterations can be costly and may introduce
new safety or efficacy concerns. [14]. Common modifi-
cations to these nanoparticles include surface function-
alization aimed at improving biostability while reducing
immunogenicity and toxicity. Active targeting modifica-
tions typically involve the conjugation of ligands, such as
antibodies, proteins, aptamers, and specific peptides, to
the surface, facilitating site-directed targeting of tumor
tissues [34, 35]. These strategies often target surface anti-
gens that are overexpressed in cancer. However, their
effectiveness can be limited by significant intra-tumor
and inter-tumor heterogeneity, which reduces the overall
efficacy and translatability of the modified nanoparticles
[36]. Additionally, surface modifications can sometimes
compromise the structural integrity of the nanoparti-
cles, potentially impacting their drug delivery proper-
ties and uptake efficiencies [37]. Other modifications
such as using polyethylene glycol (PEG) help to improve
the circulation time and reduce the immunogenicity of
various nanoparticles. For example, without PEGylation,
liposomes, LNPs, micelles, and polymeric nanoparticles
will have short circulation time and can be cleared out
of the body in a short amount of time [14, 38]. However,
safety concerns regarding PEG have risen in recent years
because PEG is not biodegradable, can accumulate, and
trigger adverse reactions such as hypersensitivity reac-
tions via activating the complement system and causing
anaphylaxis [3-5, 39].

Exosomes exhibit distinct endogenous targeting pro-
files and tumor homing capabilities depending on their
sources [40]. To enhance their circulation time within
the body, various common modification approaches
are employed. Notably, exosomes can circumvent the
need for PEGylation by utilizing surface CD47 expres-
sion to reduce clearance through the RES and signifi-
cantly improve their biological half-life. CD47 serves as
a "don’t eat me" signal recognized by phagocytes in the
RES, preventing exosome recognition and allowing for
extended circulation to deliver their cargo to cancer cells
[41-45]. CD47 expression can be introduced by geneti-
cally modifying the source cells before exosome isolation,
enabling this modification without significantly affecting
the structural or functional integrity of the exosomes [30,
45].

Cargo delivery profiles

Ideal nanoparticle delivery systems should exhibit con-
trolled and sustained-release profiles, ensuring no
leakage or premature cargo release. Mechanisms for con-
trolled release can be triggered by environmental factors
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such as pH, temperature, magnetic fields, and enzymatic
activity [14]. Organic nanoparticles, due to their lower
levels of biostability, are more prone to breakage, leak-
age, and premature cargo release. Lipid compositions
could be a factor that affects cargo release because cer-
tain lipids are prone to hydrolysis and peroxidation of the
ester linkage, reducing delivery efficiency [46]. Through
modifications, some levels of controlled and sustained-
release profiles can be achieved in liposomes and LNPs
[2, 14]. Micelles could be disassembled in the mucus or in
contact with epithelial cells, while polymeric nanoparti-
cles could be disassembled and prematurely release their
cargo due to the dilution following systemic administra-
tion [9]. Inorganic nanoparticles typically possess supe-
rior cargo release profiles by having greater stability that
prevents leakage or premature cargo release as well as
having mechanisms for stimuli-responsive cargo release
[47-49]. Additionally, silica nanoparticles are highly
porous with high surface area, which offer them advan-
tages in highly efficient drug loading and release [35].
Modifications can be made to the silica nanoparticles
to cap the cargo in the pores and only release at specific
conditions. Metal oxide nanoparticles are often magnetic
and can be guided via external magnetic fields to allow
for precise control and release of the cargo to the tumor
[21]. Similar to inorganic nanoparticles, exosomes pos-
sess great stability and do not show leakage or premature
cargo release [45]. Compared to other organic nano-
particles, cargo release in exosomes can be accelerated
in acidic conditions such as those found in the tumor
microenvironment, late endosomes, and lysosomes [50,
51]. Furthermore, exosomes are naturally enriched with
transmembrane and membrane-anchored proteins that
could enhance uptake into target cells [45].

Versatility & hybrid systems

Nanoparticles can be tunable, allowing adjustments
in various aspects of their composition and proper-
ties, including structure, internal architecture, and sur-
face charge [47]. Regarding organic nanoparticles, the
versatility typically lies in the compositional changes,
such as using ionizable lipids instead of cationic lipids
in liposomes and LNPs to reduce cationic toxicity [52].
LNPs can also have control over the internal architec-
ture, allowing design changes to best suit the desired
cargo and target [2, 14]. Similarly, for metallic nanopar-
ticles and CNTs, precise control over shape, size, and
nanostructure also enables design modifications that
optimize them for specific cargo and targets [53, 54].
For both silica nanoparticles and CNTs, their superior
surface area allows for a wide variety of surface func-
tionalization. These modifications were often made to
mimic the endogenous properties of exosomes [54]. This



Liu et al. Molecular Cancer (2025) 24:166

idea is further explored in various approaches that uti-
lize hybrid systems combining traditional nanoparticles
with exosomes to enhance their cargo delivery properties
[55-57]. For example, gold nanoparticles can be encapsu-
lated in exosomes to improve targeting and accumulation
in tumors, while iron oxide nanoparticles can be encap-
sulated to leverage exosomal immune evasion proper-
ties, combined with MRI-guided controlled release to
enhance therapeutic efficacy [56-58].

Taken together, exosomes represent an ideal nanomed-
icine vehicle, fulfilling most essential criteria, including
inherent targeting capabilities, safety, versatility, effective
and efficient cargo release profiles, and biodegradabil-
ity—attributes where conventional synthetic platforms
frequently encounter limitations.

Exosome sources, isolation & characterization

The properties and cargo profiles of exosomes vary sig-
nificantly based on their cellular origins, highlighting the
importance of cell source selection for exosome produc-
tion. Optimized isolation techniques are essential for
obtaining high-quality exosomes with substantial yields.
Thorough characterization is also crucial to ensure their
consistency and functionality for clinical applications.
This section will examine exosome sources, isolation
methods, and key characterization parameters vital for
effective cargo loading.

Sources

Exosome biogenesis involves the formation of intralumi-
nal vesicles (ILVs) through the ESCRT-dependent inward
budding of cargo in early endosomes, which mature into
multivesicular bodies (MVBs) that release exosomes
upon fusion with the cell membrane [59, 60]. In labora-
tory and clinical settings, exosomes are primarily sourced
from cell culture media or biofluids, including blood,
ascites, and urine [61]. Commonly used cell sources
include mesenchymal stem cells (MSCs) and human
umbilical vein endothelial cells (HUVECs) [62—64]. Due
to their relatively inert nature, these exosomes are often
utilized for loading therapeutic cargo and demonstrate
predictable biodistribution and bioavailability. They are
also easily isolated in large quantities in laboratory set-
tings. Other specific cell types could also be chosen as
the source depending on their properties. For instance,
exosomes from the bone marrow niche promote tumor
dormancy and have shown anti-tumor effects in breast
cancer models [65]. Additionally, exosomes from den-
dritic cells contain essential immune-stimulatory ele-
ments, including the simultaneous presence of MHC I
and MHC II complexes, high levels of co-stimulatory
molecules, and therefore could serve as a cell-free
alternative for delivering neoantigens in vaccines [66].
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Tumors can also serve as sources for exosomes, which
can be extracted from tumor tissues or circulating tumor
exosomes found in biofluids [67]. In addition, exosomes
and exosome-like nanoparticles derived from animal or
plant products represent potential sources that could
be developed into nanomedicine carriers using similar
methodologies [68-71].

Exosome characterization

Rigorous characterization of exosomes to validate exo-
some quality and consistency is essential for advancing
exosome-based research and applications. According to
Minimal information for studies of extracellular vesicles
by the International Society for Extracellular Vesicles
(MISEV2023), exosomes in general are characterized
through the physical and biochemical properties which
include sizes, protein compositions, and structural mor-
phology [59]. Nanoparticle Tracking Analysis (NTA)
is frequently utilized to assess the size distribution and
concentration of exosomes in suspension by tracking the
Brownian motion of particles using laser light scattering,
offering insights into exosome population dynamics and
heterogeneity. Similarly, Dynamic Light Scattering (DLS)
assesses the size distribution of exosomes based on the
fluctuation of scattered light from particles in suspen-
sion. While DLS has limitations regarding the detection
of polydispersity and the influence of particle concen-
tration, it remains a convenient method for preliminary
size assessment [72]. High resolution imaging techniques
such as transmission electron microscopy (TEM) are also
commonly used to visualize the morphology and size of
exosomes, thus distinguishing them from other types of
extracellular vesicles. Exosomes are known to appear bi-
concave or cup-shaped under TEM. Moreover, Western
blotting and enzyme-linked immunosorbent assays (ELI-
SAs) can be used for detecting specific protein markers
associated with exosomes (e.g., CD63 and CD81), helping
to confirm their identity and purity. Nano-flow cytometry
emerges as another useful tool for exosome characteriza-
tion by assessing and quantifying multiple surface mark-
ers simultaneously. Using specific antibodies conjugated
to fluorescent tags, this technique allows for the profiling
of exosomal surface proteins, aiding in identifying sub-
populations of exosomes based on their protein content
[73] Another important method is measuring zeta poten-
tial, a critical physicochemical property that reflects the
electrostatic charge on exosome surfaces. This charge
influences stability, interactions, and overall function in
biological systems. A stable zeta potential indicates that
exosomes remain dispersed and do not aggregate dur-
ing storage, preserving their bioactivity and therapeutic
properties over time. Fluctuations in zeta potential have
been correlated with changes in stability, shelf-life, and
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efficacy metrics [74]. Thus, zeta potential serves as a vital
indicator of exosomal integrity and stability. In therapeu-
tic and clinical settings, additional characterization will
include stability assessments, toxicology studies using
animal models, and evaluations of batch reproducibility
(30, 45].

Comprehensive characterization allows researchers
to validate the identity, purity, and functional capabili-
ties of exosomes, thereby strengthening the reliability
of exosome-based research and facilitating the transla-
tion of these therapeutics from research to clinical use. It
could enhance our understanding of exosome composi-
tion, particularly lipid and protein profiles, which sheds
light on their mechanisms of action in various diseases.
The continuous refinement of these analytical techniques
could promote greater standardization and reproducibil-
ity across research studies, which is essential for scientific
progress. Furthermore, multifaceted characterization
techniques are critical for quality control, ensuring that
exosome preparations adhere to stringent purity and
quality standards required for clinical applications.

Exosome isolation

According to MISEV2023, exosome isolation methods
leverage either the biophysical properties of exosomes,
such as size and density, or their unique surface composi-
tions, such as specific surface molecules [59]. The choice
of isolation technique is largely dependent on down-
stream applications and it does not affect exosome bio-
genesis which is an intrinsic cellular process. Exosome
isolation techniques could directly impact yield, purity/
specificity, efficiency/time, and membrane integrity,
which are crucial for successful cargo loading efficiency
and subsequent release.

Differential ultracentrifugation utilizes a series of spins
at gradually increasing speeds to initially eliminate con-
taminants before pelleting the exosomes. It has been con-
sidered the gold standard for exosome isolation and is
preferred for functional analysis in most preclinical and
clinical settings due to its ability to maximize yield, pre-
serve membrane integrity, and straightforward operation,
despite being time-consuming [75, 76]. While techniques
such as ultrafiltration and size exclusion chromatography
might have much shorter processing time and preserve
the membrane integrity well, they are prone to block-
age, contamination from non-specific proteins, and high
cost of consumables [77, 78]. Precipitation methods can
also yield higher amounts of exosomes and are much
faster than ultracentrifugation; however, they introduce
contaminating isolation reagents that remain associated
with the exosomes, interfering with both loading and
biological activity. Residual precipitation reagents can
cause vesicle aggregation and clustering, as observed via
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TEM, significantly impairing functional efficacy in vitro.
Research by Paolini and colleagues demonstrated that
these precipitation reagents directly compromise exo-
some biological functions, while Gdmez-Valero showed
reduced cell viability when using precipitated exosomes
that contained residual isolation reagents [79, 80]. Tan-
gential flow filtration (TFF) is an emerging technique that
preserves exosome integrity while achieving substantially
higher yields and efficiency [81, 82]. TFF applies media
parallel to the membrane rather than perpendicular (as
in dead-end filtration), preventing molecule accumula-
tion and membrane fouling. This gentle approach main-
tains critical surface proteins like CD47 and tetraspanins
that influence circulation time and targeting ability [81,
82]. The yield difference directly impacts therapeutic
potential, as more intact exosomes mean more avail-
able vehicles for drug delivery. However, challenges may
arise from the clogging of pores with debris and other
contaminants during prolonged and/or repeated use as
well as requiring specialized and expensive equipment
[83, 84]. The purity of isolated exosomes profoundly
affects therapeutic outcomes, with production method
being the primary determinant of purity. A comparative
study showed that TFF-isolated exosomes from MSCs
exhibited higher expression of CD63 (an MSC exosome
marker) and negligible contamination with low-density
lipoprotein cholesterol compared to ultracentrifugation-
isolated exosomes [83]. This enhanced purity directly
translated to improved therapeutic efficacy, with highly
purified MSC exosomes increasing wound healing and
angiogenic effects in human coronary artery endothelial
cells [83]. Filter membrane pore size during TFF isola-
tion also impacts yield and purity, affecting downstream
loading and therapeutic applications. Comparative analy-
sis of 300 kDa versus 500 kDa filter membranes showed
that while 500 kDa filters produced lower yields, they
generated exosomes with higher purity ratios [82]. This
increased purity improved loading efficiency by reducing
competitive binding from contaminants and enhanced
therapeutic efficacy through more precise target engage-
ment. To increase specificity, alternative techniques such
as immunoprecipitation can be used [59]. However, these
methods may introduce a high risk of contamination with
non-exosomal materials such as proteins and polymeric
materials [77].

Isolation methods also influence exosome heterogene-
ity, which affects both loading capacity and therapeutic
targeting. Different isolation techniques select for spe-
cific exosome subpopulations with varying membrane
compositions and surface protein profiles [78]. For
instance, size exclusion chromatography tends to isolate
purer exosomes with consistent size distributions and
preserved surface markers, albeit at lower yields than
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precipitation methods [80]. Additionally, precipitated
exosomes exhibited inconsistent expression of surface
markers, suggesting selective isolation of specific exo-
some subpopulations with potentially varying loading
capacities [80]. Such selective isolation impacts the phys-
iochemical properties of the exosome membrane, affect-
ing its interaction with hydrophobic drugs during loading
and subsequent fusion with target cells. Exosomes iso-
lated using optimized methods is important for main-
taining their natural tumor-homing capabilities, reducing
the need for additional targeting modifications that might
otherwise compromise loading efficiency [81, 82].

The influence of production parameters extends
beyond the isolation method itself to the specific opera-
tional conditions within each method, highlighting the
nuanced relationship between production techniques
and therapeutic outcomes. These methods could funda-
mentally determine yield, membrane integrity, surface
protein composition, purity, and heterogeneity, all of
which directly influence loading capacity, drug release
profiles, and ultimately therapeutic efficacy. The evidence
strongly suggests that optimizing production techniques
should be considered an integral part of therapeutic
development rather than merely a preliminary technical
step. Moreover, it is important to note that exosomes are
delicate structures and are often resuspended in buffered
saline solution and immediately frozen at —80 °C after
isolation to prevent degradation. To preserve the yield
and integrity of the exosomes, it is essential to minimize
and avoid freeze—thaw cycles, as they can result in the
loss and aggregation of exosomes [85].

Exosome cargo & loading

Exosomes, as endogenous intercellular messengers, can
deliver a wide range of bioactive cargo throughout the
body [59]. Alongside housing various therapeutic agents
as cargo, exosomes also carry surface proteins that can
signal or activate specific pathways in target tissues [86,
87]. The composition of exosomal cargo and surface
modifications varies among cell types, enabling research-
ers to select exosomes enriched with desired features.
Beyond using natural cargo and modifications, research-
ers have developed a myriad of methods for loading
and modifying exosomes to contain specific therapeutic
agents [88]. Numerous FDA-approved drugs, includ-
ing chemotherapeutics, monoclonal antibodies and
immunotherapies, have been successfully loaded into
exosomes, showing varying degrees of success in pre-
clinical mouse models. For example, doxorubicin-loaded
MSC-derived exosomes enhanced tumor-selective tar-
geting and drug release along with minimizing systemic
toxicity while preserving cardiac function [16]. Simi-
larly, paclitaxel-loaded macrophage-derived exosomes
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overcame multidrug resistance in pancreatic adenocar-
cinoma (PDAC) cells, showing higher cytotoxicity in
P-glycoprotein-positive PDAC cells than free paclitaxel
[62]. Furthermore, exosomes have been utilized to deliver
various targeted therapies, including monoclonal anti-
bodies like cetuximab (anti-EGFR) and small molecules
such as imatinib [89, 90]. Additionally, exosomes can
serve as effective delivery vehicles for immune check-
point inhibitors like atezolizumab, durvalumab, and
avelumab [91]. Despite such versatility, a key challenge
remains in the efficiency of loading desired cargo into
exosomes. Traditionally, researchers have leveraged the
similarities between the exosome membrane and the cell
membrane to employ comparable techniques for load-
ing medicine into exosomes. However, these methods
are often inefficient, resulting in less effective exosomes.
This is where the innovations in biotechnology, chemical
biology, genetic engineering, and regenerative medicine
have come into play, offering opportunities to improve
traditional methods and enhance the effectiveness of
exosomes as nanomedicine delivery vehicles (Table 2).

Traditional methods of cargo loading

Traditional loading methods for exosomes generally
involve two main approaches: passive co-incubation or
active loading. In passive co-incubation, the technique
entails incubating the desired cargo, either alone or with
a transfecting agent that facilitates specific cargo deliv-
ery into cells [62]. This approach offers control over the
choice of cell source for the exosomes and involves fewer
processing steps for the exosomes, enabling immediate
freezing for preservation of the recovery rate, as well as
the functional and structural integrity of the exosomes
and the nanomedicine cargo. On the other hand, the
active loading method places less emphasis on the exo-
some source, as the intended cargo is exogenously loaded
mainly through techniques such as electroporation or
sonication [85, 88]. While this approach is typically more
efficient, its drawback lies in the fact that loading process
exposes the exosomes to harsher conditions, leading to
greater exosome loss and potential damage to the cargo
or loss of certain exosome integrities.

Co-incubation

There are two main types of incubation methods used
to load desired cargo into exosomes. The first method
involves co-incubating exosome-producing cells with
the cargo, facilitating its uptake by the cells. Alterna-
tively, these cells could be exposed to specific stimuli that
trigger changes in the exosome cargo, allowing for the
inclusion or exclusion of specific materials. For example,
immune cell-derived exosomes could be enhanced with
specific cargo following exposure to certain cytokines or
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Fig. 2 Traditional Exosome Loading Methods. A Co-Incubation of desired cargo with the cells prior to isolation of the exosomes. This allows certain
cells'natural tendencies to internalize cargos or rely on specific cargo’s ability to be endocytosed into the cells. Once inside the cell, the cargos can
be sorted into exosomes through various sorting pathways inside the cell. B Transfection of plasmids or other vectors allow the addition of specific
nucleic acids into the cells prior to exosome collection. This allows the modification of the transcription and translation of specific cargos to be
added or depleted from the exosomes. C Electroporation uses a range of voltages to create temporary openings in the membrane of the isolated
exosomes. This technique is more amenable to the type of cargo loaded because the major constraint is just the size and solubility of the cargo.

D Sonication is the use of various frequencies to create temporary openings in the exosome membrane and allow desired cargo to be loaded
inside exosomes. This is similar to electroporation and is amenable to wide range of cargos with the major restrictions being their size and solubility

through co-culturing with tumor or tumor microenviron-
ment-associated cells [92]. The second method involves
incubating isolated exosomes with the desired cargo
to facilitate passive incorporation. Agrawal et al. (2017)
demonstrated this approach by loading milk-derived
exosomes with paclitaxel, resulting in a two-fold increase
in tumor growth inhibition in mouse models compared
to paclitaxel alone [68]. Furthermore, modifications to
nucleic acids, such as cholesterol conjugated siRNAs,
have been shown to enhance the efficiency of co-incu-
bation loading while allowing the therapeutic siRNAs to
remain functional within the exosomes [93]. Although
these approaches effectively preserve the cargo and exo-
some properties due to minimal alternations in the exo-
some membrane composition and integrity, one main
drawback is the low efficiency of cargo loading (Fig. 2A).

Transfection

To deliver exosomes with specific cargos added or
depleted, researchers can utilize transfection of the exo-
some-sourcing cells with siRNAs, followed by collection
of the exosomes. For example, Hyung et al. (2023) dem-
onstrated that transfecting gastric cancer patient-derived
cancer (PDC) cells with siRNA targeting MET oncogene
resulted in PDC-exosomes depleted of MET. The result-
ing allogeneic exosomes retained their functionality and

were able to selectively deliver MET-silencing cargo to
the tumors, leading to reduced tumor angiogenesis and
invasiveness [67]. Transfection may provide an additional
layer of control by enabling the genetic engineering of
cargo. For instance, glycosylphosphatidylinositol (GPI)
signal peptides can be used to anchor proteins, such as
nanobodies, onto the surface of exosomes [94] (Fig. 2B).

Electroporation

Electroporation is a commonly used method for load-
ing specific cargo into exosomes, taking advantage of the
similarities between exosomal and cellular membranes.
This approach can accommodate a wide range of cargo,
as the concentration and conditions can be optimized
for efficient loading. For example, Han et al. (2021) used
electroporation to generate exosomes loaded with SIRT6
siRNA that impaired prostate cancer’s metastatic and
proliferation pathways [88]. In addition to siRNAs, drugs
and other chemicals can also be loaded using electropo-
ration. Kim et al. (2017) successfully loaded paclitaxel
via this technique, while Wan et al. (2022) loaded Cas9
RNPs to target hepatocellular carcinoma [95, 96]. How-
ever, electroporation was shown to induce the formation
of siRNA aggregates, reducing their efficacy and that of
the exosomes [85]. It has also been reported to cause
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exosome aggregation, further diminishing their effective-
ness [47] (Fig. 2C).

Sonication

Another method for loading cargos into exosomes
involves sonication, which utilizes different frequencies
and voltages. For example, Saini et al. (2024) successfully
delivered antibodies into exosomes targeting specific sur-
face antigens of neuroendocrine prostate cancers using
this technique [97]. Similarly, Du et al. (2021) employed
sonication to deliver a ferroptosis inducer and a photo-
sensitizer for chemo-photodynamic therapy in hepato-
cellular carcinoma mouse models [98] (Fig. 2D).

Others

In addition, researchers have utilized less popular tech-
niques, such as freeze—thaw cycles, mechanical extru-
sion, and detergent-mediated loading to introduce cargo
into exosomes [99].

Exosome innovations & new methods

Recent advancements in the creation and loading of
exosomes aim to address the significant barriers that hin-
der the scaling up and clinical translation as engineered
nanomedicine delivery vehicles for cancer treatment.

Microfluidics-based platforms for exosome mimetics
production

Microfluidics is a promising technology for isolating and/
or detecting exosomes from a variety of biological and
clinical samples, including cells and ascites from cancer
patients [100, 101]. This technology enables the use of
small devices and minimal sample amounts for exosome
collection and detection for various purposes. One sig-
nificant advantage of microfluidics-based approaches in
exosomes loading and selection is the ease of scalability
compared to traditional methods. Recently, research-
ers have employed this technology to facilitate the gen-
eration, modification, and loading of exosomes and
exosome-mimetic nanovesicles in a highly efficient and
precise manner (Fig. 3A).

The limited production of exosomes by living cells
and the complexity of collection procedures reduce
their effectiveness for mass delivery to targeted cells. To
address this, Jo et al. (2014) developed a microfluidics
platform that pressurizes cells into nanovesicles resem-
bling exosomes, which can function as delivery vehicles
for nanomedicine [102]. Wang et al. (2024) demonstrated
a platform to generate tumor-targeting exosome-mimetic
nanovesicles loaded with anti-tumor nanomedicine that
can penetrate the blood-brain barrier (BBB), achiev-
ing a 78% improvement in tumor retention compared
with traditional methods [103]. Another approach to
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fabricating nanovesicles with microfluidics involves uti-
lizing the naturally abundant and the much easier to iso-
late microvesicle population in EVs to create uniformly
sized nanovesicles while loading therapeutic agents, such
as miRNA, targeting specific tumors. Wang et al. (2021)
showed that these nanovesicles achieved high load-
ing efficiency and reduced tumor growth in preclinical
mouse models [104]. In addition, Liu et al. [105]. dem-
onstrated the use of a microfluidic sonication platform
to produce exosome membrane-coated poly (lactic-co-
glycolic acid) (PLGA) nanoparticles loaded with imaging
agents, resulting in improved targeting of homologous
tumors [105].

The use of microfluidics enables precise control over
the final exosomes, allowing for specific and engineered
surface modifications to enhance targeting and biodistri-
bution. Given the many roles microfluidics technologies
already play in research and in clinical settings, it is a tool
that has already been well integrated in different aspects
of clinical research, lowering the technical and skill bar-
riers of the technology in clinical translation. With its
scalability and the potential for optimization and pipe-
line development, microfluidics technology can serve as
a compatible and efficient tool in preclinical and clinical
settings.

Nanoporation

Nanopration, an innovative technology that employs
nanofluidic devices with nanochannel electropora-
tion, enables the efficient loading of specific cargos into
exosomes with high effectiveness [106]. Despite being
a relatively recent development, it has already shown
success in various preclinical models and offers sev-
eral advantages similar to those of microfluidic systems
(Fig. 3B).

Exosome nanoporation
Nanoporation utilizes mechanical compression, fluidic
shear stress to create transient nanopores in exosomes,
enabling more efficient loading of desired cargo com-
pared to microfluidics [107-109]. Similar to microfluidic
devices, the entire process is conducted in specific buft-
ers and the loaded exosomes can be promptly collected
and frozen to prevent loss and degradation. The workflow
involves loading exosomes obtained from prior steps into
exosome nanoporation devices to load specific cargos.
This technique allows for the use of exosomes sourced
from different cell types for organotropic targeting or
specific pharmacokinetic properties. This added control
enables fine-tuning in the delivery of nanomedicine while
increasing cargo loading efficiency.

The nanoporation platform developed by Hao et al.
(2021) creates transient nanopores approximately 4.9 nm
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NANOCHANNEL

NANOPORATION BIOCHIP

MVB

Fig. 3 Innovations & New Methods of Exosome Loading. A Microfluidics-mediated mechanical synthesis of exosome-like nanovesicles

from a variety of sources ranging from cells, microvesicles, and exosomes. In the process of synthesis, desired cargos are encapsulated

into the exosome-like nanovesicles. B Schematic of a nanoporation biochip. Nanochannels in the biochip use focused electric fields to load
desired cargo onto cells or exosomes directly. C Fusogenic hybrids rely on chemically-induced fusion of liposomes with exosomes to load cargo
into the resulting hybrid. D Engineered tags onto exosome biosynthetic machineries to load desired cargos into the exosomes in MVB. Genetically
engineered tags can load a wide range of cargos depending on the tag. The resulting exosomes can be collected once MVB fuse with the cell

membrane. Red triangles represent the cargos being loaded

in size in exosome membranes, allowing for the passive
and diffusive loading of cargo smaller than this size [106].
The loading efficiency is influenced by the sample flow
rate, suggesting that optimization of this parameter can
enhance loading efficiency and streamline workflows for
high-throughput cargo loading, with the primary limita-
tion being the quantity of exosomes that can be prepared.

Cellular nanoporation

In addition to exosomes, nanoporation can be applied
directly to the cells from which exosomes are derived.
These cells are cultured above nanochannels in the bio-
chip, allowing for cargo delivery that results in the pro-
duction of exosomes containing the delivered cargos
[110]. This technique demonstrates higher efficiency
than conventional electroporation methods, as it elimi-
nates intermediate steps between exosome sourcing and
loading cargos. Compared to traditional electroporation

and other loading strategies, the biochip device can
yield up to 50-fold increase in exosome production and
a 103-fold increase in exosomal mRNA transcripts [111].
Moreover, the platform is compatible with various cell
types, allowing flexibility in the choice of sourcing cells.
The technique has demonstrated success in preclini-
cal mouse models, showcasing long biological half-lives,
minimal cytotoxicity, and effective tumor targeting to
inhibit growth and development. Cellular nanoporation
techniques also achieve higher concentration of genetic
cargo, such as mRNA and miRNA, inside exosomes,
while allowing for the loading of large and intact mRNAs
with loading efficiencies ranging from 2,000 to 10,000-
fold higher than traditional methods [111]. Furthermore,
research by You et al. (2023) demonstrated a tenfold
increase in exosome production per cell using the cel-
lular nanoporation biochip compared to conventional
electroporation methods [112]. This enhancement in



Liu et al. Molecular Cancer (2025) 24:166

exosome yield can lead to highest overall efficiency in
loading endogenous intact mRNA from specific cells into
exosomes without requiring modifications to the cells.

Cellular nanoporation utilizes nanochannels to gen-
tly create nanopores in the cell membrane with focused
electric fields, facilitating accelerated delivery of genetic
material into the cultured cells on the biochip [113]. The
technique offers flexibility and compatibility with exist-
ing therapeutic workflows and administration routes, as
demonstrated in preclinical animal models of acute lung
injuries [114]. Another enhancement in cellular nanopo-
ration technology is the Cellular Nanoporation and Exo-
some Assessment Device (CEAD) developed by Sheng
et al. (2022) [109]. The CEAD platform has achieved cap-
ture efficiencies of 75%—90% and transfection efficien-
cies of 90-100% in the exosomes produced, which were
loaded with specific cargo [109]. This demonstrates the
potential of cellular nanoporation techniques for efficient
cargo loading and assessment in exosomes.

The biochip nature of cellular nanoporation technol-
ogy, akin to microfluidics, offers scalability in produc-
tion. Coupled with the observed enhancement in total
exosome release and mRNA transcript packaging, this
indicates strong potential for future clinical translation.
Despite its promising aspects, the system currently has
a limited selection of compatible cargo. However, as the
technology advances, it is likely that a broader range of
cargo will become compatible, leading to significant
improvements.

Fusogenic liposome-exosome hybrids

Artificial exosomes or fusogenic hybrids are created by
combining liposomes with isolated exosomes, aiming to
encapsulate cargo within the liposomes while incorporat-
ing the desirable properties of exosomes into the resulting
hybrid structure (Fig. 3C). Piffoux et al. (2018) presented
a method for fusing exosomes with liposomes to achieve
improved control over the cargo loading, extended bio-
logical half-lives, enhanced penetration of biological bar-
riers, reduced immunogenicity, and enhanced natural
targeting capabilities similar to native exosomes [115].
This fusogenic hybrid model leverages the membrane
fusion process mediated by chemicals such as PEG,
which has been demonstrated to facilitate membrane
fusion between cells, exosomes, and liposomes [116]. The
liposomes used were composed of phosphatidylcholine
and phosphatidylethanolamine, maintaining the lipid
composition of exosomes post-fusion to preserve natural
exosome properties [115]. Piffoux et al. showcased that
for the anti-tumor drug mTHPC, the loading efficiency
achieved with fusogenic hybrids was 90%, a substan-
tial improvement compared to the 3% loading efficiency
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achieved with traditional exosome loading techniques
[115].

Fusogenic hybrids have demonstrated promising appli-
cations in preclinical studies. When researchers com-
bined liposomes loaded with anti-tumor drugs with
exosomes, the fusogenic hybrids when administered
resulted in a significant systemic anti-tumor response,
improved immune infiltration of tumors, and reduced
tumor recurrence in mouse models [117]. Lin et al. (2018)
showed that a fusogenic hybrid could deliver CRISPR/
Cas9 for in vivo gene manipulation, while Xie et al. (2024)
used a hybrid with tissue-homing exosomes loaded with
siRNA cargo for targeted delivery to specific tissues [118,
119]. One advantage of fusogenic hybrids is their partial
reliance on liposome delivery, a well-established method
in nanomedicine with over five decades of history and
extensive clinical use [120]. This approach can overcome
common liposome drawbacks, enhancing efficiency and
safety by achieving exosome-like qualities such as low
immunogenicity and superior pharmacokinetics.

The fusogenic hybrid technique can be optimized
by adjusting various fusion conditions to achieve high
efficiency. Mukherjee et al. (2021) demonstrated that
delivering MCF-7 siRNA to breast cancer cells using
fusogenic hybrids led to twofold and fourfold increases in
efficiency compared to liposomes and exosomes, respec-
tively [121]. Piffoux et al. (2018) showed that with optimi-
zation, up to 60% of the soluble cargo in liposomes could
be transferred to the exosomes, leveraging the ease of
loading cargos into liposomes [116]. Selecting the appro-
priate source of exosomes also contributes to optimiza-
tion, as the fusogenic hybrids can retain many original
properties of the exosomes, including targeting capabili-
ties [119, 122]. Given that liposomes have been approved
as nanocarriers for various FDA-approved drugs such as
Onivyde, Marqibo, Doxil, the fusogenic hybrid technique
could potentially be implemented rapidly, provided it
demonstrates a similar safety profile [123]. Overall, while
the fusogenic hybrid approach shows promise in enhanc-
ing cargo delivery and targeting capabilities, addressing
challenges related to production efficiency and scalability
will be critical for its widespread application in clinical
settings [120]. However, concerns associated with their
toxicity and safety profile persist due to their synthetic
nature and may inherit challenges from liposomes, which
necessitates more extensive testing compared to natu-
rally sourced or endogenous exosomes. Additionally, the
larger size of fusogenic hybrids could hinder their ability
to cross certain biological barriers, limiting their effec-
tiveness in targeting tissues.
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Other exosome hybrids

While fusogenic exosome-liposome hybrids are widely
studied, there is growing interest in combining exosomes
with other nanomaterials to harness complementary
advantages. Exosome-polymer hybrids, for instance,
merge the natural biocompatibility and targeting capa-
bilities of exosomes with the customizable physicochemi-
cal properties of synthetic polymers. These hybrids could
be created by functionalizing exosome surfaces with
biocompatible polymers using methods such as atom
transfer radical polymerization or DNA-tethered block
copolymer attachment [124]. This polymer coating sig-
nificantly improves exosome stability during storage
and in biological environments, protects against enzy-
matic degradation, and can extend blood circulation
time up to fourfold compared to unmodified exosomes,
all while maintaining their bioactivity and targeting abili-
ties. Beyond polymers, exosomes can also form hybrids
with metallic nanoparticles, such as iron oxide, to cre-
ate theranostic platforms that combine imaging and tar-
geted drug delivery functionalities. These hybrids were
produced by incubating the parental cells with iron oxide
nanoparticles, which were subsequently incorporated
into the secreted exosomes [125]. These hybrids have
been shown to induce ferrotopsis with immunotherapeu-
tic effects against pathological angiogenesis, provide MRI
contrast, avoid toxicity associated with bare metallic nan-
oparticles, and enhance tumor accumulation. Overall,
these innovations highlight the unique potential of exo-
some hybrids to overcome the limitations of traditional
delivery platforms, offering reduced immunogenicity,
improved targeting, and multifunctionality.

Genetic engineered sorting

Researchers have leveraged their understanding of exo-
some loading mechanisms to develop techniques for
selectively loading tagged or modified cargos into cells.
By employing key components of the ESCRT path-
ways, proteins with exosome-sorting ability, and estab-
lished exosomal markers, they have developed methods
to enrich specific cargos within exosomes [126, 127].
This approach involves loading prior to exosome iso-
lation, which minimizes loss or damage to exosomes.
Unlike techniques such as electroporation, which can
expose exosomes to freeze—thaw cycles and destabiliz-
ing temperatures, this method effectively preserves their
structural integrity. Furthermore, the establishment of a
stable cell line that can be propagated and expanded for
scalability is often required, potentially enhancing load-
ing efficiency and production output. However, due to
the genetic engineering constraints, this method is only
suitable for cargos that can be naturally produced within
cells, thereby excluding small molecule drugs (Fig. 3D).

Page 15 of 29

Small molecular tag

WW-Tag Based Sorting. Sterzenbach et al. (2017) dem-
onstrated a novel approach known as WW-tag based
sorting, where proteins tagged with a WW tag are selec-
tively loaded into exosomes using an evolutionarily con-
served L-domain pathway as a loading switch mechanism
[128]. This process involves the interaction between
an L-domain recognized by the WW-tag and a sorting
switch protein, ensuing the specific loading of tagged
protein into exosomes [128]. By genetically modifying
cells to express the desired tag on proteins, researchers
successfully achieved the selective binding of these pro-
teins into exosomes. The resulting exosome were func-
tional and the WW-tagged cargo exhibited functionality
after injection into mouse models.

RNA Signal Motif. The differences between a cell’s
endogenous RNA profiles and those of its exosomes sug-
gest the existence of active sorting mechanisms. Oka
et al. (2023) identified specific RNA motifs, including one
located in truncated 3’ end of the RAB13 3’ UTR, that
play an active role in the sorting process [129]. By lev-
eraging these RNA motifs, it becomes possible to selec-
tively load RNAs bearing the specific tag into exosomes
with high precision and efficiency [129].

Marker/scaffold protein tag

RUSH System. Zhang et al. (2023) utilized a technique
called retention using selective hook (RUSH) to enable
the specific loading of Cas9 proteins into exosomes for
targeted modification of recipient cells [130]. Originally
developed by Boncompain et al. (2012) as a means of
synchronizing secretory protein traffic within cells, the
RUSH system was adapted to tether proteins of interest
indirectly to exosomal marker proteins, such as CD63,
facilitating their selective loading into exosomes [130,
131].

EXPLOR System. The Exosome for Protein Loading
via Optically Reversible protein—protein interactions
(EXPLORs) platform is an optogenetically engineered
method for efficiently and specifically sorting endog-
enous cargo into exosomes within cells before exosome
isolation. This technique involves creating a reversible
protein—protein interaction between the exosome marker
CD9 and a cargo protein tagged with a photoreactive
mCherry-CRY2 protein, enabling transient docking with
the exosome biogenesis pathway [132]. The EXPLOR
system has demonstrated success in loading therapeutic
proteins and delivering them in various preclinical ani-
mal models for conditions such as alcohol-induced liver
injury, acute kidney injury, and sepsis-associated organ
damage [133-135]. Moreover, the EXPLOR method of
loading and generating exosomes has achieved clinically
relevant GMP-grade standards [136].
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High Sorting Scaffold Protein. Zhang et al. (2023)
explored variations in cargo sorting by tethering desired
cargo to exosomal scaffold proteins such as TSPAN2 and
TSPAN3 [130]. Lipidation of proteins has been shown to
enhance their sorting into exosomes. Researchers dem-
onstrated that by tagging cargo with protein sequences
modified with lipid moieties, they could improve the
sorting of fused cargo into exosomes for a set of struc-
turally diverse transmembrane and peripheral membrane
proteins [137].

EXOtic Devices. The EXOtic devices workflow involves
designing specific exosome producer cells using synthetic
biological approaches to enhance exosome production
and improve endogenous mRNA delivery and loading.
This precise method enables the selective loading of
therapeutic mRNAs into exosomes at significantly higher
concentrations compared to other similar techniques,
and has demonstrated clinical relevance by successfully
targeting Parkinson’s disease in preclinical mouse models
[138]. These genetically engineered exosomes allow for
tagging or tethering specific cargo within the exosome
biogenesis pathways, leading to greater control and effi-
cient enrichment of desired cargo. This approach helps
prevent misfolding or excessive degradation of recombi-
nant proteins, which can occur with exogenously loaded
cargo [132]. Moreover, it offers precise control over cargo
selection, minimizing complications and processing after
isolation. Since the cargo is already within the exosomes,
it can be frozen immediately, reducing exposure to tem-
perature fluctuations and re-concentration steps. This
results in higher yields and better preserved functional
and structural integrity. Additionally, because the genetic
pathway is present in all cells, researchers can choose
various cell types for exosome production.

Exosome pharmacokinetics & pharmacodynamics
Exosomes stand out from conventional nanocarriers due
to their unique characteristics that provide enhanced
targeting capabilities and the potential for modifica-
tions to redirect their biodistributions. Ongoing research
focusing on exosome targeting and homing within natu-
rally occurring EV pathways aims to identify key factors
involved in homing, improved retention, and evasion
of clearance pathways. These studies hold promise for
future applications and re-engineering efforts to achieve
desired specificity in exosome biodistribution and
pharmacokinetics.

Biodistribution & retention

Exosomes, unlike liposomes and other non-exosome
nanoparticles that are synthetic or chemical/metallic in
nature, have a significantly lower risk of eliciting immune
reactions. Additionally, exosomes can be sourced from
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safe and scalable sources like milk and plants [68].
Exosomes do not typically require extensive chemical
(e.g. altering surface charges) or biological modifications
(e.g. adding immune evading factors) to their surface to
ensure non-toxicity [138, 139]. The biodistribution of
exosomes in the body can vary between different cell
types, but they generally have the ability to reach various
parts of the body, crossing barriers that may be challeng-
ing or impossible for traditional nanoparticles. Exosomes
can travel through the bloodstream, lymph fluids, and
even cerebrospinal fluids [59, 140]. When administered
systemically, exosomes mainly accumulate in the liver,
lungs, kidneys, and spleen, with varying retention in
tumors depending on the tumor type [59]. Intratumoral
injection of exosomes may enhance their retention within
the tumor tissues compared to other administration
routes [141]. The biodistribution of exosomes remains
relatively consistent even after processing and cargo
loading, indicating the selection of exosome source can
influence their biodistribution properties.

Exosomes in the body are mainly cleared through the
liver by macrophages via the RES [142, 143]. Exosomes
that are modified with PEGylation or expressing CD47
can significantly enhance their circulation and abil-
ity to target tumors [41-45, 144, 145]. Altering the lipid
compositions of exosomes or exosome-mimetics can
potentially hinder the rapid clearance by the RES, lead-
ing to longer circulation times and improved targeting
of tissues. Interestingly, exosomes derived from bovine,
murine, or porcine milk have demonstrated the ability
to cross species-barrier and transport a range of cargo
including miRNA and proteins. These exosomes can
bypass traditional biodistribution and clearance path-
ways, accumulating in the brain as well as in the liver and
spleen [68, 71] (Fig. 4).

Targeting

Some tissues’ exosomes naturally exhibit homing abilities
towards their own tissue type, even after being modified
or loaded ex vivo. This characteristic can be exploited
by researchers to isolate exosomes from specific tissues
they wish to target [93]. Exosomes derived from immune
cells are commonly used in both preclinical and clinical
cancer research due to their inherent immune homing
capabilities and targeting abilities. Dendritic cell-derived
exosomes, as mentioned earlier, possess tumor homing
capabilities and can serve as effective delivery vehicles
for chemotherapeutic agents such as doxorubicin to tar-
get specific tumors [146]. Macrophage-derived exosomes
have also demonstrated immunotropic and tumor hom-
ing capabilities under certain conditions. Wang et al.
(2021) showed that through chemical modification, mac-
rophage-derived exosomes could selectively accumulate
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Fig. 4 Exosome Biodistribution & Targeting. Exosomes in the body through systemic administration will mainly be retained in the liver, spleen,
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as preferential retention. In addition to topic injections, other topical administration techniques involve nebulizers to target the central nervous

system and biomaterials implantation for longer and sustained release

in lymph nodes and tumors, thereby exerting anti-tumor
activities [147] (Fig. 4).

Certain cancers produce organotropic exosomes that
exhibit preferential tissue targeting in where the can-
cer metastasizes and forms secondary tumors. This
organotropism is partially guided by surface integrins
on the exosomes, and modifying these surface integ-
rins can redirect the exosomes in different target tis-
sues. For example, exosomal integrin 4 has been shown
to possess lung tropism, when it was depleted from the
exosomes, the modified exosomes demonstrated a three-
fold decrease in lung retention compared with control
[40]. In addition, the specific cargo carried within tumor-
derived exosomes can also influence their organotropic
behavior. For instance, the cell migration-inducing and
hyaluronan-binding protein (CEMIP) is elevated in
tumor cells and tumor-derived exosomes, contribut-
ing to preferential metastasis to the brain. The uptake
of exosomal CEMIP by brain endothelial and microglial
cells promotes brain vascular remodeling and metastasis.
Notably, depleting CEMIP from exosomes reduces brain
metastasis without affecting primary tumor growth [138]

(Fig. 4). To achieve more precise tissue or cell-specific
targeting, surface modifications can be used.

Surface modifications

Exosomes, like traditional nanoparticles, can be surface-
modified to enhance efficiency and stability. Classical
techniques, such as attaching proteins, aptamers, and
radioisotopes, aim to improve biodistribution and tar-
geting. Among emerging strategies, glycosylation stands
out as particularly promising. Exosomes, similar to cells,
naturally exhibit surface glycosylation on their proteins
and lipids, which can be engineered to enhance targeting
capabilities, stability, and biodistribution.

Classical surface modifications of exosomes

Classical surface modifications enhance exosome func-
tionality by improving their biodistribution, targeting,
and labeling capabilities. General approaches involve
engineering surface proteins, aptamers, or chemical/radi-
oisotopes by means of genetic engineering, covalent or
non-covalent interactions to achieve precise therapeutic
outcomes.
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Protein modifications Surface protein modification
is the most common strategy, primarily achieved by
genetic engineering. For example, CD47 is expressed on
exosomes to inhibit macrophage phagocytosis by binding
SIRPa receptors, extending circulation time and enhanc-
ing tumor accumulation [148]. Similarly, neuron-target-
ing RVG peptides, derived from rabies virus glycoprotein,
enable exosomes to cross the BBB by interacting with nic-
otinic acetylcholine receptors on neurons and endothelial
cells, facilitating siRNA delivery for neurodegenerative
diseases like Alzheimer’s [149]. EGFR-targeting GE11
peptides, which bind EGFR without activating mitogenic
signaling, allow exosomes to deliver let-7a miRNA to
breast cancer cells, significantly reducing tumor volume
compared to unmodified exosomes [44].

Protein engineering enables precise control over exo-
some interactions with specific tissues. The iRGD pep-
tide, a tumor-penetrating peptide targeting integrin
avB3/B5 overexpressed in tumors, enhances exosome
delivery to cancer cells. For instance, iRGD-modified
exosomes loaded with KRAS siRNA suppressed tumor
growth in murine models, demonstrating their potential
for treating genetically driven cancers [45]. Exosomes
can also be functionalized with antibodies via chemi-
cal reactions such as 1-ethyl-3-(3-dimethylaminopro-
pyl) carbodiimide/N-hydroxy succinimide (EDC/NHS)
coupling, azide—alkyne cycloaddition (a canonical type
of click chemistry), or thiol-maleimide addition [150].
Alternatively, Wiklander et al. developed a platform
to produce antibody-displaying exosomes for targeted
delivery. By transducing producer cells with a construct
expressing an Fc-binding domain, these exosomes can be
decorated with various antibodies or Fc-fused proteins,
loaded with therapeutic cargo [151].

Aptamer modifications Aptamers, which are single-
stranded DNA/RNA molecules, offer high specificity and
low immunogenicity, making them ideal for exosome
functionalization [88, 152]. For example, functionalizing
doxorubicin-loaded exosomes with AS1411, a nucleolin-
targeting aptamer, directs these exosomes to colorectal
cancer cells in vivo, reducing off-target toxicity [153].
New techniques such as hydrophobic diacyllipid-tailed
aptamers or RNA nanotechnology (e.g., cholesterol-
anchored aptamers) further enable controlled ligand dis-
play on exosome membranes [154, 155].

Chemical/radioisotope modifications Radioisotope
modifications enhance exosome tracking and localized
therapy using advanced nuclear medicine techniques
like SPECT and PET. Radionuclides can be incorpo-
rated directly into the exosome membrane or through
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stabilizing chelators. For SPECT imaging, radioiodines
are ideal for long-term tracking, while Technetium-99
m (** ™Tc) and Indium-111 (***In) are widely used due
to their availability, low cost, and favorable properties
despite a shorter half-life [156]. In PET imaging, Cop-
per-64 (®*Cu) allows real-time biodistribution studies of
exosomes. Recent research has shown the effective use of
PEGylated exosomes with bifunctional chelators for ®*Cu
radiolabeling [157]. Overall, radioisotope modifications
significantly improve exosome tracking and therapeutic
capabilities, though challenges radiostability and toxicity
remain.

Glycan  modifications Glycan modifications have
emerged as a powerful functionalization strategy for
exosomes, leveraging their naturally occurring surface
glycans that play critical roles in cellular recognition and
immune evasion. By engineering these glycans, research-
ers can introduce functional groups or ligands onto the
exosome surface, enabling precise modifications with-
out compromising exosome integrity. One key approach
is enzymatic glycoengineering, where a sialyltransferase
enzyme transfers chemically modified sialic acid resi-
dues—such as azide-tagged N-acetylneuraminic acid—
onto glycans [158]. The azide groups introduced through
this process serve as"'molecular handles"for click chem-
istry, allowing for the attachment of various probes (like
fluorophores), targeting ligands (such as transferrin), or
therapeutic agents [159]. Microfluidic platforms could
further enhance this process, allowing multi-step glycan
modifications with improved efficiency compared to tra-
ditional methods [160, 161]. Additionally, glycan motifs
or peptides can be fused to the extracellular domains
of exosomal surface proteins, ensuring their presenta-
tion and facilitating specific interactions with target cells
[159]. Bioorthogonal metabolic glycoengineering offers
another approach, where parent cells are incubated with
unnatural sugars, resulting in the endogenous addition of
custom glycans that enhance exosome stability and deliv-
ery efficiency [162].

Glycan modifications also protect exosomal surface
proteins from proteolytic degradation and can facilitate
lysosomal escape, further improving delivery outcomes
[163]. Interestingly, glycan removal of exosomes can redi-
rect their biodistribution; for instance, O-deglycosylation
has been shown to enhance exosome accumulation in
distant organs like the lungs, likely by reducing nonspe-
cific uptake by proximal tissues or macrophages [164].
Despite these advantages, challenges remain, such as
achieving specificity in glycosylation patterns and avoid-
ing unintended loss of function in certain surface ligands.
As glycan biology advances, new targets and mechanisms
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will likely be identified, paving the way for even more
precise and effective exosome-based therapeutics.

Routes of delivery

The administration of therapeutic exosomes leverages
their natural pharmacokinetics and biodistribution to
enhance clinical outcomes. Exosomes can be suspended
in buffer solutions and administered through various
standard injection methods, with the route of admin-
istration significantly influencing their biodistribution.
For instance, exosomes targeting the brain can be deliv-
ered intranasally via a non-invasive nebulizer, enabling
their circulation to the brain while bypassing clearance
pathways in the bloodstream [104, 165]. Similarly, intra-
peritoneal injections are ideal for targeting specific peri-
toneal organs, similar to the delivery of chemotherapy
for ovarian cancer [166]. Importantly, studies have dem-
onstrated that repeated administration and modifica-
tion of exosomes do not increase immunogenicity or
toxicity, making them suitable for long-term therapeutic
applications [167]. In addition to direct injection meth-
ods, biomaterials such as 3D hydrogels offer innovative
approaches for exosome delivery. These biomaterials are
biodegradable, biocompatible, and non-toxic, making
them ideal for sustained nanomedicine release. Hydro-
gels can be loaded with exosomes and other therapeutic
cargo to provide controlled and localized delivery with
extended biological half-lives and enhanced therapeu-
tic effects [83, 146, 167]. By implanting hydrogels stra-
tegically or orthotopically, researchers can achieve slow
and localized release of exosomes at optimal sites with
minimal off-target effects, improving anti-tumor effi-
cacy [168]. For example, Li et al. (2023) demonstrated
success in targeting tumor-associated macrophages in
ovarian cancer and triple-negative breast cancer models
using hydrogels supplemented with modified exosomes
[169]. Furthermore, advancements in bioink technology
for bioprinting could enable the creation of customized
products loaded with exosomes for tailored therapeutic
applications [83]. While still relatively new in oncology,
injectable biomaterials loaded with therapeutic exosomes
have shown promise in regenerative medicine, such as
near injury sites in the heart or spinal cord [167, 168].
By utilizing the natural targeting and homing properties
of exosomes or engineering cells with known targeting
capabilities, researchers can achieve greater control over
delivery routes and therapeutic efficacy. These strate-
gies hold potential for overcoming challenges related to
off-target effects while maximizing the clinical impact of
exosome-based nanomedicine delivery systems.
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Current status of exosome in clinical translations
Numerous clinical trials are investigating exosomes, pri-
marily as diagnostic and prognostic biomarkers in cancer
and other conditions. While most focus on liquid biopsy
and biomarker applications, a small but growing number
are exploring their use as nanomedicine delivery vehi-
cles (Table 3). Exosomes in these trials are produced in
FDA-approved GMP-certified facilities to ensure safety
and suitability for clinical testing [15, 170, 171]. They are
classified into three types: unmodified, minimally modi-
fied, and engineered. Unmodified exosomes are directly
isolated and used for their natural cargo and biodistribu-
tion. Minimally modified exosomes come from modified
sources to enrich specific cargos, like tumor antigens,
and can be combined with other agents for synergistic
effects. Engineered exosomes undergo design optimiza-
tion at every stage, including source selection, surface
modifications, cargo loading, and administration routes,
to achieve optimal therapeutic outcomes.

Exosomes in cancer immunotherapy

Dexosomes, which are exosomes from dendritic cells,
have demonstrated considerable potential as cell-free
anticancer vaccines in two phase I studies and one phase
II study involving patients with advanced-stage cancers
[172, 173]. These vaccines are manufactured from den-
dritic cells obtained from patients through a single leu-
kapheresis procedure. These autologous dexosomes were
minimally modified by loading with the MAGE tumor
antigens via co-incubation. The manufacturing process
follows GMP standards, with quality control measures
that include verifying the expression of key tetraspanin
proteins such as CD63, CD81, CD82 and the overexpres-
sion of HLA-DR (MHC class II) [174]. The successful
loading of tumor-associated antigens onto dexosomes
was confirmed by functional assays with antigen-specific
T cell clones and by pulsing dexosomes with or without
HLA-A2-positive dendritic cells. In the phase II trial,
the production protocol was refined to enrich dexosome
batches for tetraspanins and HLA-DR, without the acid
elution of natural MHC I-bound epitopes used in phase
I. This adjustment was based on in vitro evidence show-
ing that high-affinity therapeutic peptides could compete
with or replace endogenous epitopes on the dexosome
surface, as demonstrated with MART1-specific cytotoxic
T cell clones [175]. These clinical and manufacturing
advances underscore the potential of dexosomes as scal-
able, precisely engineered cancer therapuetics.

In the non-small cell lung cancer (NSCLC) phase I trial,
weekly administration of dexosomes to HLA-A2 +indi-
viduals resulted in systemic MAGE-specific immune
reactivity in some cases, leading to modest T-cell activa-
tion and increased natural killer (NK) cell activity. Several
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patients experienced disease stabilization, with some
maintaining stability for over 12 months [176]. Similarly,
the melanoma trial observed partial immune responses,
although peripheral T-cell activation remained lim-
ited [173]. Dexosomes promoted NK cell prolifera-
tion and cytotoxicity through mechanisms involving
NKG2D ligands and IL15R«, consistent with preclinical
models showing NK-mediated tumor control. Build-
ing on these results, the follow-up phase II NSCLC trial
employed second-generation dexosomes derived from
IFNy-matured dendritic cells (DCs), which upregulated
immunostimulatory markers such as MHC II and costim-
ulatory molecules. These dexosomes were administered
as maintenance therapy following chemotherapy, aiming
to extend progression-free survival (PES). Although the
primary endpoint of 50% progression-free survival (PES)
at 4 months was not met, enhanced NKp30-mediated
NK function (linked to dexosomal BAG6 expression) was
associated with longer PFS in some patients. Remark-
ably, one patient achieved sufficient disease stabilization
to qualify for tumor resection and adjuvant radiotherapy.
However, T-cell responses were still lacking, even with
the addition of cyclophosphamide to suppress regula-
tory T cells. These trials underscore the ability of dex-
osomes to activate innate immunity via NK cells while
highlighting the difficulties in generating robust adaptive
T-cell responses. The variations in NK activation path-
ways—NKG2D in phase I melanoma trials versus BAG6-
NKp30 in phase II NSCLC—indicate context-dependent
mechanisms. While dexosomes hold promise as cell-free
vaccines, further optimization of antigen presentation
and combination strategies is crucial to fully realize their
therapeutic potential.

In another phase I trial involving colorectal can-
cer patients, unmodified exosomes were isolated from
malignant ascites using sucrose/deuterium oxide gra-
dient ultracentrifugation [176]. Their morphology and
protein components were confirmed through electron
microscopy and Western blot analysis. The study found
that combination therapy using ascites-derived exosomes
with granulocyte—macrophage colony-stimulating fac-
tor (GM-CSF) induced more robust anti-tumor immune
responses than the exosomes alone, suggesting that this
combination could be a feasible and safe alternative for
immunotherapy in advanced colorectal cancer.

Unmodified stem cell and plant-derived exosomes

Patients with acute myeloid leukemia often face severe
myelosuppression from chemotherapy, leading to com-
plications like infections, bleeding, and impaired organ
function. These complications can result in dose reduc-
tions and increased treatment-related mortality, high-
lighting the urgent need for early recovery strategies.
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Umbilical cord-derived mesenchymal stem cell (UCMSC)
exosomes can promote the repair and regeneration of
essential bone marrow cells, making them a promising
option for recovery. In a phase I trial (NCT06245746),
patients with acute myeloid leukemia undergoing con-
solidation chemotherapy are being recruited to receive
intravenous infusions of these exosomes to evalu-
ate their effectiveness in accelerating recovery from
myelosuppression.

Plant-derived exosomes present a biocompatible alter-
native for drug delivery. Curcumin is an anti-inflam-
matory agent known to have poor bioavailability. In an
exploratory trial (NCT01294072), curcumin-loaded fruit-
derived exosomes will be tested for targeted delivery to
colon cancer tissues. This clinical trial aims to character-
ize the effects of these exosomes on immune modulation,
cellular metabolism, and phospholipid profiles in normal
and malignant colon cells from patients undergoing sur-
gery for newly diagnosed colon cancer.

Engineered exosomes for targeted therapy

Advances in exosome engineering have enabled precise
therapeutic delivery. An ongoing phase I trial is investi-
gating the intravenous delivery of siRNA-loaded MSC-
derived exosomes targeting KRAS GI12D mutations
in metastatic PDAC patients who failed multiple lines
of therapy (NCT03608631) [45]. Clinical GMP-grade
exosomes were obtained from the culture supernatant
of human bone marrow MSCs. The conditioned media
from these cells, grown in a bioreactor, were processed
through filtration and centrifugation [170]. The result-
ing exosomes were characterized using NTA and flow
cytometry, followed by electroporation with siRNA.
Results showed that these engineered exosomes were
well-tolerated, with no reported dose-limiting toxicity,
and some patients showed stable disease responses [30].
The maximum tolerated infusion was not reached, even
at the highest dose, and downregulation of KRASG12D
DNA along with increased infiltration of CD8+T cells
were observed in patient samples [30]. This trial high-
lights the potential of exosomes to deliver gene-editing
tools with high specificity.

The above clinical trials investigating exosomes as
delivery vehicles in cancer therapy represent a promising
frontier in nanomedicine. With most studies currently in
phase I, the encouraging results regarding safety, toler-
ability, and early efficacy are laying a strong foundation
for future phase II trials. Advances in exosome engi-
neering are enhancing their loading capacity, targeting
precision, and production scalability, potentially lead-
ing to a broader range of clinical applications in cancer
treatment.
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Conclusion & future prospects

Nanomedicine for cancer treatment faces persistent
challenges in delivery, particularly in achieving precise
targeting, ensuring safety, and optimizing efficiency.
While loading efficiency is generally sufficient with tra-
ditional nanoparticles, critical issues remain regarding
safety and targeting. These include avoiding immune
responses, retaining therapeutic agents in target tissues,
crossing biological barriers, and facilitating internaliza-
tion into target cells [31, 177, 178]. Such limitations have
hindered the clinical efficacy of traditional nanoparti-
cles. In contrast, exosomes, which are naturally occur-
ring EVs, offer distinct advantages in addressing these
challenges. Exosomes are gaining attention as promising
nanomedicine delivery vehicles due to their favorable
preclinical outcomes and advancements in exosome-
related technologies. However, their development still
faces challenges related to loading efficiency and scaling
up production to meet clinical demand. Innovative inter-
disciplinary approaches have emerged to improve cargo
loading for diverse therapeutic agents. These advance-
ments are being validated in preclinical models. Another
challenge is biodistribution and targeting specificity,
which researchers are addressing through optimized
cargo-loading methods and careful selection of exosome
sources that leverage their natural homing properties
[71, 83, 138]. While clinical trials involving exosomes as
cancer nanomedicine delivery vehicles remain in early
phases, promising preclinical results suggest that more
interventional trials will be initiated in the near future.

In cancer immunotherapy, similar challenges arise
with nanomedicine delivery systems offering improved
safety and efficacy compared to traditional anti-tumor
treatments. Exosomes are compatible with existing

FDA-approved immunotherapies and can enhance
their delivery to tumor tissues. For instance, engineered
platelet-derived exosome hybrid liposomes have dem-
onstrated enhanced breast cancer immunotherapy out-
comes in preclinical models [117]. Similarly, mRNA
immunotherapies targeting cancer have been successfully
loaded into exosomes using electroporation techniques,
resulting in improved tumor retention and infiltration
while overcoming resistance mechanisms [179-181].
Furthermore, exosomes themselves are being developed
as novel immunotherapeutic agents—such as dendritic
cell-derived or tumor-derived exosome-based vaccines—
to target tumors effectively [92, 182, 183].

The inherent variability among tumors and patients has
driven the development of precision medicine strategies
to optimize therapies based on specific molecular signa-
tures. While traditional lipid and metallic nanoparticles
have been utilized in precision nanomedicine develop-
ment, exosomes offer superior adaptability for person-
alized therapies [184—186]. Their tunable nature allows
precise modifications for targeting specific tumors
through surface engineering or by serving as carriers for
personalized nanomedicine [187-189]. These properties
position exosomes as promising candidates for address-
ing the complexity of tumor heterogeneity while improv-
ing upon the capabilities of traditional nanoparticles. The
future of cancer nanomedicine delivery using exosomes is
envisioned to follow a structured approach encompassing
four key steps: (1) selecting the therapeutic cargo (e.g.,
siRNA, mRNA, plasmid DNA, soluble drugs); (2) choos-
ing the optimal source of exosomes based on factors such
as tumor homing abilities or organotropic properties; (3)
determining the best loading mechanism suited to the
cargo type (e.g., fusogenic hybrids for chemical drugs
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or cellular nanoporation for genetic materials); and (4)
selecting the most effective administration route (e.g.,
intravenous injection or nebulizer delivery). Additional
steps may include personalized modifications to opti-
mize efficacy while minimizing toxicity. This systematic
framework aims to refine research pipelines and acceler-
ate clinical translation (Fig. 5). As ongoing research con-
tinues to uncover new insights into exosome biology and
innovative techniques mature, the clinical translation of
exosomes as nanomedicine delivery platforms is poised
to revolutionize cancer treatment by addressing long-
standing challenges in targeting, safety, and efficiency.
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