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The pursuit of effective drug delivery systems is critical in advancing cancer therapies, particularly in the
realms of chemotherapy, radiotherapy and immunotherapy. This review focuses on plant-based
extracellular vesicles (PBEs) as innovative nanoplatforms for encapsulating and delivering genetic
materials, including microRNAs (miRNAs), small interfering RNAs (siRNAs), and mitochondrial DNA
(mtDNA). We explore the unique properties of PBEs that enhance the stability and bioavailability of these
therapeutic molecules, particularly their resistance to degradation by ribonucleases (RNases) and their
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ability to withstand gastrointestinal digestion. By improving the stability and facilitating cellular uptake of
these genetic particles, PBEs offer a significant enhancement of their therapeutic efficacy through

DOI: 10.1039/d4ma01189a nuclear gene modulation. This review highlights the transformative potential of PBEs in developing novel
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drug delivery systems for cancer treatment,
advancements in RNA-based therapies and beyond.
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Introduction

Cancer is characterized by unregulated cell proliferation that
spreads from its origin to distant sites within the body, fre-
quently resulting in death, hence marked as a major global
health issue and a leading cause of death worldwide. Conse-
quently, early detection and treatment are crucial for prevent-
ing disease progression, elevating overall survival rates, and
reducing mortality rates."

Henceforth, nanotechnology is being increasingly applied in
cancer research, with significant advancements in areas such as
gene therapy, molecular imaging, drug delivery, and cancer
detection and diagnosis. These applications have demonstrated
considerable promise, offering new avenues for more effective
and targeted treatment strategies with minimized side effects.>*

This is because nanomaterials, being biological in nature, can
easily traverse cellular barriers while exhibiting active and passive
targeting capabilities. Despite the availability of various medica-
tions for cancer, their sensitivity often leads to suboptimal results,
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paving the way for future research and clinical

along with numerous side effects and damage to healthy cells.*
Consequently, the shift in interest in cancer research has been
focused on exploring different types of nanomaterials, such as
plant-based exosomes (PBEs), indicating that nanoparticles can
effectively balance the enhancement of therapeutic efficacy with
the reduction of drug toxicity in treating cancer.>”

Building on this, nanomaterials have opened new avenues
for delivering biofunctional agents across various biological
applications, including diagnostics, imaging, and therapy.
For instance, exosome-based targeted delivery systems have
emerged following the successful use of liposomes in both
passive and active cargo delivery. As naturally occurring nano-
carriers, exosomes facilitate various physiological and patholo-
gical processes by encapsulating diverse bioactive molecules
within a phospholipid bilayer membrane. It is noteworthy that
the intercellular transfer of proteins via exosomes may also play
a role in cancer development.®’

Furthermore, recent evidence suggests that microRNAs
(miRNAs) function as immune modulators within tumors.
Acting as either tumor suppressors or oncogenes, these miR-
NAs can affect anti-tumor immunity and facilitate interactions
between tumor cells and nearby immune cells. Given their
specific regulatory capabilities, miRNAs are emerging as
potential prognostic biomarkers, as well as therapeutic targets
in immunotherapy.®® Therefore, to the best of our knowledge,
in this review, we are the first to highlight the successful
encapsulation and delivery of genetic materials to cancerous
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cells using plant-derived exosomes (PBEs). These exosomes have
been evaluated in various cancer cell lines to assess their potential
to enhance therapeutic efficacy, reduce side effects, and minimize
the toxicity of immune molecules. By exploring the delivery of
genetic cargo within PBEs, this study aims to advance the devel-
opment of more targeted and effective cancer therapies.

PBEs a potential drug delivery system

Drug delivery systems (DDS) address various challenges asso-
ciated with drug administration, such as enhancing circulation,
reducing degradation, minimizing side effects, and achieving
specific therapeutic objectives, all of which contribute to
improved efficacy of active pharmaceutical ingredients (APIs).
The demand for safe and effective drug delivery methods has
driven the scientific community to explore various alternatives.
Recently, mammalian-derived exosomes have garnered interest
due to their characteristics as natural carriers with inherent
specialized targeting capabilities. However, concerns regarding
their immunogenicity and cytotoxicity have been raised, which
may pose challenges for clinical translation. The need for a
sufficient and cost-effective source of nanoparticles has led to
the exploration of plant-derived nanoparticles, which can over-
come these limitations."®"" These naturally occurring nano-
particles can be engineered to enhance their therapeutic
properties, offering a novel approach to precision medicine in
cancer treatment.'> Their inherent biocompatibility and low
toxicity make them ideal candidates for drug delivery systems.
Recent developments have concentrated on modifying these
exosomes to improve their targeting of cancer cells, thereby
increasing their potential as tools for precision medicine."?

Numerous constituents present in consumable plants,
including antioxidants, anti-inflammatory agents, and anti-
cancer compounds, demonstrate biological efficacy. Phytochem-
icals, also referred to as secondary metabolites, are widely
acknowledged to possess these properties. Furthermore,
research has shown that PBEs closely mimic the structures of
mammalian exosomes and are adept at transporting plant-
derived components, such as short RNAs, into human cells,
offering various therapeutic advantages and facilitating commu-
nication between different species. Furthermore, PBEs contain-
ing miRNAs can regulate gene expression post-transcriptionally
in both plant and animal cells, traversing biological boundaries
and inhibiting detrimental interactions in plants."*'> Addition-
ally, PBEs can be modified by altering their surface character-
istics and cargo to enhance targeting and therapeutic efficacy. By
manipulating surface proteins, researchers can improve the
ability of exosomes to recognize and bind to specific signals
from cancer cells.'® For instance, exosomes derived from ginger
and grapes can be engineered to carry ligands that target
receptors overexpressed in certain cancer types. This targeted
approach ensures that the therapeutic agents within the exo-
somes are delivered directly to cancer cells, minimizing off-target
effects and enhancing treatment specificity. Additionally, the
cargo of these exosomes can include chemotherapeutic drugs,
RNA molecules, or other therapeutic agents, thereby boosting
their anti-cancer effects."”
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Overview of plant-based exosomes (PBEs)

Extracellular vesicles (EVs) comprise a heterogeneous group of lipid
bilayer-enclosed particles that are actively generated and released
by numerous cell types into the extracellular space. This is a
universal process found across all life forms, including prokaryotes
and eukaryotes, and takes place under a broad spectrum of
conditions, from normal physiological processes to disease-related
states.'® EVs comprise a variety of subtypes, classified based on
their mechanisms of synthesis and release, such as exosomes,
apoptotic blebs, and other distinct EV groups. These vesicles can
also be categorized according to their cell of origin (e.g;, platelet-
derived or endothelial cell-derived) or the physiological state of the
cells, such as “oncosomes” released from cancer cells or “prosta-
somes” derived from the prostate. The primary types of EVs include
microvesicles, exosomes, and apoptotic bodies (Fig. 1), though
recent research has identified additional forms, including large
oncosomes, migrasomes, ectosomes, exomeres, supermeres, and
membrane particles (Table 1). EVs are widely distributed across
human bodily fluids, such as breast milk, cerebrospinal fluid,
urine, saliva, and blood, and can be detected in both healthy and
disease states. Notably, the characteristics of these fluids—along
with the associated diseases and underlying conditions—are closely
linked to variations in the quantity, tissue origin, molecular
composition, and functional properties of EVs.'®

Specifically, exosomes are membrane-bound vesicles secreted
into the extracellular space in mammalian or plant cells, primarily
through the multivesicular body (MVB) sorting pathway, resulting in
mammalian-based or plant-based exosomes (PBEs), respectively.
These vesicles range in size from 30 to 150 nm and consist of a
lipid bilayer enclosing biologically active components. Initially,
exosomes were considered merely artifacts or mechanisms for
cellular waste disposal.”” However, current research has established
their significant role in cell-to-cell communication, including the
transfer of biologically active substances and regulation of gene
expression. Plant-derived exosomes gained attention when their
essential role in plant immunity against pathogen attacks was
identified.*®* The biological components of PBEs exosomes, includ-
ing proteins, miRNAs, RNA, and different metabolites, are similar to
those found in mammals.** While mammalian exosomes are widely
recognized for their potential as disease biomarkers, there is growing
interest in exclusively studying PBEs due to their inherent therapeu-
tic activities that can be exploited for human health. Unlike
mammalian-based exosomes, PBEs demonstrate several advantages,
such as a more resourceful, economical large-scale production, non-
toxic and non-immunogenic properties, and the ability to encapsu-
late various therapeutic and genetic molecules. As a result, substan-
tial research efforts focus on identifying and developing nano-
systems based on plant exosomes.®" Thus, herein, we exclusively
spotlight the recent advances reported on the biosynthesis, compo-
sition, isolation, and purification of PBEs from various plant origins.
In addition, their innate anticancer activities and their exploitation
as potential nanocarriers for gene delivery will be discussed.

Biogenesis of PBEs

The biogenesis of exosomes (MBEs or PBEs) is a highly regu-
lated process, as summarized in Fig. 2 and 3. Generally,
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Fig. 1 A visual representation of the diversity and sources of extracellular vesicles (EVs) illustrates their broad range of bioactive contents, including
proteins, nucleic acids, and lipids. These components not only contribute to the structural integrity of EVs but also carry distinct cellular markers. Cells from a
variety of tissue types utilize EVs as mediators of intercellular communication, secreting them into surrounding body fluids. In humans, a significant portion
of EVs are derived from stem cells. Furthermore, EVs are not exclusive to humans; organisms across different kingdoms, from plants to bacteria, also actively
produce and release EVs into their respective environments. This figure is reproduced from ref. 18 with permission from Nature, copyright (2024).

exosomes can originate from the plasma membrane via three
distinct pathways: (i) individual endosomes are transformed
into MVBs, and the resulting exosomes are released upon
fusion with the plasma membrane, (ii) exosomes can be

Table 1 Features and subtypes of extracellular vesicles

expelled directly by vesicles that emerge from the plasma
membrane, or (iii) they can be formed directly from dysregu-
lated compartments associated with the internal plasma
membrane (IPMC).>> MBEs are produced via the endocytic

EV subtypes Origin Size (nm) Mechanism of biogenesis Ref.
Exosomes Multivesicle body 50-150 Endosomes mature into late endosomes, forming multivesicular bodies 20
(MVBs) with intraluminal vesicles that fuse with the plasma membrane
for release (dependent or independent of ESCRT)
Microvesicles ~ Plasma membrane 100-1000 Calcium influx and cortical cytoskeleton remodeling cause direct 21
plasma membrane budding and cleavage.
Apoptotic Plasma membrane 100-5000 Cytoplasmic fragmentation during programmed cell death 22
bodies
Exomeres Secreting from cells <50 Cleavage of large cytoplasmic extensions from cell body 23
Migrasomes Retraction fibers 500-3000 Because of cell migration and actin polarization/migrasomes are formed 24
at the tip or by bifurcation of the retraction fibers during migration
Oncosomes The shedding of non-apoptotic =~ 1000-10000 Released by cancer cells with amoeboid movement 25
plasma membrane blebbing
Supermeres Unknown ~35(<50) Unknown 26
1232 | Mater. Adv., 2025, 6,1230-1261 © 2025 The Author(s). Published by the Royal Society of Chemistry
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ScienceDirect, copyright (2023).

route, where, throughout late endocytosis, intraluminal vesicles
(ILVs) are formed by membrane invagination inside multivesicu-
lar bodies (MVBs). The ILVs are produced when early endosomes
are incorporated with the adjoining membrane layer. These
intraluminal vesicles (ILVs) develop into exosomes, which are
primarily released into the extracellular space with the help of
the endosomal sorting complex required for transport (ESCRT).*?
ESCRT plays a vital role in the biogenesis of exosomes, and it is
categorized into four complexes (ESCRT-0, -I, -II, -III) comprising
different proteins (Table 2).

Exosome secretion occurs via well-established pathways, includ-
ing ESCRT and tetraspanin routes.>® ESCRT proteins, such as Hrs,
STAM1, and TSG101, play essential roles in exosome formation and
depend on ubiquitin-binding for their functionality.*” Cells contain
various ubiquitinated soluble molecules, such as MHC-II, which
facilitate the enrichment of ILVs. However, non-ubiquitinated
MHCHII has also been identified in exosomes that are released into
the extracellular space.*®*® Rab31 and GTPase have been identified
as regulators of lipid-mediated exosome formation through
mechanisms that function independently of the ESCRT and tetra-
spanin pathways.*® Exosome secretion mediated by the ESCRT
pathway, which comprises a cytoplasmic multi-subunit system, is
essential for membrane remodeling. This system facilitates vesicle
budding and the segregation of contents into MVBs, relying on four
key ESCRT complexes: ESCRT-0, ESCRT-1, ESCRT-II, and ESCRT-III,
along with related proteins such as ALIX, VPS4, and TSG10.*° The
ESCRT system is pivotal in exosome biogenesis, particularly in
forming ILVs. Aggregates of PLD2-phosphatidic acid promote the
fusion of endosomes with the ESCRT-I complex, thereby enhancing
the secretion of exosomes from the relevant cells.*' The interaction
between the MVB12B-MABP complex and PLD2-phosphatidic acid
promotes exosome secretion while compromising the integrity of
the MM (MVB12B-MABP)-PPA pathway. This disruption adversely
affects late endosome budding, resulting in a marked reduction in
the quantity of exosomes released.** In contrast to the standard
ESCRT pathway, when internal MVB transmembrane proteins
and late endosomes are transported in vitro, ALIX facilitates the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Illustrates the biogenesis process of exosomes in mammalian and plant cells. This figure is reproduced from ref. 34 with permission from

aggregation of ESCRT-II within late endosomes.** This process
enhances the extracellular secretion of transmembrane proteins
through the cell membrane. Furthermore, in this mechanism,
ESCRT-III directly interacts with lysobisphosphatidic acid (LBPA),
circumventing the more complex ESCRT pathway.*® On the other
hand, in the case of PBEs, the proteins are internalized by
introversion, swelling, and the formation of transportation vesicles
at the plasma membrane. Then, they are transferred to the trans
Golgi network (TGN), a subunit that develops into MVBs. Like
MBEs, ESCRT protein complexes are remarkably preserved in
plants and execute akin roles in the ordering and maturation of
MVBs.?® In addition, unlike animals, plants have a distinctive route
to produce exosomes employing double membranous structures
similar to autophagosomes called exocyst positive organelles
(EXPOs). EXPOs adopt an endocytic pathway and unite with the
plasma membrane to release uni-vesicles into the cell wall (exo-
somes produced by EXPO).*

The molecular composition of PBEs

PBEs share structural similarities with mammalian exosomes.
The main components of PBEs consist of proteins, lipids, and
nucleic acids (Fig. 4), with their specificity determined mainly
by their cellular origin.** These three components are crucial,
as each plays a distinct role. Generally, the protein profiles of
PBEs influence the uptake mechanism, with lipids being vital
for efficient cellular absorption and nucleic acids functioning
within recipient cells.*®

Their protein content largely determines the functionality of
PBEs. PBEs can act as signal transducers through protein
kinases and G proteins, serve as intracellular transporters via
annexins, facilitate exosome biogenesis through proteins such
as ubiquitin, clathrin, and ALIX, and promote cell adhesion via
integrin-like proteins such as lactadherin.*® While both ani-
mals and PBEs are rich in proteins, their roles and mechanisms
of action differ significantly. In humans, CD63 is recognized as
the most common protein biomarker for exosomes and is
widely used as a key marker in cancer research.’” In contrast,
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Fig. 3 The formation of plant extracellular lipid nanovesicles and their roles in plant physiological processes. This figure is reproduced from ref. 35 with

permission from Molecular Therapy, copyright (2021).

SYP121 is a plant-specific syntaxin protein that provides resis-
tance against fungal infections. When plant leaves are infected
with pathogens, the production of PBEs increases, facilitating
cellular uptake. The quantity of digested glycoprotein-derived
vesicles (GDVs) is significantly lower than that of undigested
GDVs, and the digestion of GDVs is closely linked to their
interaction with type II lectin. Consequently, inhibiting the
binding of GDVs to type II lectin would reduce GDV internaliza-
tion in cells. During this process, the protein sites on the
surface of GDVs can interact with CD98 and type II lectin. By
binding to CD98, GDVs can decrease their affinity for type II
lectin, thereby enhancing their capacity for cellular uptake.*®

1234 | Mater. Adv,, 2025, 6, 1230-1261

Their lipid composition primarily influences the uptake of
exosomes. PBEs are rich in phospholipids, including phospha-
tidic acids (PA), phosphatidylethanolamines (PE), and phos-
phatidylcholine (PC). Among these, PA is the most abundant
lipid and plays a crucial role in exosome delivery; for instance,
PA has been shown to modulate pathogenicity by affecting the
interactions between exosomes and hemopexin in periodontal
pathogenic bacteria. Additionally, research has indicated that
PC-enriched PBEs are preferentially absorbed by Ruminococcus,
suggesting that the specific lipid composition is significant in
facilitating targeted uptake of exosomes by cells.** The impor-
tance of lipid composition in absorption was further evidenced

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Summarizing the composition and roles of ESCRT complex proteins in the biogenesis of exosomes
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ESCRT type Composition

Role

ESCRT-0 It comprised two subunits: hepatocyte growth-factor regulated
tyrosine kinase substrate (Hrs) and signal transducing adaptor
molecule (STAM)

ESCRT-1 Is a heterotetrametric complex

ESCRT-II  is a hetero-tetramer comprised of EAP45, EAP30, and EAP 20
proteins.
ESCRT-III It is an oligomer of charged multivesicular body protein (CHMP).

gene expression
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It also interacts with the TSG101 protein of ESCRT-1 and delivers
the complex to the site.

It is responsible for placing the cargo into the MVBs and initiates a
concentration of the cargo proteins through interaction with the
ESCRT-II complex.

It is responsible for the concentration of the cargo proteins.

It is the most important functional component in triggering the release
of exosomes: it initiates the establishment of membrane-binding
spirals with the aid of VpS4p/SKD1 ATPase (source of energy). This
results in the release of the vesicle buds from the membrane. Then, the
vesicles interact with N-ethylmaleimide sensitive factor attachment
protein receptors (SNARE), facilitating its release.

by the successful uptake of modified nanoparticles by intestinal ~ enterocytes. Consequently, the lipid composition of PBEs can
cells in mice. Imaging studies indicated that the reduced size be modified and organized into nanocarriers with distinctive
and higher concentration of PA in the edible-labeled PBEs architectures, enhancing their potential for use as drug delivery
contributed to the formation of nanoparticles within mouse systems.

32,49
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Fig. 4 The schematic representation illustrates the structural composition of exosomes derived from plants. This figure is reproduced from ref. 10 with

permission from Drug Delivery and Translational Research, copyright (2024).
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Fig. 5 A schematic representation of the exosome separation techniques. (a) Size exclusion chromatography separates particles based on size differences. (b)
Ultracentrifugation is frequently employed to extract exosomes according to their size, sedimentation characteristics, or density in sucrose gradients. (c)
Microfluidics-based methods utilize both physical properties, such as size and density, and chemical properties, including binding to exosome surface antigens.
(d) Immunoaffinity techniques capture exosomes based on their specific interactions with antibodies or magnetic nanoparticles. (e) Ultrafiltration involves passing
particles through a filter to separate them according to the pore size of the filter. (f) The polymer co-precipitation method, which relies on steric exclusion,
aggregates particles into clumps that can be easily precipitated through low-speed centrifugation. (g) In field flow fractionation, particles separate at different
positions on a membrane according to their size. This figure is reproduced from ref. 56 with permission from the Journal of Translational Medicine, copyright (2022).
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PBEs frequently contain a substantial amount of non-coding
RNAs that regulate gene expression in recipient cells, thereby
influencing processes such as cell proliferation, apoptosis,
metabolism, and immune responses.>® Exogenous PBEs have
been shown to be absorbed by rat intestinal epithelial cells
(IEC6), taking up miR-156a, miR-168a, and miR-166a, which
subsequently modulates TNF-o. production in mammalian
adipocytes.>® However, these findings have yet to be validated
in humans.>® This suggests that PBEs could serve as effective
drug delivery carriers in gene therapy applications. Eukaryotic
argonaute (AGO) proteins can selectively bind to siRNAs and
guide the complex to specific gene targets by leveraging base
pairing between mRNA and siRNA. Subsequent studies have
demonstrated that AGO proteins can specifically associate with
small RNAs derived from PBEs in Arabidopsis.>® There are ten
different types of AGO proteins, each exhibiting distinct cap-
abilities for binding siRNAs. Notably, PBEs and their associated
siRNAs were found to bind exclusively to the AGO1 protein,>*
suggesting that the siRNAs influence the protein metabolism of
PBEs. Furthermore, siRNAs within PBEs have been shown to
enhance the secretion of IL-23 and TNF-o. from macrophages
infected with Helicobacter pylori, thereby inducing an inflam-
matory response in target cells. This was achieved by reducing
the expression of specific antigenic genes while maintaining
cellular homeostasis.>

Isolation and purification methodologies of PBEs

Exosomes can be purified through various methods, which
depend on factors such as their size, flotation density, shape,
and the presence of specific molecular markers on their sur-
face. Standard techniques for isolating exosomes from cell
culture media or homogenates include ultracentrifugation,
differential centrifugation, size exclusion chromatography,
and the use of commercial kits. Several innovative technologies
are also being developed that leverage exosomes’ physicochem-
ical and hydrodynamic properties. The choice of purification
method is influenced by the source material from which the
exosomes are derived, as well as the intended downstream
applications of the final product.** Some of the conventional
and new isolation methods are presented in Fig. 5. Exosomes
are gaining prominence in research for their isolation and
purification. Nonetheless, it is important to note that there is
currently no standardized method for exosome extraction, as
various techniques offer unique advantages and drawbacks; the
choice of separation method primarily depends on the char-
acteristics of the samples and the intended applications.

Traditional methods for PBEs isolation

Ultracentrifugation is the primary method for isolating exo-
somes from plant sources, relying on the differences in size and
density between exosomes and the surrounding materials
(Fig. 6). The process involves subjecting plant homogenates
or juice to sequential centrifugation at increasing speeds.
Pellets from centrifugation below 100000 x g, which do not
contain exosomes, are discarded. The remaining pellet is
washed, centrifuged, and collected. While effective, this

© 2025 The Author(s). Published by the Royal Society of Chemistry
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method is labor-intensive and requires expensive equipment.
Ultracentrifugation can lead to protein aggregates, which can
be minimized using a density gradient. Exosomes float in a
30% sucrose gradient, while most contaminants do not.
Increasing centrifugation speed to 135000xg with sucrose
fractionation yields purer exosome preparations, though it
reduces overall yield.***>°”

A schematic illustration of the immunoaffinity-based exo-
some isolation process is presented in Fig. 7. The immunoaffi-
nity method for isolating exosomes involves labeling specific
abundant membrane proteins, such as CD9, CD63, CD81, ALIX,
EPCAM, RAB5, and ANNEXIN. This method can be categorized
into three types based on antibody substrates: chromatographic
stationary phase separation, magnetic bead immune separa-
tion, and enzyme-linked immunosorbent separation. The
enzyme-linked immunosorbent assay (ELISA) is commonly
used for isolating and quantifying exosomes via immunoaffi-
nity chromatography (IAC), utilizing surface biomarkers to
create specific binding sites for corresponding antibodies.
Advances in this technology include incorporating noncovalent
interactions to improve the release of exosomes from magnetic
beads, enhancing purity.>®

Immunoaffinity-based exosome isolation typically results in
ultrapure preparations, making it ideal for evaluating exosome
immunogenicity and therapeutic potential. However, a major
limitation of this approach is the need for specific markers,
which are often poorly characterized in certain systems, espe-
cially in plants. Moreover, this technique is not suitable for
large-scale exosome extraction due to the additional processing
required to remove the attached antibodies.**>°

Ultrafiltration (UF) isolates particles within a specific size
range using a membrane with a defined pore diameter or
molecular weight cut-off (MWCO), making it a size-based
separation technique. Two main types of UF devices are
tandem-configured and sequential ultrafiltration. The choice
of filter is crucial for exosome recovery, with research indicat-
ing that a 10 kDa cellulose membrane provides optimal effi-
ciency. UF is advantageous in reducing processing time and
does not require specialized equipment, though membrane
fouling, which decreases efficiency and shortens membrane
lifespan, remains a challenge. Tangential flow filtration (TFF), a
type of cross-flow filtration, effectively addresses this issue by
preventing clogging and improving exosome yield and bioac-
tivity. TFF also ensures greater consistency across batches.
However, UF faces limitations due to pore occlusion and the
presence of nanoparticles similar in size to exosomes, which
can be mitigated by combining UF with other methods.**®*¢!
Different types of exosomes UF methods are presented in Fig. 8.

In 1955, Grant H. L. and Colin R. R. introduced size-
exclusion chromatography (SEC) to isolate solutes based on
molecular weight by passing an aqueous solution through a
column of starch and water, as presented in Fig. 9. During this
process, molecules with different hydrodynamic radii exhibit
distinct behaviors. Smaller molecules enter the stationary pha-
se’s pores and are delayed, while larger molecules, unable to
enter the pores, bypass them and elute more quickly.®* SEC
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Fig. 6 The ultracentrifugation technique is utilized for the isolation of exosomes from plant sources. This method involves subjecting the sample to
high-speed centrifugation, which separates the exosomes based on their size and density, allowing for their effective extraction and purification. This
figure is reproduced from ref. 35 with permission from Molecular Therapy, copyright (2021).

effectively separates molecules by size, and unlike ultrafiltra-
tion, it preserves the structural integrity of exosomes through
passive gravity flow. This method retains exosome biological
functionality and requires small sample volumes. However, it
may result in contamination by lipoproteins and protein
aggregates.63

Exosome separation can be performed cost-effectively using
polymer-induced precipitation (Fig. 10), where highly hydro-
philic polymers like polyethylene glycol (PEG) create a hydro-
phobic microenvironment that induces exosome precipitation.
PEG, with a molecular weight between 6000 and 20 000, is ideal
for this process due to its non-toxic and inert nature. While this
method offers high yield, it can compromise preparation

A
Biofluid

quality, as PEG may also precipitate hydrophilic extracellular

impurities.”®*°

Novel methods for PBEs isolation

Affinity capture can be used to isolate and enrich exosomes by
employing specific antibodies that target surface proteins and
markers. When exosome-containing materials are incubated
with solid matrices linked to these antibodies, exosomes are
enriched and can be washed away. This method can be
enhanced by using technologies like micro-bead-assisted flow
cytometry. However, antibodies have drawbacks, including high
costs, limited stability, and the need for specialized personnel.
To overcome these limitations, aptamers and peptides provide a
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(A) The foundational concept of the immunoaffinity-based approach for the extraction of exosomes. This figure is reproduced from ref. 58 with
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Fig. 8 Schematic representation of exosome isolation via ultrafiltration. (A) Tandem ultrafiltration: in this configuration, biofluids are processed through
two membranes. The larger vesicles, such as cell debris, apoptotic bodies, and whole cells, are captured by the 200-nm membrane, whereas vesicles
ranging from 20 to 200 nm in diameter are retained by the lower 20-nm filter. (B) Sequential ultrafiltration: initially, larger particles (e.g., cells or cell
debris) are eliminated using a 1000-nm filter. The resultant filtrate is then processed through a secondary filter with a 500-kD cutoff to remove free
proteins. Ultimately, exosomes with diameters between 50 and 200 nm are collected from the filtrate using a 200-nm filter. (C) Tangential flow filtration.

This figure is reproduced from ref. 61 with permission from Analytical and Bioanalytical Chemistry, copyright (2022).

more stable and cost-effective alternative. Recent innovations
include thermophoretic aptasensors with CD63 aptamers on
microbeads and CD63 aptamer-based graphene composites for
exosome capture. Additionally, methods utilizing phosphatidyl-
serine, highly expressed in exosomes, are being explored, such as
using titanium dioxide-modified magnetic beads or Tim4-coated
magnetic beads for exosome isolation.®**°

Molecularly imprinted polymers (MIPs) provide nanocavities
that replicate the shape and charge-based binding character-
istics of exosomes (Fig. 11). Purification of exosomes can be
achieved through electrostatic binding and conformational
recognition using biomimetic materials, which offer high spe-
cificity and stability as alternatives to antibodies. Hybrid struc-
tures, such as MIP-aptamers, have been used to enhance

© 2025 The Author(s). Published by the Royal Society of Chemistry

specificity further. Molecularly imprinted polymers (MIPs) have
successfully isolated exosomes from tear samples, enabling
purification without needing specific marker identification.
However, a limitation of this method is that macromolecules
in the sample can block the exosome binding sites. Despite this,
MIP development is still in its early stages, and ongoing research
may lead to improved strategies for exosome separation.***”-*

Microfluidics, which involves controlling small volumes of
fluids within micrometer-sized channels, has been used to
develop exosome purification methods. Immuno-microfluidics-
based separation employs antibodies immobilized on chips to
target specific molecular markers on exosome surfaces (Fig. 12).
Microfluidic chips are modified with antibodies, aptamers, or
peptides to improve selectivity in exosome separation. Various
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Fig. 9 Principle of size-exclusion chromatography for exosome isolation. Size-exclusion chromatography relies on the passage of a solution