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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."”

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

View Article Online

Materials Advances

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
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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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29,30

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).

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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permission from Biosensors, copyright (2023).
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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

Mater. Adv,, 2025, 6,1230-1261 | 1239


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ma01189a

Open Access Article. Published on 13 2025. Downloaded on 14.02.2026 18:32:32.

View Article Online

Materials Advances Review

A Before After B 9
F s Q i Jl )
o < Foal_ - . FT¥Psal®
N = o 4 o
200 Magnified particle ¢ v
09 >
@ o
' ° Retention time
° (minute)

v
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Fig. 10 Schematic of the polymer precipitation strategy: when highly hydrophilic polymers are introduced to a solution containing exosomes, these
polymers bind to the surrounding water molecules, which decreases the solubility of the exosomes and prompts their precipitation. This allows for the easy
collection of exosomes through low-speed centrifugation. This figure is reproduced from ref. 60 with permission from Theranostics, copyright (2020).

microchannel designs have been developed, including nanowires,
Y-shaped micropillars, and trapping microchannels. Key advan-
tages of microfluidics for exosome isolation include reduced
sample volumes and the elimination of labels, as separation
depends on the physical properties of the exosomes. This
approach is gaining attention for its potential to make exosome
separation more cost-effective and reliable.>*7°7

Asymmetrical flow field-flow fractionation (AF4) is an analy-
tical technique that separates nanoparticles from larger mole-
cules based on size. This separation occurs due to differences
in mobility within a flow field created by liquid moving over a
membrane and through a channel, primarily influenced by the

1240 | Mater. Adv, 2025, 6, 1230-1261

intrinsic diffusion coefficients of the particles, as presented in
Fig. 13. AF4 has effectively isolated extracellular vesicles from
plasma.”* Notably, this method allows for the gentle separation
of exosomes without relying on specific markers while still
achieving high-size resolution. However, a limitation of this
technique is the potential contamination of the preparation by
particles with the same hydrodynamic size as exosomes.”*”>
The liposome fusion technique, which shares structural
similarities with exosomes, particularly in their bilayer mem-
branes, allows for flexibility during fusion, as shown in Fig. 14.
Recent advancements include antibody-linked lipid patch
microarrays developed for isolating extracellular vesicles from

© 2025 The Author(s). Published by the Royal Society of Chemistry
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cancer samples. This technology optimizes exosome surface
properties to reduce immunogenicity, enhance stability, and
extend their half-life in circulation.”® However, the hydrophobic
nature of lipids complicates their direct loading into exosomes.

2 ym Filter
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>0<. Ve

Key:

Proteins

Genetically modifying exosome lipid membranes is also chal-
lenging due to complex lipid production processes and unclear
mechanisms of lipid sorting. To overcome these challenges, a
novel technique involves creating engineered hybrid exosomes

15nmor 30 nm
Filter

Fig. 12 Diagram illustrating the operating principle of the microfluidic device: this innovative microfluidic system employs a dual filtration method. A
new sample is introduced via the sample input and initially filtered through a 2 um filter. After this step, the sample enters the bottom chamber and flows
through a channel to the 15 nm/30 nm filter for additional filtration. Exosomes are then collected from the collection channel inlet using a pipette. This
figure is reproduced from ref. 73 with permission from Sensors, copyright (2023).
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Fig. 13 Asymmetric field-flow fractionation (AF4): prior to separation, samples are concentrated on the membrane. Particles diffuse off the membrane
based on their size, aggregating in regions where the forces of diffusion and cross flow are balanced. Concurrently, laminar flow directs the particles
toward the detector located at the end of the flow channel. This figure is reproduced from ref. 73 with permission from Sensors, copyright (2023).

by fusing exosome and liposome membranes through a freeze-
thaw method, allowing surface modification with peptides or
antibodies.”’

Loading methods of nucleic acids in PBEs

Nucleic acids are characterized by high hydrophilicity and
negative charges. However, these particles face significant chal-
lenges in cellular uptake due to susceptibility to nucleases and
clearance by the liver and kidneys, leading to rapid degradation.
The inherent instability and degradability of nucleic acids sub-
stantially hinder their effective delivery, making them highly
dependent on protective drug delivery systems to ensure their
stability and facilitate cellular delivery.”® As a result, the use of
exosomes for loading and delivering nucleic acid drugs has
gained attention. Compared to lipid nanoparticles, exosomes
are less cytotoxic and offer superior cargo expression, making
them more efficient carriers that protect nucleic acid drugs from
degradation and enhance their stability.”® Exosomes naturally
facilitate the delivery of miRNAs and siRNAs, which bind to
target mRNAs in recipient cells, leading to mRNA degradation or
the inhibition of protein synthesis. This mechanism, known as
RNA interference, enables the silencing of specific genes. Con-
sequently, researchers have increasingly focused on developing
small RNA-based therapies leveraging this process.*’

It is worth mentioning that exosomes loaded with therapeu-
tic molecules face several challenges, including competition
from endogenous exosomes, internalization and clearance by
the mononuclear phagocyte system, and difficulties with pre-
cise targeting. To address these issues, specific modifications
to the exosome surface are required. These modifications can
be chemical or biological (Fig. 15). Chemical modifications
typically involve the biological binding of targeted ligands to
surface proteins, although this approach may lead to surface
protein inactivation or exosome aggregation. On the other
hand, biological modifications involve displaying functional
ligands on the exosome membrane, but this strategy requires
plasmid construction and the overexpression of proteins in
donor cells. Despite their limitations, both approaches have
successfully improved some therapeutic potential.®!

1242 | Mater. Adv, 2025, 6,1230-1261

Currently, drug loading methods are commonly categorized as
passive and active loading approaches. Passive loading involves
co-incubating plant extracellular lipid nanoparticles with drug
molecules at specified temperatures, relying on diffusion and
lipophilic interactions between the drug and the vesicle
membrane for binding. While this method is relatively simple,
it tends to lower encapsulation efficiency. In contrast, active
loading techniques, including ultrasound-assisted loading, elec-
troporation, extrusion, and freeze-thaw cycles, have been reported
to substantially enhance the loading capacity of PELNs, with
increases exceeding 11-fold.*>

Several loading methods are available for PBEs. However,
due to the previously discussed challenges, only specific load-
ing techniques are suitable for incorporating nucleic acids.
These methods include co-incubation, electroporation, sonica-
tion, and transfection, as shown in Fig. 16.

Incubation method

The incubation method involves co-incubating exosomes with
nucleic acid molecules for a defined period at room temperature,
facilitating the loading of these molecules into the exosomes. This
approach is simple to implement and preserves the structural
integrity of the exosomes. The loading efficiency is determined
mainly by the polarity of the small molecule. Lipophilic small
molecules with low to medium molecular weight, such as cata-
lase, are more readily incorporated into exosomes through this
process.®” The aqueous core and bilayer lipid membrane of
exosomes facilitate the loading of both hydrophilic and hydro-
phobic drugs through co-incubation, enhancing drug encapsula-
tion efficiency.®*

Electroporation method

Electroporation is a technique that utilized to load nucleic
acid molecules into exosomes by applying an external electric
field near the exosome membrane, using brief high-voltage
pulses to disrupt the membrane. Under optimal conditions,
this causes a rapid rupture of the lipid bilayer, inducing
a transient increase in membrane permeability that
allows nucleic acid molecules to diffuse into the exosomes.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Generation of Exome-liposome hybrid

Fig. 14 Schematic of the procedure for creating exosome-liposome hybrids. This figure is reproduced from ref. 77 with permission from Acta

Pharmacologica Sinica, copyright (2022).

After electroporation, exosomes are typically incubated for a
period to allow the restoration of membrane integrity.*> This
method is increasingly recognized as a safer alternative for
loading therapeutic molecules into exosomes. This method
minimizes the risks associated with more invasive techni-
ques, offering a more controlled and effective approach to

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

drug encapsulation while maintaining the integrity of the
exosomes.®!

Sonication method

Nucleic acid molecules can be loaded into exosomes using
sonication, a process in which an ultrasound probe
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generates mechanical shear forces to deform the exosome
membrane, facilitating the entry of drugs into the exosomes.
This method has demonstrated promising outcomes, with
several studies reporting high drug loading efficiency and
improved antitumor effects. The mechanical disruption caused
by sonication enables a more effective encapsulation of drugs,
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enhancing their therapeutic potential, particularly in cancer
treatment.5°

Extrusion method

Extrusion-based methods are widely utilized to load mainly
small-molecule drugs and protein-based drugs into isolated
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exosomes. In this technique, a combination of the drug and
exosomes is pushed through a lipid extruder with membranes
with pores ranging from 100 to 400 nm, all while maintaining
specific temperature conditions. This procedure disrupts the
exosome membrane, promoting effective drug loading. It can
also be applied to the hybridization of exosome membranes.®*

Transfection method

The process of transferring specific plasmids into exosome donor
cells for the expression of a desired nucleic acid drug, which is then
encapsulated and secreted by exosomes, typically involves the use
of transfection reagents. These reagents facilitate the uptake of
plasmid DNA by the donor cells, enabling the subsequent produc-
tion and packaging of the nucleic acid drug into exosomes for
delivery.*”®® This method has been shown to offer higher loading
efficiency and improved protein stability; however, they are less
desirable due to the potential toxicity and side effects associated
with transfection reagents, which can interfere with regular cellular
gene expression. These adverse effects can limit the applicability of
transfection-based approaches, particularly in therapeutic contexts
where minimizing cellular disruption is critical.*'

Genetic materials delivery by PBEs from various origins

As previously discussed, genetic materials and PBEs have
demonstrated promising therapeutic effects on cancer cells,
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including inhibiting cell proliferation, induction of apoptosis,
and reducing associated toxicity. Given these benefits, the
combinatorial strategy of encapsulating genetic molecules
within PBEs represents a promising approach for advancing
cancer treatment. Despite its potential, only a limited number
of studies have explored the loading of genetic components
into PBEs. In the following section, we will review and discuss
these key studies, highlighting their contributions to this
emerging area of cancer therapy.

Ginger based genetic vehicle

Ginger is a complex spice that consists of a natural composition
of water, proteins, lipids, fibers, carbohydrates, and volatile
essential oils. Chemical analyses of the essential oil, utilizing
advanced mass spectrometry techniques, have revealed that
the root contains hundreds of distinct compounds. The pri-
mary chemical families present in ginger include gingerols,
shogaols, zigiberenes, and zingerone. Additionally, some ginger
varieties contain phytosterols, vitamins, minerals, and terpene
compounds such as bisabolene, farnesene, sesquiphellan-
drene, and curcumene, albeit in smaller quantities. Conse-
quently, the intricate array of bioactive compounds in ginger,
particularly the prominent phenolic groups like gingerols,
shogaols, zingiberene, paradol, and zingerone (Fig. 17), under-
pins its nutraceutical importance.®*™%*
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Fig. 17 Presenting the molecular geometry of the bioactive components of ginger. This figure is reproduced from ref. 90 with permission from Seminars

in Cancer Biology, copyright (2021).
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The use of ginger as a cancer remedy is not a novel concept;
it has a long history in traditional medicine worldwide and has
demonstrated efficacy in various field studies. In India, both
the juice and decoction of the rhizome are administered orally.
In Singapore, cooked rhizome is utilized as a preventive mea-
sure against cancer. Palestinians prepare an infusion of the
rhizome to help prevent breast cancer and treat liver and
stomach cancers. While in Ghana, ginger is traditionally
applied as a paste, with the crushed rhizome or root either
consumed or used topically for treating brain and stomach
cancer.”™® Therefore, recent pharmacological research has
investigated the validity of the claims of the efficacy and safety
of ginger and its bioactive components possessing anticancer
properties.”®

As a result, a study aimed to explore ginger as an effective
vehicle for the oral delivery of drugs to treat colorectal cancer
(CRCQ). It provided an overview of the structure and function of
CRISPR-Cas9 (Fig. 18), along with current challenges in its
delivery technology. Furthermore, it presented evidence sup-
porting PBEs as promising nanocarriers for orally administered
CRISPR/Cas9-based therapies targeting the lower digestive
tract. Consequently, proposing the oral administration of PBEs
loaded with CRISPR/Cas9 plasmid DNA targeting specifically
long non-coding RNAs (IncRNAs), such as LINC01296, to inhi-
bit the growth of colon cancer cells, specifically the SW480 and
SW620 cell lines.’* LINC01296 was specifically chosen in this
study since cell proliferation is influenced by long non-coding
RNAs (IncRNAs), with dysregulation of these molecules

CRISPR-Cas9 Gene Editing
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contributing to the proliferation of colon cancer cells. For
instance, the overexpression of LINC01082 is associated with
the downregulation of p21-activated kinases 2 (PAK2) in malig-
nant colon tissues, inhibiting SW480 colon adenocarcinoma
cell growth. Additionally, reducing the expression of LINC01296
in SW480 and SW620 colon cancer cells has decreased cell
proliferation through gene expression suppression.®® The suc-
cessful purification of exosomes derived from ginger exhibited
a negative transmembrane potential on their surface, ranging
from —12 mV to —17.1 mV and a size of less than 300 in neutral
pH. Moreover, CRISPR-based gene therapies can be introduced
into the gastrointestinal (GI) and large intestine through the
use of PBEs, as studies have proved its efficient stability and
direct delivery (Fig. 19). As well, these NPs exhibited lower
immunogenicity, effective cellular uptake, reduced toxicity, and
favorable biocompatibility.>*

Another study aimed to isolate ginger-derived exosome-like
nanoparticles (GELNs) using a novel approach that combines
differential centrifugation with an extraction kit. Subsequently,
researchers constructed and compared short RNA libraries
from both ginger and GELNs. Through target gene prediction
and functional analysis, the most highly expressed miRNAs in
GELNs were identified, which were bdi-miR5179, csi-miR396e-
5p, and ptc-miR396g-5p which were afterwards tested for their
efficacy on colorectal adenocarcinoma (Caco-2) cell lines. The
TEM images of the GELNs displayed spherical particles with
characteristic cup-shaped membrane structures with appropri-
ate particle sizes of 156 + 36 nm, a negative surface charge of
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Fig. 18 The illustration depicts the structural characteristics of the CRISPR—-Cas9 protein, highlighting its complex with the single-guide RNA (sgRNA)
that is attached to the target gene. Additionally, the figure illustrates the mechanisms of non-homologous end joining (NHEJ) repair and homologous
directed repair (HDR). This figure is retrieved from ref. 94 with permission from Genes, copyright (2023).
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the breakdown of CRISPR/Cas9-loaded PEVs within the colon. (B) It depicts the uptake of these PEVs by intestinal epithelial cells through the process of
endocytosis. (C) The figure concludes with the elimination of malignant colonocytes following the treatment of IncRNAs in colon cancer cells with Cas9.
This figure is reproduced from ref. 94 with permission from Frontiers in Oncology, copyright (2023).

—26.6 £ 5 mV, and a protein concentration of 2391.43 +
750 ng pL ' Also, GELNs have been shown to be effectively
internalized in Caco-2 cell lines and resided near the nucleus
through caveolin-mediated endocytosis mechanism LPS treatment
resulted in and diminished the expression of NF-«xB and other
inflammatory cytokines, proposing successive tumor regression.”®

Broccoli based genetic vehicle

The role of cruciferous vegetables in cancer prevention has
garnered considerable attention in recent years. In 1997, Fahey
et al. were among the first to document the anticarcinogenic
properties of broccoli sprouts (BSp).”” A substantial body of
research indicates that the consumption of broccoli and other
cruciferous vegetables (which belong to the Brassicaceae or
Cruciferae family) may lower the overall risk of various cancers,
particularly breast, prostate, colorectal, lung, and bladder can-
cer. Due to its health benefits, broccoli (Brassica oleracea var.
italica) is a prominent green vegetable frequently incorporated
into the Mediterranean diet. One of its most recognized bioac-
tive effects is its potential anticancer properties. Broccoli is rich
in various active biochemical compounds, including carote-
noids, vitamin C, and glucosinolates as presented in Fig. 20.
Glucosinolates are the most essential compounds in broccoli

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

due to their anticancer properties. Notably, approximately 200
different glucosinolates have been identified. Among these,
broccoli is particularly rich in the sulfur-containing compound
sulforaphane (1-isothiocyanato-4-methylsulfinylbutane), which
is part of the isothiocyanate family of phytochemicals. The
-N=—=C=S functional group is considered the most significant
active component. On the other hand, sulforaphane has been
thoroughly investigated for its chemopreventive properties by
inhibiting histone deacetylases (HDAC), which play a critical
role in tumor gene expression.”® %

In light of the above, miRNAs from broccoli may play a role
in the health benefits associated with consuming cruciferous
vegetables. Consequently, broccoli-derived EVs were evaluated
in vitro as effective carriers for miRNA transport and delivery,
demonstrating the potential to produce biological effects on
host cells. The ultracentrifugation cycle (1UC) yielded EVs with
particle sizes ranging from 75 to 400 nm, averaging 146.7 +
7.2 nm. The nanoparticle tracking analysis (NTA) of the pooled
F8-F10 samples indicated that the EVs varied in size from 35 to
300 nm, with a mean size of 174.3 + 5.5 nm. Electron micro-
scopy confirmed the presence of spherical EVs of various
sizes, each enclosed by a plasma membrane. Moreover, the
most abundant miRNAs in both the tissues and exosomes were

Mater. Adv., 2025, 6,1230-1261 | 1247
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Fig. 20

ath-miR159a, ath-miR166b-3p, ath-miR319a and ath-miR403-
3p (Fig. 21), hence were selected for further testing on color-
ectal adenocarcinoma (Caco-2) cell lines. In addition, results
showed that the transportation of miRNAs through broccoli-
derived exosomes was more successful and efficient due to the
safeguarding of RNA cargo against degradation by RNase A,
which resulted in higher expression of miRNAs in Caco-2 cells.
Exogenous miRNA-loaded broccoli exosomes demonstrated a
detrimental effect on Caco-2 cells, decreasing their viability by
approximately 30% when using a volume of 5% EVs, suggesting
their ability to inhibit cancer cell proliferation."**

A recent study, investigated the isolation and characterization
of broccoli-derived extracellular vesicles (BDEVs) from selenium-
enriched broccoli (Se-BDEVs) and conventional broccoli (cBDEVSs),
assessing their miRNA expression through miRNA sequencing
(miRNA-seq). There was an effective purification of broccoli exo-
somes with a primary particle size peak. Se-BDEVs were found to
be 127.1 nm, whereas cBDEVs were 117.4 nm. Additionally,
transmission electron microscopy (TEM) analysis of the EV pellets
revealed spherical, membrane-bound structures approximately
100 nm in diameter. Bioinformatic analyses, along with target
gene (TG) prediction and functional assessments, indicated that
BDEVs might play a significant role in pancreatic cancer; therefore,
further testing was performed on PANC-1 cell lines. Notably,
Se-BDEVs exhibited greater anti-pancreatic adenocarcinoma
(PAAD) activity than cBDEVs, attributed to the increased expres-
sion of miR167a. Additionally, the findings of this study indicated

1248 | Mater. Adv,, 2025, 6, 1230-1261

Introducing the bioactive compounds of broccoli. This figure is reproduced from ref. 100 with permission from MDPI, copyright (2023).

that both Se-BDEVs and ¢BDEVs possess PAAD activity, with Se-
BDEVs demonstrating greater efficacy. The data suggest that the
elevated concentration of miR167a in Se-BDEVs contributes to
promoting apoptosis, thereby inhibiting the growth of pancreatic
cancer cells by targeting insulin receptor substrate — 1 (IRS1) as
presented in Fig. 22.'%>

Apples based genetic vehicle

Apples (Malus domestica), the most widely consumed fruit, contain
a variety of bioactive compounds, including vitamins, pectins,
dietary fibers, triterpenic acids, oligosaccharides, and phenolic
compounds such as dihydrochalcones, flavonols, hydroxybenzoic
acids, and anthocyanidins. They are particularly noted for their
high antioxidant capacity, attributed to a substantial concen-
tration of these phenolic compounds, exceeding 20 mmol TE
per keg. Given their rich content of dietary fiber and bioactive
compounds, apples and apple by-products are increasingly uti-
lized to enhance food products. These items, which are rich in
natural antioxidants, present a viable alternative to synthetic
additives."*

Accordingly, a recent study aimed to investigate whether
apple-derived exosomes could establish active and direct com-
munication with mammalian cells. In this context, researchers
utilized ADNVs extracted from the golden delicious variety of
Malus domestica encapsulating miR-146 with the goal of indu-
cing activation of THP-1 (monocyte cell extracted from acute
monocytic leukemia patient) cells into type I macrophages to

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 21 Secondary structure predictions for plant miRNAs were conducted, selecting the structures with the lowest estimated free energy of formation
(AG) as the most probable configurations. This figure was retrieved from ref. 101 with permission from ScienceDirect, copyright (2022).

assess their safety and biological activity. The physical char-
acteristics of ADNVs were consistent, exhibiting a circular
shape and varying in size from 80 to 250 nm with a mean
radius of 157 nm. Moreover, the primary function of miR-146a
and miR-146b is to inhibit the transcription of IRAK1 (inter-
leukin 1 receptor-associated kinase 1) and TRAF6 (tumor
necrosis factor receptor-associated factor 6) mRNA during the
early stages of inflammation, thereby impacting the canonical
NF-xB (nuclear factor kappa-light-chain-enhancer) pathway,
which is also activated by TNFa. Differential analysis concluded
that following exposure to ADNVs, activated macrophages
exhibited inhibition of the NF-xB pathway, as evidenced
by the overexpression of miR-146a and the downregulation of
IL-1B. Furthermore, treatment with ADNVs in fibroblast and
THP-1 cells was shown to reduce levels of tumor necrosis factor-
alpha (TNFa), leading to a subsequent decrease in interleukin 8
(IL-8) and interleukin 1f (IL-1B), which collectively contribute
to diminished inflammation and cell proliferation.*®*
Moreover, given that plant mRNAs are frequently found in
food-derived nanoparticles and typically influence gene expres-
sion by promoting the degradation of the corresponding mRNA,
a study specifically investigated the potential role of mRNAs

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

derived from apples. This study utilized colorectal adenocarci-
noma (Caco-2) cells as a model of gastrointestinal epithelial cells
to examine the effects of apple-derived nanoparticles (ADNVs) on
the expression and function of intestinal transporters. The
resultant NPs had a size ranging from 100-200 nm with a mean
diameter of approximately 170 nm and good cell internalization
properties within ~6 hours. The effect of ADNVs on mRNA
transporters expression concluded that the expression of breast
cancer resistance protein (BCRP) mRNA increased and there was
a significant reduction in the expression of levels of sodium bile
acid transporter (ASBT), organic anion transporting polypeptide
2B1 (OATP2B1), and organic cation transporter 2 (OCTN2)
mRNAs. Overall, the results of this study indicate that ADNVs
can modulate the expression of intestinal transporter mRNAs
specifically, decreased OATP2B1 expression in Caco-2 cells,
affecting transport activity, protein levels, and mRNA expression.
Gene truncation tests and luciferase assays suggested that this
activity involves large molecules, which are likely miRNAs. This
finding challenges the prevailing notion that food-derived large
molecules do not interact directly with intestinal tissues due to
their instability and limited membrane permeability, distin-
guishing it from the known effects of small molecules.'**
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Artemisia annua based genetic vehicle

Artemisia annua, commonly referred to as “annual absinthe”, is
an annual herbaceous plant, which is reflected in its name
“annua.” This plant is cultivated across various regions, includ-
ing Australia, India, Central and Eastern Europe, Asia, temperate
areas of America, Africa, and tropical climates. In the temperate
regions of Asia, particularly in China and Korea, it is widely
employed as a dietary spice, herbal tea, and medicinal herb.
Due to its abundant phytochemical composition, Artemisia
annua possesses a wide range of additional biological properties,
including anti-asthmatic activities, antioxidant, hepatoprotec-
tive, anti-inflammatory, antifungal, and antitumor.'
Subsequently, a group of researchers isolated and purified
exosomes from Artemisia annua. These newly identified vesicles,
termed ADNVs (artemisia-derived nanovesicles), reprogrammed
tumor-associated macrophages (TAMs) from a pro-tumor pheno-
type to a pro-inflammatory one, exhibiting significant anti-tumor
effects. Through the cGAS-STING pathway illustrated in Fig. 23,
artemisia-derived mitochondrial DNA (mtDNA) was taken up by
TAMs via the vesicles, leading to an enhanced cytotoxic T cell
response that contributed to tumor regression. Additionally, our
findings indicate that ADNVs improved the efficacy of o«PD-L1-
mediated immunotherapy by activating the STING pathway. The
characterization of ADNVs revealed that the vesicles exhibited
a spherical morphology and a bilayer membrane structure.

1250 | Mater. Adv, 2025, 6, 1230-1261

The measured average hydrodynamic diameter was 106.8 nm,
with a concentration of approximately 1.25 x 10*" vesicles per mL
in solution. The ADNVs displayed a negative zeta potential of
—22.5 mV. Furthermore, the analysis composition of the pure
ADNVs showed significant amounts of nucleic acids and proteins
encapsulated within the vesicles. In order to test the safety and
efficacy of these NPs, Lewis lung carcinoma (LLC) cells were
inoculated into mice. The results demonstrated that ADNVs
therapy effectively inhibited tumor progression, reducing malig-
nant characteristics such as cellular proliferation, invasion, and
resistance to apoptosis in tumors while not exhibiting noticeable
toxic effects in vivo and in vitro.'””

Brucea javanica based genetic vehicle

Brucea javanica (B]) is a prominent Chinese medicinal plant
from the Simaroubaceae family, characterized as an evergreen
shrub that is widely distributed in Southeast Asia and northern
Australia. The fruit of BJ, commonly referred to as Yadanzi, is
utilized for medicinal purposes. In Southeast Asian countries
such as Indonesia and Cambodia, BJ is commonly employed as
an antimalarial, antitrypanosomal, and hypoglycemic agent.
In Australia, it is utilized for its analgesic properties, while
in China, it is used to treat diarrhea, malaria, and skin condi-
tions. However, recent research has highlighted the extensive
pharmacological effects of B] metabolites (Fig. 24), including

© 2025 The Author(s). Published by the Royal Society of Chemistry
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anti-cancer, anti-inflammatory, and antiviral activities. Much of
the focus on BJ metabolites has centered on quassinoids, which
have been demonstrated to exhibit antitumor effects, while
alkaloids and acidic metabolites showed toxic effects, and terpe-
noids were found to possess anti-inflammatory properties.'®®
Hence, a study was conducted for the first time to isolate
and characterize exosome-like nanoparticles (ELNs) derived
from the fruits of BJ (BF-Exos). The study also evaluated the
potential of BF-Exos as a nanoplatform for delivering functional
miRNAs from BJ, as well as their impact on molecular inter-
ference in 4T1 breast cancer cells and the surrounding tumor
microenvironment. The isolated exosomes exhibited a cup-like
morphology and were distributed uniformly with an average
particle size of 104.6 & 29.4 nm, and a zeta potential of —9.2 £
0.1 mV. In addition, cellular uptake findings indicate that BF-
Exos possesses the capability to deliver 10 functional miRNA
cargos (miR-9993a, miR-6240, miR-22, let-7a, miR-125b, miR-
100, let-7f, miR-92a, miR-99b, and miR-29a), positioning them
as promising biotherapeutics for targeting 4T1 breast cancer
cell lines. The results indicated that BF-Exo treatment led to the
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down-regulation of the AMPK pathway, suggesting that AMPK
signaling may serve as the primary pathway through which BF-
Exos exerts their anti-tumor effects in 4T1 cells. In addition, the
expression levels of critical phosphorylated proteins (p-PI3K,
p-Akt, and p-mTOR) were significantly reduced, indicating
inhibition of the PAM pathway. Overall, BF-Exos has been
shown to inhibit angiogenesis, tumor growth, invasion, metas-
tasis and modulation of the tumor microenvironment as pre-
sented in Fig. 25.'%°

Acerola based genetic vehicle

Malpighia fruits (Malpighiae emarginata DC/Malpighia glabra
L.), commonly known as acerola, Guarani cherry, Barbados
cherry, or wild pancake myrtle, are produced by a shrub native
to the Yucatan Peninsula. Acerola exhibits several intriguing
and beneficial health-promoting properties. It is increasingly
recognized in the market for exotic vegetable raw materials,
particularly for its high vitamin C (ascorbic acid) content, as well
as polyphenolic compounds (such as anthocyanins) and carote-
noids. Previous studies have highlighted acerola fruit (including

Inhibit VEGF secretion

» =3
Endothelial cell

Anti-angiogenesis

Fig. 25 A schematic illustration of the molecular mechanism by which BF-Exos function as biotherapeutics in tumor progression and angiogenesis in
the context of 4T1 breast cancer cell lines. This figure is reproduced from ref. 109 with permission from ScienceDirect, copyright (2024).
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pomace, seeds, and juice) and its leaves as valuable sources
of carotenoids (such as lutein and B-carotene), polyphenolic
compounds (including hydroxycinnamic acids and flavonoids),
pheophytin, and chlorophyll derivatives, which may serve as
ingredients for potential natural nutraceuticals."'® Acerola is
an excellent source of ascorbic acid, and its consumption may
significantly enhance immune function by increasing both the
quantity and activity of immune cells, such as lymphocytes.™**
Additionally, acerola pomace has the highest concentration of
naringenin, which is associated with anti-atherosclerotic effects
and estrogen-like activity."'> Moreover, acerola fruit and leaves
are believed to possess anticancer properties due to the presence
of tetranorditerpenes known as acerolanin A, B, and C (tetra-
norditerpenoids featuring a rare 2H-benz[e]inden-2-one sub-
structure), which have been shown to reduce the viability
of breast cancer cells (MCF-7 cell line) and colon cancer cells
(HCT-116 cell line). Consequently, acerola leaf extracts may play a
significant role in nutritional prophylaxis for individuals at high
risk of developing breast cancer, including those with known
BRCA1 and BRCA2 gene mutations or a family history.'™

Thus, due to the previously reported benefits of acerola, a
study assessed the feasibility of developing a drug delivery system
(DDS) for the oral administration of nucleic acids specifically, has-
miR-340, hsa-miR-146a, utilizing acerola-derived exosome-like
nanoparticles (AELNs). The purification of acerola was done using
ultracentrifugation, exoEasy midi kit, and ExoQuick methods. The
ultracentrifugation method resulted in non-uniform particles
with an average diameter of 352 + 180 nm. In contrast, exoEasy
midi kit particles were uniform with an average size of 245 +
132 nm, and ExoQuick particles were not uniform with a
diameter of 340 + 172 nm. Luckily, the concentration of has-
miR-340 present in the recovered AELNs reached a maximum of
3.9 x 10> particles per mL. These nucleic acids presented with
degradation inhibition from RNase when delivered via AELNs,
showing their remarkable stability. Furthermore, AELNs were
tested on human cervical squamous cell carcinoma cell line
(SiHa cells), showing increased expression level of matrix
metalloproteinase-2 (MMP2), upregulation of hsa-miR-146a
and downregulation of nuclear factor kB (NF-kB) suggesting
the induction of apoptosis, suppression of cell proliferation
and limiting tumor neovascularization."**

Tangerine based genetic vehicle

Flavonoids are a class of natural compounds characterized by
their polyphenolic structures. These phytochemicals are com-
monly present in a variety of sources, including fruits, vegetables,
tea, cocoa, and certain beverages. To date, nearly 9000 distinct
flavonoids have been identified across diverse plant species.
Flavonoids are categorized into six main types: flavones, flavonols,
flavanones, isoflavonoids, anthocyanins, and chalcones. They
possess a fifteen-carbon skeleton composed of two benzene rings
(designated A and B) connected by a heterocyclic ring (C).
Flavonoids can be found in forms such as glycosides, aglycones,
and methylated derivatives.""> Various flavonoids demonstrate
anti-cancer activity by targeting multiple molecular pathways.
Among them, tangeretin (Fig. 26), a polymethoxylated flavone

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

View Article Online

Materials Advances

OCH,
OCH,

H,CO

H,CO

ocH, °©°

Fig. 26 Presenting the structure of tangeretin. This figure is reproduced
from ref. 99 with permission from ScienceDirect, copyright (2020).

abundant in citrus fruits, has been extensively studied. Research
indicates that tangeretin induces cytotoxicity in a range of cancer
cell lines, arrests the cell cycle, triggers apoptosis, inhibits angio-
genesis, and prevents metastasis. Additionally, it acts as a free
radical scavenger, neutralizing DPPH, hydroxyl, hydrogen perox-
ide, and superoxide anion radicals by modulating various anti-
oxidant enzymes. Co-treatment with tangeretin has also been
shown to enhance drug sensitivity in cancers of the colon, urinary
bladder, lymphoblastoid leukemia, and ovaries. Furthermore, it
increases radiation sensitivity, inhibits metastasis, and influences
cellular metabolic energy in animal models."*®

A study tested the extraction and characterization of nano-
vesicles from tangerine juice (TNVs) and developed a method
for loading exogenous siRNAs targeting DDHD1gene, which is
associated with increased proliferation rates in colon cancer cells
due to its overexpression. TNVs were isolated from the fruit juice
using differential centrifugation in which TEM results showed
that the vesicles exhibited a characteristic cup-like or nearly
circular shape, with diameters ranging from 40 to 150 nm, a
negative z-potential of —5.94 mV and a polydispersity index of
0.26. In addition, results demonstrate that DDHD1-siRNA were
loaded successfully into TNVs via electroporation with Cy3-
siRNA loading efficiency of 13%. Also, TNV encapsulating siRNA
concluded the successful internalization of siRNA in SW480 cells
(human colorectal cancer cells) and the downregulation of
DDHD1 gene, which reduced cell viability by up to 23%.""”

Four food-derived exosomes based genetic vehicle

Another study employed size-exclusion chromatography (SEC)
and ultracentrifugation to isolate four different food-derived
EVs (broccoli, pomegranates, apples, and oranges), which were
subsequently analyzed for their potential as carriers of
enhanced synthetic miRNA delivery. To investigate the biologi-
cal effects of miRNA-loaded food-derived EVs, they performed
transcriptomic analysis on a human intestinal cell line (Caco-2).
Additionally, they examined the capacity of food-derived EVs to
transport dietary polyphenols and other secondary metabolites,
including glucosinolates from broccoli, in an endogenous context.
The results of this research showed that the particle size distribu-
tion of the EVs varied between 50 and 500 nm, with mean sizes of
213 £ 15 nm, 268 + 14 nm, 221 + 7.2 nm, and 191 £ 9.9 nm for
brocceoli, pomegranate, apple and orange respectively. In addition,
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the zeta potential of the exosomes was measured, with values
ranging from —21.23 £ 1.45 mV for broccoli, —26.06 + 3.39 mV
for pomegranate, —20.31 &+ 0.60 mV for orange, and —27.11 +
1.01 mV for apple. Regarding the encapsulation of genetic
particles, four miRNA families—miR159, miR162, miR166,
and miR396—were found to be common to both total tissue
and isolated exosomes across all four foods examined. Subse-
quently, four specific miRNAs (ath-miR159a, ath-miR162a-3p,
ath-miR166b-3p, and ath-miR396-5p), representing these com-
mon miRNA families, were selected for further analysis based on
their abundance. The fruit exosomes showed that the RNA
cargos were shielded from degradation by RNase A. Also,
broccoli-derived exosomes reduced cell viability by 50%, while
pomegranate and apple EVs decreased survival to approximately
60% when tested on Caco-2 cells. In contrast, HepG2 cell
viability was unaffected by apple-derived EVs, although pome-
granate EVs led to a reduction of around 25% in cell viability.
Broccoli-derived EVs induced approximately 50% apoptosis in
Caco-2 cells, primarily observed at the sub-G1 stage. In addition,
all PBEs exerted gene modulation.'*®

The reviewed research papers discussing the delivery of
genetic molecules as cargo in PBEs have been summarized in
Table 3.

Clinical trials

Exosomes used in clinical trials can be classified into two
categories: derived from plants and human specimens. To date,
clinical trials involving exosomes from human specimens have
yielded complete results, whereas plant-derived exosomes are
still in the early stages, with patient recruitment yet to begin.
Due to their vesicular structure, exosomes are also being
explored as drug carriers in clinical trials. Three plant-derived
exosome sources (grape, ginger, and aloe) have been registered
in clinical trials by the University of Louisville, but they are not
currently recruiting. Grape-derived exosomes are being studied
to treat radiation- and chemotherapy-induced oral mucositis,
with preclinical research suggesting the benefits of tissue regen-
eration. Ginger- and aloe-derived exosomes are being tested for
polycystic ovary syndrome, targeting insulin resistance and
inflammation. Additionally, plant-derived exosomes are being
explored as drug carriers, such as for curcumin in intestinal
diseases. While plant-derived exosomes are animal-free and
linked to traditional herbal medicine, they face challenges due
to slow life cycles and limited production and characterization
data. In contrast to mammalian exosomes, which are harvested
from culture media, plant exosomes are extracted from apoplas-
tic vesicles in leaves, roots, and fruit juices. Despite limited
information on markers, existing techniques for animal exosome
characterization can be applied to plant-derived exosomes, with
GMP production improvements needed.""’

Conclusions and future perspectives

EVs hold great potential as drug delivery systems but face
significant challenges in clinical translation due to size variability,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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heterogeneity, and batch-to-batch differences, which pose higher
risks compared to synthetic nanocarriers. EVs can be categorized
into three types: natural, hybrid (drug-modified), and EV-inspired
liposomes, and are classified as biological medicines. These
biologically complex therapeutics are susceptible to production
variability influenced by cell culture conditions. Unlike cell thera-
pies, EVs do not adapt after harvesting, making quality control
more difficult. A “quality-by-design” approach has been sug-
gested, but EVs’ size and complexity complicate product charac-
terization and quality assurance. Despite these challenges, EV-
based systems offer significant advantages over traditional drugs,
particularly in their biodistribution properties."*°

The bioengineering of EVs adds extra steps, including select-
ing robust donor cells and genetic modifications, complicating
production and purification, especially when dealing with
unwanted substances. Traditional isolation methods such as
ultracentrifugation and tangential flow filtration (TFF) face
issues with purity and biological activity, and bioengineered
EVs require more stringent quality control. Shelf life can be
improved through cryopreservation or lyophilization, though
stability concerns persist. Characterization of EVs involves tech-
niques like flow cytometry and mass spectrometry, but bioengi-
neered EVs require stricter monitoring to ensure consistency and
potency. The regulatory landscape for EVs is complex, with
bioengineered versions falling into different categories depend-
ing on modifications, underscoring the need for more precise
guidelines to ensure safety and address regulatory challenges.'*

Overall, PBEs have emerged as promising candidates for future
pharmacological applications. Their unique properties position
them as a potential answer to many of the challenges currently
facing drug delivery systems. However, before definitive conclusions
regarding the manufacturing challenges, therapeutic efficacy and
safety of PBEs can be drawn. This review highlights the substantial
potential of PBEs to enhance the stability and targeted delivery of a
wide variety of extracellular molecules, with particularly promising
implications for the development of genetic-based therapies and
drug delivery systems more broadly. Despite these promising pro-
spects, only a limited number of studies have investigated the
encapsulation of genetic materials within PBEs specifically for
targeting cancerous cell lines. Therefore, we advocate for further
research in this area, as it holds significant promise for advancing
cancer therapies and optimizing drug delivery mechanisms.
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