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Abstract: Plant-derived extracellular vesicles (PDEVs) have emerged as a highly promising and disruptive class of natural
nanoparticles for anticancer drug delivery. This review provides a comprehensive analysis of PDEVs, positioning them within the
broader landscape of nanomedicine through a direct comparison with conventional synthetic nanoparticles (eg, liposomes) and
mammalian cell-derived extracellular vesicles (EVs). We highlight how the unique origin of PDEVs confers significant advantages,
including superior natural biocompatibility, low immunogenicity, and the remarkable “dual-functionality” of acting as both inherent
therapeutic agents and efficient drug carriers. The capacity of PDEVs to efficiently encapsulate a diverse range of therapeutic agents-
from chemotherapeutic drugs and RNA interference molecules to gene-editing tools-is discussed in contrast to the more limited
loading versatility and complex manufacturing of some alternative systems. The review systematically covers recent advances in
PDEV isolation, characterization, and drug-loading techniques, emphasizing their demonstrated ability to cross biological barriers for
targeted therapy and controlled release. Finally, we critically address the translational pathway, outlining key challenges in standardi-
zation and clinical translation, while forecasting their pivotal role in advancing personalized cancer nanomedicine. Through this
comparative and functional perspective, PDEVs are poised to transition from a promising biological curiosity to a cornerstone of next-
generation anticancer strategies.
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Introduction

Cancer remains one of the leading causes of death worldwide, representing a major global health concern.' Although
significant progress has been made in treatment methods such as surgery, radiation, and chemotherapy, these therapies
often come with serious side effects, diminished effectiveness over time, and the emergence of drug resistance.*” A key
drawback of conventional cancer treatments is their lack of specificity in targeting tumor cells, which leads to collateral
damage to healthy tissues. This challenge underscores the pressing need for more targeted and efficient drug delivery
systems that can enhance therapeutic efficacy while reducing harmful side effects.

In recent years, nanomedicine has gained significant attention as a promising solution to a range of medical
challenges, particularly through the development of advanced drug delivery systems (DDS). Nanoparticles, with their
unique physicochemical properties, offer the potential to improve targeted drug delivery efficiency, allowing for precise
control over drug release while reducing toxicity to healthy tissues.® '> Among the various types of nanocarriers,
extracellular vesicles (EVs)-naturally occurring nanoscale membrane-bound vesicles secreted by cells-have attracted
considerable interest due to their biocompatibility, low immunogenicity, and ability to carry a diverse range of bioactive
molecule, including proteins, lipids, nucleic acids, and small molecules.’* ' This field has expanded beyond the well-
studied mammalian EVs to include vesicles derived from plants and even microorganisms, each offering a unique set of
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biological functions and therapeutic potentials. Moreover, EVs possess the exceptional ability to cross biological barriers,
such as the blood-brain barrier, making them highly suitable for drug delivery applications.?®

It is important to note that the biological kingdom of the source organism fundamentally shapes the properties and
applications of its EVs. For instance, extracellular vesicles from microbial sources, including bacteria (outer membrane
vesicles) and fungi, are gaining attention for their roles in pathogenesis and immune modulation, with emerging
applications in vaccine development.”® However, their translation into systemic drug delivery can be complicated by
potential safety concerns, such as the presence of endotoxins in gram-negative bacteria, which can trigger strong
inflammatory responses.

In this evolving landscape, while mammalian cell-derived extracellular vesicles (EVs) have been extensively explored
as drug delivery systems, plant-derived extracellular vesicles (PDEVs) are emerging as a promising alternative with
several unique advantages. Crucially, the therapeutic potential of PDEVs extends far beyond their role as inert
nanocarriers, constituting a fundamental distinction from most mammalian EVs. Whereas mammalian EVs often function
primarily as signaling vehicles or drug delivery platforms, PDEVs are inherently bioactive therapeutics by design, owing
to their plant origin. This intrinsic bioactivity stems from their unique cargo, which is enriched with plant-specific
secondary metabolites-such as polyphenols, flavonoids, terpenoids, and lipids. These molecules are meticulously pack-
aged into PDEVs, resulting in a synergistic, multi-targeted therapeutic entity. For instance, ginger-derived PDEVs, rich in
gingerols and shogaols, not only facilitate cellular uptake but also directly induce apoptosis in cancer cells and ameliorate
colitis by activating the Nrf2 pathway. Similarly, grapefruit-derived PDEVs exert inherent anti-inflammatory effects,
while those from bitter melon exhibit specific pro-apoptotic activity against liver cancer. This dual functionality-where
the vesicle acts simultaneously as both the delivery system and the active drug-is a paradigm shift from conventional
nanomedicine. It eliminates the need for complex drug loading in certain applications and allows PDEVs to exert
pleiotropic effects, including antioxidant, anti-inflammatory, and immunomodulatory activities, which are difficult to
replicate with synthetic nanoparticles or mammalian EVs. Therefore, recognizing PDEVs as bioactive substances in their
own right unveils their vast potential for preventative medicine, combination therapies, and as stand-alone natural
product-based therapeutics.
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Beyond their inherent bioactivity, the distinctive properties of PDEVs-including their abundance in bioactive
compounds, low immunogenicity, and superior biodegradability compared to mammalian EVs-position them as highly
promising candidates for the targeted and controlled release of anticancer drugs.”’ >* This natural, non-toxic platform is
exceptionally capable of delivering a diverse range of therapeutic cargo. Recent studies have demonstrated that PDEVs
can successfully carry chemotherapeutic drugs, siRNAs, and gene-editing tools, while specifically targeting cancer
cells.>>* Furthermore, the ability to engineer PDEVs to improve their targeting accuracy, stability, and cargo capacity
further strengthens their potential as advanced drug delivery vehicles.*** Therefore, recognizing PDEVs as bioactive
substances in their own right, complemented by their advanced delivery capabilities, unveils their vast potential for
preventative medicine, combination therapies, and as stand-alone natural product-based therapeutics.

This review seeks to offer a comprehensive analysis of recent advancements in the development and application of
PDEVs as nanoparticles for cancer drug delivery. Specifically, we will cover: (1) the methods of isolating PDEVs for use
in drug delivery; (2) their capacity for encapsulating and transporting a broad range of therapeutic agents; (3) the
application of PDEVs in targeted drug delivery to specific cancer cells or tumor microenvironments. Furthermore, we
will explore the future potential of plant-derived EVs in cancer therapy, considering both the current state of research and
the exciting prospects ahead. As nanomedicine evolves, PDEVs offer a promising biologically derived alternative to
synthetic nanoparticles, paving the way for the development of more effective and personalized cancer treatments.

Composition of Plant-Derived Extracellular Vesicles

Plant-derived extracellular vesicles (PDEVs) are intricate nanoscale structures that encapsulate a diverse array of
bioactive molecules, each of which plays a pivotal role in mediating biological functions. These vesicles carry various
types of nucleic acids, including RNA (such as microRNAs, small interfering RNAs, and messenger RNAs) and DNA,
which are involved in gene regulation and intercellular communication. In addition to nucleic acids, PDEVs are enriched
with a range of proteins that participate in cellular processes such as signaling, stress response, defense mechanisms, and
cellular transport. The lipid content of PDEVs, which includes various phospholipids and glycosphingolipids, is essential
for vesicle membrane integrity and the facilitation of molecular interactions. Moreover, PDEVs are known to harbor a
range of metabolites, including polyphenols, flavonoids, carotenoids, and vitamins, all of which have antioxidant, anti-
inflammatory, and protective properties. Together, these components enable PDEVs to mediate complex biological
processes, such as stress tolerance, immune modulation, and cell-to-cell communication, both within plants and between
plants and other organisms. The diverse composition of PDEVs highlights their potential to serve as vehicles for
transferring molecular signals and bioactive substances, opening up possibilities for their use in therapeutic and
biotechnological applications.

Nucleic Acids Content of PDEVs

Nucleic acids, key components of PDEVs, have attracted significant interest due to their potential as biomarkers and their
functional roles. Techniques such as low-input RNA sequencing (RNA-Seq) and quantitative PCR (qPCR) are frequently
used to detect specific nucleic acid sequences within PDEVs.”® In particular, RNA plays an essential role in regulating
various biological processes in plants and may influence molecular interactions between different species.

Small RNAs (sRNAs) in plants, including microRNAs (miRNAs) and small interfering RNAs (siRNAs), are involved
in gene silencing. These sSRNAs can travel between plant cells, from roots to shoots, and even between plants and
pathogens.’® Research has revealed that the ten most common miRNA families are present in a range of edible plants,
and these miRNAs are particularly enriched in exosomes. Small RNA sequencing has shown that miRNAs, typically
20-22 nucleotides long, can regulate human mRNA.>" This suggests that SRNAs in PDEVs may facilitate long-distance
communication within plants and could serve as mediators for cross-species interactions.’> Computational tools such as
Target Scan predict that miRNAs from PDEVs may target mammalian genes involved in inflammation and cancer
pathways. New evidence also highlights the immunomodulatory and anticancer properties of plant-derived miRNAs.>

While research on RNA within PDEVs has been the primary focus, recent studies are starting to investigate the role of
DNA in these vesicles. Although DNA in PDEVs has been less extensively studied, there is growing evidence suggesting

its potential for disease biomarker discovery and intercellular communication.>*>*
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Protein Content of PDEVs

Compared with the protein composition of animal-derived vesicles, PDEVs typically contain a narrower range of
proteins, and these proteins are present at lower levels.”> Research has identified several key protein types within
plant-derived vesicles, including those involved in glycolipid metabolism, guanosine triphosphatase (GTPase) activity,
membrane structure organization, and vesicle formation.>> These proteins are crucial for maintaining the functionality of
cellular membranes and play a significant role in cellular processes related to transport and signaling.

A detailed comparison between the protein species found in lemon-derived vesicles and those found in animal
exosomes revealed a striking 56.7% overlap.>® This overlap suggests that a significant proportion of the proteins in plant
exosome-like vesicles may share similarities with those involved in the formation and function of animal exosomes. This
finding provides further support for the idea that certain proteins are conserved across species and may play a
fundamental role in the biogenesis and functionality of exosome-like vesicles, regardless of their plant or animal origin.
Moreover, the identified proteins in plant-derived exosome-like vesicles are likely to be involved in key cellular
processes such as cytoskeleton organization, membrane transport, and vesicle trafficking.’® These processes are essential
for maintaining cellular structure and facilitating the movement of molecules across membranes. Additionally, the
proteins associated with these vesicles likely contribute to a variety of physiological functions, including metabolic
regulation, cell communication, and intercellular signaling.”” Given the overlap between plant and animal exosome
proteins, it is likely that these vesicles participate in similar biological pathways, including the transport of genetic
material, lipids, and signaling molecules that influence cellular behavior and response to external stimuli.

In conclusion, while plant exosome-like vesicles differ from their animal counterparts in terms of protein composi-
tion, the proteins they carry play vital roles in physiological processes. Their involvement in membrane dynamics, signal
transduction, and metabolic regulation underscores the importance of these vesicles in plant biology and suggests that

they may share functional similarities with exosomes in animals.

Lipid Content of PDEVs

Lipids are fundamental components of the phospholipid bilayer that forms the structural basis of plant vesicles, and they
are essential constituents of vesicles derived from both plants and animals. These lipid molecules play critical roles in
maintaining the integrity of the vesicle membrane, facilitating vesicle trafficking, and participating in various cellular
signaling processes. Numerous studies have highlighted the significant presence of several key lipids in plant-derived
vesicles, including phosphatidic acid (PA), phosphatidylethanolamine (PE), phosphatidylinositol (PI), diacylglycerol
(DAG), triacylglycerol (TAG), galactosyl diacylglycerol (DGDG), and mono-galactosyl diacylglycerol (MGDG).>®
Among the lipids found in plant vesicles, phosphatidic acid (PA) is the most abundant. PA plays an integral role in
cellular processes such as cell proliferation, membrane remodeling, and signal transduction. It is particularly important in
regulating various aspects of membrane dynamics, including vesicle formation and fusion. Following PA, phosphatidy-
lethanolamine (PE) is the second most prevalent lipid in plant vesicles. PE is essential for regulating membrane curvature
and maintaining membrane fluidity, making it a key player in processes such as membrane fission, fusion, and
endocytosis. In addition to PA and PE, other lipids, such as phosphatidylinositol (PI), diacylglycerol (DAG), and
triacylglycerol (TAG), are also found in significant quantities within plant-derived vesicles. PI is involved in a wide
range of cellular signaling pathways, particularly those related to inositol phosphate metabolism, which plays a pivotal
role in regulating cell growth, differentiation, and stress responses. DAG and TAG are important lipid intermediates in
the biosynthesis of various membrane lipids and energy storage molecules, contributing to the overall energy balance and
lipid metabolism within cells. Furthermore, galactosyl diacylglycerol (DGDG) and mono-galactosyl diacylglycerol
(MGDG) are specialized galactolipids that are predominantly found in the membranes of plant cells, especially in the
chloroplasts. These lipids are crucial for maintaining the integrity and functionality of the thylakoid membrane, which
plays a vital role in photosynthesis. While DGDG and MGDG are more commonly associated with plant cells, they have
also been detected in plant-derived vesicles, indicating their importance in vesicle function and intercellular
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Interestingly, the specific types and relative content of lipids in vesicles vary depending on the plant source. Different
fruiting plants, such as citrus fruits, tomatoes, and grapes, exhibit unique lipid profiles in their vesicles.®® This variation
can be attributed to factors such as the plant’s metabolic requirements, environmental conditions, and the specific roles
these vesicles play in the plant’s physiology. For example, citrus-derived vesicles might be rich in certain lipids that are
involved in stress responses, while vesicles from other plants may contain higher levels of lipids associated with nutrient
storage or cell signaling.®'

Overall, the lipid composition of plant-derived vesicles is both diverse and complex, with different lipid species
playing specialized roles in membrane structure, signaling, and metabolic regulation. This diversity underscores the
functional importance of lipids in plant vesicles and highlights the potential for exploiting plant-derived vesicles in
biotechnological applications, such as drug delivery, intercellular communication, and environmental stress management.
Furthermore, the study of lipid profiles in plant vesicles offers valuable insights into the mechanisms that govern plant
cell function, growth, and response to environmental stimuli.

Other Content of PDEVs

In addition to lipids and proteins, PDEVs contain a variety of bioactive metabolites, including polyphenols, flavonoids,
and other secondary metabolites,®® which contribute significantly to their therapeutic properties. These metabolites have
been shown to enhance the inherent bioactivity of PDEVs, particularly in their antioxidant, anti-inflammatory, and
anticancer effects. The presence of polyphenols, such as flavonoids, tannins, and phenolic acids, plays a critical role in
the bioactivity of PDEVs, influencing cellular signaling pathways, modulating oxidative stress, and promoting apoptosis
in cancer cells.

Polyphenols and flavonoids within PDEVs can act as natural antioxidants, neutralizing free radicals and reducing
oxidative damage. This not only protects healthy cells from damage but also sensitizes cancer cells to therapeutic agents.
Furthermore, these metabolites can modulate key inflammatory pathways, such as NF-kB and MAPK signaling, which
are involved in tumor progression. The ability of PDEVs to deliver these bioactive compounds to target cells enhances
their anticancer efficacy by disrupting the tumor microenvironment and reducing tumor growth and metastasis.

The metabolite profiles of PDEVs vary depending on the plant source, and this variability can influence the vesicles’
therapeutic potential. For example, ginger-derived vesicles may contain higher levels of specific polyphenols such as
gingerols and shogaols, which have potent anticancer properties, while cabbage-derived vesicles may be rich in
glucosinolates and their breakdown products, which are known for their chemoprotective effects. Understanding these
variations can help optimize the selection of plant sources for PDEVs based on the specific metabolites that may offer
synergistic benefits in cancer therapy.

These metabolites also contribute to the vesicles’ ability to interact with specific cancer cell receptors, modulating
cellular processes like uptake, membrane fusion, and intracellular signaling. For instance, flavonoids found in PDEVs
may improve their binding affinity to cancer cell receptors, enhancing the targeting and internalization of therapeutic
agents.

In conclusion, the metabolites contained in PDEVs, particularly polyphenols and flavonoids, are integral to their
bioactivity and therapeutic potential. Variations in the metabolite profiles of PDEVs from different plant sources can have
significant implications for their effectiveness in cancer treatment, highlighting the importance of selecting the appro-
priate plant sources for targeted drug delivery systems.

Content and the Dual-Function Potential of PDEVs
The true promise of PDEVs lies in their potential to function in a dual capacity: as both drug delivery vehicles and
providers of inherent therapeutic benefits through their natural cargo. For example, PDEVs can be engineered to not only
deliver conventional chemotherapeutic drugs directly to cancer cells but also to enhance treatment outcomes by
supplying additional bioactive compounds, such as anti-inflammatory flavonoids, from their natural cargo. This dual
functionality could provide multiple layers of therapeutic effects, particularly in cancer treatment.

Dual-function PDEVs could have a profound impact on therapeutic strategies. As these vesicles deliver chemother-
apeutic agents directly to tumor sites, the flavonoids and polyphenols naturally contained within the vesicles could
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simultaneously reduce inflammation, mitigate oxidative stress, and even enhance the efficacy of the drugs being
delivered. For instance, flavonoids such as quercetin and kaempferol, known for their potent anti-inflammatory and
antioxidative properties, can synergize with chemotherapy drugs to create a more effective, less toxic treatment regimen.
In practice, dual-function PDEVs could be used to target tumor cells while also reducing the collateral damage to healthy
tissues that is often seen in conventional cancer therapies. By incorporating both drug-delivery capabilities and natural
bioactive compounds in a single vesicle, PDEVs can improve the targeting and uptake of drugs while providing a
simultaneous therapeutic benefit through their inherent anti-inflammatory, antioxidant, and anticancer properties.

The metabolite profiles of PDEVs vary depending on the plant source, which can influence the selection of dual-
function vesicles. For example, ginger-derived PDEVs, rich in gingerols and shogaols, could deliver anticancer drugs to
the tumor site while also providing additional therapeutic effects due to the anti-inflammatory properties of these
bioactive compounds. Similarly, cabbage-derived vesicles, which are rich in glucosinolates, could act as both delivery
vehicles for chemotherapeutic agents and as an additional layer of protection through their chemoprotective effects.
Understanding the variations in these metabolite profiles and how they can work synergistically with chemotherapeutic
agents is crucial for the development of PDEVs as dual-function systems. By carefully selecting plant sources based on
their bioactive compound content, it is possible to optimize the therapeutic benefits of PDEVs, tailoring them to provide
both efficient drug delivery and enhanced therapeutic effects in cancer treatment.

In conclusion, the metabolites contained in PDEVs, particularly polyphenols and flavonoids, are integral to their
bioactivity and therapeutic potential. When designed to function in dual roles, PDEVs can deliver chemotherapeutic
drugs while simultaneously providing inherent therapeutic benefits from their natural cargo, such as reducing inflamma-
tion and oxidative stress. Variations in the metabolite profiles of PDEVs from different plant sources can have significant
implications for their effectiveness in cancer treatment, highlighting the importance of selecting the appropriate plant
sources for targeted drug delivery systems that offer both enhanced treatment efficacy and reduced side effects.

Isolation of Plant-Derived Extracellular Vesicles

PDEVs are present in various plant tissues such as leaves, roots, and seeds.®*** However, isolating and purifying PDEVs
from these complex plant matrices is challenging due to the presence of numerous cellular components, including
proteins, lipids, and other biomolecules.®> The complexity of plant-derived biofluids makes it difficult to accurately
isolate and analyze PDEVs.®® To address these difficulties, several techniques have been developed that leverage factors
like size, density, and surface markers for the extraction and purification of PDEVs from plant materials. Commonly used
methods include ultracentrifugation, density gradient centrifugation, and ultrafiltration centrifugation. Additionally,
specialized kits and reagents that utilize techniques such as size-exclusion chromatography, immunoaffinity capture, or
precipitation have been designed to selectively isolate PDEVs while minimizing contamination from other plant
components. Table 1 provides a detailed overview of various methods used for the isolation of plant-derived extracellular
vesicles.

Ultracentrifugation
Ultracentrifugation is a technique used to separate particles according to their size and density. It can be classified into
two primary types: differential ultracentrifugation and density gradient ultracentrifugation. Both methods are widely
applied for isolating PDEVs due to their simplicity and cost-effectiveness, and they are considered gold-standard
techniques.®””°

Differential ultracentrifugation operates through a stepwise centrifugation process, where particles are separated
according to their size and density. In this method, the sample is subjected to increasing centrifugal forces over several
rounds, progressively removing larger and heavier particles like cells, cellular debris, apoptotic bodies, and microvesicles
(Figure 1A).%7 The initial low-speed centrifugation steps remove the largest components, while higher-speed steps isolate
smaller vesicles such as PDEVs. This approach is particularly attractive due to its simplicity and ability to generate
relatively quick results. However, one of its major limitations is the potential for contaminant co-sedimentation,
especially with protein aggregates and other small particles that may share similar densities with PDEVs. Such
contaminants can end up in the final vesicle preparation, compromising its purity and potentially affecting downstream
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Table | An Overview on Different Isolation Methods for PDEVs

3) High yield

particles

2) May require additional
purification steps

3) Can affect vesicle integrity

Methods Principles Instruments/Chemicals Advantages Disadvantages Ref
Differential Based on the centrifugal force to pellet vesicles at high | Ultracentrifuge, centrifuge tubes 1) High capacity 1) Low purity, risk of contamination | [67]
ultracentrifugation speeds 2) Relatively simple and well- 2) Time-consuming
established method 3) Requires specialized equipment
3) Effective for large-scale isolation (ultracentrifuge)
Density gradient Separation based on the difference in particle density, | Ultracentrifuge, density gradient | |) High purity isolation of vesicles 1) Complex protocol [67]
centrifugation using a gradient medium (eg, sucrose or iodixanol). solutions (sucrose, iodixanol, etc). | 2) Can separate different subtypes of | 2) Requires optimization of gradient
vesicles based on density and long centrifugation times
3) Widely used and standardized 3) Time-consuming, equipment-
method for extracellular vesicles intensive
isolation
Ultrafiltration Uses a membrane filter to separate particles based on | Ultrafiltration device (membranes | |) Faster than ultracentrifugation 1) Lower purity compared to [67]
size. with defined pore sizes) 2) Simpler setup gradient-based methods
3) Easy to scale up 2) Membrane fouling can occur
3) Limited separation of vesicle
subtypes
Size exclusion Separation based on the size of particles, with larger | Chromatography columns, buffers | 1) High purity and effective separation | 1) Lower yield compared to [67]
chromatography particles eluting first of extracellular vesicles ultracentrifugation
2) Gentle on vesicles (no high 2) Requires optimization of column
centrifugal forces involved) and buffer conditions
3) Can be easily combined with other | 3) Not suitable for large-scale
methods for further purification isolation without appropriate
equipment
Immunoaffinity Uses specific antibodies to capture vesicles expressing Antibodies, magnetic beads or I) High specificity, capable of isolating | 1) Limited to vesicles with known [68]
target surface markers. affinity columns targeted vesicle subpopulations surface markers
2) High purity, suitable for sensitive 2) Expensive and time-consuming
applications 3) Risk of non-specific binding
3) Suitable for small-scale or
diagnostic applications
Polymer Uses polymeric compounds (eg, polyethylene glycol) Polymers (eg, PEG), buffers 1) Simple and cost-effective 1) Low purity and possible co- [68]
precipitation to precipitate vesicles from the solution. 2) Easy to scale up precipitation of non-vesicular
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applications. Despite this, differential ultracentrifugation remains a popular choice due to its ease of implementation and
the reasonable purity it offers for many applications.

In contrast to differential ultracentrifugation, density gradient ultracentrifugation utilizes a gradient medium, often
composed of sucrose or iodixanol, which is created by layering solutions of different densities. When the sample is
centrifuged, particles within the sample migrate through the gradient and settle at the position where their density
matches the surrounding medium. This method allows for much finer separation, as particles with even slight differences
in density can be resolved into distinct layers, leading to the isolation of highly purified fractions (Figure 1B).%” The key
advantage of density gradient ultracentrifugation is its ability to produce high-purity PDEVs, making it ideal for studies
that require the vesicles to be free of contaminants that might interfere with downstream functional assays or molecular
analyses.

However, despite its advantages in terms of purity, density gradient ultracentrifugation does come with its own set of
challenges. One significant drawback is the relatively low yield of PDEVs compared to differential ultracentrifugation.
The process involves multiple layers and longer centrifugation times, which can lead to a reduction in the quantity of
vesicles isolated, making this method less ideal when large quantities are required. Moreover, the preparation of the
density gradient medium itself can be time-consuming and technically demanding. As a result, while density gradient
ultracentrifugation is preferred for the enrichment of PDEVs, it is often balanced by the trade-off of lower yields, making
it more suitable for applications where purity is prioritized over quantity.”’

Overall, both differential and density gradient ultracentrifugation are widely used for isolating plant-derived extra-
cellular vesicles, each with its own set of advantages and limitations. Differential ultracentrifugation offers a simpler and
faster method with a reasonable yield, though it may come with contamination risks. In contrast, density gradient
ultracentrifugation excels in providing higher purity, though it often results in a lower vesicle yield. The choice between
these two methods largely depends on the specific requirements of the study or application, such as the need for purity
versus quantity of PDEVs.

Ultrafiltration Centrifugation

Ultrafiltration centrifugation is an effective technique that utilizes the unique properties of ultrafiltration membranes with
a microporous structure to separate and isolate various components of a sample based on their size under centrifugal
force (Figure 1C).” In this process, the sample is passed through the ultrafiltration membrane, which serves as a selective
barrier. It allows only particles smaller than the membrane’s pore size to pass through, while larger particles, such as
PDEVs, are retained on the membrane surface. This results in a more concentrated and cleaner preparation of PDEVs,
which is crucial for downstream applications like biological studies or therapeutic use.”*

Ultrafiltration centrifugation is effective in preserving the biological activity of PDEVs, which is vital for their
functional integrity in later experiments.”> However, although this technique is highly efficient in isolating and purifying
the vesicles, the mechanical forces exerted during centrifugation may unintentionally alter their morphology. These
morphological changes can be particularly significant when the structural integrity of the vesicles is crucial for specific
applications. Therefore, while ultrafiltration centrifugation is a powerful method for purifying PDEVs, it is important to
consider the potential impact on their physical structure during the procedure.

Size Exclusion Chromatography

Size-exclusion chromatography (SEC) is a powerful and widely employed technique for isolating and purifying PDEVs,
leveraging their size and hydrodynamic properties (Figure 1D).®” The method works by using a chromatography column
packed with a porous gel matrix, which acts as the stationary phase. Upon introducing a sample into the column, larger
particles, like PDEVs, are excluded from entering the smaller pores of the gel, causing them to move through the column
more rapidly and elute in earlier fractions. In contrast, smaller molecules-such as free proteins, nucleic acids, and other
soluble contaminants-are able to enter the gel pores. These smaller particles experience a slower passage through the
matrix, resulting in delayed elution. This size-dependent movement is key to SEC’s ability to separate EVs from smaller
impurities. Consequently, PDEVs are eluted in the earlier fractions, while the smaller contaminants are retained in the gel
matrix, ensuring their efficient separation and removal.
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The selective separation mechanism of SEC efficiently isolates PDEVs, ensuring they are collected in a fraction with
minimal contamination from smaller soluble components like free proteins, nucleic acids, and other molecular by-
products.”* This is especially advantageous for applications that demand high purity of the EV fraction, such as
functional studies or proteomics, where contamination by non-vesicular proteins could disrupt subsequent analyses.”
SEC provides a reliable, scalable, and highly effective approach for purifying PDEVs with minimal contamination,
making it an indispensable tool in the study of PDEVs.

Immunoaffinity

Immunoaffinity capture (IA) methods are highly effective for isolating specific subpopulations of PDEVs by targeting the
unique surface markers that define these vesicles. This technique relies on antibodies that bind to specific proteins, such
as CD9, CD63, CD81, or plant-derived markers like TETS, which are commonly expressed on the surface of EVs
(Figure 1E).°® The antibody-mediated recognition of these markers allows for the precise isolation of EV subsets,
offering a level of specificity that surpasses other isolation techniques.

The strength of immunoaffinity capture (IA) lies in its unmatched ability to selectively isolate EVs with particular
surface markers, making it an indispensable tool for investigating specific EV subpopulations and analyzing their
molecular cargo.”® This high specificity is especially useful when exploring the functional roles of different EV types,
as well as examining the diverse molecular content they carry, which can differ significantly between subpopulations. By
concentrating on distinct surface markers, IA facilitates the enrichment of targeted EV populations, enabling more in-
depth and focused analyses, including proteomic, transcriptomic, or lipidomic profiling.”’

However, despite its high specificity, IA often results in lower yields compared to other physical separation methods,
such as ultracentrifugation (UC), due to the inherently selective nature of antibody binding. This selectivity means that
only the EVs bearing the targeted markers are captured, which can limit the overall quantity of isolated vesicles.
Consequently, while IA is ideal for studies requiring precise characterization of specific EV subtypes, it is often
combined with other separation techniques to enhance the yield. For instance, IA can be used in conjunction with
methods like UC or size-exclusion chromatography (SEC) when the goal is to isolate a broad range of EVs while still
maintaining specificity for particular subpopulations.”®

Collectively, immunoaffinity capture is a highly specific and effective technique for isolating EV subpopulations,
particularly when detailed molecular analyses are required. Nevertheless, its relatively low yield necessitates its use in
combination with other isolation methods, ensuring both specificity and sufficient sample quantity for comprehensive
investigations.

Polymer Precipitation

Polymer-based precipitation (PBP) is a widely adopted and well-established technique for isolating extracellular vesicles
(EVs), particularly in laboratory environments. This method utilizes volume-excluding polymers, such as polyethylene
glycol (PEG), to precipitate particles based on differences in solubility (Figure 1F).°® During the process, the polymer
forms a network that selectively traps PDEVs, while allowing smaller, more soluble molecules to remain in the solution.
The precipitated PDEVs are then collected by low-speed centrifugation, which facilitates the separation of the larger EVs
from smaller, non-precipitated components. This principle is frequently utilized in commercial kits for EV isolation,
making PBP an easily accessible and straightforward method for researchers.

PBP offers several advantages, including speed and simplicity, which make it particularly suitable for routine use in
laboratory settings when quick isolation of PDEVs is needed. It is particularly effective for preparing PDEV samples in
research environments where large volumes of biological samples must be processed in a time-efficient manner. Given its
practicality, PBP is often used for isolating PDEVs in studies that require a relatively straightforward method without
extensive instrumentation.”

However, one notable limitation of PBP is the risk of co-precipitating non-EV components, such as proteins, lipids,
and other biomolecules that share similar solubility properties. These contaminating substances can lead to unwanted
interference in downstream analyses, such as proteomic studies, lipidomics, or molecular profiling. For example, the
presence of co-precipitated proteins may obscure the identification of EV-specific markers or complicate the
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interpretation of functional assays.®® As a result, while PBP is highly convenient and efficient for initial isolation, it may
not always produce highly purified EV preparations.

To mitigate this issue and ensure a high level of purity for more sensitive analyses, additional purification steps-such
as density-gradient centrifugation, size-exclusion chromatography (SEC), or immunoaffinity-based methods-are often
required. While these techniques are universally applied in EV isolation from all biological sources, their application in
PDEV research is uniquely shaped by the plant matrix. For instance, density-gradient centrifugation is critical for
separating PDEVs from co-precipitating plant proteins and nucleic acids, while SEC must be optimized to avoid column
fouling by abundant plant polysaccharides. These secondary methods are therefore indispensable for removing plant-
specific contaminants and enabling precise downstream experiments. Therefore, while PBP remains a valuable and
practical tool for initial EV isolation, researchers must carefully consider its limitations and potentially combine it with
other purification techniques based on the specific needs of their studies.

In summary, selecting the most appropriate method for isolating PDEVs from complex plant matrices requires a dual
consideration: the general principles of EV isolation and the specific challenges posed by the plant source. This approach
ensures that the chosen technique will meet the necessary criteria for subsequent analyses. Researchers must not only
evaluate universal factors such as efficiency, yield, and purity but also account for PDEV-specific considerations, such as
the need for effective cell wall disruption during initial homogenization and the diligent removal of non-vesicular plant
compounds (eg, pigments, organic acids, and secondary metabolites) that are not encountered when working with
mammalian cell cultures. A thorough evaluation of both general and plant-specific factors is paramount before making
a final methodological decision.

Advantages of Plant-Derived Extracellular Vesicles as Nano-Drug Delivery

Systems

PDEVs have attracted considerable interest in recent years as promising candidates for nano-drug delivery systems, owing to
their unique advantages. These vesicles, which are naturally secreted by plant cells, offer a range of unique properties that
make them particularly well-suited for delivering therapeutic agents in a highly efficient and targeted manner. Below are some
of the primary benefits that make PDEVs an exciting area of research and application in the field of drug delivery.

Biocompatibility and Low Toxicity

An ideal drug delivery system should exhibit both outstanding biocompatibility and non-toxicity. PDEVs meet these
requirements and stand out for their exceptional safety profile and low cytotoxicity, particularly when compared to
synthetic nanoparticles and liposomes.

One of the key advantages of PDEVs is their low immunogenicity, which significantly enhances their biocompatibility.
This reduced immune response makes PDEVs highly attractive for medical applications and drug delivery systems, as it
minimizes the risk of immune rejection-an essential factor in ensuring the long-term safety and effectiveness of therapies.

The minimal toxicity of PDEVs can be attributed to several factors. These vesicles are primarily derived from edible
plants, which are naturally considered safe for human consumption. In contrast to exosomes from mammalian or
bacterial sources, which could carry zoonotic or human pathogens, plant-derived vesicles do not present such risks.®!
This significantly reduces the chance of transferring harmful genes or proteins, further improving their safety profile. In
conclusion, PDEVs represent a highly promising approach for safe, biocompatible, and effective drug delivery.

Cost-Effective, Sustainable, and Scalable Production

A major advantage of PDEVs is their ability to be derived from a wide range of edible plants, which allows for cost-
effective, sustainable, and large-scale production. This stands in stark contrast to synthetic nanoparticles or mammalian
exosomes,* which often require greater resource input and more complex manufacturing processes. A brief techno-
economic analysis highlights this advantage: while comprehensive life-cycle assessments for PDEVs are still emerging,
innovative production platforms like the Temporary Immersion Bioreactor System (TIBS) demonstrate the potential for
significant cost and efficiency gains. TIBS enables the non-destructive, continuous collection of PDEVs from cultured
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plant tissues, reportedly reducing energy consumption by approximately 40% compared to traditional solid plant tissue
culture methods. Furthermore, the absence of requirement for expensive culture supplements like fetal bovine serum,
which is essential for mammalian cell-derived exosomes, substantially lowers raw material costs. In terms of scalability,
while precise figures for grams of PDEVs per kg of biomass are still under characterization, the modular design of TIBS
supports scalable production and has been successfully applied to a variety of plants, including ginger and licorice. When
compared to the established manufacturing costs of Good Manufacturing Practice (GMP)-grade synthetic nanoparticles
like liposomes, PDEVs benefit from a potentially simpler and less expensive upstream process by leveraging the inherent
efficiency of plant biomass synthesis.

PDEVs not only offer higher production yields but also shorter extraction times compared to exosomes derived from
animal or human sources, positioning them as a promising biological material with significant potential for broad applications.
In contrast, mammalian exosomes are constrained by lower yields and limited sources, such as milk, urine, blood, and bile 384
Thus, the emergence of PDEVs provides an innovative solution to address these production limitations.

Wide Range of Sources

The Food and Agriculture Organization estimates that there are over 50,000 medicinal plants globally, many of which
hold significant promise as natural resources for contemporary pharmaceutical research, although the active compounds
in most of these plants remain largely unexplored.*> Some PDEVs derived from medicinal plants are thought to retain the
therapeutic properties of their source plants. For example, exosomes from plants like ginseng,86 ginger,87 grapes,88 and
honeysuckle® may carry bioactive compounds similar to those in the original plants, pointing to potential pharmacolo-
gical effects. This offers exciting possibilities for leveraging PDVEs as drug delivery systems or carriers, potentially
broadening the scope and improving the effectiveness of pharmaceutical treatments.

Application of Plant-Derived Extracellular Vesicles for Drug Delivery
Drug Loading Methods

An effective drug delivery system should not only optimize the efficiency of drug delivery but also safeguard the
integrity of the drug throughout the process. This is especially crucial in the development of drug delivery systems that
utilize plant-derived vesicles. Successful loading requires careful optimization of several key factors, such as improving
encapsulation efficiency, preserving the structural integrity of the vesicle, and ensuring that the drug retains its biological
activity during the delivery process.

Various techniques can be employed to load drugs into plant vesicles, each offering distinct advantages and
challenges. These include co-incubation, transfection, sonication, extrusion, and electroporation. The selection of the
appropriate method typically depends on factors such as the type of drug, the characteristics of the vesicle system, and
the desired therapeutic objectives. A schematic representation of these drug-loading methods is shown in Figure 2, and a
detailed comparison of each technique is provided in Table 2.

Co-Incubation Method

The co-incubation method is the simplest and most commonly used approach for loading drugs into plant-derived
extracellular vesicles. In this method, the drug is combined with the vesicles, allowing it to be encapsulated through
mechanisms such as hydrophobic interactions, diffusion, or electrostatic forces (Figure 2A).°® The loading efficiency of
this technique is mainly influenced by the hydrophobicity of the drug. Hydrophobic drugs, in particular, are more likely
to interact with the lipid bilayer of the vesicle membrane, thereby enhancing the encapsulation efficiency.”’

Transfection Method

Transfection is a technique used to introduce foreign substances, such as DNA, RNA, or drugs, into cells.”? In drug
delivery, it facilitates the movement of drugs across the cell membrane or into extracellular vesicles like exosomes. This
process typically employs chemical, physical, or biological approaches to enhance the transmembrane transport of drugs,
thus boosting their cellular uptake and overall delivery efficiency (Figure 2B).”® This approach improves both the
efficiency and targeting capability of drug delivery.”?
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Figure 2 Schematic diagram of the drug-carrying methods of plant-derived extracellular vesicles. (A) Co-incubation method. (B) Transfection method. (C) Sonication. (D)
Extrusion. (E) Electroporation. (Reproduced with permission under Creative Commons CC BY 4.0 license from ref. 97 Copyright 2024 The Authors).

Sonication

Sonication is a versatile and widely used method for preparing drug-loaded nanoparticles, exosomes, and other
nanocarriers.”* *° This method utilizes high-frequency sound waves, typically ranging from 20 kHz to several megahertz,
to induce mechanical vibrations in a liquid medium (Figure 2C).”® These vibrations create rapid pressure fluctuations that
result in the formation of small cavitation bubbles. The collapse of these bubbles generates intense shear forces and
localized heat, which effectively break down larger particles, enhance dispersion, and improve the uniform mixing of
different components.

In drug delivery applications, the mechanical forces generated during sonication aid in breaking down drug particles
and facilitating their uniform incorporation into nanocarriers. This process results in the creation of smaller, more
uniform drug-loaded nanoparticles or liposomes, while also enhancing their stability, bioavailability, and targeting ability.
Consequently, it improves the drug’s release profile and boosts its therapeutic effectiveness.

Extrusion

Extrusion is frequently combined with other techniques, such as sonication, to further enhance the properties of drug-
loaded carriers. For example, in the preparation of liposomes, after the lipid bilayer is formed through methods like thin-
film hydration or solvent injection, the formulation is typically extruded multiple times through a polycarbonate
membrane with specific pore sizes (Figure 2D).*° This process ensures uniform liposome size and improves encapsula-
tion efficiency. Extrusion is essential in the development of drug-loaded nanoparticles and liposomes, as it enhances drug
loading efficiency, promotes consistency, and facilitates better-controlled release, all of which contribute to the stability
and long-term effectiveness of the formulation.®’

International Journal of Nanomedicine 2025:20 hetps: 14989



066¥1

:sdyyy

07:STOT PUIpaWoUeN JO [eudnof [euoreulIu|

Table 2 Comparison of Various Plant Vesicle Drug Loading Methods

Drug Loading
Method

Principle

Advantages

Disadvantages

Suitable Drug Types

Co-incubation

The drug is incubated with a carrier (eg, cells or
exosomes), and the drug diffuses into the carrier.

1) Simple operation with low equipment
requirements

2) No complex techniques or steps

3) Suitable for various carriers

1) Low drug loading capacity
2) Difficulty in controlling drug release rate

Small molecules, hydrophobic

drugs, some protein drugs

Transfection

Drug is delivered into cells or exosomes using
transfection reagents (eg, liposomes, polymers).

1) High efficiency of drug loading
2) Suitable for large molecule drugs (eg,
nucleic acids)

3) Suitable for gene therapy

1) Transfection reagents may be toxic
2) Efficiency depends on cell type

3) Requires specific equipment and reagents

Gene drugs, mRNA, siRNA,
DNA, protein drugs

through a membrane with specific pore sizes,
ensuring uniform distribution and improving
encapsulation efficiency.

2) Improves drug encapsulation efficiency
3) Controlled drug release rate

2) May impact drug stability
3) Encapsulation efficiency depends on
membrane pore size and extrusion cycles

Sonication Ultrasound is used to generate cavitation 1) High drug loading efficiency 1) May affect drug activity Small molecules, hydrophilic
bubbles, creating temporary pores for drug entry | 2) Simple operation 2) Requires control of ultrasound intensity drugs, some protein drugs
into the carrier (eg, nanoparticles). 3) Applicable to different types of carriers and time to avoid damage to the carrier
Extrusion The drug and carrier are repeatedly passed 1) Produces uniform carrier particle sizes 1) Requires specialized equipment Small molecules, lipophilic drugs,

liposomes, nanoparticles

Electroporation

High-intensity electrical pulses create temporary
pores in the carrier membrane, allowing drugs to
enter cells or exosomes.

1) High drug loading efficiency

2) Applicable to various types of carriers
3) Suitable for drugs of various molecular
weights

1) Requires specialized electroporation
equipment

2) Potential for cell or carrier damage

3) Drug type is highly dependent on voltage

conditions

Small molecules, large molecules
(eg, proteins, DNA, RNA),
nanoparticle drugs
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Electroporation
Electroporation is a method that involves applying a brief high-voltage pulse to generate hydrophilic pores in the
membrane of PDEVs through an external electric field (Figure 2E).”® This increases the membrane’s permeability,
facilitating the entry of substances like chemicals, DNA, RNA, or drugs into the plant-derived EVs.”® Once the drug is
transported into the plant-derived EVs through the transient pores, the membrane quickly restores its integrity. This
technique not only ensures effective encapsulation of the drug but also preserves the functional properties of the plant-
derived EVs, positioning them as a highly promising platform for targeted drug delivery and therapeutic interventions.”
In summary, each method has its unique characteristics. The co-incubation technique is straightforward, scalable, and cost-
effective, making it particularly well-suited for small molecule drugs. The transfection method plays a vital role in gene and
RNA therapies, enabling efficient delivery of larger molecules. Sonication is effective for drug loading and can be used with
various carrier systems, though it requires careful management to prevent damage. Extrusion provides precise control over
both the size of carrier particles and drug loading, making it ideal for producing uniform drug carriers. Electroporation is
commonly used in gene and protein therapies, but it demands precise execution to avoid cellular harm. The choice of the most
appropriate method depends on factors such as the drug type, delivery system, and specific therapeutic objectives.

Application of Plant-Derived Extracellular Vesicles for Cancer Drug Delivery
Plant-Derived Extracellular Vesicles for Colon Cancer Drug Delivery

Colon cancer is the third most prevalent cancer worldwide, and its incidence has been steadily increasing in recent years,
posing an escalating threat to human health and survival.'® Chemotherapy remains the primary treatment option for
colon cancer patients.'®! However, the toxic side effects of chemotherapeutic drugs limit their effectiveness. As a result, a
nano-delivery system that can sustain the therapeutic effects of drugs and minimize their toxicity holds significant
potential for improving treatment outcomes. Several currently available drugs have been loaded into extracellular
vesicles derived from plants (Table 3) and studied.

You et al'??

reported an approach for treating colon cancer using nanovesicles derived from cabbage (Cabex) and red
cabbage (Rabex) to deliver the therapeutic agent doxorubicin (DOX). This approach effectively inhibited colon tumor
growth in SW480 cell models (Figure 3A).'% In their study, NTA analysis of doxorubicin-loaded Cabex and Rabex
demonstrated similar size distributions, regardless of the amount of doxorubicin incorporated (Figure 3B—F).'*
Doxorubicin-loaded Cabex significantly inhibited colon cancer cell proliferation, reducing cell viability to 61.0% after
treatment with doxorubicin alone, and to 57.5% following treatment with doxorubicin-loaded Cabex (Figure 3D).'%?
Furthermore, doxorubicin-loaded Rabex exhibited a more pronounced inhibitory effect on cell growth, with cell viability
dropping to 39.5% after doxorubicin treatment alone, and further decreasing to 32.4% following treatment with doxor-
ubicin-loaded Rabex (Figure 3G).'% The results indicate that plant-based nanovesicles, like Cabex and Rabex are effective
drug carriers and can encapsulate large amounts of therapeutic substances and transport them efficiently to human cells.

1'% proposed a novel strategy

Cabex and Rabex hold promise as viable options for drug development. In addition, Wang et a
for maintaining colon macrophage homeostasis by utilizing grapefruit-derived nanovesicles (GDNs) to deliver methotrex-
ate (MTX), which effectively reduced colon inflammation in a DSS-induced mouse model. NTA analysis revealed a
significantly broader size distribution for methotrexate-loaded GDNs (GMTX) compared to unmodified GDNs, confirming
the successful conjugation of MTX to the nanovesicles (Figure 4A).'% In terms of efficacy, GMTX-treated mice showed a
marked reduction in body weight loss and colon length shortening induced by DSS (Figure 4B and C).'® H&E staining of
colon tissues indicated that the severity of colon damage and inflammatory cell infiltration in GMTX-treated mice was
notably less than in those treated with free MTX or PBS (Figure 4D and E).'* Interestingly, mice treated with free MTX
exhibited worsened colitis symptoms, including more extensive colon tissue damage, greater colon length reduction, and
reduced E-cadherin expression compared to PBS-treated mice (Figure 4F).'%> MTX-loaded GDNis significantly alleviated
the toxicity of MTX in comparison to free MTX, while significantly enhancing its therapeutic efficacy in DSS-induced
colitis (Figure 4F).'%* These findings suggest that GDNs could serve as effective immune modulators within the intestine,
supporting macrophage homeostasis and mitigating inflammatory responses in colitis and similar conditions. Furthermore,
Zhang et al'® reported a breakthrough in colon cancer treatment using ginger-derived nanovesicles (GDNVs) modified
with folic acid (FA) to deliver the therapeutic agent doxorubicin (DOX) (Figure 5A).'"* This approach successfully
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Table 3 Summary of the Most Recent Drug Loading Attempts on EVs of Plant Origin with Information

Plant Drug Particle Size Loading Method Cancer Application Ref
Cabbage Doxorubicin 100 nm Incubation at 37 °C Colon cancer [102]
Grapefruit Methotrexate 210.8 + 48.62 nm Incubation at bath ice Colon cancer [103]
Ginger Doxorubicin 188.5 nm Incubation, vortexing Colon cancer [104]
Aloe Indocyanine green, Doxorubicin 141.0 + 6.8 nm Incubation at 37 °C, -1 stacking state Breast cancer [105]
Vitis vinifera Kyoho Metformin, Doxorubicin, Tamoxifen 40 nm Incubation at 4 °C Breast cancer [106]
Tomato Curcumin 146 £ 3 nm Extrusion, incubation, sonication Leukemia [107]
Grape Fisetin 278.7 nm Incubation, shaking Leukemia [108]
Lemon Doxorubicin 202.20 + 6.21 nm Incubation at room temperature Ovarian cancer [109]
Celery (Apium graveolens L). Doxorubicin 100 nm Incubation at 37 °C Lung cancer [110]
Aloe Indocyanine green 138.7 nm Incubation at 37 °C Melanoma [ren
Grapefruit Doxorubicin 171 £ 14 nm Sonication Glioma [112]
Bitter melon 5-fluorouracil 100 nm Sonication Oral squamous cell carcinoma [113]
Sesame leaves Luteolin I155.1 £ 3.3 nm Sonication Gastrointestinal [114]
Grapefruit Sodium thiosulfate 1955 + 18.2 nm Incubation, vortexing Vascular calcification [115]
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Figure 3 (A) Schematic illustration of exosome-like nanovesicle isolation from cabbage and the investigation of molecular functions and drug delivery applications of Cabex
and Rabex. (B and C) Size distribution of Cabex (B) without and (C) with a chemotherapeutic (doxorubicin) drug load. (D) Anti-cancer effect of Cabex loaded with
doxorubicin. (E and F) Size distribution of Rabex (E) without and (F) with a chemotherapeutic (doxorubicin) drug load. (G) Anti-cancer effect of Rabex loaded with
doxorubicin. (Reproduced with permission under Creative Commons CC BY 4.0 license from ref. 109 Copyright 2021 The Authors). Data are presented as mean * SD. (**p
< 0.01, ¥**p < 0.001, by t-test).
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inhibited tumor growth in colon-26 xenograft models. In mice treated with FA-GDNVs or saline, tumors grew rapidly and

104

progressively (Figure 5B),'® although no significant changes in body weight were observed (Figure 5C).'** In contrast,

treatment with DOX-FA-GDNVs dramatically suppressed tumor growth, as shown in Figure 5D and E.'** Tumor weight in

mice treated with Dox-FA-GDNVs was the lowest among all treatment groups (Figure 5F),'**

104

indicating enhanced
antitumor efficacy. H&E staining images (Figure 5G) "~ also showed a significant reduction in the number of cancerous
cells in the Dox-FA-GDNVs group compared to the saline, free DOX, and FA-GDNVs groups. These findings demonstrate
that FA-ligand-modified GDNVs effectively enhance the antitumor action of Dox through active targeting. Therefore, FA-
GDNV represents an ideal drug delivery platform, effectively exerting anti-tumor effects while minimizing the adverse
reactions associated with free-circulating drugs.

In summary, the varying efficacy of PDEVs from different sources, such as ginger and cabbage, in targeting various cancer
types can be primarily attributed to differences in their lipid and protein profiles. These differences play a crucial role in
determining the vesicles’ ability to target cancer cells, facilitate cellular uptake, and exert therapeutic effects. The lipid
composition of PDEVs varies depending on the plant source, with lipids influencing the fluidity, stability, and interactions of
the vesicle membranes with cancer cell membranes. Certain phospholipids or glycosphingolipids present in the vesicles can
enhance their ability to fuse with specific cancer cell membranes or interact with particular receptors, leading to improved
targeting. These lipid variations mean that PDEVs from different plants may preferentially interact with certain cancer cells,
resulting in differences in therapeutic outcomes. Similarly, the proteins found on the surface of PDEVs, such as lectins, enzymes,
and other membrane-associated proteins, play a vital role in their ability to recognize and bind to specific cancer cell receptors.
These proteins often serve as mediators of cell-cell communication, enhancing the vesicles’ ability to target and be taken up by
cancer cells. The protein profile differs between plant sources, so ginger-derived PDEVs may express different markers than
those derived from cabbage, contributing to their varying effectiveness in targeting specific cancer types. Additionally, the
carbohydrate and glycan structures on the surface of PDEVs can influence their interactions with cancer cells, with some plant
vesicles having glycan profiles that are better suited for binding to cancer cell markers, thereby improving their targeting
efficiency. The size and stability of PDEVs also vary by plant source and can affect their ability to penetrate tumor tissues or
remain stable in the bloodstream. Smaller vesicles might be better at penetrating deep into tissues, while larger ones might be
more stable for prolonged circulation, affecting drug delivery. Moreover, the way PDEVs interact with the tumor microenviron-
ment-such as the acidic or hypoxic conditions commonly found in tumors-can influence their therapeutic efficacy. Some plant-
derived vesicles may be more adept at navigating these conditions, which enhances their ability to deliver therapeutic compounds
effectively. In conclusion, the lipid and protein profiles of PDEVs from different plant sources are key factors in their selective
targeting and therapeutic outcomes. These profiles determine how the vesicles interact with cancer cells, and further research into
the specific components of these vesicles could optimize their use for targeted drug delivery in cancer therapy. By leveraging the
unique properties of plant-derived vesicles, this strategy provides an effective approach for the treatment of colon tumors,
maximizing the therapeutic effects while minimizing adverse outcomes. Thus, PDEVs represent a promising candidate for
enhancing targeted drug delivery in cancer therapy, offering significant advantages in terms of both efficacy and safety.

Plant-Derived Extracellular Vesicles for Breast Cancer Drug Delivery
Breast cancer is a major malignancy that poses a significant threat to women’s health worldwide.''® Particularly in the
advanced stages, when metastasis occurs, the prognosis often becomes poor, resulting in limited life expectancy.''” At
present, conventional treatments like chemotherapy and photothermal therapy continue to face several challenges,
including tumor cell resistance, inadequate drug accumulation, and non-specific distribution, and toxicity to healthy
organs. These limitations significantly hinder their effectiveness and broader application.''®

To overcome the limitations of traditional treatment methods, Zeng et al'®® demonstrated the potential of using a
functional nanocarrier loaded with a combination of anticancer drugs for the treatment of breast cancer. They identified
aloe vera gel-derived extracellular vesicles (gADNV) as a promising candidate for such a nanocarrier. gADNV was
modified with an active integrin-targeted peptide, Arg-Gly-Asp (RGD), to effectively deliver the photothermal agent
indocyanine green (ICG) and doxorubicin (DOX) for breast cancer treatment. The typically “competitive” interaction
between ICG and DOX was transformed into a “cooperative” one through n-m stacking interactions within gADNVs,
thereby enhancing the drug loading efficiency (Figure 6A).'° This dual-drug delivery system, named DIARs,
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demonstrated excellent stability, resistance to leakage, and strong targeting capabilities for breast tumors in vivo. DIARs

exhibited high therapeutic efficacy in 4T1 tumor-bearing mouse models (Figure 6B and C),'%

with no significant damage
to other organs. Simultaneously, Farheen et al'®® demonstrated that exosome-like nanoparticles (VKENPs) derived from
Vitis vinifera Kyoho can serve as a multi-drug delivery system, effectively encapsulating and delivering various drugs for
the treatment of breast tumors (BT) (Figure 7A).'°® Through DLS and TEM analysis, it was shown that VKENPs could
effectively carry various drugs, including metformin (MET), doxorubicin (DOX), and tamoxifen (TAX) (Figure 7B and
C).106 VKENPs combined with MET were found to be non-toxic to 4T1 cells after 24 hours of incubation. In contrast,
DOX caused a 20% reduction in cell survival, TAX led to a 9% reduction, and the combination of VKENPs with multiple
drugs (VKE@MDT) resulted in a 27% decrease in 4T1 cell viability at a 100 pg/mL dose (Figure 7D).'% Cell death
significantly increased when the incubation time was extended from 24 to 48 hours with the same concentrations
(Figure 7E).'% After 48 hours of treatment, VKENPs decreased 4T1 cell survival by 18%, MET by 11%, DOX by 40%,
TAX by 29%, and VKE@MDT treatment led to a dramatic 90% reduction in cell survival (Figure 7E).'*® These results
were consistent with findings from confocal laser scanning microscopy (Figure 7F).'°® These findings highlight the
selective and effective targeting role of VKENPs in delivering multiple therapeutic agents to BT cells.

Overall, plant-derived extracellular vesicles can serve as carriers to encapsulate multiple drugs simultaneously, such
as chemotherapy agents, targeted therapy drugs, and photothermal therapy drugs, thereby constructing a dual or multi-
modal therapeutic system. This approach of co-delivering multiple drugs not only enables combination therapy but also
improves treatment efficiency through synergistic actions. It offers new ideas and treatment options for breast cancer
therapy, with the potential to play an important role in enhancing efficacy, reducing side effects, and overcoming drug
resistance.

Plant-Derived Extracellular Vesicles for Leukemia Drug Delivery

Leukemia research is progressing swiftly, with innovative treatments such as targeted therapies, CAR-T cell therapy, and
gene editing showing considerable promise. However, obstacles like drug resistance and treatment-related side effects
remain significant challenges. Plant-derived exosomes offer a promising new approach to drug delivery, with the
potential to enable targeted therapy, overcome drug resistance, and reduce side effects. As research continues to evolve,
plant-derived nanovesicle-based drug delivery systems may become a crucial tool in leukemia treatment, either as
standalone therapies or in combination with other treatment modalities.

Mammadova et al'®” introduced an innovative method for treating leukemia-associated inflammation by utilizing
nanovesicles derived from tomato to deliver curcumin using three distinct drug-loading techniques (extrusion, incubation,
sonication) (Figure 8A).'°” This approach effectively inhibited inflammatory responses in THP-1 cell models. The
curcumin-loaded nanovesicles exerted anti-inflammatory effects by decreasing the mRNA levels of both IL-1f and IL-
6 (Figure 8B).'”” While all three drug loading methods resulted in similar reductions in IL-1B expression, the sample
prepared by sonication produced a more significant decrease in IL-6 mRNA levels. These results suggest that different
drug loading techniques can substantially influence the drug’s loading capacity and targeting efficiency, which in turn
affects the therapeutic outcomes of plant-derived exosomes. Consequently, selecting the most appropriate drug-loading
method should be based on a thorough evaluation of the drug’s characteristics, therapeutic goals, and the properties of the

exosomes. Subsequently, Sarvarian et al'*®

proposed a novel approach for leukemia treatment by utilizing grape-derived
nanovesicles (GDNs) to deliver the natural flavonoid Fisetin (FIS). This method effectively inhibited leukemia tumor
growth in MOLT-4 cells. Their MTT assay demonstrated that the viability of cells treated with FIS-loaded grape-derived
nanovesicles (FIS-GDNs) was significantly lower than that of cells treated with free FIS, suggesting a stronger cytotoxic
effect of FIS-GDNs (Figure 8C—E).'% The incorporation of GDNs enhanced the solubility and bioavailability of FIS,
promoting increased apoptosis in the cells. This enhanced apoptotic activity resulted in greater cytotoxicity and
contributed to the improved antitumor efficacy of the FIS-GDNs nanovesicle formulation.

Plant-derived nanovesicles provide a versatile drug delivery platform, enabling the selection of the most effective
loading methods for leukemia treatment. These nanovesicles can transport not only conventional chemotherapy agents

but also natural compounds, offering significant potential for natural drugs delivery in leukemia therapy.
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Figure 7 (A) Diagrammatic illustration of Vitis vinifera Kyoho-isolated exosome-like nanoparticles (VKENPs). (B) Size distribution of VKENPs, MET, DOX, TAX, and
VKE@MDT. (C) Scanning electron micrographs of VKE@MDT. (D) 4T1 cell proliferation was examined with 20, 40, 60, 80, and 100 pg/mL VKENPs, metformin (MET),
doxorubicin (DOX), tamoxifen (TAX), and VKE@MDT at 24 h and (E) 48 h. (F) Cytotoxicity assay of VKENPs and its drugs loaded cargo with 4T| BT cells at 48 h.
(Reproduced with permission under Creative Commons CC BY 4.0 license from ref. 116 Copyright 2024 The Authors). Data are presented as mean * SD. (*p < 0.05, **p <

0.01, ***p < 0.001, by t-test).
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Plant-Derived Extracellular Vesicles for Ovarian Cancer Drug Delivery

Ovarian cancer is one of the most prevalent malignant tumors among women worldwide. Its early symptoms are often
subtle and easily overlooked, leading to diagnosis at more advanced stages and contributing to high mortality rates.
Despite interventions like surgery and chemotherapy, ovarian cancer frequently recurs, and drug resistance presents a
major challenge. Multidrug resistance (MDR) is a key barrier in ovarian cancer therapy, with tumor cells evading
chemotherapy drugs through various mechanisms such as drug efflux and metabolic changes, which diminish the efficacy
of treatment and worsen the prognosis. Plant-derived extracellular vesicles have emerged as a promising natural drug
delivery system to address drug resistance in ovarian cancer.

Xiao et al'® developed a biomimetic drug delivery system using lemon-derived extracellular vesicles (EVs) loaded
with doxorubicin (DOX) and modified with heparin-cRGD to form HRED nanocomplexes, which effectively combated
multidrug resistance in cancer (Figure 9A).'" In the preparation of HRED nanodrugs, Transmission electron microscopy
(TEM) images revealed the characteristic vesicle structure of EVs, ED, HRE, and HRED, all displaying lipid bilayers
(Figure 9B).109 The particle sizes of EVs, ED, HRE, and HRED were measured as 151.63 £ 5.20, 155.8 + 12.71, 201.70
+ 5.07, and 202.20 £+ 6.21 nm, respectively, confirming the successful encapsulation of the drug within the nanovesicles
(Figure 9C).'% The HRED system exhibited a significant tumor inhibition effect compared to PBS, EVs, free DOX, and
ED (Figure 9D-G).'” In contrast, free DOX had no inhibitory effect on tumor growth, indicating that the orthotopic
SKOV3/DOX-Luc ovarian cancer xenograft nude mouse model was resistant to DOX treatment. This highlights that the
functionalization of the EV surface with heparin-cRGD (HR) and encapsulation of doxorubicin (DOX) enables HRED to
effectively target and penetrate doxorubicin-resistant cancer cells through multiple endocytic pathways, primarily
caveolin-mediated endocytosis. The system also demonstrated excellent cellular uptake, attributed to its diverse endo-
cytosis mechanisms. This contributes to reducing intracellular energy consumption and lowers adenosine triphosphate
(ATP) production, effectively minimizing drug efflux. As a result, HRED exhibited strong anti-proliferative effects on
doxorubicin-resistant ovarian cancer cells, successfully overcoming multidrug resistance.

In conclusion, by utilizing plant-derived extracellular vesicles-based delivery systems, it becomes possible to
circumvent the resistance mechanisms of tumor cells, thereby boosting the effectiveness of chemotherapy and improving
patient outcomes. Therefore, plant-derived extracellular vesicles show great potential for application in ovarian cancer
therapy and are expected to become a novel strategy for overcoming chemotherapy resistance in the future.

Plant-Derived Extracellular Vesicles for Other Cancer Drug Delivery

Plant-derived extracellular vesicle-based drug delivery platforms are also extensively applied in the treatment of various
cancers, including lung cancer, melanoma, glioma, oral squamous cell carcinoma, gastric cancer, and vascular
calcification.

Lu et al''" highlighted the promising potential of celery exosome-like nanovesicles (CELNs) as a carrier for
doxorubicin (DOX), an anticancer drug, in the treatment of lung cancer (Figure 10A).""® The CELNs demonstrated
excellent drug-carrying capacity, successfully encapsulating DOX through co-incubation. The drug loading efficiency
reached 87.03% (Figure 10B).""° Nanoparticle tracking analysis (NTA) showed that the median size of the DOX-loaded
CELNs (CELNs-DOX) was 113.7 nm (Figure 10C),''* which was similar to that of CELNs without DOX. Additionally,
transmission electron microscopy (TEM) images revealed that the overall structure of CELNs-DOX was similar to that of
CELNs without the drug (Figure 10D)."'* Subsequently, in vivo experiments demonstrated that CELNs-DOX exhibited
superior antitumor efficacy and safety in the A549 subcutaneous tumor mouse model, outperforming free DOX treatment
(Figure 10E-G).'"® Mice in both the CELNs-DOX and liposome-DOX groups maintained stable body weight, indicating
that encapsulating DOX in CELNSs or liposomes significantly reduced its inherent toxicity. Notably, mice in the CELNs-
DOX group had smaller tumor mass and volume than those in the liposome-DOX group, suggesting that CELNs-DOX
may provide superior therapeutic effects (Figure 10H-1).""° The study concluded that CELNSs are an efficient and safe
biological drug carrier, with CELNs-DOX effectively reducing DOX-related toxicity. CELNs hold substantial potential
as a drug carrier for various biomedical applications.

Zeng et al''' developed aloe gel-derived nanovesicles (ADNVs) that exhibited strong stability and leak-proof

111

characteristics, making them highly effective for melanoma treatment (Figure 11A)."" When loaded with indocyanine
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Figure 10 (A) Schematic diagram of the isolation of celery exosome-like nanovesicles (CELNs) from lemon. (B) Loading efficiency of doxorubicin in CELNs was measured.
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weight of the four groups of mice at the end of the experiments. (G) Comparison of body size of the four groups of mice at the end. (H) Photographs were performed on
each group of tumors. (I and J) Size and weight of the tumor in each group were evaluated. (Reproduced with permission under Creative Commons CC BY 4.0 license from
ref. 120 Copyright 2023 The Authors). Data are presented as mean  SD. (*p < 0.05, **p < 0.01, by t-test).
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green (ICG), the ICG/gADNVs exhibited outstanding stability, retaining more than 90% of the drug after 30 days of
storage under both heat and serum conditions (Figure 11B-E).''" Even after this extended period, ICG/gADNVs
remained potent in targeting melanoma cells and inhibiting tumor growth, outperforming both free ICG and ICG-loaded
liposomes, which contributed to reduce production and tumor therapy costs. Furthermore, gADNVs demonstrated
significant ability to penetrate mouse skin, highlighting their potential for noninvasive transdermal drug delivery.
Overall, this study presents a promising, cost-effective, and safe strategy for ICG delivery in skin cancer therapy.
Moon et al''* proposed a nanocarrier system utilizing grapefruit-derived plant extracellular vesicles (pEVs) loaded
with doxorubicin (DOX) and functionalized with aptamer-DSPE-PEG2000-Mal (Figure 12A).''? This formulation
showed effective targeting capabilities against glioblastoma. The size of the doxorubicin-loaded pEVs was 198.4 + 5.5
nm, which closely resembled the size of unmodified pEVs (Figure 12B and C).''? Approximately 45% of doxorubicin
was released over 48 h at pH 7.4. In contrast, under acidic conditions (pH = 5), the release reached approximately 80%

during the same period, after an initial rapid burst (Figure 12D).''?

While the release at pH 7.4 slowed considerably after
the initial burst, at pH 5, the release rate remained steady, continuing to increase throughout the 48 h. The sustained
release of doxorubicin at pH 5 confirmed that pEVs effectively provide prolonged drug delivery. Moreover, by modifying
the surface of pEVs with aptamers, proteins, miRNAs, and other biomolecules using techniques like hydrophobic
insertion and click chemistry, it is possible to target a variety of cells or organs beyond endothelial cells. This strategy
'3 confirmed that bitter

melon-derived extracellular vesicles (BMEVs) can enhance therapeutic efficacy and reduce resistance of oral squamous

offers great potential for a wide range of applications in nanomedicine. Next, Yang’s group

cell carcinoma (OSCC) to S5-fluorouracil (5-FU). The tumor volume in the BMEVs + 5-FU nanocarrier group was
significantly smaller than that in the 5-FU and BMEVs groups (Figure 12E-G).'"> TUNEL staining of tumor sections
showed a higher number of apoptotic cells in the BMEVs + 5-FU group (Figure 12H).''® These findings present a novel
strategy to enhance therapeutic efficacy and overcome drug resistance in cancer cells against chemotherapeutic agents,
offering proof-of-concept for the future development of plant-derived extracellular vesicles (PDEVs)-enhanced therapies.

Jiang et al''* engineered exosome-like nanovesicles derived from sesame leaves (Exo) to deliver luteolin (Lu)
(Exo@Lu), leveraging these nanovesicles as carriers to achieve anti-inflammatory effects in the gastrointestinal tract
(Figure 13A).""* Exo and Exo@Lu show no adverse effects on the viability of RAW264.7 cells within the concentration
range of 5 to 40 pg/mL, indicating excellent safety and biocompatibility (Figure 13B)."'* Furthermore, Exo@Lu
displayed efficient cellular uptake, as monitored by cellular ROS levels using CLSM (Figure 13C).""* The reduced
green fluorescence of DCF in Exo@Lu suggested enhanced internalization, which facilitated the efficient release of Lu.
Encapsulating Lu in Exo resulted in superior cellular uptake, antioxidant activity, and anti-inflammatory effects compared
to both free Lu and Exo alone. Gastroenteritis can potentially progress into gastric cancer. With timely and effective
intervention, the risk of developing gastric cancer can be greatly reduced, leading to better overall public health. This
strategy shows promise as an early intervention strategy, aiming to lower the incidence of gastrointestinal cancers.

Feng et al''® fabricated a biomimetic nanocarrier system using grapefruit-derived extracellular vesicles (EVs) to
encapsulate sodium thiosulfate (STS), which was further functionalized with a hydroxyapatite crystal-binding peptide
(ESTP) for targeted delivery to vascular calcification (VC) (Figure 14A).""> Transmission electron microscopy (TEM)
images confirmed the typical vesicular structure of EVs, ES, and ESTP, all displaying lipid bilayers (Figure 14B).'"> The
zeta potential and size distribution changes for EVs, ES, ESTP confirm the successful formulation of grapefruit-derived
ESTP nanodrugs (Figure 14C, and D).''®> Moreover, ESTP nanodrugs also exhibited efficient therapeutic efficacy for VC
in vivo. Mice treated with ESTP showed a marked reduction in VC area. The anti-VC effect of ESTP was more
pronounced than that of EVs or STS monotherapies alone, suggesting a synergistic effect between EVs and STS in
treating VC (Figure 14E-G).""> Taken together, these results demonstrate that ESTP nanodrugs possess excellent
biosafety and effectively inhibit VC progression by enhancing targeted accumulation at the site of calcification, making
them promising for clinical translation as a treatment for VC.

In summary, plant-derived extracellular vesicles (PDEVs) are natural biomolecular carriers renowned for their
exceptional biocompatibility and low immunogenicity. These vesicles are highly effective at encapsulating a wide

range of drugs and therapeutic molecules, positioning them as ideal candidates for the development of efficient drug
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license from ref. 124 Copyright 2024 The Authors).
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Figure 14 (A) Schematic illustration of ESTP for suppressing vascular calcification. Grapefruit-derived extracellular vesicle (EVs) nanodrugs (marked with ESTP) were
fabricated by loading sodium thiosulfate (STS) in EVs and then modifying hydroxyapatite-binding peptide SP5-52-SH (TP) onto the surface of EVs using DSPE-(PEG)2000-
maleimide as a linker. (B) Transmission electron microscopy (TEM) images of grapefruit-derived EVs, ES, and ESTP. (C) Zeta potential and (D) size distribution of EVs, ES, and
ESTP measured by dynamic light scattering (DLS). (E) Representative Alizarin Red S staining and the (F) quantification of positive areas of calcified aortas (from the ascending
aortic root to the iliac bifurcation). (G) Survival curves of mice with various treatments. (Reproduced with permission under Creative Commons CC BY 4.0 license from ref.
125 Copyright 2023 The Authors). Data are presented as mean + SD. (*p < 0.05, **p < 0.0, **p < 0.001, by t-test).

delivery systems and targeted therapies for various cancers. Therefore, plant-derived extracellular vesicles hold great
potential for advancing clinical treatments in the future.

Comparative Analysis and Future Perspectives for PDEV Therapy

The diverse plant sources discussed in Application of Plant-Derived Extracellular Vesicles for Cancer Drug Delivery
reveal a rich landscape of PDEVs with significant potential in anticancer therapy. A comparative analysis of their origins,
lipid compositions, and demonstrated efficacies allows for the identification of key trends and the most promising
candidates for future development.
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Correlation Between PDEV Source, Lipid Composition, and Anticancer Efficacy
A clear correlation exists between the botanical source (and specifically the plant organ from which PDEVs are isolated),
their inherent lipid composition, and their mechanism of action against cancer cells.

Fruit-Derived PDEVs (eg, Grapefruit, Lemon, Tomato, Bitter Melon, Vitis vinifera Kyoho, Grape): PDEVs from
fruits often possess a lipid bilayer rich in phosphatidylcholine (PC) and other phospholipids that facilitate robust
membrane fusion with mammalian cells. This property is crucial for the efficient delivery of bioactive cargo. Their
efficacy appears to be broad-spectrum but with notable specificities. Grapefruit and Lemon PDEVs have demonstrated
exceptional stability and a remarkable ability to serve as drug delivery vehicles for chemotherapeutics like paclitaxel and
doxorubicin, significantly enhancing their antitumor effects against various cancers (eg, colon cancer, pancreatic cancer)
while mitigating systemic toxicity. Their neutral lipid profile and surface proteins may contribute to their low immuno-
genicity and high biocompatibility.

Tomato PDEVs are particularly enriched in lycopene, a potent antioxidant. Their activity is often associated with
antioxidant and anti-proliferative effects, making them promising for preventative strategies or for targeting cancers
where oxidative stress plays a key role. Bitter Melon PDEVs exhibit a more targeted efficacy, showing strong pro-
apoptotic effects specifically in liver cancer cells. This suggests the presence of unique lipids or embedded proteins that
confer tissue tropism.

Vitis vinifera Kyoho and Grape PDEVs are noted for their high content of anthocyanins and other flavonoids, which
contribute to their strong anti-inflammatory and anti-angiogenic properties, potentially inhibiting tumor growth and
metastasis. Leaf-Derived PDEVs (eg, Cabbage, Sesame Leaves, Aloe, Celery): PDEVs isolated from leaves often carry a
distinct phytochemical cargo reflective of their photosynthetic and defensive roles. Their lipid composition may include
unique glycolipids and secondary metabolites. Ginger PDEVs (derived from the rhizome, a modified stem) are a standout
example, demonstrating a unique lipid composition that includes phosphatidic acid (PA), which facilitates their prefer-
ential uptake by intestinal macrophages and subsequent induction of heme oxygenase-1 (HO-1). This underpins their
potent anti-inflammatory and colitis-associated cancer preventive effects, a mechanism distinct from most fruit-derived
PDEVs. Cabbage PDEVs have shown efficacy in ameliorating colitis, suggesting a similar niche in gastrointestinal health
and potentially preventing inflammation-driven carcinogenesis. Aloe and Sesame Leaf PDEVs possess strong antioxidant
and wound-healing properties. Their application in cancer therapy may be synergistic, particularly in mitigating the side
effects (eg, oral mucositis, dermatitis) of conventional cancer treatments. Root-Derived PDEVs (eg, Ginger, as a rhizome,
is often categorized here functionally): As exemplified by ginger, PDEVs from underground organs can have highly
specialized interactions with the gut microbiome and the immune system, offering a unique, indirect pathway for
anticancer activity that is less about direct cytotoxicity and more about modulating the tumor microenvironment.

In general, fruit-derived PDEVs appear to be superior as versatile, efficient, and biocompatible drug delivery
platforms due to their stability and fusion competence. In contrast, leaf and root-derived PDEVs often exhibit more
specialized, pharmacologically active properties rooted in their innate immunomodulatory and anti-inflammatory cargo,
making them excellent candidates for cancer prevention and combination therapy to manage inflammation.

Identification of Promising Plant Sources

Based on the synthesized data, the most promising plant sources for future PDEV-based cancer therapy are Grapefruit
and Lemon, Ginger, and Bitter Melon. Grapefruit and Lemon stand out as front-runners for drug delivery applications
due to their well-documented ability to be loaded with diverse chemotherapeutic agents, their scalability of isolation, and
their excellent safety profile in preclinical models. These characteristics position them as ideal candidates for clinical
translation, with future work focusing on engineering their surfaces for active tumor targeting to enhance their precision
and efficacy in drug delivery. Ginger, on the other hand, represents a shift from direct drug delivery to immunomodula-
tion. Its efficacy in preventing colitis-associated cancer through a well-defined HO-1 pathway highlights its potential for
cancer chemoprevention, particularly in individuals at high risk due to chronic inflammatory conditions. Ginger is thus a
top candidate for preventative oncology and adjuvant therapy, offering new avenues for cancer prevention and supportive
treatment. Meanwhile, Bitter Melon’s apparent organotropism toward liver tissue makes its PDEVs particularly promis-
ing for targeted therapies aimed at hepatocellular carcinoma. Investigating the specific ligand or lipid responsible for this

International Journal of Nanomedicine 2025:20 hetps: 15009



Zhang et al

organ specificity could lead to highly targeted therapies, either as native nanotherapeutics or as targeting moieties for
engineered vesicles designed to treat liver cancer.

In conclusion, while each PDEV source offers unique advantages, Grapefruit and Lemon for delivery, Ginger for
immunomodulation, and Bitter Melon for potential targeting stand out as the most immediately promising avenues in the
evolving field of PDEV-based cancer therapy.

Current Bottlenecks in PDEV Standardization and Regulatory Challenges

Despite the burgeoning interest in Plant-Derived Extracellular Vesicles (PDEVs) for therapeutic applications, the field
faces significant challenges in standardization that hinder the comparability of research findings and clinical translation.
A primary obstacle is the lack of unified nomenclature. PDEVs are variously referred to in the literature as “plant
exosomes”, “plant-derived extracellular vesicles”, or “extracellular vesicles-like particles (EVLPs)”."'? This terminolo-
gical inconsistency creates confusion and complicates literature mining and scientific communication. Recent efforts
have begun to address this issue by proposing standardized naming conventions that reflect the biological source and
preparation method, which is a critical first step toward field-wide standardization.'"

Furthermore, there is a pronounced heterogeneity in methods used for the isolation and characterization of PDEVs.
Different research groups employ diverse techniques (eg, differential ultracentrifugation, precipitation, size-exclusion
chromatography), each with varying yields, purity, and potential for co-isolating non-vesicular contaminants. This makes
it exceedingly difficult to directly compare the biological activities or physicochemical properties of PDEVs reported in
different studies. The problem extends to characterization, where minimal metrics for size, concentration, and marker
expression are not universally agreed upon. Establishing a set of minimum information standards for PDEV character-
ization, akin to the MISEV guidelines for mammalian EVs, is an urgent need for the field. The Table 4 below summarizes
the core challenges across the PDEV research and development pipeline:

Finally, the path to clinical application is obscured by undefined regulatory frameworks. As complex biological
products, PDEVs require application-specific benchmarks for safety, purity, and potency. Critical parameters, such as
long-term stability, immunogenicity, and in vivo pharmacokinetics, need to be systematically evaluated using standar-
dized assays. The establishment of a robust manufacturing pipeline under Good Manufacturing Practice (GMP) condi-
tions is paramount. Initiatives like the founding of the Chinese Herbal Vesicles Guangdong Provincial Engineering
Research Centre aim to tackle these translational challenges, signaling a move towards centralized and standardized
research efforts.''® Ultimately, close collaboration between researchers, industry, and regulatory bodies is essential to
develop tailored guidelines that will enable PDEVs to transition from promising laboratory discoveries to approved
therapeutics.

Future Perspectives

The exploration of Plant-Derived Extracellular Vesicles (PDEVs) has evolved from early descriptive observations to a
promising frontier in nanomedicine. Initial research, particularly with vesicles derived from grapefruit and ginger,

Table 4 Major Bottlenecks in PDEV Standardization and Their Implications

Domain Specific Challenge Impact on the Field

Nomenclature Lack of consensus on terms (eg, PDEV, EVLP) Hinders literature search, data integration, and clear

communication.

Isolation Multiple methods (UC, SEC, etc.) with variable efficiency Leads to batch-to-batch and inter-lab variability, compromising

and purity. data reproducibility.

Characterization | Absence of universal standards for size, concentration, and | Makes it difficult to compare findings and authenticate vesicular
specific markers. identity.

Quality Control | No defined thresholds for purity, potency, or contaminants. | Obstacle for manufacturing consistency, safety assessment, and

regulatory approval.
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established PDEVs as dual-function entities-acting both as therapeutic agents and as drug delivery vehicles. Notably,
PDEVs have shown potential in oral delivery for treating gut-related diseases, benefiting from their stability in the
gastrointestinal tract and innate anti-inflammatory properties. These early studies highlighted the unique advantages of
PDEVs over synthetic nanoparticles, opening the door to their broader application in medicine.

Despite these promising therapeutic outcomes, the clinical translation of PDEVs faces several significant challenges,
primarily rooted in heterogeneity and the absence of standardized frameworks for their production. A major obstacle lies
in the lack of scalable and reproducible biomanufacturing processes. Traditional methods of plant extraction led to
considerable batch-to-batch variability in PDEV size, composition, and function. Emerging platforms like the Temporary
Immersion Bioreactor System (TIBS) have made strides toward addressing this issue by enabling more controlled
production, reducing energy consumption, and improving both cost-effectiveness and quality control. Compounding this
issue is the widespread lack of standardized reporting for critical quality and functional attributes. Many studies,
particularly earlier foundational ones, fail to report essential quantitative metrics-such as drug-loading efficiency, drug-
to-lipid ratios, and in vitro leakage kinetics-that are indispensable for cross-study comparison, process optimization, and
regulatory evaluation. However, the regulatory pathway for PDEVs remains undefined, as they are complex biological
products that require specific benchmarks and robust manufacturing pipelines to ensure quality, safety, and efficacy.

One of the most critical gaps hindering the clinical application of PDEVs is the absence of comprehensive systemic
biodistribution data, including blood half-life, clearance kinetics, and tissue accumulation profiles. This gap is not merely
an oversight but a fundamental bottleneck in advancing PDEVs from preclinical success to clinical reality. The lack of
pharmacokinetic and biodistribution studies, especially using advanced imaging techniques such as Positron Emission
Tomography (PET) or In Vivo Imaging Systems (IVIS), stems from the early-stage nature of the field. Much of the initial
research focused on validating the basic therapeutic potential of PDEVs in localized disease models, which bypass
systemic circulation and thus do not require extensive biodistribution studies.

Moreover, reliably labeling PDEVs for tracking their biodistribution presents unique technical challenges. Unlike
synthetic nanoparticles, which can be easily conjugated with fluorophores or radionuclides, labeling PDEVs without
compromising their biological activity is complex. The vesicles’ natural composition, including lipid bilayers and surface
proteins, must be preserved for their efficacy, making tracking difficult. Additionally, distinguishing between the signal
from the vesicle and its cargo in vivo complicates the interpretation of the biodistribution data.

This gap in biodistribution knowledge significantly impedes the ability to determine appropriate dosing regimens,
assess potential off-target toxicities, or optimize delivery methods, especially for systemic therapies such as intravenous
(IV) delivery. Without clear data showing that PDEVs can avoid rapid uptake by the reticuloendothelial system (RES)
and reach distant therapeutic targets, their potential for treating disseminated diseases like cancer remains speculative.

To address these challenges, a multi-pronged approach is essential. First, the development of robust and standardized
labeling protocols for PDEVs is crucial, ensuring that their biological integrity is maintained while enabling reliable
tracking in vivo. Comparative pharmacokinetic studies should assess the biodistribution of PDEVs from different plant
sources (eg, grapefruit vs ginger) and compare them with synthetic nanocarriers like PEGylated liposomes. Surface
engineering strategies, such as PEGylation or the use of CD47 mimetic peptides, should also be explored to improve
circulation time, modulate RES uptake, and enhance tumor targeting. In parallel, the field must urgently establish
minimum reporting standards (MRS) for critical PDEV characterization and drug-loading data. This includes mandating
the reporting of loading efficiency, encapsulation efficiency, drug-to-lipid ratios, and stability metrics, which will be vital
for ensuring reproducibility, facilitating technology transfer, and building a credible data foundation for regulatory
submissions. Alongside these efforts, the field must develop scalable production methods for clinical-grade PDEVs that
comply with Good Manufacturing Practice (GMP) guidelines.

Ultimately, advancing PDEVs into clinical applications will require rigorous validation through human clinical trials
to demonstrate their safety, efficacy, and tolerability. By addressing the gaps in pharmacokinetics, biodistribution,
standardized data reporting, and regulatory standards, PDEVs could become a powerful tool in the treatment of complex
diseases such as cancer. The potential for innovative combination therapies, leveraging the unique strengths of different
PDEVs, offers a sophisticated approach to tackling diseases and paves the way for their integration into clinical practice.
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Conclusion

PDEVs have emerged as a promising and revolutionary class of natural nanoparticles for cancer drug delivery. Recent
research highlights their exceptional potential for efficient drug encapsulation, targeted delivery, and controlled release,
which collectively contribute to improved therapeutic efficacy and reduced systemic toxicity. Beyond their role as
sophisticated nanocarriers, PDEVs exhibit inherent “dual-functionality”, acting as both innate bioactive therapeutics-
owing to their cargo of plant-specific metabolites-and efficient delivery vehicles. This unique combination, coupled with
their cost-effectiveness and potential for scalable production from renewable biomass, positions them as a superior
alternative to many synthetic nanoparticles and mammalian cell-derived EVs.

However, despite highly encouraging preclinical results, several significant challenges must be overcome to success-
fully translate PDEVs into clinical applications. These include achieving standardized large-scale production, ensuring
long-term stability, addressing the inherent heterogeneity of native PDEVs, and implementing functional modifications to
enhance targeting precision and therapeutic reproducibility.

To address these hurdles and unlock the full clinical potential of PDEVs, future research must converge on a multi-
pronged strategy. Priority should be given to several key technological advances: the establishment of GMP-compliant,
scalable biomanufacturing platforms, such as Temporary Immersion Bioreactor Systems (TIBS), to ensure quality and
consistency; the refinement of surface engineering techniques, including bio-orthogonal chemistry, for precision target-
ing; and a mandatory focus on conducting robust, quantitative biodistribution and pharmacokinetic studies using
advanced imaging to de-risk clinical development. Furthermore, a multidisciplinary approach that integrates insights
from nanomedicine, molecular biology, and immunology is crucial. Strategic combination of PDEVs with other
therapeutic modalities, such as immunotherapy (eg, checkpoint inhibitors) or gene editing tools, presents a highly
promising avenue to achieve synergistic antitumor efficacy and develop more personalized treatment regimens.

Ultimately, PDEVs hold a unique position at the convergence of two transformative trends in modern medicine:
personalized medicine and green nanomedicine. The vast biodiversity of plants provides an unparalleled toolkit for
tailoring therapies, enabling the rational design of personalized PDEV “cocktails” from specific sources (eg, ginger for
anti-inflammation, grapefruit for delivery) matched to a patient’s disease profile. Simultaneously, their production from
edible plants, coupled with inherent biodegradability and low toxicity, establishes PDEVs as an environmentally
sustainable and biocompatible platform, aligning with the principles of green chemistry.

In conclusion, while still in the early stages of clinical application, PDEVs hold immense potential to revolutionize
oncology. With continued advancements in their development, optimization, and a dedicated focus on overcoming
translational challenges, PDEVs are poised to become a cornerstone of next-generation, sustainable, and personalized
cancer therapeutics, paving the way for a new era of safer and more effective cancer treatments.
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