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Plant-derived extracellular vesicles (PDEVs) and plant-derived nanoparticles 
(PDNPs) are emerging plant-based nanomaterials with growing relevance in 
biotechnology, agriculture, and health. Although often grouped together, they 
arise from distinct origins: PDEVs are actively secreted vesicles with selective 
cargo loading, whereas PDNPs form during tissue disruption and reflect the 
lipid-metabolite composition of plant biomass. This review summarizes 
recent progress in distinguishing these systems, including advances in 
biogenesis, isolation, biomarkers, and functional characterization. We highlight 
mechanistic insights into PDEV-mediated cross-kingdom RNA communication 
in plant immunity and the strong translational potential of PDNPs in oral 
drug delivery, immunomodulation, and microbiome regulation. Remaining 
challenges include standardization, scalable purification, and deeper 
mechanistic clarity. By clarifying their differences and complementary 
strengths, this review outlines a foundation for developing reliable plant- 
derived nanovesicle technologies.
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1 Introduction

Plant-derived nanomaterials have gained attention for their biocompatibility, 
sustainability, and versatility in biomedical and agricultural applications. Among these, 
plant-derived extracellular vesicles (PDEVs) and plant-derived nanoparticles (PDNPs) have 
emerged as two major categories of plant-derived nanomaterials with rapidly expanding 
relevance in biotechnology, agriculture, and health. Although often discussed together, 
PDEVs and PDNPs originate from fundamentally different processes. PDEVs are actively 
secreted vesicles by living plant cells through vesicle trafficking pathways into the apoplastic 
space or culture medium. In contrast, PDNPs are nanoparticle populations generated 
during mechanical disruption of plant tissues and encompass a heterogeneous mixture of 
vesicular and non-vesicular particles, including nanoscale lipid vesicles, fragmented 
membranes, lipid-protein complexes, metabolite-rich nanoparticles, and other nanoscale 
assemblies. As a result of PDNP extraction methods, PDNP preparations may include a 
small fraction of co-isolated PDEVs, whereas the majority of particles are not derived from 
regulated secretion pathways. Despite these differences, both systems share many key 
features: biocompatible, enriched in bioactive lipids and metabolites, and capable of 
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carrying functional molecular cargo, making them attractive for 
translational applications with continued advances in mechanistic 
understanding.

The growing interest in PDEVs stems from their emerging 
roles as carriers of small RNAs, mRNAs, proteins and lipids that 
can modulate biological processes in the interacting organisms 
(He et al., 2021; Cai et al., 2023; Liu et al., 2024; Wang S. et al., 
2024). Recent studies have shown that specific small RNAs can be 
selectively enriched in PDEVs and delivered into fungal, 
oomycete and bacterial pathogens, where they suppress 
virulence-related genes and contribute to plant immunity (Cai 
et al., 2018; Hou et al., 2019; Ravet et al., 2025). PDEVs have also 
been shown to respond to environmental stresses and hormonal 
treatments, with studies demonstrating that abiotic stress, salicylic 
acid, and other hormone treatments modulate vesicle secretion 
and cargo composition (Rutter et al., 2022; Koch et al., 2025). 
Selective loading of small RNA cargoes into PDEVs has been 
demonstrated, for example, through plant RNA-binding proteins- 
mediated sorting into PDEVs (He et al., 2021), yet the biogenesis 
pathways that govern vesicle formation and release in plants are 
still not fully understood.

PDNPs, on the other hand, have gained attention primarily 
through their demonstrated bioactivity and utility as delivery 
vehicles (Huang D. et al., 2025). Nanoparticles derived from 
edible plants, such as ginger, grapefruit, and strawberry, have 
shown anti-inflammatory, antioxidant, and regenerative effects in 
mammalian systems (Yang et al., 2018; Lee et al., 2020; Perut et al., 
2021; Zhang et al., 2021). Their stability, oral bioavailability, and 
ability to encapsulate therapeutic molecules have enabled potential 
applications in drug delivery, wound healing, modulation of gut 
microbiota, and immune regulation. Because PDNPs can be 
produced in large quantities from plant biomass, they offer 
practical advantages for scalable applications compared to 
PDEVs. However, their heterogeneity and the lack of defined 
biogenesis pathways present challenges for mechanistic 
interpretation and reproducibility.

Despite rapid progress, research on both PDEVs and PDNPs 
remains at an early stage. Isolation and purification methods vary 
widely, leading to heterogeneity in particle populations and 
difficulties comparing results across studies. Although several 
protein families have recently been proposed as potential 
PDEV markers, broadly validated and universally accepted 
markers are still lacking (Rodríguez De Lope et al., 2025), and 
the composition of PDNPs remains highly dependent on plant 
species, growth conditions, and extraction protocols. Mechanistic 
insights into PDEV secretion, uptake, and cargo delivery are 
limited, and the biological effects of PDNPs often remain 
correlative rather than causative. These challenges highlight the 
need for more rigorous methodologies, clearer differentiation 
between particle types, and systematic studies to establish their 
biological relevance.

This review aims to more clearly distinguish PDEVs from 
PDNPs, a distinction that has not always been consistently 
applied, and to compare their biogenesis, isolation approaches, 
and molecular composition while highlighting their 
complementary applications. By integrating current findings and 
key unanswered questions, we provide a foundation for future 

research and the development of reliable, application-ready plant- 
derived nanovesicle technologies.

2 Origin of PDEVs and PDNPs

2.1 Origin of PDEVs

PDEVs and PDNPs have often been grouped together in the 
literature and in many cases used interchangeably, yet they originate 
from fundamentally different processes, making it essential to 
clearly distinguish between them. PDEVs are naturally secreted 
extracellular vesicles secreted by plant cells, containing bioactive 
cargoes like sRNAs, mRNAs, proteins, and lipids for signaling and 
defense (Figure 1A). It has been experimentally demonstrated that 
different species of plants, from monocots to dicots, can actively 
secrete PDEVs. For example, Arabidopsis thaliana secretes PDEVs 
enriched in small RNAs delivered to fungal pathogen Botrytis 
cinerea to suppress infection (Cai et al., 2018; He et al., 2021). 
Rice and sorghum produce apoplastic EVs containing defense- 
related proteins that are involved in defense against fungal 
infection (Chaya et al., 2024; Huang Y. et al., 2025). Alfalfa also 
secretes EVs detectable in the apoplastic space under the infection of 
hemibiotrophic fungi Colletotrichum higginsianum (Ghosh et al., 
2024). Beyond leaf apoplastic fluids, PDEVs have also been detected 
from root tissues. Tomato hairy root cultures, for instance, secrete 
PDEVs with demonstrated antifungal activity, and PDEVs isolated 
from Salvia dominica hairy roots exhibit pro-apoptotic activity in 
pancreatic and breast cancer cells (De Palma et al., 2020; Boccia 
et al., 2022).

2.2 Origin of PDNPs

PDNPs do not arise from an active secretion pathway but are 
generated during mechanical disruption of plant tissues 
(Figure 1B). These nanoparticles are commonly prepared by 
juicing, blending, or homogenizing fruits and vegetables, 
followed by differential centrifugation. As a result, PDNPs 
represent heterogeneous populations of lipid-protein complexes, 
metabolite-rich nanodroplets, membrane fragments, and 
occasionally PDEVs mixed together. PDNPs have been isolated 
from a broad range of edible plants: for instance, ginger-derived 
nanoparticles were found to be enriched in phosphatidic acid 
(~47% of total lipids) and used for anti-inflammatory/ 
therapeutic applications (Zhang et al., 2016). Grapefruit-derived 
lipid PDNPs have been developed for oral drug and siRNA delivery 
(Wang et al., 2013). Broccoli-derived nanoparticles carry tissue- 
specific metabolites linked to tryptophan pathways and modulate 
gut microbial composition and host physiology (Duan et al., 2023). 
Other vegetable sources such as cabbage, cucumber, as well as fruits 
like tomato, apple and grape, produce tissue-specific lipid and 
metabolite profiles in their PDNP fractions (Huang D. et al., 
2025). Although PDNPs lack regulated biogenesis, their high 
yield, biocompatibility, and tissue-specific metabolite profiles 
make them powerful natural nanocarriers with broad 
therapeutic and nutraceutical potential.
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3 Isolation and characterization of 
PDEVs and PDNPs

3.1 Isolation of PDEVs

Because PDEVs and PDNPs originate from fundamentally 
different sources, the greatest distinctions in their isolation arise 
at the stage of collecting the starting material. PDEVs must be 
obtained from extracellular spaces where vesicles are naturally 
secreted, most commonly from apoplastic washing fluid (AWF) 
of intact leaves or from cell culture supernatants, which preserve the 
extracellular origin of the vesicles. AWF-based isolation has been 
successfully established for Arabidopsis thaliana, rice, sorghum, 
alfalfa, and barley, and ensures minimal cellular rupture when 
performed with careful vacuum infiltration and low-speed 
clarification (Cai et al., 2018; Huang et al., 2021; Chaya et al., 
2024; Ghosh et al., 2024; Thieron et al., 2024; Huang Y. et al., 
2025). Root-derived PDEVs can also be collected from sterile hairy 
root cultures, such as tomato and Salvia dominica, which secrete 
EVs with antifungal or pro-apoptotic activity (De Palma et al., 2020; 
Boccia et al., 2022).

3.2 Isolation of PDNPs

In contrast, PDNPs are typically isolated from blended 
or juiced plant tissues. As a result, PDNP preparations 
represent heterogeneous mixtures of vesicular and non-vesicular 

nanoparticles, reflecting the composition of the starting tissue 
rather than defined secretion pathways. Once the starting 
material is collected, however, the downstream purification 
workflows for PDEVs and PDNPs are remarkably similar. Both 
rely on combinations of differential ultracentrifugation, density 
gradient ultracentrifugation using sucrose or iodixanol, 
ultrafiltration, or size-exclusion chromatography to enrich 
nanoscale particles and remove large debris. Differential 
ultracentrifugation remains the most widely used method but is 
limited by long processing times and the potential for vesicle 
deformation at high g-forces. Density gradient separation 
improves purity by resolving vesicle-like particles from protein 
aggregates and other co-isolated materials and has been applied to 
both PDEVs and PDNPs across diverse plant species. More 
recently, anion-exchange chromatography combined with 
ultrafiltration or fast protein liquid chromatography (FPLC) 
systems has been introduced for Brassica and other species, 
offering enhanced purity, scalability, and preservation of vesicle 
integrity relative to conventional methods (Zanotti et al., 2025). In 
addition to these bulk purification approaches, highly specific 
isolation of PDEV subpopulations can be achieved through 
immunoaffinity pull-down using antibodies against known EV 
membrane proteins, such as the Arabidopsis tetraspanin TET8 
(He et al., 2021). Although immunoisolation yields substantially 
lower quantities of vesicles, it provides the highest level of purity 
and enables the study of defined EV subtypes with minimal 
contamination, an important advantage for mechanistic and 
functional analyses.

FIGURE 1 
Key Differences Between Plant-Derived Extracellular Vesicles (PDEVs) and Plant-Derived Nanoparticles (PDNPs). (A) PDEVs are actively secreted 
nanovesicles produced by living plant cells through regulated intracellular trafficking pathways. TET-positive EVs are released into the extracellular space 
by MVB fusion with the plasma membrane and the subsequent release of intraluminal vesicles. The biogenesis pathway of PEN1-positive EVs remains 
unclear. The EXPO produces EVs by fusion with the plasma membrane to release the inner vesicles into the extracellular space. PDEVs are typically 
isolated from apoplastic washing fluid, where they appear as relatively uniform, membrane-bound vesicles that selectively carry small RNAs, mRNAs, 
proteins, and lipids. (B) PDNPs are operationally defined nanoparticle populations generated through mechanical disruption of plant tissues, such as 
homogenization or blending. PDNP preparations consist of a heterogeneous mixture of vesicular and non-vesicular particles, including membrane 
fragments, lipid-protein complexes, metabolite-rich nanoparticles, and other nanoscale assemblies. As a result of extraction-based methods, PDNPs may 
also contain a small fraction of co-isolated PDEVs, although the majority of particles do not arise from regulated vesicle biogenesis pathways. 
Abbreviations: ER, endoplasmic reticulum; EXPO, exocyst-positive organelle; MVB, multivesicular body; TET, tetraspanin; TGN/EE, trans-Golgi network/ 
early endosomes. This figure was created in BioRender.
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3.3 Characterization of PDEVs and PDNPs

For both PDEVs and PDNPs, characterization methods are 
largely shared: transmission electron microscopy (TEM) to 
confirm morphology, nanoparticle tracking analysis (NTA) for 
size and concentration, dynamic light scattering (DLS) for size 
and zeta potential, and RNA seq/proteomic/lipidomic/ 
metabolomic analyses to define molecular composition 
(Rutter and Innes, 2017; Cai et al., 2018; Zhu et al., 2024; 
Huang D. et al., 2025). Despite recent improvements, 
challenges remain in standardization, yield variability, and 
contamination, particularly for PDNPs isolated from high- 
complexity juices and homogenates. Continued optimization 
of combined methods will be essential for producing high- 
purity, application-ready plant-derived nanovesicles.

4 Development of novel biomarkers for 
PDEVs/PDNPs

4.1 Biomarkers of PDEVs

Given that many studies use the terms PDEV and PDNP 
interchangeably, clear biomarker criteria are needed to 
discriminate bona fide extracellular vesicles from other plant- 
derived nanoparticles. For PDEVs, most work has been done in 
Arabidopsis and other Brassicaceae species, where the 
tetraspanins TET8 and TET9, the syntaxin PEN1/SYP121, and 
EXO70E2 (for EXPO-derived vesicles) are widely used as classical 
protein markers (Cai et al., 2023) (Figure 1A). Recent proteomic 
studies of apoplastic EVs from Arabidopsis and Brassica suggest 
that in addition to the well-established tetraspanins TET8 and 
TET9, additional marker families should be considered to fully 
capture the diversity of PDEV subtypes (Rodríguez De Lope 
et al., 2025).

By mining EV-enriched fractions from multiple plant species 
and comparing them to apoplastic soluble proteins, Rodríguez de 
Lope et al. proposed a broader panel of protein families with 
stronger evidence for EV specificity and phylogenetic 
conservation. These include aquaporins, vacuolar-type H+- 
ATPase subunits, selected fasciclin-like arabinogalactan proteins 
(FLAs), syntaxins (beyond PEN1), germin-like proteins and 
calreticulins, which are consistently enriched in genuine EV 
preparations and conserved across diverse plant taxa. Together 
with tetraspanins, these candidates provide a more versatile 
toolbox for future marker combinations, especially when aligned 
with Minimal Information for Studies of Extracellular Vesicles 
(MISEV)-style criteria (enrichment in vesicle fractions, depletion 
from non-vesicle fractions and conservation across datasets) (Welsh 
et al., 2024; Rodríguez de Lope et al., 2025). In parallel, functional 
cargo components, such as AGO-associated small RNAs and stress 
or defense-related proteins identified in apoplastic EVs, can serve as 
“contextual biomarkers” that report on specific PDEV 
subpopulations involved in immunity or environmental responses, 
complementing structural identity markers (Rutter and Innes, 2017; 
He et al., 2021; Koch et al., 2025).

4.2 Compositional signatures and 
biomarkers of PDNPs

In contrast to PDEVs, which are defined by conserved protein 
markers associated with their biogenesis pathways (e.g., PEN1, 
TET8, and FLAs) (Cai et al., 2023; Davila and He, 2025), PDNPs 
lack a universal protein marker. Because PDNPs are formed 
through the mechanical disruption of plant tissues, their 
composition is primarily a reflection of the bulk biomass from 
which they originate. Increasing evidence suggests that 
lipids, metabolites, and RNAs constitute the most reproducible 
and functionally informative classes of PDNP biomarkers, and 
that PDNP identity is better defined by dominant cargo 
composition and biological activity rather than by vesicle- 
associated proteins.

Lipids are among the most consistently reported PDNP 
components. PDNPs are enriched in phospholipids, glycolipids, 
sphingolipids, and fatty acids, with lipid composition varying 
substantially across plant species. For instance, ginger-derived 
nanoparticles (GDNPs) are characterized by a high enrichment 
of phosphatidic acid (PA), which accounts for nearly half of their 
total lipid content and is essential for their uptake by intestinal 
bacteria and mammalian cells (Zhang et al., 2016; Sundaram et al., 
2019). Grapefruit-derived nanovesicles exhibit a different profile, 
dominated by phosphatidylethanolamine (PE) (45.52%) and 
phosphatidylcholine (PC) (28.53%) (Wang et al., 2014). Ginseng- 
derived PDNPs are enriched in diacylglycerol species associated 
with immune modulation, while celery-derived PDNPs contain 
abundant fatty acids such as linoleic acid that contribute to anti- 
inflammatory effects (Cho et al., 2021; Taşlı, 2022).

PDNPs frequently carry high levels of plant secondary 
metabolites, including flavonoids, phenolics, glucosinolates, and 
terpenoids, which are often enriched within or associated with 
nanoparticle membranes. Examples include naringin in 
grapefruit-derived PDNPs (Wang et al., 2014), sulforaphane in 
broccoli-derived PDNPs (Deng et al., 2017), and 6-gingerol and 
6-shogaol in ginger-derived PDNPs (Zhang et al., 2016). These 
metabolites largely define the biological activities of PDNPs, such 
as anti-inflammatory, antioxidant, and antitumor effects, and 
provide strong species-specific signatures suitable for PDNP 
classification.

RNAs, particularly plant microRNAs, further contribute to 
PDNP functional identity. PDNP-associated microRNAs have 
been shown to regulate gene expression in recipient mammalian 
cells and gut microbiota, mediating interspecies communication. 
For example, ginger-derived PDNPs are enriched in specific 
microRNAs such as mdo-miR7267-3p, which can be taken up 
by gut bacteria and modulate microbial gene expression linked 
to intestinal homeostasis (Teng et al., 2018). Similarly, 
PDNPs derived from garlic contain abundant microRNAs, 
including miR396e, that have been implicated in regulating 
inflammatory pathways in mammalian cells (Liu et al., 2023). 
To provide a systematic classification of these diverse 
signatures, the key compositional markers and associated 
biological functions for major edible PDNPs are summarized 
in Table 1.
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5 Functional roles and application 
potential of PDEVs and PDNPs

5.1 Functional roles and application 
potential of PDEVs

In their native context, PDEVs are integral components of plant 
immunity rather than passive by-products of stress. Arabidopsis 
TET8-positive exosomes accumulate at infection sites and deliver 
host small RNAs into B. cinerea, where they silence virulence genes 
involved in vesicle trafficking and cell wall remodeling, thereby 
restricting disease progression (Cai et al., 2018). More recent work 
shows that PDEVs can also transport host mRNAs into plant fungal 
pathogen B. cinerea, providing an additional layer of cross-kingdom 
“RNA warfare” in which plant transcripts can be translated into 
proteins in fungal cells and suppress fungal virulence (Wang S. et al., 
2024). Independently, EVs isolated from sunflower apoplastic fluids 
have been shown to be taken up by fungal spores, causing severe 
growth inhibition, altered morphology, and cell death (Regente 
et al., 2009). Root-secreted EVs from crops such as Solanum 
lycopersicum and Sorghum bicolor also display broad antifungal 
activity against fungal pathogens, including Fusarium oxysporum, 
B. cinerea and Alternaria alternata, and are enriched in defense- 
related proteins, enzymes and secondary metabolites (De Palma 
et al., 2020). Together, these studies support a model in which 
PDEVs act as directed carriers of antimicrobial cargoes, small RNAs, 
mRNAs, proteins and metabolites that move across the plant 
microbe interface to suppress infection.

These natural functions position PDEVs as promising platforms 
for next-generation crop protection strategies. Cross-kingdom RNA 
trafficking already underlies two major RNA-based disease-control 
approaches: host-induced gene silencing (HIGS) and spray-induced 

gene silencing (SIGS), but both could be substantially improved by 
leveraging PDEV biology. For HIGS, transgenic plants produce 
dsRNAs or sRNAs that silence pathogen genes during infection. 
Recent identification of plant RNA-binding proteins that mediate 
selective sRNA loading into EVs provides a mechanistic framework 
to enhance HIGS efficacy (He et al., 2021). By engineering plants to 
increase EV biogenesis or strengthen the recruitment of silencing 
RNAs into vesicles, future HIGS strategies could achieve more 
efficient and durable RNA transfer into pathogens. For SIGS, 
externally applied RNAs rely on uptake by pathogens from the 
leaf surface. Using PDEVs, or EV-inspired synthetic vesicles, as 
carriers could protect sprayed RNAs from degradation, improve 
stability on plant surfaces, and enhance uptake by fungal pathogens, 
which naturally internalize plant EVs during infection (Qiao et al., 
2023). EV-based or EV-mimic formulations may therefore require 
lower doses, reduce off-target effects, and provide more persistent 
delivery than naked RNA sprays.

Beyond crop protection, the same principles highlight the 
broader relevance of PDEVs across One Health. Many fungal 
pathogens that infect humans and animals share conserved RNA- 
uptake pathways with plant pathogenic fungi, suggesting that 
PDEV-inspired vesicles could be engineered as biocompatible 
carriers for antifungal RNAs or small-molecule therapeutics 
(Wytinck et al., 2020; Bruch et al., 2022; Liu et al., 2025). Their 
natural ability to cross fungal cell walls and deliver functional cargo 
makes them an attractive template for developing safer and more 
targeted antifungal delivery systems (Casadevall et al., 2009; Lai 
et al., 2023). Although the development of direct medical use of 
PDEVs remains in early stages, their stability, low toxicity, and 
intrinsic capacity for cross-kingdom communication point to 
significant potential for future translational applications in both 
agriculture and human health.

TABLE 1 PDNP biomarkers classified by cargo type and plant species.

Cargo 
type

Plant 
species

Markers/Cargoes Biological function References

Lipids Ginger Phosphatidic acid (PA) Gut bacterial uptake; anti-inflammatory effects Zhang et al. (2016), Sundaram 
et al. (2019)

Grapefruit Phosphatidylethanolamine (PE); 
Phosphatidylcholine (PC)

Immune modulation; mammalian cell 
targeting

Wang et al. (2014)

Ginseng Diacylglycerol; ceramides Macrophage polarization; immune regulation Cho et al. (2021)

Celery Fatty acids (e.g., linoleic acid) Anti-inflammatory immune modulation Taşlı (2022)

Metabolites Grapefruit Naringin; naringenin Anticancer and immunomodulatory effects Wang et al. (2014)

Broccoli Sulforaphane AMPK activation; gut immune regulation Deng et al. (2017)

Ginger 6-gingerol; 6-shogaol Colitis attenuation; intestinal repair Zhang et al. (2016)

Tea leaf Polyphenol and flavonoid Induce apoptosis of tumor cells Chen et al. (2023)

Cannabis Cannabidiol Induce cell death in hepatocellular carcinoma 
cell lines

Liu et al. (2022a)

miRNAs Ginger miR7267-3p Gut microbiota modulation; anti- 
inflammatory signaling

Teng et al. (2018)

Garlic miR396e Immune regulation; suppression of 
inflammatory pathways

Liu et al. (2023)

Broccoli miR167a Induce apoptosis in pancreatic cancer cells Wang et al. (2023)
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5.2 Functional roles and application 
potential of PDNPs

Although their origins differ fundamentally from PDEVs, 
PDNPs have demonstrated a wide range of biological functions, 
and their safety, abundance, and oral stability have made them 
attractive candidates for translational applications.

A major functional theme emerging across multiple plant 
species is immunomodulation and anti-inflammatory activity. 
Ginger-derived PDNPs enriched in phosphatidic acid and 
gingerols reduce colitis severity, modulate macrophage cytokine 
responses, and promote intestinal epithelial repair (Zhuang et al., 
2015; Zhang et al., 2016; Chen et al., 2019). Grapefruit-derived 
nanoparticles exhibit anti-inflammatory effects in gut epithelial cells 
and can be engineered to carry therapeutic RNAs or small molecules 
(Mu et al., 2014; Wang et al., 2014). Broccoli- and cauliflower- 
derived PDNPs modulate immune signaling pathways and have 
shown benefits in gut, liver, and metabolic disorders (Deng et al., 
2017). These immunomodulatory properties appear to arise from 
tissue-specific lipids and secondary metabolites that are naturally 
embedded in the nanoparticle membrane.

PDNPs have also shown strong potential as oral delivery 
systems, largely due to their natural stability in the 
gastrointestinal environment. Citrus, grape, ginger, and coconut 
PDNPs are efficiently taken up by intestinal epithelial cells and 
macrophages, protect encapsulated cargo from enzymatic 
degradation, and display preferential trafficking to gut, liver, or 
immune tissues depending on lipid composition (Raimondo et al., 
2019; Elsharkasy et al., 2020). This has enabled the delivery of 
siRNAs, miRNAs, chemotherapeutics, anti-inflammatory 
compounds, and microbial-targeting agents in mouse models 
(Del Pozo-Acebo et al., 2022; Itakura et al., 2023). Several studies 
demonstrate that PDNPs enhance oral bioavailability and reduce 
systemic toxicity compared with conventional formulations (Wang 
et al., 2013; Zhang et al., 2016).

Another important area of investigation is microbiome 
modulation. Edible PDNPs from ginger, garlic, lemon, grapefruit, 
grape, and cruciferous vegetables can selectively alter microbial 
growth, reshape gut microbial composition, and influence 
microbial metabolites such as short-chain fatty acids or 
tryptophan derivatives (Teng et al., 2018; Del Pozo-Acebo et al., 
2021; Chen et al., 2022; Liu Y. et al., 2022; Niu et al., 2023; Wang X. 
et al., 2024). This microbiota-targeting activity supports therapeutic 
applications in gastrointestinal disorders, metabolic disease, 
neuroinflammation, and mucosal immunity.

Collectively, PDNPs represent a versatile class of plant-derived 
nanomaterials with broad application potential in human health, 
microbiome engineering, and oral drug delivery. Their biological 
activities arise not from selective biogenesis but from the rich lipid 
and metabolite composition of plant tissues, which gives them 
unique advantages for therapeutic delivery, nutritional 
supplementation, and modulation of host–microbe interactions.

6 Discussion and conclusion

Although PDEVs and PDNPs are often discussed together, this 
review highlights that they arise from fundamentally different 

biological origins. PDEVs are actively secreted nanovesicles 
produced through regulated pathways and enriched with 
selectively loaded cargo, whereas PDNPs are generated through 
tissue disruption and reflect the intrinsic lipid-metabolite 
composition of plant biomass. Clarifying this distinction is 
essential for establishing standardized isolation methods, defining 
appropriate biomarkers, and improving reproducibility 
across studies.

Each system offers unique strengths for translational 
applications. PDEVs have a stronger mechanistic foundation, 
supported by detailed work showing selective RNA loading, 
targeted delivery into fungal pathogens, and defined roles in 
plant immunity. These insights into plant-pathogen trafficking 
offer broader lessons for cross-kingdom RNA communication 
that may extend to human and animal pathogenic fungi, 
suggesting opportunities to design biomimetic antifungal carriers 
inspired by PDEV biology. PDNPs, in contrast, have advanced more 
rapidly toward applied use, particularly in mammalian systems. 
Their stability, scalability, safety, and ability to deliver metabolites or 
therapeutic cargo have made them promising candidates for oral 
drug delivery, microbiome modulation, and immunotherapy. 
Together, PDEVs contribute mechanistic rigor, while PDNPs 
offer practical advantages for translation.

Looking forward, both PDEVs and PDNPs hold potential for 
agricultural and One Health applications. PDEVs naturally mediate 
RNA and protein movement between plants and microbes, 
providing a biological template for developing next-generation 
RNA delivery technologies such as enhanced HIGS or SIGS 
systems. PDNPs, owing to their abundance, biocompatibility, and 
low toxicity, are increasingly recognized as appealing candidate 
platforms for sustainable agricultural delivery systems, 
particularly for RNA-based crop protection strategies and the 
transport of bioactive molecules. At present, their use for 
delivering conventional agrochemicals such as pesticides or 
fertilizers remains at an early stage, as direct plant-level 
validation is still limited. Thus, current studies primarily position 
PDNP-based delivery as an emerging research direction, 
highlighting the need for further experimental investigation. Key 
challenges remain, including the need for validated biomarkers, 
greater methodological consistency, improved mechanistic 
understanding, and clearer distinctions between particle types, 
but addressing these gaps will be essential for transforming 
plant-derived nanovesicles into reliable, application-ready 
platforms across biotechnology, agriculture, and medicine.

Author contributions

FA: Writing – review and editing, Writing – original draft, 
Visualization. BD: Writing – review and editing, Writing – original 
draft, Visualization. BH: Writing – original draft, Conceptualization, 
Visualization, Funding acquisition, Writing – review and editing.

Funding

The author(s) declared that financial support was received for 
this work and/or its publication. BH is supported by start-up funds 

Frontiers in Bioengineering and Biotechnology frontiersin.org06

Alsaid et al. 10.3389/fbioe.2026.1758558

https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2026.1758558


from Texas A&M University and United States Department of 
Agriculture HATCH 7009138 project number: TEX08074.

Conflict of interest

The author(s) declared that this work was conducted in the 
absence of any commercial or financial relationships that could be 
construed as a potential conflict of interest.

Generative AI statement

The author(s) declared that generative AI was used in the 
creation of this manuscript. Generative AI was only used to 
modify the grammar of this manuscript.

Any alternative text (alt text) provided alongside figures 
in this article has been generated by Frontiers with the 
support of artificial intelligence and reasonable efforts have 
been made to ensure accuracy, including review by the 
authors wherever possible. If you identify any issues, 
please contact us.

Publisher’s note

All claims expressed in this article are solely those of the authors 
and do not necessarily represent those of their affiliated 
organizations, or those of the publisher, the editors and the 
reviewers. Any product that may be evaluated in this article, or 
claim that may be made by its manufacturer, is not guaranteed or 
endorsed by the publisher.

References

Boccia, E., Alfieri, M., Belvedere, R., Santoro, V., Colella, M., Del Gaudio, P., et al. 
(2022). Plant hairy roots for the production of extracellular vesicles with antitumor 
bioactivity. Commun. Biol. 5, 848. doi:10.1038/s42003-022-03781-3

Bruch, A., Kelani, A. A., and Blango, M. G. (2022). RNA-based therapeutics to treat 
human fungal infections. Trends Microbiol. 30, 411–420. doi:10.1016/j.tim.2021.09.007

Cai, Q., Qiao, L., Wang, M., He, B., Lin, F. M., Palmquist, J., et al. (2018). Plants send 
small RNAs in extracellular vesicles to fungal pathogen to silence virulence genes. 
Science 360, 1126–1129. doi:10.1126/science.aar4142

Cai, Q., Halilovic, L., Shi, T., Chen, A., He, B., Wu, H., et al. (2023). Extracellular 
vesicles: cross-organismal RNA trafficking in plants, microbes, and mammalian cells. 
Extracell. Vesicles Circ. Nucl. Acids 4, 262–282. doi:10.20517/evcna.2023.10

Casadevall, A., Nosanchuk, J. D., Williamson, P., and Rodrigues, M. L. (2009). 
Vesicular transport across the fungal cell wall. Trends Microbiol. 17, 158–162. doi:10. 
1016/j.tim.2008.12.005

Chaya, T., Banerjee, A., Rutter, B. D., Adekanye, D., Ross, J., Hu, G., et al. (2024). The 
extracellular vesicle proteomes of Sorghum bicolor and Arabidopsis thaliana are 
partially conserved. Plant Physiol. 194, 1481–1497. doi:10.1093/plphys/kiad644

Chen, X., Zhou, Y., and Yu, J. (2019). Exosome-like nanoparticles from ginger 
rhizomes inhibited NLRP3 inflammasome activation. Mol. Pharm. 16, 2690–2699. 
doi:10.1021/acs.molpharmaceut.9b00246

Chen, Q., Li, Q., Liang, Y., Zu, M., Chen, N., Canup, B. S. B., et al. (2022). Natural 
exosome-like nanovesicles from edible tea flowers suppress metastatic breast cancer via 
ROS generation and microbiota modulation. Acta Pharm. Sin. B 12, 907–923. doi:10. 
1016/j.apsb.2021.08.016

Chen, Q., Zu, M., Gong, H., Ma, Y., Sun, J., Ran, S., et al. (2023). Tea leaf-derived 
exosome-like nanotherapeutics retard breast tumor growth by pro-apoptosis and 
microbiota modulation. J. Nanobiotechnology 21, 6. doi:10.1186/s12951-022-01755-5

Cho, E. G., Choi, S. Y., Kim, H., Choi, E. J., Lee, E. J., Park, P. J., et al. (2021). Panax 
ginseng-derived extracellular vesicles facilitate anti-senescence effects in human skin 
cells: an eco-friendly and sustainable way to use ginseng substances. Cells 10, 486. doi:10. 
3390/cells10030486

Davila, B., and He, B. (2025). Extracellular vesicle-mediated RNA warfare: a cross- 
kingdom battleground. Curr. Opin. Plant Biol. 86, 102741. doi:10.1016/j.pbi.2025. 
102741

De Palma, M., Ambrosone, A., Leone, A., Del Gaudio, P., Ruocco, M., Turiák, L., et al. 
(2020). Plant roots release small extracellular vesicles with antifungal activity. Plants 
(Basel) 9, 1777. doi:10.3390/plants9121777

Del Pozo-Acebo, L., López De Las Hazas, M. C., Margollés, A., Dávalos, A., and 
García-Ruiz, A. (2021). Eating microRNAs: pharmacological opportunities for cross- 
kingdom regulation and implications in host gene and gut microbiota modulation. Br. 
J. Pharmacol. 178, 2218–2245. doi:10.1111/bph.15421

Del Pozo-Acebo, L., López De Las Hazas, M. C., Tomé-Carneiro, J., Del Saz-Lara, A., 
Gil-Zamorano, J., Balaguer, L., et al. (2022). Therapeutic potential of broccoli-derived 
extracellular vesicles as nanocarriers of exogenous miRNAs. Pharmacol. Res. 185, 
106472. doi:10.1016/j.phrs.2022.106472

Deng, Z., Rong, Y., Teng, Y., Mu, J., Zhuang, X., Tseng, M., et al. (2017). Broccoli- 
derived nanoparticle inhibits mouse Colitis by activating dendritic cell AMP-activated 
protein kinase. Mol. Ther. 25, 1641–1654. doi:10.1016/j.ymthe.2017.01.025

Duan, T., Wang, X., Dong, X., Wang, C., Wang, L., Yang, X., et al. (2023). Broccoli- 
derived exosome-like nanoparticles alleviate loperamide-induced constipation, in 
correlation with regulation on gut microbiota and Tryptophan metabolism. J. Agric. 
Food Chem. 71, 16568–16580. doi:10.1021/acs.jafc.3c04150

Elsharkasy, O. M., Nordin, J. Z., Hagey, D. W., De Jong, O. G., Schiffelers, R. M., 
Andaloussi, S. E., et al. (2020). Extracellular vesicles as drug delivery systems: why and 
how? Adv. Drug Deliv. Rev. 159, 332–343. doi:10.1016/j.addr.2020.04.004

Ghosh, S., Regmi, K. C., Stein, B., Chen, J., O’connell, R. J., and Innes, R. W. (2024). 
Infection of alfalfa cotyledons by an incompatible but not a compatible species of 
colletotrichum induces formation of paramural bodies and secretion of EVs. Mol. Plant 
Microbe Interact. 37, 721–735. doi:10.1094/MPMI-04-24-0045-R

He, B., Cai, Q., Qiao, L., Huang, C.-Y., Wang, S., Miao, W., et al. (2021). RNA-binding 
proteins contribute to small RNA loading in plant extracellular vesicles. Nat. Plants 7, 
342–352. doi:10.1038/s41477-021-00863-8

Hou, Y., Zhai, Y., Feng, L., Karimi, H. Z., Rutter, B. D., Zeng, L., et al. (2019). A 
Phytophthora effector suppresses trans-kingdom RNAi to promote disease 
susceptibility. Cell Host and Microbe 25, 153–165.e155. doi:10.1016/j.chom.2018.11.007

Huang, Y., Wang, S., Cai, Q., and Jin, H. (2021). Effective methods for isolation and 
purification of extracellular vesicles from plants. J. Integr. Plant Biol. 63, 2020–2030. 
doi:10.1111/jipb.13181

Huang, D., Chen, J., Zhao, M., Shen, H., Jin, Q., Xiao, D., et al. (2025). Plant-derived 
extracellular vesicles: composition, function and clinical potential. J. Transl. Med. 23, 
1065. doi:10.1186/s12967-025-07101-1

Huang, Y., Li, W., Liu, T., Lin, X., Xia, Y., Zhu, W., et al. (2025). Rice extracellular 
vesicles send defense proteins into fungus Rhizoctonia solani to reduce disease. Dev. Cell 
60, 1168–1181.e1166. doi:10.1016/j.devcel.2024.12.020

Itakura, S., Shohji, A., Amagai, S., Kitamura, M., Takayama, K., Sugibayashi, K., et al. 
(2023). Gene knockdown in HaCaT cells by small interfering RNAs entrapped in 
grapefruit-derived extracellular vesicles using a microfluidic device. Sci. Rep. 13, 3102. 
doi:10.1038/s41598-023-30180-3

Koch, B. L., Rutter, B. D., Borniego, M. L., Singla-Rastogi, M., Gardner, D. M., and 
Innes, R. W. (2025). Arabidopsis produces distinct subpopulations of extracellular 
vesicles that respond differentially to biotic stress, altering growth and infectivity of a 
fungal pathogen. J. Extracell. Vesicles 14, e70090. doi:10.1002/jev2.70090

Lai, Y., Jiang, B., Hou, F., Huang, X., Ling, B., Lu, H., et al. (2023). The emerging role of 
extracellular vesicles in fungi: a double-edged sword. Front. Microbiol. 14, 1216895. 
doi:10.3389/fmicb.2023.1216895

Lee, R., Ko, H. J., Kim, K., Sohn, Y., Min, S. Y., Kim, J. A., et al. (2020). Anti- 
melanogenic effects of extracellular vesicles derived from plant leaves and stems in 
mouse melanoma cells and human healthy skin. J. Extracell. Vesicles 9, 1703480. doi:10. 
1080/20013078.2019.1703480

Liu, C., Yan, X., Zhang, Y., Yang, M., Ma, Y., Zhang, Y., et al. (2022a). Oral 
administration of turmeric-derived exosome-like nanovesicles with anti- 
inflammatory and pro-resolving bioactions for murine colitis therapy. 
J. Nanobiotechnology 20, 206. doi:10.1186/s12951-022-01421-w

Liu, Y., Tan, M. L., Zhu, W. J., Cao, Y. N., Peng, L. X., Yan, Z. Y., et al. (2022). In vitro 
effects of tartary buckwheat-derived nanovesicles on gut microbiota. J. Agric. Food 
Chem. 70, 2616–2629. doi:10.1021/acs.jafc.1c07658

Frontiers in Bioengineering and Biotechnology frontiersin.org07

Alsaid et al. 10.3389/fbioe.2026.1758558

https://doi.org/10.1038/s42003-022-03781-3
https://doi.org/10.1016/j.tim.2021.09.007
https://doi.org/10.1126/science.aar4142
https://doi.org/10.20517/evcna.2023.10
https://doi.org/10.1016/j.tim.2008.12.005
https://doi.org/10.1016/j.tim.2008.12.005
https://doi.org/10.1093/plphys/kiad644
https://doi.org/10.1021/acs.molpharmaceut.9b00246
https://doi.org/10.1016/j.apsb.2021.08.016
https://doi.org/10.1016/j.apsb.2021.08.016
https://doi.org/10.1186/s12951-022-01755-5
https://doi.org/10.3390/cells10030486
https://doi.org/10.3390/cells10030486
https://doi.org/10.1016/j.pbi.2025.102741
https://doi.org/10.1016/j.pbi.2025.102741
https://doi.org/10.3390/plants9121777
https://doi.org/10.1111/bph.15421
https://doi.org/10.1016/j.phrs.2022.106472
https://doi.org/10.1016/j.ymthe.2017.01.025
https://doi.org/10.1021/acs.jafc.3c04150
https://doi.org/10.1016/j.addr.2020.04.004
https://doi.org/10.1094/MPMI-04-24-0045-R
https://doi.org/10.1038/s41477-021-00863-8
https://doi.org/10.1016/j.chom.2018.11.007
https://doi.org/10.1111/jipb.13181
https://doi.org/10.1186/s12967-025-07101-1
https://doi.org/10.1016/j.devcel.2024.12.020
https://doi.org/10.1038/s41598-023-30180-3
https://doi.org/10.1002/jev2.70090
https://doi.org/10.3389/fmicb.2023.1216895
https://doi.org/10.1080/20013078.2019.1703480
https://doi.org/10.1080/20013078.2019.1703480
https://doi.org/10.1186/s12951-022-01421-w
https://doi.org/10.1021/acs.jafc.1c07658
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2026.1758558


Liu, J., Li, W., Bian, Y., Jiang, X., Zhu, F., Yin, F., et al. (2023). Garlic-derived exosomes 
regulate PFKFB3 expression to relieve liver dysfunction in high-fat diet-fed mice via 
macrophage-hepatocyte crosstalk. Phytomedicine 112, 154679. doi:10.1016/j.phymed. 
2023.154679

Liu, N., Hou, L., Chen, X., Bao, J., Chen, F., Cai, W., et al. (2024). Arabidopsis 
TETRASPANIN8 mediates exosome secretion and glycosyl inositol 
phosphoceramide sorting and trafficking. Plant Cell 36, 626–641. doi:10.1093/ 
plcell/koad285

Liu, C., Cui, C., Zhou, G., Gao, F., Zhao, J., Guo, H., et al. (2025). The endocytic 
pathway for absorption of exogenous RNAs in Verticillium dahliae. mLife 4, 45–54. 
doi:10.1002/mlf2.12149

Mu, J., Zhuang, X., Wang, Q., Jiang, H., Deng, Z. B., Wang, B., et al. (2014). 
Interspecies communication between plant and mouse gut host cells through edible 
plant derived exosome-like nanoparticles. Mol. Nutr. Food Res. 58, 1561–1573. doi:10. 
1002/mnfr.201300729

Niu, G., Jian, T., Gai, Y., and Chen, J. (2023). Microbiota and plant-derived vesicles 
that serve as therapeutic agents and delivery carriers to regulate metabolic syndrome. 
Adv. Drug Deliv. Rev. 196, 114774. doi:10.1016/j.addr.2023.114774

Perut, F., Roncuzzi, L., Avnet, S., Massa, A., Zini, N., Sabbadini, S., et al. (2021). 
Strawberry-derived exosome-like nanoparticles prevent oxidative stress in human 
mesenchymal stromal cells. Biomolecules 11, 87. doi:10.3390/biom11010087

Qiao, L., Niño-Sánchez, J., Hamby, R., Capriotti, L., Chen, A., Mezzetti, B., et al. 
(2023). Artificial nanovesicles for dsRNA delivery in spray-induced gene silencing for 
crop protection. Plant Biotechnol. J. 21, 854–865. doi:10.1111/pbi.14001

Raimondo, S., Giavaresi, G., Lorico, A., and Alessandro, R. (2019). Extracellular 
vesicles as biological shuttles for targeted therapies. Int. J. Mol. Sci. 20. doi:10.3390/ 
ijms20081848

Ravet, A., Zervudacki, J., Singla-Rastogi, M., Charvin, M., Thiebeauld, O., Perez- 
Quintero, A. L., et al. (2025). Vesicular and non-vesicular extracellular small RNAs 
direct gene silencing in a plant-interacting bacterium. Nat. Commun. 16, 3533. doi:10. 
1038/s41467-025-57908-1

Regente, M., Corti-Monzón, G., Maldonado, A. M., Pinedo, M., Jorrín, J., and De La 
Canal, L. (2009). Vesicular fractions of sunflower apoplastic fluids are associated with 
potential exosome marker proteins. FEBS Lett. 583, 3363–3366. doi:10.1016/j.febslet. 
2009.09.041

Rodríguez De Lope, M. M., Sánchez-Pajares, I. R., Herranz, E., López-Vázquez, C. M., 
González-Moro, A., Rivera-Tenorio, A., et al. (2025). A compendium of 
bona fide reference markers for genuine plant extracellular vesicles and their degree 
of phylogenetic conservation. J. Extracell. Vesicles 14, e70147. doi:10.1002/jev2.70147

Rutter, B. D., and Innes, R. W. (2017). Extracellular vesicles isolated from the leaf 
apoplast carry stress-response proteins. Plant Physiol. 173, 728–741. doi:10.1104/pp.16. 
01253

Rutter, B. D., Chu, T. T., Dallery, J. F., Zajt, K. K., O’connell, R. J., and Innes, R. W. 
(2022). The development of extracellular vesicle markers for the fungal phytopathogen 
Colletotrichum higginsianum. J. Extracell. Vesicles 11, e12216. doi:10.1002/jev2.12216

Sundaram, K., Miller, D. P., Kumar, A., Teng, Y., Sayed, M., Mu, J., et al. (2019). Plant- 
derived exosomal nanoparticles inhibit pathogenicity of Porphyromonas gingivalis. 
iScience 21, 308–327. doi:10.1016/j.isci.2019.10.032

Taşlı, P. N. (2022). Usage of celery root exosome as an immune suppressant; lipidomic 
characterization of apium graveolens originated exosomes and its suppressive effect on 
PMA/ionomycin mediated CD4(+) T lymphocyte activation. J. Food Biochem. 46, 
e14393. doi:10.1111/jfbc.14393

Teng, Y., Ren, Y., Sayed, M., Hu, X., Lei, C., Kumar, A., et al. (2018). Plant-derived 
exosomal MicroRNAs shape the gut microbiota. Cell Host Microbe 24, 637–652.e638. 
doi:10.1016/j.chom.2018.10.001

Thieron, H., Spanu, P., Buhl, M., Hülsmann, C., Kummer, C., Demir, F., et al. (2024). 
Barley powdery mildew invasion coincides with the dynamic accumulation of leaf 
apoplastic extracellular vesicles that are associated with host stress response proteins. 
bioRxiv. doi:10.1101/2024.04.17.589905

Wang, Q., Zhuang, X., Mu, J., Deng, Z. B., Jiang, H., Zhang, L., et al. (2013). Delivery of 
therapeutic agents by nanoparticles made of grapefruit-derived lipids. Nat. Commun. 4, 
1867. doi:10.1038/ncomms2886

Wang, B., Zhuang, X., Deng, Z. B., Jiang, H., Mu, J., Wang, Q., et al. (2014). Targeted 
drug delivery to intestinal macrophages by bioactive nanovesicles released from 
grapefruit. Mol. Ther. 22, 522–534. doi:10.1038/mt.2013.190

Wang, X., Wu, B., Sun, G., He, W., Gao, J., Huang, T., et al. (2023). Selenium 
biofortification enhanced miR167a expression in broccoli extracellular vesicles inducing 
apoptosis in human pancreatic cancer cells by targeting IRS1. Int. J. Nanomedicine 18, 
2431–2446. doi:10.2147/IJN.S394133

Wang, S., He, B., Wu, H., Cai, Q., Ramírez-Sánchez, O., Abreu-Goodger, C., et al. 
(2024). Plant mRNAs move into a fungal pathogen via extracellular vesicles to reduce 
infection. Cell Host Microbe 32, 93–105.e106. doi:10.1016/j.chom.2023.11.020

Wang, X., Liu, Y., Dong, X., Duan, T., Wang, C., Wang, L., et al. (2024). peu- 
MIR2916-p3-enriched garlic exosomes ameliorate murine colitis by reshaping gut 
microbiota, especially by boosting the anti-colitic Bacteroides thetaiotaomicron. 
Pharmacol. Res. 200, 107071. doi:10.1016/j.phrs.2024.107071

Welsh, J. A., Goberdhan, D. C. I., O’driscoll, L., Buzas, E. I., Blenkiron, C., Bussolati, B., 
et al. (2024). Minimal information for studies of extracellular vesicles (MISEV2023): from 
basic to advanced approaches. J. Extracell. Vesicles 13, e12404. doi:10.1002/jev2.12404

Wytinck, N., Sullivan, D. S., Biggar, K. T., Crisostomo, L., Pelka, P., Belmonte, M. F., 
et al. (2020). Clathrin mediated endocytosis is involved in the uptake of exogenous 
double-stranded RNA in the white mold phytopathogen Sclerotinia sclerotiorum. Sci. 
Rep. 10, 12773. doi:10.1038/s41598-020-69771-9

Yang, C., Zhang, M., and Merlin, D. (2018). Advances in plant-derived edible 
nanoparticle-based lipid nano-drug delivery systems as therapeutic nanomedicines. 
J. Mater. Chem. B 6, 1312–1321. doi:10.1039/C7TB03207B

Zanotti, C., Arena, S., De Pascale, S., Ciaravolo, V., Ferracane, R., Troise, A. D., et al. 
(2025). Anion exchange chromatography-based purification of plant-derived 
nanovesicles from Brassica oleracea L.: molecular profiling and bioactivity in human 
cells. Front. Bioeng. Biotechnol. 13, 1617478. doi:10.3389/fbioe.2025.1617478

Zhang, M., Viennois, E., Prasad, M., Zhang, Y., Wang, L., Zhang, Z., et al. (2016). 
Edible ginger-derived nanoparticles: a novel therapeutic approach for the prevention 
and treatment of inflammatory bowel disease and colitis-associated cancer. Biomaterials 
101, 321–340. doi:10.1016/j.biomaterials.2016.06.018

Zhang, L., He, F., Gao, L., Cong, M., Sun, J., Xu, J., et al. (2021). Engineering exosome- 
like nanovesicles derived from Asparagus cochinchinensis can inhibit the proliferation 
of hepatocellular carcinoma cells with better safety profile. Int. J. Nanomedicine 16, 
1575–1586. doi:10.2147/IJN.S293067

Zhu, Y., Zhao, J., Ding, H., Qiu, M., Xue, L., Ge, D., et al. (2024). Applications of plant- 
derived extracellular vesicles in medicine. MedComm (2020) 5, e741. doi:10.1002/ 
mco2.741

Zhuang, X., Deng, Z. B., Mu, J., Zhang, L., Yan, J., Miller, D., et al. (2015). Ginger- 
derived nanoparticles protect against alcohol-induced liver damage. J. Extracell. Vesicles 
4, 28713. doi:10.3402/jev.v4.28713

Frontiers in Bioengineering and Biotechnology frontiersin.org08

Alsaid et al. 10.3389/fbioe.2026.1758558

https://doi.org/10.1016/j.phymed.2023.154679
https://doi.org/10.1016/j.phymed.2023.154679
https://doi.org/10.1093/plcell/koad285
https://doi.org/10.1093/plcell/koad285
https://doi.org/10.1002/mlf2.12149
https://doi.org/10.1002/mnfr.201300729
https://doi.org/10.1002/mnfr.201300729
https://doi.org/10.1016/j.addr.2023.114774
https://doi.org/10.3390/biom11010087
https://doi.org/10.1111/pbi.14001
https://doi.org/10.3390/ijms20081848
https://doi.org/10.3390/ijms20081848
https://doi.org/10.1038/s41467-025-57908-1
https://doi.org/10.1038/s41467-025-57908-1
https://doi.org/10.1016/j.febslet.2009.09.041
https://doi.org/10.1016/j.febslet.2009.09.041
https://doi.org/10.1002/jev2.70147
https://doi.org/10.1104/pp.16.01253
https://doi.org/10.1104/pp.16.01253
https://doi.org/10.1002/jev2.12216
https://doi.org/10.1016/j.isci.2019.10.032
https://doi.org/10.1111/jfbc.14393
https://doi.org/10.1016/j.chom.2018.10.001
https://doi.org/10.1101/2024.04.17.589905
https://doi.org/10.1038/ncomms2886
https://doi.org/10.1038/mt.2013.190
https://doi.org/10.2147/IJN.S394133
https://doi.org/10.1016/j.chom.2023.11.020
https://doi.org/10.1016/j.phrs.2024.107071
https://doi.org/10.1002/jev2.12404
https://doi.org/10.1038/s41598-020-69771-9
https://doi.org/10.1039/C7TB03207B
https://doi.org/10.3389/fbioe.2025.1617478
https://doi.org/10.1016/j.biomaterials.2016.06.018
https://doi.org/10.2147/IJN.S293067
https://doi.org/10.1002/mco2.741
https://doi.org/10.1002/mco2.741
https://doi.org/10.3402/jev.v4.28713
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2026.1758558

	Plant-derived extracellular vesicles and nanoparticles: origins, functions, and applications
	1 Introduction
	2 Origin of PDEVs and PDNPs
	2.1 Origin of PDEVs
	2.2 Origin of PDNPs

	3 Isolation and characterization of PDEVs and PDNPs
	3.1 Isolation of PDEVs
	3.2 Isolation of PDNPs
	3.3 Characterization of PDEVs and PDNPs

	4 Development of novel biomarkers for PDEVs/PDNPs
	4.1 Biomarkers of PDEVs
	4.2 Compositional signatures and biomarkers of PDNPs

	5 Functional roles and application potential of PDEVs and PDNPs
	5.1 Functional roles and application potential of PDEVs
	5.2 Functional roles and application potential of PDNPs

	6 Discussion and conclusion
	Author contributions
	Funding
	Conflict of interest
	Generative AI statement
	Publisher’s note
	References


