International Journal of Nanomedicine Dovepress
Taylor & Francis Group

REVIEW

From Garden to Clinic: Plant-Derived
Exosome-Like Nanovesicles for Precision
Oxidative Stress Therapy

Tianhang Yang®">*, Mengjia He'?*, Jinxi Huang"?, Dan Zhang?, Tao Song'?, Jun Tan*,
Xianyao Wang"z, Yanxin Lu®, Qinghong Kong®, Jidong Zhang 2.7

'Department of Immunology, Zunyi Medical University, Zunyi, People’s Republic of China; 2Key Laboratory of Cancer Prevention and Treatment of
Guizhou Province, Zunyi Medical University, Zunyi, People’s Republic of China; 3Library, Zunyi Medical University, Zunyi, People’s Republic of China;
“Department of Histology and Embryology, Zunyi Medical University, Zunyi, People’s Republic of China; *Basic Medical Science Department, Zunyi
Medical College-Zhuhai Campus, Zhuhai, People’s Republic of China; *Guizhou Provincial College-based Key Laboratory for Tumor Prevention and
Treatment with Distinctive Medicines, Zunyi Medical University, Zunyi, People’s Republic of China; ’Collaborative Innovation Center of Tissue
Damage Repair and Regeneration Medicine, Zunyi Medical University, Zunyi, People’s Republic of China

*These authors contributed equally to this work

Correspondence: Jidong Zhang; Qinghong Kong, Email jidongzhang@zmu.edu.cn; kqinghong2023@ |26.com

Abstract: Plant-derived exosome-like nanovesicles (PELNs) are naturally derived lipid-bilayer nanocarriers, which possess intrinsic
activity to modulate oxidative stress through their diverse cargos of proteins, lipids, nucleic acids, and phytochemicals. Unlike
conventional oxidative-stress interventions, PELNs achieve multifactorial, cargo-based redox regulation within a protective membrane
that enhances bioavailability, preserves labile components, and improves cellular uptake while reducing off-target toxicity. Their low
immunogenicity and inherent stability, together with the potential for surface modification and therapeutic co-loading, enable tissue-
selective and sustained control of redox balance, including integration with biomaterial platforms such as hydrogels and scaffolds. This
review synthesizes advances in PELN biogenesis, compositional characteristics, and isolation methods, and compares their biological
and functional traits with mammalian exosomes. We propose an antioxidant/pro-oxidant dichotomy as a unifying mechanistic
framework and highlight therapeutic prospects in oxidative stress—related disorders such as wound healing, atherosclerosis, neurode-
generation, and cancer. Translational considerations—including manufacturing scale-up, stability, biodistribution and biosafety—are
critically discussed, alongside practical strategies to address these challenges. By linking mechanistic understanding with material-
based engineering and application-oriented perspectives, this review establishes a materials-to-clinic roadmap for PELNs and positions
them as promising next-generation nano-tools for precision oxidative-stress therapy.
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Introduction

Oxidative stress refers to the excessive generation of oxidative species—such as reactive oxygen species (ROS)—within
the body, which overwhelms the cell’s clearance mechanisms and leads to cellular injury. By means of a unified network
of chemical damage and signaling imbalance, it links and amplifies the onset and progression of multisystem diseases.'
For example, in cardiovascular disease, oxidative stress damages vascular endothelial cells and exacerbates
atherosclerosis;® in neurodegenerative disorders such as Alzheimer’s disease, it injures neurons and drives disease
worsening;® and in cancer, oxidative stress promotes tumor initiation and progression by inducing DNA mutations.*
Oxidative stress-related diseases are widely prevalent around the world, posing an increasingly serious threat to human
health. According to statistics, the prevalence of cardiovascular diseases represented by atherosclerosis has more than
tripled since 1990, from 311 million in 1990 to 626 million in 2023.> And globally, the number of people with dementia
(including Alzheimer’s) will increase from 57.4 million in 2019 to 152.8 million in 2050.° In addition, in 2020 alone,
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19.3 million new cancer cases and nearly 10 million cancer deaths occurred in the world.” Effective disease management
requires modulation of the body’s oxidative stress levels, which can be approached from both pro-oxidant and antioxidant
angles. Common antioxidant strategies include supplementation with exogenous antioxidants like vitamin C,® activation
of endogenous antioxidant systems,” and elimination of risk factors such as smoking.'® Conversely, pro-oxidant
approaches—primarily chemotherapeutic agents—elevate oxidative stress in tumor cells to kill harmful cells and control
cancer progression.'"'> However, these interventions face challenges such as low bioavailability and insufficient
targeting. Thus, to relieve the staggering global burden of oxidative stress-related pathologies, more efficient and precise
therapeutic modalities that overcome the limitations of conventional countermeasures are urgently required for targeted
oxidative stress regulation.

Exosomes are a subclass of extracellular vesicles characterized by a phospholipid bilayer; they are predominantly
secreted by eukaryotic cells, are widely present in bodily fluids, and serve as vehicles for intercellular transport and
communication.”® To date, exosome research has focused primarily on mammalian source, whereas the study and
development of plant-derived exosome-like nanovesicles (PELNs) remain in their infancy.'* PELNs can traverse species
barriers to engage in cross-kingdom communication, holding broad potential for the prevention and treatment of oxidative
stress-related diseases by either anti-oxidation or pro-oxidation (Figure 1). They have been reported to contain alkaloids,
polyphenols and flavonoids, and can also carry exogenous reducing agents, conferring potent antioxidant activity.'> As
measured, nanovesicles isolated from a blend of organically cultivated fruits and vegetables possess comparable levels of
total antioxidant capacity, ascorbate, catalase (CAT), glutathione and superoxide dismutase 1 (SOD1).'® Moreover, the
abundant polyphenolic and flavonoid compounds in PELNs are believed to induce oxidative stress in cancer cells,
triggering tumor apoptosis.'”"'® Prominently, PELNs have higher biocompatibility and bioactivity, lower toxicity and
immunogenicity due to their plant origin compared with traditional methods for regulating oxidative stress.'® Therefore, the
future development of PELNs holds significant promise for precision oxidative stress therapy.

This review outlines the biogenesis, compositional characteristics and isolation methods of PELNs; systematically
summarizes their applications and future challenges in treating oxidative stress-related diseases; and discusses their
clinical feasibility and safety. Notably, we firstly apply the “anti-oxidant/pro-oxidant” dichotomy to elucidate the
underlying mechanisms of PELNs in treating oxidative stress-related diseases, and specifically compare PELNs with
mammalian exosomes to highlight the advantages of PELNs.
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Figure | Plant exosomes-like nanovesicles are derived from fruits, vegetables, herbs, etc, and have the potential to treat oxidative stress-related diseases such as cancer, skin
injury, and insulin resistance.
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Overview of PELNs

Nearly all cells, under both physiological and pathological conditions, can secrete exosomes, and plant cells are naturally
no exception. To systematically and comprehensively describe the generation of PELNs and their applications in treating
oxidative stress-related diseases, it is essential to understand their biogenesis mechanisms, compositional characteristics,

and isolation methods.

Biogenesis of PELNs

Although certain PELNs have successfully been isolated and characterized, exploration of their precise origin mechanisms at
the microscopic level remains insufficient. Herein, “biogenesis” refers to the entire process by which PELNs are generated
intracellularly and subsequently released into the extracellular space. It is clear that PELN biogenesis conforms to the general
principles governing exosome formation (especially in mammals) while also exhibiting unique features (Figure 2).

It is widely accepted that the multivesicular body (MVB) pathway constitutes the primary common route for exosome
secretion in both plants and animals. Regente et al isolated membrane-bound nanoparticles of 50-200 nm diameter from
sunflower apoplastic fluid and postulated the presence of the small GTPase Rab.?° Rab proteins are likewise detected in
animal fluid—derived exosomes, where they regulate vesicle formation, transport, and fusion with target membranes.”' >
This indicates conserved molecular machinery between PELNs and animal exosomes. Woith et al performed proteomic
analysis of plant cells and identified the joint appearance of transmembrane 9 superfamily member 11, AP-complex
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Figure 2 Schematic illustration of the three known pathways involved in the biogenesis of plant-derived exosome-like nanoparticles (PELNs): (A) the multivesicular body
(MVB) pathway, (B) the vacuole-mediated pathway, and (C) the exocyst-positive organelle (EXPO) pathway. These pathways represent distinct routes by which intracellular
vesicles are formed and secreted into the apoplast, contributing to the heterogeneity and functional diversity of PELNSs.
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subunits and membrane steroid-binding protein 2, as well as proteins that are related to ubiquitination.?* The presence of
these proteins suggests that isolated PELNs may derive not only from Golgi-associated multivesicular pathways but also
directly from the plasma membrane, akin to animal exosome biogenesis.

Although the MVB pathway is considered the principal mechanism for PELN generation, plant cells possess
additional specialized biogenetic routes due to their distinctive features. The central vacuole—a defining organelle
unique to plant cells and the largest membrane-bound compartment—plays a crucial role in immune responses.”>~°
Hatsugai et al demonstrated that, under proteasome regulation, the central vacuole fuses with the plasma membrane to
release PELNs encapsulating defense-related proteins and hydrolytic enzymes, targeting extracellular bacterial
pathogens.?” Moreover, Wang et al identified a novel compartment in Arabidopsis and tobacco cells termed the
exocyst-positive organelle (EXPO), distinct from multivesicular bodies and autophagosomes, which mediates cytoplas-
mic-to-cell-wall exocytosis.”® This spherical, double-membraned structure fuses with the plasma membrane to discharge
membrane vesicles and is believed to represent a plant-specific, noncanonical pathway for releasing exosome-like
nanovesicles. It is currently postulated that the EXPO pathway mediates PELN biogenesis by forming EXPOs intra-
cellularly and subsequently fusing with the plasma membrane to release PELNSs into the extracellular milieu.*’

The cell wall, a thick, robust yet elastic structure external to the plasma membrane, is a hallmark of plant cells.*
Evidently, PELNs must traverse the cell wall to reach the extracellular environment upon release. Woith et al detected
cell wall-degrading enzymes within PELNSs isolated from apoplastic fluid.?* It has been reported that these enzymes may
participate in the dynamic remodeling of the cell wall—potentially by altering local pH and other mechanisms—to
facilitate PELN passage.’’

Composition of PELNs

PELNSs have to date been identified in a variety of plant species, including lemon,*? broccoli,”* ginger,** grapefruit®> and
blueberry.®® Experimental measurements indicate that their structure and density are comparable to those of mammalian
exosomes.>” However, unlike animal-derived exosomes, PELNs possess a complex composition, chiefly comprising
lipids, proteins, nucleic acids (particularly small RNAs), carbohydrates and other small-molecule metabolites. The
concerted action of these constituents endows PELNs with potent capacity to modulate the metabolic phenotype of
recipient cells.*® The major components and their functions are detailed below:

Lipids

Lipids are fundamental to PELN structure, providing amphipathic stability.** Certain PELN lipid constituents have been
reported to confer targeted delivery to specific cell types, indicating that they may be the cornerstone for the precise
treatment achieved by PELNs.** And the enrichment of phosphatidic acid in PELNs promotes cytoskeletal reorganization
and modulates proteins involved in vesicle trafficking and endocytosis, facilitating cellular uptake.*' Moreover, it is not
difficult to speculate that some unsaturated lipids might play an important role in the antioxidant function of PELNSs.

Proteins

According to a recent study, there were 1345 proteins identified in Actinidia arguta-derived PELNs; KEGG enrichment
analysis revealed their associations with energy metabolism, protein synthesis, cell proliferation and immune processes.*?
The diverse proteome of PELNs underpins their functional versatility and is extensively involved in signal transduction.
The presence of proteins implicated in ROS signaling cascades and membrane transport further indicates a role for

PELNSs in modulating oxidative stress.*>**

Nucleic Acids

Agarose gel electrophoresis by Ju et al confirmed the presence of nucleic acids—including DNA, mRNA, small RNAs
and other non-coding RNAs—in PELNs.*’ As a natural small RNA delivery vehicle, PELNs offer advantages over
existing carriers, including higher transfection efficiency and lower immunogenicity and superior biocompatibility,
representing a highly promising, non-invasive therapeutic modality.*> The presence of small RNA enables PELNs not
only to regulate local immunity in the source plant but also to cross kingdom barriers to mediate interspecies commu-
nication in mammals,*® a feature crucial for controlling intracellular oxidative stress.
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Carbohydrates

Carbohydrates are a significant fraction of PELN composition. In goji berry—derived nanovesicles, sugars account for up
to 35.54% of total mass and include monosaccharides and disaccharides such as glucose, D-fructose, maltose, cellobiose
and D-mannose.*” Although detailed studies on PELN glycosylation are lacking, these glycans likely modify vesicle-
surface proteins, influencing vesicle trafficking and receptor binding.

Small-Molecule Metabolites

PELNSs also contain an array of small metabolites—including amino acids, fatty acids and nucleotides—as well as
bioactive compounds such as polyphenols, terpenoids, vitamins, alkaloids and trace minerals.*® While present at lower
abundance, these molecules play critical roles in cellular metabolism and intercellular interactions. Delivered via PELNSs,
they can effectively modulate host metabolic and physiological states, holding therapeutic potential for various diseases,
particularly those linked to oxidative stress.

Isolation Technique of PELNs
Isolation of plant-derived exosome-like nanoparticles (PELNs) remains challenging due to the heterogeneity of plant
tissues (roots, stems, leaves, flowers, fruits, seeds) and the need to maximize yield and purity without compromising

vesicle integrity. Drawing on established animal extracellular vesicle protocols,*” we summarize and compare common
methods (Figure 3 and Table 1):
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Figure 3 Four isolation methods for PELNSs. (A) Ultracentrifugation. (B) Density gradient centrifugation. (C) Capillary channel polymer (C-CP) fiber rotating tip. (D) Size
exclusion chromatography (SEC).
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Table | Overview of the Advantages and Disadvantages of Different PELNs Isolation Methods

Isolation Method Advantage Disadvantages Ref.
Ultracentrifugation ® Gold-standard method, well-characterized ® Time-consuming (hours per run) [50]
® Produces relatively pure PELNs ® |ow yield
® Requires expensive ultracentrifuge equipment
Density gradient centrifugation | ® Very high purity (separates by buoyant density) | ® Labor-intensive set-up [51]
® Good for downstream functional assays ® |ong processing time
® Potential contamination from gradient materials
Capillary channel polymer ® Rapid, continuous-flow isolation ® |ower throughput for large volumes [52]
fiber rotating tip ® Small sample volumes (<100 L) ® Novel-requires further validation across biofluids
®  Automatable
Size exclusion chromatography | ® Gentle (preserves PELNs integrity) ® Co-elution of similarly sized protein aggregates [53]
® Scalable and reproducible ® | ower resolution between PELN subpopulations
® No specialized equipment beyond columns

Centrifugation-Based Isolation Techniques

Ultracentrifugation

Widely regarded as the standard for animal vesicles,>* ultracentrifugation achieves sedimentation by applying very high
g-forces. In plant matrices, however, co-precipitation of non-vesicular debris, low reproducibility and potential vesicle
deformation limit its suitability for PELNSs isolation.>

Density Gradient Centrifugation
Separation on sucrose or iodixanol gradients improves purity and preserves vesicle structure,’® but involves complex,
time-consuming steps and low throughput.”’

Non-Centrifugation-Based Isolation Technologies

Capillary Channel Polymer (C-CP) Fiber Rotating Tip

This rapid, high-throughput technique employs hydrophobic-interaction capture within microchannels of PET fibers to
isolate ELNs from diverse fruits and vegetables.’® While cost-effective and scalable for small volumes, it may co-isolate
non-vesicular particles, affecting downstream analyses.

Size Exclusion Chromatography (SEC)

SEC delivers high-purity, structurally intact PELNs through size-based separation.’® Its drawbacks are high equipment

cost, laborious operation and multiple elution cycles, which reduce overall yield and impede large-scale production.
Each method involves trade-offs among purity, yield, throughput and equipment requirements. Future efforts should

focus on hybrid approaches—combining selective capture and gentle fractionation—to standardize PELNs isolation

across diverse plant sources.

Dissecting the Mechanisms of PELN-Based Redox Interventions

Fresh plant materials—including herbs, vegetables and fruits—are reservoirs of diverse bioactive compounds that
regulate oxidative stress levels.®” Mechanistic understanding of PELNs in oxidative stress highlights the multifaceted
roles of these plant-derived vesicles in modulating cellular redox balance (Figure 4). In terms of antioxidant, they carry
antioxidative compounds and regulatory microRNAs that can activate the Nrf2 pathway in recipient cells. And in terms
of pro-oxidation, they elevate ROS levels within tumor cells, triggering S-phase arrest and apoptosis. This bidirectional
redox capability positions PELNs as a novel platform that can either alleviate pathological oxidative stress or amplify

oxidative damage in malignant cells.
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Figure 4 Several example mechanisms of PELNs in treating oxidative stress-related diseases through the antioxidant pathway. (A) Direct ROS Scavenging. Flavonoids
contained in PLENs derived from oranges can directly scavenge excessive oxidative free radicals (eg, ‘OH and O,) within mitochondria. (B) Antioxidant Enzyme
Modulation. PLENs derived from grapefruit upregulate the expression of antioxidant enzymes, including SOD2 and GPx, in chondrocytes, thereby attenuating oxidative
stress in osteoarthritis and maintaining joint homeostasis. (C) miRNA/siRNA-mediated cross-species gene regulation. Carthamus tinctorius L—derived ELNs deliver miR | 66a-
3p to directly regulate CXCLI2 expression, promote endothelial cell proliferation, and suppress ox-LDL-induced apoptosis and ROS accumulation. (D) Signal Pathway
Regulation. Bitter gourd—derived ELNs facilitate p62—Keap| interaction, promote Nrf2 nuclear translocation, mitigate oxidative stress, and reduce cardiomyocyte apoptosis.

Antioxidant Mechanisms

Direct ROS Scavenging

The direct antioxidant mechanism was PELNs’ most immediate intervention against oxidative stress, offering rapidity
and efficiency, especially for acute oxidative-stress emergencies. PELNs were rich in natural antioxidant components—
such as polyphenols, flavonoids and other plant-derived actives—that acted as strong electron donors, chemically
converting ROS into harmless molecules (eg, water or stable oxides) and thereby swiftly lowering intracellular oxidative
burden. For example, PELNs from citrus fruits contained abundant flavonoids,®' which were shown to neutralize
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superoxide anions (O, ) and hydroxyl radicals (:OH);** PELNs from grapes contained high levels of resveratrol,’> a
polyphenolic compound that scavenged free radicals and protected cell membranes from lipid peroxidation.** However,
it remains unclear whether the concentrations of these bioactives within naturally occurring PELNs consistently reach
pharmacologically effective levels across different plant sources, tissue types, and delivery routes.

In addition, we speculate that the observed antioxidant efficacy of PELNs may not stem from individual compounds
acting in isolation, but rather from synergistic interactions among multiple phytochemical components and possibly
structural lipids within the vesicle membrane. Such synergy could explain the disproportionate antioxidant capacity
observed in some studies relative to isolated compound controls.®® This highlights the need for comprehensive profiling
of antioxidant capacity across diverse PELN sources using standardized in vitro and in vivo models.

Future research should focus on quantifying ROS-scavenging kinetics of PELNs derived from various plants and
identifying threshold dosages required for therapeutic relevance. Only through such comparative analyses can the true
translational potential of PELNs as rapid-response redox modulators be properly assessed.

Antioxidant Enzyme Modulation

Antioxidant enzymes—such as SOD, CAT and glutathione peroxidase (GPX)—served as the body’s key defense against
ROS and free radicals. These enzymes catalyzed ROS decomposition into inert products, safeguarding cells from
oxidative damage. Grapefruit-derived ELNs enhanced expression of SOD2 and GPX in osteoarthritic chondrocytes,
restoring cartilage and bone homeostasis.®® However, it remains unclear whether this upregulation arises from transcrip-
tional activation of SOD2/GPX genes, enhanced mRNA stability, or direct stabilization of existing enzyme proteins—an
important distinction that could inform dosing strategies and delivery timing.

Beyond gene expression, PELNs may also modulate antioxidant enzymes at the post-translational level. Certain lipid
components within PELNs—such as phosphatidic acid or ether-linked phosphatidylcholine—could act as allosteric
cofactors, stabilizing enzyme conformations or improving substrate access to the active site.’ Yet, direct biochemical
evidence for such PELN—enzyme interactions is lacking; co-immunoprecipitation or surface plasmon resonance studies
would be valuable to confirm whether PELN lipids bind and enhance the catalytic efficiency of SOD, CAT, or GPX.

Moreover, it is conceivable that PELNs deliver active antioxidant enzymes or cofactors themselves, supplementing
endogenous defenses in a “mixed cargo” fashion. Future work should thus include proteomic characterization of PELN
contents to quantify enzyme levels, alongside functional assays comparing the kinetics of ROS clearance by PELNs
versus equivalent amounts of purified enzyme. Such studies would determine whether PELNs act primarily as inducers of
cellular antioxidant pathways, as direct enzyme carriers, or via a combination of both mechanisms.

miRNA/siRNA-Mediated Cross-Species Gene Regulation

Including miRNA and siRNA, small RNAs (sRNAs) encapsulated within PELNs can cross species barriers and
specifically regulate human gene expression.®® According to previous studies, the general process can be described as
follows: after oral administration, PELNs are taken up by gastrointestinal epithelial cells and internalized into gastric
gland cells via SIDT1-mediated transport.®” Owing to their highly conserved sequences, these sSRNAs can specifically
recognize human target genes.’”’! Once delivered into target cells, they are incorporated into the RNA-induced silencing
complex (RISC) and bind to the 3’ untranslated region (3'UTR) of target mRNAs through complementary base pairing,
leading to mRNA degradation or translational repression.’”

This route represents a promising strategy for precise modulation of oxidative stress—related signaling. Tomato ELN-
borne miR164a/b-5p lowered Keapl mRNA expression, increased Nrf2 nuclear translocation and induced antioxidant
gene upregulation to alleviate oxidative stress.”® Carthamus tinctorius L.-derived ELNs delivered miR166a-3p to directly
regulate CXCL12, promoted endothelial proliferation and attenuated ox-LDL-induced apoptosis and ROS activation.”*
Rgl-exomiR-7972-containing ELNs from fresh Rehmannia glutinosa reduced proinflammatory cytokines (IL-1p, IL-6,
TNF-a), ROS and NO in LPS-exposed RAW264.7 cells, thereby promoting M2 macrophage polarization.”

Interestingly, these findings collectively suggest that plant-derived exosomal miRNAs may converge on a limited set of
redox-sensitive and metabolic signaling pathways—such as Nrf2/Keapl, PPARa, and CXCL12—which act as central
nodes in oxidative and inflammatory homeostasis. Although the sequences of these plant miRNAs differ from those of
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mammalian counterparts, their functional mimicry may be enabled by seed-region homology or partial complementarity.”®
This raises the intriguing possibility that dietary or engineered PELNs could be tailored to deliver custom regulatory RNAs
targeting specific mammalian stress pathways.

To validate this cross-kingdom regulatory model, future studies should include systematic transcriptomic and target
validation assays (eg, luciferase reporter systems, CRISPR interference). In parallel, improved bioinformatics tools are needed
to predict functional targets across plant—animal boundaries, accounting for noncanonical seed matching. If confirmed, such
plant-derived miRNA delivery systems could offer a powerful and biocompatible alternative to synthetic RNA therapeutics.

Signal Pathway Regulation

PELNs modulated signaling pathways related to oxidative stress, thereby regulating cellular antioxidant responses at the
molecular level. These pathways coordinated cell survival, inflammation and antioxidant defense, enabling PELNs to
optimize cellular resilience to oxidative challenges.

Activation of the Keap|-Nrf2 Antioxidant Axis

Nrf2, the master regulator of endogenous antioxidant responses, dissociated from its inhibitor Keapl under oxidative
stress, translocated to the nucleus and initiated antioxidant gene expression.>® PELNs enhanced this pathway by
promoting Nrf2 nuclear translocation or inhibiting Keap1 activity. In an acute colitis model, delivery of ginseng-derived
ELNs activated intracellular SOD and CAT via the p62—Keapl/Nrf2 axis, inhibited epithelial ROS production and
restored mucosal barrier function.”” Bitter-melon—derived ELNs upregulated p62—Keap1 binding, promoted Nrf2 nuclear
translocation, counteracted oxidative stress and reduced cardiomyocyte apoptosis.”® Interestingly, this Nrf2 activation
appears to be more sustained in plant vesicle systems than in mammalian exosome analogues, potentially due to the
synergistic effect of multiple plant bioactives—a hypothesis warranting further investigation.

Inhibition of Inflammation—Oxidation Cross-Amplification

Inflammatory signals (eg, TNF-a, LPS) induced ROS generation, and ROS activated the NF-kB/NLRP3 inflammasome,

forming a vicious cycle.”” PELNs inhibited NF-kB phosphorylation or nuclear translocation, reduced inflammation and

ROS production,**#! 83.84
Notably, we find that PELNs may exert this effect not only through passive antioxidant action but also via active gene

regulation mediated by plant-derived microRNAs. Several miRNAs enriched in PELNs (eg, miR-156a, miR-162, miR-319d)

have been predicted to target mammalian transcripts involved in NF-kB activation, such as IKKp and RelA.** However, these

and demonstrated efficacy in inflammatory models such as atherosclerosis®* and colitis.

cross-kingdom interactions remain underexplored in inflammatory disease models. We propose that future studies employ
transcriptomic and miRNA-target validation assays to clarify whether PELNs actively reprogram inflammatory signaling at
the genetic level. If confirmed, this would position PELNs as programmable anti-inflammatory nanotherapeutics, rather than
passive ROS scavengers alone.

Modulation of Other Pathways

PELNSs may also affect other signaling pathways that play important roles in cell survival, proliferation, and antioxidant
responses. Apple-derived ELNs induced intracellular Ca>" surges in human fibroblasts, using calcium as a second
messenger to elicit antioxidant effects.®® It remains to be clarified whether this Ca?" mobilization stems from direct
interaction of ELN lipids with plasma membrane channels (eg, TRP family) or from ELN-delivered miRNAs regulating
calcium-handling proteins—an important mechanistic distinction.

Similarly, ginseng-derived ELNs inhibited MAPK/AP-1 activation, limited ROS generation and prevented UV-
induced skin aging.®” However, the durability of this protection under chronic UV exposure and the potential cross-
talk between MAPK inhibition and other pathways (such as NF-kB) warrant further investigation.

In oncological contexts, Brucea javanica-derived ELNs delivered ten functional miRNAs to 4T1 breast cancer cells,
dampening PI3K/Akt/mTOR signaling and promoting ROS/caspase-mediated apoptosis, thereby curbing tumor growth
and metastasis.*® Given the pleiotropic nature of miRNA cargo, it will be essential to delineate which specific miRNA—
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mRNA interactions are most critical for the observed antitumor effects, perhaps via high-throughput CLIP-seq or miRNA
pull-down assays.

Delivery of Exogenous Antioxidants

PELNs’ inherent nanostructure endows them with exceptional carrier capabilities, enabling encapsulation and targeted
delivery of exogenous antioxidants such as astaxanthin® and luteolin,”® thereby improving their bioavailability and
stability in vivo. Nevertheless, the efficiency and uniformity of such loading remain poorly characterized, and it is
unclear whether antioxidant payloads localize predominantly within the vesicle lumen or associate peripherally with the
lipid bilayer—an important factor governing release kinetics and therapeutic efficacy.

Furthermore, endogenous antioxidant constituents within PELNs—polyphenols, flavonoids, and antioxidant enzymes
—may synergize with exogenous cargos to amplify overall redox-scavenging capacity. For instance, it is tempting to
speculate that PELN-bound polyphenols could regenerate tocopherol radicals via redox cycling, thereby prolonging
vitamin E’s activity and creating a self-renewing antioxidant system.”' However, definitive proof of such in situ
regeneration is lacking, and potential pro-oxidant reactions under certain pH or metal-ion—rich microenvironments
must be ruled out.

To advance mechanistic understanding, future studies should quantify loading efficiency and release profiles of
exogenous antioxidants using techniques such as fluorescence resonance energy transfer (FRET)-based assays or LC—
MS/MS quantification of payload release over time. In parallel, co-localization experiments employing super-resolution
microscopy could reveal spatial relationships between endogenous and exogenous antioxidants within PELNs and
recipient cells. Finally, rigorous assessment of potential antagonistic interactions—such as competitive substrate binding
or redox cycling misbalance—will be essential to ensure that the combined cargos act synergistically rather than
counterproductively.

Pro-Oxidant Mechanisms

Antioxidant mechanisms primarily employ PELNSs to repair oxidative damage in normal tissues and restore homeostasis;
by contrast, in malignant cells PELNs can be harnessed to elevate ROS levels and selectively induce cytotoxicity,
underpinning their emerging role in oncology. Cancer cells depend on finely tuned redox balance and mitochondrial
function for unchecked proliferation—thus, disrupting mitochondrial integrity and ATP production is a rational ther-
apeutic strategy. Indeed, tea-derived exosome-like nanoparticles are internalized by breast cancer cells, provoking a
significant rise in intracellular ROS and inducing mitochondrial membrane depolarization and cristae fragmentation.””
Elevated ROS likewise enforces cell-cycle arrest (often at G2/M) and diminishes proliferation, migration, and invasion in
vitro,”> * likely reflecting the combined pro-oxidant actions of PELN-associated polyphenols and flavonoids.'”'®

Nonetheless, several mechanistic questions remain. It is not yet clear which ROS species (eg, superoxide vs hydroxyl
radical) predominate, nor whether PELNs act by directly donating redox-active cargo or by impairing electron transport
chain complexes I/IIl. We hypothesize that specific PELN lipids or miRNAs may target mitochondrial permeability
transition pore regulators, thereby amplifying ROS generation—a theory that could be tested by measuring mitochondrial
membrane potential (A¥m) and mitochondrial permeability transition pore (mPTP) opening in treated cells. Moreover,
the threshold concentration at which PELNs switch from cytoprotective to cytotoxic remains undefined; dose—response
and time-course studies in 3D tumor spheroids or in vivo models would clarify therapeutic windows and safety margins.

Importantly, ROS-induced apoptosis by PELNs exhibits a dose- and time-dependent profile, with caspase-3 activation
and PARP cleavage evident at higher oxidative loads.”®®® Combining PELN therapy with autophagy or antioxidant
pathway inhibitors may further sensitize resistant tumor cells, an approach warranting systematic evaluation. Finally,
future in vivo investigations should delineate PELN biodistribution, tumor tropism, and off-target ROS accumulation,
ensuring that pro-oxidant strategies maximize tumor selectivity while preserving normal tissue integrity.

As above, we regard the antioxidant «» pro-oxidant dichotomy as a unifying framework. PELNs conform to a dual-
function model in redox biology, with their net effect determined by dose, cargo composition and recipient-cell context.
Under regenerative or inflammatory conditions, PELNs act predominantly as antioxidant systems by delivering redox-
active phytochemicals, activating endogenous pathways such as p62/Keapl—Nrf2, and stabilizing cellular antioxidant
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enzymes, thereby promoting tissue repair and homeostasis. Conversely, in metabolically stressed microenvironments (for
example, many tumors), the same cargos or PELN-associated lipids can induce mitochondrial perturbation, electron-
transport disruption and ROS overproduction, culminating in apoptotic cell death. Thus, the apparent contradiction
resolves into a dose-, cargo- and context-dependent balance: low local concentrations tend to be protective, whereas
higher concentrations or activating conditions (eg, photoactivation, co-therapeutics) favor pro-oxidant outcomes.

This framework links measurable variables (PELNs concentration/dose, cargo fingerprint, recipient-cell redox base-
line, subcellular targeting and release kinetics) to divergent biological outcomes and converts descriptive observations
into testable predictions. Rigorous mapping of ROS species, quantitative dose-response profiling in 3D and in vivo
models, and mechanistic dissection of cargo—target interactions (eg, lipid—-mPTP binding; miRNA-mRNA networks) are
therefore essential next steps; concurrently, engineering strategies to enhance tissue tropism, tune release kinetics and
enable co-delivery will refine therapeutic precision and safety.

Potential Applications of PELNs for Precision Oxidative Stress Therapy
Oxidative stress, a molecular damage state induced by excessive ROS generation or impaired clearance, disrupts lipids,
proteins and nucleic acids and triggers multiple signaling pathways, serving as a common upstream driver in diverse
pathologies.' In this section, we discuss the application of PELNSs in up/down regulation of oxidative stress, especially
in ameliorating oxidative stress-related diseases (Table 2).

Cancer

A wealth of evidence has established both causal and promoting roles for oxidative stress and oxidative damage in cancer
initiation and progression.'?® Persistent oxidative DNA lesions and genomic instability drive tumorigenesis, while
activation of NF-kB, MAPK and other pathways supports tumor proliferation and drug resistance.'?’ Indeed, ROS
function as a double-edged sword in oncology, underpinning both pro-oxidant and antioxidant therapeutic strategies.'’
However, the context-dependent nature of ROS signaling demands precise control over temporal and spatial ROS levels
—an aspect often overlooked in current nanocarrier designs.

Pro-oxidant therapy with PELNs generates high ROS levels to inflict oxidative damage on cancer cells and disrupt
mitochondrial function, thereby depriving tumors of energy and inhibiting their growth and metastasis. Conventional
examples have been described above and will not be repeated here. Notably, Hypericum perforatum—derived ELNs serve
as novel photosensitizers for photodynamic therapy—where light of specific wavelengths activates ROS production to
induce oxidative damage and cell death."*! Importantly, tailoring the wavelength and dosage parameters could optimize
the therapeutic index, minimizing collateral damage to surrounding healthy tissues. Upon tumor targeting and photo-
activation, these ELNs generate abundant ROS, trigger apoptosis and promote extensive tumor necrosis.'**

Antioxidant adjunct therapy with PELNs can mitigate chemotherapeutic side effects and overcome drug resistance.'>* The
widely used chemotherapeutic 5-fluorouracil (5-FU) often induces NLRP3 inflammasome activation in oral squamous cell
carcinoma (OSCC), promoting 5-FU resistance via ROS-mediated inflammasome signaling.'** Encouragingly, ELNs from
bitter melon significantly reduce ROS production, downregulate NLRP3 expression and effectively reverse OSCC resistance
to 5-FU.'% This dual modulatory capacity suggests that PELNs could be co-delivered with standard chemotherapy agents to
achieve synergistic outcomes, warranting systematic dose-response studies.

Several antioxidant small molecules within PELNs also exhibit intrinsic anticancer properties. Chen et al identified
abundant cucurbitacin B—a tetracyclic triterpenoid—in cucumber-derived ELNs; this compound inhibits STAT3 activa-
tion, elevates ROS, induces cell cycle arrest and activates caspase pathways to suppress human non—small-cell lung
cancer cell proliferation.'® Deng et al reported that broccoli-derived ELNs carry sulforaphane,'® an isothiocyanate that
activates lysosome-dependent transcriptional programs to alleviate oxidative stress.'°® Sulforaphane has previously been
shown to prevent various carcinogen-induced cancers in murine models.'”” Future work should dissect whether these
phytochemicals act synergistically within PELNs or require bioconjugation strategies to enhance stability and targeting.

Besides, loading PELNs with exogenous antioxidant agents may further enhance anticancer efficacy. Li et al
encapsulated astaxanthin—a ketocarotenoid with potent antioxidant and antitumor activity—into cabbage-derived
ELNs (BELNs) and observed augmented anticancer effects, likely due to synergistic actions of BELNs and astaxanthin.®
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Table 2 Preclinical Applications and Mechanisms of PELNs in Treating Oxidative Stress-Related Diseases

Pancreatic
cancer

Luteolin

In vitro: BxPC-3 cells

Diseases Sub-Type Plant Source Study Model Mechanisms Associated with Oxidative Stress Ref.
Cancer Colon cancer Tea In vitro: LPS-induced RAW?264.7 cell; In vivo: Increased the intracellular ROS, caused mitochondrial damage of [roi1]
colon tumor mice model cancer cells, arrested the cell cycle, and caused apoptosis
Breast cancer In vitro: 4T1 cells; In vivo: subcutaneous breast [92]
tumor mice model
Tea flower In vitro: 4T and MCF-7 cells; In vivo: [93]
subcutaneous breast tumor and lung
metastasis mice model
Leukemia Grapefruit In vitro: leukemia cells [94]
Liver cancer Morus nigra L. In vitro: Hepal-6 cells; In vivo: [95]
leaves diethylnitrosamine/N-nitrosomorpholine-
induced orthotopic liver cancer mice model
Asparagus In vitro: Hep G2 cells; In vivo: Hep G2 cell [102]
cochinchinensis xenograft model in BALB/c nude mice
Gastric cancer | Lemon In vitro: AGS, BGC-823, and SGC-7901 gastric [97]
cancer cells; In vivo: SGC-7901 tumor mice
models
Triple negative Platycodon In vitro: 4T 1, A549 and Raw 264.7 cells; In vivo: [98]
breast cancer grandiflorum TNBC tumor-bearing mouse model
(TNBC) Grape In vitro: MDA-MB-231 cell [63]
Colorectal Fingerroot In vitro: HT-29 and HCT1 16 cells [99]
cancer (Boesenbergia
rotunda (L). Mansf).
Oral squamous | Bitter gourd In vitro: CAL27 and WSU-HNG6 cells; In vivo: Reduced the production of ROS, inhibited oxidative stress, and reduced | [103]
cell carcinoma CAL27 tumor mice models the resistance of cancer cells to chemotherapy drugs
Non-small cell Cucumber In vitro: A549 cells; In vivo: A549 tumor mice Inhibited STAT3 activation, elevated ROS, induced cell cycle arrest and | [104]
lung cancer (Cucurbitacin B) model activates caspase pathways
Cervical cancer | Broccoli In vitro: Hela cells Activated lysosome-dependent transcriptional programs to alleviate [105-107]
Colon cancer (Sulforaphane) In vitro: HT-29 and SW480 cells oxidative stress
Cabbage/ In vitro: HT-29 cells Delivered exogenous antioxidant active substances [89]
Astaxanthin
Breast cancer Sesame leaf/ In vitro: MCF-7 cells [90,108]

|e 39 Suey



0T:STOT UIDIP3WOUEN| JO [euInof [euoeualu)

ssdyy

18SS1

Digestive System | Intestinal injury | Folium Artemisiae In vitro: HT-29 cells; In vivo: ulcerative colitis Mitigated oxidative damage, curtailed the production of inflammatory | [109]
Damage Argyi mice model induced by dextran sulfate sodium factors, and enhanced the overall inflammatory microenvironment
Ginseng In vitro: LPS-induced RAW264.7 cells; In vivo: Mediated the p62/Keap I/Nrf2 signaling pathway and eliminated reactive | [77]
inflammatory bowel disease mice model induced | oxygen species in immune cells and intestinal epithelial cells
by dextran sulfate sodium
Blueberry In vitro: HIEC-6 cells Transported RNA into damaged intestinal cells to reduce ROS [110]
production and loss of cell viability
Robinia In vitro: LPS-induced NGECs and HIECs after Inhibited the reduction of GPX4 and GSH, alleviated lipid peroxidation, | [I11]
pseudoacacia L. hypoxia; In vivo: hypoxia-induced gastric and and prevent ferroptosis
flower small intestinal injury mice model
Alcoholic liver | Pueraria lobata In vivo: acute alcoholism mice model [112]
disease root
Pomegranate In vitro: ethanol induced AMLI2 cells; In vivo: Regulated the expression of antioxidant and detoxification genes, [113]
mice model of alcohol-induced liver and thereby influencing related proteases and reducing oxidative stress
intestinal injury levels
Ginger In vitro: primary hepatocyte; In vivo: mice [114]
alcoholic liver disease model
Non-alcoholic Blueberry In vitro: rotenone-induced HepG2 cells; In vivo: | Reduced the level of ROS and accelerated the translocation of Nrf2 [36]
liver disease high-fat diet-fed C57BL/6 mice
Hepatic fibrosis | Cannabis sprout In vitro: LX-2 cells; In vivo: mice model of NFLD | Counteracted the imbalance of ROS generation induced by TNF-acand | [I15]
Cardiovascular Atherosclerosis | Blueberry In vitro: TNF-a-induced EA.hy926 cells the REDOX state of cells under pathological conditions [85]
and Robinia In vitro: ox-LDL-induced HUVECs; In vivo: high- | Delivered specific mirnas to directly regulate the relevant chemokines, | [74]
Cerebrovascular pseudoacacia L. fat diet-fed ApoE-/- mice atherosclerosis model | promoted cell proliferation, and alleviates the activation of reactive
Diseases oxygen species induced by ox-LDL
Citrus reticulata In vitro: H,O,-induced RAW264.7 cells Reduced the activity of enzymes related to oxidative stress by taking [61]
Blanco cv. advantage of the high levels of total phenols and total flavonoids
“Dahongpao”
Cerebral Panax notoginseng In vitro: oxygen/glucose deprivation reperfusion | Contained a large amount of antioxidant unsaturated lipids, which can | [116]
ischemia/ model of primary microglia; In vivo: transient improve the volume of cerebral infarction and maintain the integrity of
reperfusion middle cerebral artery occlusion model rats the blood-brain barrier
(Continued)
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Table 2 (Continued).

Diseases Sub-Type Plant Source Study Model Mechanisms Associated with Oxidative Stress Ref.
Skin Injury Barrier damage | Aloe vera In vitro: HaCaT cells Regulated Nrf2 to activate antioxidant defense signaling, drove [117]
Grapefruit In vitro: HaCaT and HUVEC cells transcription of HO-I, CAT and SOD, and reduced ROS production to | [I18]
facilitate skin regeneration
Photoaging Balloon flower In vitro: RAW 264.7 cells Significantly lowered ROS-induced overexpression of MMP-1 and MMP- | [119]
root 3 mRNA, preventing interference with normal wound healing
Ginger In vitro: HaCaT and HEK293T cells Directly scavenged intracellular ROS and indirectly inhibited activation | [87]
of the MAPK/AP-1 pathway
Hair follicle Iris germanica L. In vitro: HFDPCs Significantly reduced ROS levels in injured human hair-follicle dermal [120]
injury Rhizome papilla cells and restored mitochondrial membrane potential
Diabetic Chronic Turmeric In vitro: L929 and RAW264.7 cells; In vivo: Enhanced CAT and SOD activities to clear excess ROS at wound sites | [121]
Complications diabetic diabetic mice model
wounds Coriander In vitro: HaCaT cells [122]
Dendrobium nobile In vitro: H,O,-induced HaCaT keratinocytes; In | Modulated multiple key signaling pathways, including NF-«B, to protect | [80,81]
vivo: skin wound mice model cells from oxidative stress
Tomato In vitro: GI-Tr cells and HUVECs Limited the duration of superoxide-mediated oxidative stress through | [35,123]
abundant intrinsic antioxidants
Ginseng In vitro: HUVECs Upregulated anaerobic glycolysis and downregulated oxidative stress, [124]
thereby reprogramming glycolytic metabolism to restore endothelial
function
Degenerative Osteoarthritis Grapefruit In vitro: human adult chondrocytes Enhanced expression of antioxidant genes SOD2 and GPX in [66]
Joint Diseases osteoarthritic chondrocytes, improving endogenous antioxidant
defenses to regulate cell behavior and restore joint homeostasis
Microalgae In vitro: ATDCS cells; In vivo: DMM-surgery- Alleviated oxidative stress and restored mitochondrial membrane [125]
induced OA mice model and MIA-induced OA potential in chondrocytes, significantly improving mitochondrial
mice model function, promoting ATP replenishment, balancing matrix synthesis and
degradation, and ultimately slowing osteoarthritis progression
Degenerative Alzheimer’ s Citrus lemon In vitro: SH-SYS5Y cells Acted as a neuroprotective agent with antioxidant effects, preventing - | [126]
Neurological disease amyloid—induced toxicity
Diseases
Obesity Insulin Hypericum In vitro: 3T3-L| embryonic fibroblasts; In vivo: Increased ROS levels to induce adipocyte apoptosis [127]
resistance perforatum high-fat diet mice model
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Similarly, sesame leaf—derived PELNs have been demonstrated as stable, reliable delivery vehicles for Iuteolin—an

1'% —and may be integrated into malignancy treatment regimens.”

antioxidant flavonoid with anticancer potentia
Nevertheless, comprehensive pharmacokinetic profiling and evaluation of off-target ROS modulation remain critical

before clinical translation can be realized.

Digestive System Damage

In the digestive system, ROS-induced lipid peroxidation and mitochondrial dysfunction accelerate the progression of
inflammatory bowel disease and alcoholic liver disease.'*>'*® Folium Artemisiae Argyi-derived ELNs have been shown
to attenuate oxidative-stress—induced injury, modulate apoptosis, and ameliorate ulcerative colitis.'” Notably, rigorous
dose-response and biodistribution studies are needed to confirm effective concentrations of these ELNs in vivo and to
minimize off-target effects. Ginseng-derived ELNs scavenge ROS in both immune cells and intestinal epithelial cells,
promote proliferation and differentiation of intestinal stem cells, and enhance gut-microbiota diversity—thereby stabiliz-
ing the mucosal barrier and facilitating tissue repair via the p62/Keap1/Nrf2 pathway.”’ Future work should investigate
whether microbiome alterations contribute directly to Nrf2 activation or merely reflect improved barrier integrity. And
Robinia pseudoacacia L. flower—derived exosome-like nanoparticles reduce hypoxia-induced ferroptosis in gastric and
small-intestinal mucosa by inhibiting HIF-1o and HIF-20-mediated lipid peroxidation.'"! Furthermore, ELNs isolated
from fruits such as grape, grapefruit, lemon, apple, blueberry and strawberry exhibit potent antioxidant activity,
supporting intestinal homeostasis.”®!'%137138 Comparative profiling of phytochemical cargos in these fruit-derived
ELNs could elucidate structure—activity relationships and guide rational selection of plant sources.

The liver, the largest digestive gland in the body, is a primary target of alcohol toxicity.'** Chronic or heavy alcohol
consumption inevitably damages hepatocytes. Kim et al demonstrated that pomegranate-derived ELNs significantly
suppress ethanol-induced upregulation of iNOS, COX-2 and TLR-4 mRNA and reduce CYP2EI protein expression in
AMLI12 cells—thereby preventing alcohol-mediated increases in oxidative stress and averting hepatointestinal injury.''?
It remains to be determined how chronic dosing influences hepatic clearance and whether repeated administration may
trigger adaptive responses. ELNs from Pueraria lobata root regulate hepatic oxidative stress by inhibiting GPX4 activity
and preventing GSH depletion, as well as suppressing ACSL4 upregulation to block ferroptosis, ultimately alleviating
pathological lipid accumulation in the liver.''? Ginger-derived ELNs containing shogaol target hepatocytes, where they
activate Nrf2 via the TLR4/TRIF signaling axis and induce its nuclear translocation. This in turn upregulates antioxidant
and detoxification genes—including HO-1, NQO1, GCLM and GCLC—reducing ROS production and mitigating
oxidative-stress—driven liver injury.''* Validation of these findings in primary human hepatocytes will be critical for
clinical translation, which is also the direction for the next steps of researchers’ efforts.

Non-alcoholic fatty liver disease (NAFLD) is another common form of hepatic injury closely linked to oxidative
stress.'*’ Zhao et al found that in vitro pretreatment of HepG2 cells with blueberry-derived ELNs accelerates Nrf2
nuclear translocation, lowers ROS levels, increases mitochondrial membrane potential and prevents apoptosis via
upregulation of Bcl-2 and HO-1; in vivo, BELNs improve hepatocellular function and modulate detoxification/antiox-
idant gene expression by altering Nrf2 distribution between the cytosol and nucleus.*® Moreover, Kim et al reported that
cannabis-sprout—derived ELNs ameliorate intestinal barrier dysfunction and liver fibrosis by inhibiting oxidative stress
and reducing fibrotic marker proteins.''> Long-term safety and off-target profiling of these ELNs should be prioritized in
relevant animal models to ensure translational feasibility.

Cardiovascular and Cerebrovascular Diseases

In the cardiovascular and cerebrovascular field, oxidative stress—mediated LDL oxidation and endothelial dysfunction are
central events in atherosclerosis, myocardial ischemia—reperfusion injury and post-stroke brain damage.'*' Excessive
ROS generation disrupts redox homeostasis—TNF-a—induced ROS production and redox imbalance trigger inflamma-
tion, impair endothelial barrier function and promote atheromatous plaque formation.'**'** Robertis et al demonstrated
that pre-treatment of human umbilical vein endothelial cells (HUVECs) with blueberry-derived ELNs significantly
counteracted TNF-a—induced ROS elevation.®> And it is boldly speculated that integrating endothelial-targeting ligands
(eg, anti-ICAM antibodies) onto PELNs might further enhance localization to atherosclerotic sites, minimizing systemic
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exposure. Yang et al reported that Carthamus tinctorius L.-derived ELNs are internalized by HUVECs and, via delivery
of miR-166a-3p to directly regulate CXCL12, promote endothelial proliferation and attenuate ox-LDL—induced apoptosis
and ROS production.”* And Li et al isolated PELNs from Citrus reticulata Blanco cv. “Dahongpao” containing high
levels of total phenolics, total flavonoids and three specific citrus flavanones (hesperidin, naringin and narirutin); these
PELNs exhibited potent antioxidant activity and reduced H,O,-induced oxidative-stress enzyme activity, suggesting
potential for atherosclerosis therapy.®' Therefore, future studies should quantitatively compare the vasoprotective efficacy
of individual flavanones versus whole-vesicle preparations to delineate key active components.

Small molecules within PELNs also prevent cerebral infarction via antioxidant mechanisms. Panax notoginseng—
derived exosome-like nanoparticles can cross the blood—brain barrier unmodified, reduce infarct volume and preserve
barrier integrity, aiding recovery from cerebral ischemia/reperfusion injury. Lipidomic profiling revealed that over 80%
of their lipid content comprises unsaturated species with antioxidative properties—likely key to their efficacy.''® Given
the heterogeneity of brain endothelial uptake, engineering PELNs with transferrin or apolipoprotein E mimetics may
further optimize BBB transcytosis and neuroprotection.

Skin Injury

Environmental and intrinsic factors drive skin aging and damage—manifesting as fissuring, dryness and loss of elasticity.'**
UV-induced oxidative stress degrades dermal collagen and activates MMPs, leading to photoaging.'*> Maintaining skin
integrity, hydration and elasticity requires robust regenerative capacity. Certain PELNs can induce skin regeneration by
modulating oxidative stress. Aloe vera—derived ELNs activate antioxidant defenses via Nrf2, enhancing transcription of HO-1,
CAT and SOD.""” Treatment with these vesicles promotes human dermal fibroblast proliferation and migration, and enhances
tube formation by HUVECs, marking them as promising antioxidants for oxidative-stress—induced skin disorders and
regeneration.'*® Combining PELNs with microneedle delivery systems could improve dermal penetration and sustain release,
addressing current limitations in topical application. Grapefruit-derived ELNs (GELNS) also exhibit antioxidant activity:>>'4’
in immortalized human keratinocytes, GELNs dose-dependently increase viability and migration while reducing intracellular
ROS, demonstrating potential as plant-derived wound-healing agents.'"®

Additionally, balloon flower root— and ginseng-root—derived exosome-like nanoparticles significantly inhibit H,O,-
and UV-induced ROS generation and oxidative stress, suggesting applications in chronic skin wound therapy.®”'"
Setiadi et al found that cherry laurel-derived ELNs likewise possess antioxidant activity, reducing the risk of
photoaging.'*® A comparative proteomic analysis of these PELNs could uncover unique protein markers that confer
enhanced cellular uptake or immune modulation in skin tissues.

Excessive ROS in skin can damage mitochondrial function in hair-follicle cells, impairing their activity and leading to
hair loss.'*® Iris rhizome-derived ELNs markedly decrease ROS in dihydrotestosterone-injured human dermal papilla
cells, restore mitochondrial membrane potential and support rapid proliferation and metabolic activity during the anagen
phase of hair growth.'?® Translating these findings into a scalp-applicable hydrogel formulation may pave the way for

novel treatments against oxidative stress—induced alopecia.

Diabetic Complications

Chronic diabetic wounds are a common complication of diabetes and represent one of the foremost global health
challenges."*® Excess ROS impair the function of dermal fibroblasts and keratinocytes, resulting in delayed wound
closure.'*"*'>? Therefore, elimination of excessive ROS via antioxidant strategies is critical to promote healing of chronic
wounds, and PELNS play a key role in this process.'>® Importantly, the spatiotemporal release of PELN cargo within the
wound microenvironment remains poorly characterized—advanced imaging and tracer studies are needed to map vesicle
retention and ROS dynamics in real time.

Curcuma- and coriander-derived exosome-like nanovesicles enhance the activity of antioxidant enzymes such as CAT
and SOD in fibroblasts, scavenge excess ROS at the wound site, alleviate oxidative stress and promote fibroblast
proliferation and migration, thereby accelerating healing of diabetic wounds.'?""'*> When embedded in hydrogels or
aerogels, these vesicles adhere to the wound bed and release therapeutic ELNs in a sustained manner. Future designs
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should optimize hydrogel crosslink density to synchronize PELN release kinetics with the dynamic phases of wound
repair, maximizing therapeutic window without compromising scaffold biocompatibility.

Dendrobium-derived nanovesicles—originating from the traditional Chinese herb—protect keratinocytes from oxidative
stress.®® Tu et al demonstrated that these vesicles modulate key signaling pathways, including NF-kB, to inhibit inflammation—
oxidation cross-amplification and significantly enhance wound repair.®' Tomato-derived exosome-like nanovesicles, rich in
antioxidants such as lycopene, B-carotene, ascorbic acid, total phenolics, vitamin E and vitamin C,** limit the duration of
superoxide-mediated stress and effectively promote wound healing.'*® Ginseng-derived PELNS efficiently deliver encapsu-
lated bioactives to endothelial cells, reprogramming glycolysis—upregulating anaerobic glycolysis while reducing oxidative
stress—and thereby restoring endothelial proliferation, migration and tube formation under hyperglycemic conditions, a
promising approach for diabetic ulcer healing.'**'** And it is believed that mechanistic exploration at the single-cell level
would reveal how metabolic rewiring by PELNs influences angiogenic signaling and matrix remodeling in diabetic wounds.

Mesenchymal stem cells (MSCs) hold great promise for tissue regeneration and wound repair.'>> To maintain their reparative
function, redox homeostasis must be preserved. Both strawberry- and citrus lemon-derived ELNs prevent oxidative stress in
human MSCs, with vitamin C hypothesized as the principal active component.'**'>’ Integrating PELNS into preconditioning
protocols for MSCs could enhance cell survival post-transplantation—an avenue that merits systematic in vivo validation.

Degenerative Joint Diseases

Osteoarthritis (OA), a prevalent degenerative joint disorder, is closely linked to oxidative stress: ROS accumulation
impairs cellular defenses and disturbs cartilage and bone homeostasis.'>® Grapefruit-derived ELNs enhance expression of
antioxidant genes SOD2 and GPX in osteoarthritic chondrocytes, restoring the endogenous antioxidant system and
modulating cell behavior to help reestablish joint homeostasis.®® It would be valuable to quantify how PELN treatment
alters the biomechanical properties of cartilage explants under cyclic load to validate functional recovery. Microalgae-
derived ELNs mitigate inflammation-mediated oxidative stress and recover mitochondrial membrane potential in
chondrocytes, significantly improving mitochondrial function, replenishing ATP levels, and balancing matrix synthesis
and degradation to slow osteoarthritis progression.'?> Comparative lipidomic profiling of these ELNs could identify key
unsaturated lipids responsible for mitochondrial rescue, guiding engineered vesicle formulations.

Degenerative Neurological Diseases

Alzheimer’s disease is a neurodegenerative disorder in which ROS-induced protein misfolding, mitochondrial dysfunc-
tion and synaptic degeneration accelerate neuronal apoptosis.'” Citrus lemon-derived ELNs serve as neuroprotective
agents due to their blood-brain barrier (BBB) permeability, antioxidant activity and compatibility with neuroblastoma
cells; they attenuate oxidative injury in neurons and inhibit ROS generation by B-amyloid.'*® Yet, the mechanisms
governing PELN transcytosis across the BBB remain undefined—leveraging in vitro BBB models with real-time vesicle
tracking could uncover critical transport pathways.

Obesity

The interplay between oxidative stress and adipogenesis is a key factor in obesity and related metabolic disorders: excess ROS
disrupt critical transcription factors, impair adipocyte function and exacerbate inflammation and insulin resistance.'®® Li et al
demonstrated that Hypericum perforatum—derived ELNs act as novel natural photosensitizers in photodynamic therapy,
selectively targeting visceral adipose tissue to induce adipocyte apoptosis via ROS elevation, thereby improving glucose and
lipid homeostasis and alleviating obesity-associated insulin resistance.'?” Before clinical translation, dose-titration studies are
essential to define the therapeutic window where pro-oxidant effects in adipose are maximized while sparing peripheral tissues.

Feasibility of PELNSs as Precision Therapeutics

After discussing the efficacy and mechanisms of PELNS in treating oxidative stress-related diseases, it is necessary to
further elaborate on the feasibility of PELNs in disease treatment. This section focuses on the fundamental characteristics
of PELNs related to therapeutic applications, particularly their significant differences and advantages compared to
animal-derived exosomes (Table 3).
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Table 3 Comparison Between PELNs and Mammal-Derived Exosomes

Feature

PELNs

Mammal-Derived Exosomes

Size Range
Membrane Lipid
Composition
RNA Cargo

Metabolites/Small
Molecules

Uptake
Mechanism
Stability

Isolation &
Purification
Yield & Scalability

Immunogenicity

Regulatory &
Safety Profile
Oral
administration
reliability

References

30-200 nm

Enriched in phosphatidylethanolamine (PE),
phosphatidylinositol (Pl), plant sterols (eg, B-sitosterol)
miRNA, siRNA, long non-coding RNA (IncRNA), plant-
specific small RNAs

Secondary metabolites (flavonoids, phenolic acids),
antioxidant compounds

Endocytosis or membrane fusion

Stable in physiological environments; short-term storage at
room temperature feasible

Ultracentrifugation, density gradient centrifugation,
ultrafiltration, size-exclusion chromatography

Broad sources (fruits, vegetables, herbs); easy collection;
high and scalable yield

Low immunogenicity; well tolerated via oral or intravenous
administration

Food-grade raw materials; no ethical issues; inherently safe
and well tolerated

High. Maintaining structural integrity in simulated gastric
fluid (pH 1.2-2.0); showing significant resistance to
degradation by pepsin and pancreatin

[15,161-163]

30-150 nm

Enriched in phosphatidylcholine (PC), phosphatidylserine
(PS), cholesterol

miRNA, mRNA, IncRNA, circRNA

Cholesterol, sphingolipids, signaling molecules (eg,
hormones, growth factors)

Phagocytosis, receptor-mediated endocytosis, microvesicle
fusion

Sensitive to temperature and pH; requires —80 °C storage

Ultracentrifugation, density gradient centrifugation,
immunoaffinity capture
Limited by cell and biofluid availability; challenging to scale up

May elicit immune responses; requires removal of serum
protein contaminants

Requires ethical review; preclinical studies must include
rigorous toxicology and immunogenicity assessments
Low. Losing structural integrity in strong acidic
environments (leading to aggregation or degradation);
exhibiting high susceptibility to degradation by proteases
and lipases

[51,164-166]

Pharmacokinetics of PELNs

Whether exerting therapeutic effects via their intrinsic contents or serving as nanocarriers for other drugs, PELNs must
first travel stably within the internal environment of the body, and subsequently deliver their contents into target cells.
These two steps are essential for PELNs to exert therapeutic functions. Their successful implementation depends on the
following three essential conditions:

Stable Existence of PELNs in the Internal Environment

Zeta potential measurement is used to characterize the stability of colloidal dispersions and is a key indicator for
evaluating the development and application potential of PELNs.'®” An ideal zeta potential favors stable dispersion of
PELN:Ss in solution, enhances cellular uptake and targeting ability, improves transmembrane penetration, reduces immune
rejection, and increases specificity in matching with payloads.* Xie et al measured the zeta potential of ginger-derived
exosome-like nanoparticles under different pH conditions and found that although slight variations occurred, the absolute
values consistently remained around the optimal +30 mV.'®® Many PELNs extracted from other plants also exhibited

39112 indicating that PELNs can maintain relatively stable existence in both acidic digestive fluids and

similar stability,
alkaline blood environments, ensuring the safety of their internal bioactive substances.

Although stability studies at different pH levels had provided valuable information for oral administration of PELNSs,
they had still been far from comprehensive. After entering the gastrointestinal tract via the oral route, the harsh digestive
environment—not only the strong acidity of the stomach but also the active digestive enzymes—had posed severe
challenges to effective PELN delivery. To test the resistance of Actinidia arguta—derived exosome-like nanoparticles
(AAELNSs) to digestive enzymes, Chen et al had incubated them separately with simulated gastric fluid, simulated
intestinal fluid and simulated colonic fluid, and had found that AAELNs withstood low pH and the harmful effects of
digestive enzymes.*> The underlying mechanism had been proposed to involve separation or fusion of certain PELN

subpopulations, leading to a reduction of negative charge in intestinal fluid and thereby enhancing their resistance to

https: International Journal of Nanomedicine 2025:20

15586



Yang et al

gastrointestinal digestion.'®® These findings had addressed the limitations of prior studies and had provided a more
accurate and comprehensive understanding of PELN stability.

PELNs’ in vivo Movement Exhibits a High Degree of Tropism

Summarizing the existing literature, PELNs had been administered mainly by oral and injectable routes. Because in most
cases the initial sites of PELN entry had been at some distance from the lesions, high efficiency of directional, tropic
migration had been required. This innate ability to home to tissues requiring repair or regeneration—known as
“homing”—had been extensively studied in other cell types, especially stem cells.'’*'"!

PELNs had also exhibited similar “homing”. Ye et al had injected DIR-labeled bitter-gourd—derived exosome-like
nanovesicles into mice via the tail vein, observed strong fluorescent signals in cardiac tissue as expected, and detected
lower but measurable signals in liver, intestine, lung and kidney.”® Similar homing of plant-derived ELNs had been
widely reported.®*!7>!7® Evidence had shown that orally administered grapefruit-derived nanovesicles targeted intestinal

macrophages with much higher efficiency than did commercial liposomes.>’

PELNs Can Be Taken Up Efficiently by Cells
Efficient cellular uptake of PELNs had been a prerequisite for delivering their cargo into cells. Reports had indicated

57,59

good uptake of PELNs by human cells, which is possibly attributed to the abundance of phosphatidic acid in

PELNs.*! Two main mechanisms had been involved:

Endocytosis

Endocytosis had been widely regarded as the primary mechanism for PELN entry into target cells, especially via energy-
dependent pathways. This had indicated that PELNs had entered cells through active cellular processes rather than
passive membrane diffusion, resembling the internalization of mammalian exosomes and allowing delivery of cargo into
the cytosol.'”* This process had been sensitive to temperature, with low temperatures significantly inhibiting it.*® Specific
modes of PELN endocytosis had included:

Phagocytosis. Zhang et al had studied uptake of Asparagus cochinchinensis—derived exosome-like nanovesicles
(ACNVs) and had found that cytochalasin D, an inhibitor of actin polymerization required for phagocytosis, had
significantly inhibited ACNV uptake, whereas chlorpromazine (a clathrin-mediated endocytosis inhibitor), amiloride (a
macropinocytosis inhibitor) and nystatin (a caveolae-mediated endocytosis inhibitor) had little effect.'®® These observa-
tions had suggested that ACNVs were internalized primarily via phagocytosis.

Receptor-Mediated Endocytosis. Specific surface proteins on nanovesicles had interacted with receptors on target cells,
initiating receptor—ligand binding and downstream signaling cascades that had triggered cellular uptake. For example,
Song et al had shown that garlic-derived nanovesicle internalization by hepatocytes had been mediated by interaction
with the CD98 receptor, with mannose-specific lectin II playing a key role.'”> This mechanism had enabled targeted
delivery and enhanced therapeutic specificity.

Membrane Fusion

A proposed mechanism had involved direct fusion with the plasma membrane, facilitating immediate release of vesicular
cargo into the cytosol. This process had been mediated by PELN lipid components, with rearrangement of the lipid
bilayer and adjustment of protein structures leading to membrane compatibility. It had resembled the behavior of animal-
derived exosomes and had involved interactions between vesicle-surface proteins (such as tetraspanins and integrins) and

receptors or lipids on the target cell membrane.'®!

Biosafety of PELNs

In addition to the aforementioned feasibility, safety was another key factor determining whether PELNs were suitable for
medical and biomedical applications, and one in which PELNs were markedly superior to animal-derived exosomes.
PELNSs naturally originated from plants and were generally considered safe and reliable; their safety could be analyzed
from two main aspects:
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High Biocompatibility and Low Toxicity
Existing studies showed that these nanoparticulate vesicles possessed high biocompatibility and low toxicity, making
them ideal for therapeutic use. For example, extracellular nanoparticles extracted from citrus lemon inhibited cancer cell
proliferation without harming healthy cells.'”® Likewise, ginseng-derived exosomes promoted angiogenesis in diabetic
ulcers without adverse effects.'** Moreover, Lu et al validated in mouse models that celery (Apium graveolens L.)
exosome-like nanovesicles exhibited low toxicity and good tolerability as a biotherapeutic.'”’
Non-Immunogenicity and Absence of Human Pathogens
Owing to the vast differences between plants and animals, one of PELNs’ major advantages was their low immuno-
genicity. In animal models, mammalian-derived exosomes sometimes elicited immune responses, whereas PELNs were
unlikely to be recognized by the immune system.'”® Wang et al attributed this non-immunogenicity to their plant origin
and lack of human pathogens.'” Compared with mammalian exosomes—which more readily carry human pathogens—
this characteristic reduced the risk of transmissible pathogen spread, rendering PELNs safer for future clinical use.
PELNs combine robust colloidal stability, innate tissue tropism, and efficient cellular internalization with an excellent
safety profile—features that distinguish them as promising precision therapeutics. Their resistance to harsh gastrointest-
inal and serum environments enables versatile administration routes, while low immunogenicity and absence of human
pathogens minimize toxicity concerns. To accelerate clinical translation, future efforts must standardize large-scale
isolation, define in vivo pharmacokinetics quantitatively, and complete rigorous immunotoxicity evaluations. Such
focused development will position PELNs as next-generation nanocarriers for targeted redox modulation.

The Challenges Faced by PELNs and Possible Countermeasures

Although the academic community had achieved many exciting breakthroughs and advances in PELN research, it had to
be acknowledged that a long way remained from bench to bedside. Along this path, numerous difficulties had to be
overcome and challenges addressed.

Instability of PELN Quality

PELN composition and yield had varied with plant maturity, cultivation method, growth environment and harvesting site,
potentially affecting batch-to-batch consistency and antioxidant potency. For example, PELNs from organically grown
fruits and vegetables had exhibited higher total antioxidant capacity than those from conventionally grown produce.'®
According to a recent research, ELNs from organically farmed apples were 100-fold more abundant than those from
conventionally grown apples.®® And most microRNAs in ELNs from mature coconut water had been at higher levels than
in immature coconut water.'®" Moreover, pathogen infestation had altered PELN yield and composition.** Therefore,
standardized agricultural practices, strengthened pest and disease control, and stringent raw-material specifications had
been required to ensure reliability.

Continued Safety Assessment

Although consensus held that the vast majority of PELNs were nontoxic, isolated toxic cases had been reported—for
example, ELNs from Dendropanax morbifera and Pinus densiflora sap had shown strong cytotoxicity against tumor
cells."®" Drug toxicity had also depended on administration route: tea- and camellia-derived PELNs had induced
significant hepatic and renal toxicity when injected intravenously, whereas oral dosing had posed no such risk.”>"*
Hence, comprehensive safety evaluations and careful selection of administration routes had been essential before clinical

use of any PELN formulation.

Enhancement of PELN Tropism

High directional migration (“homing”) to diseased tissues had been a prerequisite for PELNs for precision therapy, yet
off-target accumulation had occurred: orally administered PELNs had accumulated in gut and pancreas; intravenously
administered PELNs had been trapped in the lungs.'®* To improve targeting and minimize loss, several strategies had
been explored:
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Local Injection

The most direct way to reduce the loss during the directional movement of PELNSs is to shorten the displacement
distance. To alleviate muscle atrophy, fluorescently labeled goji berry—derived nanovesicles had been injected into the
quadriceps, where they had remained localized with minimal escape.*’

Surface Engineering
Neutrophil-membrane cloaking of ginseng PELNs had enhanced homing to inflammatory lung tissue and alleviated
sepsis-induced acute lung injury;'®® PEGylation of asparagus-derived ACNVs with DSPE-PEG had improved pharma-

cokinetics, reduced nonspecific clearance and increased tumor targeting.'%*

Endogenous Exosome Priming
Pre-infusion of autologous exosomes had modulated grapefruit nanocarrier biodistribution via CD36 and IGFR1 path-
ways, enhancing targeting efficiency.'® And the combination of engineered PELNs and stem cells (which is rich in

human body) exploits complementary strengths, demonstrating high clinical potential.'®’

Integration with Biomaterial Platforms

Chronic oxidative stress in diseases such as diabetic wounds is persistent; a single bolus administration of PELNSs is
likely to be cleared within hours. Biomaterial scaffolds can instead immobilize PELNs and create a local “therapeutic
depot” that affords sustained, site-specific release over days to weeks, enabling prolonged redox modulation. For
example, citrus lemon-derived PELNs incorporated into a hydrogel matrix can swell upon hydration, conform tightly
to the wound bed, and maintain a moist yet breathable environment—thereby addressing sustained drug delivery and
penetration depth issues and promoting diabetic wound healing.'®® Co-delivery with stem cell-derived exosomes may
further potentiate treatment effects.'®” Similarly, rutin-loaded, Sophora-derived PELNs encapsulated in a hydrogel permit
sustained release and long-term retention at the spinal cord injury site, continuously improving the local microenviron-
ment and facilitating recovery.'®® Together, these approaches convert PELN interventions from transient bolus admin-
istrations into a durable, local redox-regulatory niche—an approach that is likely necessary to treat chronic, hard-to-heal
oxidative stress states.

Storage Technology Development
Improper storage had risked PELN degradation and loss of bioactivity. It had been shown that antioxidant activity
depended on structural integrity.** Analogous to animal exosomes, PELNs had been stored at —80°C, but ice-crystal

formation during freezing and freeze—thaw cycles had threatened membrane integrity and cargo stability.'®

Cryoprotectants such as glycerol, DMSO, trehalose or PEG—had been added to mitigate damage.'”’

Urgency of More Clinical Validation

Clinical trials of PELNs remained scarce.'”’ Only four registered studies (NCT01668849, NCT04879810,
NCT01294072, NCT03493984) had been found, none of which had published substantive data (Table 4). Future efforts
had to include more and deeper clinical trials to verify PELN effects and long-term safety in humans.

In short, translating PELNs from bench to bedside will require coordinated advances across agronomy, manufacturing,
characterization, safety assessment, delivery engineering, and rigorous clinical evaluation. Standardized cultivation and raw-
material specifications must be paired with reproducible isolation and quality-control pipelines that preserve functional cargos
while ensuring batch consistency. Parallel investment in mechanistic toxicology and administration-route studies will define
safe therapeutic windows and guide indication selection. Engineering strategies—including surface modification, homing-
enhancement, and integration with biomaterial depots—should be developed in tandem with scalable formulation and storage
solutions to deliver predictable, durable bioactivity. Finally, a staged clinical development plan that begins with focused,
biomarker-driven first-in-human studies and progresses to randomized, indication-specific trials will be essential to demon-
strate efficacy and long-term safety. Only by aligning these technical, regulatory, and clinical elements can PELNs realize their
potential as a novel class of intrinsic, cross-kingdom nanotherapeutics.
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Table 4 Related Clinical Trial Registry Summaries

ovary syndrome (PCOS)

testosterone)

NCT Number | Registered Title/ Phase Study Design Indication/ Intervention Dose/Route Recruitment/ | Key Dates Key Endpoints Main Objective

Purpose Enrolled (Formulation) Status (Start/
Population Completion)

NCTO01668849 | Edible plant exosomes to | Phase | Interventional Patients with head- | Grape-derived Oral or topical Completed Start Incidence of WHO Evaluate safety and potential
prevent chemoradiation- (safety and and-neck edible plant administration 2012-08-02; grade = 2 oral efficacy of grape-derived
associated oral mucositis feasibility) squamous cell exosomes once daily during Primary mucositis; exosomes in preventing
in patients with head and carcinoma chemoradiation completion inflammatory cytokine | chemoradiation-induced oral
neck cancer receiving (exact dose not 2022-05-25; and immune marker mucositis and modulating

chemoradiotherapy disclosed in Study changes mucosal inflammation
registry) completion
2022-06-03

NCT04879810 | Ginger-derived Early Interventional Adults with IBD, Ginger-derived Oral capsules, 500 Recruiting/ Registered = Safety/tolerability Assess whether orally
exosomes * curcumin exploratory | (randomized, including lipid mg GELNs + Active 2018 (start (adverse-event administered GELNs *
for attenuation of open-label) refractory nanoparticles curcumin daily x 8 date varies by incidence); change in curcumin are safe, tolerable,
inflammation in ulcerative colitis (GELNSs) with weeks (as per site) clinical IBD activity and capable of reducing
inflammatory bowel and Crohn’s or without registry and index; serum and fecal | intestinal inflammation in
disease (IBD) disease curcumin preclinical inflammatory human IBD

translational data) biomarkers

NCTO01294072 | Plant exosomes as Phase | Interventional Patients with Plant-derived Oral administration | Active/Not Start Tissue curcumin Determine tissue uptake and
vehicles for curcumin (biodistribution colorectal cancer exosome— prior to surgery recruiting 2011-02-09 concentration in safety of curcumin delivered
delivery to normal and study) undergoing surgical | encapsulated (typical curcumin (per registry) normal vs malignant via plant exosomes,
malignant colonic tissue resection curcumin dose 100-500 mg colon; compared with free curcumin

formulation daily x 7 days; pharmacokinetics;
exact per registry) adverse events

NCT03493984 | Exploratory study of Preliminary/ | Interventional Women with Ginger- and/or Oral Withdrawn/ Registered Intended: change in To explore metabolic and
ginger/aloe-derived plant exploratory | (pilot, single- PCOS and aloe-derived supplementation No results 2018 HOMA-IR, serum reproductive effects of plant-
exosomes in insulin- arm) metabolic plant exosomes once daily (precise posted (terminated cytokines, and derived exosomes in PCOS;
resistance—related inflammation dose not disclosed; before hormonal profiles study withdrawn prior to
conditions and polycystic exploratory design) initiation) (estradiol, enrollment
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Summary and Future Perspectives

This review has delineated the bifunctional cross-kingdom redox-regulatory capacity of PELNs in oxidative stress—
associated pathologies. PELNs not only deliver intrinsic antioxidant molecules and regulatory microRNAs that activate
Nrf2 signaling to protect hepatic, dermal, and cardiovascular tissues from ROS-induced injury, but also selectively
induce excessive ROS accumulation within the tumor microenvironment to trigger cancer cell apoptosis. Compared with
animal-derived exosomes, PELNs—sourced from edible plants—exhibit minimal immunogenicity, facile scalability, and
enhanced oral stability and tissue targeting conferred by their unique lipid bilayers.

It is noteworthy that although PELNs are morphologically similar to mammalian exosomes, their functional mechanisms
in modulating oxidative stress in humans are significantly distinct. This difference arises from the unique bioactive cargos
naturally encapsulated within PELNs. Whereas mammalian exosomes primarily mediate endogenous intercellular
communication,'®? PELNs serve as natural, cross-kingdom delivery vehicles enriched with plant-specific secondary meta-
bolites—such as flavonoids, polyphenols, and alkaloids—as well as unique lipid constituents that are absent in mammalian
cells. Consequently, the mechanisms by which PELNs anti-/pro-oxidation are more diverse and multifaceted as summarized in
this review. This feature distinguishes PELNs not only from conventional nanocarriers—such as liposomes, which are passive
vehicles requiring external loading—but also from mammalian exosomes, which primarily transmit endogenous molecular
signals. PELNs thus represent an intrinsic and active form of bio-nanotherapeutics.

Looking forward, advancing PELN clinical translation will require rigorous standardization of plant raw materials and
vesicle isolation protocols, strategic surface engineering to optimize organ- and cell-specific delivery, and the develop-
ment of co-loading strategies for synergistic delivery of exogenous therapeutics. Comprehensive toxicological and
immunogenicity profiling, together with well-designed phase I/II clinical trials, are essential to establish safety and
efficacy. Collaborative efforts across nanotechnology, plant biology, pharmaceutical sciences, and clinical disciplines will
be pivotal in realizing the full therapeutic potential of PELNs and ushering in a new era of redox medicine.
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